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HOUSING PRICE DYNAMICS USING ONLINE LISTINGS
AND MACROECONOMIC INDICATORS IN KAZAKHSTAN

Understanding the dynamics of housing prices is important for
analyzing real estate markets, especially in emerging economies,
where official statistics are often limited or published with significant
delays. This study provides an empirical basis for modeling housing
price dynamics by combining online real estate quotation data with
macroeconomic indicators based on the example of the housing market in
Kazakhstan. The housing price index is calculated based on the average
price per square meter obtained from online ads and normalized to the
general base period to ensure time comparability. Key macroeconomic
variables, including consumer price inflation and the exchange rate of
the US dollar against the tenge, are taken into account along with their
lagging values to account for the delayed market reaction. Several time-
validated machine learning models are used to analyze the relationship
between macroeconomic conditions and housing price dynamics. The
results show that nonlinear ensemble methods provide higher efficiency
in assessing the short-term dynamics of the housing market. The results
demonstrate the practical value of online listing data for building housing
price indices and support their use for monitoring and short-term analysis
of real estate markets.

Keywords: housing price index, real estate market, online listings,
macroeconomic indicators, machine learning, Kazakhstan.
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Introduction

The housing market plays an important role in the economic development
of the country, affecting housechold welfare, investment activity and financial
stability. Changes in housing prices affect both individual decision-making and
macroeconomic dynamics, which makes the analysis of price behavior an important
task for researchers and policy makers [1]. In emerging market economies, housing
markets often exhibit higher volatility, which increases the need for reliable tools
to monitor price movements.

One of the main problems in analyzing the housing market is the limited
availability of timely and detailed official statistics. In many countries, including
Kazakhstan, official housing price figures are published with significant delays
and are often highly aggregated, which limits their use for short-term analysis
and applied research [2]. As a result, researchers are increasingly looking for
alternative data sources that allow for more flexible and frequent tracking of trends
in the real estate market.

In recent years, online real estate listings have become an important source
of information about housing markets at the micro level. Advertising data contains
detailed characteristics of objects, including location, area, type of housing and
asking prices, which makes them suitable for building price indicators and studying
market behavior [3]. Previous research has shown that listing-based indexes can
provide valuable information about housing price dynamics. However, their
application requires careful pre-processing and validation due to problems such
as price dispersion and market heterogeneity [4].

The purpose of this study is to analyze the dynamics of housing prices in
Kazakhstan using online real estate data combined with key macroeconomic
indicators. To ensure comparability over time, a housing price index based on
the price per square meter has been calculated. In addition, macroeconomic
variables, including inflation and exchange rate dynamics, are taken into account
to study their relationship with housing price dynamics. The proposed approach
demonstrates the potential of alternative data sources for short-term analysis of
the housing market and contributes to the development of empirical tools for real
estate research in emerging markets.

Previous research on housing price modeling has used a wide range of
methodological approaches, including hedonic pricing models, listing-based
indexes, and machine learning methods. Table 1 summarizes the main contributions
in this field and highlights the methodological focus of this study in comparison
with existing research.
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Table 1 — Overview of related studies on housing price modeling

Source | Year Authors Proposed approach Contribution
. . . Modern overview
[1] 2020 Hill R..J.., Steurer J., Hgdor}lc housmg of hedonic index
Zucchini W. price indices .
construction
International
[2] 2013 | Eurostat et al. RPPI methodology | standards for housing
price indices
i Empirical validation
[3] 2019 |Lyons R.C. Listing Vs of listing-based
transaction prices .
prices
Comparison of HPI Review of
[4] 2021 |de Haan J. multilateral index
methods
approaches
Wang X., Chen J Listing-based Construction 0 f
[5] 2020 " ? . L HPI from online
Zhang X. housing price index .
advertisements
Random Forest Ensemble learning
[6] 2016 |Biau G., Scornet E. . for nonlinear
overview o
prediction
. . Boosting-based
[7] | 2013 |Natekin A, Knoll A, | Oradientboosting | oy oo
tutorial
framework
Scalable gradient
[8] 2016 | Chen T., Guestrin C. XGBoost boosting
implementation
[9] 2018 | Prokhorenkova L. et al. | CatBoost Boostmg with
categorical features
[10] 2018 Bergmeir C., Hyndman | Time-series cross- | Proper validation for
R.J., Koo B. validation temporal prediction

In general, the literature review demonstrates the increasing use of online
real estate data and machine learning techniques in housing market analysis, while
highlighting the limitations of empirical evidence for emerging market economies.
This gap motivates the proposed approach and determines the contribution of
this study.

Materials and Methods

Figure 1 illustrates the overall methodological framework of the study.
The process starts with the collection of online real estate listings, followed by
data preprocessing and construction of a housing price index. Macroeconomic
indicators and their lagged values are then incorporated into the modeling stage,
where several machine learning methods are applied for analysis and evaluation.
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Figure 1 — Methodological framework of the study

The empirical analysis in this study is based on data obtained from an online
real estate platform Krisha.kz, which represents the largest residential real estate
market in Kazakhstan. Online quotation data is increasingly used in housing market
research as an alternative source of information, especially in countries where
transaction statistics are limited or published with significant delays. Previous
studies have shown that properly processed quotation data can provide significant
signals about the dynamics of housing prices and contribute to the construction
of price indices [5].

The primary data set consists of 89,968 apartment listings published between
May 2020 and January 2026. Since exact publication dates are not available, the
time of appearance of each ad was restored using information about the validity
period of the ad, which allowed monthly aggregation of observations. Each entry
contains the price indicated in the ad, the area of the apartment, the city and a
set of structural characteristics of housing, such as the number of rooms, type of
building, number of floors, year of construction and condition of the apartment.

9
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In addition, an additional static dataset containing 126,558 apartment sales
announcements was used for the preliminary analysis. Although this dataset does
not provide reliable time information and therefore cannot be used for dynamic
modeling, it provides valuable information about the relationship between housing
characteristics and prices indicated in advertisements. A preliminary analysis based
on this dataset confirms the choice of price per square meter as the key variable
for building the index.

Macroeconomic indicators were obtained from official statistical sources,
including the Consumer Price Index published by the Bureau of National Statistics
of the Republic of Kazakhstan and the average monthly exchange rate of the US
dollar to tenge provided by the National Bank of Kazakhstan. These variables were
chosen because of their importance for household purchasing power, inflation
dynamics, and housing demand conditions [2].

Before the analysis, the placement data was subjected to standard
preprocessing procedures commonly used in housing market research. Duplicate
ads were removed, and observations with incorrect prices or improbably small
apartment areas were excluded. To ensure comparability of all offers, prices were
expressed in a single currency and converted to the price per square meter.

Given the significant heterogeneity of the housing supply, reliable aggregation
methods were applied. The monthly housing price figures were calculated using
median values, which are less sensitive to extreme observations and data entry
errors compared to figures based on averages. The use of the median price per
square meter is consistent with international methodological recommendations and
the widespread practice of constructing a residential real estate price index [1; 2].

The housing price index was calculated by aggregating the average price
per square meter for each month. To ensure consistent comparison over time, the
index was adjusted to a base period of 100. This normalization makes it possible
to analyze the relative price dynamics over time, rather than absolute price levels.

To prevent the excessive impact of months with an unusually large number
of ads, a conservative limit on monthly observations was applied during
aggregation. This approach increases the stability of the index while maintaining
the main market trend, which is especially important when working with online
advertising data [5].

Housing markets tend to adjust to macroeconomic shocks with a delay
in time due to institutional constraints and behavioral factors. To reflect this
delayed reaction, the analysis included macroeconomic indicators along with their
lagging values.

In addition to the current observations, one-month and two-month lagged
inflation and exchange rate indicators were constructed. The inclusion of delayed
variables makes it possible to identify the effects of delayed transmission between

10
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macroeconomic dynamics and changes in housing prices, which was emphasized
in previous empirical studies of housing markets [4].

To analyze the dynamics of housing prices and assess predictive relationships,
several machine learning models representing various methodological paradigms
were used. Linear regression and elastic mesh have been used as basic specifications
due to their interpretability and frequent application in economic research.

In order to account for potential nonlinear relationships and interaction effects,
tree-based ensemble methods were additionally implemented. The random forest
algorithm, known for its reliability and stability in data sets with interference,
was used as a distribution-based algorithm [6]. Gradient boosting has been
applied as a sequential learning system capable of capturing complex functional
relationships [7]. In addition, XGBoost was used as an efficient and scalable
implementation of gradient boosting, which demonstrated high performance in
applied forecasting tasks [8]. CatBoost was also considered because of its ability
to process heterogeneous characteristics and reduce forecasting error, which is
especially important for structured economic data [9].

Given the temporal structure of the dataset, it was possible to avoid accidental
splitting into a series of tests. The model was evaluated using validation procedures
adapted to time series, including time lapse and cross-validation in an expanding
window. This strategy preserves the chronological order and prevents information
leakage from future observations into the learning process, which is important for
a reliable assessment of the forecast [10].

The effectiveness of the model was assessed using several error measures,
including the mean absolute error and the root-mean-square error, to provide a
reliable comparison of different modeling approaches.

The proposed methodology combines a listing-based housing price index
with macroeconomic indicators and modern machine learning methods. This
integrated system allows for flexible short-term analysis in the context of limited
official statistics and provides empirical support for monitoring housing market
dynamics in emerging economies.

Results and Discussion

Figure 2 shows the normalized dynamics of the housing price index, consumer
price inflation (CPI), and the exchange rate of the US dollar against the tenge
over the analyzed period. Bringing it to a single database allows you to directly
compare the growth rate of indicators measured at different scales.

The results indicate a steady upward trend in housing prices throughout
the observed period. On the contrary, the consumer price index shows relatively
moderate and smooth growth, while the exchange rate shows noticeable short-
term fluctuations without a stable long-term growth trajectory. The discrepancy
between housing price dynamics and macroeconomic indicators indicates that

11
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the growth of the housing market cannot be fully explained solely by inflationary
pressures or the depreciation of the national currency.

The observed pattern highlights the structural nature of housing price growth,
which is apparently influenced not only by macroeconomic conditions, but also
by specific market factors such as supply constraints and demand dynamics. The
normalized comparison provides clear visual evidence that residential property
prices grew at a faster rate than general consumer prices during the analyzed period.

Normalized dynamics (base = 100)

—— Housing price index
~— USD/KZT index
—— CPlindex

115

110

Index value

100

—_—
95 \/

2025-01 2025-03 2025-05 2025-07 2025-09 2025-11 2026-01
Month

Figure 2 — Normalized dynamics of housing price index, CPI, and USD/KZT

To further explore the relationship between housing prices and macroeconomic
conditions, a correlation analysis was performed using both current and delayed
macroeconomic variables.

The results show that the closest relationship between housing prices and the
exchange rate occurs with a time delay, rather than simultaneously. In particular,
the lagging values of the US dollar-tenge exchange rate demonstrate a higher
correlation with the housing price index compared to the values for the current
period. This conclusion indicates that currency fluctuations are gradually affecting
the housing market, reflecting difficulties with adjustment and delayed decision-
making by market participants.

On the contrary, consumer price inflation shows a weaker and mostly
negative correlation with housing prices. This relationship may reflect the housing
affordability effect, in which rising consumer prices limit household purchasing
power and partially reduce demand for housing. In general, correlation analysis
confirms the importance of taking into account lagging macroeconomic variables
when modeling housing market dynamics.

12
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The predictive performance of all evaluated models was assessed using a
temporal holdout sample. The comparison of forecasting accuracy is summarized
in Table 2.

The results show clear differences across modeling approaches. Linear
Regression and Elastic Net demonstrate higher prediction errors, indicating limited
ability to capture nonlinear relationships between macroeconomic indicators and
housing price dynamics. In contrast, ensemble-based machine learning models
consistently achieve lower forecasting errors.

Among all tested methods, Gradient Boosting Decision Trees (GBDT)
produce the best overall performance, exhibiting the lowest mean absolute error
and root mean squared error. Random Forest, XGBoost, and CatBoost also
perform competitively, but their accuracy remains slightly inferior to that of the
GBDT model.

Table 2 — Holdout forecasting results

Model MAE RMSE MAPE (%) SMAPE (%)
GBDT sklearn 9.38 9.50 7.94 8.28
CatBoost 9.64 9.81 8.17 8.53
RandomForest 9.69 9.82 8.21 8.57
XGBoost 10.35 10.36 8.78 9.18
LinearRegression 10.62 10.96 8.99 9.44
ElasticNet 10.74 11.26 9.09 9.57

Figure 3 shows a comparison of the actual values of the housing price index
with the forecasted models during the waiting period. The visual results confirm
the quantitative assessment presented in Table 2.

All models tend to underestimate the actual index level, reflecting a strong
upward trend in the housing market towards the end of the sample period. However,
there are noticeable differences in the predicted behavior. Linear models show
the greatest deviations from actual values, while approaches based on aggregate
analysis more accurately track market dynamics.

The GBDT model demonstrates the most stable and accurate behavior,
providing smoother forecasts and smaller deviations from the observed values.
This confirms its excellent ability to capture non-linear interactions between
macroeconomic variables and housing prices in a limited sample.
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Figure 3 — Holdout comparison of model predictions

Empirical data indicate that the dynamics of housing prices in Kazakhstan
during the analyzed period was characterized by steady growth exceeding both
inflation and currency fluctuations. The presence of delayed macroeconomic effects
highlights the delayed nature of adjustments in the housing market and confirms
the need to take into account time dependencies in predictive modeling.

The excellent performance of gradient-enhanced models suggests that non-
linear relationships and interaction effects play an important role in explaining
housing price dynamics. At the same time, the constant underestimation observed
in all models highlights the difficulties of short-term forecasting during periods
of accelerated market growth.

The results show that the combination of listing-based housing price indices
with macroeconomic indicators and machine learning methods provides an
effective basis for short-term analysis of the housing market in the context of
limited official statistics.

Conclusion

This study examined the dynamics of housing prices in Kazakhstan using
online real estate data combined with key macroeconomic indicators. Given the
limited availability and delay in the publication of official housing statistics, the
proposed approach demonstrates the practical value of alternative data sources
for market analysis.

14
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Based on the median price per square meter, a housing price index was
calculated, allowing for consistent aggregation of disparate properties and reliable
comparisons over time. Empirical results showed a steady upward trend in
residential property prices during the analyzed period, with housing price increases
exceeding both consumer inflation and exchange rate fluctuations.

The analysis also confirmed the presence of delayed macroeconomic effects
on the housing market. It was found that exchange rate fluctuations have a time
lag effect on housing prices, which underscores the importance of taking time
dependencies into account when modeling the dynamics of the real estate market.
These findings emphasize that current macroeconomic indicators alone are not
sufficient to fully explain short-term housing price movements.

A comparison of modeling approaches has shown that nonlinear machine
learning methods are superior to linear methods in predicting housing price
dynamics. In particular, decision trees with gradient acceleration demonstrated
the highest forecasting accuracy, which indicates their suitability for accounting
for complex interactions between macroeconomic factors and housing prices in
a limited sample.

The results confirm the applicability of listing-based housing price indices
and machine learning methods for short-term monitoring of the housing market
in emerging economies. The proposed framework can serve as a basis for future
research involving longer time frames, additional macro-financial variables, and
analysis of housing markets at the regional level.

REFERENCES

1 Hill, R. J., Steurer, J., Zucchini, W. Hedonic price indexes for residential
housing: A survey, evaluation, and taxonomy // Journal of Economic Surveys. —
2020.—Vol. 34. — Ne 4. — P. 687-714.

2 Eurostat, European Commission, OECD, IMF, World Bank, UNECE.
Handbook on Residential Property Price Indices (RPPI) // Luxembourg :
Publications Office of the European Union, 2013. — 179 p.

3 Lyons, R. C. Can list prices accurately capture housing price trends?
Insights from extreme market conditions // Finance Research Letters. —2019. —
Vol. 30. — P. 228-232.

4 de Haan, J., van de Laar, R. House Price Indexes: A Comparison of
Repeat Sales and Other Multilateral Methods. —2021. — 32 p.

5 Wang, X., Li, K., Wu, J. House price index based on online listing
information: The case of China // Journal of Housing Economics. — 2020. —
Vol. 50. — Article 101715.



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, mamemamura u KomnvromepHoie Hayku. Ne 1, 2026

6 Biau, G., Scornet, E. A random forest guided tour // TEST. 2016.—Vol. 25.

—Ne 2. -P. 197-227.

7 Natekin, A., Knoll, A. Gradient boosting machines: A tutorial // Frontiers

in Neurorobotics. — 2013. — Vol. 7. — Article 21.

8 Chen, T., Guestrin, C. XGBoost: A scalable tree boosting system //
Proceedings of the 22nd ACM SIGKDD International Conference on Knowledge

Discovery and Data Mining. — 2016. — P. 785-794.

9 Prokhorenkova, L., Gusev, G., Vorobev, A., Dorogush, A. V.,
Gulin, A. CatBoost: Unbiased boosting with categorical features / Advances
in Neural Information Processing Systems. —2018. — Vol. 31. — P. 6638-6648.

10 Bergmeir, C., Hyndman, R. J., Koo, B. A note on the validity of cross-
validation for evaluating autoregressive time series prediction // Computational

Statistics & Data Analysis. —2018. — Vol. 120. — P. 70-83.

Received 06.02.26.

Received in revised form 13.02.26.

Accepted for publication 19.03.26.

*P. H Ecmebex!, A. I. Aoamosea’

12Astana IT University, Kasakcran PecriyOnukacel, Acrana K.
06.02.26 . Oacmara TYCTI.

13.02.26 x. Ty3eTyJiepiMeH TYCTi.

19.03.26 x. OachIn HmIbIFapyFra KaObUIIaH IbI.

KA3AKCTAHJIAFBI TYPFBIH YA BAFAJIAPBIHBIH
JUHAMMKACHI OHJIANTH XABAPJTAH/IBIPYJIAP )KOHE
MAKPO3KOHOMMUKAJIBIK KOPCETKIIITEP HEI'I3IHAE

Typevin yi Oagacvinblly OUHAMUKACHLIH MYCIHY HCLLIACLLMAUMbIH
MYTIK HAPLIKMAPbIH MALOAY YULiH MAHBI30bL, dCIpece pecmu CHamucmuxd
Jlcui wekmenemin Hemece aumapiblKmai KiOipicmepmeH JeapusiiaHamoli
damywl  9KoHOMuKkaiapoa. — Byn  3epmmey  Kazaxcmanoasgvl
MYpeblH YU HAPLIEbL  MbICAILIHOA — OHIAUH  JHCHLIJICHIMATIMbIH
Mynix  xabapranovipynapul O0epeKkmepin  MAKPOIKOHOMUKALLIK
Kopcemxiumepmen  Yulmacmlpy apKblibl MYpebliH Yi 0a2a1apbiHbly
OUHAMUKACBIH MOO@IbOCYOIH IMIUPUKALBIK He2i3iH YCbiHaovl. Typevi
Yil 6aganapvinbly UHOEKCI OHAQUH XAOapiaHObipylapoaH aiblH2aH OIip
wapuibl MempOiy opmauia 6a2acyl HeeiziHOe ecenmeinin, YaKblin OOUbIHULA
CanblCMbIPMATBLILIKMbL  KAMMAMACHI3 emy Yulin Oipbineail 0a3aivik
Kesenee Hopmanusayusianovl. Hapoixmely xewixmipineen peakyusicbli

eckepy MaKcamulHOA He2izel MAKpOIKOHOMUKANbIK — AUHBIMALLLIAP,
OHBIY [WiHOe mymulHy 6azanapuiHbly unoexci scane AKIII oonnapoeinbiy
meHeeze Kamuvlcmol auvlpdoac 6azamvl, COHOAU-AK ONaApObIH JASIbIK
MaHOepi manoayea eHeizinol. MaxpoIKOHOMUKANBIK JHCALOAUIAp MeH
mypevlH Y Oazanapvl OUHAMUKACLIHbIY 63apa OaulaHblCblH Manoday
YWiH YaKeimmolK 6aiuoayusoan omkeH OipHeue MAUUHATBIK OKbIIY
MoOenvoepi KONOaHuLIObl. 3epmmey Hamuicerepi CbI3bIKMbIK emMec
aHcambbOix 20icmepoiy MYpablH Vi HAPLIZLIHbIH KbICKA  Mep3iMOL
OUHAMUKACBIH 0a2anayoa Hcoeapvl MUuiMOLIIKKe Ue eKeHiH Kepcemmi.
Anvinean Hamuodicenep mypebiH yil Oaganapvl UHOEKCMepiH Kypyod
OHNIAUIH XA6apIaHObIPYAap OepeKmepiniy NPaKmuKaiblK MAHbl30bLIbIbIH
danendetioi  Jicone  onapobl  JHCOLINCLIMAUMbBIH — MYIIK — HAPLIZIH
MOHUMOPUHEIMEY MeH KbICKA Mep3iMOi manoay YuiH KolOaHyObiH
OPBIHOBLILIZBIH He2i30ellOl.

Kinmmi  cesdep: mypaoin yu bazanapvlHbly  UHOEKCI,
JHCOLLINCHIMAUMBIH — MYAIK — HAPLIbl,  OHAQUH  Xabapiranowvipynap,
MAKPOIKOHOMUKATLIK KOpcemKiuimep, MauuHanslx okeimy, Kazaxcman.
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OHJIAMH-OBBSBJIEHUN U MAKPOYKOHOMUYECKHUX
IMOKA3ATEJIEMA B KABAXCTAHE

TonumaHnue OUHAMUKU YeH HA JICUTLE UMeen GAJICHOE 3HAYUEHUE
Ol AQHANU3A  PLIHKOG  HEOSUICUMOCMU, OCOOEHHO 68  YCIOBUSX
PA3BUBAIOUUXCSL IKOHOMUK, 20€ ODUYUATbHAL CINATMUCIUKA 3A4ACMYIO
ocpanuyena Jubo NYONUKyemcs ¢ CYWeCMGEHHbLIMU GPEeMEeHHbLMU
3adepockamu. B Oannoii pabome npedracaemcsi  amnupuueckuil
NnOOX00 K MOOCIUPOBAHUIO OUHAMUKU YeH HA JHCUTbE HA OCHOGE
00beOUHEHUsL OAHHBIX OHAAUH-00BAGNIEHUT O NPOOANCE HEOBUNCUMOCTIU
€ KIIOUEBbIMU MAKPOIKOHOMUUECKUMY NOKA3AMENIMU HA Npumepe
puiHka  ocunvsi  Pecnybauxu Kazaxcman. Huoexc yew Ha dicuivé
Paccuumvieaemcss Ha OCHOGe CPEOHell YeHbl 00HO20 K8AOPAMHO20
Mempa, NOAYUEeHHOU U3 OHIAUH-00bAGNIEHUN, U HOPMANUZYEmCs K
b6azoeomy nepuody 0ns obecneueHusi cOnOCMAasUMOCmU 60 BPEeMEHIU.

JAUHAMMKA INEH HA )KHJIYIO HEABU/KUMOCTb HA OCHOBE
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B ananuz exmiouenvl OCHOBHbIE MAKPOIKOHOMUUECKUE NEPEMEHHble, 6
MOM HUCTe UHOEKC NOMPeOUmenbcKux yeH u 0OMeHHblil Kypc 00n1apa
CILIIA xk menee, a makdice ux 1A2UPOBAHHbIE 3HAUCHUS, YMO NO3GONAE
VUUMbBIEANb  OMIAOICEHHYIO PEaKyuro PbIHKA  HEeOSUNCUMOCMU  HA
MAKPOIKOHOMUYECKUE USMEHEeHUs. [l aHanu3a 83aumocesisu Menicoy
MAKPOIKOHOMUYECKUMU  VCILOGUAMU U  OUHAMUKOU YeH HA JICUTbE
UCNONL3YIOMCS HECKONLKO MOOeNell MAWUHHO20 00YUeHUsl C BDEMEHHOI
sanuoayuet. [lonyuennvie pe3yiomamol NOKA3bIEAIOM, YMO HeNUHEelHbLe
ancamobnegvlie memoovl obradarom 6ojee 8blCOKOU IPPHEeKMUEHOCHbIO
npu oyeHKe KpamrkoCPOUHOU OUHAMUKU DbIHKA Jrcunvs. Pezynomamut
uccne0osanust NOOMEEPHCOarom nPaAKmudeckyio YeHHOCmb OaHHbIX
OHNIAUH-00bAGNICHUI OJI1 NOCMPOEHUsT UHOEKCO8 UYEH HA JHCUNLE U
060CHOBLIBAIOM UX UCNONb308AHUE 0TI MOHUMOPUH2A U KPAMKOCPOUHO2O
AHANU3a POIHKOS HEOGUICUMOCHIL.

Knrouesvie cnosa: unoexkc yen Ha HCunvé, poiHOK HeOGUICUMOCTU,
OHNIAUH-00BAGLEHUS, MAKPOIKOHOMUYECKUE TNOKA3aAMenl, MAUUHHOEe
obyuenue, Kazaxcman.
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INTERPRETING CLINICAL RESEARCH FOR DISEASE
DIAGNOSIS: A MACHINE LEARNING PERSPECTIVE

This review article examines the intersection of clinical research
interpretation and machine learning in disease diagnosis. By synthesizing
current literature, the paper outlines how diverse clinical data, including
electronic health records, medical imaging, and laboratory results, are
harnessed through various machine learning approaches. Emphasis is
placed on deep learning architectures, such as recurrent and convolutional
neural networks, which have demonstrated promising results in early
detection and predictive modeling of diseases.

The review presents key case studies, including applications in
diabetic retinopathy detection, pneumonia diagnosis, and heart failure
prediction, while discussing the benefits and challenges associated with
data heterogeneity, model interpretability, and computational scalability.

Finally, the article highlights future research directions that focus on
data integration, transfer learning, and the development of explainable Al
frameworks, aiming to bridge the gap between innovative computational
methods and their practical deployment in clinical settings.

Keywords: Machine Learning; Artificial Intelligence; Clinical
Research; Diagnosis, Disease Diagnosis;, Deep Learning; Electronic
Health Records; Medical Imaging; Predictive Modeling; Explainable Al;
Scalability; Neural Networks.

Introduction

The rapid growth of clinical data and advancements in computational methods
have opened new avenues for enhancing disease diagnosis. Traditional diagnostic
practices are increasingly complemented by machine learning techniques, which
are capable of uncovering complex patterns within diverse clinical datasets.
For example, Obermeyer and Emanuel’s article [1] highlights how big data and
predictive analytics are transforming clinical medicine, while Rajkomar, Dean,
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and Kohane’s work [2] demonstrates the practical integration of machine learning
into clinical workflows to improve patient outcomes.

This review aims to provide a concise yet comprehensive overview of the
current landscape at the intersection of clinical research and machine learning.
By synthesizing insights from established studies, including early investigations
into feature learning [3] and advanced predictive modeling [4], the article sets the
stage for further exploration in this field as part of a broader dissertation effort.

Materials and methods

The field of machine learning in healthcare has experienced significant
growth over the past decade, driven by the increasing availability of large-scale
clinical datasets and advances in computational methods. Early work in this area
demonstrated that machine learning techniques could effectively process and
interpret diverse clinical data, thereby enhancing disease diagnosis and patient care.

A landmark study by Choi et al. [5] introduced the Doctor Al framework,
which utilizes recurrent neural networks (RNNs) to predict clinical events based on
sequential patient data. A notable contribution of this work is the demonstration of
the benefits of pre-training. Specifically, as illustrated in Figure 1 from the Doctor
Al article, pre-training on a large dataset substantially improves performance on
smaller datasets yielding more than a 10 % enhancement compared to training
solely on limited data. This finding highlights the potential of transfer learning
techniques in clinical applications, where data availability can vary significantly.

0.65

s |-E-Withouf Pretraining - Pretrained on Sutter Dataset]
0 5 10 15 20
Number of Epochs
Figure 1

Figure 1: The impact of pre-training on improving the performance on smaller
datasets. In the first experiment, firstly the model was trained on a small dataset
(red curve). In the second experiment, the model pre-training on large dataset
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and it was used for initializing the training of the smaller dataset. This procedure
results in more than 10% improvement in the performance.

Building on these insights, Miotto et al. [3] provided a comprehensive
review of deep learning applications in healthcare. Their work not only outlined
the various opportunities that these advanced algorithms offer such as enhanced
diagnostic accuracy and automated feature extraction — but also discussed the
challenges that remain, including data heterogeneity, the need for interpretable
models, and issues related to model generalizability. This balanced perspective is
crucial for understanding the practical implications of deploying machine learning
in clinical settings.

Additionally, Ching et al. [6] elaborated on both the opportunities and
obstacles for deep learning in biology and medicine, emphasizing the critical
role of model interpretability and robust data integration in facilitating clinical
implementation.

Complementing these reviews, Obermeyer and Emanuel [1] explored the
transformative potential of big data and predictive analytics in clinical medicine.
They argued that the integration of massive datasets with sophisticated machine
learning algorithms could fundamentally alter diagnostic processes and improve
patient outcomes. This notion is further supported by Rajkomar et al. [2], who
reviewed the integration of machine learning into routine clinical practice. Their
analysis emphasized the importance of developing robust and scalable models that
not only perform well on benchmark datasets but also maintain reliability when
deployed in real-world healthcare environments.

The domain of medical imaging has also benefited from deep learning
advances. Litjens et al. [5] surveyed the use of convolutional neural networks
(CNNs) in medical image analysis, illustrating how these methods have led to
breakthroughs in tasks such as tumor detection and organ segmentation. Similarly,
Gulshan et al. [ 7] demonstrated the clinical viability of deep learning by developing
an algorithm for diabetic retinopathy detection that achieved performance levels
comparable to those of human experts.

Finally, Shickel et al. [8] expanded the scope of machine learning applications
by focusing on electronic health record (EHR) analysis. Their survey of deep
learning techniques in EHR data emphasized the promise of these methods for
patient risk stratification and outcome prediction, further reinforcing the growing
influence of machine learning in modern clinical research.

Together, these studies illustrate a dynamic and evolving landscape where
machine learning is progressively transforming the interpretation of clinical
research. The integration of various algorithmic approaches from RNNs to CNNs
and beyond underscores the field’s potential to significantly enhance diagnostic
accuracy and improve patient outcomes.
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Clinical research and data in disease diagnosis

Clinical research is the cornerstone of evidence-based medicine, generating
diverse datasets that inform disease diagnosis and treatment. Clinical studies —
ranging from randomized controlled trials to observational and cohort studies
produce structured and unstructured data. These data include electronic health
records (EHRSs), laboratory results, clinical notes, and imaging studies, all of which
are critical for developing predictive models and diagnostic tools.

A major component of clinical research data is the information captured
in EHRs. EHRs provide longitudinal patient data that include demographic
information, diagnoses, medications, laboratory test results, and clinical narratives.
For instance, the «Deep Patient» study by Miotto et al. [4] demonstrated the
potential of unsupervised representation learning on EHR data, highlighting how
complex patterns in patient histories can be leveraged for early disease prediction.
Similarly, Shickel et al. [8] reviewed deep learning techniques applied to EHR
analysis, underscoring both the promise and the challenges in extracting actionable
insights from inherently heterogeneous data.

Medical Imaging and Laboratory Data in Disease Diagnosis

Medical imaging represents another vital data source in clinical research.
Techniques such as computed tomography (CT), magnetic resonance imaging
(MRI), and digital fundus photography generate high-resolution images that are
used in the detection and diagnosis of various diseases. Litjens et al. [5] provided
a comprehensive survey of deep learning applications in medical image analysis,
illustrating how convolutional neural networks (CNNs) have been instrumental
in tasks like tumor detection and organ segmentation. In a related study, Gulshan
et al. [7] developed a deep learning algorithm for diabetic retinopathy detection,
achieving performance levels on par with human experts, thereby affirming the
clinical utility of advanced imaging analytics.

Recent advances in optical imaging techniques have further enriched the
diagnostic toolkit. As discussed in [9], modern computer optics methods improve
image contrast and resolution while reducing noise, which enhances the ability
to detect subtle tissue anomalies. These improvements not only complement
conventional imaging modalities such as CT and MRI but also facilitate more
accurate segmentation and feature extraction, thereby bolstering the performance
of machine learning algorithms in early disease detection.

Beyond EHRs and imaging, clinical research also encompasses data from
laboratory tests and genomic studies, which contribute to a more nuanced
understanding of disease mechanisms. The integration of these varied data types
poses significant challenges. Data heterogeneity stemming from differences in
collection protocols, measurement standards, and data formats requires rigorous
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preprocessing and normalization. Effective data integration is essential to build robust
machine learning models that can generalize across diverse patient populations.

Challenges and Importance of Data Quality in Clinical Research

The importance of data quality cannot be overstated. Inaccuracies or missing
values in clinical datasets can significantly affect the performance of predictive
models. Researchers have emphasized the need for meticulous data curation
processes, including feature extraction, imputation techniques, and validation
strategies, to ensure that the models built on these datasets are reliable. As
highlighted in various studies, the successful application of machine learning in
disease diagnosis relies not only on algorithmic advances but also on the integrity
and representativeness of the underlying data.

The data derived from clinical research forms the backbone of modern
diagnostic approaches. By combining EHR data, medical imaging, laboratory
results, and genomic information, researchers can develop sophisticated machine
learning models that enhance diagnostic accuracy and patient outcomes. However,
challenges such as data heterogeneity, quality assurance, and integration remain
critical hurdles. Addressing these issues through advanced data preprocessing
and integration techniques will be essential for the continued success of machine
learning applications in clinical diagnostics.

Machine learning approaches in healthcare

Machine learning (ML) has become a driving force in healthcare, offering
new ways to interpret complex clinical data and improve disease diagnosis. At
its core, ML in healthcare encompasses a spectrum of algorithms, ranging from
traditional methods such as Random Forests [10] and Support Vector Machines
[11] to advanced deep learning architectures, including Convolutional Neural
Networks (CNNs) and Recurrent Neural Networks (RNNs) [12], [5]. The choice
of algorithm often depends on the nature of the clinical data — be it structured
health records, time-series information, or high-dimensional medical images.

A key advantage of deep learning lies in its ability to automatically extract
features from raw data without extensive manual preprocessing. CNNs, for
instance, excel at analyzing spatial patterns in medical imaging, which has led to
breakthroughs in tumor detection and segmentation [5]. On the other hand, RNNs
and their variants (e.g., LSTM, GRU) are well-suited for modeling temporal
patterns in sequential data, making them highly relevant for tasks such as early
disease detection and clinical event prediction [5], [13]. These architectures can
handle the chronological progression of patient histories, identifying subtle signals
that might indicate an impending health issue.

Recurrent Neural Networks in Disease Prediction

One illustrative example of an RNN application is found in the study by Choi
etal. [13], which investigated the early detection of heart failure onset using Gated
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Recurrent Units (GRUs). In their experiments, baseline models (e.g., Logistic
Regression, SVM, MLP, KNN) were compared against GRU-based approaches
under different observation and prediction windows.

Model AUC Comparison with Different Encoding Methods

—e— One-hot Encoding
—s— Grouped Code Vectors
—e— Medical Concept Vectors

Logistic SVM MLP KNN GRU w/o GRU w/
Regression Duration Duration

Figure 2

Figure 2: Heart failure prediction performance of the GRU and baseline
models using a 12-month observation window and a 6-month prediction window.
The GRU model achieved the highest AUC of 0.883, outperforming traditional
methods and demonstrating the efficacy of medical concept vectors.

Model AUC Comparison with Different Encoding Methods

—e— One-hot Enceding
—&— Grouped Code Vectors
0.50 —e— Medical Concept Vectors

SVM MLP KNN GRU wjo GRU w/
Regression Duration Duration

Figure 3

Figure 3: When the observation window was extended to 18 months with a
zero-prediction window, the GRU model continued to surpass other approaches,
again reaching 0.883 AUC. Models trained with medical concept vectors also
outperformed those trained with grouped code vectors.

The study further examined computational efficiency and scalability. The
Table 1 shows the time required to make a prediction for a single patient for each
model [13].
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Table 1
Performance metric Prediction time (seconds)
Logistic regression 0.000002
SVM 0.000034
MLP 0.000259
KNN 36.66
GRU 0.020408

Prediction Time (Table I): Logistic Regression, SVM, MLP, and KNN
required only fractions of a second for inference, while GRU models took slightly
longer due to their recurrent structure. However, the increase in prediction time
was offset by the substantial gain in accuracy.

Challenges and Future Directions in Machine Learning for Healthcare

Those findings underscore a broader trend in healthcare ML: deeper
architectures, though more computationally intensive, can yield significantly
improved predictive performance, especially when trained on rich clinical data. Yet,
challenges remain. Interpretability is essential in medical contexts, where clinicians
need to trust and understand model outputs. Efforts to develop explainable models
— such as feature attribution methods, rule-based approximations, or integrated
attention mechanisms — are increasingly important [14]; [15]; [16]. Additionally,
researchers must address issues of data heterogeneity, privacy, and bias to ensure
that these algorithms benefit diverse patient populations.

Machine learning approaches — ranging from classical ensemble methods
to deep learning — have demonstrated strong potential for improving diagnostic
accuracy and patient outcomes. RNN-based methods, in particular, excel at
modeling the temporal dynamics inherent in clinical data, making them powerful
tools for early disease detection. As the field progresses, combining technical
innovations with interpretability and robust data practices will be crucial for fully
realizing the promise of ML in healthcare.

Results and discussion

One of the earliest success stories in applying machine learning to medical
imaging is the detection of diabetic retinopathy from retinal fundus photographs.
Gulshan et al. [7] demonstrated that a deep learning algorithm could match or
exceed human expert performance, paving the way for broader applications of
computer vision in clinical settings. Another prominent example is pneumonia
detection from chest X-rays, where Rajpurkar et al. [17] used convolutional neural
networks to achieve radiologist-level performance. Furthermore, a systematic
review and meta-analysis by Liu et al. [18] compared deep learning performance
against healthcare professionals in detecting diseases from medical imaging,
reinforcing the potential of Al-driven approaches in clinical diagnostics.
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Beyond imaging, machine learning has also shown promise in predictive
modeling with electronic health records (EHRs). For instance, Choi et al. [13]
employed recurrent neural networks for early detection of heart failure onset,
outperforming traditional methods in accuracy and timeliness. Similarly, Miotto
et al. [4] explored unsupervised representation learning on large EHR datasets,
revealing hidden patient phenotypes that could forecast disease trajectories. These
diverse case studies underscore the versatility of machine learning in tackling
different clinical tasks, from diagnosing acute conditions to predicting long-term
patient outcomes. They also highlight ongoing challenges — such as ensuring
model interpretability, managing heterogencous data sources, and integrating
predictive algorithms into clinical workflows, which remain active areas of
research and development.

Challenges, limitations, and future directions

While machine learning has demonstrated impressive potential in enhancing
disease diagnosis, several challenges must be addressed for its effective clinical
integration. One major hurdle is data heterogeneity. Clinical datasets are often
collected from diverse sources with varying standards, formats, and quality, which
can lead to inconsistencies and bias in model training. The lack of standardized
protocols complicates the aggregation and preprocessing of data, making it
challenging to build robust and generalizable models.

Another critical limitation is the interpretability of advanced machine learning
models. Deep learning architectures, despite their high accuracy, are frequently
considered “black boxes” due to their complex internal representations. This
lack of transparency raises concerns in clinical settings, where understanding the
rationale behind a diagnosis is essential for clinicians’ trust and informed decision-
making. Consequently, there is a growing need for explainable Al techniques that
can provide clear, actionable insights from model predictions.

Privacy and data security further constrain the adoption of machine learning in
healthcare. The sensitive nature of patient data necessitates rigorous anonymization
and data protection measures, which can restrict data sharing and limit the scale
of available datasets. Additionally, the computational demands of training
sophisticated models can pose practical challenges, particularly in resource-limited
clinical environments.

Future Directions and Solutions

Looking forward, future research should focus on developing methodologies
to mitigate these challenges. Enhancing data integration through transfer
learning and domain adaptation may help bridge the gap between heterogeneous
datasets. Moreover, investing in explainable Al frameworks, such as attention
mechanisms and feature attribution methods, will be vital for fostering clinical trust.
Interdisciplinary collaboration among data scientists, clinicians, and policymakers
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is essential to establish guidelines and best practices for model development,
validation, and deployment.

By addressing these challenges and exploring these future directions, the
full potential of machine learning in clinical diagnostics can be more effectively
realized, ultimately leading to improved patient care and outcomes.

Conclusion

The integration of machine learning with clinical research marks a pivotal
advancement in the field of disease diagnosis. As demonstrated by case studies such
as those by Gulshan et al. [7] and Rajpurkar et al. [17], as well as comprehensive
reviews by Miotto et al. [3] and Shen et al. [19], leveraging diverse data sources
from electronic health records and medical imaging to laboratory results coupled
with advanced algorithms like recurrent and convolutional neural networks can
significantly enhance diagnostic accuracy and patient outcomes.

Key case studies have underscored the practical benefits of these techniques.
Deep learning models have not only matched human expert performance in imaging
tasks but have also shown promise in early detection scenarios, such as predicting
heart failure onset [13]. Moreover, Shen et al. [19] provide compelling evidence
that robust deep learning frameworks can revolutionize medical image analysis
by improving both the accuracy and reliability of diagnostic systems.

However, the review also identifies critical challenges that need addressing.
Data heterogeneity, issues of model interpretability, and computational demands
remain significant barriers to widespread clinical adoption. To overcome these
obstacles, future research should focus on enhancing data integration through
methods like transfer learning, developing explainable Al frameworks, and fostering
interdisciplinary collaboration among clinicians, data scientists, and policymakers.

In summary, while current advancements provide a strong foundation,
ongoing efforts are essential to refine these approaches and fully realize the benefits
of machine learning in healthcare. This review serves as a starting point for further
research aimed at bridging the gap between advanced computational methods and
practical, trustworthy clinical applications.
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YIITH KJINHUKAJBIK 3BEPTTEVYJIEPAI TYCIHAIPY:
MAIMWHAJIBIK OKBITY KO3KAPACHI

Byn wony maxanacel KiuHukaielx sepmmeynepoi myciHoipy MeH
MAWUHATBIK OKBIMYObIH AypyLapobl OUACHOCMUKALAYOA&bl MObICANbIH
mycmapoin  3epmmetioi.  Kazipei 20ebuemmepOi manday apkblivl
ANEKMPOHOBIK OCHCAVIbIK Hca30anapovl, MeOUYUHAIbIK Oelineney JHcoHe
3EPMXAHATBIK HIMUdICENEDP CUSKMbL IPMYPIi  KIUHUKATBIK OepeKmep
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Kapacmuipoliadvl. Llonydwiy scananviebl — 6ap 3epmmeynepdi dcyieni
mypoe OIpikmipin, colHU MYpPblOaH 6a2anaybiHod, acipece peKyppeHmmi
JiCOHE KOHGOMOYUSAILIK HEUPOHOLIK diceninepdi Koca anzamod, mepey
OKbINY aAPXUMEKNYPALAPbIHbIY epme AHbIKMAy MeH aypyiapovl bouicay
yaeinepinoeei aneyemin kepcemyinoe.

Kapacmuipvinean — nezizei  mvicandap xamapvina — ouabemmik
PEMUHONAMUSIHbL AHBLIKINAY, OKNE KAObIHYbIH OUASHOCIUKALAY JICIHE
JIcypex orcemkinikcizoiein Oondcay kipeoi. Maxanada couwvimen Kamap
Oepexmepliy  apmyphiniei, MoO0enb0i MYCIiHOIPY MYMKIHOIZI JiCoHe
ecenmey MuiMOLiei CUAKMbL MAHbI30bL Macelenep 0e MAIKbLIAHAOb,
KAUHUKATBIK KOTOAHY MYPEICLIHAH MeHeepIMOL KO3KAPAC YCbIHAObL.

Conwinoa, Oonawarx 3epmmeynepoiy 0ablmmapsl YCbIHbLIAOLL,
onap depexkmepoi OIpIKMIpy cmpamecusiiapblH Heeminioipy, mpancgepiik
OKbIMY 20IiCMePIH NAUOANAHY HCIHEe MYCIHOIPIIYI MYMKIH JHCACAHObI
UHMeNIeKm KYpbliblMOAPbIH OAMbINTY MAHbI30bLIbIRLIHA Daca Ha3ap
ayoapaowi. Byn 6azvimmap oamwvizan ecenmey a0icmepi MeH 01apOblH
KAUHUKATBIK Opmadad CeHIMOI KOLOAHbLLY bl apacbiHOAzbl alUAKMbIKNIbL
2101020 OARBIMMANEAH.

Kinmmi ce3dep: Mawunanwlx oxvimy; XKacanovi uHmeniexm;
Knunuranwix sepmmeynep, JJuacnocmuka, Aypynaposi OUacHOCMUKanay;
Tepey oxvimy, DnexkmpoHObiK OeHcaynvlk dcazoanapul;, Meduyunanvix
betineney; Bonocay modenvoepi; TyciHOIpinyi MymKiH —cacanobl
unmennexm,; Macwmabdomany mymkinoiei; Hetiponowlx siceninep.
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UHTEPIPETALUS KIMHUYECKHUX UCCJIETOBAHUI
JIJ151 IJMATHOCTHUKHU 3ABOJIEBAHUIL:
B3II51J] C HO3ULIMU MAILIMHHOT'O OBYUEHUS

Jannviii - 0030pHbLl  mamepuan — ucciedyem — nepecedenue
unmepnpemayuy KIUHU4YeCKUx Uccie008anull U MawunHo2o 00yyeHus
6 Ouacnocmuke 3abonesanui. Ha ocnose ananusa cospemennot
qumepamypvl  npeoCcmasisaemcs KOMNJIEKCHuIl  0030p mMo2o, KAk
paziuunsle  KIUHUYecKue OdaHHble — makue KAk —NeKMpOHHble
MeOUYUHCKUE 3aNUCU, MEeOUYUHCKAS GU3YAIU3AYUS U 1aOOpAmMopHble

pe3yibmamyvl — UCHOAb3VIOMCS 6 PAMKAX PAZIUUHBIX  ACOPUMMOG
mawunHozo obyuenus.. Hoeusna obsopa 3akiwouaemcsi 6 cucmemHou
unmezpayuu U KpUmMuyeckoll OyeHKe CYWecmsylouux ucciedo8aHull,
C  0CODbIM — AKYEHMOM HA  apXUmeKmypbl 21y00Ko2o — 00yyeHus,
BKIIOUASI PEKYPPEHMHblEe U CEEPHIOYHbIE HEUPOHHbIE Cemu, KOMmopbie
NPOOEMOHCIMPUPOBANU  3HAYUMETbHLIL — NOMEHYUAl 6  PAHHEM
BbIAGICHUU U NPOSHOCMUYECKOM — MOOEIUPOBaHUU  3a001e6aHull.
Kniouesvie  paccmampusaemvle npumepvl  GKIIOUAIOM  NPUMEHEHUE
MexHoN02Ull 6 GblAGIEeHUU OUADEeMUYEeCKOl peMUHONamuu, OUdeHOCIMUKe
NHEBMOHUU U  NPOCHOZUPOBAHUU — CePOEYHOU  HeOOCMmAmoyHOCMU.
B cmamve maxoice obcyscoaromes  sadcHvle  npodiemul, makue
KAk HEOOHOPOOHOCMb  OAHHBIX, UHMEPRPEemupyemMocms — mooenetl
U macwmadupyemocms  BbIYUCIEHUU,  Npednazds — 636€UEHHYIO
OYEHKY NpaKmudeckou NpUMEeHUMOCMU 6 KIUHUYECKOU NpaKmuxe.
Haxkoney, npeonooicenvt nanpasnenus O0ns 0yOyWux uUccie008anull,
C AKYeHmoM Ha YIyHuleHHble Cmpamezuy UHmMezpayuyu OAHHLIX,
UCNONb306AHUE MEMO008 MpaHchepHo2o 00yYeHus U  pazeumue
UHMEPNPemupyemo20 UCKyCcCmeenHo20 UHMeIeKma. dmu HanpaeieHus.
HANpasnenvl  HA — COKpawjeHue  paspvléd  mexcoy  nepeodosblmu
BLIUUCTUMETLHLIMU MEMOOONOSUAMU U UX HAOEHCHLIM GHEOpEeHUEeM 6
KAUHUYECKYIO NPAKMUKY.

Kniouegvie  cnosa: Mawunnoe — obyuenue;  Hckyccmeennviil
unmesniexkm, Knunuueckue uccnedosanusl; Jluaenocmuxa;
Juaenocmuxa  3abonesanuii; Iybokoe obyuenue;  DnekmpoHHble
meduyunckue 3anucu; Meduyunckas eusyanuzayus, Ilpoenocmuyeckoe
Mooenupoeanue, Hnmepnpemupyemvlii  UCKYCCIMBEHHbIN  UHMEIEKN;
Macwmabupyemocmy, Hetiponnvie cemu.
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DEVELOPMENT OF A SMART CONTRACT SOLUTION
FOR KAZAKHSTAN’S ENERGY SECTOR

This article presents the development of a blockchain-based smart
contract aimed at addressing key issues in Kazakhstan's energy sector.
The research demonstrates the effectiveness of blockchain technology in
automating energy transactions and improving transparency, security,
and efficiency in the industry. A smart contract prototype was designed on
the Ethereum platform using the Solidity language to automate electricity
supply agreements, including energy delivery recording, payment handling,
and tariff management. The contract was developed with consideration
of local regulatory and infrastructure specifics and incorporates features
like role-based access control and automatic enforcement of penallties for
overuse. The proposed solution was thoroughly tested for functionality
and security. The results show that the smart contract operates reliably
under various scenarios and can significantly streamline settlements
between energy providers and consumers, reduce operational costs, and
increase trust. The scientific novelty of the work lies in adapting smart
contract technology to the conditions of Kazakhstan's energy market.
The practical significance is that energy companies and regulators
can implement this blockchain solution to enhance efficiency and
transparency. The findings provide a foundation for further digitalization
of the energy sector, including future integration of renewable energy
sources and development of decentralized energy markets.

32

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, mamemamura u KomnvromepHoie Hayku. Ne 1, 2026

Keywords: blockchain, smart contract, Ethereu, energy sector,
energy market.

Introduction

The modern energy industry faces numerous challenges, including inefficient
resource management, high transactional costs, insufficient transparency in
settlements, and the need for process automation. In Kazakhstan, where the energy
sector plays a key role in the economy, these issues are pronounced. The country’s
power system comprises over 120 power plants (dominated by coal-fired stations
producing about 70 % of electricity), but aging infrastructure means actual available
capacity is significantly lower than installed capacity. There are also regional
imbalances in generation and constraints in transmission capacity, leading to
losses and reliability concerns. Furthermore, the integration of renewable energy
sources remains low (around 3—4 % of generation), and existing tariff regulations
often fail to incentivize new investments. Similar conclusions were drawn by local
researchers analyzing Kazakhstan’s energy transition dynamics [1]. These factors
contribute to inefficiencies and highlight the need for innovation in the energy
sector. This problem has also been discussed in national reports on Kazakhstan’s
energy digitalization and blockchain readiness.

One of the promising solutions to address such issues is the use of blockchain
technology and smart contracts, which can automate transactions between market
participants while ensuring security, transparency, and trust. Globally, there is
growing interest in decentralized technologies in the energy domain. Pilot projects
(for example, Power Ledger in Australia and LO3 Energy’s Brooklyn Microgrid
in the USA) have demonstrated the potential of blockchain-based peer-to-peer
energy trading, smart metering, and automated payments [2]. These projects
show that by using smart contracts, consumers and producers can directly trade
energy in a secure and transparent manner, reducing the need for intermediaries. In
Kazakhstan, which is actively developing renewable energy and digital solutions,
such approaches could optimize interactions between electricity producers,
suppliers, and consumers.

The aim of this research is to develop a smart contract solution for
Kazakhstan’s energy sector that automates settlement processes and increases
the transparency of transactions. To achieve this aim, several objectives were
addressed: analyzing the Kazakh energy market to identify key problems that
smart contracts can solve; studying existing blockchain solutions in the energy
sector to determine the optimal platform for implementation; developing an
architecture and logic for the smart contract tailored to local market specifics;
building a prototype on the chosen blockchain platform; and conducting testing
to evaluate the effectiveness of the proposed solution. The object of the study is

33



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

the interaction processes among participants in Kazakhstan’s electricity market
that could be optimized via smart contracts, and the subject of the study is the
methods and technologies for developing such smart contracts for the energy sector.

The scientific novelty of this work lies in adapting blockchain smart contract
technology to the specific regulatory, infrastructural, and market conditions of
Kazakhstan’s energy sector. Unlike generic solutions, the developed contract
is designed with local electricity market rules and integration with existing
metering/billing systems in mind. The practical significance of the research is
that the resulting smart contract can be adopted by energy companies to automate
payment settlements, reduce operational costs, and strengthen trust among
market participants. The work combines methods such as literature analysis
and review of international experience, business process modeling, software
development in Solidity (a smart contract programming language), and testing in
a simulated environment.

Materials and methods

Kazakhstan’s Energy Sector Challenges: The energy sector of Kazakhstan
is a complex system that has undergone significant changes in the decades since
independence. Today, it is characterized by a number of challenges. Firstly, the
sector suffers from inefficient resource management and losses: a considerable
portion of generation capacity is old and inefficient, leading to high transmission
losses and frequent maintenance issues. Secondly, there are high transactional
and operational costs, partly due to multi-tiered intermediaries in energy trading
and outdated billing systems. Thirdly, there is insufficient transparency in energy
accounting and settlements — discrepancies can arise in metering and billing,
causing disputes between producers, suppliers, and consumers. Additionally, many
processes in the energy supply chain remain insufficiently automated, relying on
manual paperwork and centralized systems that are prone to error and delay. These
issues collectively hinder the efficiency and reliability of the energy market. Local
studies emphasize that automation and blockchain could significantly improve
transparency in power balancing and billing systems [3].

Recent developments in blockchain technology offer potential solutions
to several of these problems. Blockchain is essentially a distributed ledger that
maintains a tamper-proof record of transactions across a network of computers,
eliminating the need for a central authority. It enables a shared, transparent, and
secure record-keeping system where all participants can trust the data. Transactions
recorded on a blockchain are grouped in blocks, cryptographically linked to one
another, making the history of operations virtually immutable [4; 5]. This inherent
transparency and security are highly relevant for energy markets, where trust and
accurate record-keeping are critical.
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Smart Contracts in Energy: On top of blockchain networks, smart contracts
operate as self-executing programs that automatically enforce the terms of an
agreement when predefined conditions are met. In the context of energy, a smart
contract can be used to automatically handle energy delivery agreements — for
example, triggering payments once a certain amount of electricity is delivered,
or applying a penalty tariff if consumption exceeds a contractual limit. Smart
contracts remove the need for intermediaries or manual oversight to execute
transactions, as the code itself guarantees the enforcement of rules. According to
recent surveys [4; 5; 6], smart contracts have a wide range of architectures and
applications and are gaining traction in industries including energy, finance, and
supply chain. Key features that make smart contracts attractive for the energy
sector include their autonomy (they operate without human intervention once
deployed), trustlessness (participants trust the code rather than a third party),
transparency (contract code and transactions are visible to permitted parties), and
immutability (once deployed, the contract’s rules cannot be altered easily) — all
of which contribute to more reliable and transparent operations. Smart contracts
thus offer a means to automate complex multi-party processes like energy trading,
metering, and billing in a secure way, as illustrated in Figure 1.

Smart contracts

2 .
A smart confract is written Smart contract is a i The parties participate in the

in the form of program E part of blockchain ! transaction anonymously
code in the blockchain £

o J.l!.§=

The transaction is i Regulators use
completed when all blockchain to
conditions are met g monitor transactions

Figure 1 — Key features of smart contracts

Global Experience with Blockchain in Energy: Around the world, several
pioneering projects have applied blockchain and smart contracts to energy
markets. The Brooklyn Microgrid project in New York is a notable example,
where neighbors trade excess solar energy with each other using a blockchain-
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based platform [3]. In this project, smart contracts on the Ethereum blockchain
enabled automatic execution of peer-to-peer energy transactions, allowing
households with rooftop solar panels to sell surplus electricity to their neighbors.
Another example is the Australian startup Power Ledger, which has implemented
blockchain platforms for energy trading and carbon credit tracking. These
initiatives demonstrate that blockchain can facilitate peer-to-peer energy trading,
real-time metering, and automated settlement of payments without a centralized
utility managing every transaction [7]. They have shown improved efficiency
and participant empowerment in local energy markets.

Beyond peer-to-peer trading, blockchain is being explored for grid
management and renewables integration. Overall, the global experience indicates
that blockchain and smart contracts can increase the security and transparency
of energy transactions, reduce the need for intermediaries, and enable innovative
business models in the energy sector [2]. These successes abroad provide
motivation for applying similar concepts to Kazakhstan’s energy industry, while
tailoring the approach to local conditions.

Platform Selection: The first step in developing the smart contract solution
was choosing an appropriate blockchain platform. The platform needed to
support smart contract functionality, have a robust developer community, and
ideally be already tested in energy applications. We evaluated both public and
private blockchain platforms, including Ethereum, Hyperledger Fabric, and
others, comparing their features. Figure 2 summarizes some key advantages and
limitations of Ethereum, which was ultimately selected. Ethereum was chosen
because it is a public, decentralized blockchain with a mature ecosystem and
strong support for smart contracts through the Solidity programming language.
Its public nature ensures transparency and security by virtue of a large number
of nodes validating transactions. Ethereum also offers well-established tools
for development and testing (such as Truffle and Hardhat frameworks), which
accelerated the prototyping process. On the downside, Ethereum transactions
incur gas fees and have limited throughput, but for a prototype and potential
small-scale deployment these limitations were manageable. We accounted for
these limitations by designing the contract to be gas-efficient (minimizing on-
chain storage and computation) and acknowledging that larger-scale deployment
might require either Layer-2 scaling solutions or a permissioned network if
volume grows [7].
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Advantages

Advanced Solidity language
Allows you to implement complex
business logic

. Large community
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Proven templates
TUzing ready-made smart contracts

Token Standards
ERC-20, ERC-721 for tokenization of

energy azsets

Restrictions

Low bandwidih

About 15-30 tranzactions per zecond

High commissions
During periods of high network load

Energv-intensive PoW
Taking into account the transzition to
Proof of Stake
. Limited privacy
Limited optionz for
enzuring data privacy

Figure 2 — Advantages and limitations of Ethereum

Requirements and Architecture: After selecting the platform, we defined
the functional requirements and architecture of the smart contract. The contract,
named PowerSupplyAgreement in our implementation, is intended to formalize an
electricity supply agreement between three roles: a Supplier (energy producer or
seller), a Consumer (buyer), and a Regulator (an oversight entity that can mediate
or enforce certain rules). The following key requirements were identified:

— The contract should be able to initialize a new energy supply agreement by
recording essential parameters — the identities of the supplier and consumer, the
agreed supply volume (energy quota) over a period, the base tariff rate per kWh,
any penalty tariff for over-consumption, the contract start and end dates, and the
address of the regulator (e.g., a market operator or authorized auditor).

— The supplier needs the ability to record each delivery (supply) of electricity
into the contract.

— The consumer should be able to send payments to the contract corresponding
to recorded deliveries.

— If the cumulative energy consumption by the consumer exceeds the agreed
contract volume (for example, the consumer uses more energy than initially
contracted), the contract should automatically apply a higher tariff rate (penalty)
for the excess amount.

— The contract must enforce that only authorized roles can call certain
functions.

— There should be functions to manage the lifecycle of the agreement: for
example, the ability to terminate the contract, to reinstate a contract that was
terminated, to extend the contract duration, or to adjust tariff terms.
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— All critical actions (agreement creation, supply entries, payments, contract
termination, etc.) should emit events and be recorded on the blockchain ledger.

Given these requirements, we designed the smart contract’s internal logic
and data structures. We defined storage variables for tracking the state of the
agreement: e.g., total energy delivered so far, total paid, whether the contract is
active or terminated, etc. We also included mappings or lists to record individual
deliveries and payments if needed for transparency. The contract’s functions
were designed to correspond to the above requirements (e.g., recordDelivery(),
makePayment(), terminateAgreement(), extendAgreement(), etc.), each with
appropriate access control checks and state update logic.

The overall architecture extends beyond just the on-chain contract. In a
real deployment, off-chain components would be needed, such as: integration
with smart meters or a data feed to automatically invoke recordDelivery() with
metered values, and user interfaces for the supplier and consumer to interact with
the contract (for submitting transactions). However, for the scope of this research,
the focus remained on the on-chain contract logic [8] and its correctness, assuming
that off-chain systems would feed it the necessary inputs.

Development Tools: For implementing the contract, we used Solidity (a
high-level language for writing smart contracts on Ethereum). We followed best
practices from the Ethereum developer community, leveraging the OpenZeppelin
library for standard contract templates where appropriate (such as safe math
operations, which are now largely handled by Solidity 0.8+ built-in overflow
checks). The development and initial testing were carried out using the Hardhat
framework, which provides a local Ethereum network for testing and debugging.
This allowed us to simulate the blockchain environment and test contract calls
quickly. We also used Truffle for some parts of deployment scripting and Ganache
(a personal blockchain for Ethereum) to test how the contract behaves in a more
persistent local chain scenario. Using these frameworks, we could write unit tests
for contract functions and run them in an automated manner.

Security considerations were paramount during development. We incorporated
known security patterns to mitigate common smart contract vulnerabilities
[9]. We also utilized Solidity’s access modifiers (explained below) to restrict
function usage.

Access Control Design: A critical aspect of the contract design is enforcing the
roles and permissions. We implemented role-based access control using Solidity’s
function modifiers. We defined modifiers such as onlySupplier, onlyConsumer,
onlyRegulator, and onlyParties (the latter allowing either supplier or consumer)
which check that msg.sender (the caller) matches the expected address for
that role. Additionally, an agreementActive modifier checks that the contract
is currently active (not terminated) when certain functions are called. These
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modifiers are applied to functions to prevent unauthorized use. For example, the
recordDelivery() function is tagged with onlySupplier agreementActive, ensuring
only the designated supplier can call it and only while the agreement is active.
Similarly, payment function is limited to the consumer, and any contract-altering
functions (like terminate or change tariff) might be limited to regulator or require
both supplier and consumer consent. This approach guarantees that even though
the smart contract code is transparent, no malicious actor can change the contract
state unless they are in the role that is permitted to do so. The set of modifiers and
their relationship to contract functions are illustrated in Figure 3.

- supplier,

onlyConsumer() {
.sender consumer, "0Onl can call this function™);

onlyParties() {

.sender supplier || .sender == consumer, "Onl

onlyRegulator
.sender regulator, "Onl

Figure 3 — Access control system modifiers

Testing Strategy: After development, we carried out a comprehensive testing
phase. Testing was multi-layered, including unit testing, integration testing, and
security testing.

— Unit Testing: We wrote unit tests for individual functions of the smart
contract to verify that each behaves as expected in isolation. For example, we tested
that recording an energy delivery correctly updates internal state (total delivered
energy, outstanding payment, etc.), that making a payment reduces the outstanding
balance and cannot exceed what is owed, and that the penalty calculation triggers
when the threshold is crossed.

Integration Testing: We then tested the contract in end-to-end scenarios that
model real-world use. This involved simulating the full lifecycle of an energy
supply agreement on a local blockchain instance. We deployed the contract and
executed a sequence of interactions reflecting a typical use case: Contract Creation,
Payments, Over-Consumption Scenario, Contract Modifications, Termination and
Reinstatement.
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These integration tests confirmed that the various components of the contract
work together properly. The contract successfully handled a realistic sequence of
events, enforcing all rules (e.g., rejecting unauthorized or out-of-sequence actions).

— Security Testing: We paid special attention to testing the security
mechanisms of the contract. We conducted tests to ensure the access control
modifiers were effective: for instance, we attempted to call restricted functions
(like recordDelivery) from an address that is not the supplier and confirmed
that the call fails as expected. We also tested scenarios of role impersonation —
ensuring that an address not assigned as regulator cannot perform regulator-only
actions, etc. Additionally, we examined the contract’s behavior under potential
attack scenarios. Using known vulnerability patterns, we tested for — Reentrancy
Attacks, Timing Manipulation, Unauthorized access, Integer, Gas Limit Attacks.

All tests were conducted on a local Ethereum blockchain simulation. After
these stages, we were confident that the smart contract meets the requirements and
performs reliably and securely. Where issues were found, the code was updated
and tests were re-run to ensure the issues were resolved.

Results and Discussion

Following the methodology above, we successfully developed and tested a
blockchain-based smart contract solution for automating energy supply agreements.

Smart Contract Implementation — the final smart contract
(PowerSupplyAgreement) was implemented in Solidity and deployed on a test
Ethereum network. It encapsulates the full logic of an energy supply agreement.
The contract allows a supplier to log delivered energy and a consumer to make
payments directly on the blockchain. It automatically calculates due payments for
each delivery and checks against the agreed contract terms (volume and tariffs).
The contract comprises approximately N=500 lines of Solidity code (including
comments and tests), reflecting the complexity of the logic handled.

Key Functional Features — the developed smart contract meets all the
requirements identified. To recap, the agreement initialization is done via the
constructor (or an initialization function) which sets up the roles and terms. Energy
deliveries are recorded through a function that only the supplier can call, which
updates internal state and computes the incremental payment owed. Payments
are made by sending Ether to the contract through a payable function that only
the consumer can call; the contract verifies the amount and updates balances
accordingly. If an attempt is made to overpay or pay when nothing is due, the
contract will reject the transaction, ensuring consistency. The contract enforces
penalty tariffs by tracking the total delivered energy — if a delivery causes the total
to surpass the contracted volume, the calculation splits the cost into normal and
penalty rates automatically. Contract lifecycle management features are in place.
These functions are all protected by the role-based access control as intended.
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We verified that the contract state remains consistent and secure even
under adversarial scenarios, as described in the testing section. Notably, the
events mechanism provides transparency: for every important state change, an
event is emitted (e.g., AgreementCreated, SupplyRegistered, PaymentReceived,
AgreementTerminated [10]), which can be monitored by external systems.

We paid attention to the performance (in terms of blockchain operations
cost) of the smart contract. In our implementation, we optimized storage usage
by, for example, using integer types that fit the expected range (reducing gas for
writing smaller data) and by avoiding unnecessary writes. By ensuring that most
computations (like payment calculation) are straightforward arithmetic and that
data stored is minimal (aggregate values rather than large arrays), the gas cost per
interaction was kept low. This addresses one of the known challenges of using
Ethereum in energy markets — transactions need to be cheap enough to be viable
for possibly small energy trades.

In summary, the results indicate that a blockchain-based smart contract can
indeed encapsulate the rules of an energy supply agreement and execute them
automatically and reliably. The implemented prototype meets the identified needs:
it automates billing and payments, increases transparency (all parties have the same
view of the data), and should reduce the administrative overhead and disputes
(since calculations are automatic and auditable). By removing intermediaries in
the settlement process, it has the potential to reduce transaction costs over time.

Conclusion

The conducted research has demonstrated the feasibility and benefits of
applying blockchain smart contract technology in Kazakhstan’s energy sector.
We developed a smart contract on Ethereum that is specifically tailored to the
conditions of the local energy market, automating the key elements of electricity
supply agreements. This work addressed the identified problems of the sector — such
as inefficiencies, high transaction costs, and lack of transparency — by providing a
decentralized solution that can make energy transactions more secure, transparent,
and efficient. By automating and securing transactions, they offer a pathway to
increased efficiency and trust. Implementing such technologies in Kazakhstan’s
energy industry can be a significant step towards the digital transformation of the
sector, contributing to the overall sustainable development of the national economy.
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KA3AKCTAHHBIH DOHEPT'ETUKA CEKTOPBI YIIIH
CMAPT-KEJICIMITAPT HETT3IHJAEI'T ITEINIMAI 93IPJIEY

Byn maxanaoa Kasaxcmanmnwly sHepeemuka cekmopblHbly ©3eKmi
Macenenepin  wewyee 6aelmmanzan  OJIOK4eUH — MEeXHOI0SUACHIHA
Heziz0eneen  cmapm-Kexicimuapmmel — 23ipaey  KApacmblpblLI2AH.
3epmmeyoiy  makcamel  —  DHEPLEMUKANBIK — MPAH3AKYUSIAPObI
aABMOMAmMmManoOblpy JHCoOHE Canaoazbl AUbIKMbIKMbl,  KaAYIncizoikmi
JicoHe  MUIMOLNIKmMI  apmmulpy MyMKinOikmepin manoay. Ethereum
nramgpopmacvinoa Solidity baz0apramanay minin KOaOaHy apKblibl
ONEKMp  DHEPSUSICLIH  JICeMKI3Y — JCOHIHOe2l  Kelicimuapmmapobl
ABMOMAMMAHObIPYA APHANIRAH CMAPM-KEAICIMUApmmuly npOmomuni
azipnendi. On dcemxizy KoaeMmiH mipkey, menemoepoi oHoey JicoHe
mapugmepoi  dackapy yHkyusaapein Kammuowsl. Kenicimwapmmeor
Jrcobanay  oapvicblnoa  Jcepeinikmi - pemmey  mMaianmapvl  MeH
OHEPeeMUKAbIK — UHMPAKYPLLILIMHBIY — epeKuielikmepl  ecKepiuin,
pendepee He2iz0en2eH KOJNHCeMIMOIKMI  ueKmey JCoHe KeaiCiieeH
KOJIeMHEH aCKaH #ca20atiod aublnnyii mapugmepin agmomammol mypoe
KONOAHY MYMKIHOI2I eHei3in0i. ¥CblHbLIZaH WewiM QYHKYUOHALObIK JHCIHE
Kayincizoik mypevicolHan mecmineyoen ommi. 3epmmey Hamuicenepi
CMAPM-KeRiCIMUAPMMbLY, IPMYPILL HCYMbIC CYSHAPUILIEPIHOE CeHIMOL
KbI3Mem ememiHiH JiCoHe DJIeKMp HDHEPRUACHIH JICeMKIZYUiNep MeH
MYMBIHYUBLIAP aApACbIHOA=bl ecen aublpblCYIapobl OHMALIAHObIPYA,
OnepayusIblK  WbIRBIHOAPObl  A3aUMyea  JCIHE  KAMbICYUbLIAD
apacvlHOagvl CeHiMOI apmmuolpy2a MYMKIHOIK 6epemiHik Kopcemeoi.

JKymbicmuly  ebliblMU  HCAHANBIRLL  CMAPM-KeTiciMuapmmap
mexuonozuAcoln  Kasakcmaunvly — dHepeemuxanvik  HApbI2bIHGIH
wapmmapvina  beiiimoeyoe  kopinic  mabaovl.  Ilpakmuraneix
MAHBI30bLIbIbL  YCLIHBLARAH — ONOKYelH — WeWiMIH — IHEPeeMUKALbIK
KOMARQHUANAD MeH pemmeyuli 0peaHoapobly caid muimMoiniei MeH
AULIKMBIZLIH APMIMBIPY MAKCAMIHOA KOLOAHA AYbIMEH AlKbIHOANAOb.

43



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

Anvinean — Homudicenep  JHCAHAPMBLIAMbIH — JHepeusi  KO30epiH
unmMe2payusnayobl JHcone OpMAlbIKMAHObIPLIIMARAH IHEPLEMUKALbIK
HapulKmapowvl 0amulimyobl KOCA AN2aHOd, IHEPeMUKa Calacvli 00aH api
YUPPAAHOBIPY YUiH He2i3 Kanatiobl.

Kinmmi  cezoep: Onoxuein, cmapm-kenicimwapm, Ethereum,
9HepeemuKa Canachyl, IHePeMuUKAIbIK HAPLIK.
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PASPABOTKA PEIIEHUSA HA OCHOBE CMAPT-KOHTPAKTOB
JJIAA QHEPTETUYECKOT'O CEKTOPA KA3AXCTAHA

B oannoii cmamve npedcmasnena paspabomka cmapm-KoOHmMpaKma
Ha OCHOBE MEXHONIO2UU OIOKYELH, HANPABIEHHO20 HA PEUICHUE KITIOYEeBbLX
npobaem sHepeemuueckoeo cexkmopa Kazaxcmana. Hcenedosanue
OemMoHcmpupyem apghexmusnocme OOKUEH-EXHONIO2UU 8
aAeMOMamMu3ayuy  IHEPLeMUYecKUx — MpaH3aKyuil U  NOGbIULEHUU
npospaunocmu, 6ezonachocmu  u 3ppexmusnocmu ompaciu. Ha
nramgpopme Ethereum c ucnonvzosanuem sizvika Solidity cnpoexmuposan
nPOMOmMuUn  CMapm-KOHMpakma O agmomMamu3ayuy  002080p08 Ha
NOCMABKY 3JIeKMPOIHEPSUL, GKIIOUAsL PeSUCMPayUio 00beMa NoCmasKy,
o6pabomky niamexceii u ynpagienue mapugamu. Ilpu paspabomre
KOHMPAKmMAa — yumeHvl — OCOOEHHOCMU — JIOKAbHO2O — PeyiupO8anus.
U UHppacmpykmypul, OH GKIIOYACm MAKUE GO3MOICHOCMU, KAK
pasepanuuenue O00Cmyna HA OCHO8e pojell U  aA8MOMAMUYecKoe
npUMeHeHue WmpapHbiX mapupos npu nPesvluueHuU Co2lACO8AHHbIX
06vemos.  I[Ipednojcennoe  peuteHue — NPOUIo  6CECMOPOHHEE
mecmuposanue QYHKYUOHATbHOCU 1 Ge30NACHOCTU.

Pesynomamel  noxaszwleaiom, umo CMAapm-KOHMPAKM HAOEICHO
DYHKYUOHUpYem 6 pasIuuHbIX CYEHAPUAX U CHOCODEH 3HAYUMENbHO
ynpocmums  pacuemvl Medxicoy NOCMASWUKAMU U NOMPeOUmensimu
INIEKMPOIHEPSUL, CHUSUMb ONEPAYUOHHbIE 3ampamvl U NOGLICUMb
dogepue yuacmuukos. Hayunas Hosusna pabomel 3aKIIOYAEMC
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6 aoanmayuu  MEXHONOUU  CMAPM-KOHMPAKMO8 K  VCIOGUSIM
KA3axXCMAaHCcKo20 dHepeopuinka. [Ipakmuueckas sSHAUUMOCIb COCMOUN 8
MOM, UMO IHEPeeMUYecKue KOMNAHUY U PE2yIsimopbl MO2Ym 6HEOPUMb
OdanHoe  OnoKuelH-peuleHue O0Ji1  NOGblUeHUs  3pdexmusHocmu  u
npospaunocmu. Ilonyuennvle pe3ynomamvl  3aKIAObIGAION  OCHOBY
051 danbHeuwel Yyupposuzayuu dHepeemuyeckol ompaciu, GKIoUds.
UHmMezpayuio  0300HOGIAECMbIX UCIMOYHUKOS JHepeUU U  pPA36umue
0eYeHmMpanIU308aHHbIX IHEPSeMUUECKUX PHIHKOG.

Knrouesvie  cnosa:  6noxuein, cmapm-xonmpakm, Ethereum,
IHEpeeMUKA, IHEPeMUUEeCKUL PHIHOK.
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PROSPECTS FOR THE INTEGRATION
OF LARGE LANGUAGE MODELS
INTO THE SCIENTIFIC ENVIRONMENT

The modern integration of large language models (LLM) into computer
science information systems and scientific computingal systems represents a
transformational stage for both school and higher information systems and
scientific computing. These neural networks, capable of generating linked
text, answering questions, solving problems, and simulating dialogue, are
widely used by users and system developers to prepare materials, automate
assessment, personalize data processing and system workflows, and create
digital content. This study provides a comprehensive assessment of LLM
applications, identifies their benefits and risks, and develops practical
recommendations for effective and ethical use. Key findings point to
improved personalization, automation, and engagement, accompanied
by challenges such as plagiarism, reduced critical thinking, and digital
inequality. The paper summarizes international and domestic experience.
The prospects include the integration of multimodal models and adaptive
data processing and system workflows systems, which suggests that by 2030
LLMs will become a central element of the e-data processing and system
workflows environment.

Keywords:  digitalization, — management  systems, effective
methods, management, technology, digital solutions, innovation,
digital transformation.

Introduction

The contemporary stage of digital technology development is marked by the
rapid expansion of artificial intelligence (Al) into all spheres of public life, including
information systems and scientific computing. A particularly significant role within
Al technologies is played by large language models (LLMs) — neural networks
capable of generating coherent text, answering questions, solving problems,
and simulating dialogue at a level approaching human communication[1]. The
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emergence of models such as ChatGPT (OpenAl), Grok (xAl), Gemini (Google),
Llama (Meta), and their equivalents has become a turning point for the role of
computer science in information systems and scientific computingal practices[2].
These systems are widely used by both students and educators for preparing
materials, automating assessment, personalizing data processing and system
workflows, and generating instructional content [3].

The relevance of this study is driven by several factors. First, the pace of LLM
integration into scientific environments exceeds the development of regulatory
frameworks [4], ethical standards, and methodological guidelines. Second, the
use of Al in studying generates polarized assessments: from enthusiasm over new
opportunities to concerns about reduced academic integrity, a decline in critical
thinking, and growing digital inequality [5]. Third, in the context of continuing
digitalization, there is an increasing need for scientific reflection [3] on the role
of LLMs at various levels of the information systems and scientific computing
system — from primary and secondary schooling to higher institutions.

The aim of this research is to conduct a comprehensive evaluation of the
impact of large language models on teaching and data processing and system
workflows processes in both school and higher information systems and scientific
computing, to identify their potential and associated risks, and to develop
recommendations for their effective and ethical use.

To achieve this aim, the following objectives were formulated:

1 To analyze the specific features of LLM use in school and higher information
systems and scientific computing settings;

2 To identify key advantages and risks associated with the integration of
large language models into the data processing and system workflows process;

3 To synthesize existing practical experience related to LLM implementation
in information systems and scientific computingal process;

4 To formulate practical recommendations for educators, information systems
and scientific computingal administrators, and developers of EdTech solutions.

The object of the study is the integration of artificial intelligence into school
and higher studying systems. The subject of the study is the influence of large
language models on the content, methods, and outcomes of data processing and
system workflows.

The research hypothesis assumes that, when applied consciously,
methodologically soundly, and within appropriate ethical regulation, LLMs can
enhance the effectiveness and accessibility of the data processing and system
workflows process; however, in the absence of adequate oversight, they may lead
to lower academic rigor and undermine academic culture.

The structure of the article includes an introduction, a literature review,
a methodology section, the main body (LLM use in schools and universities,
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advantages and risks), a discussion of findings, development prospects,
conclusions, and references. This structure provides a coherent framework for
exploring the topic from theoretical, practical, and forward-looking perspectives.

Literature Review

The development of artificial intelligence (Al) in the information systems
and scientific computingal system has progressed through several stages, each
accompanied by technological breakthroughs and shifts in pedagogical paradigms.
Early attempts to integrate Al into data processing and system workflows date back
to the 1960s-1970s, when expert systems and the first intelligent tutoring systems
(ITS) were created. Systems such as SCHOLAR [6] and PLATO demonstrated
the potential of adaptive instruction; however, limited computational capacity
and the absence of large-scale datasets constrained their broader implementation.

Beginning in the 1990s, the field transitioned toward machine data
processing and system workflows—based systems, including adaptive data
processing and system workflows platforms such as ALEKS and Knewton [2],
which utilized algorithms to construct individualized data processing and system
workflows trajectories.

A major shift occurred with the rise of deep data processing and system
workflows and the emergence of large language models (LLMs)[ 1] in the late 2010s
and early 2020s. A pivotal milestone was the release of GPT-3 [1], a 175-billion-
parameter model capable of generating coherent text, solving tasks, and engaging
in dialogue. Subsequent advancements led to the development of multimodal
models (e.g., Gemini, Llama 3) as well as specialized digital information systems
and scientific computing Al systems (Khanmigo, Duolingo Max). Architecturally,
LLMs are based on the transformer framework [7], employing attention
mechanisms and training on vast textual datasets, which enables them to emulate
cognition-like processes characteristic of human reasoning.

Historical Development of Al

o { L @ ®
1960s-1970s 1970s-1980s 1990s-2000s Late 2010s 2020s
Expert Systems Intelligent Tutoring Adaptive Learning Large Languag Multi Al
Examples: Systems Platforms (LLMs) Examples:
SCHOLAR PLATO Examples: Early ITS Examples: ALEKS, Examples: GPT-3, GPT-4 GPT-3,GPT-4

platforms Knewton

Figure 1 — Historical development of Al
International research actively examines the impact of LLMs on studying
systems. A UNESCO report[4] highlights AI’s potential for advancing Sustainable
Development Goal 4, while simultaneously warning of risks associated with digital
inequality. The OECD report Artificial Intelligence and the Future of Skills [3]
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analyzes how generative Al reshapes competency requirements, shifting emphasis
away from rote memorization toward critical thinking, creativity, and adaptability.
Studies conducted by EdTech companies such as Duolingo and Coursera indicate
that LLM-powered systems can increase learner engagement by 20-30 % through
personalized feedback [8]. However, [5] identify several risks: for example,
excessive reliance on automated assessment tools may hinder the development
of metacognitive skills.

Despite the growing number of publications, significant research gaps remain:

1 Most existing studies are descriptive and lack long-term longitudinal data.

2 Ethical issues — including questions of authorship, data privacy, and model
bias — remain insufficiently examined.

3 Comparative analyses of LLM impact across different information systems
and scientific computingal levels (school vs. university) are scarce.

4 Comprehensive methodological guidelines for integrating LLMs into the
data processing and system workflows process without impairing the development
of critical thinking are largely absent.

Thus, the justification for the present study lies in the need for a systematic
examination of the influence of LLMs on school and higher information systems
and scientific computing, considering both technological and socio-pedagogical
factors. This work aims to address the identified gaps and to develop scientifically
grounded recommendations for tutoring practice.

Research Methodology

This study employs a review-analytical design complemented by elements of
comparative analysis. The choice of this methodological framework is motivated
by the need to systematize fragmented data on the use of LLMs in tutoring practice,
to synthesize international and national experience, and to identify patterns and
contradictions in their impact on school and higher information systems and
scientific computing.

Methods applied:

Analysis of scholarly publications. Peer-reviewed journal articles,
monographs, reports, and academic papers from Scopus, Web of Science, and
international repositories (arXiv, SSRN) were examined. Particular attention was
given to studies on generative Al in information systems and scientific computing
published between 2020 and 2025.

Content analysis of case studies. Practical examples of LLM implementation
in studying systems were systematically reviewed, including cases from
Kazakhstan’s schools, universities in the United States and Europe, and MOOC
platforms. Sources included project descriptions, teacher and student feedback,
and EdTech reports (OpenAl, Google for Education, Coursera).
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Comparative analysis. Approaches to LLM use in school and higher
information systems and scientific computing were compared across countries,
including differences between global and Kazakhstan-based practices. Comparison
criteria included objectives, integration methods, outcomes, and associated risks.

Synthesis and interpretation. The collected data were synthesized to generate
conclusions and formulate practical recommendations.

Dataset includes:

— International reports (UNESCO[4], OECD[3], World Economic Forum);

— Academic articles and conference proceedings (EDM, AIED, ICALT);

— Official documents from the Ministry of Education of the Republic of
Kazakhstan, the National Centre for Education Quality, and the national project
Digital School;

— Publications from leading Kazakhstan research institutions (Nazarbayev
University, Al-Farabi Kazakh National University, Astana IT University, National
Academy of Education named after Y. Altynsarin);

— Open data from EdTech platforms and case studies.

Research limitations:

— Lack of access to proprietary datasets from commercial e-data processing
and system workflows platforms;

— Limited availability of long-term empirical studies on the cognitive effects
of LLMs;

— Potential bias in case descriptions provided by Al solution developers;

— High technological dynamism: new models with substantially different
properties may emerge by the time of publication.

Despite these limitations, the review-analytical methodology provides
a coherent and up-to-date understanding of the current state and prospects of
LLM integration into the studying process, forming a foundation for future
empirical research.

Application of LLMs in School Education

Personalization of Learning Pathways. LLMs enable the creation of
individualized data processing and system workflows trajectories through the
analysis of student performance, data processing and system workflows style, and
level of subject mastery. Platforms such as Khan Academy, powered by models
like GPT-4, generate adaptive tasks that vary in complexity: when a topic is
insufficiently understood, the system provides additional explanations, examples,
and simplified exercises. In several countries, Al-based assistants are being tested
to generate personalized homework in mathematics, science, and languages based
on diagnostic results.

Automation of Assignment Evaluation. One of the most in-demand
applications of LLMs is automated assessment of written and creative tasks.
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These models are capable of evaluating essays, extended responses, and
open-ended assignments with high accuracy. International studies (2023-2024)
demonstrate that using Al to evaluate essays reduces teachers’ grading workload by
60-70 %, while the alignment between Al-generated and expert scores reaches
85-90 %. This allows educators to focus more on developing students’ analytical
skills and providing meaningful feedback rather than engaging in routine
evaluation.

Interactive Assistants (Chatbots). LLM-based chatbots function as virtual
tutors available 24/7. They answer students’ questions, clarify difficult topics,
and assist with homework. For example, the Grok chatbot (xAl), integrated
into e-data processing and system workflows platforms, explains physical laws,
solves algebraic tasks, and supports foreign-language data processing and system
workflows. In Kazakhstan, within the Digital Kazakhstan initiative, similar
chatbots in Kazakh and Russian are being deployed to support learners in remote
regions and reduce disparities in access to qualified tutoring.

Exam Preparation Through Simulation. LLMs are increasingly used to
simulate high-stakes exam environments. Al-generated tasks replicate the
structure and difficulty of official test materials, while feedback includes detailed
error analysis and recommendations for improvement. Global EdTech platforms
report that students practicing with Al-generated simulations increase their exam
readiness and demonstrate measurable score gains.

Practical Case Studies:

—Gymnasium Ne 1 (Almaty, Kazakhstan). Llama-3-based chatbot for English
data processing and system workflows; 92 % of students reported increased
motivation and improved vocabulary retention.

— Secondary School in Shymkent (Kazakhstan). Al tool generating
differentiated math practice tasks; failure rates decreased by 18 % within one
academic term.

— International online school platforms. LLMs generate personalized
summaries and tests, contributing to a 10—15 % increase in course completion rates.

Overall, LLMs in school information systems and scientific computing do
not replace teachers; rather, they serve as powerful tools that enhance instructional
capabilities, support individualization, and improve the overall quality of student
data processing and system workflows outcomes.
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Application of LLMs in Higher Education

Support for Academic Research. LLMs significantly accelerate literature
search, analysis, and synthesis. Models such as Perplexity, Elicit, and Grok can
summarize hundreds of papers within seconds, highlight key findings, and propose
hypotheses. For example, master’s students at leading universities in Kazakhstan
and the United States have reduced the time needed to complete literature reviews
from 40 hours to 8 hours using LLM-assisted workflows. These models also help
formulate research questions, select methodologies, and generate code for statistical
analysis (e.g., via GitHub Copilot built on GPT).

Generation of Drafts, Summaries, and Abstracts. LLMs are widely used for
producing drafts of coursework, summaries, abstracts, and presentations. Tools
such as Jasper, Rytr, and Al-integrated Google Docs features assist students
in structuring academic texts. According to Coursera (2023), 64 % of MOOC
learners rely on LLMs when preparing assignments. At universities in Kazakhstan,
70-80 % of students report using Al tools to write article summaries and abstracts
for research projects.

Automated Essay Feedback. LLMs provide instant, detailed feedback on
written assignments. Systems such as Grammarly, Write & Improve (Cambridge),
and Turnitin Feedback Studio powered by Al assess structure, logic, style, and
grammar. International studies (Stanford, 2023) found that students who received
Al-generated feedback improved essay quality by 25 % after three revision cycles.
LLM-based platforms also evaluate originality, argumentation, and coherence
across multiple criteria.

Use in Online Courses (MOOCs). Within large-scale online platforms —
Coursera, edX, Stepik — LLMs operate as virtual tutors. They answer forum
questions, generate hints, evaluate code, and engage in dialogue. On Stepik
(2024), a Llama-3-based assistant processes up to 15,000 student requests daily.
Similarly, universities in Kazakhstan have integrated Al tools into LMS platforms
to generate personalized quizzes and explain student errors.

Issues of Plagiarism and Authorship. Despite their benefits, LLMs introduce
substantial risks. According to Turnitin (2024), 42 % of student submissions
contain indicators of Al-generated content. This raises the question of authorship:
if a text is generated by Al, who owns it? Oxford and Harvard universities (2023)
have adopted policies requiring explicit disclosure of Al use as a form of co-
authorship. Clear institutional policies and Al literacy training are essential to
mitigate risks.
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Figure 2 — Applications of Large Language Models in Education

Table 1 — Advantages and risks of LLM integration

Advantages

Risks

Accessibility of Education

LLMs provide access to high-quality
learning in remote regions, for students
with special needs, and in contexts with
limited availability of qualified teachers.

Reduced Critical Thinking

Overreliance on ready-made answers can
weaken analytical, logical reasoning, and
problem-solving skills.

Teacher Time Savings

Automation of assignment evaluation,
content generation, and routine
consultations frees up 40—-60% of teachers’
time for individualized support.

Plagiarism and Cheating

Students may use LLMs to fully generate
assignments, undermining  academic
integrity and devaluing assessment
outcomes.

Learner-Centered Adaptation

Personalized learning paths, adaptive
assignments, and instant feedback
accommodate each student’s pace, learning
style, and level of mastery.

Generation Errors (Hallucinations)

Models may produce plausible but
factually incorrect information, especially
in specialized domains, potentially
misleading students.

Motivation Through Gamification
Interactive chatbots, simulations, and
game-like scenarios increase engagement—
pilot programs report motivation growth of
25-35%.

Digital Inequality

Effective use of LLMs requires stable
internet, modern devices, and subscriptions,
which can widen gaps between urban/rural
and high-/low-income students.
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Discussion of Results

Comparison with Other Authors’ Findings International studies OECDJ[3],
UNESCO[4] emphasize personalization and automation as the main advantages
of LLMs. For instance, the OECD report[3] indicates a 20—30 % increase in
student engagement, comparable to the 25-35 % observed in other international
case studies. Research also confirms significant reductions in teacher workload,
consistent with data obtained in this study.

However, foreign authors [5] highlight the risk of declining critical thinking
skills, an issue still insufficiently studied, with only a small fraction of publications
addressing it.

Contradictions and Ambiguities. A key contradiction is the «tool vs.
replacement» dilemma. While LLMs are positioned as assistants, students
increasingly use them to fully complete tasks, as evidenced by 42% of Al-generated
assignments detected by Turnitin (2024).

Another ambiguity concerns generation quality: in school settings, accuracy
of explanations reaches 90 %, whereas at the university level, hallucination rates
range from 15 % to 20 %.

Impact on motivation is also mixed: gamified elements increase interest,
but 18 % of students develop dependency on ready-made solutions, reducing
independent problem-solving skills.

Impact on the Teacher’s Role. LLMs reshape the pedagogical function:
teachers are no longer the sole knowledge source but act as curators, moderators,
and mentors. In schools, this manifests as a shift from frontal assessment to
individualized support; in higher information systems and scientific computing,
from lecturing to facilitating project-based data processing and system workflows.

Studies show that most teachers report increased creative freedom due
to reduced routine workload, although concerns about authority persist. This
underscores the need for Al literacy: educators must know how to formulate
prompts, validate Al outputs, and guide students in ethical, responsible use of
Al tools.

Conclusion

The analysis of large language models (LLMs) in information systems
and scientific computingal contexts demonstrates that these technologies are
transformative yet double-edged. In school information systems and scientific
computing, LLMs enable personalized data processing and system workflows
trajectories, interactive support, automated assessment, and exam simulation,
with measurable improvements in student performance and motivation. In higher
information systems and scientific computing, they accelerate research, support
drafting and summarization, provide automated essay feedback, and enhance
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engagement in online courses, while introducing risks such as plagiarism, reduced
critical thinking, and challenges related to authorship and digital inequality.

Key findings:

— LLMs improve accessibility, personalization, and efficiency of data
processing and system workflows, reducing teacher workload and increasing
learner motivation.

—Risks include overreliance on Al, generation of factually incorrect content
(«hallucinations»), and digital inequities that may exacerbate existing gaps.

— Effective and ethical implementation requires teacher guidance, Al literacy,
transparent institutional policies, and monitoring of Al-generated content.

Hypothesis confirmation. The research hypothesis is partially confirmed:
LLM:s enhance data processing and system workflows effectiveness and accessibility
when applied consciously, methodologically, and ethically. Unsupervised use,
however, can lower academic rigor and undermine academic culture, as evidenced
by 42 % of student submissions showing Al-generated content.

Practical implications:

— For educators: LLMs should serve as supportive tools that foster critical
thinking, creativity, and reflection rather than sources of ready-made answers. Al
literacy training for both teachers and students is essential.

— For administrators: Institutions must implement clear Al-use policies,
ensure equitable access to tools, and provide ongoing professional development.

— For EdTech developers: Focus on multimodal LLMs with fact-checking
capabilities, analytics for risk assessment, and data privacy safeguards.

Future outlook. LLMs will increasingly shape the information systems and
scientific computingal landscape through multimodal integration (text, image,
audio, video), adaptive digital textbooks, and Al-driven data processing and system
workflows management systems. By 2030, forecasts suggest that LLM-based
architectures could form the core of 70-80 % of adaptive data processing and
system workflows environments, automating substantial portions of assessment
and supporting hybrid data processing and system workflows models where Al
acts as a co-author of the data processing and system workflows experience.

Final reflection. LLMs are powerful catalysts for information systems and
scientific computingal transformation, but their potential is realized only within
a systemic framework combining pedagogy, ethics, and technology. Conscious
implementation ensures that Al serves as a partner, not a replacement, preserving
the human elements of teaching while enhancing data processing and system
workflows outcomes. Continuous interdisciplinary research, development of Al
literacy standards, and careful monitoring of information systems and scientific
computingal and social impacts are essential to fully harness their benefits while
mitigating associated risks.
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YJKEH TULAIK MOJEJBIEPII
AKAJIEMMSIFA EHT'I3YAIH KEJEIIET'T

Yaxken minoix moodenvoepdin (LLM) unpopmamuxa 6inim Oepy
arcyiienepine samanayu unmezpayusicol K-12 dcane scozapol oinim depy
Yuwin mpancgopmayusiivly Kaoam Ooavin madwvliaovl. baiinanvicmol
MominOI dicacayea, cypakmapea dcayan Oepyee, ecenmepli uieuiyze
JicoHe  Juanoemsl mooenvoeyee Kabiiemmi OV HeUpOHOLIK Jiceliiep
cmyoenmmep — MeH — OKbIMYyWbliap — mMapanviHay — Mamepuandapobl
odatibiHOay, 6a2anaydvl AMOMaAmMmMaHObIPy, OKYObl HCEKeUEIeHOIDY HCIHE
CAHOBIK MAZMYH HCACAY YWIH KeHiHeH Konoanvliaowsl. byn sepmmey LLM
KONOAHYbIH  JCAH-icaKmvl  0a2anaiiovl, onapobly apmolKUbLIbIKIMAPbL
MeH KayinmepiHn aublKmauobl JHCIHe OAAPObl MUIMOL JCIHE IMUKATBIK
navoanany 6oUbIHWA NPAKMUKAILIK YCblHbicmap 23ipneidi. Heeizei
HomudIcenep  HCeKeuwleneHoipy, — aGmoMammanoblpy — JCoHe  Kamvlcy
CANACLIHOARbL AHCAKCAPYIApObl, COHOAU-AK NIASUAM, CbIHU OUIAYObIH
memenoeyi  JicoHe  CAHObIK  MEHCI30IK  CUSKMbl  KUbIHOLIKMAPObL
Kkepcemedi. Makanaoa XaneiKapaivlk JcoHe YAmmulx maogcipubenep
KOpbIMbIHObLIAHAH.  Bonawakka MyT1emumooansobl Mooeivoep MeH
betiimoenciw oKbimy oicyuenepin Oipikmipy xipeodi, oyn LLM 2030
JACHLIZA KApal S1eKMPOHObIK OKbINY OPMACLIHbIY, OPMALbIK, JNleMeHmine
AUHAAMBIHBIH KOPCemeOi.

Kinmmi  cezoep: yudpnanowipy, 6ackapy oicyterepi, muimoi
adicmep, bOackapy, mexHono2Us, YUPDPILIK wewimoep, UHHOBAYUs,
yudprolx mpancgopmayusi.
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0000w aemest MecOYHAPOOHBIL U HAYUOHALHLIL onbim. [lepcnekmugot
BKIIOUAIOM UHMEZPAYUIO MYTbMUMOOAIbHBIX Mooelel U a0anmueHbIxX
cucmem 0Oyuenuss, 4mo no3eosem npeononodicums, umo k 2030 2ooy LLM
CMAHYM YeHMpAaIbHbIM 1EMEHMOM CPedbl ANEKMPOHHO20 00YYEHUSL.
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MOZENBLLOEY APKbI/Ibl OHTAWTAHAbIPY

Bynoicymvic uncynomman Ketiinei Haykacmapobl OHAIMY&a apHaleaH
Microsoft Kinect v2 cencopvl men Unity niamgpopmaceina nezizoenzen
OUBIHObIK JICYlieHl 23iprey dicone 3epmmeyee apHanzan. 3epmmeyoiy
o3exkminiei  yiu  2ca20atblHOd  MOMOPALIK  PYHKYUSAIAPObl  KATNbIHA
Kenmipyee MyMKIiHOIK 6epemit, COHbLMeH Kamap MOHUMOPUHSTNIH HCO2APbl
02/10i2iH  Cakmaumoll KOICemimMoi menepeaburumayus Kypaioapbin
Jrcacay Kascemminicimen oatinanvicmul. Maxanaoa Kanykanvlk mpexkune
Odepekmepin eyoey YullH CMmOXACMUKAIbIK Mooenboey 20icmepi MeH
9KCNOHEHYUANObL HCLLIICLIMANLL opmauta (EMA) macinin konoany ezoicei-
meedcellii cunammanaovl, OYi NayueHmmiy epikmi KO3&alblCIMApbiH
NamonocUsIblK,  «uWynapoany (0ipin, cnacmuka) muimoi axcolpamyad
MYMKIHOIK Oepeoi. Tepanusinbly Hezizel KYpaivl peminoe KOZHUMUGMIK
mesiceny MeH MOMOPIbIK KOOPOUHAYUSHBL OIP YAKLIMIMA HCAMMBIKMbIPYEA
apranean Kocapiaweaw manceipma  (dual-task  training) mooynin
oipikmipemin «Ball Catchy otivin mexanuxacwl ycoinwviiadwl. JKyieHiy
Heelzel UHHOBAYUACHL — OpbIHOALy madvicmblivizbina (SuccessRate)
cytiene  omulpbln, — Jcammeiy — napamempiepin  (0Ovekminepoiy
JAHCBLLIOAMObIELL MEH ONUIEMIH) HAKMbL YAKbINL PEHCUMIHOE pemmelmit
JICOHE WAMAOAH MBIC WUAPUAYOLIH ATObIH ALAMbIH A0ANMUBIIT KUBIHOIK,
aneopummi. Exi nayuewmxe 10 kyn 60tibl dcypeiziieen nuiommolx
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mecminey Hamudicenepi Oy OUHAMUKaHbl Kopcemmi. bByvinoapoasvl
Koszanvic amnaumyoacsinsly (ROM) 37-53 % apmyel dicone Koszanvlc
cummempusicol unoexciniy 1,2—1,3° ocaxcapyvi. Anvinzan Oepexmep
JHCAHACNATMBIH  CEHCOPAAPObl  AN2OPUMMOIK  Cy32ineymMen  yiiecmipy
npoepecmi KIUHUKAbIK CIMAHOApmmapea mamanac 0210iknen bazanayed
MYMKIHOIK OepemiHnin dcane HayKacmapowly bemne-oem api KaulblKmaH
emoey yoepicine mapmuliyblH apmmulpamuiHblH 0d71e10eloL.

Kinmmi ceszoep: netipopeaburumayus, Microsoft Kinect v2, Unity,
KAHKANbIK, ~ MPeKuHe, CHOXACMUKAILIK, ~MOoOenboey, cetumupurayus,
KOSHUMUBMIK (yHKYUsIAp, menepeaourumayusi.

Kipicne

JlyHuexys3inik 1eHcaynblk cakray YHbIMbIHBIH ([IJICY¥) coHFbI tepexTepine
ColiKec, KbUI CallblH aJeMe |5 MUITMOHFA XKYBIK a/laM WHCYJIBTKE YIIBIPaiiIbI.
Ochl HayKacTapAblH yHmITeH Oipi (5 MHUIJUIMOHFA JKYBIFBI) ©JIIMIe 9KEJIETiH
canyiapMeH Oerrie-0er Kejce, KanraH Oeuiri emip OOHbIHA CO3BUIATHIH TYPAKThI
MyreziekTikke ne oomaznpl [1]. Byn nept Tek HayKacThIH eMip CYpy camachlH
TOMEH/JIETIN KaHa KOHMai, OHbIH 0TOACHl MEH MEMJIEKETTIK SKOHOMHKAaFa OpacaH
30p Kap KbUIBIK CaJIMaK cajajbl.

Enneri Mu-tamplp AepTTEpiHIH AUHAMHUKACH COHFBI OHIXKBIUIJBIKTA
aiirapnbikTail ecim kepcetti. 2014-2019 xpinmap apanbIFbIHIA XKYPri3ijareH
SMMEMHUOJIOTHSIIBIK 3epTTeyiep KazakcTania HMHCYIIBTIECH ChIPKATTaHYIBUIBIK
JICHTeHiHIH KOFapbl €KCHIH JKOHE CTAIlMOHAPJIBIK €MJIyJIeH KeHiHT1 eJiM-
XKITIM KOpCeTKIMIiHiH aJi e Oojica KypJelni ekeHiH pactaiiabl [2]. CoHbIMEH
Karap, eIiMI3JIeri Kercaiallbl aypyxaHajaap/a *Keaen nepeOpatbIpl KaiHaIbIM
Oy3BUIBICTAphI Oap MAMEHTTEPre KOMEK KOPCETY CaIlachlH KaKcapTy MaKCaTbIH/a
JKYHEIl JKaHapTYJIap KYprisinye, anaiia aypyxaHaaaH KeHiHT1 Ke3eHICT1 Y3IiKCi3
peaOMIUTAIMSIHBIH KETICICYIIUTITT 0acThl MOCEIIE PETIH/E KaJIbI OThIP [3].

OHanTty npoueciHiy THIMALTIr keOiHece HayKacThIH KaTThIFyJapra AereH
BIHTachl MEH KaTbicy AeHreiine (adherence) OaiymaHbICTBI OOJBIN Keyeni.
FouteiMu 3epTTeynep KepceTKeH e, MHCYIbTTaH aMaH KaJlFaH HayKacTap/blH
Tek 40-50 %-bI FaHA YCBHIHBUIFaH (PU3MOTEpaNMsUIBIK OaraapiamMaiiapiabl
TONBIK agKTaiael [4]. OChl OJKBUIBIKTAP/bI KOO MaKcaThIHIA 3aMaHayH
HelipopeabunnTanusaa reiimudukanys (gamification) snemenTrepi 6ap HUQPIbIK
KYpBUIFBIIAP/Ibl KOJJIaHy KapKbIHIBI JaMblll Keneai. [eiimuduxanusiianran
Teparnus HayKacThIH YMOIIMOHAJIBIK Kal-KYHiH )KaKcapThiIl, HeHPOTUIACTUKAIIBIK
npouectepai Oencenaipyre kemekreceai [5]. COHFBI KbULIAPHI «KOFAPBI
TEXHOJIOTHSIIBIK YH KarJailblHAaFbl peaOuIuTalus» TYKBIPbIMIaMachl
KJIMHHUKAJIBIK eMT'e¢ THIMII OanaMa peTiHie TaHbuIyaa [6].
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bi3 yCBIHBIN OTBIpFaH Kyl TEK TEXHOJIOTHSJIBIK LIENIIM FaHa eMmec,
0JI — TepEeH MaTeMaTHUKaJIbIK MOJEJbJCY MEH CTOXAaCTUKAJIBIK Tajjayra
HET13/Ie/IreH FhUIBIMU 9licTeMe. 3epTTey aschblHa 013 MalMeHTTIH KO3FaJbiC
JUHAMHMKACHIH CUNATTANTHIH KMHEMATHKAJIBIK MOJEIbACPIl 931pieik.
JKanacnaiThIH CEHCOPJIBIK TEXHOJIOTHSIIAP/Ibl KOJIJAHA OTBIPBII, HMAalUEHTTIH
JIeHe MyIiesepinid (OybIHIApbIH) KEHICTIKTET1 KO3FaJIBICBIH HAKThI yaKbIT
peXHUMiHJE TipKelMi3. Anaiiia, Tek IepeKkTepal Tipkey keTkimikci3. biznin
KYMBICBIMBI3/Ia CTOXACTHKAJIBIK MOJENbACY 91iCTepl apKbUIbI HaAYKaCTBIH
KO3FaJIbIC TPACKTOPHUSCHIHAFBI «LIYBUIAP» MEH aybITKYyJIapFa Tajiay *Kacalibl.
By HaykacTbhlH HaKThl (pU3MKAIBIK MYMKIHJITIH OHBIH €PIKTI JK9HE epiKci3
(TpeMop Hemece cracTuKa) KMMBUIAApbIHAH aXbIpaTyFa MYMKIHAIK Oepei.
MyHpaii MaTeMaTHKaIbIK annapaT >KaHACMaWThIH JaTYUKTEPiH JSJIIriH
KIIMHUKAIIBIK «aJITBIH CTaHJapTTapFray *akblHaTa Tyceai [7].

O3ipJIeHIeH JKYHEeHIH MaHb3abl KomnoHeHTI — «Ball Catchy arTer ofibiH
MeXaHHMKachl. byl MexaHuKa TeK OMBIH OHHAYy Kypallbl eMeC, 01 — KO3FalIbIC IIeH
TaHBIMJIBIK TarICbIpMasap bl Oipikriperi (dual-task training) TeparvsiibIKk MOYIIb
[8]. TTareHT BHpTyan bl HBICAHAAP/BI YCTAy HEMECE OJlapJaH Kally apKbUIbI
0ip Me3rijje MOTOPHKACHIH JaMbITHIIN, Ha3ap ayaapy, peakuus 0epy CHUSIKTHI
KOTHUTHBTIK (DYHKIMSUIAPBIH XKATTHIKTHIPAIbL. Bi3/IiH 5K00aMbI3IbIH €H MaHBI3]IbI
FBUIBIMU apTHIKIIBUIBIKTAPBIHBIH Oipi — OeHiMIeneTiH KYpASNiIiK allrOpUTMI.
Byt anropuT™ nmanueHTTiH apOip COTTI HEMEce CITCI3 OpEKeTiH caparirarl, Kejeci
TarChIPMaHbIH KUBIH/IBIFBIH aBTOMATTHI TYpJE 03repTin oTbipansl [9]. CoHbIMEH
KaTap, MalrHaIbIK OKbITY (Machine Learning) anropurmuaepid Koyigany apKblUIbl
TIAIMEHTTIH KAJIbIHA KeJTy JIMHaMHUKaChIH O0JpKay Macelieci KapacThIpbulabl. by
Jopirepiiepre KambIKThIKTaH (telerchabilitation) HayKacThIH kaFaalibiH OaKbLIAIL,
eMJIik OarmapiaMara Jiep Ke3iH/e Ty3eTyJiep eHrizyre MyMkinik oepemi [10; 11].

Matepuangap MeH dicrepi

Ochl 3epTTey/ie MHCYJIbTTAH KEHIHT1 KOFapFbl asK-KOJ KO3FaJIbIChIH
JKATTBIKTHIpYFa apHairad Kinect v2 Heri3iHaeri HHTCPaKTHBTI PCaO I TAIHSUTBIK,
KyiHe xoHe oraH KipikripinreH «Ball Catchy OWBIHABIK XKaTTBIFY MO
KapacTeIpbulzbl. JXKylie KO3FaIbICTh MapKepci3 TIpKeY, JKaTThIFy OapbIChIH OJIIey
JKOHE HOTWIKEHI CaHJbIK METpHUKalap apKbUIbl Oaranay KarujaiapblHa CYHeHiI
KYPacThIPbUIIBL.

Kypspuirsuiap MeH OaraapiaMaibik opra. KosraieicTsl Tipkey yiriH Microsoft
Kinect v2 ceHcopb! KosnaHbuIbl. KaHKaNbIK TPEKMHT apKbUIBI dKOFAPFBI asiK-KOJT
OyBIHIAPBIHBIH KOOPIMHATAJIApbl AJIBIHBII, OHBIHJBIK OpTaJa HalaaJaHblIIbL.
barnapnamansik Oenik Unity opraceinga (C#) icke achIpblIbII, OWBIH
00BEKTIJIEpIMEH ©3apa OPEKeT )KIHE CeaHC rapameTpiiepi Oip kyiiere OipikTipii.

Jepexrepai xxuHay xaHe onyiey. Kinect v2 6epetin OybIH KOOpIUHATAIAPBI
yaKbIT OOMBIHIIA KAa3bUIBIN, KEHIHTT Tanjgayra galbiHaangel. Kosranbic
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JIepeKTepiHJeri Ke3eiiCOK aybITKyJIap/bl a3aiTy YIIiH 0a3aliblK ayblH-aJia
OHJICY KaruJanapbl KOJAaHbUIAbI. KO3FaJbICTBIH OPBIHJANYBIH CHIIATTAWTBIH
KOPCETKILITEp op OpeKeT/CeaHc JICHreHiHIe ecenTe Il KoHe XypHaay (Jor)
ApPKBLIBI CAKTaJIIBL.

baranay merpukanapsl. JKaTThIFyAblH Kajlall OpbIHAAIFAHBIH M1 api
HaKTHI Oarajiay yIIiH OipHeIe Heri3ri KepceTKinTep Konaanblibl. bipinmiiaeH,
TAOBICTBUIBIK — HBICAHJIbl KAHINAJIBIKTHI )KMi YCTAHTBIHBI JKOHE KaHIIA KaTe
xiOeperiHi ecenrenai. ExiHIIiIeH, peakuus yakbIThl — HbICAH Taiija OojraH
COTTEH OacTam naiJjaJaHyIIbIHBIH JKayar OepyiHe ACHIHT yakKbIT eJIICHII.
YiHIiaeH, KoJabIH Ko3rasbic aMiumTyaackl (ROM) jxoHe TpaeKTOPHUSICBIHBIH
CHUIIAThl TaJlJJaHbIN, KO3FAJIBICTBIH €PKIHJIIT MEH TYPaKTBUIBIFBI OarajaH[bl.
CoHbIMEH KaTap, KaiiTanay caHbl MEH KapKbIH apKblJIbl )KaTTBIFY/IbIH YKaJIIbl
KeJieMi aHbIKTaIbl. KaxkeT OosraH ykariaiiia, HOTH)KEHI JOJpeK TYCIHAIPY YIIiH
CHUMMETPHSI )KOHE TYPAKTBUIBIK CHUSKTHI KOCBIMIIIA KOPCETKIIITED JIe SHT131I111.

AnanTHBTLNIK (KMBIHABIKTEI ©3repTy) 9/ici. OiibiH mapamerpiiepi (MbIcaibl,
HBICAHHBIH JKbULIAM/IBIFI, Malia 00Ty >KULTIr, KOJDKETIMIII aiiMak xoHe T.0.)
TaijaaHybIHBIH aFbIMAAFbl HOTIIKECIHE Kapail aJanTuBTi TYple e3repTuli.
AjanTtanusHbIH MaKCaThl — TAIICHIPMaHBbI THIM )KEHIJI/ThIM KHbIH KbUIMaM, Kayirci3
JICHIeli/ie YCTal, TYPaKThl IPOrpecc MeH MOTUBALIMSHBI KAMTaMachI3 eTy.

Tekcepy Tocini. JKyleHiH )KyMbIC KaOUIETTUIIT MEH TYPaKThUIBIFBIH TEKCEPY
YILIIH OHBIH clieHapuiiiepi OOMbIHIIA KalTalnaHaThIH iCKe KOCYJIap OPbIHAANBIII,
MEeTpUKaJIap/IbIH ECeNTENy1, JIOr Tap IbIH TOJIBIKTHIFBI )KOHE /IalITHBTI MEXaHU3MHIH
KYTIJIETiH OarbITTa 03repyi OaKbuIayjaH oTTi.

Hotm:kenep koHe TATKbLIAY

Ocsol xxyMbicTa Microsoft Kinect v2 Heri3iHae OFapFbl asiK-KOJIJIBIH
KO3FaJIBICBIH MapKepci3 TipkelTiH jxoHe «Ball Catch» OWBIHABIK KaTTHIFYbIH
OPBIHJAWTHIH MPOTOTUNTIK XYHe icke achlpbliibl. JKyie KOJJaHyIIbIHBIH
KOJI KO3FJIBICBI JIEPEKTEPiH HAKTBI YaKbIT PEXHMMIH/E KaObLIJall, )KaTThIFY/IbI
OpBIHJIAY CAIaChlH CUIATTANTBHIH HETi3rl METPHUKaIap/Ibl €CENTEYIe XKOHE CECCUs
HOTWKEJIEPIH XypHaIJayFa MyMKIHIIK Oepeti.

3eprrey OapeickiHaa eki nanuentTiH (PatientlD = 0 sxone 1) 10 xynzmix
peabunuranms aepekrepi Tanmanasl (Kecre 1).
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6 1 12.0825 | 20 0,83 53 71,9 72,7
7 1 13.08.25 | 21 0,83 5.4 72,5 71,1
8 0 13.0825 | 22 0,83 5 71,8 76,4
9 0 14.08.25 | 25 0,92 4.8 75,7 73,8
10 1 14.0825 | 24 0,83 42 78,3 73,8
11 1 15.0825 | 24 0,75 4,6 77,3 79,2
12 0 15.08.25 | 23 0,83 43 81,5 78,1
13 0 16.08.25 | 18 0,75 45 83,6 82,7
14 1 16.08.25 | 19 0,58 4,6 86,5 91,7
15 1 17.08.25 | 24 0,75 4,8 94,3 90,3
16 0 17.0825 | 26 0,75 4,9 91,4 93,4
17 0 18.08.25 | 27 0,95 47 90,6 96,1
18 1 18.08.25 | 25 0,83 45 92,7 95,6
19 1 19.08.25 | 29 0,92 4,6 92,1 93,4

[Manuent 0 TabBICTHUIBIK AeHTeiiH 54 %-fa, an ROM kepcerkiniin
37-39 %-ra aptreipabsl (Cypet 1). Eki K0oa apachlHIaFrbl CUMMETPHS
aitpIpMaIbUIbIFeI 1,7°-Tan 1,2°-ka geliin a3aiiasl. [lamuent 1-1e ge ochlHIal OH

nuHaMuka Oatikainel (ROM ecimi 51-53 %).

1-xecTe — HaHI/IeHTTepZ[iH peaGI/IHI/ITaHI/IﬂHHK JUHaAMHUKacChbl

PatientID Date Score | SuccessRate | Reaction | Right hand | Left hand
1 0 10.08.25 21 0,38 5,5 58,6 60,3
2 1 10.08.25 25 0,43 5,6 60,2 61,8
3 1 11.08.25 22 0,53 5,2 59,5 55,9
4 0 11.08.25 21 0,58 5,1 62,2 63,9
5 0 12.08.25 22 0,75 5,2 66,9 71,2
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KopbITHIHABI

Byn reutbiME JkyMbIcTa Microsoft Kinect v2 ceHcOpbIHa HETi3aesreH
OMBIHIBIK peadMIUTALMS KYHecl 93ipJeHin, HHCYIbT alfaH HayKacTap.IbIH
MOTOPJIBIK KOHE KOTHUTHBTIK (DYHKUHUSJIAPbIH KaJIMbIHA KEATIPYAiH THIMII
KYpaJbl pETiH/Ie TeKCePLIai. 3epTTey HOTHKEIePl KOPCETKEeHAEH, OMBIH (hOPMATHI
MalMeHTTEePIIH MOTUBALMSICHIH apTTBIPBIIT KaHa KOWMaii, )KaTTBIFyJIap /bl
JKyHeni opblHIayFa utepMmeneiai. TadwsIcThUIBIK (SuccessRate), Ko3rabic
ammuutynacsl (ROM), peakiysi yakbIThl )KOHE CUMMETPHUSI UHACKCI CHSIKTHI
CaHJIBIK METPHKAJIAP MAIEHTTEPIH KbICKa MEP3iM IIIIiH/Ie alTapIIbIKTal Iporpecc
yKacaraHbIH JONEIICH/I.

Exi manueHTTiH qepektepi Tanmanrania, 0apibrsl 10 KyH iImiHIe TaObICTUIBIK
nenreitinin 50 %-ra KybIK ©Cyi, KOJ OybIHIAPbIHBIH KO3FAJIbIC ayKbIMBIHBIH
37-53 %-Fa KEeHEeI0l JKoHEe KO3FAIIBICTAP CUMMETPHSCHIHBIH JKaKCaPybl TIPKEIII.
Byt skyHeHIH CEHCOPJIBIK JIIAITT MCH OCHiMICIETIH aropuTMAEP] IIaMaIaH ThIC
JKYKTEMEHI OOJIIpIpMaii, TYPaKThI 9pi KayiIci3 mporpece )kacayra MyMKIHIIK Oepi.

XKaumer anranna, Kinect v2 kypbuirbIcbiHa Herizaenren «Ball Catchy oiibIHbI
peabMIIMTAUSIIBIK IPOIIECTI HHTEPAKTUBTI dpi HOTHIXKE eTyre KabineTTi. JKyiie
KJIMHUKAJIBIK OpTaliap/ia 1a, Yi araailbIHIa 1a KOJAaHbLIa ajlajibl, aJl )KUHAKTAFaH
JEPEKTEp Adpirepsiepre NaUeHTTIH KarIailblH 0ObEKTHBTI Oaraayra MyMKIHIIK
Oepeni. by memrim tenepeabminTanusara OeHiMIeATeHIIKTeH, O0aaKkTa
KAaIIBIKTaH MEJUIMHAIBIK OaKblIay JKYHelepiMeH HHTerpalisaHybl MYMKIiH.

Ocblaiima, YChIHBUIFAH 9JICTEMe MHCYJIBTTCH KEHWIHIT HayKacTapabl
OHAJITY/IbIH THIMILTITIH apTThIpyFa OarbITTaIFaH IEPCIICKTHBAIBI OaFbIT OOJIBIIT
TaObLIa bl XKOHE OHBI KeH ayKbIMJIa KIIMHUKAIBIK TOXKIpHOEre eHrizy MaHbI3/Ibl
FBUIBIMH JKOHE dJICYMETTIK MOHTE He.
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Hannas paboma nocesuena paspabomke U UCCLEOOBAHUIO
ueposou  cucmemvl Ol peadUIUMAYUL  NAYUEHMO8, NePEeHeCUUx
uncynom, na base cencopa Microsoft Kinect v2 u niamgpopmor Unity.
AxmyansrHocmo ucciedosanus 00ycio81eHa HeoOX0OUMOCMbIO CO30AHUSL
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OOCMYNHbIX — UHCIMPYMEHMOE — menepeaduiumayuy,  nO3601sI0UUX
B60CCIMAHABIUBAMb MOMOPHLIE (DVHKYUU 8 OOMAWHUX VCIOGUSX NpU
COXpAHeHUU BbICOKOU MOYHOCMU MOHUMOpUHea. B cmamve noopodno
ONUCHIBAEMCSI NPUMEHEHUE MEMOO08 CIMOXACTULECKO20 MOOENUPOBANUS
U 9KCNOHEHYUATbHO2O CKOMb3saue2o cpednezo (EMA) ons obpabomxu
OAHHBIX CKELEMHO20 MPEKUHed, YMo No360Js1em 3QPPeKmueHo omoeisms
namonocudecKue «wymbly (mpemop, CRAcmuxy) Om NpoU3BOIbHbIX
osuoicenuti nayuenma. OCHOGHbIM UHCIPYMEHMOM MEPAnuU 6blCMynaem
paspabomannas ueposas mexaumuxa «Ball Catchy, unmeepupyrowas
MOOYIL  06ouUnbIX  3a0ay  (dual-task training) ons  00Ho8pemenHOU
MPEHUPOBKU KOZHUMUBHOZO MOPMONCEHUSL U MOMOPHOU KOOPOUHAYUL.
Kurouesoti unnosayueii cucmemvl A81AemMcA AOANMUSHLIU AN20PUMM
CILOJICHOCMU, KOMOPWLLL 8 PeAIbHOM BPEMEHU KOPPEKMUPYEem Napamenmpbl
YHpadicHeHul (CKopocms U pasmep 00beKmos) Ha 0CHOBe YCNeulHOCuU
BbINOIHEHUS (SuccessRate), npedomepauyas nepeymomenue.
Pezynomamol nunomuoeo mecmuposanusi 08yX NAYUeHmMos8 6 medeHue
10 Onetl noxazanu 3HAYUMYIO NOLOAICUMENLHYIO OUHAMUKY: Veeaudenue
amnaumyowl osudxcenutl 8 cycmagax (ROM) na 37-53 % u ynyywenue
unoexkca cummempuu Osudxcenuti na 1,2—1,3°. Ilonyuennvie Oanmvie
NnoomeepHcOarom, Ymo UCNOAb308AHUE OECKOHMAKMHBIX OamuyuKos
6 couemanuu ¢ aieopummuyeckol uibmpayueti obecneuwugaem
MOYHOCb ~ OYEHKU Npozpeccd, CONOCMAGUMYIO € KIUHUYECKUMU
cmanoapmamu, U NOGuIULAEN BOGIEYEHHOCMb NAYUCHMO8 6 NPOYecc
O0UHO20 U OUCTNAHYUOHHOZ0 JIeYeHUsL.

Koueswvie cnosa: neiupopeaburumayus, Microsoft Kinect v2, Unity,
CKeLemublLil MPeKUune, CMOXACmu4ecKoe MoOeIuposanue, ceumupurayus,
KOSHUMUGHbLE (DYHKYULU, meLepeadunumayus.

OPTIMIZING POST-STROKE REHABILITATION
THROUGH KINEMATIC AND STOCHASTIC MODELING

This work focuses on the development and investigation of a game-
based rehabilitation system for post-stroke patients using the Microsoft
Kinect v2 sensor and the Unity platform. The relevance of the study is
driven by the need for affordable telerehabilitation tools that enable motor
function recovery at home while maintaining high monitoring accuracy.
The paper describes in detail the use of stochastic modeling methods and
an exponential moving average (EMA) to process skeletal-tracking data,
which helps effectively separate pathological “noise” (tremor, spasticity)
from a patient s voluntary movements. The core therapeutic component is
the proposed “Ball Catch” game mechanic, which integrates a dual-task
training module to simultaneously train cognitive inhibition and motor
coordination. A key innovation of the system is an adaptive difficulty
algorithm that adjusts exercise parameters (object speed and size) in real
time based on performance (SuccessRate), helping to prevent overfatigue.
Pilot testing with two patients over 10 days demonstrated a meaningful
positive trend, including a 37-53 % increase in joint range of motion
(ROM) and an improvement in the movement symmetry index by 1.2—1.3°.
The findings indicate that combining contactless sensors with algorithmic
filtering can provide progress assessment accuracy comparable to clinical
standards and increase patient engagement in both in-person and remote
rehabilitation.

Keywords: neurorehabilitation, Microsoft Kinect v2, Unity, skeletal
tracking, stochastic modeling, gamification, cognitive functions,
telerehabilitation.
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TYPUCTIK HbICAHOAPLAbLI TAHY A9J4INHE
BU3YATIQbl QEPEKTEP NMAPAMETPJIEPIHIH ©CEPI

Maxkana mypucmik HblcaHOapObl A8MoMammsl mypoe mary 0anicine
8U3YaANObL OepeKmepoiy Canaivlk napamempiepiniy acepin 6azanayza
bazermmanean. 3epmmeyoiy Hezizel MaKcamvl — KeCKiH CANnACblHbIH
CMAMUCMUKAILIK — CUNAMIMAMAIAPBIHBIY — MYPUCIIK — HbICAHOApObl
mamy Jcyuenepiniy muimollicine bIKNAIbIH Manioay. 3epmmey HulCaHbl
peminoe Kazakcman aymagvlHOa2bl mypucmik manvizel oap 12 Holcanowvl
Kammumein 2pi 2p coinvinma 300 Keckinnen mypamuvin Oepexkmep
HCUBIHMBIZbL KONOAHBLIObL. Tanday 6apwicblH0a KONOaHbLI2AH KeCKIHOep
APMYPIL  AHCAPLIKMAHObIPY OeHeeliepinde, aya patblibly o32epmeli
axmopnapvinoa dHcoHe PKUILL MYCIpy OYPlUmMAapsl Hca2o0aublHOA
ANbIHEAH, OV 8U3YalObl OepeKmep CAndcCblHblY OIPKEeNKII2IHIY MObIK
Kenemoe Cakmanmayvina ceben 601aobl.

Keckinoepdiy  canaceln  cunammay — yuwin —Heeizel  cananvlk
napamempiepi, —aman  aumkanoa — Jcapuikmolivl  (brightness),
Kowmpacm (contrast) scane aukplHObIK (Sharpness) ecenmenoi. Anvinean
Manimemmep He2izinOe napamempiep apacbiHOagbl 03apa OAIAHbICHIbL
3epmmey Yuin KOppeusiyusiblk, maioay, 0epexmep KypbliblMblH 3epmmey
yuwin 6acmoer komnowenmmep a0ici (PCA) ocone xeckindepoiy cana
Oeneetiine Kapau monmacmuipy yuiin K-Means kiacmepney aneopummi
KONIOAHBLIObL. 3epmmey Hamudicenepi KecKin aukblHObIEbIHbIY MYPUCTIK
HbICAHOapObL MAaHy 0d0iciHe aumapielKmail bIKNajl ememinin Kopcemmi,
an wy OeHeeliHiH apmybl MAHy CAandcblHblY MOMeHOeyiHe aKenedi.
JKapvikmolivlK napamempiniy acepi canrblCmblpMaivl mypoe 2JCi3 eKeHi
baukanovl. 3epmmey KOPbIMbIHOICHL MYPUCTIK HbICAHOAPOLL MAHY
Jicytienepin Jcodanay Kesinoe eusyandvl 0epekmep CandcvlH al0biH ald
eckepyOin MaKbi30bLIbIEbIH 021e10eliO.
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Kinmmi  cezdep: mypucmix HblcanOapovbl mawy,  6uU3yandbl
Odepexkmep canacwl, Keckin atkviHovievl, PCA, K-Means rknacmepney,
KOpPensyusiivl, manioay.

Kipicne

COHFBI )KbULIAPbI HHTEUIEKTYaJ/Ibl IEPEKTEP/Ii OHICY JKOHE KOMITBIOTEPIIiK
KOpY TEXHOJOTHSIJIAPBIHBIH KapKbIH/BI JaMybl HBICAHbI TaHy JKYHelepiH
OpTYpJIi KOJIaHOAbl cayiajapja KeHIHCH MaiijalaHyFa »OJ alliThl. ATalFaH
TEXHOJIOTHsIIAp TYpU3M HHIYCTPHUSCHIH/A Ja TYPUCTIK HBICAHAAP/Ibl aHBIKTAY,
aKMapaTThIK KOJJay KepceTy, COHAai-ak HUQPIBIK TYPUCTIK KbI3METTEPIl
JaMBITY YIIIH MaHbI3bl Kypasira aiiHanya. Ochkl TYpFBIIAH allFaH/ia TypHCTIK
aneyerti sxorapsl KazakcTaH yIIiH TypUCTIK HbICAaHap/ibl aBTOMATTHI TYP/IC TaHy
JKYHeepiHiH JaJIiri MeH THIMJIUIITIH apTThIPY €peKIe 03eKTLTIKKE He.

Kasipri Tanja TypucTiK HbICAaHAAP bl TAHY JKYHeJIepiH AaMbITy OarbIThIHIA
OipkaTap FBUIBIMU 3epTTEyJep Kyprizimyne. Analma Oy 3epTTeyaepiH
GacwIM OeJtirin/e TaHy JAUIAITIH apTThIPy MaKcaThIHIa HEHPOHIBIK JKENiIepIiy
APXMUTEKTYPAChIH JKETUAIPYre HEMece YJIKEH KOJIEMJIi JIePEKTep JKUBIHTHIFbIH
KoJiaHyFa 6acheIMIIbIK Oepiesni. COHbIMEH KaTap TaHy KyHellepiHiH THIMALTIrHe
TiKeJel ocepi Oap BU3yalbl NEPEKTEPIiH CAMANIBIK MapaMeTPICPiHiH bIKIAJIbI
JKETKUTIKTI JICHrel/ie FhUIBIMH TYPFBIJIaH TOJIBIK alllblIMaraH. by e3 keserinye
HaKThI )KaF/[aii/ia ajJbIHFaH KECKIHAEPMEH )KYMBIC icTey OapbIChIHA KYHenepaiH
CEHIM/ILJIITT MEH TYPaKTBhIIBIFbIHA Kepi acep Oepyi MyMKiH [1].

HaxTbl KonanOanel opraja ajblHFaH TYPUCTIK HBICAHAAPbIH KEeCKiHIepi
OPTYPJIi JKapBIKTaHBIPY JKaFIaiiapblH/Ia, aya palbIHBIH e3repMei (haKkTopIaphbl
acepiHjie, SPKUIIBI TYCIpY OYpHIIITAPbIH/A )KIHE OPTYPIIi TEXHUKAJIBIK Kypasapra
OailaHbICTHI alTapiblKTail e3repeai. MyHaai Qakropiap BU3yasibl AEpeKTep
carachbIHbIH O1pKEJIKUIITiH OY3bII, KECKIHIEpAIH alKbIH/IBIFBIHBIH TOMEH/ICY1 9pi
LIy JICHIeHiHIH apTybl TYPHCTIK HbICAHApP/bl aBTOMATTHI TYPJIE TaHy JIJIIriHEe
Tepic acep Oepyi MyMKiH [2].

3epTTey TaKbIPHIOBIHBIH O3EKTLIIr TYPUCTIK HBICAH Iap/Ibl TaHY XKYHeJIepiHiH
Kipic sepekTepi peTiHie alKblHIANAThIH JAEPEKTEp CalachlHbIH MapaMeTpiepiH
CaHJBIK TYPFBIJAH Taujaay KaXXeTTUliriMeH cumartrtaianbl. JKapbIKTBUIBIK,
KOHTPACT )K9HE alKBIH/IBIK CBIHbI HET13T1 MapaMeTpiiepiiH TaHy JIQJIIriHe SCepiH
Oarajay TEOPHsUIBIK TYPFBIJIaH KOMITBIOTEPIIIK KOpY CallaChIHAAFbI IEPEKTEePIiH
CTaTHCTHKAJIBIK KACHETTEPIH TEPEHIPEK TYCIHYTre MYMKIHJIIK Oepce, TaxiproeriK
TYPFBIIAH TaHy KyHelepiH jxobanay yaepicTepiHle AepeKTep >KUBIHTHIFbIH
KaJIBIITACTHIPY MCH AJIJIbIH aJ1a OHJICY KE3CHICPIH OHTaIIaH IbIpyFa HET'13 00J1a bl
COHBIH HOTIIKECIHIE TYPHCTIK aKITapaTThIK KYHeIepiH carachlH apTThIpYFa )KoHe
OJIap/IbIH KOJIJIaHy asiChIH KEHEUTyTe Karaai sxacaiasl [3].
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Ocputaiilia BU3yabl JAEPEKTep CallachlHbIH IapaMeTpiiepiHiH TYPUCTIK
HBICAHJIAP bl TAaHY JQJIITIHE 9CEPiH 3epPTTeY Kasipri 3aMaHayn HHTEIJICKTYasl bl
JKYHeNnepai JaMbITy TajlanTapblHA TOJBIK COMKEC KEeJETiH, FhUIBIMU KaHAIbIFbl MCH
TOXKIPUOEITIK MaHbI3/IbIIBIFbI )KOFApPbl ©3€KTI 3epTTEY OAFbIThI OOJIBII CaHATAIbI.

Matepuangap MeH dicrepi

3eprrey 6apbICHIH/A TYPUCTIK HBICAH1ap/Ibl aBTOMATTHI TYPAE TaHy JIoJIiTiHEe
BH3YaJIJIbl JIEPEKTEp camachl mapaMeTpiepiHiH acepiH Oaraiay MakcaTbIHJA
KECKIHJEp JKUBIHTHIFBI MEH CTaTHCTHUKAJBIK Tajay oAiCTepi KOJIaHBUIJBI.
3eprTey )KyMbICH OipHelle e3apa OaiaHbICKaH KE3EHAEPICH TYPJIbl: AEpPEKTep
JKUBIHTBIFBIH KJIBIIITACTBIPY, KECKIH CallachIHBIH MapaMeTPIIePiH ecerTey KoHe
QJIBIHFaH KOPCETKINITEPIi TaJIay IbIH CAHIBIK dicTepin Koyaany [2]; [3].

3eprTey Marepuaisl perinae KazakctaH ayMarbIHIAFbl TYPHCTIK OJCyeTi
JKOFapbl 12 HbICAH bl KAMTUTBIH KECKIHJIEP dKUBIHTBIFbI TAHAAIBL. OpOip TYpPHUCTIK
HBICAH JKEKE CBIHBIN PETiHJE KapacThIPBUIbIN, 3p ChiHbINTAa 300 KECKiHHEH
TYpAaThIH, kajrbl canbl 3600-re )KybIK KecKiH Konanbuibl. Keckinaep aprypii
KapBIKTaHABIPY JICHIeHIIepiH/ie, aya pailbIHbIH e3repMelti (haKTopiIaphl acepinjie
YKQHE OPKMIIBI TYCIpy OYpBIIITAPBIH/A aJIbIHFAH, OYJI A€PEKTep KUBIHTHIFBIHBIH
BH3YyaJIJIbl CallaChIHBIH SPKEJKI OOJYbIH KaMTaMachl3 erelli. bapibik keckinuep
crannapttel canaslk Gopmarra (JPEG, PNG) cakraibin, HAKTHI KOJIIAHOAIBI
OpTaja aJbIHFaH BU3yallJbl JEPEKTEP/IiH carajblK epeKIIeIiKTepiH cakray
MakcaTbiHaAa oHaeal [4].

KeckiH canachslH caH/IbIK TYPFBIZAH CUIIATTAY YIIiH KeJIeCl HeTi3r1 BU3yasibl
rapameTpJep ecenTeni: kapbelKThUIbIK (brightness), KoHTpacT (contrast) sxoHe
alKbIHABIK (sharpness). MyHarbl, )KapbIKTBUIBIK ITApaMeTpi KECKIHHIH CYp PEHKTI
OelfHeciH/er! MMKCeNb MOHAEPIHIH OpTallia IaMachl PeTiH/Ae aHBIKTAIIBL. A,
KOHTPACT COJI MOHJIEP/IiH CTAaHIAPTThI aybITKYbI apPKbUIbI, aHKBIH/BIK apaMeTpi
JlarutacuaH omepaTopbl HETi3iHAe eCEeNTeNIreH AUCIEePCUs] MOHIMEH OaraliaH]Ibl
[2]; [3]. ©pOip KecKiH YIIIiH aTaFaH mapaMmeTpIiep XKeKe eCeNTein, KeHiHT1 Taaay
YILIIH KECTEeNIK JepeKkTep GopMaThIHIa KUHAKTAIIBI.

Busyannbsl nmapamerpiep apachlHAarbl ©3apa TIYeNIIIKTI aHBIKTay
MaKCaThIH/Ia KOPPEJSUMUIBIK Tanjaay Kyprisingi. HoTwxkecinae ansiHFan
KOPPEJLSILUSITBIK MaTPHUIIA )KapBIKTBUIBIK, KOHTPACT jKoHE alKbIHIBIK ITapaMeTpiepi
apachIH/aFbl CHI3BIKTHIK OaiaHbIcTap bl Oaranayra MyMKiHIiK Oepai. Jlepextep
KYPBUIBIMBIH 3€PTTEY JKOHE BH3yalsJIbl apaMeTpiepliH bIKIIaM KOPiHICiH
aiy yuiH 6actel komrnoneHnTrep auici (Principal Component Analysis, PCA)
naiinanaseuiel. PCA onici mapameTpiiep KEHICTITIH €Ki Heri3ri KOMIIOHEHTKE
KBICKApTY apKblIbl KECKIHAEP/IH TapadyblH KOPHEKI TYp/e TaliayFa MyMKIHJIIK
6epai [5]. Keckinnepaui cana aeHreiii Ooiibiaia xikrey yurin K-Means kiacrepiey
anroputMi Kosansuiasl. Kinacrepiney PCA onici HoTHIXKECIH/IE aJIbIHFaH €Ki
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eJILIEM/I1 IepeKTep HeTi31H/e )KYPri3iiil, KecKiHaep OipHellle canaiblK ToNTapra
KBIPATBUIBII, 9pOip KIaCTEPIiH OpTallla canajiblK KOPCETKIIITEPI €CENTEI/I].

TypucTik HBICAHIApJbl TaHy JKYHECiHIH THIMALIIrI Heri3ri Oaramay
METpPHKAChl JAJIJIK KOPCETKINI (accuracy) apKbUIbl CUIATTaJAbl. Busyai sl
JIEPEKTEP CarachIHbIH NapaMeTPIIePiH 63repTy apKbUIbl AJIbIHFAH TaHy HOTHKEIIepi
CaJIBICTBIPBUIBII, OJIAPABIH TaHy JAJJITIHE 9Cepi CaHbIK TYPFbIIAH OaraaaHbl.

Hotu:kenep koHe TaIKbLIAY

3epTTey OapbhIChIHIA TYPHUCTIK HBICAHIAP KECKIHICPiHIH BU3YaJI/Ibl CAIlaIbIK
rapameTpiIepiHe caHJIbIK Oarayay >Kyprisiiirn, apOip chIHBIN OOWBIHILIA OpTaia
CTATHUCTUKAJIBIK CHIIATTaMajap aHbIKTaIbL. Tanaay TypuCTiK HbICaHJapFa THeCTl
BH3YJIJIbI JICPCKTEP/IiH CAllAIBIK TYPFBIIaH O1PKEJIKi eMeC EKCHIH JKOHE OJIap IbIH
cUnaTTaMagapbl HBICAHHBIH TYpiHE, TYCIpy IPOLECIHIH IIapTTapblHA >KOHE
KOpIIaraH opTa (akTopjapblHA TOYENII CKCHIH KOpPCETTi. l-KecTelne TYpPHUCTIK
HBICaH/ap KECKIHJEPiHIH opTala KapbIKThUIBIK, KOHTPACT JKOHE aNKbIHIBIK
MOH/JIEpi KOPCETIITeH.

1-kecte — TypucTik HbIcaHap KECKIHJEPIHIH OpTallia BU3yajJibl ITapaMeTpiiepi

Opraia Opraua .
Oprarua alKbIHIBIK
ChIHBIIT HKAPBIKTBUIBIK KOHTpacT (Sharpness)
(Brightness) (Contrast)

Bolitepex MOHyMEHTI 113.94 52.55 1483.69
Bbo3:xbipa maTkasl 138.64 43.13 1069.53
Bypabaii yiTTHIK Tapki 125.80 58.82 1429.80
Maccayu keceneci 124.36 52.09 1903.83
Kapasancapait 109.67 54.33 1280.36
Kencait 111.91 59.10 1662.22
Meney mMy3 aliIbIHbI 112.70 59.14 2227.60
BeiiOiTorinix xoHe 127.40 51.77 839.88
KeJIiciM capaifbl

Xaszper CyiTad MemiTi 111.57 50.27 1328.90
XaHIIaTbIp 116.25 51.64 996.94
[apbIH maTKambl 117.45 54.70 2087.37
DKcno kepmeci 110.98 54.83 1433.64

Kecrene xentipinreH aepekTep o9p TYypHUCTIK HbICAaH YIIiH opTama
YKAPBIKTBUIBIK, KOHTPACT YKOHE alKbIH/IBIK MOHAEPIHIH aliTapIbIKTall e3repeTiHiH
kepcereni. Opraiia KapbIKThIIBIK MoHAepi 109—139 apanbiFeinaa e3repiln, ey
JKOFaphl KepceTKil bo3kpIpa IaTKalbIHA TOH eKeHi Oaiikana sl by aliMakThIH
alIbIK TabuFK JaHamadThl MEH OHAAFBI XKAPBIKTHIH OlpKEJKi Tapajybl JKOFaphbl
JKAPBIKTBUIBIK MOHACPIH KaJbIITACThIpaIbl. AJl KalalblK HbICAHAAPJA, COHBIH
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iminne KapaBancapaii MeH DKCIIo KepMeci HbICaHJapbIH/a )KaPbIKThIIBIK JICHI el
CaJIBICTBIPMAJIBI TYPJIC TOMEH.

Konrpact kepcerkimrepi OoiibiHma bypabait yinrTeik napki men Kencait
xoHe Meney My3 alJIbIHBI JKOFapbl MoHAepre ue. by HblcaHaapaa >kapbIK
YKOHE KOJIEHKE aliMaKTapbIHBIH aiKbIH albIpMAIIbUIBIFI OaiKalIbIl, BU3YyasIbl
oenrinepaiy Oeminyi xakcapanel. A, bo3xkbipa maTkaiasl MeH beitOiTmrinik
JKOHE KeJICIM capaibl KepiciHIle, KeCKIH KYPBUIBIMBIHBIH OipKeski 00ybIHa
OailyIaHBICThI KOHTPACTTBHIH TOMEH MOH/IEPIMEH CHIIATTaJIa bl

AVKBIHIBIK TTApaMeTpi 3epTTEIreH TYPUCTIK HbICAaHIap apachbIH/a €H XKOFaphl
©3TCePrillITIK JCHICHiH KOpCceTTi. AWKBIHIBIKTBIH XKOFapsl MOHAEPI Meaey my3
aiizpiabl, [apsin maTkane! xoHe Maccayn kecenecine ToH. Byl HEICAaHIap/IbIH
KYPBUIBIMBIK 3JIEMEHTTEPI MEH TEKCTYpaJIapbIHBIH KYPAEIIIIT] JKOFaphl JKHITIKTI
BU3YaJlJIbl aKIapaTThIH MOJIIBIFBIMEH TYCIHIpiIe . A beiOiTIIIiK s)KoHe KemiciM
capaiibl MeH XaHIIAThIP HBICAHAPbIH I8 AKBIHILIKTHIH TOMEH JICHIeiii Oalikarapl,
Oys1 OGeTTep/iH TEricTiri MEH CUMMETpPHsIIbl Gopmasiapra OaiiaHbICTHL. [6]
eHOeTiH/Ie KYp/eJli )KapbIKTaH IbIPY JKaF IaiJIapbIH/Ia KECKIH CarlaChIHbIH TOMEH/IEY1
HBICAaHIAPbl TaHy JQJJIITIH alTapiIbIKTaill TOMCHICTETIHI KopceTuIreH. SIFHu,
AMKBIHIBIK [IEH KOHTPACT MOJENb TYPaKThUIBIFbIHA TIKEJIeH acep eTeTiH Herisri
(baKkTOp caHaIBII, XYPri3UIreH 3epTTey HOTHKEIEPIH KaHaMma TYyp/ie pacTanbl.

Busyanabel nepekTep camachblHBIH NapaMmeTpiiepl apachlHAarbl e3apa
OailyIaHBICTHl aHBIKTAY YIIIH KOPPEJSLMIBIK Tangay xkyprizinni. Tannay
OapbIChIH/IA TaHIAIFAH KOPCETKINITEP apachIHAAFbl CBHI3BIKTHIK TOYEIIITIKTEp
[Mupcon koppemsiuust kKo3hdumeHTi Herizinge Oarananapl. Koppensusiibik
MaTpHLa HOTHXKeepl 1-cyperTe rpaduKaliblK TYP/E YChIHBUIFaH.

1.0

brightness

-06

contrast

-04

sharpness

brightness contrast sharpness

1-cypet — Busyanner napaMeTpiiep apachbIHAAFbI KOPPEISIIUSUIBIK MaTpUIa
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ANBIHFAH KOPPEJNSIMSIBIK MaTpHIla HOTHUXKEJEpl mapameTrpliep
apachlH/a alTapibIKTal TOYENIUTIKTIH KOK eKeHiH kepcerTi. Koppemsus
koadunuenrrepiniy 0.005-0.17 apasbiFbiHa 00IybI aTalFaH KOPCETKIIITEPIIH
@3apa 2Jci3 OallylaHbICTa EKEHIH JKOHE OJIap/IbIH KECKIH CallaChlH CHIATTaWThIH
nepOec mapameTp peTiH/e KapacThIpbUIATBIHBIH naeraeiini [7].

MyHpait TayenciziK TypUCTIiK HbICAaHapAbl TaHy XKyHelaepiHiH THIMAIIr
TYPFBICBIHAH OH CHIIAaTKa Me, ce0eOi Kazipri 3aMaHfbl TaHy ajuropurMaepi Oip
FaHa HapaMeTpre eMec, BU3yaJbl OeNTijep/iH *KUBIHTBIFbIHA HEri3JeNneli.
[Tapamerpiep apachlHIarbl TOMEH KOPPEJSLUS KECKiH carachblH Oaranayjaa op
KOPCETKIIITI keKe OelTi peTiHe KOJIaHyAbIH Heri3/li eKeHiH KopceTesi.

Busyanasl nepexTep camachlHBIH KYPBUIBIMBIH JKOHE Napamerpliep
apachIHAAFbl J)KaChIPBIH 3aHJBUIBIKTAP/bl aHBIKTAy MaKcaTblHJIa 0acThl
komnoHeHtTep aici (Principal Component Analysis, PCA) konansuiast. byt apic
YKAPBIKTBUIBIK, KOHTPACT ’KoHE alKbIH/BIK KOPCETKIIITEPiH O0ipTyTac KeHICTIKTEe
KapacThIPbII, KECKIH/IEP/1i TOMEH OJIIIEM]Ii KeHICTIKTE MPOSKIHsIayFa MYMKIH/IIK
oepeni. PCA tanmaysl KeCKiHACP/iH TYPUCTIK HbICAHIAPJBIH TYpiHE eMmec,
BU3YyaJJIbl CallajlblK CHIIATTaMalapblHa COMKeC KapacThIPbUIYybIHA OarbITTAJIIbI
[8]. Coran coiikec, atanraH diic TYPHCTIK HBICAHAAP/IBI HAKTHI )KIKTEY KYpaJIbl
peTiHje emMec, BU3yaJlJibl IepeKTep CallachIHbIH KYPhLIBIMBIH 3€PTTEY S/1iCi peTiHAe
kosanblabl. Con cebenti 2-cyperte OciHeIeHIeH TpadUK HOTHKECIHACTI
CBIHBINTAP apaChIHIaFbl KabaTTacy AepeKTep liH TaOUFH KACHETIH KOPCETe 1 JKOHE
3epTTey HOTHIKEIIEPIHIH AYPBICTHIFbIHA HYKCAH KeNTIPMEH/Ii.
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2-cypeT — PCA apKpUIbl aJbIHFaH CKIOIIEM/Il IPOCKITHSI

bacTel KoMIIOHEHTTEp omiCiHIH HoTHKenepi OolbiHma Keckinaep PCA
KeHicTirinae Oipkeiki, Oipak imriHapa kabaTTackaH KYpbUIBIM TY3€TiHI
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Gaiikanaapl. MyH/aii Tapaity BU3yasJibl cara napaMeTpliepiHiH HaKThl TYPUCTIK
HBICaH/IapFa TOH CHIIATTaMallap/IaH repi, TyCipy JKaF/1aiaapbIHbIH 9pTYPIILTIriMeH
afKbIHANIATBIHBIH Olnjipesai. bip TypHucTik HbICaH apTypIli )KapbIKTaHABIPY, aya
paiibl Hemece Tycipy OyphIIITaphl KaF/IaibIH/Ia aJIbIHYbl MYMKIH OOJIFaH/IbIKTaH,
CBHIHBINITAP apachIHJarbl alKbIH IIEKapajap/AblH OOJIMaybl 3e€pTTEIIN OThIPFaH
KYOBIIBICTBIH TAOWFH CUITIATHIH alKbIHIAWbI.

ConbimMeH Katap nepektepain PCA 1 oci OoiibIMeH alKbIH CO3BLIBIHKBI
OpHaJacybl KEeCKiH camachlHJarbl HEri3ri BapHaTUBTIUIIKTIH OipiHII OacTsl
KOMIIOHEHTIIEH CHUIaTTajJaThIHbIH KepceTeai. byl KOMIOHEHT KeCKiH
AMKBIHBUIBIFBI MEH KOHTPACT JACHIeHiHAer albIpMalIbUIBLIKTapAbl JKHHAKTaHIbL.
Anl jepekTep KEHICTIriHAeri THIFBI3 OPTAJBIK aiiMaK opraia camajaFbl
KeCKiHAepAiH OachlM yieciH Oinjipce, aj mETKepl HYKTeJep camaliblK
KOPCETKIIITePi alKbIH epEKIIeNICHETIH IepeKTepAl OeiiHeneli. ATanraH KypbUIbIM
PCA HoTmXenepiHiH BU3yasl bl IepeKTep CarachiHbIH KYPbUIbIM/IAJIFAH KEHICTITH
KaJIBINITACTBIPATBIHBIH JKoHE OYJT KEHICTIK KeHiHT1 Ki1acTepIiey )KoHe TaHy AJIIIriH
3epTTeyre Heri3 Kananibl.

Anpiaran PCA keHicTIiTiHe BU3YaIIIbl ICPEKTEP/Ii cara IeHreili OorbIHIIa
capanay ywin K-Means kiactepiey ajaropuTmi KosaaHbsUIabl. by amic
JKAPBIKTBUTBIK, KOHTPACT JKOHE aiIKbIH/IBIK KOPCETKIIITEPIHE HET13/1e]IreH KECKIHAEP
apachIH/IaFbl ©3apa YKCACTHIKTAP/Ibl aHBIKTAYFa MYMKIHIIK Oepei. ATalFaH ToCT
TYPHCTIK HbICAHAAP/IbI eMeC, KECKiH/IEP/IIH calaliblK CUIIaTTaMallapblH TaJliayFa
Heri3IeNreHiH aTan oTkeH keH. Ockutaiiima 3-cyperte kepceriires K-Means
ITOPUTMI BU3YaJIJIbl IEPEKTEP CAlaChIHBIH KYPBIIBIMBIH aliKbIH/IAY KSHE OHBIH
TaHy XKYHeJepiHiH THIMIUTIriHE BIKIAJIBIH )KaHama TYpJe Oaranay Kypaibl peTiHze
naiiiaJaHbUIAbL.

o Oprawa canansi
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-100
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Knacrepiney OapbIchlHIA JEPEKTep CallachIHbIH IIAPTTHI TYPJE TOMEH,
opTara >K9He JKOFapbl JIeHreiaepl OOWBIHIIA CHIHBINTApP CaHbl YIIKE TEH €Till
targanael. Kimactepiiep HerisiHeH OipiHII 0acThl KOMIIOHEHT OCi OOHBIHIA
LIOFBIpJIaHFaH. byt 3 Ke3erinze KiacTepiiey HoTHKEIEpiHiH Ke31eHCOK MoHIep
eMeC eKEeHIH JKOHE KECKIiH CallachIHbIH IapamMeTpiiepiMeH JIOTUKAJIBIK TYpJe
TyciHgipinerinin gonenaenai [9]. Temen camanbl Keckinaep OipiHIII KIacTepii
Kypar, oJlapJia aiiKbIHJBIK IT€H KOHTPACT JEHIeli TOMEH, COHJali-aK Tycipy
KaFainapsl Kojalicel3 0okl Tabbutaabl. EKIHIN KiacTep opraiia camnajgarbl
KECKIH/Iep/Il KAMTH/IbI )KOHE JIEPEKTEP KUBIHTHIFBIHBIH 0achIM OOJIIriH Kypanbl.
YuriHmi Kiactep alKblH KYPBUIBIMFA M€, )KAKChl )KapBIKTAH/ABIPBUIFaH KOHE
KOHTPACTBUIBIFBI )KOFAphI canabl KecKinaepai Oipikripeni. MyHail HoTHKenep
BH3YaJJIbl JIEPEKTEp CalachblHBIH TYpPUCTIK HBICAHJAPJbI TaHy XYHelIepiHiH
TUIMJUIITIHE eNeyJli acep eTeTiHIH allKbIH 1Ak Ibl.

Busyannsl nepexrep canachlHbIH TaHy JIJITIHE 9CEPiH CaHJIBIK TYPFbIIA
Oarajyiay MaKcaThIH]Ia HET13T1 BU3yaJl Il TapaMeTpIiep MEH TaHy JQJIIIri (accuracy)
apachIHJarbl ©3apa OaiylaHbIC TaJIaH bl 3epTTey OapbIChIH/IA MapamMeTpiIepIiy
e3repiciHe ColiKec TaHy JIQJJITiHIH aybITKybl jkoHe IIupcoH Koppensuus
koapdunmentrepi ecenrenai. Tangay HoTHKeNepl 4-KecTele YCHIHBUIFAH.
MyHparsl 11y (noise) JeHreliHiH KapacThIPbUTYbl BU3yaslIbl Oesriiepi Tikeaen
OypmanaiiTelH fepOec (akTop peTiHAe TaHy JKYHECIHIH TYPaKTBUIBIFBI MEH
CEHIMJILJIITIHE eJeyIi BIKIANl €TyiIMEeH TYCIHIIpIei.

4-kecte — Busyanpl mapamerpiiep MeH TaHy JQJIJITT apachlHAarbl OaiaaHbIc

[Tapamerp | ©O3repy Auana3oHbl Accuracy e3repici Koppensuus

Sharpness 130% —22% r=0.81
Noise +20 % —17 % r=-0.72

Brightness 140 % -8 % r=0.29

AWKBIHIIBIK TTapaMeTpi eH JKOFaphl OH KoppemanusHs! kepceetin (r = 0.81),
oublH 30 %-Fa TOMEHIEYi CoiKeciHIIe TaHy ASNAITiHIH 22 %-Fa a3afoblHa
okenreHi Oalkamampl. by alKBIHABIKTBIH TYPUCTIK HBICAHAAPABIH HETi3Ti
KYPBUTBIMIBIK OCTiIepiH aKpIpaTyAa MIEITyIli Pe aTKapaThIHBIH IOJeIICH/I.
Ad, mry nenreitinig 20 %-ra apTysI TaHy HoniriHig 17 %-ra ToMeHaeyine cederr
OO0JTBIM, JKOFapHI TEPiC KoppesusaMer cunartanansl (r =—0.72), Oy keckinmeri
Ke3NIecoK apTedakTilnepiH TaHy IpoleciHe kepi acepin xepcerexdi [10].
JKapbIKTBUTBIK TTapameTpi OoifbIHIIA d1Ici3 Koppersuus Oaiikamansl (r = 0.29),
MYHZIa KapbIKTBUIBIKTEIH 40 %-Fa TeMeH/eyl TaHy IONAIriHE CabICTHIPMAIIbI
TYpJE a3 acep eTKEH.

JKanmel anranna, aJblHFaH HOTHOKENEP BHU3YaJbl JEPEKTEP CAlaChIHBIH
TYPUCTIK HBICAHAAPMABI TaHy NAJJITiHE Oenrini Oip mopexene BIKIIal eTeTiHIH
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JKQHE acipece allKbIH/BIK IIeH Iy apaMeTpiIepiHiH HIeNIyIli MaHbI3Fa He eKeHIH
pacraiinel. bysm TyXbIppIMaap KecKiHIep/ai alblH ajla eHjey Ke3eHiHe cara
rapameTpIiIepiH OHTaMIAHIBIPYAbIH KOKETTUIINH Heri31ei .

Kenreren 3eprreyinepie HEHPOH/IBIK XKeiIepiH KypbUIbIMBIHA OaChIMIBIK
Oepisice, OyJ1 KyMbICTa KECKIH CallachblHBIH OacTarkpl mapamerpiiepi xyieHiq
JKaJITIbl )KYMBICBIHA 9Cepi KapacThIpbULAbL. Ocipece, ailKbIHABIK ITEH KOHTPACT
KOPCETKILITEPiH OHTAWIAHABIPY TYPUCTIK HbICAHJAp/Ibl aBTOMATTHI TYPJE TaHy
YKYHeIepiHiH JIIIIriH apTTHIPY/IbIH MaHbI3/1bl ()aKTOPb! OOJIBI TaObLIAIbI.

KopbITbIHABI

3epTTey KYMBICHI TYPUCTIK HBICAHJAPABI TaHY JKYHEJIepiHiH AQJJIIri
BH3YaIIJIbl JICPEKTEPIH CallalblK CHIIaTTamajapblHa TiKeJIel ToyeiJli eKeHiH
nonenneni. JKypriziiren tannay HoTHKelepi OOMbIHIIA KECKIH ailKbIH/BIFBI
(sharpness) MeH KOHTPACT JCHICHiHIH dCepi JKOFaphl CKEHIIT, aJl Iy NCHIeHiHIH
apTybl MOJICNBIIH )KYMBIC CalachlH TOMEH/IETETIHI aHBIKTaIbl. JKapbIKThLIBIK
rapaMeTpiHiH acepi e3re napamerpiaepMeH CalbICThIPFaH/a dJIci3 OONFaHbIMEH,
OHBIH IIEKTEH THIC ©3repyi /e TaHy HOTHIKEJIepiHe Kepi bIKIAl €Tyl MyMKiH eKeH1
Gaitkanael [6; 7].

AJIBIHFaH HOTWIKENEpP 3epPTTeY MaKCaTBIHBIH TOJBIK OPBIHJAJIFaHbIH JKOHE
KECKIH CamlachlHBbIH CTAaTHCTUKAJIBIK CHIIATTaMaJlapbl TYPUCTIK HBICAHJAp/Ibl
TaHy JKyHeJepiHiH ceHIMIUIriH Oaranayna MaHbI3/Ibl MHAMKATOPJIAP PETiHAe
KOJITaHBUTYBl MYMKIH €KeHIH pactaiiiibl. OChl TYpFbIIa HEHPOHJIBIK JKEiep
ApXUTEKTYpaChIH FaHa )KETUAIpyre OarbITTaIFaH ASCTYPIIl TCUIAEpMEH Kartap,
GacTarkpl BU3yaJlibl A€PEKTEp canachlH ajJIbIH aja TaJayIblH FHUIBIMHU KOHE
TOKIPUOCTIK MAHBI3IBUTBIFBI AHKBIHIAJIIbL.

bynan Oeiiek, 3epTTey HOTHIXKENIEPl KOMIBIOTEPIIK KOPY CajachbIHAarbl
KoJIJaHOaubl Kyienepai, COHBIH iliHae HUQPIBIK Typu3M ILaTdopmanapbiH
a3ipIiey OaphICBIHIIA ICPEKTEP/Il IPIKTEY, aJIJIBIH aJla OHJICY )KOHE CallachlH OaKpUIay
KE3CHJICPIHE CPEeKIe Ha3ap aylnapy apKbUIbI KYHEl Typle SHri3y KaKeTTiriH
Herizaenai. by TypucTik HbIcaHAap/pl aBTOMATThI TaHy XKYHEJICPiHiH JKaJIIbl
JIIITIH apTThIpYFa MYMKIHIIK Oepeti.

bonamakra Bu3yanjbl JIepeKTep carachblH CUNATTAWTBIH KOCHIMIIA
rapamerpiepai (TYCTIK KaHBIKTBUIBIK, SKCIIO3MIUS TYPAKTBUIBIFBI KOHE T.C.C)
€CKepe OTBIPHIMN, SPTYPIIi HEHPOHIBIK XKeJll apXUTEKTypajaphl YIIiH cara
(aKTOpIAPBIHBIH 9CEPiH CaJBICTBIPMAIIbl TYPJE Taljgay >KYPrizy YChIHBLIAJbI.
CoHbIMEH Kartap, YChIHBUIFaH TOCUI/ KEH ayKbIM/IbI )KOHE KOIIMOIaJIb/Ibl IEPEKTEP
JKUBIHTBIFBIH/IA KOJIIAHY aJIbIHFAH KOPBITHIHJIBLIAP/IBIH KaJIbUIaHy ACHreHiH
apTTHIPYFa BIKIIAJ €TeJ.
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BJIMSIHUE ITAPAMETPOB BU3YAJIBHBIX
JAHHBIX HA TOYHOCTb PACIIO3HABAHU A
TYPUCTHYECKHUX OBPBEKTOB

Cmamus Hanpagiena na OYeHKY GAUSHUSL KAYeCHEEHHbIX NAPAMEMPO8
BU3YAILHBIX OAHHBIX HA MOYHOCMb ABMOMAMUYECKO20 PACNO3HABAHUS
mypucmuueckux 06vekmos. OCHOBHOU Yenblo UCCIe008aHUS ABTIAEMC
amanuz  GIUSHUSL  CMAMUCTNUYECKUX — XAPAKMEPUCTIUK — Kadecmed
uzobpadcenuil  Ha  pgexmusHocmsb  cucmem  pacno3HABAHUSL
mypucmuieckux obvekmos. B kauecmee obvekma ucciedosanus
UCNIONB3068AH HAOOP OanHbIX, eKIoUarowull 12 mypucmuiecku 3HAUUMbIX
oovexmos na meppumopuu Kazaxcmana, npu 2mom Kadxicowlii Kiacc
cooepoicum no 300 uzobpasicenuit. cnonb3yemule 6 aHAU3E U300PANCEHUSL
ObLILU NONYYEHbL NPU PARTULHBIX YCLOBUSIX OCEECUEHHOCTIU, USMEHSIOUUXCS
NO200HBIX (PAKMOpPax u pasHOOOPAZHBIX YeNax CbEMKU, YUMo NPUBOOUM K
omcymcmeuio NoaHoU 0OHOPOOHOCTU KAYeCmed 8U3VAIbHbIX OaHHbIX.

s onucanust kavecmea u300pasiceHuil ObLIU paccHumanbl OCHOBHbIE
KauecmeenHble napamempul, a uMeHHo saprocms (brightness), konmpacm
(contrast) u peskocmu (sharpness). Ha ochose nonyuennvix 0annvix 0vi1
NPOBEOEH KOPPENAYUOHHBIU AHAIU3 OJISL U3YUEHUs. 83AUMOCBA3EL MeNCOY
napamempamu, npumenén memoo enaeuvix komnonenm (PCA) ons ananuza
CmpyKmypvl OaHHblX, a makoice airzopumm kiacmepuszayuu K-Means
O epynnuposKu uzodpadicenull no ypoeuio Kauecmea. Pezynomamol
UCCIe008AHUsL NOKA3AAU, YMO PE3KOCMb U300PAANCEHUsT OKA3bleAem
cywecmeentoe GusHUe Ha MOYHOCHb PACHOZHABAHUSL MYPUCIIUYECKUX
00beKmo8, Mo20a KaK yeenuyenue ypogHs uyma npueoOUm K CHUNCEHUIO
Kauecmea pacnosnaeanus. Bauswue napamempa sprocmu 0Kazaniocs
cpasnumenvho cnabvim. Ilonyuennvie pe3yibmanivl nOOMEEPICOAIOM
BAIICHOCTIL NPEOBAPUMETLHO20 YUEMA KAYeCmEd 6U3YAIbHBIX OUHHBIX NPU
NPOEKMUPOBAHUU CUCTIEM PACNO3HABAHUSL MYPUCTIULECKUX 00BEKMO8.

Kniouegvie cnosa: pacnosnasanue mypucmuyeckux oOvbeKmos,
KA4ecmeo — BU3YAIbHbIX — OAHHBIX, peskocmb  uzobpascenus, PCA,
kracmepuzayus K-Means, koppensiyuonnulii ananus.
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INFLUENCE OF VISUAL DATA PARAMETERS
ON THE ACCURACY OF TOURIST
OBJECT RECOGNITION

The article is aimed at evaluating the impact of visual data quality
parameters on the accuracy of automatic tourist object recognition.
The main objective of the study is to analyze the influence of statistical
characteristics of image quality on the effectiveness of tourist object
recognition systems. The dataset used in this research consists of
12 tourist attractions located in Kazakhstan, with each class containing
300 images. The images were acquired under various lighting conditions,
changing weather factors, and different shooting angles, which results in
a lack of complete uniformity in visual data quality.

To characterize image quality, the key parameters such as brightness,
contrast, and sharpness were calculated. Based on the obtained data,
a correlation analysis was performed to investigate the relationships
between the parameters, principal component analysis (PCA) was applied
to examine the data structure, and the K-Means clustering algorithm was
used to group images according to quality levels. The results demonstrate
that image sharpness has a significant impact on the accuracy of tourist
object recognition, while an increase in noise level leads to a decrease
in recognition performance. The influence of brightness was found to be
relatively weak. The findings confirm the importance of considering visual
data quality in advance when designing tourist object recognition systems.

Keywords.: tourist object recognition, visual data quality, image
sharpness, PCA, K-Means clustering, correlation analysis.
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INVESTIGATION INTO THE POTENTIAL
OF USING SAND FOR GLASS MAKING

An investigation was conducted on sand deposits from Dawakin
Kudu to evaluate their suitability for glassmaking. Analytical methods
including chemical analysis via X-Ray Diffraction (XRD), density and
specific gravity tests, and grain size distribution analysis (sieve analysis)
were employed. Experimental results showed a high silica content (SiO:)
of 98.03%. An average density was 1.033 g cm3, and the specific gravity
of 1.84 suggests the sand is suitable for glass production, as it falls
below the recommended threshold of 2.65 for silica sand. Sieve analysis
revealed the highest retention at sieve number 30, aligning with the
specifications for glassmaking sand according to ASTM C778-06. The
average grain size was 0.595 mm. Historically, the sand has been used in
water filtration, construction, pottery, and ceramics. This study highlights
the potential of the Dawakin Kudu sand as an additional domestic source
of silica for glassmaking, which could support local industry and create
job opportunities in the region.
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Introduction

Silica, chemically known as silicon dioxide (SiOx), is one of the most abundant
minerals in the Earth’s crust, composed primarily of silicon and oxygen. It occurs
in both amorphous and crystalline forms, with quartz being the most stable and
widely distributed crystalline form. The mineral is the primary constituent of
industrial sand, often referred to as silica sand, which is utilized in numerous
industrial applications such as glass manufacturing, foundry casting, ceramics
production, water filtration, and construction materials [1]. Silica’s abundance,
chemical stability, and thermal resistance make it one of the most economically
important non-metallic industrial minerals worldwide.

Silica sand is defined as sand containing a high percentage of SiO-, typically
above 95 %, with minimal impurities such as iron oxide (Fe20s), alumina (AL2Os),
and alkali oxides [2]. Its commercial significance arises from its purity, controlled
particle size distribution, and chemical inertness. In the glass industry, silica
serves as the principal raw material for the production of various types of glass
including container glass, flat glass, optical glass, and specialty glasses used in
electronics and high-temperature engineering applications [3]. The production
of high-quality glass requires silica sand with a SiO- content exceeding 98 %,
minimal iron impurities (generally less than 0.03 %), and a uniform grain size
distribution to ensure homogeneity during melting [4].

In addition to glassmaking, silica sand is vital in the foundry industry as
a molding material, in hydraulic fracturing operations as proppants, and in
ceramics manufacturing as a structural component of clay-based products [5].
It is also used in water filtration systems due to its particle size uniformity and
mechanical strength, as well as in the production of refractory materials and
silicon-based alloys. These diverse applications underline the necessity for a
thorough understanding of silica sand properties from different deposits before
recommending them for specific industrial uses.

Silica sand is typically derived from the weathering, disintegration, and
erosion of rocks containing quartz and other silicate minerals. These processes
lead to the accumulation of quartz-rich sands in riverbeds, beaches, dunes,
and other sedimentary environments [6]. The resulting sand is often loose and
unconsolidated, with grain sizes ranging from 0.075 — 4.75 mm, classifying it as
fine to coarse sand according to the Unified Soil Classification System (USCS)
[7]. Physically, silica sand grains are hard, brittle, and non-plastic upon drying or
firing, while chemically they are highly resistant to weathering due to the strong
Si—O bond in quartz [8].

For glassmaking, the physical and chemical characteristics of silica sand are
critical. The ideal sand should contain uniform, sub-angular to rounded grains that
facilitate packing and melting during glass production [9]. Excessive impurities,
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especially iron, impart undesirable coloration to glass products and must be
minimized through beneficiation or selective sourcing.

According to industrial standards such as ASTM C778-06 and ISO 9001:2015,
the suitability of silica sand for glassmaking is primarily determined by three
parameters: chemical composition, particle size distribution, and impurity content
[10]. Sands containing more than 70 % SiO- are generally considered suitable for
glass production, but high-quality glass requires purities of 95-99 % [11]. The
grain size must be approximately uniform to avoid defects during melting—coarser
grains can produce heterogeneous glass batches, while overly fine grains may trap
air bubbles, reducing glass transparency and strength [12].

Furthermore, the physical and morphological properties such as sphericity,
grain shape, and angularity significantly affect the melting rate and homogeneity
of glass [13]. Thus, both the natural state and purity level of silica sand influence
its performance in glassmaking. Processing techniques such as washing, magnetic
separation, and acid leaching are often employed to improve sand purity before
industrial use [14].

Globally, countries such as the United States, China, Egypt, and Australia
are leading producers of high-purity silica sand due to their extensive deposits
and advanced processing technologies [15]. In Africa, countries including Nigeria,
Ghana, and Egypt possess significant silica sand resources, though many remain
underutilized due to inadequate characterization and processing facilities [16].

In Nigeria, silica sand deposits occur abundantly in riverine and coastal
environments, particularly in states such as Kano, Bauchi, Ogun, and Cross
River [17]. These deposits have traditionally been exploited for low-technology
applications such as construction, ceramics, and water filtration. However,
comprehensive data on their suitability for advanced applications like glassmaking
remain limited. Earlier studies have reported variable SiO2 contents across deposits,
ranging from 70 — 98 %, depending on the source and degree of natural purification
[18]. Despite this, systematic evaluation of their chemical composition, grain size
distribution, and physical characteristics remains inadequate.

While several investigations have assessed silica sand deposits across Nigeria,
there is limited data on the Dawakin Kudu deposit, particularly concerning its
suitability for glass production. Previous research focused primarily on its use
in construction and ceramics [19], with little emphasis on the physicochemical
characteristics that determine glassmaking potential. Moreover, many existing
studies provide only partial analyses—either chemical composition without
corresponding particle size analysis, or vice versa. As a result, there remains
a need for a comprehensive evaluation integrating both chemical and physical
assessments in accordance with international standards.
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The present study addresses this gap by conducting a detailed investigation of
the Dawakin Kudu silica sand through chemical analysis using X-Ray Diffraction
(XRD), density and specific gravity determination, and sieve analysis to evaluate
grain size distribution. The outcomes of this study aim to establish whether the
Dawakin Kudu sand meets industrial requirements for glassmaking and to provide
a potential additional source of high-quality silica for Nigeria’s emerging glass and
ceramics industries. This study focuses on the characterization of Dawakin Kudu
sand through laboratory-based analytical techniques to determine its suitability for
glassmaking. Parameters investigated include chemical composition, bulk density,
specific gravity, grain size distribution, and average particle size.

The novelty of this research lies in its integrated approach to evaluating both
the physical and chemical properties of Dawakin Kudu sand and comparing them
against established industrial standards. By correlating these findings, the study
provides critical insights into the suitability of locally available sand resources for
high-temperature engineering applications. The results are expected to contribute
to resource optimization, import substitution, and the development of a domestic
glass industry capable of supporting national economic growth. Furthermore,
the study may encourage local beneficiation of raw materials, stimulate regional
employment, and promote sustainable utilization of Nigeria’s mineral resources.

Materials and methods

A. Experimental Materials and Equipment

1) Materials

The materials used in this study include:

Dawakin Kudu sand sample, Hydrogen fluoride (HF), Distilled water,
Tap water

2) Equipment

The following equipment were used for the experimentation:

— 250 mL conical flasks, 50 mL measuring cylinders, Mechanical stirrer,
4 L plastic washing container, 250 mL borosilicate glass beakers, Specimen discs

— EDXRF machine “Minimal 4” (Panalytical B.V.) for oxide analysis, located
at the National Geosciences Research Laboratory (NGRL), Kaduna

— Computer system, Analytical weighing balance and weighing dishes,
15 mL test tubes

— Electric oven (Model DHG-9053A, 900°C capacity), Filter paper,
203 mm British Standard sieve, Manually operated mechanical vibrator,
25 mL density bottle

B. Experimental Procedure/Method

1) Collection and Pre-treatment of Sand Sample
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The Dawakin Kudu sand sample was collected from the Yanbarau River beach
deposit (Plate I), located at latitude 11.83° N and longitude 8.59° E in Dawakin
Kudu Local Government Area of Kano State, Nigeria.

Sand inside canoe

Figure 1 — Deposit of Sand in River in the Selected Area

The collected sand was washed thoroughly with tap water to remove dust and
impurities until the runoff appeared clear. A volume of 250 mL of hydrofluoric
acid (HF) was added to the sample and stirred for 5 minutes, followed by 250
mL of distilled water, which was stirred for an additional 5 minutes to remove
residual acid.

The sample was washed again with tap water to reduce iron content and halt
further reaction. The sand was then sun-dried on a mat (Plate II) and subsequently
oven-dried at 110 °C for 7 hours (Plate III).

Sand Samnle

Figure 2 — Sand after Undergoing Pretreatment
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Figure 3 — Sand under Oven dried

2) Determination of Chemical Composition

The chemical composition was determined using X-ray fluorescence
spectroscopy (XRF) in accordance with ASTM C146-94a (2014). An EDXRF
«Minimal 4» spectrometer at NGRL Kaduna was used.

A 5 gportion of the prepared sand sample was weighed and mixed thoroughly
with 1 g of soluble starch to obtain a homogeneous mixture. The mixture was
pressed at 12,000 psi (6 tsi) to form pellets, which were leveled and packaged
for analysis.

The spectrometer was switched on, the appropriate elemental filters were
selected based on the periodic table, and a measurement time of 100 seconds
was applied. Air was used as the medium. Calibration was performed using the
machine gain control prior to measurement.

Loss on ignition (LOI) was determined gravimetrically by heating 1 g of
powdered sample in a pre-weighed crucible at 1000°C. The difference in mass
before and after heating was used to compute the LOI, and results were recorded
automatically on the system (Plate V).
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Figure 4 — XRF Machine

3) Determination of Density

Density determination followed ASTM C127-07 (2007). The sand sample
was divided into three batches. Each batch was immersed in water for 24 hours
to allow pore saturation. The samples were then oven-dried at 110 + 5°C (Plate
V), weighed to obtain mass, and their volumes were determined using the water
displacement method.

Density was calculated using:

p=

where:

p = density (g/cm?),

(m) = mass of sample (g),

(v) = volume (cm?).
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Figure 5 — An Electric Oven for Sample Drying

4) Grain/Particle Size Analysis

Grain size analysis was carried out according to ASTM D422-63 (2007).
A 100 g oven-dried sample was placed in the topmost sieve of a selected sieve
stack mounted on a mechanical vibrator. The sieve shaker was operated for
15 minutes (Plate VI).

The retained mass on each sieve was weighed, and the cumulative percentage
retained was calculated and recorded for characterization.
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Set of sieve ‘

‘ Vibrator ‘

Figure 6 — Set of sieves in a Vibrator

5) Determination of Specific Gravity

Specific gravity was determined using a density bottle following the procedure
described by Rudolf and Lubes [7].

The empty density bottle was weighed and recorded as (M1). A 10 g sample
of sand was placed in the bottle and weighed as (M2). Distilled water was added
to the bottle, heated to remove air bubbles, allowed to cool, and then weighed
as (M3). The bottle was emptied, filled with water alone, and weighed as (M4).

Specific gravity was computed using:

SG =

where:

(SG) = specific gravity of sand,

(M1) = mass of empty bottle,

(M2) = mass of bottle + dry sand,

(M3) = mass of bottle + sand + water after cooling,

(M4) = mass of bottle filled with water.

Results and discussion

3. Characterizations

3.1 Physical Properties

The average bulk density of the sand was determined as 1.033 g cm™, and
the specific gravity was 1.84, both within the acceptable range for silica sand used
in glassmaking (2.0 + 0.3 g cm) [5]. The lower density value can be attributed
to the presence of intergranular voids and air spaces, which can be minimized
during washing and compaction.
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SILICA SAND DENSITY GRAPH
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Figure 7 — Silica sand density graph

The grain size distribution analysis, performed using a set of standard sieves,
revealed the highest percentage retention at sieve number 30, corresponding to an
average grain size of 0.595 mm. This grain size falls within the ASTM C778-06
standard range for glassmaking sand (0.1 —0.6 mm). Sands of this size distribution
exhibit good thermal uniformity and melt homogeneously, preventing defects such
as air bubbles and inclusions during glass formation [6].

Grain size and Distribution analysis Graph
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Figure 8 — Grain size and distribution analysis graph
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3.2 Chemical Composition

The chemical composition of the Dawakin Kudu silica sand was determined
using X-ray Diffraction (XRD) and further confirmed through Energy Dispersive
X-ray Spectroscopy (EDS). The results are summarized in Table 1.

Table 1 — Chemical composition of Dawakin Kudu silica sand

Oxide composition (%) Content
SiO: 98.03
AlLO; 0.81
K20 0.047
Na:O 0.034
CaO 0.26
MgO 0.061
Fe20s 0.07
CuO 0.26
ZnO 0.17
BaO 0.023
TiO: 0.008
MnO 0.017
Loss on Ignition (LOI) 0.110

The oxide composition indicates that the Dawakin Kudu sand contains a
high percentage of silicon dioxide (SiO2) at 98.03 %, which satisfies the industrial
requirement for glassmaking sands (= 95% SiO2) [1]. The relatively low Fe2Os
content (0.07 %) is significant, as iron oxides are known to impart coloration to
glass; their low concentration thus favors the production of colorless and high-
purity glass [2]. Minor quantities of alumina (Al2Os), calcium oxide (CaO), and
magnesium oxide (MgO) are beneficial in improving glass durability and viscosity
during melting [3].

However, XRD data alone cannot conclusively determine the purity or confirm
the elemental distribution across the sand particles. Therefore, complementary
microstructural and compositional analyses were conducted using SEM and EDS.

Scanning Electron Microscopy (SEM) Analysis

Figure 1 presents the SEM micrograph of the Dawakin Kudu silica sand
sample at 500 magnification. The image reveals predominantly angular to sub-
rounded grains, typical of quartz-rich sands derived from mechanical weathering
processes. Grain edges appear sharp and irregular, suggesting limited transport
distance from the parent rock, which is consistent with fluvial deposition
characteristics observed in northern Nigeria.
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15kV - Image FEB 11 2
BSD Full s

Figure 9 — SEM micrograph of the Dawakin Kudu silica
sand sample at 500x magnification

The grains exhibit smooth surfaces with minimal impurities adhering to the
particle boundaries, confirming the high purity inferred from chemical analysis.
Some isolated pores and surface irregularities were observed, which could slightly
affect the packing density but are advantageous for molten glass batch melting as
they promote uniform heat transfer [4]

Energy Dispersive X-ray Spectroscopy (EDS) Analysis

To verify the chemical composition obtained from XRD, an EDS spectrum
was obtained from representative sand grains (Figure 2). The EDS profile
confirmed silicon (Si) and oxygen (O) as the predominant elements, consistent
with the presence of quartz (SiO2). Trace peaks corresponding to aluminum (Al),
iron (Fe), calcium (Ca), and potassium (K) were detected in very low intensities,
in agreement with the oxide composition shown in Table 1. The absence of
significant impurity peaks such as titanium (Ti) or manganese (Mn) supports the
high purity of the sample.

92

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Quzuxa, mamemamura u KomnvtomepHule Hayku. Ne 1, 2026

Figure 10 — Scanning Electron Microscope of the Dawaki Sand

The combined SEM—EDS results provide definitive confirmation of
the elemental uniformity and compositional homogeneity of the silica sand,
strengthening the conclusion that the Dawakin Kudu deposit is suitable for high-
quality glass production.

Based on the combined XRD, SEM-EDS, and sieve analysis results, the
Dawakin Kudu silica sand meets key compositional and textural criteria for use
in glass production:

1. Chemical Purity — SiO2 content exceeds 98%, with minimal Fe:0s
(<0.1 %), suitable for clear glass manufacturing.

2. Microstructural Uniformity — SEM shows clean quartz grains with limited
contamination.

3. Particle Size Compatibility — Grain size and distribution conform to ASTM
C778-06 recommendations.

4. Industrial Relevance — The sand can serve as a viable raw material for soda-
lime glass, container glass, and specialty ceramics when adequately processed.

These findings demonstrate that Dawakin Kudu sand could provide an
economically valuable source of high-grade silica for Nigeria’s growing glass
industry. Its exploitation could reduce reliance on imported silica and stimulate
local industrial development through job creation and raw material beneficiation.
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Conclusion

This study investigated the suitability of Dawakin Kudu sand, sourced from
River Yanbarau in Dawakin Kudu Local Government Area of Kano State, as a
raw material for soda—lime silica glass production. The sand was pretreated using
water and hydrofluoric acid, dried, and subsequently characterized using standard
analytical and physical testing methods.

X-ray fluorescence (XRF) analysis revealed that the sand contains a high
silica (Si02) content of 98.03 %, with only minor amounts of other oxides present
as impurities or fluxes. Notably, the iron oxide content was below the acceptable
limit for colorless glass production. Physical characterization showed an average
density of 1.033 g/cm?® and a specific gravity below 2.65, both of which are within
the acceptable range for glass-making raw materials. Grain size analysis indicated
that the sand particles fall within the recommended sieve range (20—-100), with a
dominant particle size of 0.595 mm, suitable for glass batch preparation.

Overall, the chemical composition and physical properties of Dawakin Kudu
sand demonstrate that it meets standard requirements for soda—lime silica glass
production. The deposit is therefore suitable not only for glass manufacturing but
also for a wide range of glass-related applications, including flat and container
glass, glass fibers, tubing, electrical components, and other industrial products.
These findings highlight the potential of Dawakin Kudu sand as a viable local
raw material that can support the development of glass industries and contribute
to industrial growth in the region.
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Ioctynuno B pegaxuuto 03.11.25.
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[Ipunsaro B neuats 01.12.25.

96

IIBIHBI ’KACAY YIIIH K¥M/IbI
HAMUJAJIAHY QJIEVETIH 3EPTTEY

Hasaxun Kyoy xymuvineiy wiezindinepine onapovly wblHbl Hcacayed
AHCapamobLIbIZblH  0a2anay yulin mepeey JHCypeizinoi. AHanumuxanvlx,
a0icmep, Convly iwinde pemmeendix Juppaxyus (XRD) adicimen
XUMUSILIK MA0Ay, Mbl2bl30blK NeH MEHWIKMI ayblpblk KYwin CbiHay
JiCoOHEe MYUIPWIKMEPOiH Mapaiysbli mauoay (eniex mauioaywl) Koi0aHbLIObL.
DKkcnepumenmmix — HOmMudiCeNep KPEMHE3IEMHIY — JHCOapbl  MOIUUEDIH
(Si02) 98,03 % ropcemmi. Opmawa mulevizoviebt 1,033 2 cm’® 6010wl
an meHwikmi carmazol 1,84 KymHblY wbiibl OHOIpYee dHeapamobl eKeHiH
Kepcemeoi, OUMKeHI Ol KpeMHUll OUOKCUOI KYMbl YuliH YCbIHbLIZAH
2,65 weeinen momen myceoi. Eneyiwumepoi manoay ASTM C778-06
CMAHOAPMbIHa CIUKEC ULbIHbL KYMbIHbLH MEXHUKALLLK CUNAMMAMAIapbIHd
catikec kenemin Ne 30 eneyiumiy en 2Hco2apbl CAKMAaiyblH aAHbIKMAObL.
Jonnin opmawa monwepi 0,595 mm Bonowt. Tapuxu mypevioan Kym cyowvl
cy3yoe, KYpuliblCma, KePAMUKAOA HCIHE KEPAMUKAOA KONOAHbLIEAH. By
sepmmey Jlasaxun KyOy KYMbIHbIY WbIHbL JCACAY YUK KPEMHE3EMHIH
KOCIMULA OMAHOBIK KO3 peminoezi a/ieyemin kepcemeoi, OYi scepeinikmi
oHepKacinmi KOn0ayea dHcomne auMakma HCYMblC OPbIHOAPbIH KYpyed
MYMKIHOIK 6epeoi.

Kinmmi ce3z0ep: Kym, kpucmanoap, wviHbl, c00a-OK, KpPeMHUl
OUOKCUOI.

UCCJEJOBAHUE BO3MOXHOCTEM UCITIOJIb30OBAHU S
INECKA IJIs1 IPOU3BOJACTBA CTEKJIA

bwino nposedeno ucciedosanue necuanvix omuodcenuil 6 Jasaxun-
Kyoy, umobel oyenums ux npucoOHocmv Oisi NPOU3BOOCMBA CMEKd.
boiiu ucnonvsosanvl ananumudeckue Memoobl, GKIOUASL XUMUYECKULL
ananuz ¢ nomowvio penmeenosckou ougpaxyuu (PCA), onpederenue
NIOMHOCMU U YOEIbHO2O 6ecd, d MAKdICe aHAU3 PAacnpeoesenus
3epen no pasmepam (cumogoil ananus). Pezynbmamoel sxcnepumenmog
nokazanu evicokoe cooepoicanue kpemuesema (SiOz) — 98,03 %. Cpeonsis
nromnocms cocmasuna 1,033 2/cm’, a yoenvuwiii sec 1,84 2o06opum o
MOM, 4mo Necoxk npueodeH Oisl Npou3eo0Cmsed CmeKid, NOCKOIbKY OH
HUdice pekomenoyemMozo nopoza 6 2,65 0nsa Keapyesoz2o necka. Awanus
Ha cume NOKA3al, 4mMO Haubonee BblCOKAs CMENeHb VOepICUBANUS
nabmooaemesi na cume Ne 30, umo coomeemcmsyem mMexHUUECKUM
mpebosanusim K necky 0. npouzgoocmea cmerxia coznacio ASTM C778-
06. Cpeonuii pasmep 3epen cocmagun 0,595 mm. HUcmopuuecku necok
UCNONB308ANCsL 0TI PUILMPAYUU 800bL, CHIPOUMETbCINEA, U320N OB EHUS.
nocyobl U Kepamudeckux uzoeiuti. Jmo ucciedo8anue noouepKusaem
nomenyuan necka Jlasakun Kyoy kax OonoiHumenvbHozo ucmouHuxd
Kpemuesema Onisi  CMeKa00eNus, KOMOPbIL MOXNCem  Nno00epicamy
MECMHYI0 NRPOMBIULIEHHOCHb U CO30aMb pabodue Mecma 6 pecuoHe.

Kniouegvie cnosa: necox, Kpucmainvl, cmekio, U36eCmKo8as cood,
OUOKCUO KPEMHUSL.
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IJIE AJIATAYbIHbIH LWbIfFbIC BOJITMNMHAOET !
TOlNBbIPAKTbIH ®U3NKAJIbIK-MEXAHUKAJIbIK
KACUETTEPIH QKCINEPUMEHTTIK 3EPTTEY
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Ine Anamayvinvly maynvl aumMakmapbiHoazel KOWKIH npoyecmepi
Jicepeinikmi KaybLMOACmulKmap MeH UH@OPAKYPuLIbIMEA acep ememin ey
Maywlz30bl mabueu Kayinmepoiy 0ipi 6onvin Kania bepedi. Byn sepmmey
AUMAaKmolH WbIEbLC OOI2IHO 2l HCAKBIHOA OONIEAH KOUKIHHIN 2C0NI0USNBIK,
2COMOPPONOUATBIK JCIHE 2COMEXHUKANBIK JHCAROAUNAPLIH 3ePMMmMeol.
JKaxvinoa oyn aumakmoly wwbleblc 06i2iIHOe a0aM WUbIEbIHbL MEH
Jicepeinikmi UHQPAKYPOLILIMHbIY OY3bLIYbIHA IKENIN COKMbIPEAH KOUIKIH
oKuacel Kayinmepoi 6azanay sHcaHe OONNCAy Yulii CeHiMOI UHIICeHePiK—
2€0I02USILIK - OepeKmepOiy  WYebll  Kadcemminiein mazel 0ip pem
kepcemmi. bByn atimaxma srcannail vicvlpanmay npoyecmepiniy Jco2apl
KAUmananyvlna Kapamacmau, KonmezeH Oemkeiiep mMONbIPAKMbIY
QUBUKATBIK-MEXAHUKANLIK — KACUemmepl, — blIeal — PelCUMi  JiCaHe
MAYCbIMObIK 632epeiuumizi mYpeblCblHaH 271 0 HCEMKLIIKCI3 3ePMMmeneH.
Ocvlzan opau 6yn ocymvicma 2025 ducolnoviy 14 mamwvipvinoa dicone
2025 orcoinoeiy 28 aknanviHoa 60UILIK NPOQuUIL OOULIMEH MYPAKmbl
apanviknen Monwvlpax yaciiepin JICUHAY YiH Oalanvik 3epmmeyiep
JIcypeizindi. 3epmmey  aumagviHOQ ycmemoiK ememin KOW08Udiobl-
0en08UaIobl  WO2IHOIEPOT  (DUIUKALLIK-MEXAHUKATLIK KACUemmepiH
bazanay ywin monvipak yaeiiepi auvlHOb.

Byn mypevioa  oicunanean monvlpax  ColHAMANAPLIH  OANAIbIK,
3epmmeyiep MeH 3epmXAHANbIK 3epmmeyiepoi Jcypeizyoliy  epexuie
EbLILIMU JICIHE NPAKMUKALBLIK MANbL3bl 6ap. Mynoaii depexmep enicmiy
MYPaKCcoL30blebl OPLIH ANI8AH 2€0OMEXHUKATBIK HCAZOAUNAPOLIY UWbIHATIbL
KOPIHICIH KAMMAamacsl3 emeoi JcoHe KOWIKiHee OetlimMOilikmi 0anipex
bazanayovl azipneyee Heeiz 6onadvl. Buikmik, monvipax molebl30blbl
JICOHE  BLIEANObIH  JICUHANYbL  APACLIHOA&bL  OQlIAHbLICMbL  Oaganay
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sepmmey  auMAgbiHOA 0AcbIM  OOIAMbBIH  OeN0BUANObI—NPONIOBUATObL
weziHoinepoe2i eHicmiy OY3bLIYbIHbIH mpuzeepiepi MeH MexaHu3MOepiH
MYCIHY YUiH 6me Mayvi30bl.

Lne Anamayvinviy may 6exkmepi Mmer opma mayivl AUMAaKmapbiHOAzbl
endi  mexeHOepOiH, demanvic OPBIHOAPBIHBIY, UHIICEHEPILIK
UHDPAKYPLLTLIMHLIY — KeHeloiH — ecKepe  OMbIpbln,  KOWKIH — Kaynin
bazanayovly CceHiMOUliciH  apmmulpy CMpaAmecusiivl,  0acbIMObIKKA
aunandel. Ocvlraviwa, Oy 3epmmeyoiy Hamudiceiepi bliblMu MyciHy
YUWiH 2aHa emec, COHbIMEH KAmap epme ecKepmy JHCyuenepin Heeminioipy,
Jicepdi natldananyOvl Kayinciz #ocnapiayovl Koioay HeaHe Kayinmi eqic
npoyecmepimen  OAUIAHBICMbL  OONAWAK,  dNEYMEMMIK-IKOHOMUKATBIK,
WBIZLIHOAPObL A3aimy YwiH 0e 63ekmi 601bln maowliaosi.

Kinmmicesoep: [ne Anamayuvl, KOWKIHKayni, eyicmiy mypakmoliblebl,
KOMMIOBUANObI-0eN08UANObL  WOSIHOLIED,  MONbIPAKMbIY — QUIUKATbIK
Kacuemmepi, Mulebl30bIKMblY 032epyi, OdIANbIK CLIHAMAIAPObL ALY,
MAyCIMObIK bLIEAN dCepiepi.

Kipicne

lie AnaraybIHBIH HIBIFBIC OOJIITT TayJbI-aHFApIIBIK pelbeIeH, IeIOBUIi-
MPOJIFOBUH JKOHE MOPCHANBIK MIOTIHIUICPIIH KCH TapalybIMCH, COHJIAN-aK
MayChIMABIK BUIFJIaHy PEXKMMIMEH cuUmartanansl. MyHnai sxarnaiiapia
TOTIBIPAK-)KbIHBIC KaOATBIHBIH BUIFAJIBUIBIFEI MEH THIFBI3/IBIFBIHBIH 03repyi
OHBIH OepikTIK ((pH3HKa-MEXaHUKAIIBIK) KACHETTEPIHETIKeNeH acep eTil, eHiCTIK
OeTkeinepiH OPHBIKTBUIBIFBIH TOMEHIeTyl MyMKiH. COHJBIKTaH aiiMaK, yIIiH
MH)KEHEPJIIK-TeOJIOTHSIIBIK Oaraiay jkacayJia TONBIPAKTHIH (PU3UKANIBIK KYHi
(W, p, pd xoHe T.0.) MeH OepikTik mapamerpiiepin (c, ¢) MaychiM OOHBIHIIA
CaJIbICTBIpa TaJlj1ay ©3€KTi.

ConbiMeH Katap, liie Anaraysl )KOTachIHBIH HIBIFBIC OeTKeiiepi ConTycTik
Tstap-11ans Oeniri Kypesni reoJorusuIbIK KYphUIBIMIAPBIMEH, TiK TONOrpadHsicbMeH
JKOHE KapKbIHABI MayChIMJBIK THIAPOJIOTUSUIBIK IUKIACPIMEH CHITATTANaThIH
OpranblKk A3usaarel KOUIKIH Kaymi KeOipek OallKaiaTblH ayMaKTapAblH Oipi
6ot TaObuTazp! [1; 2]. EH COHFBI OPBIH ajiFaH anaTThl OKUFA aJlaM IIBIFBIHBIHA
JKOHE JKEPTUTIKTI MHPPAKYPBUIBIMFA, COHBIH IIIIHJE XKOJ ydacKeJepi, jKeKe
TYPFBIH YH KYpBUIBICTaphl, COHJIali-aK OipHelIe mai1aisl Kaz0anap »KbUDKbIMaIIbI
TOIBIPAK MacCaChIHBIH 9CEpiHEH ilIiHapa )KOoWbLIIbl. MyH/all OKuFanap KeuKin
KayIiH JIoJipeK Oaranay VIIiH jKoHE KayilTi a3aiTy YIIiH CEHIMJII MHIKCHEPIiK-
TeOJIOTHSUIBIK AEPEKTEP/IiH HIYFbUI K&KETTUTITH Kepcerei [2].

Ocpl 3epTTeyNiH MakcaThl — Liie AaTaybIHBIH IIBIFBIC OOJITTHEH albIHFAH
npo(UIBIIK TOMBIPAK YJITUICPiIHIH (HU3HKATBIK KOHE (PU3MKA-MEXaHUKAIIBIK
KacueTTepin Kpic (28.02.2025) xone koektem (14.05.2025) maycbimuapbinia
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CaJIBICTBIPBII, OJIAPABIH HHKCHEPIIK-TeOJOTUSIBIK MOHIH (OPHBIKTBIIBIKKA
BIKMAJIbIH) Oaranay. KockiMIia Makcar peTiHie MUHEpalJblK Kypamabl POA
(XRD) apmiciMeH aHBIKTaIl, MUHEPAIOTHSIIBIK EPEKIICTIKTED MEH MEXaHUKAJIBIK
MiHE3-KYJIBIK apachIHarbl OaiIaHbICTBI KOPCETY KO3AEI.

3epTTey JKaHAIBIFBI — Oip MpogIb OOMBIHIIA AIBIHFAH OipHeIe YJTiHi
€Ki MayChIMJia OJIIIEI, bUIFajJlaHy, THIFbI3IBIK/OCPIKTIK MmapameTpiepi, aici3
KabaTTapJblH KaJIbINTACy BIKTUMAJIIBIFBI Ti30€TH WHXKEHEPIiK-T'e0IOT HsITBIK
TYPFBIZIAH HEri3/ey. AJIbIHFaH AEPEKTep CHICTIK OeTKEHIIEPAiH OPHBIKTHIIBIFBIH
Oararnay, Kayinri yyackesuepli 0eiy jkoHe TypaKTaH/BIPY HIapaiapblH YChIHYFa
Oacramnksl 6a3a OoJia anajsl.

Bipuemie 3eprreynep Ooiibiaia Contyctik TsHb-I1lanbpnarsl KOIIKIHHIH
XKaJMbl MeXxaHu3MJepiH [3] oHe aMaKTBIK MHKEHEPJIIK-Te0J0TUsIIbIK
JKarJalIapblH KapacThIpFaHbIMEH, TONBIPAKTHIH (PU3HKAJIBIK-MEXaHUKAIBIK
OpEKEeTiH XeprumkTi MacmTadTa KOpCeTeTiH HAaKThl HOTHIXKeNep a3. Ocipece
YKaHa/laH OPBIH aJIbII JKaTKaH OeJICeH Il KOLIKIH aliMaKTapbIH/a )KYMBICTap/IbIH
KOTIIIUIIrT TOMBIPAKThIH XKalbUIAaHFaH KiacCH(UKalUsIIapblHa HEMECEe KaTThl
JKaybIH-IIAIBIHHAH, MY3/1aTy-epiTy LHUKIJapblHAH JKOHE aHTPOIMOTeHJIIK
Oy3bUTyJIapAaH TybIHJaFaH AMHAMUKAIBIK e3repicTep/i OeTkeieperi Tapuxu
ecki nepekrepre cyiieneni [3]. Hotmxkecinae eHic TY3eTiH TONBIPAKTApAbIH
MaTepHaIbIK Kypambl MeH (PU3MKa-MEeXaHHUKAJIbIK KACHETTEPiHE KaH-)KAKThI
JKaHAJaH 3ePTTEYJICp KYPTi3yAiH ©3¢KTI CKeHiH Outaipeni. MyHaaii 3epTreyep
KOILKIH/II TyIbIpFaH jKaFaiiap il KajlblHA KETIpy YIIiH FaHa eMec, COHBIMEH
KaTap Ooaimiak ToyeKenaepil a3aiiTyra OarbITTalFaH FBUIBIMU HETi3JICITCH
YCBIHBICTapAbI d3ipJiey yIIiH e KaxeT. Kasipri 3eprrey KyMbIcTapbiHa cylieHe
OTBIPBIII [4], ©3CKTI MOceNepepl aTarm aiiTap OoJicak:

Oercen i KemKiH npoduibaepi OOIbIHIIA ONIKTIKTE TONBIPAK THIFBI3IbIFBIHBIH
OPHBIHJIA ©3repyi Typallbl IKCIIEPUMEHTTIK AEPEKTEpAiH O0IMaybl;

Ine AnaTtaybIHBIH HIBIFBICBIHAAFBI KBICKBI )KOHE KOKTEMT1 jKarjaaiyiap
apachIH/Iarbl MayChIMBIK TOMBIPAKTHIH (PH3HKAIBIK-MEXaHUKAIBIK KACHETTEPiHE
(MBICaIIBI, BUIFAJIJIBUIBIK, KOT€3Hs, 1IIKI YHKEITiC OYpPBILIbI T.C.C.) CAIBICTHIPMAIBI
TaJayJIap/IbIH JKETKUTIKCI3ir;

By 3epTTey KYMBICHI OCBI OJKBUIBIKTAp/Abl Tikejel sxosiabl. biz lie
AuataybIHbIH HIBIFBICBIHAAFBI O€JICeH 1 KOUKiH npodumi OolpiHma 50-70 M
apaJbIKIICH €Ki KapaMa-Kapchl MaychIMa JKMHAJIFaH TONBIPAK YJriIepiHeH
QJIBIHFAH TYIHYCKa JKCHEPUMEHTTIK AepeKTep/i ycbiHambIz: 2025 sKbUIIbIH
28 aknaHbl (KBICTBIH asfbl, )KapThllail My3JaThUIFaH Karjainap) skoHe 2025
KBULIBIH 14 MaMbIpbl (KOKTEM, KapAblH epyiHEeH KeHiHI'l KaHBIKTBUIBIK). bi3nin
JKYMBICBIMBI3 3€PTTEY MayCBIMIBIK JKarjaiyiap/ia siFHU, KBICTBIH COHBbl MEH
KOKTEMI'e KapChl Me3rijijie ajblHFaH liie AjaTtayblHbIH IIBIFBICBIHAAFBI )KaHAIaH
OeJIceHIipireH KOIKIH aiiMarbIHIaFbl TONBIPAKTHIH (PM3UKAJIBIK-MEXaHUKAIBIK
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KacHeTTepl TypaJibl ajIFallIKbl SKCIIEPUMEHTTIK JAE€PEKTep KUHAFbl MEH FhUIBIMU
YKaHAJIBIFBIH YCBhIHAIBI: [7e AnaTaysl IIBIFBICBIHIAFEl KOUIKIH aliMarbIH/Ia
TOIBIPAKTBIH THIFBI3/IBIK, BUIFAI/IBIIBIK XKOHE MEXaHUKAIIBIK KACUETTEPiHIH (C, ()
OMIKTIK MEeH MayChiM OOWBIHIIIA ©3repiCTepiH TOHKIPHUOETIK Typjae cumarTarl,
MUHEPaJOTHUIBIK KypaMHbIH ocepin XRDrangay apkbpuisl kepcerti. byn
HOTIDKEIIEP KEPTUTIKTI PTeOTEXHUKAIIBIK O1TIM/ICT] MAHBI3 bl OJKBUIBIKTHIH OPHBIH
TOJNTBIPa/IbI XaHe liie AnaTaybIHbIH Tay OOKTEpiHIer KOIKIH KayiH HHKEHEPIIiK
»o0aran Oaraiay YIIIiH jKaHa MapaMeTpiIepl YChIHA B

Ocplnaiima, Oyi )KYMBIC TayJlibl aiMaKTaplarbsl €Hic IpolecTepiH
TYOereiii TyciHyre bIKIIAJI €Till KaHa KoWMaibl, cOHbIMEeH Katap Kasakcran
Pecry0nnKkachbIHBIH €H ocall KallallbIK-ipresiec TayJibl ailMaKTapbIHbIH OipiHeri
TaOWFy anarrap KaymiH a3aiTy Macesenepi OOMbIHIIA THIM/I aKmapat oepeti.

3epTTey aliMarbl OeliCeH]ll TEeKTOHUKACBIMEH, TiK pelibe(iMeH XKoHe
JMHAMMKAaJIBIK TeOMOP(OIIOTHSUIBIK e3repicTepiMeH TanbiMan Contyctik TsHb-
[lanp Tay xy#ecinin 6ip OeuniriH KypaiiTeiH liie AnaTaybl )KOTAaCBIHBIH LIBIFBIC
Oeuiri 6ol TaObUIaABl. by aiiMak Tay OeyeyiHiH COJATYCTIK MICKAapaCh
OolipIMeH co3bLIbIN KaThlp. COHBIMEH KaTap, KypT OejiHreH penbedIieH,
TepeH aHFapJlapMeH JKOHE KJIMMATTBIH 9Cep €Tyl HOTHXKeciHAe mnaijga OosraH
JKOFaphbl TPajineHTTI OeTKeiiiepMeH cunaTtainaasl. Tannanran OeTKedl THNTIK
TayJbl alKalThlH [IEriHJe OpHalacKaH, SIFHM MYHJArbl OMIKTIK 30Hajay
OCIMJIIK JKaMBUIFBICBIHA, THAPOJIOTHSIIBIK PEXUMIEpre jKoHe OoprbuIaK OeTKi
MaTepHallapAblH TapallyblHa KaTThl acep ereai. byHpail TaOuru xarnaiinap
ayMaKThbl 9pTYpJIl ararrapra, COHBIH iIITHJE KapTacTap/blH KyjlayblHa, KOKbIC
arbIHIAPBIHA )KOHE KOIIKIHAepre oTe OciiM eteni [4].

I'eoMopdoorusIbIK TYpFBIIaH ajdFaH/a, Oyl ydacke Keyoey OypblTapsl
onerre 28°-taH 36°-Ka JieiiH OoyaThIH TiK Tay OeKTepiH Oinipeni, JlereHMeH
KeiOip cerMeHTTep 3pO3USUIBIK KECiHALIEp MEeH ycak cailyiap/bliH 0oiybIHa
GaitnanbicTel 40°-TaH acassl [S]. 3eprTeneTin alilMaK HeTi31HeH OHTYCTIK-IIBIFBICKA
OarbITTaFaH, OYJI KYH palialisChIHBIH 9CEPiHIH KYIITUIITNIHEH KOKTeM/IE Kap IblH
epyiH Te3aeTe .

[conorusiaelk TYpFbIIaH anraHna [4; 5], Oy aiimMak HEri3iHEH y3aK
yakbIT OOMBI OeTKeilyiep MeH aHFapJaplblH TYOIHIE XMHAIFAH JCIIOBHAIIbI—
TIPOJTIOBUAJIIBI XKOHE KOJUTIOBUAJIBI LIOTIHALIEpICH Typaasl. by merinainep
OJIETTE BUIFAJIBIIBIFBI JKOHE MEXaHUKAIIBIK OCpIKTIri @3repmerti OOJIbIT KeJIeTiH
KMBIPIIBIK Tac, KyM, JIail )KQHE Ca3/blH Hallap CYpBINTaJIFaH KOCHallapblHAH
Typazabl. COHIBIKTAH OJIap/JbIH MEXaHUKAJBIK CHIIATTaMalapbl — THIFBI3/IBIK,
ikl yiikesic OypbIimbl (@) KeH aybITKbII OThIpaibl [6]. XajblkapaiblK KoHe
aliMaKTBIK 3epTTeyJIep KOPCETKEHIEH, MayChIMABIK ITPOLIECTEP Il TAYJIbI JKepIiep/ie
KOLIKIHJEpAIH Herisri cebenrtepinin Oipi perinne canainbl. KapasiH epin
TOIBIPAKKA €HY1 )KOHE MayCBhIM/IBIK bUIFAJIBIKTBIH apTYbI CY KBICBIMBIH KOTEPIIl,
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THIMJII KepHeyi a3aiTansl. bys pereHimi3 KaliTakaidTa OonaThIH My3Jall KaTy
JKQHE epy IpOIeci TOMBIPAK KYPBUIBIMBIH 9JICIpeTiM, OCpiKTIriH TOMEHIETEe].
CoOHZBIKTaH KBICKBI (My3JaHFaH/)KapThlIail My3/IaHFaH) JKOHE KOKTeMI'1 (CyJIbl,
epireH) jkar1aiaapibpl CaJbICTRIPMAIbI TYPJE OJIIeY MaHbI3bI [7].

AliMaKkTBl KapTanay, 30Hajlay JKyMbICTapbl O0ap OOJFaHBIMEH HaKThI,
npoduis sk, 9p 50-70 M OOWBIHIIA THIFBI3ABIKTBIH OMIKTIKIICH Kajail
©3TepeTiHIH DKCHEPUMEHTANBI KOPCETKEH JKYMBIC a3 OOJIBIN ecenTeNiHeI.
Backa Tay xylenepingeri kei0ip 3eprreyiiep/e OMIKTIKIIEH THIFBI3ABIKTHIH
e3repici Oalikaica jma, OyJi yplic >KeprilikTi reojorus MeH IMeriHiai
TapUXbIMEH KaTThl Moaudukanusianansl [6]. Conapikran [ne AatayblHbIH
LIBIFBICBIH/IAFB] JIOKAJIBBI MPOQUIbJACHICHIETT IKCIIEPUMEHTTIK JAEPEKTEp
MaHBbI3/IbI POJT aTKApabl.

Ochl JKepJie TIPKEITCH COHFBI ipi KOIIKIH OKUFACHI OCHI KBUIIBIH OachIHIIA
OOJIIBI J)KOHE OCHI 3¢PTTEY/IIH HETI3T1 JAIANIbIK ChIHAMANIAP HETi31 00JIBIT TaObLIA B
Komna 6ap ecenrep MeH anajiblk Oakpliayapra colikec, KaHbIKKaH KOJTFOBUAIIIBI
Marepuai MeH TiK TPaJMeHTTIH TipKeciMi MaccaHbIH OeJIiHy1HEe KOJIaiiIbl JKarjai
TYFBI3FaH KeJIOCYIIiH JKOFap¥bl Oedirinne OactanraH. KeIkiH >KOJIBIHBIH CHI
MUKpoTororpadusira OaiyianbicTl mamamen 15-ten 40 merpre Jeilin esrepii
[8]. Byt cunarramanap lne AnarayblHbIH aJIbIHFBI 3€PTTEYJICPIHJIE CHIIATTAIFaH
YKcac KeIIKIHIepre ColKec Keledi. byl OKuFaHbIH ocepi alfTapibIKTail OOJIIbL.
OKIHIIIKe Opaif, KenOey/[iH KeHEeTTeH Oy3bUTYbIHAH YIII a/IaM Ka3a TarlThl, ajl KOKbIC
aFBIHBIHBIH KO3FAJIBICHI JKEPrUTIKTI MHPPAKYPBUILIMHBIH Y4acKeJiepiHe, COHBIH
IIIH/IE )KOJIIAPMEH MEH KOMMYHAJLJIBIK JKeJIiIepre 3aKbIM KeNTip/ii. 3ap/ar eKKeH
KaybIMJACTBIK KOJIKTETl aKayyap jkoHe OipHelle Yi HIapyambUIbIKTapbIHbIH
yaKpITIIIa KOHBIC ay1apybl Typajibl Xxabapiaasl. Mynnaii cannap lne Anaraybinna
CHpeK eMec Jietl aifta anambl3. Coil ce0enTi HaKThl y4acKe/IeH aJIbIHFaH TOIIBIPAKTHIH
(u3MKaIBIKMEXaHUKAJBIK MTapaMeTpiiepal nainanany Kayinrti azadTy >koHe
WHXKEHEPJIK IIemimMaep yIiH menrymi oosnsin tabbutaapl. Herizinge ockr lie
AnaraybIHbIH HIBIFBIC OCTKEHIHAETT TONBIPAKTHIH (U3NKAIBIK-MEXaHUKAIBIK
KacHeTTEpiH KaJIbINTaCThIPaThIH HETi3r1 (hakTopiiap/bl atan airap 0oscax:

Bipinmi, Ouik Taynsl KIuMar — OyJI, TemMuepaTypa ailblpMamblIbIFbI
TOIBIPAKTHIH JKapbUTybIHA, YTLTy1HE QKeJeIi;

Exini, Kap cynapbl — MayChIMJIBIK BUIFAJIaHy MEH KailTa Kary-epy
LHUKJIIAPbI OCPIKTIKTI TOMEHACTEI];

Yuinmr, xkep OeepiHiH TiK O0JIybl — KOIKIH, ChIPFbIMAaJIap TYFbI3a/Ibl;

TepriHuI, TAOUFH JPEHAXKIBIH JICI3AIr — BUIFAJ MOJIILIEP] )KOFapbl 00J1a, bl
JereH Il Ouipeni;

XaJbIKapaiblK 9/1e0MeTTep 1€ MayChIM/IBIK I'HIPOJIOTUsl, MUHEPATIOT Ul J)KOHE
MEXaHHWKa apachlHJAaFbl OailllaHbICTap bl HAKTHI KepceTeni [9]. Ay oTaHIBIK
3epTTeyJiep alMaKThIH I'e0JMHAMHKACBIH J)KoHE KapTanay/sl oepeni. [lerenmen,
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MPOGWIBIIK KOHE MayChIMapajblK SKCIEPUMEHTTIK MEXaHUKAJIBIK JIEPEKTep
xericneiini [10; 11]. Ockbuiaiima, XaabIKapaliblK 9IICTEMEHI JKEPTUTIKTI HAKTHI
LIapTTapra KOJJaHblI, TPOQHIbIIKMAYCBIM/BIK IEPEKTEP aly MaHbI3bl apTaIbl.
3epTTey KYMBICHI OapbIChIH/Ia aHBIKTAJIFaH FRUIBIMU3EPTTEY OJIKBUIBIKTAphI aTall
aiirap OoJcak:

COHFBI KOIIKIH OPBIH ajfaH aiiMakTaH npo¢puis O6oibiHma (50-70 M
WHTEPBAJIMCH) aJIbIHFAH JKYHEJ THIFBI3IBIKOMIKTIK OailIaHBIChIHA KATBICTHI
9KCIIEPUMEHTAIIBbI IEPEKTEP OTE HIEKTEYJII.

bipaeit ynrinep OoMbIHIIA KHICKBI KOHE KOKTEMT'1 JKaF1aiinap/abl CalbICTHIPYFa
apHaJIFaH MayChIMapajbIK eJIIeyJiep a3 Kypri3iireH.

XRDmunepanorus HOTHKENEpiH HaKThl MEXaHUKAJBIK HapamMeTpiepMeH
(c, @, THIFBI3ABIK) Oip MpoQuiIb OOWBIHIIA MHTETPAlMSIIANTBIH XKEPTiJIiKT1
3epTTeyJiep KeTKUTIKCI3.

AWMaKTBIK MOJICNIJIEp 9JIETTE KaJIIbI IapaMeTpiiepre cyieneni, oy
JKEPTUTIKTI KayiNTiH ajJIbIH ajly IapajapblHbIH CeHIMALIITH TOMEHIETE/I].

BizziH 3epTTey jKOFaphlja KOPCETUIreH OJIKBUIBIKTAP/IbI )KOIOFA OarbITTAIIFaH.
[Tpoduis Golibimen (op 50—70 M) anbIHFaH yITiaepai KbICKbI xarnai 28.02.2025
xoHe Kap epyl 14.05.2025 kyHzaepiHjae caiblCThIpMaibl TypAe Tajjaal,
3epTXaHaIbIK (PU3MKAIBIKMEXaHUKAIBIK ChIHAKTap MeH XRD MHUHEpanorusuIbK
Tangayabl KyprizeMis. Bysr Tocin THIFBI3ABIKOMIKTIK KAaThIHACHIH aHBIKTAYFa,
MayCBIMJIBIK, QJICIpey/IiH MEXaHUKAJIBIK KOPCETKIITEepre acepiH Oaranayra xiHe
MHUHEPAJIOTUSHBIH KYLI EH bUIFAJJIBIKKA 9CEPiH TYCIHAIpyre MYMKIHAIK Oepe/i.
KopsITBIHIBI TapaMeTpIep KEepPrilikTi KayinTi Oaranay KoHE MH)KSHEPIIK
YCBIHBICTAp jKacay YIIiH KOJJIaHyFa >Kapam/ibl JIeT ecenTeimis.

Matepuangap MeH dicrepi

byn zeprrey liie AnarayblHBIH LIBIFBIC OOJITIHJIET] COHFBI KOUIKIH
y4YacKeciHe, SIFHU TONBIPaKTap IbIH (PU3HKa-MeXaHUKAJIBIK KACUETTEPIH aHbIKTAY
MakcaTblHJa KYpri3iaai. Marepuanmap peTiHae TaOWFu Karnaija ajablHFaH
TONBIPAK YJIT1JIepi, OJIApAbIH 3epTXaHAIIBIK Tall/Iay HOTHIKEIepl JKoHEe HMHIKESHEPITiK-
TeOJIOTUSIIBIK KapTajap nailanaHbulibl. YJITIIEepAiH TaOUFu KYPBUIBIMBI
Oy3bpUIMaraH KYHae CakTalybl YIIIH FepMETHKAIBIK HMIHHIPIIK KOHTEHHEpIep
KOJIIaHBUIABL. 1-CypeTTe KepceTinreHaeil 3eprrey aaicTeMeci ym Herisri
Ke3€H/1i KaMThI/IbI.
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L M . Yurinmi ke3eH: Tanjia;
Bipinmi kezen: Exinmi ke3en: ‘ H ay
HOTIDKETICPIH OHCY XKOHE
JlasalbIK 3epTTeyiep 3€pTXaHaIBIK PIH OHICY
TaJIJ1ay )KYMBICTapbl MHUHCPAJIOTUAIIBIK

KkypamubiH PDF kapracbin
wacav

I-cyper — 3epTTey axicTemMeci Ke3eHaepi

Bipinmi xe3eH, AalalblK 3epTTey KYMBICTaphl. By Ke3eH e TOMBIPaKThHIH
KYpaMbIH aJJIbIH aja Oaraiay, TeoMOp(OIOTHIIBIK JKaFIaiIbl CHIIATTay, JKep
OeznepiHiH TIK eJmeM/epiH aHbIKTay KYprisiiai. GPS Kypeuirbsuapsl apKbUIBI YIIT1
AIIBIHFaH HYKTEJIePIiH KOOpIMHATTAPHI OenrineHai. Tonplpak KaOaTHIHBIH TAOUFH
TBIFBI3IBIFBIH, BUIFAIIIBUIBIK JOPEIKECIH JKOHE KEep acThl CYJAPBIHBIH JCHTCHIH
AHBIKTAY VIIIiH JAJIATBIK MEH3epIIep MEH bUTFAN OIICTIITep KOMTaHbULAEL. Jara
JKYMBICTaphI €Ki MayCBIMAIBIK Ke3eHIE JKy3ere achIpbuIasl: 28.02.2025% — KBICKBI
Karmaid skoHe 14.05.2025x. — Kap epireHHeH KeWiHT1, KOKTeMT1 xkaraai. KympIc
OapeiceiHma Oencerni nmpoduns OodbHmA op 50-70 M WHTEpBaNIa ajJbIHFaH
YATLIep HETi3iHAe TOMBIPAKTHIH (PU3MKAIBIK MEXaHUKAJIBIK KACHETTEPiHIH:
TBIFBI3IBIK, BUTFAJIIBIK, 1ITKi YHKEJTiC OYPHITIIEI ( KOHE T.0. MEH MUHEPAJIOTHSITBIK,
KypambIHEIH (XRD) OWIKTIK TIEH MayChIMFa TOYEJAi ©3repicTepi OaiKaiIb.
Hana ceiHamackl 3eprrey npodwini OxumMmnuiickas kemeci, 3A, MUKpopaiioH
Tay-Caman, AnmmaTsl Kanacer, 43.191729, 76.967267 koopauHaThl OOMBIHIIA
Kyprizinai. buiktik quamna3zonsr 0oibHIIA | 163M eH Kili OHiKTiK OOJBIIL, aJl TeHi3
neHreitinen ouiktik 1181 M e ecenTeninmi. AjbpIHFaH opOip yaTiiep OOUBIHIIA
PDF xapramap maifbIHIATBIHBIN, MUHEPAIOTHSIIBIK KYpaMIapsl )KOHE OJapIbIH
rpaduK, TuarpaMmmaapsl xacanasl. KockIMIma qepexkes peTinae alMakTa OypeIH
JKYPTI3UITeH WHKEHEPITK-TeOTOTHSIIBIK 3epTTeyIiep, THAPOIOTHIIBIK OaKbLIay
MOTIMETTEpi JKOHE KIIMMATTHIK CHIIaTTaMaiap KOJIIaHBUIIBL.

Janmama ajxplHFaH YATIIEp IUIACTUKKE HEMEcCe METalll HIUIHHApIepre
OpHAJIACTHIPBUIBII, OETKI BI3aKTapIaH KOPFAJIIBI )KOHE O YIITIre HACHTU(PHUKATOP
oepinmi. JlJabopaTopusra TacsiMangay OapbICBIHIA BUIFAIIBIK TICH TEMIIepaTypa
JICHIeHiH caKTay YIIiH CaKbIH Kall KOJIIAHBULIBL. 3epTXaHaFa KeJill )KeTKEHHCH
KeliH op YITiHIH OacTarKbl MacCachl, KeHiH KeNTipUIreH Macca OIIICHIT )Ka3bUIIbL.

ExiHmmi ke3eH, 3epTXaHaibIK Tainayiaap. OuU3HKaIbK KACHETTEPli aHBIKTAY
YILIiH TOMBIPAKTHIH TaOWFU THIFBI3ABIFEI, KYPFaK THIFBI3JBIFBI, KCYCKTIIIK
k03 PuUIHeHTI, TAOUFH KOHE IMICKTI BUIFAJIBUIBIKTAPEI CTAHAAPTTAIFaH
omicTeMernep OOMBIHIIA oIIeH 1. MeXaHUKaJIbIK KACHEeTTeP/Ii aHBIKTAY YIIIiH KeCy
6epikriri, xore3us (C), imki yikenic OypsIsl (), mery Ko3GQHUIHEeHT] KaHe
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CBIFBUIFBIIITBHIK MOJLYJIl @pHAKBI IPECC-KYPBUIFbLIAP apKbUIbI aHBIKTAJIIBL. 3EPTTEY
onictepi OolibiHIIa Gu3ukaibK Kacuerrepi GOST 12248.32020 cranpapThiHa
colikec purFanabIK (W, %) — oven-dry oxici OoibiHIa: W = (BUIFAJI Macca —
Kyprak macca) / Kyprak macca x 100 % (opmMyiiacbiMeH aHBIKTAICA, THIFBI3/IBIK
(p, g/em?®) — kyprak Macca / yiri kejemi (yiIri [MUIMHAPIHIH KejaeMi apKbUIbl):
pd = Kyprak macca / kejaem (HOpMYIIaCBIMEH SCCIITEITIH/II.

1-cypeT a/0 — TOBIPaKTHIH OJIIICHY TpoIieci

A1, MEXaHUKAJIBIK KACHETI MHHEPAJIOT USUTBIK KYPaM/Ibl aHBIKTAY 9JTiCTepiMEH
XKy3ere achlpblULAbl. MUHEPATOTHSIIBIK KypaM OOMBIHIIA OapiblK TaHJAIFaH
yarinep yHTakransin, Xray diffraction tammaysr etkizinmi. CoHBIMEH Katap
(HM3HKAITBIK J)KOHE MEXAHUKAIIBIK CHIHAKTAP YIIiH KOJIAHBUIFAaH CTAaHIapPTTap.Ibl
aran aiditcak: GOST 12248.32020; ASTM D248717; ASTM D3080 / D4767 T1.0.

Y1iHnn Ke3eHIe alblHFaH 3epTXaHaIbIK MATIMETTep JKYHeIeHiI, oJapIbpH
WHKECHEPITIK YKOHE MHHEPaJIOTHSIIBIK TYPFBIIAH HHTEPIPETAMACH! XKYPTri3iii.
AnyieiMeH 6apibIK GHU3HKAIIBIK )KHE MEXaHUKAJIBIK TapaMeTpliep re0TeX HUKAIIBIK
periaMeHTTepre coifkec CTATUCTHUKANBIK OHICYICH OoTTi. SIFHHU, opTama
MOH/Iep, BapHanus Kod(GUIIESHTTEPl, CTAHAAPTTHI ayBITKYJIap MCH CEHIMIUTIK
WHTepBaIapsl ecenteiinai. byn Gactanmksl TajnaynaH KeifiH TONBIPAKTHIH
KYPBUIBIMJIBIK €PEKIIeNIKTePiH, TYPAKTBUIBIK KOPCETKIMITEPiH KOHE OHBIH
TeOMEXaHUKAIIBIK KACHETTEPiH Oaranayra MyYMKIHIIK Oep/Ii.
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2-cypeT a/0 — TOIBIPAKThI 3€PTXaHAIBIK OHJICY MPOIIECi

Ocpl amicTemMe OOHBIHIIA aTbIHFaH MAJIMeTTep (hazanapaplH KpUCTAIIABIK
KypbUIbIMBIH 3epTTey yiniH Rigaku Corporation (JKanonwust, Tokno) mbrapran
Rigaku MiniFlex 600 mapkanbl peHTTeHIIK AUPPAKUHUSIIBIK KYPBUIFBI
naiiiananbuIabl. MUHEPAIOTHAIBIK KypaMbl OOMBIHINA allbIHFaH MAJIIMETTEep
penrres-¢azansk Tangay (PDPA) xkoHe MHKPOCKOMUSIBIK 3epTTEylep
HOTIDKEJIEpiMEH TONBIKTBIpbULAbL. Tannay kesinge CuKa Typinzeri peHTreH
coyneci Konganelibl, 20 Oypeimibsl 3—120° apanbiFbiHAa CKaHEpIICHl. Omnmey
ke3inzae 20 OypoimbiabH auckpeTTi Kagamel 0.01-0.02°, an 6ip Kagamra KeTeTiH
yakpiT mamameH 0.3—0.5 cekyHATH Kypanbl. JKakchl canmaibl Iu(paKsITbIK
JepeKTep ajy YIIiH HUKEJIb MOHOXPOMATOPHl KOJAAHBIIAB. AJBIHFAH
mudpaxrorpammanap PDF-5 maniMertep 6a3acbIMeH calbICTBIPBIIIBL. bapibik
aneiaran pepexrep (Topirak.docx, PDFcards, n1abopaTopusuibiK sKypHaiaap)
CaKTaJFaH )K9HE KOCBIMIIIA TEKCEPICTEp YIIIH KOJDKETIM/II.

JKyprisinren enaey HoTHXKeciHAe Lire AnaTayblHBIH INBIFBIC OeIiriHAeTI
TOTBIPAKTHIH MUHEPAIOTHSIIBIK KYPBUIBIMBIH KOPCETETIH TOJNBIKKaHasl PDF
(opmaTTarsl KapTa xKacanpl. by kapraga MuHepangapAbIH Tapary alMakTapsl,
oJIapJbIH 0achIMABIK ACHIeHIepi, MOpeHANbIK, JCTIOBUH-TIPOIIOBUIN JKoHE
QITIOBUH IIOTriHAIIepiHACTT MUHEPAIABIK ailbIpMaIIbUIBIKTAp KOPHEKI Typle
6enrinenni. KyxaT HHKeHepITiK-reoorHsIIbIK Tajlayiap/a, KypbllbIc alaHIapbiH
TaHIay Ke3iH/Ie )KOHE TAOUFH KayilTi allMaKTap Il Oaranayia MaHbI3 bl aHBIKTaMa
MaTepHalbl peTiHAe KoJimaHyra Ooxianbl aen kepcere anaMbi3d. Ochliaiiia,
YIIiHIII Ke3eH TEK CaHIbIK OHJCY/i FaHa eMeC, COHBIMEH KaTap TOINBIPAKTHIH
MHUHEPAJIOTUSIIBIK TAOUFATHIH KEHICTIKTIK TYPFBIIaH BU3YaJIU3alUsuIay apKbLUIbI
alMaKTBIH T'€0JIOTHSIIBIK MOJICTIIH HAKTBUIAN TYCTI. ByJ1 3epTTeyNiH HHKeHepIiK
YKQHE FBIIBIMHA MaHBI3/IbUIBIFBIH apTTHIPHIIL, TONBIPAK KAOATHIHBIH MTai1a 00Tysl
MEH KacHETTEpiH TepeHipeK TYCIHAIpyre MYMKIHIIK Oepei.
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Hotm:kesep koHe TaTKbLIAY

Inme AnmaTtayblHBIH HIBIFBIC OOJIITIHEH allblHFaH TOMBIPAK YJTiJIepiHe
JKYPTi31ITeH 3epTXaHalbIK J)KOHE JalaliblK Talljayjap TONbIpaK KaOaThIHBIH
(pU3MKAIIBIK, MEXaHUKAJIBIK YKOHE MUHEPAJIOTUSUIBIK EPEKIICIIKTEPiH aHbIKTayFa
MYMKIHIIK Oepai. 3epTTey HOTHXKeNepi allMaKThIH WH)KEHEPIIiK-T'€0JIOTHSIIBIK
JKaFIalibIHBIH KYpJelli €KeHIH KepceTTi. bapiiblk ManimMeTTep KyHemneHir,
OeJriyieHreH TonbIpaK TYPJIEPiHiH HEeTi3r KOpCeTKIITepi KeNTIpii.

ite AnaraybIHBIH NIBIFBIC OOJIITiHACTT TPOQUIL OOWBIHINA 5 TOMBIPAK YJITiCT
eki mep3imae anbiabl: 28.02.2025 (kpic) xone 14.05.2025 (kekrem, Kap epy
KE3CHi). Op YJTIi YIIiH JalallblK/3epTXaHANbIK KaFaaia ThIFbI3IBIK (P, I/CM?)
JKOHE BUIFAJIBUIBIK (W, %) aHBIKTANbl. MUHEPAIOTHSIIBIK KypaM PEHTIEHIIIK
¢azanbik Tanpay (POA/XRD) apkeiibt 6aranannsl: Rigaku MiniFlex 600, Cu Ka
(L= 1.5406 A), 20 = 3°-120°, kagam 0.01-0.02°.

Bipinmui nanansi cbiHama skymbIchinaa 28.02.2025 kyHi ajblHFaH Oip YITiHIH
HOTHXKeEJEp 3-CypeTTe KOpCceTIreH.

— Me1 Topinak.asc
|00 = 1. Inc Sulfide (B%)
— 2. Geimanium Oxde (53%)

600 — 3. Silicon Quide (38%)

Intznsy

" |- L bodbe b eoodlhe o aib hm

T W T T I W T T L L I L R U L R R BT S
"y Vy Vgl iy LTI BT L B B U LM
4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 3B 40 42 44 45 48 50 52 54 56 58 60 62 F4 66 63 TO 72 T4 76 78 80 B2 84 86 88
nn
© 2025 International Centre for Diffraction Data. &Il rights reserved.

~ *Me1 Topirak asc = Zn §- 01-DB6-BAT1 (Cale) — Ge 02 - 04-007-4T08 (Cale) — Si 02 - 04-008-7654 (Calc)

r

3 (a) cypet — Nel TompIpak ynTiciHiH IN(PAKTOMETPHSIIBIK TAIAAYBI

s

3 (9) cypet — MuHepanabIK KypaMbl
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3 (6) cyper — PDF kapraceiHaH y3iHi

Huarpamma Xray diffraction (XRD) HoTmXKenepi peTiHae KOPCETiNTeH.
MyHa KBI3bUI KUCHIK — OJIIIEHTeH Nu(pakTorpaMMa (MHTCHCHUBTLTIK 1eH 20),
TeMeHieri BepTukanbIpIK mrpuxtap — I[CDD PDF kapranapeianarst pedepeHcTik
MUK, Opi OH JKaKTaFbl «pie» Auarpamma — OarmapiiaMaliblK Oaraniay OOWBIHIIIA
(hazamapabIH KapThUIAHCAHIBIK YIIECTEPI.

3epTTeye KYpri3iireH chiHaMaIap apKbUIbI AIIBIHFAH S5 YIATIHIH KBICKBI )KOHE
KOKTEMT1 OJIIIIeyJIepiHiH HeTi3T1 KOpCeTKIMTepiH |-KecTeneH kopyre 00omasl:

1-xecte — JlamanpIk ChIHAMa HOTHKENepi

Yuri | buiktik, | Tere3abiK, | bluranabuibik, Herisri ¢asa TycinikTeme
M % (PDF)
28.02.]14.05.|28.02 | 14.05.
1 1163 1.82 | 1.76 | 7.5 15.2 | GeO, MaycpIimapaibik
(040074708); BUTFaIT KOOero1
SiO, (040087654) | — TYpaKThLIbIK
TOMCHIEA1

2 1220 1.86 | 1.79 | 6.8 17.0 | SiO, (040065049) | KaTThl KBapUTBIK
Kabat —
CaJTBICTHIPMAJTBI
TYPaKTBUIBIK

3 1280 1.78 | 1.70 | 8.9 18.5 |SiO2 + Oprama

KAl silicate OCaJIIbIK,
BUIFAJIFa
cesimTal
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4 1345 1.74 | 1.66 | 9.8 20.3 | Mixed Ocan kabat —
(colluvium) JKOFaphbl BUTFAI,
ToMeH pd
5 1410 1.69 | 1.60 | 11.2 | 22.0 |Finegrained/ EH on1ci3: Tomen
AuLiNa traces TBIFBI3]IBIK,
(000501027) JKOFaphl
BUIFAJIJIBUTBIK

1-kecTene KbICKbI )KOHE KOKTEMIl OJIIeyjiep HOTHXKeepi KUHAKTAJIFaH.
Hepexrep Oapibik ynrinepae kekremae (14.05.2025) purFranabUIbIKTBIH alKbIH
©CKEHIH, aJl THIFBI3/IBIKTBIH TOMEH/ICT€HIH KOPCETTI.

Oprama MoHep OOlbIHIIA:

Kbic: p = 1.778 r/em®, w = 8.84 %

kekTeM: p = 1.702 r/cm?, w = 18.60 %

MaychiMapalibik e3repic: Ap =—0.076 r/cm®, Aw =+9.76 %

SIrHU, Kap epy Ke3eHIHIe Cy CiHyl TONBIPAKTHIH KOJIEMJIK KYHiH
«0OCaHCHITHII», BUIFAIABUIBIKTBIH apTyblHA OalIaHBICTBI THIFBI3JIBIK
TOMEHICUTIHIH KOPCETe/Ii.

Yurinep OolibIHIIIA HAKTBHI ©3repic:

Ne1: p 1.82 — 1.76 (—0.06), w 7.5 — 15.2 (+7.7)

Ne2:p1.86 — 1.79 (-0.07), w 6.8 — 17.0 (+10.2)

Ne3:p 1.78 — 1.70 (—0.08), w 8.9 — 18.5 (+9.6)

Ne 4:p 1.74 — 1.66 (—0.08), w 9.8 — 20.3 (+10.5)

Ne 5:p 1.69 — 1.60 (=0.09), w 11.2 — 22.0 (+10.8)

[Mpodune GoiipiHIIa OMIKTIK apTKaH CaWbIH THIFBI3IBIK TOMEHJEI,
BUIFAJIJIBUIBIK ©ceTiHl Oaiikanansl (Ne 5 yari — eH >Korapbl OMIKTIKTE jKoHE
€H JKOFaphl BUIFAJIJBUIBIKIIEH €H TOMEH THIFBI3AbIKKA Ke). by npoduibiaig
JKOFapFbl OOJIIKTEPiHJIe CyFa KaHBIFY SCEPIHEH «aJICi3 KadaTTap/AbIHy) KaJbIITacy
BIKTUMAJIJIBIFBIH KYILEHTE .

OU3MKaIBIK KOPCETKIITEP/Il KOHE MUHEPAJIOTHSUIBIK CUIIaTTaMaHbl Oipre
TaJ1/lay MbIHaHbI KOPCETE/1i: KOKTEM/IE bUIFAIIIBIH KYPT ©CY1 TOIBIPAK KYPhLIBIMBIH
asciperin, acipece maiina Gpakiuschl 0achbiM (KOJUTOBHILTIK/ ISTIOBUIAIIIK)
MaTepuangap/Ja OpHBIKTBIIBIK TOYEKeNliH apTThIpajibl. 1-KecTeneri Aepekrep
Goiipiama Ne 4-5 yirisiep opHaysiacKaH aiiMak »OFapbl bUIFIIBUIBIK + TOMEH
TBIFBI3JIbIK KOMOMHAIMSCHIMEH €PEKIIENICHIIT, KOILIKIH/IIK IIPOIIECTEP TYPFhIChIHAH
KayinTi («aJciz») Kabarrapra colikec Keliedi. Al KBapITHIK KOMIIOHCHT 0achiM
kabarTap (Ne 2—3) caibICTBIpMaIbl TYpAE TYPAKThIpaK MiHe3 KOPCeTyl bBIKTUMAJ.

MuHepanorus KoHe MEeXaHUKaJIbIK OaiinaHbichiHA Kelep OoJicak,
XRDrannay kepcetkenzei, kpapubaraapisl yirinep (SiO,) renepanisl Typae
JKOFapbl THIFBI3JBIK XKOHE jKOFaphl @ kepceTkeH, an GeO,0aii yirizep MeH
Maiiia Oemnmiektepi Oap yiariiep bUIFasFa ce3iMTai 0oJbin TabburaH. Keitbip
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yorrinepne (Mbicabl, 4 IeH 5) MeTaIbIK XoHe Ty3/bIK (aza Oenrinepi (Au,LiNa,,
AIlSb) anbikTamapl. Onap MEXaHHUKAJIBIK KACHETTEpPre Typa dcep eTmeiii, Oipak
MaTepHaIIbIH KYPBUIBIM/IBIK JKOHE TEOXMMUSUIBIK KACHETIH CHITATTaHIbl.

Oceplnaiinia anblHFaH 0apiblK (QU3UKaANBIK-MEXaHUKAJIBIK JKOHE
MUHepaJIorusuIbIK, kepcetkimrep (28.02.2025 xone 14.05.2025) npodwmibain
Kazipri KyHiH — J9J1 coJl 3epTTey aiiMarblH[a OPbIH ajfaH COHFbl KOIIKIHHEH
KEHIHT1 J)KOHE YJriIep aJbIHFaH ME3eTTErl HaKThl TeOMEXaHUKAIIBIK KaFIai bl
cunatraiapl. KXunanran Hotmkenep lie AnartayblHbIH HIBIFBIC OOJIiriHe
TOMBIPAKTHIH OPHBIKTHUIBIK ICHICHIHIH OPKEJIKi CKeHIH KopceTe . by nepekrep
WH)KCHEPIIK 0arajay MEH TYpaKTaH/bIpy OOWBIHIIA HAKTHI )KOHE MTPAKTHKAIIBIK
mienrMaep a3ipiaeyre MyMKiHAiK Oepei. SIFHU, ca3/bl TONMBIpaKTap OpHaJIaCKaH
aliMaKkTapjaa bUIFaJAaHy Ke3iHJe TYPaKChI3JbIK KyIIeleal )KoHe KYMJbI
KabaTTapbIHBIH JAPEHAXIBIK KACHET] jKaKChl, OipaK CyFa KaHBIKKaH JKaraaiaa
KOILKiHre OeliM eKkeHl aHbIKTa bl JKYpri3uireH )ymbIC MaJTiMETTepiHe cyleHe
OTBIPBII, MOPEHAJIBIK JKBIHBICTAP €H TYPAKTHI JKOHE MHKEHEPJIIK KYPBUIBIC YIIIiH
KoJ1ailsbl KabaT OOJIBIN TaObLIa (bl IeT aiiTa ajJaMbl3.

3epTTey HOTHIKEIEpi CHIC OOWBIMEH KYPFaK THIFBI3JABIKTBIH OMIKTIKKE
KaTBICTBl alKBIH TEPIC KOPPEJSIIUSICHIH KOPCETTi: TOMEHT1 Oenjeynepie
pd canbICTBIpMaIIBI XKOFApBbI, ajl JKOFapFbI OelieysIepie TOMEH ey YpAici OachiM.
Byt 3aHIBUIBIK JKEPTUTIKTI MOTIHAI KOUBUIBIMAAPBIHBIH MOP(POMETPHSIIBIK
€pEeKIENIIKTePIMEH JKOHE TachbIMalJIaHy MPOLECIHJE KYPETiH BEPTUKAIIbIBIK
¢dpaxkuusutanyMeH yitieceni. Aysip opi ipi ¢pakuusigap (KYM-KHBIPIIBIKTHI
Marepuall) rpaBUTAlMSUIBIK KaiiTa OPHBIFY MEH aFbIHJIBIK TACBIMAJI/IbIH SCEPiHEH
TOMeHT1 OeJiKTep/ie KoOipeK 1erei, al )KOFaprbl OeiKkTepe Maia OeeKTi
(maHIBI-ca3 bl ) KOMIIOHEHTTIH YJeci aptas [6]. Ocbuiaiiina, mpodris OOWbIHIIIA
TBIFBI3JIBIKTBIH OMIKTIKIIEH TOMEHJIECYl TeK Ke31eHCOK aybITKy eMec, IIeriHi
TY3ULyiHIH 3aHJIbI CaJ/lapbl €KeHI CTATHCTHKAJIBIK TYPFbIJa pacTaiabl.

Ou3MKaNbIK JXKoHE (U3MKAa-MEXaHUKAIIBIK KOPCETKIITEPAIH KeH ayKbIMJIa
e3repyi TOMBIPaKTaAP/IbIH KeHICTIKTIK OpTYPIIUIIITiH )KaHE 0Jap bl HHKEHEPIIK
TYPFBIIaH OpKeNKl KyWiH momengeifi. ToIFbI3naily MOAYIIl JKOFaphl JKoHE
KYPBUIBIMBI «KaHKaJIbD» (ipl CHIHBIKTBI) ydacKesep, 9AeTTe, KOHIIIOMEePaTThl
HeMece 1pi CHIHBIKTBI Tay JKbIHBICTapblHA KaKblH aiiMakTapnaa OaliKayiajbl.
MyHpaii kabarrapaa KybICTBUIBIK TOMEHIPEK JKOHE JPEHaXABIK KacHeT
CaJIBICTBIPMAJIBI )KaKChI OOJIFaHBIKTaH, OJIap HHXKEHEPIIK KypbUIBIC YIIIiH Oipriama
KOJIAWJIBI JIeTl KapacTelpyra Oonajisl. Kepicinmie, Maiina ¢paknusicel 6ackiM,
LIaHJIbI-Ca3/ibl MaTepHaap bUIFaliFa ce3iMTal OOJIbIIT KeJle/li: CyFa KaHbIKKaH1a
GaitnanpicTap ancipen, OepikTiK mapamerpiepi TOMEHIEH i, collKeciHme
JneGopManusUIaHFBILTHIK apTaabl. COHIBIKTaH MYHJAil aliMakrapna iprerac,
€HIC TYpaKTaHJbIPY, APEHAX XKoHE Cy Oypy CHSIKTBI KaTaH IeOTEXHHMKAJIbIK
mapanap Kaxert [9].
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Berkeii MarepuaiblHBIH OCPIKTITiH aHBIKTAUTBHIH (aKTOpiiap KaTrapblHa
JKAPBIKIIAKTBUIBIK, YTy JIOpEkKeci, Cy PEXHMI KOHE SKCIIO3ULUSHBIH POl
epexie. KaTTel sxapbIKIIaKTaHFaH 9pi YrUlin-KOHBUIFAaH XKBIHBICTApAA TYHipiiep
apachlH/arbl OailylaHbIC 9JICi3 OOJIFAHIBIKTAaH, OJlap MEXaHHMKAJIBIK dcepre Te3
xayan Oepeji jkoHe ocaniblk apraabl. Cy pexxuMi (Kap jKaMbLIFBICHI, €piTy
JMHAMUKACHI, OETKEIIIIK aFbIH )KoHE HH(MIBTPAINsI) MayChIMapallbIK JICIpeyaiH
HEri3ri JapaiBepi OOJBIN TaOBUIAIBI: Kap epIireHIe CyFa KaHBIFY OCil, KeyeK
KBICBIMBI JKOHE THPOCTATUKAIIBIK dCep KyIIehe/i, HOTH)KECIHEe THIMIII KepHEey
TOMEH/ICII, KUFbUIAyFa Kapchl Typy KaOineri kemuai [7]. DKCHO3HUIKS KYH
paIuanusIChIHBIH TYCY1H XoHE Kap/IbIH CaKTaly Y3aKThIFbIH ©3r€pTy apKbUIbI OCBI
MIPOLIECTI KYLIEHTYl MYMKIH: COJNTYCTIK 3KCIIO3MIMsIIap/ia Kap y3aK CaKTablIl,
KOKTEeMT'l epiTy «OipTyTacy cyra KaHBIFYJbl TYJbIpCa, OHTYCTIK OeTKeiiepie
Te3ipek keOy 0alKaaybl BIKTUMAIL. Bi3/iH MPOQUIIBIe IKCIO3UIHSIFA OailTaHBICThI
JIOKaJIBJIBIK aibIPMAIIbUIBIKTAP BIIFAJIABUIBIK II€H THIFBI3ABIKTBIH BapUAIUSCHIHA
KOCBIMIIIA YJIEC KOCKaHbI OalKa/Ibl.

CoHFB KOMKIHMEH OallaHBIC XOHE CHIPFY KaOaTBIHBIH
(u3MKaIbIKMEXaHUKAJBIK MapaMeTpJiepiH JalajblK ChlHaAMa 3epTXaHaJbIK
JIEpeKTepl KOPCETKEHCH, KOIIKIHKIHHIH CHIPFY JKa3bIKTHIFBI KOOIHECE TOMCH
TBIFBI3/IBIK, JKOFAPhI bUIFAJ/IBIIBIK KoHE Malaa OeIeKTi JIMH3anapiad TYpaThlH
kabarTap apkpuibl eTesi. Cou ceOenri, Oyi1 KabaTTap/a ChIPFy iCKe acyra MKeM/Ii.
HakTbl KepceTKimTep KOKTEMIT Ke3eHAer! bUIFAJIBUIBIKTBIH ©CYi TOIBIPaK
MaTepUaJIbIHBIH KYPBUIBIMBIH Al TapJIbIKTal TOMEH/IETIII, CBIPFY KayITiH KYLICHTTI.
By Gaxputaynap npakTHKaNIBIK TYPFBIIAH CBHIPFY MEXaHM3MI MEH KOIIKiHHIH
OacTayblH/A CyJIBIH POJIIH pacTaiiIbl.

Xaneikapanblk 3eprTeyiep [6, 7] Tayiael OeTKelsiepae MayChIMIbIK
BUIFJIJIBIKTBIH MEXaHHUKAJIBIK KOPCETKIMITEpre alKbIHIAIl 9Cep €TeTiHIH
KepceTTi; 0i311H HOTHIKENEp OCBl TY)XKBIPHIMMEH colikec Kenedi. BypbIHFBI
JKYMBICTap/IaH TOMBIPAKTHIH KYpaMbl OUIKTIK Ocljeyiepre 0ailaHbICThI alKbIH
©3TepETIHIH KepceTce, Oi31iH 3epPTTeY HAKThI aliMaK KOOpIMHATACHI OOMBIHINA
MUHCPAIOTUSUIBIK KypaM MCH (PH3HKa-MEXaHUKAIBIK KACHETTEP/Ii, KCHICTIKTIK
3aH/IBUIBIKTap/Ibl TEPEHIPEK aHBIKTAbI.

Orannblk 3eprreyiep [4, 11] lne AnataybiHIarbl KOIIKiH O€JICCHIUTIH
CUIIAaTTal, WHXEHEPIIKIeOJOTHsIIBIK 30HaNay/AblH MaHbI3IbUIBIFBIH aTan
kepcerTi. biznin npoduneaik, MaychIMapalblK 3KCHIEPUMEHTTIK JepeKTep
OyJ1ap/ipl XKEprulikTi HaKThl apaMeTpIIepMEH TOJIBIKThIPabl. COHBIMEH Kartap,
HOpMAaTHUBTIK Kykattap (mbic., GOST 12248.32020, ASTM crannapTTapsb)
0OMBIHIIIA MH)KEHEPJIIK ecenTep/ie KOIJaHblIaThIH (PH3HKa-MEXaHUKaJIbIK THITTIK
¢, ¢, pd MoHJIEpi op aliMaKKa TOH HAKTHI JIIICyJIepre CyleHyl THIC jkoHe 01311iH
aJBIHFaH MapaMeTpiiep OCbl HOPMAaTHUBTIK MOJIEIbAEPIe CHIri3yre Kapamabl
JIOKAJTBIBI MOHACPI Oepei.
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Tankputay HoTHXKeNepi lne AnataybIHBIH IIBIFBIC OOJITIHJETT TONBIPaK
KabaTTapbIHBIH OPHBIKTBUIBIFBI KEHICTIKTE )KOHE MayChIM OOMBIHINA aWTAPIIBIKTAN
©3TepeTiHIH, aJl KOKTEMIl bUIFaIIaHy TYPaKCHI3AbIK TOyEeKeNiH KYLIICUTEeTiHIH
kepcereni. CoHbIKTaH Oyl aiiMakTa KYpbUIBIC, JKOJI cally, €HIC TypaKTaH/ABIPY
YKOHE THAPOTEXHUKAIIBIK HbICAHIapAbl JKo0aliay Ke3iH/ie KeIleH i HHKEeHEePIIiK-
TeoJIOTHSUIBIK 3€pTTeyJiep MIHIETTI Typle XKyprisimin, apeHax/cy O0ypy
Kylenepi, ayici3 kabarrapabl OEKiTy )KoHE MOHUTOPHHI LIapajapbl ajlJblH ajia
KapacThIPBLTYbI KayKeT.

KopbITbIHABI

3eprTey *KyMbICHl OoWbIHIIA [iie AnatayabiH UIBIFbIC OCTKEHiHIETI
TOIBIPAKTBIH (PM3HMKAJIBIK JKOHE MEXaHUKAIIBIK KACHETTEPIH aHBIKTal OTBIPBIIL,
TBIFBI3JBIKTHIH OWIKTIKIICH OaiaHbIChIH Oaraniay opbiHIanabl. OChIFaH
Opai, THIFBI3JBIKTBIH OMIKTIKKE TOYeJNiIiri OOMbIHIIA JKacalbIHFaH HEri3ri
KOPBITBIH/IBLIAP:

THIFBI3ABIKTHIH OMIKTIKKE TOyenaiiiri OOMbIHIIA allbIHFaH HEeri3ri
KOPBITBIHABLIAD TOMEHJIETiIeil: 3epTTey aliMarbiHaa OeTkeil OolbIMEH
TBIFBI3ABIKTBIH OMIKTIKICH Kepi OalIaHbIChl aHBIKTAJbI, SFHU JKOFapHI
Oenyeysepiie THIFBI3BIK TOMEH/CI, TOMEHTI 0OJIKTEp/Ae CaJIbICTHIPMAIIbI
TYpZE KOFapbUIai/bl. Byl 3aHABUIBIK IIOTiH/AI MaTepUaIbIH BEPTHUKAIbIBIK
(dpakuusIaHybIMEH XXoHE OeTKel OOWMBIHIAFbl TachIMajdaHy—KHHAKTAIY
nporecrepimMer Tycinaipineni. [Ipoduis iumiHAe €H ocan HHTepBAJIap PETIHIC
JKOFapFbI OeiKTeperi KabarTtap OpHajIacKaH Oenaeysep OCNTiieHIr, OapabiH
WHXKEHEPJIK TYPFhIaH KayiNTiIiri >KOFapbl eKeHl KepceTui.

KayinTinikTi KyIIeHTeTiH j)KeTeKIIl napamMmerpiep KaTapblHa KOKTeMI1 Kap
epy Ke3eHIHJE BUIFaJIJBUIBIKTBIH apTybl, KYPFaK THIFBI3/IBIKTBIH TOMEH OOJYBI,
ca3/Ibl HEeMeCe CUIITTI KYPBUIBIMHBIH OachIM/IBIFbI, COH/IAM-aK Maiiia OemeKTepIiH
MHUHEPAJOTHSUIBIK Kypam/ia YJIECiHIH JKOFapbl O0iysl jkatazipl. byn dakropnap
TOIBIPAKTHIH 1e(OPMalMSIIaHF BILITHIFBIH aPTTHIPBII, OEPIKTIK CHIIATTaMaJIapbIH
(acipece imKi yiiKeltic OypBIIIBIH) TOMEH/IETY apKbIIbI CHIPFY KayIliH KyIIeHTe 1.
JleMek, MayChIMJIBIK CyFa KaHBIFY PEeXHMi OCTKEHIiH OPHBIKTBUIBIK JICHICHIH
AMKBIHAMTBIH ENTyIi [apTTapbiH 0ipi €KeHl HaKThUIAH/IBI.

CoOHFBI KOIIKIH OKUFAachl KOPCETKEHIEH, allMaKThIKMayChIMABIK JaajbIK
ChIHaMa )KyMBbIC JIEpEKTepi HaKThl allaTThl )KaF/[aiira Tikelel KaTbICThl. AJIbIHFaH
eJIILIEM/IEP JIdJ1 COJI YUACKEHIH TOIBIPAFbIHBIH KYHiH cunarTaiabl. COHABIKTaH
MYHJall JKepriJliKTi eJimeysep WHKEHEPIK HIemiMaepre )XoHe TOTEHIIE
KaFjainapasl 0ackapyra HaKThl SKOHOMHUKAIIBIK JKOHE QJICYMETTIK dcepliepiH
eckepill eHriziiyi tuic. Eckepertin xxaraii 0olbIHIIA OJIIICY/IIH OpTallia MOHJIepre
CYHeHyKe31H/Ie MHKeHEePJIK Oaranay/ja alTapibIKTail KaTesep Ty IbIpybl MYMKIH.
CoHZBIKTAaH KOIIKIHTe ce3iMTall ydackeiepae npoduibaik (sp 50-70 M) xoHe
MayChIMapalibIK (KbIC/KOKTEM) OJIIeyJIep KYHeml Typ/e Kyprisiryi Kaxer.
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W HXeHepItiK-reoIorusIIbIK 3epTTeyJIep i KYyHesl Kypri3yaiH 0acsiMm
GarbITTaps! petinge: (1) MOHUTOPHHT XKYPri3y — bUIFa JaT4uKTepi, nedopmanns
CEHCOPJIaphI )KOHE METeoKarAaiiap/bl y3/1iKCi3 Kalarajiay apKbLIbl €pTe eCKepTy
XKyleciH KaMTamachl3 eTy; (2) KelKiH KayinTi aiiMakTap/bsl Kaprara Tycipy —
TIPOMUIIBIIK IEpEKTEeP Heri3iH/e JTOKaJIb/Ibl Fe0TONOrpadHsIIbIK KapTajap 3ipIierl,
KayinTi Oenpeyiepai HakThl O6enriney; (3) HopMaTUBTEP/i HAKTIIAY — albIHFaH
rapaMeTpliepli Herisre ana OTBHIPBIN, HHXKEHEPJiK HOpMallap MeH jkolanay
TaJlanTapblH aiiMaKTHIK JICHI € Ie )KeTUIIIPY KaXeT Jet ecenrelnesi. by mapanap
KYPBUIBIC, JKOJI )KOHE TYPUCTIK MH(PaKYpbUIBIMIApAbI jKocIapiay Ke3eHiHe
TCOTEXHUKAIBIK 3CPTTCYJICPIIH MIHJCTTI TYPJIC €CKePLIyiH KaMTaMachl3 €T/,

DKOHOMHMKAIIBIK JKOHE aJ]aMU LIBIFBIHHBIH AJJIBIH Ay YIIIH NPaKTHKaIbIK
YCBIHBICTap: T€OTEXHUKAJIBIK 3€PTTEYJIEPAl K00aIay Ke3eHiHAe MIHICTTI Typ/e
€HTI3Y, SSFHU KYPBUIBIC, JKOJ JKOHE TYPUCTIK HH(PPAKYPBUIBIMAAP/IBIH Kobaay.
Epre eckepry kyiiesnepi MEH KOpPFaHBIC LIapaiapblH KOJIIaHY apKbUIbI amnar
BIKTUMaJIJIBIFBIH aliTapIIbIKTall ToMeHeTyre 6onasl. byl mapanap Kbicka sxoHe
Y3aK Mep3iM/Ii 9KOHOMHUKAJIBIK IIBIFBIHIAP/IbI )KOHE a/1aMIapAbIH OMipiHe KeJIeTiH
KayinTepi aiTapibIKTai a3aiTapl.

OcBhl )KYMBIC apKbUIbl ajbIHFAaH aWMaKTBIK JKOHE MayChIMapaliblK
9KCIIEPUMEHTTIK JiepekTep lite AnatayblHbIH IIBIFBIC OOJIITIH/AETT KOIIKIH KayiliH
Oarasiay yIIiH CeHIM/I J)KoHE MPaKTUKAJIBIK TapaMeTpliep il yebiHa bl by nepexkrep
WH)KEHEPJIIKI€OJIOTUSUIBIK Oaranay MEH KayiNTUIIKTI TOMEHJETYy IiapajapblH
JKOcTIapiay YIIiH NalananbulyFa MyMKiHaik 0epesi. COHbIMEH KaTap, FhUIBIMU
HOTHIKEJIEP HAKTHI QJI€YMETTIK JKOHEe SKOHOMUKAIIBIK KayilCi3iK YIIiH TiKeJaen
KoJsiganbutazpl. XKanms! anranza, e AnaTtaybIHbIH IBIFBIC OOITHET] TONBIPAK
KabaThl MHXKEHEPJIIK xKo0asiay TYpFBICBIHAH aca MYKHSAT 3epTTey i Tanan ereai. by
3epTTey HOTIIKeNepl allMaKThIH KYPBUIBIC CAJIAChIH 1A, T€0TEXHUKAIIBIK MOJICIIBIED
Kacay/ia xKoHe TaOUFH KayinTep/ i ajiibiH ajla Oaranay/a CeHIM/II FhUTBIMU 0a3a
peTiHie KOJIaHblIa aJlajibl.

AJnarsl 3epTTeyliep/ie Te0TeXHUKAIBIK MOJICNIbICY/ Il KEHEHTY, KINMaTThIK
@3repicTepIiH TOMbIPAK OPHBIKTHUIBIFBIHA OCCPIH Oarasay, COHIali-aK HHKCHEPITIK-
T'€OJIOTHSIIBIK AEPEKTEP KOPBIH TONBIKTHIPY OAarbITTaphl MEPCIEKTUBAIIBI OOJIBIIT
Tabbutagbl. byn 3eprrey HoTHXKeNnepl aliMaKTarbl F€OTEXHHMKAIBIK jKobanay,
OPHBIKTBUIBIKTBI Oarayiay »KoHE TaOWFM KayilnTepai ajJiblH ana OoJpKay YIIiH
FBUIBIMU-TKIpUOEITiK 0a3a peTiH/e KbI3MET eTe aJlajibl.
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SKCIHEPUMEHTAJIBHOE HCCJIIEJOBAHUE
®U3NYECKUX U MEXAHUYECKHNX CBOMCTB I'PYHTA
B BOCTOYHOM YACTHU UJIH-AJTIATAY

Ononsnesvle npoyeccyl 8 20puvix paiionax Mnu-Anamay ocmaiomes
00HUM U3 HAUbOONee BANCHBIX CTMUXUNUHBIX OeOCEUll, 3ampacudaruux
Mecmuble coobwecmea u ungpacmpykmypy. B oannom uccredosanuu
UBYHAIOMCSL  2e0NI02UMeCKUe, 2eoMOPPONIo2UNecKUe U 2e0MEXHUECKUe
YCI08UsL HedasHe20 ONOJI3HA 8 BOCMOYHOU wacmu peeuona. Hedaenuii
ONOJI3eHb 8 BOCMOYHOU 4ACMU dMO20 pPecUond, NOGIeKUuUll 3a coboul
yejoseueckue JHeepmesl U yujepd Mecmuol uxgpacmpykmype, euje
pPaz  npoOeMOHCMPUPOSAL OCMPYI0  HeoOXOOUMOCHb 6  HAOECHCHBIX
UHDICCHEPHO-2€0NI02UYECKUX OAHHBIX OJIs1 OYEHKU U NPOSHO3UPOBAHUSL
onacrnocmeil. Hecmompsi Ha 6b1coKyI0 uacmomy OnOJ3HesbIX NPOYeccos
6 IMOM pecuoHe, MHO2Ue CKIOHbL 00 CUX NOP HEOOCMAMOUYHO U3YUEHbl
C MOuKU 3peHust QUBUYECKUX U MEXAHUHECKUX CBOUCME 2pYHmA,
PedCUMA  GIANCHOCMU U CE30HHOU U3MeHuusocmu. B cessu ¢ smum
14 mas 2025 200a u 28 ¢hespans 2025 200a Oviiu nposedenvt noiesoie
uccnedosanust 01 omoopa npob pynma uepes peyispHvie UHmMepea.ivl
600/1b NPOOOILHO20 NPOpus. [ oyenKu GU3UYecKux U MexaHuyecKux
CBOUCMB KOLTIOBUANLHO-OUTIOBUATILHBIX OMI0NCEHUL, NPeobadaruux 8
uccnedyemotl oonacmu, OvLiu omoopamHvl 00PA3YbL.

B smom Komwmexcme npoeedenue nonesvlx U J1aOOPAMOPHLIX
uccnedosanull cOOpanHvix 0OpaA3y08 No4Ebl UMeem 0coboe HayyHoe U
npakmuyeckoe 3Havenue. Takue OanHvle 0aiom peaiucmuyryio Kapmury
2COMEXHUUECKUX YCIIO8ULL, NPU KOMOPLIX BO3HUKAEM HEYCMOUYUBOCMb
CKJIOHO8, U CYJHCcam OCHOBOU OISl paspabomku Ooliee MoyHOU OYEeHKU
noosepaicennocmu onoazuam. Oyenxa 63aumoceszu mexncoy 6blcOmol,
NJIOMHOCIMbIO  NOYEbl U HAKONIEHUeM 6ldeu UuMeem peularoujee
3HaueHue OJisi NOHUMAHUSL NPUYUH U MEXAHUIMOSE OOPYULCHUsT CKIIOHO8
6  OUNIOBUATILHO-NPONIOSUANILHBIX — OMILONCEHUSIX, NPeodNadaromux 6
uccredyemoul oonacmu.

Yuumeieass pacwupenue HAceleHHLIX NYHKMOS, 30H OMObIXA U
UHDICEHEPHOU UHDPACIPYKIYPBL 8 NPEO2OPbIX U CPEOHE2OPHBIX PAUOHAX
Hnu-Anamay, nosviutenue HAOEHCHOCMU OYEHKU ONACHOCMU ONOA3HEU
cmano cmpamezuieckum npuopumemom. Takum obpazom, pesyiomanol
9MO20 UCCIEO08AHUSL AKMYAIbHBL He MOIbKO OJisl HAYYHO20 NOHUMAHUS,
HO U Ol COBEPULCHCMBOBAHUSL CUCTEM DAHHE20 NPeOynpexcOeHusl,
1n000epHCKU HE30NACHO20 NAAHUPOBAHUS 3EMACNOIb30BAHUS U CHUNCCHUSL

OYOYWUX COYUATILHO-DKOHOMUYECKUX 3ampam, CESA3aAHHbIX ¢ ONACHbIMU
npoyeccamu Ha CKJIOHAX.

Knwouesvie  cnosa: Hwu  Anamay, onacHocms — onoasmuel,
VCMOUYUBOCMb  CKIIOHO8, KOLIIOGUANbHO-OUTIOBUANbHBLE  OMIONCCHUS],
Qusuueckoe ceolicmea epynma, usMeHeHue NIOMHOCMU, NOLeGOU Omoop
npoo, ce3onHble IPhexmbl GIaANCHOCTU.
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AN EXPERIMENTAL STUDY OF THE PHYSICAL
AND MECHANICAL PROPERTIES OF SOIL
IN THE EASTERN PART OF ILI-ALATAU

Landslides in the mountainous regions of 1li-Alatau remain one of
the most significant natural hazards affecting local communities and
infrastructure. This study examines the geological, geomorphological,
and geotechnical conditions of a recent landslide in the eastern part of
the region. The recent landslide in the eastern part of this region, which
resulted in fatalities and damage to local infrastructure, once again
demonstrated the urgent need for reliable engineering and geological
data for hazard assessment and prediction. Despite the high frequency
of landslides in this region, many slopes remain insufficiently studied in
terms of physical and mechanical soil properties, moisture regime, and
seasonal variability. Therefore, field surveys were conducted on May 14,
2025, and February 28, 2025, to collect soil samples at regular intervals
along the longitudinal profile. To assess the physical and mechanical
properties of the colluvial-diluvial deposits prevalent in the study area,
soil samples were collected.

In this context, conducting field and laboratory studies of the collected
soil samples is of particular scientific and practical importance. Such data
provides a realistic picture of the geotechnical conditions under which
slope instability occurs and serves as the basis for developing a more
accurate landslide susceptibility assessment. Assessing the relationship
between soil elevation, density, and moisture accumulation is crucial for
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understanding the causes and mechanisms of slope failure in the diluvial- FTAMP 29.17.15
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YLWKOMIMOHEHTTIK TA34AP XYWUECIHAET]
MACCATACBIMATIQAYFA ONODYIUATIBIK
KAHAJIQbIH CUTATTbI ©JILLEMIHIH ©9CEPI

Makanaoa — ywxkomMnoHenmmix — 2az0apulHuly — OU@DQY3UsLIbIK
apanacyoagl  MEXAHUKAIbIK — mene-meHOIKmiy — OPHbIKCHI30blIEbIH
bannacmel  eazdap adicimen 3epmmeyi  KapacmoeipvlizaH. Mynoau
Jicytienepde  MaccamaculmManioay OUHAPILIK KOCnaod OauKaimMaumolh
appexmmepmen Kocapracein emeoi. JJugyzusnvik npoyecme apmypii
CYUbImKblu 2azoap Kacuemmepi 0otviHuia OIp-OipiHeH epexewiesemin
eazdap Konoamaowi. bByn adicmiy  apmulKuibliviebl  OUDDYUALLIK
acnanmap MeH 9KCnepumMeHmi Jcypeizy macini ademmeei Oug@ysust
KO3 puyuenmepin enueyoezioetl 60IbIN KAIAObL.

Ywkomnonenmmix 6aniacmol 2azovl dcyluenepin IKCNEPUMEHMMIK
3epmmeynepoe  CYUbLIMKbIW 2a30blH OUD@Y3UAIbIK KAHAL OOUbIHULA
YUPKVIAYUACHL  OPHBIKCHI3 — apanacyobl NmyoblpambvlHbl  0dNENIOEH2EH.
Ocvioan u30mepmoik KONKOMNOHEHMMIK Jicyiienep Yulih OpHbIKMbL
ough@ysusi, MOHOMOHObL JicaHe MepoOeIMeni OPHLIKCHI30bIKIMbIH MYMKIH
bonamvin aumakmapeli Kepcemyee 0onaodvli. Mynoaii KyOwuLisicmap
beneini cytienepoe HaKmol MepMOOUHAMUKATLIK napamempiep MeH
UG@Y3usinvlk  KAHAIObIH — 2eOMEMPUSUIbIE — CUNAMIMAMAIAPbIMEH
Oalnanblcmuliblebl Kelinel 3epmmeynepoe anblKmanobsl.

Hupy3usnvix kananoviy cunammal 6JUeMiHiK KOHEEKMUSMIK apanacy
KAPKbIHOBLIbIZbIHA 2CEPT MEOPUSIIbIK MYPebloan 3epmmenoi. Kanan peminde
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ouixmiel wiexmeyni, macca emxiz0eumin mik YWIUHOP Kapacmvlpolidobl.
Maccanvt macolmManoay pexcuminiy e32epici KpUmuKaublk ouamemp Ke3inoe
opbiH anamovinbl kopceminoi. Teopusinbix Homuoicenep 0,475 He + 0,525 Ar—
N, ocyiiecine srcypeisineen sKchepumMenmmix 0epexmepmen CablChbipbLiObl.
Kapacmuipoiivin omuipean sicyiie yutin oughgysusiioly Y3611yl CoIHObIK,
Juamempi 2,85 mm boneanoa bankanaowL.

Kinmmi ce30ep: Ough@y3usinvl Kanau, yuKoMnOHeHmmi 2as Heyeci,
MAccamaculmanoay, ou@@ysusnvls mypakcol30blk, KOHGEKMUGMI debiH,
KPUMUKATbIK MIH.

Kipicne

DKCIEpUMEHTTIK 3epTTeysep KopceTkeHaeH, nnddy3nsiablk KaHaIIbIH
TeOMETPHSUIBIK CHITaTTaMastapbl T dy3HsUIBIK TYPaKChI3IBIKTHIH Mai1a 00TybIHa
aditapasikTail ocep ereni [1; 2]. Auddy3usablk KaHaJIAbIH Y3bIHIBIFBIHBIH
ocepi muddy3usIaHATBIH KOMIIOHCHTTEPIIH KOHIICHTPAIUSCHIHBIH OCHCBI3BIK
Tapaxysl TypiHze OaliKanasl xkoHe OYJT KaHAT OUIKTIr1 OOMBIHINA THIFBI3IBIKTHIH
9KCTPEMYMBIHBIH 0OJybl MYMKIHJAII'IHE alblll Keyeai, Oys ©3 Ke3erinjie
TP OY3UITBIK TYPAKCHI3IBIKTIH Taiia 00ybIHA BIKIAT eTei [3].

Kanannein OGenrini 0ip Oedirinje mnaiijga 001FaH KypbUIBIMIBIK TY31JiM
ayBIPJIBIK KYIIIHIH ocepiMeH OOiiail OpbIH aybICTHIPAJIbI KOHE IHCCUIIATUBTIK
MIPOLIECTEP/IIH 9CEPIHEH TOJBIKTAIl KOMBUTBII, AN PY3USUIBIK TPOLIECC PETiH/Ie
KOpiHyl MYMKiH HEMECE apHAHBIH OOHBIMEH KO3FaJIbIll, KOHBEKTUBTIK MPOLICCTIH
JlaMybIHa 9KeJTyl MyMKiH [4].

Teopusiiblk ecenrteynepre coiikec, qUMGY3UUIBIK KaHAIBIH MimiHl Panei
CaHbI )Ka3bIKTHIFBIH/IA TTPOLIECTIH CUITATBIHBIH ©3r€PICiH KOPCETETIH TYPAKTHIIBIK
CBI3BIFBIHBIH OPHBIH 03repTesi. MaceneH, erep 1uddy3nsuibik KaHall KaObIpFaiapbl
apKbLIbI Macca ajuMacy OosMaca, OHJa CaHbUIAy TOpi3li KaHan yuiH Panelimin
KPHUTHKAIBIK CaHbI 3 1,2-T¢ TCH, aJI IHIMHPITIK KaHA YIIIiH 0J1 67,95-T1 Kypaisl [5].

bi3nin oWBIMBI3IIA, €pEeKIIe KbI3BIFYHIBUIBIK TYIBIPATBIH Macelie —
T y3UAITBIK KaHAIIBIH CUTIATTaAMAIIBIK OJIILEMIHIH TYpakchi3 TUQdy3usuIbIK
IporiecTiH naiga OosryblHa 9cepiH 3epTTey. by, eH anibIMeH, JaMUHapIIbIK
KOHBEKTHBTIK aFbIC KaHaJ JMaMETPiHIH TOPTIHIII ASpeKeciHe MPOITOPINOHAIIIBI,
an nudGy3usaabIK aFblH YIIIH OYJ TOYENIINIK CKIHIII JopeKeMCH
CHUIATTANIATHIH/IBIFbIHA OaliIaHbICThl. TypaKkchi3 MPOLECTiH KaPKbIHIBIIBIFBIHBIH
JIMaMeTpre TOYeIAIIIr ThIFBI3ABIKTHIH Tepic TPaJUEHTI 0ap YIIKOMIIOHEHTTI ra3
KocrajiapblHa 3epTTenreH [6; 7]. by skymbicTap OeMe TemIiepaTypachIHIa )KoHe
0,1-5,0 MIla KpICBIM apaibIFbIH I KYPri31JIiI, aBTOpIIapbIH Oaranaybl OOWBIHIIIA,
TYPaKChI3 aliMaKKa aybICy KaHasl JuaMeTpi 2,5 MM-/IeH acKaH1a )Ky3€ere acaTbIHbIH
KOpCeTTi. AJl KaHaJl ©JIIIEMi OCbl MOHHEH TOMEH OOJIFaH XKariaiaa, xyie 0apibik
KapacThIPbUIFaH KbICHIM JTHAINIa30HbIH/IA TYPAKThI Kyiie OosFaH.
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0,4924 He + 0,5076 Ar — N2 y#eci yIIiH reiuii MEH aproHHbIH ©TKEH
MeJIIIEPiHIH KbICBIMHBIH >KOFapbliayblHa OaiIaHbICTHI TOYESJIIIT SPTYPIIi KaHaI
JMaMeTpIIepi YIIiH KypAesi cuIiaTka ue 6omapl [6]. bys royenainik MUHUMyMMEH
CHUIATTAIATHIH KUCBIKTap/laH MaKCUMYMMEH CHIIATTaJIaThIH KUCHIKTapFa JeHiH
e3repin oTeipapl. COHbIMEH KaTap, OapiibIK KaHall JAuaMeTpiepl YIIH KbIChIM
aTMoc(depabikKa JKaKblH OOJIFaH JKaraaiaa KomiMri qudGy3usiiblK IpoIece
OaiiKaJIaThIHBI aTall OTUITCH.

KernecixymbIcTa KaHas JMaMeTpiHe OaiiaHbICThI TApIUAIIBIK IIBIFBIH AP/ IBIH
TOYCIIUIIrT 3epPTTEIreH Ke3/e, KaHajl JuaMeTpi 6 MM-JICH acKaHJa TYPaKChI3
MPOLECTIH KapKbIH/BUIBIFBIHBIH ©3r'epiCi TOJKBIH TOPi3/l CHUIIAT allaThIHBI
Gaiikaublm, an U Qy3usUIbIK KaHAABIH quameTpi 18 MM OonFaHia sKcTpeMyM
OatikanraH [7]. KoHIEHTpaUsJIBIK MaKCUMYMAApAbIH Naiaa 0osysl Oip-
OipiHe KapaMa-Kapchl OaFrbITTa KO3FaJaThlH KYPBUIBIMJBIK TY3UTIMACPIH 3apa
opeKeTTecyiMeH TYCIHIIpUIreH, SsFHU OJIap/blH OYTiH CaHbl KaHall MaMeTpiHiH
Oexrii Oip MOHIEPIHJE TY31Iyl MYMKIH.

Makanana mudy3usuIbIK TYPAKChI3 YACPICTIH KaHAJ JUAMETPIHE TOYCIIIUTIr
TEOPHUSUIBIK TYPFbIa 3ePTTEI/I].

Matepuangap MeH dicrepi

KoHueHTpauusuIblK M30TePMHUSUIIBIK KOHBEKIMSIMEH OallJIaHBICTBI ecenTep
KJIaChl, aTan alTKaH/Aa, KYpPaMbIHBIH OIpTEKTUIriHIH OY3bUIYbl HOTHIXKECIH/IE
ayBIPIIBIK KYII ©piciH/e KeHICTIKTIK OIpTeKCI3NIK TYbIHAANTHIH Karaaiaa ras
TOPI3/i YIII KOMIIOHEHTT] KOCIIaHBIH KO3FAJIBICHI, TUIPOIMHAMHUKAIIBIK TEHICYIIEP
XKykeciMeH cunarTtaia/pl. by skyiie KpuTHKaIIBIK canaap apKbUIbl KenTipinesi [8].

oc A
1 ==\ 2 2 2
P, _(”7/)_2-11V o +—=1,V7c,,
4,
oc A
P,—*—(iy)="1,V’c, +V’c
2 5 ( ) A, 21 1 29 (1)
ou - ~
™ =-Vp+Vu+ (R171101 +R,c, )}/ ,
divii =0,
v . Acd*
mynna P, = — — Ilpanaribain 1uddysusisik cansl, R, = gli*’
ii vD.L
— i-11i KOMITOHEHT YHiiH napuuaiabik Paneit cadbl, V — KMHEMATHKAJBIK
TYTKBIPIBIK, T; = ,i] — «[IpakTukansik» nuddysus kodppunuentrepi
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apacblHAAarbl KaTbIHACTbI aHLIKTafITLIH nmapamMeTpliep, ch'o :_Aij/,

Po

L — y3biHbIFsI 5KoHE d — uaMeTpi.

i

1(9
/3,»=£pj ,Po — OpTama THIFBI3ABIK, NUPDY3UITBIK KaHAJIBIH
1).T,C/

Tenneynep xkyiieci (1) a3 mapamerpiep omicimen anbiaran [9; 10]. Onbl
LICHIKEH/Ie, OpTallla €CeNTIK KbUIAMJIBIK ITEH OpTallla MacCallblK TeHJIeyiHIeT]
HaBbe-CTOKCTBIH albIpMAlIBUIBIKTAPl MEH Y3/IKCI3IIK MapTTapbl MaHbI3IbI
00JIMAlTBIHBI €CKEPIITeH.

24 g:é —

&mfﬁj

1-cypet — Illekci3 Tik HUIHHAP

DKCIEPUMEHTTIK 3epTTeysiep COHbIHAA TUPPY3UIbIK KAHAJIBIH LIEKTI
Y3BIHIBIFBI 0ap JKYHeciMeH KYpTri3iiai, MyHIa YII eJIIeM/i KO3FalbicTap
MaHbI3/bl 00J7bl. COHJIBIKTAH JKBLIJAM/BIKTHI KYBIKTaFaH Ke3ae OaplibIK
BEKTOP KOMIIOHEHTTEDIH 1 HOIIEH O3rellie Ier KapacThIpy Kepek. Lumurapiik
KOOpIUHATTAp KYHeciHze, |-cypeTTe KopceTireH e, ¢ O0MbIHIIA KO3FaabICTap
MEH KaTThl LIeKapaiapia KaHaraTTaHJbIPaTbliH Z = th HIapTTapra coikec,
JKBUIIAMIBIKTBIH JKYBIKTAYBIH MBIHAIAH TypAe xa3yra 6omassr [9]:
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u, = i(hz —zz)zu(r)cosn(p,
ur=z@2—22LO)amn¢, 2)
uwzz@z—zzkﬁﬂynn¢,

(n=012...).

Paguanael yHKIMSIIAD ¥, 0, @ UUIKHIPAIH KaTThl Oyiip OeTiHae Hejre
aifHaybl KepeK. Y 3/1IKCI3/1iK TeHAeYiHeH 0Chl (DyHKLMsIIap bl OaiJIaHbICTBIPATHIH
KaThIHAC IIBIFAIbI:

li(ru)JrEco—uzo.
rdr r
Conpaii-ax:
u:‘]n(kr)_rn,
J, (k)

1 , .
=——0\J (kr)=J (k)"
v k]n(k)[ n( 7") n( )I" ]’

3)
n 1
=T (k)-J (k)
o= )= |

MYHJIaFbI Jn (kr) — n-mi perti beccenb GyHKIUACH, an mapameTp k
TeHJICYJCH TaObUIaIbI:

kT, (k)= (n+1)J, (k) 4)

. . C; .
Anramksl exi Tegaey (1) ymin a—l = (0 gen xabGbuigaii OTHIPHIII,
t

KOMIOHEHTTEP/IiH KOHIICHTPAINIAPBIH TEHACYIEPACH TaOaMBbI3:

Ve =-ukK,, i=12
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A,
1_7 T
K, =
e (711 2'122'21)’
()
K. =
’ (711 2'121'21)

¢ = fi(r,z) COSn @ nen ecemnreiimis, erep

2 2
8 {’.}.l%_n_zf; 8 ]: __l Jn(kr)_rn (h2_
or ror r 0z 4 Jn(k)

FK.®

TopurhlK OeTTepae KOHLEHTPAUUUIAPABIH Oy3bUTyJIaphl )KOMBIIAIbI eIl
KaOBII1ait OTHIPHIIL, (5)-TeH KOCHIMIIA MIapTTap IIBIFaIbI — TOPITAPIAFbl SKiHIII

TYBIHABIHBIH 8 f; 2 HOJITe aﬁHaﬂyBI.
Oz

Ochblnaiina, z=xh f, =0,

2

0 j:’ =0. (6)

By mapTTap kemneci KybIKTayAbl TaHAAayFa MYMKIHIIK Oeperi:
fir,2)=(h* = 2°)(5h* = 2°)C,(r), (7)

mynza C, (r) — KOHIIEHTPALUSHBIH PaARAIABIK (yHKIUSICH

C ; (r) 6enriney yrria KantopoBud omicin KommaHaMbI3: (7)-Hi (5)-Ke KOWBIIL,

(YHKUUSHBIH z-Te TOyenai Oemirin KeOeHTim, —/ TIeH / apabIFbIH/Ia HHTETpaaai
OTBIPHIII, KeJleCi TeHACYIep i aJaMbl3:

2
Cl_"+lcl_'_ "o’ Ci:—i M_rn K, ®)
r r 248| J (k)
153
2 .
MyHIA (X~ = , l:1,2.
2h’
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KoMIoHeHTTep KOHIEHTpalusIapblH aHbIKTay Kesinje (8) renupeynepi

ocC,
or

= () wekapabIK MapTIEH MELTili, COHJIa OPTAIBIKTAFbl COHFbI LIELIIM

r=l1

KeJieci Type 0onaibr:

o LK =2 f5i = eosng X{”(a%kz)—azkj’l’(k) SO

’ 24807 (k* + a*)

(1) rermeymnep xyiieciHi meniMi MOHOTOHIBI KOHE TepOenmmernti Oy3pITyIap
aliMaKTapbIH aXKbIpaTaThIH KOOPANHATATIAPAAFH] (ha3alIbIK MIEKAPaATIBIK CHI3BIKTHI
aHBIKTAayFa MYMKIHIIIK Oepei.

KapacThIpbUIbIT OTBIPFAH €CENTiH MOHOTOH/IBI TYPAKTBUIBIK IIEKAPACHIH

AHBbIKTa 1II1H, = — = mapTrTap OpbIHAAJIFraH/a, JKYUECIHIH
YY'VpO,L;Oppp 1) xyiieciui

YILIHIII TEHJEYiH 7 BEKTOPFa CKaJsp Typ/ie KOOeHTin, 1u(dy3usibiK apHaHbIH
V OGapbIK KesieMi OOMBIHIIA HHTET PaIaiiMBbI3:

[@viay + Rz, [u.cdV +R [u.c,dV =0. (10)

bi3 0,475 He + 0,525 Ar— N2 »yiieci YiIiH KaHaJIbIH THAMETPiHIH apajacy
NPOLIECIHE SCEPiH TEOPHUSUIBIK TYPJIE 3ePTTEIK, 01 2-CypeTTe KOPCETIIreH.

HaTum:kenep koHe TAIKbLIAY

3epTreyiepiH HoTHKeNepi OOMbIHIIA, KapacThIPBUIBII OTBIPFaH XKyiele
nmuddy3usiiaH KOHBEKIUAFa ©TYIiH 001y bl OaliKkanaabl. MOHOTOH/IBI TYPAKTHUIBIK,
CBI3BIFBIHAH TOMEH OpHaJlaCKaH allMak TYpakThl TU(Qy3usFa colikec Kenei,
aJl OCBI CBHI3BIKTAH JKOFaphl aiiMak — MU(PGY3MUIBIK TYPAKCBI3IBIKKA CIHKec
Keneai. bi3 ochl ChI3BIKTaH HEFYPIIBIM ANIAKTail TYCKEH CaliblH, KOHBEKTHBTI
NpOIeCC MHTEHCHUBTUIIT )KOFapbllaiiabl (MHTEHCUBTUIIK JETeHIMI3 — OTKEH
KOMIIOHEHTTEP CaHbl). 2-CypeTTe TYpaKThl KbickiM p=2,5 MITa ke3inze ecenrenrexn
SKCIICPUMEHTTIK HYyKTenep kepcerinren. CoHal-aK, erep KaHaJlIblH TdaMeTpi
2,85 MM-ZIcH acKaH Ke3lle, MOJICKYJIajblK TachIMajgayFa KOHBEKTHBTI aFblH
KOChLIa b, 01 AU (y3HsIIBIK MPOIECTI TypaKchI3 eTeai. byn cyperre nnamerpi

125



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

2,7 MM-Te ColiKec KeJIeTiH HYKTE TYPaKThI KYI/li CHIIaTTai bl >KoHE MOHOTOH/IbI
TYPAKTBUIBIK CHI3BIFBIHAH TOMEH OpHAJIACKaH, aJl TYPAKChI3 KYHl aHbIKTAHThIH
0apJbIK 0acKa HYKTEJEp OChI CBI3BIKTAH JKOFaphl opHaiackaH. Ockuiaiiia, 0i3
aJIFaH TAYEJIUIIK SKCIIEpUMEHTIICH calikec keneni [11].

Ry
400

\ R,

=500 500 1000 1300 2000 2500

=200

=400

-600

=800

-1000

2-cypet — 0,475 He + 0,525 Ar — N, sxyleci YIIiH TypaKThI )KoHE
Typakch3 quddysus aiiMakTapst
I — MOHOTOHZBI TYPAKCHI3IBIK CHI3BIFBI; 1] — THIFBI3IBIKTHIH HOJIIK TPaHEHTI
CBI3BIFBI. O, ® — TYPAKTHI )KOHE TYPAKCHI3 KYH1 aHBIKTAHTBIH AKCTIEPUMEHTTIK
nepexrep. Hykrenep aifHanacsiHarbl HOMIpIIEy ©3repeTiH eJIIIeMHIH MoHIH,
T Qy3uAIBIK KaHAIIBIH AnaMeTpil — d kepceresi:
1-2,7,2-3,2;3-4,1;4-6,0; 5- 6,3 Mmm

KopbITbIHABI

TeopusutbIK 3epTTey Ke3iH/Ie MIIHHAPIIIK KaHAJIBIH MacCaIIbIK OTKI3TIIITIr
MEH WICKTEYJIIITiH, COHTai-aK OHBIH Y3bIHABIFBI OOUBIHIIA THIFBI3BIKTHIH
CBI3BIKTHIK €MEC TapalyblH ecKepy Pasell caHBIHBIH jKa3bIKTHIFBIHAA AUDGY3Hs
JKOHE KOHBEKIIUS aiiMaKTapblH aHBIKTayFa MYMKIHIIIK OepeTiHiH aiTyFa 0oiajpl.
MaccatacbManmay peXUMiHIH aybICybl TAGGY3HIIBIK KaHAIIBIH KPUTHKAIBIK,
JaMETPIHJIC OpPBIH anaabl. byl Makamaia KapacThIPhUFAH YIIKOMIIOHEHTTI Ta3
XKYHeci YIIiH KPUTHKAIBIK AnaMeTp 2,85 MM TeH, OyJI 3KCIepPUMEHTTIK MOHMEH
JKAKCHI coiikec keieni — 2,7 MM. COHBIMEH KaTap, AHAMETPIIH YIIFalObIMCH
KOHBEKTHBTI MaccaTachMalliay IbIH HHTCHCHBTLUIIT] ApTaTHIHBIH aTall OTyTe O0JIa bl
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B cmamve paccmompero ucciedosaHue Heycmoziltueocmu
Mexanuveckoeo - paesHosecust 6 0ud)¢y3u0HHOM emeuilameilibcmee
MPEXKOMNOHEHMHbIX 2a306 Memooom Oaniacmuvix 2azo8. B makux

130

cucmemax Macconepesoc npoxooum NapaiienvHo ¢ dghgexmamu,
Komopble He Habnodaomces 6 bunaphol cmecu. B npoyecce oupgysuu
BLLOCNAIOMCS 2a3bl, OMaUUarowuecss opye om opyea no COUCEAM
PA3IUUHbIX  Corcudcaiowux  2azos.  Ilpeumywecmso 5mozo memooa
3aKI04Aemcst 8 mom, Ymo npudopsl oug@ysuu u cnocob nposedeus
IKCNEPUMEHMA OCMAIOMCs MAKUMU Jice, KAK Npu uzmMepeHuu 0ObIYHbIX
Koo puyuenmos oupgysuu.

Dkenepumenmanvivie uccned08amsl MPEXKOMNOHEHMHBIX
OALIACMHBIX 2A308bIX CUCHIEM NOKA3AIU, YIMO YUPKVISIYUSL CHCUNCATOU] €20
eaza  no  Ouh@ysuonHomy  Kamary — 6bl3bI6AEN  HEYCMOUUUBOE
emeuamenvcmgo. Omcio0a MOJNCHO YKA3AMb B03MOJNCHbIE 001ACMU
VCMOUYUBOU OUPPy3uLL, MOHOMOHHOU U KOIeOAMENbHOU HEYCMOUYUEOCTINU
Ol U0MEPMUUECKUX MHO20KOMNOoHeHmHblx cucmem. Cei3b  makux
S6NEHULl ¢  KOHKPEMHbIMU  MePMOOUHAMUYECKUMU NAPAMEMpPamMu U
2COMEMPUYECKUMY  XAPAKMEPUCMUKAMU  OUDPY3UOHHO20 KaHAA 8
U3BECTNHBIX CUCMEMAX ObLILA GbIAGLEHA 8 NOCIEOVIOUUX UCCLEO0BAHUSX.

Ilpusedeno meopemuueckoe ucciedosanue GuUAHUSL Ouamempa
QUG hy3uonnoco Kanania Ha UHMEHCUBHOCTb KOHBEKMUBHOZO CMEULEHUsL.
B kauecmee kamana  paccmampugaemcs:  MACCOHENPOHUYAEMbILL
B6EPMUKATLHBIN YUIUHOP KOHeyHoU evicomul. [loxaszana, umo cmena
PEANCUMA MACCONEPEHOCA NPOUCXOOUM NPU KPUMUYECKOM Ouamempe.
Teopemuueckue pezyibmamsl CPAGHUBANUCH C IKCNEPUMEHMATLHBIMU
oannvimu cucmemot 0,475 He + 0,525 Ar — N, Jna paccmampueaemoti
cucmemvl Cpvig OUG@ysuu npoucxooum npu Kpumuieckom ouamempe
pasrom 2,85 mm.

Kniouegvie cnosa: oughpysuonnviti kamai, mpexKoMNnOHEHMHAsL
2a306as cucmema, MAcCOnEpeHoc, OuD@y3uonHas HeCcmadbuIbHOCMy,
KOHBEKMUBHDLIL NOMOK, KPUMUYLECKOe 3HAYEeHUe.

THE EFFECT OF THE CHARACTERISTIC SIZE
OF THE DIFFUSION CHANNEL ON MASS TRANSFER
IN A THREE-COMPONENT GAS SYSTEM

The article discusses the study of the instability of mechanical
equilibrium in diffusion mixing of tricomponent gases by the method of
ballast gases. In such systems, mass transport occurs in pairs with effects
that are not observed in the binary mixture. In the diffusion process,
various liquefying gases are used, which differ from each other in their
properties. The advantage of this method is that the diffusion instruments
and the method of conducting the experiment remain the same as in the
usual measurement of diffusion coefficients.

In experimental studies of tricomponent ballast gas systems, it has
been proven that the circulation of liquefying gas through the diffusion
channel causes unstable mixing. From this we can show the possible
regions of stable diffusion, monotonic and oscillatory instability for
isothermal multicomponent systems. In systems where such phenomena
are known, the relationship with specific thermodynamic parameters
and geometric characteristics of the diffusion channel was revealed in
subsequent studies.

The theoretical study of a diameter effect of diffusion channel on the
intensity of convective mixing is given. In the capacity of channel we have
considered the vertical cylinder of finite height with mass-resistant walls.
Itis shown that the change of the mass transfer type take place at the critical
diameter. The theoretical data were compared with the experimental one
Jor the system 0,475 He + 0,525 Ar — N,. For the examined system the
disruption of diffusion happen at the critical diameter equals 2,85 mm.

Keywords: diffusion channel, tricomponent gas system, mass
transportation, diffusion instability, convective flow, critical value.
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FAPBILUTBLIK OPTAOA FBG CEHCOPJIAPbIHbIH
¥3AKMEP3IM/LI TYPAKTbIJIbIf bIH SEPTTEY

byn ocymvicma Fiber Bragg Grating (FBG) cencopnapoibiy
aApLIUMBIK  OpMA  AHCAROAUBIHOA  Y3AKMEP3IiMOi  MYPAKMbLIbIZbl MEH
CeHIMOINIZIH  KeuwleHOI mypoe 6asanayea apHaiean Kengaxkmopivl
a0icmeme YCulHbIIAObL. 3epmmey 2apblumbvlK Opmazd maH 6aKVyM,
Key memnepamypanvlx mepoenicmep, UOHOAYWBL PAOUAYUST HCIHE
Mexanukanvlx scykmemenep cusxmol acepaepoiy FBG cencoprapuvinbiy
enwey Oandicine, Bragg monkviH Y3bIHOLIZbIHGIY YaKblm  OOUbIHULA
opetihine dicone ce3immanoviy KOIGOuyueHmmepiHiy mypaKmolibleblHd
BIKNANbIH  JCYUENK mypuloa manoayea Oagblmmangan. ¥cvlHbli2an
Macil  ceHcopobly MeK (DUUKAILIK NPUHYURMEPIMeH weKmeimell,
OHBIY — Mamepuanovlk — Kacuemmepin, Kanmama  (encapsulation)
MEXHONOZUACHIH, EaAPLIUMBIK KYPbLILIMEA UHMeZPayusi Candcvli JHCaHe
enuey-unmeppozayus — miz0eciniy  Y3aKmep3imoi  mypakmolibleblH
bipmymac e3zapa 6alIaHbICKAH JCylie peminoe Kapacmulpadsl. Odedu
oepekmep  MeH  IKCNEePUMEHMMIK — Hamudicenepoi — CanblCmblpmaibl
manoay FBG cencopnapoinviy ceHimOiniel Jicexenecen sn1emMeHmmepoin
cunammamanapvimeH emec, «CEHCOP—KAnmMama—Kypolibli—
unmeppozayusy Jicytiecinoeei unmepgeicmepoiy Kyui MeH 63apa
acepimMer aHbIKManamvlHblh Kopcemeoi. Bragg monkvin y3ulHObIEb
Opeuiniy Kanmama mypine, ceHCOpOblH OPHALACY AUMARLIHA JHCIHE
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unmezpayus — Canacelna  mayeidi  CaHoblK  AULIPMAUUBLILIKMADY
Y3aKMep3iMOl  MOHUMOPUHe 0210I2IH JICyueniK OeHeelioe backapyea
bonamvinbi  danendeudi. Byn ocymovic 2apbliumvlk KYpolibiMOapOblH
KYPbILIbIMObIK  OeHcayablebih  Oakvliayea apuanean SHM oicyiienepin
JHcobanay Men OHMAatNaHobIPy YUWLIH EbLILIMU He2l3 KATbInmacmulpbin,
CEHCOPIbIK MOHUMOPUHE JHCYUENePIHIY CeHIMOLLIZIH apmmblpyea JHCoHe
MUCCUSLTIBIK MaYeKen0epoi momeHOemyee OazbimmaieaH.

Kinmmi cesoep: FBG cencopnapwl, apviumuls opma, Kanmama
MEXHON02UACHI, y3axmep3imoi MYPAKMbLILIK, KYPbLIbIMObIK,
Oencaynvlkmol 6axwiaay, bpsee moaikwin y3uiHObIEbL.

Kipicne

Kazipri 3amMaHfbl KYpBUIBIMJIBIK J€HCAYJBIKTH Oakblnay (Structural
Health Monitoring, SHM) sxy#ienepi HHXEHEpIiK HWHPPAKYPBIIBIMIAP/IbIH,
A’POKOCMOCTHIK IIaT(hOpMaTapablH KOHE KYPACTi TeXHUKAIBIK 00bEKTIICPIIH
CEHIMJILIITT MEH Kayilci3airiH KaMTaMachl3 eTy/iH HeTi3ri KypajblHa aiHaIbIn
oTbIp. SHM 2BOMIOIUSICBIHBIH, YII KE3EHIH XKYHEeNl TalaraH COHFBI IIOTyJIapaa
CEHCOPJIBIK XKYHenepaiHn nudpiaanysl, KenmnapaMeTpii AepeKTep/i oHlIey
JKOHE Y3aKMEp3iMIi TYPaKTBUIBIK Moceseepi OYriHri KYHHIH OacThl FBUIBIMU
OarbITTaphl perinae aiikpiHaaarad [1]. Ocbl TYpFbIga TaIIIBIKTHI-ONTHKAIBIK
ceHcopiap, acipece Fiber Bragg Grating (FBG) TeXHOIOTHSACHI, 37IEKTPOMArHUTTIK
KeJieprijiepre TO3IMJILIIr, MaFblH OJIIEeMi XOHE MYJIbTHUILIEKCTEY MYMKIHAIT
apkaceiaa SHM xylienepiniH e3erine aitnansin keneni [2; 3]. ConbiMeH Katap,
FBG ceHcopnapbIHbIH (pHU3HKAIBIK IPHHIMITEP] MEH )KYHEIIK apXUTEKTYPAChIHBIH
JaMybl onapsl AedopMalsi MEH TeMIIepaTypaHbl OJIlIeyMEeH KaTtap, KOFaphbl
CHIMBIMABUIBIKTBI €PKiH KCHICTIKTErl ONTHUKAJIBIK OaillaHbIC KyHenepinae
(FSO) apranbIk Kyiiai OakbUIay JIEMCHTI PETiHAC KOJIJaHyFa MYMKIHIIIK Oepit,
TEXHOJIOTUSIHBIH OMOCOANTHIFBIH KopceTe i [4].

OnTHKaNblK TAJIMBIKTH TOP CEHCOpJiapbl OOMBIHIIA XKYPri3iareH
Tangaynap OyJ1 canaza 3epTTeyJIep/IiH CaHbIHBIH TYPAKThI OCII Kelle )KaTKaHbIH
YKOHE 3epTTEyJIepAiH Heri3ri GpoKychl peTiH/ie CEHCOPJIAPAbIH TYPaKTBUIBIFBI,
ce3IMTaJ/IBIFBl MEH KOpIIaraH OpTa dcepiepiHe TO3IMAUIII ajiFa NIBIKKaHBIH
monernneiini [S]. FBG cencopmapsl opTypIIi OpTajia, COHBIH ilIiH/IC OMOMETUIINHAIBIK,
KoJganOanapaa J1a )KOrapbl JOJIJIIK KOPCETIN, THIepTepMHust Ke3iHae TiH
TeMIiepaTtypaiapblH Oarajiay/ia KeH TeMIepaTypa Iuara3oHbIH/a ChI3bIKTHIK )KOHE
TYpPaKTHI )Kayarn OepeTiHi kepceTinreH [6]. Anaiina, MyHIall HOTHXKEIEp HeTi3iHeH
3epTXaHaJbIK HEMECE CaJBICTBIPMAJIbl TYPAC JKYMCAK JKariaiiapra ToH. Al
FapBILITBHIK OPTa BAKyyM, KEH TEMIIEpaTypabIK TEpOeTicTep, NOHIAYIIbI paJHalus
’KOHE MEXaHHKaIIbIK jKYKTEeMeNep/IiH Kyp/eni KOMOMHAIMACBIMEH CHUMATTANBIT,
temeH opourtanelik (LEO) skarmaiinapna KOMIO3UT MaTepUaliapFa CHIi3UINCH

133



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

FBG cencopnapbinia Bragg ToIKbIH Y3bIHABIFBIHBIH YaKbIT OOHbIHINA peiidi MeH
Ce3IMTAJIABIKTBIH ©3repyi OaliKaaThIHBIH KOPCETETIH HOTHXKENIEp aJIbIHFaH [7].

ConbiMeH Oipre, FBG sxaHe y3bIH ITEPHOATHI TOP CEHCOPJIAPBIHBIH SPTYPJIi
9KOJIOTHSUTBIK XKaF laiiIap1arsl )KyMbICKa )KapaM/IbUIBIFbIH OaraiaraH 3epTTeyiiep
TEMIIepaTypa, bUIFAIIBIIBIK XKOHE MEXaHUKAJBIK dcepiepaiH Oipire oThIpbII
CIEKTPAIJBIK CUIIaTTaMallapFa bIKIA] €TETIHIH KoHE Y3aKMep3iMal KoJlJIaHy1a
KaJIMOPOBKA TYPAKTBUIBIFBIHBIH HEri3ri Macese 00JaThIHBIH KepceTeli, al
HUMITYJIBCTIK MEXaHUKAJIBIK acepliep Ke3iHaeri 3eprreysep KaiTanaHOassl
KYKTemesiep OapbIChiHa Apel( MeH KapTaro KyObUIBICTapbIHBIH Haiaa 0oy
KayniH alKbIHAAWbl. FapbhlIThIK MHCCHsIIap KOHTEKCiHJE XKYyileaepain
ABTOHOM/IBUIBIFBI MEH KBI3MET KOPCETYCI3 )KYMBIC icTey KabineTiHe KOWbLIaThIH
TaJanTap/IbIH KYIIE0i a/1aM ar3achlHa Y3aKMep3iM/Ii YIIyJIap/IbIH Scepi )eHiHer1
mioxynapMeH ne Herizaeneni [8]. Ochl Makasiana YCHIHBUIFaH JKOHE HOTHIKEIIED
OesiMiHJE DKCIEPUMEHTTIK TYpJE HETi3/IeNIreH KelleHal Oaranay Taciii
JI9J1 OCHI FBUIBIMU OJIKBUIBIKTBI TOJITHIpYFa OarbITTalFaH: ajlbIHFAH JEPEKTep
CEHCOp MaTepHajbl, KalTaMa IIemimMi, KYpbUIbIMFAa HHTErPalysl Canachl XKoHE
WHTEppOralus TYPaKThUIBIFbIHBIH Bragg TOKbIH Y3bIHABIFBI ipeiidine OipieckeH
oCepiH CaHMABIK TYPFbIIa aXBIPATHINI KOPCETIil, OYpPHIHFBI eHOeKTepae Oeiex
KapacThIpbUIFaH (hakTopIapbl TyTac XKyie 1eHreiine oainanbictbipasist [9; 10].

Matepuangap MeH dicrepi

FBG ceHcopiapbIHBIH KaTal OpTaaaFbl y3aKMep3iMIi TYPAKThUIBIFbI OJIap IbIH
MaTepuaJIbIK Kacuerrepi MeH Kantama (encapsulation) TeXHOJOTHICHIHA
tikene Toyenai. Mihailov, Keskin [11; 12] mmonysiHaa skoFapbl TEMITEPaTypaibl
KOHE paaualMsUIBIK OpTaja )KYMbBIC ICTEHTIH pereHepanusIaHFaH JKoHE
(bemrocekyHATHIK TopiapasiH 800—1000 °C nefiiH CrieKTpaiabIK TYPAKThUTBIFBIH
CaKTaWTHIHBI, anaiina crannaptTel FBG Topnapeinia oHqaran carar iminae Bragg
TOJIKBIH Y3BIH/BIFBIHBIH OHAaraH nukoMerpre (=20-50 pm) xereTiH apend
OalikaJlaTbIHBI KOpPCEeTIIreH. byl HoTHXKenep Karnrtama MeH TOP TEXHOJIOTHUSICHI
y3aKMep3iMIi TYPAKTBUTBIKTBIH HICHTYIIN (pakTophl ekeHiH naneneini. CoHbIMeH
KaTap, KOMIIO3UT MaTtepuangapaarsl SHM skylienepine apHajiraH LIoiyna
Kinet sxone 1.0. [13] aare3uB KaOaTTHIH peJaKCalUsAChl MCH TaJIIBIK—MaTpPHUIIA
HHTEPPEHCIHACT] MEXaHUKAJIBIK COUKECCI3MIIK HOTHIKECIHAC y3aKMep3iMi
JKYKTeMelep Ke3iHje enmiey Karenirinig +5—10 pe neilin ecyl MyMKiH eKeHiH
KOpCETill, MHTErPalusl CalachblHbIH MaHbI3bIH aiiKbIH/IaFaH.

Fapbiutbik opragarsl Heri3ri Toyekes (GakTopiapblHbIH 0ipl — HOHAYIIBI
panuanus. CFRP komnosurrepine enrizinres FBG cencopnapsina I'-coyseneny
ocepin 3eprrereH Zhong xone 1.0. [14] 50-100 krad no3a nmuamazonsiaia Bragg
TOJIKBIH Y3BIH/BIFBIHBIH KochbIMIIa jpeiidi mamamen 10-30 pm nenreiiine
XKETETIHIH, ajJ ce3iMTaIIbIK Kodddunuentrepiniy e3repici 3—5% mamackinaa
0OoJIATBIHBIH YKCIIEPUMEHTTIK TYpJe KopceTkeH. Morana jkaHe apinrecrepi [15]
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panuanysi ScepiHeH TOP/ABIH ChIHY KOPCETKIIIIHIH 63repyi MEH CIIEKTPIIIK JIcipey
OpBIH aJaThIHBIH, allaii/ia apHaiibl hardening cTpaTerusiapblH KOJIaHy apKbLIbl
npeidTi mamameH exi ece azaiityra 6onaTeIHbIH (<50% TeMeHey) kepcerTi. by
JICPEKTEp paauanusIad KSUiHT1 KaTnOpPOBKa CaKTaIybIH Oaraiayabl 9JliCTEMEre
MIHJICTTI TYp/I€ €HI'13y KaKeTTIriH Heri3aeu/i.

Temen opOutanbik (LEO) mraprrapasiH acepin 3eprreren Juwet jxaHe
1.0. [16] BakyyMm mer —40...+80 °C TepMOIUKIICD KaFAalbIHIa KOMIIO3UTKE
enriziiren FBG ceHcopapbinaa OipHelie y3 IMKIIEH Kellin Bragg ToiaxbsiH
Y3BIH/IBIFBIHBIH XKHHAKTAIFaH qpeiidi ~15-25 pm neHreiiine »KeTeTiHiH KOpCeTTi,
ayl OyJ1 e3repicTep CEHCOPJBIH ©31HEH repi KypbUIbIM—CceHcop MHTep(deiiciHig
KYHIMEH THIFbI3 OalJIaHbICTBI eKeHi aHbIKTaliFaH. CIy THUKTIK KYH NaHeJIbIepiHae
CCHCOp OpPHAJIACTHIPY bl OHTAMIAHABIPYFa apHaFaH Zhu xxoHe T.0. opinTecrepi
3epTTeyiHJie KepHeyl TOMEH aiiMakTapra opHaiacTelpbuiraH FBG cencopnapst
YILIIH IIapuiay cblHakTapbl Oapbickinga 10° nukiaeH kedin apeidrin <5 pm
JICHI'eHiH/Ie CaKTaJIaTBIHBI, all )KOFapbl KepHeyi aiiMakTapaa Oys MoHHIH 20
pm-re JeliiH eceTiHi KOpCeTilin, OpHanacy (akTOPBIHBIH OJIIIeYy TYPAKThUIBIFbIHA
LICUIYI BIKIAJbI JOJIeIICHT CH.

DKcTpeMalibl a9pOKOCMOCTBIK JKYKTEMeep karjaibiHaa Zhang sxoHe
T.0. opinTecTepi KaTThl OTHIH/BI 3bIMBIPAH KO3FAJITKBIIIBIHIA KOJIJaHBUIFAaH
(emrocekyHITHIK TOp MaccuBTepiniH >300 °C Temneparypa MeH )KOFapbl KbICHIM
KaraalbiH A OipHelIe caraT 00l CIEKTPa/IBIK [IAFbLTY KaO1JIETIH CaKTal ThIHBIH
YKOHE Ce3IMTaIIBIKTHIH aliTapIIbIKTal TOMEeHIeMeHTiHIH kopceTTi. by HaTmxenep
y3aKMep3iMAl TYpakTBUIBIKTHI Oaranayna ceHcopiapablH “survivability”
KOPCETKIIIIH SHT13YA1H MaHbI3bIH HET13CH 1.

¥3akmepsimui SHM xylienepinae enmey Ti30€riHiH TYPaKTBUIBIFBI J1a
memymn ¢axkrop 6oibmn Tabbltansl. Keskin jxone T.0. opinTecrepi yChIHFaH
KOC MHTep(pEepoOMETPIIiK UHTEPPOTralUs apXUTEKTypachl CHEKTPaIIbIK
QXKBIPATBIMIBIIBIKTEL | pm-re AeiiH apTTBIPHIN, J1a3epiik IpeddTin acepin
~60% TeMeHeTyre MyMKIiH/IK OepeTiHiH KepceTkeH. by xkyienik npeid nexn
CEHCOPIIBIK APEH(TI aXKBbIPATyIbIH S1iCTEMEIIK MaHbI3bIH alKbIH AN IbI.

FBG ceHcopapbIHbIH (U3UKaIBIK IPUHLIUIITEP] KITaCCHKaNBIK Typae Bragg
mapThIMeH cumnarTanaasl. Hakreipak 1-2 GopMysiana skoHe KypbUIBIMIIBIK ChI30achl
MEH )YMBIC iCTey NPUHIUII | — CypeTTe KOpCeTin KeTTiK:

AB =2neA €

MyH/1a ne — TaJIbIK 63€TiHIH THIMII ChIHY KOPCETKIll, a1 A — TOp NepHO/IBL.
ConbimeH Katap, FBG ceHcopsl CHIPTKBI OpTa ocepiHe yuibipart, qedopmariys
HEMece TeMIIepaTypa e3repici OpbIH aliFaH Ke3Je TOp KaJaMbl MCH THIMIII CHIHY
KOPCETKIII COMKECIHIIIE e3repe/ii, COHbIH CallIapbIHaH IIaFbUIaThIH Bragg ToNKbIH
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Y3BIHABIFEL J1a e3repeni. Ocpbutaiima, Bragg TonkeiH y3eiHabiFsl FBG-re acep
€TETIH CHIPTKBI (haKTOpIIapAbIH 63repiciH CUIIATTaWThIH HET13T1 mapaMeTp peTiHjie
KapacThIpbUIa/Ibl XKaHE JiepopMalsi MEH TeMIIepaTypaMeH OTe )KaKChl CHI3BIKTHIK
Oaiiianpicta Oonanbl. byt Toyeninik kemneci 2- hopmyaaMeH Oepiyiei:

AAB =1(g — £0) + y(T — TO) ©)

FBG cencoprapsl reopmaliysi MEH TeMIlepaTypara >KOFapbl Ce31MTaJl/IbIFbI
YKOHE MYJITUIIIEKCTEY MYMKIHJIITT apKachIH/1a a3pOKOCMOCTBIK KOMITIO3UTTEPIET]
SHM sxyiienepinae KeHiHCH KOJAaHbUIAAbl. [ €OTEXHUKAIBIK KOHE 1pi
KYpBUIBIMAAp/arbl y3aKMep3iMJli MOHUTOPUHT Takipubeci Gong xoHe T.O.
KYMBICTapblHJa KOpPCETINTeHael, KypbulbiMFa HHTerpauusiianran FBG
KabesbJiepl analblK KaFjainapaa OipHele Kbl OBl TYpaKThl eJIeysepii
KaMTaMachl3 eTe ajajbl, OyJl MHTEerpalysulaHFaH IIemiMACPAiH CeHIMIUTIriH
Jorenaenai.

fiber Bragg grating cladding

A
Is \

Bragg grating

Optical fiber {
A
incident light pd
_ ‘ Transmitted light
light N
)y i \
Fiber cladding fiber core

1-cypet — FBG ceHCOpBIHBIH KYMBIC iCTEY MPUHIIMIT

FBG ceHcop:iapbIHbIH FAPBIIITHIK OPTAaFbl Y3aKMeP3iMl TYPAKThUIBIFbIH
Oaranay yWiH oJlap/bl COYTHUK KYPBUIBIMbIHA JXAICBIPBII HEeMece
MHTErpalMsIan OPHATHII, TYPAKThl MEXaHUKAJIBIK KYKTEME MEH TeMIlepaTypa
KaraaibiHaa Bragg TONKBIH Y3bIHBIFBIHBIH YaKbIT OOWbIHIIA Apeiidin AB(t)
Y3/1KCi3 TipKey YChIHBLIA/bl, HAKTHIPAK 2-CYpPEeTTe KOPCETUIreH. ¥ UIbIPY
Jipiii MEH JKCIUTyaTaluusuiblK MUKpoaedopManusiapian Keiin eey
CUTHAJJIAPbIHBIH KaWTaJaHbIM/IbUIBIFBI MEH JIEMOJLYJISITOPIBIH CIHEKTPaJIbIK
QKBIPATHIM/IBUIBIFBIHBIH cakTanybl FBG jxyiieciniH y3akMep3iM/i CeHIMALTIrH
CUIATTANTBIH HETI3T1 KPUTEPHIAICDp PETiHIC KaObLUIaHa b
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Optical fiber FBG sensor Solar panel

2-cypet — FBG ceHcopnaphiH naifaaHa OTBIPEIT CITYTHUKTIH
KYH TTaHeNiHACT] 1e(OpMAIHSIHBI OISy TiH CYI0achl

Wurepdeiictik afiMakrapaarbl JedopMaliys dBOIONMSCHIH TajlgaraH Peng
xoHe T.0. CFRP-kymieiitinren 6onar apkaibIKTapia y3akMep3iMai )KyKTemenep
Ke3iHje KabaTapaiblK aiiMakrapaa JedopMalusHbIH opTaiia MoHHeH 1.5-2 ece
YKOFapbl OCETIHIH KOPCETIII, a/ire3us pesaKcauscbibiH Bragg npeiidine pIKnanbx
CaHJBIK TYPJE Heri3aeli. KypbUIBIMJIBIK HHTepdeiicTepre opHartbuiran FBG
CceHcopiIapbl OObIHIIA Ae(OPMAIMSHBIH YaKbITKa TOYEIl SBOIIOLHSCHI 3- CypeTTe
KepceTiuIreH. A yKoFapbl KepHeyIli TyHHenb karnaiiaapeinga Chao Ren sxone
T.0. HaKTHI Jananslk cbiHakTapaa FBG ceHcopiapbIHBIH TOYJIKTIK TemIieparypa
AYBITKYJIAPBI KE31HIE Te(POPMAIIUSIHBI £3 |1 KATCIIKIICH TIPKCH aJlaThIHBIH KOPCETTI,
OYJT TEXHOJIOTHSIHBIH TIPAKTHKAIBIK CeHIMIUIITiH gonenaeii. Side-polished FBG
ceHcopaapbiH Konganran Cheng Li jxoHe T.0. )KYMBICTapbIHAa MEXaHUKAIBIK
OaiiylaHbIC KYIICHIeH jkaraaiia ce3iMTanbIKThIH ~30% apTaThiHbl KOpCEeTLIiN,
KarnTaMa MeH HHTep(eiCTiH CIeKTPAJIIBIK )KayaIka TiKeJIeH ocepi JoeICHICH.

6000

=@=Shell of SRM
==@==Interface between shell and insulation layer! a—o—o
5000« |=—@—Insulation and liner interface

—&— Liner and propellant interface

4000

3000 4

Strain(us)

2000

1000 +

g PP _a-9-2-9-2-0-9|
o lfo-a-0-0-9-0-9-9-9"
L T T T T T T
0 10 20 30 40 30 60
Times(Days)

3-cypeT — 3bIMbIpaH KO3FaJITKBIIIBIHBIH Y3aK MEep3iM/Ii
cakTay Ke3iHjeri geopMausIcblH MOHUTOPUHITEY
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Keneci 6i31e ochbl canara caii HAKThI MaHBI3bl 9JIICTEP TONTAMAChIH
YCBIHAMBI3!

1) CeHcop — KanTama OpHBIKTBUIBIFBIH Oarayiay ojici. OpTypili KanTaMa
HycKanaps! ymin AAB npeiidin (pm) »oHe CIIeKTp eHl e3repiciH y3akMep3imui
TepMO-MeXaHHUKaJIBIK ChIHAKTap OapbIChIH A canblcThipy, Mihailov skone Li sxone
T.0. xepceTkeH ~20-50 pm JaeHreuiHzieri KanTamara Tayesui ApedTi 3TanoH
peTiHIe malganany.

2) Papnanusiaan KeifiHri KaaunOpoBKa CaKTallybIH Oaranay ofici. [-coyneneHy
nozacel 10-100 krad apansireinga SeS_\varepsilonSe xxone STS TST
k0a(huIMEeHTTepiHIH e3repiciH Ke3eH ik emey, Zhong xone Morana xaHe T.0.
kepceTkeH 3—5% xoHe ~10-30 pm apeiid MoHIEpIMEH CaIBICTHIPY.

3) OpHanacy—iapiinay TypaKkThUIBIFBI 9/ici. 10° IUKITe AeHiHTT KOMIIMKIIIL
JKYKTEMEJIEpJIe CEHCOP OpHBbIHA OaiaHbICThl Bragg npeiidin canbicteipy, Zhu
XoHe T.0. kepceTkeH <5 pm (TeMeH KepHeylli aimMak) xoHe ~20 pm (>korapsl
KepHeyJIi aiiMak) eKTepiH KpUTEepUil peTiHie KolJany.

4) Uurepporauusi—ceHcop apeidin axoipary aaici. Koc nHTepdepomerpiix
OKY apXUTEKTypachlH MalJajaHbll, XyHedik npeiddri ~60% Temenaery
mymkinairia Keskin sxoHe T.0. HOTHKETICPIMEH CANBICThIPA OTHIPBIN Oaraay.

5) Mrerparys TyTacThIFbIH KellleH1i Oarainay afici. Bakyym xkane —40. . .+80°C
TEPMOLMKIIEPJICH KeiiH MHTepdeiicTeri CreKTpaiblK e3repicTepal Taujuay,
Juwet xoHe T.0. KepceTkeH ~15-25 pm XMHAKTaNFaH JIpeid AEeHTeliH 3TaloH
PETIH/IE KOJIIaHy.

Hotm:kenep koHe TATKbLIAY

Ochl 97101 IepeKTepre CyHeHe OTBIPHII, OChI )kKyMbIcTa FBG ceHcopiapbIHbIH
FapbILITHIK OPTa/IaFbl Y3aKMeP3iM/Ii TYPAaKThUIBIFBIH KEIICH11 OaraayFa apHaiFaH
KeJIecl 9JicTep TONTamMachl YChIHBLUIA/IbI:

1) Cencop—KarnTaMma OpHBIKTBUIBIFBIH Oaraiay oJliCiHiH MaHbI3bI . 4-CypeTTiri
rpadukre: X oci — yaksIT (carar), y3akmepsimai ceirak (0—1000 car), an Y oci —
Bragg TonKbIH Y3bIHIBIFBIHBIH apeiidi AAB (pm),

Y kuceik: Bare FBG on kanramacei3 cencop, apeiid ~ 50 pm, Polymer
encapsulation opramra kantama, apeiid ~ 30 pm, Metal encapsulation Oepik
Kanrama, apeid ~ 20 pm.

FouteiMu marbiHacel: I'paduk 20-50 pm auana3oHbIH CaHIBIK Typle
OeliHeneiil jkoHe KanTama TYpl y3akMepsimai Bragg npeiicdine tikeneir acep
CTETIHIH KOpPCeTe/Ii: KarTama HeFypiibiM Oepik 0oJica, apeid CorypiibiM as.
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Encapsulation-Dependent Long-Term Bragg Drift of FBG Sensors

50 4 —e— Bare FBG
—&— Polymer Encapsulation
—&— Metal Encapsulation

40 +

30 1

20 4

10 +

Bragg Wavelength Drift AAB (pm)

o] 200 400 600 800 1000
Time (hours)

4-cypet — CeHCcOp—KanTaMa OPHBIKTBUIBIFBIH Oarajiay ojiici

2) Opnanacy—niapmay TYPaKTBUIBIFBI 9J1ici 5- cypeTTe KepCeTiJireH.
I'padumkrin cunarramacer: X oci: )kykreme nukizepinin cansl (Number of load
cycles), 0-10°. Y oci: Bragg ToJKbIH Y3bIHABIFBIHBIH ipeiidi AALB (pm). Exi KuchIK:
Low-stress placement zone — TeMeH KepHeyJIi aiiMak, apeiid < 5 pm. High-stress
placement zone — >korapsl KepHeyJ1i aiimak, apeid ~ 20 pm

Feuteimu marsiaacel: byn rpadguk FBG ceHcopnapblHBIH OpHanacy
alilMarbl KOMIIUKIJI Mapiiay KyKTeMeJiepl Ke3iHae y3aKMep3iMIi eliey
TYPaKThIIBIFbIHA MICHIYIII ocep eTeTiHiH KopceTeai. KepHeyi TomeH aiimakrapra
OpHallacThIpbIIFaH ceHcopiapaa 10° muxire neitin Bragg npeligi 5 pm-nen
acraiiipl, ain )Korapbl KepHeyJli ailMakrap/a o mamaMen 20 pm-re aeifin ecei.
By HoTHOKE CeHCOpIIap bl OPHAIACTBIPY/IbI OHTAMIIAH IBIPY ApKBLIBI Y3aKMep3iM/Ii
TYPAKTBUIBIK TI€H OJIIICY ASJIITIH KaMTaMachl3 eTyre OOJaThIHBIH JoJelIei i
JKOHE YCBIHFaH KpUTEpPHIIEpMeH Yiiece .
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Placement-Fatigue Stability of FBG Sensors up to 10™6 Cycles

20.0 | —e— Low-stress placement zone
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S-cypet — OpHajacy—Iapinay TYPaKThUIBIFBI OMICIHIH ePEKIIETIT

3) UHTerpariys TYTacThIFBIH KeIIeH 1i Oarajay 9Jiici. 6-cypeTTeri rpaguKTiH
napameTpiiepi: X oci: Tepmonukiiep cansl (Number of thermal cycles), ananazon
—40...480 °C, 0-200 umkin. An Y oci: xuHakranran Bragg apeiidi AAB (pm)
Exi kuceik: Good interface integrity — HMHTErpanuscChl camaibl HHTEpdeic
(amreswst KaKChl, COUKECTIK JKOFapbl) — apeitd ~ 15 pm . Degraded interface
integrity — MHTETPaNUACH 9JICi3 nHTepdeiic (penakcaryst, MUKpOKapbIKIIaiap)
— npeiid = 25 pm.

Feineimu uaTeprnpeTanus: byn rpaduk Bakyym xoHe —40...+80 °C
TEepMOIMKIAEDP KaraaibiHna FBG ceHcopriapbIHBIH KYPBUIBIMMEH HHTETpaIys
TYTaCThIFbl Bragg TONKBIH Y3bIHABIFBIHBIH KUHAKTAIFAH JApeidine eyl
acep eretiHiH kepcerei. Cananbl unTepdeiic xarnaibiaaa 200 TepMOIMKIICH
keiiin AAB = 15 pm geHreiiine meKTelce, are3usichl 9JICi3 )KOHE MEXaHUKAJIBIK,
coiikeccizairi 0ap uHTepdeiicte npeid =~ 25 pm-re aeiin eceai. bys HoTIKETSD
WHTErpalus CanachlHbIH Y3aKMep3iM/Ii TYPaKThUIBIKThI aHBIKTAHTHIH HETi3Ti
(baxTOp eKeHiH JdJIeN/IeT HAKThI 3ePTTeY KYMbICTapbIH/Ia KopceTiireH 15-25 pm
STAJIOH/IBIK JAMATIa30HbIMEH COIKeC Kellei.
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Integration Integrity under Vacuum and Thermal Cycling
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6-cypet — «HTerpaiums TYTacThIFbIH KEUIeH 11 0arasay o/1ici»

AnsiaraH HoTHxRenep FBG ceHCOpiapBIHBIH FAPBIMITHIK OPTagarsl
y3aKMep3imMai KOJIAAHBUTYBIHBIH CEHIMILTITT TeK CEHCOPBIH 63 KaCHeTTepiMeH
IIEKTETIMEH, OHBI KOpIIaFraH KanTaMa, KYphUIBIMFA HHTETPALIUIAY Callachl JKOHE
eJIIIey JKYHeCiHIH TYPaKTBUIBIFBI CHUSKTHI (paKTOpIapAbIH OipiiecKeH ocepiMeH
aHBIKTAJATHIHBIH KepceTyinne. Kanramara, opHaIacTeIpy ailMarblHA JKOHE
uHTepdeic TyracThiFbiHa OalIaHBICTBI Bragg TOJIKBIH Y3bIHIABIFBI ApeiidiHin
CaHJIBIK albIPMAIIBUIBIKTAPBl Y3aKMEP3IMII MOHUTOPHHT JOJIITIH JKYHEIiK
neHreine 6ackapyra OOJaTBIHBIH Honenaeiiai. bysm HoTmXkenep FaphIIITHIK
SHM sxyifenepin xobanayja HHTYHTHBTI HICIIIMACPACH ropi, KerdaKkTopIisl,
JIOJIETITI MHXKEHEPITIK TOCUITe KOITy KaKETTIT1H HeT13/1e11, CEHCOPJIBIK KYHenepaiH
KBI3MET MEp3iMiH YIFaiTyFa, OJIIey KaTeIiKTepiH a3alTyFa jKOHE MUCCHSIIBIK
TOyeKenaepai TOMEHAeTyTre OarbITTaldfaH MPAaKTHKAJIbIK FBIJIBIMU HETi3
KaJIBIITACTHIPA/IbI.

KopbITbIHABI

By sxymbicta FBG ceHCOpiIapbIHBIH FAPBIITHIK OPTalarbl Y3aKMep3iMii
TYPaKTBUIBIFBIH OaFaiayFa apHaJIFaH KeI(paKTOPIIbI KEIICH/I1 9iCTeMe YChIHBIIIBI
JKOHE TYPAKTBUIBIKTBIH «CEHCOP—KalTaMa—KypbUIbIM—UHTEPPOTALMs» KYHECIHIH
OipJIecKeH 9cepiMEH aHBIKTAJATHIHBI KOPCeTUINi. ANBIHFAaH HOTIXKenep Bragg
TOJIKBIH Y3BIHJABIFBIHBIH JIpei(i KanTtama TexHogorusceiHa (=20-50 pm),
ceHcop opHajacysiHa (<5-20 pm) jkoHe MHTerpauus camacbiHa (<15-25 pm)
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TiKeJIell TayenJli eKeHIH CaHJBIK TYPFbIIa AQJIEJIeI, Y3aKMep3iMIl esmey
KaTeJiriHiH Heri3ri Kke3/1epiH aiikpiHaa bl ¥ chIHbUIFaH oticrep FBG xyiienepinin
CEHIMJIIITIH JKYHeIliK JieHrelae Oaranayra MyMKiHAiK Oepin, rapeiuteik SHM
XKylenepin xobanayna KanraMa TaHaay, OpHaIACThIPYbl OHTANIAHIBIPY JKOHE
XKyHenik apeidri azaiiTy yIIiH FBUIBIME HET13 KalblNTacTelpajsl. bonamakra
o/licTeMeHi OpOMTAIIBIK ChIHAKTAPMEH Banuaanusiay xoHe radiation-hardening
TEXHOJIOTHSUIAPBIH JAMBITY HETi3ri OarbITTap PeTiHAe YChIHBUIA/IbL.
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MCCJIEJJOBAHUE JIOJTOBPEMEHHOW CTABUJIBHOCTH
FBG-CEHCOPOB B KOCMHUYECKOW CPEJIE

B oOannoti pabome npeodnodxcena MHOZODAKMOPHASI KOMNIEKCHAL
MEMOOUKA OYEHKU O0N208PEMEHHON CMADUTLHOCIU U HAOENCHOCIU
cencopos Fiber Bragg Grating (FBG) 6 ycnogusx Kocmuueckou
cpeovl.  Hccnedosanue OpueHmMuUpo8ano HA  CUCMEMHbIN  AHAIU3
GIUAHUSL XAPAKMEPHBIX OISl KOCMOCA (DAKMOPO8, MAKUX KAK 6AKVYM,
WUPOKULL  OUANA30H  MEeMNEPaAmypHblX — KoNeOaHutl, UoHU3Upyiouee
uzIyuenue U Mexauuueckue HacpysKu, HA MOYHOCMb  UMEpPEHUll
FBG-cencopos, epemennoii  Opeiip  0p32206cKoll  OMuHbL  BONHbL U

STUDY OF THE LONG-TERM STABILITY
OF FBG SENSORS IN THE SPACE ENVIRONMENT

In this work, a multifactor comprehensive methodology is proposed
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Yemouuueocms Kodgguyuenmos uyecmeumensHocmu. Ipeonosicennviil
nooX00 He O02PAHUNUBAEMCS PACCMOMPEHUEM MONbKO  (QUIUYECKUX
NPUHYUNOE Pabombvl CeHCOpa, a GKINOUAEN AHANU3 €20 MAMEPUATbHBIX
Xapakmepucmux, MexHONO2Ull 3aWUMHOU  UHKANCYIAYUL, KaYecmed
uHmezpayuyu 6 KOHCMPYKYUIO KOCMUHECKO20 00beKkmad, a makdice
0011206PEMEHHOL  CMAOUTLHOCTNU  U3MEPUINENbHO-UHMEPPO2AYUOHHOLL
yenu. CpasHumenvHolll  AHAIU3 — JUMEPAMYPHLIX — UCMIOYHUKOE U
IKCHEPUMEHMATLHBIX OAHHBIX NOKA3bledaem, umo Haodéxchocmv FBG-
CEHCOPO8 Onpedensemcsi He OMOECIbHbIMU NEeMEHMAMU CUCTeMbl, d
COBOKYNHBIM  83AUMOOCCMEUEM KOMHOHEHMO8 6 PAMKAX CUCTeMbl
«CEHCOp — UHKANCYIAYUs — KOHCMPYKYUs — UHMeppo2ayusy, a
makdice cocmosiHuem unmepgeticos medxncoy uumu. Konuuecmeenmvle
paziuyus  opelipa  6P32206CKOU  ONUHBL  GONHLL,  00OYCI0GICHHbIE
MUNOM UHKANCYIAYUU, 30HOU PASMEUJCHUS. CEHCOPA U KA4eCmEOoM €20
uHmMezpayu, NOOMEEPHCOArOM 603MONCHOCHb YAPAGLEHUS MOYHOCHIbIO
0011206PEMEHHO20 MOHUMOPUHSA HA CUCmeMHOM YposHe. [lonyuennvle
Ppe3yIbmamsl  GopMUpyIOm  HAYUHYIO OCHOBY Ol NPOEKMUPOBAHUSL
u onmumuzayuu SHM-cucmem, npeoHasnauenuvlx O KOHMPOJA

for assessing the long-term stability and reliability of Fiber Bragg Grating
(FBG) sensors under space environment conditions. The study is focused
on a systematic analysis of the influence of space-specific factors—such
as vacuum, wide-range temperature fluctuations, ionizing radiation, and
mechanical loads—on the measurement accuracy of FBG sensors, the
temporal drift of the Bragg wavelength, and the stability of sensitivity
coefficients. The proposed approach is not limited to the consideration of
the sensor's physical operating principles alone but also incorporates an
evaluation of its material properties, protective encapsulation technologies,
the quality of integration into the space structure, and the long-term
stability of the measurement and interrogation chain. A comparative
analysis of literature data and experimental results demonstrates that
the reliability of FBG sensors is determined not by individual system
components, but by the combined interaction of elements within the
“sensor—encapsulation—structure—interrogation” system, as well as by
the condition of the interfaces between them. Quantitative differences
in Bragg wavelength drift associated with the type of encapsulation,
sensor placement zone, and integration quality confirm that long-term
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monitoring accuracy can be controlled at the system level. The obtained
results provide a scientific basis for the design and optimization of SHM
systems intended for monitoring the structural health of space structures,
contributing to enhanced sensor system reliability and reduced risks
associated with space missions.

Keywords: FBG sensors, space environment, encapsulation
technology, long-term stability, structural health monitoring, Bragg
wavelength.
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MOHHbIA MEPEHOC M KOHLEHTPALMOHHAS
MONISIPU3ALUS B TEPMOSJNIEKTPUYECKUX
MATEPUAJIAX LI CU, S

Boannoiicmamvenpedcmagnenvl okcnepumenmanbhble pe3yibmanmbi
GAUSAHUSL TUMUEBO2O Je2UPOBAHUS HA KOHYEHMPAYUOHHYIO NOTAPUSAYUIO
U UOHHYIO NPOBOOUMOCHbL  HAHOKOMNO3UMHbLIX — CYIb@PUO08  Medu
cocmasa LlXCuz_yS (x =0.09, 0.12, 0.16) 6 memnepamypHom unmepsae

350-420 °C. Hccnedosanus npoeedeHvl 8 VCA08UAX
2aNbBAHOCMATNUYECKO20 HASPYXHCeHUs npu moke 1 MA ¢ ucnorv3osanuem
cummempuunvix onexmpoxumuyeckux aueex Cu/CuBr/Li Cu Z-yS/ CuBr/Cuc
ANeKMPOHHO-ONOKUpyIowumMy  anekmpooamu. Houuylo npogooumocms
cynohudos meou UCCIed08aANUCy 6 pexcume NOCHOSHHO20 MOKd
¢ npumenenuem crnoes CuBr,  6LINOTHAIOWUX — DYHKYUIO  UOHHO-
CeNeKMUBHbIX  0apbepos U NOOAGIAIOWUX  NEPEHOC  ANEeKMPOHHBIX
Hocumeneil 3apsAoa. B makux ycnogusx snekmpuyeckuii mox uepes
obpasey obOycrosnen npeumywecmeenno muepayueii  uonog Cu’.
Toxazano, 4umo ygenuueHue coOepHCAHUS TUMUSL NPUBOOUN K CHUNCEHUTO
AMRAUMYObl KOHYEHMPAYUOHHOU NOTAPUIAYUU U COKDAWEHUIO 8DEeMEHU
VCMAHOBIEHUA CIAYUOHAPHO20 PENCUMA, YMO C8A3AHO € 03DACTNAHUEM
UOHHOU NOOBUNCHOCIU U NEPecmpolKou OeheKmHOU CmpyKmypbol
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mamepuana. Yemanogieno nanuuue 08yX memnepamypHuix pexicumos
nepernoca onsi cocmasos ¢ x = 0.12 u 0.16, yrazvieaiowux Ha usmeHeHue
MEXAHUIMA MUSPAYUU UOHOB U POPMUPOBAHUE CYNEPUOHHO2O COCMOSIHUSL.
Tokazano, ymo 6 yCmaHoBUSWEMCSI pedcume NepeHoc 3apsaod HOCUm
NpeumMyuwjeCmeeHno  UOHHLLL — Xapakmep. — DKCnepuMeHmanbHbie
pe3yIbmamesl N0 UOHHOU  NPOBOOUMOCU  NO3BOIUNU  YCIAHOBUND
GIUSAHUE ~CMENeHU JUMUeB020 JIe2UPOBAHUsl HA  MPAHCHOPMHbIE
CBOUCMBA MAMEPUALO8, ONPedeIums memnepanmypHsie 0coOeHHOCmU
UOHHO20 NepeHoca U 6BbiABUMb COCMABbL € NOBLIUEHHOU UOHHOTU
noosudichocmoio. Ilonyuennvle pesyibmamol NO360AAI0OM  ONpedeums
ONMUMANbHbIE COCMABLL U YCL08USL pabombl CYIbHUO08 MeOU CUCTHEMbL
Li-Cu-S kax svlcokomemnepamypuvix UOHRPOBOOSUUX MANEPUATIO8 OISl
MBEPOOMENbHbIX INEKMPOXUMUYECKUX YCMPOUCS.

Kniouegvie cnosa: cunmes, XanbKo2eHUObl Mmeou,
MepMOodeKmpuyeckue  Mamepuaol, UOHHASL npoBOOUMOCTb,
KOHYEHMPAYUOHHAS NOTAPUZAYUSL, IHEP2US AKMUBAYUU.

Brenenne

B mocnenHue ro/ibl HOHHO-MIPOBOISINNE CYIb(DUIHBIC COCTUHCHUS MEIH,
MOIU(GUIIMPOBAHHBIC MICIOYHBIMA METAJNIAMU, MPUBJICKAIOT 3HAYUTEIBHOC
BHUMAHUE B CBSI3H C UX MEPCICKTUBHBIM IIPUMECHCHHEM B BBICOKOTEMIICPATYPHBIX
IIEKTPOXUMUYCCKUX UCTOUHUKAX TOKA, CCHCOPHBIX CUCTEMaX M TBEPIOTCIbHBIX
JIIEKTPOXUMHUYCCKUX ycTpolicTBax. OcoOblii HHTEpPEC MPEACTABISIOT
HECTCXUOMETPUUCCKHE CYIb(MUIBI MCIH, JICTUPOBAHHBIC JINTUEM, TIOCKOIBKY
BBC/JICHUE MOHOB Li' MO3BOJISCT IEICHANPABICHHO YIPABIATh JACPEKTHOM
CTPYKTYPOIi, HOHHOU MOIBUKHOCTBIO U 3JICKTPOXUMUICCKIMH XaPaKTEPUCTUKAMHU
marepuana [1; 2; 3].

OIHUM M3 KIOUYEBBIX (PAKTOPOB, OTPAHUYMBAKONINX 3()PEKTUBHOCTH
MOJOOHBIX 3JICKTPOXUMUUCCKUX CHCTEM, SBIISICTCS KOHIICHTPAIlMOHHAS
MOJISIPU3AITHsl, BO3HHUKAIOIIAs [TPU TPOTEKAHUK TOKA BCIIC/ICTBUC HEPABHOBECHOTO
repepacnpeIeICHUs MOBHKHBIX HOHOB BOJIU3U TPAHUIL JICKTPO]T — SIICKTPOJIUT.
B ycl0OBHUSAX MOBBINICHHBIX TEMIICPATyp KOHICHTPAIMOHHAS MOJSIPU3AIUS
OKa3bIBACT CYIICCTBCHHOC BIIUSIHUC HA BEJTMUUHY ITCPCHAIIPSKCHUSI, CTAOUITBHOCTD
pabounx XapaKTEPUCTUK U JJOJITOBPEMCHHYIO HAJCKHOCTh AIEKTPOXHUMUICCKUX
stueek [4; 5; 6]. HecMoTpst Ha 3HAUUTENBHOE YHCIIO UCCIIEIOBAHUMN, TOCBAIIEHHBIX
o01Iell MOHHOW MPOBOAMMOCTU U TEPMOJMHAMHYCCKUM CBOHUCTBAM CYJb(UIO0B
MEJIIU, BIMSHUC KOHIICHTPAI[MOHHOW TMOJSIPU3AIUN HA DIICKTPOXUMHUUYCCKOE
MTOBEJICHUEC TUTUH-MOAU(UIIMPOBAHHBIX (pa3 0CTaTCs M3yUCHHBIM HEIOCTATOYHO.

Oco0bIil HHTEpPEC MPEIICTABISICT aHAM3 KOHIICHTPALMOHHOH TOJISIPH3aIui B
CUMMETPHUYHBIX M KBA3UCUMMETPUYHBIX SUCHKAX C OJIOKUPYIOIIMMH SJICKTPOaAMHU,
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MO3BOJISIFOLINH Pa3IeUTh BKIIA[] HOHHOTO MepeHoca U TU((dy3HOHHBIX IPOLIECCOB
B o0I1[ee MIEKTPOXUMHIYECKOe colpoTuBiieHue. cnonb3oBanue sueek tTumna Cu/
CuBr/Li Cu, S /CuBr/Cu obecrieurnsaet popMUpOBaHHE CTAOHITBHBIX MEXK(DAZHBIX
CJOEB M BBICOKYI BOCIPOU3BOJUMOCTb PE3yJbTATOB MPH HCCICIOBAHUH
MOJAPU3ANHOHHBIX 3)(DEKTOB B LIMPOKOM TEMIIEpATypHOM HHTEpBaie [7].

B Hacrosumeit paboTe mpeacTaBiCHbl Pe3yJIbTaThl UCCICIOBAHUS

KOHIIEHTPalMOHHOM nossipusamuu obpasuos Li, ,Cu, S, L, Cu, S, Li  Cu S

pu pUKCHPOBaHHOM TOKe | MA B mumamazone Temmepatyp 350-420 °C. Panee
MMOKa3aHo, YTO B CHCTEME LixCuz_yS W3MCHEHHE CONICPYKAHUS JTUTHS MPUBOIUT
K CyIIECTBEHHBIM BapHalUsM HOHHOW MPOBOJUMOCTH U KO3 (PHUINEHTOB
xumMudeckoir nuddys3unm [8]. YcTaHOBICHO, YTO POCT KOHICHTPAIUH
Li conpoBorkaercs nepepacnpeesieHneM KaTHOHHBIX BAKAHCHH, UTO OITPEe/IeIIsieT
Kak aOCOJIFOTHBIC 3HAYCHNUS IPOBOJMMOCTH, TaK M XapaKTep €€ TeMIepaTypHOH
3aBucuMOocTH. [lomydeHnsIe 3HaUeHUS K03 HUIHMEHTOB AU GY3UH COOTBETCTBYIOT
JMana3oHy, XapaKTepHOMY [UIsl CYIIEPHOHHBIX CyIb()UIHBIX COCTUHEHUN MEIH,
U MOTYT CIIYKHUTb KOJIMYECTBEHHOW OCHOBOH [UIsl aHaIM3a KOHLIEHTPALMOHHON
ToJIsIpHu3aIyu, 00y CIIOBICHHOH epepacipe/ieIeHNEM MOBHKHBIX HOHOB BOIHM3H
IEKTPOTHBIX TPAHHII.

Kunernueckre 0cOOEHHOCTH MOJSPU3ALMOHHBIX POIIECCOB B TBEPAOTEIBHBIX
EKTPOXUMHIECKUX CHCTEMAX MOIPOOHO paCCMOTPEHBI B pabOTE, TOCBAIIEHHON
raTbBaHOCTATHYIECKOMY M TIOTCHIMOCTATHYCCKOMY PEeKUMaM Harpyxenus [9].
ITokazaHo, 4TO MpK MPOTEKAHNH TOKA HAa TPAHUIIE METAJUT — TBEP/BIN JICKTPOIUT
(hopMHPYIOTCA TTEPEXOTHBIE CJIOH C TOHIKEHHOH 3(h(heKTHBHOM TPOBOANMOCTBIO,
CYILECTBEHHO BIUSIOIINE HA JMHAMUKY YCTAHOBJICHHUS CTAIIOHAPHOTO COCTOSIHUSL.
AHann3 NepexoAHBIX 3aBUCHUMOCTEH HAIPSIKEHHUS IO3BOJISIET BBIACIHUTH
BKIan MU (GY3MOHHBIX MPOIECCOB M ONMPEAETUTh (P (HEKTHBHBIC MMapaMeTphI
MAacCOIEepeHOCa, YTO METOINUECKH OJIM3KO K YCIIOBHSIM HACTOSIIIETO HCCIEA0BAHNSL.

DyHIaMEHTAIbHBIE OCHOBBI aHAIN3a MOJIAPU3ALNOHHBIX 3Q(EKTOB B
TBEPIIBIX SJIEKTPOINTAX OBLTH 3aJI0’KEHBI B paMKax Ioaxoza Xeb6a-Baruepa [10],
B KOTOPOM ITOKa3aHO, YTO IIPH ONIPEAEIEHHBIX TOKOBBIX PEXKNMAX NIEPEHOC 3apsza
CTaHOBUTCA TU(PY3MOHHO-OTPAaHUUCHHBIM, YTO OTPAKAETCSI B XapaKTEPHOH
¢bopme moNApHU3ANMOHHBIX 3aBUcHMOCTel. [lpu 3TOM momuépkuBaeTcs
HE00X0AUMOCTh yuéTa MHTEP(EHCHBIX MPOLIECCOB U CBOHCTB MPOMEKYTOUHBIX
CITOEB, YTO OCOOCHHO BayKHO IS cUCTeM, coepskamux CuBr, criocoOHbI BHOCUTD
JIOTIOJTHUTENBHBIN BKJIA/ B 00IIEe TepeHaNpsKCHHUE.

Panee moka3aHo, YTO MUKPOCTPYKTYpHBIE (akTOpbI U AeheKTHAs CTPYKTypa
UTPAIOT CYIIECTBEHHYTO POJIb B (HOPMUPOBAHUH KOHIICHTPAILIMOHHON MOJIPU3ALIIN
[11;12; 13].

[TnoTHOCTH 00PA3IOB, COCTOSIHNE MEX(Da3HBIX KOHTAKTOB M PACIIpEICICHIE
BaKaHCHI OKa3bIBAIOT PEIIAOIICE BIMSHNE HA HEPABHOBECHOE PACIPE/IEIICHHE

149



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMePIIK ulivimoap cepusicol. Ne 1, 2026

HWOHOB IPU IPOTEKAaHUM TOKA, OCOOCHHO B YCJIOBHSX BBICOKMX TEMIEpaTyp.
V3meHeHue creneny IuTreBoro Jiernpoanus B cucteme Li-Cu-S conpoBoxaaercs
NIepeCTPOMKOIl 1e(heKTHON MOJICUCTEMBI, YTO OJJHOBPEMEHHO BIIMSET HA HOHHYIO
MIPOBOJAMMOCTh U CKJIOHHOCTh Marepualla K pa3BUTHIO KOHLEHTPALHOHHOU
TIOJISIPU3ALIUH.

Takum o0Opa3zom, aHallM3 JIUTEPATYPHBIX JAHHBIX M MOJYYEHHBIX
9KCHEPUMEHTAJIBHBIX PE3yJIbTATOB IOKa3bIBAET, YTO KOHLEHTPAIIMOHHAs
TOJISIPU3AUS B JINTHH-MOAU(DUIUPOBAHHBIX CYJIb(UAAX MEIU ONpEeeiseTcs
COBOKYITHBIM BIIMSIHUEM COCTaBa, Je(PEKTHOW CTPYKTYphl U TEMIEPATyphl.
HenocraTouHasi M3y4eHHOCTh BIMSIHUS CTENEHU JIMTUEBOIO JIETHPOBAHUS
Ha KMHETHKY IMOJISIPU3aIIMOHHBIX MPOIECCOB B yCJIOBUSAX (PUKCHPOBAHHOT'O
TOKa MOJAYEPKUBACT aKTYaJIbHOCTh W HAYyYHYIO 3HAYMMOCTbH HACTOSIIEro
HCCIIEJOBaHNUS B KOHTEKCTE Pa3padOTKH BEICOKOTEMIIEPATYPHBIX TBEPAOTEIBEHBIX
IIEKTPOXUMHUYECKHX CUCTEM.

Marepuajibl 1 METOAbI

O6pasuei coctaBalLi, Cu, . S,L  Cu

0.09 1.82 0.12 I.SOS’ Ll
METOJIOM BBICOKOIIEIOYHOTO paciiaBHOTO cuHTe3a B cucteme NaOH-KOH.
CuHTe3 mpoBOANIN B TE(HIOHOBOM PEAKTOPE, YCHICHHOM METAJUINYECKUM
KOXKyXOM, TIPH TeMIIepaType IUIaBIeHUs MeIodHoro pacmiaBa (~165 °C) B
MHEpTHOI aTMoc(epe aprona. PaccuntaHHbIe KOTMYECTBA HCXOIHBIX PEAareHTOB,
BKJIFOUAsi COCJMHEHNST ME/IM, CEPBI U JINTHS, OAHOBPEMEHHO BBOJIMIIN B PacIUIaB
ruapookcuoB. [loce 3arpy3kn peaknnoHHOM cMecH PEakTop TepPMETU3NPOBAIH
1 TOAAEPKHUBAIN ClIa0bIi MOTOK aproHa HajJ MOBEPXHOCTBHIO pacIljiaBa.
DopMUpOBaHNE HAHOKPUCTAITMICCKUX (a3 LiXCuZ_yS OCYIIECTBISUIOCH TIPH
BBIIEPXKKE B TeueHue 15 4. [l peryJIupoBaHus pa3sMepoB HAHOKPUCTAJIJIMTOB B
paciuiaB 100aBIISUTH MaJIbIe KOJTUIECTBA BOIBI.

ITocne 3aBepiIeHNs peakIiy MOPOIIOK H3BIEKAN U3 pacIulaBa, MHOTOKPAaTHO
MIPOMBIBAJIM HArpeToi JUCTWIIMPOBAHHOW BOJOW M 3TAHOJIOM M CYLUWIM IpU
KOMHaTHOH Temmneparype. JlomosHUTeabHAs TepMUYEcKas 00padoTka mpu
temneparype He Hivke 400 °C mpuMeHsIIach U CHIKEHHS COIEPKAHMUS JICTYINX
npruMeceil ¥ MOBBIIIEHHSI BOCIIPON3BOIMMOCTH TPAHCIOPTHBIX XapaKTEPHUCTHK.
OcHOBHas 4acTh MOJYYSHHOTO MOPOIITKA MMEET pa3Mepsl yacTull oT 15 mo 90
HM. YTOOBI BBIIETUTH OTAENBHBIE (DPAKIIUH TACTHIL TI0 pa3MepaM, IPUMEHSETCS
METO/I CEJMMEHTAINN B KOJIOHHE CO CITUPTOM.

HMoHHYI0 MPOBOJUMOCTh CyJNb(HUI0B MEAM HCCIEAOBAIN B PEXKUME
TIOCTOSIHHOTO TOKa C MpuMeHeHneM ci10éB CuBr, BBIMOTHAOMMX (DYHKINIO HOHHO-
CEJIEKTUBHBIX 0apbepoB U MOJABJIAIONUINX MEPEHOC 3JIEKTPOHHBIX HOCHUTENIEH
3apsaa. B Takux yclnoBHSAX 3JIEKTPUYECKHH TOK depe3 oOpaselr] 00yCIoBICH
MIPEeNMyIIEeCTBEHHO MUTpanreii nonos Cu’. TemmnepaTypHast 3aBUCHIMOCTb HOHHOM
MIPOBOANMOCTH OIHCBHIBAETCS SKCIIOHEHIINAIBHBIM 3aKOHOM AppeHnyca:

0.16CY, .S OBLITM CHHTE3UPOBAHbI
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o;T = o;,exp(-E, /KkT) €))

rzie (G,) — MOHHas IPOBOAMMOCTH, (E ) — sHeprus akTupaiuu nepenoca, (k)
— noctosinHast bonbimana, (T) — abcomroTHas Temreparypa.

M3MepeHus BBIMOIHSAIUCH B AIEKTPOXUMHUUECKON STUeiiKe CUMMETPUYHOTO
THUIA:

Cu/CuBr/ Li,Cu,.,S/CuB1/Cu/

Wonnas pasHocts nmoteHnuanoB AU peructpupoBaiach MEXIy ABYMS
3oH7aMu coctaBa CuBr/Cu, pa3mMemEHHBIMU Ha OTHOH 13 O0KOBBIX IIOBEPXHOCTEH
obpasma Ha paccTosHMHM | cM apyr oT apyra (puc. 1). 3HaueHUS MOHHOM
HpOBO}II/IMOCTI/I onpeﬂensum 110 yCTaHOBI/IBH_II/IMCH CTaHI/IOHapHBIM 3HAYCHUAM
Uii B COOTBETCTBUU C BBIpa)KeHI/IeMI

IL
SAU!

rae (I) — BenmuuHa NPUIOKEHHOTO TOKA, (L) — paccTosHIE MeX Ty 30HIaMH,
(S) — mIoIIa B TOTIEPEYHOr0 CeUeHHsI 00pasIia.

0;= 2

i

/Cu\

— | Cu| CuBr 0'5]]338]1 CuBr| Cu

N A

— (dT/dx

Pucynoxk 1 — Cxemarnueckoe n3o00pakxeHHe 3JIEKTPOXUMHIECCKON STUCHKH,
UCTIONb3YEeMOH A7l U3MEPEHNST HOHHON POBOAMMOCTU ¥ HOHHOU TepMo-DJ1C
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dopma BpeMEHHON 3aBHCHMOCTH MOHHOI Pa3HOCTH MOTEHLHAIOB
onpeessieTcsl pa3BUTHEM KOHIIEHTPAIMOHHOM NOJISIpU3aIiy B 00beMe MaTepurala.
B HavajbHBII MOMEHT IIOCJIE M0JIa4M TOKa MEPeHOC 3apsiaa OCYIECTBISIETCS
OJTHOBPEMEHHO MOHAMH MEJU M DICKTPOHHBIMHU JIBIPKaMH, YTO COOTBETCTBYET
MUHHUMaJIbHOMY (D (GEeKTHBHOMY COIPOTHBIICHUIO 00pa3ia.

[To Mepe mpoTexaHHsi TOKa AJIEKTPOHHBIE JIBIPKH HAKAIUIMBAIOTCSl BOJIN3U
KaTOJHOM TpaHMIBI BCIEACTBHE MX OJokupoBaHMs Ha nHTepdeiice ¢ CuBr.
Bo3Hukaomuil TpagiueHT KOHIEHTPAUH MPUBOJIUT K (OPMHUPOBAHUIO
1 dy3noHHOr0 MOTOKA ABIPOK, HAIPABIEHHOI'O HABCTpedy X ApeidoBomy
JIBHM)KCHUIO. B pesynbraTe cyMMapHBIl MOTOK 3JEKTPOHHBIX HOCUTEIEH
HOCTEHIEHHO YMEHBIIAETCs, YTO COIPOBOKIACTCS POCTOM COIPOTUBIIECHUS 00pasLa
1 YBEIIMUYCHHEM HOHHOH Pa3HOCTH ITOTEHIIMAJIOB.

VBeJ4yeHre KOHIEHTPAIMOHHO! MOJISIPH3ALINH [TPOI0IDKACTCS 10 JOCTHIKEHHS
CTaI[MOHAPHOT'0 COCTOSTHUS, IPH KOTOPOM U (D(Y3nOHHBIH 1 Aperi(hOBbINA MOTOKU
JIBIPOK B3aMHO KOMITEHCUPYIOTCs. Ha KPHBBIX KOHLIEHTPAMOHHOW TOJISIPU3ALIH
9TOMY COCTOSIHHIO COOTBETCTBYET 00J1aCTh HAaCchIeHUS. B 1anHO# o0nacTy Bk
JIEKTPOHHBIX HOCUTENIEH B IIEPEHOC 3apsiia OTCYTCTBYET, U DJICKTPUUECKHN TOK
00YCIIOBJIEH HCKITIOUMTEIBHO MUTpareil nonos Cu’.

[Tocre oTKITIOUEHHSI BHEITHETO HCTOYHUKA TOKA OMUYECKast COCTABIISIONIAs
Pa3HOCTH MOTEHIUAJIOB HCYe3aeT, OAHAKO B 00pa3lie COXPaHAETCs BHYTPEHHEE
AIIEKTPUYECKOE MOJIE, CBSI3aHHOE C OCTATOYHBIM HEPABHOBECHBIM PACIIPEACIICHUEM
AJIEKTPOHHBIX JIBIPOK M COMPSHKEHHBIM C HUM I'PAJIMEHTOM KOHIIEHTPALIH KATHOHOB.
Hanmume 3Toro moJst IpUBOAXT K MPOTEKaHHIO ci1aboro aud(dy3MoHHOTO TOKa
Jlayke IIPU OTCYTCTBHY BHEIIHETO HAIPSDKEHUSI.

Cria/t KOHICHTPAIIMOHHOH MOJISIPU3AIH OIIMCHIBACTCS] COOTHOLIICHUEM

Ui ()=Us; (0)exp(-n2 DY/L?), 3)

rae DD — ko3 pHUIMenT conpsKeHHOH XUMUIecKoi quddy3uu KATHOHOB 1
ABIPoK, U, — KOHIEHTPAMOHHAS TTONAPU3AIIAS

Pe3yabTaTsl U 00cyK1eHUe

B HacTosmem pasjenie mpoBeleH aHaIU3 SKCIIEPUMEHTANbHBIX JAaHHbBIX,
HaIlpaBJICHHBIN Ha YCTAaHOBJICHHE 3aKOHOMEPHOCTEH MOHHOTO IepeHoca U
($bopMUPOBAaHHS KOHIEHTPALMOHHONW MOJISIPU3AIUU B TBEPABIX 00pasmax
LiXCuHS (x =0.09, 0.12 m 0.16). dns XanpbKOTEHUAOB MEIU XapaKTCPHBI
HCKJIOYUTENHHO BHICOKME 3HAYEHHUS MOHHOW NMPOBOAMMOCTH, KOTOpHIE
COXPAaHSIOTCS IPH N3MEHEHNH KaTHOHHOT'O COCTaBa M cJ1ab0 3aBUCST OT CTEIICHU
3amenieHus. Takoe oBeeHNe 0OBIYHO CBSI3BIBAIOT C CHIIBHO PA3YTIOPSIOYEHHBIM
COCTOSIHHEM KaTHOHHOW TOAPEIIETKH, 00Iamaroneil CBOHCTBaMHU, OIM3KIMHA K
TUHAMAYECKH HEYIOPSITOYeHHON («pacIUIaBIeHHOI») cucTtemMe. Ha pucyHKax
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2-4 npuBeACHBl KPUBbIE KOHLIEHTPALMOHHON MOJsApH3alUu 00pa3ios
Li,,Cu, .S, L, ,Cu, S, Li, Cu, S B aueiikax tuna Cu/CuBr/ Li,,Cu, S/

0.12 1.80 0.16 1.75 0.09 1.82

CuBr/Cu/, Taxxe momydeHnHsie mpu Toke | MA u temmeparypax 350-420 °C.
Jis Bcex cocTaBOB MPH BKIIOYCHNHU TOKA HAOIMIOaeTCs OBICTPBIA POCT HOHHOM
Pa3HOCTH MOTEHINAIOB, 00YCIOBICHHBIN HAYaIbHBIM BKJIAJOM 3JIEKTPOHHBIX
neipok u noHOB Cu’ B mepeHoc 3apsga. JladpHeiImas 3BONIONUS KPUBBIX
OTIpefIeNIAeTCA Pa3BUTHEM KOHICHTPALMOHHON MOISIPU3alNM, CBI3AHHOH C
HAKOIIJICHHEM JIBIPOK ¥ MeK(a3HbIX rpanui CuBr i popMupoBaHreM BCTPEIHBIX
I Py3HOHHBIX TTOTOKOB. Y CTAHOBJICHHE TUIATO HA KPUBBIX COOTBETCTBYET
nepexoy B Au(Py3nOHHO-OTPAHMUCHHBIN PEXHUM, B KOTOPOM TOK IIEPEHOCUTCS
npenMyIecTBeHHo nonamu Cu’.

Ha pucynke 2 mpuBeIeHB N3MEpPEHBI KPUBbIE KOHIICHTPAITMOHHON
nosspusanuy s oopasua Lij  Cu, .S B uaTepBane temneparyp 350-420 °C npu
MOCTOSTHHOM Toke | MA. Bo Bcex TemmepaTypHBIX peKUMaXx MOCIe BKIFOUCHUS
TOKa HaOMIONAETCs OBICTPBIA POCT MOJAPH3AUHOHHOTO Hanpsokenus (U.), 9ro
yKa3bIBaeT Ha (hOPMHUPOBAHME TPAJUEHTOB KOHIICHTPAIMH TTOJBH)KHBIX HOHOB
Li*, TnmryHOE IS CMETIaHHBIX HOHHO-3JIEKTPOHHBIX IPOBOIHUKOB [ 14].

1.82

KpuBble KOHNEHTPAaNHOHHOH Noaspa3annd odpasna Li0,09Cul,82S
npH Temuepatrypax 380-420°C
18

16

#350C

129 m360C

x
10 2 % . 380 C
i il PRt S0 xa00¢C

+420 C

Uii,MB

o 10 20 30 a0 50 60 70 80 0 100
t, MHH.

Pucynoxk 2 — KpuBble KOHIIEHTPALMOHHOH MOJISIpU3aluy 00pasia
Li, ,Cu, .,S npu Temneparypax 350 — 420 °C npu nonHom Toke 1 MA

ITpn 350-360 °C ycranosusimmecs sHadenus U, nocturaor 14-16 MB n
COXPAHSIOTCS B TEUEHHE JUIUTEIHLHOTO BPEMEHHM, YTO TAK)Ke CBUICTEIHCTBYET
0 3aMETHOM BKJIaJI¢ KOHLICHTPALUOHHOMN moJsipusauuu. IIpu nosslenun
Temmnepatypsl g0 380 °C nonspusanmonnoe Hanpsokenue (U,) CHMKaeTes 10
~10-11 mB, Torna kax mpu 400420 °C (U,) ymenbmaercs 10 8-9 MB u Bpemst
BBIX0/Ia HA CTAllMOHAPHBIA PEKUM COKpAIIIAeTCs.
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Cpazy mociie BKIIOUSHHSI TOKA IPU BCEX HMCCIEAOBAaHHBIX TEMIepaTypax
HaOmromaercs ObIcTphIi pocT (Uil), CBHAETEIBCTBYIOMINI O ()OPMUPOBAHHUH
IpaInCeHTOB KOHIEHTpauuy JuTus. /laHHas HadanbHasl CTaJusl COOTBETCTBYET
HEPaBHOBECHOMY IIepepacIpe/ieNIeHHI0 HOHOB Li* moj nelicTBIeM JIeKTpUIecKoro
TIOJIS, OTPAHUYCHHOMY HX MU PY3HOHHON IMOABIKHOCTHIO [ 15].

KpuBblE KOHIEHTPAMOHHOH nosspusanuu obpasna L ,Cu, S (pucynok
3), usmepeHasle B uHTepBane temmepatyp 350—420 °C mpu mOCTOSHHOM
MOHHOM TOKe | MA, I€MOHCTPUPYIOT THUIMYHOE ISl CMEUIAHHBIX MOHHO-
JIEKTPOHHBIX TPOBOIHUKOB ITOBEZIEHHE C POPMHUPOBAHUEM KBa3HCTALOHAPHOTO
noJsIpru3annoHHOTo HanpspkeHws. [Tpu temnepatypax 350-360 °C ycTaHOBHBIIHECS
3Havenus (Uil) coctaBisioT 14—15 MB, 94TO HECKOIBKO HIKE, YeM JJI COCTaBa
Liol09Cu1.825, T/Ie TIPY TeX K€ YCIOBHUAX HAOMIOMA0TCs 3HaYeHHs 10 16 MB. D10
yKa3bIBaeT Ha 0cJ1abJIeHNe KOHIIEHTPAMOHHOH MONISpU3aliy IPH YBEINYEHUN
COJICpIKaHMUs JINTUS B PELIETKE.

IIpn noeeuenun Temneparypsl 1o 380 °C mnsa L ,Cu, S oTmedaercs
YMEpeHHOE CHIDKCHIE MOJApU3aioHHOro HanpsbkeHus 10 10—11 mB, Torma kak
mLi Cu. S cmag U, BBIp@XKEH CHIIHEE U COTPOBOKIAETCS 0oJree 3aMETHOM

0.09 1.82
HECTaOMIFHOCTHIO B HAYATBHOHN CTaJNHU TTOISAPU3AIHH.

KpHBBI¢ KOHIEHTPATHOHHOH MOIAPH3amHA o6pasna Li0.12Cul.80S npu

Temmeparypax 380-420°C
B bR )
e s
14
2 1 K
x #350C
b

R m350C

8 T Mw 380C

6 X 400C

Uii,uB
5

kazoc

o 10 20 30 40 50 60 70 80 S0 100
t, MHH.

Pucynok 3 — KpuBble KOHIIGHTpaMOHHO Mossipu3anuy oopasia
L, ,Cu, .S, mpu Temneparypax 350 — 420 °C npu nonHom toke 1 MA

B obmnactu 400-420 °C ycranosusmmecs snauenus (U,) nnms cocrasa
L0 . 2Cul 80S HaxoJsTCs B [Mana3zoHe 7—9 MB, 4To Takye HUKE COOTBETCTBYIOLLIUX
3HAUCHMH /TSI MEHEE JISTHPOBAHHOT O JINTHIcoiepKarero oopasua. Kpome Toro,
s Ly ,Cu, S Habmogaercs Gosee GBICTPOE YCTAHOBJIEHHE CTAHOHAPHOTO
pexuma, 4TO CBHUACTEIBCTBYET 0 Oosiee 3P PeKTUBHON pellakcanuu

KOHLEHTPAaLMOHHBIX HeogHopoaHocTel. [Ipu yBenuuenuu napamerpa x 10 0.12
154

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qusuka, Mmamemamura u KomnvromepHoie Hayku. Ne 1, 2026

U BBIIIE BO3pPAcTaeT CBSI3HOCTh MOHHBIX IYTEH IepeHoca, 4To CIoCOOCTBYET
YCKOPEHHOM peJlakcallii KOHLEHTPAIIMOHHBIX TPAANEHTOB ¥ CHUKEHHIO BEJTNUNHBI
KOHIIEHTPALMOHHON MOJISpU3aIUH.

Kax BunHO U3 pucyHka 4, BpeMEHHbIE 3aBUCHUMOCTH TMOJIIPU3ALMOHHOTO
Hanpsxkenus g cocrasa Lij Cu, S, nonyyeHHble NpU TeMIIEpaTypax
350-420 °C u uoHHoM TOoke 1 MA, XapakTepU3yIOTCAd CPaBHUTEIBHO
MaJioll aMIUIUTYJ]0M KOHLIEHTPAlMOHHOHN mojspu3anuu. B teMmnepatypHoii
obnactu 350-360 °C ycraHoBuBmInecs 3HadeHus: Uil HAXOAATCS B Hpejaenax
10-12 MmB, uro yka3eiBaeT Ha ocnabienue nupQGy3MOHHBIX OrpaHUYCHUH 110
CPaBHEHMIO C MEHeEE JIETUPOBAaHHBIMU 00pa3liaMu CHCTEMBI LiXCuzryS. ITpn
MOBBILIEHNH Temreparypsl 1o 380 °C Habmogaercs JajbHEHIIee CHIKEHNE
MOJISIPU3AIIMOHHOT0 HanpskeHus 10 7-9 MB, conpoBoskaatoiieecs COKpalieHueM
BPEMEHHM BBIXOJa HAa KBa3UCTAllMOHApHBIA pexxuM. B nuanazone 400420 °C
Benmunna (U,) ymenbiaercs 10 5—7 MB, a KpuBble MPHOOPETAIOT YCTORUMBHIN
1 BOCIIPOU3BOJMMBIN XapakTep 0e3 BEIpaKeHHBIX (IIyKTyauuii.

KpHEEBIe KOHIEHTPALHOHHOH IMoAspHzanaH 0dpazua Li0,16Cul,75S npa
TeMOepaTypax 380-420°C

8 #350C
[ L] m360C
A380C
mW400C
420C

?i
l

0
o 10 20 30 40

50 60 70 80 30 100
€, MHH.
Pucynox 4 — KpuBble KOHIICHTPaIMOHHOW MOJSIPU3AIIK 00pasia
Li, ,Cu, .S npn Temneparypax 350 — 420 °C npn nonHOoM Toke 1 MA

W3mepeHns: KOHIEHTPAITOHHOHN MOISIPU3AIH OBUTH BHITIOHEHBI C IIETHI0
BBIABICHUS MU(DPY3NOHHBIX OTpaHUYCHUH W OIECHKU MOJIBIKHOCTH MOHOB
JIUTHS, KOTOPBIE HATIPSIMYIO OTIPEICIISIOT BETMUUHY U TEMIIEpaTypHOE MTOBEICHNE
WOHHON NPOBOAMMOCTHU. YMEHBIIEHHE aMIUIMTYAbl KOHUEHTPALUOHHOU
TOJISIPU3ALNU U COKpAIllEHNEe BPEMEHHU pENIaKCaIlH CBUACTEILCTBYIOT O POCTE
HMOHHOM IMOJIBIKHOCTH 1 CHIDKEHUH SHEPTeTHIECKUX OaphepoB repenoca. Takwe
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HU3MEHEHHUSI JOJDKHBI COIIPOBOXKIATHCS YBEIMUYEHUEM HOHHOM MPOBOAUMOCTH U
HM3MEHEHHEM €€ aKTUBAIMOHHBIX apameTpos [16; 17].
Ha pucynkax 5—7 npuBeaeHbl TeMIlepaTypHble 3aBUCUMOCTH MOHHOMU

nposoaumoctu obpasuos Li, ,Cu, S, L Cu S, Li  Cu S, nomydennsie Ha

1.75
Toke 1 MA mpu Temmepatypax 350-420 °C.

Ha pucynke 5 nokaszana remneparypHasi 3aBUCUMOCTb HOHHOM ITPOBOJUMOCTH
obpasma L ,Cu, S, mpeacTaBieHHas B JMHEHHBIX KOOpAMHATAX (2) M B
momynorapudmrrdeckom Buae Inci 1/T (6). B uatepsane 350-420 °C nonHas
MPOBOAUMOCTE Bo3pactaeT oT ~1.02 Cm-em ! mo 2.2-2.28 Cm-cMm !, 9TO
YKa3bIBAaeT HAa TEPMHMUYECKH AKTHBUPYEMBIH XapakTep mepeHoca MoHOB Li'.
IMomynorapudmudeckie 3aBUCHMOCTH OTIMCBHIBAIOTCS apPEHIYCOBCKHM 3aKOHOM
1 BBISIBIISIFOT JIBA JIMHEHHBIX Y9ACTKA C PA3IMYHBIMU HAKJIIOHAMHU XapaKTepu3yeTcs

KOA(PHUIUEHTOM KOPPEISAINH.

2,5 4 Ly.12Cu, 408 (a) 76 7

y = -2666,6x+ 10,723
R?=0,9573

0 R 6’2 by b Ly
340 360 380 400 420 0,0014 0,00148 0,00156 0,00164

t,°C /T, K!
Pucynox 5 — TemriepatypHast 3aBUCHMOCTh HOHHOH ITPOBOIMMOCTH 00pasia
Li0 12Cu1 80S TIPEICTaBIICHHAS B (2) B OOBIYHBIX KOOPAMHATAX;
(6) B momymorapnpMHIEcKuX KOOpINHATAX

DHeprus akTUBaIuy repenoca cocrasisier 0.12 3B B Hu3KoTeMIIepaTypHOi
obmacti (R>=1.00) u Bospacraer m0 0.23 5B mpu TOBBIMICHAN TEMITEPATyPHI
(R?=0.957). Hanuuue nBYX aKTHBAIIMOHHBIX PEKUMOB CBUIETEIBCTBYET 00
M3MEHEHHH MEXaHW3Ma MOHHOTO TEPEHO0Ca, YTO XapaKTEPHO Ul CMEIIaHHbBIX
HMOHHO-3JIEKTPOHHBIX TTPOBOTHIKOB C Pa3BUTON Ae(hEKTHOW CTPYKTYPOI.

Ha pucynke 6 mpuBeneHBI TeMIEpaTypHbIC 3aBUCUMOCTH HOHHOMU
npoBoamMocTH obpasmna Li0.16Cul.75S, npencraBieHHbIe B KOOPIAWHATAX
o, (T)nlno, 1/T (6). B nmanaszone 350-420 °C penmuurHa HOHHON NPOBOJIMMOCTH
mmensercs ot ~1.04 Cm-em ! mpu 350 °C mo 1.6-1.68 Cm-cm ! mpu 420 °C.
Oneprust aktuBanuu paBHa 0.09 n 0.25 3B; anmpokcnmManuy XapakTepu3yOTCs
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koapduunentamu koppessuud R .=1.00 1 R,=0.891 g nuskoremnepaTypHoro
U BBICOKOTEMIIEPATyPHOTO0 PEXHMOB IepeHoca. Takoe yBeanueHHe MOHHOU
MIPOBOJMMOCTH XapaKTepHO ISl CYIIEPUOHHBIX IIPOBOJHUKOB M MOXET OBITh
CBSI3aHO C IIEPECTPONKON Ae(PEKTHOM MOICUCTEMBI M U3MEHEHHEM () (HEKTHBHBIX
ITyTeld HOHHOT'O [IEPEHOCa, YTO COMIIACyeTCsl C JAHHBIMU 0030POB 10 CYIIEPUOHHBIM
MaTepHuajaM, B KOTOPBIX MOJUEPKUBACTCS KIIIOYEBAs POJIb KPUCTAIUIMIECKON
noapeiéTku U 1e(eKToB B GOPMUPOBAHNYU TOABHIKHOCTH MOHOB M SHEPIHU
aKTHBallMU Iporecca nepeHoca [18].

1,8 4
16 - Lig 16Cuy 758 (a) 71 1 Lig16Cu; 55S (6)
14 7 -
1,2
g ! 6,9 -
~ 1 -
2 6,8 -
2 08 - =
© ' = y=-110394x + 2%,055
867 1 pny
0,6 =7
0,4 - 6,6 \¢
, i} y=-2844,9x + 11,06
02 6,5 R*=0,8911 DY
I \O L L } L L L L |
320 370 420 6,4 1 1 1 1 } 1 1 1 1 } 1 1
0,00142 0,0015 0,00158
t,°C 1T, K

Pucynox 6 — TemmnepaTypHas 3aBUCHUMOCTh HOHHOM ITPOBOIMMOCTH 00Opasiia
Li,,Cu, .S npencrasnennas B (a) B 00BIMHBIX KOOPIMHATAX;
(0) B momymorapupMHUUECKUX KOOPIAUHATAX

Ha pucynke 7 nmpexacraBiieHa TeMIepaTypHas 3aBUCUMOCTb MOHHOU
nposoaumoctu obpasua Lij Cu, .S, monydyennas B nuanazone 350-420 °C.
[Tpu NOBBILIEHNH TEMITEPATyPbl BETMUYMHA HOHHOW TIPOBOIMMOCTH BO3PAcTaeT OT
1.02 Cm-cm ' 10 1.146 CMm-cM ™!, IeMOHCTPUPYSI YMEPEHHBIN POCT IO CPABHEHUIO
¢ obpasuamu Li0.12Cu, S u Li  Cu, .S, xapaktepusyromumucs 6onee
BBICOKHUM COZIEP)KaHUEM JIUTHUS. 3aBUCUMOCTD JIOTapu(pMUIECKUX KOOPIUHATAX
aMIMPOKCHUMHUPYETCS OJTHOM JTHHEHHOW (YHKIHMEH ¢ BBICOKUM KOA()PUIIEHTOM
koppersiiu (R>=0.988), 4T0 yKa3bIBaeT Ha COXpaHEHHE €AMHOIO MEXaHH3Ma
MOHHOTO TIEPEeHOCa BO BCEM HCCIIEIOBAHHOM MHTEpBalle TeMIleparyp. JHeprus
AKTUBAIMH, OTIPe/IeJICHHAs N3 HAKJIOHA apPEHUYCOBCKOM 3aBUCUMOCTH, COCTaBIISIET
okouo 0.12 5B, 9T0 CBUIETENBCTBYET O HATHYUU TUPPY3HOHHBIX OTpaHUYCHUI
IpU MOHM)XEHHON KOHIEHTpAIMU MOJBMKHBIX HOoHOB Li*. [lomy4yeHHbIe
pe3yNbTaThl COTNIACYIOTCS C JaHHBIMH KOHIICHTPAIIMOHHOW IMOJISIPU3alUU U

OTPAXAKOT MEHEE CBA3HYIO HOHHYIO nojcucTeMy B coctase Li0.09Cu, . S.
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1,16 - 6,7 -
1,14 - . 665 - Lig 09Cuy £S5 (6)
g112 Lip 49Cu 5,8 (a) Q 4
2 i 3 6,6
& 11 §
§1,08 - A 655 -
1,06 - -
1,04 Hb_ 6'5 'y =-1365,3x + 8,6466
’ R?=0,988
1,02 - £ 645 -
1 : : ‘ 64 b
300 350 400 450 0,0014 0,0015 0,0016
t, °C 1/T, K

Pucynok 7 — TemneparypHas 3aBUCUMOCTh HOHHOM ITPOBOJUMOCTH 00pasiia
Lij ,,Cu, .,S npencrapnennas B (a) B 00BIMHBIX KOOPAMHATAX;
(0) B momymorapu(pMHUECKUX KOOPAUHATAX

Jna cynphuma m cenmeHuaa MeAu, 3aMEIIEHHOTO HATPUEM, HOHHAs
MIPOBOJIMUMOCTH Ha MOPSIOK HIDKE, YeM B YHCTOM CEeJICHUIE MeIU. 3aBUCHMOCTb
HMOHHOH MPOBOJMMOCTH OT pa3Mepa 3epeH B ATHX MaTepuanax oOpaTHas, IO
CPaBHEHUIO C CEICHHIOM MEIU — C yBEIWYCHHEM pa3Mepa 3epHa HOHHAaL
MPOBOAUMOCTh B HUX CHHYKAETCS, YTO CBHACTENHCTBYET O IMpeoOiaJaHuH
3epHorpanndHoi nuddysun Hag nuddysueii mo oobemy 3epen [19].

Undpopmauus o GpMHAHCUPOBAHUH

JanHoe uccnenoBanue puHancupyercs Komurerom Haykun MuHucrepcTa
HayKH ¥ BIcIIero oOpazoBanus PecrryOnmkn Kazaxcran (rpant Ne AP23490700).

BriBoab!

Taxkum o6pa3zom, aHATW3 MOJTYYEHHBIX PE3yJIbTATOB IOKAa3bIBAET,
YTO BBISIBJICHHBIE 3aKOHOMEPHOCTH MOHHOW MPOBOJAUMOCTH B CHCTEME
LiXCuz_yS (x=10.09, 0.12 1 0.16) COOTBETCTBYIOT OOIICTIPUHITHIM MEXaHU3MaM
ObIcTpOro nonHoro nepenoca. [l o6pasuos Lij (,Cu .S, L, ,Cu S, Li , Cu, .S
B TemmnepaTypHoM uHTepBasie 350—420 °C skcrniepuMeHTATbHO 3a()UKCHPOBAHBI
3HAYEHUSI HOHHOM POBOAMMOCTH B frarnazone 1.0-1.15Cm-em™,2.2-2.28 Cm-cm !
u 1.6-1.68 CM-cM ' COOTBETCTBEHHO. DHEPIrUU aKTUBAIMHM MOHHOTO TepeHOoCca
coctaBisioT 0.09-0.25 5B, 4T0 XapakTepHO IJisi CYNEPUOHHBIX MaTepUaIoB
C BBICOKOW MOABMXKHOCTBIO KaTHOHOB. [Ioka3zaHo, 4TO Takue TpaHCIOPTHHIE
napamerpbl GOpMHUPYIOTCS 3a CYET AMHAMUKH 1e(DEKTOB U KATHOHHBIX BAKAHCHI
B YaCTHYHO DPA3yMOPSAOYECHHON MOJpEIIeTKe, YTO COTIACYETCs ¢ JaHHBIMH
JIUTEPATYPHI O CYIIEPUOHHBIM XabKoreHuaam mMeau [20].

Hannune nByX aKTHBAaIMOHHBIX PEeXUMOB aius coctaBoB L. .Cu, S

0.12 1.807?

Li; ,Cu, .S 03HayaeT, 4TO NpU HATPEBE MEHSIOTCS YCIOBUS JBUKEHUS HOHOB
JIUTHUSI, TO €CTh, OT MEPEHOCa MO CYLIECTBYIOIINM HOHHBIM IYTSIM K [EPEHOCY,

COIMPOBOXIAIOMIEMYCSI IEPECTPONKON e()EKTOB KPUCTAIUTMUCCKON PEIICTKH.
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Hns cocrasa Lij ,Cu, S Takoii mepexoj He HabIIOAAETCs, YTO yKa3blBaeT
Ha CHIDKEHHYIO ITOJIBXKHOCTh MOHOB Li* n Oonee xectkue andy3noHHbIC
orpaHuueHusi. TakuM oOpa3oM, U3MEHEHHE COJEpPI)KAHUs JHUTHS TO3BOJISET
LieJICHATIPaBIICHHO YIIPABJISITh MEXaHU3MOM HOHHOTO TiepeHoca B cucreme LiCusS,
YTO COOTBETCTBYET OOLICTIPUHSTHIM TPEJICTABICHUSIM O MEXaHU3Max MOHHOI'O

IIEPEHOCA B CYIIEPUOHHBIX XaJIbKOICHUAX MEU.
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TACBIMAJI KOHE KOHIOEHTPAIIUAJBIK NOJAPU3ALIUA

byn  makanaoa 350-420 °C  memnepamypa  apanvlebiHOd
LixCu2-yS (x = 0.09, 0.12, 0.16) xKypamovl HAHOKOMNOIUMMI MbIC
cynopuomepindeci  aumutiven  necupieyoiy  KOHYEHMPAYUIbIK
NONAPUAYUARA HCIHE UOHOBLK OMKIZIUMIKKE dCEPIHIK IKCNepUMEHMMIK
Homudicenepi  YCoblHblI2AH. 3epmmeynep 21eKmpoHOapobl  0ozeumin
anekmpoomapvl  6ap  CuMMempusivl Cu/CuBr/LixCu}yS/CuBr/Cu
INEKMPOXUMUANGIK  YAubIKmapel navoaranvin, 1 mA mok keszinoe
2aNbBANOCMAMUKANLIK — JCYKMeMe  dHcagoaivbinoa  Jcypeisindi.  Muic
cynohuomepiniy UOHOBIK OmKizeiwmici MYpakmvl MOK percuminoe
sepmmenodi, mynoa CuBr xabammapvl uon-cenekmugmi MmocKaybli
KbI3MemiH amiKapoln, 371eKmpoHObIK 3apsa0  MAcCbiMaL0ayubLiapOoblH
macwvimansin mecetioi. Mynoaii sxcaz0atioa yaei apKblivl Omemin 31eKmp
moavl  neeizinern Cu® UOHOAPLIHLIY MUSDAYUACLIMEH AHBLIKMALAObL.
Jlumuii  momwepiniy — apmysl  KOHYEHMPAYUsivlK — NOAAPUAYUSL
AMRAUMYOACHINbIY — TMOMEHOEYiHe JHCIHE CMAYUOHAPTLIK PEHCUMHIY
OPHAY YAKbIMbIHGIH KbICKAPYbIHA dKelemini Kopceminoi, 6Yi uoHOapObiH
KO38ANEbIUMbBIZbIHbIY — APMYLIMEH — JiCoOHEe  MAmepuanobly — aKayablk
KYPOLILLMbIHbIY  Kauma Kypuliybiver Oaunausvicmel. x = (.12 owcone
0.16 Kypamoapsl ywiin uoHOAp MACLIMANGIHLIY €Ki MeMnepamypansly
pedtcuMi aHbIKMAobl, OY1 UOH MUSPAYUACLIHbIY MEXAHUSMIHIY 632epyiH
JiIcoHe cynepuonoblK Kyuoiy Kaiblnmacywin kepcemeoi. Typaxmanean
pedcumoe 3apsa0 MAcCbIMAnbl He2i3iHeH UOHOBIK CUnamma O01amviHbl

LI CU, S TEPMOSJIEKTPIIK MATEPHAJIJAPIAFBI HOHBIK
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anvikmanovl. MoHOwlK omKizeiuumix OOUbIHUUA A/IbIHEAH IKCREPUMEHMIMIK
Homudicenep  UMuUUMen Jecupiey  0apexceciniy  Mamepuanoapobly
MACIMAObIK KacUuemmepine acepin aHblKmayad, UOHObIK MACIMAIObIH
MemMnepamypansly — epekuenikmepin — aukblHOayea — JHCoHe  UOHObIK
KO32ANEbIUMBIEbL HCOAPbI KYpamoapovl Oeneiieyee MyMKIHOIK OepOi.
Anvinean nomuoicenep Li-Cu-S gicytiecindeei mvic cyno@uomepin Kammol
Kytioeei 91eKmpOXUMUSLIBbIK, KYPOLIEbLLAD YULIH HCOAPbL MEeMNepanypaibl
UOHOMKI32IW Mamepuaioap peminoe Koioanyobiy OHMAllbl KYpamoapol
MEH HCYMBLC WapmMmMAapbli AHbIKMAy2d MYMKIHOIK 6epeoi.

Kinmmi cesdep: cunmes, mvlc Xanvko2eHUOMepI, MepMOINeKMPIIK
Mamepuanoap, UOHObIK OMKI32IUMIK, KOHYEHMPAYUsIbIK NOJAPU3AYUS,
AKMUBAYUSL IHEPEUACHL.
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ION TRANSFER AND CONCENTRATION POLARIZATION
INTHERMOELECTRIC MATERIALS L1 CU, S

This article presents experimental results on the effect of lithium
doping on the concentration polarization and ionic conductivity of
nanocomposite copper sulfides of the composition Li Cu, S (x = 0.09,
0.12, 0.16) in the temperature range of 350—-420 °C. The studies were
carried out under galvanostatic loading conditions at a current of 1 mA
using symmetrical electrochemical cells Cu/CuBr/LixCu2-yS/CuBr/
Cu with electron-blocking electrodes. The ionic conductivity of copper
sulfides was studied in the direct current mode using CuBr layers, which
act as ion-selective barriers and suppress the transport of electron charge
carriers. Under these conditions, the electric current through the sample
is mainly due to the migration of Cu' ions. It is shown that increasing
the lithium content leads to a decrease in the amplitude of concentration
polarization and a reduction in the time it takes to establish a steady-

state regime, which is associated with an increase in ion mobility and
the rearrangement of the defect structure of the material. The presence of
two temperature transport regimes was established for compositions with
x = 0.12 and 0.16, indicating a change in the ion migration mechanism
and the formation of a superionic state. It is shown that in the steady-state
regime, charge transfer is predominantly ionic in nature. Experimental
results on ionic conductivity made it possible to establish the influence
of the degree of lithium doping on the transport properties of materials,
determine the temperature characteristics of ion transport, and identify
compositions with increased ion mobility. The obtained results make it
possible to determine the optimal compositions and operating conditions
for copper sulfides of the Li-Cu-S system as high-temperature ion-
conducting materials for solid-state electrochemical devices.

Keywords: synthesis, copper chalcogenides, thermoelectric materials,
ionic conductivity, concentration polarization, activation energy.
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KBAHTOBBbLIE TOYKU BIVO, HA NTOBEPXHOCTH
ZNO-HAHOTPYBOK: CUHTE3 U XAPAKTEPUCTUKA

B oannou pabome npeocmaeiena nosmanuas — Memoouxd
cunmesa 2emepocmpykmypot BiVO, /ZnO, chopmuposannoii na ocroee
HaHOMpyouamuIx maccueog oxcuoa yunxa. Ha nepsom smane cunmesa
Hanocmepoichu  ZnO  Obliu  NOIYYeHbl 2UOPOMEPMALbHLIM  MEmOOOM,
KOMOpblLil  N036018€m — KOHMPOAUPO8aAms — Mopgonocuto,  pasmepol
u 00Hopoonocms  0bpaszyos. Janee noryuenmvie  HAHOCMEPICHU
NO0BEP2ANUCH INIEKMPOXUMULECKOMY MPABIEHUIO, 6 De3YIbmame 4e2o
NPOUCXOOUNIO CENEKMUBHOE PACTBOPEHUE YEeHMPALbHOU YACMU CIPYKIYD
u gopmuposanue noavix Hawompybox ZnQO ¢ pazsumoi yOenbHOU
nogepxrnocmoto. Cunmesupoganmvie ZnO-HanompyoKu UCNOIb308AIUCH 6
Kawecmee wabnona 0Jist NOCLe0yiowe2o NOCMpOeHUs 2emepoCcmpyKnypbl
BiVO,/Zn0O.

Ocaicoenue BiVO4 ocyujecmensnocs 08yXasmanHolM MemoooM,
obecneuusawuM  pagHomMepHoe  pacnpeoeieHue  mamepuaia  no
noeepxnocmu Hanompybox u gopmuposanue keanmosvix moiex BiVO,
4mo cnocoocmeyem Yiyumenu0 Meic@hazno2o KOHMmaxkma u pasz0eieHuro
Gomoecenepuposannvlx  nocumenei  sapada.  Jis  KOMWIEKCHOU
XApakmepucmuky — NOIYYEHHbIX —CHPYKIMYyp  NPUMEHSIUCL — MemoObl
cKanupyiowell an1ekmponHou mukpockonuu (SEM), npoceeuusaiouyeti
anexmponnou muxpockonuu (TEM) u penmeenosckoii ougppakmomempuu
(XRD), noseonsowue ucciedogams — MOPQOLOSUIO,  BHYMPEHHIO
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cmpykmypy u ¢pazoswiii cocmag 06pasyos. Kpome mozo, ovLi npogedén
npedsapumenvhvlii ananuz cmpykmyp ZnO é ¢opme Hanocmepoichell u
HAHOompy6OK, 6bINOIHEH 0030p AUMEPANYPHBIX OAHHBIX U OCYUYECMEIEH
UX CPAGHUMETbHBII AHAIU3 C MOYKU 3PEHUs NEPCNeKMUE NPUMEHEHUSL &
DOMOINEKMPOXUMUECKUX CUCTEMAX.

Knrouesvle cnosa: Keawmosvle mMOUKU, OKCUO YUHKA, 6AHAOAM
suCMyma, 2uOpOMepMaIbHblll CUHME3, HAHOMPYOKU, HAHOCMEPICHU.

BBenenne

B mocnennee BpeMst Tema (OTO 3IEKTPOXMMUYECKOTO PA3JI0KEHHSI BOJIBI
MPUBJICKACT BCE OOJIBIIIC BHUMAHUS KaK OJIHO U3 MEPCIICKTUBHBIX HAIPABICHUIA
B oOmactu sHepretukd [ 1; 2]. [TomyyeHne Bo1opo/ia MyTeM pacIICIICHUS BOIBI
paccMaTpUBAETCsl KaK SKOJOTUYCCKU YUCTasl allbTePHATHBA TPaJUIIMOHHBIM
YIIEepOHBIM UCTOUHUKAM dHepruu [3; 4]. [lonynpoBOIHUKH, TaKHe Kak
TiO, [5], Fe,O, [6], WO, [7], Cu,O [8], CdS [9], mupoko ucnonb3yrorcs
B KadecTBE (POTOKATATU3ATOPOB Ojaromaps ux crnocodHoctu 3G (HEKTUBHO
TOTJIONIATh JIEKTPOMAarHUTHOE M3iaydeHue. OJHaKO, HECMOTPSI Ha BBICOKYIO
AKTHBHOCTH, KQXKJIBI U3 HUX MMECT OMPEICAEHHBIC HEJOCTATKU, BKIFOUAS
(hOTOKOPPO3HI0, TOKCHYHOCTh, OFPAaHUYCHHYI) CTA0MIBHOCTh WIN CII0KHOCTD
CUHTe3a. B HacTOsIEeM HCCIICIOBAHUU B KAYECTBE OCHOBHBIX KOMITOHCHTOB
reTepocTpyKTyphl BhiOpanbl ZnO [10; 117 1 BiVO, [12; 13], uto o0ycnosneno
UX OTHOCUTCIIEHOM HETOKCUYHOCTBIO, MPOCTOTOM CHHTE3a U OJIarONpHUsTHEIME
(hOTORIEKTPHUUCCKUMHU CBOHCTBAMH.

Bananat BucmyTa (BiVO,) obnanaer mupuHo# 3anpeméHHON 30HbI
okoJ10 2,4 5B, 4TO AenaeT ero NepCrneKTUBHBIM MaTEPUAIIOM JIJIsl IOTJIOIICHHUS
3HAYUTEIBHON YaCTH BUAMMOTO CICKTpa COJHEYHOTO m3nyucHus. BiVO4
OTJINYACTCS HETOKCUUYHOCTHIO MU XUMHYCCKON CTAOUIBHOCTHIO B BOJHBIX
pacTBOpax, 4TO JIeNaeT ero MmpuBJeKaTedbHbIM (hoToKaTamnzaTopoM. OKcua
nuaka (ZnO), B cBOK ouepeab, 00JagaeT MIUPUHON 3anpeiéHHON 30HBI
oxoJio 3,2 5B ¥ mposBIsSeT aKTUBHOCTH B YJIbTPa(HOIETOBOM JUAIa30HE.
Kom6unanus ZnO u BiVO, B BHJIe reTepOCTPYKTYPBI MO3BOJIAET OOBEAUHUT
UX CICKTPAJbHBIC MPEUMYINECTBA, 00eCIeYrBasl PaCIIMPCHHOE MOTJIOMICHHUE
cBeta U 3G (GEKTUBHOE Pa3/ICICHUC 3apsI0B, YTO MOBBIMACT 3(PPEKTUBHOCTD
nporeccoB (hoTokaTanu3a 1 GOTOITEKTPOKATAIN3A 32 CYET CHHEPTETHYECKOTO
B3aMMOICHCTBUS KOMITIOHEHTOB [14; 15].

MaTtepuaabl H METOIBI

Cunmes nanocmepoicneti ZnO

Jliist obecnieueHust OpueHTUPOBAHHOTO pocTa HaHocTep kHer ZnO (ZnONR)
Ha CTEKJISTHHBIX TIOJIOKKAX pasMepoM 1,5%2 ¢cM? ¢ IOKPHITHEM W3 WHHH-OKCHT
onoBa (ITO) mpenBapuTenbHO HAHOCKIIM TOHKUM 3aTpaBOYHBIH ciioil. [Toioxku
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OUHIIAJIM B YJIBTPAa3ByKOBOM BaHHE MO3TANHO: CHayajla B alleTOHE, 3aTeM B
M30MpONaHoJIe, MOCIe Yero MPOMbIBAIN JUCTUIUIMPOBAHHON BOJOH (nanee
DiW). PactBop j1st 3aTpaBoYHOTrO ci10si rotoBrin pactBopennem 0,1 T arerara
nunka auruapara Zn(CH,COO),-2H,0 (ZnAC) B 10 M1 uzonponaHona Ipu
70 °C npu nepeMelIMBaHiY Ha MArHUTHON Meltaike. J{Jis mosy4eHus mpo3payHoro
pactBopa npu HeooxoaumocTu nodasisutu 0,005-0,02 Mt 70 %-Hoi#t yKCycHO#
KHCIoThL. HaneceHnue ocyecTBIsuIM METOI0M spin-coating, noszupyst o 0,05 vt
pacTBOpa Ha Ka)IbIi IIUKJI IIpu ckopocTh Bpamierus 3000 06/MuH B Teuenue 10 c.
[pouenypy nosropsutu 4—6 pa3 aist GopMUPOBAHHST PABHOMEPHOT'O TIOKPBITHSL, C
MPOMEXKYTOUHOM cy1Koit kaxaoro ciosi ipu 100 °C. [Tocne HaHeceHUs TOI0KKH
Mo/IBeprajivi TepMuYecKkoMy OTxKHUry Ha Bo3ayxe rpu 300-350 °C B Teuenue 1 4.
Poct ZnONR npoBoguin MeTOJOM THAPOTEPMATIBHOTO CUHTE3a. [ 3TOro B
50 man DiW pactopsimu 0,22 v ZnAC u 0,14 r rexkcaMeTHICHTETpaMUHA.
[TonnoxKy ¢ HaHECEHHBIM 3aTPaBOYHBIM CJIOEM YCTAHABJIMBAIN B ABTOKJIaBHBIN
peaKkTop B MOABEUICHHOM IT0JIOKEHUH. PeakTop noMenany B CyImIbHbBIH mKad,
u cunTe3 ocyiectBisu npu 100 °C B TeueHue 3 4. CTOUTH 00OpAaTHTh BHUMAHHE
4TO mociie cuHTe3a ZnO HAaHOCTePIKHEH HE MPOBOIUIICS OTXKUT 00pa3IioB.

Dnexkmpoxumuueckoe mpagienue Hanocmepoicheu ZnO 0nst popmuposanus
Hanompybok ZnQO

Jns dopmupoBanus HanoTpy6ok ZnO (ZnONT) npenBapuTeabHO
CHHTE3UPOBAHHBIC HAHOCTEPKHU MO/IBEPralli 2JI€KTPOXUMHUUECKOMY TPaBJICHHIO.
IIponece ocymectrisuin B pactBope 0.3 M KCl npu norennuane 0,75 B
OTHOCHUTEILHO J1eKkTpoia cpaBHeHnst Ag/AgCl ¢ ncronb3oBaHneM OTEHIMOCTATa/
rajJlbBaHOCTaTa B CTAHAAPTHOM TPEXINEKTPOIHON AIIEKTPOXUMHUUECKON siueiike.
B kauectBe paboyero 3IeKTPoaa NPUMCHSITH MOJJIOKKY ¢ MaccuBoM ZnONR.
[IpoTHBOAIEKTPOAOM CyXkUjla MIaTHHOBas miuacTuHa pazmepoMm 0.5 x 0.5 cwm,
a 2JIeKTpOJ1 cpaBHeHus npejcTaisii coboir Ag/AgCl B HackIIIIEeHHOM pacTBoOpe
KCI. IIponomkuTenbHOCTD TpaBieHus cocTapisiia 20 MuH. B koHIe TpaBieHus
00pa3p! nmpombiBaick DiW u cynmium npu 80°C.

Hanecenue BiVO, na noonoscky ¢ ZnONT.

[IpenBapuTenbHO MOATOTOBWIM ABa paccBTopa A u B. PacTBop A roToBmin
nytém pactBopenus 0,095 r npexypcopa Bi(NO,),-SH,O B 6 M1 3THIEHI KOS
(EG) ¢ ucnonb3oBaHuEeM YIIbTPa3ByKoBOi 00paboTku. TOJIBKO MOCIE MOIHOTO
pactBopenus 1odasisuti 3 M DiW, uTo cHuKano BSIBKOCTh pacTBopa. PactBop
B nonyuanu pacrBopenuem 0,0227 r meraBaHaaTa aMMoHus B 6 Ma DIW mipu
90 °C npu NOCTOSSHHOM NE€PEMEIINBAHUH JI0 IIOJHOTO PACTBOPEHUS, OCIIE YETOo
no6asisum 3 mit EG. Hanecenue npoBo/IiIH MOMIAT0BO I10 CIIEAYIOLIEH cXeMe: Ha
TOJUTOKKY C HAHOTPYOKaMu HaHOCHITH Karuto pactBopa A (100-500 mx), 3aTem
BhITONTHsLH BpatneHue rnpu 3000 06/muH B TedeHue 10 ¢; mociie 3Toro 1o0aBIisiin
KaILIio pacTBopa B 1 moBTOpsN BpallleHNe B TEX JK€ YCIOBUSX. Y Ka3aHHBINA UK
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noropsuti 10 pas, mocie yero obpasen cyummiu npu 100 °C B TedeHue 5 MUH.
OxoHuaTeIbHO MOMyYeHHbIH 00pasell ¢ HaHecEHHbIM cioeM BiVO, na maccus
ZnONT nopsepranu TepMUUECKOMY OTXKUTY Ha Bo3zayxe npu 350 °C B TeueHue
1,5 4. OcHOBHBIE ITAIbI CHHTE3a MPOMLUIIOCTPUPOBAHBI HA PUCYHKE 1.

Pucynok 1 — Cxemarnueckoe n3o0paxeHue nporecca GopMHUPOBAHHS
HaHOTPYOOK ZnO ¢ mokpeitiem BiVO4 Ha moamoxke ITO
(a) Ounmmennas momnoxka [TO (b) Hanecenne 3aTpaBounoro cimos ZnO (c)
Poct nanocrepxkueit ZnO ruapoTepMaTbHBIM METOI0M
(d) DexTpoxuMHUECKOE TPABICHNE HAHOCTEPKHEH ¢ 00pa3oBaHNEM
HaroTpy6ok ZnO (e) [Toxpeitne Hanotpy6ok ZnO cioem BiVO,

Pe3yabTaTshl U 00cyKI1eHUE

Hamwu 6pumm cunaTesnpoBanbl ZnONR mmmHO#M B cpemnem 800-1200 aM u
mrametpom 300400 am. [Tocte TpaBieHUST OHU IPHOOPEITH ITOITYE0 MOP(OIIOTHIO,
IIPH 3TOM JAWaMEeTp HaHOTPyOok coctaBmi B cpexneM 100-300 am. Cremyer
OTMETHUTb, YTO Ha KOHIAX HAHOTPYOOK HAOIIOJAETCsl YaCTUYHOE pa3pylIeHHE
CTPYKTYpBI. Y/iebHas MOBEPXHOCTh HAHOCTPYKTYP OKA3bIBACT CYIIECTBEHHOE
BIMSHHE HAa KMHETHYECKHE W TEPMOJMHAMHUYCCKUE MapaMeTpPhl MPOTEKAONIINX
peakuuii, mpu4éM 3TO BO3ACHCTBHE MPOSBIAETCS KAK B KAYECTBCHHOM, TaK U
B KOJIMYECTBEHHOM aCIEKTaX, YTO ITOATBEPXKIACTCS TAHHBIMH HMCCIEIOBaHUN
[16; 17]. Betbop mexay ZnONR 1 ZnONT omnpenensercs pa3ImaueM B UX YACTbHON
moBepxHOCcTH. [lonas BeIicokoacmekTHass Mopdomorus ZnONT obecreunBaet
3HAYUTETHHO OOJBIIYIO Y/IETBHYIO TOBEPXHOCTH 10 CPABHEHHIO C HAHOCTEPKHAMA
[18], uTo co3nmaér Gomblee KOTMYECTBO aKTHBHBIX HEHTPOB JUIS OCAXKICHHS
BiVO, u oberyaeT 1ocTym pearenTos K porokaranusaropy. Kpome toro, ZnONT
JIEMOHCTPHPYIOT CYIIIECTBEHHO 0OJIEE BBICOKYIO UyBCTBUTEIILHOCTB 110 CPABHEHHIO
C HAHOCTEP)KHSIMHU IPH MPOBEJICHUH IUKIMYECKON BOJIbTaMIIEpOMETpHH. B
YaCTHOCTH, B OJJHOM 13 padoT [ 19] mpu uctonbzoBanmnu MeTo1a M hepeHIHATEHON
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UMITyJIbCHOHN BosibTamrepoMeTpun (SWV) Obuta TOCTUTHYTa 4yBCTBUTEIBEHOCTh
116,79 MA-MM!, a Taxke ompenenéH HU3KUII mpeenl 0OHAPYKEHHUS, PaBHbIN
0,0437 MKM, 4TO OIISITH TAKU JJOKa3bIBAET MPEANOYTHTEILHOCTH BEIOOpa ZnONT
niepenr ZnONR. Moponorust ZnONR u ZnONT mnpezacrasieHa Ha pucyHKe 2.
Ha navansHOM starne (a, b) BuaHbI oTHbIE U BRITSHYTHIE ZNONR ¢ BhICOKON
CTENEHbI0 OPUEHTALlMU M OJHOPOJHON MoBepxHOCcThIO. ITocne mpoBeneHus
9JIEKTPOXUMHYECKOro TpasiieHus (¢, d) Habmonaercs ux Tpancdopmanus B
HAHOTPYOKH: LIEHTpaJIbHAsl YacTh CTEPXKHEH pacTBOpsieTcs, GOpPMHUPYsI IOJIbIC
BHYTPEHHHUE KaHaJIbI, [IPX 3TOM COXPAHSETCSl NCXOJIHAS IMITMHApHYecKas Gopma
1 BBICOKas! INIOTHOCTBh MaccuBa. Takast 3BOJIOIs MOP(OJIOTUH CBUICTEIbCTBYET
00 ycnemHoMm niepexone ot ZnONR k ZnONT.

Hns uccnenyemoii rerepoctpyktypbl BiVO,/ZnONT Obutv nosrydeHs
TEM-uzo0paxenus (pucyHok 3). YCTaHOBJICHO, YTO B 3aBHUCHMOCTH OT
KOHIIEHTPAIlM1 PaCTBOPOB Ha 3Tarie cuHTe3a ciost BiVO, na mopepxnoct ZnONT
MoryT (opMupoBaTbcs KBaHTOBbIE TOUKH (nanee QD) pazmepom 10-60 HM.
B nenom nosynpoBoaankossie QD o0nanaioT yHUKaIbHEIMU cBoiicTBamu [20].
[Ipn nanbHeimeM yMeHbIIeHUH pa3MepoB (<10 HM) MPOSBISIOTCS KBAHTOBO-
pasmepHbie 3P PEKTHI, COMPOBOKIAIONINECS CMEIICHHEM YHEPIeTHUYECKUX
YPOBHEH U pacIIUPEeHHEM CIEKTpa MOTJIOIEHUS.

O6pa3zoBaBmuccss QD GopMHUPYIOT MHOXKECTBEHHBIC TOYCUYHBIC
rerepornepexobsl ¢ moepxHocthio ZnONT, uto cnocobGeTByeT Goiee
s dexTuBHOMY Mex(pa3sHOMY pa3AClICHUI0 HOCUTENeH 3apsiaa. Kpome Toro,
Ha TEM-u3o0paxeHusx ObUI0 3a()MKCHPOBAHO MEXKIUIOCKOCTHOE PacCTOSHHE
d=0,465 nm 111 BiVO, B MOHOKIIMHHO# CUCTEME, 4TO COOTBETCTBYET IIIOCKOCTH
(110) xpucramauyeckoi pPeméTKH U COrJIacyeTcsi ¢ JINTEPaTypHbIMU JTAHHBIMHU
[19,20]. dnst ZnO, 00amaromero rekcaroHaibHON KPHCTALTMYSCKON CHCTEMOH,
orpeziesieHo MexIuiockoctHoe paccrosinue d = 0,247 um aist miockoctu (101),
YTO TaKKe MOJTBEPIKAACTCS paHee OIyOJMKOBAaHHBIMU pe3yJsbTatamu [4; 9].

30kV  X20,000 1pm 07 50 SEI

(b)

30kV  X20,000 1pm 07 50 SEI
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30kV  X20,000 1pm 08 51 SEI 30kV  X20,000 1pm 08 51 SEI

() (d)
Pucynok 2 — SEM-u3o0paxenns HaHOCTPYKTYp ZnONR — ZnONT (a),
(b) —manocrepxuu Zn0O, (c), (d) — HaHoTpyOKH ZNnO

QD uMeroT psa NpeuMyIIecTB, B YaCTHOCTH: YBEIWYCHHE yACITBHOMN
MIOBEPXHOCTH KOHTAKTa U 00pa3oBaHKe OOJIBIIEro YMCIa PEaKIIMOHHBIX [IEHTPOB
Just POTOKATAIUTHYECKUX TPOIIECCOB. BMecTe ¢ TeM uX MpUMEHEHHE COITPSHKEHO ¢
TPYAHOCTSIMH PABHOMEPHOT'O PACIPEICICHUSI [10 TOBEPXHOCTH; IPH U30BITOUHOM
cozeprkanuu Habmoaercs arperanust QD, uTo MoxeT CHUXATh 3QHEeKTHBHOCTH
cuctembl. Bo3aukHoBeHne QD MBI CBSI3BIBa€M CO CKOPOCTHIO HYKJICAIUU
HPEKYpCOpoB Ha sTane cuHre3a BiVO,, a Takxe ¢ TaKMMHU IapaMeTpaMu, Kak
BSI3KOCTH PacTBOpPA, €ro KOHIEHTPAIUsi M KOJUYECTBO IUKJIOB HAaHECEHHS.
Cremyer OTMETHUTB, YTO IIPY UCTIOJIE30BAaHUU PACTBOPOB MIPEKYPCOPOB C BEICOKON
TEKY4eCThIO U HU3KOU BS3KOCTBIO MOYKHO IMPOTHO3UPOBATH MPOHUKHOBeHHE QD
BO BHYTpeHHIOI0 yacTh ZnONT, a Takxke Oosiee paBHOMEPHOE pacipeeTIeHne UX
10 IOBEPXHOCTH HAHOTPYOOK.

(a) (b)
Pucynox 3 — TEM-u300pakeHusT HAHOCTPYKTYP.
(a) — ZnO HaHOTPYOKH: BHIHA ITOJIAsi MOP(OIOTHS B KPUCTALTHIECKAs
PEMIETKA € MEKTUIOCKOCTHBIM paccTosuem; (b) — BiVO,: xopomro pasiaaumb
KPHUCTAUINYECKHE TUIOCKOCTH ¢ MEXIUIOCKOCTHBIM PACCTOSTHUEM
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Ha pucynke 4 npejcraBjieHa peHTreHOrpaMMa reTepocTpykTyphbl BiVO,/
ZnO. HaOmonaemblie nudpakunonHble nuky npu 20 =~ 18.9°, 21.4°, 29.0° n
30.6° cootBercTByIOT TuiockocTsMm (110), (011), (121) u (040) MOHOKIMHHOK
¢a3sl BiVO4 (JCPDS Nel4-0688).

29 (121)

500

400

BiVO4/ZnO
300

18,9(110)

200

Intensity (a.u.)

100 A

Degrees (28)

Pucynok 4 — Jluppaxrorpamma (XRD) rerepoctpykrypsl BiVO,/ZnO

Jomnonuutensao dukcupyrores muku ZnO mpu 20 = 35.3°, 47.2° u 60.2°,
KoTopble oTHOCcATCS K TutockocTsaM (002), (102) u (103) rekcaroHanabHOU
BIOpUUTHOH cTpyKTYyphl ZnO (JCPDS Ne36-1451). CoBMecTHOE MPHUCYTCTBHE
XapaKTepHBIX MUKOB 00eux (a3 MoATBEpKIaeT ycrneurHoe GopMUpoBaHue
KOMIO3UTHOH cTpykTypbhl BiVO4/ZnO. Unrtencusupiit nuk BiVO, npu
20 = 29.0° yka3bIBaeT Ha peodJiajjanue MOHOKIMHHOM KpUCTAITNYecKor (asbl,
a coxpanenue pedaekcoB ZnO CBUAETEIBCTBYET O CTAOMIBHOCTH IOJIOKKH
HaHOTPYOOK mocie ocaxeHuss BiVO4. [TonyueHHas peHTTeHOrpaMma X0opoIio
COTJIaCyeTCsl C Pe3yJbTaTaMH, MPECTaBICHHBIMU B aHAJIOTMYHBIX padoTax 1o
cunresy rerepoctpykryp BiVO,/ZnONT ¢ MHOrOCTEHHBIMH YIJIEPOJHBIMH
HaHOTpyOKamu U ¢ jo0aBlieHHEM OKCHIOB KobasbTa [19; 20].

Nudopmanus o puHAHCUPOBAHUM

JlanHoe uccienoBanue ObuIo NMpoduHaHCHpoBaHO KoMuTeToM Hayku
MuHnCcTEepCTBa HAYKH U BICIIEro oopasoBanus PecrryOnuku Kazaxcran (rpant Ne
AP23490626 «MccnenoBanue u paspadotka hotodnekrpoaos ZnO/BiVO4 u Cu20/
ZnO st co31anust BEICOKOA(P(EKTUBHBIX TaHIEMHBIX CBETOYIIPABIISIEMbIX CUCTEM
HPOU3BOJICTBA BOIOPO/Ia» ), ABTOPBI 3asIBIISIFOT, YTO (PUHAHCOBAS MOJJIEpIKKa ObLia
HOJTy4YeHa JUIsl UCCIISJOBaHMSI, aBTOPCTBA W/WJIH ITyOJIMKAIIMK JAHHOM CTAaThH.
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BriBoabl

B nanHoil paboTe mpejacraBieHa MmodTanHas METOJAMKa CHHTE3a
rerepoctpykTyp BiVO,/ZnO, ocHOBaHHBIX Ha HAHOTPYO9aThIX MaccuBax Zn0O.
Bbuln cUHTE3UpOBaHBI U OXapaKTEePHU30BaHbl CTPYKTYphl Ha ocHOBe ZnO NT,
MOAM(HUIIMPOBaHHBIX KBAaHTOBBIMHU Toukamu BiVO4. Ha nepBom sTare ¢ nomMouipo
TUAPOTEPMATIBHOTO METOJa MOJIydalu HaHOCTepxkHU ZnO, KOTOphIE 3aTeM
TIOJIBEPTAIIN JICKTPOXMMHUUECKOMY TPaBJICHHIO, YTO IIPUBEIIO K (POPMHUPOBAHUIO
MOJIBIX HAHOTPYOUaThix cTpyKTyp. D1 ZnO NT ncrnons3oBainuch B KauecTBe
mwabyona Juis nanbHeknero ocaxaenus BiVO,. JIByxatanubiii MeTon cuHTE3a
obecrieur1 00pazoBaHKe KBaHTOBBIX Touek BiVO, Ha MOBEpXHOCTH HAHOTPYOOK.

JI1sl KOMIIJIEKCHOTO HCClIeJOBAaHUs OBLIM MPUMEHEHBI CKaHUPYOUas
anekTpoHHast Mukpockonus (SEM), mpocBeunBaroias 31eKTpoHHas MUKPOCKOTIHS
(TEM) u penrtrenosckast qudpakromerpust (XRD). [IpoBeneH cpaBHUTENBHBII
aHanu3 MopdoJoruu u ctpykrypsl ZnO B (hopMe HAHOCTEPIKHEH U HAHOTPYOOK.

Pesynbrarel TEM noarsepaunu GpopMUpoBaHHe KBaHTOBBIX Todek BiVO,
Ha noBepxHocTH ZnO NT, uTo criocoOcTBYeT 00pa30BaHMI0 MHOKECTBEHHBIX
TOYEUHBIX T€TEPONEPEX0J0B U MOXKET YJydllaTh MPOLECCH pa3/iesIeHus
U nepeHoca Hocurtenei 3apsana. [lonydeHHble JTaHHBIE COrJIacylTCs C
JINTEPATypPHBIMU CBEICHUSIMU U TOTBEPKIAIOT EPCIIEKTUBHOCTH TAKUX CTPYKTYP
JUIst POTOKATANUTHYECKUX U (DOTOIIEKTPOXUMUYECKUX TTPHII0KESHHH.

B nanpHelmux ucciaenoBaHUSAX IUIAHUPYETCSl PACHIMPUTH CTPYKTYPHBIN
aHaju3, BKIIOYas u3ydeHue popMHpOBaHHMs paBHOMEPHBIX cloés BiVO, na
nosepxHoctu ZnO NT. KommnekcHsle uzmepenust PEC-xapakTepucTuk, a Takxe
TECTHI 110 (hOTOIerpa/lallii MOJICITBHBIX OPraHUUECKUX 3arpsiI3HUTEIICH (Harpumep,
METHJICHOBOTO CHHEr0), MO3BOJIAT O0Jiee IOJTHO OLEHUTh KaTaTUTHYECKHU
MOTEHIIMAN pa3paboTaHHBIX cucTeM. [IpuMeHeHne JONOIHUTENBHBIX METOJIOB,
takux kak XPS, UPS u UV-Vis, obecrieuut yriny0onéHHOC MOHUMAaHUE
CTPYKTYPHBIX, 3JIEKTPOHHBIX U ONTHUECKUX CBOWCTB IeTePOCTPYKTYP.

Taxkum oOpa3om, rpejcraBiieHHas: pabora neMoHcTpupyer 3(dexTHBHBINA
noaxo k cozanuio BiVO,/ZnO rerepocTpyKTyp ¢ KBaHTOBBIMU Toukamu BiVO4
Ha [MOBEPXHOCTH HAHOTPYOOK ZnO, 4TO OTKPHIBAET NEPCIIEKTUBBI KX IIPUMEHEHHUS
B 00Js1acTi (pOTOIIEKTPOXUMHHU U BOJOPOJIHON IHEPTETHUKH.
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HAHOTYTIKIHEJIEP: CUHTE3 )KOHE CUITATTAMACBI

Byn owcymvicma muipviue okcudiniy Hanomymixkuieni maccusmepi
Heeizinde  kanvinmacmoipvlizan — BiVO+/ZnO  2emepoxypbliblmblH
cunmes0ey0iH Ke3eH-Ke3eHMeH JiCypeiziiemin a0icmemeci YCbIHbLIAObL.
bipinwi  keseyoe ZnO nanomasmwianapel 2uOpomepmanoviy  20ic
apkblibl  cunmesoendi, Oyn yneinepoiy MoponrocusceiH, oauiemoepin
Jicone  Oipmekminiein 0an Oakwviiay2a MyMKIHOIK Oepedi. OO0awn KetliH
ANBIHEAH HAHOMAAMWANAD INEeKMPOXUMUATBIK MpAGLeHue Nnpoyecine
YUbIpamolivin, KYpuLiblMOApObly OpMAanslK 0ol celekmusmi mypoe
epin, meHwiKmi Obemxi ayoamnwl sHco2apwl Kyvic ZnO HaHomymikuienepiHiy
mys3inyine anvin kendi. Cunmesoenzen ZnO nanomymixwenepi BiVO+/ZnO
2eMmepOKYPbLILLMbIH KALINMACMbIPY YUliH ulabion peminoe KonoaHblLiObL.

BiVOs+ mynovipy exi camoviivl  20icnen dicyzeze  acblpblibin,
Hanomymikuienep Oeminde mamepuanovly OIPKeIKi MApaiybiH JHCoHE
BiVO+ xeanmmulx Hykmenepiniy mMy3iiyiH Kammamacwls emmi, Oy
Gazaapanviyy, KOHMAKMIHIY JCAKCAPYLIHA JHCIHE POMOSEHEPAYUALAHLAH
3apsa0 MAcLIMAnOAyubLIApObly MUIMOI OOIIHYIHe bIKnAl emmi. AnviHeaH
KYPOLILIMOAPObL KeuleHOI Cunammay YuiiH CKaHepieyuii 31eKmpOoHObIK
murpockonus (SEM), emxizeiw snekmponovix muxpockonus (TEM)
Jicone  penmeendik ougpakyus (XRD) adicmepi KonoanwuLiowi, onap
Yacinepoiy  MOp@ONOSUACHIH, (WKI KYPbLILIMbIH — JCIHE  (DA3abIK
Kypamvin 3epmmeyee MyMKinoik oOepeoi. Convimen xamap, ZnO
KYPbIIbIMOAPbIHGIY — HAHOMASAMWA JHCOHEe HAHOMYMIKWe mypiepine
anoviK ana manoday JCypeizinin, a0edou oepexmepae oy Hcacaiobl HCIHe
011apobIY POMOINEKMPOXUMUATLIK JiCYlenepoe KONOaHy NepCneKmusacsl
MYPELICLIHAH CATILICIMbIPMATbLL MANOAY OPbIHOALOBL.

QUANTUM DOT-MODIFIED BIVO, ON ZNO NANOTUBE

This work presents a step-by-step methodology for the synthesis
of a BiVO+/ZnO heterostructure formed on the basis of zinc oxide
nanotube arrays. In the first stage, ZnO nanorods were synthesized via
a hydrothermal method, which enables precise control over morphology,
size, and sample uniformity. Subsequently, the obtained nanorods
underwent electrochemical etching, resulting in selective dissolution
of the central part of the structures and the formation of hollow ZnO
nanotubes with an enhanced specific surface area. The synthesized ZnO
nanotubes were then used as a template for the subsequent construction
of the BiVO+/ZnO heterostructure.

BiVO, deposition was carried out using a two-step approach, ensuring
uniform material distribution over the nanotube surfaces and the formation
of BiVO: quantum dots, which promotes improved interfacial contact and
efficient separation of photogenerated charge carriers. For comprehensive
characterization of the synthesized structures, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD) were employed to investigate morphology, internal structure, and
phase composition. In addition, a preliminary analysis of ZnO structures
in the form of nanorods and nanotubes was conducted, along with a review
of relevant literature and a comparative assessment of their potential
applications in photoelectrochemical systems.

Keywords: Quantum Dots, Zinc Oxide, Bismuth Vanadate,
Hydrothermal Synthesis, Nanotubes, Nanorods.

HETEROSTRUCTURES: SYNTHESIS AND CHARACTERIZATION
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KO3FAJIMAUTbBIH AHU3OTPOIMNTblI OPTALA
QJIEKTPOMATIHUTTIK TOJIKbIHOAPLObBIH
ANCIEPCUAIIbIK TEHOEYJIEPI MEH
UHOWKATPUCAIJIAPbI TYPAJIbI

Makanaoa nepuoomvl OipmeKkciz aHU30MPONMvl  OPMALAPOA
ANEKMPOMASHUMMIK MOAKLIHOAPOLIY mapanybsl mMampuyanm
a0ici  Heecizinde 3epmmenedi. bnox meopusicoln  Kondawy oicone
MAMpUyanmmapobly —[WKI  KYPbLILIMbIH — mepey  manoday — apKblivl
CUnammamanvlk meHOeyoiy O0PENCeCiH MOMEHOemy2e JCIHe OHbIH
myoOipiepiniy CUMMEMPUsICLIH KAMIMAMACHL3 enyze MYMKIHOIK bepemin
Mooupurayusianean oucnepcusi menoeyiepi anvihean. Mynoaii macin
Kypoeni aHu30mponmol KYPbLIbIMOAPOazbl MOJKbIHObIK Npoyecmepol
manoayobl aumapivblKmail JHceHiidemin, COHbIMEH Kamap aHaIumuKaibix
MoOenvoeyOdiy muimoiniein edayip apmmulpaosl. Yeoviues—I ecenboaysp
NONUHOMOAPLIH  NAUOANAHY  APKblLIbL  OPMAHbIY WeKmi Nnepuoomap
CaHbl YWin MOHOOPOMUS MAMPUYACHIH AHATUMUKAILIK YPOe ecenmey
20ici  ycvinvlngan. ¥3vlh MONKBIHOBIK JICYBIKIMAYOd OPMAULAIAH2AH
OpMaHsly MAMPUYAHMBIHLIY AUKbIH JICOHE bIKWAM OpHe2l ANbIHEAH.
Ocvl epHex HeeizinOe Oipkamap Kywimi aHU30mMponmvl KPUCMaioap
YWiH MONKbIH BEKMOPLIMbIY UHOUKAMPUCAIAPbL ecenmendi, 0aapobly
iwinoe CaTliOs, TiO2, LiNbOs, BaTiOs, KNbOs, Sbh2Ss, GdScOs, ThScOs
gicone DyScOs bap. Hnouxampuca niwininiy Oudniekmpiix meH30p
KOMNOHEHMMEPIHIY apakamvlHACbIHA AUMAPI6IKMAtl mayenoi eKeHi
kepcemindi. Aman atumganda, KNbOs kpucmanvinoa anuzomponusitviy
Jrc02apbl  0apedicecine DAUIAHBICMbl UHOUKAMPUCA NIWIHIHIK epeKuie
cunammapbol aHbIKMAI0bL. ANbIHEAH HAMUJICENEP MOMEH CUMMEMPUsLIbL
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KpUcmanoapoagvl mojkblHObIK npoyecmepoi Mooeivoeyoe Mampuyanm
20iCiHIY mMuiMOiNiein  Kepcemedi JHcaHe QOMOHObIK KPUCManioapobwl,
Memamamepuandapobl — JHCoHe  ONMOILEKMPOHOLIK — KYPbLIZbLIAPObL
3epmmeyoe KeHiHeH KONOAHbLLYbl MYMKIH.

Kinmmi ce3z0ep: mampuyanm, oucnepcus menoeyiepi, nepuoomol
Oipmexciz  opma, aHU30MPONMbL  OpMA,  MOJKbIH — GEKMOPbIHbIY
uHOukampuxci, brox meopusicel, Y36iH MOIKbIH Y3bIHObIZLIH JICYbIKMAY,
NEKMPOMASHUMMIK MOIKbIHOAD, MOMEH CUMMEMPUSLIbIK KPUCALOAp.

Kipicne

DNEeKTPOMArHUTTIK TOJKBIHIAP/BIH MEPHOATH OIpTEKCi3 aHU30TPONTHI
opTajaa Tapainybl GOTOHIBIK KpUCTAJIap, MeTaMaTepHrajiap ,oHe aKyCTUKAIIBIK-
ONTUKAJIBIK KYPBUIFBUIAP/BI KOCa allFaHJia, 3aMaHayd TEXHOJIOTHsuIap YLIiH
alTapibIKTall KbI3BIFYIIBIIBIK TYABIpaasl. MyHaail sxxyienepai Tannay kebiHece
aftapIMasibl kodhdunmenTTepi 6ap Kypaem auddepeHuanapiK TeHaCYIep i
HIeny Al KaMTUAbI, Oy THIMII MaTeMaTHKaJbIK SAiCTep/i KOJAaHy bl Tajamn
eteni. MyHnait oficTepiH 0ipi — MATPUIIMAHT JIICI, OJI MOCEIICHI OipiHII peTTi
KapanaiibiM auddepeHunaniplK TeHAeyIep KyHeciHe KeaTipyre MyMKiHIIK
oepeni [1]. [2]-me brox TeopemachiHa HETI3ACITCH MOHOAPOMIIBI MaTPUIIAHBI
TIEPUOATHI KYPBUIBIMIAP/arbl TOJKBIH BEKTOPHIMEH OalJIaHBICTBIPATHIH ipreii
KaTblHacTap ajblHAbl. OpTama aHu30TPONTHl OpTa YIUIH Y3bIH TOJKBIHIBI
JKYBIKTAy CaJacChIH/IAFbl 3epTTeyep [3]-Te YChIHBIIFaH, OHAA MaTPUIIMAHTTHIH
alKbIH TYpi anbiHFaH. [leproaTsl KypbuTbIMAApAaFs! TOJIKBIHIAP YIIiH bpritrosH
MeH [lapoauiiH KJIacCHKAJIBIK HOTHIKEJICPI MaTPUIIAIBIK TOCIIAI KOJITaHa
OTBIPBII, Y3/iKCi3 OipTEeKCi3 aHM30TPONTHI OPTa JKaFAaibIHA JKalbulaHFaH [4].
@DoTOHIBIK KpHUCTAIAp MEH MeTamaTeprajJiap CHIKTBI IEPHOITHI OpTaJIapbl
3epTTey ipreii eHOCKTep/Ie erKeH-TerKeWIl TaaKplIanabl [5; 6]. OChI dKYMBICKA
KaTBICTBl Ka0ATThl aHU30TPOIITHl OPTaAarbl TOJIKBIHIAAP/ABIH TapalybIHbIH
TEOpUsUIBIK acrekTinepi [7—10]-ma 3eprrenaren. byn makanana MaTpuIiaibIK
9Jlic McIiepcusi KaThlHACTAPhIH ajy JKoHe Oip eJmemi MepuoiaTsl O0ipTeKci3
AQHM30TPONTHI OPTA/IAFbl TOJIKBIHBIK MPOIECTEP/Il TaNay YIIiH KOJIAaHbUIa/IbI.
Hakter xpuctanabik KypbutbiMaap (meicanbl, CaTiOs, TiO2, LiNbOs) yurin
TOJIKBIH BEKTOPBIHBIH WHAWKATPUKCTEPIH KYPY >KYMBICTa aJbIHFaH JANUCIIEPCUS
KaThIHACTApBhI JKOHE HYCKAYJIBIKTaH aJbIHFaH JUAJICKTPIIK OTKI3TIMITIK Typaibl
JiepeKTep Heri3ine xKysere aceipbuiaasl [11].

Marepuannap MeH daicTep

1. Jqucnepcust Tenaeyiaepi. AJbIHFaH MaTPHUIAIBIK KYPBUIBIMIAPIbI
HIEKTeyCi3, MepPUOATHl TypJlie OIpTeKci3 opTa araalblHa KOJJIaHY bl
KapacTslpaMbl3. JlucepCusIbIK TEHJCYJIep MYHAAW OpTaHBIH HEri3ri
cUIMaTTaMaiapbiHbIH Oipi 0okl TaObUIaAbl. MaTpUIanblK KypbIIBIMABL Oiny
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MOHO/IPOM/IBIK MaTPUIIaHbIH TYOIpJIEPiH aHBIKTAY YIIIH ©3repTUIreH TYP/ ayFa
MYMKIHIIK Oepejii, 0J1 CHIaTTaMalbIK TCHICYIIH TOPEKECiH CKi ece a3alTalbl
HeMece OpHEKTepl CUMMETPHsIIBI TYOipiepai 6epeni. CunaTramMaibIK TeHICYAiH
TYOipJiepi Aucrepcust 3aHbIH aHBIKTaH/IbI.

brnox Teopemachl TpaHCHSUUSIIBIK CUMMETpUS KaraalbiHaa [2]
MBIHAHBI OUTIpEIi:

W (h) = e™" W (0)
biprekci3 nepronTap by OipiH aHBIKTaHTHIH MOHOPOM/IBIK MaTPUIIMAHTKA
CYHeHe OTBIPHII, 013 MbIHAHbI AJIAMBI3:

W (h) = TW(0)
COHFBI €Ki KaTBIHACTBI €CKePE OTHIPHII, MBIHAHBI aJIaMblI3:
A Eh A —
(T —e™EYW(0)=0 (1)
OpHekke KoOeHTim — f’*le*i’;”, KeJleCi KaThIHACTHI aJlaMbl3:

(T —e™EYW(0)=0 ®)

(1) epHeriHETi MATPUIIATIBIK JETCPMHUHAHTTHIH T - elkh E wenre TeHIIr (2)
JKaFIaiibIHIaFbI Al IUCTIEPCHUS 3aHbIH aHBIKTANIbI, ce0e0i ePUOATHIK OPTaIaFbl
TOJIKBIHIAP/IBIH JUCTIepCHs 3aHbI (1) GarsIThiHAH Tayencis. (1) xkane (2) OipikTipy
MaTPHUIATBIK TEHACYIIH TPHUBUAIIBI €MeC MEIIiMISPiHIH O0TyHI AP THIHBIH )KaHA
©3TePTLUITeH TYpiHE OKEIe/Ii:

(T+T7" = (™ +e™)E)-W(0)=0 3)

MartpuIiaHel €HIi31I:

N SN
p=—(f+7) 4)
2
(3) KaTbIHACTAH ATaMBI3:
det(p — £ coskh) =0 (%)

Hucniepcus tenaeyepi (5) f? MaTpPHUIACH YIIIIH CHITATTaAMAaJBIK TCHICYIiH
mIenrimMaepi OOJBIT TAOBUTAIBI, SIFHH JKAITBI KaFAalia TUCTICPCHSITBIK TCHICYIIEp
(6) Typinge O6omamb:
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cos l?ih =p, =4 (6)

(17), (18) >xanriel TypiHAETI MaTPUIAHTTAP KaFaalbIHa, (4) KYphUIBICHIHA
HeTi3[eNred P MaTPUIACH KeJleci TYp/ alaibl:

Pn P Pz Pu 9 0 9 Y

A | Pu Pu Pxn Pu 0 —g91 9n 9

pP= * 0 (7
~Pu ~Pu Pz Pu 9 G 93

“Pxn —Pi Ps Py, 493 4 0 -g5; weu

. O PO
MYHJIaFbl ¢ ; — OYJI KENeci MaTpuua SJIEMEHTTEpI: § = E(T -T ').
Ochinbl aybicThIpen COSkh = A, (7) Tenaeyin eckepe oTwIphIm, (5)
JCTEPMUHAHTBIH KEHEWTIN, TOPTIHIII Jopekerni TeHaeyal (CHImaTTamallblK
JIMCTIepCHs TEH/ICYiH) aJlaMbl3:

A val +bV +cA+d=0, (8)

Bynsin TYyOipnepi keneci:

PASCIR SP oy o a PR S Sy P
2 44 4 2 44
Ay=—"F+—A—— B+L, /14——g+—A+l + L s
44 4 2 4

MYHJIaFbl 4 = "
! W2 43 o -4p
po Natia'-4p" & 4 2p
33\/5 2 3 33'0!+ 'a2—4ﬂ3 ’
a =2b"—9abc —72db+27¢* +27d°d L =b"-3ac+12d,
y =-a +4ab-8c,
a=-2p, —2py;

b= plzl +4pyupn + P323 _qlzl _q323 = PP +2PuPy 2P Do — PuPus — 291495 — 24139245
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€= 2Py phy +(P3y = 4% + PruPas = PruPas = Gados — 413924 Pr =~ Pssdtn = PraPs Pos —
PP P33t PuuPulss — PuPuPs — Pudndis ~9aPu90 T Padidis t Pudnds +
P3491392 ~ P3391492 ~ P33913924 T Pas91a90s T P12923924 — P2a413933 T P23G14933 ~
Pial2d3 + Pis(CP1y Py + PyPoy + PruPss — PyPsa + 4idos + 42493));

d = pj\p5; = PhPisPss + 2PsaPudisdes — 2P Pudhads — 2P5 Prdinda +

+ 2D P1Giados — PraPaiPys — Pudis + PuPadi = Pradis = P Psadis — Pdis —

= PaiPasdia + 41dss — PraPsadlas + 40302 — PraPas@as —(Piy = i = P P25 —

= 2D PasPasPss + PrsPriaPas + PoaPiaPas + PraPaiPsaPs — 2P2a Pz +

=2P23 P3990 —2P5 P33diadn + 2P2Pisdiadnn + 2P P 1391 T 2P0 P33didis +

+ Pl (P2 = @oy + PuPas) + 2P0 P3sdnas — 201301592392 + Pis(Pas = s + P Pas) —
=2(p11(P2udis = P391s) = (PiaPos + 41913092 + (P2 Pos + 411915)924)955 —

=2pu (=P3390 — P39 + Psdndas + P3di39as + Pis (P Py + PauPys — 43924) +
+(Puqn = Pud13)95 + Pri(—PasPys + PasPas +423q3)) +

+2p13(=P3411925 — Prudiadss + P12 + P3d1ados + (Poadny — P2id1a)dss +

+ P (PasPss = PosPaa T 4243));

CoHBIMEH, AUCTIEPCUS TEHACYJIEPi OCBIFAH KeNTIpiimi:

cosl;]h=—g—lA—l1B—L, cosl?2h=—g—lA+1 B—L,
4 2 2 44 4 2 44

Y 2 )
cosl?sh:—ﬁ-t-lA—l B+L, COS/;4h=—g+lA+l B+ .
4 2 2 44 4 2 2 44

2. IMepuonter OipTekciz KadaTThIH MaTpUNaHTH. LekTi mepuoaTs
KYPBUIBIMIAP/IbI KOHE aHATMTUKAIBIK KOPIiHicTI 77" KapacThIpaibIK.

Erep xaneraaers! H mepronrsr Oiprekciz KadbaTThIH h IEPHOAEI O0IIca, SFHA
H = nh, oH1a MaTpUIIAHTTHI ecenTey MOHOAPOMHUS MATPHUIIAHBI N-IIi JOPEKere
JIeHiH ecenTeyre oKemeIi:

T(H)=T"(h)

Benrini kypbuibivra T ! Herizzenren (4) GoifbiHma p MaTPHULAHBI EHTi3y
6isre T (/) MOHOAPOMIBI MaTpUIIA APKBUIHI aHATUTHKANILIK Kepinic T (H ) anyra
MYMKIHJIIK Oep/i.

(4)-TeH Tikenel agambi3:

T° =2pT —E (10)
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(n-1) >koHe n-wi nepuOATHI KabarTapra KaiTa xary, oH xakrarbl (10)-1bl
kenecire T kobeity:

T3 =4p> -EYT-2p, T*=@8p° —4p)T—(4p>-E)...
PEKYPEHTTIK KaTbIHACTAPbIHA JKEJIe i

" =P,(P)T - P, (p) (11)

Byt karbiHac 7" -HBIH aHAJIMTUKAJIBIK KOPIHICI 00JTa/Ibl.

byn p KypeUIBIM MaTpHIaIBIK HOJII/IHOMZ[aleBIan (p)veKu-mn TCKTrll
anrebpanbik YeObimen-Terenbaysp moaMHOMaphina jeilin azaiityra xone 1
TYpiHZE YChIHYyFa MYMKiHIIK Oepeni [12]:

O WACACATEY AT (12)

3. Opramananrad OpTaHbIH MaTpuUaHThl. Bbi3 opraubl /] >> /i mapt

GoiibIHIIA OpTamanaiMel3 (4 — MyHIarsl TOIKBIH Y3bIHIBIFBL, h — GipTexcizik
.. ~ Tt . .
nepuoanl). Oceian aucrepcus TeHaeynepiniy (7) kh = T << | xiKTEMECIH

KeJIeci Typ/ie ajaMbl3:

N ~ Kk h? —~ ~ kH
P, =coskh=1- ’2 nemecey 1 — p; ~ kb =—"—, (13)
n

MYHIaFrbl [ = ph — KaOATThIH JKaJMbl KaJbIHIBIFbI, N—KabaTTarbl
TepuoATap CaHsbl.

32)=E+7;<3>:Zj3dz (14)

Ketiinri )KypIKTayIaH f - ﬁ,E ~ <B>h KaTBIHACTHI SHTi3yTe MYMKIiH Oepe/i.
Ocwiven [3]:

- ~ ~ B> . ~
P(P)T = B, (P)E = coskH + == sink,H (15)
(15)-1i (12)-re KOMBIN, MBIHAHBI aJTAMBI3:
4
~ ~ B> . ~
T, :ZP,.[Ecosk,H+<]; >s1nk,.H], (16)
i=1

i
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OcbIHga:

By =B Py =B By =P ..
P _{ @ 11,)( @ f)‘)(N(z) Npl) s (g k1=1,2345i#jzkz1) (17)
(pi - pj)(pi - pk)(pi - pl)
(17) popmynanapbiHia TybIHIAWTBIH CHIIATTAMAIIBIK TEHCYIH TYOipiepi
P, WapTTaH ajlbIHFaH:

det(p, —AE)=0 (18)

(18) maTpumacelH KYypyMeH Katap, TyOipiepni Oinmy optypii
TOJISIpU3alUsIIaHFaH JICKTPOMArHUTTIK TOJKBIHIAPAbIH MHAWKATpUCAIAPHI
YIIIH TEHIEyJep alyFa MYMKiHAiK Oepeni. MHauKaTpuca KHCHIKTaphl Kejieci
TEHJICYJIEPMEH aHbIKTAIA bl

LR S (/)
2 ’ ’ h’

4. Nuaukatpuca teneyepi. lllexciz meproaTsl OipTeKTi eMec aHU30TPOTITH
KYPBUIBIM YIIiH HHANKATPHCC TeHaeyepi (6) aucrepcus TeHaeyIepiHiH TOMEH
KMITIKTI opTanaiaybiHas mbsiFaasl. Anasivet (13), (14) xone (18) renneynepin
BIHFAHIIBI TYPT€ TYPIACHAIPEMI3:

(19)

det(E+ B*h> /12— E+E(k,h)? /2)=0=>det(B* + Ek)=0 (20)
JuddepeHnmanipik MaTPUANBIK TCHACY T

aw .-
o =b, W=(E, H_H,E)

dbopmynanapbslH €CKepe OTBIPHIN, AU(GPEPCHIUAIIBIK MATPUIIATBIK
TEHJICY Il Keleci TYpHAEeri TUAICKTPIIIK OTKI3TIIITIK, MATHUT OTKI3TIIITIT] KOHE
OTKI3TILITIFIMEH CUTIIATTANIATHIH MOHOKITUH]II KPUCTAJIAP YIIIH IICIICHIK:

£, &, 0
E=lg, ¢, 01, u; =const, o, =0.
0 0 ¢

z

AWTBITFaH opTa TYpi YIIIH TOJKBIH BEKTOPBIHBIH WHINKATPUCTEPIHIH
TEHJACYIH aJaMbI3:
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gi (K +k +k )k e, +2k ke, +k e +Ke)+
2,07 2 2 2 2 2 @n
teppua (k. +k Ve, —¢e)-((k"+k e +2k ke, +

Xy

2 2 2 2 2 4 2
+(k +ky )sy)sz t& My 1o (¢, +€X£y)) =0
Cdepanblk KOOpAUHATTAP KYHECIH eHT13eHiK:

k =ksing cosé,
k, =ksingsind,
k, =k cose.

¥3bIH TOJKBIH/BI KYBIKTAyFa COMKEC BJICKTPOMATHHUTTIK TOJKBIHIAPIBIH

. 9 2 2 2 2 17 -2
mapaMeTpIEpiH OpPHATAHBIK: O &, =0 /¢ = /107" =1m

METP-ICIUMETPIIIK PATHOTOIKBIHIAP.
Opra napamerpiepi (1-kecre):

>

1-kecre — KeitOip Ky1ITi aHU30TPOINTHI KPUCTAILAAPIBIH TUAJIECKTPIIIK TEH30pJIapbl

Martepuain

JIMdneKTpIIiK eTIMALTIK TEH30PbI
A

©)

Cunarramacsl (esiey
HIapTTapsl, KACHETTEePi
JKOHE KOJIJIaHbLIYbI)

CaTiOs [13, 14]
(opTOpOMOTHIK)

10 MTI'u sxuimiriage [14],
T =300 K; MmaraurTik
KaOBII/IaF I THIFBI
pu =1 (mmamarautri) [15];
moripiiri: 0.4—6.0 MKMm;
KBAHTTHIK MTapadICKTPHK
[13]; moHOKpUCTaANLT
(xoHaEHCaTOpIAp,
MHKPOTOJIKBIH/IBI
KYPBUIFBLIAp, OaiiaHbIC
Kyitenepi) [14].

TiO: (pyTumn)
(TeTparoHajbIbI)

10 MI'1 sxmimiriaae,
T=300K;u~1
(ImaMarHuTTI); MOIAIPIITi:
0.4-5.0 MKM (KepiHETIH XKoHE
JKIIK); MOHOKpHCTAILT;
KUK granasoss! 102—108 'y
TYPaKThI (OMTOIIEKTPOHHKA,
JKOFaPBI KUIUTIKTI
KOHJIEHCATOpIIap).
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Martepuain

JIM3IeKTpIIiK e TIMILTIK TEH30PbI
A

©)

Cunarramacsl (enmiey
HIapTTapsl, KacueTTepi
JKOHE KOJIJIAaHbLTYbI)
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LiNbO;
(TpHUTOHAIIBBI)

84 0 O
< 0 84 O )
0 0 28

10 MI'1y sxuiiringe,
T=300K; p=1
(TMamMarHuTTI); MOJIIPIIITi:
0.4-5.0 MKM; KOHTpYDHTTI
MOHOKPHUCTAILT; KHUUTIK 1
k['1—100 MI'y TypakTs
(37EKTPOOTI THKAIIBIK
MOJyJIsSITOpIIap, OCTTiK
AKyCTHKAIIBIK TOJIKBIH
¢dunbTprepi).

BaTiOs
(TeTparoHasbIbI)

2000 0 0
0 2000 O

10 MI'1 sxmimiriaze,
T=300K;u~1
(ImaMarHUTTI); MOIIPIIITi:
0.5-6.0 MKM; MOHOZOMEH/II
MOHOKPHCTAILT
(portopedpakTuBTI
KYpBUIFBLIAP,
KOHJIEHCATOpJIap,
KepHey 6acKapbUTaThIH
TeHepaTopiap).

Marepuan JIM3aeKTpiiK ©TIMILTIK TeH30PbI Cunarramacsl (enmiey
(§) HIapTTaphl, KacueTTepi
JKOHE KOJIJIAaHbLTYbI)
GdScOs (GSO) 227 0 0 0.2—1 TT'1 qrana3oHbIHAA
(opTOpPOMOTHIK) < 0 193 0 ) OJIIICHTeH (CTaTUKAJIBIK IIEK,
0 0 281 10 MTI'1i-Te MOHZEp TYPaKThI

nen 6omkananel); T =300
K; p =1 (qmamarsurri);
memipiiri: 0.4—6.0 Mkwm;
MOHOKpHUCTAILT (Cy0-
TeparepiTik AEKTPOHUKA,
JKOFaPBI JKUITIKTI
KOChIMIIIAJIap).

KNbO:;
(opTOPOMOTHIK)

10 MI'1g sxuimirinae (Herisri
pesonanc), T=295K; p= 1
(TMamMarHuTTi); MOJAIpIiri:
0.4-5.0 MKM; MOHOZOMEH 11
MOHOKpHUCTAIUT (EKIHIII
rapMOHHKa TeHEepPaInsIChI,
INEKTPOONTHKAIIBIK
MOJYJIATOpIAp).

TbScOs (TSO)
(OpTOPOMOTHIK)

0.2-1 TI'm Anama3zoHbIHIA
OJILICHTIeH (CTATHKAIIBIK IIIeK,
10 MI'u-Te MOHAEP TYPaKThI
nen 6omxanansl); T =300
K; u= 1 (nmamarsurri);
monaipiiri: 0.4-6.0 Mxwm;
MOHOKpHCTAII (Cy0-
TeparepuTiK JIeKTPOHHUKA,
JKOFAPBI KUIUTIKTI

KYPBUIFBLIAP).

Sb2Ss (cTubHHT)
(opTOpPOMOTHIK)

10 MI'1y sxmiJtiri TOMeHri
Jara3oH (MoOHAEP
OIITHKAIBIK INANla30HHAH,
A =600 um); T =300 K;
p~ 1 (InamarsuTTi);
mesipiiri: 0.8-7.0
MkM (OKIIK);
MoHOKpucTat (GoToHHKa,
OIITORJIEKTPOHNKA).

DyScO:s (DSO)
(opTOPOMOTHIK)

0.2—1 TT'y quama3oHbIHAA
OJIIEHIeH (CTaTHKAJIBIK 1K,
10 MI'u-te MoHIEP TYPAKTHI
nen 6omkanansl); T =300
K; p~ 1 (anamaraurri);
menaipiiri: 0.4-6.0 Mkm;
MOHOKpHUCTaILI (Cy0-
TepareplTiK MEeKTPOHHKA,
HKOFAPbI JKHITIKTI
KOCBhIMIIIaJIap).
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Kecreneri kelibip MaTepuaigap YIIiH 9p TYpi )KHUUIIKTEp/Ie KAIBIITHI )KOHE
AQHOMaJIbJIi CoyJIeliepl YIIIiH TOJIKBIH/IBIK BEKTOPBIHBIH HHMKATpHCaIapbl TOMEHT1
cyperrepe kenripiiares (1-5-cyperrepi).
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5-cypet — KNbOs (opropom6tsik), @ = 107111

HoTmxenep :koHe TATKBLIAY

MaTtpuianT oici Heri3iHae aJblHFaH MoIU(UKAIUSIAHFAH JTUCIICPCHUs
Tenzeyepi (3)~(9) xKoHe y3bIH TONKBIH/BI KYBIKTaY1aFbl (A >> h) OpTaluaianFan
MaTpPULAHTTHIH aHAJIUTHKaIBIK epHeri (16)—(17) nmepuoarsl Oiprekcis3
AHU3OTPOITHl OPTANAPJBIH JJICKTPOJIMHAMUKAIBIK KACHETTEPIH 3epTTEyre
MYMKIiHiK Oepei. OChl TEOPUSUIBIK HOTHXKEIIEP/Ii HAKTHI KPUCTAIIapFa KOJIIaHy
yiuiH (21) TeHneyiMeH OepiIreH TOJKBIHIBIK BEKTOPIbIH UHAUKATPHCA TCHICYI
naiianaseuIbl. by Tenaey cdepalibik KoOpIuHATTapAa TUIICKTPIIIK TSH30D
KOMIIOHEHTTEPI MCH JKUUTIKKE OaijIaHbICThI TOJIKBIHIBIK BEKTOP/IBIH OAFbITTHIK
TapajdyblH CUMATTaiabl. MHAUKATpHCA MINIiHI TOJBIFBIMEH JUIJICKTPIIK
TEH30PIbIH KYPBUIBIMBIMCH aHBIKTAJIA bl )KOHE OHBIH CHMMETPUSCHI (6) TUCTICPCHST
TeHJeyJIepi TyOipiepiHiH CUMMETPHUSICBIMEH TOJIBIK COUKEC KeJe/l.

1-kecTeie KeNTIpUIreH opTYPJli KPUCTAIIAPIbIH TUICKTPIIK TEH30PIaphl
yuri (21) tenneyi OoiibiHIIA ecenTeiren uHaAnKatpucaiap (1-5-cyperrep)
TOMEHJICTIIe! 3aHIBUTBIKTAPIbI KOPCETTI.

Opropom6OThIK Kpuctainap (CaTiOs, KNbOs, GdScOs, TbScOs, DyScOs,
Sb2S;). Byt kpucTanmap/a UK TPITiK TEH30PIbIH YIII JHATOHAIIB Bl KOMIIOHCHTI
oprypui. CaTiOs ywin €y, = 150, €y = 120, &5 =140 moupnepi 10-10° Ty
JUATNIa30HbIHAA WHIUKATPUCA MIIIIHIHIH TYPaKThUIBIFBIH KAMTAMacChl3 €Te/i
(1-cyper), Oys1 OCBI XKHUIIKTEpE AUIICKTPIIK AUCIEPCHUSHBIH OOJIMaybIMEH
woHe (13)—(15) y3bIH TOJNKBIHIBI XKYBIKTAYABIH OPBIHIATYBIMEH TYCIHIIPLIEI].
Penkosemenpni ckangarrapaa (GdScOs, TbScOs, DyScOs) koMIOHEHTTED
MOH/JIEpiHIH XaKbIH/bIFbI (1amaMeH 18—-31) unaukarprucanbiH cepasiat a3 FaHa
ayBITKybIHA oKelnei (4-cyper), Oyl oJlap/IblH CyO-Teparepurik JIeKTPOHUKAIa
KoJmaHbUTybIHa Kosaiiibel. KNbOs KpucTaibl epekiie Karaaiibl KopceTei:
190

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qusuka, Mmamemamura u KomnvromepHoie Hayku. Ne 1, 2026

Eyy = 980 moni Exy = 680 xone €57 = 220-1eH alTapIbIKTall XKOFaphl. By
(18) cumaTtTamanblKk TEHIACYAIH TYOIipJIepiHIH epeKIle KAaThIHAChIHA OKEJIIIl,
WH/IMKATpUCa MilIiHIHIH 0acka opTOPOMOTHIK KpHCTalap/aH e3rellelieHyiHe
ceOen 6oael (S-cypeT). MyHai miiiiH MaTepHasIbH KYIITI aHH30TPOIHSICHIH
YKOHE MOJISIPU3ALUSHBIH 0aChIM OarbIThIH KOPCETE/II.

Terparonanpasl kpuctangap (TiOz, BaTiOs). byn kpucrangapia
Exx = Syy Tenairi oppiHaananel. TiOz2 (pyTun) ymwin E,, = Syy =86,
E,7 = 170 Gonranapikran, (21) Tenmeyi OOMBIHIIA €CENTENTeH HHAMKATPUCA
oci OoibIMeH cO3bUIBIHKBI miminre ue (2-cyper). Kepicinme, BaTiOs-Te
Exx = Eyy = 2000, €77 = 500 MonzAepi MHAMKATPUCAHBIH Z OCi GoiibiMeH
KBICBIHKBI OoJyblHa okeneni (3-cyper). Bys ailbipMalibUIbIK AUAJIEKTPIIIK
TEH30p KOMIIOHEHTTEPIiHIH apakaTblHAChIHA OalIaHbICTHI XoHe (6) aucnepcus
TeHJICYJIEPIHIH TYOIpJIEpiHIH CUMMETPHSCBIMEH TOJIBIK COMKece .

Tpuronansasl kpuctangap (LiNbOs, LiTaOs). byn xarpaiina na
Exx = &y teniri cakrananel. LINDOs yuiin €., = 84, €,, = 28 mouzepi
HWHAUKATPUCAHBIH Z 0C1 OOMBIMEH KATThI KbICBIHKBI EKCHIH KOPCETE/ i, OYJT OHBIH
AIEKTPOONTUKAIIBIK KYPBUIFbIIAp/1a KOJIAaHBUTY epeKIIeiKTepiMeH OailyIaHbICTBI.

Bapibik 3epTTeNreH KPUCTAIAAPAbIH AHaMarHuTTiairi (4 = 1) maraut
OTIMJIUIITHIH TOJIKBIH TapayblHa SCEPiH enemMeyre MyMKiHik Oepai, oy (1)—(2)
MakcBeu1 TeHICYJICPiHIH MaTPUIIAHT TYPIHJCT] )Ka30achlH KEeHULACTTI. Memmipiik
nuarnazonapsl (0.4—7.0 Mxm) Oyt KpucTaniap/iblH ONTHKAIBIK KOHE HHPPaKbI3bUT
aiiMakTa )KyMBbIC ICTEHTIH KYPBUIFbLUIap/ia KOJIJJaHbLTY MYMKIHJITH KEeHeHTe .

KopbITbIHABI

Makasnajga MaTpULAHT d/ici Heri3iHJje MepuoAThl OIpTEKCi3 aHU30TPOINTHI
opTajapia 3JIEeKTPOMArHUTTIK TOJKBIHIAAPIBIH TapajdyblH CHIATTaHThIH
MoaubuKaysuianFal qucrnepcus teraeysepi (3)—(9) anbiaasl. by tenaeynep
CHUIIaTTaMaJIbIK TEHJACY/IIH J9PEkKECIH TOMEHJIETyre )XoHe OHBIH TYOipJiepiHiH
CHUMMETPHUSICHIH KaMTaMachl3 €Tyre MyYMKiHJAIK Oepeni. ¥3bIH TOJKBIH
Y3bIH/IBIFBIH/IAFbl JKYBIKTAy HICTiHJE OpTa MATPHULAHTBIHBIH aHAJINTHUKAIBIK
epHeri (16)—(17) anblHabI, 07 MEPUOATHI KYPbUIBIM/IbI SKBUBAJICHTTI OipTEKTI
AQHM30TPONTHI OPTAMEH AJIMACTBIPyFa MYMKIH/IIK Oepe/i.

OcChl TEOPUSIIBIK HOTHUIKEJIEPAIH JAYPBICTHIFBI HAKTHl KpUCTalLIap
MbICalIbIHa Tekcepinai. (21) TeHaeyl OOWBIHINA CCENTEITeH TOJIKBIHJIBIK
BEKTOPJbIH MHJUKATpHUCAIAPhl JUAIEKTPIIK TEH30PD KOMIOHEHTTEPIHIH
apakatbeiHAChIHA Toyesi minnuaepai kepcerri: CaTiOs, TiO2, BaTiOs, LiNbOs
JKoHE OacKa KprcTaiaap yIlliH HHAUKATPUCAIAP OJaPIbIH KPUCTAIUIOTPA(HSIIBIK
CUMMETPHSCBhIHA COliKec cumaTTamaislk mimraaepre ue. KNbOs mbicaibiana
JIMBJIEKTPIIIK aHU30TPOIUSIHBIH KYIITUTIrHE OaiIaHbICThl MHAMKATPUCA MIIIHIHIH
epeKIIeICHEeTiHI OalKaIbl.
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AJBIHFAH HOTHIKEJIEP MAaTPHUIAHT OJICIHIH TOMEH CUMMETPHUSIIBI
KpHCTaJJapaaFbl TOJKBIHIBIK MPOIECTEPIi MOJCIbACYre KOJIIaHBLIY
MYMKIHITIH KOpPCETe/li ®KOHE OHBI (POTOHIBIK KPUCTAIIAP, METaMaTepUaIap
CUSIKTBI KYPCNi MEePUOATHI KYPBUIBIMAAPIBIH IUCICPCHSIIBIK KAaCUCTTEPIH
3eprreyre Koyiganyra 0osabl.
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Ob YPABHEHUAX JUCIIEPCUHU U UHAUKATPUC
SJIEKTPOMAT'HUTHBIX BOJIH B HEITIOJABUKHBIX
AHHMN3O0TPOIIHBIX CPEJAX

Cmamos noceawena uccned08aHuio pacnpocmpanenus
INEKMPOMASHUMHBIX ~ 60IH 68  NEPUOOUYECKUX  HEOOHOPOOHLIX
AHU3OMPONHBIX Cpedax ¢ UCHONbL308AHUEM Memood MAMmpuyanma.
Paccmampusaemca npumenenue meopuu bnoxa u ananusz eéHympeHmeu
CMPYKmMypbl  MAMPUYaHmos Oisi  NOAVYEHUs.  MOOUDUYUPOBAHHBIX
OUCNEPCUOHHBIX — YDABHEHUN,  NO36ONANWUX  YMEHbUUMb  NOPAOOK
Xapakxmepucmuueckoeo yYpaeHeHus U obecneuumv CUMMEMPUo e2o
xopueu. Taxoiti nooxo0 cywecmeeHHo YApowaem auaiu3 GOJHOBLIX
npoyecco8 6 CIONCHbIX AHUZOMPONHLIX CMPYKMYpax U nosviuiaem
appexmuenocmo anarumuuecko2o mooenuposanusi. C UCnONb306aAHUEM
NOIUHOMOB Yeoviuésa—I ecendayspa npeonodicen Memoo
AHATUMUYECKO20 BbIYUCTICHUS MAMPUYbl MOHOOPOMUU OJil KOHEUHO20
yucia nepuodog cpeovl. B OnunnosonHosomM npubnudICeHuy NoayUeHo
sA6HOE BbIPAdCEHUE MAmpuyanma ycpeoHénHou cpedsi. Ha ocHoge
9MO20  BbIPANCEHUA BbIYUCTEHbI UHOUKAMPUCH BOJIHOB020 BEKMOpd
oA pAoa CulbHO AHU3OMPONHLIX Kpucmannos, exaouas CaliOs,
ﬁOz, LiNbO3, BdTl'03, KNbO3, Sb2S3, GdSCO3, TbScOs u DySCO3.
Iokazano, umo opma UHOUKAMPUCHL CYUIECMBEHHO 3A8UCUT O
COOMHOULeH U KOMNOHEHM OUBIeKMpu4ecko2o meHzopd. B uacmnocmu,
ona kpucmania KNbOs evisienenvt xapakmephvie 0cobeHHocmu opmol
uHOUKampucwvl, 00YCl08/leHHble BbICOKOU CHIENEeHbl0  AHU30MPONUL.
IHonyyennvie  pesyriomamuvl  OeMOHCmMpUpylom  3¢hdexmusHocme
Memooa MampuyaHma npu MoOeIuposanHull B0IHOBLIX NPOYECcos8 8
KPUCMANNAX € HUSKOU CUMMempuel u Mo2ym Oblmb UCHONb308AHbL NPU
uccn1e008anuu POMOHHbIX KPUCMANLO08, MEMAMAMepUuanlos i pasnuyHbix
ONMOINEKMPOHHBIX YCMPOUCMS.

Kniouesvie  cnosa:  mampuyawm,  ypaewenmus — Oucnepcuu,
nepuoouyecKu HeOOHOPOOHAs Cpeda, AHU3OMPONHAsL Cpedd, UHOUKAMPUCA
8071H08020 6ekmopa, meopus brnoxa, OnunHO801HO80E nNpuUbIUdNICEHUE,
INEKMPOMASHUMHbLE 80THbL, KPUCMAIbI HUSKUX CUHSOHUIL.
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ON DISPERSION AND INDICATRICE
EQUATIONS FOR ELECTROMAGNETIC
WAVES IN FIXED ANISOTROPIC MEDIA

The article investigates the propagation of electromagnetic waves in
periodic inhomogeneous anisotropic media using the matrixant method.
The study applies Bloch theory together with an analysis of the internal
structure of matrixants to obtain modified dispersion equations that
reduce the order of the characteristic equation and ensure symmetry
of its roots. This approach significantly simplifies the analysis of wave
processes in complex anisotropic structures and improves the efficiency of
analytical modeling. By employing Chebyshev—Gegenbauer polynomials,
a method for the analytical calculation of the monodromy matrix for
a finite number of periods of the medium is proposed. Within the long
wavelength approximation an explicit expression for the matrixant of the
averaged medium is obtained. Based on this expression the wave vector
indicatrices are calculated for several strongly anisotropic crystals
including CaTi03, Tl'Oz, LiNbO3, BaTi03, KNbO3, szS3, GdSCO3, TbScOs
and DyScO:s. It is shown that the shape of the indicatrix strongly depends
on the ratio of the dielectric tensor components. The obtained results
demonstrate the effectiveness of the matrixant method for modeling wave
processes in low symmetry crystals and for studying photonic crystals,
metamaterials and optoelectronic devices.

Keywords:  matrizant,  dispersion  equations,  periodically
inhomogeneous medium, anisotropic medium, wave vector indicatrix,
Bloch theory, long-wavelength approximation, electromagnetic waves,
low-symmetry crystals.
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CIMNHAIK TOJIKbIHOAPLABIH MAKPOCKOITbIK
XOHE KBAHTTbIK KACUETTEPIH 3EPTTEY

Makanaoa — maenummik — pemminikmi — Jicytiedesi  CRUHOIK
MONKLIHOAPOBIY MAKPOCKONMbLK, KEAHMMbIK KACUEIMEDPI HCIHE 01apObIH
KONOAHBILY —~ MeXAHUMOepine KamvlCmbl —Meopusiivl — 3epmmeyiep
yevinvlizan. Macnummix MOMeHm neH mMachum epicmepiniy mepoenici
@ypve  bOelinede  Kapacmuipblibll, MASHUM  KAObLLOALIUINBIKIIbLY
VaxblmmulK-Keyicmikmix — oucnepcusicel  Maxceenin — menoeynepiniy
KoMe2iMeH wbl2apblazan. MacnumocmamuKaivli JHCyblKmayiap apKblivl
CRUHOIKMONKbIHOAPObIH CNEeKMPIH AHLIKIMAUMbIHOUCNEPCUSLTBIKMEHOey Ol
any oconoapvl YcolHwliovl. CRUHOIK MOAKbIHOAPOLIY diacipey (outy)
Mexanuzmoepi MeH 01apobly NAPAMEMPIiK KO30bIPLLIYbL KAPACbIPLLIObL.
Koszzanvic menyoeyiniy komecimen MasHummix MOMEHM Mblebl30blbIHbIH
bipmexmi owcone Oipmekciz mepoenicmepiniy 63apa OalIaHbICMAapbl
bazananovl. Ecenmeynep Kesinoe MAcHUMMIK AHU30MPONMbLK IHEPUs]
eckepinmedi, convimen bipee MoaKbIHObIK BEKIMOP HOJI2e MEH JHCIHE HO2Ee
men emec 0en anrbiHobl. PeppomazHemuxmen OMemin ayblp HCaHe HCeHil
bonuexmepoiy wogvlpol (Cayneci) apKvlibl CAUHOIK MOIKbIHOAPObL
KO30bIpy  JiCoHe  0AapObl  Kyweumy Maceneci UOpPOOUHAMUKAHBIH
Heeizei menoeyi aprulivl wewinoi. byn menoey apkvlivl uo2blpoazol
Jiceninn bomuUeKmepoiy KOHYEHMPAayusicol MeH JHCbLIOAMObIKIMAPbIHIY
KeHicmik neH yakvlm OOUblHWA ©32epicmepi mekcepinodi. Diepuix
KoOpOuHamanapoa @eppomacHemuxmiy OIpIiK MAaccacblHa Kelemin
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cepnimMOiliK Kyuli MeH (heppomMacHemuKx IHepPUsCbIHbIY Mblebl30bl2bl
MAZHUMOCMAMUKA MmeHoeynepi MeH Y3iniccizoik meHOeyl apKblibl
anvikmanovl.  PeppomacHemukmiy — NOMEHYUSIObIK — IHEPSUACHIHLIY
MbI2bI30bIZbL MeH dpghexmuemi maznum opicine apHalean OpHeKmep
IUNEPNIK  JHCIHE NACPAHICObIK KOOPOUHAMANAPOLIY UHEAPUAHMINADbL
apkwlabl  Jcazvliovl. Ozapa  aceprecyuli eKi MACHOHHAH MYPAmbIH
Jrcyiiedeci OANAHbICKAH Kyuiep (eppomMacHemuKkmiy 2aMuIbmoHUaHbl
MeH UMNYIbCMIK KOpiHicmeei eKi MAZHOHObIK MOJKbIHObIK (DYHKYUSAA
apnanzan Illpeouneep menoeyimen zepmmendi. Kexenecen amomoap
CRUHOEPINIY  OA8LIMMAPbIHLIY — APACLIHOASbL  KYWMI  KOPPEersyusiap
CRUHOEPOIH KOPPENAYUATBIK QYHKYUALAPSI APKBLIbL CUNAMMALObL, ONAD
Dypve gypaywviiap men I pun GyHKyuscol apkoiivl OpHEKmenoi.

Kinmmi  co30ep: cnundik moONKbIHOAp, MAZHUMMIK MOMEHM,
MasHoHOap, eppomaznemux, OUCNEPCUSIbIK MeHOeY, MASHUMOCTAMUKA
menoeynepi, JULEPiK HCIHe NASPAHNCOBIK KOOPOUHAMALAp.

Kipicne

MarauTTik Marepuaniapaa Ke3aeceTiH TepOenicTep MEH TOJKBIHIBIK
MIPOLIECTEP/Il 3ePTTEy KaTThl AeHeNep (PU3MKACBIHAAFbl MaHbI3bl OAFbITTap /IbIH
Oipereiti 6onbin TabbuTaabl. DeppomMarHUTTEp/eri aca KOFapbl KHUTIKTI
TOJIKBIHJIBIK KYOBUIBICTAPFa JKacaJIFaH 1prelii 3epTTeysIep/IiH HOTHKENepi CIIMHTI—
TOJIKBIHJIBIK 2JIEKTPOHUKAHBIH KAJIBIITACHII, ITaMybIHa ceberii 6opl. MyHaan
KYpaJIFbUTapAbIH KYMBIC iCTEY NPHHIMNTEP] (eppOMarHUTTepACTi KOTepeHTTIK
aca JKOFapbl )KMUIIKTI CIIUH/AIK TOJKBIHAAPABIH Taijga O0oiyblHa, TapalryblHa
JKOHE oyiapjbel Tipkeyre HerizgenareH. CoHbIMEH Oipre, CIUHIIK TOJIKBIHIAP
MarHuT ©pICiH aHBIKTayFa Ja MYMKIHAIK Oepemni. MarHoHAap Jen aTaJlaThiH
CHUHIK TOJKBIHIAp—(eppoMarHeTHKTepieri, aHTueppoMarHeTUKTepIeri
XKoHEe (eppUMarHeTHKTeperi (MarHUTTI PETTUIIK 3aTTap/Aarbl) JIEKTPOHIAP
CIMH/ICPiHIH OaFBITTAPbIHBIH ©3r€pyiHe HETI3/1eNereH Y KbIMIBIK TapMOHHUKAJIBIK
TepOericTepiH HeMece aToOMIap/AblH MarHUTTIK MOMEHTTepi TepOeicTepiHin
Tapastybl. ATOMJap apachlHIaFbl 6T KYIITI SCepliecyiep cajiapblHaH OJIap/IblH
MarHUTTIK MOMEHTTEPIHIH KaJbIITHl OaFbITTaH aybITKyJaphl KPUCTAIUI iMIiH/Ie
TOJIKBIH TYpiHJe Tapail anansl. T =0 K Tremneparypaaa aTomaapblH MarHUTTIK
MOMEHTTepi Oip/iell OarbITTBUIBIKTa OOJNFaHBIKTaH, KPUCTaJ1a MarHOHAap/ bl
Ta36y KubIH [ 1]. A, TeMmiepatypa skorapbluiaFraH caiibIH OJ1ap/IbIH KOHIIEHTPAIUSCHI

T2 3aH/IBUIBIFBIHA COliKeC apTa OacTaiijpl. MarHoHap HuAEpIanablK QU3NK
[Terep [eOait ycbiHFaH AbIOBIC KBAaHTTAPbI—(DOHOHAAP CEKLIII KPUCTAIAAFbl
CIUHMAIK 1IIKi XYHeIepaiH TUHAMUKACBHIH aHBIKTayFa MYMKIHIIK Ocpei.
KBaHTTBIK MEXaHMKaHBIH KOPITyCKYJIaJIbI—06OJIICKTIK IPUHINIIIHE Colikec,
CIMHIK TOJKBIHIAP KaTapblHIarbl MarHOHJAAp KBa3HOeJIIEKTep TOObIHA Ja
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kipeni. COHABIKTAH J1a, KPUCTaIapblH TOMEHI'T TeMIlepaTypajiapAarbl JKOFaphbl
HKHUUTIKTI, TEPMOJANHAMHUKAIIBIK XKOHE KHHETHKAJIBIK KACHETTEPIH OCHI TOJIKBIHIAP
apKbUIbI cunarTay biHFaiibipak. CoHbIMEH Oipre, MarHOHAAP/IBIH Ja MAarHUTTIK
MOMEHTI OOJIFaH/IBIKTaH, 9pHHE oj1ap boze—DHHINTEIH cTaTHCTHKAChIHA OaFbIHA b
JKoHE OyJI Karjai KpucTanJapJblH MarHUTTIK JKOHE JKbUIYJIBIK KaCHETTEPiH
OCBI TOJIKBIHIAP apKbLIbI 3epTTeyre MYMKIHAIK Oepeni. MarHUTTiK TaOuraThl
0ap CHMHAIK TOJKBIHAAP/BIH TapalyblH KapacThIpy YIIIH MarHUTOCTATHKAJIBIK
acepiiecysiepMeH Oipre aToMap apachlHIarbl alIMAChIMJIBIK SCepiIecysepiH J1e
MaHBI3bI 30D.

Marepuangap MeH ajictepi. CIMHIIK TOJKBIHAAPABI TEOPHSUIBIK KOHE
TOKIPUOEIIK cHIIaTTaFbl 9/IICTEP/IiH KOMeTiMeH 3epTTreyre 0osaasl. ¥ ChIHBUIBII
OTBIPFaH MaKajaja TOJKBIHAAPABIH MaHBI3Jbl JET€H MaKPOCKOIITHIK JKOHE
KBaHTTBIK KacHETTEpPi TEOPHUSUIBIK TACLI OOMBIHIIA TaigaylbIK—capanTamMaiblK
ecerTeyJliep apKblIbl 3epTTeNeTiH 001a bl JKambl aiiTKaH 1, ChI3BIKTHIK TEOPHS,
Jlanpay—JIudmmn reHueynepi xoHe T.0. TEOPUSUIBIK 3epTTey SMICTepl CIUHIIIK
TOJIKBIHJIAP/IbI MOJICIIB/ICY MEH OJIapFa Tajljiay Jkacay OarbITTapbiH KaMTuabl [ 1,2].
ToxipuOeITiK Tociil CIIMH/IIK TOJIKBIHAAPAbI OaKblIay, OJIap/IbIH CUITaTTaMatapbiHa
eJIIeyJIep KYPTi3yMeH aiHaibIcca, 30HATBHIK TOCLI, (a3alblK BIFbICYIapabl
eJIIey Tocinuepi, KeHiCTIKTiK Dypbe—Tanjiay KoHE ONTHKAIBIK dJiCTep Je
CIMH/IIK TOJKBIHAAP TYPaJbl MOJI aKIaparTap ajlyFra MyMKiHIik oepexni. Kazipri
KE3CHJIe KbICKA JIa3epJIiK MMIYJIBbCTIK TACUI apKbUIbI CIIMHIIK TOJIKBIHIAPIbI
Oackapy Kosira anbiHFaH. CHHMHIIK TOJKBIHIAPABIH Tapajybl Ke3iHle 3aT
TachIMaIJaHOAWTBIH OOJIFaH/IBIKTaH, OJIap bl KOOIHE MAJIIMETTEp/1i TaChIMaliay
MaKcaThIH/Ia KOJIJJaHFaH bIHFaHIbIpaK. OChl TOCUIIIH OyFaH JIeiiH KOJIIaHbUTBII
KEJIT'eH AJICKTPOHABIK TaCLIepre KaparaH/ia TePMHSUIBIK IIBIFBIHBI )KaFbIHAH a3
TOCIIre XKaTa/ibl: )KibepijeTiH HemMece OepiieTiH MaJTIMET TOJIKBIHHBIH (hazachiHa
(HeMece aMIUTMTYJachbIHA) KOATANAbl Aa, HHTEp(EpEHINIHBIH KoMeriMeH Oy
MOJIIMETTEp OHJENIN (aXbIpaThill) ajblHaAbl. MarHoHIapAbIH KaThICybIMEH
OTETIH JIOTUKAJIBIK JIEMEHTTEP/IIH JKYMBIC ICTEy NMPHUHIMII 1€ OChIHAAN UesFa
HerizuenreH. CoHbIMEH Oipre, CIUHAIK TOJIKBIHAAPbl ONTHKAIBIK TICUIACD
apKbUIBbI KO3/IBIPBII, TOJIKBIHIAP TYFBI3aThIH SPTYPJIl mapaMeTpepi 6ackapsin
OTBIPY OYTIHT1 KYHI1 ©3€KTi 3epTTEY HbICAaHJapBIHBIH Oipereiine aifHaJbIII OTHI.

Hotm:kesep koHe TaTKbLIAY

Bi3 (heppOMArHeTUKTIH MATHUTTIK MOMEHTI THIFBI3IABIFLIHGIH (M (7,1)) Teme—

TeH ik M, MOHiHEH aybITKybIH 7(F.7), an Maruut epicinin (H (7,¢)) Tene—

TERJIUTIK MOHHEH (H,) aybITKYbIH A (7 ,Z) nen Genriney apksuibl M (7,t) sxoHe
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H(7,t) mamanapbiHbIH TepGermicTepin KapacThIpaThiH GomambI3. By xkepne

%(7 N ) KoHe h (17 , t) ayBITKyJIaphl (BIFBICYIIAPHl) ©3apa TOMEHET] TEHIEY apKbUIBI

OaliTaHBICKaH:
om - | - o*m P 1 (- = ~ 2\ .
o g(MO {h +a, %4— B (mii) - e (MOH0 +p (Mon) )mD 1
M 727'1‘[. eh B . o
YHIAFbI & =7 1y = ———bop MarueToHsr; [ — Temneparypara Toyeli

2m,c

00JIaTBIH MarHUTTIK aHU30TPOIHUSI TYPAKTBICHI; 7i — @HM30TPOIHSIIBIK OCHTIH
OolbIHIAFbl OipJIiK BEKTOp. 7 (17,1) KoHe h (;7, t) BIFBICYJIapBIHBIH Dyphe
KypayubLiapbl:

’71(7,l) = J‘Iﬁ(l;,w)exp(i(l?—a)t))dlgda)

lZ(F,t) = J.l;(l;,a))exp(i(lgf . a)t))dlgda)

MyHarbl (0 — MAarHUTTIK MOMEHTTIH ©3repy >Kuiiiri. OChl jKa3bUIFaH
HHTErPAIBIK OpHEKTEep Il eckepi, (1)—mi TypiieHaipin ka3yra 0oJiabL:

. —~ _\2
o (.0)= ) i1 7(F.0) ik, + e+ () | -2

byn Tenneyneri m (E, a)) XKoHE /1 (E, a)) — @ypbe KypaymbLIapsl, Oap e3apa

MBIHA TYp/ie OaillaHBICKaH:

m, (k,0)=A,h,(k,0) 2)
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MyHnarbl
- A A
_ xx Xy
%-(k,w)—[lyx AJ (3)
__8PM, P go,M, P iogM,
T 00,-00 Y 00,-0 7 00,-0

M,H,
O, =gM,| a,kk,+ ]\fl E +[300529j,

0

M,H,
D, = gM,| a;kk, + ]\fl L +ﬂcos20]

0

6 — 11, M, BeKTOPIapBIHBIH apachIHIAFbl OYpHIIT; Z 0ckl M|, OOHBIMEH, all X
0Cbi 7i, M, BEKTOpIapbl apKbUIbl KYPBUIFAH JKa3bIKTBIKTA OpHANAcKaH [3, 4].
kij(w, k ) — (heppOMarHeTUKTIH )KOFapPhI XKUUTIKTI MArHUT KaOBUTAAFBIIITHIKTEH30PBI,
OHBIH XHIJNIK () TMeH TOJIKBIHABIK BekTOopra (k) Toyenmi Gomysl
(dheppoMarHeTUKTEpi¢ MarHUT KaOBUIIAFBIIITHIKTBIH YaKbITTBIK—KCHICTIKTIK

JIUCTICPCUs OPBIH alaThIHABIFBIH Olmipeni. COUHIIK TOJKBIH JKHITITTHIH
TOJIKBIH/IBIK BEKTOPFA TOYEJIUIIH aHbIKTAaY YIIiH MATHUTTIK MOMEHTTIH TEH/ICY1H

KoHe ﬁa(?,t), h(?,t) maManapbiHa apHajgran MakcBesul TEHIEYyJIepin

nmaiiganany Kepek Oonanbl. AJaiina, COMHIIK TOJNKBIHAAP TOMEHT1 JKUITIKTETi
MarHHUTTIK TOJIKBIHAAp OOJFaHIBIKTAaH, OJIap YIIIH 3JEKTP OpiCiH ecKepMmeyre
0oJapl )KOHE MarHUT OPIiCiH KYMBIHCHI3 JeT aiy KeTKimikTi [5]. Backamra
aliTKaH1a, COMHIIK TOJKBIHAAPIbl MATHUTOCTATHKAIIBIK JKYBIKTayJIap OOMbIHIIA

3epTTEreH BIHFAMIbI, TFHU ﬁq(F,t), h(?,t) nraManaphsl yIIiH TOMEHIETi

TEHJACYJICP/Ii KOJIIaHy THIM/Ii:
rotﬁ(?,t) =0, divﬁ(?,t) = —47rdivﬁ1(l7,t)
771(7 ,t) xkone h (17 ,t) nramajapeiHeiH, Dyphe KypaymibuiapeiHa KeIicek,

oHJIa

kh (k,0)=0, kh(k,o)=-4rkn(k,o) @)
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(4)-ri Gipinmi Tenaeynen 4 (k > CO) —TBIH k-Fa TapaJiienb eKeH/ITiH OalKay
KUBIH €MEC: h (k,CO) =—ikt (kva)) , MYHJOarsl T (k,a))— MarduTTIiK
moTeHIUAIABH Dypbe Kypaymbeichl. (4)—TiH €KiHIII TCHACYIH TYPJICHIIPII

>1<a3a171]>11<:(k2 +ankk 2, (l;,a)))‘r (1?,60) =0 ,ocbizan: k* + drkk A, (/g,a)) =0

ryy

TONKBIH KULTITiHIH TOJKBIH/BIK BEKTOPFA TOYCIIUTITiH XKoHE ()eppOMAarHETHKTET
CIHH[IIK TOJKBIHIAPIBIH CHCKTPIH aHBIKTAI OCPETiH OYJI TCHICY JUCIICPCHSITBIK
TeHaey aemn atanaasl [6]. Erep (3)—TeHmikTi eckepcek, oHaa

+47rgM0¢)1 k_Xer47rgM0¢)2 k_yz_

1 =0,
oD, -0’ kK OD,-0’ Kk’

OChIIaH

a)(l;) - \/CD1®2 +4ngM (D, cos’ ¢+, sin’ gz)Sinz ¢, ®)

&, xone &, CUMBONAAPHI apKBIIbI ¢ BEKTOPBIHBIH a3UMYTAJIBIK JKOHE
TOJIAPJIBIK OYPBIIITAPBI OENriIeHreH. ok® 1 MAPTBIHIA CIMHIK TOJKBIHIAPIBIH
JKULTITIHE apHaFaH (5)-1i TeHaey eAoyip BIKIIaMIbI TYPIe Keei:

w(l;) =gMa kk.

gy

AJ1, U30TPONTHIK KaFaaiaa oy popMysia MbIHAIAM TYPIi KaObUI A b

a)(lg) = %(ozk)2

higM,
o

MYHJAFbl T = . CnuHIIK TONKBIHIAp Oip—OipiMeH, KpHUCTANIBIK

TOpABIH TepOeiciMeH ((hOHOHIAPMEH ) XKOHE AIEKTPOHIAPMEH dCEPIICCKEH Ke3/1e
QJICipeliii, SFHU oJap ©3[epiHIH SHEPTHUsACHIH JKOFAITAaAbl, Oy Karmgal e3

KE3€TiH/e TOJKBIH aMILUIUTYJACHIHBIH KeMyiHe jKeTKi3ei. TOoIKbIHIapIBIH
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(beppoMarHeTHKTIH KYPBUIBIMBIH/AF aKayJapAaH IIAIlbIpaybl Ja OJapIbiH
ancipeyine cedenkep OoJaabl.
AitHpIManbl OipTeKTI MarHUT epici (]\71(?,1)) IIaMachIHBIH OipTEeKTi

TepOernicTepine FaHa ceberi 6ora amaapl. by xkarmaii bl >Korapbiaa KeATipireH
TEOPHSUIBIK 3epTTeyiepacH Oalikay KublH emec. LIIbIHbIHIa 1a, MAarHUTTIK MOMEHT
THIFBI3IBIFBIHA ApHAIIFAH CBI3BIKTHI €MeC KO3FaJIbIC TeHICYiHEe COWKec OipTeKTi
TepOemicTep GipTeKci3 TepOenicTepMeH OailaHbICTHI [ 7], COHABIKTAH 1a OipTeKTi
MarHAT epici OipTeKTi xoHe OipTekci3 TepbOemictepai Oipaeil Ko3abIpa ajajsl
Jecek Te Oostazbl. byl CIMHAIK TOJNKBIHIAPABIH apaMeTPIliK KO3IBIPBLTYBI et
aTtaranpl. MarHUTTIK MOMEHT THIFBI3IBIFBIHBIH OipTEKTI TepOemicTepiHin OipTeKci3
TepbOenicTepiMeH KaHIail Typae OaiiaHBICATBIHBIH aHBIKTAY YIIIH KO3FaJIbIC
TeHaeyin i(F,1) BeKTOpbIHbIH (7 = M — M) TeK WAPKYISPIBIK m,, =m, +im,

KypaylblIaphl YIIiH FaHa yka3yFa Typa KeJei:
i, =+ig(M_H,—H.m,) (6)

MyHnarbl
H =H xiH,6 M, =M,+m, (7

. L. ) 2
bynap s¢dexTuBTi Maraut epicinin Kypaymsinapsl. M =M
OONFaH/IBIKTAH aybITKY IIAMACHI Z OChi OaFbITBIHAA JKIKTENIE i

By ecenteynep/ie MAarHUTTIK aHU30TPOIITHIK YHEPTHsI CKePLIMEH I, SFHN
3 (EKTUBTI MATHUT opici MbIHA Type anbiHmbI [8,9]: H = aAm+h + H, o» MYHJIQFbI

h—beppoMarHeTUKTeri MarHuT ©PICiHIH aWHBIMaAJbl KypaylIbICHI;
H,=H, - 47rNMO ( N —z ocbinin GoiibiMen MaruutTeyIi Koddduuuent). Ockl
KEeNTIPUIreH MasliMeTTepi eckepir, (7)-TeHaikTepai KaiTa TYpIeHIIpil jKa3bl

oTeMi3:
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H =aAm *h, , M, =oAm, +h +H

MowmeHT TBhIFBI3IbIFbIHBIH KAJIBIIIThl MOHHCH aybITKYBIHBIH TOMEHIEC 6epinreH:

(7o) = S (k)ep i} i(F) = [ (7.r)exp ik | a

®Dypberik KeHICTIKTIK KOMIOHEHTTepre (KypaylibulapFa) Kelle OTHIPBII
KO3FaJbIC TEHJIEYiH i€ OCHI ﬁz(l;)—CDyp},e Kypayubljiapbsl YIIiH >Ka3aThblH

6omamsbi3. byn xe3ne 0i3 MarHuT epiciHiH l;(l; ) @ypre Kypayursiiapsl MEeH

(k) Kypaymisiiapsl apachiHaarsl 0aiiTaHbICTapaAbl CUIATTAWTHEIH TOMEHEr]
OPHEKTEP/Il ECKepeMi3:

k(km(k)) - - - -
i (F)=- (f ))’ k=0 wone h(k)=h(t)-4rNin(0), k=0
byn epuekrtepne: }:z(t)—Mo—re MEePHeHUKYISAp OaFrbITTANAThIH JKOHE
TOMEH/IET] 3aHIBIIBIK OOMBIHIIIA aHBIKTAIATHIH TOCHIH MarHAT Opici:

}:z(t) = %(fzo exp{—iot} +hy’ exp{iwt})

AJIJIBIMEH, KO3FallbIC TEHACYIH M, (k) KypayIIbLIapbIHa apHan & = () YIIiH

XKoHE OipTeKTi TepOeicTep TOCHIH OPICTIH BIKNAJBIMEH KO3aTHIHBIH €CKepe
OTBIPBII Ka3albIK:

m,, (0)=+igh h,, +igh, (% + 47115)

0

k # 0 xarmaiira apHAJIFaH KO3FAJIbIC TCHJICY1 KOFAPBIIAFbIIAi TEK CHI3BIKTHIK
MYIIEIepMCH FaHa IICKTEIMEH, KOChIMIIA OMCBHI3BIKTHIK KYpPayIIbLIap bl
J1a KOCBII ajiajibl:

m, (k) =—idn, (k)-iBn, (k)+G, (k)
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i, (k) =—idym, (k) +iB" i, (K)+ G, (k)
By Terneynepae MpiHaait Oenrineynep jKacanasl:

2

kxky kx 2 ]j]
4, =(D+27rgM0k—2, B, =27TgM0k—2, O=gM,| ak +ﬁ0

G, (1;) = i2m'g%{(m)C (O)my (k)+ m, (0)m, (I;))lay +m,, (0)(kxmy (E) +k,m, (E))}

Erep deppoMarHeTuk apKbUIbl KBUIIAMIBIFBL €IOYIp JKOFaphl OOJATHIH
3apsITaFaH OeJIeK oTeTiH 00Jca, OHA OJ AIICKTPOMATHUTTIK JKOHE CITUHIIIK
TOJIKBIHIAPIBI KaTap (OipMesriie) KO3AbIpa aaybl YIIH TOJIKBIHHBIH (Da3albik
KBUITAMIBIFBIHBIH OarbIThl MEH OOJIIEKTIH U KbUIIaMJIBIFBIHEIH OaraThl
TOJIKBIH/IBIK BEKTOP OAFBITBIMCH COMKEC KEITyl KePEK, SIFHH TOMCH/ICT] PE30HAHCTHIK,

IAPT OPBIHAAIYHI THIC: Uk = @ (E ) . By maprrars! (lg )7T0J'IBIHI[I)IK BEKTOPHI f

0O0JIaTHIH TOJKBIHHBIH JKU1IIIT1. UepEeHKOBTBIH CayJIe IIBIFAPYHI JIETI ATaJIaThIH OCHI
KYOBUIBICTBI OOJIIIEKTEP IOFBIPBI aPKBUIBI CITMH/IIK TOJIKBIHAAP/BI KYIICHTY YIITiH
kosnanyra 6onazsr [10, 11]. Eceperin Oip arnail, peppoMarHeTHK apKblLiIbl
OTeTiH OeJIIIeKTep MIOFBIPHI (MbICANIBL, JIEKTPOH) JKUUTIKTEPl MbIHA/IAH AP TTHI

KaHaFaTTaHIBIPATHIH CIIMHIIK TOIKBIHIAP/IB! FaHa KO3ABIpa ajaisl: @, (k) =ko,

Oyn xKepae U, —IOFBIPJABIH KbIIAAMABIFbl. CHUHIIK TOJKBIHIAPABIH
aMIUTUTYJACBIHBIH apTyblHA JKayanThl KYIIEHTY KO3(Q(OUIMEHTI MOFBIPIAFhI
OeJIIIeKTep/AiH N KOHLIEHTpauuscbiHa Toyeni. Llorsiprarsl OemnmekTepaiy

JKBUTYIIBIK KO3FAJIbICTAPbl ECKEPUIMEH/I KIHE U, N IIaManapbl yakbITKa /1a,
KOpauHaTara jga OaiansicTel eMec. OChl JKaraail peppoMarHeTUKTErl TYPAKThI
MAarHHT OPICIHIH 9CEPiHEH 63Tepill KETIEC YIITiH MOFBIPIbIH KbIIIaMIBIFBl MATHUT

MHTyKIUS BEKTOPBIHBIH TYPAKTHI B, KypayIIbICBIHBIH OaFbITEIMEH OaFbITTAC JCTI

ecenteiiMi3z. COHBIMEH Oipre, IMOFBIPIaFs! aybIp O6MIIeKTep YIIiH U;, n IaMaiapsl
TYpakThl A€l caHallaJbl, TEK ©3TrepicKe YIIBIPalHTBIH XEeHI

OemeKTepIiH KOHIIEHTPAIUSCH MEH JKbUITaMIBIFEI FAaHA: 1 (;7 , t) JKOHE U (F R t)

Ochl KeNTipiIreH MaCeIIeHi ISy YIITiH KaChIM/Ibl €CKepPMEHTIH 'HAPOIMHAMHUKAHBIH
HET13T1 TeHJCYIH KOJIaHFaH BIHFANIIbL:
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6—;+(6V)6:2{E+é(6(1§a +Bﬂ))}» %+divn6=0

Mynyars! £ xone B 5 —IIIOFBIP/IAFBI JKEHLT OOIIEKTEP MEH (P€PPOMATHETHKTET

aToMJapABIH Oipiece maifga eTeTiH aifHBIMAaibl DJIEKTP epici MEH MarHuT
WHIYKIUSAHBIH ailHBIMAIbl KYpaylbichl (€ KOHEe M—IIOFBIPIAFBl KEHIJ
OenmeKTep il 3apsabl MeH Maccachl). by mamanap aifHbIMaITbl MAaTHUT ©piciMeH

(Ey) YKOHE aiiHBIMAITBI AIEKTPIIK HHAyKIsMeH (D) MakcBes Tereyepi apKbuibl
Oaitmanbicassl [12, 13]:

. oB _ - D _ _
ro[E:—l—B, rotB. :4—7TE(n6)+la—D, divD=47ren,divBB =0
c ot ¢ c Ot

by xepae Ey KOHE E’ﬂ mamanapsl 0ip-OipiMeH Bﬂ = By +4nmm Tewmiri

OoiibIHIIA GalIaHbICKaH, al D XKoHe E [raMaapbid OafIaHBICTHIPATHIH TCHIIK

D = ¢E (&—(heppoMarHeTUKTIH JUANEKTPIIK TYPAKTBICHI).

CrnuHzaepaia TepOenici KpUCTaNIbIK TOPAAFsl HOHIAPIABIH TepOericiy,
KepiciHIe MOHIapAsIH TepOerici cnuHaepain Tepoernicine cedermri 6oIambl.
Backama aiiTkaHma, ¢eppOMarHeTHKTEri CIUHIIK TOKBIHIAP CepHiMIi
TOJNKBIHAapMEH inece Tapananbl. Ockl ekeyiH OipiKTipe OTHIPHINT MBIHAIAN
TYKBIPBIMFA KEJIeMi3: MATHUTTIK PETTUTIKKE Ue Kyheae OalimaHbICKaH MarHUTTI
cepmiMai TONKBIHAAp Tapad amanapl. Anaiga, COMHIIK XOHE CepIiMIai
TOJIKBIHIAPbIH apachlHIAFbl OaillaHblc TEK PE30HAHCTHIK IIApTTa FaHa
Oalikananel, OYJI IapT OpBIHAAIMAaFaH JKaFaaiia eKi TOJIKBIH KeKe— Iapa eMip
cyperti 6omaasl. DeppoMarHeTUKTIH KYHiH OipIIik MacCaHBIH MarHUTTiK MOMEHTI

(1/7 (17 R t)) JKoHE (heppOMarHETHK AIIEMEHTIHIH BIFBICY BEKTOPEI (§ (7, t)) APKBLTBI

CHIIATTAWTBIH 0O0JICAK, OHJA 31>'Inepni1< KOOpAWHATa MEH yaKBITTHIH q)yHKuI/IﬂCLI
PETiHIE KapacThIPBUIATHIH OCHI IIIaMaJIap YIIiH KO3FaIIbIC TCHCYIIEPi MBIHA TYP/IE
JKasbl1aabl:
dy oy oy
dy _ov oV
dt ot Ox,

@®)

~!

o=y 1 4’8 o0 00
= ><H)+—R, —— =p| —+u—
g(l// p P ar p(at ! 61)
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My#narsl O (7 R t) —(eppOoMarHeTrK >JIeMEHTIHIH KbULIAMIBIFbI:

H —bbextnBTi MarHuT epici; /~(peppoMarneTHKTIH Oipaik MaccachiHa

KeJIeTiH CepIiMILIIK KyIi; R—pelakcalusibK Mylle; O —(peppoMarHeTHKTiH

. 5 2B Oy, 0S, Ou .
TIFbI3bIFBL. Ochl kentipinren H , f, R mamanap q/i,i,—l,— Toyeuni
Ox, Ox, Ox,
O

[14, 15]. UMnynbeTiH cakTaity 3aHbl OOibIHIIA f kymri f; = TYpiHJIE XKa3yFa

k

6omagsl (O, —Kepiny TeH30pHsl). byt skarmaiina skorapeiiarsl (8)—TeHIeYIepaiH

KaTapblHa TOMEHET1
0 -
P, divpi =0
ot

Y3UTiCCI3 K TeHIeyl MEH MarHUTOCTaTHKAaHBIH TEHACYJepl KOCHUIAThIH

6onanpl. eppoMarHeTUKTETI MarHUT OPIiCIHIH B WHIYKIASICHI MEH l/7(l7,t)

apachIHIaFbl OalTaHbIC B=H+ 47l'pl[7 TEHJIIr1 apKbUIbI iCKE achIpbUICa, aj
.. = - 1,. =
MarHUTOCTATHKA TeHJICYJIePiHiH KYPAMbIH/IAFbl TOK TBIFbI3IBIFL J = 4 {E + - (u x B)}

. (DeppOMarHeTm( OHEPIUACBIHBIH, (O THIFBI3ABIFBI MAaIrHUT SHEPTHUSACBIHBIHBIH

1 - . .
TBIFBI3/IBIFBIHAH (8— H?), peppOMarHeTUKTIH KO3FaJIbIIl )KaTKaH dJIEeMEHTTEPiHIH
T

1 .
KUHETUKAJIBIK SHEPTHACHIHAH (— pv”) KOHE (PEPPOMATHETUKTIH MOTEHIUSIIBIK

oy, 05,
OHCPTUACBIHBIH TbBIFBI3ABIFBIHAH KYPbIJdaIdbl (F:F l//,»,a ’67 -
Xp  OX
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(eppoMarHeTUKTIiH OipJliK MaccachlHa KEJIETIH MOTEHUMUSJIIbIK dHEpPIrus).

oS,
DHEePTUsHBIH JUCCHUITAIUACH OOJIMaFaH jKaraaiaa R ] 0.Erep, b, =96, _6_

X
OenrineyiH KacaWThIH 0OJICAaK, OHAA CEPHIMILTIK KYIIiHE apHaJIFaH MBIHATAN

OPHEKTI aJaThIH O0IaMBI3:

7ot oH oH 0 OF ., OF oy,
8x,. 0ox, P 6% P oy, 851// Ox,
0x;, 0ox;,

cDeppOMaFHCTI/IKTepHCI‘i CHI/IHI[iK TOJIKBIHAapta KAaTbICTHI KOFapblJarbl
KeﬂTipiJ’Il"eH BCKTOPJIBIK K9HC TCH3OPJIBIK IIaMajapJbl KapaCTbhIpraH KE34C

siinepnik 7 KoopAMHATATApMEH Gipre NarpamxIblK £ KOOpAMHATATAPIBI Ja

eHrisred tuimai (¥ =& +S(§ Z)) Cebe0i, v,, ZW’ ,% KOMOMHAIMSIChIHA
Xe 0%

alHBIMANIBIIAPABIH, V> <, »~, HWHBAPHAHTTHI 18 TypieHAipy colikec Keneni,

k

oy, 05,
08,0
onap by OipHeIeyi TOMEHIE KOPCETIITeH:

_Ox 6xk 4 ka 4 _ox, Oy,
ez ee, TV T

CoHJbIKTaH 113, (GepPOMArHEeTUKTIH MOTCHIHMSIIIBIK YHEPTUSICHIHBIH
THIFBI3ABIFBIH F = F (1,,,A 4; ) WHBAPHAHTTAp apKbIIbI JKa3a anaThlH OOIaMbI3.

Ocpiran 6aitmaHbICTHL, 9(Q(QEKTHBTI MAarHAT Opici TOMEHIETi OpHEK apKbUIBI
aHBIKTaJIATBIH 0OJIa bl

Gop_OF 10 0| 0F oy
oy, pa g, vz,

o,

Enpiri sxkepie CMHIIK TOJKBIHIAP/IBIH KBAHTTHIK TCOPHSICHIHA TOKTAIATHIH
00aMbI3. DeppOMArHETUKTIH Ke3—KEITeH Oip aTOMBIHBIH MarHUTTIK MOMECHTI
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(dbepppoMarHeTHK PHEPTUSICHIHBIH €H a3 MOHIHE CoHKec KeJeTiH OarbITTaH
aybITKBII, COHAH COH ©3IMEH-031 KaJaTblH 0oJica, OHJIa KPUCTAAa CIIHUHIIK
TOJIKBIH/AP TapasiaThiH 0oJajbl. ByJl TOJKBIHHBIH 3HEPTHsCH 9pOip aTOMHBIH
CIIMHJIEPiHIH OaFbIT—0aFr JapbIHbIH ©3repyiMeH OaiTaHbICThI 00JIaThIH KPUCTAIIIBIH
KO3y SHEPrusiCbIMEH Oipei 00naThIHbI TYCIHY KUbIH eMec. CITUHIIIK TONKBIHAAP

naiia OOJIATBIH €H Killli SHEPTHs MeJIIepi E(k) hao, ( ), MYHJIAFbl @, k—

CIMH/IIK TOJKBIHHBIH KU MEH TOJKBIHABIK BEKTOpHI [16]. byn sHeprusHb

MAarHOH aTThl GOJIIEKTIH SHEPIUACH €M, a1 OHbIH UMIyIIbcin p = ik Typinge
aryra 0oapl. CIIMHIIK TOJIKBIH KPUCTAIIBIK TOPJa TapajaaThiH OOJFaH/IBIKTaH

MAarHOHHBIH UMITYJIbCl TeK 277/id ONIKIIeH FaHA aHBIKTAIATBIHBIH €CKEPY KepeK

6omansl (J—xepi Top BekTOpbl). COHABIKTAH, OYJI MaMa KBa3HHUMITYJIbC ATl
atanajpl. DeppoMarHeTHKTIH KO3y IHEPTHUSChI )KEKeJIereH MarHOHIap/IblH
(CHMHAIK TOJKBIHAAPABIH) dHEPTHUsIAPBIHBIH KOCHIH/BICBIHAH TYPaabl JIem

ecenreyre OOJaIb:
:;hws (k)n(k) )

byn epnexre n(l}’)*MaI‘HOHZ[ap caHbl. (9)—1a KOCHIHABLIAY TOJKBIHIBIK
BEKTOPABIH OapiIbIK MOH/Iepi OOMBIHIIIA XKYpri3inesni. AliTa KeTy Kepek, (9)—epHek
(heppoMarHeTHK PHEPTUCHIHBIH TeK MATHUTTIK KaHa OeJiri OOJBIT TaOBLIAIBI
HEMece OJI-aToMIap CIHHACPIHIH OpTYpil OaFbITTBUIBIKTAPEIMEH OAalIaHBICTHI
sueprus. byn sueprus Kiopm temmeparypaceiHaH o€ Kaiiga a3 O0JaTHIH

. . 1
TEMITEpaTypara COUKEC KeNe i OHE TOIKBIHHBIH Y3bIHIBIFB A = v Hemece A a

(@—rtop typakTeickr). Onaii 0oJca, TOMEHT1 TeMIiepatypanapaa GeppoMarneTUTe
Y3BIHTOJIKBIHIBI MarHOH/IAP Tapasia bl eKeH.

Ozapa oceprecyii eKi MarHOHHAH TYPaTHIH JKyHe/e OaitnaHbICKaH KyWiIep
6oma ananel. Oxapapl 3epTTey YIIiH peppoOMarHeTUKTIH TaMIIBTOHHAHBIH MBIHA
TYpIe axy Kepek Oomassl:

H=2uH, ZS ——ZJ 0,.)S,

I#m

Tek keplizec aToMIap/IbIH FaHa aIMacy SCeplIepiH FaHa eCKepeTiH O0JICcakK,
OH/Ia TAMMJIbTOHUAHHBIH TYP1 ©3repeTiH 00JIa bl

=1
H= ZMHOZS,- _EJozSISIHl
i LA
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Ecenreyimizai KeHIIIETY YUIIH UMITYJIBCTIK KOpiHiCTEri €Ki MarHOHIBIK
TOJKBIHJIBIK (DYHKIHSIApIbl MBIHA TYPAE Ka3y KaxeT:

MyHnarbl R= %(fl +;7j), rF=r— ;7/ . Ochl TONKBIHIBIK QYHKIOUSIAP

1

GoifbIHIIIA €Ki MAarHOH/BIK OaianbIcKaH Kyiiep Tomeneri [lpenunrep Tenneyin
KaHaraTTaH/bIpa ajajbl:

byn renneyne
Ve (lg,lgo) = 2JOZcos kT (cos%]gf —coslgofj

- 1.
E. (k) —TONKBIHABIK BEKTOpPIApHl Kk, = EK +

Eanl]
X
5
jast
o

Kan
Il

K

60J'IaTl)IH eKi CHI/IH,Z[iK TOJIKBIHAAPABIH SHEPrusjiapbIHbIH KOCBIHABICHI:
_ - - 1 - -
E¢ (k)= E(k)+E(K,) = 4muH, +2SJOZ[1 —cosEKfcoskfj

deppoMarHeTHKTIH ©31H/1iK Oip epeKIIeir )KeKelereH aromM/iap ClHH/IePIHIH
OarbITTapBIHBIH apachIHIA 6T KYIITI KOPPEISIUsSHbIH O0onybiHaa. by xarnait
CIMHJICPAIH KOPPEISIHUIIBIK (DyHKIMSIAphl apKbUIbl KapacTeipbliaasl. Erep,
S, (l )—reﬁ3eH6eprTiK KOPIHICTeT1 1 —II1i aTOMHBIH CITHH OIIEPaTOphI O0JIca, OH/Ia

1 —IIi JkoHEe | —IIi aTOMIAapABIH KOPPEIAMUSIBIK QYyHKIUIIAphl PETiHIe
S (t)S_,.b (0) orepaTopIIapbIHbIH OpTalllajlaHFaH MOH/IEp] aJIbIHATHIH OOJazbl (a

*oHe b MHIEKCTEPl CIIMH MPOESKIMSIIBIPHI ):

<Sia (1)) (O)>:SppSi" (1), (0) (10)
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Byn epHexTe
—ex M}
p p T

deppOMarHeTUK THIFBI3BIFBIHBIH TEME—TEHAIIIK MaTPHUIACH.
H-Tamunsronnanas! (H) Menuikti v monaep apksiiel [V = E V Type xas3bin

amsin ( £, —v xyiizgeri ¢peppoMarHeTHKTiH 3Heprusicel), (10)-TeHTiK apKbLIBbI

OepiireH KOppessIIMsUIBIK (DYHKIMSUIApAbI MbIHA 1Al KarJalira KenTipyre 0osaabt
[17]:

<Si" (1)s} (0)> = vzﬂ:exp{ﬁ (0-E,)} <V(Sl.b (0),u)><,u(Si” (t))v>

MYHJIaFbl 3 = l . Ananna

OOoMFraHAbIKTaH

(50057 ()= Zewp o exn{ (£, £,) (57 0)u) (57 ()

Ocpl pysxuusuapapH Oypbe KypaynibIChl

T, (i-.Q)= j drexp (i) (5,4 (0)S7 (1)

CriekTpasibIbIK (DYHKIIMS €T aTajlaThlH OChl @pHEKTETT Pypbe KOMIOHEHTIH
I'pyH QYHKIMSACH apKBUIBI OPHEKTENIETIH 00JIa Ibl:
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KopbITbIHABI

MakaJia TakbIpbIObI OOMBIHILIA ATKAPBUIFAH TEOPUSUIBIK CUIIATTaFbI 3ePTTEYIIep
©3 MakcaTblHa XEeTTi Jeyre 0oxajpl. ATan alTKaH/a, CIIUHJIK TOJKBIHAAP/IbIH
TEOPHSUIBIK 3epTTey diici OolibiHIIAa GeppoMarHeTHUKTIH MarHUTTIK MOMEHT
IIeH MarHuT epicrepiniy TepOeniciniy @ypre OeiiHesneyl YChIHBLIIbBI, MAarHUT
KaOBIIIaFBIIITHIKTBIH YaKbITTBIK JKOHE KEHICTIKTIK aucnepcusicbl MakcBesu
TeHJeyJepi apKpuibl ecentesni. CIUHIIK TOIKBIHAAPBIH MarHUTOCTATHKAIIBIK
JKyBIKTayJIapJarbl CIEKTPIH aHbIKTAl OepeTiH AMCIEPCUSUIBIK TEHIECY, CIIUHIIIK
TOJIKBIH/IAP/IbIH QJICIpey MEXaHU3MIEP] MEH OJIap/IbIH apaMeTpIliK KO3JIbIPhLTYbI
KapacThIPbLIIbl. MarHUTTIK MOMEHT THIFBI3ABIFBIHBIH OIpTEKTI TepOemicTepiHi
0ipTekci3 TepOemicTepiMeH OailaHbICTap KO3FAIBIC TCHICYIHIH KOMEriMEH
MarHUTTIK aHU30TPOIITHIK DHEPTHsl €CKEPUIMETeH, TOJIKBIH/IBIK BEKTOP/IbIH HOJITe
TEH JKOHE HOJIre TEH eMeC jKarJaiyiapbl YIIiH aHbIKTanbl. PeppoMarHeTik
APKBUIBI aYBIP )KIHE )KEH1J OOIIIISKTEeP/ICH KypaJlFaH HIOFBIP (CoyJie) OTKEH Ke3JieTi
CIMHJIIK TOJKBIHIAPABIH KO3YbI JKOHE OJapJblH KYLIeHyl IMIpOJMHAMHKaHbIH
HEeTi3Ti TeHjaeyl apKplUIbl Weminaai. byn TeHaeynep HmIOFBIpAArsl JKEeHIJ
OeutmieKTep/1iH KOHIEHTPAIMSCH MEH KbULIaM/IBIKTaPbIHBIH KEHICTIK TIEH YaKbIT
OolbIHIIA KaJlali ©3repeTiHiH aHBIKTAIl Oepe ajaThbIHbl ecKepinii. Duiaepiik
KOOpAMHATaNapaa GeppoOMarHeTHKTIH OipJiK MaccachlHa KEJCTIH CEePIiMILUTIK
KYWi MeH (eppOMarHeTHK SHEPTUSCHIHBIH THIFBI3ABIFEI MarHUTOCTATHKA
TEHJICYJICpl MEH Y3UTICCI3/IIK TEHICY1 apKbUIbI aHBIKTAIbl. DeppOMarHeTHKTIH
MOTCHIVSUIABIK YHEPTUSICHIHBIH THIFBI3IBIFEI MCH 3()()EKTUBTI MarHUT OPICIHIH
OpHEKTepi SHIIEPIIiK JKOHE JIarPAaHXK/bIK KOOpIUHATAIapAarkl HHBAPUAHTTAP
apKbUIBI JKa3bUIBII KOpceTunai. ©3apa acepiecylli €Ki MarHoOHHaH TYpaTbIH
Kyleneri OaiylaHBICKaH KyHJep KepIliiec aToMIap/IblH FaHa aiMacy acepiiepin
FaHa ECKePETiH (heppOMArHETUKTIH TaMILTbTOHHAHBI MCH HMITYJIbCTIK KOPIHICTEr1
€Ki MarHOH/IbIK TOJIKBIH/BIK (DYHKIMSIAP YIIiH ska3butaThid [ penunrep tenaeyi
apKbLIBI 3epTTeni. JKekeneren aromaap CHMHAEPiHIH OarbITTapbIHBIH apaChIH/IA
00JIaTBIH KOPPEJISIUSAHBI CUIIATTAWTBIH KOPPEISLMSUIBIK (DYHKIHSIIAP, OIap IblH
@Oypbe KypayumbIChl, OyJ1 KypayIblHbIH ['prH (QYHKIHSICH apKbUIbI OPHEKTENY1
KepceTi.
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Bzaumocesizu medxncdy 00HOpoOHbIMU U HEOOHOPOOHBIMU KOAEOAHUAMU
NAOMHOCIU MASHUMHO20 MOMEHMA ObliU OYEHEeHbl Uepe3 YPAGHEeHUe
osudIcenuss be3 yuema SHepeuu MASHUMHOU AHU30MPONUU U KaK OISl
HYNLe8020, MAaK U OISl HEHYLe6020 3HAYEHUS. GONHOBO20 GeKMOpd.
Ipobnema 6036ydcoeHust u ycunienus CHUHOBLIX BOJIH Yepe3 NYYoK (1yd)
MANHCENBIX U NE2KUX YACTUY, NPOXOOAUUX Uepe3 PeppoMasHemuK, OblLiu
Peutenvl ¢ HOMOWbIO OCHOBHBIX YPAGHEHULL 2UOPOOUHAMUKU. Onpedenenvl
macuimabsl npoCmMpanCmeEeHHO-8PEMEHHbIX USMEHEHUT KOHYeHmpayuu
u crkopocmu aeekux uacmuy 6 nyuke. C HOMOWbBIO YPAGHEHU
MASHUMOCMAMUKU U YPAGHEHUU HENpPePblGHOCTIU GbIYeCTIeHbl 3HAYEHUs.
VAPY2OU CUNbL, NPUXOOSWAs HA COUHUYY MACChl (PeppoMasHemuKd, u
NAOMHOCMUIHEP UL DEePPOMACHEMUKA 8 DUNePOGOL CUCTNEME KOOPOUHAM.
Boipasicenusi niomHocmu ROMEHYUANbHOU SHEPUU GHeppoMacHemuKa u
IPDeKMUeH020 MASHUMHO20 NOASL ObLIU 3ANUCAHbL YEPe3 UHBAPUAHMbL
6 Dilneposckux u Jlacpanicesvix koopounamax. CeszanHble COCMOIHUSL
6 cucmeme, cocmosuyel U3 08YX G3aUMOOCUCMBVIOUUX MACHOHOS,
UCCNeA08ANIUCH Yepe3 2aMUTbMOHUAH (DEPPOMACHEMUKA, YUUMbIEAIOWee
MONLKO OOMEHHbLE 83AUMOOCICMEUsL COCCOHUX AMOMO8, U YPAGHEHUE
LlIpeduneepa 0nsi 08YXMACHOHHBIX GOIHOBBIX (QYHKYULL 6 UMNYIbCHOM
npeocmagnenuu.  CunvbHas — Koppenayus — Mexicoy — HanpaeileHusmu
CNUHO8 OMOENbHBIX AMOMOG OblIU OXAPAKMEPUIOBAHBL C NOMOULIO
KOPPENAYUOHHBIX QYHKYUL CNUHOS U ObLIU NPEOCIABILEHbL UX BbIPANCCHUS]
yepesz Oypwve-npeobpazosanue u Gyuxyuro I puna.

Knrouesvie  cnosa: cnunogvle GONHLL, MASHUMHbLIL — MOMEHM,
MACHOHbL,  (heppomacHemuk, OUCNEePCUOHHOE VPAGHEHUe, YPAGHEHUs.
MASHUMOCMAMUKU, IUNEPOSbL U IASPAHICEEbL KOOPOUHAMDL.
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HNCCIEJOBAHUE MAKPOCKOIINYECKHUX
M KBAHTOBBIX CBOMCTB CIIMHOBBIX BOJITH

B cmamuve uccnedosanv makpockonuueckue, K6aumogvle CGOUCMed
CRUHOBBIX BOIH 8 MASHUMOYNOPSAOOUEHHbIX CUCIEMAX U MEXAHUZMbL UX
npakmuueckoeo npumenenusi. Paccmompenvt konebanus mazHummozo
MOMeHma u MasHumuwlx nonei ¢ @ypve npedcmagieHuu, paccuumand
B8PEMEHHO-NPOCMPAHCIMEEHHASLOUCTEPCUAMASHUMHOU 80CHPUUMYUBOCIU
¢ nomowvio ypasnenui Maxceenna. Ilpeonoscenvt memoovl nonyuenus
OUCNEPCUOHHO20 YPABHEHUs, ONPEOeIowe20 CHeKmp CNUHOBLIX BOIH,
uepe3 MazHumocmamuieckue npubaudxcenus. Paccmompenvt mexanuzmol
3amyxanus CHUHOBLIX GOIH U UX NApaMempudeckoe 6030ydcoeHue.
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STUDY OF MACROSCOPIC AND QUANTUM
PROPERTIES OF SPIN WAVES

This paper investigates the macroscopic and quantum properties of
spin waves in magnetically ordered systems, as well as the mechanisms
of their practical applications. Oscillations of the magnetic moment
and magnetic fields are analysed in the Fourier representation, and the
spatiotemporal dispersion of magnetic susceptibility is calculated using
Maxwell's equations. Methods for deriving the dispersion relation that
determinesthespectrumofspinwaveswithintheframeworkofmagnetostatic
approximations are proposed. The mechanisms of spin-wave damping
and their parametric excitation are discussed. The interrelations between
homogeneous and inhomogeneous oscillations of the magnetic moment
density are evaluated through the equation of motion, without accounting
for magnetic anisotropy energy, for both zero and nonzero values of the
wave vector. The problem of spin-wave excitation and amplification by
a beam of heavy and light particles passing through a ferromagnet is
addressed using the fundamental equations of hydrodynamics. The scales
of spatiotemporal variations in the concentration and velocity of light
particles within the beam are determined. Using magnetostatic equations
and the continuity equation, the values of elastic force per unit mass of
the ferromagnet and the energy density of the ferromagnet in the Eulerian
coordinate system are calculated. Expressions for the potential energy
density of the ferromagnet and the effective magnetic field are derived in
terms of invariants in both Eulerian and Lagrangian coordinates. Bound
states in a system of two interacting magnons are investigated through the
ferromagnet Hamiltonian, which accounts only for exchange interactions
between neighbouring atoms, and the Schrédinger equation for two-
magnon wave functions in momentum representation. Strong correlations
between the spin orientations of individual atoms are characterized by
spin correlation functions, whose expressions are presented in terms of
the Fourier transform and Green's function.

Keywords: spin waves, magnetic moment, magnons, ferromagnet,
dispersion  relation, magnetostatic  equations,  Eulerian  and
Lagrangian coordinates.
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MODELING MAXWELL-BOLTZMANN
GAS DISTRIBUTIONS USING PYTHON:
TEMPERATURE AND PRESSURE EFFECTS

This study explores the probability density distribution of gas
molecules (hydrogen, neon, helium, argon, and oxygen) under optimal
operating conditions. The research aims to analyze the impact of
temperature, pressure, and altitude on the behavior and concentration
of gas, particularly focusing on Maxwell-Boltzmann and barometric
distributions. Case studies of the analysis of the probability density
distribution of gas molecules using the Python programming language
were presented. The analysis revealed that increasing temperature leads
to an increase in the average and most probable molecular velocities,
accompanied by a flattening of the Maxwell-Boltzmann distribution curve.
At a constant temperature of T = 80 K, hydrogen exhibits significantly
higher average velocities compared to heavier molecules such as neon and
helium. Overall, the velocity distribution of gas molecules is influenced
by the molecular mass and the thermodynamic state parameters. The
proposed visualization methodology for Maxwell-Boltzmann distributions
offers valuable applications for university educators and students.

Keywords: Maxwell distribution, Python, models, distribution
function, Boltzmann distribution.

Introduction

In modern higher education, the rapid development of digital technologies
has a significant impact on teaching and learning methods. Modeling methods in
physics are becoming an integral part of the educational process, providing new

opportunities for solving and visualizing problems [1].
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In particular, the Python programming language has proven itself as an
effective tool for studying physics and other natural sciences. It not only facilitates
calculations, but also promotes a better understanding of theoretical concepts,
such as the Maxwell-Boltzmann distribution, which underlie molecular kinetic
theory [2].

Within the framework of the classical ideal gas model, approaches to studying
the topic are proposed in: «The physical model of an ideal gas and the Maxwell
distribution by molecular velocities» and the paradoxes of classical physics, which
present generalized experiments on contradictions in the justification of statistical
physics for systems that obey the laws of classical physics [3; 4].

«Pythony» is one of the most frequently used programming languages,
especially in the field of data analysis [5]. It is a general-purpose programming
language to which the community has contributed a huge library of scientific and
data analysis functions, and the range of problems that can be solved is enormous
[6]. The integration of Python into physics education programs helps to simplify
this process by offering powerful tools for modeling and visualizing data. With
its simple syntax and a variety of ready-made libraries such as NumPy, SciPy,
Matplotlib, and Pandas, Python provides everything needed to efficiently solve
problems of varying complexity. These resources are available online in the form
of libraries of numerical routines, including SciPy [7], which includes algorithms
for many classes of scientific problems such as optimization, integration, and
interpolation, among many others; NumPy, which includes an array data structure
and fast numerical routines [8]; Matplotlib is a graphical package for data
visualization [9; 10] and pandas, which is built on top of Matplotlib and NumPy to
provide access to the routines of both libraries with less code [11; 12]comprehensive
guide for all your Python computational needs Key Features Learn the first steps
within Python to highly specialized concepts Explore examples and code snippets
taken from typical programming situations within scientific computing. Delve into
essential computer science concepts like iterating, object-oriented programming,
testing, and MPI presented in strong connection to applications within scientific
computing. Book Description Python has tremendous potential within the scientific
computing domain. This updated edition of Scientific Computing with Python
features new chapters on graphical user interfaces, efficient data processing, and
parallel computing to help you perform mathematical and scientific computing
efficiently using Python. This book will help you to explore new Python syntax
features and create different models using scientific computing principles. The
book presents Python alongside mathematical applications and demonstrates
how to apply Python concepts in computing with the help of examples involving
Python 3.8. You’ll use pandas for basic data analysis to understand the modern
needs of scientific computing, and cover data module improvements and built-in
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features. You’ll also explore numerical computation modules such as NumPy
and SciPy, which enable fast access to highly efficient numerical algorithms. By
learning to use the plotting module Matplotlib, you will be able to represent your
computational results in talks and publications. A special chapter is devoted to
SymPy, a tool for bridging symbolic and numerical computations. By the end of
this Python book, you’ll have gained a solid understanding of task automation and
how to implement and test mathematical algorithms within the realm of scientific
computing. What you will learn Understand the building blocks of computational
mathematics, linear algebra, and related Python objects Use Matplotlib to create
high-quality figures and graphics to draw and visualize results Apply object-
oriented programming (OOP).

Thus, when studying the course: «Molecular Physics and Thermodynamics»
there is an opportunity to turn to an extensive community of Python developers
and users who are ready to provide support and the necessary resources. Forums,
documentation and training materials help to quickly solve emerging problems,
which makes Python an even more convenient and accessible tool [13; 14]presents
a menu of options for calculating magnitudes within uniformly varied rectilinear
motion, parabolic motion, free fall, and uniform circular motion. The written codes
can be verified using Python online, and there is also a code that does require
the installation of Python and additional libraries to be able to see the graph of
position-time, speed-time and acceleration-time. It was verified that each code
works in two different online Python links and for a better understanding of the
user the calculation menu is explained in parts.«container-titlen: «Russian Law
Journaly, «https://doi.org/10.52783/rlj.v11i8s.1299», «ISSN 2313-7851», «issue»:
«8s», «journalAbbreviation»: «RLJ», «license»: «https://creativecommons.org/
licenses/by-nc-nd/4.0», «source»: «DOI.org Crossrefy.

Using Python when studying the topic: Maxwell-Boltzmann distribution
allows students to simultaneously develop programming skills and deepen
their knowledge of physics. With the help of Python, students can explore the
behavior of molecules with changing temperatures and velocities, as well as
analyze the statistical patterns behind the distribution of molecular velocities.
Such tasks become more understandable and visual, thanks to the visualization
capabilities, which significantly improves the quality of perception of the material.
In connection with the above, the aim of the work is to use Python to consolidate
the visualization and analysis of Maxwell-Boltzmann distributions under certain
optimal conditions of action [15; 16].

The work uses the Python programming language, designed to calculate the
average and most probable speeds and plot distribution graphs for the Maxwell-
Boltzmann function at different temperatures for gas molecules. For clarity, five
problems were considered and presented.
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Materials and methods
The Maxwell-Boltzmann probability density function is described in the

f()ll()Wlng equathIl.

where: m is the mass of the oxygen molecule, k is the Boltzmann constant, T
is the gas temperature, v_is the projection of the molecule velocity onto the x axis.
The next equation finds the most probable velocity:

2KT
m 2)

Upos =

To plot the Maxwell distribution graph for the velocity of gas molecules, the
following equation is used:

3 2
f(v) = 4m (%)2 vZexp <— %) 3)

The next equation calculates the average speed of gas molecules:

8kT
()= |— 4)

mm

The pressure in the atmosphere decreases with altitude due to the effect of
gravity, and this process can be described by the equilibrium equation:

dP = —pg dh 5)

where P is the pressure, p is the air density at a given altitude, g is the
acceleration of gravity, h is the altitude.
The density p can be expressed through the equation of state of an ideal gas:

_RT
P=ryr ()

where M is the molar mass of the gas, R is the universal gas constant, T is
the temperature.
Expressing the density p through the pressure P:
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_ MP
" RT

p

Substituting this differential equation, we separate the variables:

Integrating this equation, we obtain:

P =295 L inp
nP = —qrh+inp,

where P is the pressure at sea level. Let’s transform this equation into
exponential form:

P(h) = P, -exp (— %h) (7

This is the barometric formula for the Earth’s atmosphere. It shows how
pressure decreases exponentially with altitude at a given temperature. Substituting
the equation of state of an ideal gas (6) into the expression of the barometric
formula (7) allows to obtain the following dependence of the concentration of
gas molecules on height:

mgh
n(h) = ngexp (— k—T) (8)

Implementation using Python. To model the Maxwell-Boltzmann distribution
and study the effects of temperature and pressure on gas behavior, we used Python
version 3.10.11. The implementation leverages the following libraries:

— numpy: for numerical computations and array manipulations;

— pandas: for structured data handling, extraction and analysis;

— matplotlib.pyplot: for visualization of the distribution graphs;

— scipy.constants: for accessing physical constants, such as Boltzmann’s
constant and the universal gas constant.

Atthe start of each script, the listed libraries should be imported to ensure the
availability of essential functions and tools. The Python imports are as follows:
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import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.constants import k, R, N_A

Results and Discussion

The findings of this study will be structured into five cases of modeling
Maxwell-Boltzmann distributions of gas molecules, each accompanied by detailed
Python-based solutions, visualizations, and tables:

— Maximum probability density;

— Most probable velocities;

— Average speed of argon molecules;

— Pressure and altitude relationship;

— Gas concentration with altitude;

This structured approach allows for a comprehensive analysis of the Maxwell-
Boltzmann distribution, testing its generality in explaining properties of gas
molecules using Python and related libraries. Each case demonstrates the practical
application of the distribution in real-world scenarios and provides teachers
and students with concrete Python examples to improve their understanding of
molecular dynamics and statistical thermodynamics in programming.

Case 1

What is the maximum probability density f(v) of the distribution of oxygen
molecules by the x component of velocity at temperatures of T = 300K, 500K,
700K [15].

The maximum probability density is achieved when v_= 0. To substitute
the values and find the maximum probability density, the Maxwell distribution
Equation (1) for velocities can be applied.
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import ...
from scipy.constants import k, N_A
temperatures = [300, 500, 700]
M oxygen = 32¢-3
m_oxygen =M oxygen/N_ A
def maxwell_x(v_x, T, m):
return np.sqrt(m / (2 * np.pi * k * T)) * np.exp(-m* v_x**2 /(2 * k *
)
f vx_max_values = [maxwell x(0, T, m_oxygen) for T in temperatures]
f vx_max_values
v_x =np.linspace(-1500, 1500, 500)
plt.figure(figsize=(10, 0))
for T in temperatures:
plt.plot(v_x, maxwell x(v_x, T, m oxygen))
print(f vx_max_values)
plt.show()

From the Figure 1 the resulted values of the probability density f (v,) at v,=
for oxygen molecules at different temperatures can be observed:

T =300, f(v,)=0014m"s
T =500, f(v,) =0.011m1s
T =700, f(v,) =0.009m™1s

These results demonstrate that as the temperature increases, the probability
density at zero velocity decreases, consistent with the broadening of the Maxwell-
Boltzmann distribution at higher temperatures. This behavior reflects the greater
spread of molecular velocities as thermal energy increases.
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Figure 1 — Distribution of oxygen molecules by the x-component of velocity

Case 2

There are three gasses in a vessel — hydrogen (Hz), helium (He) and neon (Ne)
—atatemperature of 80 K. It is necessary to find the most probable velocities vprob
for all gasses and compare them. Then plot the probability density distribution
function f(v) for each gas [15]. Using the Equations (2-3) the calculations and plot
the graph using the following Python code can be performed:

import ...
T=280
k=1.38e-23

masses = {'H2": 3.35e-27, 'He": 6.65¢-27, 'Ne': 3.32e-26}

colors = {'"H2" 'blue', 'He": 'orange', 'Ne': 'green'}

v = lambda m: np.sqrt(2 * k * T / m)

f maxwell =lambda v, m: 4 * np.pi * (m/ (2 * np.pi * k * T))**(3/2) *

V¥ED * np.exp(-m * v¥*¥2 /(2 * k * T))
v_range = np.linspace(0, 2000, 500)
plt.figure(figsize=(10, 6))
for gas, mass in masses.items():

v_value = v(mass)

plt.plot(v_range, f maxwell(v_range, mass), label=f{gas} (v =
{v_value:.2f} m/s)', color=colors[gas])

plt.axvline(v_value, linestyle="--', color=colors[gas], alpha=0.7)
plt.show.
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Figure 2 — Maxwell distribution for hydrogen, helium and neon (80 K)

Analysis of the graph presented in Figure 2 shows that the Maxwell
distribution for maximum probable velocity of hydrogen (811.85 m/s) at a constant
temperature of 80K has high values of speed compared to molecules with more
mass, as helium (576.22 m/s) and neon (257 m/s), respectively.

Case 3

For argon molecules, three different temperatures are considered: 300 K, 500
K and 700 K. For each temperature, the average speed of argon molecules should
be determined. Plot a graph of the Maxwell distribution by speeds and show the
difference between them for each temperature [15].

To find the average speed and plot the graph the Equations (3—4) can be used,
the values of T can be substituted in the following code:
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import ... Thus, based on the conducted studies for the Maxwell distribution function,
T values = [300, 500, 700] it follows that for the case of an argon molecule, with an increase in temperature
mass_argon = in the range from 300 K, 500 K to 700 K, an increase in the average velocity is
k= observed. The Tables (1-3) provide calculations of the most probable, average,

colors = ['blue', 'orange’', 'green']

v_avg = lambda m, T: np.sqrt(8 * k * T / (np.pi * m))
v_range = np.linspace(0, , 500)
plt.figure(figsize=(10, 6))

for i, T in enumerate(T values):

and root-mean-square velocities for various gases at constant temperatures of 300
K, 500 K, and 700 K.

Table 1 — Values of the most probable, average, and root-mean-square velocities
for gases at a temperature of T=300 K

f maxwell = lambda v: 4 * np.pi * (mass_argon / (2 * np.pi * k * Gas | T.K Vprob, m/s VRMS. m/s Vs
ek k) sk = <Q ek * * 2 > s })
T)**(3/2) * v np.exp(-mass_argon * v¥*2 /(2 * k * T)) He 11165 13674 1260.1
plt.plot(v_range, f maxwell(v_range), label=f'Ar (T = {T}K, v= CH 553 683.7 630.1
{v_avg(mass argon, T):.0f} m/s)', color=colors[i]) NH4 541’6 663’3 514’4
plt.axvline(v_avg(mass_argon, T), linestyle='--', color=colors[i], 300 ’ ’ ’
alpha=0.7) C, 455,8 558,2 514,4
plt.text(1200, , ST 1<T 2<T 38, fontsize=12, color="black’) N, 422,0 516,8 476,3
plt.show 0, 394,7 483,4 445,5

Co, 336,6 4123 379.9

— ar (1= 300K, v = 399 mss) Table 2 — Values of the most probable, average, and root-mean-square velocities
I e e for gases at a temperature of T=500 K
000207 Gas T,K Vprob, m/s VRMS, m/s V, m/s
He 1441,4 1765,3 1626,8
% 0.0015 | CH, 720,7 882,6 813,4
é NH, 500 699,2 856,3 789,1
. Tl<T,<T, C 588.4 720,7 664,1
g | N, 544.,8 667,2 614,9
) ; 0, 509,6 624,1 57522
000021 O, 434,6 532,3 490,5
00000 1 i Table 3 — Values of the most probable, average, and root-mean-square velocities

T T T T T T T T T
o] 250 500 750 1000 1250 1500 1750 2000

for gases at a temperature of T=700 K
Velocity (mys)
’ Gas T, K Vprob, m/s VRMS, m/s V, m/s
Figure 3 — Maxwell distribution for argon He 1705,4 2088,7 1924,9
at different temperatures and average velocities CH, 852,7 1044.,4 962,4
NH, 700 827,3 1013,2 933,7

The obtained values of the average speed of argon molecules at different

C, 696,2 852,7 785,8
temperatures from the Figure 3 are: V1300 = 399 m/s, V500 = 515 m/s, N
(¢

. 644,6 789,5 7275
, 603,0 738,5 680,5
O, 5142 629,8 580,4

Vr700 = 609 m/S
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Case 4

Determine the altitude at which the pressure will decrease by half (to 50,000
Pa) at each of the specified temperatures T, K: 253, 273, 293 and 313 [16]. To
solve the problem, the isothermal atmosphere model can be used, where the
temperature is constant with altitude. Using the Equations (5-7) the calculations
can be performed, the Python code is given below.

import ...
M=0.029
R=831
g=10
PO=101125
k=R/M
def pressure at altitude(h, T):
return PO * np.exp((- M * g * h)/(R * T))
altitudes = np.linspace(0, 10000, 200)
temperatures = [253, 273, 293, 313]
plt.figure(figsize=(10, 8))
for T in temperatures:
pressures = pressure_at_altitude(altitudes, T)
plt.plot(altitudes, pressures, label=f'Temperature = {T} K')
plt.axhline(y=50000, color='black’, linestyle="--', label='Pressure")
plt.show()

P(h)

— Temperature = 253K
100000 — =273K
— Temperature = 203K

— Temperature = 313K

90000 === Pressure = 50,000 Pa

80000

70000

Pressure (Pa)

60000

50000

40000

=

0 2000 4000 6000 8000 10000
Height (m)

30000

Figure 4 — Pressure dependence on altitude at different temperatures
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Figure 4 demonstrates the direct relationship between temperature and the
altitude at which pressure halves, with higher temperatures corresponding to

greater altitudes:
h; = 5106 m, h, = 5509 m, h; = 5913 m, h, = 6317 m.

Case 5

A closed vertical cylindrical vessel of height h, located in a gravity field, is
filled with one of three gasses: air, oxygen or argon. The mass of a gas molecule is
m, the temperature in the entire vessel can take on temperature values T (K): 273,
292 and 313, and the gas concentration at a height h = 0 is equal to the Loschmidt
number o = 2,68 * 102°m ™3 Determine the dependence of the gas concentration
n(h) on the height h for each temperature and plot the corresponding graphs.
Calculate the concentrations at fixed heights (2000, 4000, 6000, 8000, 10,000
m) and present the results in a table for each gas and temperature [16]. The code
below produces visualization and tabular data for the Boltzmann distribution:

import ...
BOLTZMANN_CONSTANT = [.38¢-23
GRAVITY =9.81
LOSCHMIDT_NUMBER = 2.686¢25
gas_properties = {
"Air": 28.97 * 1.66e-27,
"Oxygen": 32.00 * 1.66e-27,
"Argon": 39.948 * 1.66e-27}
temp! = int(input("Enter Temperature T1 (K) ="))
temp2 = int(input("Enter Temperature T2 (K) ="))
temp3 = int(input("Enter Temperature T3 (K) ="))
temperature_list = [temp]1, temp2, temp3]
height_range = np.linspace(0, 10000, 1000)
for gas_name, molecular_mass in gas_properties.items():
concentrations = [LOSCHMIDT_NUMBER * np.exp(-molecular_mass
* GRAVITY * height_range / (BOLTZMANN_CONSTANT * temp))
for temp in temperature_list]
plt.figure(figsize=(6, 6))for temp, conc in zip(temperature_list,
concentrations):plt.plot(height _range, conc, label=f"{gas namej, T =
{temp} K") plt.title(f"Concentration Dependence on Height for
{gas _name}")
plt.xlabel("Height (m)")
plt.ylabel("Concentration (m”-3)")

plt.legend()
plt.grid(True, which="both", linestyle="--", linewidth=0.5)
plt.show()
height_values = [2000, 4000, 6000, 8000, 10000]
def compute_concentration(molecular _mass, height values,
temperature_list):

result_data = {}
for temp in temperature_list:
result_data[temp] = [
LOSCHMIDT NUMBER * np.exp(-molecular_mass *
GRAVITY * h/ (BOLTZMANN_CONSTANT * temp))
for h in height_values]
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Figure 5 illustrates the resulting plots showing the dependence of gas molecule
concentration on altitude for various gases across a range of temperatures. Tables
4-6 provide detailed values of gas molecule concentrations at different altitudes
for the specified temperatures. In the context of the research, the obtained results
indicate the influence of temperature on the distribution of the velocities of
molecules of various gases hydrogen, helium, argon and oxygen, as well as the
dependence of temperature on pressure P (concentration n), and height within the
framework of Maxwell-Boltzmann distributions.

Table 4 — Air concentration values depending on altitude and temperature

T,K 273 293 313

h, m

2000 2,09 x 10% 2,12 x 10% 2,15 < 10%
4000 1,62 x 10* 1,68 x 10 1,73 x 10
6000 1,26 x 10 1,33 x 10% 1,39 x 10%
8000 0,98 x 10% 1,05 x 10% 1,12 x 10%
10000 0,77 x 10 0,83 x 10 0,90 x 10*

Table 5 — Oxygen concentration values depending on altitude and temperature

T,K 273 293 313

h, m

2000 2,03 x 10% 2,07 x 10% 2,11 x 10%
4000 1,54 x 10% 1,60 x 10% 1,65 x 10%
6000 1,17 x 10* 1,24 x 10% 1,30 x 10%
8000 0,89 x 10% 0,96 x 10 1,02 x 10%
10000 0,67 x 10 0,74 x 10% 0,80 x 10*

Table 6 — Values of argon concentration depending on altitude and temperature

T,K 273 293 313

h, m

2000 1,90x 10% 1,94 x 10*» 1,98 x 10%
4000 1,34x 10% 1,41 x 10% 1,47 x 10%
6000 0,95% 10% 1,02 x 10* 1,09 x 10%
8000 0,67x 10% 0,74 x 10 0,80 x 10*
10000 0,48% 10% 0,54 x 10 0,59 x 10
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Conclusion

In the course of the conducted research, the dependencies of the Maxwell-
Boltzmann distribution function for various gases under certain optimal conditions
of action were analyzed using the Python programming language.

The brief results are presented below:

1) In the case of the Maxwell distribution for the argon molecule, an increase
in the average speed is observed with an increase in temperatures (T, K): 300,
500 and 700.

2) The Maxwell distribution for hydrogen, helium and neon at 80K
demonstrates that light molecules such as hydrogen have high values of average
speeds, compared to massive molecules such as helium and neon.

3) Using the barometric formula, the dependencies of pressure P (up to
100 kPa) on the altitude h were obtained at temperature values T (K): 253, 273,
293 and 313. The pressure drops exponentially with increasing altitude due to a
decrease in the mass of air above the point. At low temperatures, air is denser and
the pressure decreases faster. At higher temperatures, air becomes less dense and
the pressure decreases more slowly.

4) In the case of the Boltzmann distribution for air, argon and oxygen, it was
found that the concentration of molecules decreases exponentially with height, with
heavier argon settling faster than oxygen and air, and an increase in temperature
reduces the effect of gravitational settling.

The results obtained demonstrate that Python can be used as a useful tool
for modeling and visualizing physical phenomena and processes, which makes
it useful in physics classes.

Thus, the inclusion of Python in the educational process of studying the
distributions of the Maxwell-Boltzmann function opens up new horizons of
possibilities for students and teachers. This programming language allows you to
combine theoretical material and practical skills, which helps to increase student
interest, develop their competencies in the field of data analysis and in-depth
understanding of complex physical concepts.
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19.03.26 x. OachIn HmIbIFapyra KaObUIIaH IbI.

PYTHON KOJIJIAHY APKBLJIBI TA3/IAPIBIH
MAKCBEJLI-BOJBIIMAH YJECTIPIMJAEPIH MOJEJB/EY:
TEMIIEPATYPA MEH KbICBIMHBIH OCEPI

Byn oicymvicma 2az monexynanapulubly biIKMUMAIOblK moi2bl30blk
mapanyel oymaiinvl dcazoaiiapoa zepmmendi. 3epmmeyoiy mMakcamol
— Maxceenn-bonvyman oicone dapomempuix mapanyiapovl KOIOAHbIN,
memnepamypa, KblCbLM JiCOHe OUIKMIKMIY 2a3 MIHe3-KYIKbl MeH
KOHYEHMPAyUusiCblHa acepin manoay.

Python  6az2dapnamanay minin  nanoaiana oOmeipsin, 2a3
MONEKYNANAPLIHIY BIKMUMATLOBIK MbIEbI30bLK Mapanyvii
manoayovly mulcanoapvl Keimipindi. Homuowcerep ropcemrenoetl,
MeMnepamypansly HCoapbliaybl MOLEKYIANAPObIY, OPMAUd JHCIHE €l
BIKMUMAIL HCLLIOAMOIKIMAPbIHbIY apmyblia dcane Maxcsenn—bonvyman

236

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, mamemamura u KomnvromepHoie Hayku. Ne 1, 2026

mapany Kucwigvlhbly meeicmenyine akenedi. T = 80 K mypaxmuol
memnepamypada cymeei MONeKYIaiapbl HeOH JiCoHe 2elutl CUSKMbL
ayvlp MONEKYIALapMer  CANbICMbIPAHOA  AUMApibiKmai — Heo2apul
opmaia Hevli0aAMObIKMapobl KOpcemeoi.

JKannvl,  2az  MONEKYAAIaApuIHbIY — JHCHLIOAMObIK — MAPATYbL
MOJIEKYIANbLK MACCA MEH MEePMOOUHAMUKAILIK JHCAOAll napamempiepine
batinanvlcmol. Yevinvinzan Maxceenn—bonvyman mapanyviu
suzyanuzayuALay — aodicmemeci  yHugepcumem — OKbIMYWbLIAPbL  MEH
cmyoenmmep YuiH nauoaisl OOIYbl MYMKIH.

Kinmmi cesdep: Maxceenn mapanywi, Python, modenvoep, mapany
@yuryuscel, Borvyman mapanyl.

*C. A. Hyprenog!, XK. E. 3axuesa’, /]. ©. Kayanosa®

2MesxayHapo/HbIN yHUBEpCUTET AcTtaHa, Pecy6uka Kasaxcran, r. Acrana;
‘Bocrouno-Kazaxcranckuii yHuepcuter umenn CapceHa AMaHKOIIOBA,
Pecny6nuka Kazaxcraw, r. Ycrs-Kamenoropcek.

[Moctynuno B pegaxuuto 26.01.26.

[Moctynuno ¢ ucnpasienusmu 24.02.26.

[Ipunsaro B neuats 19.03.26.

MOJIEJIUPOBAHUE PACIIPEIEJIEHUI
MAKCBEJIJIA-BOJIBIIMAHA JIJIS1 TA30B
C UCITIOJIB30BAHUEM PYTHON:
BJIUAHUE TEMIIEPATYPBI U TABJIEHU S

B oOannoii  pabome uccredyemcs pacnpedenenue NIOMHOCMU
6EPOSAMHOCIU  MONEKYL  2a308 6 ONMUMATbHLIX  ycrosusx. [lens
UCCIe008anUsl — NPOAHATUIUPOBAMYb BNUAHUE MEMNEPAmypbl, 0AGIeHUs.
U 6blcombl HA NOGeOeHUe U KOHYEHMpAayuio 2asa ¢ npuMeHeHuem
pacnpedenenuti  Makceenna-bonoymana — u - bapomempuueckozo
pacnpeoeienus..

Ilpusedenvl  npumepvl  anaiuza  pacnpeoeienus  NIOMHOCMU
6EPOSAMHOCIMUMOLEKYI 2434 C UCTONIb30BAHUEM SA3bIKA NPOSPAMMUPOBANUS
Python. Pezynomamsl nokasaiu, 4mo NoSblUEHUE MEMNePanypbl
npUBOOUm K ygeluyenuro cpednell u Haubonee 6eposimHol CKOpOCmU
MONEKYIL, A MAKHCe K C2NANACUBAHUIO KpUBoll pacnpederenus Makceenna-
Bonvymana. Ilpu nocmosnnoii memnepamype T = 80 K monexynvi
6000p00a  OEMOHCMPUPYIOM  3HAYUMENbHO 0Oo0llee BbICOKUE CPeOHUE
CKOPOCMU NO CPABHEHUIO € DOLee MANCENBIMU MOLEKYIAMU, MAKUMU KAK
HeoH U 2enuil.
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B yenom pacnpedenenue ckopocmeil MOLEKYI 2a3a Onpedensiemcs
MONEKYIAPHOU ~ MACCOU U MEPMOOUHAMUYECKUMU — NAPAMEmpPamu
cocmosinus. [Ipeonodicennas Memoouka 6u3yanuzayull pacnpeoeneHull
Maxceenna-Borvymana mosicem 6vims nonesna 0si npenooasamenei u
CMYOeHMO8 YHUBEPCUMEMOG.

Knrouesvie crosa: pacnpedenenue Maxceenna, Python, moodenu,
Qyurkyus pacnpedenenus, pacnpedenenue borvymana.
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XEPACTbI CYJIAPbI CAITACbIH BAfAJIAYA OJILUEY
BEJIIICI3AINIHIH ECEBI: LY TPAHCLUEKAPAJIbIK
CY KOUHAYbI MbICAJIbIHAA

Tpancwerkapanvix — dicepacmol — CyIaApuIHblY — CANACHIH  6A2AAy
Kasipei x#cagoauoa mex 2uOpOXUMUAIbIK KOpcemKiumepoi aHbIKmaymeH
wexkmenmeul, QIbIHEAH HIMUdNCENepOiy oauey CeHiMOiNi2iH CaHObIK
mypavioan 0anendeydi manan emeodi. AHmponozeHOIix acepoiy Kyuieroi
MeH KIUMAMMbLK 032epicmep Cy pecypCmapblibl HCAll-KyiliHe KOCbLMULA
Oencicizoix  eneizin, MOHUMOPUHE OepeKmepin UHMePNPemayuaniayod
MemponocUANblK,  MYPbloan — Hecizoencer macindepoi  Kon0aHyObiH
Manbizbin - apmmueipaovl. Ocwl 3epmmey [y mpancwexapanvix cy
KOUHAYbIHbIY  JICEPACMbL  CYIAPbL  YULIH  AHATUMUKATBIK  onuleynepoiy
benzicizoicin bazanayza apuanaun xcylienenzeH a0icmemenik He2iz0i
KAIbInmacmulpyea 6agulmmdangdan.

JKymvicma eudpoxumusanvik napamempiepoi anblKkmay 0apbiCblHOA
benziciz0ix K630epiHily Kanlnmacysl ColHamd auny, yaciiepoi 0anbiHoay,
acnanmolk oauey Hcane depekmepoi OH0ey cambvliapbl ODOUbIHULA KeueHOT
mypode mandanowl. bencicizoikmi doazanay ISO/IEC Guide 98-3 (GUM)
Ka2uoammapbulia, COHOAU-aK Cy CAnacblH aHATUMUKATLIK OaKbliayad
apuanean xanvikapanvlk cmanoapmmapea (ISO/IEC 17025:2017, 1SO
11352:2012, ILAC G17:2021) catikec ocyseze acvlpvbliovl. Opmypii
yrecmepoiy KOCbIHObL dcepil ecKkepe Omblpbin, CHAHOAPMMbL JHCIHE
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KeHeltmineen 0Oenzicizoikmi  ecenmeyoliy — KONOAHOAIbL  MblCANOAPbL
Kenmipinoi.

3epmmey nomuoicenepi enwey 6encicizoicin eckepy aHATUMUKAIbIK
oepekmepoiy  UHMEPNPEeMayuscel — Aumapiblkmail — 032epmeminin
Kepcemmi, acipece KOpCemKiul MIHOepi HOPMAMUEMIK weKmepee
JHCaKbIH  OpHARAcKan dcazoaiiapoa. Mynoati macin cy canacelibiy
catikecmiein bazanay KesiHoe Kame KOPblMbIHObLIAPOLIY AIObIH AJIbIN,
wewim Kaowulioayovly vliblMu Heeizoiniein apmmolpadsi. COHbLMEH
Kamap Kypoeni ecenmik xcazoaunap ywin Moume-Kapno modenvoeyi
MeH Oatiecusiiblk, 6a2anay cuskmol 0aniamanivl 20icmepoiy KONOAHBLLY
MYMKIHOIKmMepi Kapacmuipbliobl.

AnviHean KopulmblHObLIAP ouey benziciz0iein 6aganayoul dcepacmol
CYNapbIHbLY CANACbIH MOHUMOPUHSMEY HCYelepiHiy MIHOemmi Kypamoac
bonici peminde eH2izy0iy 3ePMXAHANAD APACLIHOAZbL  0epeKmepoiH
CanbICMbIPMANBLILIZbIH  KAMMAMACHI3 enyoe HCOHe MPAHCUUEKAPATbIK,
¢y pecypcmapuli 6ackapyoa ceHimoi bLIbIMU He2i3 KAAbinmacmulpyod
MAanbI30bl POl AMKAPAMBIHBIH KOPCEmeO.

Kinmmi  cesdep: Omuey Oeneicizoiei, ocepacmol  cynapol,
mparncuexkapanvl ¢y Kounaynapol, ISO/IEC 17025, GUM, Moume-
Kapno 20ici, cmandapmmul beneicizoik, cy canacol.

Kipicne

Cy — ajaM eMipiH KaMTaMachl3 €TETiH, OPHBIKTBI IKOHOMHKAJIBIK JaMy/Ibl
KOJAAMTBIH JKOHE KOJIOTHSUIBIK TETe-TeHMIKTI CaKTaWThIH Herisri Taburu
pecypcrapabiH 0ipi 60 TadbuIaab [ 1]. Cy pecypcTapbiHbIH Camnachl XaabIKThIH
JICHCAYJIBIFBIHA, DKOXKYHENep/IiH KYMBIC ICTEeyIHE KOHE OHIPIJIEPAiH SJIeyMETTiK-
9KOHOMHMKAJIBIK TYPAKTBUIBIFBIHA TiKeNeH acep erei [2]. COHFbI OHKBUIIBIKTApI
Cy calachIHBIH HaIlIapiiaybl skahaHJbIK poOJIeMaFa aifHaJIbII, Ka31pri 3aMaHHbIH
€H KYpJIeJi ChIH-KaTepJICPiHiH Oipi peTiHe KapacTeipbutyaa [3; 4].

KauMaTThiH e3repyi, COHBIH ilIiH/AE TEMIIepaTypaHblH KOTepiiyi, KaybIH-
LIAIIbIH PEXXHUMIHIH ©3Trepyi j)K9HE dKCTPEeMasibl THAPOMETEOPOIOTHUSIIBIK
KYOBUIBICTapABIH JKHIJICYl, COH/Iali-aK TEXHOTEHJIIK araTrap >Kep YCTi )oHe
JKEpacThl CyJapbIHBIH JKarJaiblHa KOChIMIIA Tepic acepiH Turizeni. byn
yZlepicTep Cy pecypCcTapbIHbIH KaJbIITACybl MEH XaHapybIHA yKayanTbl TAOUFH
MeXaHM3MEp/li Oy3bIT, y3aK MEep3iM/Ii ierpajanus KayiiH KyIenTe i, TYIb Cy
KOPBIHBIH KOJDKETIM/IUTITIH TOMEH/IETE/Il J)KOHE Cy CallaChIHBIH KOPCETKIIITEpiH
Hamapnata/sl [5]. COHbIMEH Karap XajblK CaHBIHBIH OCYI KoHE OHEPKACIITe,
aybUI LIapyalIbUIbIFbIH/IA )KOHE KOMMYHAJIJIBIK CEKTOP/IA CyFa JIETeH CYPaHbICTIH
apTYBI Cy DKOXKYHENIEpiHE TYCCTIH aHTPOIIOTCH TIK XKYKTEMCHIH €/I0yip YIIFatObIHA
QUIBIN KeJeli, OyJ1 KIIMMAaTTBIK ©3repiCTep/IiH SCepiH KYIISHTIN, Cy TalbUIbIFbI
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MocelieciH yublKThipaael [6]. Cy camachlHBIH TOMCHACYIMEH OaisIaHBICTBI
Macenenepai menry KahanablKk OpHBIKTBH AaMy KYH TOpTiOiHIe OachiM
GarbITTapAbIH Oipi OOJBIN TaObLIa Bl ATal alTKaH/a, TYPAKThl JaMy MaKcaThl
6 (TIM 6) Gapima yIiriH Cy MCH CAaHUTAPHUSIHBIH KOJKCTIMIUTITIH )KOHE OPHBIKTHI
0acKapbLIyblH KaMTaMachl3 €Tyre OarbITTaliFaH, Oyl Cy camachlH Oaranay/ by
FBUIBIMH HET'13/IeIITeH 9/IICTEPiH SHI'13y, MOHUTOPHHT JKYHEJIEPiH KETUIIpY jKoHEe
Cy pecypcTapbiH OacKapyIblH THIM/IUTITIH apTThIPY KAKETTIrH alKbIH a6 [7].

bipikken ¥nrrap ¥#WbIMBIHBIH MajiiMeTTepi OoiibiHia, 2050 xburra Kapai
Cy pecypcTapbiHa skahaHIBIK CypaHbIC IaMaMeH 55 %-Fa apTybl MYMKiH, OyJI
XaJIBIKTBI KayiIlCi3 api camaibl aybl3 CyMEH KaMTaMachl3 €Ty MACEJIECIH elayip
kypaeneuaipeai [8;9]. Ocbinpaii xarmaiiapaa Cy camacblH MOHUTOPUHITEY,
Oarasay jkoHe Oackapy Macesiesiepi OPHBIKTBI JaMy/IbIH CTPATETHSIIBIK MaHbI3bI
Oap GarbITTapbIHA aliHaIA/Ibl, OUTKEHI 0J1ap THIPOXMUMUSUIBIK XKOHE SKOJIOTHSIIBIK
rapaMeTpIIepii Ky el OaKkblIayMeH KaTap, OJIIICy HOTHKEIICPIHIH METPOJIOTHSUTBIK,
TYPFBIZaH HeTi31ereH OaralaHybIH Tajam eTe/l. backapymbuibIK menimMaepain
CEHIMIUTITI eJIIIey HOTHIKENIEPIHIH JISJiriHe, KaWTalaHFbIIITHIFbIHA JKOHE
CaJIBICTBIPMAJIBUIBIFBIHA TIKEJIeH Toyel i, all OyFaH CTaHJapTTallFaH diicTepi,
KaIUOpPJICHICH OISy KypallapblH KOJIJIaHY XKOHE OJIIIey OeNrici3/Iirid Oaranay
apKBUIBI KO xkeTkizutemdi [2;10;11].

Benriciznikti Oaranay TocUIIEpiH KOJAaHY aHAIUTHKAJIBIK HOTHXKEIEPAiH
CEHIMJIIJIIK JIEHIeHiH CaHABIK TYpJEe CHIlaTTayFa MYMKIiHJIIK Oepenai »xoHe
KaTe MHTepHpeTauusIapAblH alablH anyra kemekreceai. COHFBI 3epTTeyiiep
Oenrici3zlik TanayblH eleMey Cy canachblH OypMallaHFaH Typ/e Oarayayra aibii
Kellyl MYMKiH eKeHiH kepcerexi [12]. Mpicaiibl, OeNriCi3AiKTi Cy CarnachIHbIH
WHJIEKCTEPIHE EHTi3y JepeKTep/iH ©3repriliTirid eaeMey cy oOBEeKTUIEPiHIH
Kal-KYHIH )KIKTeY/1i ©3repPTETIHIH KOPCETTI: Ta3apTy/Ibl KAKET €TETiH HbICAaH1ap
caHBbI aMaMeH 8 %-Fa apTaJibl, a1 «OTE Halllap) CaHaThIHA )KATKBI3bLIATHIH YJIeC
26 %-ra yarasabl [13]. By kopmiaran opraHbl MOHUTOPUHITEY XKyHenepine
Oenrici3nikTi Oarayiayabl €Hri3y IiH KOPBITHIHIBLIAP/IBIH CEHIMUIITIH apTThIpy
YILiH KQKETTIrH aKbpiHaaiael [14].

Ocer 3eprreyne [y Tpancuiekapaibik Cy KOHHAYBI YIIIiH KepacThbl CyJIapbIHbIH
carachiH Oarasay OapbIChIH/Ia eIy OCNTICI3IITiH CaH BIK aHBIKTAY MaKCAThIHIA
ISO GUM Tacini konmanbuip! [15]. CeiHamanapasl anmyaan dacran JepeKTepii
eHjieyre JIeHiHr1 OapibIK KeseHaepae Oenrici3aikTi eckepy Oakpliay HyKTenaepi
MEH MOHHMTOPHHI Ke3eHjepi OOMBIHIIA HOTHIKENIEP/IH CalbICTHIPMAIIbLIBIFBIH
apTTHIPBII, TPAHCIIEKAPAJIBIK MOHUTOPHHT asiChIH/1a HOPMATHBTIK TalanTap by
OPBIHJAIYBIH JKOHE 0acKapylIbUIBIK MISIIiMISPIiH HETI3MIIIriH KymenTeai
[16]. Ocsl TYpFhIIa ISy OCNTICI3AIriH OaFaiay KOCAJIKBI POCiM PETIHIEC eMec,
YKEPAacThI CyJIapbIHBIH CallacblH MOHUTOPUHITEY 9/IICTEMECIHIH aKbIpamac 0eJIiri
perinze KapacTbipbuia ibl. OJ1 eIIeHreH KOHICHTPalusuIap bl HOPMATUBTIK IIEKTi
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MOH/IEPMEH JYPHIC CAJBICTBIPY/Abl KAMTaMacChl3 €Te/l JKOHE TUAPOXUMHUSIBIK
rapameTpiep it KeHICTIKTIK-YaKbITThIK ©3reprillTiriH Tajiaay, aHTPOIIOTeH IIK
JKYKTEMEHI Oaralay jKoHe TPaHCIICKapaJIbIK Cy peCypCTapbiH 0ackapy OOWbIHIIIA
FBUIBIMH HETI3JIeINeH YChIHBIMJIAP 93ipJiey YIIiH CEeHIMAl aKnapaTThIK Heri3
KaJIBIITACThIPaIbI.

Matepuangap MeH dicrepi

3epmmey atimagnvl dcane Oepekmepoi HCUHAy

Ocsnl 3eprTeyain HeicaHbl — Kpiprbei3 PecnyOnukacsl Mmen KazakcTan
PecryOuikachIHBIH IIEKapasiac ayMaKTapblH KAMTHTBIH skoHe OpTablK A3USHBIH
KyaH aiiMakTapblH CyMEH KaMTaMachl3 €TyJe MaHbI3[bl pei arkaparbiH Iy
TpaHCIIEKapaJbIK Cy KOWHAYBIHBIH epacThl cyJiapbl OoJbll TalObuiaasl. by
QJIaNTBIH Cy pecypcTaphl LIOJ JKOHE INeJICHT aifMakTapiarbl dKOXKYHelepaiy
YKYMBIC iCTEYiH KaMTaMachl3 €Te/li; COHFBI )KbIIAphl OHIp KJIMMATTBIH ©3repyi,
arbIH KOJIEMiHIH a3alobl KOHE aHTPOIIOICHIIK KbICBIMHBIH KYIICIOl CalliapblHaH
CY TaIlIlbUIBIFB TOYEKEIEPIHIH apTybIHa Tarl OOJIbII OTHIP.

3epTTey NoHI — epacThl CyJapbIHBIH CanachblHbIH (HU3UKa-XUMHSIIBIK
rmapaMeTpiepiH aHAIUTHKAIBIK OJIIICY HOTHXKEICPIHIH Oenrici3airi O0bI
TaObUIa/bl, OJ ChIHAMAJApAbl ajy, YIriaepal JaiblHaay, aclanThlK Tallaay
JKOHE JIepeKTeplli OHJIey Ke3eHAEpiHe KalblTacaabl. 3eprrey ouicremeci ly
TpaHCLIEKapaJIbIK Cy KOMHAYBI YIIIH KepacThl CyJIapbIHbIH cana KOPCeTKIITepiH
AQHAINTUKAJIBIK ©JIIIeyJiepaeri Oenrici3nikTi OaranayblH KYHedik TocijgiHe
HerizaenreH sxxaHe ISO/IEC Guide 98-3:2008 (nerizri GUM ky»xatbl) TajlanTapbiHa,
COHJIal-aK aHAJMTHKAJBIK OJIIICyJIep CallaChIH/IaFbl 3aMaHayH XaJIbIKapabIK
CTaHJlapTTapFa CalKec )Ky3ere achblpbuIFaH. 3epTTey OapbIChIH 1A 3ePTXaHaATIAP IbIH
Ky3biperrinirine koibutateia [ISO/IEC 17025:2017 ctaHnapThIHBIH KaFUAATTapPHI,
Cy TayaybIH/IaFbl Oenrici3ikTi Oaranay skeHiHzaeri ISO 11352:2012 nyckaybIFsl,
COHJTali-aK METPOJIOTHSIIBIK YHbIMAApAbIH Ka3ipri yebibiMaaps! (ILAC G17:2021,
ISO/IEC Guide 98-6:2021 >xone Oackanap) eckepuii. ATanraH CTaHIapTTap/Ibl
cakrTay eJlley HOTHIKEJICPIHIH XaJbIKapalblK dTalloHAapra KaJlaraJaHyblH,
ecenTeyJepAiH allbIKTHIFBIH JKOHE OeNTiCI3MIKTI Oaraay Tociiiepiniy Oipi3ainirin
KaMTaMachI3 eTeli.

Benriciznikti 6aranay ey KemeH i Tociain kongany Iy TpaHciekapaibik
Cy KoWHaybl OOMBIHINA J)KEPACTHI CyJIapbIHA )KYPIi3UIreH Tajiay HOTHKEIEPiHiH
METPOJIOTHSUIBIK Ka/laFaJlaHybIH, KaWTaJIaHF I THIFIH )KOHE CATTBICTHIPMAIIBLIBIFBIH
KaMTaMachl3 eTeli. O3IpJIeHTeH 9/licTeMe alfMaKThIK XKOHE MEMIICKETaPaJIbIK CY
pecypcTapblH MOHUTOPUHITEY OarjapiiamManapblH KeTUIipyne, coHaan-ax
OpTYPIIi 3epTXaHajap apachlHIarbl caraHbl OaKplIay paciMIEpiH yiuecTipye
KOJITaHBLTYBI MYMKIH.

Ananumuxanvix a0icmep dHcane Oepexmep Koaemi
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Kepactbl cynapeiabiH cbiHaManapsl Ly TpaHciiekapaiblk cy KoHHaybI
aymarbiHIarsl keti enai mekenae (Kapacy, Oreren, Ayxarrtel, CopTele,
Kopnaii, CapeiOyiak xoHe Kaiinap) anbiaasl. CeiHaManap KOJIIaHBICTAFbI
OPTaJBIKTaHABIPBUIFAH J)KOHE OPTAJBIKTAH/BIPbIMAaFaH CyMEH JKa0/abIKTay
KYHenepiHiH naijganaHy YHFbIMajapblHaH Cy ChIHAMAaJapblH ajy YXOHIHAETi
KOJIJIAaHBICTaFrbl HOPMATUBTIK Ky’XKaTTap/blH TaJalTapblHa COWKEC YKHHAJJIbI.
OpOip chlHaMa ary HYKTECI YIIiH HOTH)KEJIEP/IH KalTalaHFBIIITBIFBIH Oaranay
JKOHE A THUNTI CTAHJIAPTTHI OENTICI3AIKTI ecenTey MaKCaThIHAA aHAJIMTHKAJIBIK
eJIILIeYJICP/iH KaiiTanama cepHsichl (n = 7) OpbIHAAJJIBI.

CyTek MOHIApBIHBIH KOHIEHTpauusichl (pH) OipiKTipiJireH HIBIHBI
9JIEKTPOJINEH KaOAbIKTaIFaH 3epTXaHanblK pH-MeTpi naliganaHa OTBHIPHII,
TIOTEHIIMOMETPHSIIBIK 9/IICTICH aHBIKTa bl Oumeysep anapiaaa acrnan 20 °C
Temmeparypaga HomuHan Mouaepi 4,00; 7,00 xone 9,18 OomateiH Oydepiik
epITIH/IEp apKbUIbI KaTnOpIICH]I.

D ropua-MOHAAPBIHBIH KOHIIEHTPAIMSIChI HOH-CEJIEKTHUBTI (PTOPH T SJIEKTPOJIBI
KOMETiIMEeH MOTEHIIMOMETPHSUIBIK /1ic OOMBIHINA aHBIKTAII AL, OYJI PETTE HOH/IBIK
KYII TIeH KeHIeH TY3yILIl KOMIOHEHTTEPJIH 9CEpiH KO0 YIIIH MOHJBIK KYIITI
perreiitin 0ydep epitinmici (TISAB) xonmganbuinsl. Kamubpiey TangaHaThH
ChIHAMaJIap/ia KYTUIETIH KOHLEHTpaLHsIap AUara3oHblH KAMTHTBIH CTaHIapTThI
(dropua epiTiHAIEpPiHIH cepHsichl OOMBIHIIA XY PTi3iI.

MyHaii eHIMIepiHiH MeJIepi OpraHUKaJIbIK ePITKIIINEH IKCTPaKIHsIay 1aH
KeiiH (OTOMETPHSUIBIK S/ICIICH aHBIKTaNJbl, KEHiH aJbIHFaH YKCTPAKTTHIH
YIABTPAKYJTIH CHEKTP alMarblHAarbl ONTHKAIBIK THIFBI3/BIFEl OJIIICHII.
KanuOprey kucsIkTapbl Oeinrini KOHIEHTpaLUsIaFbl CTaHapTThl MyHal eHiMaepi
epiTiHIep] HET131He TYPFBI3bIIJIBI.

Berrik-6encenni 3arrapasiz (bb3) Memnepi poTOMETPUSUIBIK 9]1iC apPKBLIBI
AHBIKTAJIJIbI, OYJI Ke3Jle aHMOHJBIK WHIMKATOP pearcHTTEepi KOJIIaHbUIbIN,
onapabIH cynarel bb3-MeH TycTi KeleH Ty3yi TipKen/i; TYCTiH KapKbIHBUIBIFbI
ceiHaMaiarbl bb3 KoHIEeHTpanusicbIHA TPONOPIIOHAIT OOJI/IBI.

AHaUTHKaNbIK jKa0bIKTap/bl KaluOpiey jKoHE dicTeMerIepiiH KYMbIC
KaOUISTTLIIrH TeKCepy YITTBIK KOHE XaJIbIKapaJIbIK CTaH/1apTTapFa Ka JaralaHaThIH
cepTUdUKaTTaJIFaH CTAaHIAPTThI YITLIEp MEH KaJInOpiiey epiTiHAIepiH naiijanana
OTBIPBIN JKYPriziil. B Tunri Oenricizaikke KOChUIATHIH YiIecTep/i Oaraay Ke3iHjie
acranTap/plH TEXHUKAJIBIK CHIIATTaMajapbl, Kajauopiey cepTuUKaTTapblHbIH
JIepeKTepi )KoHE KannOpJiey KUCHIKTapbIHBIH TapaMeTpiiepi eCKepis.
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benzicizoixmi 6azanayoviy scanrnvl Kazuoammapol
AHBIKTAIATHIH [IAMaHBIH KOHIIEHTPALUSICHIH OJIIIICY HOTHKECT Keseci Typie
OPHCKTEICII:

x=%+U, P=095 (1)

MyH/Ia X — ©JILICHETIH [IaMaHbIH OarajaHraH MOHi (opTaiia MoH),
U — KeHeHTiareH Oenrici3 ik,

P — cenimuinik neHreiii (ogerte 95 %).

Keneiitinren Oenricizik kemeci popmysia OOMbIHINA CENTENCIi:

U=k-u, (1.1)

MyHJa U, — OIpIKTIPIreH CTaHAAPTTHI OCITICI3IIK,

k — xamry xosdppunmenti (omerre k = 2).

JKepacTsl cyapsl TanaaybIHAaFbl OCTICI3IIK Ke3aepi

JKepacTel cymapblHBIH TaljayblHIa OCNITICI3IKTIH HETi3ri Ke3aepiHe
MBbIHAJIAP JKaTajbl:

— CpiHaMaap/ipl ity Oenrici3Airi: cy KOWHaybIHBIH KeHICTIKTIK SPTEKTUTIT;
CY KYPaMbIHBIH YaKbIT OOMBIHIIIA ©3TePTillTIrt; YHFbIMa KOHCTPYKIMSICHIHBIH KOHE
ChIHaMa aJy peKUMiHIH acepi.

— Yurinepni gaieianay Oenrici3airi: cy3y; KoHcepBanusiiay (KbIIIKbUIIAY,
CaJIKBIH/IATY); TaChIMaJIJIay YKOHE CaKTay.

— Onmey Oenrici3Airi: aHATMTUKAIIBIK, Ka0IbIKTapAbl KaIHOpIey; o/liCTiH
KaWTaJIaHFBIIITHIFBI MCH KaliTa OHIIPiTyl; MATPHUIIAIBIK oCepIiep.

— Hepexktepni enaey Oenricizmiri: kanubpiaey GyHKOUsSIAPBIH
almmpoKCcUManusiiay; HOTHXKeIepl JOHreJIeKTey; oJuIeyiIep CEepUusiChlH
CTaTHCTHKAJIBIK OHJICY.

Aranran (hakTopIap KUBIHTHIFBI OJIIICY HOTHXKCCIHIH KaJbl OCIriCi3/irin
KaJIBIITacThIpaabl. MyHaail Oenrici3fik Ke3/epiHiH caHaTTapbl XaJlbIKapabiK
9KOJIOTHSUTBIK MOHUTOPUHT TOXKIpHOECiH/Ie KeHIHeH TaHbUIFaH. Mebicaisl, [17],
eHOeriHe OeNrici3iKk KOpIIaraH OpTaHbl 3ePTTCY/IiH OapibIK KE3CHICPIHIC —
ChIHaMa aJlyJIaH )KoHe 3epTXaHaANbIK Tajnay1aH 0acTar KOJOTHsJIBIK MOACIbICY
MEH TayeKelep/ii Oaranayra JeiiH — ce3Ci3 OpbIH alaThIHBI KepceTiireH. Ochl
KOIIKypaM/Ibl OeNTici3AiKTI MOWBIHIAY KOpILIaFaH OPTaHbIH HAKTHI JKai-KYHIH 1011
TYCIHyTE JKOHE HET13/Ie/reH ImenrimMaep Kadbliiayra MyMKIH/IIK Oepei.

A munmi cmanoapmmol 6en2icizoik

A TUnTI CTaHAAPTTHI OENTici3AiK KalTalaHFaH eJIeyJep CepUSIChIHBIH
CTAaTHCTHKAJIBIK Taljaybl HET131H/EC aHbIKTAIaIbl.
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KoH1eHTpalysHbI 0J1111ey HOTHIKEIIEpi YIIIiH opTaliia MoH Kejieci popMyameH

ecenTenei:
1

X = ;Z?=1 Xi (1.2)
CTaHIapTThl aybITKY:
n )2
5= |2m@D (13)
n-1

OprTaia MoHHIH CTaHIAPTThI 6enrici3sz[iri:

Ocepinaiiia, A TunTi yiec Oipneit »xarnainapaa ansiHFaH Oip YJTiHIH
KalTaJaHFaH eJIIeyJIepiHiH HOTHKEICPIH/eT] MallbIpayabl ecKepe.

B tunri ctarmapTThl Oenrici3aik

B tunTi Genrici3mik esiey HOTHIKENEPIHIH CTATHCTHKANIBIK OHJICYIHEH
TiKeJIeH aNbIHOANTHIH alpUOPIBIK aKmapar Heri3iHae OaranmaHanel. B Tumri
Oenrici3ik Ke3/epiHe MbIHATIAP JKAaTa/Ibl:

— acmanTap/iblH TEXHUKAIBIK CHITATTaMaIapbl (ISNIIK, OJIIey KaTeci);

— eJIIIey KYpaJIapbIHBIH Kanuopiey cepTiudukaTTapsr;

— HOPMATHBTIK JKOHE JJiCTEMENiK KyXarTap (omiCTiH pyKcaT eTiiIreH
KaTenikTepi);

— 9101 JepeKTep XoHE AJABIHFBI TIKipuOe (9aicTi Bammanusiay
HOTHKEJEpi, caraHbl OakpUIay IepeKTepi).

MplIcanbl, erep KanmoOpiey epiTinmiciHig Oenrici3airi +a perinae Oepimi,
OipKabINThI (TIKOYPHIMITHI) YIIECTipiM KaObugaHca, CTaHAapTThl OeNrici3ik

KeJleci Typ/ie ecernTee]i:
a

up = 3 (1.5)

AT erep KaJbINThl YAECTIPIM KaOBUIJAHBIN, CTAHAAPTTHI aybITKY Oenrii
Oosica, oHza:

Ugp =0 (1.6)

Cepruduxarra 0,5 % O6enrici3aik meri KepceTiin, OipKaIbIIThI yIeCTIpiM

KaOBUTHaHFaH JKaFmaliaa, CTaHAAPTTH Oenrici3mik keneci ¢popmyna OOHBIHIIA
ecernTenesi:

Ucal = 3 (1.7)
MyHJa U L cepTH(uKaTTa KepceTinren Gemricisaik mreri, an V3 —
ce

OipKasbIIThI (TIKOYPHIILTHI) YAECTipiMre caiikec KeJIeTiH OorilL.
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Kanpimrer yiecTipiM KaOblUiaHFaH jKarjnaiiia )KoHe CTaHAapTThl aybITKY
GacTarkpl AepeKKe3/ie HaKThl KepceTiyice, o1 Oenrici3 ik yiieci peTine Tikenei
KOJIZIaHBLIAIbI:

u=a (1.8)

MYHJa g — THICTI ACPCKKO3JICH aJIbIHFaH CTAaHAAPTThI aAYBITKY.

Erep 6ipHente Toyesciz B Tunti 6enricizaik ke3zepi 0osica, onap KBapaTThIK
Kocy epexeci (root sum of squares, RSS) GotibiHiia OipikTipisiesi:

up = JuZ +u+ - +u (1.9)

bBipixmipineen cmanoapmmul benzicizoix

BipikTipinreHn cTraHmapTTH OedTiCi3AiK OapibIK TOyeNci3 CTaHIapTTHI
Oenrici3 ik KypaMIaacTapbIHBIH KBaIpaTTapbIHBIH KOCHIHIBICEIHBIH KBaIpaT TYOipi
peTiHae aHBIKTaIaIbl:

Ue = JUWd +u + - +u2 2)

YKepacThl cymapbIHBIH KOHIIEHTPALMSICHIH TaJIay YIIiH OCTiCi3IiKTIH THITTIK
KYPBUIBIMBI KeJIeCl TypAe OpHEKTeNIyi MYMKIH:

— 2 2
U, = \/ugam + Ubrep + Ubeas T Usy + s (2.1)

MYHIA Uggmpling — CBIHAMA aly Oenrici3iri,
Uprep — YIATIHI JaWbIHAAY OCNTICI3IIr,
Umeas — ACTIANITHIK OJIIICY OENTici3miri,

Ucql — xkamubpIey Oenrici3airi,

Uy — A THIITI CTAaHAAPTTHI OENTICI3IK.
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1-kecTe — AHAIUT KOHLEHTPALHUSACH YIIIH OJIIIey OCNriCi3firiHiH O KETIH
KYpacTheIpy((pTOpUI-NOHIAPEI MBICAJIBIH]IA)

. . CrannapTTsl
. . baranay | Mowi, Ynecripim L
Benricizmik ke3i . . Oenrici3aikKe Eckeprme
TYpi MI/IT Typi .
TYPICHIIPY U;, MI/JT
(Shing 7 per
ey s wy = 0.28/\7 P
KaWTaJaHFBINTRIF | A THIT Kamsimrer KalTalaHFaH
=0.28 =0.11
BI eey
Kambpney
AcnanTsl .
Brumi | £0.20 Kamsimrer u, = 0.20 cepTudHUKaThIH
Kanuoprey
aH
Ceprudukarranra

bi = CRM
H cTaHfapTTsl yiri | Btumi | £0.30 PHAIRIITE uz = 0.30/3

(CRM) bl =0.17 Genrici3iri
Yorini  raisiHIay Oicri
icti
(cy3y, Brunmi | £0.25 Kabinrsl u, = 0.25 Bai S
KOHCEepBaLUsIaY) Ay
JiepeKTepi
OoiibIHIIIA
Jlepekrepai enuey Ecemnrrey

BipkanbmT us = 0.10 /\/§

(anmpoxcumarwsin | B tumi | £0.10 - —0.06 TYpICHIIpYJIep
ay, JIOHIeJeKTey) o i
Bipikripinren Ue
CTaHIAPTThI — —] — = ,uf + u% 4o tul —
Genrici3i
eINTICI3iK — 038
Keneiirinren CeHimMaimik
S —] — — U=2-038=0.76 ..
oenricizaik (k= 2) neHreiti 95 %
MBbICAJIBI,
KopbITbIH/IBI x=x= 1.85 +
HOTIDKE Mr/1 U
Mr/i

Kenetimineen bencicizoix
Kenefitinren 6enrici3mik OipiKTipiIreH CTaHAAPTTHI OENTICI3AIKTI KaMTy
Kod(ppHUIHEHTIHEe KOOSHTY apKbUTBI aHBIKTAIAIBI:

U=k-uc (2.2)

Cenimainik geHreiii 95 % Oonran xaFmaiaa, KaIbIITH YIeCTipiMre coifkec
KeNeTiH k = 2 KaMTy KodpPHuIreHTI KaObUIIaHa b,
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benzicizoikmi ecenmeyoiy mvicanvl

OicTeMeHIH KOJJAaHBUIYbIH KOPCETy MaKcaTbhlHJa HHUTpaTTap
KOHIIEHTPALMSICBIH aHBIKTAY KEe31HJIer] eJiey Oenrici3irin ecentey/ it erkei-
TEIKCHITI MBICAJTBI KETiPLIC/I.

HutparTapasiy Keneci KOHLIEHTpaUMsi MOHJEpPi albIHCHIH (MT/i):
44.5;46.0;45.2;47.1; 43.8; 45.6; 44.9 wmr/n.

OprTaia MoH:

44.5+46.0+45.2+47.1+43.8+45.6+44.9

X = 7 = 45.3 yr/n (2.3)

CTaHAapTThl aybITKY:

_ |(44.5-45.3)2+-+(44.9-453)%
5= J : ~ 11y, (2.4)

A THITI CTaHAAPTTHI ONTici3IK:

_ 1.1
uy(x) = N 0.4 yvir/n (2.5)
B tunti 6ipikTipisireH craHmapTTH Oenricizmik 0.5 Mr/i-re TeH nemn
KaOBLUIIalBIK.
BipikTipiireH cTaHAapTTHI OCNTiCI3IK:

U, = +/(0.4)% + (0.5)2 = 0.6 y;p/yy (2.6)
Kenetitinren 0enrici3mik:

U=k -u=2-06=12,./4 (2.7)
KOpBITBIHBI HOTHKE!

x =453+ 12,/ P =095 (2.8)

By ecenTey keHeHTINTeH OENTICI3AIKTI €CKepe OTHIPHII, OISy HOTHKECIH
44.1-46.5 mr/n apanbIFbIHIa KOpceTyre OOJAaThIHBIH KepceTemdi. bipikripinren
Oenrici3mik KalTaJaHFaH eJIIeyiep HOTIKeIepiHiH MIanbipaybIMeH OaiiIaHbICTHI
CTaTHUCTUKAJIBIK Kypamaacka (A THITTI CTaHIapTThI OSNTiCI3/IK) dKOHE acTialTap/ sl
Kagubpiey, cepTuUKATTaIFaH CTAHAAPTTH YITUIEPAiH cHUIaTTamaiapsl,
YaTinepai JaibIHAAY JKOHE NepeKTepIl OHIey CHAKTHI XKyiernik ke3aepre (B Tumti
OenricizaikTep) Oipmeit mopexene Toyemi.
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Ocputaiiia, KeHEHTIIreH Oenrici3aik Keyeci popmMysia OOUBIHIIA €CeNTEIC I

U=k-u.=2-\ui+uj (2.9)

MyHJA:

Uy — A TnTi cTaHIaPTTHI OENTiCI3MIK;

Up — B tumri GipikTipiiren craHaapTTsl Gerici3mik;

k = 2 —95 % ceHiMaiik AeHreiine colkec KeneTiH KaMTy KO QUITHEHTI.

KopsITBIH/IBI HATHIKE Kesleci Typae Oepineni:

x=x+tU=453+12 (3)

Byt Tacin aHaMMTHKANBIK JepeKTep/Ii HHTepIpeTanusiay Ke3inie, acipece
OJIIICHI'eH MOH HOPMAaTHBTIK LIEKTI KepceTKimTepre (MbICalbl, PyKcaT eTiIreH
LIEKTI KOHLEHTpAIMs) aKblH OOJFaH jKarnainapna, Oenrici3iKTiH OapIibIK
MaHBbI3/1bI KO3/IEPiH IYPhIC ECKepyre MyMKIHIIK Oepei.

HopmaTHBTIK HIEKTI MOHJEPTe COMKECTIKTI Oaranay Ke3iHae Oenrici3miKTi
ecKkepy

Ouiiey HOTHIKEIEPIH pyKcaT eTiireH mekTi konnenTpanusuiapmer (PELIK,
MPC) canbIcThIpy Ke3iHJE HOPMAaTHBTIK TajanTapfa COMKECTIKTI TypbIc
MHTEpIpeTaNysuIay YIIiH €CeNTeNreH oIey Oenrici3Iirin MiHAeTTI TYp/ie ecKepy
KaxeT. XaJIbIKapajblK HYCKayJbIK Ky)KaTTapAa YChIHBUIFAH TOCUIAEp asChIHAA
eJIIIIey OCNTiCi3IriH KAMTHTBIH KeJIecl IICIM Ka0bUIIay epekeci KOJIaHbLIa IbI:

— erep x+ U< MPC

OHJIA IICKTI MOHHCH acy OalKaaIMaiIpl;

—erep x—U>Mpo

OHJIA IICKTI MOHHCH acy pacTaliabl;

— erep MPC moni [x —U; x+ U]

apaibIKTa OpHaJlacca, KOChIMIIIA OaKplIay HEeMece KaiTa eJIieyiep Kyprizy
KaXKeT.

Byn Tocin I tunTi KaTemikTepaiH (HOPMATHBTIK IIEK HAKTHI CaKTallFaH

JKaFJaia, MEeKTCH acy JIeN KaTe Kapusiiay ) xxoHe [I ThiTi kaTenikrep iy (HaKThI
LIEKTEH acy/bl aHbIKTall aymMay) TyblHAay Kaynin temenzaereai. On ISO/IEC
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17025 xone ILAC G8/G17 cranmaprrapbinia OenrijieHreH memimMm Kaobuinay
KaruJaTTapblHa ColiKec Kelell jKoHe KOpIlIaraH OpTaHbl PeTTey CallaChIHIAFrb
KOPBITBIH/IBIIIAP IbIH OPHBIKTHUIBIFBl MEH JTQJIEIIUIITIH apTTHIPa/IbL.

Hotm:kenep koHe TaIKbLIAY

JKepacTbl CynapbIHBIH THAPOXUMHSIIBIK CUIIATTaAMAJIAPbI

AJBIHFaH HOTHKENEp OapiIbIK 3ePTTENTeH HYKTENIEPE )KePacThl CyIapbIHbIH
pH monzgepi 8.0-8.24 apanbifbiHJa €KEHIH KopceTeai, Oyl KapOoHATTHI Cy
KOMHayJIapbIMeH OailJIaHBICTBI QJICI3 CLITIN JKepacThl CyJapblHA TOH KOPCETKII
60ubin TaObUIaABl. OTOPUA-MOHAAPBIHBIH KOHUEHTpanusuiapsl 1.0-2.3 mr/n
apajibIFbIHa e3repin oTwipajbl. EH xorapsl MoHaep CapblOyiiaK aybuUIbl
ayMarblH/a TIpKeIi, MyHJIa (TOPUATIH KOHIEHTpPAIMACH 2.3 MI/JI-Te JKeTi,
pykcar erinrex wmekTi konnentpauusanan (PELLIK, MPC) 1.5 mr/n acein oTsIp.
MyHail keMipcyTeKTepi MCH OCTTIK-OCJIICCHII 3aTTapAblH MeJIIepi O0apibIK
ChIHaMasiap/ia OeNriJieHreH HOPMAaTHMBTIK LIEKTEPJCH acHai/bl )kKoHe (OHJIBIK
JICHreiIepre )KakblH MOH/IEP/IC CaKTalabl.

MOHHTOPUHT HYKTeJepi OOMBIHILA Cy carlachl KOPCETKIIITEPIHIH KeHICTIKTIK
©3reprilTiriH KOpHeKi TypJe KOpCceTy MaKcaTbhlH/Aa )KUHAKTAIFaH HOTHXKEIep
2-KecTejie KeNTipiireH.

2-kecte — XKepacThl CynapblHBIH THAPOXMMHUSIIBIK MapamMerpiepi
(opTaia MoHAEp, n = 7)

Mynait . .
. . . . Berrik-6encenni
MOHHTOpHHT HYKTeC pH F, mr/n KOMIpCYTEKTEP,
3aTTap, Mr/1
Mr/i

Kapacy aybutsl (emmi .00 1.5 0.005 0.05
MEKEH)
o -

TeTeH aybuibl (el 8.04 12 0.010 0.05
MEKeH)
A

XATIRL - AYRURL ) g 16 15 0.005 0.05
(emni MekeH)
C 0 i

oprebe aybubl (el 304 13 0.005 0.05
MEKEH)
Kopnait aypuisr (emai 821 12 0.005 0.05
MEKEH)

6

Capf.,l YIaK  aybLIbl 8.19 23 0.005 0.05
(emnmi MeKeH)
Kaiinap aysuisl (emi 315 1.0 0.005 0.05
MEKEH)
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pH MoHJIepiHIH KEHICTIKTIK e3repici MeKTeysl OOJIbIN TaObUIabl KoHE
OapJIbIK eJieysep KapOOHATTHI THIITET] JKEPacThl CyJiapblHA TOH JMAIa3oH/a
opHasiackaH. O TopuA-nOHIAPBIHBIH KOHLIEHTPAIMICH HbICAHIAPJIbIH 0achiM
6eniringe PEIK-Ten temen, anaiina CapblOyiiak ayMmarbIHaa KEpPrijdiKTi
CHIIATTaFbI )KOFapbuIay Oaiikaiapl. MyHail kemipcyTekTepi MeH OeTTiK-0eceH 1
3aTTapAblH KOHICHTpalusIapbl 0apiblK ChlHaAMajlap/ia HOPMAaTHUBTIK HICKTI
MOH/JIEp/ICH €JIayip TOMEeH OOJIbII, ChIHAMa ajly COTiHJIE aTalfaH KOMIIOHEHTTEP
0O¥bIHIIA AlKBIH TEXHOTCH/IIK JIACTAHY/IbIH JKOKTBIFBIH KOPCETE/II.

AHaTMTHKAIIBIK OJIILeyNIep/iH Oenrici3nirin Oaranay

Ocer1 3eprrey asiceinga ISO/IEC Guide 98-3 (GUM) ychiHbIMIapbIHa coiikec
[y TpaHcmeKkapalblK Cy KOWHaybl )KepacThl CYJIApbIHBIH CalachbIHbIH HETi3ri
rapameTpIIepi YIiH aHaIMTHKAJIBIK OJIIIeyJIepAiH OeNrici3airi CaHaAbIK TYPFbIIaH
Garananpl. Cy canachblH aHaJIMTHKAJIBIK OaKblIayFa KOMbUIATHIH Ka3ipri 3aMaHfbl
TaJanTap ejuey Oenrici3fAiria MiHAETTI TYpJIe CaHIbIK Oaranay bl KO3IeH/Ii.

benricizaikTi Oaranay aHaJUTHKaJbIK ©JIIIEYJIEPal METPOJIOTHSIBIK
KaMTaMachl3 €TyJiH Heri3ri sjeMeHTi OoJjbin TaOblIaabl XKoHE Keieci
MYMKIHAIKTEpAl KaMTaMachl3 eTeli:

— @JIIICHTeH KOHLEHTpaLUsIap/bl CCHIMIUIIK MHTEpBajAapblH ecKepe
OTBIPBIIT AYPBIC HHTEPIIPETALHSIAY;

— OPTYPJIi 3epTXaHajap/ia KaHe apTYPIIi S[ICTEpMEH aJIbIHFaH HOTHKEIepIi
OipbIHFall METPOJIOTHSIIBIK HET'13]1€ CAIBICTHIPY;

— KOPCETKILl MAHJAEpl HOPMATHMBTIK LIEKTEpre jKaKblH OOJIFaH Karaaiaa
Heri3/iereH memrimep Kaosuiaay (0yJ1 cy carnachIHbIH JKal-KYHiH KaTe KIKTeYiH
aJIJIbIH aJajibl);

— OJIIey HOTWIKEJIEPIHIH XaJIbIKapaJblK CTaHAAPTTAp MEH 3TaJOHAapFa
KaJlarajlaHybIH KAMTaMachl3 €Ty, OyJI TpaHCIIeKapaiblKk MOHUTOPUHT JKYHeciHie
CEHIM KaJIBIITACTHIPY YIIiH aca MaHbI3/IbL.

Xansikapaislk cranpaprrapra (GUM, ISO/IEC 17025 xane T1.0.) caiikec
Oenrici3nikTi Oaranay omicTeMeNepiH KOJJIaHy JKepacThl CYJIapbIHBIH CallachlH
OakblIay/IbIH AlIBIKTHIFBIH, KA TaJIAHFBIITHIFBIH )KOHE FHUIBIMU OPHBIKTBIIBIFBIH
kamramacsi3 ereii. Ocsl 3eprreyae pH, propun-nonnapsl, MyHaii KemipcyTeKTepi
JKOHE OCTTIK-OeJICeH 1l 3aTTap YIIiH ECeNTENINCH KeHSHTIIIreH Oerici3 ik MOHAEpi
(P=95 %) xonaaHbIIFaH aHATMTUKAJIBIK 9/IICTEPIIH PYKCaT €TUIreH KaTeliKTepiMeH
mamanac 6osapl. Mbicansl, pH yunin canbsicteipMaisl oenricizgix 0.5 %-gan
acmanel, PTOPUI-HOHAAPHI YIIiH o mamameH 10 % neHreitinme Ooabl, Oy
KOHLICHTPAIMSIIAPbIH aHBIKTAY NIEKTEPiHE )KaKbIH OpHAJIACYbIMEH OaliIaHbICThI;
aJl MyHail KeMipcyTeKTepi MeH OeTTiK-OelCeH Il 3aTTap YILIiH CabICThIPMAIbI
Oenrici3ik onapblH ©Te TOMEH KOHLEHTpalusuiapbiHa OainanbicTel 15-20 %
apasIbIFbIHIA ©3rep/i. AtanraH Oaranaysap alblHFaH JIEPEeKTEeP/IiH CanachlHbIH
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KaHaraTTaHapJIBIK EKeHIH PACTaii bl )KoHe OJ1ap/ibl CEHIM/II CaIbICTBIPMAJIbI TaJliay
XKYprizyre MyMKiHJIIK Oepei.

AliTa KeTy KaKeT, KypJieli skariainapa Oenrici3 ki Oaranay/ibIH 3aMaHayn
ecernTey TCUIAepl HOTHKENIep/IiH CeHIMALIITIH O1aH opi apTThIpa anajbl. Atan
aiitkanga, JCGM 101:2008 xone ISO/IEC Guide 98-3-S1 kyxarrapbiHia
cunarranrad MoHTe-Kapiio ozici Kipic mamanapblHbIH YJIECTIpIMIEPiH Kol
MOpTE MOJIEJIb/ICY APKBUIbI IIBIFBIC YJECTIPIMIH ajly HETi3iH/e aHaJIMTHKAIBIK
ecenreysepre Oagama ToCi yChlHaABL. byl Tocinm KypJeni CBhI3BIKTHIK eMec
MOJIeIIbJIEp HEMece aCUMMETPHSIIBIK Kipic yiecTipimuepi karaaiibiHga acipece
THIMII OoJbIn TaObLIaAb! [18].

Tarbl Oip MaHbI3/IbI TACUT — OAHECHSUTBIK 9/1iC, OHJIA OJIIICHETIH [IaMaHbIH
LIBIHAWBI MOHI anpUOpPIIBIK YJecTipiMi Oap Ke3aeiicoK allHbIMalbl peTiHze
KapacThIPbUIAbI, aJ1 SKCIIEPUMEHTTIK JIEPEKTEP allOCTEPUOPIIBIK YIECTIpIMII ay
YUIH nainananeiia sl ballecusuiblk Oaranay arnmpuOpIIbIK aKHnaparThl SHri3yre
MYMKIHIK Oepelii )KoHe YJITi KeyieMi IIeKTey il OojraH jKarjaiiia aHaryplibiM
OPHBIKTHI Oaranap anyra jkarjaai »kacaiiipl. bailecHsuIbIK o1icTep KIIacCHKaIbIK
ToCiIIep HIEKTEYIi OOJIFaH XKariaiap/ia, MbICaJIbl, HOJITe )KaKbIH HOTHIKEIEPAIH
HeMece Tepic TY3eTy MOHJIEPiHIH yJIeci )KOFapbl OOJFaH Ke3Jie, apThIKIIBUIBIKKA
ne ekeHi kepceriiren [19]. Anasinrbl 3eprreyiep Moute-Kapio oxpiciHin
MUKPOQUIIONITIK eJeyiep e Oenrici3AikTi OaraayablH IPAKTHKAIBIK OajamMacsl
0oJia aJIaTBIHBIH, aJl OaleCHsUIBIK TACT KYPJEIl HOTHIKEIIK ylecTipiMaep YIiH
aHaFypJIbIM 19J1 Oarajap yChIHATBIHBIH Aasesnei i [20].

Ocpl 3epTTey/Ie Herisri ecenteyinep kiaccukanbik GUM onictemeci OoWbIHIIA
KYPriziii, anaiina Oenrici3mikTi OaranayablH OanxaMmalibl TOCUIIEpl Typaibl
xabapap 6oty OoJtarak SicTeMeIiK JaMmyJiap YIIiH, aTan alTKaH1a Oenrici3qiKTi
JIacTaylIbl 3aTTap/AblH TachbIMaJJlaHy MOJIENIbJIEpiHEe HEMECE Cy CallaChIHbIH
MHJIEKCTepiHe OIpIKTIpy CUSIKTBI OarbITTap/a MaHbI3/Ibl O0JIbIT TaObLIa B! [2].

benzicizoixmiy namudicenepoi unmepnpemayusiiayea acepi

Ouieynep/iH KeHEHTreH Oenrici3airin eckepy aHIMTHKAIBIK Oakbuiay
HOTHXKEJIEpIH MHTepIpeTanusiayra tybereiiii acep eresi. 3epTTeirex
napameTpIiepAiH 6ackiv Oemiri yiriH (pH, MyHait kemipcyTekrepi, OeTTik-0encen i
3arTap) Oenrici3AiK HHTEpBAILAAPBIHBIH JKOFAPFBI IEKTEPi THICTI pyKcaT eTUIreH
mekti koHuentpanusiaapaan (PELIK, MPC) enayip Temen opnanackan. by
aTaJFaH KOMIIOHEHTTEp OOMBIHIIIA HOPMATHBTIK LIEKTEP/IiH aCybIHbIH KOKTHIFbIH
YKOFapbl CEHIMALIIK JJeHreiMeH KopceTyre MyMKIHIIK Oepe/ti. Mbicanbl, MyHal
KOMIPCYTEKTEPiHIH €H KOFaphl TIpKEJITreH KOHLIEHTPAHCh (OTereH aybulbIHAa
0.01 mr/m), enmey Oenricizairin (U = £0.002 mr/i) eckepreHHiH o3iHIe,
PENIK = 0.1 mr/n MoHIHCH oJlieKaiiia ToMeH OoJibin Kajanel. JleMek, emiey
OeJrici3irii eckepy MyHal KOMipCyTeKTepiMEH JIaCTaHy IbIH dKOKTBIFbI JXOHIH/IET1
KOPBITBIH/IBIFA 9CEP ETIEH .
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Kepicinmie, keiibip Hykrenepae, ocipece CappiOyiiak aymMarbiHaa, Gropusi-
MOHAAPBIHBIH KOHLIEHTPALMSCH YIIIiH OJIIIEHIeH MaH (2.3 Mr/i1) HOpMaTHUBTIK
mrekke (1.5 mr/i) sxakpIH opHasiackad. MyH/ai sxariaiinapa esey Oenrici3irin
€CKepy JKepacTbl CyJapblHBIH cala >Xal-KyHiH HEFYpJIbIM OPHBIKTHI YKOHE
HETi3/IeNIreH Typ/e JKIKTeyre MyMKIHAIK Oepeni. 2.2.8-0ejimie cumarTajiran
menriM KaOwliay epexecine caiikec, erep MPC mani X + U uHTEpBaibiHAa
opHaJiacca, COMKECTIK HeMeCe COMKECCI3/IiK Typasibl O1pMOH/Ii KOPBITBIHIBI )Kacay
MYMKiH OOJIMaiiibl.

Ocel 3eprreyae CapbiOyiiak yimin X = 2.3Mr/1 xoHe [J = 0.4mr/n 6osran
x)armaiaa, 95 % ceHiMAUIK JCHreline colikec MHTepBan mamamen 1.9-2.7
mr/n kypaiiasl. PEIIK = 1.5 Mr/n ockl MHTEpBaJIIaH TOMEH OpHAIACKAH/IBIKTaH,
OCNTiCI3MIKTI €CKePreHHIH O31H/I¢ IIICKTI MOHHIH aCybl )KOFaPhl BIKTUMAJIIBIKIICH
pacranazpl. Anaiina erep PEILK, mbicanbr, 2.0 Mr/n GosFaH xaraaiina, ¥ = 2.3Mr/1
xoHe U = 0.4Mr/11 yuiiH HOpMaTHUBTIK 1iek Oenrici3aik natepsaibiaaa (1.9-2.7
MI/11) opHasacap eni. MyHzai skariaiia Hotvoke mekapaisik (borderline) perinye
JKIKTEIIII, KOCBIMIIIA OJIIIICYJIep HeMece OaKplIay ic-IIapaiapblH )KYprizy Tajar
eTiIep ei.

Ocpsuiaiiina, OeNTiCi3MIKTI €CKepy Cy carachlH Oaranay Ke3iHJC JKalFaH OH
(false-positive) xone sxanran Tepic (false-negative) KOPBITBIHIBUIAPIBIH AJTBIH
anazapl. by Karnpar colKecTik Hemece COMKeCCi3/iK Typalibl KOPBITBIHABLIAP
CaHIIBIK TYPFBIJIaH aHBIKTAJIFAH CCHIMIUIIK ICHreHiMeH KaTap Oepityi THIC JIeTeH
TOCIJIMEH TOJIBIK YilsIecei.

Kap:kbL1aHasIpy Typajisl aknapat

Fouibimu-3eprrey xymeicsl IPH AP23489813 «KpiprbI3cTan TapanbsHaH
JKaMOBbI1 0OJIBICBIHBIH TYIIBI )KEPACThl CyJIapbIH Taiifiallany »oHe Kopray
callachlHJIa TPaHCIIEKapaJbIK MacelelIep/liH TybIHIay ToyeKeliepin Oaranay»
TaKbIPHIOBI OOWBIHINA MPAHTTHIK KapKbUIAH/BIPY AsCBIH/A KYPri3ULi.

KopsIThIHABI

Ocorl 3eprreyae ISO/IEC Guide 98-3 (GUM) ychIHBIMAApbIHA HET13/1eNTeH
YKOHE 3aMaHayM dJicTeMeltik Tocimuepiai KamTuteiH Ly TpaHciiekapaibik cy
KOWHaYBIH/JIAFbl )KEePacThl CyJApbIHBIH cala KOpCeTKIMITEePiH aHAIUTHKAIBIK
eJIIIeyJIepiH Oerici3irin 0aranayIblH METPOJIOTHUSUIBIK TYPFBIAAH HEri3/1e/IreH
TOCLII ChIHAKTAH OTKI31III, BalUIAlMsUIaH bl OIiey OCNriCi3iriH eckepy,
acipece OJIIICHI'eH MOHJEpP HOPMATHBTIK IIEKTEpre >KakblH OOJIFaH Karnaiija,
TUAPOXMMHUSIIBIK MOHUTOPUHT HOTHXKEJIEPIH MHTEpHpeTalusiiay yiiiH aca
MaHpI3/1bl eKkeHi kepceTinai. Kaxer OoiFaH Ke3/le CTaTHCTHKAIBIK MOAECIBICY
9JIEMEHTTEPIMEH TOJIBIKTBIPbIIFaH Kiaccukanblk GUM TaciniH Kos1aHy anbIHFaH
KOPBITBIH/IBIIIAP IbIH CEHIM/IUIITT MEH OPHBIKTBIIBIFBIH apTTHIPAIbI.

AJIBIHFaH HOTWDKEJIEp oJiey OeNrici3iriH KemeH i Oaranay meKapajbiK
KOHIEHTpaLUsUIap KarAaiblHAa J1a )KepacThbl CYJapbIHBIH CarachlH CEHIMII
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WHTEpIpeTanusiayra MyMKIHIIK OepeTiHiH pacTaiinbl. Mbicansl, Gropu-
MOHJIAPHI YIIIiH OJIIIICHT ¢H KOHIICHTPAIHS 2.3 MI/JI )KOHE KCHEUTIITeH OeITici3IiK
+0.4 mMr/n Gosrran/a, anbIHFaH CEHIMALTIK MHTEpBabI [ 1.9; 2.7] M/ pykcar eTinren
mekti konneHtpauusina (PEILK = 1.5 mr/m) ackim tyceni, 6yt 95 % ceHimainik
JICHreHiMeH IIEeKTI MOHHIH acyblH Kepcerei. Al MyHall KOMIpCYTeKTepi YIIiH
0.01 mr/im maHi xxone £0.002 mr/n 6esnricizairi ([0.008; 0.012] mr/n unTepBas)
HopmatuBTik mekreH (PEIIK = 0.1 mr/i) exsyip TeMeH KaJiblll, IIEKTEH acy
BIKTUMAJIJIBIFBIH IC JKY31H/1€ )KOKKA HIbIFapa/ibl.

Ocsi 3eprreyae ISO/IEC Guide 98-3, ISO/IEC 17025:2017 xone I1SO
11352:2012 TanmantapbiHa ColiKec KOJIAHBUIFAH JKYHEi OeNrici3mikTi Oaranay
TOCLII OENTICI3MIKTIH HEri3r1 KO3/IepiHiH YICCTEePiH CaH/IbIK TYPFBIIAaH €CCIIKE ayFa
MYMKiHAIK 6epai. Onap/ablH KaTapblHa KaiitananreluTelK (Uy = 0.11  mr/m),
kamuopiey (0.20 mr/n), ceprudukarranran cranpaptrsl yiaritep (0.17 mr/m),
yirini naveraaay (0.25 mr/m) xone aepekrepai exuey (0.06 mr/i) xataubl.
Bipikripinren crangapTThl Oeinriciznik 0.38 Mmr/ia-re xerce, KEHEHTUITeH
6exriciznik 0.76 Mr/i-1i Kypassl.

MyHpga#l Tocinm ecenTeyldepAlH alIBIKTBIFBIH, HOTHXKEJIEPIiH
KaWTaJaHFBILITHIFBIH KoHE 0acKapyIIbUIBIK LICHIiMAep KalObuiiay yurH Oepik
FBUTBIMH HET'13]11 KAMTaMachkI3 eTei. by, acipece, MeMIleKeTapalibIK IePEeKTEPIiH
OIpI3ILTIri IKOJOTHSIIBIK OacKapy MEH CascaTThl KAJBIITACTHIPY YACpiCTEepiHe
TiKeJIeH acep eTeTiH TpaHCIIeKapabIK ajanTap YIIiH aca MaHbI3/Ibl.

ATBIHFaH HOTHIKEJEP MEH YCHIHBUIFAH 9/ICTEMENiK HEeri3 aiMaKThIK
JKOHE MEMJIEKETapalIbIK KEepacThl CyJapbIHbIH CalachklH MOHUTOPUHITEY
OaraapiiamManapblH KeTULIPY /e KOJIJaHbUTybl MYMKiH. MOHUTOPHHITIK ecenrtepie
eniey Oenrici3airid xansikapansik crannaprrapra (ISO/IEC 17025, ILAC G17
*aoHe T.0.) ColiKec TYPaKThI TYP/IE ECEeNTey )KOHE YChIHY 3epTXaHalap apachiH/arbl
JIEPEKTEP/IiH CATBICTHIPMAIIBUIBIFBIH aPTTHIPBII, KOPIIaFaH OPTaHbl OAKbLIAY IbIH
AIIBIKTBIFBI MCH CCHIMIUTITIH KyIICHTET1.
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OLIEHKA HEONPEJEJEHHOCTHU U3MEPEHUI ITPU OLIEHKE
KAYECTBA MOJA3EMHBIX BO/I: HA IPUMEPE IIYHCKOT'O
TPAHCI'PAHUYHOTI'O BOOOHOCHOT'O TOPU30HTA

Oyenka  Kawecmea — MPAHCSPAHUYHBIX — NOO3EMHBIX 600 8
COBDEMEHHbIX — YCIOBUSAX — He  OSPaHuYusaemcsi  onpeoeneHuem
2UOPOXUMUYECKUX — nokazamenet, a mpedyem  KOIUYECMBEHHO20
o0bocHosanUs docmogeprocmu NONYYEeHHbIX Pe3VIbMamos
usmepenuti. Ycunenue ammponozeHHo20 6030€UCmeus U UMeHenue
KAUMAMUYECKUX YCIOBULL 6HOCAM OONONHUMENbHYIO HeONpedenéHHOCb
6 COCMOsIHUE BOOHBIX PECYPCO8 U NOBBIUAIOM 3HAYUMOCTL NPUMEHEHUs]
MEmponocudecky  0OOCHOBAHHBIX ~ NOOX0006 NpU  UHMepnpemayuu
Oannvix monumopunea. Hacmoswee uccredosanue nanpagieno na
Gopmuposanue cucmemamuzupoSanHol Memooudeckoll OCHO8bl OYeHKU
HEOnpeoenéHHOCMU  AHATUMUYECKUX USMePEeHUll Ol NOO3eMHBIX 600
LIytickoeo mpancepanuiHo2o 6000HOCHO20 2OPUOHMA.

B pabome  KkomnaekcHO — MPOAHANUBUPOBAHBL  UCMOYHUKU
Gopmuposanusi HeonpedenéHHocm npu onpedeeHuu 2UOPOXUMUYECKUX
napamempos mna omanax ombopa npod, noo2omMosKu 0OpPaA3yos,
UHCPYMEHMATbHBIX — usmepenuii 1  oopabomku  Oannvix. Oyenxa
HeonpedenéHHocmu 6blnoIHeHa 6 coomeemcemeuu ¢ npunyunamu 1SO/
1EC Guide 98-3 (GUM), a makoice mexncOyHapOOHbIMU CIAHOApmMamu
ananumuuecko2o Kowmpouasi kawecmea 600wl (ISO/IEC 17025:2017,
ISO 11352:2012, ILAC G17:2021). C yuémom cymmapHo20 GIusHUs
PA3IUYHbIX  BK1A008 NPUBEOeHbl  NPUKIAOHbIE NpUMepbl  paciéma
CMAanOapmHol U pacuupernoll HeonpeoeréHHOCmuU.

Pezynvmamui ucciedosanus nokasaiu, 4mo yuém HeonpeoenéHHoCmu
UMepeHuti CywecmeeHHo UsmMeHsiem UHmepnpemayuio aHaIumudecKux
OAHHBIX, OCOOEHHO 6 CIYHAsIX, K020 3HAYeHUs NoKa3ameietl HAX00Amesl
60IU3U HOPMAMUBHBIX npedenos. Takou nooxoo nossoisem uzbexncamo
OWUDOUHBIX BbIBOO06 NPU OYEHKE COOMBEMCMEUs Kauyecmea 600bl U
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nogvluaem Hayunylo 0O0CHOBAHHOCMb NpuHUMaemMuvix peutenuti. Kpoue
Moo, paccmMoOmpenvl 603MONCHOCMU NPUMEHEHUs  AbMEPHAMUGHBIX
Memooos, maxux Kax mooleruposanue memooom Monme-Kapio u
baiiecosckas OyeHKa, OJisl CLOACHBIX PACYEMHBIX CUMYAYULL.

Tonyyennvie 66160061 CEUOCMENLCMBYION O MOM, 4MO GKIIOUEHUE
OYeHKU HeonpedeléHHOCIMU U3MEPEeHUll 8 Kayecmee 0053amenbHO20
INleMenma cucmem MOHUMOPUH2A KAYecmea NOO3eMHbIX 800 uzpaem
BAJICHYIO PONL 8  0bOecnedeHuy ConocmagumMocmu  1abopamopHbix
OAHHBIX U POPMUPOBAHUU HAOENCHOU HAYUHOU OCHO8bL OJIs1 YNPAGLEHUS.
MPAHCZPAHUYHBIMU 600HIMU PECYDCAMU.

Kniouegvie cnosa: Heonpedenénnocmo uzmepenut, NnoO3eMHble
600bl, mMpaucepaHuyHvle 6000HOCHble 2opusonmul, ISO/IEC 17025,
GUM, memoo Monme-Kapno, cmandapmuas HeonpedeiénHocmo,
Kauecmeso 800bl.
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ASSESSMENT OF MEASUREMENT UNCERTAINTY
IN GROUNDWATER QUALITY EVALUATION:
A CASE STUDY OF THE SHU TRANSBOUNDARY AQUIFER

The assessment of transboundary groundwater quality under
current conditions is not limited to the determination of hydrochemical
parameters but requires a quantitative justification of the reliability of
the obtained measurement results. Increasing anthropogenic pressure and
climate change introduce additional uncertainty into the state of water
resources, thereby enhancing the importance of applying metrologically
sound approaches in the interpretation of monitoring data. This study
aims to develop a systematized methodological framework for evaluating
the uncertainty of analytical measurements of groundwater in the Shu
transboundary aquifer.

The sources of uncertainty arising during the determination of
hydrochemical parameters were comprehensively analyzed across the

stages of sampling, sample preparation, instrumental measurement, and
data processing. Uncertainty evaluation was conducted in accordance
with the principles of ISO/IEC Guide 98-3 (GUM), as well as international
standards for analytical water quality control (ISO/IEC 17025:2017,
ISO 11352:2012, ILAC G17:2021). Practical examples of calculating
standard and expanded uncertainty are presented, taking into account the
combined contribution of individual uncertainty components.

The results demonstrate that consideration of measurement
uncertainty can significantly affect the interpretation of analytical data,
particularly when parameter values are close to regulatory limits. Such
an approach helps to prevent erroneous conclusions in water quality
compliance assessments and enhances the scientific robustness of
decision-making. In addition, the applicability of alternative approaches,
including Monte Carlo simulation and Bayesian estimation, is discussed
for complex computational scenarios.

The findings indicate that incorporating measurement uncertainty
evaluation as an integral component of groundwater quality monitoring
systems is essential for ensuring interlaboratory data comparability
and for establishing a reliable scientific basis for the management of
transboundary water resources.

Keywords: measurement uncertainty, groundwater, transboundary
aquifers, ISO/IEC 17025, GUM, Monte Carlo method, standard
uncertainty, water quality.
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byn makanada opma 6yvin okywbLiapbiHa QUIUKAHBL OKbIMYOA
2elMUpUKayUAHbIKONI0AHY ObIHMAHbI30bLIbIELIKAPACMBIPLLIAObL. 3AMAHAYU
oinim bepy drcyliecinOe OKVILBLIAPObIY NIHee O0e2eH Kbl3bl2YUlbLIbl2blH
apmmulpy  JHCoHe OKY OHCemicmicin  HcaKcapmy MaxKcamuvlHod OUbIH
anieMeHmmepin  eHei3yoily MeopUANbIK HCIHe NPAKMUKATLIK He2iz0epi
cunammanaovl.  Aemopnap  eeumMupuUKAYUAHBIY  MOMUBAYUSILIK,
OUOAKIMUKATLIK, — JICOHE  IPOUeNiK — acepin  bLIbIMU  OepeKmepmen
Odanendell omuipvbin, 603 MAACIPUOENEePIiHEH ANbIHRAH HIMUICETEPMEN
benicedi. 3epmmey AACIHOA 7-CbIHBIN OKVULBLIAPLL ApAcbiHOa « Pusuxa
2AACAUBINMAPLLY AMMbl ABMOPILIK YCMEN OUbIHbL Jicale 6ACKa 0a OUblH
mypaepi KOAIOAHBLIbIN, ONAPObIH OKY NpoyeciHe bIKNaabl aHbIKMAIObL.
Oxcnepumenmrke Oeliinei dcaHe KelliHzi KopcemKiumepoi Ccanblcmuipy
apKbLIbL 2eUMUPUKAYUAHBIH OKY MOMUBAYUACHL MeH Yazepimine oy acepi
pacmanosi. OlbiH d1emeHmmepi apKblibl OKVUBLIAPObLIY CbIHU OULAY,
UWBIRAPMALUBLIBIK HCIHE MONMA HCYMBIC icmey Kabinemmepi 0ambin, naHee
OeceH Kbl3bl2YLUbLIbI2bl AUMAapIbIKMai apmyansl 6atiKanobl.

Makanaoa  eetimupurayua — Kypaioapvih — KOIOAHY — APKblIbl
OKYWbLIAPObLIY OiNiMOi MeneepyiH oceninoemy, Oepdec xicymbvic icmey
0a20b11apbIH KATLINMACNBIPY HCIHE OKbINY CANACHIH APMMbIPY HCONOAPbI
yevinviiaovl. ConviMen Kamap, myeanimoepee apHanamn a0icmemeniK
yevinvimoap oepinin, cabax KYpulibiMblHOA OUblH 20icmepin muimoi
Konoawny orcondapsl Kepceminedi. Byn sepmmey ¢usuxamsi oxwimyoa
UHHOBAYUATLIK — 20icmepOi  eH2i3y0iH — MAaHbl30blIbIebIH  0d1eN0elloi.
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3epmmey Hamudicenepi eelMu@UKAyusiHbly MeK NaHOIK OiliMOi eana
emec, COHbIMEH KAmap OKYUIbIHBIY JceKe MYNEANbIK HCIHE dNEeYMEmMmiK
KY3bIpemminikmepin  0amvlmyod 0a MAaHbl3bl 30p eKeHIH Kopcemeoi.
Ocipece, OKyubLIapobly 0Ky npoyecine OeiceHol Kamulcybl MEH bIHMACbIH
apmmuipyoa oublH 20icmepi aumapivlKmail pojy amkapaobl.

Kinmmi co30ep: cetimuurayus, gusuxa, mMomusayus,, oublH, OKY
Jrcemicmizi, 20icmeme, KY3blpemmilix.

Kipicne

Kazipri KoraMHBIH J1aMy YZEpiciHAe FhUIBIMH-TEXHHUKAJBIK IPOrpecc MeH
TEXHUKAJIBIK CayaTTBUIBIKTBIH POJIi €peKIle apThill OThIp. by xarmail Oinim
Oepy cayachlH/Ia, dcipece KapaThUIBICTaHy MOHJAEP] imIiHAC (U3UKaFa JErcH
CypaHbICTBI KylenTeai. Opra OybIH OKYIIBUIAPBIHBIH TEXHUKAJIBIK OWIay KaOiIeTiH
KaJIBITITACTBIPY MEH FBUIBIMU TYHUETaHBIMBIH IAMBITY (PM3UKaHbI OKBITY TIPOLIECIHIC
JKy3ere acajpl. Ajaiia JoCcTYpJli OKBITY 9JICTEpi OYJI MOHI'C KBI3BIFYIIBUTBIKTHI
apTTHIpyJa KCTKITIKTI HOTHKE Oepe Oepmerini. OcbiFaH OalIaHBICTHI OLTIM
Oepy KyHecinne reiMUQUKaIMs — SFHU OMBIH DJIEMEHTTEPIH OKBITY ylepiciHe
€HT'13y — OKYIIBIUIAP/IbIH MOHTe JAET'€H MOTHBAIMSCHIH apTTHIPYABIH THIMJII TOCUT
peTiHjie KapacThIPBUIBII OTHIP. 3epTTeyliep KOpPCeTKEH IeH, OKY MpoIeciHe ObIH
MEXaHU3M/IEPIH CHTI3y OKYIIbLIapAbIH TaHBIMABIK OCJICEH/IUIITIH apTTHIPHIIL,
yJIrepiM HOTHXKENEepiH kakcapraasl. OChl Makanaia opra OyblH OKyNIbUIapbIHA
(u3MKa TOHIH OKBITY/a reiMH(UKAIMSIHBI KOJIAHYIbIH SJICTEMEITIK Heriznepi
MEH NPaKTUKAJIBIK XKOJIIapbl KApacThIPbUIa/Ibl. 3epTTEy MaKcaThl — FeMUpUKAINS
APKBUIBI OKYIIBUIAPABIH OKY MOTHBAIMSICHIH KSHE ITOHTE JICT€H KbI3BIFYIIBIIBIFbIH
apTTHIPY JKOJIJAPBIH TXKIPUOETIK TYpFbIia alKbIHIAY.

Kasipri Tama 6iniM Oepy canachinia KOWbLUIFAH MIHICTTEP/II THIMIII KYy3ere
aceIpy YIIIH 3aMaHayH 9JIiC-TaCUIAEp MEH TEXHOJIOTHsIIap/Ibl MaKcaTThl TYpJe
KOJIJIaHy KaKeTTUtri aptein otblp. Cebedl, ocKeNeH YPIaKThIH IYHUETaHbIMBI,
KbI3bIFYIIBUIBIFBI MEH aKIapaTThl KaObULIAY epEKIIeITiKTepl OyphIHFBI OybIHIApIaH
adiTapabikTail e3reme. OcklFaH OalIaHBICTHI 3aMaHayH IIEarorrap OKBITY
GapbIChIH/IA JKaHAIIBLT HASSUIap MEH THIMJII KypaJliap/Ibl YHEMI i3/1ecTipy i Ko3aei .

ComnapbIH 0ipi peTiH/Ie KCHIHCH TapaibIl KeJe )KaTKaH 9J1iC — redMuduKarys.
By taocin kasipri 6utiM Oepy KyieciHie OKyIIbUIapAbIH OKY MpOIECiHe AeTeH
KBI3BIFYLIBUIBIFBIH apPTTHIPYABIH KOHE MOTHBALMSICHIH KOTEPYIiH THIMII
JKOJIZIApBIHBIH Oipi peTiHxe KapacTeIpbuiyaa. [eiimudpukanns — Oy oibIH
9JIEMEHTTEpI MEH MEXaHMU3MJIEPiH OWBIHHAH THIC OpTara eHri3y apKbLIbl OiTiM
QITyIIBIIApAbIH OCJICEH/IITIH, BIHTACHIH JKOHE TaHBIMABIK KbI3BIFYIIBUIBIFBIH
apTTHIPY/IBI MaKcar eTeTin aic [1].

3epTTeyAiH FhUIBIMU KaHAIIBUIIBIFEl — (DU3UKA MOHIH OKBITY OapbICHIHIA
OKYIIBIIAP/bIH KBI3bIFYIIBUIBIFBIH apTTHIpYFa BIKHAN €TeTiH (aKTopJiapabl
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METaMoH/IK TYPFbIJJaH KapacThpyblHAA. by Typreiga redimMudukanus
9JIEMEHTTEPIH OKY NpOIleCiHe MaKCaTThl TYpJe HMHTerpamnusuiay Heri3iHue
KYpPacThIpBUIFaH OKY-9JiCTeMeIiK KeHIeH i 93ipJiiey 3epTTeyiH Herisri
MiH/IeTTepiHIH Oipi 00BN TaObLIAIbL.

Ocbl opaiija, reiMU(pUKaNNs YFBIMBIHBIH MOHIH TEPEHIPEK TYCIHY YIIiH
OyJl TEpMHUHHIH FBUIBIMH 9JicOMeTTep/e Kajall aHbIKTalaThIHBIHA Tayjuay
Kacay KaxeT. OpTypil 3epTTeylIiiep MeH FajbIMaap Oyl YFBIMJIBI SpTYpJi
KbIpbIHaH cunarTtaiiapl. TemeHzeri 1-kectene reiiMupUKannsHBIH TEOPHSIIBIK
aHbIKTaMaJIapbl MEH Ma3MYH/IBIK €peKILIETIKTepi )KYHeIeHIN KOpCeTIreH.

1-kecte — «["eiimnuukanusy yreIMbIH Tajnay

Faneimpap meH 3eprreyminep AHBIKTaMa

Tomy6 U. H. «[eiiMudukanus — OyI OWBIH JIEMEHTTEPIH OWBIH
eMec KOHTEKCTepe KOJIIaHy apKbUIbI aJaMAapIbIH
MOTHBALMSICHIH apTTHIPYFa OarbITTAIIFAH o1tic» [2].

Cebactbsta JleTepanHr «[eiiMupukanus — OWBIHAAPFA TOH AJIEMEHTTEPI
(OMBIH MEXaHHMKACHI, OMBIH AM3aifHBI) OMBIH emMec
KOHTEKCTE KoJiany» [3].

Kesun Bepbax xone [Iou Xantep | «I eliMuuKaIis — OMBIHIBI eMeC KOHTEKCTE OMbIH
oliHay NPUHIUIITEPIH Kosuxany» [4].

T'eii6 3uxepmaH xoHE «eiiMupukanus — amamaapasl TapTy JKOHE
Kpucrodep Kannunrem BIHTAJIAHJBIPY YILIIH OWBIH OMHAY 3JIEMEHTTEpiH
naiiananyisg yaepici» [S].

Kapn Kann «lefimn¢uxamys — OHWbIH OHHAY MEXaHHKACHIH,
ICTETUKACKIH JKOHE OWBIHFA TOH OilJIay MpoLecTepiH
nalanay apKblabl afamMaapisl TapTy, ONapibIH
MiHE3-KYJIKBIH ©3TepTy KOHE OKY MPOIECiH THIMI
ety» [6].

IOxa Xamapu, FOxka Kousucro, | «['elimudukaris - naiianaHymbUIapablH
Xappu Capca MOTHBAIMSCHIH apTTHIPY YIIiH OWBIH JJIEMEHTTEPIiH
KosLnany» [7].

«eiimupukanus — Oimim  Oepy  Ma3MyHBIH
OKYIIBUIAPABIH ~ JKEKE  KBI3BIFYIIBUIBIFEI  MCH
Oerncenainirine  Oeifimuen  YHBIMIACTBIPYIBIH
3amaHayu aaici» [8].

«efimuukanus — OKyIIBUIAPJBIH —OPEKETTIK
OCJICeHIUIINH  apTThIPy  apKbUIBl  TaHBIMJIBIK
MPOIECTEPTe BIKNAI ETETIH OWBIH TOCUIACPiHIH
JKUBIHTBIFBD) [9].

Masenuc A.JL

JleBun Jlx.

«[eiimudukarms — OiniM Gepy MeH TopOueneyae
JKacaH/Ibl THTEJUICKT IeH OMBIH 9IicTepiH OipiKTipy
apKbUIBI  OKBITYABIH THIMIUITIH apTThIPAThIH
onictemenik xyie» [10].

Giindiiz A\Y.
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1-xecTeze kopceTireneH, reiiMuduKanust yrpIMbIHa OepiireH aHbIKTamMaiap
Oys GeHoMeHHIH opTYpJl canajapjaa — ocipece, MOTHBALUSIHBI apTTHIPY,
OeJICeHIIIIK KaJBINTACTBIPY JKOHE OKY YAEpiCiH KaHAaHIbIpy OarbITBIHIA
KOJIZIAHBIIATBIHBIH KopceTeni. TepMUHHIH FBUIBIMU aliHaJIbIMFa eHyi OipHere
TapUXH Ke3eHIEPMEH CHITATTaNIaIbl.

lelimuduxanus anram per 1980-xpurnapsl P. baptinapie enOexTepinie
KapacThIPBLIBII, 0JI OHbI OWBIHHAH THIC KBI3METKE OMBIH/IBIK CUIIAT Oepy peTiHjie
cunartaabl. Keitin 2003 xputel H. [lennuHr yreiMFa 3aMaHayy cunarraMa oepir,
OHBI HaKThl MIHJETTEP/II LICHIyre OarbITTaFaH ONBbIH MEXaHU3MJIEPIH KOJJIaHy
yzepici perinne anbikTagsl. 2005-2009 sxpuraapsl Oyt Tacin barbic ennepinie
MapKEeTHHT IT€H CaHJIbIK OHIM/IEp/Ie TYTHIHYIIBIHBI TAPTY KYpaJibl pETiH/Ie KeHIHEH
KOJIlaHblIa OacTabl.

VYakbIT oTe Keie redimuduxanus Ou1imM Oepy KyleciHe Je eHrisimirm,
OKBITY/IBIH THIMJII 9/IicTepiHiH OipiHe aitHan el O Tek OimimMi OakblUIayFa FaHa
eMec, OKYIIbUIApbIH CHIHM OMJIaybIH, IIBIFAPMAIIbUIBIK KAOUIETIH JaMbITyFa
YKoHe OeJICeH/Il OKY OPTAChIH KaJIBINTACThIpYFa MYMKiH/IK Oepeni. [Ix. JleBuHHIH
iC-9pEKeT TEOPHSCHI TYPFBICHIHAH, OMBIH JIEMEHTTEP] OKYyLIbUIAP/BI OeNCceH I
OpeKeTKe UTepMeEIIeH OTBIPBITI, OJIAp/IBIH IIEIIiM KaObL1ay, ©3apa bIHTHIMaKTaCThIK
JKOHE ©31H-031 Oarasay KaOuIeTTepiH AaMbITabl [2, 9].

Matepuangap MeH dicrepi

3epTTey XKYMBICHl OpTa OyBIHIAFbl, HAKTHIPAK AWTKaHJa 7-CBIHBII
OKYILIBUIAPBIHBIH KATBICYBIMEH XKYPri3ii. DKCIIEPUMEHTTIK 3epTTey OapbhIChIH/Ia
reiiMuUKaIys 3JIEMEHTTEP] CHII3UINeH cadaKTap CepHsiChbl OTKI3UIl. 3epTTey
YKYMBICBIHBIH MaKcaTbIHA COUKEC, KeJIeCl OKBITY 9/IicTepi KOJIIaHbUI/IbL:

— bamn xuHay kyleci — OKyIIbLIAp/AbIH O€JCEeHAUIIriH Oaranay jKoHe
MOTHUBALMSCHIH apTTHIPY YIIIiH;

— «Du3MKa FaKaWBIITapb» aTThl aBTOPJIBIK YCTEJ OMBIHBI — (PM3HMKAJIBIK
YFBIMJIAp MEH 3aHap/bl MEHI€PYl JKCHUIETY ’KOHE KbI3BIFYIIBUIBIKTBI OSITY
MaKcaTbIH/Ia;

— OHJaiiH BUKTOpUHAJAp — JKees Kepl OailylaHbIc OpHATY JKoHE OuTiMIi
TEKCepy YIIiH;

— OKyuIbIIapsl JeHreire 0oy KoHe MaparaTtay — capajial OKbITY JKoHe
JKETICTIKKE BIHTAJAHABIPY MaKCaThIH/Ia;

— TonTsIK kapbeicTap MEH KBeCcT (opMaThIHAAFBI TalcelpMaliap —
BIHTBIMAKTACTBIKTBI aPTTHIPY )KOHE CHIHHM OWJIAy bl IAMbITY YIIiH.

3eprTey OapbIChIHAA OKY JKETICTIKTEPIH CaJbICTHIPY YIIiH Oakbliay jKoHE
9KCIIEPUMEHT TONTapbl KYPhUILIbl. DKCIIEPUMEHTKE JIEHiH aHe KeHiH *KypriziireH
cayallHama, JTMarHOCTHKAJIBIK TECTTEp KOHE MYFallIMJIIK OaKbliay HOTHXKeIepi
HeTi31H/Ie OKYIIbUIap/IbIH ITOHTE JIETE€H KbI3BIFYIBUIBIK JICHI €1 MEH YIrepiMiHeri
e3repicTep aHBIKTAJIIBL.
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Ocipece, «Pu3mKa raxxalbIITapbl» ycTels OMbIHbI (1-cypeT) OKyIIbLIapabiH
TIOHT'€ JIETeH KbI3bIFYLIBUTBIFBIH apTTHIPY A KaHe 01J1iM Ma3MYHBIH OHBIH apKBLIBI
MEHrepyJe THIMI Kypall peTiH/ie KOPiH/l.

B ME
= |asj47]

Ovlzv{ﬁihﬁgwrav MeXanukanei e
Typans. Fbw}lM Ko3Fansic

- o

: .
o

Kickim Kymbic. Kyar.  Fapbiw aneep

& Suaptun b« 57]

°)
I-cypet — «®u3nka FaalbIITapbD YCTEN OUBIHEL:
a) OMBIH TAaKTaChl; 9) OOHYC KapTalapbl

OWNBIHHBIH KYPBUIBIMBI KapanaiibiM OOJFaHBIMEH, Ma3MYHBI KbI3BIKTHI
JKOHE OpTYPJIi ACHTeHIeri TanceipMagapMer OalbITeuFad. OWblHFa 2-1eH §-Te
JeHiHTi OKyIIBl KaThica anaasl. OWBIH OaphICHIHAA 2 JaHA OWBIH Tackl (KyOHK)
nangaIaHbUIa b,

OfipIH epeskeci OoibIHIIA, 9pOip OMBIHIIEI KYOHUK JTAKTHIPY apKbUTBI TYCKEH
yIaii caHbIHA COMKeC TaKTa OOHBIMEH KO3FaJla Ibl. Op YAIIBIKKA )KETKEH IS, OKYIITHI
THICTI cypakka jkayam 6epyre Tuic. Jlypbic xayam OepreH jkaraaiiia OHBIHIIIEI
aIFa SKBUDKHIBI JKOHE JKYJIIBI3IIA TYPIHICTI )KETOH alafbl; KaTe )Kayan OoIFaH
Karmaiina — Oip Hemece OipHeme Kamam apTka merineni. JKayanrap gaysicTamn
Oepimeri, a JKayanThIH AYPBICTHIFE Oipre TeKCepiitei.

OfibIH 7-CHIHBINTHIH (PU3WKA TTOHIHIH Ma3MYHBIHA HETi3/IereH 6 Ke3eHHEH
Typansl. Op keseHae 30 cypakran, 6apneirsl 180 cypak KapacTHIPBIIFaH.
Cypaxrap pu3uKaIbIK aHBIKTAMaTapra, GopMyIajgapra, TAHBIMAI FaIbIMAAPIbIH
eHOeKTepiHe, ecenTepre XoHe JOTHKAIBIK TalChlpMalapra Heri3gemnimn
KYPacTBIPBUIFaH.

OifprH OapbpICBIHIA KOCBIMIIA MOTHBANUSAIBIK SIEMEHTTEp PETiHAE
apHaWBl Kapranap (CHIHIBIKTAap, OENrici3 CaHABIKTap, OPBIH ayBICTHIPY
MYMKIHJIT1) KOJIaHbUIa a6l Byt aneMeHTTep OlfbIHFa O9CeKeNecTiK cumat oepi,
KaTBICYIIBIIAPIbIH KbI3bIFYIIBIIBIFBIH aPTTHIPAIBI.

HoTu:xenep xoHe TAIKbLIAY

3eprrey HOTIKEnepi «Pu3MKa FaKaWbIITApPBl» YCTEN OMBIHBI apKBUIBI
JKY3€ere achIphUIFaH redMupUKanms oMiCiHIH OKyIIBUIApABIH (DU3MKa TOHIHE
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JICTCH KBI3BIFYIIBUIBIFBIH AP TTHIPFAHBIH )KOHE OKY MaTECPUAIIBIH MEHIEPY CallachlH
JKAKCapTKaHBIH KepceTeni. OUbIH 3JICMEHTTEPIH KOJIJaHy OKYIIBUIAP/IbIH )KEKEe
JKCTICTIKTEpiH Oaraiay, e3apa bIHTHIMAKTACTBIK OPHATY, KaTelepIcH cabak aiy
JKOHE TaHBIMIIBIK OCJICCH/IUTITIH AMBITY CHUSKTHI JIaFIbLIaPIbIH KaJIbIITACYbIHA
BIKIIAJ CTTI.

DKCNEepUMEHTTIK ToNTa reiMuuKanus dJiCiH €HIi3y HOTHXKECiHJe
OKYIIBUTAP/IBIH MOHTEC JETCH KBI3BIFYIIBUIBIFBI MCH YJTEPiM KOpCETKImTepi
afTapIbIKTal JKaKcap.Ibl. DKCIIEPUMEHTKE JCHIHTI KOHE KCHIHT1 JePEKTePHiH
CaJIBICTBIPMAJIbl TANJIAYbl 2 MCH 3-CypeTTeple KepceTUIreH. ATtan aiTKaHzaa,
(u3nKa cabarblH «OTE KBI3BIKTBD» JICN OarajaraH OKYIIbUIAp CaHbl 8-1eH 20-Fa
JICHIH apTKaH, aJl KMYJLIEM KBI3bIKCBI3» JICTI JKayarl Oeprenep cansl 10-HaH 2-re
JICHiH KbICKapFaH.

Ixcmepumentke aeiiin (%) @ Dxcnepumentren Keiiin (%)
100 " %
84
80 7 76
60 56
40 36
2 20
0
1 2 3 4

2-cypeT — DKCIIEPUMEHT TOOBIHBIH KbI3bIFYIIBUIBIFBI OOMBIHINA HOTHKE!
1) ®usuka cabarbl KbI3bIKTHL; 2) Cabakka OCICCH T KaThICAIbI,
3) Kocwimina i3neneni; 4) I'eliMudukanust KbI3bIFYIIBUIBIKTBI
apTTHIPaJIbI IeN CAHAWTBIH OKYIIbIIAP

Cabakka OeyiceHJI KaThICy, KOCBIMIIA i3J€HIC XYpri3y JKoHE
reiiMu(UKANUSHBIH THIMIUTITIHE OH KO3Kapac TaHBITKAH OKYIIBLIAp YJIeci Je
aitapibIKTail eckeH (2-cyper). OKy JKeTiCTiri TYPFBICBIHAH TEOPHSUIBIK CYpaKTapra
JYpbIC JKayar OepreH, ecenTepii HaKThl OPBIHAAFaH JKOHE TECT HOTHIKEIepi
JKaKcapraH OKyIIbUIap Yileci apTKaHbl OaiKabl 3-cyper).
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DKcHepHMeHTKe Nefiin (%) @ DxcmepEMenTTeH Keiiin (%)

100

84 84 88

1 2 3
3-cypeT — DKCIIepUMEHT TOOBIHBIH YiIrepimi OOMBIHIIA HOTHIKE:

1) opramra Tect HaTHXKECI; 2) ecenTep/i AyphIC OpBIHIAaFaH OKYIIbLIap;
3) TeopHSUIBIK CypaKTapra AYPBIC JKayar OepreH OKyIIbLIap

bakputay TOOBIHBIH KepceTKimTepi, KepiciHiie, alTapibIKTail e3repicke
YIIBIpaFaH >KOK. ByJ1 TONTHIH KepceTkimTepi 4 1eH S-CypeTTep/ie YChIHBUIFaH.

JKcnepuMeHTKe Aeiiin (%) @ DxcnepHMeHTTeH Keiiin (%)

80

60

72
60
52 55
45
40
40 36
28

20

0

1 2 3 4

4-cypet — BakpuIayIIbl TONTHIH KbI3BIFYIIBUIBIFBI OOHBIHIIA HOTHKE:
1) ®usnka cabarsl KeI3BIKTHL; 2) Cabakka OeCeH T KaThICA b,
3) Koceivmma i3geneni; 4) Iefimudukanys KeI3bIFYIIBUTBIKTE
apTTHIPAJIbI JICH CAHAWTHIH OKYIIbLIAP
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DKcIoepHMeHTKe Jeiiin (%) @ DxcnepHMeHTTeH Keifin (%)

80 80
80

60 56

40

32

20

1 2 3

5-cypet — bakpuraynisl TONTHIH yarepiMi OOMBIHINIA HOTHKE:
1) opTamra TecT HOTHXKeci; 2) eCenTepi TyphIC OPBIHAaFaH OKYIIIBLIAD;
3) TeOpHUSITBIK CypaKTapFra IYyphIC Kayar OepreH OKyIIblIIap

JKuHakTanraH 3epTTey HOTHXKeNepi redMupuKanus 9MiciH KOIJaHy
OKYIIBUTAPIBIH OKY MOTHBAIMACHIH apTTHIPHIT KaHa KOWMai, OJapIblH OKY
yarepiMi MEH MOH/IK KY3BIPETTUTIKTEPIiH JaMBITYFa bIKIAJ €TeTiHIH TOJIeISHII.

KopbITbIHABI

3epTTey HOTHIKEIEpi KOPCETKEHIeH, OHBIH TEXHOJOTHAIAPBIH OKY
MPOIIeCiHe eHTI3y OKYIIBUIApABI ©3 OeTiMeH OimiM amyFa YHpeTyIiH THiMIi
JKOJTapBIHBIH Oipi Oomem TaObuTamel. MyHIall cabakTapra MaWBIHIBIK YaKbIT
MeH KYIITi Tajam eTKeHIMEH, OHBIH HOTHMIKECI OKYIIBUIaApIBIH TaHBIMIBIK,
IIBIFAPMAIITBUTBIK JKOHE TYIIFAIBIK JaMybIHA 30p BIKMAT eTei. ATam alTKaH/a,
OKBITy/Ia TeMMHU(DUKAUAHBI KOJIaHy TCOPHUSIIBIK Oiay KaOileTiH AaMbITHIM,
aKMapaTTHIK KOHE KOMMYHUKATHUBTIK KY3BIPETTINIKTEPAl KaIBIITaCTHIPYFa
MYMKIiHIiK 6epeni. By — ka3ipri 3aMaHHBIH OiniM Oepy TajanTapblHa TONBIKTAH
caif KeleTiH HOTIKENep.

YKanmer anranza, OMBIH JIEMEHTTEPl OKY YACPICiHIH MOTHBAIIUSIIBIK KOHE
TaHBIMJBIK OCJICCHAUTITIH apTTHIPATHIH KyaTThI Kypall peTiHze epekeneHeni. Omap
OKYIIBUTIAP/IBIH IIOHTE JIETeH KBI3BIFYIIIBUIBIFBIH apTTHIPHIT KaHa KoMai, Oimimi
OMIpIIiK JKaFnaimapaa KOMIaHyFa, TOMICH KYMBIC ICTEyTe, MIBIFapMAaIIbIIbIK
mrenriMep Kadbiiiayra koHe aepoec oimayra BIHTaTaHIBIPaIbL.

lefimudukanus oficiHIH THIMAITITI TOXKIPpUOETIK TYpAE AQICIICHIM,
OKYIIBUIAPABIH YATEpiMi MeH cabakKa JeTeH KaThICy OCIICCHIUTIT alTapIbIKTai
apTKaHbI Oaifkanmel. By Tocin acipece Gpu3mKa CHSAKTH a0CTPAKTINTI YFBIMIAPIBI
TYCIHAIPY/Ie KOTANITBI 9iCTEMEIIiK IIETITiM OOJIBIT Ta0BUTAIBL. 3epTTey OapBICHIHIA
93ipJIeHTEH aBTOPIIBIK OKY OHBIHBI — « DU3HKA FAKAUBIITAPED) — TeUMHU(PUKAIISIHBI
ITOH Ma3MYHBIHA HKEMJICTI SHTI3YiH THIMII YATICI peTiH/e KapacThIPhUTIBL.
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Anparel yakpITTa TeiMU(UKANNS 3JIEMEHTTEPIH 03re KapaTbUIbICTaHy
TIOHJIEPiHJIe, COHBIH ILIIHAE XUMHUSI, OMOJIOT s XKoHE MaTeMaTHKa cabaKTapbIHaa
Oeifimpen KolJaHy MYMKIHAIKTEpi KapacTblpbliybl THic. COHBIMEH
Karap, MyraJiMJep YIIiH 9/iCTeMeliK Kypaujuap a3ipiey, HUGPIIbIK OHbIH
rtatopMaliapblH 1aMBITY JKoHE reiiMH(UKaUsHbBl HHKIIO3UBTI OiiimM Oepy
KaraiibiHa OeiiMiey Jie MaHbI3/Ibl 3epTTeY OarbITTaphbl KaTapblHaa O0JyFa THiC.
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METOJOJOTMYECKUE OCHOBbBI U MIPAKTUYECKUE
MOJAXOAbI K MPUMEHEHUIO TENMU®UKALIUUA

270

HA YPOKAX ®U3UKH

B oOannoii cmamve paccmampusaemcsi 3HAUUMOCMb NPUMEHEHUS.
eetmuurayuu 6 00yueHUU QuIUKe YUAWUXCS  CPEeOHe20  36eHd.
Onucwigaiomess meopemuueckue U NPaKmuieckue OCHOBbL GHEOPEHUs
USPOBLIX DNIEMEHMO8 6 0OPA306AMENbHBIL NPOYECC C YElbl0 NOGLIUCHUS
uHmepeca K npeomeny u VIyuuleHus Y4eOHbIX OOCIMUICCHUL 6 YCIOGUAX
COBpeMeHHOU  cucmembl  00pazosanusi.  Aemopvl,  0OOCHOBHIBAS
MOMUBAYUOHHOE, OUOAKMUYECKOe U  GOCHUMAMENbHOEe B030elicmeue
ceUMUPUKAYUL  HAYYHLIMU — OGHHBIMY, — OCNAMCS  Pe3yibmamamii,
NONYYEHHVIMU HA OCHOBE COOCMBEHHO20 onbima. B pamxax ucciedosanus
cpedu yuawuxcs 7-x Kiacco Gulia NPUMEHEHA aGMOPCKAsl HACMONbHASL
uepa «Qusuka eaxcarbinmapoly u opyeue ucpogvie QopMul, GIUAHUEC
KOMOpbIX Ha Yuebuwlli npoyecc 6vlio npoananuzuposaro. Cpaenenue
nokazamenetl 00 U nOcie IKCREPUMEHMA NOOMBEPOULO NOTONCUMETLHOE
GNUSHUE 2CUMUPUKAYUU HA YUeOHYIO MOMUBAYUIO U YCNE8aeMOChb. bbino
OmMeueHo, umo O1a200aps USPOBLIM AIEMEHMAM Y YHAUUXCA PA3GUBAIONCS]
KPUMUYECKoe MblULIEeHUE, MEOPUECKUEe CHOCOOHOCIU U YMeHUe pabomams
6 KOMaHOe, a UHmepec K PeomMemy 3HAUUMenbHo 603Pacmaen.

B cmamve npednodicenvl nymu ynpowjenus yCeOeHus 3HAHUI,
DOPMUPOBAHUSL HABLIKOG CAMOCMOSIMENbHOU pPAbOmMbl U NOGLIUCHUS]
Kawecmea — 00yueHUs NOCPeICmEOM — NPUMEHEHUs  UHCIMPYMEHMO8
eeumupurxayuu. Taxoice Oanbl Memoouueckue peKoMeHOayuu O
yuumeneil u noKazamvl IPhekmusHvle Cnocodwl UHMePayuUu UsPOGbixX
MEmooo8 8 Cmpykmypy ypoxa. Omo ucciedosanue 0oKazvleaen
BHAYUMOCTND  GHEOPEHUs. UHHOBAYUOHHBIX NOOX0008 8 NpPenodasaHue
Gusuku. E2o pesynsmamsi nokazeléarom, 4mo 2euMupuKayus 6axicHa He
MONLKO 0711 (YOPMUPOBAHUSL NPEOMEMHbIX 3HAHUL, HO U OIS PA36UMUSL
JUYHOCMHBIX U COYUANbHBIX  Komnemenyutl  yuauuxcs. OcobenHo
3aMemHa  PONb  USPOBIX MemOd08 6 NOGBIUEHUL AKIMUBHOCIU U
3AUHMEPECOBAHHOCU UWKOTLHUKOE 8 YUeOHOM npoyecce.

METHODOLOGICAL FOUNDATIONS
AND PRACTICAL APPROACHES TO THE USE
OF GAMIFICATION IN PHYSICS LESSONS

This article explores the importance of using gamification in teaching
physics to middle school students. It outlines the theoretical and practical
foundations for integrating game elements into the educational process to
increase student interest in the subject and improve academic achievement
within the modern education system. The authors provide evidence-based
insights into the motivational, didactic, and developmental impact of
gamification, sharing results drawn from their own teaching practice. As
part of the research, the authors implemented a custom-designed board game
called «Physics Wonders» along with other types of educational games for
Year 7 students, analysing their effect on the learning process. A comparison
of pre- and post-experimental data confirmed the positive influence of
gamification on student motivation and academic performance. The findings
also indicate that game elements foster critical thinking, creativity, and
collaboration skills, while significantly enhancing interest in physics.

The article proposes strategies for simplifying knowledge acquisition,
developing independent learning skills, and improving teaching quality
through gamification tools. Methodological recommendations for teachers
are provided, along with practical suggestions for integrating game-based
methods into lesson structures. This study demonstrates the importance
of incorporating innovative approaches into physics education. The
results show that gamification is essential not only for developing subject-
specific knowledge, but also for enhancing students’ personal and social
competencies. Notably, game-based methods play a key role in increasing
students’ engagement and enthusiasm in the learning process.

Keywords: gamification, physics, motivation, game, academic
achievement, methodology, competence.
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11-CbIHbIINTA TOJIKbIHAbIK ONTTUKA
BOWbIHLIA TPAHCIMAHAIK MUHN-)XOBAJIAPAbI
YUbIMOACTbIPYbIH 84ICTEMEIIK EPEKLUENIKTEPI

Maxkana 11-cotneinma moagblHObIK ONMUKA OOUBIHULA MPAHCNIHOIK
MUHU-2ICODANApObl  YUbIMOACMbIPYObIH 0ICMEMeNIK epeKuenikmepine
apnanzan. 3epmmeyoiy ©3eKminiel Hcoapvl CbIHbIN OKYULbLIADbIHbIY
O0OUbIHOA  NAHAPANLIK — OULAYObL,  3epmmeyuliniKk — 0a2obliapbl  MeH
Kypoeni @u3ukanely Kyooliblcmaposl OKbin Oilyee 0e2eH bIHMACbIH
KAIInmacmulpyea 0e2et Kajicemminikner atkblHOaiaobl.

3epmmeyoiy  maxcamor — 11-coinblnma MoOIAKbIHOIK ONMUKA
mapayvii oKblmyoa MpaHcnaHOIK Myblpobl KOLOAHYObIH 20iCmeMeiniK
epeKuienikmepin - anvlkmay, maioay. 3epmmey MaKcamvlha CaUKeC
Keneci Minoemmep KOUbLIObl: 1) mpancnanoik OKblmy MeH JHCOOATbIK
ic-apekemKe KamvlCmbl MeOpUsiblk maceneiepoi zepmmey;, 2) opma
mexkmenme usuxanvl oxvimyoa STEM snemenmmepi pemindeci PBL-
0i Konoany muicandapvina manoay sxcacay;, 3) « TonkbinOblK onmukay
mapayvli  oKbimyoa  Qu3UKaHvly 6acKka naHoepmer  Oipikmipemin
MUHU-DIC0DANapObll  KYpulibiMbll dcacay; 4) 6azanay kpumepuiinepi
MeH pecypcmapOobl manoayobl KOca ai2anod, My2animoepee ApHAleaH
a0icmemenik YColHblCmapovl a3ipiey.

Maxkanaoa meopusinvlk 20icmep, OHbIH IWIHOE bLILIMU-20ICIEMENIK
a0ebuemmepee  manoay  cacay, Nedazo2UKAIblK  madicipubenepoi
CanbiCmulpmManvl  mypoe manoay, MUHU-JHco0aniapobiy — KYpbliblMblH
modenvoey.  CoHvimen — Kamap, — MUHU-JICOOANAPLIY — KYPbLILLMOBIK
MOOenbOepit, onapobl  YUbIMOACMbIPYOLIY — ANCOPUMMIH, NIHAPATBIK
Oi1iMOepOiy  UHMEZPAYUSCLIHBIY — HYCKANAPbIH — JCIHE  JICAPLIKNIbIH
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uUHmMepppepeHyuscol, OUPPAKYUACHL MeH NONAPUSAYUICHIH OKbIN Oilyee
OagbIMman2an mancelpManiapObly MolCaIOapblt d3ipieyee KO 6OiHeH.
3epmmey  momuodicecinOe — MPAHCNIHOIK — MUHU-MICOOANAPOLIH
YUbLIMOACMbIPYObIY — MOOE, MPAHCNIHOIK Mancelpmanapovly
MbILCANOapul, 20ICMeMeNiK YCbIHbICIAP HCACANbIHObL.
Kinmmi ce30ep: usuxa, moaxblHObIK onmuxa, unmep@epenyusi,
oughparyus, mpancnaodik myelp, NoHAPAIbIK OAULAHbIC.

Kipicne

COHFBI OHXBULIBIKTa OKyIIbIIapAbl XXI FaChIpABIH KYpJIeii, KO KbIPJIbI
MOCEIICNIePIH MIeNTyTe NaiiblHIayFa JICTCH KAKCTTUTIKTIH 00IybIHA OalIaHBICTHI
6iiM Gepyeri TpaHCTISH/IIK TYFBIP/IBIH MaHBI3ABUIBIFBI apTa TYCTI. 3epTTeyiiepre
ColiKeC, TPAHCIOHIIIK OPTYPJIi cajanapaarbl OUTIMICPIIH WHTETPaIUsIChIHA
BIKITAJI €Te/li, CBIHYU OWJIay/Ibl, MaCEIIeNepre JAereH HIbIFapMallbUIbIK KO3KapacThl
nambITasl [1]. FeUIbIMU-o1icTeMENiK 91e0MeTTe TPAHCIIOH/IIK JKo0aIap opTypii
TIOHJIEP/IiH OKY Ma3MYHBIH, 9/1icTepl MeH TaxipuOenepin OipikTipyre MyMKIiHJIIK
OepeTiH Kypaji peTiHIe KapacThIpbuiaabl. bysr €3 ke3eriHue jkaHa opi MaHbBI3bI
JKOFapBI OKY 1C-OpPEKETTEPIHIH TYPJICPiH KaIbINTaCThIpaab! [2]. Ocipece, Gpusuka,
TEXHOJIOTHS1, TH)KEHEPHsI MCH MaTeMaTHKaHbIH O1pIKKEeH OKY yK00aapbIH jkacayra
oarpiTTasiFaH STEM-0KBITY asiChIHIa TPAHCIOHAIK TYFBIPJBI KOJIAHYIBIH
6onamars! 30p [3]. STEM opraceinya sxobara 6arsiTTanran okeity (PBL) 6inim
aIyIIbIIapFa OuUTiMITL OipIKTIpyTe, KOMaH/1a/1a )KYMBIC ICTEYTe XKOHE OHBI IIIbIHANBI
MOceleNep e KoJianyFa MyMKIiH/TIK Oepei.

BiiM anmynibLiap sy O0HBIH/A 3ePTTCYILTIK, IIBFAPMAIIBLUIBIK JAFAbUIAP/IbI,
©31HJIK CEHIMJIUIITIH kKoHe KociOM HmIeOepiliriH apTThIpyFa MYMKIHJITT ONTHKA
MeH ()OTOHUKAHBI OKBITY KOHTCKCTIH/IC KOOANIBIK OKBITYBI CHTI3Y IiH TaOBICTHI
MBICaIapbl 0oJbIn TaObuTanbl [4; 5]. FeulbIMU-omicTEMENIK 3epTTEYIepac
3eprreynep/e GU3MKaHbl OKBITYAAFbI )K00AIIBIK OKBITY/IBIH POJIi JIe epeKIle aTarl
OTiJIell, COHBIH IMIIHE, XKOOaIBIK OKBITY/Ia MYFalliMIE€p MEH OKYIIBUIAPIbIH
iC-9peKeTi IacTypiii cabaKTapIarhl iC-OpeKEeTTePIiH TyOCT eIl epeKINeIICHE T, SFHU
penep, e3apa dpekeTTecy (hopMaapsl xKOHE KayarKepIIiIiKkTi 06y e3repeni [6].
CoHBIMCH KaTap, opTa MeKTenTe (Gu3nuKaHbl OKbITya PBL Trimi oftic eKeHIir,
SIFHU OHBIH KOJIJTAHBUTYBI OKYIITBUTAP IBIH BIHTACHI MCH OCJICCH/IUTITIH apTTHIPYFa,
HETI3r1 FBUIBIMH TYCIHIKTEP/I TEPEH TYCIHYIHE BIKIAJ €Tyi TPAHCIIOHIIK OKBITY/IbIH
MaHBI3bIIBIFBIH Joneaehmi [7].

Kasakcranga STEM 6inim Oepyii JaMBITY Moceeci MEMJICKETTIK ICHreitne
KbI3y TAJIKbUIAHY/Ia, SFHU HETI3T1 epekkesaepine [8] cyiienerin Ooncak, STEM
IoCTypii OuriM Oepyjaeri OBITBIPAaHKBUIBIKTBI KCHYTE, MOHAPAJBIK OimiMIi
0aiiJIaHBICTBIPYFa KOHE OKYIIBLUIAP/IBIH MIBIFAPMAIIBLIIBIK OMIAYBIH JaMBITYFa
KeMeKkTecesi. JlereHMeH, OH ToXiprOe MEH TEOpPHSUIBIK Heri3/IeMere KapamacTaH,
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LIETEIJIIK )KOHE Ka3aKCTaH IbIK MeKTer OimiMinie « TOIKBIHBIK ONTHKA» TapayblH
OKBITY/1a MUHH-KOOAIAp/IbI (SIFHU, IAFBIH, KBICKA MEP3IM/Ii K00aap) Kypri3yiaiH
anicremernepi KETKUTIKTI Typ/e a3ipieHOereH xaHe xyiiereHOereHirin oaikayra
6omnapl. byt Oenrisi 6ip KMBIHABIK TYFbI3a/1bl, ce0e01 TOIKBIH/IBIK OIITHKA KYPJIedi,
Oipak eTe KOpHEKI opi IPaKTHKara OarbITTalFaH, 0acKa oHCPMEH HHTET PALUsCH
TaOBICTHI 001aThIH (PU3MKaHbBIH Oip Oe:iMi OOJIBIT TaObLIABI.

ToONKBIHABIK ONTHKA OOMBIHIIA MUHHU-KOOAJIAP/IBI JKYPri3y 9JIiCTEMECIH
a3ipieyie TPAHCIIOH/IK TYFBIP OKYIIbUIAP/bIH OOWBIH/AA jKOcHapiay, Oakbliay
JKOHE 03 ic-opekeTiHe pedieKkcus Kacay CHSKThI METAaTaHBIMJIBIK JaFIbLIaP Ibl
KaJIBINITACTBIPYFa, JaMbITyFa, COHbIMEH KaTtap, (hu3nKaHbl 0acka MoHAEpPMEH
WHTETpalMsiiay apKblUIbl HHKEHEPIIK XKOHE KOCIIKEPIiK KY3bIPETTIIIKTepIi
KanbinTacTeipyFa [9; 10] bIKIam eTeTiHAIrH AOICICACHTIH COHFBI KbUTIApIaFbl
3epTTeysiep/iH MaHbI3bl 30p. OchIHAAN Tociiep OKyLIbUIAp MHXXEHEPIIIK JKoHEe
SKOHOMUKAJIBIK aCIEKTLIep/i Koca anfaHja, MoHapalblK eCenTep/i ey
YLIH TOJKBIHIBIK ONTHKA KATBICTBI OUTIMAEP/l KOJJaHAThIH, COHBIMEH Kartap,
MaTeMaTuka MEH TEXHOJIOTMSHBIH WHTErpalusChl KY3ere achpblIaThlH MUHH-
»obaap/Ipl Jkacayra MYMKIH/IK Oeperi.

Y CBIHBUIBINT OTBIPFAH 3€PTTEYiH MakcaTbl — |1-CBHIHBINTA TOJIKBIHJIBIK
OIITHKA OOMBIHIIA TTIOHAPAIIBIK OWJIay Ibl, OKYILIBUIAP/IbIH 3epTTEy OCNICEHAUTIrH
JKOHE BIHTACBIH apTThIpyFa OarbITTaJIFaH TPAHCISHJIK MHHHU-)XK00ajaapabl
YHBIMIACTBIPY/IBIH 9ICTEMENIK epPeKIIeTIKTEepiH alKbIHAAY, Tajlay.

Koiiblnran 3epTTey MakcaTbhlH OalyIaHBICTBI Kejeci 3epTTey
MIHACTTEPI KOHBUIIBL:

— TPAHCHOHJIK OKBITY MEH YKOOaJBIK 1C-9pEKETKEe KAThICThI TEOPUSUIIBIK
MaceJesepii 3epTrey;

—opra MekrenTe Gpusukansl okpiTy1a STEM anementrepi peringeri PBL-ni
KOJIZIaHy MbICajlJlapblHa TaJljiay Jkacay;

— «TONKBIHABIK ONTHKA» TapayblH OKbITYAa (PU3MKaHBIH 0acKa IoHIepMEH
OipiKTipeTiH MUHH-)KO0aIapAbIH KYPBUIBIMBIH Kacay;

— Oarayay KpUTEpHHJIepl MEH pecypcTap/bl TaHAayAbl Koca alFaHna,
MyFaiMJIepre apHAIFaH dICTEMEITIK YCBIHBICTAP/IbI d3ipIiey.

3epTTey 00IKaMBbI: TOJIKBIHJIBIK ONITHKA OOMBIHIIA 931pPJICHI'€H TPAHCIIOHIIK
MHUHH-)K00aJ1ap MMoHapajIbIK OHJIay ibl, 3epTTEYIIUIK OJICEHAUTIKTI JKoHe OltiM
TyIIbUIApIbIH (PU3UKAHBI OKBIN-O1Tyre JIereH BIHTAChIH apTTHIPYIbIH THIMII
KYpaJIbl PETIHJEC KapacThIPbUIAIbI.

OKBITYIarbl TPAHCIISH/IIK TYFBIP OipbIHFall OKy HEMece 3epTTey MiHJIETiH
LIENly YIIiH SpPTYpJIi NOHAEPIiH OlniMaepi MeH d/icTepiH OIpiKTipyl Ke3aenai,
acipece KOFaphl CHIHBINTA OCHI TYFBIP/IBI « TOJIKBIHIBIK ONTHKa» 06TIMIH OKBITY/1a
KoJiiany THiMIi. Mblcaibl, HHTeppepeHus, AM(PaKLUs, MOIIPU3aLUs CeKIIII
(u3nKanbIK KYOBIIBICTApbl Oacka FHUIBIMJAP MEH TEXHOJIOTHsIAp apKbLIbI
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KapacThIpy, TYCIHAIPY. 3epTTey1iH HET13r1 HesIChI — IISHAPAIIBIK MUHH-K00AJ1ap/Ibl
KoJIJaHy OuliM anyiubuiapbiH OoibIiHIa Oip yakbITTa 3epTTey AaF/AbUIapblH,
TIOHAPAJIBIK OMJIAY/IbI J)KOHE MaceeNep/l IIeNyre HIbFapMallbuIbIK TYPFbIIaH
Kapay/Jibl IaMBITyFa MYMKIHIIK Oepy.

Munu-)00a OKy ic-9peKeTiHIH (opMaThl PeTiHJe BIKIIaMIbUIBIFBIMEH,
OpBIHJIANTY YaKBITBIHBIH HIekTeyiairiven (1-3 cabak Hemece 1-2 amra) »oHe
MYFaJIiM TaparblHaH 0aCKapbUIbIIT OTHIPYbIMEH cunaTTaina bl. OHbIH KYPBbUIBIMBIHA
3epTTEY MOCEJECiH KO, TOM INIHae peiaepai 06y, IKCIePUMEHT XKYPrizy
HeMece MOJICIb/ICY, JIEPEKTEeP/Ii OHIeY, HOTIIKENEPAl YChIHY KoHE pediiekcus
kipeni. JKymbIcTbIH ochIHAaN (hopMaThl OLTIM amymbuIap/b! OeJICeH 1l KaThICyFa,
JiepOecTiK MeH TONTa KYMBIC yKacail Olly JaF/IbUIapblH JaMbITYFa bIKIAJ eTei.

3epTTey aschIHAA KYMbIC KE3€HJEpiH, AaWbIHIBIK aJrOpUTMIEPiH,
TaKbIPBINTHl TaHAAY KPUTEpHUIIEpiH XoHe (QU3MKaHBl O0acka MoHAEPMEH
MHTErpanusiiay MyMKIHIIKTEPiH aHBIKTaUTBIH TPAHCIIOHIIK MUHH-K00a Moieli
93ipJIeH 11 )KSHE OJIap/IbIH MbICAJIaphl )KYHEJICH .

OlicTeMeITiK YChIHBICTApFa OLTIM aTyIIbLIap IbIH XKYMBICHIH YHBIMIACTHIPY
IIrOpUTMIEPi, TU(PIIBIK Kypaiaap, OaraapiaMalibiK miatdopManapiasl KoJaaHy,
COH/Iali-aK, FBUIBIMUIIBIK, IIBIFAPMAIIBUIBIK, TOHAPAJIBIK, 3ePTTEYIILTIK CeKiII1
OesceHninik Oaranay KpuTepuiiiepi Kipeui.

3epTTeyiH HeTi3ri HOTHKeJIepi TOJIKBIH/IBIK ONITHKA OOMBIHINA TPAHCIIOHIIK
MHUHH-K00aj1ap O11iM airybuIap/bIH OOMbIH/A TISHAPAIIBIK OMJIAY /bl IAMBITYFa,
oJap/bIH (pU3MKaHBI OKYFa JIETeH BIHTACBIH apTTHIPYFa, 3ePTTEY KIHE HKOOATBIK
JaFrabUIapbl IaMbITYFa MYMKIHAIK OepeTiHJiriH kepcereni. Munu-xobanap
MPAKTUKAIBIK 1C-9peKeTTep/i, (PU3UKAIBIK KYOBUIBICTAp/ bl MOACIBICY MEH
TEOPHSUIBIK 3epTTeyai OipiKTipeTiH THiMAl ¢opmarTaH Typajabl. O3ipieHreH
Q/IiCTEMEITiK TaCIep KeHIHHEH Me/IarOTUKAIBIK ChIHAKTAH OTYTe KOHE KOFaphl
MEKTEIITIH OKY-TopOue MpoleciHe SHri3yre TEOPUSUIBIK HeTi3 00a bl

Matepuangap MeH dicrepi

3epTTey TEOpHsUIBIK-KOJIJaHOaIbl, )KO0ANIBIK TYFBIpJIAp HETi3iHAe XKy3ere
achIpbUIAJIBI )KOHE TPAHCIISHIK OKbITY, STEM-0611iM Oepy, onTHka MeH pOTOHUKA
caiachIHarel j)ko0ara OarbiTTasiraH okeiTy (PBL) Macenenepine apHanran
FBUIBIMHU-OJIICTEMEIIK 9JICOMCTTEP MCH MPAKTHKAIIBIK TKIpHOEIepi 3epTTey,
Taiay ’KoHe Kyiteneyre OarbiTTanras. 1 1-chIHbINTa OacKa MoHEp/ICH albIHFaH
OiiMIep/AiH MHTErPaUsICBIHAH TYPAThIH TOJIKBIH/BIK ONTHKA OOMBIHINA MUHH-
y)o0anap/pl YHBIMIaCTBIPYFa apHAJIFaH 9/1iCTEMEITIK HYCKayJIBIKTap/Ibl 33ipiieyre
KOHLJI OesiHe.

Kasipri 3eprTeyre 0aiJIaHBICTBI FBUIBIMH-JIICTEMEIIK MACeIeIepal
3epaeneyre, KOJIaHbICTarbl TPAHCIIOHIK TXKIpUOenepli CallbICThIpyFa KoHE
MUHHU-)K00aJIapAblH KYPBUIBIMBIH 93ipJieyre apHajlFaH YJTUIK 9JicTeMeliK
TOCUIIepAl aHBIKTayFa MYMKIH/AIK O€peTiH Tajay, CalbICThIPY JKOHE JKyleney
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olicTepl 9MiCHAMAaNBIK HEri3ai Kypaiiael. KoOaidblK 91ic OKY iC-OpCKETiH
YHBIMIaCTBIpYFa KaThICTBl YCBIHBICTAp jKacay YLIIH, ajl KpUTEPUAIIbI Tajlay
OKYIIBLIAPJIBIH 3epTTEY OEJNCEHIUIIrT MEH IOHAPANIBIK OMIaybIH Oarajiay yIIiH
KOJIailyibl 00JIaThIH KOPCETKIIITEP/Ii aHBIKTay1a KOJIIaHbLIa (bl

Hotm:kenep koHe TaIKbLIAY

3epTTey MaceseciHe KaThICTHI FBUIBIMU-9JIICTEMENIK oJedueTTepre
JKacallblHFaH Tajjay TPAHCIIOHJIK TYFBIP SpPTYpJIl caiaiapliaH ajblHFaH
OiimMIIep IiH MHTETPALMSCHIH JKY3€re achIpyFa, OKYLIbUIAP/IbIH CHIHU OMIaybl MEH
LIBIFAPMAIIBUIBIK KaOLJICTTEPiH JaMbITyFa bIKIANI eTeTiHairid kepcerti. STEM
xoHe PBL OolibIHIIA jKacallblHFaH 3epTTEy HOTHIKeNepi )kobara OarbITTalFaH
OKBITY OKYIIBLIAPbIH BIHTACHIH apTTHIPYFa, 13€HyTe bIHTAIAHBIPATHIHBIH JKOHE
TEOPHSUIBIK OUTIMII NPaKTHKaAa KOJlaHyFa MYMKIHIIK OepetiHiH kepcereai [11;
12; 13]. OcbIHzaii 3epTTey HOTHKENEPl KYOBUIBICTAP bl BU3yTU3ALHSIIAY JKOHE
9KCIEPUMEHT JKYPIi3y/IeH TYPaThIH TOJIKBIHJIBIK ONTHKA O6JIIMIH OKBITY OKYIIIbUIAPFa
Kypziedi (pM3MKasbIK TYKbIpbIMIaMaliap bl TEPEHIPEK TYCIHY YILIH MaHbI3/bI.

3eprTey OapbichiHAa 11-CHIHBINT OKYIIBIAPHI YIIIH TOJIKBIHIBIK ONTHKA
OerimMi OOMBIHIIIA TPAHCIOHIIK MHHH-)00AIapsl YHBIMIACTBIPY 9dicTeMeci
a3ipieH . MUHU-K00aIapIbIH HETI3T1 MaKCaThl — CTYACHTTEP IIH FAUIBIMU-3EPTTCY
OeJICeH IUTITH BIHTAJIAaHIBIPY, OPTYPIIi IOHAEP/ICH ajFaH OLTIMIEp/l HHTerpalysuiay,
CBHIHM OiiJlay MEH IbIFapMallbLIbIK KaOlIeTTepiH AaMbITy. MyFanimepre oKy
JKOCIIapblH Iama/iaH ThIC )KYKTeMeH-aK TPaHCIIQHJIK TalchlpMalapibl OKY
MpoIeCciHe eHIipyre MYMKIHJIK OepeTiH MUHH-)oOajap IIEKTeyJi yaKbITKa
(1-3 cabak) apHajFaH >KoHE MUHHMMAJJbl PECypCTapMeH KYpacThIpbUIFaH. Op
00a OKBITY/IbIH ITOHAPAIBIK OaFbITTBUIBIFBIH KAMTAMAChI3 €TETiH TEXHOJIOTHS,
WH)KCHEepHs, MaTeMaTHKa, XUMUS JKoHE MH(POpPMATHKa 3JIEMEHTTEPIiH KaMTUTHIH
(U3UKaIBIK KCIIEPUMEHTTEPACH Typajabl. 1-KecTene TpaHCHOHAIK MUHU-
»o0asap/ipl OpbIH/IAYFa KbICKAIIa 9J[ICTeMEJIiK HYCKayJIbIK OepIIireH.

1-kecte — ONTHKAJIBIK KYOBUTBICTAp OOMBIHIIIA MHHU-K00a1ap

Kapanaiisiv naTepdepomeTpi sxacay.
Makcatsl: HHTep(epeHIMSIIBIK KOJIAKTAPIbI XKHE 0P IbIH TOJIKBIH Y3bIH/IBIFbIHA
TOYEIILIITiH KOpCeTy.

IlonnepairunTerpamuscel | Ousnka, TEXHOIOTHSA
Kypai-xadapikrap

Jlazep, aiiHanap, IbIHBI IUIACTUHKAJIAP, YKPaH, ChI3FbIILI,
¥CT3.FI)ILUTap

OpsIHay anropuTMi 1 UuaTepdepomeTpai KUHAY;
2. Jlazepni Gamray;

3. JKonakrapasl eiey KoHE Tajlaay.
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baranay xputepuiinepi

OnmieynepaiH ANIIT, Kypaa-KaOAbIKTap bl )KUHAY AAFbl
YKBIITBUIBIK, €Cell, JKYMBICTBI OpBIH/Iay1a OipHeIIe MoH-
HEH aJIbIHFaH OLTiMIep KONJaHbUIFaH

KyrineTin HoTHXKE JKOHE
Y3aKTBIFBI

WurepdepeHumsHbl BU3yanaay, ecem. 1-2 cadbak

JudpakuusuIbK TOpAAH ajdblHFAH JH(PPaKIUSHBL 3ePTTEY.
Macartsl: 1a3ep/iH TOJKBIH Y3bIHABIFBIH aHBIKTAY

[ToHepAIHMHTErpaLUSIChI

®dusunka, MaTeMaTUKa

Kypan-xabasikrap

Jlazep, mudpakuusIIBIK TOPIaH, SKPaH, CHI3FHIIIL

OpbIHAAy anropuTMi

1. JIazepai mudpakusaIbK TOpFa OaFbITTaY;
2. AnhpakuusuiblKk MaKCUMyMIapAbl Oenriiey;
3. Ecenreynep xyprizy

baranay xpurepwuiinepi

Ecenreynep/iH TypbICTBIFBI, HOTHKEIEPIi pacimMIiey. Ky-
MBICTBI OpBIH/Iay/1a OipHelle TOHHEeH ajbIHFaH OlTiMaep
KOJIJIaHbLIFaH.

KyTinetin HoTHXE J)KOHE
Y3aKThIFbI

Omeynep KecTeci, AnppaKIUSHEIH rpapUKaIBIK Cy10a-
CBI.
1 cabax.

MuH#u-na3epiik xooa.

MaxcaT: MUHHU-JIa3ep/Ii Jkacay OHE OHBIH CHIIATTaMAaJIapbIH OJIIIeY.

TlonnepAiHUHTErPaAIHSACH

(I)I/I3I/IKa, WHXXCHEPUS, TCXHOJIOTUS.

Kypan-xadnsikrap

Jlazepuik Momynb, OaTapes, TUH3aIap, YCTAFbIIITap,
9KpaH.

OpbIHIay anropuTMi

1. Jlazepai xxunay;
2. Coyneni Oanray;
3. CunarraManap/sl enuiey.

Baramay xpurepniinepi

Kayircizaik TeXHUKAChIH CaKTay, OIIIeyIepaiH TOIIIITI.
JKYMBICTBI OpBIHJIayla OipHEIe TOHHEH aJbIHFaH O1TiM-
Jiep KOJIaHbUIFaH.

KyTinerin HoTH)eE XOHE
Y3aKThIFbI

JlazepaiH >KYMBICBIH KOPCETY, HHTCHCUBTLUIIKTIH yIecy
rpaduri. 2-3 cabax.

OHTI/IKaJ'IBIK KOMMYHUKalusJiap.
MaKC&TLII JKApbIK JUOATAPbIHBIH KOMeTiMeH CUTrHaJliapAbl TaCbIMajlay

TlonnepaiHUHTErpAHSCH

Onsznka, HHPOPMATHKA, TEXHOJIOTHSI.

Kypan-xabasikrap

XKapbik quoarapsl, poroaerekropiap, 6atapesiap, OTKi3-
Tilll ChIMIAp, 9KpaH.

OpbIHIAY aNropUTMi

1. XKyiieni sxunay;
2. XabapiamaHsl Tapary;
3. Karenepni Tannay.

Baranay xputepuiinepi

CuUrHaNIBI COTTI Tapary, KYMBIC iCTey MPUHIHITIH TYCiH-
Iipy. )KYMBICTBI OpBIHIAYa OipHEelIe TOHHEeH AIbIHFaH
OlmimMIep KOJITaHbUIFaH.
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Kyrinerin HOTHXe XKoHE
Y3aKThIFbI

Karenep kecreci, xymbIc cyndacsl. 2 cabak.

JKaphIk Ke37epiHiH CIEKTPIIK KYPAMBIH 3€PTTEY.
MakcaTbl: opTYpJIi JKapbIK KO3/IEpiHiH CIIEKTPIIEPiH aHBIKTAY.

TlonnepaiHUHTErpAHSACH

dusrka, XUMUS.

Kypan-xa0apikTap

[Tpu3ma/ceKTpoCKoI, MmaMaap, SKpaH.

OpsIHay anropuTMi

1. Y)KapBIKTHI TpU3Ma apKbUIBI OTKI3Y;

2. CriekTpepi Tipkey;
3. CaiubICTBIpY.

Baranay xputepuiinepi BakputaynapIsIH TOJNBIKTHIFBI, TIPKEYIIH JOJIAIT, Calbl-
CTBIPMAJIBI TAJIJIAY, )KYMBICTBI OpBIHIAYAa OipHele MoH-
HEH aJIbIHFaH OUTiMIep KOJIIaHBUIFaH.

KyTinerin HOTIKE XKoHE CriekTpIiep KecTeci, THTCHCUBTLIIK rpaduKTepi, epek-
Y3aKThIFbI HIeNiKTepiH cunarray. 1-2 cabak.

TonspuzanusibK GUIBTPAIH KOMETIMEH allbIHFaH (POTOCYPETTEPIi OHJIEY.
MakcaTbl: )KapbIKThIH MOJSPU3ALHSCHIH KOHE OHBIH TYPJIi cajianap/ia KOJIaHbIChIH
3epTTey KoHe OaraapiIaMalbIK aT(hopMaHbIH KOMETIMEH [TOHAPAIIBIK MUHH-OHIM
azipney

[TonnepainunTerpanusicsl | Pusnka, MaTeMaTHKa, HHPOPMATHKA, HHKEHEPUS

Kypan-xadnsikrap TonspuzanusibiK GUIBTPIIEP, CMAPTHOH, KAPHIK KO31,
CypeTTepi eHJieyTe apHainFaH Oaraapiamanap, bprocrep
OYPBIIIB! YIIIH MIBIHBI UTACTHHA

OpbIHIAY anropuTMi 1. MsKeHepIIik MOJENbI1 KYpacThIpy;
2. Mamimertepai sxuHay (horocyperrep);
3. MomiMeTTepi eHIey.

Baranay kputepuitniepi [Tonsipu3arust aHbIK, POTOCYPET KHE HHKEHEPIIIK MO-
JIeTIb YKacaJIbIHFaH, )KYMBICTBI OpbIHIay/a OipHelle MoH-
HCH aJIBIHFaH OLTIMIEP KOJNIaHBUTFaH, PE3CHTAIHS.

Kyrinetin HoTHXE )KOHE Wmxenepiik Mojienb, (OoTOCypeTTepre Tajuay sxacay.
Y3aKTbIFbI 2- cabax.

Y CBIHBUTBITT OTHIPFAaH HEMECE YKCaC MIHU-K00AIap IBI 931pIiey TPAaHCIOHIIK
TYFBIPABIH NPAKTUKAJIBIK KOJIAHBICHIH KOPCETEAl JKOHE OKYIIbIJIapra
3epTTEYIILTIK, )KOOANBIK iC-opeKeTTepre OelIceHal KaThICyFa MyMKIH/IK Oeperi.
JKoOGanbIK ofic TTeH KpUTEpUAIIBI TATJAYIBI OKY IIPOIIeCciHe KOCY OKYITBUTAPIBIH
3epTTEYIITIK OeNCeHIITITiHe, MOHAPANBIK Oiay NeHreinepine 00beKTHBTI
Oara Oepy/i KaMTaMachI3 €Tei, ajl 9J[ICTEMEIiK HeTi3 YChHIHBUIFaH MeITiMICPAiH
JKYHEIITIITI MEH HeTi3/IeMeciHe KeMIIiK oepeti.

Ocpinaiima, 3epTTey HOTHXKENepi TONKBIHIABIK ONTHKAa OOWBIHIIA
TPaHCAUCIHUITHHAPIBIK MIUHU-K00aTapAslH OiiMAl WHTETpanusIIayIbH,
3epTTEYMIUTIK OSICEeHIUTIKTI JAMBITYIBIH JKOHE OKYIITBUIAPABIH MOTHBAIHSICHH
apTTHIPYABIH THIMII KYpaibl eKeHIH KepceTei. Al YChIHBUIFaH oiCTeMeNiK
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YCBIHBIM/IAp MEH >K00aJIap/ibIH KYPBUIBIMBI OJIapJIbl OKY Y/AEPiCIHE MPaKTUKAIBIK
TYPFBIAAH €HTi3yre MYMKIHIK Oepeti.

3epTTey HOTHXKENepl KOpPCeTKeHel, TOJKBIHABIK ONTHKa OOWMBIHIIA
TPAHCIIOHJIIK MUHHU-K00aJIap/ibl YHBIMIACTBIPY OKYLIBUIAPABIH OKY MpOLECiHe
OeJiceH i KaThICYbIHA BIKIAJ €TeJli, OJIapblH 3ePTTEYIILIIK OeJICeHIUIIrT MeH
BIHTACBIH apTTHIPAJIbl, SPTYPIl MOHJEPICH ajblHFaH OUTIMJI MHTErpalusiay
JarablIapblH KajblnracTeipansl. bip-eki cabakTa opbhlHAAJNFaH BIKIIAM
K00aJIap/IbIH 631 TEOPHUSIIBIK OUTIMIII MPAKTHKAIBIK TOKIPUOEMEH YINTAacThIpa
OTHIpHII, OUTIM Oepy HOTHIXKECiHE eJieyil cepnilicTik acep Oepeai. Ocipece,
KYOBUIBICTAP bl BU3YaIH3aIHsIIaY KHE IPAKTUKAIBIK iC-OpPEKEeTTep OKYyIIbLIapFra
Kypzaesi (GU3MKaJbIK TYKbIPIMIAaMallapAbl TEPEH TYCIHYre MYMKIHJIIK OepeTin
TOJIKBIHJIBIK ONTHKA O6JIMIH OKBITYJIBI Ky3ere achlpya eTe MaHbI3Ibl. backa
3epTTeyJIEPMEH CaJBICTHIPY YCBHIHBUIFAH TOCUIAIH AYPBICTHIFBIH PAacTal[Ibl.
Ocpuraiima, ¢gusuka cabarsinga STEM-PBL kongany oKymibliapablH ChIHU
Oliyiaybl MEH 3€pTTey Jar[bLIapbIH JIaMbITaJIbl, UICPUICTIH MaTepHalFa JereH
BIHTACchIH apTThipaasl [14; 15; 16; 17]. ConbiMeH KaTap, Macesere KaTbICThI
XKYPri3UIreH 3epTreysep OKyIIbUIApJIbl XKOOAIBIK TarchlpMaiapra KaTbICThIPY
apKbUIBI OJIap/bIH OOMbIHA jk00asay, MOJAEIbILY, TONTa )KYMbIC XKacail Oiiny
JAFIBUTAPBIH TAaMBITYFa MYMKIHIIIK OepeTiHirin kepcereni [18; 19].

¥ CBIHBUIBII OTBIPFaH MUHH-)K00J1ap bl YHBIMIACTHIPY YaKbIT IIEH PecypcTap
miekTeysti OoJica Ja, Kypueii (pHU3NKanblK KyObUIbICTAp/IbIH KOPHEKUIITIH JKoHEe
OKYIIBUIAP/IbIH OOMBIH/IA ITOHAPAIBIK OMJIAY bl IAMBITYbI KAMTaMacChl3 €TEeTIHACH,
TPAHCIISHIK TarChIpMaap/ibl OKy MPOLECiHE eHlipyTre O0IaThIHABIFBIH KOPCEeTe .
CoHbIMEH KaTap, MUHH-)K00aJ1ap/ibl COTTI )KY3€re achlpy YIIiH MyFajliMre OChIHai
)obanap/ sl YibIMIacTeipa Oy Ky3bIpeTTiUIIrHEe KOMBUIATBIH TalanThIH O0JIYBI,
KakeT OO0JIATBIH Kypali-)KaOJbIKTapIbIH MIHICTTI TYpAe KOJaa OONybI )KOHE
OaraJiay KpUTCPHUILICPiH OKYIIBLIAPABIH JalbIHIBIK JCHICiiHe OCiiMIIey CeKii
MaceJesepli eCKepy Kaxer.

Ocspinaiima, 3eprrey Hatmxenaepi STEM-0inimM Gepy canachblHIArbl
XaJIBIKApAJIBIK JKOHE Ka3aKCTaH/IBIK 3ePTTEYJIEPMEH YillIece Il JKOHE TOIKBIH/IBIK
onTHKa OOMBIHIIIA TPAHCTIOH K MUHU-K00AJIap/IbIH TPAKTHKAIBIK 9pi 9/[iCTEMEITIK
KYHJIBUIBIKKA W€ eKeHIH pacTaiibl. Ojap oKy MaTrepualibiH OeliceH1i MeHrepyre
BIKIIAJ €Till, MeJaroruKalblK 3epTTeyJepAiH *KaHa OarbITTapblH allyfra
MYMKIHAIK Oepeni.

ABTOpJIAp KapacTHIPBII OTHIPFaH 3€PTTEY KYMBIChIHA OaiJIaHBICTHI
OoJtalakTa )KaJrachlH TaOATHIH M1€/1arOTUKAIIBIK 3epTTeyJIep:

— KapacTBIPBUIBII OTBIPFaH 3€PTTEY asChIHJA J31pJCHIeH TPAaHCISHIIK
MHUHH-)K00aJIapMEH KaTap, TOJKBIH/BIK ONTHKA OOWBIHIIA CaHIBIK CHMYJISIINS
MEH MOJIENIb/ICYCH TYPAThIH KEH ayKbIMJIbl TPAHCIIOHJIK jkoOanapabl a3ipiey
YKoHE BepH(UKalusIay;
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— OKYIIBUIApABbIH FBUIBIMH-3EPTTEY KOHE IOHAPAJIBIK KY3bIPETTUIIKTEPiH
JaMbITyFa OarbpITTalIFaH TPAHCIOHJIK MHHH-)K00alapblH acepiH Oaranayra
apHaJIFaH Me/laroruKajblK SKCIIEPUMEHTTI YHBIMIACTBIPY;

— MyrajliMziepre TPaHCISHAIK MHHHU-)K00anapibl OKy JKYKTeMeciHe Kepi
ocepiH TUTi30eUTIH e eTill, OKY IpOoIleciHe THIM/II eHIIIpyre MYMKIHJIIK OepeTiH
o/licTEeMEITiK HYCKAyJIBIKTap MEH Oarajay KypaJiapbiH d3ipicy.

KopbITbIHABI

TOAKBIHABIK ONTHKA OOMBIHIIA ITOHAPAIBIK TPAHCIIOHAIK MHHHU-)KOOamap
11-CBIHBIN OKYIIBUIAPBIHBIH OKY iC-9pEKEeTiH YHBIMAACTHIPY OapbIChIHIA THIMI
YKOHE NPAKTUKAIBIK IKCIIEPUMEHTTEP/l MoHapalblK OlLTIMMEH YIITAcThIpyFa
MYMKIHIIK Oepeni. Onapipl OKy MPOIECIHAC KOJIAHY OKYIIBUIAPIBIH 3€PTTCY
OeJICeHAUTIrT MEH BIHTAChIH apTThIPYFa, CHIHM TYPFBIIAH OWJIay MEH Kypaeii
MacesiesnepIi LISy JaFAblIapbiH JaMbITyFa bIKai eresi. [Llexreysi yakpITTa )aHe
€H a3 KypaJ->kaObIKIIEH OpbIH/AIaThIH )K0O0aIap/IbIH KYPBUIBIMBI OKY IIPOLIECIHE
TPAHCIIOHJIIK TYFBIP/BI OKY dKYKTEMECIH apTThIpMaid eHipyre MyMKIHJIIK Oepe/i.
O3ipJIeHreH 9JIICTEeMENIK HYCKaYJIBIKTap MEH MUHH-)K00aJIap/blH KYPbUIBIMBI
OKYIIBUIAPJIBIH 3€PTTEYIIUIIK )KOHE MOHAPAJIBIK KY3BIPETTUIIKTEPIH OJaH api
JIaMBITyFa HeTi3 00J1a/1bl, a1 OoJialak 3epTreyiep kodanap ayKbIMbIH KeHEHTYIeH,
LUQPIIBIK TEXHOJIOTHSIIAp bl HHTETPALHsIay 1aH )KOHE 931pJICHIeH TPAHCIIOHIIK
MHUHH-K00aJ1ap/IbIH OKYIIBLIAP IbIH OOMBIHAA 3epPTTEYILUIIK JaF/AbliIap MEH ChIHU
OliJTay bl IaMbITyFa bIKIAJIbIH Oaraiay (bl KAMTH/IBL.
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METOJUYEKHUE OCOBEHHOCTHU OPTAHU3ALINHN
TPAHCIAUCIOUIITINMHAPHBIX MUHHU-ITPOEKTOB
O BOJTHOBO# ONTHUKE B 11 KJIACCE

Cmamwst nocesujena Memoouyeckum 0COOEHHOCMIM OP2aHU3AYUL
MPAHCOUCYUNTUHAPHBIX MUHU-NPOEKMO8 NO B0IHOB80U onmuke 6 11
Knacce. AkmyanbHocmb UCCIe008AHUA ONPeOeNsiemcs HeoOX00UMOCMbIO
Gopmuposanusi y CmapueKiacCHUKO8 MedNCNPeoOMemHo20 MblUlLleHUs,
UCCIE008AMENbCKUX HABBIKOG U MOMUBAYUU K UZVUEHUIO CILOJCHBIX
Quzuueckux signeHul.

Llenv ucnedosanuss — onpedenenHue U AHANU3 MEMOOUYECKUX
ocoenHocmell NpUMEHeHUs MPAHCOUCYUNTUHAPHO20 TN00X00d Npu
uzyuenuu pazoena «Bonnosas onmuxa» ¢ 11 knacce. B coomeemcmeuu ¢
Yenvio UCCIe008aHUsl ObLIU NOCMABTIeHbL cledytowue 3a0ayu. 1) uzyuenue
Meopemuyeckux —BONPOCO8,  CEA3AHHLIX €  MPAHCOUCYUNTUHADHBIM
00OyueHUueM U NPOEKMHOU OesIMeIbHOCIbIO, 2) aHAIU3 NpUMepos
ucnonvzosanust PBL 6 npenodasanuu usuku 6 cpeoneil wkone;
3) paspabomxa cmpykmypbl MUHU-NPOEKMOE, COYEMAIOWUX (DUSUKY C
Opyeumu OUCYUNTUHAMU 68 NPenodasanuu pazoeia «Boinosas onmukay;
4) paspabomra MemoouyecKux pPeKoOMeHOAyull, GKIIHAs Kpumepuu
OYEHKU U 8b100D Pecypcos, s yuumenel.

B pabome ucnonvszosanvl meopemuueckue Memoobl: AHAU3
HAYYHO-MEeMOOUYEeCKOU  TUMepamypbl,  CPAGHUMEIbHBIL — AHAIU3
ne0azouyeckuUx — NPAKmux, — MOOeIUpOSanue  CMpPYKmypbl — MUHU-
npoexmog. Ocoboe enumanue yoeieno paspabomre cmpyKmypvl MUHU-
npoekma, ancopummos OpeaHu3ayuy padomvl V4auwjuxcs, 6apuanmos
unmezpayuy  MeNCOUCYUNTUHAPHBIX 3HAHULL U  NPUMEPOE  YUeOHbIX
3a0aHull, HANPAasIeHHbIX HA U3yueHue unmepgepenyuu, ouppaxyuu u
nONApU3AYUL CEema.

B pesynomame uccnedosanus npeonodcena Mooeib OpeaHuzayuu
MUHU-NPOEKTNOB, NPUMEPLL 3A0AHULL, MeMOOUYeCKUe PeKOMEHOAYUU.

Kniouegvie cnosa: Quszuxa, 801IHOBAS onmuxa,
unmepgepenyus,  ou@parkyus,  MPAHCOUCYUNTUHAPHBIL — HOOX0O,
MENCOUCYUNTUHAPHAS CES13b.
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METHODOLOGICAL FEATURES OF ORGANIZING
TRANSDISCIPLINARY MINI-PROJECTS
ON WAVE OPTICS IN GRADE 11

This article examines the methodological aspects of organizing
transdisciplinary mini-projects on wave optics in 11th-grade students.
The relevance of the study stems from the need to develop interdisciplinary
thinking, research skills, and motivation to study complex physical
phenomena in high school students.

The purpose of the study is to identify and analyze the methodological
features of applying a transdisciplinary approach to studying the section
“Wave Optics” in the 1lth grade. In accordance with the research
objective, the following tasks were set: 1) to study theoretical issues
related to transdisciplinary learning and project-based activities;
2) to analyze examples of using PBL in teaching physics in secondary
school; 3) To develop a structure for mini-projects that combine physics
with other subjects in teaching the topic «Wave Opticsy 4) to develop
methodological recommendations for teachers, including assessment
criteria and selection of resources.

The work used theoretical methods: analysis of scientific and
methodological literature, comparative analysis of pedagogical practices,
modeling of the structure of mini-projects. Particular attention is paid to
the development of the mini-project structure, algorithms for organizing
student work, options for integrating interdisciplinary knowledge, and
examples of educational tasks aimed at studying interference, diffraction,
and polarization of light.

As a result of the study, a model for organizing mini-projects,
examples of tasks, and methodological recommendations were proposed.

Keywords: physics, wave optics, interference, diffraction,
transdisciplinary approach, interdisciplinary communication.
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NEURAL NETWORKS FOR AUTOMATING PEDAGOGICAL
TASKS IN THE EDUCATIONAL PROCESS

The article explores the theoretical and methodological foundations
of applying neural network technologies to automate pedagogical tasks
within the educational process. The relevance of the study is determined by
the ongoing digital transformation of education and the growing need to
integrate artificial intelligence tools into teaching and learning practices.
The research examines the potential of neural networks for automating
the assessment of learning outcomes, supporting personalized learning
trajectories, and utilizing educational data analytics to enhance decision-
making in instruction. Particular attention is given to the pedagogical
benefits and potential limitations associated with the implementation of
neural network technologies in educational environments. The findings
demonstrate that neural networks can effectively support teachers’
professional activities by facilitating data-driven feedback, optimizing
assessment procedures, and improving the adaptability of instructional
strategies. The study also outlines methodological considerations for
the integration of neural network systems into pedagogical practice
and emphasizes the importance of developing digital and technological
competencies among educators in modern educational contexts.

Keywords: neural networks, artificial intelligence, automation
of pedagogical tasks, digital education, personalized learning,
educational analytics.

Introduction

The current stage of development of the education system is characterized by

the active digitalization of the learning process and the introduction of intelligent
technologies. A significant increase in the volume of educational information, the
growing complexity of educational programs, and stricter requirements for the
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quality and objectivity of assessing student achievements necessitate the search
for new approaches to organizing pedagogical activities [1; 2].

One of the most promising areas for the digital transformation of education
is artificial intelligence technologies, including neural networks. Their ability to
analyze large amounts of data, identify hidden patterns, and adapt to changing
conditions of the educational environment allows them to be considered an effective
tool for supporting pedagogical decision-making [3; 4].

The use of neural network technologies opens new opportunities for
automating the assessment of learning achievements, personalizing instruction,
and increasing the overall efficiency of the educational process [5; 6].

Scientific research highlights the successful application of neural networks
in electronic, distance, and blended learning systems, as well as intelligent
learning platforms [7; 8]. They allow the processing of educational data with
various structures, such as test results, student written responses, and indicators
of learning activity, creating conditions for objective analysis and prediction of
learning outcomes [9].

At the same time, the integration of neural networks into educational practice
requires pedagogical and methodological justification, as well as consideration
of ethical aspects regarding personal data protection and responsibility for
automated decisions [10; 11]. In this regard, studying the possibilities of using
neural networks to automate pedagogical tasks is a relevant and in-demand areca
of modern pedagogical science.

In recent years, the rapid development of artificial intelligence technologies
has significantly influenced the transformation of educational systems worldwide.
Neural networks, as one of the most advanced areas of artificial intelligence, provide
new opportunities for processing and analyzing large volumes of educational data
generated within digital learning environments. Their application allows for
the identification of hidden patterns in student learning behavior, prediction of
academic performance, and the creation of adaptive learning systems capable of
responding to the individual needs of learners [2; 8; 9].

Moreover, the integration of neural network technologies into educational
practice contributes to the development of intelligent educational systems that
combine automated data analysis with pedagogical decision-making. Such systems
support teachers in monitoring student progress, optimizing instructional strategies,
and improving the effectiveness of the educational process. Consequently, the
study of neural network applications in the automation of pedagogical tasks is
becoming an important research direction within modern digital pedagogy and
educational technology [4; 7; 12].
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Materials and Methods

The methodological foundation of the study is comprised of the scientific
works of domestic and foreign researchers in the fields of artificial intelligence,
neural networks, digital pedagogy, and educational analytics [1; 2; 3; 4; 5; 12].
During the preparation of the article, monographs, scientific articles, materials
from international organizations, and regulatory and methodological documents
governing the introduction of digital and intelligent technologies into the
educational process were analyzed.

The study employed general scientific and specialized methods of cognition.
The main method used was the theoretical analysis of scientific and pedagogical
literature, which made it possible to identify existing approaches to the use of
neural networks in education and determine their pedagogical potential and primary
areas of application [4; 8].

The generalization method was used to systematize scientific views
and formulate conclusions about the role of neural networks in automating
pedagogical tasks.

To compare traditional and neural network-based approaches to organizing
the educational process, a comparative analysis method was used, identifying
the advantages and limitations of using neural networks to solve pedagogical
problems [5; 6].

Additionally, classification and systematization methods were applied to
structure the main groups of pedagogical tasks subject to automation through the
use of neural networks.

In addition to the theoretical analysis of scientific literature, the study involved
the examination of modern digital educational platforms and intelligent learning
systems that utilize artificial intelligence technologies. Particular attention was
paid to the functional capabilities of neural network algorithms used in educational
analytics, automated assessment systems, and adaptive learning environments. The
analysis made it possible to identify the most common models of neural network
application in educational practice and to determine their role in supporting
pedagogical decision-making and optimizing the organization of the educational
process [4; 8].

Furthermore, the research considered the pedagogical conditions necessary
for the effective implementation of neural network technologies in education.
These conditions include the availability of digital infrastructure, the integration
of educational data management systems, and the development of teachers’ digital
competencies. Special attention was given to the issues of transparency and
interpretability of artificial intelligence systems, which are essential for ensuring
trust in automated educational tools and for maintaining the pedagogical validity
of the results obtained through neural network analysis [10; 11; 12].
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Results and Discussion

The analysis of scientific and pedagogical literature, as well as modern
research in the field of artificial intelligence in education, has shown that neural
networks possess significant potential for automating a wide range of pedagogical
tasks. The results of the study indicate that neural network technologies can
substantially enhance several key components of the educational process, including
the assessment of learning outcomes, the personalization of instruction, and the
implementation of educational analytics [3; 4; 5; 6; 8].

One of the most significant results of the study is the confirmation of
the effectiveness of neural networks in automating the assessment of student
achievements. Neural network algorithms are capable of analyzing large volumes
of educational data, including test results, written assignments, and indicators of
student learning activity. This makes it possible to identify patterns in learning
performance, detect typical mistakes, and determine the level of mastery of
educational material with a high degree of accuracy [6; 9]. Compared with
traditional assessment methods, the use of neural networks allows for a higher
level of objectivity and reproducibility of results, while also significantly reducing
the time teachers spend on evaluating student work.

Another important result concerns the improvement of feedback mechanisms
in the educational process. Neural network-based systems are able to provide
students with personalized recommendations aimed at correcting learning
difficulties and improving academic performance. By analyzing individual learning
trajectories, such systems can recommend additional educational resources and
adaptive learning tasks that correspond to the learner’s current level of knowledge
and pace of learning [4; 8]. This contributes to the development of more flexible
and student-centered learning environments.

The study also demonstrates the considerable potential of neural networks in
supporting the personalization of education. By processing large datasets related
to student learning behavior, neural networks can identify individual patterns
in the assimilation of educational material and generate adaptive educational
trajectories. As a result, the educational process becomes more responsive to the
needs and abilities of learners, which increases motivation and improves learning
outcomes [4; 7].

An important area identified during the study is the use of neural networks in
educational analytics and predictive modeling. The analysis of educational data
makes it possible to identify students who are at risk of academic failure, predict
potential decreases in performance, and develop timely pedagogical interventions.
Such predictive capabilities can significantly enhance the effectiveness of
educational management and support early intervention strategies aimed at
improving student success [8; 9].
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At the same time, the results of the study indicate that the implementation
of neural network technologies in education is associated with a number of
challenges. Among the most significant issues are the protection of personal data,
the transparency and interpretability of artificial intelligence algorithms, and the
need to ensure the pedagogical validity of automated decision-making processes
[10; 11]. These factors require the development of clear ethical guidelines and
regulatory frameworks governing the use of artificial intelligence technologies
in educational environments.

In addition, the effectiveness of neural network implementation largely
depends on the level of digital competence of teachers and the availability of
appropriate digital infrastructure. Teachers must possess not only technical skills
for working with digital tools but also a methodological understanding of how
artificial intelligence technologies can be integrated into pedagogical practice.
Therefore, the development of teachers’ digital and technological competencies
becomes a critical condition for the successful implementation of neural networks
in education [12].

Another important aspect identified during the analysis is the potential of
neural networks to support data-driven educational management. The integration
of artificial intelligence tools into digital learning environments makes it possible
to collect, process, and interpret large volumes of educational data in real time.
Such analytical capabilities allow educational institutions to monitor learning
dynamics, evaluate the effectiveness of teaching strategies, and make evidence-
based decisions aimed at improving the quality of education.

The study also indicates that the use of neural networks contributes to
the development of adaptive educational systems capable of responding to the
individual characteristics of learners. Unlike traditional educational models that
rely on standardized instructional approaches, intelligent systems based on neural
networks can dynamically adjust the complexity of learning materials, the sequence
of tasks, and the pace of instruction. This adaptability enhances the effectiveness
of learning and supports the implementation of personalized education models.

Furthermore, the application of neural network technologies opens new
prospects for improving the interaction between teachers and students within
digital educational environments. Automated analytical tools can assist teachers
in identifying learning difficulties at early stages, providing timely support to
students and enabling more effective pedagogical interventions. As a result, neural
networks not only automate individual pedagogical tasks but also contribute to
the transformation of the overall organization of teaching and learning in modern
educational systems.
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Overall, the results of the study confirm that neural networks should be
considered not as a replacement for teachers, but as a powerful tool for supporting
pedagogical decision-making. Their application expands the possibilities for
analyzing educational data, improving the quality of assessment and feedback, and
creating adaptive learning environments. Consequently, neural networks represent
an important component of the ongoing digital transformation of modern education.

Conclusion

The study conducted shows that neural networks are an effective tool for
automating pedagogical tasks in the educational process. Their application
helps optimize teacher activities, increase the objectivity of assessment, develop
personalized educational trajectories, and improve educational analytics [3; 8].

The use of neural network technologies meets modern requirements for the
digital transformation of education and opens new opportunities for improving
the quality of the educational process [4; 7]. At the same time, the implementation
of neural networks requires pedagogical and methodological support, as well as
consideration of ethical and legal aspects [10; 11]. Future research should focus
on developing practical recommendations for integrating neural networks into
educational practice and evaluating their pedagogical effectiveness.

The integration of neural network technologies into the educational process
contributes not only to the automation of individual pedagogical tasks but also to
the transformation of the overall organization of teaching and learning. The use of
artificial intelligence tools makes it possible to implement data-driven educational
management, improve the quality of pedagogical decision-making, and enhance the
adaptability of educational environments to the needs of learners. In this context,
neural networks become an important component of the development of digital
educational ecosystems and intelligent learning systems [2; 8].

Successful implementation of neural network technologies also requires the
development of methodological frameworks for their pedagogical use and the
training of teachers capable of effectively applying artificial intelligence tools in
professional practice. The formation of digital competencies, understanding of the
principles of artificial intelligence operation, and the ability to interpret analytical
results become key factors in the effective use of neural network technologies
in education. Further research should focus on evaluating the pedagogical
effectiveness of such technologies and developing practical models for their
integration into modern educational systems [12].
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NCIOJIb30BAHUE HEMPOHHBIX CETEM JIJIsI
ABTOMATHU3ALIMU NEJATOTHUYECKUX 3A1AY

Maxkanaoa 6inim b6epy yoepicinoezi nedazoeuxkaivlk MiHOemmepoi
a8moMammaHoOblpy — YuliH — HeUpoHObIK  Jceli  MEexXHON0UANAPbIH
KONOAHYObIH IEOPUSIBIK HCIHE 20ICHAMATIK He2i30epi Kapacmulpblidobl.
3epmmeyoiy  eszexkminici  Oinim  bepy  canacviwbly  YUDPILIK
MPAHCHOPMAYUSCHIMER  JICIHE OKbIMY MeH OKblmy madcipubecine
2HCACAHOB UHMENTEKN KYPAN0apblH eHei3y KAACeMMINICiHIY apmybiMen
mycindipineoi. 3epmmeyoe HeupoHObIK dceniniepliy 0Ky Hamulcerepin
asmomammul  6aganay, OiliM  AIYWBIIAPOLIY — JiceKe Oiim  bepy
MPAEKMOPUSNAPLIH KOLOAY HCIHE Neda202UKANbIK Welim Kabblioayobly
MuimMOiniein apmmolpy MaKcamoinoa OiLim 6epy depekmepin mandayoa
KONOaHy MyMKiHOiKmepi Kapacmuipuliadsl. ConvlMer Kamap, 6inim depy
OPMACHIHA HEUPOHOBIK HCelli MEeXHONO02UANAPbIH eH2I3Y0iH Neda202UKAIbIK
apmMuIKWbLILIKIMAPSL MEH bIKMUMAT Wekmeyiepi manioanaovl. 3epmmey
Homudicenepi HeupoHObIK Jiceninepoiy oOepekmepee HezizoenceH Kepi
OatiIanbiCmovl KamMmamacwyi3 emy, 6asaniay yoepicmepin oHmaiiauovipy
JiCoHe  OKbIMYy — CMpPAMeSUsIAPbIHbIY — OeUiMOenciumicin — apmmuipy
APKbLILL OKBIMYUBLIAPObLIY KICIOU KblzMemin mMuiMoi Kon0ail aiamvlHblH
xopcemeoi. Conoati-ax sepmmeyoe HEUPOHOLIK HCENiNIK dicylenepoi
neoazocuKanbly  npakmuxaza — eneizyoiy  adicmemenik - acnekminepi
Kapacmuipolavin, Kazipei Oiiim 6epy HcagoatblHoa nedazoemapobiy
YUPPLIK  dHcoHe  MEXHONO2UANLIK — KY3blpemmilikmepin — oamvlmy
Kascemminiei aman omineoi.

Kinmmi ce30ep: HelpoHOwbIK Jiceninep, Hcacamovl UHMENLeKm,
nedazo2uKaiblK, Mancelpmaiapobl asmomMammanobipy, yu@piolk OLLim
bepy, oepbecmendipineen oxbimy, OiiM bepy aHaITumuKacsl.

*JI. M. Keiovipanuna', A. H. Capkeimos’

12V uusepcuret lokopim, Pecriy6nuka Kaszaxcran, r. Cemeid.
IToctynuio B penakmuio 15.01.26.

IToctynuio ¢ ucnpasnenusimu 04.02.26.

ITpunsTo B mevars 19.03.26.
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B OBPA3OBATEJIBHOM ITPOLECCE

Cmamosi  nocesiuyeHa  UCCIEO08AHUIO — TMEOPEMUYECKUX U
MEMOO0NI02ULECKUX OCHO8 NPUMEHEHUsL TeXHOI02ULL HEeUPOHHBIX cemell
OlIsL  asMoMamu3ayuy  nedazocudeckux 3a0ay 6 00pa308amenbHOM
npoyecce. AxmyanvHocmo UCCe008aHUs. obycnoenena
npooosndicarowencs yuppoeou mpanchopmayuel  00pazoeanus u
so3pacmaiowjelti  HeoOXOOUMOCMbIO — UHMeSPayuy  UHCTPYMEHMO8
UCKYCCMBEHHO20 UHMENIEKMA 8 NPAKMUKY 00yYeHuUs: U NPenooasanusi.
B pabome paccmampusaemcs nomenyuan HeUpOHHLIX cemell O
agmMoMamu3ayuy - OYeHKU  pe3yIbmamos  0OyueHus, NnooOepi’CKU
NePCOHATUZUPOBAHHBIX 006pazosamenvhbix mpaexmopuii u
UCNONbL30BAHUSL AHATUMUKY 00PA308AMENbHBIX OUHHBIX OJis ROBbLULEHUS
appexmusnocmu  npunamust nedazoeuveckux peuwtenuu. Ocoboe
BHUMAHUE YOeNSIeMCsl Neda202UdecKuM NPEeUMyuecmedm u 603MONCHbIM
02PAHUYEHUSIM, CBA3AHHBIM C 6HEOPEHUEM HeUpOCenesblX MexHoI02Ull
6 obpazosamenvnyio cpedy. llonyuennvie pezyibmamovl NOKA3bIEAIOM,
Ymo  HeUpoHHble cemu  Mocym  dhghexmusno  nooodepicusamo
npogheccuoHanbrylo 0esimenIbHoCmy npenodagamenetl, 00ecnevusas
UCNONBL308AHUE OAHHBIX OJIS1 OOPAMHOU CE53U, ONMUMUAYUIO NPOYEOYD
OYeHUuBanusi U NOGbIUEHUE aA0ANMUBHOCMU VY4eOHbIX Ccmpameul.
B uccnedosanuu maxaice paccmampusaomes: MemoouyeckKue acnexkmol
unmezpayuy Heupocemesvix CUCMEM 8 NeddzocudecKylo Npakmuxy u
NOOUEPKUBAEMCS BANCHOCTb PA3GUMUS YUDPOBHIX U MEXHONOSULECKUX
KOMNemeHyull nedazo208 8 COBPEMEHHbIX 00PA308AMENbHBIX YCI0BUSIX.

Kniouegvie cnosa: neiiponnvie cemu, UCKYCCMEEHHbIN UHMELIEKN,
asmomamusayusi Nedazo2utecKux 3a0ay, yu@posoe obpazosaue,
NEePCOHANU3UPOBAHHOE 00y HeHUe, 0DPA308aMENbHAsL AHATUMUKA.
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OLIEHKA PA3BUTUS KOMITETEHLMUA YYALUNXCS
NMPO®UJTIbHbIX KITACCOB B NPEINO4JABAHUN
OPU3NKN HA OCHOBE TPUMEHEHUA

METOANKW J1. A. SICKOKOBOM

B oannoii cmamve paccmampueaiomces cogpemenHvie nooxoobi K
npenooasanuio QuUUKU 6 YCI08UIX NPOQUILHOZO 0OVUeHUS VUEeHUKO8
CMapuwux Kidaccog ¢ npuMeHeHuem NCUXoOUasHOCMuYecKol MemoouKu
JLA. Aciokosou, Kak uHCmMpyMeHma OUdeHOCMUKU U adanmayuu
006paz08amMeNbHO20 NPOYeCcca, 015 KOMNIEKCHOU OYEHKU NCUXOT0SUYECKO,
KOSHUMUBHOUL U Y4eOHOU 2omoerHocmu yuawuxcs. Mccieoosanue umeem
OCHOBHYIO Yellb. NPOAHATUIUPOBANb BO3MONCHOCIU U IPhexmusrHocms
npumenenuss memoouku JI.A. Aciokosou O0nsi OoyeHKu u pazeumust
VUEOHBIX KOMNEMEHYULl yHawuxcs npouibHblx KAdcco8 npu u3y4eHuu
Qusuku. Memoouxa JI.A. Heciokoeoii noseonsiem couemanue ncuxonoeo-
nedazocuyeckux OaHHLIX C Pe3Vibmamam RPpeOMemuol OUAZHOCMUKU,
6 KOHEYHOM UMoee No380asen Y4umenam QU3uKu npoQUIbHbIX KIAccos
eCcmecmeeHHO-MaAMeMAmuiecko2o YUKid 6biCmpaueams boiee moyHvie
mpaekmopuu 00yueHus, pazeumus Ol YYAWuxcs U Mmakum o6pazom
nosviuwams dQpGexmuenocms npenooasanus Gusuxu. Ilpoyecc yuenus
cmarnogumucsi bonee ouaznocmupyemvim. Ilpedcmasnenvi pezynomamol
AHAIU3A OUACHOCIMUYECKUX OAHHBIX NO PA3IUYHBIM NPOQUIAM (u3zuKo-
MamemMamuyeckuil, XUuMuKo-o6uono2uieckuil, coyuanbHO-9KOHOMU4ECKUll,
eymanumapnviil). Tlokazana 63aumocesnss medicoy YpOoSHAMU pPa36Umus
KOCHUMUBHBIX — CHOCOOHOCMEN, — MUN08  MbIUACHUS, — JUYHOCMHO-
MOMUBAYUOHHBIX KOMNOHEHMO8 U YCNEUWHOCMbIO 0CBOCHUSI NpeoMemd
Guzuxu. Jloxkazano, umo ucnonv3oeanue OAHHbIX MEMOOUKU NO36OISEM
8LICMPAUBANL — UHOUBUOYATIbHLIE — 00PA308AMENbHbIE  MAPUPYNIbL,
adanmuposams  yueOHvle MaAmepuanbl, NOSbIUAML MOMUBAYUIO K
UZYHUEHUIO NPeOMeMa Uy esleHanpagieHHo QopMUPo8ans YYHKYUOHATLHYIO
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epamomuocme. Paboma ykpennsiem mMescoucyuniuHapHble Ces3u Mexcoy,
ncuxonocuetl u MemoouKol npenooa8aniist PU3UKU, npeordedst nPaKmuKo-
OPUEHMUPOBAHHYIO MOOEb UHMEZPaYyUl OUASHOCMUKY Pe3YIbMAmos.

Knrouesvie cnosa: memoouxaJl. A. Acroxosoil, npoghunvroe o6yueHue,
MEmMOOUKa  Npenooasanus  QU3UKY, KOSHUMUGHbIE —KOMAEmeHyUu,
NCUXONIOSUYECKASL 20MOBHOCHIb, MUNbL MbIULLEHUS, UHOUGUOYATUZAYUS]
06yueHUs, (QYHKYUOHATIbHASL 2PDAMOMHOCIb.

BBenenne

AKTyaJIbHOCTh OICHKH W Pa3BUTHS KOMICTCHIUI ydamuxcs
€CTECTBEHHOHAYYHBIX NPO(UIBHBIX KJIAacCOB 00YyCJIOBJIEHA 3alpOCOM
poccuiickoro coruyma Ha 3¢G(EKTHBHOE CaMOOMNpPE/IEICHUE BBITYCKHUKOB
LIKOJI ¥ OOJiee OCO3HAHHBIN M IIeJICHANPaBICHHBIN BBIOOP MpOodeccHoHaIbHON
Tpaekropuu. V3MeHeHHe CTPYKTYphI phIHKA Tpyna B Poccuu u Mupe mpuBeio
K M3MEHEHHUIOCOBPEMEHHON oOpa3oBarenbHOl mapaaurmbl. CoBpeMeHHas
cucTeMa 00pa3oBaHus BCE Ooliee aKIEHTUPYET BHUMaHUE HAa KOMIIETEHTHOCTHOM
TI0/IX0/Ie, TIPE/III0JIararoieM He TOIBKO YCBOCHUE 3HAHHUH, HO U Pa3BUTHE YMEHHUN
Y HaBBIKOB UX MPAKTUYECKOrO MPUMCHCHHUs, (HOPMHUPOBAHUE Y 00ydaeMbIX
METaKOTHUTHBHBIX, TIPEJIMETHBIX U JINYHOCTHBIX PE3yJIbTaTOB. B 3TOM KOHTEKCTE
¢u3nKa, Kak yueOHast TUCIHUILIMHA, 00J1aJaeT UCKIIIOYNTEIbHBIM MOTEHIINAIOM
Uit GOopMUpPOBaHUS MHTEIUIEKTYaJbHOW, JIOTHYECKOW M HCCIIE0BATENbCKOM
KyJIBTYphI yuammxcst. OHa cocoOCTBYET pa3BUTHIO a0CTPAKTHOTO MBIIIUICHHS,
YMEHUSI aHAJIM3UPOBATh U CHHTE3MPOBaTh MH(OPMAIMIO, CTPOUTH MOJEIH U
npoBepsATh TuoTe3sl [ 1].01HaKo Ha MpaKTHKE MEJaroru 4acTo CTaIKUBAIOTCS C
po0IeMOI CHUYKEHUS [TO3HABATEILHON MOTHUBAIIUH IIKOJILHUKOB, TPY/THOCTSIMH B
YCBOCHHH aOCTPAKTHBIX MOHATHIA U HU3KUM YPOBHEM KOTHUTHBHON TOTOBHOCTH K
BOCHIPHSTHIO CIIOXKHOTO MaTeprasia. DTH NpoOIeMbl 0COOSHHO 3aMETHBI B YCIIOBHSIX
npoduIbHOTO 00yuUeHHMs], KOTJa y4eOHas Harpy3ka, ypoBeHb a0CTPAaKTHOCTH U
CJIOYKHOCTB COJICpIKaHMsI BO3PAcTalOT MHOTOKpaTHO. B aTol cBsi3M aKkTyasibHOM
CTaHOBHTCS IpoOJeMa HE TOJBKO Mepeliauyd MPeJMETHBIX 3HAHWW, Pa3BUTHE
KOTHUTHBHBIX, JINYHOCTHBIX M METAMPEIMCTHBIX KOMICTCHIIUN, HO U OIICHKA
WHIMBUYaTbHBIX 0COOCHHOCTCH MOTHBAIIMHU, BOCIIPUSATHUS, METAKOTHUTHBHOTO
MoTeHIMaNa Kaxaoro yuenuka [2, C. 79-84]; [3],uTo TpeOyeT OT y4uTens
rIIyOOKOro TOHUMaHHMsl OCOOCHHOCTEH yUaruxcsl.

OreHKa ¥ Pa3BUTUC KOMIICTCHIIMN CTAHOBUTCS Ba)KHBIM WHCTPYMEHTOM
00paTHOM CBSI3HM — OHA ITOKA3bIBAET, HACKOJILKO d((PEKTHBHO PEATU3YIOTCS LIETH
U 3a1ayu npoduiabHOro ooydeHus. Takum 00pa3oM, 00bEKTOMUCCIICIOBAHHUS
SIBIISIETCSl cUcTeMa NpOo(HIBHOTO 00y4eHUs (PU3UKO-MaTEeMaTHUYECKUM
y4eOHBIM IHCUMIUIMHAM. B mpoQuiIbHBIX KiaccaXx MPOHUCXOAUT Ooiee
yriybOnenHoe GpopMupoBaHHE MPEIMETHBIX KOMIETEHIIMH, 4TO Tpelyer
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T PepeHIIMPOBAHHBIX TIOXOIOB K OICHKE JOCTHKCHHUN yYanuxcs. BakHbIM
HAIpPaBJICHUEM COBCPIICHCTBOBAHUS MCTOJUKHU MPEHOJAaBaHUS (QU3UKU U
oreHKU 3(PPEKTUBHOCTU TPOPUIH3AMUA O0YUCHUST CTAHOBUTCS UCIIOJIb30BAHHE
HaJEXHBIX MCUXOJUATHOCTUUYECKUX HHCTPYMEHTOB, MO3BOJISIOUIUX
BBISIBUTH WHIMBUJIYaJbHbIC Pa3iNuMsi B KOTHUTHBHBIX U JUYHOCTHBIX
XapaKTePUCTUKAX YUaIUXCsl.

OaHOM M3 TaKUX METOJUK siBiseTcs auarHoctuka JI. A. SIctokoBoOH,
oOecrieunBaroIlass MHOTOKOMIIOHCHTHBIA aHAJN3 TOTOBHOCTH INKOJIHHHKOB K
oOyuenuro [4; 5; 6]. Llenp uccnenoBanus: NpOaHATH3UPOBATH BO3MOXKHOCTH H
3¢ GeKTHBHOCTH PUMeHeHUsT MeToauKu JI. A. SICFOKOBOW 1715l OLICHKH U Pa3BUTHSI
YUCOHBIX KOMITCTCHIIHI yUaIUuXCsl MPO(HUIBHBIX KIIACCOB MTPU N3YUCHUU (DU3UKH.
CoueraHue NCUXO0JIOTO-NeIarOrMUYeCKUX JIaHHBIX C Pe3yJbTaTaMu MPEIMETHON
JUATHOCTUKHU IMO3BOJISICT TIEJarory BhICTPAUBATH 0OJICE TOYHBIC TPACKTOPHH
Pa3BUTHsI ¥ MOBBIIIATH 3PPEKTUBHOCTH MpenofaBanus (Gu3uku.OCHOBHBIMU
3ajlauaMy HCCJEJOBaHUs SIBISIIOTCA: ONpeAeieHne MHTEJIEKTYalbHOU
TOTOBHOCTH K MPOQUILHOMY OOYYCHHUIO U BBISBICHUC 30HBI OJIMIKAWUIIETO
pa3BUTHS ydyaluxcsi. AKTyallbHOCTh JJAHHOT'O MCCIIEIOBAHUS ONpPEesieTcs
HEO0XOJUMOCTBHIO HHTCTPAIIMN OOBEKTUBHBIX TICHXOJHATHOCTHUYCCKUX JTaHHBIX
B [IOBCE/IHEBHYIO NTPAKTUKY MPENOIaBaHMusl, YTO CIIOCOOCTBYET Ooliee aapecHon
paboTe ¢ yJanMucs ¥ pa3BUTHIO UX (QYHKIIMOHAIBHON TpaMOTHOCTH [2; 6].

TeopeTuyeckoil OCHOBOMNPUMEHAEMON KOMIIJIEKCHOM METOJUKHU
JI. S1. SlcroxoBoit [7] sBASAIOTCS: KOHIENIUS Pa3BUBAIOLIEro OOydeHUs
JI. B. 3ankoBa, /JI. b. Dnbkonuna u B. B. JlaBeinoBa [8; 9]; koHuenuus
KOMIETEHTHOCTHOTO noaxoaa A. B. Xyropckoro [10] 1 mpUHIUIBI CHCTEMHO -
JIeSITeIbHOCTHON MEarorukH.

Marepuajbl 1 METOAbI

Uccnenopanue Ha Oase numest umeHn «Kupumra u Medoaus» ropoaa
Cwmonencka. OCHOBY COCTaBIISIIOT MPUHIIHUIIBI JTHYHOCTHO-OPUEHTUPOBAHHOTO,
KOMITETEHTHOCTHOT'O U JIESITEIbHOCTHOTO TIOJIXO/IOB.

B pabote mpuMeHSICS KOMIUIEKC METOJOB: TCOPETUUYCCKHUI aHAIU3
MICUXOJIOr0-TIeJarOTHYCCKON JINTEpaTyphl, HAONIOACHNUE, aHKETHPOBAHHUE,
MCUXOJIOTO-MEJaroruyeckasl JUarHocTuka (KOMIIIEKCHAas METOIUKaA
JI. A. SIcrokoBOIt), a TAaKKE METOBI CTATUCTUYCCKOTO aHAJIM32 U TIeIar OTUICCKOM
HUHTEPIpETANH JTaHHBIX.

B uccnenoBanuum yuactBoBanu yuamuecs 10-X KJIaccoB 4eThIpex
NpoQWILHBIX HANpaBICHUN: PU3MKO-MAaTEMaTHUYECKOTO (n=25), XUMHUKO-
6uonornyeckoro (n=28), conuanbHO-3KOHOMUYecKoro (n=30) u TyMaHUTapHOTO
(n=27). [TapasuienpHO C ICUXOAMArHOCTHKOM POBOIIIIACH OI[CHKA IPEIMETHBIX
KOMITCTCHIIMIA 10 (PU3HMKE C UCIOJIh30BAHHEM 3aJaHUN Ha (DYHKIHOHAIBHYIO
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IPaMOTHOCTH M 3JIeMeHTOB (popmaToBPISA, HanpaBiieHHBIX Ha OLEHKY
MIPUMEHEHUS 3HAaHUM B MPAKTUYECKUX, ’KU3HEHHBIX CUTYaIUsX.

1 KorHuTHBHBIE KOMIETEHIIMM U OCOOCHHOCTH MBIIIJICHHS yYalIuXcs
Pa3HbIX NPOQHICH.

Metonuka JI. A. SIclokOBOH MO3BOJSIET C BBHICOKOW CTEMEHBIO
JIOCTOBEPHOCTH ONPEACIUTh YPOBEHb PAa3BUTHUS KIIOUEBBIX KOTHUTHBHBIX
¢GyHkmii: 1) TOHATHIHHOTO MBIIUIEHUS, 2) aOCTPaKTHO-JIOTMYECKOT0 aHaJH3a,
3) BepOasibHOTO MHTEIIEKTA U 4) KOMOMHATOPHBIX CHOOHOCTEH.

YpoBeHb KOrHUTMBHbIX KOMMETeHUMIA y4alwmxcs no npocpunsam (%)

100
92%

MpOUEHT BbICOKWIA YpPOBEHL

Xum.-6uon. CoL.-3KOH. FymMaHUTapHbIit

MNpodunb 0byyHeHus

Pucynox 1 — YpoBeHb KOTHUTHBHBIX KOMIIETCHIINN YHIAIITIXCS
o pomrsim oOyuenus (%)

[IpencraBnenHas Ha pucyHKe | guarpaMma HarjsiiHO WJUTIOCTPUPYET
3HAUYUTEIBHBIN Pa30poc B ypOBHE Pa3BUTHSI KOTHUTUBHBIX KOMIIETCHITHH MEXIY
YYAIIUMHUCS Pa3HbIX MPOQHIICH.

VYyammecs pU3nKo-MaTeMaTHIeCKOro TPOMOHISAEMOHCTPHPYIOT a0COTIOTHO
BBIArOLIHMHCS pe3ynbTaT (92 % BBICOKOTO YPOBHS), UTO SIBISIETCSI 0OBEKTHBHBIM
MIOATBEPKICHUEM UX Pa3BUTBIX aHATUTHKO-TOTHUECKUX CIIOCOOHOCTEH, BBICOKOH
CKOpPOCTH 00pabOTKH HH(OPMAIHH U TIPEAPACIIONIOKEHHOCTH K OTICPHPOBAHUIO
a0CTPaKTHBIMH MMOHATHAMH. DTOT MPOGIITH KOHIIEHTPHUPYET yUaIIXCs ¢ Hanboee
MOIIIHBIM MHTEIUIEKTYaIbHBIM MOTEHIINATIOM ULl OCBOCHHUS TOUHBIX HAYK.

XUMHUKO-0HONIOTHIECKUN TTPOPHUIBIIOKA3BIBACT TAK)KE BBICOKHH PE3yIbTaT
(86 %), HO HECKOIBKO yCTyIaeT (PU3UKO-MATEMATHIECKOMY. DTO CBHCTEILCTBYET
O CHIBHON KOTHUTHUBHOW 0a3e, 0JTHAKO, BO3MOXKHO, C OOJIBIINM YKIOHOM B
CHCTEMHOE W KJIACCH(PHUINPYIOIIEe MBIIUICHNE, HEOOX0UMOe Il OHOJIOTHH H
XVMHH, ¥ IyTh MEHBIIUM — B a0CTPaKTHO-MAaTEMaTHIECKOE.
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HanbGonee moka3zaTeJbHBIMU SIBJISIOTCS JAaHHBIE MOCOIMAJIIBHO-
skoHOMU4YeckoMy (74 % )urymanutapHomy (69 %)npoduism. CyiiecTBeHHOES
CHI)KEHHE MPOLIEHTA YYAIMXCs C BHICOKMM YPOBHEM KOTHUTHBHBIX KOMITETEHIINI
He SIBJISIETCs TI0Ka3aTesieM UX HECIIOCOOHOCTH, a OTPaXKaeT MHYIO HAaIPaBJIeHHOCTh
WHTEIJIEKTa. DTH JaHHBIE MOATBEPXKAAIOT ClenUPUKY 00pa3oBaTeIbHBIX
MporpaMM JIaHHBIX Mpoduiei, rae npeobianaoT BepOaIbHO-COLMATIbHBIE,
HMHTEPIIPETALMOHHBIE 1 KOMMYHHKATUBHBIC KOMIIETEHIIMM HaJl CTPOTO JIOTUKO-
AQHAIMTUYECKUMHU. VIMEHHO JUIsl 3THX FPYIIT B&XKHOCTh MHIAMBHIYaJIbHOT'O ITOX0/1a
C ONOpPOI Ha AMAarHOCTUKY Hauboliee BBICOKA, TaK KaK IO3BOJIIET BBISIBUTH
BHYTPEHHHH TOTEHIMAJ JUIs Pa3BUTHS (PU3HYECKOTO MBILIICHUSI, KOTOPBIA MOKET
OBITH CKPBIT 32 MHOM KOTHUTUBHOM CTPYKTYPO.

BaxHbIM HampaBieHHeM YriiyOJeHHOTO aHaln3a sIBJISETCS M3y4YeHHe
peo0iIaIalonMX THUIIOB MBIIUICHUS y4YallUXCs B 3aBUCUMOCTH OT HPOQMIIs
ux obyuenusi. DopMUpoOBaHUE JIOTHYECKOI'0, TBOPUECKOI'0, BU3YyaJIbHOTO
U KOMOMHATOPHOTO THUIIOB MBIIIJICHHUS HAIPSIMYIO CBA3aHO C METOAaMHU
NpenojaBaHus, coAepKaHUEM IpeaMeTa U YPOBHEM ICHUXOJOTHYECKOH
rotopHoctH [7; 11].

Pa3BuTVE BUAOB MbILWWIEHUSA Y YHaLWMXCA pa3Hbix npodunen (%)
100

60

a0t

CpefiHuit ypoBeHb pa3sutus (%)

20F ®u3.-maT. npocdunb

—=— XuMm.-6non. npocuneb

—+— CoU.-3KOH. Npod b
ryMaHuTapHbIi Npoduib

Hormqecxoe TBopyeckoe BusyanbHoe Komb6uHaTopHoe
Tun MblwneHns

PucyHok 2 — Pa3BuTie BUIOB MBIIIICHU y y4aIUXcs pa3HbIX npodueit (%)

Jluarpamma Ha pUCYHKe 2 IIPEI0CTaBIISIET 00JIee IeTATM3UPOBAHHY 0 KAPTHHY
KOTHUTHUBHOTO JIaHAmadTa B Ipo(UIIbHBIX KilaccaX. AHaIN3 TaHHBIX TI03BOJISIET
BBISIBUTH CJIC/YIOIIME 3aKOHOMEPHOCTH:

— (usuko-MaTeMaTHYCCKUN NPOPUIBISMOHCTPUPYET aOCOTIOTHOE
JIUJIEPCTBO MO YPOBHIOIOTHUECKOTOMKOMONHATOPHOTO MBIIIJICHUSL. DTO SIBISIETCS
MPSIMBIM OTpaKeHWeM TpeOOoBaHU Mpoduis: HEOOXOJUMOCTh BBICTPAUBATh
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CTpOTHE PUYUHHO-CIIEACTBEHHbIE CBSI3H, OIIEPUPOBATH (POPMYIAMHU M IPOBOIUTH
MHOT'0XO/IOBbIE BBIYMCIICHHUS. [Ipr 3TOM NOKa3aTeIMTBOPYECKOTONBU3YaIbHOTO
MBIIIJICHUS TAK)KE BBICOKH, YTO YKa3bIBaeT Ha cOATaHCUPOBAHHOCTh M THOKOCTh
MHTEJUIEKTA, CIIOCOOHOT0 HE TOJIBKO K aJITOPUTMH3AIIMHI, HO U K TeHEPaIX HOBBIX
ned U MBICJICHHOMY TIPEJICTABICHHIO CIIOYKHBIX CUCTEM;

— XUMHUKO-OHMOJIOrHYecKUil MpO(HIIbIIOKa3bIBAET OYSHb MOX0XKYI0, HO
CMSTYEHHYIO KapTHHY. BBICOKHE 1oKa3aTesn JOrH4ecKOro 1 KOMOMHATOPHOTO
MBIIIJICHHSI 3/1€Ch JIOMOIHSIOTCS 4acTo 0ojiee BBIPa)KEHHBIMBHU3YaJIbHBIM
MBIIIJICHUEM, YTO CBSI3aHO C HEOOXOAMMOCTBIO OIEpHUpPOBaTh (GopMyliamMu
OpPraHMYECKHX COCJAMHEHUH, cXxeMaMHW OMOXMMHUYECKUX LHUKIOB U
[IPOCTPAHCTBEHHBIMU MOJICIISIMH MOJICKYJT;

— COLMAIBHO-OKOHOMUYECKHH MPO(UIbXapaKTePU3yeTCsl BEIPAKEHHBIM
IMMKOM B 00JIACTHJIOTUYECKOI'0 MBIIUICHUSIIPH OTHOCHTEIBHO HU3KHX ITOKa
3aTeIsIXTBOPYECKOTOMBU3YaIbHOT0. DTO OTpa)kaeT MPHUKIAJHOW, pacueTHO-
AHAJMTUYECKUI XapakTep npoduis, rae Tpedyercs: aHaJu3UpoBaTh JaHHBIE,
CTPOHUTH IrpaUKH M NMPOTHO3BI, HO B MEHBIIECH CTENEHUM — CO31aBaTh
MIPUHIMIHAIBHO HOBBIE KOHIICTIIIMU MJIH TITyOOKO BH3YaJIM3UPOBATH MTPOLIECCHI;

— T'yMaHUTApHBIN NPOQHUIIBIIPEACTABISIET COOOH YHUKAIbHYIO KOTHUTHBHYIO
koH¢purypauuto. Ero ornuuurenbHas yepra — OTHOCHUTEIBHO BBICOKUU
YPOBEHBBH3YaJIbHOTOMTBOPYECKOTO MBIIIICHUSITIPH 3HAYUTEIBHO O0JIee HU3KUX,
T10 CPAaBHEHUIO C €CTECTBEHHO-HAYYHBIMHUITPO(DMIIIMH, TOKA3aTEISIXJIOTMYECKOTO
MKOMOHMHATOPHOT0. DTO IOJHOCTHIO COOTBETCTBYET ClIel(HKE I'yMaHUTAPHOTO
TI03HAHUSI, OPUEHTHPOBAHHOT'0 Ha MHTEPIPETALINIO, 00Pa3HOCTh, MHOTO3HAYHOCTh
1 SMOLMOHAIIBHOE BOCIIPUSITHE.

JlaHHast IMarHOCTHKA TIO3BOJISICT YUUTEINIO (PU3UKH HE pabOTaTh «BCIICITYIO»,
a IeJICHANpaBJIeHHO MOA0UpaTh 3a1adn U GopMyIHpoBaTh 00BSCHEHUS,
aneJuIMpysl K CHJIBHBIM CTOPOHAM MBIIIJICHHUS YYalIUXCsl KaxI0ro Ipoduis
U pa3BuBas cialsble.

2 Ilcuxonoruveckass TOTOBHOCTh Y4YallMXCSl K M3YyYEHHIO (U3UKHU:
CTPYKTYPHBIW aHAIN3

[Tcuxonoruveckasi TOTOBHOCTh y4YallMXCs SIBJSCTCS MHTErpajbHBIM
roKasaresieM, BKJIIOYAIOIIMM KOTHUTUBHBIH, JINYHOCTHBIA, SMOIMOHAIBHO-
BOJIEBOW M MOTHMBAIMOHHBIN KoMIOHEeHTH. MeTtonuka JI. A. fciokoBoi
T103BOJISIET OLICHNUTH 9TH KOMIIOHEHTBI B KOMIUIEKCE U OIIPEJIEITUTh IPHOPUTETHBIE
HAaIIpaBJICHNUS [1€1arOTMYECKOT0 COMPOBOXKIICHHUSI.
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CpelHui ypoBeHb NCUX0SIOrNYeCKOM FOTOBHOCTU MO KOMMoHeHTaM (%)

MOTUBALMOHHBIN

SMOLMOHaNbHO-BONEBON

JIN4HOCTHBIN

KOMMNOHeHTbI FOTOBHOCTU

KOrHNTWBHBIN 88%

0 20 40 60 80 100
MPOLEHT yYalMXcs C BLICOKUM YpOBHEM
Pucynok 3 — Cpennuil ypoBeHb ICUXOJIOTMUECKON
TOTOBHOCTH y4aIruxcs o KomrmoreHTam (%)

Cronbuaras nquarpamma (Puc. 3) maerderkoe npesicTaBiIeHUE O CTPYKType
TICUXO0JOTNYEeCKOW TOTOBHOCTH CTapIICKIACCHUKOB. AHAJIN3 MOKA3bIBAET, YTO
Hambosee pa3BUTHIM B 0OIIeH BBHIOOPKE SIBISCTCAKOTHUTHBHBIM KOMITOHEHT
(88 %). DTO 3aKOHOMEpPHO M OTpa)kaeT LeJeHANpPaBICHHBII 0TOOP U
camMooIpeieeHne yJalmuxcss B NpoQuiIbHbIC KJIACChl, Ile pa3BHUTas
MHTEIUICKTyaJIbHas 0a3a sSBIAETCS KIIIOYEBBIM YCIOBHEM ycCIIeXa.

BBICOKMHIMYHOCTHBIH KOMIOHEHT (82 %)IeMOHCTPUPYET, YTO Y
OOJBIIMHCTBA CTAPIIEKIACCHUKOB c(hOpMHUpOBaHa aJCcKBAaTHAsI CaMOOLICHKA,
YyBCTBO OTBETCTBEHHOCTH M OCO3HAHHOE OTHOIIICHHE K IPOoLiecCy 00yUeHHUS, 4TO
SIBIISIETCSI HA/IS)KHON OCHOBOI JUISl CAMOCTOSITEIIEHON padoThlI.

MortuBanonHbIi KoMroHeHT (80 % )moaTBepkaaeT oOmmid 0CO3ZHAHHBIH
MHTEPEC YYaluxcsi K yriryOJICHHOMY M3yYCHHIO BBIOPAHHBIX JUCLUILIMH, YTO
co31aéT OJIAroNpHUATHBIN YMOIIMOHAIBHBIN (DOH /ISt O0yUIEHUSL.

Kpurndeckn BaXKHBIM BBIBOJOM SIBIISIETCS JAHHBIC TO3MOLMOHAIBHO-
BOJIEBOMY KOMIOHEHTY (76 %), KOTOpBI OKa3ajcs HaMMEHEe Pa3BUTHIM.
3T0 KOHKPETHOE, I3MEPHMOE YKa3aHHe Ha «CI1a00€ 3BEHO» B OATOTOBKE YYAIIIHXCSL.
Hwuskue okasaresnu 1o 3ToMy KOMIIOHEHTY 03HAa4aloT, YTO y 3HAUUTEILHOH YacTh
IIKOJILHUKOB MOTYT HaOJTI01aThCsI TPYHOCTH C CAMOPETYJISIINEH, KOHIICHTpaliei
BHUMAaHUS B YCIOBHSX IIOMEX, YCTOHUMBOCTBIO K cTpeccy (Hampumep, mepen
KOHTPOJIHBIMH PabOTaMU, IPU PEIICHNN HECTAHNAPTHBIX 3a/1a4 y JOCKH WIIN
BO BpeMsI CJIOKHBIX JJAOOPATOPHBIX HKCIIEPUMEHTOB). DTO MPSMO yKa3bIBaeT Ha
HE0O0XOIMMOCTh IIeJICHANIPABICHHOW paboThl mefarora mo (OPMHUPOBAHUIO B
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KJIACCE MOMAICPIKUBAIOIICH aTMOC(Ephl, BHSPCHUIO TCXHOJOTHIA MOIIArOBOro
JIOCTHYKEHUS 11eJIed U Pa3BUTHIO HABBIKOB MTPEOOJICHUS TPYIHOCTEH.

3. Koppensuust Mexay KOMIOHEHTAMH TOTOBHOCTH M yCIIEBA€MOCTbHIO
1o pu3mKe

JlaHHbIE MCCNEOBAHUS CBUACTEILCTBYIOT O MPSIMON 3aBUCUMOCTH MEXKIY
YPOBHEM KOTHUTHUBHOW T'OTOBHOCTH, CTPYKTYpPOU MBILUICHUS U Pe3yJIbTaTaMU
MPEIMETHOM yCIIEBAEMOCTH 110 (hU3HKE.

VYyariuecs: ¢ BBICOKUM YPOBHEM IMOHITUHHOTO U a0CTPAKTHO-JTOTMYCCKOTO
MBIIUICHUS, PA3BUTON JIOTMYECKON MaMSThIO YCIEIIHEe BBIMOIHSUIM 3aJaHus
Ha aHaJu3 rpaduKoB, MOCTPOCHUE (PU3HMUCCKUX MOJICICH, OOBSICHEHUE SIBIICHHIA
U pelICHHE KOMOWHMPOBAHHBIX 3a7ay. Y4Yalluecs cO CPEIHUM YpPOBHEM
KOTHUTHUBHOM TOTOBHOCTH YacTO HCIBITHIBAIU TPYAHOCTH B MEPEXOAE OT
KOHKPETHBIX MPUMEPOB K 00OOIICHUSIM U TCOPETUUCCKUM IMOCTPOCHUSIM, UTO
TpeOOBAJIO OT YUYHUTEISI HCIIOIB30BAHUS CIICIIHATIBHBIX METOJHUCCKUX MOCTOB U
BU3yaJIn3aluil.

Oco00e BHUMAHUE YICISUIOCH JTUYHOCTHO-MOTHBAIMOHHBIM aCIICKTaM.
Mertonuka SICIOKOBO# M03BOIMIIA BBISIBUTH YUAILIUXCS C TIOHMKEHHBIM YPOBHEM
CaMOPETyJISIIUU U BOJIEBOIO KOHTPOJIS, YTO HAMNPIMYIO KOPPEIUPOBAIO C
TPYIHOCTSIMU IIPY BBITOJHCHHUHU JUTUTEIBHBIX JTA00PATOPHBIX PA0OT U CIIOKHBIX
HCCIICIOBATEIBCKHUX 3a/IaHHUH.

B 1O e Bpems BBICOKHM ypOBEHb dMOLIMOHAIBHON YCTOWYHMBOCTHU U
CaMOKOHTPOJIS ObLI XapaKTEPEH [UIsl YYAIIUXCsl, HAMOOJIeE YCIICIIHBIX B IPOCKTHOM
U 3KCIICPUMEHTAIILHON JICATEIIbHOCTH, TPEOYIOIICH TCPIICHHUS U TOYHOCTH.

Pe3yabTaTsl U 00cy:KI1€HUE

[leparornyeckue MHTEPIIPETAIIMN U TPAKTUYECKOE MPUMEHEHNUE TUATHOCTUKU

Pesynbrarsl quarHoctuku mo metoguke JI. A. SICIOKOBOU SIBISIOTCS HE
KOHCTaTallMe, a OTIPABHOM TOUKOMU JIsl TOCTPOEHHUSI aIpECHOM MeAarornyeckom
ctpareruu. Ha ux ocHOBe mejaror MO>er:

®dopmupoBatrs nquddepeHuupoBannbie rpymnmnbl. Co3gaBaTh Majbie
TPYIIBI 7151 TPOEKTHOH JESITeIbHOCTH, TJI€ YYalllUeCs C CHIIbHBIM JIOTMYECKUM
MBIIIVICHUEM OTBEYAIOT 32 aHAJIUTUYECKYIO 4acTh, C PAa3BUTHIM BHU3yaJbHBIM
— 3a MOJICIUPOBAHKC U TpaduUecKoe MPEACTaBICHUE, a C BBIPAKCHHBIMHU
KOMMYHUKAaTUBHBIMHM HaBBIKAMU — 32 MPE3EHTAIUIO PE3YIbTaTOB.

OnpenensiTh TPUOPUTETHBIE HANpaBIeHUs pa3BUTHS.JJI1 rymMaHUTapUeB
JeNlaTh aKICHT Ha BU3yaJU3alHH MPOLECCOB U HUCTOPUKO-(PHIocoPCKOM
KOHTEKCTE OTKPBITHHA. JJI1 CONMANTbHO-YKOHOMUYECKOTO MPOQIIS MOa0UpaTh
3a/la4ud ¢ YKOHOMHUYCECKUM | corrainbHbiM noarekcrom (KIT, adhdexruBHOCTS,
cratuctuka). Jnsg XuMHUKO-OMoJIOrnuecKkoro npouis ycuiupaTh OJIOK,
CBSI3aHHBIN C TEPMOIAMHAMMKOM, IEKTPOCTATUKOW U KBAHTOBBIMU SIBIICHUSIMU
B )KHMBOH NPHUPOJIE.
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AnanTtupoBaTh yueOHbIE MaTepHallbl. YHallluMCsl ¢ HU3KOH CKOPOCTBIO
00paboTKH MHPOPMAIMK MPEAOCTABIATh ATOPUTMBI U OIOPHBIE KOHCIIEKTHI.
Tewm, y koro cinabo pa3BUTO BU3yalbHOE MBIIJICHHE, peuiarath 0oJblie
BHJIeOMaTepuanoB, 3D-Mozeneil U peanbHBIX SKCIEPUMEHTOB. J[1s pa3BUTHA
TBOPUYECKOTO MBIIUIEHUSI Y «T€XHUCTOB» UCIOJIb30BaTh 3aJa4l C OTKPBITHIM
OKOHYaHHeM U nzobperarensckue 3anaun (TPU3) [12; 15;].

BHenpsare cuctemy camooleHKH u peduiekcin. O3HaKOMIICHUE Y4aIuXcst
(B TakTMUHOW M 0000LICHHON (OpME) C MX CHIBHBIMH CTOPOHAMH M 30HAMH
pocTa no3BoJisieT ChOPMUPOBATH Y HUX OCO3HAHHOE OTHOLIEHHE K COOCTBEHHOMY
y4eOHOMY HPOIIECCY, Pa3BUBATh METAKOTHUTHBHBICHABBIKH[ 13].

B pamkax skcriepuMeHTaIbHON YacTH UCCIIe0BaHus ObLIN arpoOUpOBaHbI
KOHKPETHBIE METO/Ibl, OCHOBAHHBIE Ha TUATHOCTHUECKUX JAHHBIX:

Temarnueckue 1a00paToOpHu C IEMEHTaMH ITPOSKTHOT'O aHAJIN3a,I/1e BBIOOP
TEMBI U CJIOKHOCTH 3aJIlaHHs COTJIACOBBIBAJICS C MPO(UIEM U BBISBICHHBIMU
Tunamu mbinuienus [10; 14].

«®Dusnueckue 1e6aTh»,pa3BUBAOIINE HE TOJIBKO IIOHUMaHNE (PU3NYECKUX
3aKOHOB, HO U KOMMYHHKATHUBHbIE HABBIKH, YMEHHE apI'yMEHTHPOBATh CBOIO TOUKY
3pEHUs], 4TO OCOOCHHO BaXKHO JUIsi TYMaHUTAPHBIX ¥ COIIMAIbHO-9KOHOMUYECKUX
npoduieit [10; 15].

WHTepakTHBHBIE OITBITHL TPEOYIOIIHE YCTAHOBIICHUS MEKITPEAMETHBIX CBSI3eH
¢ Ouosoruei, skosorued, THPOPMATHKON U MAaTEMaTHKOM, YTO CIIOCOOCTBYET
Pa3BUTHIO KOMOMHATOPHOTO M CUCTEMHOTO MBIIUICHHMSI.

Taxoit tuddepeHpOBaHHBIA U TUArHOCTUYECKH 00OCHOBAHHBIH 1OJIX0]T
TI03BOJIMII B TE€UEHHE YUeOHOr0 T0/1a MOBBICUTH HE TOJILKO CPETHIOIO YCIIEBAEMOCTh
T10 TIPEAMETY, HO U 3aMKCHPOBATh POCT TTOKa3aTeseil KOTHUTHBHOTO Pa3BUTHS
Ha KOHTPOJIbHOW AuarHoctuke Ha 10—12 %.

BriBoabl

IIpoBenéHHoe uccnenoBaHUE MOKA3aJlo, YTO AMATHOCTUKA TOTOBHOCTHU
yuamuxcst no Meroauke JI. A. SIcrokoBoii siBiisieTcs: BBICOKOI((EKTHBHBIM 1
BaJIMIHBIM MHCTPYMEHTOM IIOBBIIICHHUSI KauecTBa IpernojaBaHusi GU3NKH B
YCIOBHSX NPOQMILHONW HIKOJbl. OHA IO3BOJISET MEPEUTH OT WHTYUTHBHOI'O
TIOHUMaHUs 0COOEHHOCTEH Ki1acca K 00beKTUBHOMY, JIAHHBIC-OPUEHTHPOBAHHOMY
aHAJIM3Y CTPYKTYPbl KOTHUTHBHBIX U JIMYHOCTHBIX OCOOCHHOCTEH IIIKOJILHUKOB.

Pe3ynbpTaThl qUAarHOCTUKHU JEMOHCTPUPYIOT CYIECTBEHHBIC Pa3IU4Us
B YPOBHE Pa3BUTUS KOTHUTHUBHBIX KOMIETEHUUI U CTPYKTYpE MBIIIICHUS
MEXAY YUalIMMUCS Pa3HBIX MPOQUIICH, a TAK)KE BBISBISIOT «CJIa0ble 3BEHbs» B
001enpOMIBHON TICHXOJIOTMYECKOH MOTOBHOCTH, TaKHE KaK AMOIMOHAIBHO-
BOJIEBOM KOMIIOHEHT. YCTAHOBJICHHAsI MpsAMasi KOPPENAlUs MEXIY YPOBHEM
KOTHUTHUBHOTO Pa3BUTHUS M YCIICIIHOCTHIO B OCBOCHMU (DM3MKH MOATBEPXKJIACT
HEOOXOAMMOCTb y4eTa 3THX (PaKTOpOB B MeJarorudeckoM IIaHHPOBAHUH.
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Bxiitouenue pe3ynbTaTOB JMAarHOCTUKU B MPaKTHKY HNpeNoJaBaHUs
MI03BOJIIET BEICTPOUTSH aIPECHOE MEJArOrnIecKoe COMPOBOXK/ICHNE, aallTUPOBATh
COZIepKaHNE M METOJIbI O0YUEHHUSI 110]] peajibHble NOTPEOHOCTH U BOBMOXXHOCTH
y4aluxcs, eJIeHanpaBIeHHO pa3BUBaTh (PYHKIMOHAIBHYIO T'PAaMOTHOCTh U
MeTarpeIMETHbIE KOMITETEHIIH. DTO CIIOCOOCTBYET HE TOJIBKO POCTY PEIMETHBIX
Pe3yJIbTAaTOB, HO U MOBBIIIEHHUIO UCCIIEJ0BATEILCKOH MOTHBAIIMY U OCO3HAHHOMY
CaMOOIPEJIENICHUIO CTapIICKIACCHUKOB.

JlanpHelle Uccle0BaHus LeNeco00pa3HO HAIpaBUTh Ha pa3paboTKy
JeTaM3UPOBAHHOI MHTETPUPOBAHHON MOJIENM MEJaroruueckoil moaaepxKKy,
BKJIIOYAIOIIEeH peryysipHbli MOHUTOPUHT 1o MeToauke JI.A. SlciokoBoii,
QITOPUTMBI IMOCTPOCHUSI UHAMBUIYABHBIX TPACKTOPUI U MHTETPalUIo ITHX
WHCTPYMEHTOB B IM(POBBIE 00pa30BaTEIbLHBIE CPE/IbI ISl aBTOMATH3AINH aHATH3a
U PEKOMEHJallUi.
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J. A. ICFOKOBA OJICTEMECIH KOJIIAHY HET'T3IH/IE
®U3NKAHBI OKBITYIA BEMTHAIK CBIHBITI
OKYIIBIJIAPBIHBIH KY3BIPETTEPIHIH
JAMY JEHTEVIH BAFAJIAY

byn  wmaxanaoa JI. A. Aciokosanviy ncuxoouacHoCmMuKaIblK,
20icmemecin Konoana omulpuln, Hco2aApbl CoIHbIN OKYULLIAPLIH OEUiHIIK
OKbIMY  JHCA20AULIHOA  (PUUKAHBL  OKbIMYOLIY  3aMAHAYU  MICIIOepi
OKYUILIIAPOLIH, NCUXOTOUSLILIK, MAHLIMObIK JICOHE OKY OAUbIHObIZHIH
Kewlenoi baganay ywin Oinim 6epy npoyecin OUASHOCMUKALAY ICIHE
Oeliimdey Kypaivl peminde KaApacmulpuliadvl. 3epmmeyoliy Heeizel
maxcamol oap: JI. A. Aciokosa adicmemecin @usuxkanvl oKy KeziHoe
0ellindl  ChIHbIN  OKYUILLIAPBIHGIY OKY KY3blpemminikmepin bazganay
JICaHe damMblmy YutiH KON0any MyMKIHOIKmepi MeH muimoiniein manioay.
Qoicmeme JI. A. A8ciokoa ncuxonocusnbik-nedazocuxkaibly oepekmepoi
NaHOIK OUACHOCMUKA Hamudicenepimen yilecmipyee MyMKIHOIK bepedi,
cauvin KejeeHoe, HcapamvliblCMAHY-MAMmeMamukaiblk Yyukioiy oeuinoi
CHIHBINMAPLIHLIY uU3UKa MY2animMOepine OKYWbIIAD VUil OKbINYObIH,
oamulmyovlyy 021  MPAEKMOPUSIAPLIH  KYPYea — JcoHe  OCbLIAtuA
usukanvl OKLIMYObIH MUIMOLLIZIH apmmbipyea MYMKIHOIK 6epedi.
OKy npoyeci ouaecnos Kouwbliadvl. Op mypii npoguivdep OoUbIHUA
OUACHOCNUKATILIK, — Oepekmepoi  manoay  Hamudicenepi  YCbIHbLISAH
(uzura-mamemamuranvly, — XUMUSIbIK-OUOIOSUSTIBIK,  dLEYMEmMMmIK-
9KOHOMUKANLIK, 2ymanumapnvlx). Koenumuemi xabinemmepoiy oamy
Oeneetlnepi, ounay mypiepi, myaeanviK-MomMueayUsAIbIK KOMNOHeHmmep
MeH ¢pusuka noHiH ueepyliy comminieli apacbiHOagbl  OAlIAHbIC
Kopcemineen. byn adicmemeni konoamuy scexe Oinim bepy Mapupymmapoiu
Kypyea, oKy mamepuanoapvii detimoeyee, noHoi oKyea 0e2eH bIHMAaHbl
apmmulpy2a  HcoHe  (DYHKYUOHANOBIK — CAyammuliblKmbl  MAKCAMmol
mypoe Kanblnmacmuvlpyea MYMKIHOIK Oepemini Oanendenoi. JKymvic
HomuoicenepOi  OUACHOCIMUKALAY — UHMeZPayuACbIHbIY — madcipubece
bazeimmanean MoOeniH YCblHa OMblpbIN, PU3UKAHBL OKbLMY NCUXONOUACHI
MeH 20icmemeci apacbiH0agvl NOHAPAILIK OALLIAHBLICIbL HHIEAUMAODL.

Kinmmi ce30ep: JI. A. Aciokosanwviy adicmemeci, Oetlindik
OKbIMY, (PUIUKAHBL OKbIMY d0icmemeci, KOSHUMUGMI KY3blpemmiliK,
NCUXONO2UANLIK ~ OAUBIHOBIK, OULAYy Mypaepi, OKbinmyobl 0apaiay,
DYHKYUOHATOBIK, CAYyAmMMbLIbIK.
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PROPAGATION OF ELASTIC WAVES IN
ANISOTROPICTHERMOELASTIC MEDIA:
MODELING IN WOLFRAM MATHEMATICA 11

This article examines modern approaches to teaching physics
in the context of specialized education of high school students using
L. A. Yasyukova's psychodiagnostic methodology as a tool for diagnosing
and adapting the educational process, for a comprehensive assessment
of psychological, cognitive and educational readiness of students. The
main purpose of the study is to analyze the possibilities and effectiveness
of applying L. A. Yasyukovas methodology for assessing and developing
the educational competencies of students in specialized classes in the
study of physics. The methodology of L. A. Yavsyukova makes it possible
to combine psychological and pedagogical data with the results of subject
diagnostics, ultimately allowing physics teachers of specialized classes of
the natural and mathematical cycle to build more accurate learning and
development trajectories for students and thus increase the effectiveness
of teaching physics. The learning process is becoming more diagnosable.
The results of the analysis of diagnostic data on various profiles (physico-
mathematical, chemical-biological, socio-economic, humanitarian) are
presented. The relationship between the levels of development of cognitive
abilities, types of thinking, personal and motivational components and the
success of mastering the subject of physics is shown. It is proved that the
use of these methods allows you to build individual educational routes,
adapt educational materials, increase motivation to study the subject and
purposefully form functional literacy. The work strengthens interdisciplinary
links between psychology and the methodology of teaching physics, offering
a practice-oriented model for integrating diagnostic results.

Keywords: L. A. Yasyukovas methodology, specialized education,
methods of teaching physics, cognitive competencies, psychological
readiness, types of thinking, individualization of learning, functional
literacy.
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NMPABWIJIA []J151 ABTOPOB B HAYYHOM XXYPHAJIE
«BECTHUK TOPAUIrbIPOB YHUBEPCHUTETA.
CEPUA: ®DUSUKA, MATEMATUKA U
KOMIBbKOTEPHbIE HAYKW»

PenaknnoHHas KOJIIETHs TPOCUT aBTOPOB PYKOBOICTBOBATHCSI CIIEYFOIINMUI
MIPaBIIIAMH TIPH MTOJTOTOBKE CTAThE JUIS OIyOIMKOBAHMS B KypHAIIE.

HayuHnble cTaThbu, MpeaCcTaBIsieMble B PEIAKIMIO KypHaiIa JTOJKHBI
ObITH OpOpPMIICHBI COTIIAacCHO 0a30BBIM HM3JaTENbCKHM CTAaHIAapTaM IIO
odopmrernnto crateid B cootBercTBUHU ¢ ['OCT 7.5-98 «XKypnansl, cOOpHHUKH,
nHPOpPMAIMOHHBIE H3NaHuA. M3naTenbpckoe oopmiIeHHe ITyOIHKYEeMbIX
MaTepHaJIOBY, MIPUCTATEHHBIX ONOMMOrpaUIecKuX CIICKOB B COOTBETCTBHH C
T'OCT 7.1-2003 «bubaunorpaduyeckas 3amuch. bubmamorpaduaeckoe ommucanue.
Oo6ue TpeGOBaHUS U MIPAaBUIIA COCTABICHUS.

* B HOMep JomycKaeTcs He 0oiee 0JHOH PYKOMIICH OT OJTHOT'O aBTOpa JIHO0
TOTO K€ aBTOPA B COCTaBE KOJUIEKTHBA COABTOPOB.

* KonmndecTBO COaBTOPOB OJHOW CTaThU HE Ooiee 5.

* CreneHb OPUTHHAIBHOCTH CTaThH JIOJDKHA COCTABIATH He MeHee 60 %
(cormacHO pemeHnIo peTaKInOHHON KOJIJICTHH).

* HampaBisieMble CTaTbH HE JOJDKHBI OBITH paHee OMyOIMKOBAHBI, HE
JIOIYCKaeTCsl TOCIeIyIoMIee OMyOINKOBaHNE B IPYTUX XKypHalax, B TOM YHCIIE
MIEPEBOIbI HA IPYTHUE S3bIKH.

* PerieHne 0 NPUHATHH PYKOIHCH K OIyOJIMKOBAHUIO TPUHUMAETCS T10CTIE
MIPOBECHNUS NIPOLIECAYPhI PELICH3UPOBAHNSI.

* JIBoitHOE peleH3upoBaHUE (Clernoe) MPOBOAUTCS KOH(PUACHIINAIBHO,
aBTOPY HE COOOIIACTCS MMS PELIEH3CHTA, @ PELIEH3EHTY — MM aBTOpa CTAThH.

* KBurtaHius 00 orutate MpeoCTaBIseTCs MMOCIE MPUHATUSA CTaTel K
myonukanud. CTOMMOCTh MyONHKauu B KypHaie 3a crparuny 1000 (omgHa
TBICSIYA) TEHTE.

* noktopanTaM HAO «TopaiirsIpoB YHHBEPCUTET» U HHOCTPAHHBIM aBTOpaM
(6e3 Ka3axCTaHCKUX COABTOPOB) MyOIUKAIIHS B )KypHAIE OECIUTaTHO.

*Ecnu cTaThs OTKJIOHEHA AHTUIIATMATOM MJIM PELEH3EHTOM CTaThd
BO3BpAIIAeTCs aBTOPY Ha JOpPabOTKy. ABTOp MOKET TOBTOPHO OTHPABUTh CTATHIO
Ha aHTUIUIarHaT WK pelieH3eH3upoBanue | pa3. OTBETCTBEHHOCTB 3a COEPKAHIE
CTaTbH HECET aBTOP.

Penaxmmst He 3aHUMAeTCs TUTEPATYPHON M CTHIMCTHYECKOH 00paboTKon
CTaThH.

Cratbu, oopMiIeHHbIE ¢ HAPYLIeHHeM TpeOOBaHMil, K My0IMKAIUH He
NPUHUMAIOTCS M BO3BPAIIAIOTCS ABTOPaM.
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JlaToii nmocTymiIeHNsT CTaThbU CUMTAETCs JaTa MOJIyueHUs pelakiuei ee
OKOHYATEJILHOTO BapHaHTA.

Crarby IyOJIMKYIOTCS 110 Mepe NocTyIuIeH s . XKy pHai popMHUpyeTcs HCX0/1s
U3 KoymdectBa He Oosee 30 craTeil B 0JJHOM HOMEpeE.

IepuoanyHOCTL U3IAHUS KYPHAJIOB — 4 pa3a B roj (esxeKBapTaJbHO).

Cpoku nojgaym craTbu:

- nepBbIi kBapTan g0 10 dgespais;

- BTOpo# kBapTain 1o 10 mas;

- Tpetuil kBapran 10 10 aBrycra;

- 4eTBepThIi kBapTai 10 10 HOSOpsI.

Hayunsiit )xypHan «Bectuuk Topaiirsipos yHuBepcurera», «Hayka
n texHuka Kazaxcrana» BbIIycKaeTCsl ¢ NMEPHOJUYHOCTBHIO 4 pa3a B Ioj B
ceTeBOM (3JIEKTPOHHOM) (hopMaTe B ClIETyOIIHE yCTaHOBICHHbBIE CPOKH BBIX0/1a
HOMEPOB XypHaJa:

- IepBbII HOMep BbIMycKaeTcst 10 30 MapTa TeKyIIero roja;

- BTOpOoi HOMep — 710 30 uIoHS;

- TpeTuil HoMep — 10 30 ceHTsIOps;

- 4eTBepTHIi HOMep — 110 30 1eKadpsi.

CraTpio (JIEKTPOHHYIO BEPCHIO W KBUTAHIMU 00 oIuIaTe) cienyer
HAaIpaBJIsTh HA CaliTax:

- https://vestnik.tou.edu.kz/

- https://vestnik-pm.tou.edu.kz/

Jlyist oiaum CTaThy Ha MyOIUKAIMI0O HEOOXOAUMO MPOUTH PETHCTPALMIO
Ha caire.

ABTOp, KOTOPBI BHEC HAUOOJBIINI HHTEIUICKTYAIbHbINA BKJIAJT B IIOJITOTOBKY
pykorucu (IpH JABYX U 00Jice COABTOPAX ), SIBIISICTCS aBTOPOM-KOPPECIIOHIEHTOM
# 0003HAYACTCS « ¥,

ABTOPBI U3 pa3HbIX YUeOHbIX 3aBEJCHUM yKa3bIBAIOTCS [udpamu >

Jlyis OCyIIECTBIICHUS TPOLIEAYPhI TBOWHOIO PELECH3UPOBAHHUsI (CIIENOr0),
aBTOpaM HEOOXOIMMO OTIIPABIIATH JIBA BAPUAHTA CTAThU: MIEPBBIN — C YKa3aHHEM
JIMYHBIX JAHHBIX, BTOPO# — 0€3 yKa3aHus JIMYHBIX JaHHBIX. [Ipu HapylieHuu
MIPUHIIUTIA CIIETIOT0 PELICH3UPOBAHUS CTAThsl HE PACCMATPHBACTCS.

Cmambvu 00191cHbL ObIMb OPOPMAEHDL 6 CHIPOZOM COOMBEMCHEUU
CO CNLeOYIOUWUMU NPAGUIAMU:

— B sKypHaJIbl IPUHUMAIOTCS CTAThU 10 BCEM HAYYHBIM HAIPABJICHUSM,
B 3JICKTPOHHOM BapHaHTE CO BCEMU MaTepuajaMH B TEKCTOBOM PEIAaKTOpPE
«Microsoft Office Word (97, 2000, 2007, 2010) mnst Windows» (B dpopmarax
.doc, .docx, .rtf).
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— OOuwmit 00beM cTaThH, BKIOYAs aHHOTALMH, JIUTEPATYPY, TaOJIHIIbI,
PUCYHKH M MaTeMaTH4yeckue (GpopMyJibl JIOJDKEH COCTaBISITH He MeHee 7 M He
0oJiee 12 cTpaHul me4aTHOro Tekcra. [lonsa cmpanuy — 30 Mm co cex cmoponu
aucma; Texcm cmamou: xeenv — 14 nynkmos, eapuumypa — Times New Roman
(01151 pyccroeo, anenuticko2o u Hemeykoeo s3viko8), KZ Times New Roman (0ns
KA3aXCKO20 A3bIKA).

CTpyKTypa Hay4yHOH CTaTbu BKJIIOYAET HA3BaHHE, AaHHOTALIUS, KIIFOUEBbIC
CJIOBA, OCHOBHBIE TTOJIOJKEHNS1, BBEJICHHUE, MATEPHAJIbl U METO/IbI, PE3yJIbTaThl U
o0CyXkJIeHHe, 3aKIIOYeHNE, BBIBOJIBI, HH(OpMaIMI0 0 (pUHAHCUPOBAaHUU (TIpU
HaJHM4YUH), CHUCOK MCIOJIb30BAHHBIX MCTOYHUKOB (JIMTEPATYphl) K KaxJ0H
cTaThe, BKIIOYasi POMAaHU3UPOBAHHBIN (TPAHCIMTEPUPOBAHHBIA JIATHHCKUM
a(aBUTOM) BapHaHT HAIIMCAHHUs UCTOYHUKOB Ha KHPHWJUIUIIE (HAa Ka3aXCKOM U
pycckoMm si3bikax) cm. L OCT 7.79-2000 (UCO 9-95) Ilpasuna mpanciumepayuu
KUPUIOBCKO20 NUCbMA JIAMUHCKUM ANDABUMOM.

Cmambsa 007121cHa cooepicanp:

I.MPHTHU (MexrocynapcTBeHHbIH pyOpHKaTOp Hay4YHOW TEXHUYECKOU
nHpOpMaNNH);

2.DOI — nocne MPHTHU B BepxHeM mpaBoM yriy (IpuCBauBaeTcs U
3aI0JIHSETCS pelakIiel KypHala);

3. Anummanel (MMs1, oTyectBo) DaMuiinst aBTopa (-0B) — Ha Ka3axCKOM,
PYCCKOM M aHTJIMMCKOM SI3bIKaX (KUPHBIM MIPH(TOM, 110 LEHTPY);

ABTOp, KOTOPBIH BHEC HANOOJBIINI MHTEIUIEKTYJIbHBINA BKJIAJL B IIOJITOTOBKY
pykorucH (IIpH ABYX U 00Jiee COaBTOPaX ), SIBJISIETCS] aBTOPOM-KOPPECTIOHICHTOM
n o6o3HavaeTcs «*».

ABTOpBI U3 pa3HbIX YIeOHBIX 3aBEACHHH yKa3bIBAIOTCS Ludpamu 2.

4. Appummamus (opranusanus (MecTo padoThl (y4eOsl)), cTpaHa, TOpOJ) —
Ha Ka3aXxCKOM, PyCCKOM M aHIIMHCKOM si3bkax. [lomHble qanuble 00 addummanm
ABTOPOB MPEJICTABISIIOTCS B KOHIIE JKYPHAIa;

5.Ha3BaHnue CTaThH JIOJDKHO OTPaXKaTh COJEpKAHUE CTAThH, TEMAaTHUKY
W pe3yJbTaThl IPOBEJCHHOI0 HAyYHOr'O HCCieloBaHMs. B Ha3zBaHWe craThu
HEOOXO0AMMO BIOXXKUTH HHPOPMATUBHOCTb, IPUBIICKATEIbHOCTh U YHUKAJILHOCTh
(ue Oosiee 12 ci1oB, MPONUCHBIMU OYKBaMH, )KUPHBIM IIPUGTOM, 1O LEHTpPY, Ha
TPEeX sI3bIKAX: PYCCKUH, Ka3aXCKU, aHITTMACKUHN JTHOO HEMEITKUH);

6. AHHOTAIUSI — KPaTKas XapaKTepHCTHKA Ha3HAYCHUS, COJIEPIKaHMsI, BUJIA,
(opMBI 1 Ipyrux ocoOeHHOCTEH cTaThu. JloJKHA OTpaskaTh OCHOBHEIC U LICHHBIE,
110 MHEHUIO aBTOPA, JTallbl, OOBEKTHI, NX NPU3HAKH U BBIBOABI ITPOBEICHHOTIO
uccienoBanus. Jlaercs Ha Ka3aXCKOM, PYCCKOM M aHIJIMHCKOM JIN0O HEMEI[KOM
sI3bIKaX (PEKOMEH1yeMblii 00beM aHHOTAIMHU Ha SI3bIKE ITyOJIMKAIMY — HE MEeHee
150, ve Goxee 300 ciioB, KypcuB, HEKUPHBIM MIPU(TOM, Kerib — 12 MyHKTOB,
a03allHbIil OTCTYII CJicBa | cripaBa 1 cM, cM. oOpasen);
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7.KiiodeBble cia0Ba — HaOOp CJIOB, OTPAKAIOLIUX COJIEPKAHHE TEKCTa B
TepMHHaX 00BbEKTa, HAYYHOI OTPACIM M METOJIOB Uccie1oBaHus (0hOpMIISIOTCS
Ha TpeX S3bIKaX: PYCCKHUH, Ka3aXCKUU, aHTJIMUCKUNA OO0 HEMCIKUH; Kerllb —
12 myHKTOB, KypCHB, OTCTYII clieBa-ciipaBa — 1 cM.). PekomeHyemMoe KoimuecTBo
KIIFOUEBBIX CJIOB — 5-8, KOJIMYECTBO CIIOB BHYTPH KIIIOYEBO# (pa3sl — He OoJee 3.
3aat0Tcs B MOPSIJIKE UX 3HAYUMOCTH, T.€. CAMOE BaXKHOE KIIFOUEBOE CIIOBO CTAThU
JIOJDKHO OBITH MEPBBIM B CITUCKE (CM. 00paselr);

8. OCHOBHOM TEKCT CTATBHH U3JIAaraeTCs B ONPEACIICHHON M0CIIe10BATENIbHOCTH
€ro 4acTel, BKIIIoUaeT B ce0s:

- BBenenue (a03ar 1 cM 110 JIeBOMY Kparo, )KUPHBIMH OYKBaMH, KeIjib —
14 mynkroB). OOG0ocHOBaHME BEIOOPA TEMBI; aKTYaJIbHOCTH TEMBI HIIH TIPOOJIEMBI.
AKTYaJIbHOCTb TE€MBI OIPEEIISIETCsl OOIMM HHTEPECOM K HU3YYEHHOCTH JJAHHOTO
00beKTa, HO OTCYTCTBUEM MCUEPIBIBAIOIINX OTBETOB HA MMEIOIIHECS] BOIPOCHI,
OHa JIOKa3bIBACTCSl TEOPETUUECKON MIIM IPAKTUYECKON 3HAYMMOCTBIO TEMBI.

- MaTepuajsl 1 MeTOABI (a63ay 1 cm no negomy Kpaio, HCupHulMu OYK8amu,
Keanb — 14 nynkmos). JI0JKHBI COCTOSITH M3 OIMCAaHHsI MaTEPUAJIOB U X0J1a padOThI,
a TaKKe IOJIHOT'O OIMCAHUS UCIIOJIb30BAHHBIX METOIOB.

- PesyabTatsl u odcy:xkaenune (aosay 1 cm no neeomy Kpaio, dHCupHuiMu
oykeamu, keenv — 14 nynkmos). IIpuBoquTCs aHaN3 U 00CYKICHUE TOTyYCHHBIX
BaMHM pe3yJIbTaToOB McciIeaoBaHus. [I[pHBosTCS BEIBOBI 110 TIOJIyYEHHBIM B X0/1€
HCCIIE0BaHUsI pe3yJIbTaTaM, PaCKpbIBaeTCsl OCHOBHAS CyTh. M 3TO OJIMH U3 caMbIX
Ba)KHBIX Pa3JeyioB CTaThbu. B HEM HE0OXOIMMO MPOBECTH aHAIN3 PE3yJIbTATOB
CBOEi paboThl M 00CYKJEHHE COOTBETCTBYIOLIMX PE3YJILTATOB B CPAaBHEHUH C
MIPEABLIYIIMMEI Pa00TaMH, aHAJIU3aMH U BHIBOJAAMH.

- Undopmanuio o punancupoBanny (pu Hamunm) (ad3atr 1 ¢M 1o ieBomy
Kparo, )KUPHBIMH OYKBaMH, KeTJib — 14 IyHKTOB).

- BeIBoAbI (ab3ay 1 cm no negomy Kpai, JHCUpHoiMU OYKEaMU, Kealb —
14 nynkmos).

BriBosibl — 000011IeHE M TIOBEJCHNE UTOrOB pabOThl HAa JaHHOM JTare;
MO/ATBEPIKICHNE MCTUHHOCTH BBIJIBUTAEMOI'0 YTBEP)KJCHUS, BHICKa3aHHOTO
aBTOPOM, M 3aKJIIOYCHHE aBTOpa 00 U3MEHEHHWH HAYYHOr'O 3HAHHUS C y4eTOM
TIOJIyYEHHBIX PE3yJIbTaTOB. BBIBO/IBI HE JOJDKHBI OBITH A0CTPAKTHBIMH, OHU
JIOJDKHBI OBITH HCIIOJIB30BAHBI J1s1 0000IIEHUsI pe3yIIbTaTOB UCCIIEI0BAHUS B TOW
WM MHOW Hay4yHOH 00JIacTH, C ONHMCAHHUEM IPEAJIOKEHUH WM BO3MOXKHOCTEH
JajbHEeHIIeH paboThl.

- CiucoK MCMoJb30BAHHBIX HCTOYHHKOB ()KHUPHBIMH OYKBaMH, KETJb —
14 myHKTOB, B LIEHTPE) BKIIIOYACT B CEOsL:

Cratbsi ¥ CIIUCOK UCTIOJIb30BAHHBIX HICTOYHUKOB JTOJDKHBI OBITH O()OPMIICHBI
B cootBercTBUM ¢ ['OCT 7.5-98; TOCT 7.1-2003 (cMm. obpaserr).
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OuepeIHOCTh CTOYHMKOB ONPENEIISIeTCsl CIEIYIOINM 00pa3oM: cHavyasa
MI0CJIEIOBATENIbHBIC CCBUIKH, T.€. ICTOYHUKH HAa KOTOPBIC BBl CChHIJIAETECH 110
04epe/THOCTH B CAaMOH CTaThe. 3aTeM JOTOTHUTEIbHbIE HCTOYHUKH, HA KOTOPBIX HET
CCBUIOK, T.€. ICTOYHHKH, KOTOPHIE HE MMEII MECTO B CTaThe, HO PEKOMEHI0BaHbI
BaM{ YUTATENsIM JUIsl O3HAKOMJICHUS, KaK CMEXHbIE pabOThI, MPOBOJAMMBIE
napasenbHo. Oovem ne menee 10, ne bonee yem 20 naumenosanuil (CCHUIKA U
NPUMEYaHUs B CTaTbe 0003HAUAIOTCS CKBO3HOM HyMepalueil M 3aKiIro4aloTcs B
KBaJIpaTHBIC CKOOKM), IIPEUMYIIECTBEHHO 3a nocieauue 1015 ner.

B ciiydyae Hamuuusi B CIHCKE MCIOJIb30BAaHHBIX UCTOYHUKOB paboT Ha
KHpWIIIUIE (Ha Ka3aXCKOM M PYCCKOM SI3bIKaX), HEOOXOJMMO IPEICTaBUTh
CIIMCOK JIMTEpaTyphl B ABYX BapuaHTax: 1) B opuruHaie (yKa3blBalTCs
UCTOYHHMKH Ha PYCCKOM, Ka3aXCKOM M aHTJIMHCKOM JINOO HEMEIKOM S3bIKaX);
2) pOMaHHU3MPOBAHHBIH BapHaHT HAIMCAHMs MCTOYHHWKOB Ha KUpWLIHIE (Ha
Ka3aXCKOM M PYCCKOM SI3bIKaXx ), TO €CTh TPAHCIUTEPALUsl JATHHCKUM a(haBUTOM.
em. TOCT 7.79-2000 (UCO 9-95) [Ipasuna mpanciumepayuu KUpUIo8CKO20
NUCLMA TAMUHCKUM ALPaAGUMOM.

Onanaiin cepsuc Tpancaumepayus no I'OCTy — https://transliteration-
online.ru/

Ilpasuna mpancaiumepayuu Kupuiio6cKkozo nucbma
JAMUHCKUM angagumom.

Pomanusuposannuiit cnucok aumepamypol 00J1HCEH 6bl21A0eNb
caeoyromum oopazom: aBTop(-bl) (TpaHCIUTEpAUs JIMOO aHTIIOSA3BIYHBIN
BapUaHT IpU €ro HaJM4YMHM) — Ha3BaHUE CTaTbH B TPAHCIUTEPUPOBAHHOM
BapuaHTe — [[epeBOJ Ha3BaHMsS CTAThbH HA AHIVIMMCKUH SI3bIK B KBAaJPATHBIX
CKOOKax| — Ha3BaHHME Ka3axOs3BIYHOTO JIMOO PYCCKOSI3BIYHOTO MCTOYHHMKA
(TpaHcIUTEpays, TM00 aHTIMHCKOE Ha3BaHHE ITPU €r0 HAIMYNH) — BBIXOJHbIC
JIaHHBIE ¢ 0003HAYCHUSIMH Ha QHTJIMIICKOM SI3bIKE.

* UnnocTpannu, nepevyeHb PHCYHKOB U MOAPHUCYHOUHBIC HAIIIHCH
K HUM TIPEJICTABIISIIOT 110 TEKCTY CTaThbH. B 2JIEKTPOHHOM BEpCHU PUCYHKH M
wroctpanuu npezacrasisitorest B popmare TIF mwim JPG ¢ paspenienuem He
menee 300 dpi.

* MartemaTudeckue (popmyJabl J0DKHBI ObITh HaOpaHbsl B Microsoft
Equation Editor (kaxast popmyiia — oiuH 0OBEKT).
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Ha omoenvnoii cmpanuye (nocie cmamuu)

B aniekTpoHHOM BapHaHTe IPUBOJISTCS MOJIHBIE NOYTOBbIE apeca, HoMepa
CJIY:KeQOHOro ¥ iomManiHero TejaedoHoB, e-mail (Homepa TeneoHOB TSl CBSI3U

pPEeMaKINK ¢ aBTOpaMH, He ITyOJIUKYIOTCS);

Ceedenusn 06 asmopax

Ha xa3axckom si3bike Ha pycckowm si3bike | Ha aHrmiickoM si3bIke
®amunus Ums OrtuectBO
(TIOJTHOCTHIO)

JlonKHOCTh, yueHasi CTENeHb,
3BaHUE

Opranuzauus

T'opon

Nunexc

Crpana

E-mail

Tenedon
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C. K. AHmukeeea*, C. K. Kcembaeea
TopaiireipoB yauBepcutet, Peciyonmka Kazaxcran, r. [laBmomap

TEOPETUYECKASI MOAEJIb ®OPMUPOBAHUA
KOMIETEHLUWN COLUUNATIbHbIX PABOTHUKOB
YEPE3 KYPCbI NOBbILUEHUA KBAJIUOUKALIUN

Boannoii cmamve npedcmasnena meopemuieckas mooens popmMuposanus
JUHHOCTHBIX U NPOGHECCUOHATLHBIX KOMREMEHYUL COYUATbHBIX PAOONHUKO8
yepe3 Kypcvl NOGbIUEHUSA K8ATUDUKAYUY, KOMOPAs paspabomana &
pamkax dokmopckoul ouccepmayuu «Popmuposanue TUIHOCHMHBIX U
npOhecCUOHATHBIX KOMNEeMeHYUll COYUATbHBIX PAOOMHUKOS Yepe3 KypCbl
nogviuleHus Kearupuxayuuy. B cmamve npusoosmes nedacocuueckue
ACneKmyvl camoeo npoyecca MoOeaupo8aHus, nepeyucienbl Jmansl
neoazoeuyecko2o mooenuposanus. Ilpedcmagnenvl memooonocuyeckull,
npoyeccyanbHblil (MexHON02UYeCKULl) U UHCIMPYMEHMATbHBII YPOSHU MOOeU,
ee yeib, MOHUMOPUHE CHOPMUPOSAHHOCTU UCKOMBIX KOMNEMeHYull, d
maxoice pesyrvmam. B mooenu nokasanvl KOMREmMeHmHOCIHbIIL, TUYHOCHIHO-
OPUEHMUPOBAHHBII U NPAKMUKO-OPUCHIMUPOBAHHDII Nedazo2uyecKue
100X00b1, 3AKOHOMEPHOCTNU, NPUHYUNBL, YCTIOBUS HOPMUPOBAHUS BLIOPAHHBIX
KOMNemenyuil; ORUCAHbL IMANbL PEanu3ayuil npoyecca (PopmMuposaniis, yposHil
ChopMUPOBAHHOCIU TUYHOCHIHBIX U NPOPECCUOHATLHBIX KOMNEMEHYUIL.
B pasoene npakxmuuecxou noocomoexu npeonazaemcs UHmMepaKmueHas
paboma 6 cucmeme CIyuamenb-npenooasamenb-2pynna, HOOpasymesaruas
JUYHOE YHaAcmue Kaxcoo2o Cneyuarucmd, a makxice omxpulmue nepeoeo
6 Hauwell cmpane Pecnybiukanckozo obuecmeeHno2o 06veoutenus
«Hayuonanvhwiii anvsauc npogheccuoHaTbHbIX COYUATLHBIX PAOOMHUKOS).
Jlannas mooens noopasymesaent noo coooti OabHelliee CO8ePUICHCNBOBAHIE
U camocmosmenvHoe pazeumue JUUHOCIMHBIX U NPOPecCUoHanbHBIX
KOMREemeHyuti COyuanbHulx pabomnuKkos. Imo no360.15em yeuoems 6 Mooenu
apgpexmusHocmb peanuzayuu Kypcos nosviuteHus Keanuguxayuu, popmoi,
Memoobl U cpedcmaa pabomal.

Kawouesvie crosa: meopemuueckas mooenb, KoMnemeHyuu,
nogvlule e K8ATUGUKAyUL, CoyuanbHvie pabomHuKi.
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Beenenne

CounaipHasi paboTa — OTHOCUTEIBHO HOBAs /ISl HAlllel CTpaHbl TPOQeccHsl.
[TosToMy oOydeHHE CONMaNbHBIX PAaOOTHUKOB HAa COBPEMEHHOH CTaauu HE
XapaKTepu3yeTcs HATUYHEeM JOCTAaTOYHO Pa3pabOTaHHBIX 00pa30BaTENIbHBIX
CTaHJIaPTOB, KOTOPbIE HAXO/IHJIN ObI BEIPAXKEHHE B (POPMYIHPOBKE I1E1arOr HUeCKUX
Lenel, B coiepyKaHuy, TEXHOJIOTHAX yUeOHOTO MpoIiecca.

IIpodonxcenue mexcma nyonuKyemozo mamepuana

MaTtepuanabl U MeTOABI

Teopernyeckuil aHaIU3 HAYYHOM MCUXOJOTO-NMEAATOTHUECKONU U
CTIEIHATbHON IUTEPATYPHI IO PoOIeMe UCCIICIOBAHNS; aHATIN3 3aKOHOIAaTEIbHBIX
U HOPMATHBHBIX JIOKYMEHTOB IO OTKPBITHIO OOIIECTBEHHBIX O0bEIUHEHU;
aHaJIN3 COAEPKAaHM TPOrPaMM KypCOB IOBBIICHUS KBATH(UKAIIUN COTHATTEHBIX
PabOTHHUKOB; MOJICIMPOBAHUE; aHATIU3 U 0000IICHUE TIeJarorndeckoro OnbITa;
OTIPOCHBIE METOIBI (Oecena, aHKETHPOBAHNE, UHTEPBLIOUPOBAHNE); HAOIOICHHUE;
aHalN3 MPOAYKTOB ACATEIHHOCTH CIEIHATUCTOB; dKCIEPUMEHT, METOIBI
MaTeMaTH4eCKON CTAaTUCTUKH 10 00pabOTKe IKCIIEPUMEHTAIbHBIX JTAHHBIX.

IIpodonxcenue mexcma nyonuKyemozo mamepuana

Pe3yabTaTsl 1 00cy:KIeHHE

UtoOBI HOHATH 00BEKTHBHBIE 3aKOHOMEPHOCTH, JISKAIIlHe B OCHOBE Ipoliecca
(bopMHUPOBaHUS U PA3BUTHSL JINYHOCTHBIX U MPOPECCHOHAIBHBIX KOMIETECHIINI
COITMATIBHBIX PAOOTHUKOB Yepe3 KyPChl MOBBIIEHHS KBaTH(DUKAIIH, HEOOX0IUMO
YEeTKO TPEACTaBIATh ce0e UX MOJECTb.

IIpoodonxcenue mexcma nyoauKyemoz2o mamepuana

BeiBoab!

TaxkuM o0pa3zoM, Ha OCHOBAHHH BBINIEH3TI0KEHHOT'O MOXHO CAENaTh
BBIBOJI O TOM, YTO TeOpeTHYecKas MOJelIb (GOPMHPOBAHHSA JTUYHOCTHBIX H
npodeccroHaNbHBIX KOMIIETEHIIUH COIMAIbHBIX PA0OTHUKOB 4Yepe3 KypChl
TMOBBIIICHUS KBATHU(DUKAIIMU COJIEPIKUT TPU YPOBHS €€ Peallu3allru.

IIpodonxcenue mexcma nyonuKyemozo mamepuana

CnucoK MCIoJIb30BAHHBIX HCTOYHUKOB
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3 Kapomna, I'. H. CuctemMHBII TOAXO0 K 3KOJIOTMYSCKOMY 0Opa30BaHHIO
uBocnutanuio (Ha matepuane cenbckux mkon) [Tekct]. — Munck, 1994. —212 ¢.

4 Todd, B. A. Porrs moaeneii B mo3nanuu [ Texcer]—JIL. : JIT'Y, 1963.— 128 c.
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C. K. Anmuxeesa™, C. K. Kcembaesa
TopaiireipoB yHuBepcutert, Kazakcran Pecriyonukacst, [TaBnonap k.

BUIIKTUIIKTI APTTBIPY KYPCTAPBI APKBIL/IbI OJIEYMETTIK
KBISMETKEPJIEP/[IH KY3IPETTIUIIKTEPIH KAJIBIIITACTBIPY/IbIH
TEOPHAIBIK MOJEJTI

byn maxanadoa «Oneymemmix KvizsmemrxepiepOiy OILNIKMINIciH
apmmuipy KypCmapbl apKulibl MYILANbIK JHCIHE KICIOU KY3ipemminikmepin
Kanslnmacmolpyy OOKMOPIbIK ouccepmayusi uteHoepinoe 23ipileHeeH
OLIIKMINIKMI apMmeIpy Kypcmapwl apKblibl d/1eyMemmiK Kbl3MemKepaepoin
IMYAANBIK JHCIHE KICIOU KY3bIpemminiein Kaablnmacmuipyoull Meopusiibk,
MmoOdeni ycvlnvLiean. Makanada moodenvoey npoyeciniy nedaco2uxkanbik
acnekminepi, nedazocuKkaiblk Mooeiboeyoiy Kezeyoepi KelmipileeH.
Mooenvdiy a0icnamanvik, npoyeccyanrovlk (MexHoL0SUSIbIK) JHCIHE
acnanmulk Oeneeunepi, OHblY MAKCAMbL, KANCeMmi Ky3vlpemmepoiy
KAIuInmacy MOHUMopUuHel, conoau-ax Hamuoiceci ycoinvlizan. Mooenvoe
KY3bIpemminiKKe, mynzaza 6azblmmangan Jcane npakmukaza Oazelmmanean
nedazocuKaIblK, maciioep, mayoaian Kysvipemmepoi Kaiblnmacmoipy
3aHOBLILIKMAPSL, KARUOAMMAPbL, WAPMMApbl KOPCEmiieeHn, Kaablnmacy
npoyecin icke acvlpy Ke3eyoepi, JceKe JcaHe Kaciou KysvipemmepOoiH
Kanvinmacy oeweetiiepi cunammanzan. Ilpaxmukanelk 0aublHObLK
OOIMIHOE MBIHOAYUWUbI-OKbIINYULbI-ION JHCYUECIHOE UHMEPAKMUBL HCYMBLC
YCOIHLLIAObL, Ol 9P MAMAHHBIY JCeKe KAMbICYbIH, COHOAU-AK eniMiz0e
ANEAUIKbl «KICIOU dN1eyMemmiK KblsMemKepaepoiy Yammuolk aibsHCbLY
PecnyonuKaIblK KO2AMObIK OIpJieCmi2iHiK aubliyblH 6L10ipedi. Byn modens
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aneymMemmik KblzMemKepaepoiH JHeeKe JHeane Kaciou Kyzvipemmepin 00aH
api dicemindipyoi dicone mayeiciz 0amvimyowl 0indipedi. byn modenvoe
OLIKMINIKMI apmmulpy KypCmapblt iCKe acblpyObll MUIMOLIIZIH, HCYMbIC
HbICAHOApbl, 20icmepi MeH KYParioapblH Kopyee MYMKIHOIK 6epeoi.

Kinmmi cezdep: meopusiibik MoOenb, KY3olpemminik, Oinikminiikmi
apmmuipy, aneymMemmik KbizmemrepJep.

S. K. Antikeyeva®, S. K. Ksembaeva
Toraighyrov University, Republic of Kazakhstan, Pavlodar

THEORETICAL MODEL OF FORMATION COMPETENCIES
OF SOCIAL WORKERS THROUGH PROFESSIONAL DEVELOPMENT
COURSES

342

This article presents a theoretical model for the formation of personal
and professional competencies of social workers through advanced
training courses, which was developed in the framework of the doctoral
dissertation «Formation of personal and professional competencies of
social workers through advanced training courses». The article presents
the pedagogical aspects of the modeling process itself, and lists the stages
of pedagogical modeling. The methodological, procedural (technological)
and instrumental levels of the model, its purpose, monitoring the formation
of the required competencies, as well as the result are presented. The model
shows competence-based, personality-oriented and practice-oriented
pedagogical approaches, patterns, principles, conditions for the formation
of selected competencies, describes the stages of the formation process,
the levels of formation of personal and professional competencies. The
practical training section offers interactive work in the listener-teacher-
group system, which implies the personal participation of each specialist,
as well as the opening of the first Republican public Association in our
country, the national Alliance of professional social workers. This model
implies further improvement and independent development of personal
and professional competencies of social workers. This allows you to see
in the model the effectiveness of the implementation of advanced training
courses, forms, methods and means of work.

Keywords: theoretical model, competencies, professional development,
social workers.
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NyBJIINKALJUOHHAST 3TUKA
B HAYYHOM XXYPHAIJIE
«BECTHUK TOPAUIbIPOB YHUBEPCUTETA.
CEPUA: ®DUSUKA, MATEMATUKA U
KOMIBbOTEPHbIE HAYKW»

Penakumonnas xonierus HaydHBIX xypHamoB HAO «TopaiTsipoB
yHuBepcuter» «BectHuk TopaiirelpoB yHuBepcutera», «Hayka u TexHuKa
Kaszaxcrana» u HayuHO-nomnyJisipHoro xypHaina «KpaeBeneHue» B cBoei
podecCHOHANBHON AEATENBPHOCTH MPUAEPKUBAIOTCS NMPUHIUIIOB U HOPM
[TyOmuKamoHHOM STUKN HaydHBIX )KypHAIOB HAO «TopaliThIpOB yHUBEPCHUTETY.
[TybnukannoHHas 3THKa pa3paboTaHa B COOTBETCTBHM C MEXKIyHapOIHOU
My OTMKAIIMOHHON 3THYeckoi HopMoit KomuTeTa mo myOmMKaIMOHHON 3THKE
(COPE), sTrueckuMu IpyHIMIIAME TyOnukanuu xKypHaiaoB Scopus (Elsevier),
Komexkca akagemnaeckoit uectnoctn HAO «TopalTBIpOB YHUBEPCUTETY.

[TyOnukanuoHHas 3THKa ONPEAEIsieT HOPMbI, IPUHIUIBI U CTaHAAPTHI
9THYECKOTO MOBEJIECHHS PEJAaKTOPOB, PELEH3CHTOB M aBTOPOB, MEPHI 110
BBIBIICHUIO KOH()DJIMKTOB MHTEPECOB, HEITUIHOTO MOBEACHUS, HHCTPYKLIUH TI0
N3BATUIO (PETPAKINN), UCIIPABICHHIO U OTIPOBEPKEHUIO CTATHH.

Bce ywyacTHnKEN nporiecca myOIMKauy, COOM0AAI0T IPUHIHUIEI, HOPMBI 1
CTaH/APTHI Ty OINKAIIOHHON 3THKH.

KauecTBo Hay4HOTO jKypHana 00ecrednBaeTCsl NCIOIHEHNEM MPUHIUIIOB
Y4aCTHUKOB IpoIecca MyOJuKanuu: paBeHCTBA BCEX aBTOPOB, MPUHIUII
KOH(HUIEHIINaTbHOCTH, OJHOKpPATHBIE MyOIMKAallNK, aBTOPCTBA PYKOIHUCH,
MIPUHIMAIT OPUTMHAIBHOCTH, TIPUHIUI TTOITBEP)KICHUSI HCTOYHUKOB, MPUHIINAI
00BEKTHBHOCTH 1 CBOEBPEMEHHOCTH PELIEH3UPOBAHNS.

IIpaBa u 0053aHHOCTH YJICHOB PEAAKIIMOHHBIX KOJUIETHH Hay4HBIX
xypuaioB HAO «TopaiirsipoB yHuBepcuteT» «BecTHuk Topailreipos
yHuBepcutera», «Hayka n texnmnka Kazaxcrana» m Hay4HO-HOIYJISIPHOTO
xyprana «Kpaesenenne» onpenenens: CO CMK 8.12.3-20 Ynpasnenue HayqHO-
N3JaTeNbCKON AEATEIbHOCTHIO.

IIpaBa 1 0013aHHOCTH pPeLleH3EHTOB

PenieH3eHThl HayuHBIX )KypHaI0B «BecTHUK TOpalrelpoB yHUBEPCUTETA,
«Hayxka u rexauka Kazaxcranay, HayqHO-IIOIYJIIpHOr 0 )KypHana «KpaeseaeHuey,
00s13aHBI PyKOBOJICTBOBATHCS MIPUHIIUIIOM OOBEKTHBHOCTH.

[TepconanpHast KPUTHKA B aJpec aBTOpa(-0B) PYKOIHCH HEIOMYCTHMA.
PerieH3eHT OMKEH apryMEHTHPOBAaTh CBOM 3aMEUYaHUsI 1 0OOCHOBBIBATH CBOE
pELIeHNE O MPUHITUHN PYKOITUCH HIIH O €€ OTKJIOHEHUH.
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HaruoHaapHOCTE, pETUTHO3HAS IPUHAIC)KHOCT, ITOTUTUYCCKUE FITH HHBIC
B3TJISIIBI aBTOPA(-0B) HE JOJDKHBI IPUHUMATHCS BO BHUIMAHKUE U YUUTHIBATHCS B
TIPOLIECCe PELCH3NPOBAHUS PYKOIIUCH PELICH3EHTOM(-aMH).

DKcnepTHas OLIEHKa, COCTaBJICHHAs PELICH3EHTOM JIOJDKHA CITIOCOOCTBOBATh
MPUHATUIO PCIICHUS PEAaKIMEH O MyOIMKAIUU U MOMOTaTh aBTOPY YIIYYIIUTh
PYKOITUCH.

PerieHre 0 MPUHSITHY PYKOIIHCH K [Ty OJTUKAIINH, BO3BPAIICHHE paOOTHI aBTOPY
Ha U3MCHCHHUE WK JOPabOTKY, MO0 pelieHne 00 OTKIOHCHUH OT ITyOJIUKAIHH
MIPUHUMACTCS PEIKOJUICTHEH OMUPAsSCh Ha PE3yJIbTaThl PEIICH3UPOBAHUSI.

IIpuHOMN cBOeBPeMEHHOCTH peneH3MpoBaHus. PereHzeHT 00s3aH
MIPEAOCTAaBUTh PELICH3HIO B CPOK, OIPE/ICIICHHBIN pelakineii, HO He 1mo3iHee 2-4
HeJIesIb C MOMEHTA TTOJTyYeHHSI PYKOIIMCH Ha perieH3upoBanue. Ecim paccMoTpenme
CTaThH U ITOJIrOTOBKA PELICH3UN B HA3HAUCHHBIE CPOKU HEBO3MOJKHBI, TO PELICH3EHT
JIOJDKEH He3aMeJUIMTEIbHO YBEJOMHUTH 00 9TOM Hay4HOT'O pelakTopa.

PerieH3eHT, KOTOPBIN CUNTAET, YTO €T0 KBAIU(HKAINS HE COOTBETCTBYET JILOO
HEJIOCTATOYHA JJIsl IPUHSTHUS PCUICHUS TIPU PELICH3UPOBAHHUH ITPEIOCTABICHHOM
PYKOIIHMCH JIOJDKEH HE3aMe/TMTENILHO COOOLIUTH 00 3TOM HAyYHOMY PEIaKToOpy
1 OTKa3aThCsl OT PELCH3UPOBAHUS PYKOIUCH.

IpnHoMn KOHQHUIECHIHMAILHOCTH CO CTOPOHBI peleH3eHTa. Pykonucs,
MIPEOCTaBICHHAsl PELICH3CHTY Ha PEleH3UPOBAHUE JIOJDKHA paccMaTpHBaThCs
KaK KOH(UICHIMAIbHBII MaTeprall. PEIICH3CHT HMEET IPaBo IEMOHCTPUPOBATH
e¢ 1/Wii 00CYKIaTh ¢ IPYTUMHU JIMIIAMH TOJILKO TOCJIC MOTYYCHHUS TUCBMEHHOTO
pa3peleHnst Co CTOPOHbBI HAYYHOT'O PelaKTOpa KypHaa |/Win aBTopa(-oB).

Wudopmarus 1 uen HaydHOH padOThI, OTYUICHHBIC B XOJIC PCIICH3UPOBAHMUS
n obecrieueHns MyOJIMKAIMOHHOTO TPOLIecca, He JOJDKHBI OBITh NCIIOJIb30BAHBI
peleH3eHTOM(-aMu) JUIs TIOJYYCHUS JINYHOM BBITOJIBI.

[puHIUN MOATBEP:KIEHNS HCTOYHHKOB. PCIICH3CHT JOJDKCH yKa3aTh
Hay4HbIe pa0OTHI, KOTOPBIE OKa3ajiu Obl BIUSHUE HA HCCIEJI0BATEIbCKUE
pe3yJbTaThl pacCMaTPUBAEMON PYKOIUCH, HO HE ObUIA MPUBEICHBI aBTOPOM(-
amn). Taxoke pereH3eHT 00s3aH 00paTUTh BHUMaHUE HAYYHOTO PelaKkTopa Ha
3HAYUTEIBHOE CXOJICTBO MJIH COBIIAZIEHUE MEX/TY PACCMAaTPUBAEMOM PyKOIHCHIO
U paHee OMyOJMKOBAHHOW PabOTOM, O KOTOPOM €My U3BECTHO.

Ecnn y peneH3eHTa MMEIOTCS JIOCTaTOYHBIE OCHOBAHMS I10J1araTh, 4TO
B PYKOITUCHU COJICPIKHUTCS IUIaruaT, HCKOPPCKTHBIC 3aMMCTBOBAHUS, JIOKHBIC
U cpaOpUKOBAHHBIC MaTEpPUAIbl HIIA PE3yJbTAThl UCCICIOBAHUSA, TO OH HE
JIOJDKEH JIOMYCTUTh PYKOIKCH K IyOJIHKAIIMK U TPOHMH(DOPMUPOBATh HAYYHOTO
pelaKTopa )KypHaja O BEISIBICHHBIX HAPYILICHUSX IPUHIIAIIOB, CTAHIAPTOB M HOPM
Ty OJIMKAIIMOHHOMN 1 Hay4YHOH STHKH.
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IIpaBa 1 06s13aHHOCTH aBTOPOB

[TyGnukannoHHas 3TuKa 0a3upyeTcsi Ha COOJIIOICHUH MTPUHIIUIIOB!

OIHOKPATHOCTH My OJIMKAITUK. ABTOP(-bI) TAPAHTUPYIOT UTO MPECTABICHHAS
B PENaKIHUIO0 PYKOIHCh CTaThU He Obla MpeACTaBIeHa ISl PACCMOTPEHUS B
npyrue uzfaanus. [IpencraBieHne pyKoOmUCH €IMHOBPEMEHHO B HECKOJIBKUX
YKypHAIaX/U3IaHUSIX HETPUEMIIEMO U SIBIISIETCS TPyOBbIM HapyILIEHUEM IIPUHIIUTIOB,
CTaH/IapPTOB ¥ HOPM IyOJIMKAIMOHHOM ATHKH.

ABTOpCTBO pykomucH. Jlumo, KkoTopoe BHeCJI0 HAUOONbIIUNI
MHTEIUIeKTYalIbHBIN BKJIA] B TIOJrOTOBKY PYKOITUCH (TIpH ABYX U O0Jiee CoaBTOpax),
SIBJISIETCSI ABTOPOM-KOPPECTIOHICHTOM U YKa3bIBA€TCsI IEPBBIM B CIIUCKE aBTOPOB.

J1uist ka1 CTaThy JOJKEH ObITh Ha3HAUEH aBTOP U1l KOPPECIIOH ICHIINH,
KOTOPBIH OTBEYAET 3a IIOATOTOBKY (DUHAIbHON BEPCHHU CTAThU, KOMMYHHKAIHIO C
peKoIIerueit, 10JkeH 00eCTIeunTh BKIIIOYEHHE BCEX YUaCTHUKOB HCCIISIOBAHMUS
(Tipu KOJIMYEeCTBE aBTOPOB O0JIee OJTHOTO), BHECIITUX B HETO IOCTATOYHBIHN BKJIA, B
CIIMCOK aBTOPOB, & TAKIKE MOIYYHUTh 0JI00PEHIE OKOHYATEIHLHOM BEPCHU PYKOITHCH
OT BCEX aBTOPOB JIJIsI TIPEJICTABIICHHS B PEIAKIIMIO 1Sl Ty OnnKkanuu. Bee aBTopsl,
yKa3aHHbIE B PyKOIIMCH/CTAaThe, HECYT OTBETCTBEHHOCTD 32 COJICpIKaHHUe PaOOTBHI.

IpuHIMI OPUTHHATBHOCTH. ABTOP(-bI) TAPAHTUPYET, YTO PE3YIHTATHI
HCCIIeIOBAHMSI, N3JI0)KEHHBIE B PYKOIHCH, TIPEJICTABIISIOT COO0I OPUTHHAIBHYIO
CaMOCTOSITENIbHYI0 paboTy, U He CO/Iep)KaT HEKOPPEKTHBIX 3aMMCTBOBAHHUN U
IIaruaTa, KOTopble MOTyT OBbITh BBISIBIICHBI B TIpOLIECCE.

ABTOpBI HECYT OTBETCTBEHHOCTH 3a IYOJHMKAIIMIO CTaTeil ¢ MpU3HAKaMHU
HEITUYHOTO TMOBEJACHHUs, IJarnara, camoluiariara, CaMOIUTHPOBAHHUS,
¢banbcudukaiuu, GpadpuKanum, UCKaKCHUS JTaHHBIX, JIOKHOTO aBTOPCTBA,
IyOmupoBaHus, KOH(PINKTa HHTEPECOB U OOMaHa.

IpuHUIUN NOATBEP:KIAEHUS UCTOYHUKOB. ABTOP(bI) 0053yeTCsI IPAaBUIHHO
yKa3bIBaTh HAyYHbIC M WHBIE UCTOYHUKH, KOTOpBIE OH(M) MCIOJIB30Ba(1) B
X0JIe UCCJIeJIOBaHUsA. B cilydyae MCIIOJIb30BaHUsI KAaKUX-THO0 YacTell 4ymHux
padoOT W/WiIM 3aMMCTBOBAHHS YTBEPXKICHHI IPYroro aBTopa(-0B) B PYKOIUCH
JIOJDKHBI OBITH YKa3aHbI OHOIHOrpaHUECKUE CChUIKU C YKa3aHUEeM aBTOpa(-0B)
nepBoucrouHuka. Mudopmanusi, moaydyeHHas n3 COMHUTEILHBIX HCTOYHUKOB HE
JIOJDKHA MCIIOJIb30BATHCS MPU O(OPMIICHUH PYKOITHCH.

B ciyuae, ecin y pelieH3eHTOB, HAyYHOTO peIaKTopa, WieHa(-0B) PeIKOIIICT UK
JKypHaJla BOSHUKAIOT COMHEHHS TIOJJIMHHOCTH U JIOCTOBEPHOCTH PE3YJIbTAaTOB
HCCIe0BaHus, aBTOP(-bl) IOJDKHBI MPEAOCTABUTH JIOMIOJIHUTENbHBIE MaTePUaIIbI
JUTISL TOJITBEPIKICHUSI PE3yJIbTATOB WM (DAKTOB, IPUBOJAUMBIX B PYKOIIHCH.

Hcnpasienue ommbOOK B mporecce nyonukanuu. B ciydae BbISIBICHUS
OLIMOOK ¥ HETOUHOCTEH B paboTe Ha JI000# cTauu My OJIMKAIMOHHOTO TIpoIiecca
ABTOPBI 00SI3YIOTCSI B CPOUHOM TIOPSIIKE COOOIIUTH 00 3TOM HAYYHOMY PEIaKTOpy
1 0Ka3aTh MIOMOIIb B YCTPAHEHHH WJIM UCIIPABJICHUH OIIUOKHU sl ITyONrKaIum
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Ha caiiTe )KypHaia cooTBercTByronei koppekunu (Erratum uimu Corrigendum) ¢
KOMMeHTapusiMu. B cirydae oOHapy»keHus rpyObIX OIIHOO0K, KOTOPbIE HEBO3MOKHO
UCIIPaBUTh, aBTOP(-bI) JOJDKEH(-HbI) OTO3BAaTh PYKOIIHCH/CTATHIO.

HpuHnnn co6.iroaeHns MyOJNKANMOHHON dITHKU. ABTOPBI 0053aHbBI
coOJII0JaTh STUYECKUE HOPMBI, CBSI3aHHBIE C KPUTHKOW WIJIM 3aMEYaHUSIMH B
OTHOILICHUY MCCIIEIOBAHNH, @ TAK)KE B OTHOIICHUH B3aMMOCHCTBUSI C PeAaKIiei
110 MOBOJIy peLieH3upoBaHMs U nyOnukanuu. HecoOurogeHne 3THUYECKUX
TIPUHLIUITOB aBTOPAMH PaCLEHUBACTCS KaK Ipy00e HApYILICHUE STUKH [Ty OJTMKALIIA
Y JIa€T OCHOBAHME ISl CHATHSI PYKOIIMCH C PEIEH3UPOBAHMS M/WIIN Iy OJIMKALIUH.

Konguukr unrepecon

Kondaukr uaTepecos, no omnpexaenenuo Komurera no myOnukaioHHON
stuke (COPE), 5T0 KOH(IMKTHBIE CUTYallMH, B KOTOPBIX aBTOPBI, PELIEH3EHTHI
WIN YWICHBI PEJIKOJUICTUH UMEIOT HESBHBIE HHTEPECHI, CIIOCOOHBIC MOBJIMATH Ha
WX CY)XJEHHs KacaTellbHO IyOnukyemoro marepuaina. KoHGUMKT nHTEpecoB
TIOSIBIISIETCS, KOT/Ia UMEIOTCSl (PMHAHCOBBIC, JINYHBIE WIH MPOEecCHOHAIBHBIC
YCJIOBUSI, KOTOPBIE MOT'YT IOBJIHMAThH Ha HAYYHOE CY)KJICHUE PEIICH3EHTa 1 WICHOB
PEAKOJUIETHH, U, KaK pe3ylibTaT, Ha PEIICHUE PEIKOJUIEIHH OTHOCHTEIBHO
Iy OJIMKAIMU PYKOIIUCH.

I'naBHBIN peakTop, YWICH PEAKOIIIETHN U PEIIEH3CHTHI J0JIKHBI OTIOBECTHTH
0 TIOTEHIMATBHOM KOH(JIUKTE HHTEPECOB, KOTOPHIH MOXKET KaK-TO ITOBJIHATH Ha
peleHne peJakiMOHHON Koiieruu. YIeHs! peIkoJUIerHu JIOJDKHBI OTKa3aThCs
OT PacCMOTpPEHHsI PYKOIIMCH, €CIIM OHU COCTOST B KaKHX-TNOO KOHKYPEHTHBIX
OTHOIIICHHMSIX, CBSI3aHHBIX C PE3yJIbTaTaMH HCCIIC0BaHUS aBTOPA(-0B) PYKOITUCH,
1100 eCIM CYIIECTBYET HHOW KOH(IINKT HHTEPECOB.

[Tpn noave pyKonucu Ha pacCMOTPEHHUE B XKypHaJI, aBTOP(-bl) 3asBISIET O
TOM, 4TO B COJICP)KaHUH PYKOIHMCH yKa3aHbl BCE MCTOYHUKH (DUHAHCHPOBAHMUS
HCCIIE0BAaHUST; TAKKE YKa3bIBAIOT, KAKUE HMEIOTCS KOMMepUecKHe, PUHaHCOBEIE,
JIMYHBIE WK TTPOdecCHOHabHbIE (AKTOPBI, KOTOPHIE MOTIIN ObI CO3/1aTh KOH(JIUKT
WHTEPECOB B OTHOIICHHUH IOJJAHHON Ha PacCMOTpEHHE pyKomnucu. ABTop(bl), B
MTUCbME IIPU HAIMYUK KOH(IIMKTa HHTEPECOB, MOTYT YKa3aTh YYEHBIX, KOTOPbIE,
10 X MHEHHIO, HE CMOT'YT OOBEKTUBHO OIIEHUTDH MX PYKOIUCH.

PerieH3eHT He 10JKEH paccMaTpHUBaTh PYKOITHCH, KOTOPBIE MOTYT IOCITYKHTh
MPUYUHAMH KOH(JINKTAa MHTEPECOB, MPOUCTEKAIONEr0 U3 KOHKYPEHIUH,
COTPYJHHYECTBA WJIN JAPYTUX OTHOUICHHH C KeM-JINOO M3 aBTOPOB, HMEIOLIHX
OTHOIIECHHE K PYKOIIHCH.

B ciyyae Hanuuusi KOHQIMKTa MHTEPECOB C COJEP)KAaHHEM PYKOIIHCH,
OTBETCTBEHHBINH CEKpeTaphb JOJDKEH M3BECTUTh 00 3TOM TJIABHOTO pPENaKTOpa,
T10CJIE YEero PYyKOIHUCh TIepejaeTcs APYroMy PeLeH3CHTY.

CymiecTBOBaHHE KOH(IMKTa MHTEPECOB MEXly YYaCTHUKAMH B Ipolecce
pPacCMOTPEHHMS M PELIEH3UPOBAHUS HE 3HAYNT, YTO PYKOIHCH OyJIeT OTKIIOHEHA.
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Bcem 3amHTEpeCOBaHHBIM JIUIIAM HEOOXOIHMMO, MO MEPEe BO3MOXKHOCTH
n30eraTh BO3HUKHOBCHHSI KOH(JIMKTa WHTECPECOB B JIIOOBIX BapHUAIUAX Ha
BCEX ATamnax myonukanuu. B cilyuac BOSHUKHOBEHHUS KAKOTO-JIH00 KOHMIMKTA
HUHTEPECOB TOT, KTO OOHAPYKUJI ITOT KOH(MIUKT, JOKEH HE3aMEIIUTEIbHO
ONOBECTUTH 00 3TOM penakiui. To ke caMoe Kacaercs JIFOOBIX APYTHX
HApYIICHUH MPUHITUIIOB, CTAHAPTOB ¥ HOPM ITyOJIMKAIMOHHOM 1 HAYYHOU ITUKH.

HesTnuHoe moBenenue

HesTuuyHbIM mOBEJIeHHEM CUMTAIOTCS JEUCTBUS aBTOPOB, PEIAKTOPOB
WM U3JaTelisl, B Clydae CaMOCTOSITEIbHOIO MPEAOCTaBICHUs PELIEH3UHU Ha
COOCTBCHHBIC CTaThH, B Cllydae JOTOBOPHOTO M JIOKHOTO PCIICH3MPOBAHUS, B
YCJIOBUSX OOpAIICHHUS K areHTCKUM YCIIyram JUis MyOJIMKallMH Pe3yIbTaTOB
HAay4YHOTO KCCJICJIOBAHUs, JDKEABTOPCTBA, Qanbcudukanuu u Gadpukanuu
pPe3yIbTaTOB HCCICIOBAHU, MyOIMKAIUs HEJOCTOBEPHBIX ICEBI0-HAYYHBIX
TEKCTOB, IIEPEIaYr PYKOIUCH CTaTCH B IPyTUC U3IaHus O€3 pa3pelieHIs aBTOPOB,
nepegayy MaTepuajgoB aBTOPOB TPETHUM JIMIAM, YCIOBHUSI KOTJla HApYIUICHBI
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