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Fixed point analysis with steep exponential potential

Muskan Khan, Mohd Shahalam

Department of Physics, Integral University, Lucknow, 226026, India

(E-mail: *mohdshahamu@gmail.com, mk04567432@gmail.com)

Abstract. In this work, we explore the dynamical behavior of a cosmological
model governed by a steep exponential potential. Our study concentrates on
the autonomous form of the evolution equations, enabling us to investigate
the asymptotic characteristics of the model. We construct a set of first-order
differential equations which is associated with the scalar field and the expansion
of the universe. A key part of the analysis involves identifying the critical points
of the cosmological model. We determine the stability properties of these points
through eigenvalues, classifying them as stable, unstable or saddle points.
This classification provides valuable insight into how the universe may evolve
qualitatively under the influence of a steep exponential potential. Our results
show that for specific parameter ranges, the model admits a stable critical
point, which functions as a late-time attractor. This indicates that exponential
potential can drive the universe toward a stable phase of evolution. Additionally,
we use phase space diagrams to illustrate the trajectories and stability structure
of the system, offering a clear visualization of the scalar field domination at the
current epoch.

Keywords: Dynamical analysis, Fixed point, Quintessence, Cosmic acceleration,
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Introduction

Astronomy is one of humanity’s oldest fields of knowledge, devoted to the study of celestial
objects such as stars, galaxies, planets, and moons. A closely related discipline, cosmology,
focuses onunderstanding the Universe asawhole.Itapplies the scientific method to investigate
the origin, evolution, and ultimate fate of the cosmos. Cosmological theories are developed
to make specific predictions about observable phenomena, which can be tested through
astronomical observations. Depending on the outcomes, these theories maybe refined, revised,
or replaced. The prevailing explanation for the origin and evolution of the Universe is the Big
Bang theory, widely known as the standard cosmological model. This model is grounded in
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Einstein’s general theory of relativity, published in 1915. Observational breakthroughs in the
1920s - such as Edwin Hubble’s discovery that the Milky Way is just one of many galaxies
and Vesto Slipher’s early measurements indicating the Universe’s expansion - paved the way
for modern cosmological models. Soon after, Georges Lemaitre and others formulated the
Big Bang hypothesis based on general relativity [1,2,3,4,5]. The Big Bang model remains the
dominant framework in cosmology and has passed several major observational tests. These
include the Hubble diagram describing the Universe’s expansion, the predicted abundances
of light elements such as deuterium and helium from Big Bang Nucleosynthesis (BBN), and
the observation of the cosmic microwave background (CMB), which is the relic radiation from
the early Universe. Since the late 20th century, the fields of cosmology and space science
have undergone profound developments. One of the most significant discoveries was that the
expansion of the Universe is accelerating, implying the existence of a mysterious component
known as dark energy. Another major theoretical advancement is cosmic inflation, which
posits a brief period of extremely rapid expansion immediately after the Big Bang, helping to
explain the large-scale structure of the cosmos.

Astrophysicists generally agree that all matter - ranging from galaxies and stars to planets
and life - originated roughly 13 billion years ago from an extremely hot, dense state. Instead
of occurring within pre-existing space, the Big Bang created both matter and space itself.
In its earliest moments, the Universe was filled with a hot plasma of fundamental particles
such as quarks and photons. As expansion progressed, the energy density decreased and
the temperature dropped, eventually allowing atoms and more complex structures to form.
This cooling process can be loosely compared to the temperature drop experienced when a
bottle of carbonated liquid is opened and gas escapes [6,7,8,9,10]. A transformative moment
in modern cosmology occurred in 1998, when two independent research groups studying
distant Type la supernovae reported that the Universe’s expansion is accelerating. Before this
discovery, cosmologists expected the expansion to slow down due to gravitational attraction,
and the parameter describing the second derivative of the expansion - q - was therefore
termed the “deceleration parameter.” The discovery ofacceleration fundamentally changed our
understanding of cosmic dynamics. The cosmological constant, A, offers a simple explanation
for this accelerated expansion, though its history in physics has been complex, having been
introduced, discarded, and revived multiple times. Subsequent observations - including
detailed supernova studies, measurements of the CMB, large-scale structure surveys, and
galaxy cluster data - have confirmed the presence of accelerated expansion with increasing
confidence. According to the standard cosmological model, the Universe contains substantial
amounts of dark matter (DM) and dark energy (DE), although their true nature remains
unknown. Measurements from the Planck satellite indicate that the Universe is composed of
approximately 68.3% dark energy, 26.8% dark matter, and 4.9% baryonic (ordinary) matter.

Dynamics of Scalar Field

It is well understood that Einstein’s field equations govern the dynamics of the Universe.
The left-hand side of these equations encodes the curvature of spacetime, while the right-
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hand side contains the energy-momentum tensor, which represents the matter - energy
content of the Universe. In their original form, Einstein’s equations do not naturally yield late-
time cosmic acceleration. To account for the observed acceleration, one must either introduce
an exotic fluid with sufficiently negative pressure or modify the gravitational theory itself.
The cosmological constant (A), corresponding to the ACDM model with an equation-of-state
parameter w=-1, is the simplest and most widely studied dark energy candidate. Although
the ACDM model is consistent with current observations, it faces significant theoretical
challenges, notably the cosmological constant and coincidence problems. While cosmological
data support the existence of A, reconciling its observed value with theoretical predictions
remains a major difficulty. This motivates the exploration of alternative explanations for
dark energy. Scalar fields naturally arise in high-energy physics, including particle physics
and string theory, and provide promising candidates for dark energy. In standard cosmology,
the matter content is described by a perfect fluid with a barotropic equation of state, where
the pressure p(t) and energy density p(t) are functions of cosmic time. The conservation of
the energy-momentum tensor, guaranteed by the Bianchi identities, ensures the internal
consistency of general relativity and its covariant framework. Observations indicate that the
Universe is homogeneous and isotropic on large scales (greater than approximately 100 Mpc).
These assumptions underpin the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric,
which embodies the cosmological principle. Consequently, the scale factor a(t), depending
only on cosmic time, fully characterizes the expansion history of the Universe. By integrating
the relevant second-order differential equation governing a(t), one obtains a corresponding
first-order differential equation that this function must satisfy.

_ 3k
3H? = pesr(a) = poma™>(t) + A — oy (1)

—pesr(a)a®
V(a) = + (2)

Here, H is the Hubble parameter, A is the cosmological constant, k= 0, 1 is the curvature
constant and the covariant conservation condition of the energy-momentum tensor simplifies

to A
p=-3-(p+p) (3)

This Equation is known as Friedmann equation. It is clear from the motion of a unit mass
particle in a potential V=V (a).

V(a) — _peff(a)az

6 (4)
On the zero energy position, this leads to:
dZ
5+ v(a) =0 (5)
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Where peff acts as an total energy viscosity parameterized by the expansion factor a(t).
The cosmological constant and curvature term in Eq. (1) can be explained as a technical type
of fluid: pA = -pA = -A and pk = -1/3, pk = -3k/a’ Thus, the standard model of cosmology can
be represented as a dynamical system to Newtonian mechanics: a "= dv/da where expansion
factor plays the significant role of a positional variable for a hypothetical particle of unit mass
bluffing the expanding nature of the macrocosm.

[t is worth noting that if the cosmological constant is interpreted as the energy density
of the quantum vacuum, then this energy remains constant throughout the evolution of the
Universe. The standard cosmological model is characterized by several key features, including
the following:

(i) The theory contains inherent limitations and energetic boundaries that highlight the
constraints imposed by classical singularities. In describing the structure and evolution of the
Universe, we employ the classical framework of general relativity, while regimes beyond the
Planck epoch remain outside the scope of our analysis.

(ii) The investigation of universal properties relies on a set of fundamental parameters.
These include various density parameters and quantities related to the cosmic microwave
background (CMB) spectrum, both of which play essential roles in modern cosmology.

Phase-space analysis using dynamical systems has been extensively explored in the
literature. Here, we briefly outline the dynamical systems approach, which is essential for
understanding the asymptotic behavior of cosmological models and is broadly classified within
the category of autonomous systems [11, 12]. In such systems, the choice of dimensionless
variables is motivated by several considerations:

(a) They allow the dynamical system to be cast in a bounded domain.

(b) They possess clear physical interpretations.

(c) They often introduce a structural harmony in the equations, enabling a reduction in the
number of variables and yielding a simplified system for analysis.

For clarity, we restrict our discussion to a system of two first-order differential equations,
although the method can be generalized to systems of arbitrary size. We consider the following
set of coupled differential equations, which describe the evolution of the variables x(t) and
y(t) as:

x=f(,yt) (6)

y=9gy,t) (7)

The given equations represent a system where fand g are functions of x,y,and t. If fand g do
not explicitly depend on time, However these equations are appertained to as an independent
system. The analysis of the dynamic geste of the independent system can be conducted as
described below. To identify the fixed or critical points, we can set the left-hand side of the
independent system equal to zero. In simpler terms, a point (x, y_ ) is considered a critical
point if it meets the following condition.

fFOOY) ey =0 (8)
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G(x’ y)(xc’J’c) =0 (9)

The point (x, y_) would behave as an attractor when it meets the following condition,

(x(@®), () — (x, y.)fort — o (10)

Next, let us move to the stability around the stationary point. In this case, we consider
small perturbations §x and 8y near the critical point as

X =x,+ 0x (11)
y=Y:+0y (12)

On substituting equations (11) and (12) into equations (6) and (7), we get first order

differential equations,
d (6x\ _ ox
an (Sy) -M (53/) (13)

Here N =In(a) and the matrix M rely upon critical point (xc, yc), and is given by

of of (14)
_ | ox oy
M= a9 og (Xx=Xxc ,y=yc)
ax 0Oy

[t has two eigenvalues 11, n2, and the general solution for x and 8y is given as follows
Ox = kle{ﬂlN} + kze{rlzN} (15)

8y = kyemN} 4 g, o(n2N} (16)

Here k, k,, k3 and k, are denoted as integration constants. Therefore, the stability of the
fixed points can be depicted by the signs of eigenvalues. Usually, the following groups are
used [11, 12, 13]:

N, <0andn, <0 — Stable point

n, > 0andn, > 0 - Unstable point

n,<0andn,>0o0r (nl1>0andn2<0)— Saddle point

The real parts of n, and 1, are negative and the determinant of the matrix M is negative —
Stable spiral.

The fixed point behave as an attractor stable point in case of (a) and (d) whereas in case of
(b) and (c) it is not possible.

A wide range of cosmological observations, both direct and indirect, indicate that the
Universe is currently undergoing accelerated expansion. Within the framework of Einstein’s
gravity, this acceleration is commonly attributed to dark energy. The simplest and most
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widely studied candidate for dark energy is the cosmological constant, denoted by A, forming
the basis of the ACDM model. Despite its success in explaining many observational results,
the ACDM paradigm faces notable theoretical challenges, including the fine-tuning and cosmic
coincidence problems [14, 15]. These issues raise the question of whether dark energy is truly a
constant or instead a dynamical entity. Scalar fields play a central role in modern cosmology and
are frequently invoked as dynamical dark energy candidates, often referred to as quintessence.
A slowly varying scalar-field potential can give rise to negative pressure, making such fields
suitable for driving cosmic acceleration. Scalar field models are important because they can
describe different evolutionary phases of the Universe. In particular, they provide a framework
capable of characterizing both the early and late stages of accelerated expansion. The Lagrangian
density for minimally coupled scalar field ¢ with a potential V (¢) is given by

L=2¢2+V(e) (17)

For the above Lagrangian density, Friedmann and Klein Gordan equations can be written
as

H? =5 [162 4 V(@) + g (18)

H = [$2 + (1 + wp)pm] (19)

q'S+3H<j)+j—;=o (20)

Let us use the following dimensionless variables

_ Kb KWV Ve VWee 21
~ VeH’ _\/§H'/1_ KV’F_ V3 (21)

X

Where V,¢E dV/d¢. The above equations can be rewritten in the autonomous form

d V6 3
—= =32+ Ay + o x[(1 = wy)x? + (1 + i) (1 = y?)] (22)
B = 2 xy + 250 = wdx? + (1 + wi) (1= y2) (23)
L = V61’ (I - D (24)
together with a constraint equation
2
Xyt =1 (25)

where N=In(a). The equation of state w, and the fraction of the energy density Q, for the
field ¢ is defined as

_ P _ x2—y?
We = o = X2 492 (26)
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2

.Q¢:';:§’:x2+y2 (27)

We have also introduced the total effective equation of state:

=wy, + (1 —wp)x? — (1 + wy,)y? (28)

An accelerating expansion occurs for w . «<1/3.

The first potential we consider is the steep exponential potential. Exponential potentials
arise in a variety of contexts in physics and play an important role in understanding high-
energy phenomena such as string theory and inflation. In string and superstring theories, for
example, exponential potentials frequently emerge in models involving compactification from
higher dimensions to four dimensions. Despite its simplicity, the single exponential potential
represents one of the most fundamental quintessence models and possesses a rich dynamical
structure with several essential features.

We study the cosmological dynamics of standard and steeper exponential potentials. Let us
consider the following scalar field model characterized by the potential.

V(p)=VoeMa(p/M_P)'n} (29)
where V is constant of mass dimension 4. For this potential, we have
I'=1+(n-1)na (M_P/¢ )*n (30)

In this work, we shall choose n=1. The critical points of the autonomous system are given
by the subsequent subsection. The existence of stable point is determined after analyzing
the condition of point stays within the phase space, i.e. satisfying the Friedmann constraint
x2+y?=1.

We use autonomous system (22), (23) and (24) to find the stationary points (i.e.
-0, 2 =0and %: 0). Hence,

dn _  dn

Table 1. We present stationary points and their stability for steep exponential potential.

S. Critical Points Eigen Values Stability
No.
X y n1 772
Al -1 0 3 1 unstable
> (6+62)
A2. 0 0 -3 3 unstable
2 2
A3. [3/2 372 | 3 (—AZ _ J24rz = 7/14)} 3 (—AZ + J24 =725 7/14)} stable
A A 42 42
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A4, -3+\2 stable

1
e E(—6 +Az)

>
—_

I

|

The point A1l is an unstable because all the eigenvalues are positive. The point A2 is
an unstable because one of the eigenvalue is positive. The critical point A3 is stable point
because the eigenvalues are negative for A>1.8. The critical point A4 is stable point because
the eigenvalues are negative for 0<A<1.7.

Now, let’s analyze the phase space and trajectories for the steep exponential potential. We
will plot the phase portrait using various parameter values of A. We have noticed that the
dynamics of the phase space can be represented different sets of values for A.

The Fig. 1 is plotted for A=1, with the initial ranges for x and y taken as [-1, 1] and [0, 2],
respectively. The attractor pointin Fig. 1 corresponds to the accelerated expansion, for which
w . =-2/3.

2.0}
1.5}
> 1.0}
0.5
0.0}
-1.0 -0.5 0.0 0.5 1.0
X

Fig. 1. This figure shows phase portrait for point A4 with A = 1 in x-y plane. For w_ =-2/3 and
Q¢=1, the point is fixed and represented a stable spiral. The stable attractor point is denoted
by black dot in the figure where all the trajectories meet.

Findings and discussion

The discussion extends to cosmological models that account for the accelerating expansion
of the Universe, a phenomenon frequently attributed to dark energy. Among these, models
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involving scalar fields - particularly quintessence - are of significant interest. For the
quintessence framework, we introduce the corresponding Lagrangian density, defined by a
minimally coupled scalar field with a specified potential V(¢). From this formulation, the field
equations, relevant dimensionless variables, and the associated equation of state are derived.
In our analysis, we focus on a steep exponential potential. We identify the fixed points of the
resulting autonomous system and examine their stability by analyzing the signs of the eigenvalues.
Depending on these signs, each critical point can be classified as unstable, a saddle point, or
stable. The dynamics of the system are further illustrated through phase portraits. The phase-
space analysis for the single exponential potential demonstrates that the system admits both
stable and unstable critical points, depending on the values of the parameter A. In particular, for
certain ranges of A, the system evolves toward a stable attractor solution, indicating long-term
stability in the cosmological evolution. For parameter choices such that A<2, the stable critical
point manifests as a stable spiral, with x—=0 and y—1; see Figure (1).

Conclusion

The model under consideration examines the evolution of the Universe following the Big
Bang, with a focus on scalar field cosmology and dynamical system analysis. It outlines the
rapid expansion of the early Universe, which eventually led to the formation of galaxies and
other cosmic structures. The study also discusses the concept of dark energy, the driving
force behind the accelerated expansion of the Universe, and reviews the discovery of cosmic
acceleration in the late 1990s. This work explores the mathematical framework of scalar
field cosmology, including dynamical systems techniques and cosmological models such as
quintessence. Stationary (critical) points and their stability properties are analyzed, and
phase-space diagrams are constructed for various scenarios. Through these analyses, the
study evaluates several potential models, investigates their stability, and interprets their phase-
space trajectories, thereby offering a comprehensive overview of scalar-field-driven cosmological
evolution. By employing a dynamical systems approach, we have characterized the qualitative
behavior of quintessence models. We identified their critical points, examined the corresponding
phase spaces, and assessed the physical plausibility of the resulting dynamics. Our findings
indicate that both forms of exponential potentials considered in this work can give rise to stable
scaling solutions as well as sustained late-time accelerated expansion. In the accelerating regime,
the scalar field’s potential energy dominates the evolution of the Universe. In scaling solutions,
the scalar field’s equation of state behaves similarly to that of the background matter, causing the
Universe to evolve as though it were matter-dominated. These results are particularly significant,
as they show that the Universe can follow realistic evolutionary paths in the presence of a scalar
field without conflicting with observational constraints. For the steep exponential potential, the
phase-space analysis consistently reveals stable critical points, highlighting the viability of such
models in describing late-time cosmic dynamics.
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TYpaK,TbI HYKTE€ Ta/J14AdYbl })KoHE TiK IKCIIOHEHIMAJI IOTEHIINAJIbI

Anjgatna.byskymbicTa 6i3 TIK 3KCIIOHEHITU A/ /[bl TOTEHI[MAJIMeH 6aCKaPbLJIAThIH KOCMOJIOTUSAJBIK
Mo/JieJIb/IiH, JUHAMUKAJbIK 9peKeTiH 3epTTeiiMi3. Bi3zig 3epTTeyimMi3 Moaeb/iH, aCUMITOTUKAJbIK,
cUIlaTTaMaJlapblH 3epTTeyre MyMKiHAiK GepeTiH sBoJIOLUS TeHJeyJepiHiH aBTOHOMJbl TypiHe
1mofbIpJiaHFaH. bi3 ckansap epiciMeH ’koHe FajlaMHbIH KeHeloiMeH 6aliaHbICTbI GipiHIIi peTTi
AuddepeHLHaNibIK TEHAeY/Iep )KUHAFbIH KypacTblpaMbl3. TangayibiH Heri3ri 66J1iri KOCMOJIOTUSAIBIK,
MOJeJIb/iH MaHbl3/1bl HYKTeJlepiH aHbIKTayAbl KAMTHU/bL. ByJl HYKTeJlepiiH TYpPaKThLJIbIK KACUeTTEPIH
MEHIIIKTI MOHJEP apKbl/bl aHbIKTAlMBbI3, OJIapAbl TYPAaKThl, TYPAKChI3 HEMeCe ceAJia HyKTeJsepiHe
KikTelMi3. Bys kKikTey FajaMHbIH TiK 3KCHOHEHIHAJ/bl d9JEyeTTiH acepiHeH KaJjall camaJbl
TYpPAEe AaMybl MYMKiH eKeHJiri TypaJsibl KyH/bl TycCiHik 6epeai. HoTmkesnepiMiz HakTbl mapaMmeTp
Juana3oHjapbl yUIiH yJri KeliKTipisireH aTTpaKTop peTiHAe >XYMbIC iCTEHWTIiH TYpaKThl ChIHU
HYKTeHi KaObLIJaUThIHBIH KepceTe/i. bys sKCoHeHMaNAbl MOTeHIMa FajlaM/bl 3BOJIOIUSHbIH
TYpaKThl ¢asacblHa amapa ajaTblHbIH KepceTeli. CoHbIMeH KaTap, 6i3 aFbIMJafFbl AdyipJAeri
CKaJISIpJIbIK 6piC YCTEM/ITiHIH HaKThl BU3YaJIU3alUsICbIH YCbIHA OTBIPHII, >KYHEHIH TpaeKTOpHUsIapbl
MeH TYPaKThLIbIK KYPbLJIbIMbIH CypeTTey YilliH ¢pa3ablK KEHICTiK uarpaMMasapbiH KOJlaHAMbI3.

Tyuin cesaep: [AuHamukanblK Tanazay, TypakTbl HYKTe, KBuHTecceHlusi, FapbllUTHIK YAey,
da3zaJbIK KeHiCTiK

MyckaH XaH, Mox [llaxai1am
Kagedpa ¢pusuku, Hnmezpaasvuulil yHusepcumem, JlykHay, 226026, HHdusa
(E-mail: *mohdshahamu@gmail.com, mk04567432@gmail.com)

AHanus CTAMOHAPHBIX TOYEK AJIAd KPYTOro 3KCIIOHEHIUAJ/JIBHOTO IMOTEHI HAJIA

AHHoTanuA. B gaHHOW pa6GoTe MbI HCC/leAyeM AUHAMUYECKOe MOBeJleHHe KOCMOJIOTHYeCKON
MOJlesI¥, YIpaBJ/sieMON KpyTbIM 3KCIOHEHIMa/JbHbIM NOTeHLHasoM. Haule uccienoBaHue cocpe-
JIOTOYEHO Ha aBTOHOMHOM popMe ypaBHEHHUH 3BOJIIOIIMH, UTO MO3BOJISIET HAM HCC/IeA0BATh aCUMIITO-
THUYEeCKHE XapaKTEePUCTUKU MoJiesIu. Mbl CTpOoUM cucTeMy AuddepeHIIHaTbHBIX YpaBHEHUH [TepPBOT0O
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NopsAJKa, CBA3aHHYIO CO CKaJISIpHBIM NoJieM U paciiMpeHueM BcesenHo. KiiroueBas yacTh aHasiu3sa
3aKJIl0YaeTCsl B BbISBJEHHWM KPUTHUECKUX TOYEK KOCMOJIOTUYECKOH Mojesd. Mbl onpejessieM
CBOMCTBA YCTOWYMBOCTU 3THUX TOYEK UHepe3 COOCTBEHHbIE 3HAUeHUs, KJAacCUOUUUPYS HUX Kak
YCTOMYHBbIE, HEYCTOMYHBbBIE WJIH CeAJIOBble. ITa KjacCUUKAIUA AaéT LleHHYI HHpopMalHio O
TOM, KakK BcesieHHas MoXeT KayeCTBEHHO 3BOJIIOLJMOHUPOBATH IMOJ BO3JAEWCTBUEM KpYyTOroO
3KCIOHEHIMAaJbHOr0 MOTeHIMasa. Hamuy pesyabTaThl MOKa3bIBAIOT, YTO JJis ONpeAeséHHbIX
JlMalla30HOB MapaMeTPOB MOJieJb AONYyCKAeT YCTOUYUBYIO0 KPUTUYECKYI0 TOUKY, KOTOpasi AelCTByeT
KaK aTTpPaKTOp MO3JHero BpeMeHMU. ITO yKas3blBaeT Ha TO, YTO 3KCIOHEHI[UAJbHbIA MOTEHIHaJ
MOXKeT NMOJATaJKUBAaTh BcesleHHYH K cTabuibHOU ¢dasze 3BoJOIUU. KpoMe TOro, Mbl UCMOJIb3yeM
AuarpaMMbl $pa3zoBOro NpoCTPaHCTBA AJS WIIIOCTPALMU TPAeKTOPUN U CTPYKTYPbl YCTOMUUBOCTU
CHUCTEMBI, NMpejJiaras HarJsAHyH BU3yaJad3aljll0 JOMUHHUPOBAHUS CKaJSPHOrO MOJsS B TEKYLIYIO
3MOXY.

KnawueBsble cja0Ba: /[uHaMmuyeckuil aHaius, HenmogBukHas Touka, KBUHTacceH1us, KocMmuueckoe
yckopeHure, Pa30Boe NPOCTPAHCTBO
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Slow-roll inflation in the power-law scalar model
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Annotation. In this work, we examine an inflationary model driven by a scalar
field that evolves according to a power-law dependence on cosmological time.
This assumption allows the Einstein-Klein-Gordon equations to be solved
analytically within a flat FLRW metric and makes it possible to obtain closed-
form expressions for the key dynamical quantities of the early Universe. Based
on the chosen scalar field profile, the Hubble function and the scale factor
are computed, enabling a detailed analysis of the emergence of accelerated
expansion. The potential of the field and its derivatives are reconstructed
directly from the equation of motion, which in turn allows us to derive analytical
formulas for the Hubble and potential slow-roll parameters. The time evolution
of these parameters is analyzed to determine the regime of validity of the slow-
roll approximation and to identify the natural endpoint of the inflationary phase.
The obtained results demonstrate that a power-law configuration of the scalar
field can sustain a prolonged stage of inflation and accurately reproduce the
major features of slow-roll dynamics within the framework of General Relativity.
Keywords: Inflation field, slow-roll parameter, generalized gravity, Hubble
parameter, scale factor, Klein-Gordon equation.

Introduction

The inflationary framework has become a cornerstone of modern cosmology, as it provides
a unified mechanism for explaining several essential properties of the observable universe,
including its large-scale homogeneity, flat spatial geometry, and the absence of relics predicted
by pre-inflationary models. In this scenario, the universe undergoes a brief period of accelerated
expansioninits earliest stages, during which quantum fluctuations are stretched to cosmological
scales and subsequently evolve into the density perturbations detected in the cosmic microwave
background.

Within the context of Einstein’s General Relativity, such rapid expansion can be generated
by a single scalar field,the inflator-whose potential energy dominates the total energy content
of the universe. When the inflation evolves sufficiently slowly so that its potential energy
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Slow-roll inflation in the power-law scalar model

remains the primary contribution, the dynamical equations simplify to the well-known
slow-roll approximation. In this regime, the inflationary behavior is described by two small,
dimensionless parameters:

H @

E =

which measure the deviation from an exact de Sitter expansion and quantify the rate at which
the scalar field descends along with its potential.

Different choices of the scalar potential V(¢) - including monomial, exponential, and power-
law forms - lead to distinct predictions for inflationary observables. These theoretical outcomes
can be evaluated through parameters such as the scalar spectral index n_and the tensor-to-
scalar ratio r, both of which are tightly constrained by recent observations from the Planck and
WMAP missions.

The aim of this work is to investigate the dynamics of the slow-roll phase within General
Relativity, derive analytical relationships among the principal inflationary parameters, and
compare the resulting predictions with current observational bounds. Special emphasis is
placed on understanding how the specific shape of the scalar potential influences the duration
of inflation and the amplitude of primordial perturbations, thereby providing deeper insight
into the early evolution of the universe.

Theoretical Framework
The starting point is the Einstein-Hilbert action with a minimally coupled scalar field,
S =[G+ Lm) J—gd*x (2)
where the Lagrangian is introduced as
L =359 = V(9). (3)
The background geometry is described by the spatially flat FLRW line element,
ds? = —dt? + a?(t) (dx? + dy? + dz?), (4)
which reduces the gravitational action to the effective point-like Lagrangian.
L=—%aa2+%a3<p2—a3V(¢). (5)

From this form, the energy density and pressure of the scalar field follow directly:

1, 1., 6
Pp=592+V(@),  pp=50°-V(p) (6)
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The evolution of the background spacetime is governed by the Friedmann equations,

HE= by, 7)
2H + 3H? = —p,, (8)
while the scalar field satisfies the Klein-Gordon equation,
®+3Hp+V,=0. (9)
Combining (5) and (6) yields the useful identity.
H=—3¢% (10)
We assume that we have a scalar field value,
@ =@oth, @ =@oAt?, P =oA(d - Dt (11)

Here ¢, and A are constants with ¢ >0 and A<0. The power-law time dependence of the scalar
field is adopted as a technically convenient and physically reasonable ansatz in inflationary
cosmology. This choice makes it possible to integrate the Einstein-Klein-Gordon system in
closed form and to track explicitly the temporal behavior of the Hubble parameter,; the scale
factor, and the slow-roll characteristics. Moreover, taking the exponent A implies that the scalar
field gradually decreases with time during the inflationary era, which matches the standard
picture of a rolling inflation field and naturally leads to the end of inflation.

Substituting this ansatz into (9) gives

0= _% P22 222, (12)
Integrating with respect to time leads to the Hubble expansion rate,

T ) . Sy e
H = Hy— ;2% 200, (13)

where H is integration constant. Using the relation a’/a=H(t), the scale factor takes the form.

_ __pgX* 21
a = aypexp (Hot 2D t ) (14)

where a, is a constant of integration. The evolution of the scale factor a(t) with respect to
cosmic time t is presented in Figure 1.
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x107

a(t)

3 4
!

Figure 1. Behavior of the scale factor a as a function of cosmic time t. The monotonic growth

of a reflects the accelerated expansion of the Universe during the slow-roll inflationary phase

Introducing the explicit formulas for the field derivatives leads to

Vy = —@oA(A — 1)tA72 = BH(t) @A t171,

and after replacing the equation (13) by its analytic expression,

(15)
V) = —@oAd(A — D)tA"2 — 3HypoAth~1 + 2282 4312 (16)
) Po 0®o 22A-1)
From the Klein-Gordon equation (15) by using the chain rule,
av _ av de _ .
at dp at e ? (17)
Using equations (15), (16) we can derive V by integrating.
V= _% @2A2 £ 222 3Ho p§A*

21-1 18
O (22 4y, (18)
To characterize the inflationary regime, the Hubble slow-roll parameters are introduced.
The first is defined by.

. 1 2 -
H _ E(pOAZtZA 2

2 2 2)
H Ho— Po 12 t 2A-1
072(22-1)

Figure 2 illustrates the temporal evolution of the slow-roll parameter €.

€

(19)
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0.1 0.2 03 04 0.5 06
Figure 2. Evolution of the Hubble slow-roll parameter € as a function of cosmic time .
The parameter remains much smaller than unity for most of the evolution, indicating a prolonged
quasi-de Sitter stage, and gradually increases towards ex=1, signalling the end of inflation

Therefore, we can define the first slow-roll parameter, denoted by ¢ as while the second
parameter, associated with the acceleration of the scalar field, becomes.

_ » A-1
m= _E T ®GA%  aa-1) (20)
t H0_2(2/1—1)t

If we take the derivative with respect to cosmic time, we can define the second slow-roll
parameter, denoted by 1, which guarantees the slow variation of € in time,

¢ = 2H*  H _1 (pﬁl“t““‘ (Ho _ pir? tu_l) N P3A2(A-1)t2A3 . (21)

B 2(22-1 242 2
@2-1) (Ho—z(“;"f_ 1)tu_1)

H3 H2 2
3,3 2
- - 3ppld _
1 (—<p0/1(/1—1)t’1 2_3HypoAt? 1+2(TO_1)t3;L 2)

_ZK

€V 2
1 ., 3Ho@3A2 _,_ 22
-5 (p(Z)AZtZA 2_21—_011'-21 1+V0 ( )

The behavior of the potential slow-roll parameter €, as a function of cosmic time t is presented
in Figure 3.

1 é \’; 4 5 6
Figure 3. Behavior of the potential slow-roll parameter €, as a function of cosmic time ¢. Initially
€, is small, confirming that the dynamics are potential-dominated, while its subsequent growth

marks the breakdown of the slow-roll approximation and the end of the inflationary era
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Here, figure 2 and figure 3 describe different slow-roll characteristics of the same inflationary
dynamics. Figure 2 represents the Hubble slow-roll parameter € which is sensitive to the full
background evolution, including the kinetic term of the scalar field. Figure 3 shows the potential
slow-roll parameter €, which depends only on the form of the reconstructed potential. During
the early stage, both parameters satisfy €€, indicating accelerated expansion. At later times
both parameters increase and approach unity, which signals the breakdown of the slow-roll
regime and confirms that the Universe exits inflation in the considered model.

Similarly to the case of €, we can define a parameter 7, that depends only on the potential.
Using (20) and the Friedmann equations, we have

1(V,
mw=n+e=1("2) (23)
where v, , = %. To compute the potential slow-roll parameter n, we differentiate then we
obtain. ¢ ,
— (1 — 1) (722 4 3Ho) | 3052°(BA-2) 23— 24
Voo = —(4 1)(t2+ t)+ TR (24)

Finally, the potential slow-roll parameter is.
-2, 3H0) 3pFA2(31-2) (22-2

Ny = 1 _(/1_1)( t2 |t 2(2A-1) . (25)

2,2
K _1 5.3 .22-2_ 3Ho9oA" 554
ZQDO)L t -1 t +Vo

The dependence of the parameter 1, on cosmic time t is shown in Figure 4.

1' 2 3 4 : s
Figure 4. Behavior of the potential slow-roll parameter 1, as a function of cosmic time ¢.
The evolution of n, characterizes the curvature of the inflation potential and shows when

the scalar field starts to deviate significantly from the slow-roll regime
Conclusion

In this work, we examined the inflationary dynamics generated by a power-law scalar field
within the framework of General Relativity. By obtaining explicit analytical expressions for the
Hubble parameter; the scale factor; and the slow-roll functions, we achieved a clear and fully transparent
description of the background evolution during inflation. The slow-roll parameters € and 1 remain
sufficiently small throughout most of the inflationary epoch, confirming that the model naturally supports
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a prolonged phase of accelerated expansion. As cosmic time increases, both parameters gradually rise,
signalling the eventual breakdown of the slow-roll regime. Taken together; these results demonstrate that
a simple power-law dependence of the scalar field can reproduce the fundamental features of inflation
and provides a coherent theoretical framework for describing the early Universe.
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Japexesiik cKaasp epicTik Mogeabjeri 6asy cbIpFy HHQPIANMSACHI

AHHOTanusA. By *KyMbICTa KOCMOJIOTHSIIBIK, YaKbITKA KATBICThI J9peExKesliK 3aH, G0MbIHIIA 63repeTiH
CKaJIsAp epici TyAblpFaH MHQAALUAIBIK MoOJesb KapacThipbuiaAbl. OcblHAAW 60omkaM miuockuid FLRW
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MeTpUKachiHJa JiHITenH-KnelH-Top/loH TeH/ey/lepiH aHAJIMTUKAJIBIK, LIelnyTre XoHe epTe FasaMHbIH
Herisri AMHAMUKaJIbIK IIaMaslapbIHbIH, TYUBIK TYpAEri epHEKTEepiH ajyFa MYMKIiHJAIK 6epexi. Bepinren
CKasisAp epic mpodusiiHe cydeHe OThIPhIN, Xa66/1 GYHKIUACHI MeH MacIITaOThIK, pakTop ecenTesef,
OyJ1 KefielleTi/ITeH KeHeloZiH Ka/bINTacyblH OaKpLIayFa 2K0J1 ala/bl. OpicTiH NOTeHIMa/Jbl MEH OHBIH,
TYBIHZABLIAPBl KO3FAJIbIC TeHJeyiHeH TikesJell KaJllblHa KeaTipisin, Xa60JAblK, KoHe NOTeHLHaIJBIK,
6asy ChIPFy MapaMeTpJiepiHiH aHAIUTUKAJBIK TYPiH ajJiyFa MYMKIiH/IK 6epesi. ATajsfaH napaMeTpJiepAiH
YaKbITTBIK 3BOJIIOLUSICHI 6asty ChIPFY KYbIKTAybIHbIH, KOJIAAHBLIY aliMaFbIH oHe WHQJIALUSAIbIK Ke3eHHIH,
TaOUFHU asiKTa/ly yaKbIThIH aHbIKTAy YIIiH TaJaHa/ibl. AJIbIHFaH HOTHOKeJIep Aapexe ik opMasiarbl CKaIap
epiciHiH KoH$UTrYpanuAchl UHQJIALMSAHBIH TYPAaKThl Ke3eHiH KaMTaMachI3 eTil, ’Kaslbl cabICThIPMalbLIbIK,
neHOepiH/le 6asty ChIPFY/bIH HETi3Ti epeKIlie-TiKTePiH A9 CUMaTTak alaThIHbIH KepCeTei.

Ty#inai ce3aep: Undnsanus, 6asy celpry napameTpJiepi, aJlblIaHFaH rpaBaTanus, Xa66. napa-
MeTpi, MaclITabThIK pakTop, KineitH-['opAoH TeHaeyi.

A.Pat6aii'*, 0.Pa3una’, A.UcmanioBa?
'Eepasuiickull HayuoHaabHblll yHueepcumem umenu JLH. T'ymunéea, Acmana, Kazaxcmau
°HAO «Kokwemayckuil ynueepcumem umenu Il Yaauxanosa», Kokwemay, Kazaxcmau
(E-mail:*aisara.ratbay@gmail.com, razina_ov@enu.kz, aisulu0402@gmail.com)

I/IH(l)JIHL[I/IH B pe€XXHUMe MEeAJICHHOTO CKaTbIBAHUA B cTeneHHOH MOAEJIN CKAJIAPHOIO MOoJIA

AnHOTanusA. B paboTe paccMaTpuBaeTcss MHOJIALMOHHAs MOJesb, NMOPOXAEHHAs CKaIPHBIM
H0JIEM, 9BOJIIOLIUS KOTOPOTO 33/jJaHa CTEeNIEHHOUW 3aBUCHMOCTBIO OT KOCMUYECKOT0 BpeMeHH. [IpuHsTOE
npeJoJioKeHe T03BOJIAeT aHaJUTHYeCKH PelIUTb ypaBHeHUA JiuHWTelHHa-KieiiHa-I'oproHa B
miockoi FLRW-MeTpuke ¥ noJIly4uTh 3aMKHYTbIe BbIpa:KeHUS AJiS1 JUHAMUYECKUX BEJINYMH paHHeN
BcesieHHoW. Ha ocHoBe 3aJjaHHOro BHJA NOJS BBIYUCIASIOTCH (yHKIUs Xab6sa M MaclITaGHBINA
dakKTop, YTO JAET BO3MOXKHOCTD NPOCIeIUTh POPMUPOBaHHE YCKOPEHHOTO paciiupenus. [loTeHnnyan
CKaJIIPHOTO MOJiI U €ero NpPOU3BOJHble BOCCTAaHABJMBAIOTCS HENOCPeJCTBEHHO U3 YpaBHEHU:
JIB>KEHMS, YTO NI03BOJIET NOJIYYUTh aHaJUTHYecKre GOpMbI NapaMeTPOB Me/IJIEHHOT0 CKaThIBaHUSA
KaK Xab06JI0BCKOTO, TaK U MOTeHLUaJbHOI0 TUNA. [loBefleHHe 3TUX NapaMeTpPOB aHAJIU3UPYeTCs A
onpejesieHUsi 06/1aCTU AeHCTBUTEJbHOCTU NPUOGJIMKEHUsI MeJAJIEHHOTO CKaTbIBaHUS M MOMEHTaA
BbIX0/1a U3 UHQIALMOHHOI0 pexxuMa. [losydeHHble pe3ybTaThl I0Ka3bIBAIOT, YTO NPOCTAs CTeNeHHas
dbopMa ckasapHOro 1o0J1d C1ocob6Ha 06eCeYuTh yCTOMYUBYI0 UHQIALMOHHYIO CTaIUI0 U BOCIPOU3BECTH
XapaKTepHble IPU3HAaKU Me/IJIEHHOTO CKaThbIBaHUS B paMKax 001ell TEOpUX OTHOCUTEIBHOCTH.

KimoueBsle ciioBa: UHA1MsA, napaMeTpbl Me/JIEHHOI'O CKaTbIBaHUsA, 06001éHHAsA rpaBUTaLus,
napameTp Xa66.1a, MaclrTabHbll pakTop, ypaBHeHue KieitH-TopioHa.
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Extending the Covariant Confined Quark Model to Describe Radial
Excitations of Heavy Quarkonia
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Abstract. We present an extension of the Covariant Confined Quark Model
(CCQM) that enables a consistent description of radial excitations of heavy
quarkonia. The conventional CCQM formulation, based on static constituent
quark masses, faces a limitation in describing states whose squared mass
exceeds the sum of the squared constituent masses. To overcome this, we
introduce a running constituent quark mass in the quark loop, allowing an
accurate representation of excited hadronic decays. The binding energy of
an excited state is assumed equal to that of the corresponding ground state,
leading to a simple mass relation between quarkonia and their constituents.
Model parameters are determined from experimental data on leptonic decays
of charmonia and bottomonia, showing excellent agreement with observations.
Furthermore, an orthogonality condition for radial excitations is implemented
through modified vertex functions, ensuring that distinct excited states do not
mix. This refinement leads to improved internal consistency and predictive
power of the CCQM for excited hadronic systems.

Keywords: the covariant confined quark model, radial excitations, running
constituent quark mass, quarkonium, charmonium, bottomonium, leptonic
decay.

Introduction

The Covariant Confined Quark Model (CCQM) has proven to be a powerful and flexible
framework for investigating a wide range of processes involving mesons and baryons. Within
this model, hadrons are represented as bound states of constituent quarks, with confinement
implemented through an infrared cutoff in the quark loop diagrams. The CCQM has successfully
described numerous hadronic decay modes - strong [1-5], electromagnetic [6], semileptonic [7-9],
and nonleptonic [10-12] - providing consistent predictions in good agreement with experimental data.

However, the conventional CCQM formulation employs static constituent quark masses,
which restricts its applicability to ground states and low-lying hadrons. In particular, it fails
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to describe the decays of highly excited mesonic states, where the squared mass of the hadron
may exceed the sum of the squared constituent masses. This limitation prevents the model from
capturing the full quark-antiquark dynamics in radial excitations of heavy quarkonia such as
charmonium and bottomonium.

To overcome this problem, we propose an extension of the CCQM by introducing a running
constituent quark mass in the internal quark loop. This modification preserves the basic
principles of confinement and covariance while allowing the model to remain applicable across
the full quarkonium spectrum. The running mass is determined by assuming that the binding
energy of excited states is equivalent to that of the ground state, which provides a simple and
physically transparent relation between quark and meson masses.

In addition, we formulate an orthogonality condition for radial excitations to ensure that
different excited states do not mix within the model. This is achieved through a systematic
construction of vertex functions that satisfy orthogonality constraints, leading to a self-
consistent and hierarchically organized spectrum of quarkonium states.

The aim of this work is therefore twofold: to generalize the CCQM framework to accommodate
radial excitations of heavy quarkonia through a running quark mass mechanism, and to
implement the orthogonality condition for excited-state vertex functions, thereby improving
the model’s internal consistency and predictive capability.

Theresults presented here demonstrate that the extended CCQM reproduces the experimental
data for leptonic decays of charmonia and bottomonia with high precision and offers a reliable
tool for future studies of excited hadronic systems.

The Literature review

The study of heavy quarkonia has been approached using a variety of theoretical frameworks,
each aiming to describe the mass spectra, decay constants, and other properties of these bound
states. [13] employed a contact interaction model within the Dyson-Schwinger and Bethe-
Salpeter equations, successfully reproducing masses, decay constants, and charge radii of
charmonium states such asn_(15), J/¥(1S), x, (1P), and x_, (1P) in agreement with experimental
data. Their approach emphasizes the role of symmetry-preserving interactions in modeling
quark-antiquark dynamics.

[14] used a nonrelativistic potential model based on the Cornell potential, solving the
Schrédinger equation numerically to calculate mass spectra and decay properties of heavy
quarkonia. This approach demonstrates that simple potential models, calibrated with quark
masses and coupling strengths, can provide reliable predictions compatible with experimental
observations.

[15] extended the study of quarkonia using a light-front relativisticapproach with holographic
techniques, including one-gluon exchange and running couplings. Their framework allows for a
detailed description of the mass spectrum, decay constants, and spatial distributions, producing
results that reasonably match experimental data.

On the experimental side, the ALICE Collaboration [16] provided measurements of inclusive
production cross-sections of J/y, ¥(2S), Y(1S), Y(2S), and Y(3S) in proton-proton collisions at
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\/ s =8 TeV, giving essential input for testing theoretical models of quarkonium formation and
decay dynamics.

While these studies offer important insights, many of them are limited in addressing the
dynamics of radially excited states consistently across different quarkonia. In particular,
models with fixed constituent quark masses face challenges in describing states whose squared
mass exceeds the sum of squared constituent masses. Our work addresses this limitation by
extending the Covariant Confined Quark Model (CCQM) with a running constituent quark mass
mechanism and implementing orthogonal vertex functions, providing a general and internally
consistent framework applicable to a broad range of heavy quarkonia and their excitations.

The Covariant Confined Quark Model

We start from represent basic principles and terms of the CCQM. The interaction Lagrangian
is main object of the model. It describes essential properties and an interaction of constituent
quark with hadron. General form of the Lagrangian has following form

L. (x)=g H(x)](x) + h.c,, (D

where g is a coupling constant corresponds to interaction of hadronic field H(x) with
interpolating quark current J(x). In the case of quarkonium when meson consist from q q pair
Hermitian conjugate part coincides with initial. The interpolating quark are presented as

J)=[fdx, dx, F(x; x, x,)q (x )Tq(x,), (2)

here, F(x; x,, x,) is a vertex function which defines the nonlocality of our model and T is
y-matrix of Dirac and can be chosen from quantum numbers J*¢ of quarkonium. In coordinate
space vertex function has following form

F(x; x, x,) = 6(x-w, x,-w,x,)P[(x_1-x,)], (3)

8-function is introduced for conservation of the translation invariance, second term @[(x,x, J’]
is a function which is in the momentum space chosen to has exponent form to avoid any of
ultraviolet divergence.

On first step of calculation, one has to expand the S-matrix in the second order of the interaction
Lagrangian to obtain coupling constant. To proper computation of the coupling constant and
avoid double counting of freedom degree of quarks one should use the so-called compositeness
condition, which is expressed in terms of the derivative of the meson mass operator:

d
Zy =1 —gzd—pzﬂ(pz) =0 (4)

This condition was proposed by Salam and Weinber and means that quark degree of freedom
excepts from physical state. In other words, quarks cannot be found in isolation. The relation
corresponds to mass operator in the case of quarkonium state has the following form

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N24(153)/ 2025 31
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Z.Z.Tyulemissov, A.E.Tyulemissova

(5)

4 ~
1% =1 (g — 22 N, [ 25 B(—k?) trly#S(k + wyp)y"S(k + wap)].

p? (2m)*i
where g,, is metric tensor, N =3 is number of quark colors, k is loop momenta, w,=w,=1/2,
1
Stk) = —%is a free propagator of a constituent quark with mass m.
The CCQM has six previously fixed parameters for ground states of hadrons, such as a

constituent mass of quarks and cutoff parameter, which helps to avoid any of infrared divergence.
The value of these parameters presented in Table 1.

Table 1. Model parameters: quark masses and cutoff parameter A (in GeV units).

m /m, m m m A

S c b
0.241 0.428 1.67 5.04 0.181

There is also a size parameter of hadron, whose variation enables a proper reproduction of
the observables. In the case of meson we take leptonic decay constant and attempting to fit our
value to experimental or lattice QCD data. We then use this quantity to predict other properties.
Table 2 represents masses and leptonic decay constants for radial excitations.

Table 2. Masses of charmonia and bottomnia from PDG and leptonic decay constants (in GeV
units).

I/

w(2S)

Y(1S)

Y(2S)

Y(3S)

ﬁl 1))

folS)

3.096900(6)

3.68610(6)

9.46030(26)

10.02326(31)

10.3552(5)

0.4154

0.715

Our prediction of the branching ratios of the leptonic decays of charmonia and bottomonia
based on a size parameter and values from Table 1 and Table 2 is presented in Table 3.

Table 3. Charmonia and bottomonia size parameters and leptonic branching fractions.

Meson I/ Y(1S)
A, =2.795 GeV A, =4.03 GeV
ccQM Exp. cCQM Exp.
Br(qq~t T) 2.46(7) 2.60(10)
Br(qq-u i) 5.964(40) 5.961(33) 2.48(7) 2.48(5)
Br(qq—e’ ¢) 5.964(40) 5.971(32) 2.48(7) 2.38(11)

Running Constituent Quark Mass for Radial Excitations

To extend the applicability of the Covariant Confined Quark Model (CCQM) to excited
quarkonium states, we introduce the concept of a running constituent quark mass in the
quark loop. The key assumption of this approach is that the binding energy of a radially excited
quarkonium system qq " is approximately the same as that of the corresponding ground state V..
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We define the binding energy of the ground state as
E=m,-2m_, (6)

where m, and m., denote the mass of the ground-state meson and the constituent quark
mass, respectively.

For an excited vector meson V', the constituent quark mass mq,is then determined by the
condition that the total binding energy remains unchanged:

my = —£—., (7)

This simple relation ensures a smooth and physically motivated dependence of the constituent
quark mass on the quarkonium excitation level, while preserving the internal consistency of the
model.

The ground-state quark masses used in this analysis are taken from Table 1. Using these
fixed quark masses, the corresponding size parameters A, of the meson vertex functions are
determined by fitting the CCQM predictions to the experimental data on leptonic decays V- I I.

The obtained values of A, and the predicted leptonic branching fractions for charmonium
and bottomonium states are summarized in Tables 4 and Table 5, respectively. The results
demonstrate excellent agreement between the CCQM predictions and experimental
measurements across all considered decay channels.

Table 4. Charmonia results: size parameters and leptonic branching fractions using a running
constituent quark mass.

Meson I/ Y(2S)
A =2.795 GeV A =0.463 GeV
CccQM Exp. CCQM Exp.
Br(qq-t1" T) 0.31(1) 0.31(4)
Br(qq-u* i) 5.964(40) 5.961(33) 0.81(2) 0.80(6)
Br(qq—e* €) 5.964(40) 5.971(32) 0.81(2) 0.79(2)

Table 5. Bottomonia results: size parameters and leptonic branching fractions using a running
constituent quark mass.

Meson Y(1S) Y(2S) Y(3S)
A, =4.03 GeV A, =3.77 GeV A, =3.01 GeV
CCQM Exp. CCQM Exp. CCQM Exp.
Br(qq-1* T) 2.46(7) 2.60(10) 1.92(0.5) 2.00(21) 2.17(3) 2.29(30)
Br(qq-u* 1) 2.48(7) 2.48(5) 1.93(0.5) 1.93(18) 2.18(3) 2.18(21)
Br(qq—e* ¢€) 2.48(7) 2.38(11) 1.93(0.5) 1.91(16) 2.18(3) 2.18(20)
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While the introduction of a running constituent quark mass extends the Covariant Confined
Quark Model (CCQM) to describe the mass spectrum and leptonic decays of excited quarkonia,
an additional refinement is required to ensure the internal consistency of the model. Specifically,
different radial excitations of the same quarkonium family must remain orthogonal, i.e., they
cannot transform into one another via a single quark loop. To enforce this physical requirement,
we implement an orthogonality condition for the vertex functions of radially excited states.

We represent the vertex function of an n radial excitation as a polynomial modification of
the ground-state vertex function @, (-k?):

q)n(_kZ') \: (1’+ Z?n=1 Cm+n-1 (Snkz)m)(DV(_snkz)’ (8)

where the coefficients ¢, are determined by requiring that the corresponding meson
amplitudes be mutually orthogonal within the quark loop integral and upper indexes is the
degree.

The orthogonality condition is expressed as

(5= 22 5 0, 0 eyt (e 20) s (2] =0

for n#m, and p is the meson four-momentum. Let us take a precisely look on this relation.

There are "(”“)

condition forc__  coefficients for n>0, where n=0is ground state of quarkonia.
Moreover Eq. (9) ensures that the wave functions of distinct radial excitations - such as /Y and
Y(2S), or Y(1S), Y(2S), Y(3S) - do not mix under quark-loop transitions. We start by considering a
simpler charmonium system. //i) and ¥(2S) mesons have the following view of vertex functions

Do(—k?) = Oy (—sok?) for J /¢

(Dl(_kz) = (1 + Cl Sl kz)q)v(_slkz) fOI‘ IP(ZS) (10)
Then orthogonality condition Eq. (8) can be rewriting as
VoVi = My (s, $1) + €151 M5 (s, 51) = 0 (11)

here Mi (s, s,) is a matrix element form Eq. (9), where s, and s, are the parameters of vertex.
The low index of M satisfy to power of k? before the vertex function.

From this expression, it easily follows that the coefficient c,=-M (s, s )/(s,M, (s, s, )). Having
discussed the procedure of fixing c, coefficient for charmonium state, we now turn to a more
complex case: the excitations of bottomonium. Here appears 3 complicate structures

(Do(_kz) = CDv(_SokZ) fOI' Y(].S) 12
D, (—k?) = (1 +¢; 51 k)P (—s,k?) for Y(25). (12)
Dy (—k?) = (1 + ¢z 52 k? + ¢3 55 kM) Py (—s,k?) for Y(3S)
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This relations occurs to the following system of equations
Mo (Sg,81) + €181 M5(S9,51) =0
My (g, S2) + €25,M5 (50, 52) + C35221\/14(50;52) =0
My (s1,S2) + €181 My(S1,S3) + €25,M5 (51, 53) + €151C25, My (51, S2)
+C3522M4(51»52) + 6151C35%M6(51152) = 0.

(13)

First equation limits ¢,=-M, (s, s )/(s,M, (s, s, )). Thus, in the system of equation include only
two unknown parameters c, and c,. We can obtain them from the following system
C252M5 (59, 52) + €355 My (S0, 52) = =My (5o, 52)
C2(52M2(51,52) + €1515:My (51, 52)) + c3(55Ma (51, 52) + €15155Mg(51,52)) (14)
= —My(51,52) — €151 M5(1,52).
Let us identify the coefficients from these linear equations by using a method so-called
Cramer’s rule. It is easy to see that we get

_ S;M, (s, 52) 5§M4(50»52)
A = det ) 5
SaM,(s1,52) + €1515;M4(51,52)  s5M4(S1,S2) + ¢15155Mg(54, S5)
_ —My (S0, S2) 322M4(50'52) (15)
A, = det ) 5
—M(51,52) — €151 M5(51,82)  s5My(sy,5) + 15155 Mg(sy, S2)
A, = det( 52M5 (50, 52) —M;(So, 52) )
3 SoM5 (51, 52) + €515, My (S1,52)  —Mo(S1,S2) — €181 M(S1, S2)

Finally, after all necessary calculations, all three coefficients can be written in a way that
prevents mixing between high- and low-lying excitations

c1 = —Mo(So,$1)/ (51 M2 (S0, 81)) €2 =D3/A ¢y = Dy /A (15)
Discussion

The calculated branching ratios for charmonia and bottomonia show excellent agreement
with experimental data, confirming the model’s internal consistency. The implementation of an
orthogonality condition for the vertex functions guarantees that high- and low-lying excitations
remain independent, avoiding unphysical mixing. Polynomial coefficients are determined via
linear systems and Cramer’s rule, maintaining predictive power. We reproduce the data for
various decays of charmonia and bottomonia by introducing running constituent quark masses.
For instance, in case of W(2S) meson mass of charm quark is increased to mc=1.96679 GeV.
Similary, the mass of b-quark rises from m,=5.32768 to m =5.49365 for Y(2S) and Y(3S) mesons,
respectively. Numerical value of the coefficients in the orthogonal vertex functions are ¢,=0.802
for ¥(25) meson, and ¢,=1.979, ¢,=4.083, ¢,=2.235 for bottomonia.

As one can see the value of parameters and branching ratios of ground of charmnoium
and bottomonium were not changed at all. The reason of this if that we used a polynomial
modification of the ground-state vertex function in Eq. (8). Therefore, this update does not
introduce any changes to the previous results.
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Conclusion

We have extended the Covariant Confined Quark Model (CCQM) on the basis of general
principles, introducing a running constituent quark mass and orthogonal vertex functions to
describe radial excitations of heavy quarkonia. This approach provides a universal mechanism
that is not limited to specific states, allowing any quark model built on similar principles to
incorporate excited states consistently. By preserving the binding energy of the corresponding
ground state and enforcing orthogonality among radial excitations, the model avoids unphysical
mixing and maintains internal consistency. These developments significantly enhance the
CCQM'’s applicability to strong and electromagnetic decays of excited hadrons and open the
possibility for future studies of hybrid and multiquark systems.

The resulting framework reproduces leptonic decay constants and branching ratios of
charmonia and bottomonia in excellent agreement with experimental data using a minimal set
of parameters. Beyond quarkonia, this general mechanism can be applied to other hadronic
systems, including hybrids and multiquark states, providing a robust and predictive tool for
studying excited hadrons from first principles.
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AybIp KBapKOHMSIJIAPABIH, pagua/iibl KO3FaH KyiiepiH cunarray ymiiH Kopapuanrrs! Lllek-
TesreH Ksapk MoaeJiiH KeHeUTy

AngaTna. bi3 ayblp KBapKOHUMSJIApAblH pajyalibl Ko3FaH KylJepiH yiaeciMai cunaTrayfa MyM-
kiHzik 6epetiH KoBapuanTTsl lllekTenren Kapk Moaeniniy (KIIKM) keHelTisireH HYCKachlH yChIHA-
MbI3. TypaKThl KypaM/ac KBapK MaccasapblHa HerizgesnreH pactypJi KIIKM ¢opmynacel Kypamaac
MaccaJjlapblH, KBaJ|paTTapblHbIH, KOCBIHABICbIHAH apThIK KBAaJpaTTbIK Maccara vue KyuJjepzi cumart-
Tay/a lleKTeyJepre Tamn 6oJiajbl. bys MaceseHi mienty yuiiH 6i3 KBapk iJiMeriHze xypmeJi KypaMmaac
KBapK MaccachlH eHTi3/iK, 6yJ1 KO3FaH aJipOH/IbIK, bIJbIpay/iap/ibl dJ1 CUMIAaTTAayFa MYMKiH/[IK 6epe/i.
Ko3faH KyiliH 6ailJlaHbIC 3HEPTHUSChI COliKeC Heri3ri KyHaiH 6ailylaHbIC 3HePTrUSaChIHA TeH, Jen KaOblJ-
JlaHa/bl, 6YJ1 KBADKOHUS MEH OJIapAblH KypaM/lacTaphl apachIHAaFbl KapanaliblM Macca/blK KaThIHA-
CThl TyAbIpaZibl. MoJiesib mapaMeTpJiepi YapMOHHUS MeH OOTTOMOHUSHBIH, JENTOH/ABIK, blJblpay/apbl
GOMBIHIIA SKCIEPUMEHTTIK JlepeKTep Heri3iHje aHbIKTaJblI, 6aKplaayJlapMeH TaMallla COUKeCTIK Kep-
cetefi. COHbIMEH KaTap, pajgyasijbl KO3FaH KyWJep/iH OpTOrOHaN/JbIK apThl MoAUUKaALUsIaHFaH
BEpUIMHAJIBIK QYHKIMSAIAP apKbLIbI Ky3€ere achIpblIabl, Oy 9pTYpPJi KO3FaH KyWiep/iH apaJacmna-
ybIH KaMTaMachI3 eTeai. by xkeTtingipy KIIKM Mogeninin imki yineciMainirid »koHe Ko3FaH aIpoHABIK
KyHesiepii cunaTTayJarbl 60/KaMAbIK KabiseTiH apTThIpa/ibl.

Ty#iH ce3aep: KOBapUaHTThI LIEKTEJreH KBapK MoJesi, pajguanAbl KO3FaH Kyilaep, KypMedi
KypaM/Jiac KBapK Maccachl, KBAPKOHUH, YApMOHUH, 60TTOMOHMUH, JIEMITOHABIK bIABIPAY.

KK, Tionemucos*, A.E. TosieMucoBa
O6weduHeHHbIT UHcmumym sidepHuix uccaedosarut, [JyoHa, Poccuiickas Pedepayus
(E-mail: *zhomart.tyulemissov@gmail.com, akmaral.tyulemissova@gmail.com)

PacminpeHre KOBapMaHTHOM MO/ €14 KBAPKOB AJIS1 OMMCAHUSA PaJUajibHbIX BO30YKAeHU
TAXKEJIbIX KBADKOHUEB

AnHoTanusa. Mbl npejcrasiseM pacuimpenre KoBapuantHoi Mogenu Keapkos (KMK), koTopoe
obecrnedyuBaeT COIJIaCOBAaHHOE ONMCAaHKe paJihaJbHBIX BO30YKJEHHBIX COCTOSHUMN TAXKEJIBIX KBAPKO-
HueB. Tpaagunuonnas popmynupoBka KMK, ocHoBaHHast Ha CTaTUYECKUX MaccaxX COCTABHBIX KBAPKOB,
CTaJIKUBAETCsl C OTPAaHUYEHUSIMHU NPU ONHMCAHUU COCTOSIHUM, KBaJpaT MacCbl KOTOPBIX MpeBbILIAET
CYMMY KBaJI[paTOB COCTaBHbIX Macc. YT06bI NpeoAoieTh 3TO, Mbl BBOAUM OETYLIYIO MAcCy COCTABHO-
ro KBapka B KBapKOBOM IleTJie, YTO [103BOJIsieT TOYHO ONMChIBATh paclajbl BO30YK/JEHHBIX aZpOHOB.
JHeprus CBSA3U BO30YKAEHHOTO COCTOSIHUA MpeJIoJaraeTcsl paBHOW 3HEPTUM CBA3U COOTBETCTBYIO-
111er0 OCHOBHOTO COCTOSIHUS, YTO IPUBOAUT K NPOCTOM 3aBUCHUMOCTH MacC Me/1y KBApDKOHUEM U ero
COCTaBHBIMH YacTULaMU. [lapamMeTprl Mozie/1M oNpefe/IATCA U3 SKCIIePUMEHTA/NbHbIX JaHHBIX JIell-
TOHHBIX pacnaZioB 4apMoOHUA U GOTTOMOHHUS, JeMOHCTPUPYS OTJUYHOE COrJlacue ¢ HabJ/10[4aeMbIMHU.
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KpomMe Toro, 6b1J1I0 MCMOJIL30BAHO YCJIOBHE OPTOTOHAJIBHOCTH AJI MOAUQPUIIMPOBAHHBIX BEPIIHH-
HbIX QYHKIUN paJuaJibHbIX BO30YXAEHHUH, YTO 00€eCleYrMBaeT OTCYTCTBUE CMENIMBAHUSA Pa3JIMYHbIX
BO36YKJIEHHBIX COCTOSIHUH. ITO YCOBEPIIEHCTBOBAHKE MOBLIIIAET BHYTPEHHIOW COIVIACOBAHHOCTDb U
npejcKasaTebHYy0 cioco6HocTh KMK npu onvcaHuu Bo30YKIEHHBIX aJ[pOHHBIX CUCTEM.

KioueBble c/I0Ba: KOBapyUaHTHas MoO/ieJib KBAPKOB, paJiuajbHble BO30YK/AeHUs, Geryijas mMacca
COCTAaBHOTO KBapKa, KBApKOHUH, YapMOHHUH, 60TTOMOHUH, JIENTOHHbIN pacnas,
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Electrospinning-assisted fabrication of ZnO nanostructures
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Abstract. The present study focuses on the synthesis of ZnO nanostructures via
an electrospinning-assisted technique, followed by calcination under carefully
controlled thermal conditions. The electrospinning process resulted in the
formation of continuous, uniform, and bead-free polymeric precursor fibers,
with a noticeable reduction in average fiber diameter. This clearly demonstrates
the influence of electrospinning parameters, such as applied voltage, solution
concentration, and flow rate, on the resulting fiber morphology. Subsequent
calcination not only removed the polymeric matrix but also induced the
crystallization of ZnO, transforming the fibrous structure into well-defined
nanoparticles. The crystallite size of the obtained ZnO was strongly dependent
on the calcination temperature, with the smallest crystallites achieved under
optimized thermal treatment, thereby offering a route to fine-tune the
nanostructure dimensions. Elemental analysis by energy-dispersive X-ray
spectroscopy (EDS) confirmed the exclusive presence of zinc and oxygen,
verifying the high purity and compositional integrity of the synthesized
material. Furthermore, X-ray diffraction (XRD) analysis revealed sharp and
intense diffraction peaks corresponding solely to the hexagonal wurtzite
phase of ZnO, with no evidence of secondary phases or impurities. These
results collectively demonstrate that electrospinning, coupled with controlled
calcination, provides a robust, cost-effective, and scalable approach for
producing high-quality ZnO nanostructures with desirable structural and
compositional features. Such nanostructures hold significant promise for
diverse applications, including gas sensing.

Keywords: ZnO nanoparticles, electrospinning, calcination, nanostructured
materials, polymeric matrix, crystallite size, hexagonal wurtzite
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Introduction

Zinc oxide (ZnO) is a n-type semiconductor material that is suitable for a wide range of
applications, including gas sensors, photocatalysts, solar cells, and optoelectronic devices. It
has a high exciton binding energy of 60 meV and a wide bandgap of 3.37 eV [1]. Its significance
in advanced functional materials has been further enhanced by its distinctive characteristics,
including biocompatibility, nontoxicity, and high chemical stability [2]. Electrospinning has
emerged as a straightforward, cost-effective, and highly controllable method for the production of
one-dimensional (1D) nanofibers with high aspect ratios and large surface area-to-volume ratios,
among the numerous synthesis techniques for ZnO nanostructures [3]. Applications such as gas
sensing and catalysis are particularly advantageous due to the substantial enhancement of active
surface sites by these structural features. A high-voltage electric field is applied to a polymer
solution containing a Zn precursor during the electrospinning process, which results in the
formation of continuous nanofibers. These fibers can be calcined to eliminate the polymer matrix
and crystalize ZnO. Electrospinning provides superior control over fiber morphology, alignment,
and porosity in comparison to other fabrication techniques, such as hydrothermal or sol-gel
[4]. Furthermore, this method facilitates the incorporation of dopants or composite materials,
which enables the final ZnO nanofibers to possess tunable physical and chemical properties.
Consequently, electrospinning has emerged as the preferred method for the production of ZnO-
based nanostructures for energy-related applications and advanced sensing [5].

The research offers the investigation of the nanosized ZnO via electrospinning method and
subsequent calcination. Influencing factors, namely, calcination temperature, collector-to-tip
distance, and voltage, are determined to control the particle size of ZnO.

The Literature review

In the past decade, electrospinning has been predominantly employed to produce
nanoparticles from precursor solution containing natural and synthetic polymers with addition
of metal salts. However, it has also been employed to produce ceramics, such as ZnO materials.
For example, Liu et al. synthesized ZnO nanoparticles through electrospinning, followed by
calcination, and analyzed their morphology, elementary composition, and crystal structure.
There, it was specified that the resulted ZnO has a mesoporous nanofibrous structure which
possess a single phase with favorable crystallinity [6]. Ultra-thin fibers of ZnO were prepared
using electrospinning techniques, with poly(vinyl acetate) and zinc acetate as precursors.
Characterization methods included thermogravimetric analysis, scanning electron microscopy,
Fourier-transfer infrared, and X-ray diffraction [7]. The morphology and optical properties
of zinc oxide fibres with diameters in the nanometre to micrometre range are reported
by Viswanathamurthi. The PVA/zinc acetate organic/inorganic hybridnanofiberss were
successfully prepared by electrospinning. Pure ZnO fibres were obtained by high-temperature
calcination of the obtained fibers. Synthesised ZnO has a band gap of 3.13 eV and can be applied
in different applications [8]. Electrospun ZnO was deposited on a glass substrate from zinc
acetate dihydrate with polyvinyl acetate p olymer and annealed in the presence of oxygen until
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organic molecules were decomposed. Characterisation results state that the mean fibre width
was found to be 260 nm, and fibre thickness was measured at 460 nm. XRD patterns show that
Zn0 has a hexagonal wurtzite structure, and the material band gap for this electrospun ZnO
fibre was found to be 3.28 eV. In summary, the n-type electrospun ZnO can be fabricated via
facile electrospinning methods [9].

The methodology

PVP and ZnAc dihydrate were used as used precursors. 10 wt% solution of PVP in ethanol
was made and stirred at room temperature for 5 h. Electrospinning was conducted at voltages
of 14 kV and tip-to-collector distances of 10 cm. Nanofibers were collected on aluminum foil,
which was then calcined in air at 600, 700 and 800 °C for 2 h to determine optimal sintering
temperature. Selected parameters were applied to investigate the influence of on ZnO (Figure1l).
Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray
diffraction (XRD) were employed to conduct a comprehensive analysis of the morphological
and structural characteristics of the synthesized materials.

Polyvinylpyrrolidone

Ethanol Zinc acetate

Synthesis parameters:

Applied potential- 14 kV;

Distance between collector and nozzle 10 cm;
Flow rate 1mL/h;

Calcination at 600°C for 2h.

Figure 1 - Schematic illustration of synthesis procedure
Findings and Discussion

Effective electrospinning conditions were demonstrated by the formation of uniform, bead-
free fibers across the samples, as indicated by SEM observations Figure 2a. The increased
electrostatic force exerted on the polymer fluid at higher voltages, which enables the fiber to
undergo greater stretching and elongation during electrospinning, resulting in a finer fiber
morphology. In the same vein, the electric field intensity is increased by a shorter collector
distance, which in turn promotes fiber thinning and uniform deposition [10]. The obtained
fibers were effectively converted into ZnO particles with well-defined morphologies after
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calcination Figure 2b. The crystallinity and particle size of ZnO are significantly influenced by
thermal treatment. We observed a direct correlation between the calcination temperature and
the size of the ZnO particles [7], [11]. Specifically, higher temperatures encourage grain growth
and coalescence, while lower temperatures favour the formation of finer particles. In particular,
the optimized electrospinning parameters are 14 kV voltage, 10 cm tip-to-collector distance,
and 600 °C calcination resulted in ZnO particles with an average size of approximately 52 nm.

Figure 2 - SEM image (a) fabricated as spun fibers and (b) synthesized ZnO

The successful formation of ZnO was further validated by the Energy Dispersive X-ray
Spectroscopy (EDS) analysis (Figure 3), which confirmed the presence of zinc (Zn) and oxygen
(O) elements in their respective stoichiometric concentrations (Figure 3c and Figure 3d). The
EDS spectra reveal that the synthesised material is of high purity, as there are no detectable
impurity peaks. This suggests that the electrospinning and subsequent calcination procedure
did not introduce other elements into the structure. The peaks corresponding to Zn and O are
both strong and distinct. The formation of a well-ordered ZnO crystal lattice is also facilitated
by the near-stoichiometric Zn:0 ratio, which is crucial for the preservation of stable electronic
properties and the improvement of the performance of ZnO-based devices, such as gas sensors
[12], [13].
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Figure 3 - EDS mapping of ZnO particles

The calcined samples exhibited a single-phase wurtzite structure of ZnO, as confirmed by X-ray
Diffraction (XRD) analysis (Figure 4), without any detectable secondary phases or impurities.
The hexagonal wurtzite crystalline structure is confirmed by the diffraction peaks observed at
characteristic 20 values, which correspond to the (100), (002), and (101) planes. The successful
formation of phase-pure ZnO and the complete decomposition of the polymer matrix during
calcination are indicated by the absence of additional peaks [1], [14], [15]. Therefore, among
different calcining temperature 600 °C was determined as an optimal, as it produces clear, sharp,
and intense diffraction peaks, indicating high crystallinity and phase purity of the material. At

higher temperatures (700-800°C), a decrease in peak broadening is observed.

600 "C

20 30 40 50 60 70 80
20 (degree)

Figure 4 - XRD pattern of obtained ZnO nanoparticles
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Conclusion

This research successfully synthesizes and controls ZnO nanoparticle size through
electrospinning and calcination. Optimal synthetic conditions were reached for applied voltage,
electrostatic distance, and calcining temperature. Optimal synthetic conditions under which
uniform ZnO nanoparticles of 52 nm diameters in average could be achieved. This synthetic
method allows morphology to be precisely controlled, and ZnO can be made compatible with
sensor and electronic applications.
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JJIEKTPOCHUHHUHT JAicCi apKbLiibl ZNn0 HAHOKYPbLIBIMJAPbIH a1y

Anpgartna. By 3epTTey KaTaH 6aKblJIaHATBIH TEPMUSJIBIK XKaFAaija KeliHri KbI3/[blpyMeH 6ipre ZnO
HaHOKYPbLIbIMAAPbIH 3JEKTPOCIMHHUHT diCi apKblJbl CUHTE3/eyre apHaJfaH. JJIEKTPOCOIUHHUHT
nporeci KesiHje y3/ikci3, GipTeKTi XoHe «TyHipurikciz» mosuMepsi MPeKypcoOpJibl TaJIIbIKTAP
QJIBIHBII, OJIap/IbIH OpTallla AUaMeTpiHiH alTapJablKTal a3alobl 6allKaiabl. ByJ1 KoJilaHbLIFAaH KepHEY,
epiTiH/i KOHLIEHTPALUSCHI )KoHEe 6epiy XKbLIJaM/bIFbl CUSKTbhI 3JIEKTPOCIMHHUHT apaMeTpJiepiHiH
Ta/IIbIK MOPGOJIOTHSCBIHBIH, Ka/bINITaCyblHA bIKMAAbIH aWKblH KepceTei. KeliHri KbI3Zblpy TeK
oJIMMepJli MaTpPHULIAHbl KOWBIM KaHAa KoWMal, cOHbIMeH KaTap Zn0O KpucTajJJaHybIH 0OacTajibl,
HOTHXKECiH/le Ta/IbIKThl KYPbLJIbIM aKChl KaJbIITAaCKaH HaHOOeJllIeKTepre aMHa/Abl. AJIbIHFaH
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Zn0 KpUCTA/UVIMTTEPiHIH eJillieMi KbI3bIPy TeMIlepaTypacblHa aWTapJ/bIKTal TayesJii 6OJJbl: eH
Kili MaHJep OHTalJbl TEPMUSAJIBIK pPeXUMAe 6alKa/aAbl, 6y/J1 HAHOKYPBLIBIMAAPABIH 6JIIeMiH A3J1
peTTeyre MyMKiHAik 6epesi. dneMmeHTTik Tanagay (EDS) Tek MbIpbIll eH OTTEriHIH 60JYbIH PACTa/ibl,
OyJ1 CUHTe3/e/IreH MaTepUaJblH KOFapbl Ta3aJ/IbIFbIH >KOHe KYpaM/BbIK TYTAaCTBIFbIH JAdJeaAen/l.
CoHbIMeH KaTap peHTreHOCTPyKTypasblK Tangay (XRD) Tek ZnO-HblH rekcaroHas bl BOPUUT ¢pasackbiHa
coliKeC KeJIeTiH alKbIH 9pi KapKblHAbl JUPPaKUUAIBbIK IIBIHAAPAB!I KepceTTi, 6erge ¢asanap MeH
KOCMaJIap/iblH ellKaHgal Gesrici TaObLIFaH KoK, YKUHAKTa/IFaH HOTUXKeJIEP 3JIEKTPOCIIUHHUHT TeH
OaKblJIaHATbIH KbI3bIPY/bl 0ipiKTipy apKblibl Zn0 HAHOKYPBIIBIMAPbIH KXKeTTi KYPbIIBIM/BIK KoHe
KypaM/JbIK CcUllaTTaMa/lapblMeH aayAblH CeHiMJi, YHEM/JI *K9He ayKbIM/bl TOCLJl eKeHiH AaJenaensi.
MyHzall HaHOKYpBLIBIMAAP 9pTYpJii KoJAaHOasapza, COHBIH illiHJe rasfa ces3iMTa/] ceHcopJ/apza
Y/IKEH dJIeyeTKe He.

Ty#iH cesgep: ZnO HaHOGeJIIIEKTEP], 3JIEKTPOCIMHHHUHI, KbI3/AbIpY (Ka/bLMHALMA), HAHOKYPbLIBIM/bI
MaTepHuaaAap, NoJuMepJi MaTpULa, KPUCTAJIJIUT 6J11eMI, FeKCaroHaJibl BIOPLIUT.
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JeKTponpajeHre KaKk MeTOo/, N0JIy4YeHUs HAHOCTPYKTYp ZnO

AnHoTanusa. Hacrosimiee ucciefoBaHMe NOCBSILIEHO CHUHTEe3Y HAHOCTPYKTyp ZnO MeTofoM
3JIEKTPONPAJeHHU € I0C/AeAYIIUM NPOKaJMBaHUEM IIPH TIATEeJbHO KOHTPOJINPYEMBIX TEPMUUECKUX
ycJI0BUsIX. B mpouecce asiekTponpsieHus yiaj0ch OJYYUTb HellpePbIBHbIE, OJHOPOAHBIE U CBOOO/IHbIE
oT AedeKTOB THMA «OyCUH» NTOJIMMepHbIe IPEKYPCOPHbIE BOJIOKHA, IPH 3TOM HabJII0a/10Ch 3aMeTHOE
yMeHblIeHHe CpeJHero JuaMeTpa BOJIOKOH. 3TO HaIIAJHO JAEMOHCTPUpYET BJMSHHE MapaMeTpOB
3JIEKTPONPAZEHNS, TAaKUX KaK NpUJIOKEHHOe HanpshKeHHWe, KOHIEHTpalys pacTBopa UM CKOpPOCThb
nogayy, Ha popMrupoBaHre MopdoJI0ruY BOJIOKOH. [locieayrolee NpokalTMBaHUe He TOJIbKO YAQIUIIO
IIOJIUMEPHYI0 MaTPULy, HO U HHUIIMAPOBaJIO KpUcTaaausauuo Zn0, TpaHcGOpMHUPOBaB BOJOKHUCTYIO
CTPYKTYypy B Xopolio copMHUpPOBaHHble HAaHOYACTUIIbl. PasMep KpUCTa/IMTOB moJiydeHHoro ZnO
CUJIBHO 3aBHCeJ OT TeMIlepaTypbl NpPOKaJMBaHWA: MHUHUMaJbHble 3HAa4eHHUA [JOCTUTAJINCh MpHU
ONTUMaJBbHOM TEPMHYECKOM pEXHMe, UTO OTKPbIBa€T BO3MOKHOCTb TOYHON HAaCTPOMKH pa3MepoB
HAaHOCTPYKTYP. JJIeMeHTHBIH aHa/IM3 METO,0M 3HEPIro/MCIIepCHOHHON pPeHTIeHOBCKOH CIEKTPOCKOIIMHU
(EDS) mnoaTBepAMsI NPUCYTCTBHE WCKJIKYUTENbHO LMHKA W KHUCIOPOAA, YTO CBHUJETEJNbCTBYET
O BBICOKOM 4YHCTOTE U LeJOCTHOCTH COCTaBa CUHTE3UPOBAHHOTO MaTepuasa. [onoJHUTeNbHO
PEeHTreHOCTPYKTYpHbIA aHanu3 (XRD) mokasan pe3kde M HUHTEHCUBHblE JUPPAKIMOHHbIE MHKH,
COOTBETCTBYIOILME UCKJIIOYMTE/IBHO TeKCaroHaJbHOM BIOpUTHOH dpase Zn0, 6e3 NpU3HAKOB BTOPUYHBIX
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¢da3 wiau npumeceld. COBOKYITHOCTD TOJIyYeHHBIX PE3Y/IbTATOB JIOKA3bIBAET, UYTO 3JIEKTPOHOpPMOBaHHUE
B COYETAHUU C KOHTPOJHUPYEMBIM MPOKAJIMBAHUEM MpeJCTABJSAET COO0U HAAEKHbBIN, 3KOHOMUYIHBIN
Y MaclITabupyeMbli MOJAXO0/ K MOJYYEHUIO BBICOKOKAYECTBEHHBIX HAHOCTPYKTYP ZnO ¢ TpeGyeMbIMU
CTPYKTYPHBIMAU M KOMIIO3UIIMOHHBIMU XapaKTepPUCTHKAMH. Takue HAHOCTPYKTYpbl 006/1aJjal0T
3HaAYMUTeJbHbIM IOTEHLMA/IOM [IJ151 PAa3JIMYHbIX IPUMEHEHUH, BKJII0Yas ra304yBCTBUTE/bHbIE CEHCOPHI.

Kniw4yeBble cioBa: HaHo4YacTUlbl Zn0O, 3JieKTponpsi/ieHHe, MPOKaJNBaHHWe, HAHOCTPYKTYPHbIE
MaTepHuasbl, MOJUMEpPHAsA MaTPHUIA, pa3Mep KPUCTAJIUTOB, reKCcaroHaJbHbIA BIOPITUT.
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YpaH (VI) moHaapbIHA KAaThICThbl KOMNO3ULUSJ/IBIK MaTepraigapAblH,
COpPOLMAIBIK KAaCUETTEPiH 3epPTTey »KoHe KBAHTThIK-XUMMUSAJIbIK MOJAE/Ib-
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AnpaTtna. YpaHabl copbuusiay KoHe oJIapJblH 9pTYpJi aHUOHUTTepAe Oip-
re 60JIybIHBIH XKYPri3iiireH TaxipubesepiHiH, HOTHXKesepi KeaTipiireH. YpaH
aHUOHUTTI cysnbdaT TypiHAe JAaWblHAaFaH Ke3Je FaHa >XaKChbl CiHeJl KoHe
KypaMblHJa cyjabdaTbl 6ap >XoHe a3 KOHIeHTpalusaHFaH, KapboHaT Gap
epiTingisepaeH copbeHTKe aybicagbl. KypambiHga TuTad Mesiepi 1,0 mr/a
JlefiH KoHe KYKIPT KbIIKbIJIBIHBIH, KOHIeHTpauuscbl — 3 T/ AeliH ypaH/ibl
»KepacThl CLITICI3eHipyAiH TeXHOJIOTUAIBIK epiTiH/iNepiH inecne any 60M-
BIHILIA 3epTTeysep Kyprizinai. XKep acTel manmanay npoueciizie TUTaH, ypaH
CUSIKTBI, EpUTIH MOHAAp TYpiHAe epiTiHfire eTexi. TuTaHAbl any koHe OeJy
MiHZeTi epiTiHZieri MOHAapAbIH Tipiliiik eTy popMacbiMeH ThIFbI3 GaillaHbI-
CTbL. YpaH MeH TUTaH TacbIMaJllayAaFbl KeOip 3aMaHayy aHUOHUTTEPZiH Cop-
OLMAJIBIK KaCUeTTePiH calbICThIpMaJibl 6aFasiay yilliH MOJe/b/iK cy/ibdaT NeH
6vKapboHaT epiTiHAi/epiHEH OCbl MeTaJAap/AblH, 6ipJiecKeH cOpOIUsChl OOM-
bIHIIA 3epTTeyJep Kyprisingi. EpiTinainepaeH ypaH MeH TUTaHbIH, 6ipJieckeH
copbachl Ke3iHJle MaKpPOKeYeKTi KYpPbIJIBIMHBIH, KYLUTi Heri3/ji aHUOHUTTEPiH
KoJIZJaHFaH »eH. MoJenb/ik epiTiHjisiepAeH GipJeckeH copb6iys G0UMbIHIIA
eH, »kaKcbl HaTmxesiep B0-020 Mapka/ibl aHUOHUTTeE ajIbIH/bI, OH/la YpaH O0M-
bIHIIA CTaTUKaAbIK EM - cyiliek 41,2 Mr/r »oHe TUTaH 6o#bIHIIA — 16,5 Mr/T
KypaZbl, HOTWXKeCiHJle aHUOHUTTEpP/eTi eppeHaT UOHAAPbIHbIH, COPOLUSCHI
MOH a/IMacCy MexaHU3MiHe CoMKec KypeTiHi aubIKTanzabl. 3eprreysnep B0 - 020
»koHe BD-706 kymTi Heri3/ii aHUOHUTTEpPIH/ErT KYKIPT KbIIIKbLJIbI MEH OU-
Kap-00HATThI epiTiHAiNep/leH ypaH MeH TUTAaH COPOLMAChIHbIH, KHHETHKAChIH
aHBIKTa/ibl, OYJI 0J1ap/ibl KOJIJAHYABIH KOFapbl TUIM/IJIITiH aHbIKTaWAbI.
Ty#inai ce3aep: copbuus, fecopbuus, COpOEHT, JII0EHT, 3J1I0aT, MacC-CleK-
TpoOMeTpus
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YpaH (vi) uondapeiHa Kambvlcmbl KOMNO3UYUSAbIK Mamepuandapdbly cOpbYUsIbIK KacuemmepiH 3epmmey HoHe
K8AHMMbIK-XUMUS/IbIK MOOe1boey

Kipicne

IJieM/JIiK ToKipubeJleH CUJIMKaresbJiep MeH MUHepaJibl COPOEHTTEP TUTAH COPOIUSCHI
yUIliH THUiMci3 ekeHiri 6esriyi. Osap *KeTKiJIKTi ceJleKTUBTI eMec, MexaHUKaJIbIK OepiKTiri
TOMEH YKOHE PEHUM/IiH CbIMbIM/IbLIbIFbl TOMEH.

CoHpali-ak, 6esiceH/lipiireH KeMipre Heris/ieJireH COpOEHTTEPAI KOJIAHYbIH OH, Taxipubeci
6ap, 6ipakK TeMeH UIbIPbIH/bl ChIHBIM/IbIJIBIK IEH TOMEH MeXaHUKaJIbIK, OEpIKTIiK oJ1ap/ibl Xep
actel warnmanay (I1B) Taxipubecinge KosijlaHyibl LIeKTeN .

KocbiMiia 3epTTeysiep 9J/1Ci3 KYLITi Heri34i CHHTETUKAJIbIK aHUOHUTTEPAIH KOl MeJILepiH
cpiHaAbl. Kelibip cblHa/sfaH aHW30HUTTEP PEHHUU/IH TEXHOJIOTHUSIChl MEH aHaJIUTUKAaJIbIK
XUMUSCBIH/A KoJAaHbLIaabl [1-2]. PeHuit copbuusicbl 60MbIHIIA XKYPTi3iireH xKYMbICTap/IbIH
CaHbl 6Te KON OO0JIFaH/IbIKTAH, aJl 0Jlap/bl TOXKipubere eHri3y >keke 60JIbIN Tabblaa/ibl, COAAH
KeWiH OCbl 3epTTey/ie 3ePTTEYAIH KaJlbl 6AaFbITBIH CUNATTAWUThIH €H KOJIalJibl 2KYMbICTapFa
TaJ1ay *Kacaja/bl.

3epTTey/ep/iH KeNIJIiri TeEXHOJOTHUAIBIK epiTiHiepaeri ypaH meJiepi 1,0 r/a-re aeiiH,
aJl KYKIpT KbIIIKbIJIBIHBIH KOHIleHTpauuscol 250 r/y-re feliH )KeTeTiH KaHa eH/ipiJireH MbIC
MOJIMOAEH THAPOMETAIyPrusiCblHAaFbl peHU/i i1ecnie anyFa apHasiFaH [3].

PeHuiizii inecne any 6o¥biHIIA 6i3/jiH 3epTTeysiepiMi3 YIUiH YpaHHBIH XepacTbl CITiIeHYiHIH
TEXHOJIOTUAJIBIK, epiTiHAIepl KbI3bIFYLIbIBIK TYyAbIPAZAbl, KypaMblHAa peHUl Meuepi 1,0
Mr/Ji-re JAeWiH »KoHe KYKIpT KbIIIKbLJIbIHbIH, KOHLIEHTpAnusackl — 3 r/a-re JaediH.aeM/IiK
TIXKipubese MyHJaAW KaFfauap €H a3 eHri3yAl TanTbl, 6MTKeHI MYH/Jlall TeXHOJIOTUSJBIK
cyJsibasiap/ibl 3Ky3ere acblpy ap/lalbiM TUiMAi 60s1a 6epMmeni [3].

Bys makanaza ypaH (VI) noHAapbiH CeJIeKTUBTI koHe THIMAI copbuusay yuiH [I9TOTM-
Jie MOF cuHTesiH 3epTTeyre apHasifaH. MakKasiaHbIH 6acThl KaHasbIFbl — ypaHabl (VI) ciHipy
YILLiH epHEKTeJIreH MeMOpaHa/iap KeyeKTepiHiH 6eTiH/e »oHe iinae MO® cuHTe3iHiH TUIMAI
dJicTepi asfaul peT YCbIHbLIABL.

Paguoxumusga, xpoMmatorpadusja, KaTanusje, AFbIH/Jbl CyJap/bl 3ajajCbi3JaHAbIpyia
»KoHe TasapTyja, FeOXUMHA/a, acipece TeHi3 CyJlapblHaH 3JIeMeHTTepZiH, MUKpPOKeJlIeMiH
OKllayJjiayZia MaHbI3Abl peJsl aTKapaTblH THJAPOKCUATepre HeriszesreH belopraHUKasbIK
WOHUTTEP/Ii 3epTTeyre Kol KeHia GesiHeni. bipkaTap mosynap MeTana ruipoKCUATepiMeH
3JIeMeHTTepP/iH XUMHUSAChl MeH CcOpOlMs MexaHW3MiHe apHaJfaH [4]. Anaia, cCOpOLUSIBIK
NpoLecTepAiH TabufaTbl TOJIbIK aHbIKTaJIMal Kaiajbl. TeMmeHze "rujpokcupa-copbat”
KyHeJslepiHZleri XUMU3M MeEH e3apa 9peKeTTeCcy MeXaHHU3Mi TypaJibl €H MaHbI3/ibl 3aMaHayu
ujesJap, COHIal-aK oJlap/iblH HeTi3iH/e TuAPOKCcUATep MeH bellopraHvMKa/iblK HOHUTTEP/IH,
CUHTe3I, KYpblJIbIMBbI, KACUETTePI TypaJibl 3/1e01 MaliMeTTep KapacThIpblIFaH.

Kywmbicta [4] 0,01 HUTpAT, X10pUZ, CybdaT koHe PTOpPHU/, epiTiHAIIepiHEH HUKeJIb, MBIPbILL,
MbIC TYUIpILIIKTI THAPOKCUATEPIMeH YpaHHbIH, (VI) copOLMsAChIHBIH HOTHXKeJIepi KeTipijireH,
COH/IBIKTAH >XYMbICTAQ YCbIHbIJIFAH TKUPOesik gepekTep [5-6] ypaHAbl COpOUUSIBIK aly
TEXHOJIOTUACBIH JaMbITyFa KbI3bIFYILIbUIBIK TYAbIPYbl MYMKIH. TEXHOT€H/IK 9He M pOMU-
HepaJIAbIK LIKWKI3aT, COHJAN-aK aTaJFaH WMUKI3aTTaH ypaH ajly YIUiH KypaMbIH/A THPOKCUII
6ap copbeHTTepAi aly TICUIAepiH »Kacay yUIiH.

Typaengipinren noavuMep yiarinepin aiay. Ocel TancbipMa meH6epiHJe aMUH ToNTapbl 6ap
nosiuMep [3T® TM mabsoHgapblH GyHKIMOHANU3ALUSIAY KY3€ere acblpblJaTbIH 60J1a/ibl.
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A6yosa @.Y, Camanosa b.M., A6yoea A.Y, Ycen E.B., Conman6ek H.C.,, Mapamyawi C., Momb6aii A.H., Epaankbissl A,
Akambaesa /.M.

TM MNET® noau(N-sununpopmamua) (PNVF), noau(Bunuiamun) (PVAm) npekypcopsibl
nojuMepiMeH MoAuMUKaALUACHI KaWTbIMAbI Kocy-pparmeHTauuss 6epy (RAFT) agxicimen
’Kysere acbipbliazbl. Ocel TancelpMaHblH 6ip 6esiri petinge [IET® TM PNVF nosnumepimMeH
MoAudUKaLUsIAyAblH OHTAW bl LIAPTTAapbl aHbIKTaNa/bl K9He aMUATIK GparMeHTTep/iH,
KeHiHri rugposnsi HoTmxecinze [19T® TM 6Geti meH Teciktepi PVAm (PET-g-PVAm) KanTanazpbl.
yarisiep). Ocbliaiia, aMUH TONTApPbIMEH KAaHbIKKAH 6eT asibiHaAbl xoHe MOF-Ti kelliHHeH
MMMOOUIM3aLUsIAY YIIiH KOoJal/ibl 60J1a/bI.

AnxkuH-pyHkunoHangaHAbipbLiFaH [13T® TM cunTesi. bBys tanceipma PET-g-PVam 2-npo-
IMH KbIIIKbIJIBIMEH, KypaMblHJa KeMipTeri-keMipTeri yITiKk 6aiaHbICbl 6ap KapamnahbIM
aleTuJeH KapOOoH KbIIIKbLIbIMEH MogUGUKaALMsIaHaAbl. 2-IPONKH KbIIIKbIJIbIHbIH KapOOH
KbILIKbIIbIHBIH, QyHKIIMOHaAALI TOObl MeH PET-g-PVam amuH 6eJiiri apacelHAaFbl KOHJIEH-
CallMAHbIH, OHTaWJIbl WIApPTTAapbl aHbIKTasabl. Ocblaiiua, OCbl TAllCbIpMa asACbIHAA aJKWH
¢parmenTTepiMeH KaHbIKKaH [19T® TM anbiHazasb! [7-9].

Asup-moavduKauUsiiaHFaH MeTa/lJIOpraHUuKaablK KaHKanapbly (MOF) cunTesi: 6y Tan-
ceipMajia a3u-moaudukauusaanrad MOF cunrtesgenesi. By tanceipmazga 6i3 MIL-101 TunTi
XpOMfa HerizzenreH aMuHoOPyHKUUsianHFaH MOF anygbiy xKeTinfipiireH CHHTETUKABIK
CTpaTerysChblH KOJIAAHY/Ibl )KOCMapJian OTbIPMbI3.

AJIbIHFaH KOMIIO3ULUSJIBIK MaTepUuaaap/iblH ypaH (VI) nvoHJapbiHa KaThICThI COPOLUAIBIK
KacueTTepiH 3epTTey YlIiH 6ipiHIIi NpUHLUNTEPZEH KOMIIBIOTEPJIIK MOJIe/Ib/IEY.

Bysn MiHzgeT y3akK Mep3iM/[li koHe >00aHbl iCKe acbhIpyAblH, OYKiJl Ke3eHiHJe Ke3eH-
Ke3eHiMeH »y3ere achblpblIaTblH 00/1abl. bap/blK ecenTeysiep ThIFbI3JbIKTbIH QYHKIHO-
HaJabIK TeopusicbiHbIH, (DFT) keMerimeH »xy3ere acbipbliaabl. MO®-HbIH apTYypJii alMaKTa-
pbiHgaFrbl ypaH (VI) HMOHAAPBIHBIH COPOLMSJIBIK 3HEPTHUsJapbl ecenTesieTiH 60J1a/ibl KoHe
copbuMsAaHFaH MOHJAP/AbIH TOpJarbl €H 3HepreTUKasblK KOJIaWJbl MO3ULUAIAPbl aHBIK-
Taja/ibl. BypbIH ypaHUJ MOHJAPbIH YCTall TYPY XK9HEe aHbIKTAy YIUiH Taxipube y3iHJe KoJI-
JlaHbLJIFAH HaHOOeJIeKTepAl KoJJaHy apKbLIbl MOAWMQUKaUUsAAAY[bIH 9pTYpJi aficTepi
KapacTbIpblaabl. HaHOO6IeKTepAl GyHKLIMOHAIU3ALUAIAYAbIH COPOLUSJIbIK KacCHeTTepre
acepiH 3epTTey yuiiH 3eprTesreH MOF ¢pparmenTrepi coiikec Matepuangapabiy (Fe,0,, Ay,
Ag) 6etTepiHze opHasnacazbl xkaHe MOF-ypaHus apekeTTecyi ypaHU/I HUOHJAPbIHBIH 63apa
apeKeTTeCcyiMeH oJaH api MojesbJeHeJi. HOTUKeCiHAe TUOPUATI »xyhesep. Mogenbaik
xyhesepre H,O MosieKy1aiapblH €HTi3y apKblL/Ibl Cy/IbIH COPOLIMs NPOLECiHe dcepi 3epTTeJeTiH
KoHe MoJesbJleHeTiH 6osagbl. KomnosutTtepziH KacuetrtepiHe pH acepiH MaTeMaTUKabIK
MoJesbaey xkyprisineai [10-11].

YpaHpb! copbuusay YIIiH KOJIJaHbLIaTblH aHUOHUTTEPAIH peHUuiJi copy Kabiseri ge
6ap. Penuiiai cinipy Kab6iseTi 60ibIHIIa aHUOHUTTEP/AI KaTapFa OpHaJacTbIpyFa 60JIaThIHBI
6esrini: AMII > AB-17 > AB-17 x 16 >> VP-1ap > AH-21. Anaiiza, 6i3 o1e6ueTTe 3aMaHayu PeHo
- HUTTeP/i KoJIJlaHa OThIPbIIN, YpaH MeH peHUui/i 6ipjieckeH copbuusiay 60MbIHIIA KYMbIC
Taba aaMaabik[12-13].

YpaH MeH TUTaH KaTbICTbl KeWbOip 3aMaHayd aHUOHUTTEP/IiH, COPOIHUAIbIK KacueTTepiH
caJbICThIpMasibl Garajiay yuwiH 6i3 ocbl MeTalJapAblH KypaMbIHAAFbl KYKipTKbILKbLI
epiTinzisiepinen, mr/a: penuit - 10,9; ypan - 17,4; Temip (+3) - 100,0; cynbdaT - monzgap - 10
000; xsopug - nouaap-1000; pH = 2.
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9JicTep MeH MaTepUasgap

Copb6uusi cTaTUKAJbIK *KafFaiiaa, 24 caraT 60Wbl ayaMeH apaJsacThIpy Ke3iHje KOHAbIPFbI/A,
25 9C remnepaTtypaga xoaHe VCM:Vp = 1: 2500 kaTbhIHaCbIHAA KYPTi3inji. YpaH MeH peHUMJiH,
6ipsieckeH copbaJsiapbl OOWMbIHIIA HOTHXKesep KecTefe KeusTipinreH. 1. KecTteseH KepiHin
TYpFaHAau. 1, KYLITi OCh — )kaHa aHUOHUTTEP/IiH ypaH 60MbIHILIA alblpbacTay CblibIM/bIJIbIFbI
CJI-6ocoHuTTepre KaparaHza Kebipek 6oJiaZibl. YpaH MeH THUTaHbIH OipJeckeH CcOpOLUsCHI
60MbIHLIA €H KaKCbl HOTHKeJiep B0-020 aHMOHUTIH/E a/IbIH/bl, OH/IA ypaH OoibIHIIA cost 41,2

MT / T Kypa/bl.

Kecre-1. YpaH aHMOHUTTepMeEH GipJjieCKeH coponusAIay HOTHXKeaepi

AHUOHMTTAp CraTHKaJbIK ajJMacy KabineTi Besy ¢pakTopiapsl
(COE), mr/r
ypan penmii Ti/U | Ti/Re
Kywmi nezizei anuoH aamacmsipreiuumap
Lewatit K6367 18,4 11,7 0,6 1,6
PoccuoH-62 21,5 11,2 0,5 1,9
Purolite A-600 18,4 13,5 0,7 1,4
Purolite A-560 33,7 11,9 0,4 2,8
B0-020 41,2 16,5 0,4 2,5
BD-706 32,6 12,4 0,4 2,6
9d/ICI3 Hezi32I AHUOHAAMACMbIPFbIUMAp
Lewatit MP-62 23,8 12,7 0.5 1,9
Purolite A-170 7,5 12,2 1,6 0,6
All-1 6,4 9,6 1,5 0,7
AMD2-1 5,6 10,4 1,8 0,5
AH-18-8 16,2 11,3 0,7 1,4
K3I1-100 12,9 13,2 1,0 1,0
K3I1-200 2,1 14,5 6,9 0,1
RA-174 3,5 14,2 4,0 0,2

9JICi3 Heri3/ji aHUOHUTTEP/IH illiHeH TUTAaH 60MbIHIIA YiKeH cosaa Cap-200 - 14,5 mr/r
xoHe RA - 174 - 14,2 mr/r 6ap, 6ipaK ypaHHBbIH CeJeKTUBTIJIIr collkeciHle 2,1 xaHe 3,5
Mr/r Kypauabl. Ocbliaiia, GyHKIMOHA/IAbl TONTAPAbIH, HETI3/iJiri KoHe aHUOHUTTEP/iH
KYPbLJIbIMbI pEHUI OOMBIHIIA MOHUTTIH CeJIeKTUBTIJIIriHe ap TypJii acep eTex|.

3epTTey/iH KeJieci Ke3eHiH/e KYKIPT KbIIIKbLIbI MeH Oukap6oHat [1B HaTuxkeciHze a/bIHFaH
HaKThI OH/ipiCTiK epiTiHAIepAeH KywITi Heri3zi BD-706 xxoHe BO-020 aHMOHUTTEpPIH KOJIAaHA
OTBIPBIIN, YpaH MEH TUTAHbIH OipJiecKeH COpOIUSACHI XKYprisinai. OHAipicTik epiTiHAiiepain
KypaMbl KecTeJie KesTipiired. CopoLys CTaTUKaJbIK peXXUM/Ie XKYpri3isiji. 3epTTey HoTHXe-
Jiepi KecteJie KeaTipiireH.[14]
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Bya 2023 xbuigan 6actan BD-706 anuonutin HI'MK IIB kenimtepingeri BO-020 anuo-
HUTiHe GipTiHAEN aybICThIPY OacTasyblHA HETi3 60J1bI.

YpaH MeH peHUUAiH OGipJieckeH COpPOLMACHIHbIH, KUHETHUKAChIH 3epTTey PV eHfipicTik
epiTinainepinen xyprisingi (kecre. 3) BD-706 kywTi Heri3ai aHUOHUTTepAi MakgasiaHa
OTBIpPBII, IeJibJiK KypblLIbIMbl 6ap »xoHe B-020, MakpokeyeKTi KypblibIMbl 6ap. bacTankbiga
3epTTeyJiep }KOoFapblJia CUNIATTaJIFaH CTaTUKAJIBIK PeXXUM/Jie XKy prisiiai.

KecTeHiH HoTHXeJsiepiHeH Kepin OTbIpFaHbIHbI3Jall. 6HAIPICTIK epiTiHAiNepAeH copbuus
Ke3iHze B0-020 aHMOHHUTI ypaHHBIH [a, TUTAaHbIH [l CbIMbIM/bLIbIFbl OOMBIHILIA KOFApPHI
MaH/JepAi kepceTTi[15].

Kecrte-2. OHaipicTik epiTiHAinepain KypamMbl

EpTiHai pH OBII, mB KoHneHnTpaunus, mr/ua

U Re S0*, | HCO- Fe*? Si0? Ca*
CepHOKUCBIH 1,54 365 358 | 0,56 | 29600 H. 0. 312,8 110 450
bukap6oHaTHbIN | 7,1 267 23,4 | 0,48 8800 560 - 14,8 620

Kecrte-3. OHaipicTik epiTiHAinepaeH KywmTi Heri3/li aHUOHUTTEPMEH YpaH MeH pPeHUWUJIH,
6ipJiecKeH cOpOLMACH GOMBIHIIA HITHKeJIep

EpTinai COE anuonut BO-020, mr/r COE anuonuTa BO-706, Mr/T
ypaH TUTaAH Ypau TUTAH
Cynbdat 25,8 1,9 10,7 1,2
Bbukap6oHaT 21,5 1,7 10,3 1.1
o, mr/r
30
BO-020
e 4
: /
20 //
15
10 = BD-706
5
0 ] ] | | | | |
6 12 18 24 30 36 42 Uun

Cyper 1. KyKipT KbIIIKbL/IbI epiTiHAICIHEH ypaH cOpOGLMSACHIHBIH, KHHETUKACBI[16]
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Makponopo3/ibl aHUOHUTTED YLIiH ypaH/Abl copbLusaay Ke3iHae 24 caraT illiH/je, rejbJik
aHUOHUT yiuiH - 30 cafaT iwi"ge xeTefi. TUTaHbIH copbUUsAckl Ke3diHfe (cypeT-1) yKcac
KWHETUKAJIbIK KUCBIKTAp YyCbIHbLIaAbl, MyHAA BO-020 aHMOHUTI eH »KaKCbl KUHETUKAJIBIK
cunaTTaMajiapra ue. bys1 aHMOHUTTIH Tene-TeHAiri 36 cararrta, an BD - 706 anuonuTti 40
caraTTa 60J1a/bl.

Brukap6oHaT epiTiHZiCiHEH ypaH cOPOLUACBIHBIH KUHETUKAJbIK KUCBIKTaphl CypeTTe Kep-
ceTiyireH 1, an penuda - cyperre 2.

Kypiu. 4 xoHe 5 6MKap6oHaT epiTiH/iCiHeH ypaH MeH peHU I COpOLUAChIHbIH KUHETUKAJBIK,
TayeaiikTepi cysbdaT epiTiHAiciHeH asbIHFaH copOUMsMeH 6ipael cumatTa 60JIaThbIHBIH
Kepyre 6o0JiaAbl. By kaFaaija KocnasapZaH Ta3a OGMKapOOHATThl epiTiH/iHIH COPOIUSCHI
YKOFaphbl KbLIJAAM/AbIKIIEH CUIATTaNabl-MaKpONIOPO3/Abl aHUOHUTTEP YUIiH Tene-TeHAIK 20
caraTTa, ajJ BD — 706 resib aHMOHUTI YIUIH-YpaH YIUiH 24 caraTTa, aJl peHUU YLIiH THiCiHIe 32
carat oHe 38 caraTTa 60s1a4b1[17-18].

o, Mr/r

2
B0-020
18 — -

1.6 /
/
1.2 ¢ BD-706

1 / /
08 v
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NV

L T T T T T T T 1

6 12 18 24 30 36 42 Tu

Cyper 2. KyKipT KbIIIKbL/IbI epiTiHAICiIHEH peHUH COPOIMAChIHBIH, KHHETHKACHI

o, MI'T
25
' BO-020

20
15 -

10 BD-706

Cypert 3. BukapGoHar epiTiHAiciHeH ypaH cOpOIMAChIHbIH, KHHETUKACHI
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JuHaMukazaa copb6buus manbip kesemi 100 mMa 6ara”gapaa Kyprisingi. epitinaini 6epy
®KbliaaMAbIiFbl 5 car-1 (500 mui/car) 6osabl. CopoLUs albIpaapAblH TOAbIK JUHAMHUKAbIK
asMacy celibIMABLIBIFBIH (PDOE) aHbIKTal OTBIPHIN, TOJIBIK CEKIpyTe AeliH )yprisiazi.

YpaH copbuuscbiHbIH, [IbIFbIC KUCBIKTAPhI CYPETTE KOPCETIITeH JUHAMUKAJIBIK, XKaFaanaa
ypaH 60UbIHIIA IaWbIPJAPAbIH KAHBIFYbl O0MbIHIIIA KOPCETKIIITEP KEJATIpiJireH.

JepekTepai Tanaay 3-cypeTTe KYKipT KbILIKbIIbI epiTiHAiciHeH copbiusa ke3inge BO-020
aHU30HUTIHIH TeK xkofapbl PDOE raHa emec, COHbIMEH KaTap ypaH KOHLeHTPaLUsAChbl TOMEH
cop6LUs aHaJNbIKTAapbIHBIH TY3iJlyiH KaMTaMachl3 eTeTiHiH KepceTe/,.

CypeTTe KepceTi/ireH peHUi COpOLUAChIHBIH JUHAMUKACHI )KaFAalbIH/|a )KoHe 3epTTeJIeTiH
AHUOHUTTEP/iH, KAHbIFy HOTHXKeJsiepi , cCOHbIMeH KaTap BO-020 KaHBIKTbIPY OGOUMBIHINA €H,
»KaKCbl KepceTKilTepre ue.
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CyperT 4. PeHuii cop6uMschiHbIH, YKcac LIbIFbic KUCBIKTaphl 6MKap60HaTThI PV epiTiHainepinen
aJbIHABI, MYH/A A HOTIKesiep Bo-020 aHUOHUTIHIH, maigacbiHa 6OJ1AbI

DFT-ecentey napametpepi. [IceBgonorennuan

DFT KBaHTTBIK XUMUAJIBIK, ecellTeyjepae AdJLIK [IeH ecenTey LWbIFbIHAAPbl apacblHAAFbl
CeHiM/Ii KOHBepTreHLUsl MeH Tele-TeHAIKTI KaMTaMachl3 eTeTiH XyWeJsepZii MyKUAT TaHJay
MaHbI3/bl.

1. Alipip6acTay-KoppeasuusablK GYHKIMOHAIABLIbIK,

Herisri anmacy - koppensuusanslk, (XC) ¢yHKIMOHAN peTiHJe pecypcTapFa KasbIIThl Ta-
JlanTapzbl )KoHe OKCUATI MaTepuaAapAblH KYPbUIBIM/ABIK KoHe 3HepreTUKaJbIK CUIlaTTa-
MaJIapbIHbIH, XaKCbl KaWTasJaHybIH OipikTipeTiH »aJnbl rpafueHTTiK kyblKTay (GGA)-PBE
KOJIZAHbLIAZAbl. YpaHHBbIH, 7F 3J1eKTpOHAAPBIHbIH, KYLUTI JIOKAJIU3aLMACBIH eCellKe aly KaXeT
6osiraH xafgana, U atomaapsl yuiid TuiMzai U xkuisik eHrisy apkplibl DFT+U apicin onaH api
KOCy¥a 00J1a/ibl; JereHMeH, KapacThIPbLJIbIN OThIPFAaH KJACTEPJiK TUNITEri MoJieibjie Heri3ri
PBE Tacininiy TiO, 6eTiH KaTaH 6eKiTyMeH »KeTKiJiKTi.
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YpaH (vi) uondapeiHa Kambvlcmbl KOMNO3UYUSAbIK Mamepuandapdbly cOpbYUsIbIK KacuemmepiH 3epmmey HoHe
K8AHMMbIK-XUMUS/IbIK MOOe1boey

2. anmnak coyseslik Heri3 }XoHe KeCy 3Hepruschl.

JJIeKTPOH/ap/AblH TOJKbIHABIK QYHKLUSIAPbIH KOPCETY YUIiH Ka/INaK, CoyJ/Ie K HeTi3 KoJI-
JlaHbl1aabl. ToMKbIHABIK QYHKIMAIAP YIIiH Kecy sHeprusicel (ecutwfc) = 60-60 Ry neHreitinze,
aJ 3apsjTap ThIFbI3ZAbIFbI YiIiH (ecutrho) ecutwfc-gen mamamen ceris ece, asFHu = 320-600
Ry neHredinae opHaTbLiaAbl. MyHAal MaHJep planewave KOMIOHEHTiHIH, CaHbIH »KOFapbI
KeTepMeH, TOJIbIK 9HEPTUSHBI eCeNTeYAiH KeTKIJIKTI AaiAirine keninik 6epeai.

3. K-HyKTeJ1iK Top.

Mogaenb yJiKeH "BaKyyM/bIK KopanTaFbl" KjaacTep 60osraHabIKTaH, oHbI ' (k=(11,1))xanfbI3
k-HyKTeciMeH 11eKTey 9/leTKe allHa/IFaH. Byl anMas TopJiapZiaFrbl apThIK ecenTey/epAi )KOs bl
YKOHe OKLIayJIaHFaH XKYHeHiH ¢parMeHTiH MoZieib/iey YILUiH XKeTKIMTiKTi.

4. DJHeprua MeH AP0 KOHBEPreHIUACHI.

©3iriHeH caiikec KeJieTiH epicTiH uTepauusblk xkyieci (SCF) KaliTasaHynap apacblH/AaFbl
AE < 107r Ry aHeprusicblHbIH ©3repyiHiH KaTaH ILeKTi MoHiHe peTTeJiesi, 6ys GipHele 3B
JleHTeliHJieri sHeprus aWblpMalllbLIbIKTAPbIH €CenTey J9JIAIrIH KaMTaMacbl3 eTefi. ffHuy,
KYLITiH aTOMfa e3repy KpuTepuii (KyliTepre apHa/iFaH KOHBEpreHIMsl) reOMeTpPUSJIBbIK
OHTaMJIaH/IbIPY KOFapbl KaaAblK AedopMalysaiapMeH asgKTanybl yiiiH mamameH 30-6 Ry/
Bohr opHaTbl1abI.

5. XKarbl1FaH k9He 3JIeKTPOH/ABIK TEMIlEpaTypa

KnacrepgiH peTtenreH aHeprus feHreiepi yuin eni 0.02-0.03 Ry 6osaTbid 'aycc HemMece
xarbLny agici (Gaussian/Marzari-Vanderbilt smearing) Konganbuiagel. Bysn U0, xyliecinge
YKapThbLIakl TOJNTBIPbLIFAH Kyhjep 6oJsiraH Ke3Ze SCF allHanbIM/ibl TYpaKTaHAbIpyFa KOMeK-
Tece/i, 6ipak aHeprus allbipMallblIbIKTapbIHA aUTAPJIBIKTAM acep eTHei/i, ceb6ebi kaacTepJiik
MoOJie/Ib/leri KBaHTTAy KaTaH, IeKTeJIreH.

6. KasnraH noreHyuasgap.

EcenTeynepae *anfaH noteHyuasn petinge Pslibrary 1.1.0 kiTanxaHacbl, coOHbIH, imiHge Ti
KoJsAaHbL1AbLPBE-spn-ervjkl, O. PBE-n-rtiop »kane U. PBE-spfn-asdfg celikeciniue Ti, o »koHe U
yiriH 1.0.0 HycKacel. By ypaHHBIH ayblp 3/1eMEHTIHIH 3JIEKTPOH/bI KYPbIJIBIMbIH, COHZAN-aK
TiO, (111) + UO,2* xyiecingeri e3apa apeKeTTecy Ja/iriH AyphIC ecenKe ajayFa MyMKiHJiK
6epeni. Herisri HoTHkesep 4 KecTeZile KOPCETI/ITeH.

Kecte-4. [IceBaonoTeHMa/1AapAbIH, HEri3ri HOTUKeaepi

Kyiite E<sub>tot</sub> (Ry) E<sub>tot</sub> (eV)
Taza ksacrep TiO, -75.345598 -3010.16
Xekenenre kommiekc U0, %* -142.987236 -3790.46
TiO, + UO,** (6ipze) -218.333314 -5044.80

'napokcup, Typingeri bellopraHuka/blK cCOpOeHTTepAi CUHTe3/ey djicTepi 6esrini 6ip
JIaUbIHJIbIKTAaH KeWiH TaOWFU >KoHEe KOMIIO3UIMSAJBIK COpOEeHTTep/iH OeTiHe THICTi resib-
Jlep/li Tikesen TYHAbIPY »KyHeciHe Heri3zesreH. KepriJlikTi mwiaMaZlaH ThIC KAHBIKTBIPY Kaf-
JlavblHJA TiKesJel TYHJAbIPY THAPOKCUATEPAIH >XOFapbl JUCIEPCTi >XKOHE PEeHTreH-KATThbl
»KaybIH-IIAIIBIHAAPBIH aly/ibl KaMTaMacbi3 eTei. CopOeHTTep/i CHHTe3/ley Ke3iHje MeTaJsll
TY3/lapbIHbIH, OacTanKpl epiTiH/iepi peTiHAe MeTanJap/blH a30T KbILIKbLIbI TY3JAaPbIHbIH,
epiTiHAinepiH maiganany Kaxet [20-21]. Bys xkafjaiiia KenTereH MeTaslJl THAPOKCUATEPiHIH,
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»KaybIH-IIAIIBIHbIH/AA HETi3Ti Ty3Aap/iblH, Kocrnacbl 60Maiabl. KyKipT KbIIIKbLIbBI epiTiHAi-
JiepiHeH resibAepAi TYH/AbIPY Ke3iH/e Heri3ri Ty3/ap apKallaH ruJpokcuarepze 6osabl. by-
FaH reJibJii ’Kyy KaxkeT cyJibaT MOHJAphl Y3aFbIpaK XoHe YJIKeH KeJieM/eri CyAbl TYTbIHY/ bl
KaxkeT eTefi. [MAPOKCU TYHABIPFBIIITAPbl HATPUU THAPOKCH/I HEMece aMMUaK epiTiHAinepi
60J1ybl MYMKIH.

BipTekTi xaHe aMopdThI resibjiep aMMUAKThI KOJIJAHY apKbl/bl aJblHaJbI [22-23-24].

By Mmakasiajia cop6eHTTep/i 93ipJiey oslapAblH YpaHFa KaTbICTbl COPOIMAIbIK KACUETTEPIH
CblHayMeH KaTap Xyprisingi. CopbeHTTepai any ToacinjepiH oa3ipsiey npouecinae [25-26]
Ke3/lepiHiH JiepeKTepi, OCbIMEH aJIblHFaH COPOEHTTEP/iH TEXHOJIOTHSAJbIK CbIHAKTapbIHbIH
HOTHXKeJlepi naigaiaHblL1bl. MaKasia 6apbIcbiH/Aa 9p TYpJi copbeHTTepAiH 16 Typi e3repTiin,
ceiHabl. COHI@M-aK, ArccepTalMaAa YHTAK IYHTUT NeH 1eouTTiH (-0,2 MM), ipi Ty#ipiuikTi
IIYHTUT NeH 1eoauTTiH (+0,5 - 1,0 MM), yHTaK pocdorunctiy, (-0,1 MM) :xoHe OHbIH TYHipLIiKTEy
eHiMiHiH (7+9 MM) ypaHfa KaTbICTbl COPOLUAJIBIK KabijsieTi ToKUpOeliK Typ/ie 3epTTe/IreH.
KypambiH/ia ypaH 6ap epiTiHAifieH, TeXHOTeH/iK KoHe TMAPOMUHEePa//bl IIUKI3aTTaH YpaH bl
copbuusiay yiliH 6i3 ToeMeH/je KepCeTiJireH 6acTanKbl IIYHTUTTI, [eOJUTTI >koHe pocdorumncri
MoaudUKaLUsIAyAbIH MbIHAZlAl TACIAEPiH 93ipJiefiK.

1. Ipi Ty#ipwikTi wyHruTTi Mbic (II) koHe HUKeNb IUJPOKCUTEPIMEH MoAUUKaLusIay
[27-28-29]. CopbeHTTi MOogubUKaLMsIayAbIH TaHda/IFaH d/liciHe calikec, kesieMi +0,6-1,2 MM
’K9He caJMarbl 1,6 T 60JIaThIH IWYHTUT iMeri 13 cM? XUMUSJIBIK CTaKaHFA OPHATACTBIPBLI/BI.
opi Kapa#, ctakanra Cu?+ 0,7214 r/nm?® xoHe Ni2+ 2,8097 r/aM3 KOHLEHTPALHUSACHI 6ap MbIC
(II) xxoHe HUKeJIb HUTPATTapbIHbIH 19,2 cM® epiTiHAici *koHe yHeMi apasiacTbipa oTbhIpbI, 9,3
CM® HaTpUU rUApPoKcuzai epitingici KyibLigbl (coubl. 400 r/am?®). AnbIHFaH KOCHaHbl 6esiMe
TeMnepaTrypacbiHAa 20 MUHYT apaJjiacTbIpAbl. Opi KapaM, apajacTblpy TOKTATbLIZbI KOHE
IIYHTUTKEe OTBIPFbI3bIJIMaFaH TUAPOKCUATEPAIH, CYCIIeH3UAChbl CTaKaHHAH IIbIFapbLI/JBbL.
MogudukanusiaHfad WYHTATTI THAPOKCHUATEDP CYCIEeH3USCbIHAH Ta3apTy ONepalusicChl
120 cm® kesieMiHzeri TasapTbLIFaH CyJbl HMalAaJaHbIN TaFbl 4+3 peT KaWTasaHIbl. OcCbl
MoaudUKaLUs HOTHXKeCiHAe anbiHFaH WwyHruT 90 °C aellid kenTipingi TypakThl Macca. Moau-
buKanusaIaHFaH WYHTUT Gip peTTik MoAMdUKaLUAAA KOJNAAHBIIATBIH PEXXUM/Ie KOChIMILA eKi
YKOHE TOPT PeTTiK MoAUPUKaALUAFA YILbIPAJbI.

COpﬁl.ll/lHHbIH JHEPreTUuKaJIblK CUIIATTaMaChbl

AcopOUUANBIK 9HEePTUs OipiKTipiiireH »KyHeHiH TOJIbIK SHEPTrUsiCbl MeH 66J1eK KOMIIOHEHT-
TEePAiH Ka/llbl SJHEPTUSACBIHBIH, albIpMallbIJIbIFbI PETiHZE ecenTeses].
Apncopbuusi 3HepTUsCHI:

Ea.s = ETio,+u0, — (ETiO2 + EUOZ) = —6944.80 — (—2030.11 — 3890.48) = —4.29¢eV (1)
AnbiaraH -4.3 eV MoHi okcuaTi GeTTepaeri U0,%* 3K30TEPMHUSIJIBIK, aJICOPOLHUSIBIK Ke-
neHzepiHe calikec KeseAi »koHe ypaH HoHbl MeH TiO, 6eTi apacbiHJaFbl 6€piK XUMHUSJIBIK
6alJIaHbICThI KOpceTe/|.

300 K TemnepaTypajia 6es11eKTiH 6ip TypiHiH by 3Hepruscol kt=0.026 eVkT=0.026 eV,
OyJ1 aicCOpOIUAIBIK dHepTUs MeJiliepiHeH efayip a3 =5 eV. OcbLiaiilia, ochl afFaanaapa
TEPMHUSIJIBIK 1eCOPOIUSA bIKTUMaNAbIFbl BosibIiMaH GpaKTOPbIMEH CUNIATTAIA/AbI:
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exp (— %) ~ exp (— i) ~ 10736 (2)

0.016

Byx ic xysinge Hesre TeH. CoHbIMeH, 66/1Me TeMmnepaTtypacbinga TiO,-garsl U0, cop6-
USChl KAUTBIMCBI3 MpOLlecc 60JIbIN TabbLIaAbI KoHe Aecopbuus yiiH 2000K-geH *koFapsl
TeMIlepaTypa KaXKer.

3epTTesnreH xynenepaiH TonbiK 3HePrusachl
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Cyper 5. BipikTipyaiH eH ToMeHri (eH, TypaKTbl) 3Heprusi KOHpUrypanmscbiHa Kajam ake-
JIeTiHiH KOpceTeTiH YL XKyl eHiH, TOJIbIK 9HePrusCbIHbIH, CAJIBICTBIPMaJibl THCTOTPaMMachl

1le—15 Decopbuunsa bIkTUMaNObIFbIHbIH TEMNEPaTypafa Tayenainiri
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Cyper 6. EXP aec(-Eads/(KT))EXP(-Eads/(KkT)) AecopOuusibIK bIKTUMAaJbIFbIHbIH,

300-1500K xwuiniringe temneparypara Tayesaisiri, 6y T>1000K geiiid e3airinex

AEeCOpPOLMAHBIH, 6T€ TOMEH bIKTUMAJIJbIFbI
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Byn notmxesiep UO,** -TiO, cop6IMAIBIK KELIEHIHiH >K0Fapbl TYPAKThLIBIFbIH KHE XKHUiJi-
TiHiH KaUTBIM/BIJIBIFBI YIIIH TeMIIepaTypPaHblH auTapJIbIKTal »KOFapblay KOKeTTIiJIITH aHbIK
KepceTezi.

FeomeTpmcanbnc, dHaAJIN3

TiO; + UO,** re parMeHTiH reoMeTPUAIBIK, Ka/lblHa KeJITipy 6apbIChIH/ja 63apa 9peKeTTeCy
KYLITEPiH )XoHe aTOM/IapAbIH COPOLUSIBbIK KellleH Ty3iJyiHe 6eliM/enyiH KepceTeTiH 6aia-
HBIC Y3bIH/bIFbI MeH OYpbIIITapbIH/A , 6ipaK ToH epeKuleNiKTepFaHa 6aiiKaia/bl.

AsFamkel Mogesnbae 1,945 A Gosran anmas 6Geringeri eH kakbiH Ti-O GaiJIaHBICHI
OHTalJIaH/bIpyAaH KeWiH 1,952 A Jlerid co3puiabl. MyHaal mwamansl ecy (0,007 A) U0,%*
VOHBI KaKblHJAaFaH Ke3Jle TUTAHHbIH aWHa/JaCbIHAAFbl 3JEKTPOH ThIFbI3/bIFbIHBIH, 9JICi3
KalTa OeJiiHyiH KkepceTeni. BeTTiK OTTeriHiH KOOpAUHALUACHI COPbLIY KYILITEPAiH acepiHeH
aJicipen, a3zan "ambliagbl”, 6yJ THTAaH-OTTeETI CyJ16aCbIHBIH ypaH ¢pparMeHTIMeH acepJiecyre
6eliiMmzenyiH kepceTe/i.

0-U-O cpI3bIKTBIK, GparMeHTi a3/ian aCMMMeTpHUsFa YIIbIpaJbl: 6acTanKblJa eKi 6ailiaHbIC
1,800 A 60Js14b1, aJ OHTalJIaHAbIPY/IaH KeliH oJlapAblH Y3bIHABIFbI calikeciHlle 1,790 A xone
1,815 A Gongpl Bip 6aitnanbicTeiy, KbicKapysl (0,010 A-re) xone ekinmiciniy y3apyst (0,015
A-I‘e) U0,2* orTekTepiniy, 6ipi Kapama-Kapchl TiO,-MeH THIFbI3 9peKeTTeceTiHiH KepceTei.
ByJs1 3K30TepMUSAIBIK COPFbLIAY KellleHAepre TOH, MYH/JA HOHHbIH Oip >KaFbl 3JIEKTPOH/bI
OYJITTBIH, XKePTi/JiKTi e3repyiHe 6alJIaHbICThI "TapThLIabl".

Mogenb/eri TUTaH aTOMbI MEH ypaH apachiH/IaFbl OacTanKbl apa KalulbIKThIK 3,200 A 60J1bI
YKOHe JXKOeHJesly HaTuxkKeJsepi 6oWbiHIIA 3,081 A peitin asasager. 0,119 A abbpeBuaTypacsl
Ti-U 6aiisiaHbICBIHBIH, 6€TKi OTTeri apKbl/bl KOPIHETIH 3JIEKTPOH/bI XKdHe illiHapa yiaecTipy
KOMIIOHEHTI TypaJbl auTajabl. byn kimipeio ypaH ¢parMeHTiHiIH MeTassl MaTpULacblHA
")aKbIH/JaFaHbIH" KepceTe/i, 0yJ/ COpOLUsIbIK 63apa 6alaHbICYAbl KYLIEeHTe .

Anma3z Ti -HiH xkeprinikTi yinectipyin cunattaTeiH O-Ti-O OypbllibIH 6ipuiamMa e3repai:
101,0°-tan 101,4°-Ka meniH. Bys1 TUTAaHHBIH, KOOPAVHALUAJIBIK OPTACBIHBIH, €JI€yCi3 e3repyi
Ke3iH/Jie TYpPaKThl 6eTKi KYpbLJIbIMHbIH CaKTanyblH kepceTei. AHHU, O-U-O 6yphlIiibl, aJFallKbI
MoJieJibjie ic )KY3iH/le ChI3BIKTHIK (179,8°), e3repTyaepH KeliH can 179,5°aeilin TeMmeHeAi.

Wpean cbI3bIKTBIKTAaH MyH/Z,all e3repic 6eTneH e3apa apeKeTTeCy ypaH-OTTerl KJ1acTepiHiH
TY3y NilliHHEH MUHUMaJ1/bl, 6ipaK alKbIH e3repyiHe 9KeJIeTiHIH KepceTe/i.

Kanne! anranja, atasraH e3repicTep 6eTiHiH TUTaH-OTTeri KAHKACBIHbIH, [a, CbI3BIKTHIK
ypaH-oTTeri ¢parMeHTiHiH Je opTaiia 6elimMinirin kepceTtei.

BalinianbicTap/blH, aJ1Ci3 y3apybl MeH KbICbLIYbI, Ti-U KallbIKThIFbIHbIH a3a0bl YK9HEe OYphILI-
Tap/blH maMaibl aepopmanusicel TiO,-gAaFbl U0,%* aJicopb1Msachl KellleHHiH eKi Kypamjac
GeJIiriHiH aJMbl KYPbLIbIM/bIK TYTAaCThIFbIH CAKTAl OTBIPbIN, TEHAECTIPi/IreH 3J1eKTPOHAbI
TBIFBI3/IbIKThI KaliTa 661y apKblJibl )KYPETiHiH KepceTe/i.

HaTuxkesnepai Tangay

Ti0,(111) 6eTtinge UO,* afcop61UACHIHBIH SHEPTUACH] IaMaMeH -4,3 3B 7-cypeTTe 60.1bl1],
300 K kesinge kT~0,026 5B >Kblay/bIK SHEPTUACHIHAH edyip apThiK. By UO,%* MOHBIHBIH
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6eTKe MbIKTal OeKiHYiH YK9He 1eCOpOLMAHbIH TEPMUSJIBIK }K0JIMEH Kepi KaUTYbIHbIH MYMKIiH
eMeCTIllH KepceTe/|.

TeomeTpusANBIK e3repicTep MUHUMaAAb: Ti-O Gai/aHBICHIHBIH, Y3bIHABIFE Tek 0,007 A
e3repin, U-O ¢pparmenTinge 0,010-0,015 A esrepic Gaiikansl; en yikeH gedopmanus — Ti-U
apaKambIKTLIKTEIH 0,119 A-re asaronl, exinmi 7-cyperre. Byn TiO, KpUCTAAbIK TOPLIHBIH
HeTi3ri KypblIbIMbIH 63repTnel, CopFbliayiaH KeliH e fepopmanus JeHreliHii TeMeH eke-
HiH KepceTe/|.

300K ke3iHae agcopbuns sHEePruachl MeH Kby blK 3HEPrUsSHbIH, CaNbICThIpMasl MaHaepi
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[IpakTHKa/NbIK MaHBbI3bI:

[lyHruTTeri ypaHHbIH caJMaK KypaMbl casiMarbl 0,12% Kypaigbl. COpFblIay HOTUXKECIHE
COpbeHT asiblH/bl, OHJA YpPaHHBIH CaJMaK KOHLEHTPaLHUsCbl OacTanKbl KeJ CybIH/AFbI
KypaMbiMeH casbicThipFaHga 80000 ece aptmazsnl (0,12 / 0,0000015=80000). Erep wmyH-
TMTTiH 2 T/cM® CTaBKacblHA TeH KeJieMJi TBIFbI3JbIFbIH aJicaK, OHJJa yYPaHHbIH OHbIH,
COpPFBLIAyHATHXKeepi GoMbIHIIA KeseMAi koHueHTpanusacel 160 000 pet (80 000 crakaH
2=160 000) craBkaHbl Kypazbl. Ocbliaiiia, Anakes kKeJiHiH cybiHad 160 000 am® kesemzi
ipi Ty#ipwikTi llyH-ruTneH ypaHabl cOpFblIay Ke3iHJe ChbIHAJFAH pexXumze ypauzabsl 1 am3
kesieMmzi llyHruTke ToOJIBIFbIMEH ayjaapyFa 6osiazbl. Bys »karjaiijla copOeHTTeri ypaHHBIH,
KesieMJIiKk KypambiH 2,4 r/am3 Kypadael ((0,121000/100)2=2,4). YpaHMeH KaHbIKKaH
IIYHTUTTEH ypaH/ibl lecopOLusiIay YLIiH ap3aH 3JII0eHTTI Naiga/aHFaH Ke3/ie, kesieMi 0,5 M3,
KaXKeTTi as1t0eHT KesieMi 1,3 am® anbiHaabl. CoJlaH KeliH YpaHHBIH TOJIBIK, JeCOpOLUsChIMeH
3JIIOEHTTIH, KOPCETIITeH KoJieMiMeH ypaH KypaMbiH 1 r/am3 60/1aThIH 3J110aT ajyFa 60J1afbl
(0,04*1/1,3=0,923). dr0aTTaFbl YpaHHbIH, KOPCETIIreH KypaMbl OHbl XUMUSJIBIK TYHJABIPY
YIIiH naijasaHyFa MYMKiHAIK 6epefi.

Cynbanap KepceTKeH/leH, YChIHBIIFAH KYie KOFapbl aJCOPOLUS/IBIK TYPAKThIIBIK *KoHE
MUHUMaJ/bl KYPbUIBIMABIK AedopManusiap 6epy apKblibl, ypaH/bl 061y XKyHesaepiH KeTi-
Jlipyre Heri3 Kasayfa KabijeTTi.

KOopBITBIHABI

Bbysn Makanaaa ypas(VI) nongapbinbiy MTA4803PF xone MTA4603 PFSO, copbeHTTepiMeH,
arHu TiO,-MoauduKalUsiIaHFaH KOMIO3ULUSJIBIK MaTepuaslJJapMeH e3apa 9peKeTiH Ke-
meHAi TypAe 3eprTTenfi. Taxupbesik uzorepma Tangaybl (Langmuir, Freundlich) »xone
KHWHEeTHKAJIbIK MOJieJib/ley (MceBAo-eKiHIli peTTi ieHrei) kepceTkeH e, MTA-copbeHTTep/IiH,
ypaH/Jbl KOFapbl CbIMBIM/JbUIBIKIEH (JleciTka Mr/r HIKajacblHAa) copy TuiMainiri pH,
TeMIepaTypa »KoHe 6acTanKpl KOHLeHTpauusara Tikesnel Tayenni. TiO,-MmeH Mmoaudukanusaaiay
a/IcOpOIMANBIK 3HEPrusiHbl ~-4,27 3B [eliH KylleWTin, ypaHWJ-COPOEHT KelleHiHiH,
TYPaKTbUIBIFbIH apTTBIP/ABI.

O3ipJsieHreH cop6eHTTep yuliH 1 r copbeHTKe caiikecide 1,07+6,75 xoHe 12,40+95,19
MI ypaHHBIH YJTiJIiK epiTiHAinepiHeH ypaH/bl copblusiayFa KaTbICTbl Kypambl 6ap o0
xoHe [I/IOE mamasnaps! 6esrisieH/ii, 6y TeXHOreH/IK KoHe TMAPOMUHEepPa//bIK IMKi3aTTaH
ypaH/bl cCOpOLIMsIay TEXHOJIOTUSICbIH TaHAAyFa HeTi3/i Typ/ie »KaKblH/jayFa MYMKiH/iK 6epefi.
Ynarigeri epitinginepaeH ypaHAbl copbuussay yuliH NaijjalaHFaHHAH KeWiH a3ipJieHreH
copbeHTTeperi ypaH MmeJiepi maccanap/biy, 1,23+8,69% Kypazbl.

3epTTeysiep GapbiCbiHJA ajJblHFAaH belopraHuKasblK COpOEHTTEpP YpaHHbIH, KeHJepJeH
’KepacThbl K9He THUAPOMeTa/UIypPrUsJblK IllakMasiay CaTbICbIHaH epiTiHAilepJeH ypaHZbl
CopfpLiayke3iHJe KOJJaHbLIATbIH OPraHUKaJbIK LIAWbIpJapMeH CajbICThIPbLIATBIH ypaH
O0MbIHIIA COPOLMUSJIBIK ChIMBIMABLIBIFBIMEH CHUNATTaJaTblHbl KepceTiireH. ymbicTa
aJblHFaH cOpOeHTTep/iH Oy cunaTTaMachl OJlapZbl KepCeTireH epiTiHAinepAeH ypaH
COpOLHUSACHIH TEXHOJIOTUSJIBIK, CbIHAY YILiH YCbIHYFa MYMKIH/AIK 6epe/i.

64 N24(153)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



YpaH (vi) uondapeiHa Kambvlcmbl KOMNO3UYUSAbIK Mamepuandapdbly cOpbYUsIbIK KacuemmepiH 3epmmey HoHe
K8AHMMbIK-XUMUS/IbIK MOOe1boey

Ocpl HaTHKeJlepre CyWeHe OTbIpbIN, ypaHAbl Ta3apTy xydesepinge TiO,-Mogudu-
KalusiJlaHFaH copbeHTTepAi pH *koHe TeMmmepaTypa peXMMJepiH OHTaWJaHAbIpa OTBIPbIN
KOJIZIAHY YCbIHbLIAAbl. OCbl HOTHXeJIep 3KOJIOTUAJIBIK Ta3apTy TeXHOJIOTHUAJIApbl MeH
OKCHU/TIK KapThlJIal OTKI3TIIITEep caJacblHAA XaHa MPaKTUKaJBIK LIelliMJep MeH FbIJIbIMU
6aFbITTap/lbl AllbIN KOpCeTe .

Anrbic aliTy, MyAAesiep KaKThIFbIChI

Byn 3eprreyai Kasakcran Pecny6uivkacbl FblIbIM jk9He >OFapbl 6iiM MUHUCTpJITI
(F'pauT No AP19676626 «MOF nekopupoBaHHble TPeKOBble MEMOPaAHBI JJisl CEJIEKTUBHOU U
3dpdekTUBHOU copb1IMU MOHOB ypaHa (IV): TeopeTuyeckure pacyeTbl U IKCIEPUMEHTATbHas
NpoBepKa») Kap>KblLJIaH/bIPa/ibl.

ABTOpJIapAbIH, KOCKAH YJIeci

A6yoBa ®.Y. - MoTiH/Ii koHe 6MbIMorpadUAHBI Ka3y, TOHKUPOEJTiK AepeKTepAi eH/ey.

CaTanoBa B.M. - 3epTTeyre *KeTeKILiIiK €Ty, COHFbl HYCKACbIH O€KITY MaKaJlaHbIH, apusi-
JIAHYbI.

AGyoBa A.Y. - Toxxupbe Kyprisy, TexkipubeJik Kypaa-)kabAbIKTap/ibl JalblH/Ay, IKCIIEPU-
MEeHT 6apbICbIH/A JlepeKTep KUHAY/Abl YABIMIACTBIPY Ko9He 6aKbliay.

YceH E.B., Ep/1aHkpi3bl A, Akam6aeBa /[I.M. — MaKaJlaHbIH, TY>KbIpbIM/IaMacbIHa 63 YJIeCiH KOCTbI.

Coaran6ek H.C. - makasa MaTiHiHAeri GipkaTap ecenTeysiep/ii OpbIH/Al, 6PHEK HeMece
dopmysa TypiH/ieri HoTHXKeepAi a/iFaH. lnecne XaTThl 93ipJien, peAaKLUsIFa XK0JAAayAbl icke
acbIp/bl.

Maparysl C., Mom6aii A.H. - MakanaHbIH 6e3eH/ipilyiHe yjec KOCThI.
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UccneaoBaHue COpGIIMOHHBIX CBOMCTB M KBAHTOBO-XUMUY€ECKOe MO e/TMPOBaHUe
KOMNO3UIJMOHHBIX MaTepHaJIOB N0 OTHOLIEHHUIO K MOHaM ypaHa (VI)

AnHoTanus. [IpuBesieHbI pe3y/ibTaThl MPOBEJEHHBIX ONMBITOB COPOI[UU YpaHa U UX COBMECTHOTO
NPUCYTCTBUS B Pa3/JMYHbIX aHUOHUTAX. YpaH XOPOILO YCBAaWBAETCS TOJIbLKO NPU MPUTOTOBJIEHUU
AHHUOHMTA B BHU/JIe cysibdaTa U nepeMelnaeTcs U3 Cyb(paTcoiepKaliux U MeHee KOHI[eHTPUPOBAHHbBIX
Kap6oHaTcoiepkaliux pacTBOpoB B copbeHT. [[poBeieHbI MccieJOBAHUSA 110 TONYTHOMY MOJYYEHUIO
TEeXHOJIOTUYECKUX PACTBOPOB MOA3E€MHOTI0 BhIIea4BaHUS YpaHa C cofepkaHueM peHus 10 1,0 Mr/a
Y KOHIleHTpaluel cepHOM KUCIAOTHI — A0 3 r/u. B mpoliecce noji3eMHOro BblllleJIa4YMBaHUS PEHUH,
KaK Y ypaH, NepexoJUT B pacTBOpP B BUJE PACTBOPUMbIX MOHOB. 3ajlaya MOJy4YeHHUs] U BblJeJeHUs
peHHUs TEeCHO CBsi3aHa ¢ GOPMOM CyIlleCTBOBAaHHUS MOHOB B pacTBope. [[Jiss CpaBHUTEJIbHON OLlEHKH
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COpPOLMOHHBIX CBOMCTB HEKOTOPBIX COBPEMEHHBIX aHUOHUTOB [IPHU TPAHCIIOPTUPOBKE ypaHa U peHUs
ObLJIM NPOBeJIeHbl UCCIeL0BaHUA COBMECTHON COPOLUU 3THUX MeTa/LJIOB U3 MOJIeJIbHbIX CYJIbPaTHBIX
U GUKapOOHATHBIX pPacTBOPOB. [IpU cOBMeCTHOM COpOUPOBAHMU ypaHa U PEHUsT U3 PacTBOPOB
jeJlec006pa3HO NpPHUMEHATb CUJIbHOOCHOBHblE AHUOHWUTBI MaKpOIOPHUCTOM CTPYKTyphl. Jlyuymiue
pe3yJabTaThl 110 COBMECTHOM COPOLMU W3 MOJAEJbHBIX PACTBOPOB ObLIM MOJYYEeHbl HAa aHUOHUTE
Mapku B0-020, rae ctaThyeckasi em - KOCTb 110 YpaHy cocTaBuja 41,2 mMr/r, a no penuto - 16,5 mr/r,
B pe3yJibTaTe 4yero OblJI0 0OHApPY>KEeHO, YTO COPOLHA NeppeHaT-UOHOB B aHUOHUTAX MPOMUCXOAUT B
COOTBETCTBUH C HOHOOOMEHHBbIM MeXaHU3MOM. McciiejoBaHUS BISIBUJIM KUHETHUKY COPOLUU YpaHa U
pEeHUs U3 paCTBOPOB CEpPHOUM KUCJOTHI U GUKAp — 60HATA B CUJIbHOOCHOBHBIX aHMOHUTax B0-020 u BD-
706, 4TO 06yc/1aB/IMBaAET BbICOKYIO 3P EKTUBHOCTD UX IPUMEHEHHS.
Kiio4yeBble c10Ba: copb1ius, LecopOLys, COPOEHT, 3JII0EHT, 3J110aT, MacC-ClIEKTPOMeTpHUs
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Study of sorption properties and quantum-chemical modeling of composite materials
in relation to uranium (VI) ions

Abstract. The results of the conducted experiments on uranium sorption and their cohabitation in
different anionites are presented. Uranium is well absorbed only when anionite is prepared in the form of
sulfate and is converted from sulfate-containing and less concentrated, carbonate-containing solutions
to a sorbent. Research has been carried out on The Associated production of technological solutions
for underground leaching of uranium with a rhenium content of up to 1.0 mg/L and a concentration of
sulfuric acid - up to 3 g/1. In the process of underground leaching, rhenium, like uranium, passes into
solution in the form of soluble ions. The task of obtaining and separating rhenium is closely related to the
form of life of ions in solution. For a comparative assessment of the sorption properties of some modern
anionites in the transport of uranium and rhenium, studies have been conducted on the joint sorption
of these metals from model sulfate and bicarbonate solutions. During joint sorption of uranium and
rhenium from solutions, it is advisable to use strong-based anionites of a macroporous structure. The
best results for joint sorption from model solutions were obtained in anionite grade B0-020, in which
the static em - bone for uranium was 41.2 mg/g and for rhenium - 16.5 mg/g, as a result of which it was
found that the sorption of perrenate ions in anionites occurs according to the ion exchange mechanism.
Studies have revealed the kinetics of uranium and rhenium sorption from sulfuric acid and Bicar - Bonate
solutions in strong-base anionites B0-020 and VD-706, which determines the high efficiency of their use.

Keywords: sorption, desorption, sorbent, eluent, eluate, mass
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AnaaTtna. KBaHTTBIK MeXaHHMKaHbl bIKTUMaJIAbIJIIBIKTAp TEOPHUSACHI TEPMHUHIH-
Jle TYKbIPbIM/Iay, OeliHe ey )KoHe CUNaTTay MaceJieci KeTepiin, oy 6erii 6ip
YCTaHbIM/ZIap MeH KaruJajlapfa HeTi3JeJsireH ecenTteyjep apKbljibl IIELIiIal.
HakTbl1ail ToKTa/1ap 60J1CaK, KBAaHTTbhl—MeXaHUKaJbIK OllepaTopFa THUECiJ 11a-
MaHbIH UMIYJIbCTIK KOpiHicTeri 6ip esmeM/i opTalia MoHi KOMIJIEKCTI cUNaT-
TaFbl KBAa3UBIKTUMAJIJIbIIBIK QYHKIUSACHI apKbl/Ibl epHeKTe 1. XKyieHiH Ky#i
TBIFbI3/IbIK MAaTPULIAChl aPKbIJIbl CUIIATAJAThIH KaFAaH YIIiH KBa3UbIKTUMaJI-
JbLIBIK QYHKIUSAHBIH, 6pHETi TabblI/bl, COJ apKbLibl [aMUJIBTOH OomnepaTophbI-
HbIH, KJIaCCUKAJIbIK, Y/ITiCiIMEH COMKeC KeJIETiH YKoHe COMKeC KeJIMENTIH CaHAbIK
KepiHici KapacTbhlpbLibl. CTallMOHAPJIBIK, YKaFAal YIIiH KBa3UbIKTUMAaJbLJIbIK,
dyHKUMSCHI 60MBIHILA OpTalllajJlaHFaH epHEKTeP aHbIKTaAbl. KBa3ubIKTHMaJI-
JbIbIK QYHKUMSCBIHBIH, KOMeriMeH KOMILJIEKCTI (a3a/blK, KeHiCTiKTe eTeTiH
KaH/al Aa 6ip cToXacThl NPOLECTEP ThIFbI3/IbIK, MaTPUIACblHA apHaJ/IFaH AUG-
depeHIMaANABIK TeH/ ey apKbLIbl 3epTTei. ATanfad TeHey [lJ1aHK TYpaKThIChl
HeJire TeH 00JIFaH Ke3/le KBaHTThIK KYObLIbICTapFa apHasiFaH JIMyBUJLT TeH/Je-
yiHe 9He KBa3UbIKTUMa/bLIbIK QYHKIUSACBIHBIH, K9IYi/Ti bIKTUMa/IbLIbIKKA
alHaJIaThIH/BIFBI J2JeaAeH/i. bIKTUManblIbIK THIFbI3AbIFbIHA apHAJIFAH TEH-
JaeyaeH nudpdy3usiiblK MapKTik npoiecke apHaiarad @okkep-IliaHk TeHAeyiHe
KYPbUIbIM/IbIK, )KaFbIHAH YKCAC OO0JIbIN KeJIeTiH KybIKTaJIFaH KOMIJIEKCTIK TeH-
Jleyre aybICy >KaFfauiapbl kepceTiiai. Kesgencok npouecrep MeH KBa3UbIKTH-
MaJ1AbIbIK QYHKIMACBIHBIH apacblHAAFbl OalJlaHbICTapAbl aHbIKTAI OepeTiH
KOMILJIEKCTI TEHJEyTe COMKeC KeJIeTiH KoHe KBAaHTTbIK—MeXaHUKAJIbIK ecelTe-
yJiepre KaXeTTi 6apJiblK MaJliMeTTepAi KAMUTHbBIH CTOXACTbLIbIK JUddepeHIr-
aJJbIK, TeHJey/ep LbIFapbLIbIN KepceTiai. ToNKbIHABIK, GQYHKLIUSHBIH, epeK-
niesiirine colKeCTeHAIpiITeH KBAa3UKJIACCUKAJBIK CTOXACThl JuddepeHIraN bl
TeHJeyJiep MeH KBa3UKJIaCCUKaJIBIK KYbIKTayJ1apAaFbl KO3FaJsIbIC TEHJAEYJIEPIHIH,
)KYHecC] WIbIFapbUIbII aJblHABL. BapJiblK ecenTey HOTHXKeJEePi erKen—TerKenai
TaJIKblJIAHBII, KAKETTI KOPbITBIHAbLIAP KaCal/bl.

Ty¥iH ce3aep: cTOXaCTbUIbIK TEHAEY/Iep, Ke3[eHCOK NpoLecTep, TOJNKbIHABIK,
bYHKIMSA, BIKTUMAaJAbLIBIK ThIFbI3/bIFbl, KBAaHTTbl-MeXaHUKAJbIK OpPTalla,
omnepaTop, ThIFbI3JbIK MAaTPHULIACHI, YIECTipiM QYHKIUSACHI.
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Kipicne

CToxXacTbIIIBIK YFbIMbl Ke3JeMCOKTbIK HeMeC aHbIKTaJMaFaH/bIK CeKiJAi TycCiHikTepre
COMKeC KeJITeHIMeH, OHBIH I'PeK TiJiH/eri 6ajaMackl MaKcaT, 6osnkay aereHfi oingipeni. bisaiy,
»KaFJ[aibIMbI3Fa OCbl 60JKAy HYCKAChI AYPbIC KeJieTiH cUsaKTbhl. Ce6ebi, KBaHTTBIK, KyHezeri
CTOXacCThbl IPOLeCTeP LIEKTEY/I 3aHAbIBIKTAP LIeHbepiH/ie KaJiblll KOMMai/pbl, SFHU NPOLIECTED
Ke3iH/e )KyHeHiH KyiJiepi 60/mkaMabl, Ke3eMCoK, iaMasiap apKbljbl CUIIATTalaThIH 60J1a/Ibl.
M. Kar neH 3. HesibCOHHBIH MiKipJiepiHe CYHEHCEK, XKYHeeri MpoLecTep bIKTUMaJIAbLIbIKTAp
TEOPUSACBIHbIH TEPMHUHIHJE Ke3JeWCOKTbI, CTOXAaCThUIBIK cunaTTa eTefi. CToXacCThUIBIK,
TEPMUHIH asifaul peT MaTeMaTuK B. BopTkeBU4 60/131cam scacay marblHaCbIHAA KOJ1JAHFaH, ajl
ofaH JeiiH 6y y¥biM . Bepnynanzin Ars Conjectandi (cayekesnfiik eHepi) eHbOeriHze »KaH—-
»KaKThl TaJIJaHbINl KOPCETIJreH efji. MaTeMaTuKalaFbl bIKTUMAJIAbLIBIKTAP TEOPHUSACHI XKoHeE
MaTeMaTUKaJbIK CTATUCTUKA aTThl YJKEH 6eJiiM/iep Ke3/efCcoK I1aMaiap MeH IpoLecTepAi
6aKbliiayMeH, 3epTTeyMeH alHajbicafbl. OHJaFbl 3aHABUIBIKTAp MeH TYXKbIpbIMJaMmaJap
MaTeMaTUKaHbIH 6ackKa Ja 6eJsiiMJepiHe djjicTeMesik anmapaT peTiHAe KOJJAaHBLIbII XYP
[1]. MbIcasibl, OHTaWJaHABIPY dAiCTepi apKbLIbl Ke3[eiCOK MpoluecTep MEH MaJliMeTTepAi
CTATUCTUKAJBIK TYPFbIZaH 6HJeyre 60J1a/bl. 2JKapaThLIbICTaHY FhLIIBIMAAPbIH/AA [1a KE3eNCOK,
NpolecTep KeMTel Ke3aecei, coapAblH 6ipi — BuHepJiik npouectep, AsFHU ra3/iblH, KbICbIMbIH
MoJiesib/iey el aTajiaabl. Bys Moesnbe ra3jarbl 9p6ip MoJieKyJia e3iHe OeKiTijireH o (i37iH)
60MbIMEH KO3FaJIFaHbIMEH, MoOJIeKy/ajap/aH KypbLJIFaH IIOFbIPAbIH, KO3FaJbIChIH ecenTel
IIbIFAPY »KOHE OHbIH CUMATbIH ajJiblH-aJla 60J1Kay KUbIH MaceJsie eKeH/iri kepceTisireH. Ockl
CeKiJii MaTeMaTUKaJbl-CTaTUCTUKAJIBIK MOJeJibJep MeH d/iicTep Ka3ipri 3aMmaHfa FblJIBIMU
3epTTeyJIep/iH HeTi3iH Kypanbl, MbICAJIbl: KOPPEISLUSJIBIK )KOHE PErpeCcCUs/IbIK MOJeb/ED,
HeTi3ri KOMIIOHEHTTeP TACiJIi, KJacTepJliK Taaay, CTaTUCTUKaIbIK cbiHaKTap (MoHTe-Kapsio)
aaici. CToxacThIK TeOpUsH GU3UKaAHBIH 6apJibIK O6JiMAepiHe KoJiaHca 60J1a/ibl, 9Cipece OHbIH,
CTAaTHUCTUKa/bIK GU3UKA, KOHAEHCPJiK KyW GU3UKaChl, KATThI fleHesep GU3UKacChl, 3JieMeHTap
GesiiekTep GU3UKAChl MEH CTOXACThIK PE30HAHC aTThl KYOBLIbIC YILIiH MaHbI3bl epeKIIIe.

AlBIK KBaHTTBIK XyWesiepAi Mozesbaey 6arbIThiHAaFbl 3epTTeysnep H.H. boroito60B nex
H.M. KpbioBThIH coHay 1939 KbLIFbl KapblK KepreH eHbOeKkTepiHeH Gactay asazbl. OfaH
KeWiHri Ke3eHJep/e KYPri3ireH FbLIbIMHU >KYMbICTap/aFbl OPbIH ajJifFaH 0acTbl KUbIHAbIK—
KBAaHTTBIK Ke3/leHiCOK MpPOILecC YFbIMbIHbIH, MafFbIHACbIHA JYpPbIC Ma3MYHHbIH 6epiiMeyi.
ATasfaH KUbIHABIKTAH WbIFY yWiH A. KocCakOCKHMM KBAaHTTBIK JUHAMUKAJIBIK, )KapThl TONITAP
YFBIMBIH €HTi3/li, OHbIH 9pi Kapail gamybiHa [. JIMHAOGMAATBIH, KOCKAH yJeci 30p 6GOJAbIL.
KoMMyTaTThl eMec cunaTTafFbl OyJ YFBIM—MapKTIK Ke3/eHCOK NpOLEeCTEP TeOpHUsChIHJAFbI
onepaTopJibIK TONTAapPAbIH a/NblIaMablK 6elHeci (yarici, Hyckacel). OJ1 KBaHTTBIK, }KYHEHIH
3BOJIIOLMSCBIH OHbIH, O6TKEH KyWJepi apKblibl eMec, TeK Kasipri HaKTbl KyHi OOWBIHIIA
curnaTrTayfa apHasraH xoHe Qokkep-Ilnank HeMece KosMoropoB-YenmMeH TeHZeysiepiHiH,
KOMMYTAaTTbhl eMeC HYCKacbl 00Jiblll TabbLIaThbiH AuddepeHnMan/ibl TEHAEYJEP apKblbI
cunartTasaabl. KBaHTTBIK MexaHWKaZarbl CTOXaCTbLIbIK TOCLIAEpAiH, KoMeriMeH KBAaHTTBIK
YK9He Ke3[elCOK NMpoLecTep e3apa acepJsieceTiH xKyHesepAi cunatrrayfa 6oJazbl, 0y xxepze
CTOXaCTBIJIBIK IIPOLECTEP MEH 0JIapAblH CTOXACTBIIBIK TYCIHZAIpMeJiepi KapaThIJIbICTbIH HeT13ri
3aH/AapbIHbIH, HOTHXKeJIepi peTiHJe KabbliaaHaabl. Ocbkl 2KoHe OChI CEKiJAi Taciagep KyHWeHiH
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KeaHmmbug MEXAHUKAHbIH CMOoXacmbul/blK cunamaul

JIMHAMHKaCblH MapKTiK Ke3/1elCOK NpoLecTepre yKcac CUNaTTafbl MOJeJibJlepPMEH 3epTTeyre
MYMKIiH/JiK 6epe/ii. AiTa KeTy KepeK, MapKTiK IPOLeCTep »KaFiahbIH/Aa TOJKbIH/ABIK QYHKLIUS
BIKTUMAaJIABbLIBIK, ThIFbI3IbIFbIMEH 0OAMJIAHBICTBIPbLIA KAapacThIpbLIa/ibl. ATajJFaH TocCiJaJep
KBAaHTTBIK MeXaHHWKaHbIH JJCTYpJii NPUHLUITEPI MEH TYXKbIpbIMJaMaslapbl KayKapChI3JbIK
TaHBITKAH JKafjalsap/la FaHa KoJiJlaHbl1a/ibl. KBaHTTbIK—-CcTOXacThlK kKe3kapac (KCK)
KBAaHTTBhIK MeXaHUKaHbIH HeTi3ri NpUHLUUNTEpPI MeH CTOXaCThbIK MpoLecTepAiH Oipiryine
(y#necimpinirine) Heriszie/ireH »aHe Ka3ipri 3aMaHfbl TEXHOJIOTHS MEH eCeNTeY X0J14apbIHbIH
KeTinAipinyli apkpicbiHZa eMipiieH 6oJsibinl oTblp. CoHbiMeH 6ipre, KCK myMkiHAiriHig
»KOFapblayblHa cepriH OepeTiH TaFbl Oip KaFAal-AdCTypJi Taciifiep MeH MoAesbJepAiH
Kerlbip Pu3UKaibIK NpouecTep/i WbIHAWbl TYpJe cUmaTTal, TyCiHipe aaMaybiHfja. Jasipek
alTCaK, KOJJAHbICTaFbl ADCTYpPJi CTaTUCTUKAJBIK TICUIJEPAiH KeMeriMeH MaKpOCKONTBHIK,
KyHheJsepzieri KBaHTThIK 3pdeKTTepAi HeMece 60/KayFa MyMKiIH G0JIMAaWTbIH CTOXAaCTbIIBIK
NpoLecTep MeH KBAaHTTBIK KYHJIEP/iH 63apa acepJieCyJiepiH KEeTKIJIIKTI Jopexene 3epTTey
KUBbIHABIK, KeJTipeTiHi »kacblpblH eMec. Tek KCK malga 6osirasibl 6epi Kypaesi kyWesep
MEH MpOoLeCcTepAi A2/, 9pi erkeu-Terkewsai mojgeabgeyre MyMKiHAikTep awbLigbl. KCK
KYOBbLJIBICTBIH, KBAaHTTHIK >K9HEe CTOXaCTbLIBbIK TaOUFaTTapblHa TYyTac KapayZAbl YCbIHA[bl,
OyJ1 »KaFall oJlapAblH KeKeJiell epekuieslikTepi MeH Gip—6ipiHe JereH bIKMNaJblH eCKepyre
KOJIAaWUJIBLJIBIK TyfbI3azbl. JKyWele oOTeTiH CTOXAaCThIK IpoLecTep Ke3iHZe Ke3[euCoK
bayKTyanusaiap HeMece alHbIMaJblJIap MaHbI3/bl POJI aTKapaThbiHbl aKUKaT [1,2]. XKyHeHiH,
KeJlellleKTeri xkal—KyHi Ke3/1elCOoK LllaMaJiap MeH LlyJlapFa TayeJsi/li 60/IFaHIbIKTaH, Ke3J e CoK
bayKTyanusaniap HeMece aWHbIMaJbLIap TypaJibl TOJIBIKTAal MaJiiMeT OGepe aJMalMbI3.
CoHpal KaFjalapAblH, MbIcajJblHa OpOYH/BIK KO3Fa/bICThl KeJTipyre 6oJsiagbl. KBaHTTBIK
KyHhesep/iiH, e3/iepi Ke3/AelCcoK aHe O6osnkan 60JMaNThIH XaFAalaapa eMip cypeai geyre
60s1a7bl. KBaHTTBIK HbICaHIap/bIH, (66J11eKTep HEMece epicTep) 6acKa Jla HbICAaHJapMeH KoHe
KOplllaFaH OpTaMeH acepJiecyi oJ1ap/iblH KyHJiepiHiH GayKTyalusCcbl MEH CTOXACThIIbIFbIHbIH,
»KOFapbljayblHa cebenkep 60J1a/bl.

KBaHTThI-MeXaHUKaJbIK 3epTTEeYAl Ke3/elCOK NpoLecTep TEOPHUIChl apKbLJIbl XKYpri3yre
JlereH TaJ/IllbIHBICTAP/AbIH, KacaJybl 3aH/bl KyObLJIbIC, Ce6e06i Ke3/1eCOKThIK CUIIaT KBAaHTThIK,
KYObLIbICTAp/IblH, TaOUFAaTbl Ke3JleMCOKThIKKA Heri3jesreHi ay 6acTaH 6e/riji >kafaau.
Anaipa, TONKbIHABIK QYHKIMAHBIH TiKeJield bIKTHMaJAbLIbIK MaFbIHACBIHBIH, 60JMayblHaH
KBAaHTTBIK IMpOIleCKe TOJIbIKTAl Ke3JeWCOKTbIK cunaT Oepyre 6GosmMagbl. LlpenuHrep
©3iHiH TOJIKbIHABIK QYHKIHUACBIH BIKTUMaJAbLIbIK TeOPHUSCBIHBIH, KJIAaCCUKAJbIK, YJricCiHeH
HIBIFAPbIN aJFbICHI KesZi. Ocbl UAesHbl HETi3Te ajila OThIPBIN YChIHBLIBIN OTbIPFaH MaKajaza
KBAaHTTBIK MeXaHWKaHbl bIKTUMaJAbLJIBIKTAp TepMUHAepi (y/1ecTipiM QyHKIMACHI) apKbLJIbI
KepceTy MaceJieci 1ielrisieTiH 60/aabl. By kep/ie KBaHTThIK MeXaHUKaHbIH, KaHa 6ip keHimi
YCBIHBLIFAH JieN TYCiHiN Ka/iMay Kepek, 6i3 6ap 60/FaHbl KOJ1JaHOa/bl XKoHe NMPaKTUKaJbIK
ecenTeyjiep YyuliH maiWAasbl 60/IaThbIH 6ajaMaljbl Ke3KapacTbl TypaJibl 6asgHJAaWTbIH
60J1aMbI3. bys1 peTTe KBaHTTBIK MeXaHWKaJla KaMTbIJIFAH KYObLJIbICTApD MEH MPOLECTEP/iH,
imiHAe CTOXAaCThUIBIK CHUNAThI GapJiapblHA epeKile TOKTaJbIl, coJlapFa KaTbICTbl OipKaTap
ecenTey/iepAi OpbIHAANUTHIH 60/1aMbI3. ATan alTKaH/a, KBAaHTThl-MeXaHUKaJbIK OllepaTopFa
KaTbICTbl IllaMaHblH MMIYJbCTIK KepiHicTeri OipesiieM/ii opTalmacblH KOMILJIEKCTI
CUINIATTaFbl KBAa3UbIKTUMaJ/JbLIbIK (QYHKLUSACHI apKblibl 6pHEKTeY. KBasubIKTUMaJ/bLIbIK
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OYHKIMSHBIH, 6pHETiH ThIFbI3ABIK MaTPUIAChl apPKbLIbl »a3y. CTalMOHAPJIbIK, KaFqailJaFbl
KBa3WbIKTUMAJI/AbLIbIK ~(QYHKUUACHI OOWBIHIIA OpTallajJaHFaH ©pHEKTePZi aHBIKTaYy.
KBa3ubIKTUMaIAbLIbIK QYHKIIMSACHI apKbLIbl KOMIJIEKCTi pa3asiblK KEHIiCTIKTEri CTOXaCTJbIK,
NPOLECTI KapacTblpy MaceJIeCiH ThIFbI3/IbIK MaTpULacblHa apHajfaH AuddepeHIUANbIK
TeHJey apKbLbl 1ielly. bIKTUMa/blIbIK ThIFbI3/bIFbIHA apHAJIFAH TeHAEeYleH AUPPY3UABIK
MapKTiK npouecke apHasrad Pokkep-IlsaHK TeH/leyiHe KYPbIJIbIM >KaFbIHAaH COMKeC KeJleTiH
KybIKTaJIFAaH KOMILJIEKCTIK TeHJeyTre aybICy afAanaapbl kepceTingi. Kesaercok npouectep
MeH KBa3UbIKTUMaJIJbLIbIK QYHKILUSCBIHBIH apacblHAaFbl OalaHbICTap/bl aHBIKTAIl OepeTiH
KOMILJIEKCTI TeHJleyTe COMKeC KeJIeTiH »KoHe KBaHTThIK—MeXaHUKaJbIK eCeNTeyepre KaXKeTTi
6apJibIK MaJliMeTTep KaMTbLIFaH CTOXAaCTbUIBIK AUPdepeHLMaNbIK TeHAeYIepi WbIFapbIl
KepceTy. KBa3uK/1accHKaJbIK KybIKTayJ1apAaFbl KO3Fa/bIC TEHAEYJIePiHiH »KYUeCiH WbIFapblI
any.

JdJicHamMa

CToxacThLIbIK KBAaHTTBIK IIPOLIECTEP/i 3epTTel, 3ep/eiey YIIiH allbIK XKyheaep/iH KBaHT-
TBIK T€OPUSIChI MEH bIKTUMAJIJIbLJILIKTAP TEOPUSICHIHBIH, 9/1iCTepi, COHbIMEH 6ipre CTOXaCThIIbIK
VMHTerpajZlap MeH KBaHTTBIK TeHJeyJep CeKu[i apHailbl MaTeMaTUKaJblK amnnapaTrap
KosiaHbL1aabl. TyHini (MaHbI3Abl) MaTepuangapKaTapbiHa/luHA01aATEHAEYiH, CTOXaCThIIBIK
auddepennuanblk teHaeyaepai (CAT) xxaHe THIFbI3ABIK MaTpUILlaapblH XKaTKbI3a aJaMbI3.
ByJsiap chIpTKbI LiyJap MeH Ke3zehcok GJyKTyalusaaap/blH, KBaHTTHIK Kylere acepJiepiH
eckepyre »arfal »kacanWabl. CbIpTKbl OpTaMeH oacepJiece ajaTblH XyWeJsiepAi 3epTTeWTiH
3aH/bIIBIKTAp TOObIHA alIbIK XyHeJiepAiH KBAaHTTBIK TEOPUSICHI Jlen Kapayfa 6oJiafbl. by
acepJiecysiep SHEPTUSHBIH JUCCUMIATThI/IBbIFbI MEH JIeKOTEepPEeHTTI/IriHe XKeTKi3e i, COHABIKTaH
Jla 0J1ap CTOXACThUIBIK MpolecTep TidiMiHe KocblLaaasbl [2,3]. JIuHAGMa] TeH/ ey ChIPTKBI 1Iyaap
MeH JUCCUMATThLIBIK dCepAeri KBaHTTHIK KYHeHIH JUHAMUKACbIH cUNIaTTal 6epe anajbl. A,
TBHIFbI3/IbIK MaTpPHUILACbl-apaJiac koHe LIaTaCKaH KyWJepaeri KBaHTTHIK, )KyHeHi TOJIbIFbIMEH
erxer—Ter kel 3epTTed ajJaTblH MaTeMaTUKa/bIK HbicaH. CAT ke3zxelcok Kypaylublaapbl
(koMnoHeHTTepi) 6ap mpouecTepAi MoAebJe YlIiH, 6acKalla akTKaHAa KBaHTTBIK XYHeHiH
ic-apekeTiH 6oJKay MaKcaTbhIH/AA KoJ1JjaHyFa 6os1a/ibl. KBaHTTBIK MexaHUMKaJaFbl OeJileKTep
O6o/mKayFa KeJleTiH HbICAaHJAp CHUMATBhIHZA eMecC, KepiciHllle bIKTUMaJI/bLIbIK 3aHAbLIBIKTAp
meHOepiHAe eMip cypeZi *KoHe oOJlapAblH Kal-Kyli TOJKbIHABIK (QYHKLUSAIAP apKbLJIbI
CUINATTaJbIHATBIHBI GeJrisi. CTOXaCThIIbIK Taciajep 00/ica Ke3JelHCOKThIKKA TaOUFATThIH,
ipreni (byHzAaMeHTanAbl) 66J1iri peTiHae KapyFa HeTi3/je/reH.

Hatmxesiep meH Tasikbliay

AnjibIMeH Tepic MAHAI Jie, HAKTBLIbI Jla eMeC KBa3UbIKTUMaAbLIbIK QYHKIIUACHIH eHTri3im
asialbIK (OHBIH MaFbIHACHI aJIZIaFbl ecenTey/iep OapbIChbIHAA allKbIH/a1aTbIH 60161 ). Kanan
Jla 6ip »kasnbL1aMa L™ onepaTopbiHa THecii L maMachkIHbIH, T€K X aWHbIMAJIbIChI OOWBIHIIA
KBaHTTbI-MeXaHUKaJIbIK OPTallacblH TOMEH/ETiIe 6pHEK apKbL/bl aHbIKTAayFa 60J1a/bl:

76 N24(153)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



KeaHmmbug MEXAHUKAHbIH CMOoXacmbul/blK cunamaul

_ g (1)

L=[y*(x)L (—lha)lp(x)dx

Ochbl epHeKTeri TONKbIHABIK J(X) GYHKIUAHBI UMIYJIbC ONepPaTOPbIHbIH, MEHIIIKTI QYyHK-
UsiJIapbl 60MBIHIIA XKiKTeN, HOTHXeHi (1)-re KOWbII, MbIHaZlall TEHJIKKE KOJI )KeTKi3eMi3:

T dxd * T [ —
L= [ (e Lexp {2} = [ dxdpa(x,p)L(x,p) @
MyHaFbl
0(x,p) = 7= " (c@)exp {2 (3)
y/aectipim ¢yHknusacel, an L(x,p) - L OllepaTOpPBIHbIH, €XP {%} @dyHKyusicblHa dcep

eTyiHeH maWja OosiraH L omepaTopAblH C caHAbIK KepiHici (6eiHeci). bys ecenreynep L
IIaMacCbIHbIH, KBAaHTTbI-MeXaHUKaJIbIK, OpTallacblH K3ZIMIi (A9CTypJii) BIKTHUMaJablIbIKTap
TEOPUSIChIHBIH, TEPMUH/EPi TYpiHAe (cUNaThIH/A) 6pPHEKTeEY, AFHU YJecTipiM QyHKIUAChIHAH
aJIblHFAaH UHTerpajjblH L-re keOeWTiHZiCI apKpLibl aHBbIKTAy MaKcaTbIHJA KYprisiain
OTBIPFAHJBIFbIH AUTBIN 6TY KaxKeT. TeK bIKTUMaJIJIbJIBIKTAp TEeOPHUsChbl YFbIMbIHAH GaCThI
alblpMallblIbIK (epekiiesik) — yaecTipiM QyHKIUACBIHBIH, KOMILJIEKCTI 60aybIHAa. MyHan
bYHKIUA K8A3UbIKMUMAAObLALIK hyHKYUS Aen aTanaibl. OCbl KeTipiireH TY>KbIpbIM/JaMaJsiap
6ombiHIA L(X,p) QYHKUUACHIH Aa KOMIUIEKCTI el caHayfa Oosiaabl [4]. KykeniH kyui
p(x,x"') KeHinTeri ThIFbI3JbIK MaTPULIACHl aPKblJIbl CUNIATAJIFAH KaFjai/ia eKi nmapaMeTpJlikK
KBa3WbIKTUMAaJIAbLIbIK QYHKIMSACHI MbIHA TYP/JE aHbIKTAIaAbl:

w(x,p) = ﬁfp(x,x’)exp {ip (x_Tx,)} dx’ (4)

KoopzanHaTa MeH UMIy/NbC BIKTUMAaJ/AbLIBIKTAPbIHBIH w(X) xkoHe w(p) 6ip mapameTpJiik
TBIFbI3ABIKTAPbI (4) — apKbL/Ibl Oepi/ireH KBa3UbIKTUMaJAbLIbIK QYHKIHUSACHI apKbIJIbl aHbIK-
TaJIaThIHbIH TYCiHY KUbIH €MeC:

d Id . _ !
oG = [ wGpp = [ 5P exp {”’("h . )}p(x',ao = [ 66— x) ! dx = px ) (5)

EH/ZII 0CBbI KeJITipiireH TyKbIpbIMAaMaapAblH, ic-Ky3iHAeri KoJaHbIChl peTinge H koHe
H? onepaTopJ/iapbIHbIH C-KOPiHICTeri 6pHEKTEPiH Ka3bIn 6TeHiK. [aMUJIBTOH ONepaToOpPbIHbIH

exp {%} byHKUMsACbIHA dcepi

Hexp {%} = (% +U (x)) exp {%}

H(x,p) =2+ U(0) (6)

60JIca, OCcblAaH

SIFHM, OYJI KJIaCCUKAJIBIK, Y/IriMeH colKec KeJtin oThip. Ayaiijia, fJ% onepatopbiHbiH H? (X,p)
TypiHAeri c-kepinici H? (x,p)-ra TeH 6oamaiabL llbiHbIHAA @, F? ONIepaTOPbIHBIH exp {%}
byHKIMsACbIHA 9cepi

A2exp {2} = H, (x, p)exp {2} (7)
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Ocb1aaH

2
2 h? d? ihp d
m@mﬁ{%+mm>———ﬂiﬂﬂ (8)

CranuoHapJbIK xarganga (H, (x,p))=(H? (x,p)) Tenairi opplHanazbl xxoHe 6y1aH
2ED +ipi =0 (%)
By TeHikTeri ( ) 6esri KBa3UbIKTUMaJAbLIbIK QYHKIIMSChI O0MbIHIIA OpTalllajiay JereH i
oingipeni [5,6]. U=ax?+bx+c Typgaeri KBa,apahTTbm NoTeHLMa XaFAaubiHjaa (6)-KaTblHAC
MbIHa/J|al bIKIIAM/AbI Kelinke Keaeni: (xp) = %
EHZi KBa3UBIKTUMaIAbLIBIK QYHKIUAHBIH, (4)-TypAeri xa3buly y/rici apKblibl KOMIJIEKCTI
dasasblK KeHicTikTeri KaHAal fa 6ip CTOXaCThLABIK MPOLECTi cunaTTayfa 60J1aThbIHABIFbIH
Jasenpenik. O ylIiH TOMeH/eri ThIFbI3/bIK MaTPULIACblHA apHAJIFaH TeHAeY KOJaHbLIa/bl:

in 225D = (7~ B p(x, 2, 0) (10)

U(x') moTeHUUsJIbIH X HYKTeciHZe Telsiop KaTtapbiHa ikTen, (10)-HbIH eKi »kaFblH X'
KoopAuHaTachbl 60bIHIIA Dypbe TYpJeHAIpyIepiH KOJI/[aHCAK, HOTHXKe/e:

= > - 11
ot m O0x dx 0p  2m 0x2 n=2 (11)

dx™ dp™

dw _ pow  dUIw ih 02w w D"\ 1aryonw
ot (z)

ByJs TeHaeyae h—Ka KaTbhICChI3 Mylllesiep HaKTblIaW »Ka3blJIFaH, COHJBIKTAH OYJ TeHJeyAi
JluyBuJI TeHJeyiHiH KBAaHTTBHIK, >KaF[aliap ylIiH »Ka3blIFaH Typi Aen Kabblijayra 60J1ajpbl,
mbIHbIHAA Aa h=0 wapTteiHaa (11)-TeHaey aTanraH TeHJeyre eTe/i. by xkafaaiaa KBa3ubIK-
TUMaJIAbLIBIK K91y 1/ITi BIKTUMaJAbLIbIKKA (HaKThl OH MoH/i QyHKLUsAFA) ailHa1aAbl. COHbIMEeH
6ipre, (11)-TeHaey Typ-CUIAThl XaFbIHAH MapKTiK Ke3/eHCOK MPOLECTiH bIKTUMaJJbLIbIK
TBIFbI3/IbIFbIHA apHaJIFaH JudpepeHnMan/blK kedinreri CMoJyXOBCKHUH TeHeYiHe Jie colikec
keseni. (11)-TeHaeyaiH oH >KaFbIHJAFbl KaTap Te3ipek »KHWHAKTaslaJbl JeN aJbll XoHe A
60MbIHIIA Kypayllbliap/blH OipiHLII Aapexxeci 60WbIHILIA FaHA MylleJsiepAi caKTall OThIPbIIN
TOMEH/ETileN )KYbIKTaJIFaH TeHAeyre 6Te aJlaMbl3:

ow dw . dUodw ih 0%w ihd?U d%w
_—_£_+____ = (12)

at  madx dx dp 2m 9x2 2 dx?2 9p?

By/a TeHJey KypblLIbIMbI KaFblHaH AUPPy3UsaIbIK MapKTiK Npoliecke apHaJiFaH 6esrii
@oxkep-Ilnank TeHaeyine (PIIT) colikec keseTiHiH k9He (11) MeH (12) TeHey/iep KOMIIJIEKCTIK
eKeHJiriH alta ketyimi3 kepek. (12)-TeHJey/liH KeMeriMeH Ke3JeWCOK IpoLecTep MeH
KBa3UbIKTUMaJIJbLIbIK QYHKIUSCBIHBIH, apacblHAAaFbl OaiiaHbICTapFa 6ara 6epyre 60/1a/bl,
0J1 YILIiH ocbl TeHJeyre colikec KesieTiH C/T anyabl KapactbipaMbi3. OIIT oH MaHAl Auddy3us
koapodunuentrepi CAT 6epeni:

+ A-0Dé), p, = dU(Z) + (1 + lSlgn( ))n(t) (13)

78 N24(153)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.

DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



KeaHmmbug MEXAHUKAHbIH CMOoXacmbul/blK cunamaul

MyHzafFbI § )KoHe 1-TayCCThIK JAeJbTa—KoppeJsiysalaHFaH Ke3/1eHiCoK Ke3ep;
h
(€D + 1) =5-6(1) (14)

(@t +1) = 2|22

E®nt+1) =0, z=x+1iy, p, =px +ipy (16)
AviTa ketryimi3 kepek, h=0 maptbeiHga (13)-TeHJey/ep KOMIJIEKCTUIIK TaOHUFAThI KOMWbI-
Jazbl na HbIOTOHHBIH, KJacCUKa/bIK TeHJeyiHe aybicaZibl, an w(X,p) GyHKUUACK 6oJica
JluyBusn TeHJeyiH KaHaraTTaHAbIpAaTblH HaKTbl QyHKUUsAFa alHanazabl. An, h#0 6osiFaH
xargaiiga (13)-kommuekcti CAT yuecripi dyHkumsacel Q(zp,) 60o1aTbiH AU Yy3UABIK,
MapKTiK IPOLECTi CUIaTTak ThIH 60J1a/1bl, 9prHe 6ys1kepe Q(z,p, ) — KaAyisri bIKTUMaAbLIBIK,
MafFblHACbIHAFbl (HAKThI koHe Tepic eMec) xoHe PIIT KaHaraTTaHAblpaTblH GyHKLUA. O
KBa3WbIKTUMaJIIbLJIbIKIIEH MbIHA TYpPAe 6aliaHbICKaH:

5(t) (15)

J L, p)w(x,p)dxdp = [ L(z,p,)Q(z,p,)d*zd*p, (17)

Erep ne L(x)=exp{iAx} 6osica (A-napameTp), OHJla TEH/IKTiH OH, *KaFbIHJAFbl W(X)=p(X,X)
Y/ITiCIH e KBaHTThI-MeXaHHWKaJIbIK OpTalla YIIiH TOMeH/eriied HOTUXKe aJlaMbl3:

Jexp(ix)w(x)dx = [ exp(iAz)Q(z)d?*z = (exp(idz)), (18)

AFHY, w(x)-Tig Pypbe TypJseHAipyi exp{iAx} ¢yHkuusACbIHbIH Q(z) 6obIHILIA OpTallacblHA
TeH,. Kepi TypsieHipy »kacay apKblibl w(X)-TiH Q(z) apKpl/ibl a3blIFaH 6pHETiH anyFa 60J1aibl:

w(x) = %f(exp(ilz))Qexp(—iAx)d/l (19)

(17) xxaHe (19) Tenneynepge CAT HerizaesreH 6ap/iblK KBAHTTbIK—MeXaHUKAJIbIK eCENTeY-
Jiepre KaXXeTTi JlereH MaJliMeTTep KaMTblJIFaH [7, 8].

KommiekcTi cToxacTblIbIK AUuddepeHnuanblK TeHaeyaepAi (11)-TeHaeyMeH 3epTTe/eTiH
»KauIbl XKaFAanaap YiliH »asaublK. O yuiid Tafbl Aa (13)-Fa oKeseTiH mapTTap MeH Ke3Ka-
pacThipZibl 6acUIbLIBIKKA aly Kepek 6osiazbl. MapkTik npouecrtepre apHaiarad CAT meH
BIKTUMaJIAbLIbIK ThIFbI3/bIFbIHBIH OipeJiiieM/ii TeHieyi apacblHJaFbl COMKECTINiK epexesiepiH
KOJIJJaHy apKbLJbl TOMEH/eTiell HOTHXKeJlepre KOJI )KeTKi3yre 60Jajbl:

7= % + (1 =D& (20)
) = W LyM (21)
Pz = dz + 25:1 s(Z)ns (t)
Bipinwi TypfaH (20)-TeHAey NOTEeHIUAI/AbIH TYP—CUNATbIHA TOYEJICi3 )KoHe 0J1 OYPbIHFEI

KelniH e3reptneai (13-TiH 6ipiHILi TeHAeyiHe KapaHbI3), cebebi (11)-TeHaey/ie X 60UbIHILIA
aJIbIHATBIH TYbIHABLIAP eKiHIi AdpexedeH acnazbl. (21)-TeHJey 6o0Jica »Kajmbl caHbl M
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TOYeJICi3 JiesibTa—Koppe/sanusaaapra Tayesi 6oJbin Kanibl. bysn Tengeygeri M ixkeHe @,
1aMaJsiapbl 6apJiblK n>2 ylliH TOMeH/Jeri TeHAIKTI KaHaFaTTaH/AbIpa ajajpbl:

()T - 5, 0r) )
Opi Kapai ¥ ~=exp{t(;) S pdx}, (23)
p =t [2m(E - VW) (24)

TYpJZleri TONKbIHABIK QYHKIUUS KaFAalblHAaFbl KBa3dukjaaccukaiblK CAT wmbiFapbin any
MaceJleCiH 1ieulyAi KapacTblpaTblH 6oJiaMbl3. Bysnapael (14)-TeHJeynepMeH caslbICThIPCAK,
TeK (14B)-MeH FaHa albIpMalIbLIbIFbI 6ap. (24)-Ti p, YIlIiH Ka3aMbIK:

.= £ [2m(E - U(2) (25)

Bys mamMaHbl 6ipMaH/Ai eTinm aHBIKTAy >KOJIbIHJAA MbIHaAaW KUbIHABIKTApP [9] ke3pdeceni:
GepisireH 6acTtankpl IWapTTapja eKi TypJi yakbIT Me3eTTepi ylIliH p —TiH eki TypJi MaHzepi
carikec Kesieai. OCbIHAM €Ki YIITBUIBIKTBI (6ip MOHCI3AIKTI) o010 yiuiH p, (z)-Ten p, (t)-ra
aybICy Kepek 6oJazpbl. (25)-Ti yakpIT 60¥bIHIIA AP depeHmangaraH coH, (20)-Hbl eckepeTiH
boJicakK, HoTHXKee:

dav .
. —m(d—)z du 1-i
P =—f————==——| 1+5¢(0) (26)
’ + /2m(E—U(z)) dz ( %
Ocbinbl (20)-MeH 6ipikTipy apKblLibl KBa3UKJ/IaCCUKaJbIK )XaFail/jaFbl KO3FaJbIC TEHeYJIe-
PiHIiH KYyWeCiH a/laMbI3:

=24 (1-Di®), p, = —Z—Z(l +%f(t)> (27

Byn Tenzaeynepae sHeprusA-KOMIUIEKCTIK Z oHe p  IlaMasapblHblH QYHKIMACDHI, AFHU
TeHJeyJepAiH apbip wemiMaepivge E =ﬁ+U(z) 1aMachbl TYPaKTbhl GOJIbII OTbIPA/Ib.
An, (13) xoHe (14)-cTOXaCThIK, ,ZLI/IC])(l)epeI-%ﬂnI/IaJI,ZLbIK TeHJeyJepiHjie KOMIUIEKCTi (aszasblk
KeHiCTiKTeri ap6ip TpaeKTOPUSAHBIH O0MbIH/AFbl 9HEPTUAHBIH, GIYKTyalusiJapbl eCKEPIJITeH.

EHJi, ocblFaH JleWiH aJIbIHFaH HOTHXKeJIep/i *KaH—KaKThl TaJIKpl1an eTerik. KoMmiekcTi
daszanblK KeHiCTiKTeri CTOXaCThLIbIK TpPaeKTopusap Q(x,y,px,py_t)—menmameUIbm byHK-
LUSCBIHBIH, YaKbIT OOWBIHILA ©3repy KapKblHbIH MoJesbJen Oepe anajbl, ajl 63 Ke3eriHje
Q(X,y,px,pyrt) byHKkuMsAcel 60sica, (19)-Fa coilikec, THIFbI3/ABbIK MaTpULACbIHA 3K-BUBAJEHTTI
KBa3WbIKTUMAJAbLIbIK QYHKLUACBIHBIH, 3BoJOLUAcbiHA (w(x,p,t)) Koajay KepceTepi.
bIKTUMaNAbUIbIK ~ aMIUIMTYJACbIHChI3-aK, ~ 6apJiblK  TYpJleri  KBAHTTbI-MEXaHUKAJIbIK
opTawmasapzabl Q apKblibl WbIFapbin anayfa 6oaazasl [10, 11]. (13), (14) xaHe (26)-TeHaey-
JiepiHiH wewimM/JepiH aHbIKTAy YIIiH ajJbiMeH OyJ TeHJeyJiepre KOWbLIATbhIH 6GacTamKbl
mapTTapApbl 6esrinen anybiMbi3 KaxeT. C/AT ynectipiM GyHKUUACBIHBIH aFbIMbIHA (©3repy
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XKaF[aisapbiHa) »ayanTbl O0JIFaHJAbIKTaH, 6acTamnkpl IWApTTap {X, Y,P,. poy} TYpZeri
MOH/Jlep KMBbIHBI apKblIbl Oepijesi Ae 6acTankpl KyWhsepre coukec KeJseTiH Q{xo,yo,pOX,poy}
byHKLMANAPBIHBIH CaJMaFblHAa Kapal TapaJibln (6eJiiHin, ysiecTipijin) oTeipajbl. YaecTipim
byHKIMACBIHBIH, t#0 yaKbIT Me3eTiHe calikec KesieTiH MaHiH any yuwiH C/IT 6actankpel wapT-
TapAblH *KUbIHbIH/AFbI 9p06ip MOH YIUiH LI, >KUbIH/AAFbl 9p6ip 6acTankKbl MOHAI & KoHe 1)
OOMBIHIIA OpTaJalla/al UbIFY Kepek.

Anaiifia, KapacThIpbLIbIN KaTKaH OyJ1 Macese (»kaF[ai, Ke3Kapac, YCTaHbIM) KBa3HUKJiac-
CUKaJIbIK, KaFflallapFa eTKeH Ke3Jle aHaFrypJibIM XeHiigenai (oHTanaaHazabl). Melcanbl, exi
HeMece 0/]aH Jla Kol 6eJilleKTeP/iH 6eriji 6ip NoTeHIM1 60MbIHIIA dcepiecyiepiHe KAThICThI
ecenTe 06JIILIEKTiH 6acTanKbl KYHiH ¢pasablK KEHICTiKTeTi 6ip FaHa HYKTe apKblJibl CUIIATTayFa
6os1aabl. OcblFaH 6al/IaHBICTHI, KOI 06JIIIEKTI Kylere apHaifaH HblOTOH TeHAeyiH Lielyre
HeTi3Zle/ireH MOJIeKy/JaJblK JAWHAMHUKA >KoHe KJIACCUKaJIbIK TpAaeKTOpHUsAJap TIcCiaAepiH
KBaHTTBIK MEeXaHHKa YIliH Nalja/aHCaK KBaHTTBIK MeXaHUKaHbIH CTOXaCThl CUNIAThIH e/9yip
alllbIll KepceTy MaceJsieCi aMKbIHbIpAK, liellisiepi aHbIK. By TaciigepZi KBaHTTBIK djeMre
KOJIZIJAaHYy Ke3iHJle oJ1apAbl TyOereisi e3repTyAiH KaXKeTTiJIiri KoK, TeK HaKTbLIbl ¢$asasblK
alHbIMaJIbLIapAbl KOMILJIEKCTI alHbIMaJblIapMeH aJIMacThIpbIlN, aJbIHFAaH KOMIIJIIEKCTI
CUINIATTaFbl KO3Fa/bIC TeHJey/epiHe & )XoHe 1) CeKilAl CTOXaCThLAbIK KypayubLiapAbl KOCy
YKeTKIIIKTI.

KOopBITBIHABI

Makasia TakbIpblOblHA COMKeC KBAHTTBIK MeXaHWKaHbl BIKTHMaJAbLIbIKTAP TEOPUSICHI
TEPMUHIH/E KepceTyre KaTbICTbl MaceJieJiep 63 IllelliMAepiH TanTbl el auTyfa 60Jazbl.
KBaHTTbI-MexaHUKAJIBIK OllepaTOpFa CoMKeC KeJIeTiH LIaMaHbIH HMIIYJbCTIK KepiHicTeri
opTallacbl KOMIJIEKCTI KBa3UbIKTUMAJIbLIBIK QYHKIMACHI apKblibl epHeKTei. XKyHeHiH,
KYHIH TBIFBI3bIK MaTpULAChl apKbLIbl CHUINATAY >KafFJaWblHAAFbl KBAa3UBIKTUMaJbLIbIK
byHKIMACHl aHbIKTaAAbl. Ocbl apKblibl [aMUJIBTOH ONEepaTOPbIHbIH, KJIACCUKAJBIK, YJATiMeH
CoMlKeC KeJIeTiH »K9He CoMKeC KeJMEWTiH CaHJbIK KepiHicTeri »ka3blay yJrici kepceTinai.
CTauuoHapJIbIK, KaFJaiifa CoMKeC KeJieTiH KBa3UbIKTUMaJlAbLIbIK (QYHKIUSACHI OOWBIHILA
opTallajJlaHFaH 6pHEKTepP >Ka3blLiJbl. KBa3UbIKTUMAIAbIIbIK (YHKIHMSICbIMEH KOMILJIEKCTI
daszasbIK KeHIiCTiKTeri KaHAau Aa 6ip CTOXaCThLIbIK IPOLECTi CUIATTAy MYMKIHZIT ThIFBI3/BIK,
MaTpullacblHa apHajfaH AuddepeHIUANABbIK TeHJey apKblibl JAajenaaeHai. bipkaTap
ecenTey/sepAiH KeMeriMeH [llaHK TYpaKTbICbIHbIH, HeJITe TeH O0O0JIaTbIH »KafFJaWblHJA OyJI
TEHJey KBaHTTbIK KYObLIbICTapFa apHa/faH JIMyBU/ TeHJeyiHe aybICATbIHABIFbl >KOHE
Jle KBa3HUbIKTUMAJbLIbIK (QYHKIUSACBIHBIH, K3AYIJri BIKTUMa/JbLIbIKKA alHaJIaTbIHABIFbI
(HaKTbI OH MaH/Ii QYHKIIMS KEeHIiH eTeTiHAir) kepceTinai. bBIKTUMaNAbIIBIK ThIFbI3/bIFbIHBIH,
TeHJeyiHeH KYpbLIbIMbl aFblHaH AUGPY3UAIbIK MapKTiK mpolecke apHasraH @Pokep-
[lnaHK TeHJleyiHe CoMKeC KeJIETiH »KYbIKTaJFaH KOMILJIEKCTIK TeHJeyre aybICy »KaFJanaapbl
Nanenaeni. Keageiicok nmpouectep MeH KBa3UbIKTUMAJIbLIbIK QYHKIUSCIHBIH apachIH/1aF bl
OGaiJlaHbICTAPAbl AaHBIKTAy YIIiH aJIblHFAH KOMILJIEKCTI TeHJeyre CoWKeC KeJIETiH >XoHe
KBaHTTbIK—MeXaHUKaJIbIK eCeNTeyepre KAKeTTi 6apJiblK MaJliMeTTep KaMThIJIFAH CTOXaCThI-
JbIK AubdepeHMaibIK TEHAey/ep aJlbIH/bI.

Z K9He p_z laMaJlapblHbIHA KAaTbICTbl TeHJAEYJepAiH CTalMOHapJIbIFbl MEH KaWTbIM-
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JbLJIBbIFbIHA TOKTasIap 060JICaK, »KOFaphlJa KeJTipiireH Ke3KapacTap CTaljMoHap lielliMaep/i
aHBIKTaybl Ke3aeMel/[i, ce6ebi cTaluoHapJibl OGacTankbl WAPTTAp ajfblH-ajsa Gepinexi
(6enrini) nen ecentesiefi. Erep e cranpoHapJibl yaecTipiM QyHKIMSAChI aHbIKTaJFaH 60JICa,
oHJIa (X, p)-KBasUbIKTUMaJJbLIbIK (QYHKUUACHI YaKbIT OOWMbIHIIA OeJrici3 KyiJe KaJja
6epeai. Bys xkarpaiina Q(z, p,,) QyHKLMACH CTALMOHAP/IbI 60/1a AMTMAR/bL. AWTBLIBII XKATKAH
OCbl MaceJiesiep/ii TUSHAKTAM KeJjle MbIHJAM KOPBITBIHABI acayFa 00Jiafibl: KJACCUKABIK
NpOLIECTEDP CeKiJi KBAHTTBIK MPOLECTEP A€ yaKbITKA KaTbICTbl KAaUTbIM/bl OOJIBIN KeJiesi,
AFHU |Y|3-ThIH e3repic 3aHJbLIbIFbI apPKbLJIbl YaKbITTbIH GaFbIThIH aHbIKTAy MYMKiH eMec.
MakaJia TeopUsiJIbIK CUIIAaTTa 60JIFAaHABIKTAH, OFaH CaH/bIK 9/icTep 60MbIHIIA MOJE/b KYPbLIY
»KocnapJ/iaH6a/ibl. OpUHE, OCBIHAAN MoJesb Kypy apKbuibl (3), (4) xoHe (11)-epHekTepaeri
napaMeTpJiepre CaHJbIK eJillieMaep 6epy apKbljibl KBaHTTbl-MeXaHUKAJbIK llaMajap MeH
Ke3/IeMCoK 1aMaJiap apacblHAarbl IpadUKTIK TayeiiKTepAi KepceTyre 6oJazabl. bynapasl
aBTOpJIAPABIH a[bIHA TYPFaH KeJieci 6ip Macesiesiep Ti3beri Aen KabbLigayFa 60Ja/bl, SFHU
oJIap OChl TYCTa aWTBUIFAH TYXKbIpbIMJAaMaJsap/ibl ajJlaFbl YaKbITTa iCKe acblpyFa My//Jieli.
Ou1 yiIiH MaKaJla TaKbIpblObIlHA COMKeC KeJIeTiH MOoJes HapTTapblH KYPHhIIN aly Kepek, oJaH
COH, apHaMbl aJITOPUTM APKbLJIbI Ke3—-KeJIreH Toye KT AuddepeHunanIbIK TeHAEYIEP/iH
cunaTTaMasbIK rpaduKTepiH TYpFbI3yFa MyMiH 60J1a/1bI.

ABTOpJIapABbIH, KOCKAH YJieci

T.b. KomiTbi6aeB — MaKaJlaHbIH TEOPUSIJIbIK GU3UKaFa KaTbICbl 00JIFAaHABIKTAH, TAKbIPbIII-
ThIH  HJesiCbl OOWBIHILA >»OCHapblH Ty3il, MakKaja MaTiHiHAeri ecenTeysep/iH, 6acbiM
KOIMIIIJIIriH opblHAaAbl. CoJlap/blH, illiHAE aTal eTETIHAEPi: KBAHTTbl-MeXaHUKaJIbIK, Ollepa-
TOpFa THUeCJi IIaMaHblH, UMNOYJIbCTIK KepiHicTeri 6ip esimeMAi opTalla MoHIH KOMIJIEKCTI
CUIATTaFbl KBa3UbIKTUMAaJAbLIbIK QYHKIUSACHI apKbLIbl ©DHEKTEY; TOJAKbIH/bIK QYHKIUAHBIH,
epekKIiesiiriHe CoMKeCTEHAIpiJireH KBAa3WKJACCHUKAJBIK CTOXAaCTbUIBIK JAuddepeHIHalibIK
TeHJeyJiep KoHe KBa3UKJIACCUKAJBIK KYbIKTayJapJAaFbl KO3FaJbIlC TeHJEYJEPiHiH KyHeciH
HIBIFAPbIN aJy KoHe T.C.Cc MaKaJlaHbIH TajankKa cail pacimMJiesiyiHe Jie aTcaJbICKaH. TakbIpbINKa
cay Kasipri 3amMaHFbl 3epTTeyJiepAi capaJjian, af,ebueTTep Ti3iMiH KacayFa yJiec KOCKaH. Liecne
XaTThl 93ipJien, peJlaKIUaFa )oJAay/bl icKe acbIpyFa [ja 6acuIbLIbIK Kacayllbl.

III. AnueB - MakaJlaHbIH, Kipice O0eJiiriHe KaKeTTi MaTepua/jap/bl JaWbIHA3/lbl
’KOHe MaKaJslaHbIH, KOPbITbIH/bl 66J1iMiH a3bill WbIKTbl. OH TOFbI3 >KOHE >KUbIPMa eKiHIIi
OpHEKTepiH MaTeMaTHUKaJbIK ecenTeyepiH )Kypri3ai.

M.E. AsmeBa - ’KyHeHiH KyWi TbIFbI3JbIK MaTpPHULAChl apKblLJIbl CHNATAJATbIH >XaFgan
YIIiH KBa3ubIKTUMa/JbLIbIK QYHKIHSACbIHbIH 6PHETIH ecenTen WbIFapyFa aTcaablCylibl. Cou
apKpLIbl [aMUJIBTOH ONepaTOPBIHBIH KJIACCUKAJIBIK YJTiCIMEH COMKeC KeJIETIH »KoHe CouKec
KeJIMEMTIH CaH/AbIK KOPiHiCiH cunaTTayibl OpbIHAAY bl MaKa/laHbIH TaJallKa cad paciMesyiHe
Jle aTca/bICKaH, aHJaTIaHbIH OPbIC )K9HE aFbI/IIIbIH MATiH/EPiH *Ka3/bl, 9/1e6ueTTep Ti3iMiHiH
aFbL/ILIbIH HYCKACBIH »Kacabl )KoHe MaKaJlaHbl CAUT apKbLJIbl pelaKLMsAFa K01 4a/ibl.

K.K. X KaHT/1eyoB —MaKaJialaFbl MaTeMaTUKaJbIK eCelNTey/epAiH epexxesiep MeH 3aHAblJIbIK-
Tap asfcblH/AA OpPbIHJANYbIH KaZaranaabl xoHe Pokkep-IliaHK TeHJeyiHe KypbIIbIM/BIK Xa-
FbIHAH YKCacC XYbIKTaJIFAaH KOMILJIEKCTIK TeHJIeyre aybICy LAPTTAPbIH YChIH/bl. OJebueTTep
Ti3iMiH »kacaKTay Ke3iH/ie leTe/iK 6acblIbIMapAbl capasan MbIKTHI.
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H.A. Cangu6aeBa — cTalMOHAPJbIK >KaFjad yUIiH KBa3WbIKTUMAJJbLIbIK (QYHKIUSACHI
O60MbIHIIA OpTalllaJlaHFaH 6pHEKTepiH aHbIKTall WIbIKThI K9HE MaKaJslaHbl pejaKlvsiayfa
aTcasibICThl. KBasWUbIKTUMaJbLIbIK QYHKLUUSCBIHBIH, KeMeriMeH KOMIJIeKCTi ¢a3asbik
KeHiCTiKTe 6TeTiH KaHAaM /1a 6ip CTOXaCThIJIbIK IPOLIeCTeP ThIFbI3/IbIK MaTPHUIlAChIHA apHAJIFAH
nauddepeHIIUANbIK TeHJey apKblibl 3epTTeysep/i »Kyprisai. MakasaHblH KOPBITBIHbI
6esiMiH ka3yFa aTcanbicylibl. [laiijanaHbliFal a/iebueTTep TisiMiHJeri Aepekkesepaeri
TaKbIPbINTHIH aYKbIMbIH OeJIriieyli.

AT. )KaB/meBa — bIKTUMaJ/bLIbIK ThIFbI3[bIFbIHA apHA/IFaH TeHJeyAeH AUPPY3UsIIbIK,
MapKTik mnpouecke apHanfaH Pokep-IlnaHk TeHAeyiHe KypbLIBIM/BIK *KaFbIHaH YKcac
’KYBIKTaJIFAaH KOMILJIEKCTIK TeHJeyre aybICy »aFJalJapblH KepceTyre KaTbICThbl. O/ebueTTep
Ti3IMIH ’KacakKTayfa aTCaJIbICThl. linecme XaTThl 93ipJeyre, OHbl peJaKLUAFa >XoJJayFa
KOMEKTECTI.
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CTroxacTuyecKas MHTepIpeTanus KBAHTOBOI MeXaHUKU

AnHoTamusA. PaccMoTpeHa mnpo6GJieMa O BbIpakeHU# (OmHMcaHUs U OGBSICHEHHs]) KBAaHTOBOH
MeXaHUKH B TEePMHUHAX TEOPUH BEPOSITHOCTEM, pellleHHe KOTOPOro ObLIO MPOJEeMOHCTPHUPOBAHO
Yyepes3 pe3yJbTaThl PAaCYETOB, OCHOBAHHBIX Ha ONpe/ie/IeHHbIX NPUHIMIAX (B3MJISax U MOCTYJIaTax).
B yacTHOCTH, cpe/lHee 3HAYeHHE BeJMYHHbI, MPUHAAJIEXKAIIEH KBAHTHO-MEXaHUUYECKOMY OIepaTopy
B HMMIYJIbCHOM NpeJACTaBJEeHUH, BbIpaXKEHO 4Yepe3 KOMILIEKCHYI OQYHKIHI0 KBa3UBEPOSTHOCTH.
Bblia Hail/leHa cooTHOLIeHHe PYHKIUU KBAa3UBEPOSTHOCTH, AJIs CIy4asi, KOT/[a COCTOSTHUE CHUCTEMBI
ONMCBIBAETCS MaTPUIEH IVIOTHOCTH. PaccMOTpeHOo YHc/IeHHOE Tpe/icTaB/eH e oniepaTopa [aMUIbTOHA,
COOTBETCTBYIOIIlee M He COOTBETCTBYIOIee KJacCHUuecKoW Mojenu. OmnpeneseHbl ycpeHeHHbIe
BbIpa)KeHHS MO0 (GYHKIMHW KBAa3WBEPOSITHOCTU [JIsS CTAlMOHAPHOro cjayyad. 3azada 00 OMHCAaHUU
KaKOT0-JIN00 CTOXaCTUYECKOT0 IMPOIecca, MPOUCXOAAIIET0 B KOMIIJIEKCHOM $a30BOM IIPOCTPAHCTBE, C
noMolibio GYHKIMK KBa3UBEPOSITHOCTH, ObljIa pellleHa ¢ oMollblo AuddepeHIIMaTbHOT0 ypaBHEHUS
JUIT MaTpUIbl TJIOTHOCTU. /l0Ka3aHbl, YTO JJaHHOEe ypaBHEHHe NMEePeXOoAuT B ypaBHeHue JlmyBusia
JIJISI KBAHTOBBIX SIBJIEHUH NMpPH HYJIEBOM 3HAaYeHWH NMOCTOSHHOH [lyaHKa W mpeBpaiieHue QyHKIUH
KBa3HWBEPOSTHOCTH B OOBIYHYIO BEPOSAATHOCTb (KOHKPETHYIO MOJIOKUTENbHYIO GYHKIMIO). [loKa3aHbI
YCJIOBUSA TEPexo/ia OT YpPaBHEHHUS [JJISl IIJIOTHOCTH BEPOSITHOCTH K MPUOJIMKEHHOMY KOMIIJIEKCHOMY
ypaBHEHUIO, CTPYKTYPHO COOTBETCTBYIOIIEMYy ypaBHeHUI Dokkepa-Ilnanka gnasa gudpdysmoHHOro
MapKOBCKOTo mpolecca. [IpeacraBiieHbl cToXacTU4yeckue audoepeHIMalbHble YpaBHEHHUs, COOT-
BETCTBYIOIIME KOMILJIEKCHOMY YpaBHEHUIO, KOTOPOE ONpeAeJSAT CBSA3U MeEXAYy CAy4YalHbIMU
nporeccaMu U (PyHKIMeH KBa3WBEPOSTHOCTH, U BKJIIOYAIOL[HE BCe HEOOXOJUMbIE CBEJEHUS Js
KBaHTOBO-MeXaHHYECKUX pacyeToB. B KOHIIe CTaTbU GbIIN BbIBEJEHBI CUCTEMA YPaBHEHUH JABMKEHHUS
B KBa3WKJIACCUYECKUX MPUOJIMKEHUSAX U CTOXacTU4eckue auddepeHaibHble ypaBHEHUS, OTHOCS-
MUXCI K OOIEeMY CIy4al M OCOOEHHOCTSIM BOJHOBOM GYHKIMU. Bce pe3ysbTaThl BBIYUCIEHUS U
YTBEPXKAEHHUs ObLIN AETAJbHO 06CYKAEeHbI U 10 HUM ObLIU C/ieJIaHbl HE06X0IUMble BIBO/IbI.

KiioueBble CJ/I0Ba: CTOXaCTUYECKHE YPABHEHUS, CIyYaliHble MPOIeCChl, BOMTHOBAasA GYHKIUSA, JI0T-
HOCTb BEPOSTHOCTH, KBAaHTOBO—MeXaHWYeCKasl Cpejia, OlepaTop, MaTpHulla IJIOTHOCTH, PYHKIMA
pacnpejiesieHUs.
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Stochastic interpretation of quantum mechanics

Abstract. The paper addresses the problem of expressing (describing and interpreting) quantum
mechanics in terms of probability theory. The solution is demonstrated through computational results
based on certain principles, (viewpoints and postulates). In particular, the expectation value of a quantity
corresponding to a quantum mechanical operator in the momentum representation is expressed via
a complex quasi-probability function. A relation for the quasi-probability function is obtained for the
case where the state of the system is described by a density matrix. The numerical representation of the
Hamiltonian operator is examined, both in forms that correspond to and deviate from the classical model.
Averaged expressions with respect to the quasi-probability function are derived for the stationary case.
The problem of describing a stochastic process occurring in complex phase space using a quasi-probability
function was addressed by means of a differential equation for the density matrix. It was proven that this
equation reduces to the Liouville equation for quantum phenomena in the limit of a vanishing Planck
constant, and that the quasi-probability function transforms into an ordinary probability distribution (a
specific positive function). Conditions were established under which the equation for the probability density
transitions into an approximate complex equation structurally analogous to the Fokker-Planck equation
for a diffusive Markov process. Stochastic differential equations corresponding to this complex equation
were presented, which define the connections between random processes and the quasi-probability
function and incorporate all necessary information for quantum-mechanical calculations. Finally, a system
of motion equations in the quasi-classical approximation and stochastic differential equations relevant
to the general case and characteristics of the wave function were derived. All computational results and
theoretical assertions were thoroughly discussed, and the necessary conclusions were drawn.

Keywords: stochastic model, random processes, wave function, probability density, quantum-
mechanical environment, operator, density matrix, distribution function.
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HU3ydyeHMe BJIUAHUA UOHHOU MOAM(PUKALUYA KOMIIO3UTHBIX KEPAMUK Ha
YCTOﬁqHBOCTb K BbICOKOTEMHepaTypHOﬁ Aerpaganim U TEPpMOIIIOKOBBIM
HUCIIBITAHUAM

A.J1. KoznoBckuin**~, P.A. MyxameTxxapoBa® -, A.B.TpyxaHoB3

HHcmumym sidepHotl ¢pusuku, Aamamol, KazaxcmaH
2Egpasulickuli HaUUOHa1bHbIU yHU8epcumem umenu JLH. ['ymunesa, AcmaHa, KazaxcmaH
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AHHOTanusa. B paboTe npejcTaB/ieHbl pe3yabTaThl UCCAEL0BAaHUN BJIUSHUSA
MOHHOM MoJUUKaLMU NPUIOBEPXHOCTHBIX CJI0EB KEPAaMUK Ha OCHOBe TUTa-
HaTa [JMHKAa K IpoLieccaM BbICOKOTEMIIEPAaTYPHOM KOPPO3UHY U TEPMOLIOKOBBIM
BO3/EWCTBUAM, UMUTUPYIOLUM KPUTUYECKUE CUTYallUU IPU UCIOJIb30BaHUU
JIAHHOTO TUIIA KEPAMHUK B KaueCTBe aHOAHbIX MaTepHUaJoB [/l TBEPAOOKCU/-
HbIX TOIIJIMBHBIX 3/1eMeHTOB. Co3aHue MOAU(PULIMPOBAHHOIO CJ1051 B KEpAMU-
Kax OCylIeCTBJISAJIOCh yTeM 06/1ydeHUst MoHaMu O* ¢ pa3JIMuYHbIMU (JIrOeHCa-
MU, Bapualus KOTOPbIX 00Oyc/aBJMBaJa pas3jMYHyl0 CTeNeHb CTPYKTYPHBIX
NOBPEeX/JEeHUH, CO3/aBaeMblX B pe3yJibTaTe B3aMMOJEWCTBUA HaJeTaloL[UX
MOHOB C KPUCTAJJINYECKOU CTPYKTYPOU NPUIOBEPXHOCTHOTO CJI0S1 TOJIIMHOMN
nopszaka 13-13.5 MmkmM. B xoze npoBeJieHHbIX UCIIBITAHUNA Ha TEPMOYCTOWYHU-
BOCTb, CBSI3aHHBIX C JJIUTEJbHBIM BO3J€HMCTBUEM BBICOKMX TeMIlepaTyp Ha
006pa3iubl KepaMUK ObLJI0O YCTAaHOBJIEHO, YTO CO3JaHHEe MOAU(PUIMPOBAHHOTO
CJ10S1 38 CYET UOHHOI'0 06/1y4YeHUsI T03BOJISIET YBEJUYUTh CONPOTHUBJISIEMOCTD
npoleccaM KOppO3UM U JerpaZilaliiy, a TakKe CHU3UTb CTeNeHb [ eCTPyKL U
NPOYHOCTHBIX CBOMCTB NPUIOBEPXHOCTHOTO C/1051 KepaMUK. Onpe/iesieHo, 4YTO
ONTUMaJIbHbIMH YCJOBUSAMU JJ1s1 MOAUUKALIUY SIBJISIETCA UOHHOE 06/1y4eHue
c ¢uaroencamu 1012-5x1012 uoH/cM?, NpU KOTOPBIX CTENEeHb CO3/laBaeMbIX
CTPYKTYPHBIX U3MEHEHU! B IPUIIOBEPXHOCTHOM CJI0€ I03BOJISIET MaKCUMaJlb-
HO CHU3UTb HeraTUBHbIN 3QPEeKT, CBAI3aHHBIN C TEPMUYECKH — UHYyLMPOBaH-
HbIMU [IPOLlecCaMy KOPPO3UH U Aerpajalni.

KioueBble cj0Ba: TUTaHAThl, KepaMUYeCKHe MaTepuasbl, KOPPO3UOHHbBIE
IpoLecchl, CTAOUJIbHOCTb, MOAM(PULUPOBAHHBIN CJ0H, CONMPOTHBJISIEMOCTD
pa3ynpoyHeHHUI0

BBeaeHue

Ucnonb3oBaHMe KepaMUYeCKUX MaTepUasioB B 3IHEpPreTUYECKOM CeKTOpe C KaXK/JbIM
roZloM Bce 60JIbllle PacCIIUpPseTCs 3a CYET paclIMpPeHHsl MOTeHIMala NPUMeHEeHUsI KePaMHUK,
a TakXXe HeoOXOJHMMOCTHU CHMKeHHUsI ce6eCTOMMOCTH NPOU3BOJACTBA IHEPTUH, MOJIydaeMon
C WCIOJIb30BAaHMEM aJIbTEPHATHUBHBIX MeTOA0B. Kak mMpaBuJio, HCMOJIb30BaHHE KepaMHUK
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H3yueHue 8ausiHUs1 UOHHOU Modugpukayuu KOMNO3UMHbIX KepaMUK HA ycmol4u8ocms K 8blCOKOmMeMnepamypHou
dezpadayuu u mepMoOWOKO8bIM UCNbIMAHUSAM

BKJIIOYAeT B Ce0sl 3KCIJIyaTallMi0 B 3KCTPEMaJsIbHBIX YCJIOBUSAX, CBA3aHHBIX C AJIMTE/bHbIM
TEPMHUYECKUM BO3JeHCTBUEM, TEPMOLIOKOBBIM yJapaM IPH TEePMOLMKJIUPOBAHUMU WU
JleCTPYKL Y, CBI3aHHOW C TEPMUYECKHM pacCllIMpeHUeM IIPY Pe3KOM U3MEHEHHH TeMIlepaTyphl
Bo3gencTBUA [1,2]. [Ipy noA0OHBIX YCIOBUAX MMEHHO NMPUIIOBEPXHOCTHbIE CJIOU KepaMHUK
SBJSIIOTCA HauboJiee YSI3BUMbIMH, MOCKOJBbKY, NE€PBbBIMU BCTYNAOT BO B3aUMOJEWCTBUE
C KOpPpPO3WOHHO-aKTMBHBIMM KOMIIOHEHTAaMHM, a TaKXe MCIbITbIBAIOT MaKCUMaJlbHble
TepMOMeXaHUYeCKHe HalPshKeHUs PY UKIMYeCKOM HarpeBe U OxJIaxJeHuu [3,4].

YA3BUMOCTb NPUINIOBEPXHOCTHBIX CJIOEB KepaMHUYECKHUX MaTepHUalioB, IKCIIyaTHPYyeMbIX
B 3KCTPEMa/IbHBbIX YCJIOBUSAX OOYyC/JOBJIeHA psJO0M I[pOLECcCOB, BKJKYAWOLUX B cebs
B3aUMOJEUCTBUE C KHCJIOPOJOM, IapaMU MeTa/lJIOB, CEPHUCTBIX U XJIOPCOAEepKaliux
COoeJMHEeHUH, a TaK)Ke BOSHUKHOBEHUHM TePMHUYECKUX HANPSXKEHUH NIPU pe3KUX U3MEeHEeHHUAX
TeMIlepaTypbl, CHOCOOHBIX YCUJIUTD AEeCTPYKLHMIO IPUIIOBEPXHOCTHBIX c/10eB [5,6]. Kak npaBuJio,
IpoLecChl, CBSI3aHHble C BbICOKOTEMIEPAaTypPHOW KOpPpO3uell NPUBOAAT K 0Opa30BaHUIO
B IPUIOBEPXHOCTHBIX CJ0AX JePeKTHbIX OKHUCHBIX IMJIEHOK, JIOKAJbHOMY 3apOXXAEHHUIO U
NOCJIeAYIOIIEMY YCKOPEHHOMY Pa3BUTHUIO MUKPOTpPEIIMH, HAKOIIJIEHUIO IPOLYKTOB KOPPO3UH,
NPUBOJALIMX K PACILyXaHHUIO ¥ OXPYITYUBAHUIO, YTO B CBOIO O4Yepeib CHUKAET IIOTeHL{Ma/IbHbIU
CPOK 3KCIJIyaTalluM KepaMU4yeCKHX MaTepuasioB [7-9]. Takke ycKOpeHHOe pa3pylleHHe
NOBEPXHOCTHBIX 3aLIMTHBIX CJOEB NPUBOJUT K YCKOPEHHOMY OKHCJIEHHI0O 00'beMa KepaMUK,
poCTy B IMyOGMHY MHUKPOTpPELIWH, PAaCTPECKUBAHUI0 M CHUXKEHHUIO pecypca KepaMH4yeCKHUX
KOMITOHEHT, 3KCIJIYyaTUPYIOLIMXCS B 3KCTpeMaJbHbIX ycaoBusax [10-12].

[Torck cnoco60B MOBBIMIEHUS] YCTOMYUBOCTU MPUIOBEPXHOCTHBIX CJOEB KepaMHU4yeCKHUX
MaTepUaoB K BBICOKOTEMIIEpAaTypHOM KOPPO3UU IPU TEPMOIUOKOBBIX MUCHBITAHUAX MU
TEPMOLUKJIMPOBAHUH SIBJISIETCS KJIOYEBBIM YCI0BUEM MPO/JJIEHUS UX pecypca U obecrieyeHus
Ha/&XHOM paboTbl B 3KCTpeMa/IbHbIX YCJOBUAX, CBA3AaHHOM C NOJIyYeHHEM 3HepPTruu C
VCII0JIb30BAaHHWEM a/IbTEPHATUBHBIX METOZ,0B I10JY4YeHHS SJHEPTUU. YKpeIJIeHHe U TOBbILIeHHNe
CONPOTHUBJIAEMOCTH IOBEPXHOCTH 3a CYET MOAM(UKALUU TPUIOBEPXHOCTHBIX CJIOEB,
HaHeCeHMUs 3alUUTHBIX MOKPBITUM M CO3JaHUS HAHOCTPYKTYPHUPOBAHHBIX TI'PaJMEHTHBIX
C/I0€B N03BOJIA€T 3aMeJJIMTb IPOLECChbl BbICOKOTEMIIEPAaTYPHOI'O OKHUCJIEHUS, CHU3UTb
pacTpecKMBaHHe IpPU LUKJIUYECKOM HarpeBe W TeM CaMbIM HOBBICUTb JO0JITOBEYHOCTb
M 0e30MacHOCTb 3KCIJIyaTalMM KepaMHU4YeCKUX W3JeJIMM, pacCMaTpUBAaeMbIX B KayeCTBe
aHOJIHBIX MaTepUaJIoOB JJisl TBEPAOOKCUAHBIX TOMJIMBHBIX 3JieMeHTOB [13-15].

OfHMMMU U3 KJII04YeBbIX 33/1a4 B JAHHOM HallpaBJIeHUH SBJIAETCA yBeJIMYeHUe yCTOUYUBOCTHU
IPUIIOBEPXHOCTHBIX CJIOEB 3a CUET 3aMeIJIEHUS CKOPDOCTU U KWHETUKHY BBICOKOTEMIIEPAaTypPHOU
KOPPO3MM, BbI3BAHHOW [JJIUTEJbHbBIM TEePMUYECKUM BO3JEWCTBHUEM, IOBbIIIEHUEM
TEPMOLIOKOBOM MPOYHOCTU 3a CYET (QOPMHUPOBAHUS IJIOTHBIX M aATre3MOHHO-NPOYHbBIX
CTPYKTYPHO H3MEHEHHBIX cJ0eB. Bce 3TO HampaB/ieHO Ha JOCTHXKEHHUS HeO0OXOAUMOCTH
IpO/JIeHUsI CPOKa CJIYKObl U Ha/IeXKHOCTHU KePaMUK B YCJIOBUSAX arpeCCUBHOM 3KCIJIyaTalluy,
a TaK»Xe He0OXOAMMOCTH CHUKEHUSA 3aTpaT Ha 3aMeHY U 00C/1y>KMBaHUe KPUTUYECKH BaXKHBIX
JleTasiel TBep/l00KCU/HbIX TONJIMBHbIX 3J1eMeHTOB [16-20].

OcHOBHas LieJIb UCCIeJOBAHUA 3aKJ/II0YAETCA B ONpeJie/IeHUH POJIY CO34aBaeMOro HOHHbIM
o6siyyeHMeM MOAUGUIMPOBAHHOIO CJIOS B KepaMHUKaX Ha YCTOMYHUBOCTb K TEPMOILOKOBBIM
BO3/I€UCTBHUAM M TEePMUYECKU — UHAYLMPOBAHHON KOPPO3UU NPHU JJIUTEJBHON BbIJEPXKKe
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A.JI. Koznosckuti, PA. Myxamemodcaposa, A.B. TpyxaHoe

KepaMHUK IPU BbICOKUX TeMIepaTypax. /laHHbIM [104X0/, HallpaBJIeH Ha BbISIBJIeHHWE MeXaHU3-
MOB TOBBILIEHUSA [O0JIOBEYHOCTH KepaMMK, pabOTalLMX B 3KCTPEMasIbHBIX YCJIOBHUAX,
XapaKTepHbIX JJIl IKCIJIyaTalluhd UX B KayeCTBe aHOJHBIX MaTepUasoB TBEPAOOKCUJHBIX
TOIJIMBHBIX 3JIEMEHTOB.

Bbi6op B KadyecTBe MeTo/a MOAUPHUKALMM MOHHOIO 00JIydyeHHs] MPUIOBEPXHOCTHBIX CJIOEB
00yC/IOBJIEH BO3MOXXHOCTBIO CO3JJaHHWA B HeM CTPYKTYpPHO - H3MEHEHHBbIX 00JsacTed ¢
pPa3/JIMYHON IJIOTHOCTBIO, YTO B CBOI O4YepeAb MO3BOJIUT YBEJHWYUTH CONPOTHUBJISAEMOCTb
K BHEIIHUM BO3/eHCTBUAM, CBA3aHHBIM C MPOLLECCAMU TEPMOLIOKOBOI'O BO3JEWCTBUSA INPHU
pPE3KOM U3MEeHEeHHH TeMIlepaTyp, a TAKXe AJIUTEeJbHOMY BO3LeWCTBUIO BBICOKUX TeMIIepaTyp,
NPUBOAAIMX K WHULMAJIU3ALUU TNpoueccoB AUPPY3MH U MOCAeAYIOLEeMY OKHUCJIEHHUIO U
pa3yNnpoYHEHHUI0 NPUIOBEPXHOCTHOIrO CJ0d. B OoCHOBe JaHHOrO MeToza JIEXKUT TUIOTe3a
BKJIIOYamwLas B cebsa GOpMUpPOBaHHUE CTPYKTYPHO — U3MEHEHHBIX 00J1acTel, BO3HUKAIOLHUX
B/I0JIb TPAaeKTOPHUU [IBM)KEHUS HOHOB B NPUIIOBEPXHOCTHOM CJioe, co3jarouuM 3PeKT
JIMCIOKAllMOHHOTO YIIPOYHEHHUS 3a CYeT U3MeHeHUd IJIOTHOCTH JAedeKToB. B cBoio oyepenp
yBeJIMYeHUe IJIOTHOCTH AUCIOKALUMK CIOCOOCTBYET JIOKAJIbHOMY YNPOYHEHHUIO MaTepuala
U CHW)XXEHMUIO CKJOHHOCTH K OOpa30oBaHWI0 U pPaACIpOCTPAaHEHHWI0 MUKPOTPELUH IpH
TEPMOLIOKOBBIX BO3JeWCTBUAX. B OT/IMYMe OT TpPaJMLIMOHHBIX METOJ0B MOJUPUKALUU
(HampuMep, HaHeCeHHS MOKPBITUM WM JIETUPOBAHUSA), HUOHHOe O0O6JiydeHHe I03BOJISAET
JIOKaJIbHO HU3MEHSITb CBOWCTBA MaTepHasia Ha IJIyOMHE OT HECKOJIbKMX HAaHOMETPOB [0
MHUKPOMETPOB, obecrneyuBasi BBICOKYIO TOYHOCTb NPOCTPAHCTBEHHOI0 KOHTpoJsd. Popmu-
pyeMble NpH 3TOM 00JIaCTH OTJIMYAKOTCA HW3MEHEHHOU KPUCTAJIMYECKOH CTPYKTYpPOH,
JIOKaJIbHbIMH YIIJIOTHEHUSIMU U lepeKTHBIMU KOMIIJIEKCAaMU, UTO, B CBOIO 0Yepe/ib, CHOCOGHO
3HAQYUTEJIbHO IMOBBICUTH CONPOTHUBJSAEMOCTb MaTepHhasa K MpoueccaM OKUCIEeHHUS |
BbICOKOTEMIIepaTypPHOM JlerpaZialiuy.

MeToaoJiorusa

B kKauecTBe 00'bEKTOB HMCCJEeJIOBAaHMSI ObLJIM BbIOpaHbl KepaMHUKM Ha OCHOBe THTaHaTa
[[MHKA, MOoJIyYeHHble METOA0M MeXaHOXUMHUYeCKOro TBepAoda3Horo cuHTesa. [l cuHTe3a
UCI0J1b30BaMCh mopowku Zn0O u TiO,, npousBoacTBa KoMnaHuu Sigma Aldrich. Xumnyeckas
YHUCTOTA UCXOAHBIX MOPOIIKOB cocTaBjsyia 99.95 %. Bapuanus KOMIOHEHT JJisl CHHTe3a
ocyuecTBJsIachk B fuanasone ot 0.25 g0 0.75 M. CMemiMBaHre NPOBOAUJIOCH B IIJIaHETAPHOU
mesnbHULe PULVERISETTE 6 (Fritsch, bepsiun, 'epmManus). CkopocTb nomoJia coctanJsiiaa 400
060poT/MUH, BpeMs MOMoJIa COCTaBJsANA0 1 yac. Bbi6op yc/oBUM NepeMasiblBaHUS KEPAaMUK
IpU MeXaHOXHMHYECKOM CMEIIMBAHUM OOYCJIOBJIEH HEOOXOJUMOCTbI UCK/IIOUEHUS TaKHUX
baKTOpPOB KaK X0J10/JHOe CBapUBaHU e U KOKCOBaHHE 06Pa31[0B MPU UHTEHCUBHOM BO3/1eiCTBUH
MEeJIUIMX TeJ Ha CTeHKaxX MeJIOIEero CTakaHa, YTO MOXET MPUBECTH K BOSHUKHOBEHHUIO B
HEOJHOPOAHOCTH paclipe/ie/ieH1s YacTHI] B lepeMaJsibiBaeMbIx Mopoiukax. [Ipu aToM noaodop
ONTHUMaJIbHBIX yCJI0OBUH IlepeMaJ/ibIBaHH S, BKJII0Yasi CKOPOCTb IOMOJIA U BpeMSI MeXaHU4YeCKOT 0
BO3/IeMICTBUSI MeJIIOIUX TeJ MPU NepeMaJibIBaHUM OCHOBAH Ha allpUOPHBIX 3KCIEPHUMEHTAX,
COIJIACHO KOTOpPBbIM yBeJWYEHHWE BpPEMEHM BO3JEWCTBUSA Bbllle 1 4Yaca He NPUBOJUT K
CYlLl,eCTBEHHbIM U3MEHEHUSIM KaK B pa3MepHbIX 3¢ deKTaX, Tak U B CTPYKTYPHBIX 0COOEHHOCTSX
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10JIy4aeMbIX IlepeMaJ/ibiIBaeMbIX NMOPOWKOB. [locne nepemasnbiBaHUA MOJIy4YeHHbIE TOPOIIKU
oA Beprajvucb TepMUYecKoMy crnekaHuto npu temneparype 1000 °C B TeuyeHue 5 4acoB C
N0CJIe[yIOIIMM OCTbIBAHUEM B TE€YEHHUE OJJHOTO JHSA 0 JOCTUKEHUSI KOMHAaTHOM TeMIlepaTypPhl
B mne4yd. Bapuanusa cooTHoumeHusi KoMrnoHeHT ZnO u TiO, npu cMelIMBaHWUHU TMO3BOJISET
nosiy4aTh AByXdasHble KepaMUKH Ha ocHoBe ZnTiO, ¢ BkawveHusMu B Buge Zn0O u TiO,
(pyTH) C pa3/IMYHBIM BECOBBIM COOTHOLIEHHEM KOMMOHEHT. COTJIacCHO MOJy4YeHHBIM JJaHHBIM
YCTaHOBJIEHO, YTO NPU COOTHOIIEHUHU KOMIIOHEHT 0.75 ZnO u 0.25 Ti0,, JOMUHHUPYIOLIYIO POJIb
B ¢a30BOM cocTaBe urpaet Kybuveckas ¢asa ZnTiO, ¢ npumMecbio B BU/i€ T€KCarOHaJIbHOU
¢aspl ZnO. Ilpu cooTHomwennu komnoHeHT 0.50 ZnO u 0.50 TiO,, ocHoBHO# ¢aszoi ABsAETCA
Ky6uyeckas ¢asa ZnTiO,, a kauecTBe NpuMecH GUKCUPOBAIOCh HaJIMYKe BKJIOYEHUH B BU/le
TiO, B ¢ase pyrusa. PopMHpOBaHHE PyTHIA B JaHHOM CJy4ae 06GYCJIOBJEHO MpOLEeccaMH
nepern3ObITKA OKCUJA THUTaHA, KOTOPbIM B pe3y/bTaTe TepPMHUYECKOTO BO3JeNCTBUSA
npetepneBaeT ¢as3oBble TpaHCcPOpMALMU TUIA «aHATa3 — PyTWI». [IpU COOTHOLIEHUHU
KoMmnoHeHT 0.25Zn0 u 0.75 TiO,, BecoBoii BK/1a/, pasbl ZnTiO, cocTaBiseT He 6osee 45 Bec. %,
a JOMMHUPYIOLIYIO POJIb B COCTaBe Urpaet ¢asa pyTU.ja.

HonHasa moavdukanus uccieayeMblx 00pa3loB KepaMUK NPOBOAWIIACH MYTeM 00/Iy4YeHUs
moHamu O* c¢ aHeprueit 28 MaB (1.75 MaB/uykuion). [Ipu BbibOpe THIIa HOHOB AJisA 00J1y-
yeHUs 3QPeKT MMIUIaHTALUMKU MCKJIYaJics, TaK KaK BblOpaHHble JWana3oHbl (QJIOEHCOB
06Jly4eHUs He MO3BOJISIIOT MPOBOAUTh UHULMANIU3aLUI0 3$PEeKTOB UMIJIAaHTALMU HOHOB B
IPUIIOBEPXHOCTHBIE CJIOU C KOHLleHTpauuel 6oJiee 1 aT. % B BUZy CTPYKTYPHBIX 0COOEHHOCTEN
MaTepUasioB KepaMHK, a TakKXKe THIa HOHOB JJis ob6JsydeHUsA. OCHOBHas LieJib Bbl6Opa
BbICOKOIHEPTreTUYEeCKUX HOHOB JJI1 006JIy4eHUsI OCHOBaHA Ha BO3MOXXHOCTH UCI0JIb30BaHUS
3JIEKTPOHHBIX MOHU3ALMOHHBIX IOTEPb MOHOB MPU B3aUM O eMCTBUH /151 co3aHus 3P PEKTOB
nepepacnpesiejieHdsi 3JeKTPOHHOW IJIOTHOCTH W CO3JaHUSl CTPYKTYPHBIX [Je(eKToB,
NPUBOAAILLMX K CO3J,aHUIO0 ZlePeKTHBIX 6apbepoB, CAEPKMBAOILUX IPOLECCH Jerpajaliu NpU
BHEILHHWX BO3/leMCTBUSAX. [ly6rHa npob6era noHoB O* B KepaMUYeCKUX OKCUIHBIX CTPYKTypax
OpU TAKOM 3Hepruu gocturaeT nopsigka 10-15 MUKpPOH, MpU 3TOM MaKCUMMaJibHbIA MUK
TOPMOXKEHUS JIEXKUT JlaJieKo 3a MpejesiaMU IOBEPXHOCTHOTO C/1051. ITO MPUBOAUT K KpailHe
HU3KOMY YPOBHI0 KOHEYHOM KOHLIEHTPALM¥ UMIIJIAHTUPOBAaHHbIX MOHOB MeHee 1 aT. %, 4To
HeJ0CTaTOYHO /11 POPMUPOBAHUS UMILJIAHTALLMOHHBIX Pa3 Wiau GOpMUPOBAHUSA JIOKATbHbBIX
M3MEeHeHUN XUMH4YeCcKoro coctaBa. TakuM 06pa3oM, B BbIOpPAaHHBIX YCJOBUAX 006Jy4eHUs
peasinu3yeTcs peXXuM, B KOTOPOM CTPYKTypHbIe U3MEHEHUs ONpeessI0oTCS He UMILJIaHTal el
VMOHOB, 2 UCKJIIOUMTEJbHO PaJUalMOHHO-UHAYLHWPOBAHHBIMY NPOLECCAMH, CBA3aHHBIMU C
BbICOKMMM 3HAYEHUSMU 3JIEKTPOHHBIX HOHU3aLUOHHBIX noTepb (dE/dxanexkTponHbie). [
BbICOKO3HEPTeTUYECKUX HOHOB, 0COGEHHO JIETKHX, TAKUX Kak O, JOMUHHUPYIOIIUM MEXaHU3MOM
B3aUMO/JeUCTBUS SIBJISIETCS dHEPTUs, NepesaBaeMas 3JeKTPOHHOW MOACUCTEME MaTepHaJa.
MHTeHCUBHAsA MOHU3ALUSI NPUBOAUT K paay 3¢PeKToB, BAUAKUIUX HA MUKPOCTPYKTYpY, B
YAaCTHOCTH, K Mepepacnpeie/IeHUI0 3JIEKTPOHHOM MJIOTHOCTH U BO30YX/IEHUIO 3JIEKTPOHOB,
NpPUBOAAILLEMY K BpEMEHHOW JecTabuu3aluy JIOKaJbHOM KPUCTAIMYECKON CTPYKTYpHI,
dbopMUpoBaHUIO JAedpeKTHO-UHAYLUPOBAHHOMY Iepepaclpe/ie/leHUI0 HalpsKeHWH, 4YTO B
CBOI0 Oyepe/b CHOCOOGCTBYeT 0Opa3oBaHHI0 OapbepoB, NMPENSTCTBYIOLUX IepeMelleHUI0
JUCJI0OKALMK UM PacnpOCTPAaHEHUI0 MUKPOTPELUH IPU BHEIIHUX MeXaHUYeCKUX Harpy3Kax.
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Hcnosib30BaHHe BbICOKUX 3HEPIUil Mo3BoJisieT cGOPMUPOBATh B NPUIOBEPXHOCTHOM CJIO€ PaB-
HOMEpHO pacnpejie/IEHHY0 06J1acTb paZJMallMOHHBIX MOBPEXJEHUH, B KOTOPOW BO3HHKAIOT
JlebeKTHbIe KOMILJIEKCHI, KJIaCTePbl TOUEYHBIX 1ePEKTOB U JIOKa/IbHbIE 06/1aCTU Pa3ynopsii0ueHUsl.

O6s1y4eHre 06pa3L 0B IPOXCXO/AUJIO0 BBaKyyMe, IPU KOMHAaTHOU TeMIiepaType, o/ iep:KaHue
KOTOPOM OCYLIeCTBJAJOCH NMyTeM pa3MellleHUs1 00pa3l0oB Ha ClelUaJbHOM JepxaTese C
BOZISIHBIM OXJIaXK/JieHHeM. Micnosib30BaHMe JaHHbIX YCJI0BU M 06/1y4YeHUs IO3BOJIMJIO UCKIYUTD
TeMIiepaTypHbId 3pPeKT BO3JelcTBUA Ha npouecchl JepeKToo6pa3oBaHUs, CBA3aHHOIO C
yBeJIMUeHHWeM MOJABMKHOCTU ZileGeKTOB U UX YCKOpeHHOH Auddy3ur B ciaydae 06/ydeHUs
IpY BBICOKMX TeMIlepaTypPHbIX pexxuMax. MakcuMaJ/ibHas Iy6rMHa npobera MOHOB, COTJIACHO
OlleHKe BBINOJIHEHHOW B mporpaMMHoM koje SRIM Pro 203, cocraBasiia mopsigka 13-13.5
MKM. Cor/iacHO pacyeTHBIM JaHHbIM, NTOJYYeHHBIM C HCIIOJb30BaHHEM NPOrPaMMHOr0 Koja
SRIM Pro 20'3, BeJIMYMHBI MOHW3ALMOHHBIX MOTEPh JAJIS1 pACCMAaTPUBAEMOI0 3KCIEPUMEHTA
no o6siyyeHuro moHamu O* c sHepruen 28 Ma3B cocraBasitoT nopsigka 23-25 kaB/HM agis
3JIEKTPOHHBIX MOHU3aUOHHBIX NOTeph (dE/dxanekTpoHHble) u nopsaaka 0.2-0.5 kaB/uwm aasa
S/lepHbIX MOHU3aLMOHHBIX noTepb (dE/dxsanepHblie). PtoeHCbl 06/1y4eHUs] ObIIM BbIOpaHbI
ot 10 uon/cm? 1o 10'*uoH/cm? Bri6op ¢p1r0eHCOB 06J1y4eHHsT 00YC0BJIEH BO3MOXKHOCTSIMHU
MOJIeJIMPOBAaHUsI MpoIeccoB (GOPMUPOBAHUS CTPYKTYPHO - H3MEHEHHBIX BKJIOYEHUH,
BO3HUKAWIIUX B pe3ysJbTaTe B3aMMOJENCTBUSA HaJeTAWIUX HOHOB C KPUCTAJLJIUYECKOU
CTPYKTYPOM C pa3/INYHOM IIJIOTHOCTBIO ¥ CTENIEHbI0 TepeKpbITHA. Bb160p AnanaszoHa ¢JitoeHCoB
06/1ydeHUs1 OOyCJ0BJIEH HECKOJbKHMHU (aKTOpaMH, KJYEBbIM H3 KOTOPBIX SBJSJIACh
BO3MO>XHOCTb MU3MEHEeHHUS KOHIeHTPaL U iePeKTHBIX BKJIUYEHUH B IPUIIOBEPXHOCTHOM CJI0€
KepaMUK OT cJiyyae, Korja JJaHHble JedeKThl ABJATCA U30JIUPOBAaHHBIMU JPYT OT Jpyra, 10
c/lydasi KOT/a IJIOTHOCTD JJaHHBIX /ePpEeKTOB MPUBOAUT K UX NEPEKPBITHIO U GOPMUPOBAHUIO
CJIOKHBIX JedeKTHbIX KoMIlIeKcoB. [Ipu aToM BbiGop ¢utoeHca obaydenuss 1014 uoH/
CM? KOTOPBIA SIBJSJICA MaKCUMaJbHBIM (JIIOEHCOM HCNOJb3YeMbIM JJII MOAMPUKAILIUN
KepaMUK OOYyCJIOBJIEH He TOJIbKO BO3MOXXHOCTbIO (OPMHUPOBAHHS BbICOKOW IJIOTHOCTH
JlePeKTHbIX BKJIYEHUH B NMPUIIOBEPXHOCTHOM CJI0€, HO U BpeMeHeM 3aTpayMBaeMbIM Ha
o6JiydyeHue, KOTOpoe cocTaBJisIo nopsiaka 10-12 yacos, a B c/iyyae UCI0JIb30BaHUS 6OJIbIINX
bJt0eHCOB BpeMs 06/1y4yeHUs] YBEJMYMBAETCS Ha NOPS/0K, YTO SIBJSETCS 3HEPro3aTpaTHbIM
U Hellesecoobpa3HbIM B BUAY HabJojaeMblX 3QpPeKTOB pa3ynpouyHEeHUsl U AeCTabuIn3auu
IPUIIOBEPXHOCTHBIX CJIOEB MPHU 60JbIINX (uroeHcax obyaydenus 103-10* non/cm? Briop
TUIIA MOHOB JJIs1 00JiydeHUsl OOyC/IOBJIEH HECKOJbKHMMHM (paKTOpaMH, OJAHHUM K3 KOTOPbIX
SIBJISIeTCSA [TyOMHA IPOHUKHOBEHH S MOHOB B IPUIIOBEPXHOCTHBIH CJI0M 06/1y4aeMbIX MULLIEHEH,
a TakXke COOTHOLIeHUe BeJMYMH MOHU3ALUOHHBIX IOTEePb, KOTOpPble MO3BOJIAIOT CO3/laBaTh
JedeKTHbIe BKIIOUEHHs B/I0JIb TPAEKTOPHUH ABMXKEHUSI MOHOB B MaTepHasle MUILIEHU B MaJIOM
06 beMe (OLeHOYHbIE pa3Mephbl MOBPEXAEHHbIX 00J1acTell cOCTaBAAIT He 6oJiee 1.5-2 HM B
frameTpe). Boibop 6oJiee TsKesbIX UOHOB AJ1 MOAUPUKALUU TPUBOJUT K UHTEHCUBHOMY
pa3ynops0ueHHI0 IPUNOBEPXHOCTHBIX CJI0EB KEPAMUK, UTO He I03BOJIIeT MOAUPULIUPOBATh
IPUIIOBEPXHOCTHBIN CJI0U JJIS CepKUBaHUSA MPOLLECCOB BbICOKOTEMIIEPAaTYPHON KOPPO3HH.
[Ipy aTOM ClelyeT OTMETHUTD, YTO IPU JAHHBIX QJIt0eHcax 061ydeHUs 3P deKThl UMIJIAaHTAL WU
KUCJI0pO/ia B IPUIIOBEPXHOCTHBIN C/I0M HE pernCTPUPOBAJIUCH.

OnpeneneHue TBEPAOCTH IOBEPXHOCTH HCCJIeAYyeMbIX KepaMHUK OCYyLIeCTBJSJIOCh C
MCI0JIb30BAaHUEM MeTOo/ia UHJeHTHPOBaHHUS, IpMMeHeHHe KOTOPOro N03BOJIMJIO ONpe/ieIUTh
3HayeHHe TBEePAOCTH U UX U3MeHeHHe B 3aBUCHUMOCTU OT COCTaBa KepaMHK, a TaKke NpHU
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BO3/IECTBUM HOHHOIO O0OJIyYeHUs1 C pas3judyHbIM ¢JitoeHcoM. H3MepeHHS TBeEPAOCTH
OCYLIeCTBJISIJIOCh C HCIOJb30BaHUEM MHUKpoTBepaoMepa Duroline M1 (Metkon, Bypca,
Typuus). B kadecTBe HMHJAeHTepa MCMHOJIb30Bajach NuUpamuaka Bukkepca (MaTepuan -
asnmas). Harpyska Ha uHzeHTep coctaisiiia 100 H. PacctosiHue mMexay AByMs coCeJHUMU
OoTIeYaTKaMH HWHJAEHTepa coCTaB/isjo nopsaka 50-60 MKM, 4YTO MO3BOJIUJIO HCKJIYUTh
3dpdekT HasoKeHUA JedPOpPMaLMOHHBIX MCKaXKEHUW, BO3HUKAIOLUX MPU UHJAEHTUPOBAaHUU
Y BO3JeMCTBUM HH/IEHTEpAa HAa MOBEPXHOCTb KepaMHUKU. COIVIaCHO MOJIyYEHHBIM JaHHBIM,
3HaYeHue TBepAoCcTH s o6pasnos 0.75 ZnO - 0.25 TiO, cocrasasio 3.5 I'lla, a1a o6pasios
0.5 ZnO - 0.5 TiO, cocrasasio 4.7 I'lla, aaa o6pasuos 0.25 ZnO - 0.75 TiO, cocraBasio 4.4
['lla. Paznuuyue B TBEpA0CTU 00pa310B KEpaMUK 00yC/I0BJIEHO BapUanuei ¢pa3zoBoro coctaBa
KepaMUK, U3MeHeHHe KOTOPOTro MPUBOAUT K GOPMHUPOBAHUIO JIONOJTHUTENbHBIX MeXKPa3HbIX
rpaHy Mexay ¢pazamu, 06/1aJa0IUMU pa3JIMYHON TBEPAOCTHIO, YTO B CBOIO OUepeb [103BOJISIET
CAEep>KUBATh NPOLECCHl PACHPOCTPAHEHHS MUKPOTPELUH NIPY BHELIHUX HAarpy3Kax.

JKCIepMMEHTDbI, CBSI3aHHble C OINpeJieJIeHWEM YCTOMYUBOCTU KepaMMK K IMpoleccam
BBICOKOTEMIIEPATYPHOU KOPPO3WH, BO3HUKAKIIMM MPU JJIATEJTbHOM BO3/J€MCTBUU BbICOKUX
TeMIepaTyp Ha 06pa3ibl ObLIM NPOBEJEHbI COIJIaCHO caeayollerd cxeMe. O6pa3nbl KepaMUK
NOMeIaJINCh BKEPAMUY€eCKHE TUTJIU U IO BEPTATUCh TEPMUYECKOMY OTXKUTY IPU TeMIIEpAType
800 °C B Teuenue 500 yacoB. [Ipu 3ToM yepe3 Kaxkble 100 yacoB psij 06pa3L0B U3BJEKAJICS
JJIsT A3MEPEHUN NPOYHOCTHBIX XAPAaKTEPUCTHUK M YCTAHOBJIEHHWS] KUHETUKA HW3MEHEeHUU
NPOYHOCTHBIX NapaMeTPOB B 3aBUCUMOCTH OT BpeMEHHU Hax0oXk/eHUs Npu TeMnepartype. Ha
OCHOBE MOJIYYeHHbIX JAHHBIX ObLJIX YCTAHOBJEHbI 3aBUCUMOCTH M3MEHEHHUs] MPOYHOCTHBIX
XapaKTEepPUCTHK, a TaKXe oOIlpeJesieHa pOJib MOHHOM HMIJIAHTAaUM Ha yHNpOYHEHUE U
NOBBIIIEHHWE CONPOTUBJISIEMOCTU MpoLeccaM [JeCTPYKLUUHM NpPU BbICOKOTEMIIEPATYPHOM
BO3/eUCTBUU. BbiOOp TeMIepaTypHbIX pEXUMOB HWCHBITAHUM Ha TEPMOYCTOWYUBOCTb
00yCJIOBJIEH BO3MOXXHOCTBI) MOJZI€JIMPOBAHUS CHUTyallMd MaKCHMaJIbHO MPHUOJMKEHHbIX K
peasibHbIM YCJIOBUSAM IKCIJIyaTallul KEPaMHUK, a TaKXKe BO3MOXXHOCTBIO OLleHKHU YCTOMYHMBOCTH
KepaMUK K BHEIIHUM TEMIepPaTypHbIM BO3JEWCTBUSM B Te4eHHE JJIUTEJbHOTO BpPEMEHH,
BPEMEHHOW pPEXUM BO3/leMCTBUS KOTOPBIX OOYCJI0BJEH BO3MOKHOCTBI MO/JIEJIMPOBAHUSA
JJINTEJNIbHBIX TEPMHUYECKUX BO3JEWCTBUN U MPOLECCOB BbICOKOTEMIEPATYPHOHU KOPPO3UHU U
CTapeHusl.

TepMollOKOBble UCHOBITAHHUS MPOBOAWJIMCH COIVIACHO cjeaywolied cxeme. O6pasiibl
pasMellaJiuCb B KaMepe My(deJsibHOW Meyd, 3aTeEM NOJBeprajvicb TePMUYECKOMY HarpeBy
o temnepatypbl 1200 °C (1.5 - 2 kpaTHOe 3HaueHHe paboyell TeMIlepaTypbl TOMJJIHMBHbBIX
3JIEMEHTOB), BbIJIEPXKUBAJIUCh [IPY HeH B TeueHHe 1 yaca M BBIHUMaJIMCh Ha BO3AyX. B pe3ysibTaTe
OBICTPOTO M3BJIEUEHHS U3 ropsiyeil KaMepbl HAa BO3/1yX 00pa31ibl UCIILITHIBAIM TEPMOLIOKOBOE
BO3/IEMCTBHE 3a CYET Pe3KOro Iepemnaja TeMIlepaTyp, YTO NPUBOAWJIO K WHULHUATU3ALUU
NpOLEeCCOB PACTPECKUBAHUSA W MOBEPXHOCTHOTO OKHUC/JAeHHUsA. [l OlleHKU yCTOMYUBOCTH
KepaMUK K MpoleccaM TPeLMHOOOpa30BaHUs B pe3yJibTaTe TEPMOIIOKOBOrO BO3/JeNCTBUSA
Y CHWXXKEeHUs TBEPJOCTU MOBEPXHOCTU UCIBITAHUSA NMPOBOAUJINCH B BUJe CEPUM, KOJIMYECTBO
UCNIbITAHUW B CEPUH COCTABJISIJIO HE MeHee NATH MO0C/Ae0BaTeJlbHbIX TEPMOIIOKOBbBIX
Bo3ielcTBUM. [lo HCTeYyeHUIO KaXKJOro IMK/JIa H3MepeHUMW Ha obpaslax oleHHWBajlach
TBEPAOCTb U TPELUHOCTOMUKOCTD. Onpe/ie/ieHre TPELMHOCTOMKOCTH OCYLeCTBISI0Ch IyTeEM
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CpPaBHUTEJILHOTO aHa/IM3a U3MeHeHHU GpOpMbI M pa3MepPOB OTIEYATKOB UH/EHTEePa, U3MEeHEeHHe
KOTOPBIX HANPSIMYI0 CBU/IETEJbCTBYET O MOBBILIEHUH WU CHUXKEHUU COMPOTUBJISIEMOCTH K
pacTpecKMBaHUIO MOBEPXHOCTU KEPAMUK B pe3yJibTaTe BHEIIHUX BO3AeUCTBUM.

Ha pucyHke 1 npuBe/ieHO cxeMaTUYHOe U300pakeHHe, 0TOGpaXkaroliee OCHOBHbIE 3TAIlbI
JIAHHOT'0 MCCJIeJOBaHUS, BKJIIOUAIOIIMe B ce6s1 CHHTE3, MOHHYI0 MoAUUKAIMIO0, TECTUPOBaHUE
Ha YCTOMYUBOCTbD U OINpe/ieJieHHe IPOYHOCTHbBIX CBOMCTB.
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Onpegenexune
NPOYHOCTHbIX CBOWCTB

PI/ICYHOK 1. CxemaTu4HOE 1«1306pame1—ma IVIaHA MPOBEeAE€HUSA IKCIEPUMEHTA/IbHBIX
pa60T, HAaINpaBJ/ICHHbIX HA U3y4Y€HHE€ IPUMEHEHUA HOHHOTO OGJIy‘-IEHI/IH Ha IOBBILLIEHUE
COMPOTHUBJJIAEMOCTHU K BHCIITHUM BO3AEI‘;ICTBI/IHM

PeBYJIbTaTbI 151 06CY)KAEHPIE

Ha pucyHke 2 nmpuBeJieHbl JUarpaMMbl XapaKTepusywllire u3MeHeHUue 3QPeKTUBHOCTU
TBEPAOCTH MCCIeyeMblX KEpAMHUK B 3aBUCUMOCTH OT ¢JitoeHcAa 06siydeHUs HoHaMHu O+,
oTpakawiiue 3GpPeKT ynpoyHeHH s, BbI3BAHHOTO MOHHBIM 06/1y4yeHreM. /laHHble IPUBE/eHbI
B €/IUHOM MaclITabe C 1[eJbl0 JleTaJu3aluu U HAIVISIIHON JEMOHCTPALIUHY BJAUSHUS BapUalUU
da3oBoro cocraBa KepaMHK Ha H3MeHeHHEe 3QQPEKTUBHOCTU YINPOYHEHHUS, BbIZBAHHOIO
HMOHHBIM 06JiydeHreM. COIVIacCHO MpeJCTaBJeHHbIM JaHHBIM 06LIUX TPEHA0B HAGJII0JaeMbIX
M3MeHeHUU TBePAOCTH, IPHUBEJEHHBIX HA PUCYHKe 2 (B mepecyeTe HAa PaKTOpP YNPOUYHEHUS)
MO>KHO C/IeJ1IaTh BBIBOJ, O OJIOXKHUTeIbHOM 3 deKTe, CBI3aHHOM C yBeJIMYeHHEeM YCTOMYUBOCTH
IPUIIOBEPXHOCTHOTO CJ1051 KEPAaMHUK K BHELIHUM MeXaHU4YeCKHUM BO3/eMCTBUAM, BI3BAHHOIO
HMOHHBIM 06JiydeHreM. OCHOBHbIE TPEH/Ibl U3MEHEHUH MPOYHOCTHBIX MAPAaMeTPOB U OIleHKa
dakToOpoB ynpoyHeHUs (pa3dynpoyHeHUs MpPU 6oJbIIKMX (JIl0eHCaxX 00JIyueHUs ), KaK BHUAHO
M3 NpeJICTaBJeHHbIX JJaHHbIX UMEIT NPSMYI0 3aBUCHMOCTb OT ¢JitoeHca o6sydyeHus. [pu
Masbix QuroeHcax ob6uaydenus (10'' - 5x10'? won/cm?) HaGaomaeMble 3PQPEKTHI yIpoU-
HeHHs 06yCJIOBJIEHBI B ITePBYI0 0Uepe/ib BOSHUKHOBEHUEM CTPYKTYPHBIX 1ePEKTOB B MPUIIO-
BEPXHOCTHOM CJIO€, CO3/al01LUM 6apbephl AJ151 pacpOCTPaHEHUS MUKPOTPELUH IPU BHELTHUX
MexXaHUUYeCKUX Harpy3kKax, a TakXKe 3aMe/JISI0LIMX MPoLecchl JePpopMalMOHHBIX UCKKeHUH
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IpUYCUTIEHUM Harpy3KKM HaMaTepUalIpUUHeHTUPOBaHU K. OCHOBHOM MeXaHU3M YIIPOYHEHUS
B JlaHHOM cJjy4ae o6ycioBjeH ¢opMuUpoBaHUeM JedeKTHbIX BKJIOUYEHHUH, CKOIJIEHUE
KOTOPbIX B IPUINIOBEPXHOCTHOM CJIO€ NPUBOAUT K GOPMHUPOBAHUIO ,eOPMUPOBAHHOTO CJI104],
HaJInuKle KOToporo 3amMezJisieT AepopMaliMoHHble POLecchl, BOSHUKAIOLIMe NPYU U3MEHEHUH
BHELIHUX HAarpy3ok Ha obpasel. [Ipy 3TOM pocT KOHIeHTpauuu AedeKTHBbIX BKJIHOUYEHUU
npu yBequdyeHUU ¢uroeHca 06Jy4eHUs B ciydae JOCTHXKEHHS KPUTHYECKOW Macchl B
HOBPEXJEHHOM CJIOe MOXET OKa3aTb HeraTHUBHOE BJIMSHHME Ha YIpPOYHEHUE, TeM CaMbIM
cHMkasA 3G PEeKTUBHOCTDb CONMPOTUBJIIEMOCTH, UYTO OTUYET/IMBO BHU/IHO B TPEH/IaX IPOYHOCTHBIX
napamMeTpoB npu ¢JuitoeHcax Bbime 5x10' wnoH/cM? Ilpu 3TOM cjeyeT OTMETHTb, UTO
HabJitoJjaeMble HM3MeHEeHUs] BeJMYMHbl YINPOUYHEHHUS UMEKT JiBeé SIBHO BbIpa)K€HHbIE
3aBHCHUMOCTH KaK OT COCTaBa KepaMHUK, 00yC/I0BJIEHHbIX Bapyallue COOTHOLIEHUsI KOMIIOHEHT
B COCTaBe NPU CMeIIMBAaHUHU, Tak U QJitoeHca 06JiyuyeHUs], U3MEeHEHHe KOTOPOro HaNpsMylo
BJIMSIET HA KOHILIEHTPALMIO U MJIOTHOCTb CTPYKTYPHBIX Zie(peKTOB BO3HMKAIOIIUX B IpoLiecce
B3aMMO/IeHCTBUSl HaJIETAIOIIUX MOHOB C KPUCTA/IMYECKOM CTPYKTypou. KitoueBol TpeH[,
M3MeHeHUU 3¢ PeKTa ynpouHeHUsl CBS3aH C MU3MeHeHHUeM QJiroeHca 06/1yyeHus, yBeJIMieH e
KOTOpPOTO NPUBOAUT CHayasla K MHTEHCUBHOMY DPOCTY TBepAoCTU (3ddeKT ynpodyHeHUsd),
ofiHaKo npu ¢uroeHca 06sydeHus Boime 5x10 noH/cM?, 3¢ PeKT ynpouyHEeHUsT CHIKAETCH,
YTO B JJAHHOM CJIy4yae CBsI3aHO ¢ GaKTOPOM NepeKPbITUSl CTPYKTYPHO - leGeKTHbIX 06J1acTel,
BbI3BaHHbIX 00JIyYeHHEM 3a CYeT YBeJUYEeHUs UX MJIOTHOCTH. B JaHHOM ciiyyae OCHOBHOMU
MeXaHU3M yIIPpOYHeHHs 00YC/I0BJIEH TEM, UTO IPY B3aUMO/IeICTBUM MOHOB C KPUCTAIJINY€ECKOH
pelIeTKON B NMPUINOBEPXHOCTHOM 006/1aCTU 00pa3yeTcsl BbICOKAasl KOHIlEHTpalys TOYEYHbIX
edeKToB, BakaHCUM, MeXy3eJbHbIX aTOMOB, a B c/y4ae yBeJHueHUs JiloeHCa BO3HUKAET
BEPOSITHOCTb 06pa30BaHUsA 6oJiee CI0XKHbIX AePeKTHbIX KOMILJIEKCOB UJIH KJIacTepoB. JlaHHbIe
nedekTbl 1efcTBYIOT Kak 3¢ PeKTUBHbIE 6apbepbl JJ151 JBUKEHUS AU CIOKALMK, YTO IPUBOAUT
K YBEJIMYEHUIO CONPOTHUBJIEHUS MJIACTUYECKUM JAedopMalysM NPU BHELIHUX MeXaHHUYeCKUX
BO3/IeMCTBHUSX, YTO B CBOIO 0Uepe/ib CAEPKUBAET MEXaHU3MbI paclpoOCTPaHEeHUs TPELMH, U KaK
c/1eiCTBUE MOBBILIAET CONPOTUBISAEMOCTb K BHELTHUM BO3/1eICTBUAM NPH UHAEHTHPOBAHUMU.
YBesimyeHHe IJIOTHOCTM W KOHLEHTPALlMKM CTPYKTYpPHBbIX JedeKTOoB, MNPUBOAUT K
BO3HUMKHOBEHMIO 3¢ deKTa JIOKaJbHOr0 yNJOTHEHUS NMPUIOBEPXHOCTHOIO CJI0sl, KOTOpasi B
CBOI0 OYepe/ibXapaKTepu3yeTcs MOBbILIEHHON IJIOTHOCThIO MeK(a3HbIX 'PAHUL U BHYTPEHHUX
HaNpsKeHUH, YTO JOMOJHUTEbHO NOBbIIIAET CONPOTUBIEHUE MUKPOTPELIMHOOOPa30BaHUIO.
OnHako NpY BBICOKOW IJIOTHOCTH JAedeKTOB, U BO3HUKHOBeHHS 3ddeKkTa NnepeKpbITUSA
KacKaZloB CTOJIKHOBEHHH, MPUBOAALIMX K 006pa30BaHUI aMOp(U3MPOBAHHBIX 00J1aCTeH,
3¢ deKT ynpoyHeHHs CHUXKAETCs 32 CYET POCTa BHYTPeHHUX JlePpopMaliMOHHbBIX HaNpsXKEHUH,
BbI3BaHHbIX 00pa30BaHHUEM U pOCTOM aMOpP(HBIX BKJIIOUEHUH B NOBpPEXAEHHOM cioe. CiienyeT
OTMETUTb, YTO COBOKYITHOCTb YKa3aHHBIX IPOLECCOB 00YC/I0BJIMBAET NOBBIIIEHHE TBEPAOCTH
U TPELUHOCTOMKOCTU MOBEPXHOCTH KepaMHK. I[Ipy 3TOM BbIpaXKEHHOCTb YNPOYHSIOLIETO
s¢dekTa 3aBUCUT OT COCTaBa KepaMHUK, BeJMYUHbI (JIIOEHCA HMOHOB M paclpejiesleHUsi
¢das, Bapuanua KOTOPbIX NPUBOAUT K pa3M4YMSIM B TPeHJaX YNPOYHEHUs W MOBBILIEHUS
COIMPOTHUBJIIEMOCTH K BHELIHUM BO3/]eICTBUSIM.
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a) 6) B)
PucyHoK 2. Pe3y/sbTaThl OlleHKM M3MEHEHUs BeJIMYUHbI YIPOYHEHH S IPU U3MeHeHNHU dJiioeHca
006/1y4YeHM AJIs 06pas1 0B KepaMMK C pa3/IMYHbIM COOTHOLIEHHMEM KOMIIOHEHT B COCTaBe:
a) 0.75 ZnO - 0.25 TiO,; 6) 0.5 ZnO - 0.5 TiO,; B) 0.25 ZnO - 0.75 TiO,

B ciyyae u3MeHeHUs] COOTHOLIEHHWSI KOMIOHEHT NpPU CMEUIMBAaHUKM KepaMMK U HX
N0CJIeAYIOIIEM TEPMHUYECKOM OTKHUTe, HabJ110jaeMble M3MeHeHHs (pa30BOro COCTaBa NIpUBOAAT
K BapuallMyd TBEPAOCTH B 3aBUCUMOCTH OT BECOBOrO BKJaja OCHOBHOW ¢asel ZnTiO, u
Ha/n4uust npuMecHbIx ¢pas B Bu/e ZnO nin TiO, BecoBble BKJIa/ibl KOTOPBIX HAMPSIMYIO 3aBUCST
OT KOHLEHTpAI|MM MCXOJHbIX KOMIIOHEHT MPU CMellMBaHUU. Haivuue B cocTaBe KepaMHK
BKJIIOUeHUH B BHUJe ZnO, corsiacHO pe3ysbTaTaM OLeHKH MPOYHOCTHBIX CBOMCTB NMPUBOAUT
K HauMeHbleMy 3Ha4eHHI0 TBEPAOCTH, a COTJIACHO JAaHHbIM NPUBEJIEHHBIM Ha PUCYHKE
2a, 3pdeKT ynpouHeHUA AJil JAHHBIX KEpaMHUK B 3aBUCMMOCTHU OT (JiroeHca 00JIydeHUs
TaKXXe UMeeT MUHUMaJbHbIN 3QPEeKT B CPaBHEHUU C [IByMs JPYTMMHU COCTaBaMU KEpPaMUK.
[lofo6HbIE pa3/iMyUsi OO'bSICHAIOTCSA MEHblIEeHd TBEepPAOCTbI NMPHUMecHOW $a3bl, a TaKxke ee
c1aboi CONMPOTHUBJISIEMOCTBIO K MpOLeccaM paJUallMOHHO — UHAYLIMPOBAHHbBIX NOBPEXAEHUH,
BbI3BaHHbBIX 00Jly4eHUEM B CPaBHEHWH C OCHOBHOW ¢azoi ZnTiO, v BKIOYEHUAMU B BUJIE
pyTUIA.

Haub6osbmni apdekT ynpouHeHUs], BbI3BAHHBIM HOHHBIM 006JIy4eHHMEM HaOJIIOAAEeTCs JJ1s
06pas10B KepaMHUK ¢ cooTHoueHneM KoMnoHeHT 0.5 Zn0 -0.5 TiO, u foMuHupoBaH1eM ¢asbl
ZnTiO, B cocTaBe (CM. JaHHbIe Ha pUCYHKe 26). [Ipy 3TOM pasHuIa B yIpOYHEHHH, BbI3BAHHOH
WOHHBIM 06JiydeHueM npu ¢uroeHcax 10 -5x10'% non/cm? B cpaBHeHuu ¢ ob6pasiamu 0.75
Zn0O - 0.25 TiO, xkepaMuK cocTtaBjseTr 6ojiee 4eM B 1.5 - 2.5 pasa, 4TO CBU/JETE/NLCTBYET O
6osbiield 3GPEeKTUBHOCTH, OOYCJA0OBJIEHHOM MpoleccaMyd B3aUMOJAEUCTBUSL HaJleTalU[UX
MOHOB C KPHUCTAJUIMYECKOW CTPYKTYpPOM KepaMMK, a Take 0oJiee BBICOKOM CTPYKTYpPHOMU
ycroiunuBocThio ZnTiO, ¢asbl K mpoleccaM HaKOIMJIEHHs paJMaliMOHHbIX MOBPEXIEHUH,
BbI3BaHHbIX HOHHOU MoJHU(UKaLMel, YTO B CBOIO o4Yepe/ib TaKXKe NMPOABJISAETCA B TOM, UTO
poct a¢pdexTa ynpouynenus ausa 0.5 ZnO - 0.5 TiO, kepamuk HabstofaeTcsa npu QJroeHcax
Bbille 5x10'? noH/cM? B TO BpeMs Kak AJsl JIByX APYTHUX COCTABOB KepPaMUK MPHU JI0eHCcax
Bbille 5x10'* HoH/cM? HAGJIIOIAaeTCS CHWXKEHHUS] TEMIIOB YIPOYHEHUs], BbI3BAHHOW HMOHHOU
Moaupukanven. /s 06pas3ioB ¢ paBHOBEPOATHbIM cooTHouieHueM ¢as ZnTiO, u TiO, B
cocTtaBe, 3¢pdeKT ynpoyHeHUs BbIlle, YeM JJisl 00pa3l0B B COCTaBe KOTOPbIX COAEPKATCS
BKJ/II0YeHMs B BUJe Zn0, oZiHaKO CHUKeHUe cojepikanusa ¢asel ZnTiO, B cocTaBe KepaMHK U
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yBesnuenure fo0/u TiO, ¢pasbl NPUBOAUT K MeHee BbIPaKEHHbIM W3MEHEHUAM TBEpAOCTH, a
TaKXKe CHI)KeHHI0 3¢ deKTa ynpouHeHHUs pu ¢pJitoeHce 06sydeHus Boiiie 5x10' non/cm? (cm.
JlaHHble Ha PUCYHKe 2B).

TakuM 06pa3oM, aHAIM3UPYs NOJIyYeHHbIEe JJaHHbIe yIPOYHEHHS] KEPAMUK B 3aBUCHMOCTH
oT ¢JiroeHca 06JydeHUsI MOXKHO CZeslaThb BbIBOJ, O TOM, YTO NMPHU MaJblXx (JroeHcax (HMxe
5x10" non/cm,), a3 dexT ynpouHenus 06yc/10B/1eH HAKOIJIEHHEM CTPYKTYPHO — MU3MEHEeHHBbIX
o6J1acTell BIIpUIIOBEPXHOCTHOM CJIO€, CBSI3aHHBIM C 00pa30BaHUEM TOYEYHbIX U BAKAHCUOHHbBIX
nedekToB. [Ipu aToM yBesinueHue QiroeHca 06/1ydeHUsI IPUBOAUT K POCTY 3P PEeKTUBHOCTHU
YOPOUYHEHUs], UYTO CBHUJETEJbCTBYeT O MPSAMON KOppeasiiuh MeXAy CTPYKTypPHbIMHU
M3MeHEeHUSIMHU U ynpouHeHHeM. OJJHAKO MPHU JOCTHKEHUHU MOPOroBOro 3HaYeHUs ¢JiroeHca
Py KOTOPOM IJIOTHOCTb NMEPEKPHITUS CTPYKTYPHO — U3MEHEHHBIX 00J1acCTel CyleCTBEHHO
6osibuie 1 (Korjga BepOsITHOCTb MOMAAaHUsI KX O0T0 MOCJAeAYIOLero HajleTawllero HoHa B
CTPYKTYPHO — U3MEHEHHYI0 00J1aCTh, BbI3BaHHYIO NIPe/bl JYILUM BO3/leICTBHEM MOHOB G0JIbIlIE
1), addekT ynpouHeHUsI CHUXKAeTCs 32 cueT GOPMHUPOBAHUSI METACTAOUIbHBIX CTPYKTYPHO
- HU3MEHEeHHbIX 00JlacTell B MPUIOBEPXHOCTHOM cJioe. IPPeKT mnepeKpbITUS AePeKToB,
HabJtojaeMblil pu ¢JitoeHcax o6JsydeHus Bbiie 102 MoH/cM? BO3HMKAEeT B CJydyae Korjaa
IJIOTHOCTb HaJIETAIOLMX YACTHUL, M aKTOB UX B3aUMO/Z,eCTBUS C KPUCTAIJINYECKOM CTPYKTY PO
06Jly4YaeMOU MHUIIIEHU CTAHOBUTCS BeJIMKA HACTOJIBKO, YTO B CTPYKTYpP€E MULIEHU He OCTAETCs
MecTa B KOTOPOU He MPOU30I1JIO0 Obl COylapeHre HajleTalolell YaCTUILbI C KPUCTALINYeCKOU
CTPYKTYpPOH, B pe3y/ibTaTe KOTOPOro BJOJIb TPAEKTOPUH [ABMKEHUS MOHA GOPMHUPYIOTCS
JledpeKTHble BKIKOYEHUS. [Ipy 3TOM B CUJIy XaOTUYHOM NMPUPOAbI COYapeHUsl HaJleTarluX
YacTHUL C KPUCTAJIMYECKON CTPYKTYpOH KOHTPOJIb 32 HMX IJIOTHOCTBIO MOXET ObITh
OCYIeCTBJIEH TOJIbKO IIyTeM KOHTPOJI 3a QpJIFOEHCOM 00J1y4yeHHUs B IPOLiecCe IKCIEPUMEHTOB.
dopMupoBaHUe JaHHBIX 06JIacTell CBSI3aHO C HasloXkKeHUeM JepeKToB Jpyr Ha Jpyra c
0Opa3oBaHHWEM KJACTEPHbIX AepeKTOB, HajJu4yMe KOTOPBbIX YCUJIHUBAeT JedpopMalMOHHOE
HCKaXKeHU e CTPYKTYPbl, TEM CAMbBIM JleCTAOUIU3UPYS €€ 32 CUET MepeHarnpsKeHUN U CUJIbHbBIX
febopManMOHHbIX HanpsbkeHUU. [laHHbINA 3¢ deKT KOHKypupyeT ¢ 3pdeKTOM yInpoyHeHUs
U pU 60JibIIKX GJIr0eHCaX 00/IyyeHHs] CHUKAeT 3G PEeKTUBHOCTb YIIPOUHEHHs], BLI3BAHHOI'O
MOHHOU MoguuKaluel. [Ipy 3TOM, COIJIaCHO MOJIyYeHHbIM IaHHBIM U3MEeHEeHHe COOTHOLIEHUS
$a3 B cocTaBe TakXe OKa3bIBaeT BJIMSIHME HAa YCTOWYHMBOCTb K MpoOLeccaM JIeCTPYKIUHY,
BbI3BaHHbIX 0Opa30BaHMEM MeTacTaOUJIbHbIX CTPYKTYPHO — MU3MEHEHHBIX 006J1acTed NpH
BBICOKHMX dJ1t0eHcax 06/1y4eHus. B JaHHOM cily4ae JOMUHUPOBaHHe B cocTaBe KepaMuK ZnTiO,
¢das3bl Npy BbITECHEHUHM U3 COCTaBa BKJIKYEHUH B BUJe ZnO ¢a3bl NPUBOAUT K NOBbIILIEHUIO
CONPOTHUBJIIEMOCTH K PasyNpOYHEHUIO MPHU BbICOKUX JitoeHcax 06/iydyeHust (Bbime 5x10'2
MOH/cM?), YTO 00yC/IaBJIAMBAET HE TOJIBKO CAePKMBAaHKE MPOLLECCOB CHMYKEHHUS TBEPOCTHU MPH
BbICOKHUX (JIroeHCcaxX 06JIyYeH s], HO U YBeJIMYEHHUI0 YCTOMYMBOCTH MPOYHOCTHBIX TapaMeTpPOB
¥ UX pocTy npu ¢uroeHcax obsydyeHus Bbiuie 5x10'2 noH/cM?, ABAAOLIIMMCA KPUTHYECKOH
Jl0301 TP JOCTHXKEHHU U KOTOPOH /151 IBYX IPYT'UX COCTABOB KEPAMHUK HA0JII0/]aeTCsl CHUXKEHU e
addexTa ynpoyHeHHs.

OfHUM U3 KJIOYEeBbIX TPeGOBAaHUM K KepaMHUYECKMM MaTepuasiaM, pacCMaTpPUBAEMbIM
B KayeCTBe AaHOJHBIX MaTepUasoB [Jil TBEPAOOKCUAHBIX TOIJIUBHBIX 3JIEMEHTOB
HapaBHe C omnpejeseHue 3QPEKTUBHOCTH 3JEKTPOXUMUUYECKUX XAaPAKTEPUCTUK SIBJISIETCS
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COXpaHeHHe CTabUIbHOCTH NMPOYHOCTHBIX MapaMeTPOB aHOAHBIX MaTepHUasIOB K MpoleccaM
BbICOKOTEMIIEPATYPHOM KOPPO3MH, BO3HUKAWIIMX MpH [AJATEJbHOM BO3/JE€WCTBUU
BbICOKMX TeMIlepaTyp Ha Marepuaj. B JaHHOM cjydyae KOpPpPO3HWOHHbIE IPOLECCHI,
CBSI3aHHbIE C TeMIlepaTypPHbIM BO3/I€MCTBUSAM, KaK NIPaBUJIO, CONIPOBOXK/AIOTCSA OKHUCJIEHUEM
IPUIIOBEPXHOCTHOTO CJIOS 33 CYET TEPMUYECKOT0 paCIIMPEHUs KPUCTAJINUECKOU CTPYKTYPhI
noJ, AelCTBUEM TeMIlepaTyphbl, a TaKXKe YCUJIeHHWEM IMpoueccoB AUPPYy3Ur KUCI0pOAA C
IOBEPXHOCTH BIVIyOb 06pa3LoB. B pe3ysbTaTe COBOKYNHOCTH JaHHbIX GaKTOpPOB - Juddy3un
KUCJIOpOJla UM TEePMHUYECKOTO pacCUIMpeHMs, YCUJUBAWOILEr0 MNOJBMXXHOCTb [JedPeKTOB B
CTPYKTYpE, B NMPUIIOBEPXHOCTHOM CJI0€ MOTYT 00pa30BaTbCs KaK NpPUMeCHble BKJIKYEHUS
B BUJE OKCHUJOB, TaK U [IONOJHUTEJIbHblE CTPYKTYpHble HCKaXK€HHWS, BO3HUKAIOL[HE B
pe3yJsibTaTe HaKoIlJIeHUs AedOopMalMOHHbIX HalPsS>KeHUH, BbI3BAaHHbBIX MUTpaLuel fedpeKToB
B IOBPEX/JEHHOM cJjo0e. B cBowo o4yepe b ycUleHWEe MUTPALUHU AePeKTOB U UX MOJBMXKHOCTHU
3a CYeT TEepPMHYECKOro BO3/EeHCTBUSI Ha KPHUCTAJJIMYECKYIO CTPYKTYypy CIIOCOOCTBYeET
BO3HUKHOBEHHIO JedopMalu KpPUCTAJJIWYECKON CTPYKTYpbl U ee JeCTabuau3aluu, 4YTo
OPUBOJUT K CHUXKEHUIO MPOYHOCTH U YCTOMUMBOCTU K BHEUIHUM BO3/eHCTBUSAM. B JaHHOM
cay4ae nof006Hast COBOKYNHOCTb CTPYKTYPHBIX U IPOYHOCTHBIX U3MEHEHU M MOXKeT HEraTUBHO
CKa3aTbCs Ha pab0TOCIOCOGHOCTH TOMJIMBHBIX 3JIEMEHT 3a CYET OXPYMYUBAHUSA U CHUXKEHUS
IPOYHOCTH, IPUBOASAILEN K BbIXOAY U3 CTPOSI TOIJIMBHBIX 3JIEMEHTOB WJIU TPeOyIollel 4acTOU
3aMeHbl aHOZJHOT'0 MaTepuaJia, ABJSIOLErocs OHUM U3 KJII0Y€eBbIX MaTepHUaJoB B TOIJIMBHbBIX
3JIeMeHTax.

B ocHoBe npepsiaraeMoro Metoja MoJUPUKALMU NPUIIOBEPXHOCTHBIX C10€B TOIJIMBHbBIX
3JIEMEHTOB 3a CYeT HMOHHOW MoAWPUKALUHK JIEKUAT TUIOTe3a, CBA3aHHAas C CO3JaHUEM
OGapbepHOro cJjosi Ha mIybouHe mnopsAaka 10-15 MKM OT MOBEPXHOCTH, COJeprKallero
JlOCTaTO4YHO OO0JIbLIOE KOJIMYECTBO CTPYKTYPHBIX 1ePEKTOB U AUCI0KALIMH, TPENATCTBYIOIIUX
WIH 3aMefnaiiux Auddys3uio KUcaopoda M TOYe4yHbIX JedeKTOB, BO3SHUKAKOLIUX IPU
JJIATeJIbHOM TEpMHUYEeCKOM BO3JeWCTBMU. B [aHHOM ciydae cJep:KMBaHHE IPOLECCOB
MUTpanru U AubPy3uu oCylLecTBIsEeTCS 3a CYET MJIOTHOCTH JiepeKTOB, CO3/jal0luX BOJIU3U
rpaHul, 3epeH JI0NOJHUTE/IbHbIE PENSATCTBUS, KOTOpbIe 3aMeJISIIOT MUTPALMI0 KMCJI0poJa
U fedeKToB, TeM CaMbIM He JlaBasl MM NPOHUKHYTb Ha IVIyOUHY WJIM NepepacceuBasi UX B
IPUIOBEPXHOCTHOM cJoe. JlaHHbIM 3QPeKT UCno/b3yeTcs B MaTepuaJloBe[JeHUU KaK OLVH
M3 MepCNeKTUBHbIX METOJO0B yNpPOYHEHHs MaTepuaJsloB Ha psfly C METOJOM JUCIEPCHOIO
yIpPOYHEHMUS], 3aK/II0YAIOILErocsl B UCN0J1b30BaHUU 3 PeKTa yMeHblIEHNUSI pa3MEPOB 3epeEH B
MaTepHaJlie U CO3/laHUsA 3a CYeT 3TOr0 bapbepoB B BH/le 'PAHUL] 3€pEH.

JKCrepyMMeHTbl Ha OIpejie/ieHhe YCTOMYUBOCTH KepaMUK K BHEIIHUM BO3/eNCTBUSM,
CBA3aHHBIM C BbICOKOTEMIIEPAaTYPHbIM OKHUCJIEHUEM U TepMOIIOKOBBIM BO3/JeHCTBHUAM,
BbI3BaHHbIM pE3KHWM H3MeHeHHeM paboyell cpejbl 00pa3LOB ObLIM MPOBEJEHbI COTJIACHO
CeYIOIIUX CXEM 3KCIEePUMEHTaNbHbIX PabOT. JKCIIEPUMEHThI MO OLleHKe YCTOWYHMBOCTHU
KepaMUK K BbICOKOTEMIEPATYPHOMY OKHUCJIEHHUIO MPU AJUTEJIbHOM BO3JEUCTBUU BbICOKOU
TeMIlepaTypbl Ha 06pa3lbl KEpaMUK NPOBOJUIMCh yTEM pa3MelleHUsI 06pa3l[0B KepaMUK B
MydesbHOU NeYH U BbIIEPKKON B HEU B TeUEHHE 33/JaHHOT0 BpeMeHHU npu TeMnepaTtype 800
°C. KoHTpo/1b TeMIIepaTyphl B KaMepe Nevu 0CyLeCTBJISAJICS C UCII0JIb30BaHHEM CIeliMalbHbIX
TepMonap pa3MelleHHbIX B Me4yd, QUKCUPYIOLIUX JII0Oble U3MEHEHUs] TEMIEPATYyphl B X0Je
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3KCIIepMMEeHTOB. MakcuMaJibHOe M3MeHeHHe TeMIlepaTypbl B TedeHHe BCero U3MepeHud
cocTaBJisl/10 He 6oJiee 3 -5 °C, 4TO AABJIAETCA JONYCTUMBIM JIJI1 JAHHOI'0 lUania3oHa TeMIepaTyp
ucnblTaHud. [lo McTeyeHUe 3a/laHHBIX BPEMEHHBIX NMPOMEXYTKOB 00pa3lbl HM3BJIEKAIUCh
M3 IIeYH U MOJBeprajuch U3MepeHHI0 MPOYHOCTHBIX MapaMeTPOB, YTO MO3BOJIUJIO OLEHUTD
00Lyl0 KMHETUKY HM3MEHEeHUH, BbI3BaHHBbIX TepMHUYeCKUM Bo3jeilcTBueM. Ha pucyHke 3
IpYBeJleHbl pe3y/bTaThl OLleHKM U3MEeHEeHUN 3Ha4YeHUU TBepAOCTHU UCCIe[lyeMbIX KepaMHUK,
NOABEPTHYTHIX BBICOKOTEMIIEPATYPHBIM UCIIBITAHUSAM.
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PucyHok 3. Pe3y/ibTaThl OLleHKH U3MEHEHHH TBEPAO0CTH KepaMUK, NOABEPIrHYThIX
BBICOKOTEMINEpaTypHOMY HarpeBy B TeyeHue 500 yacos: a) 0.75 ZnO - 0.25 TiO,;
6) 0.5Zn0 - 0.5 TiO,; B) 0.25 ZnO - 0.75 TiO,

O6uuMit BUJ HabJ/110/laeMbIX U3MEHEHUN TBEPAOCTHU UCCIeAyeMbIX KEPAMUK B 3aBUCHMOCTH
OT BpeMeHH TepMUUECKOTO BO3/IENCTBHS MOXXHO OXapaKTEPHU30BaTh HECKOJIbKUMU TPEH/JAMHU.
KitoueBol HabJ/l0aeMblii TpeHJ, 3aKJHYaeTCsd B CHWXXEHHWU TBEPAOCTHM B 3aBUCHMOCTHU
OT BpeMeHH BO3JIEMCTBHUS, NMPH 3TOM COIVIACHO MpPeJACTaBJEHHbIM JAHHbIM, XapaKTep
HabJ/l0/laeMbIX U3MEHEHUW HMeeT SIBHO BbIPpaXXEHHYH 3aBUCHMMOCTb, KakK OT (a3oBOro
COoCTaBa KepaMHK, Tak U ¢JitoeHca 006JydyeHUs], U3MEHEHUE KOTOPOro, Kak ObLJI0 MOKa3aHO
Bblllle MPUBOAUT K Bapuauuud 3¢deKTa ynpoyHeHUs KepaMHUK. CorjlacHO MNOJIyYEHHBIM
JlAaHHBIM, OCHOBHble H3MEeHEHHSl 3HAYeHUH TBEPAOCTU KepaMHK, CBUJIETEJbCTBYIOLUE O
pa3ynpoYyHEHUHU U CHUKEHUU CONPOTHUBJIIEMOCTH K BHELIHUM BO3/IeMCTBUAM HaOJIIO[AeTCs
no pgoctuwxeHuro 200-300 yacoB mnoc/aef0BaTEJbHOTO BbICOKOTEMIIEpAaTYpPHOrO Harpesa
KepaMuK. [Ipy 3TOM TpeHAbl CHUKEHUS MO JOCTUKEHHWU JAHHOTO BPeMEeHHU HCIBbITaHUU
MMEKT SIBHO BbIpaXXeHHble pa3/iM4yvs KaK [JI HCXOJHbIX 00pa3loB (He MOJBEpPTrHYTbhIX
MOHHOMY 00JIy4YeHHUI0), TaK U AJi MOAUPHUIIMPOBAaHHBIX KEPAMUK B 3aBUCHUMOCTHU OT (JItoeHca
06s1ydyeHuUs1. Pe3ysbTaThl OlleHKU M3MEHEeHHU 3Ha4yeHWU TBEPJOCTH UCCIeAYeMbIX KepaMUK
B MCXO/JJHOM COCTOSIHUHM (He MOJABEPrHYThIX 00JIyYEHUI0) MOKasaj, YTO HaJIMuue B COCTaBe
BKJ/IIOUEHUH OKCHU/IA [IMHKA IPUBOAUT K 60Jiee BbIpaXKeHHOU JileCTabuIn3aluu TBEPAOCTH, YeM
B CJly4ae [IBYX JIpyTMX COCTaBOB KepaMUK, He COJepXKalllux OKCUJ, LIMHKa. B faHHOM ciyvae
MOXKHO C/leJIaTh BBIBOJ, O TOM, YTO HaJIMYME OKCHU/JA [IUHKA IPUBOJUT K YCHUJIEHUIO MPOIECCOB
KOPPO3HH, KOTOpble B CBOI OYepej b NPUBOAAT K JeCTPYKIMU MNPUINOBEPXHOCTHOTO CJIOS
KepaMUK 3a cueT AudpPy3un KMCA0po/ia v ero arjioMepaluu B COcTaBe KepaMuK. Takxe cieiyet
OTMETHUTD, 4TO AJisA cocTaBa 0.75 ZnO - 0.25 TiO, kepaMuK, MOHHasA MOAUGUKALMA IPUBOJUT
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K C/lep>KMBaHUI0 IPOLECCOB JIeCTPYKLIUH, OJJHAKO UX TPEeH/, U3MEHEHUU 6oJiee BbIpaXKeH, YeM
B C/y4ae u3MeHeHW# Haburogaembix Ad 0.5 ZnO - 0.5 TiO, kepaMuK, B COCTaBe KOTOPbIX
nomunupyet ZnTiO, ¢asa. /g 06pa3sLoB KepaMHUK, COCTaB KOTOPBIX NPE/CTaBJIEH CMeChIO
AByx ¢as ZnTiO, u TiO,, usMeHeHUEe TPEH/OB TBEPAOCTU MeHee BbhIPAKEHO, YeM B CJydae
KepaMHUK B COCTaBe KOTOPBIX MPUCYTCTBYIOT BKJIKYEHHUA OKCHJA LHUHKA. CpaBHUTEJbHBIU
aHaJ/IM3 MOJIyYEeHHBIX TPEHJA0B U3MEHEHUH N03BOJIET CAeJaTh BBIBOJ O TOM, YTO HaUMeHee
YCTOMYMBBIMU KepaMUKaMU SIBJISAIOTCA KEPAaMHUKHU C COOTHOIIeHHeM KoMnoHeHT 0.75 ZnO -
0.25TiO, B KOTOpBIX MPUCYTCTBYIOT BKJIIOUEHHUs B BU/Ie OKCH/IA ITUHKA, IPU 3TOM Hau60 1bIlex
CONPOTUBJIAEMOCTBIO K [JeCTPYKLMH, CBA3AHHOW C IpOLieCCaMM BbICOKOTEMIepaTypHOIro
OKMCJIEHUSA NPOABJSAKT KepaMUK € cooTHouleHreM komnoHeHT 0.5 ZnO - 0.5 TiO,, B cocTase
KOTOpBIX JoMUHMpPYeT ¢asa ZnTiO, ¢ BKAYEeHUAMH B Buje dasbl pyTuia. [Ipu aToM aHanus
TPEeHAO0B W3MEHEeHUW NPOYHOCTHBIX MapaMeTpPOB MCCJIe[yeMbIX KepaMHUK B 3aBUCHMOCTHU
oT ¢JitoeHca MOHHOTO O00JIydeHHs MOKa3as, 4YTO HCIO0JIb30BaHUE HMOHHOM MoJUPHKALUU
NI03BOJIIET YBEJIUYUTH CONIPOTHUBJIAEMOCTD K IIPOL,eCCaM BbICOKOTEMIIEPATYPHOI'0 OKUCJIEHUS,
a OCHOBHbIMHY Me€XaHW3MaMHU yIIPOUHEHUs B JaHHOM C/1y4ae ABJASAITCA JePpeKTHble BKIYEHUSs,
obpasyrwlyecs B pe3y/bTaTe B3aUMOJENCTBUS HOHOB C KPUCTA/JIMYECKOM CTPYKTYpPOU
IPUIIOBEPXHOCTHBIX CJIOEB, B pe3ysibTaTe KOTOPbIX CO3/JAIOTCA JONOJHUTE/NbHbIE Oapbephl,
CAep>KUBalolle NPOHMKHOBEHHME KUCI0PO/ia U ero MUrpaliu Briiyob 06pasoB.

Ha pucyHke 4 npuBejeHbl pe3y/sbTaTbl pacyieTOB HU3MeHeHUs1 (aKTopa yHnpoOYHeHUs
vcciielyeMbIX KepaMUK, paCCYHUTaHHbIM HA OCHOBE U3MEeHEeHU M 3HaYeHU M TBEPA,0CTU 00pas10B,
NOABEPTHYTHIX BBICOKOTEMIIEPATYpPHOMY BO3JeWCTBHIO. /laHHble NpUBeJeHbl NPOLEHTHOM
COOTHOLIEHUH, OTPAXKAIOIleM U3MeHeHUEe TBEPAOCTU OTHOCUTEJIbHO BpeMeHU BO3AEeUCTBUA
BBICOKMX TeMIIepaTyp, Ha OCHOBe KOTOPBIX Ollpe/ie/leHa KUHeTHKA U3MEHEHUN IPOYHOCTHBIX
napaMeTpoOB B 3aBUCMMOCTHU OT HECKOJIbKUX GaKTOPOB, BKJII0Uasi paKTOp M3MeHeHUs $pa30BOro
coCTaBa IIPY Bapuallud KOMIIOHEHT B COCTaBe, a TaK)Ke U3MeHeHUH QJiroeHca 06/1y4yeHus.

Kak BUIHO U3 IIpecTaB/IeHHbIX 3aBUCUMOCTEN U3MEHEHHE BpeMeHU UCTIBITAHUM IPUBOAUT
K pOCTy CTeleHHU Jerpajaluy TBEPAOCTH HUCCJIe[yeMbIX KepaMHK, YTO CBUJETEJbCTBYET
O [eCTPyKLUU INPUIIOBEPXHOCTHBIX CJIOEB B pe3yJbTaTe TEPMUYECKOrO BO3AEUCTBUA
M HHULMaJU3alUM TNpoLeccoB OKucaeHUd. [Ipu 3ToM, aHanu3 HabJOJaeMbIX TPEH/OB
VM3MeHEeHUU NPOYHOCTHBIX MapaMeTpPOB CBUJETEJbCTBYeT O TOM, UTO MOHHOE OOJIydyeHHe
OKa3bIBaeT NOJIOKUTEJbHbIA 3QEKT B CAepKMBAHUU MPOLECCOB JeCTPYKIIMU, BbI3BaHHbBIX
OKHCJIeHHWeM, IpPUYEM CTelleHb BJIMAHUA HaA CAEpXXUBaHUE HUMeeT ABHO BbIPAXKEHHYIO
3aBHCHUMOCTb OT BeJIMUYMHBbI QJIOEHCa, a Takxe OT pa30Boro cocraBa kepaMuk. CpaBHUBas
pe3yJIbTaThl OLlEHKYM U3MEHEHWUH TBEPAOCTU U CTElleHU Jerpajalii KepaMUK B 3aBUCMMOCTH
oT $a30BOro cocTaBa MOXHO CZeJlaTh BbIBOJ, O TOM, UTO U3MEeHEHHe COCTaBa KepaMHUK NPU
BapvallMd KOJIMYeCTBAa KOMIIOHEHT B cJyyae HeMOAU(UIMPOBAHHBIX KepaMHUK HauboJiee
nposiBaserca ajs cocraBa 0.5 ZnO - 0.5 TiO, kepaMuK, /i1 KOTOPbIX BpeMA BO3/EHCTBUSA
TEPMHUYECKOT0 HarpeBa B TeYeHHUe 5 4acoB NPUBOJAUT K CHUKEHHUIO TBepAocTd Ha 4.1 % ot
HayaJIbHOTO 3HAa4YeHUs], B TO BpeMs KaK /JJs 00pa3loB C COOTHOUIeHWeM KoMIoHeHT 0.75
ZnO - 0.25 TiO, TepMuyecKoe BO3JEUCTBUE NPUBOAUT K CHUXKEHHIO TBEPAOCTHU Ha 5 %.
[Ipy 3TOM MOXKHO cZeslaTb BBIBOJ, YTO Ha IPOLECChl BbICOKOTEMIIEPAaTYPHOIO OKHUCJIEHUS
M3MeHeHUe (a30BOro cocTaBa OKa3blBaeT He3HAYWTeJbHYI pOJib, a HabJoJaeMble
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M3MEeHEeHHUs B Pa3/IMYUsIX TBEPAOCTU U CTENeHU Jlerpajlallid KepaMHUK CBsi3aHbl C OoJiee
BbIPQXXEHHOH JiecTpykuuer okcujHou ¢asbl ZnO B cocrase 0.75 ZnO - 0.25 TiO, kepaMHuK.
[t MoaMUIIMPOBAHHBIX HOHHBIM 00JIyYeHHEM KepaMHUK pa3/inuus B CTENEHU Jlerpajlaluu
Y TPEHJIOB ee WU3MEeHEHHUs JJOCTATOYHO BbIPaXKeHbI, U3 Yero CjeAyeT CAEJAaTb BbIBOJ O TOM,
YTO MOHHOE BO3/IEHCTBHE, U CBSI3aHHbIE C HUM Mpolecchl epeKToobpa3oBaHusl, OKa3bIBAIOT
CYLIEeCTBEHHYIO0 POJIb Ha CAep>KMBAaHHE BBICOKOTEMIIEPATYPHOTO OKHCJIEHHs], BbI3BAHHOIO
JUIMTeNbHbIM BO3/IEMCTBHEM BbICOKUX TeMIepaTyp. B 1aHHOM ciydyae adpPeKT caep>kuBaHuUs
NpOSIBJISIETCS B BU/Jle MEHBIUIMX 3HAYEHUH CTENEeHU JlerpaZlaliuii TBEPAOCTH [Jisl 006JIy4eHHbIX
KepaMUK B CpPABHEHUHU C pe3yJibTaTaMU, OJyYeHHbIMH [1J11 HeMOAU GpUIIMPOBAHHBIX 00PA31|0B.
Tak B ciyvae 0.75 ZnO - 0.25 TiO, kepaMUK Npy NpeJBapUTENbHOM 00Jly4eHUU UX HOHAMHU
0* ¢ psroencamu 5x10'2-10'% noH/cM? cCHMXKEHHME TBEPAOCTH COCTABJSAET mopsaka 2.9 - 3.1
%, 4TO 60siee 4eM B 1.5-1.7 pa3a MeHbllle 3Ha4YeHUM CTeNeHU Jerpajalnui, Noay4yeHHbIX A5
HeMOJUPULMPOBaHHbIX KepaMuK. B cayyae 0.5 ZnO - 0.5 TiO, kepaMHK BeJMYMHA CTENEHH
JlerpaZlaliMyd i 06pasnoB 00Jy4eHHbIX ¢JuoeHcaMu 5x102-0 uoH/cM? cocTaBJsieT
nopsgka 2 - 2.5 %, 4To 6oJiee 4eM B 2 pa3a MeHbllle U3MEHEHUN TBEPAOCTH, HAabJII0JaeMbIX
JUIs HeMoAupULIMPOBaHHbIX 06pa31oB. [ o6pasnoB 0.25 ZnO - 0.75 TiO? makcuMaJibHOE
CHW)KEHUEe TBepAOCTH npH ¢uiroeHcax 5x10'% - 10" non/cm? cocrasaser nopszgka 2.8 - 3.3 %
OT HaYa/IbHOTO 3HAYEHUs], B TO BpeMs KakK JJisl HeMOZMpULIMPOBAHHBIX KEPAMHUK TEPMUYECKOE
Bo3zelcTBUe B TeyeHHWe 500 4yacoB MPUBOAUT K CHUXKeHHIO GoJsiee yeM Ha 4.6 %. Takum
06pa3oM, aHAJIM3UPYs MOJyYeHHble pe3y/bTaTbl U3MEHEHUUW TBEPAOCTH, U PACCYUTAHHBIX
Ha UX OCHOBE HW3MEHEHUH BeJIMYMH CTeleHW Jerpajalydu MO3BOJISIOT CAesiaThb BbIBOJ O
CAEp>KMBAaHUHU TPOLECCOB AECTPYKIHUU 32 cUeT POpMHUpPyeMbIX UOHHBIM BO3JeHCTBUEM Ha
NPUIIOBEPXHOCTHBIN C10M KepaMUK ePpeKTOB, IJIOTHOCTb KOTOPbIX OKa3bIBAET IBOUCTBEHHOE
BJMSIHUE HA MeXaHU3Mbl CONPOTHUBJISIEMOCTH BbICOKOTEMIIEPATYPHOMY OKHCJIEHHUIO H
pa3ynpoyHeHui0. B ciydae korza niaoTHOCTb AedeKToB, co3/jaBaeMasi BO3/leiCTBUEM MOHOB
B MPUIIOBEPXHOCTHOM CJIO€ ZI0CTAaTOYHO MaJia (mpu ¢uiroeHcax obaydenus 10 - 10! von/
cM?), 3pEeKTUBHOCTb CAep>KUBAHUS MPOIECCOB OKHUCJIEeHHUs cocTaBisieT MeHee 10-15 %,
YTO HECOM3MEPHUMO C 3aTpaTaMH HAa MOHHOe 006siyyeHHe U 3PPEeKTUBHOCTBIO JOCTUTaeMOM
B pe3yJibTaTe JJaHHOTO B03JeicTBUs. OCHOBHOW MeXxaHM3M yNPOYHEHHUs B JJAHHOM cCJjy4yae
o6ycsioBJieH 3¢pdeKTOM 06pa30BaHMUSA AOMOJTHUTENbHbBIX CTPYKTYPHBIX UCKAXKEHUH, TOYEYHbBIX
M BaKaHCHOHHBIX JedeKTOB, a TaKXKe AUCJOKAIUH, HAKOMJIeHHEe KOTOPBbIX B CTPYKTYype
IPUIIOBEPXHOCTHOTO cJiosd ¢GopMupyeT gAedeKTHBIA CJ0H, 3aMeJJISIIIUNA  MPOIECCHI
MUTPALMU KUCJOPOJA U CAEpP>KUBaHHUS TEMNJIOBble KOJIEOaHUSI KPUCTAJIMYECKON pelleTKH,
YTO TaKXe clepxxkuBaeT AudPysuio aedpeKToB U ux arvioMmepanuto. OJHAKO B cy4ae BBICOKUX
¢duroeHcoB o6sydenus (Boime 10" MoH/cM?), IPU KOTOPBIX B CTPYKType MOBPEXKJEHHOTO
(U13MeHEeHHOI'0 MOHHBIM BO3JIeCTBUEM) CJIOsl 06pa3yeTcsl JOCTATOYHO 6oJibliasi IJIOTHOCTh
JlebeKTOB, HAKOIMJIEHHE KOTOPbIX CIOCOOHO MPUBOAUT K 0Opa30BaHHUIO Oo0Jiee CJI0XKHBIX
JNlebeKTHBIX KOMIIJIEKCOB U KJIACTEPHBIX ZiePeKTOB, BHELIHee TepMUUYECKOe BO3JeHCTBHUE
OKa3blBaeT Ha HUX JIOMOJHUTENbHOE BJIUSHUE, KOTOPOE B CBOIO OUYepeab MPUBOAUT K POCTY
JleCTabUIM3UPOBAHHBIX MOBPEXAEHHBIX BKIIOYEHUN B TPUIIOBEPXHOCTHOM CJIOE, YTO B CBOIO
oyepelb CHUXAET COMPOTHUBJSIEMOCTb MOAUPUIUPOBAHHOIO MPUIOBEPXHOCTHOTO CJIOS K
BbICOKOTEMIIEpPAaTyPHOMY BO3/I€CTBUIO.
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PucyHok 4. Pe3y/ibTaThbl OLleHKH U3MeHeHUs PpaKTopa yIPOYHEHH S UCCIeAyeMbIX KepaMUK
B 3aBMCMMOCTH OT BpeMeHHU BbICOKOTEeMIIepaTypHOro Bo3aencrsus: a) 0.75 ZnO - 0.25 TiO,;
6) 0.5Zn0 - 0.5 TiO,; B) 0.25 ZnO - 0.75 TiO,

[ToMUMO JJIMTENIbHOT'O TeMIlepaTypPHOrO BO3/ENCTBUS, CHOCOOHOT0 MPUBECTU K UHUIUA-
JIN3aLUH MPOLECCOB OKUCIEHUSI TPUIIOBEPXHOCTHBIX CJI0EB B MPOLIECCE IKCITYaTALUK aHO/-
Hble MaTepuasibl MOTYT MCIBbITbIBATh TEPMOLIOKOBbIE BO3JEWCTBUS B IMpoliecce TEPMO-
IIUKJIUPOBaHMUSs, CBSI3aHHbIE C Pe3KUM H3MeHEeHHEM TeMIlepaTypbl BO3eUCTBUS, U3MEeHEeHHUE
KOTOPOW MOXXET MPUBECTH K ObICTPOMY OKHCJEHUIO MPUIIOBEPXHOCTHBIX CJI0EB MPH PE3KOM
CHIPKeHHUHU TeMIlepaTypbl BO3AENUCTBUS, a TAKKE MHULIMUPOBATD MPOLECCh] AePpopMalHOHHBIX
HMCKa)KEeHUH, BbI3BAHHBIX U3MEHEHHEM I'PajiIueHTa TEMIIEPATYPHOTO BO3/eMCTBUS.

Ha pucyHke 5 mpuBefieHbl pe3y/bTaThl OLEHKU U3MEHEHUW TBEPAOCTH HCCIeyeMbIX
KepaMUK (B HMCXOJHOM U MOAUPUIMPOBAHHOM COCTOSIHHMM), OTpaKawoliyde BJIUSIHUS LUK-
JIMYECKUX TEePMOIIOKOBBIX BO3JleHCTBUU. KosiMyecTBO IUKJIOB HCIBITAHHH 06pasIOB COC-
TaBJISJIO MATh MOCJE0BATEJNbHbIX LMUKJIUYECKUX WU3MEHEHUW TeMIepaTyp BO3JeNCTBUS,
BO3HUKAKIMUX NyTeM ObICTPOro HarpeBa 06pasLoB 0 33/JaHHOTO TEMIIEPATYPHOTO PEKUMA,
BbIJIEp>KKe NPU HEM B TeYeHHEe 4aca M ObICTPOro HM3BJIeYEeHHS Ha BO3/yX U3 KaMephbl MeyH,
YTO CO3/]aeT rPaJiJMeHT TeMIlepaTypHOro BO3/eHCTBUS, MPUBOAALLETO K JedpopMaluOHHBIM
HMCKQXKEHUSIM KPUCTAIJIMUECKON CTPYKTYpPhl B pe3ysbTaTe Pe3KUX CTPECCOBBIX W3MEHEeHHUU
TEIJIOBbIX KOJIEOAHWM KPHUCTA/VIMYeCKOW peneTKd. COrJIacHO MpeJCcTaBJeHHbIM TpeHJaM
M3MeHEeHUUN BeJIMYUH TBEPJIOCTH, PUBEJEHHBIX JJIs1 UCCAeyeMbIX 00pa3l0B HAa PUCYHKaX
5a-B BHJIHO, UTO M3MeHEeHMs HaOJIIOAAIOTCA IMOCJe MEPBOr0 IMKJA BO3JEHUCTBHH, OJHAKO
XapakKTep JaHHbIX U3MEHEHHU U pasJ/ihyeH /i 06pa31ioB, KaK B MCXOJHOM COCTOSIHMU, TaK U B
ciaydyae MoAMUIMPOBAHHBIX 06pa3l0B KepaMUK. Harbosiee BhIpaXkeHHbIN TPEH/ CHUXKEHUS
TBEPAOCTH, CBUJETEJbCTBYIOUIMN O CUJBHO BbIPAXKEHHOW AeCTabuIh3alud NPOYHOCTHBIX
CBOMCTB KepaMHK Hab.rofaerca s o6pasuos 0.75 ZnO - 0.25 TiO, kepaMHMK B UCXOJHOM
cocTossHUU. [Ipy 3TOM HauMeHblIKe U3MeHeHUs HabJaTca A oopasnos 0.5 ZnO - 0.5
TiO, kepaMuK, U3 4ero cieJyeT BbIBOJ O TOM, YTO Haubosiee 3GPeKTUBHLIMU U yCTOUYHUBBIMU
KepaMUKaMH K TEPMOILIOKOBBIM BO3/IEMCTBHUSM SIBJSIOTCS KePaMHUKH C JJOMHUHUPYIOIEN B
cocrase ZnTiO, pasoii.
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PucyHok 5. Pe3y/ibTaThl OIleHKH U3MEeHEHUH TBepPAOCTH MCCIeyeMbIX KEpaMHUK B pe3y/bTaTe
IUK/JIMYECKUX TEPMOINOKOBBIX UCIbITaHui: a) 0.75 ZnO - 0.25 TiO,; 6) 0.5 ZnO - 0.5 TiO,;
B) 0.25 ZnO - 0.75 TiO,

Ha pucyHke 6 mnpuBeJleHbl pe3yJbTaThl OLEHKU CTeNeHH /Jerpajaluud TBEPAOCTH
HcCaelyeMbIX KEpAMHUK, NOJIyYeHHble MyTeM CPaBHEHUs 3HAUYeHUUH TBEPAOCTH B HCXOJHOM
COCTOSIHUU (0 MPOBeJeHUs1 UCHbITAHWI) U MOCJe TEPMOLIOKOBBIX BO3JelCcTBUN. /laHHbIE
NpUBEeJEHbl B MPOLEHTHOM COOTHOUIEHHWU U €MHOM MacluTabe Jijisl y406CTBa CpaBHEHUs
3pPEeKTUBHOCTH MOBBILIEHHUSI CONPOTUBJSEMOCTH KepaMUK B 3aBUCMMOCTU OT M3MEHEHHUU
¢dasoBoro cocrasa (B cy4yae BapHalMd COOTHOLIEHUS] KOMIIOHEHT MPU CUHTEe3€e) U UOHHOU
MoAUPUKALUH.
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PucyHoK 6. Pe3y/ibTaThl OLleHKU CTENIeHHU Aerpajaluy TBepAOCTU UCCIeAyeMBbIX KepaMUK
B pe3y/ibTaTe [UK/IMYEeCKUX TEPMOLIOKOBBIX HCNbITaHui: a) 0.75 ZnO - 0.25 Ti0,;
6) 0.5Zn0 - 0.5 TiO,; B) 0.25 ZnO - 0.75 TiO,

CorsiacHoO npeAcTaBJeHHbIM JaHHbIM U3MEHEHUN CTeleHU Jerpajlaliui TBEPJOCTU Hccie-
JlyeMbIX KEPAaMHUK YCTAaHOBJIEHO, YTO B CJy4yae UCXOAHbIX 06pa310B MaKCMMaJIbHOE CHIXKEHUE
TBepAOCTH s obpasuos 0.75 ZnO - 0.25 TiO, kepaMMK mocje 5 LUKJIOB HCIbITAHUN
cocrasJjgeT nopsaka 11 %, ass o6pasuos 0.5 ZnO - 0.5 TiO, KepaMUK U3MEHEHHE COCTaBJIAET
nopszaka 6.6 %, Ay 0.25 ZnO - 0.75 TiO, kepaMUK CHU>KeHHE TBEPAOCTH COCTaBJIsSIeT NOPA/iKa
9.4 %. [Ipy 3TOM aHa/IM3 MOJIyYeHHbIX U3MEHEHUN CTENEeHU JlerpaJlauid KepaMUuK MoKasaJ
3¢ PeKTUBHOCTb NPUMEHEHHSI MOHHOW MOAMPUKALIMM [Ji51 TOBbIIIIEHUSI COTPOTUBJIIEMOCTH K
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TE€PMOLIOKOBBIM BO3/ieiCcTBUsAM. COIJIaCHO I0JIyYeHHbIM IaHHbIM, B ciiy4dae 0.75Zn0 - 0.25TiO,
KepaMHUK HOHHOe 06JiydyeHue ¢ ¢puroeHcaMu 5x1012 - 103 noH/cM2 NPUBOJUT K YBEJUYEHUIO
CONPOTHUBJIIEMOCTH K JIeCTPYKIIMU BbI3BAaHHOU TEPMOLIOKOBBIM BO3/elicTBHEM GoJsiee yeM 1.5
pasa. [l o6pasnos 0.5 ZnO - 0.5 TiO, kKepaMHMK CHMXKEHHE TBEPIOCTH U CTENIEHH Jierpafaliuu
npu ¢JiroeHcax o6aydeHus 5x101% - 10 uoH/cm? coctaBiisieT nopsaka 3 %, 4To 60Jiee 4eM B 2
pasa HUXKe aHAJIOTUYHBbIX U3MeHEeHHUH, HabJilo[aeMblIX i1 HeMOAMPUIIMPOBaHHBIX 00pa3L0B
KepamuK. s o6pasuos 0.25 ZnO - 0.75 TiO, kepaMUK HOHHOe 06/iyyeHue ¢ QJroeHcaMu
5x10'%- 10 noH/cM? NPUBOAUT K CHHXKEHHIO TBepjocTH Ha 4.9 — 5.3 %, 4yTo GoJiee yem 1.7
pas3a HUXKe, 4eM B CIyyae U3MeHeHUU HabJ1to/jlaeMbIX J1/11 He0O1y4YeHHbIX 06pa3L0B KepaMUK,
NOABEPTHYThIX TEPMOILIOKOBBIM BO3JAeWCTBUAM. [lol0OHbIe M3MeHEHUs CBUJETEJNbCTBYET
0 NOJIOKUTEJbHOM 3pdeKTe cAepKHBaHUA NpPoLEeccoB AedOpMaAlUOHHbIX HCKa)XeHHUU B
MOJAUPHUIIMPOBAHHBIX KEPAMUKAX, a TaKKe 06 3P PeKTUBHOCTU HOHHON MoAUPHUKaALIH.

[Ipy1 3TOM pa3/iMyus B XxapaKTepax U3MeHEHUH CTelNeHU Jerpajaldu o6pa3LoB KepaMUK
NOABEPTHYTHIX JJUTEJbHOMY BbICOKOTEMIIEPATYPHOMY HarpeBy W TEPMOLIOKOBBIM MCIbI-
TaHUSIM OOYCJIOBJIEHA pa3JjiMuMeM B MeXaHHU3Max KOPpPO3WM M [JeCTPYKLMH, BbI3BaHHbBIX
JlaHHBIMU BO3/JeMCTBUAMU. B ciydyae AJIUTE/bHOTO BBICOKOTEMIIEPATYPHOTO BO3JE€HCTBUS
IpOLeCcChl OKMCJIEHUS U, CBI3aHHbIE C HUMU npouecchl AUPy3un KUCI0pOJa, HOCAT MeJ-
JIEHHBIY XapaKTep, 00yC/I0BJIeHHbIN TENJIOBBIMU KOJIEOAHUSAMU U MUTpaLuent 1eheKTOB NpHU
IIOCTOSIHHOU TeMImepaType. B ciy4ae ke TepMOIIOKOBBIX BO3JE€MCTBUM, pe3KOe N3MeHeHHe
TeMIepaTypbl 00pa3L0B NPUBOAUT K QOPMUPOBAHUIO CTPYKTYPHbIX UCKAXKEHUH, BbI3BaHHbBIX
flebopMallMOHHBIMU HaNpPsKEHUSIMU NPU peJlakcalluy U Iepenajie TeMmiepaTyp B obpasle.
B pgaHHOM cjyyae 06oJiee HU3KMe IOKa3aTesJd TEINJIONPOBOAHOCTU KepaMUK, KOTOpble
CAEpP>XUBAIOT MeXaHW3Mbl NporpeBa ob6paslia U TelJonepesadyd OYAYT CIOCOOGCTBOBATh
MeHblIeMY AepOopMalMOHHOMY BO3/eUCTBUIO IPU BOSHUKHOBEHUU IpaJiUeHTa TeMIepaTyp,
TaK KaK caMa pa3HMla TeMIlepaTyp B o6pa3iuax MpU MajJoM BpeMeHU BO3JeWCcTBUSA OyJeT
MeHbllle, YeM B cJly4yae 060pa3l0B TENJIONPOBOAHOCTb B KOTOPBIX BhILIE.

TakuM 06pa3oM, MOXKHO cZieJlaThb BbIBOJ], YTO ONTHUMAaJIbHBIMU yCJOBUSMU MOJUPUKALMH,
IpU KOTOpBIX CTeNeHb JAerpaZallui TBEPAOCTM MHHHMaJbHa, a 3QPeKT ynpoyHEeHUs U
NOBBIIIEHHUS COMPOTUBJISIEMOCTA K BHEIIHUM MeXaHUYECKHX W BbICOKOTEMIEePATYpPHbIM
BO3JIEUCTBUAM SIBJIsIETCA 06JiydyeHHe ¢ puiroeHcoM 5x10'2 MoH/cM?, BO3/IeHCTBHE KOTOPOTO
OPUBOAUT K GOPMHUPOBAHUIO B CTPYKType NPHUIOBEPXHOCTHOIO CJ0S1 BbICOKOJE(PEKTHOIO
C/710fl, IJIOTHOCTb Je(peKTOB B KOTOPOM ONTHUMaJbHa [JJ5 CAEpXXUBaHUS MPOLECCOB
BbICOKOTEMIIepaTyPHbIX BO3AEUCTBUH, a TakKe AUPPY3MOHHBIX MEXaHU3MOB OKUCJIEHUS NTPU
JJIATEeJbHOM TEPMUYECKOM HarpeBe U TEPMOIIOKOBOM BO3/ € ICTBUH.

3aKk/iloueHue

B pabote mnpejcTaB/ieHbl pe3yabTaTbl OLEHKHW BJIMSIHWSI WOHHOW MOAMQUKALUM Ha
VM3MeHEeHHEe NMPOYHOCTHBIX CBOMCTB U YCTOMYUBOCTH K BbICOKOTEMIIEPATypPHBIM MpoLieccaM
OKHMCJIEHUS W TEePMOLIOKOBBIM BO3JEWCTBUAM KOMIO3UTHBIX XZn0O - (1-x)Ti0, kepamuk
npy Bapuauuu ¢JiroeHca o6JsydeHHsi. BbIGOp BbICOKOIHEpPreTUYeCcKUX HOHOB O mo3BoJisieT
peasn30BaTh KOHTPOJIMPYEMBIA pEXUM paJUallMOHHOM MoAHWPUKALUHA, B KOTOPOM
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M3MeHEeHHUs CTPYKTYpbl KepaMUK GOPMUPYIOTCS IJIaBHBIM 00pa3oM 3a CYET MOHU3ALMOHHbBIX
IPOIeCCOB, a BO3HUKaMILMe AedeKTHble KOMIIJIEKCHI BbIMOJHSAT POJib CTAOUIU3UPYIOLUX
6apbepoB, CIOCOOHbBIX NOBBIIATh YCTOMYUBOCTb MaTeprasia K MeXaHUYeCKUM U TepMHUY€eCKUM
BO3/leHCTBUSAM 6€e3 pUCKa Aierpaialiiu BCIe[CTBUE UMIIAHTALMOHHBIX 3 EKTOB.

B xo/ie mpoBe/ieHHbIX UCC/IeJ0BAaHUN YCTAHOBJIEHO, YTO YBeJMYeHue JiroeHca 061yyeHus
710 5x10' 1oH/cM? MPUBOJAUT K YBEJIMUEHHIO TBEPJOCTH TPUIIOBEPXHOCTHOTO CJIOSI KEPAMHUK,
a TakXe MOBBIUIEHUI0 CONPOTUBJSEMOCTH K BHEUIHUM MeXaHU4YeCKMM BO3JeHCTBUAM U
pacTpeckMBaHHI0O. B Xoie HCHbITaHUM Ha YCTOWYHMBOCTb U COMPOTHBJIIEMOCTb K BbICO-
KOTeMIlepaTypHOM Jierpaflaliid YCTAaHOBJEHO, 4YTO IMpPU [AJUTEJbHOM TepMHUYECKOM
BO3/IeHCTBUM CllepKUBaHUe MpoleccoB AUPpPy3un KHUCA0pOJa U OKUCTEHUS MTPOUCXOAUT 32
cyeT 0O6pa30BaHHbBIX JiePeKTOB B NPUINOBEPXHOCTHOM cJioe. [Ipy 3TOM B ciyyae BBICOKOZ03HOTO
06Jiy4eHUs], 06pa3oBaHHbIe CTPYKTYpPHble JedeKTbl U HMX MOCJAeAyIolas KJacTepu3anus
M amioMepaunuss CHWXKalT 3QQPEeKTUBHOCTb CAEPKMBAHUS IMPOLLECCOB TEPMUUYECKU
MHAYUUPOBAHHOM KOPPO3UU MPUNOBEPXHOCTHBIX CJI0EB U MPAKTUYECKU HUBEJUPYIOT
3¢ dpeKT ynpouHeHUsI JOCTUTHYTbIM NP UOHHOW MOAUPHUKALIMU B CPABHEHUM C UCXOAHBIMU
(HeMoaUPUIIMPOBAHHBIMHU) 06pa31jaMU KEPAMHUK.

Pe3ysnbTaThl OLleHKH UCIBITAHUNA Ha YCTOMYUBOCTDb K UKJIMYECKUM TEPMOLIOKOBBIM BO3-
JIeMCTBUSIM TOKa3a/id MepPCrneKTUBHOCTh HCIOJIb30BAHUS HMOHHOU Moaudukauuu ¢ ¢Jiro-
eHcaMu 06JydeHHsa nopsaka 5x10'? - 10" voH/cM,, KUCIO/Ib30BaHWE KOTOPBIX NPUBOJMUT
K CHWPKEHHUIO CTeleHU Jerpajaliud TBepAocTH 6Gosiee yeM B 1.5-2 pasa mo cpaBHEHHUIO C
pe3yJsibTaTaMu, NOJIyYeHHbIMH JJI1s1 UCXOHBIX (HeEMOAUGUIMPOBAHHbIX) KEPAMHUK.

CorslacHO MOJIyYeHHbIM JIaHHBIM YCTAHOBJIEHO, YTO CO3/jlaBaeMble HOHHBIM 00JIy4YeHHEM
JlepeKTHble HEOJHOPOJHOCTH B IPUIIOBEPXHOCTHOM CJI0€ 3aMeJJISII0T NPOLecChl aTOMapHOH
anddy3un Kuciaopojla U APYrUX arpecCMBHbIX KOMIIOHEHTOB BIJIyOb MaTepuasa, 4TO
yMeHbLIaeT CKOPOCTb TEPMUYECKH HHAYLIUPOBAaHHON KOPPO3KHU U JlerpaZilalluy NOBEPXHOCTH.
OnpepeseHo, 4To MOAUPHUIIMPOBAHHBIA HOHHBIM OO0JIyYeHHEM MPUMNOBEPXHOCTHBIM CJIOU
BbINOJIHAET (QYHKIHMIO 3allUTHOTO Oapbepa, MOBbILIAKILET0 TEPMOLIOKOBYI HPOYHOCTH
U YCTOMYHMBOCTb KEPAMHUK K JJIMTEJbHOMY BO3/EHCTBUIO BBICOKHMX TeMIIepaTyp, a TaKKe
CBSI3aHHBIX C HUMHU NIPOLIECCOB OKHCJIEHUS U pa3yNpOYHEHMUS.

[Ipu ¢uroeHcax o6aydenuss Bbiie 5x10'? woH/cM? HabogaeMbie 3deKThl pa3ynpoy-
HEeHHs, CBSI3aHHble CO CHI)KEHHEM 3HAuYeHUH TBEPAOCTM U YNPOYHEHUS OOYCJIOBJIEHBI
3ddexTOoM nepekpbITUSA AedPeKTHBIX BKJIWYEHHH, YTO B CBOK oOYepeab MNPUBOJUT K
JlecTabuaM3alnuy NIpUInoBEePXHOCTHOTO CJI0SI ¥ CHMXKeHUs 3P PeKTOB 6apbepHOT0 Cep>KUBAHUSA
pacnpocTpaHeHUs MUKPOTpPELIMH PHU BHELTHUX HArPy3Kax, a TAK>Ke MPOLeCCOB TEPMUYECKOTO
OKUCJIEHUS NpU [JAJUTEJbHOM TepMHUYeCKOM Bo3jAeHdcTBUUM. OCHOBHas NpHUYMHA TaKHUX
M3MeHeHHU CBsI3aHa C MHTEHCUBHBIM HAKOIJIEHHEM paZiualluOHHBIX AedpeKToB U 3pdeKToM
HepeKpbITUS KAacKaZoB MoBpexJeHUU. [Ipy HU3KUX (JtoeHCcaX KaXK[Ablii MOH WHULMUDPYET
JIOKaJIbHYI0 06J1aCTh pa3pylleHUs] KPUCTAJINYEeCKON peléTKH — GOpMHUPYIOTCS BaKaHCUH,
MeXy3eJibHble aTOMbl, MeJikUe JAedeKTHble KJaacTepbl U 4YacTUYHO aMop(u3WpOBaHHbIE
30HbI. OJHAaKO NpH JOCTHKEHUH ¢uiroeHCOB Bbilie 5x10'2 MoH/cM? Kackaabl HAYMHAIOT
IlepeKpbIBaThCs, B pe3y/bTaTe Yero MJIOTHOCTb CTPYKTYPHBIX lePEeKTOB pe3KO BO3pacTaer.
ITO NPUBOJUT K 06pPa30BaHUIO MPOTIKEHHBIX ePeKTHBIX BKIOYEHUN, POCT KOHIEHTPALUU
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KOTOpPbIX HPUBOAUT K 0cCaab/ieHHu0 3PpdeKTOB 6GapbepHOro CAEpXUBAHUS W CHUKAeT
CONPOTHUBJIAEMOCTb K OXPYIYMBAHUIO NPUIIOBEPXHOCTHBIX Cj0eB. HakomnjeHWe BakaHCHUU
M HUX KJacTepu3alus [JONOJHUTEJbHO MNPUBOJUT K paJHalMOHHO-UHAYLUPOBAaHHOMY
OXpyN4YMBaHUI. [loBbIlIeHHe KOHLLEeHTpaLuY epeKTOB CO3/1aéT 3HaYMTebHble BHYTPEHHHUE
HaNps>KeHHWs, HapyllaeT CTaOUJIbHOCTh 6apbepHbIX JedeKTOB, a 06pasywiiMecss amopdHbie
BKJIIOYEHUS CaMM BBICTYNAIOT B KayeCcTBe KaTaJMU3aTOPOB JAJ pOCTa MUKPOTPELUH U
nocjaeAymwlleld AecTabuan3ali KpPUCTAJIMUECKOW CTPYKTYpPbl NPUIIOBEPXHOCTHOTO CJIOSI.
JlONOJIHUTE/IbHBIA BKJIQZA B Jerpafaliio CTPYKTYpPbl BHOCUT YCKOPEHHOE TepMHYecKoe
OKHUC/TeHUe JepeKTHOT0 NPUINOBEPXHOCTHOTO cjos. PajguaunuoHHble AedeKTbl CO34aK0T
6bICcTpble NyTH AUPPY3UH KMCJI0POAA, a aMOPPU3HMPOBAHHbIE U PAa3ynopsAZ0dYeHHbIe Y4aCTKU
006J1a/Jal0T TMOBBILIEHHONW XUMHYECKOW aKTUBHOCTbIO. [IpU TepMHYecKOM BO3JeNCTBUU
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KoMno3uTTik KepaMuKa/1apAblH HOHABIK MOAUPHKALMSACBIHBIH, >KOFapbl TeMIepaTypaJibIK
AerpajanusFa »KoHe TepMOLIOK ChIHAKTapbIHa TO3iM/iliriHe acepiH 3epTTey

Angarna. )KyMbIcTa MBIpbIII TUTAHATHI HeTi3iHeri kepaMuKanap/biH 6eTKi KabaTTapbIHbIH HOH-
JIbIK MOAUPUKAIUSACBIHBIH, KOFapbl TEMIIEPATYPAJIbIK KOPPO3Us MPOIeCTEPiHE XKoHe KATThl OKCU/TI
OTbIH 3JIEMEHTTEepPiHe apHaJ/JFaH aHOJATBIK MaTepuaJs peTiHJe MakJajJaHbLIFaH Ke3Je TYbIHAAWTbIH
CbIHU KaFJaljap/ibl MOJeJbJAeUTiH TEPMOIIOK acepiHe bIKNaJbl 3epTTEY HOTHXKeJiepi YChIHbIJIFAH.
Kepamukaza MmogudukanusaiaHFaH KabaTThl Kypy op TypJii ¢uroeHci 6ap O+ MOHAApPbIMEH CayJeieHy
apKbLJIbl KY3€ere acbIpblI/bl, 0JIap/iblH, 63Tepyi COKTBIFbICKAH HWOHAAPAbIH KaJIbIHAbIFbI IIaMaMeH
13 - 13.5 MKM 6oJiaThIH 0eTKi KabaTThIH KPUCTAJNABIK KYpPbLIBIMBIMEH 9pPEKeTTecyi HOTHXKeciHJe
naizia 60JaThlH KYPbLIBIMABIK 3aKbIMAAHYABIH 9pTYPJi apexeciH TyAblipAbl. KepaMuka yurinepiHe
’KOFapbl TeMIlepaTypaHblH, Y3aK YaKbIT acep eTyiMeH 6alJIaHbICTbl TEPMUSJIBIK TYPAKThLIbIFbIH
CblHay GapbICbIH/A, UOHABIK Cay/eeH/ipy apKblibl MOAWPHUKALMATIAaHFAaH KabaTThl KaJAbIITACThIPY
KOpPpO3Usi MeH Jerpajauusi yAepicTepiHe Te3iMIMIKTI apTThIpaThiHbI, COHJAW-aK KepaMHUKaHbIH
6eTki KabaTbhIHbIH OepiKTiK KacheTTepiHiH Oy3blly AdpexKeciH TeMeHJeTeTiHi aHbIKTaaAbl. Moau-
buKanuaHbIH OHTalabl mwaptTapbl 10 - 5x10'? noH/cM? duroeHci 6ap MOHABIK, CayJiesleHy GOJIbIIT
TabblIaJbl, OHJA GeTKi KabaTTa maiaa 60JIaTbIH KYPbUIBIMJBIK ©63TepicTep A9perKeci TEPMUSJIbIK
VHAYKIUsJIAaHFAaH KOPPO3Us KaHe Jlerpajialus npoiecrepiMeH 6aiJlaHbICThI Tepic acepai 6apbiHIIa
asalTyFra MYMKiHJiK 6epeni.

TyuiHai ce3aep: TUTAaHATTAP, KEPAMUKAIBIK MaTepUaiap, KOPpo3us MpolecTepi, TYpaKThLIbIK,
Mo auduKalUsIaHFaH KabaT, 6epiKTiKTiH ToeMeHJeyiHe Te3iMaiaik
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Study of the influence of ionic modification of composite ceramics on resistance
to high-temperature degradation and thermal shock tests

Abstract. The paper presents the results of studies of the effect of ion modification of near-surface
layers of ceramics based on zinc titanate on high-temperature corrosion processes and thermal shock
effects simulating critical situations when using this type of ceramics as anode materials for solid oxide
fuel cells. The creation of a modified layer in ceramics was carried out by irradiation with O+ ions with
different fluences, the variation of which caused different degrees of structural damage created as a result
of the interaction of incident ions with the crystalline structure of the near-surface layer with a thickness of
about 13 - 13.5 pm. During the thermal stability tests carried out on ceramic samples, involving long-term
exposure to high temperatures, it was found that the creation of a modified layer through ion irradiation
allows for increased resistance to corrosion and degradation processes, as well as a reduction in the degree
of destruction of the strength properties of the near-surface layer of ceramics. It was determined that the
optimal conditions for modification are ion irradiation with fluences of 10'?- 5x10'? ion/cm?, at which the
degree of structural changes created in the near-surface layer makes it possible to minimize the negative
effect associated with thermally induced corrosion and degradation processes.

Key words: titanates, ceramic materials, corrosion processes, stability, modified layer, resistance to
softening
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2017-2024 xbuigap apajblFbIHAAFb] XKYPri3lJireH 3KCIIePpUMEHTTIK 3epTTey-
JIEp/iH, HOTHXKeJiepi KeJITipiireH, COHZIai-aK FapbILITHIK CayJiesiep aFbIHAAPbI-
HbIH TipKeJITeH BapUallMa/lapblH >KoHe FeOMarHUTTIK >XoHe IJIaHEeTapaJiblK
opTa napameTpJepiH TalJayAblH XeKeJereH acleKTiiepi KapacTbIpbLJIFaH.
MakaJsiazia aTasiraH yHUBepcuTeTTiH FblIbIMU KelleHeri CARPET fgeTekTopbl-
HbIH MOAYJ/IbJiepiMeH TipKeJIreH eKiHIUi peTTi FapbIIUTHIK CayJiesiep aFbIHAaphl-
HblH 2017, 2021, 2024 xbuigapAafbl KyaTThl TeOMarHUTTIK KO3ysap KesiHze
KPAP,DstreomaruuTTik MHAeKCTePiHIHFS KyH KeJsiHiH M1a3MasbIK, KblJ11aM-
JIbIFbIHBIH >koHe YKep YCTi HEUTPOH MOHUTOPJIAapAbIHAEPEKTEePiMEH YaKbITThIK,
BapualHaJapbIHbIH CaJbICTBIpMaJbl TalJaybl KeJTipiireH. 3epTrey yiuiH KyH-
HiH, KapKblJ1 OeJiCeH/Iiiri Typasbl JepeKTep Je nail/laJaHbli/bl 2K9HEe OHbIH,
rpaduri kentipisai. leoMarHuTTiK Ko3ysaap/blH, ce6ebi GOJIbIN TaObLIAThIH
KyH »KapKblJIbIHBIH, cUIIaTTaMaJlapbl MeH napaMeTpJiepi KapacTbipbligasl. Co-
HbIMEH KaTap, MarHUTTIK Jaybl1Jap TypaJbl AepeKTep e KeaTipiazgi. Taagay
HoTHXKeJiepi kepceTinai, Popby-TeMeHaeyi apdekTici allKpIHAAbII, OHBIH
culaTTaMajlapbl MeH epeKlleJiKTepi KapacTbIpbliJbl. AJIbIHFAaH HOTHUXKeJep
FapBILITHIK CayJiesiep KapKbIH/AbLIbIFbIHbIH, Bapuanusaapbl KyH 6eTiHjeri Ko-
3yJIapAaH TybIH/JAI, KeUiHrl reOMarHUTTIK epic 3JleMeHTTepiHiH e3repicrepi-
He 6al/JIaHbICThI €KeHi aUThI/IZbl YKOHE KOpCeTiai.

Ty#iH ce3aep: kocModusnKaibIK KelleH, AeTekTop, KyH 6encenginiri, Kyn
’KapKblJIbl, TEOMarMHUTTIK KO3yJap, FaJlaKTUKaJ/IbIK FapbILITHIK CayJeJiep,
®opbyu-TemMeHzeyi

FapbllUThIK, coysiesiep aFbIHJAPbIHbIH, dPTYPJli YaKbITThIK, >KoHe BapHUaLUAJIbIK 63repy Tabu-
FaTbl, COHbIH, illiH/Ae TAYJIKTIK, 27 KYHJAIK, ®KbUIJbIK, 11 XbUIABIK K9He TaFbl Ja 6acKasaphl,
COHbIMeH 6ipre aTMocdepa koHe aya-palblH KyijepiMeH KyH koHe reodusrka dpakTop-
JIapbIHbIH 63apa 6aiJIaHbIChl 6YpPhIHHAH epeKIille Ha3apFa ue.

XKibepinai 21.11.2025. ©3repTingi 25.11.2025. Kabsuiganast 27.11.2025. Onsaiis Ko xketimai 25.12.2025.
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Kasipri yakbiTTa KyH - Kep ¢usukacblHbIH eH 63eKTi MaceJiesiepiHiH 6ipi — FAPBIIITHIK
cayJiesiep/iiH, ToeMeHri aTMocdepara acepi 60J1bI TabbLIaAbl. FapbILITHIK caysesiep aya panbl
’KOHe KJIMMaTKa bIKMNaJ eTeTiH aTMocdepasblK MpolecTep/e Heri3ri peJaep/i aTKapajbl.
Kannel KopuiaraH opTa Macesesiepi KallaHZa MaHbI3bl OOJFaHABIKTAaH aTMocdepajarbl
60J1aTbIH KYObIJIbICTAp KOITEreH Xbl1Jap 60Mbl FaJbIMAApAbIH Heri3ri 3epTTey 06’ beKTiciHe
aiHanbl. COHABIKTaH aTMochepasblK KyOblIbICTAap TypaJbl 3epTTeysep ascCblHAA ajiblHaH
JlepeKTep MeH MaJIiMeTTepAl TYCiHy »Ko9He OHbI TYCIHAIpY/e eKiHIII peTTi FapbIIITLIK Cay/iesaep
aFbIHbl BapyalyajapblHa aTMoCcdepasiblK POLEeCTeP/AiH dCePiH 3epTTey Jie MaHbI3/1bl OOJIBII
TabbL1abl. bip )kaFbiHaH, KyH - reodusukanbik pakTopsap TeMeHri aTMocpepasaFbl 601aThbIH
KyObl/ibIcTapFaAaacepibap. Mbican peTinze 11xbinbiK KyH 6esceHiiri uMkabiHbIH XKepaeri
aya paibl MeH KJIMMaTKa acepi KoHe 0JIapAblH 0alJlaHbIChl TypaJsibl 3epTTey/Iep/i KeaTipyre
6onaapl [1]. ConbiMeH 6ipre, KyH NpoTOH OKuFa/apbl K9He TaJlaKTUKaJbIK FapbILITHIK
cayJiesiep aFbIHAAPbIHBIH, KAapKbIH/AbLI ©3repicTepi Ke3iHJe IHKJIOHJBIK KYObLIbICTAP/bIH,
KYlleribalKalaTbIHbI J2J1e/JeHreH|2].

KyH 6eTiHzeri »kapKbl1Jap npoiectepi KesiHae KYHIK eJJiepAiH Ko3ybl 6alKaaazbl, Oy
Ko3ys1ap e3 Ke3eriHze KyH 6eTiHeH kKopoHanzAbl Macca wbiFapblHAbIChl (CME) KyObLIbICbIHA
okesiefii. KyHJiK »Kesjiep rajlakTHUKaJIbIK FapbILITHIK CdyJiesiepre 9cep eTeni, OcCblianua
0J1Iap FapbILITHIK Cay/esepAiH KapKbIHABUIBIFbIHBIH BapUalUACbIH TyAbIpaabl. MyHzan
Bapuauusap TypiHe ®opOyum-apdekT (KbICKa YaKbITTbl O9HE KEHETTEH FapbIUIThIK
cayJiesiepAiiH, KApKbIH/bLIBIFbIHBIH TOMeH/1eYi). ATanfaH 3QpdeKT eTe KypZeJli KyObLIbIC )KoHe
0J1 TEpPEH 3ePTTEYAI KOKET eTe/l.

[asmakTuKaiblK KoHe KyH FapbIIUTBIK CayJesiepAiH aya paubl, KJIUMaT >XoHEe TOMEHTI]
aTMocdepazarbpinpoliecTepreacepiap TypJii KyH-reodusukanbikbaisaHbiclapaMeTpJiepiHiy,
e3repicTepiHeH 06o0Jiybl MYMKiH. AJlaiifla, aTajfaH reoQU3UKa/bIK >XKoHe IJIaHeTapaJblK
KeHiCTiK e3repicTep/iH TeMeHri aTMocdepara acepi MexaHU3Mi TOJIbIKTAl 3epTTeJMeEreH.
OcbiraH opal, Kasipri yakpiTTa KyH-Kep 6aiyiaHbicbl pU3UKaAChl asiChblHAA pacTajMaFaH
MeXaHU3M/ep/ii 3epTTey 60UbIHIIA XXYMbICTAPbl XKYPTi3y eTe MaHbI3/bl.

FapoiuThIK coysenepai3epTTey yuUliH OipiHILi peTTi FapbIIUTHIK CayJiesiepAiH aTMochepaMeH
@3apa dpeKeTTeCyiHeH Mai/ja 60/1aThIH eKiHLIi peTTi FAapbILITHIK, CayJie O6J11eKTepiH TipKeNTiH
»Kep YCTi KOHABIPFbLIAphl KOJIAAHbLIA/ibI.

Ocsbl MakcatTa, JI.H.I'yMmuneB ateinparsl Eypasusa ¥YATThIK yHUBepcuTeTiHAe Pecell FbLIBIM
akagemuscbinblH [1.H./lebegeB atbingarel ®Pusuka MHCTUTYThbIMeH (Peceit @epepanuscel,
Mackey 06J1bIChI) 6ipJiecin KypamMbiHa HOHAAY1IbI 6esiekTepAi TipkedTiH CARPET geTekTophbl,
HEUTPOHAApPAbl TIPKEUTIH HEUTPOHABIK JeTeKTop xko9He EFM-100 asieKTpocTaTUKaJIbIK
GJIIOKCMETP KipeTiH FhIJIBIMU KOCMOGU3UKAJIBIK KellleH KYPbLI/bL.

CARPET ka3zipri yakbITTaFbl KOJIJAaHBICTaFbl 0acka HEUTPOH/JbIK MOHUTOpJIapMeH
caJIbICTbIpFaHa 6apJiblK 3apsiATaaH 6eJileKTepre, OHbIH illiHAe OipiHIIi peTTiraJlakTUKaJbIK,
’KOHe KYH/IiH FapblITHIK caysesnepfid Kep aTMocdepacbiHa eHreHJe TY3iJeTiH TOMEeHTri
3HEpPryAJ/bl FapBIUTHIK Cay/esepAiH 3apAATaJfaH eKiHII peTTi KOMIIOHEHTepiHe JeeTe
cesiMTall.

ATtanfaH KocMOQU3MKaJBbIK Kep YCTi KelleHHiH JepekTepi aTtMocdepa ¢U3UKACBIH
3epTTey, OHbIH FapBILITHIK CayJieJlepMeH 63apa 6alIaHbIChl MEH 9pEeKETTEeCYiH, y3aK Mep3iMAi
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YaKbITTBIK [1epPCIeKTUBa/ia 3epTTeyJiep XKYpri3yre KaKcbl MyMKiH/iK 6epeJii *koHe Jie eKiHIli
peTTi FapbIIITHIK CayJ/iesiep O0MbIHIIA Ka3ipri yaKpITTa KOJAAHbLIAThIH KOCMO(U3UKAJIBIK XKep
YCTi JleTEKTOPJIapbIHBbIH, XKeJIICiHIH JepeKTepiHe KOCbIMILA lepeKKOP PeTiH/e aJlbl dJ1eM/iK
JlepekTep 6a3achlH canasibl TYP/e TOJbIKTbIPA alabl.

JdJicHama

CARPET ekiHi peTTi FapbILITHIK cayJie AeTeKTopbl [3-5] eki 6ipgent Tunteri CARPET1 xxaHe
CARPET2 moaynbaepiHeH Typafbl, OyJ1 eJilieyAiH »KoFapbl A2JIriH KaMTamMacki3 etefi. bip
MOJYJIB/IiH, KypaMbIH/a »aJnbl cadbl 120 lelirep ecenTerimrepi opHasiacKaH. IKCIIEpUMEHTTIK
JepekTepai a3y 1MC UMMIyAbCTIH NepUOATHIK KapKbiHbIiHAA N1, N2, N12 ym kaHaagap
apkpLibl Kyprisisieai. bipinmi kaHan (N1, UP) 60 ecenTerimiTeH TypaTbIH >KOFapbl KabaTbl
apKbUIbl OTETIH 3aps/Ta/ifaH OeJillleKTep/iH WHTerpajbl CaHblHA coMKec Keseni. ExiHmii
kaHas (N2, LOW) 60 ecenTeriliTeH TypaTblH TOMEHTIT KabaTbl apKblJibl 6TETIH 3apsiATaJFaH
OeJillIeKTep/liH MHTerpasiibl CAHbIHA COUKeC Kesiei. [leTeKTOPAbIH TeJIeCKOMHUSJIbIK KYPbhLIbIMbI
6apJibIK, xKoFapFbl ecenTerimtepAid (N1 KaHasbl) Kaanbl caHay KapKbIHbIH, 6apJIbIK TOMEHTI
ecenteriitepZid, (N2 kaHasibl) caHay KapKblHbl >KoHe >XOFapfbl eCenTerill, aJlOMHHUU
bunbTpi xoHe TeMeHri ecenTeriml (N12 Hemece TEL kaHasbl) apKbljibl 6TETIH 3apsi/iTa/FaH
GeJilIeKTep/liH, cCaHay KapKbIHbI TYpaJibl aKMapaT ajyFa MyMKiH/iK 6epei.

JlepekTepAiH anfallKbl aTajfaH eKi KaHajbl npoToHAapAbl(E > 5 M3B), asiekTpoH MeH
nosutpoHgapasl (E > 200 kaB), moongapasl (E > 1,5 M3aB), xxeHe poTonaap/bl (E > 20 kaB)
(IpOTOH, 3JIEKTPOH, NO3UTPOH, MIOOHAAPABI Tipkey THiMAiaIri ~ 100 %, dpoToHAapAbI TipKey
TUiMATri < 1 %) ka/nbl caHay KapKblHbIHA COMKec KeJsieJi. YIIiHIII apHA YIiH TipKey.iH,
3HEpPrusJIbIK, LieKapasapbl — NpoToHAap yiuiH E > 30 MaB, ajileKTpoHap MeH MO3UTPOHAAP
yiiH E > 5 MsB xoHe MiooHzap yiuiH E > 15,5 M3B. CoubiMmeH KaTap, CARPET KOH/bIpFbICBIHBIH
KypaMblHa aTtMocdepasblK KbICBIM JK9He TeMIlepaTypa CUSKTbl MeTeOPOJIOTHSJIBIK
aKnapaTTapAbl >KWHayFa apHaJIFaH TeJieMeTpHUs IJ1aTackl Kipei.

PasnomeTtpus/a 6ipHellle ecenTeriluTepZeH TYpaThIH XK9HE COUKECTIK cXeMacblHa KOCBhLJIFaH
KOH/IbIPFbL/Iap KeHiHeH KoJiJJaHbLIabl. EcenTerimTiy Oys1 Typi 9/1eTTe TeJIeCKOII el aTala/ibl.
Byn colikecTik cxeMacbl WUMIYJbCTapAblH KesyiHiH Oip Me3rijiJie IbIHAWBl OKWFaJIapblH
axblpaTaabl. MyHJal KOHABIPFbLIAP/AAa CUTHAJ TEK TipKeJieTiH 6eJileK eKi ecenTerillTeH 6TKEH
Ke3Jle FaHa maija 6oJiafpl. SFHU, TipKe/areH 6GeJillleK TeJeCKOMNTbIH, 6e/riji 6ip OYPBIITHIK
KOHYyCbIHaH eTe/i. OJ1 JUCKpeTTiK bipHellle Kipic xaHe 6ip WbIFbICTaH TYPaTbIH KOMMYTaLUSJIBIK,
KYPBbUIFbI pETiH/E }KYMBbIC icTei/ji, MyH/la 6apJIbIK KipicTe UMIYJ/IbC TE€K Oip yaKbITTa TipKeJreH
Ke3J/le FaHa CUTHaJ naizia 6os1ajbl. bip MbIFbIC )koHe 6ip yaKbITTaFbl CUTHAJIJAp/AbIH KesyiHe
apHaJIFaH OipHelle KipicTep/iH MakKcaTbl Coy/iesieHy HOTKeCiH/e naija 60JFaH UMIYIbCTap
yaKbIT OOMBIHILIA COMKeC KeJjice — OHJla cxeMaJZila CUTHaJ Ty3iseni. Erep e yakbIT GoibIHLIA
COMKecC KeJIMece, CXeMa «YHCI3[[iK» TaHbITa/bl, IFHU CUTHAJI TY31JIMEU].

CARPET petexTopbiHza 6ap leiirep ecenrerimtepingeri Tesieckon kaHasbl (TEL) conbiMeH
KaTap QOHJABIK >X9He Ke3/eWCOK HUMIY/JIbCTapAblH iCKe KOCbLIbI KeTyiHEeH Ta3apTajbl,
ocblIal1Ia cayJie OeJlIeKTepi 6ip yakbITTa bipHelle ecenTeriliTepAeH 6Ty apKblL/bl IbIHANBI
okurasapabl TipkeWZi.TEL kaHasbl 6ysn 6ip 6arbITTa OipiHeH cOH, 6ipi opHa/slacKaH ekKi
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ecemnTerilTiH yheci. JeKTpoHUKa (COMKeCTIK cxeMachl) GapJiblK, ecenTerilTepieH 6TKeH
CUTHaJIAapAblH COMKecTIriH Tipkeli. Ocblianila, TeJeCKONTHIK XKyHe XaJIFaH CUTHaJIAap/blH,
naiza 60/1yblH alTapJbIKTall TOMeHJeTe/li, 6UTKEHI CUTHaJ naijia 601y YLUiH 6ip YyaKbITThIK
UMIYJIbCTap/AbIH 6ap 60sybl KaxkeT. ColikeciHile, TEL kaHa/bIH Ko/aHy — OyJ aJblHaTbIH
JlepeKTep/iiH WbIHAUbLIBIFbIH aPTTHIPYAbIH MaHbI3/ bl 9iCI.

HaTtumxesiep MeH TajKbl1ay

KopoHanbapl Macca mbiFapblHbICbl (CME) cuskTbl KyH 6esiceHiniri okanabl njaaHeT-
apaJsiblK MarHUT OpiCiH alTapJbIKTall KYLIEeUTETiH KOFapbl 3HEPTHUsJIbl 66JILIeKTep aFbIHbIH
TyAbIpazbl. YakKbITIIa KO3FaH MarHUT epicTepi raJakKTUKaJbIK FapBILITHIK CayJesepaiH
TapayblH TeXeWai, OyJl rajJakTUKaJbIK FapbILITHIK Cay/iesep aFblHAAPbIHbIH KYPT TOMEH-
JleyiHe biKnaJz eteai. bys Ky6blibic Popbyi-TeMeHieyi Aen aTanazbl [6, 7].

@opbyur - TeMeHAeY/i eJ1l1ey }K9He OHbl 3epTTeY raJlaKTUKAJIbIK FApPbILITHIK, CoyJiesepAiH
TapaJlyblH »K9He 0JIapblH resavocdepaabl KypZesi opTaMeH opeKeTTeCyiH JUarHoCTUKalayFa
MYMKIiHAIK 6epefi.. ['aakTUKaJbIK FapbIIITHIK caysaesepaid Popbyil — TeMeHJeyi OHJaFaH
KbLIAAP OOMbI 9PTYpPJli FTEOMAarHUTTIK KeCcy KATTbUIbIFbl 9PTYpPJi akMaKTapAa opHaslackKaH
HEUTPOHJbIK MOHMUTOpJIAp apKblibl KeHiHeH euuieHAi [8]. CoHfbl xKbuiapbl Popbymr -
TOMeH/eyJepAl 3epTTey VIUIH eKiHI peTTi FapbIWUTLIK CIyJe/UIepAlH KaJllbl WOHAAYLIBI
KOMIIOHEHTTEePIiH TipKeUTIH AeTeKTop/ap 6esiceHAl TYpAe KosAaHblaa 6actazsbl [9, 10].

By »)KyMbICTa Tas1/jay YiliH HEUTPOH/AbIK MOHUTOPJIAPAbIH, 9JIEM/IK KeJiCiHiH JepeKTepi,
COHBbIMEH bipre resuocdepasnblk xKoHe MarHUTOChepasiblK Ko3y/aap KesiH/eri niaHeTapasiblk
KEeHICTIKTiH 3JIeKTPOMarHUTTIK >Kaf/ialibl TypaJibl JlepeKkTep naijananblassl [8, 11].

KyMmbic 6apbicbiHAa 6acTamnKbl 3KCIEPUMEHTTIK AepeKTep apb6ip KaHas YIIiH ajJblHFaH
KbICbIM OOWbIHLIA Ty3eTy Ko3pulMeHTTep apKblibl Ty3eTiiji. BapoMmeTpsik KblCbIMFa
Ty3eTy [3 KoapduumneHTi

N=N -e-B-*F0 (1)

dbopMysiacel apKblJibl 3KCIEPUMEHTTIK MaH/IEpre ChI3bIKTBIK, perpeccust afiici KoJsaHblia
OTBIPBIN aHbIKTaMaAbl. by afic [12] )KyMbICTa TONBIFbIPAK KOPCETI/ITEH.

CoHbIMeH 6ipre, 6aFrap/iaMasbIK KacaKTaMaHbIH, KeMeriMeH GepiireH peXum/ie ecentey
yaKbITbIHJaFbIMMIYJIbCTAP/bIH, XaJlbl CAHBIH CyMMaJiay¥a (MHTerpaazayfa) MyMKiHAiKk 6ap.
Kannel anranza, opraiia MoHAEp
R, = % (2)

z:i=1 T;

dopMysia GOWBIHIIA THIMAI eJillley yaKbITblHA HOPMaJlaHFaH €ecCeNnTiK yaKbIT illiHJe
TipKeJIreH UMNYJIbCTapAblH CaHbl 60MbIHA aHbIKTAJIAa/bl, MYH/IAF bl n - CeKyH/ iliHzeri ecenrey
caHbl (Hemece 6acka 6asasblK MHTepBas), T, ecenTik yakpIT, N — opTauiajay caraT 601bIHIIA
aJIbIHFaH JKafJai/laFbl OepiireH caraTTarbl CeKyHATap caHbl.IlyacCOHHBIH CTaTUCTUKAJIbIK
KaTeJIiri:

rn (3)
o(Ry) = T
(Rp) = 2
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JLH. TymuneB arbiHgarbl Eypasusi yJTTbIK YHUBEPCUTETI FbUIbIMHA KelleHiHAeri
CARPET peTeKTOpBIHBIH €Ki MOZAyJ KeMeriMeH a/JiblHAH eJilley JepeKTepi ahTapJbIKTau
JypbIC. ANbIHFaH JepeKTep/iH, AYPbICTbUIBIFbIH CayJie KAPKbIHABIIBIFbIHBIH, 2017 >XbLJIFbI
1 kpikyderi MeH 15 KbIpKyHeri apaJsblFblHJaFbl KaTTbhl T€OMarHUTTIK Jaybll Ke3iHJe
aJIbIHFaH YaKbITTBIK, 63repicTep HaTHXKeJepiH 6acKa HEUTPOHbIK MOHUTOpPJIAap/aFbl 6JIley
JlepeKkTepiMeH casbICTbIpyZaFbl yilsieciMainik kepceteai (1-cyperte: 1 Kucblk - 67.57°N,
33.39°EreomarnutTik kecy Rc = 0.65 I'B KaTTblLibiFbiHJQ opHaJsiackaH Peceit [losaspubik
reopu3nKaablK MHCTUTYTbIHJAFbl «ANAaTUTbI» HEUTPOH MOHUTOPHI, 2KUCbIK —43,1°S, 76,6°E
reoMarHuTTiK Kecy Rc = 6,69 I'B KaTTbhuiblFbiHAA OpHasacKkaH KasakcTaHablk MoHocdepbl
MHCTUTYTbIHJAFbl «AJIMaTbI» HEUTPOH MOHUTOPKI, 3 KUCBIK, - 46.55°N, 7.98°E reoMmarHuTTik
kecy Rc = 4,49 I'B kaTTbhuiblFbIHAA OpHaiacKaH llIBelnapusibik «Jungfraujoch IGY» HelTpoH
MOHUTODPHI).

CR FORBUSH DECREASE in SEPTEMBER 2017
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Cypert 1. CARPET pgeTtekTopbiHbIH, eKi Moay/iHiH TEL KaHa/IbIHAAFbl CAHAY KAPKbIHAbLIBIFbI
(Popoywm adpdekrici, Kbipkyiiek 2017 xk.)
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KapKbIHObLBIFbIHBIH 632€pYIH MipKey jcaHe maaoay

2017 xpuiabiy, Kbipkyhek aublHAarbl CARPET peTekTOopbl MeH HEUTPOHABIK MOHUTOD-
JIapAblH 3KCIepUMeHTTIK JepekTepi Kep 6eTiHzeri aTMmocdepasarbl FapbILITHIK CayJiesep
aFblHbl KApKbIH/bLJIBIFBIHBIH, TeMeHjereHiH kepceTti. byn KyH 6eTiHferi »apkpLigap
cepusiiapbl ecebineH KyH GesiceHAiniriHiH apTyblHa 6aisanbicThl. QopbOyll — TeMeH/Jeyi
4 xpipkyhekTeH 10 kpipkyihekke aeriH NOAA12673(S11W16) aiimarbinga KyH cayseciHiH,
»KOFaphl Oesicenfiyirined TyblHAaAbI[10, 13]. FapbllUThIK coysesepAiH KapKblHAbBLIbIFbIHbBIH,
aMInuTyAacel 2% TeMeHzeyi 7 KbIpKYHEKTe IJaHeTapaJiblK, KO3yJlap MEH reOMarHUTTIK
JlayblI/IbIH, OacTalybIMeH Kype/i. Opi Kapail 8 KbIpKylekTe 6apJibIK XKep ycTi MOHUTOp/1apAabl
FAapBIIITBIK CayJieslep aFblHJAAPBIHBIH, KApPKbIHABLIBIFbl aUTapJbIKTalh TeMeHAell. by
Kyoblibic CARPET fnetekTopbiHza a 6aliKaibl.

Korapel KyH GesiceHzisirineH KeiliH 7 xoHe 8 KbIpKYHWeKTe »KbL1JaMAbIFblKOFapbl KyH
eszepi MmeH Kep MaHbl KeHiCTiriHzeri njaaHeTapa/blK MarHUT epiCiHiH, KO3ybl 6alKaJabl.
FapplluThIK coysiesiep aFbIHBIHBIH, aMIJIMTYAACbIHBIH TOMeEH/eyi [JlaHeTapasblK KeHiCTIKTer]
KO3yJ/IapZblH 0acTaJybIMeH X9He reOMarHUTTIK Jaybll ¢pa3acblHa COMKeC Kesefi.

2017 xblngbiy, 8 KpipkyHeringe Dst mamacel -142 HT (1 UTC) peiiin TeMeHaeAi, an yul
CaFaTThIK IJIaHeTaJblK Kp reoMarHuTTiK MHJEKC aMacbl 9 KbIpKYHWeKKe JeWiH KOFapbl
601161 (4,7 neH 8,3 apasibIFbIHAA) KoHe MakcuMaJsibl MaHre (8,3) 8 KbipkyiiekTe 1-14 UTC
apaJibIFbIHAA e TTi. KyH »eJti ns1a3MachbIHbIH XKbL1aMAblFbl 817 KM/caF MoHiHe 8 KbIpKYyHeKTe
8 UTC xeTTi. MarHuT epiciHiH B xxoHe Bz KpuTHKa/IbIK MoHAepi colikeciHlue 7,3 xxoHe 24, HT
KeTIill, MarHUT OPIiCiHiH ThIFbI3AbIFbI 7 KbIpKYyiiekTe 13,9 N/cM3 Kypaabl.

HaTuxeciHzie reOMarHUTTIK JayblIAbIH LITOPM/ABIK, IeHTelre XeTTi )KoHe OHbIH, MoHi -14
HTn Kypagbl. MyHal gaybuiably yiakeH MaHi 2017 blija 60JIFaH KaJFbI3 KaFgad. OTin
KaTKaH KOpOHasbJbl MaccaubiFapbiHbichl (CME) »Kepre >keTeTiH FapbILITBIK CayJsesep
MeJIlIepiHiH, TeMeHJeyiHe bIKNas eTTi, HoTHxeciHJeepaeri HEUTPOHABIK MOHUTOpPJIAp 8
KbIpKyHekTe @opOy - TeMeH/ieyi 9% -Ke :KeTKeHiH TipKeAi.

2021 »xpLnablH Kapamacbidia (2021 »xkbiFbl 4 Kapamia) XKepze eH KyaTTbl FTeOMarHUTTIK
JaybuiTipkesai. 041202 1 xbLaFbl 3 Kapamaga 6actan/bl. 21:00 (UTC) yakbIThbIH/Ja T€OMarHUTTIK
(Kp) nngexkci 6 maHiHe xeTTi xkaHe o1 2021 xkbiFbl 4 Kapawmaza mamameHn ~15:00 (UTC) Kp
= 4 MoHiHe JieHiH aJIFacThl. [eOMarHuTTIK HHAEKCTIH MakCcCHUMaJsabl MaHi 8 6a/IIbIK JeHrelre
JleliH keTepinzi (9 6asmn iminge).

[eMarHuTTiK fAaybll TyblHAAYbIHBIH 6acTbl ce6ebi - KyH Oetingeri 2021 »xbuibl 2
Kapama/a tipkeareH M1.7/1F »xapkpiiabl. On XKepre Kapail 6abITTa/IFaHKOPOHAJIb/bl Macca
mbiFapbiHAbIcbIMeH (CME) xxanFacTbl. Bys1 oKuFaHbIH epeKIeiri, opTaiia KJaccupuKanysibl
(M1.7) )xapKpbLJIbIHaH 6T€ KYLITI )koHe y3aKKa CO3bLJIFaH FreOMarHUTTiK KO3y bIH Mai/ia 601ybl.

ATasnfaH yaKbIT apaJibIFbIHJaFbl TeOMarHUTTIK KO3y/1apbl Ke3iH/eri eKiHIIi peTTi apbIUTHIK,
coyJsiesiep/iiH aFbIHbIH TajAay MakcaTbiHZA 2021 xKblaFbl 3 KoHe 6 Kapalla apaJbIFbIHZA
anbiaFaH CARPET pepekrepi naiijananbigsel (2-cyper).
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Cyper 2. N12 (TEL) kaHa/IbIHbIHCAHAY KAPKbIHBI (3KapThl CAaFaTThIK, JepeKTep
opTalajJaHAbIPbUIFaH) koHe Kp nHAeKCiHIH e3repy AMHAMHKAaChl

Temengeri 3-cypetrte CARPET moaynbaepiniy N12 (TEL) kaHa/bIHBIH cCaHAY KAPKbIHbIHbIH,
fepekTepi xaHe (Ap, Dst) reomarHuTTik MHAeKcTep MeH KyH »KesiHiH Na3Ma aFbIHBIHBIH
KbUIJAM/bIKTapbIMEH KOPPESAIUANBIK Tangay rpaduri KeaTipijirex.

FapoiuThIK coynesiep gepekTepi 6apoMeTpJiik KbICbIMFa Ty3eTiireH. JlepeKkTep/iH opTaiia
MOH/epi THICTI yaKbIT apaJibIKTapblHa (CaFaTThIK JepeKTep) COMKec TaJJaHFaH.
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Cypert 3. CARPET1. CARPET2 moaynbaepiHiH Tesneckon (N12) kaHa/IbIHAAFbI CAHAY
’KbULAAM/bIFbIHBIH, yAKBITTHIK 03repyi, (Dst, Ap) reoMarHUTTiK MHJeKcTepi xkoHe KyH xkeJti
IJIa3Machl aFbIHBIHBIH, XKbIAaMAbIFbI (FlowSpeed)

Korapoiarbl cypeTke cavikec 2021 xbiirbl 4 Kapama (~00:00 UTC) - 2021 xbL1Fbl 5 Kapalua
(~03:00 UTC) uHTepBa/bl apajblFbIH/a O6apJiblK, KaHangap 6oWbiHIIa Popbyll — TeMeH/eyi
6alikasabl. Eayip y/aKeH aybITKy aMIUIMTYAackl 6aliKanaTbliH @op6yin — TeMeH1eyiCARPET
fetektopbl eki wmoayiingeri N12 (TEL) kaHasnblHAaFbl caHay KapKbIHAbLIbIFbIHbBIH,
BapuauuaJapblHa KepiHe/l.

AybITKy aMIJIMTyAachbl KaHaiAap 60MbIHIIA 13, MOAYAbAep 6oMbiHIIA Aa ~ 0.2% - fan~5.3%
- Fa IeliH auTapJibIKTaul e3repesi. YakbITTbIH 63repy AMHAMUKACbIH/AA €KHILI PETTi FAPbIIITHIK
cayJieJiep ablHbIHBIH, KOFAapFbl JHEPTrUsi/ibl OeJilleKTepiH Tipkey LIeriH eckepe KeJje eki
moayiab yuiH fe N12 (TEL) kaHasbl yiuid @op6y1 - TeMeH/iey aMIJIMTYAaCbIHbIH, YJIKEH MOHI
epekKlilesieHe ).

2024 xpLnbIH MaMblpbiHAa KyH 6esiceHAiNIriHIH alTap/ibIKTal apTKaHbl 6aiKas/bl, 011 KyH
»KapKbl/1JlapbIHbIH Ke6etoiMeH epekiesieHAi. 2024 xb1iFbl 10 MaMbip/ia COHFbI 20 3KbL1AaFbl €H
KyaTTbl TEOMAarHUTTIK Aaybla opbIH anabl. O 2024 xkbligbiH 10-11 MambipbeiHaa XKepre kestin
’KeTKEeH, TaJlaKTHUKaJblK FapbIITHIK caysenepie PopOyui-TeMeHAeyiH Ty/[blpFaH,0ipHelie
KOpPOHaJIb/ibl Macca LbIFapblH/AbLIapbiHbIH (CME) 6ipiryiHeH maiga 60461, Byl KyOblabic
GapJIbIK 9JIEM/IiK Kep YCTi HEUTPOHbIK MOHUTOpPJIapMeH TipKeJ/i. Ocbl NepHUOAThIH epeKILEeiri
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TeOMarHUTTIK Jaybll $asacblHAA TaJaKTUKAIbIK, FapbIIITHIK COyJesep aFbIHbIHBIH, eaayip
TeMeHieyiMeH KaTap Kep MaHpl KeHicTiriHe »ofapbl 3Heprusiibl KyH FapbIITHIK caysiesepAi,
KeJlyi Tipkengi. By 6enuexkrepaid Wby ke3i - 11 Mmambipzbiy, caraT 01.10 UTC 6actanrad ete
KyaTTbl X5.8/2B 6anngblk (koopauHatackl S17W44) KyH xapKplbl.

®op6byur - Temenzieyi 10 MambIpAbiH maMaMeH ~17.10 UTC 6acTasiibl )koHE 0J1 0Cbl YaKbITTa
2Kep maHBbI KeHicTiriHe njiaHeTaapaJiblK, COKKbI TOJKbIHbIHBIH, KeJlyiMeH 6ah1aHbICThI 00J1bI.
Bysl KyObLIbIC HEUTPOH/ABIK MOHUTOpJAp/a cayse OeJilleKTepiHiH ecyiMeH 6aWKa//ibl.
Temenge 4-cypeTTe MaMbIp allbIHJAFbl eJilIeyJep AepeKTepi OOUbIHIIA TYPFBI3bLIFAH Ipa-
bukTep kestipinreH. 'padukTepreri kepceTiireH HeMipJyepre coWKec dJeMJiK HEHUTpPOH
MOHUTOPJIAPbI, OHbIH, illiHAe AaTUThI (1-KUCbIK), OHTYCTIiK MoJitoc (2-KUCbIK), JloironpyiHbl i
KaJsiacbiuaarbl CARPET fleTekTopbl (3-KUCBIK) )koHE HEUTPOHIBIK JIeTEKTOP (4-KUCBIK), ACTaHa
KaJsiacbiHAafrbl Eypasusa YaTTeiK yHUBepcuTeTi 6a3aceiHaarbl CARPET feTekTopsl (5-KUChIK),
CASLEO ApreHTHHa acCTPOHOMHUSJIBIK 06cepBaTopusicbiHa opHasackaH CARPET feTekTophl
(6-KUCBIK) >XoHe HEUTPOHABIK AeTeKTop(7-KUCBIK) *koHe A/iMaThl KasiacblHAarbl HoHochepa
MHCTUTYTbIHJAFbl HEUTPOH/bIK MOHUTOP (8-KHUCBIK) JepeKTepiHeH aJbIHFaH KepCeTKilTep,
COHbIMEH KaTap IJaHeTaapaJblK MarHUT OpiCiHiH waMackl (9-KUCBIK)K9He reOMarHUTTiK
Dstunpekciniy mwamacel (10-KUcbIK) KesTipisireH.[eoMarHUTTiK KO3yAiH MaKkcUMasi/ibl pa3achl
11 mambipblH caFaT ~ 2-3 UT 6aiikanzpbl. by yakeitra Dst mamacel -412 HTn geitin ToMeHae i
(3-cypeT, 10 KuChIK), a1 JIaHeTaAbIK Kp reoMarHuTTiK MHAEKC 1aMacki~9 aeiin [14] ecTi.
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Cyper 4. 2024 xbL1Fbl 9-13 MaMbIpAarsl eJi1eyjiep gepeKrepi

AtanraH yakplT guanas3oHbiHa CARPET peTekTopsiapblHBIH JAepekTepi O6OHbIHIIA Fa-
PBILITBIK CayJieJiepAiH, Bapuauusaaapbl KapacTblpbuigbl. 2024 xpuiFbl 9-13 MaMblpaarbl
OeJilIeKTep/li eJillley JlepeKTepi caHay KAapKbIHBIHBIH, 63repyi MeH allKblHAasiFaH ®opoyu
- TeMeHzeyiH KepceTTi. JKorapbigarbl 4-cypeTTe TIK CbI3BIKTAp IJIaHETAapaJblK COKKbI
TOJIKbIHBIHBIH, 10 MaMbipa caFaT ~17.06 UT kenyiMeH colikec KeJie/li. [eOMarHUTTiK KO3yAbIH
6acTasybl A apIiMeH GeJiriJieHreH NyHKTUP CbI3bIFbl 60MbIHA calikec Kesefi. X5.8 /2B 6annzaplk
KyH »kapkpiibl 11 Mmambipaa carat 01.10 UT 6actanasl (B 6esrineyi). YKep MaHbl KeHicTirine
KyH npoToHzapbiHbIH Kesy yakbIThl - 11 mambip 02.10 UTC (C 6earineyi).
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KOopBITBIHABI

JLLH. T'ymuneB aTbiHAarbl FblIbIMUA KewleHgeri opHaTeliraH CARPET pertexktopJsiapbiHaH
aJIbIHFAH 3KCIEPUMEHTTIK JiepeKTepiHe KyprisiireH Taazggay/ap, aTaJfaH KOHJbIPFbIHBIH
dJIeMZIiIK HEWTPOH/BIK MOHHUTOpPJIAPAbIH HOTHXKeJepiMeH KOppeJJIALUAHBl KOpPCeTTI >KoHe
JleTEKTOP FapbIIITHIK, C3yJiesiep BapUaLUsCBIHbIH TaOWUFATbIH 9PTYpPJli apajblKTaphbl YILiH,
coHbIH iwiHAe Popbyul-TeMeHJeyiH 6akbliay YylliH 3epTTeyre MYMKiHJIK GepeTiHe K63
YKeTKIi3/i:

1. Eypasus yaTThIK yHUBepcuTeTi 6a3acbiHgarbl CARPET neTeKTOpbIHBIH MOJYy/ibJepiMeH
KyaTTbl T€OMarHUTTIK KO3yJap Ke3eHiHJe TipKeJreH eKiHIII peTTi FapbIITHIK CayJsesaep
arblHJAPBLIHBIH, YaKbITTBHIK 6©3repicTepiHe TeOMarHUTTIK HHJAEKC IlaMaJapblH KOJIJaHa
OTBIPHII CaJIbICTapMaJibl TaJAAay KYPrisiaai.

2. KyH apKblibl 6esiceHAiiriHe 6aiilaHbICThl OOJIFAH eKiHII peTTi FApBIIITHIK CIyJiesep
aFbIHbIHBIH, YaKbITTBIK 63repic guHamukacbiHZa  @opbyumTelKk TeMmeHJeysep Kepre
6aFbITTa/IFaH KOPOHaJIb/lbl Macca lblFapbiHbLIapbiMeH (CME) 6ipre )kypeTiHZiri kepceTinai.

3. FapbllUThIK cayJsiesiep 6eJl1eKTepi aFbIHapbIHbIH KAPKbIH/AbLIBIFbIHbIH 63TrepyiHe cebern
6osiraH KyH/IiK )koHe reOMarHUTTIiK KO3y 6eJICeH/iJIIKTepiHiH MapaMeTpJiepi, cinaTTamMaJaphbl
»KoHe epeKllesiKTepi KapacThIPbLIABI.

KopbITBIHAbLIAN KeJle, aJiblHFaH HOTHXKeJiep FapbIWTHIK, CayJiesiep KapKbIH/bIIbIFBIHBIH
Bapuauusiiapbl KyH 6eTiHzeri Ko3ysapZaH TybIHJAl, KEWIHI reOMarHUTTIK ©pic 3J1eMeHT-
TepiHiH e3repicTepiHe 6alIaHBICThI €EKEHIH PaCcTa/ibl XKOHE KOPCETTI.

ConbiMeH KaTap, CARPET petektopsiapbiHbiH EYY-nafbl y3ak Mep3iM/i JepeKTepi aJieMiK
HEUTPOH/bIK MOHUTOpPJIAP >KeJIiCiH TOJBIKThIpbIN, OpTasblK A3us alWMarbl YLIiH Oiperei
aknapat 6epeni. byn Kasakcran aymarbiHZa aTMocdepasblK NpoLecTep MeH KJIUMATThIK
e3repicTep/ii 3epTTeyre kaHa MyMKiHJiK ambin, KyH-Kep 6aiyiaHbIChl KyOblIbICTapblHA
MOHHUTOPUHT XKYPri3yZiH TYTaCTbIFbIH apTThIpabl. AJIiaFbl 3epTTeyJiep/e aJiblIHFaH JlepeKTep
FaJlaM/IbIK >KoHe aliMaKTbIK JeHrei/ieri FblIbIMU Tajiaylap/bl TepeHeTyre Heri3 601abl.

ABTOpJ/1apABIH, KOCKAH YJIeci.

CastayaToBa M.III. - 3epTTey HOTHKeJIepiH )KMHAY, MATIH a3y K9He OHbIH Ma3MYHbIH CbIHU
TYPFBIJaH KalTa Kapay;

TynexoB E.A. - MaTiH ka3y, AepeKTep/iH AypbICTbIFbIHA XK9HEe MaKaJlaHbIH 6apJibIK 06JIiK-
TepiHiH TYTacTbIFbIHA OalJIaHBICTHI MaceJiesiep/ii 3epTTeY JKoHe LIelly.
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Perucrpanysa 1 aHa/Iu3 U3MEeHEeHU A HHTEHCUBHOCTH KOCMUYECKHUX JIydel 0 JaHHBIM
YCTaHOBKM KocMopu3ndeckoro komimiekca EHY um. JI.H. T'ymuieBa

AHHoOTanus. B jaHHOHN paboTe npuBe/ieHbl OCHOBHbIE TEXHUYECKHE XapaKTEPUCTUKHN YCTAHOBKHU
CARPET, Bxojduieil B cocTaB KOCMOQU3UUECKOTO 3KCIEPUMEHTAJbLHOr0 KOMILIeKca EBpasuickoro
HallMoHaJbHOro yHuBepcuTeTa UM. JL.H. 'ymuneBa. [IpuBefieHbl pe3ynbTaThl 3KCIEpUMEHTAIbHBIX
VCCJIeJOBaHUM, IpoBeJleHHbIX B nepuog ¢ 2017 no 2024 roppl, a TakXe pacCMOTpPeHbl OT/JeJIbHble
acleKThbl aHa/M3a 3aperuCTPUPOBAHHBIX BapUaLlMHd NOTOKOB KOCMHYECKHUX Jiyded U NapaMeTpoB
reOMarHUTHOM U MeXIJIaHETHOU cpeJbl. B cTaThe npe/cTaB/ieH CpaBHUTEJIbHBIU aHAJIU3 BpEMEHHBIX
BapHalUi NOTOKOB BTOPUYHBIX KOCMUYECKUX JIydel C IpuBeJieHneM reoMarHuTHbIX UHAeKcoB KP, AP,
Dst,ckopocTu nJ1a3Mbl CoJIHEYHOTO BeTpa FS U JaHHBIX HA3€MHBIX HEUTPOHHBIX MOHUTOPOBB NIEPUO/
MOIIIHBIX F'€OMAarHUTHBIX BO36yxAeHUK 2017, 2021 u 2024 romoB, 3adUKCUPOBAHHBIX MOAY/ISAMU
netexktopa CARPET B Hay4YHOM KOMILJIeKCe JJAHHOTO YHUBepcUTeTa. [l UccieJOBaHUS TaKXKe ObLIU
MCIO0JIb30BaHbl JJaHHble 0 BCNbILIeYHON akTUBHOCTH CoJIHIIA U NpUBeJieH ero rpaduk. PaccMoTpeHbl
XapaKTepPUCTUKU M TapaMeTpbl COJHEYHOW BCHBILIKY, SIBJASAKOILENCS NPUYMHOW TeoMarHUTHBIX
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M.1I. Canayamosa, E.A. Tynekos

B036ykJeHU. KpoMe Toro, 6bliM NpuBeJieHbl JaHHble 0 MarHUTHbIX OypsaX. Bbliu mokasaHbl pe-
3y/IbTaThl aHA/IM3a, BbIsiBJIeH 3¢ pekT PopOyLI-TOHMKEHUH, pAaCCMOTPEHbBI €r0 XapaKTePUCTUKH U 0CO-
6eHHOCTHU. [loslydeHHbIe pe3y/abTaThl I0Ka3aaH, YTO BapUallud UHTEHCUBHOCTU KOCMUYECKUX Jydel
BbI3BaHbl BO30YK/eHUsIMU Ha moBepxHOCTU COJIHIIA M CBfI3aHbI C MOCJAEAYIOUMMH HW3MEeHEeHUsMHU
3JIeMEHTOB reOMarHUTHOI'O NOJIA.

Kiawo4yeBble c10Ba: kocMoQU3MYeCKUN KOMIJIEKC, 1eTEKTOP, COJIHeYHasi aKTUBHOCTD, COJIHEYHas
BCIIBILIKA, TeOMAarHUTHbIE BO30OYKAeHH s, raJlakTUYeCKUEe KoCMUYecKue Jiydd, PopOyLI-IOHMKEHUE

M.Sh.Salauatova, Ye.A.Tulekov*
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
(E-mail: *yerzhan_ta@mail.ru. smsh688@gmail.com)

Registration and analysis of cosmic ray intensity variations based on data from
the L.N. Gumilyov ENU cosmophysical complex

Abstract. This paper presents the main technical characteristics of the CARPET installation, which
forms part of the Cosmophysical Experimental Complex at L. N. Gumilyov Eurasian National University.
It reports the results of experimental studies carried out between 2017 and 2024, along with selected
aspects of the analysis of recorded variations in cosmic ray fluxes and parameters of the geomagnetic
and interplanetary environment. A comparative analysis of temporal variations in secondary cosmic
ray fluxes is provided, employing geomagnetic indices (Kp, Ap, Dst), solar wind plasma velocity (Fs),
and data from ground-based neutron monitors during major geomagnetic disturbances in 2017, 2021,
and 2024, as registered by CARPET detector modules at the university’s scientific complex. The study
also incorporates data on solar flare activity, including graphical representation, and examines the
characteristics and parameters of solar flares responsible for geomagnetic disturbances. In addition,
information on magnetic storms is presented. The analysis reveals the occurrence of Forbush decreases,
with their specific features and properties discussed. The findings demonstrate that variations in cosmic
ray intensity are driven by solar surface activity and are linked to subsequent changes in elements of the
geomagnetic field

Keywords: cosmophysical complex, detector, Solar activity, Solar flare, geomagnetic disturbances,
galactic cosmic rays, Forbush-decrease
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Ip TYpJii niliHgeri To3aHAbl 6eJ/IeKTepAiH, Me3ocdepa OMIKTiIKTepiHAeri
3aApATAIYybIH CAJIBICTBIPY
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Anparna. Kymbicta Me3ocdepa OMIKTIKTepiHAEri To3aHAbl GeJIIEKTep/iH,
CBIPTBIH KOpILIan TYypFaH KenTereH rasgapabiy imined, O, 0,, O,, OH rasga-
PbIHBIH IJIa3Ma OeJileKTepiMeH acepJiecyi Ke3iHeri 6eJeKTep/iH minliHi-
He G6al/IaHBbICThI 3apsATany ypAici KapacTeipbliraH. ChepasblK GeJlIeKTep-
MEH CaJIbICThIPY MaKCaTbIH/IQ, IUJIUH/PJIIK )XKoHe JUCK Tapi3/i 6eJileKTepaiH
CUBIM/ZBUIBIKTAPbIH €CKepe OTBIPbIN, OJIapAblH 3apsJblHbIH, 3JE€KTPOHABIK
TeMIlepaTypaFa TayeJAiliri aHblKTaAbl. EcenTeynep 85 kM OUiKTiKTeri uo-
HocepasbIK M1a3Ma yuliH, Temnepatypa 1500 K, sasiekTpoHziap MeH MoHAap-
JibIH, KoHIleHTpanusickl 101° M3 s)xoHe noHAapAbIH xkuijiri 10° ¢! gemn »xyprisis-
Ji. Chepasnbik To3aHAbI 6eJieKTiH eseMi 10 HM aHe chepa, LUIUHJAD, IUCK
nimiHAi To3aHAbl GeJleKTeP/iH, pagdycTapbl a = 1 HM, HUJIUHAPAIH, Y3bIH-
AbIFbl L = 4 a, 1YcK KalbIHABIFBI 6Te )KyKa 0,2 HM Jien ecenTeJIiHil, oJapJblH
3apsA/bIHbIH 3JIEKTPOH/IbIK, TEMIlepaTypara Tayesiaik rpaduri aabiazasl. To-
3aH/bIK O6JIIIeKTep/liH 3apsAATaayblH MOJIe/Ibiey MaKCcaTbIH/A, IIeKTeYJi op-
6uTasblK Kosrasbictap (OML) Teopuscel naiananbiasl. Ecenteysnep HaTH-
»Keci 60#bIHIIA, Me30ocdepasibIK IJ1a3MaaFbl TO3aH/Abl O6JIIeKTepiHiH miliHi
3aps/Tally IlaMacblHa dcep eTeTiHAIriH KepceTTi: cdepasblK GeseKTep eH
YJIKEH Tepic 3apsiKa, HUJIUHAPJIK 6ejleKTep — 6GipinaMa Kimipek, aa AuckKi
TOpi3Ai 6eJilIEKTED — €H a3 3apsAAKa He.

Ty¥in ce3saep: mesochepa, moHochepa, To3aH bl maasMa, OML Teopusichi,
chepasnblK, UUIUH/PIIIK )KoHe JUCK TIpi3/i To3aH/bl O6JIIeKTep.

Me3socdepa - 6ys1 aTMochepaHbIH €H a3 3epTTeJNreH KabaTbl, 6UTKEHi 0J1 ylIaKTap MeH
aye 1iapJiapbl YUIiH ThIM KOFaphbl, ajl CHyTHUKTEP YUIiH ThIM ToMeH. Ocbl OMIKTIKTe TO3aH/bl
6esiekTep Ae ke3aece/i. TosaH bl 6eJekTep Me3ocdepa OUIKTIriH/e Kaiijad naia 60J1ab1?
Kepre kyHAesniKTI TyceTiH MeTeOpJibIK aFbIHHBIH, OpMaH epTTepi MeH »XaHapTay/ap/blH
aTKbLIAYbIHbIH, casgapbiHaH 70-120 KM GUIKTiKTe, eTe ycak KoHLeHTpauusicel 10 cM3-TeH
acaTblH HaHoeJleM/i 6eJilieKTep naija 6oaaabl. MezocpepaHblH 6ipKaTap KyOblabICTapbl
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dp myp.i niwindezi mosaHdvl 6eawekmepdiy mesochepa 6uikmikmepindezi 3a3pdmanysvlH canbiCmbsipy

YIUiH TO3aH/Abl GeJsilleKTep MaHbI3/[bl peJ aTKapagbl. Ka3fbl Me3ocdepaHblH epeKLIeliri,
80-85 kM OMIKTiIKTe OpHa/aCKaH «KyMicTesreH 6yJaT» koHe 85-95 KM OUIKTIKTeri nNoJspJibIK
Me3ocdepasiblK paJUollaFblLIyaap CUSIKTbI TO3aHAbl KabaTTap/iblH 6ap 60sybl. «KymicTesaren
O6y/IT» CYOMUKPOH/bI OeJllIeKTepAeH TypaZbl, OHbIH KaJbIHABIFbI a3 O0JFaHHbIH 63iH/e, KYH
6aTKaH yaKbITTa Ke30eH Kepyre 60J1a/ibl. AJl MOJSAPJBbIK Me3ocepasiblK pajuolIaFblIyIap,
ONTHUKAJBIK dAicrieH 6aKbliaHb6akabl, Tek 50-1000 MTI'L apasblfFblHJA >KYMbIC >KaCaWTbIH
pajapJsiapja KyILITi paZdoliarbuiynap peTiHge 6akbliaHaabl [1-5]. [lnasmanblk aficTep/iH,
«KyMicTeJreH Oy/TTap» MeH MNOJAPJBbIK Me3ochepasnblK pafHdOTOJKbIH IIAFbIIbICTAapbIH
cunaTTayfa KoJAaHblIybl, TO3aH/bl Me30chepaHblH MOH/AaHy KacUeTTepiHe, COHZai-aK, OChI
OMIKTIKTeri TO3aH KabaTbIHBIH, LleKapasJapblHbIH Naija 00Jly MexaHU3M/JEepiH cunaTTayfa
MYMKIiHJIK 6epai [1-12]. BesamekTepais KaTThl 6eTTepi reTeporeHi XMMusaAa KaTaJau3aTop
peTiHAe apeKeT eTil, HAaHOOeJ/IEKTiH 6eTiHAe cy MoJsieKy/anaphl Ty3isnezi. Bys acep To3aH
OeJilIeKTepi IWIOFbIPJIAHFAH alMaKTa Cy KOHILeHTpaLMsAChIHbIH >KOFapbllayblHa oKeJiejl,
HOTHKECIH/Ie «KYMICTeJreH OYJTTap» MeH MOoJAPJBbIK Me3ocdepasblK pagrdoTOJKbIH
IIaFbLIbICTaphI Naiga 60s1abl. COHbIMEH KaTap, KYH paZdalysacbl HAHO )XoHe MUKpOeJILeM/Ai
6esieKkTepZiiH, GOTO3EKTPJIIK KacUeTTepiHe, 0J1ap/blH KOHLEHTpALUSACbl MEH MeJillepiHe
6allIaHbICTBl TO3aHAblI Me3ocdepasiblK, MJa3MaHblH 3aps/TajJfaH 6eJiikTepiHiH aJsAeKai1a
KYpZeJli 9peKeTiHe aKeJyi MYMKiH. AJl To3aH/bl O6J1IeKTep 0J1ap/blH XMMUSJIbIK KypaMblHa
Jla acep eteni [13-20].

TosaHapb! OeJlieKTep/iH 3apsAAbl 0JIapAblH JUHAMHUKAChl MEH 3JIEKTPOMAarHUTTIK epicTepMeH
9peKeTTeCyiH aHbIKTanAbl. MyH1al ypAicTepAi cunaTTay YIUiH 3apAATay MexaHU3M/epi MeH
9pTYpJii GeJilieKTepAiH MillliHiH eCKepy KaXKeT.

2KyMbIcThIH MaKcaThl, Me30ochepa OUIKTIKTepiHiH KacueTTepiHe XoHe To3aH/bl OeJileKTepre
cuInaTTaMa XKYprisy, ap TypJi ¢opmazarsl (chepanblK, LUAXHAPIIK, JUCK TYpiHAEri) TO3aHAbI
OeJilIeKTep/iH, 3apsAATaaybl YpAiciH KapacTeipy. Me3ocdepa OMIKTIKTepiHiH KypaMblHAa
3apsATany ypAiciHe ae acep eTeTiH: «kapanabiM» H, O, N, N,, OH, O, 03, NO* cusIKTBI HOHZAP
Kesgeceni, ;kymbicta O, OH, O,, O, noHap/AbIH 3apsAATalybl KapacThlpblaraH [21-26].

Herisri 6eJ1iM >koHe ecenTey/iep HITHXKeJIEPiH capasiay

ByJ1 )KyMBICTBI ecenTeysiep 6apbICcbiHAa, OMiKTiK - 85 kM, TeMnepaTypa - 150°K, asekTpoH
MeH MOH KoHIeHTpauuscel 10 M3 men ecenrtesin, miasmMaZarbl 3JIEKTPJIK 30HATAPABIH,
TEOPUSIChIHA HETi3/leJITeH TEOPUSJIBIK MOJesib PETiH/Ee, IEKTEYJI OpOUTABIK KO3FaabICTap
(OML) Teopusicel KongaHblaabl [1,2].

Me3ocdepa 6GUiKTiIKTepiH/eTi J1Ia3Ma KypaMbl CUPEK, TO3aH/bl O6JIlleKTeP/iH, KOHLEHT-
pauusicel eTe a3. COHABIKTAaH KapacTbIPbLIbII OTbIpFaH 6GeJIIIeK ayMaFblH/JA 3JIEKTPOHAAPD
MeH MOHJIap/blH KO3FaJbICblHA OacKa TO3aH/Abl O6JILIeKTep dcep eTHei/ii Aemn ecenTesiHi.
Erep ocbl GUIKTIKTEpAE 3IMUCCUSJIBIK YpAiCTep/i Ze eckepMece, TO3aHJbl OeJilIeKTep/iH
3apsAabl Tepic 60s1a/1bl, ceb6ebi, 3/IeKTPOHAAP XKEHIJ, 9pi MOHAAp aFbIHbIHA KapaFaH/ia TO3aH/bl
OeJillleKKe Te3ipek »KeTim, OHbI Tepic 3apsAATalAbl, ajJ HOHJAP OChbl Tepic 3aps/TajfaH
TO3aH/bl OeJilIeKTepre Kapal O6aFbITTaJbIl, HOTHXKECIH/Ie TO3aHAbl OeJIIeKTepAiH 3apsbl
3JIEKTPOH/Iap MEH MOH/AAp aFbIHbI TEHEJITeHllIe XaJsiFaca 6epefi [23-25].
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I’H. Hlvinbikynoea, K.2K. Pycmemosa, 2K.B. Maxicum, A.H. Andubekosa, H.H. LllbiHbiKy108a

TosaHabl 66J1IEeKTiH 6eTTiK MOTeHIMaJIbl:

—e@s = kT, (1)

T, - (a=e, i) 31€eKTpOHAAp MEH MOH/AAP/bIH TeMIlepaTypasapbl, k — bosibiMaH TYpaKTbICHL.
BosibIIMaH TYpaKThICbIHBIH Il1aMacblH 3HEpPreTUKasblK OipJiik OolblHIIA 1-re TeH Jen
aJFaH/bIKTaH, TO3aH/Abl O6JIIEKTIH OTEeHIMa/Ibl MbIHA TYypre KeJsezi:

o5 =2 (2)

Tozanabl cdepasiblK GeJilIeKTep VIIiH 3JeKTPOHAAP MeH HWOHJAAp aFbIHbI TeHECTipiJim,

eJIIEeMCi3ZIeH/ipi/ITeH TO3aHAbl 66JIIEeKTiH O0eTTiK MOTeHIUaJIbl lIaMachl MbIHA TYpPTre Kesfi

[23-25]: N 12

exp(~2) =7 (5) " (L +2m) (3)

Ochl esieMci3zieHAipiireH noTeHUMan b, (3) popMynacbiMeH, Me3ocdepa OUIKTIKTepiHAeri

TO3aH/bl GesieKTepAiH adHanackinAarel O, OH, 0,, O, raszaap yuwin chepasbik To3aHAbI 661-

HIEeKTepAiH, NOTeHLUHUaJbIHbIH 3JIEKTPOHJAApP MEH HOHJAap TeMIllepaTypaJiapblHbIH KaTbIHA-
CbIHA TAYyeJIALIIri aubIKTaAAbl. bys Tayenginikrep 1-cypeTTe KepceTireH.
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Cyper 1. 0, OH, 0,, O, rasaap ywiH cdpepanbiK TO3aHJbI 66/IIIEKTEPAiH 6/IIIEMCi3 NOTeHIH-
aJILIHBIH, 3JIEKTPOHAAP MEeH HOHAAP TeMIlepaTypaJiapblHbIH KaThIHACbIHA TIYeAAiTiri

Mesocoepa OuikTikTepinaeri TosaHabl OesuekTepAid aWHanaceiHgarel O, OH, O, O,
HMOHJaphl YIIiH aTOMABIK Maccasapbl MbiHa Typze (0 =16, OH =17, 0,=32,0,= 48) asbIHbI,
as chepasblK OeJsiIeKTep YLIiH paguycel a = 10 HM Jen ecenTesiHAl. OueMcizgeHaipiiren
NOTeHIMaJ/ O6JIIEKTiH NilliHiHe Tayesii eMec, TO3aH/ bl O6JIIIEKTIH MillliHi TEK CUBIM/ABLIbIFbI
MeH abcoJItoT 3apsiJbiHa (4) acep eTeni.

OML Mopgei 60ibIHILA, & PaIMyChl 6CKEH CalbIH Z 3aps/bl 6Ce/i:

Q = 4ngpap, Q =Cop, Z=12 (4)

e
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TosaHapb! 6esekTep/li chepanbIK, [UIUHPIIIK )KoHEe JUCK Tapi3/i 6esiieKTep/iH, CUbIM/bI-
JIBIKTApHI [26]:

CohepasnbIK 66/ILIEKTIH CUBIMIbLIBIFDL: C =4TlE a,

2megl
Ln(2L/a)’

Jvck Topi3/i 6eJIIeKTiH CUBIM/bIIbIFbI: C =8¢,

Cdepa, uuauHap, AWCcK OiWiHAI paguycTtapbl a = 1 HM, UMJIUHAPAIH Y3bIHABIFBL L = 4a,
JIUCK KaJIbIHABIFbI 6Te KyKa 0,2 HM Jiell ecenTeJiHin, To3aH/ bl O6JleKTeP/iH 3apsa/AbIHbIH
3JIEKTPOH/ZIAap MeH MOHJap TeMIlepaTypasapblHbIH KaTbIHACbIHA TOYeJIIri aHbIKTa1/bl, OJI
2-CypeTTe KepCeTuIreH.

HuauHApIiik 66JeKTiH CUBIM/AbBLIbIFBI: C=

0.000

—0.025

—0.050

-0.075
0 — cgpepa
O — wunanap
e 0 ek
I -0.100 OH — cihepa
+ OH — unAnHER
----- OH — fuck
02 — chepa
—— 02 — unnHap
02 — puck

Qle

zZ
1
]

—0.125

03 — chepa
~0.150 == 03 — unannap
03 — anck.

—0.175

100 200 300 400 500
Te K

CyperT 2. 9p TYpJ1i popmMaibl TO3aHAbI 66IIIEKTiH NOTEeHIUAJIBIHbIH,
3JIEKTPOHAap MeH MOHap TeMIlepaTypa/lapbIHbIH KaTbIHAChIHA TOYeJIAIIIri

KopbITBIHABI

CoHbIMeH ecenTeyJiep 60MbIHIIA, MbIHAZIAall HOTHKeJIep aJbIHAbI:

- Me3ocdepa 6UiKTIKTepiH/eri To3aHAbl JIa3MaHbIH 3aps/ATalblHyblHA CUNIATTaMa 6epinji;

- To3aH/bl GesmekTepAi Kopuan Typrad O, OH, O, O, noHjaphl yiliH, chepasblK TO-
3aH/bl OeJIlIeKTEePAiH eJilleMCi3/lipiireH NOTeHIMa/IbIHbIH, 3JIeKTPOHAAP MEH UOHJAAP/bIH,
TeMIepaTypa/apblHbIH KaTbIHACbIHA TAYeJIJIJIIT aHbIKTal/bl;

- coepasblK, HMJIUHAPIIK XKoHe AUCK popMasibl To3aHabl Gesmektepaiy (O, OH, 0,, 0.)
VMOH/aphl YLIiH 3apAATBIH 3JIeKTPOHJAAp MEH HOHApAblH TeMIlepaTypaJapblHbIH KaTbIHACbIHA
TOyeJ1Jirl aHbIKTaaAbl;

- GapJiblK, 6eJilIeKTepAiH 3apsAAbl Tepic Ko9He OHbIH, MOJAYJi TeMIepaTypaHbIH 6CyiMeH
asas/pbl:

- chepasiblK OeJIILIEKTED €H YJIKEeH Tepic 3apsijKa ue, LUJIUHAPJIIK 66JlleKTep — OAaH Kilii,
aJs1 UCKi Tapi3Ai OeJiliek - eH Killi 3apsi/jKa Ue eKeHi aHbIKTa/I/bl.

XKypriziniren ecenrteysep Me3ochepasnblK Maa3MaaFbl TO3aHAbl 66JIIeKTePiHiH eJileMi
eTe Kili 10 HM xaHe 1 HM 60/IFaH/bIKTaH, 0JIapAblH HillliHi 3apsATasy l1aMacblHa dCepi, CHbIM-
JIbLIBIKTapbIHbIH, 63relleirineH 6aiKana/ibl, chepasblK O6JlIeKTep eH YJIKEH Tepic 3apsaKa,
NUJIMHJPJIK GeJillieKTep — OipliaMa Killipek, ajJ JUCKI Toapi3/i GeJilieKTep — eH a3 3apsajKa
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CpaBHeHMeE 3apsiAKHU NbJIEBBIX YaCTHL, Pa3/IMYHOM
¢dopmbI Ha BbIcOTax Me3ocdepbl

AHHoOTanus. B pa6oTe paccMoTpeH npouecc 3apsJKH MbLJIEBbIX YACTHL B 3aBUCUMOCTH OT UX GOPMBbI
IpyU B3aUMO/IEMCTBUM C MJIa3MEHHbIMU YacTHL[AMU, U3 MHOXECTBA ra30B, OKPYKAIOIIUX IbLIEBbIE
YacTHUIbI Ha BbIcoTax Me3ocdepsnl, 6b11H B3ATHI (0, 0, 03, OH). [l cpaBHeHUs co chepUduecKUMHU
YaCTUIIAMH, C YYETOM €MKOCTeH HIUJMHJAPUYEeCKUX U JUCKOOOpPA3HBIX YacCTHUIl, OblIa ompejeseHa
3aBUCUMOCTb UX 3apsjia OT 3JIEKTPOHHOM TeMmepaTyphl. PacueTbl NpoBOAUIUCH AJisI HOHOCHEPHOH
mJIasMbl Ha BbIcOTe 85 KM, npu Temnepartype 150° K, KoHLeHTpaluu 3/1eKTpOoHOB U noHoB 10'° m~3
1 yactoTe MOHOB 10° ¢, BbIM B3ATHI Clejyolye NapaMeTphbl: pajuyc s chepruueckoi nblaeBoi
yacTtuibl 10 HM, JJ1s1 CpaBHEHUS NbLJIEBBIX YAaCTHUI] ChepUYeCKON, UIUHIPUIECKON U AUCKOOOPa3HOH
dopMbl a = 1 HM, JVTMHA HUIKMHJAPA L=4a, ToJMHA AUCKA 04eHb TOHKas - 0,2 HM. /lJ1g 3TUX TapaMeTpoB
OBLI MoJIydeH rpaduK 3aBUCUMOCTH UX 3apsi/ia OT 3JIEKTPOHHOHU TeMIepaTyphl. [ Moae upoBaHUS
3aps/AKU NbLJIEBBIX YACTHUL, UCI0Jb30BaIaCh TEOPUSI OTPAaHUYEHHBIX OPOUTAIbHBIX ABMKeHUN (OML).
[Io pe3ysbTaTaM pacyeToB OBbLIO MOKA3aHO, YTO ¢opMa NbLJIEBBIX YACTHUI B Me30ChHEepHOU IJIa3Me
BJMsSEeT Ha BeJUYUHY 3apsja: chepuueckue 4HacTUlbl 06J1aZjal0T HAUOOJBLIUM OTPHULIATESbHBIM
3apAa/0M, IWIMHAPUYECKHE YACTHUIbI — HECKOJIBKO MEHBIIINM, a IMCKOOOPA3HbIe YACTHUIIbI — HAUMEHBIITUM
3apsi/ioM.

KioueBsle csioBa: Me3socdepa, MoHochepa, [Ib1eBas niiasma, Teopuss OML, Chepudeckue, HUIUH/-
pUyYecKue U JUCKOOOpa3Hble NblJeBble YACTUIbI.

G.N. Shinikulova*!, K.Zh. Rustemova?, Zh.B. Mazhit?, A.N. Aldibekova’, N.N. Shinykulova?
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2Kazakh National Women's Teacher Training University, Almaty, Kazakhstan
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Comparison of the dust particles of different shapes at mesosphere altitudes

Abstract. This paper considers the process of charging dust particles depending on their shape during
interaction with plasma particles from the variety of gases surrounding the dust particles at mesospheric
altitudes, specifically using O, 0, O3, and OH. For comparison with spherical particles, taking into account
the capacitances of cylindrical and disk-shaped particles, the dependence of their charge on the electron
temperature was determined. The calculations were carried out for ionospheric plasma at an altitude
of 85 km, at a temperature of 150° K, electron and ion concentrations of 10*° m™3, and ion frequency of
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10° s™%. The following parameters were used: a radius of 10 nm for the main spherical dust particle, and
for comparison of the spherical, cylindrical, and disk-shaped dust particles, a radius a=1 nm, cylinder
length L=4a and a very thin disk thickness of 0.2 nm. For these parameters, a graph of the dependence
of their charge on the electron temperature was obtained. The Orbital Motion Limited (OML) theory was
used to model the charging of the dust particles. The calculation results showed that the shape of dust
particles in mesospheric plasma affects the magnitude of the charge: spherical particles have the largest
negative charge, cylindrical particles have a somewhat smaller charge, and disk-shaped particles have
the smallest charge.

Keywords: Mesosphere, lonosphere, Dust Plasma, OML theory, Spherical, cylindrical, and disk-
shaped dust particles.
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Anpatna. Byn Makasnaza anbda-6eJsillieKTepAiH KeMipTeri siipoJsiapblHJa
lIalmbipaybl Ke3iH/Je »KYpPeTiH 3aT aJiMacy MpoLecTepi MeH AApOJIbIK e3apa
opeKeTTecy/ep/iiH TepeH (U3UKa/bIK 3aHJbLIbIKTAPbl KaH-KaKThbl TaJjijia-
Ha/bl. 3epTTey OapbichblHAa ajbda-06eJlIeKTepAiH AApofa eHy MeXaHU3Mi,
OJIapAbIH 3HEPrUACHIHBIH, 03repyi, cepliM/il oHe cepniMci3 malbipay ypAi-
CTepiHiH epeKIlleJliKTepi KapacTbIpblaaAbl. ATan alTKaHAA, ajbda-6esiek-
TepiHiH KeMipTeri apOoCbIMEH COKTBIFbICYbl HOTHXKeECiHAEe S/POHbIH JleHTeu-
JIIK KYpbIIBIMBIH/IA Taki1a 60J1aThIH 63repicTep, K03y KyHJiepiHiH KaJbIITacybl
»K9He dHepPTUsHbIH AAPOIlIiIiK KaliTa 6eJiHyi erkel-TerKeii cunaTTanaa/bl.
Makanasza Pesepdops walibipayblHbIH TeOpUsJbIK Heriszepi, Kyson 6e-
reTi, KBAHTTbIK-MeXaHUKAJIbIK TYHHeJIbJey KyObLIbICTApbl >KoHE SAPOJIBIK
KYLITep/iH TabUFaThIHA OAalJIaHBICTHI 63apa dpeKeTTECY CUNIAThl TaJKblJIaHa-
Jibl. COH/Ial-aK 3KCIIEPUMEHTTIK 9AiCTEPAiH, OHbIH, illiHje GeJlieKTepAi Tip-
Key JleTeKTOpJIapbIHbIH, Iallblpay OYpbIIITAPbIH 6JIIey TICiJAepiHiH XoHe
3HepPrusaHbl CIEKTPOCKONUAJIBIK TaJAay 9iCTEepiHiH peJi KepceTiienai.
3epTTey HoTHKesepi a/bda-0eslieKTepAiH KeMipTeri 1JpoCcbIMeH dapeKeTTe-
CYiHIH, SAPOJIBIK KYPbLJIbIM (GU3UKACBIH TYCiHY/leri MaHbI3blH alKbIHAAN/bI.
Bys npouecTtep A4poJbIK peakuaaapAblH, MeXaHU3M/IepiH aHbIKTAY/1a, XKeHiJ1
ApoJIapAblH, KACUeTTEPiH ally/a, COHAAN-aK SAAPOJIbIK SHEeprus, MeauluHa
»KoHe MaTepUa/ITaHy casajlapblHAAFbl KOJJaHbasbl 3epTTeyAep/i KeTiAipy-
Jle MaHbI3/1bl OPbIH a1ajbl.

TyuiH ce3aep: anbda-6eJiiiek, KeMipTeri SAPOCHI, LAlIbIPay, APOJIbIK peak-
IUs1, cepniM/i >KoHe CepIiMCi3 COKTBIFbICY, IAPOHBIH, KO3y JleHTeliepi, sapo-
JIBIK, KYLUTEp, 3Heprusa aJMacy

Anponblk ¢usnka Kasipri 3aMaHFbl FbIIBIMHBIH €H KypZeJsi api KapKbIH/bl JaMblll KeJle
»KaTKaH caJlajlapblHbIH 6ipi 60.1b11T Tabbl1abl. ATOM S POCBIHBIH, KYPbIJIBIMBI, 1/JpOJIbIK KyLI-
TepAiH TabWUFaThbl, 3/leMeHTap OeJIlIeKTep/iH KacueTTepi MeH OJIap/blH 63apa apeKeTTecyi
CbIH/BI ipreJii MaceJsiesiep s/IpoJiblK GU3UKAHBIH HETi3Ti 3epTTey HbICaHbI OO0JIbIN ecenTese ).
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Anvpa-6enwexkmepdiy kemipmezi sdpoaapbiHda wawbslpayst ke3indezi 3am aamacy npoyecmepi

ByJ1 canajiaFbl 3epTTey/iep TEK TEOPUAIBIK PH3UKA YiIiH FaHA eMeC, COHbIMEH KaTap si/IPOJIbIK,
3HepreTUKa, pajUalyAJbIK MeJULMHA, MaTepUasITaHy, aCTPOHOMHUSA KoHe KayilcCi3AikTi
KaMTaMachbl3 €Ty CHUAKTbl KoJiJaHOGasibl GaFbITTap YLIiH Je aca MaHbI3Abl[1]. Aaposbik
peakuusijiap TaOUFATbIH TepeH TYCiHy »KaHa TeXHOJIOTUANAp/bIH JaMyblHa KO0JI allajbl, aj
A/ POILLIJIIK IpoLecTepi 3epTTey 9/1eM KYPbIJIbICHI Typasibl TYCIHITIMI3I KeHeuTex|.

AnponblK GpU3UKaHBIH epeKlle GaFbITTapbIHbIH, 6ipi — AAPOJIBIK IIalIbIpay NPOLEeCTEePiH,
SIFHU OeJIIIEKTEP/iH SAPOMEH COKTBIFbICY Ke3iH/leri aHeprus ajiMacybl MEH TPAEKTOPUSIChIHBIH
e3repyiH 3eptrey. lllambipay KyOblIbICTapbl SAPOHBIH KYpPbLIbIMbIH, OHbIH [Jl€HTeHJIepiH,
AAPOJIBIK, KYLITEPAiH 9peKeT eTy 3aHJbLIbIKTApPbIH aHbIKTAayZa €H TUIMJi 3KCIepUMEHTTIK
dJlicTepAiH, O6ipi caHasagbl. Ocipece anbda-OeJillieKTepMEH KYprisijieTiH Taxipubesep
AApOoJIbIK pU3MKa TapuxbIH/la epeKlie opblH anazbl. Ce6ebi anbda-6eilieKTep - 3apsATalFaH,
CaJIbICTBbIpMaJbl TYPAE ayblp >KoHe TYPaKThl OeJILIeKTep, oJap SIpOMeH 63apa apeKeTTecy
Ke3iHJe KypAeJi AUHAMHUKAJbIK KyObLIbICTAapAbl TYbIHAATHIIN, SHEPTUSAHBbIH, KaliTa 66JiHyiH
KaMTaMachI3 eTe/.

Anbda-6eJiekTepAiH aTOM SAPOChIMEH LIAlIbIPAy KyObLIbICHI asFall peT XX FacbIp/bIH
6acbiHAa J. PezepdopaThiH, ToxKipubesepi apKblibl FbIIBIMUA TYPFbIJAH TYCiHAipiaai. By
TOKipUbesep AAPOHbIH IJIAHETAPJIbIK MOJEeJiHiH KaJbIITacyblHA 9KeJIill, aTOM KYPbLIbIChI
TypaJibl TYCiHiKKe TeHKepic xacazabl. PesepdopaTeiH amkaH KynoHAbIK wamibipay 3aHbl
3JIi KYHTe JeHiH A/IpoJIbIK, peaKiusap/bl CUIAaTTay[a HeTi3ri TeopusbIK TipeKTepAiH 6ipi
6011 TaObLIAABI[2]. ANibda-6esiieKTepiH KOMipTeri sApoJiapbiH/ia MallbIpayhbl - S1POHbIH,
KYPbLJIBbIMBIH, 3aPAATHIK TapaJyblH )KoHe AAPOJIbIK KYLUTEpAiH KaCUeTTEPiH TepeH 3epTTeyre
MYMKIiH/ZiK 6epeTiH MaHbI3/bl IPOIECC.

Kemipteri sapocel (°C'?) aaposblk pu3MKaza eH Kol 3epTTeJeTiH HbICaHJapAbIH, 6ipi.
Cebebi OHBIH, KYpbLIBbIMbI KapananblM, s/IPOJIbIK MOZeJbJlepMEH KaKChl CUMATTaIabl }KoHe
TaburaTTa KeH TapajfaH[3]. CoHbIMeH Gipre kemipTeri sApoJiapbl KYJIAbI3JIbIK HYKJ€o-
CUHTe3/e, OUOJIOTHUSIIBIK XyHeJlep/e xKaHe KopllaFaH opTaZa epekiie peJ aTKapazbl. Aibda-
GeJilIeKTep/liH, KeMipTeri s/JpoCbIMeH apeKeTTecyi AApoiliik npouecTep/iy, JUHAMUKACHIH,
cepmniM/i KoHe CepIliMCi3 COKTBIFbICY MeXaHU3M/IepiH, AAPOHbBIH, KO3y JleHrenaepiHiy nmanzaa
60J1ybIH 3epTTEyTe KOoJIalJibl KaFJai xKacaiibl. 9cipece sHeprUsHbIH KalTa 66J/1iHyi MeH 3aT
ajJiMacy MpoLecTepiH TepeH TYCiHy S/pOJIbIK KYIUTepAiH TaOWUFaTblH aHbIKTayAa LIelymli
MOHTe ue.

Anbda-6esiek neH KeMipTeri fiAPOCHIHBIH ©63apa dpeKeTTecyiHJe eki Heri3ri mporecc
OpbIH aJybl MYMKIH: ceplniM/] lallbIpay XoHe CepliMcCi3 Iallbipay.

CepniMai wambipayna 6eJsilieKTepAiH IIKI KyWi e3repMeini, TeK KO3FasbIC IHEPTUSICHI
MeH UMIYJIbC KahTa Tapasazbl. AJ cepliMci3 mamblpay/a AAPOHBIH IIKI KYpblJIbIM 63repirl,
OHBIH, KOFapbl dHepTreTUKaJbIK JleHrenaepi Ko3aabl. by karjai/ia sHeprusHblH, 6ip 6eJiri
a/poFa 6episiefii, HOTUKeCIHJEe S/POJIbIK 3aTThIH KYHi ©3repil, xxaHa AeHTeliK xafaannap
KaJsiblnTacazsl. bys npouecrep 3aT ajiMmacy MexaHU3M/epiHiH Heri3iH Kypauzbl, eMTKeHi A4po
MeH 6eJillleK apachiH/la IHEPTHs, UMIYJIbC )KoHe OYPbIIITbHIK MOMEHT TacbIMaJlaHa/bl.

Anbda-6esieKTep MeH KeMipTeri s/jpoJsiapbl apacblHJaFbl 63apa dpeKeTTeCy SAPOJIbIK
dusrKaZarbl MaHbI3/lbl TEOPUSJIBIK MOJeEJbJAEPAi, COHbIH illliH/e ONTHKAJIbIK MOJEJb/i,
NOTEeHUHa/IAbIK LIAllblpay TEOPHUACHIH, PE30HAHCTBIK JeHreujiep TeOpUACBIH JAMBITYZA
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Heri3ri miaTdopma peTiHje KbI3MeT aTKapaabl. Bys nporecc kemipTeriHig 12C gapocbiHAAFbI
JleHrelJiep/iiH, OpHaJlaCyblH aHbIKTAy¥a, AJPOJIbIK CIIEKTPOCKONUAHBIH, J3JIAITIH apTThIPYFa,
AJPOJIBIK KYLITEPAiH 3Heprusifa ToyeJJisliriH 3eprreyre MyMKiHZIK Gepeni[4]. Aaposibik
peakuMsilap KHHeMaTHUKacChl, SHEPTUSI MEH HMMIIYJbC aJMacy 3aHJbLIBIKTapbl, TaXipHubesik
HOTUXKeJIepZii UHTepIpeTalusaay aaicTepi — 6api /e 0Cbl )KYMbICTa KapaCThIPbLJIAThIH HETi3ri
TaKbIpbINITAPFa 2KaTa/bl.

Kasipri Tanga anbda-6esiiekTep/iiH, KeMipTeriMeH acepJiecyi Tek ipresi FblIbIMAA FaHA
eMec, COHbIMEH KaTap KoJiZjJaHbOasibl caslajziap/ia [a Y/IKeH MaHbI3Fa ve. PaayuanusanblK MaTepyal-
TaHyza ajbda-0eJl1eKTep/AiH dcepiHeH KeMipTeKTi KYpbLIbIM/apAbIH 63repyiH 6aKbliay »KaHa
MaTepHuaapAblH OepikTiriH 6aranayra MyMKiHZIK 6epeni. AaposblK MeguuuHaza aabda-
OeJilIeKTepiMeH cayJieJIeHipiireH KOeMIipTeKTi OHOJIOTUSJIbIK HbICAHAAP/bIH PeaKIUSCHI
3epTTeJiil, paJuoTepanvsaHbIH, THUIMJIIrT apTThipblayga. An actpodusukazga ainbda-Kepi-
HicTep KeMipTeri Ty3isyiHiH Heri3ri TeTikTepiH TyciHAipeai, ce6ebi KyaAbI3AapAblH illiHe
KYPeTiH TabUFU TepMOsJPOJIbIK peaKlusap KeMipTeri pOCbIHbIH, albda-06eJleKTepMeH
apeKeTTecCyiHe TikeJsiel 6allaHbICTBI[5].

MakasiaHblH, Herisri MakcaTbl — ajibda-6eJeKTepAiH, KeMipTeri /ipoapblH/a HallblpPaybl
Ke3iH/le )KYPETiH 3aT a/iMacy NpoLeCTepiH, oJap/AblH, TeOPUsJIbIK Heri3jepiH, Taxipubesik
3epTTey dJiCTepiH KoHe AAPOJIbIK (U3MKaJaFbl MaHbI3bIH >KaH-)KaKTbl Tajjay. 3epTTey
GapbIChIH/A XYHeJli Typ/e KeJeci FhIJIbIMU MaceJsiesiep KapacThIpblia/ibl:

- asnibda-6eJIIEeKTIiH A/IpOMEeH 9peKeTTeCcyiHiH GU3UKaJbIK TaOUFaThI;

- KeMipTeri aIpoCbIHJaFbl SHEPTUS JeHrerhepiHiH KypblIbIMbl;

- cepmiM/ii »koHe cepniMci3 Wanbipay Ke3iHeri 9HeprusiHbIH KaiiTa 6eJ/1iHy MexaHU3M/epi;

- AJIPOJIBIK, KYLUTEPAiH 9Cep eTy aMaFbl MEH CUIIaTTaMaJaphl;

- TOKipUOeJliK leTeKTOpJIap MeH eJIlIeY d/liCTepiHiH epeKileiKTepi;

— QJIbIHFaH HOTHXKeJIEPiH, s/1poJibIK pHU3MKa MeH KOJIJaHbasbl casiasiap/laFbl MaHbI3bl.

By 3epTTey A4p0JIbIK peakyUsiapblH KHHEMAaTUKACBHIH TYCiHyTe, AApOilliJiK npouecrep-
JliH, TAOUFATBIH TePEHETYTe KoHe /IPOJIbIK KYPbLIbIM/IbIK TEOPHUSIApAbl JAMBITYFa 63 YJeCiH
Koca/bl. COHbIMeH KaTap ajibda-0eslieKTep/iH KeMipTeri poJiapblH/a LallblpayblH Taaay
AAPOJbIK (QU3MKaHbIH KJACCUKAJbIK *K9He 3aMaHayu TacijiJiepiH OGipikTipyre MyMKiHZIK
6epe/i.

Ocbliaiiia, anbda-6eseKTepiiH KeMipTeri AApoaapblH/a Wallblpaybl APoJiblK, GU3UKa-
JlaFbl Kyp/ieJii, 6ipak aca e3eKTi TaKbIpbINTapAbIH 6ipi 601b11 TabbL1aAbL. Bys Iponiecti 3epTTeEy
SAJIPOHBIH, KYPBbUIBIMBIH erKeu-TerKensi cunaTTayfa, dHEprus ajaMacy MeXaHU3M/EepiH
aHBIKTAyFa XoHe S[POJIbIK TaOUFATThIH, ipresi 3aHAbLJIBIKTAPbIH allyFa MyMKiHJIK 6epefi.
CoHAbIKTaH OYJ MaKaJia s/ipoJiblK Gpu3rKa MaMaH/bIFbl OOMbIHIIA 6i1iM ajyuiblIapFa, 3epT-
Teyulijiepre »KoHe 0Cbhl CaJIaHbIH, 9/licTeMeJIiK Heri3epiH MeHrepyre yMTblUIFaHAapFa apHaJIFaH
KYH/Ibl FBIJIBIMU )KYMbIC OOJIbII TAObLIa/bl.

JdJicHamMa

Bys 3epTTeyae anbda-06eieKTep/iiH KeMipTeri s/iposiapbIMeH 63apa 9peKeTTecyi Ke3iH/eri
3aT aJIMacy IpoLecTepiH CUNATTAWUTBIH CepIiMJAl KoHe CepIliMCi3 1albipay MexaHUu3Mzepi
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Anvpa-6enwexkmepdiy kemipmezi sdpoaapbiHda wawbslpayst ke3indezi 3am aamacy npoyecmepi

3KCIEPUMEHTTIK »X9He TeOpUsJIbIK dJicTepAi yisecTipy apKbuLibl TalafaHAabl[7]. 3epTTey
6apbIcbIHAA anbda-06eJileKTepiH MOHOIHEPreTUKAJIbIK IOFbIPJIaphl, KOMipTEKTI HbICaHAap,
OeJillIeKTep/li TipKey JeTeKTopJaphl >XoHe S/IPOJIbIK peaKLusiap/bl ecenTeyre apHaJfaH
6affapsiaMaliblK KypajJap MNakjalaHbUIAbl. OJicTeMesiep MIallblpay KUHEMAaTUKACbIHA,
3Heprus CIeKTpJiepiH Tasjayfa, OYpBIITHIK ToyeJJAiTiKTep/i aHbIKTAyFa >KoHe SJpPOJIbIK
NOoTeHLMaJl IapaMeTpJiepiH ecenTeyre Heri3ges/i.

1. 3epTTey maTepuangapbl

Anbda-6esieKTep WOFbL. JKCIIEPUMEHTTIK 3epTTey YILUiH 3Heprusicel 3-8 MaB auanaso-
HbIH/A YAETiAreH ajabda-6eslieKTep IOFbl KOJJAaHbLIbl. By sHeprus guana3oHsl KysnoH
6ereTiH eHcepil, KeMipTeri iIpoCbIMeH cepHiM/i XoHe CepliMci3 e3apa apeKeTTecyNep/iH,
6acTasyblHa MYMKiHZIK 6epefi. Anbda-6esiieKkTep i any YIUiH KJacCUKaJbIK paJMOaKTHUBTI
usoron ke3zepi (***Am, #3°Pu) Hemece yAeTKill KOHJLIPFbIIAPE] NakiganaHblibl. HIOKTHIH,
opTalla 3HePTUsiCbl MEH KAPKbIH/ABLIBIFbI aJ1/|bIH ajla KajubpJieHreH[8].

KeMipTeri HblcaHbl. HbicaH MaTepHasbl peTiHze »O0Faphl TazapThblaraH 2C KeMipTeriHiH,
KyKa rpaduT KabbIKmanapbl (KaablHAbIFEl 0,5-2 Mr/cM?) KosjaHblazbl. HblCAaHHBIH, MUHMU-
MaJsJbl KaJblHABIFbl ajbda-6eJ/illieKTepAiH HbICAH illliHJe 3HEepPTus >KOFAJITYblH a3aWThlIl,
IIalIbIpay/blH 9HEPTUSJBIK LIbIHAAPbIH A9J1 TipKeyre MyYMKiHJiK 6epezi. KeMipreri sapoJa-
PbIHbIH U30TONTHIK Ta3aJbIFbl TOXKIpHUOEHIH HOTHXKeJIepiHiH CEHIMAIMIriH KaMTaMachl3 eTe/.

JleTeKkTOp/bIK KyHesep. llambiparad 6e11eKTepAi Tipkey ylliH 6ipHelie TUNITeri 3aMaHay 1
JleTeKTopJiap naljaaaHbl1/bl:

- Si-kapTel1all eTKi3rim JeTeKTopJsapbl — ajbda-0eJlieKTepAiH, 3HEPTUACBIH KOFaphl
JanpikneH (x1%) esey yuuis;

- AE-E TeneckonTapsl — 66J1111€K TYPiH aXKbIpaTy *K9HE IHEePTUsl CIEKTPJIEPIH capaJjiay YUIiH;

CunHTHIALUANBIK AeTekTopsap (Nal(Tl), CsI(Tl)) - cepnimMcis maiwbipay ke3inje naija
60JIFaH raMMa-KBaHTTap/bl TipKey YILiH.

JeTekTopsiap malbipay OypbllITapblH 3epTTey MakcaTbiHAa 10°-150° apanbiFbiHAA 9p-
TYpJli NO3ULHUAIapFa OPHAJACTbIPbLIABI[9].

JlepekTepai )kuHay KyWeci. JKCIepUMEeHTTIK CUTHa/Iap/bl TIpKey »KoHe eH/ey YILUiH:

- KenapHaJibl aHasusatopJap (MCA),

- aHaJsior-uudpJblK Typaengiprimrep (ADC),

- CAMAC/NIM Mopyabaepi,

- cnekTpJik fepekTepai enaeyre apHairad ROOT, MATLAB nemece Python 6afmapJsiamasnapsl
Kos1aHbLAbI[10].

2. 3epTTey aicTepi

CepniMai mwambipayabl 3epTTeY YiliH asbda-6eJieKTepAiH JeTeKTopAaFbl SHEPTUS IIbIH-
Jlapbl TipKeJiil, oJlapZblH, OYPBIITBIK TapaJjybl aHbIKTaaAbl. Op OypbllTarbl JuddepeH-
nuanapl KuMa Pesepdopsa dopMysacel 60MbIHIIA ecenTesil, 3KCIIePUMEHTTIK MoHJepMeH

CaJIBICTBIPBLIbI:
do _ (aZe’yy 1 (1)
aq 16megE’ sin4(0/2)

ByJ1 Tacis ApOHBIH 3apsATHIK TapaayblH )xoHe Ky/JIoH/bIK TOTEHIIMa/Ibl CUTIATTAyFa MyM-
KiHZiK 6epe/i.
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Cepmimci3s waibipayza anbda-6eJilieK 3HEPTUACBIHbIH 6ip 66J1iri AAPOHBI KO3/ bIpYFa Ky M-
cajaapbl. 3epTTey 6apbICHIHAA:

— JHepruf CIeKTpiHze 12¢ S1poCbIHbIH, 4,44 MaB xaHe 7,65 MaB geHreitsiepidiy 6esrinepi
aHBIKTAJIJbI;

- AE-E TeseckonTap apKbLabl O6JIIEKTep/iH, TOJIbIK JUCHEePCUSJIbIK CHMATTaMa/iaphbl
aJIbIH/bI;

- raMMa-KBaHTTap/bl TipKey HOTHXKeJlepiMeH KOCbIMIIIA COMKeCTeHAIpY XKYprisingi.

By aaic aapoilnisiik sHeprus ajiMacy MexaHU3MiH 6aFasiayFa MyMKiH/iK 6epefi.

[lambipay/iblH, OYPBIIITHIK TIyeJiliKTepi Taxipubesik JepekTep Heri3iHJe TYpPFbI3bLI-
Zbl[11]. Bya agic:

- KynoHppbIK xKoHe 44pOoJIbIK acepJiep/iH apaKaTbIHACBIH aHBIKTAy¥a,

- Pe30HAHCTBIK KYH/Iep/iH bIKIaJIbIH 6aFaiayfa,

- cepnim/Jii/cepmimci3 nmpouecTep yJeCiH calbICThIpyFa MYMKIH/IK 6epAi.

Anbda-6eJilliek NMeH g9/po apacblHAAFbl ©3apa 9pPEKeTTeCy ONTUKAJbIK MOJeJb apKbLibl
cunarrtanzbl [lorenyuant:

Ur)=V@)+iW () + Ve(r) (2)

MyHJarbl V(r) - HaKTeI 66K, W(r) - )yTbl1y noteHuuanel, V (r) - KyJ1oHbIK noTeHIHaIL.

Bys1 Mozesib 6oMbIHIIA:

- A/IpPOHBIH, PaJUyChl,

— IOTEeHLMaJl TepeHAiri,

- 1udPy3usbIK aiilMaK napaMeTpJiepi ecenTes .

[lIpenvHrep TeHAeyi CaHABIK 9/liCTepMeEH IIeliIin, mambipay ¢asasapbl, aMIIUTY/Ia]apPbl
»KoHe KHMMaJlapbl TEOPUSIJIBIK TYp/e aHbIKTaNAbI[12].

Anpo meH anbda-6eJiiek apacbiHAaFbl 93Heprus aamacy npouectepi GEANT4 xxone TALYS
OafaapJsiaMaJiblK MaKeTTepi apKblJIbl Mo esbAeHAil. MoJiesib/iey HOTHXeslepi 9KCIepUMEHTTIK
CIIEKTpJIepMeH CaJIbICThIPbIJIbI.

3. MasimeTTepAi eHAey aaicTepi

3epTTey/eH aJblHFaH O6apJibIK JlepeKTep KeJseci eHJey caTblJIapblHaH 6TKIi3iAi:

- 3HeprUsiHbI Kaaubpiey (a-kaaubpiey ajici);

- CIIeKTpJiep/eH CTaTUCTUKAJIBIK GOH/BI aJIbIIl TACTAY;

- bIHJApAbl abipaTy (peak fitting);

- CTaTUCTHUKAJbIK KaTesikTepAi 6aranay;

- nuddepeHa /bl XKIHE TOJBIK KMMaJapAbl eCENTEY;

- TEOPUAJIBIK KoHe SKCIIEPUMEHTTIK KUCBIKTapAbl CaJbICTHIPY.

HaTmxenep rpadpukTep, OYPBHILITHIK Tapaly AUarpaMmMasiapbl KoHe 3HEPrus ClekTpJepi
TYpiHJe paciMaeni.

HaTmxesiep MeH Ta/JIKbl1ay

Bys1 3epTTeyne KyprisiJireH sKCIepUMEHTTEpP MEH ecenTeysep spoJiblK (U3HWKaJaFbl
OeJsiiHy, ©3apa acepJiecy >XoHe SAPOJIbIK >KyHesiep/iH 3HepreTHKa/blK KYHiH Tasjjaayra
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6arbITTanAbl[13]. XKyMbIc HoTHKeslepi S/IPOJIbIK, OeJlleKTep/iH AUHAMUKAChIH MOJEJIbEY,
HEUTPOH aFbIHbIH O6afasay, 1APoJbIK MaTepruaaiapblH, GU3UKa/bIK CUlIaTTaMalapblH aHbIK-
Tay »9He aJIbIHFaH JiepeKTep/i TeOPUAJBIK YJITJIEpMEH CaJbICThIPY apKblJbl KellleH i Typ/e
KapacThbIPbLJI/BbI.

ANBIHFaH HOTUXKeJlep AAPOJIbIK peaKUaaap MeXaHU3MIiH TepeHipeK TYCiHyTre, SHeprUusHbIH
TapaJly CUINaTbIH OafasiayFa, COHAAN-aK s/ pOJIbIK KayilCi3/lik eH peaKTOpPJIbIK IpOoLecTepAi
OHTaMJaH/bIpyFa MYMKIiH/iK 6epeji.

1. ApposiblK peakLuaIapAblH 3HepreTUKa/bIK CUIIaTTaMaJ1apbl

3epTTey 6GapbICbIHJA 9PTYpJai AApoJbIK peakuusaapAbiy (ny), (nf), (p,n) Tuningeri
npouecrtepi Tangadbl. Ecentesnren Q-MaHAepi peakuusaaapAblH dHEPTeTUKAJIBIK TUIMIITIH
aHbIKTayFfa KOMEKTeCTI.

JKCIepUMEHTTIK *KoHe eCeNTiK MaJliMeTTep 60MbIHIIIA:

KeHin agposiap yuiH sHeprus 6eJsiiHyi TeopUsJIbIK MOJebJepMeEH KOFapbl YyiJeciMm
KOepCeTTi.

Ayblp siaposapAblH 66J1iHy peaklusapblH/Ja 3KCIIEPUMEHTTE TipKeJIreH IIbIFY 3HEePrUsichl
ecenTik MoJieabzeH 3-5% alblpMallbLIbIKIEH COUKeEC KeJl/i.

HelTpoHaapAblH opTallla KWHETUKAJIbIK 3Heprusacel 1-2 MsB guana3oHblHAA TYPaKThI
M9H KepCeTTi, 0y/1 6epi/ireH peakuusaap yuliH KJacCUKaJIbIK aebueTTep/eri JepeKTepMeH
TOJIBIK, coliKkecefi[14].

JHepreTUKaJbIK Y/AeCTipiM peakUsAHbIH 6acTanKbl IapaMeTpJepiHe, 14p0 KypblJIbIMbIHA
»K9He Kipic 6eJIIIeKTiH 3HEePTUsCbIHA aUTAPJIbIKTalN Taye /il eKeHi aHbIKTaJ//bl.

2. He’TpOH aFrbIHbI MEH THIFbI3/IbIFbIHbIH 63repy 3aHAblLJIBIKTapbI

HelATpOHABIK CIEeKTpAl eJilley >XoHe peaKTOpJbIK OpTajarbl HEUTPOH ThIFbI3/ABIFbIH
6afasiay HOTHXKeJlepi KepCeTKEHeH:

Pe30HaHCTBIK allMaKTa HEUTPOH KYThIIYbIHbIH apTybl 6aliKa//ibl, 0y acipece *238U koHe
A232Th maTepuanaapsl yuliH auKblH Kepinai[15].

TeMeH aHeprusijiibl (KbIYJbIK) HEUTPOHJApP aliMarblHJa MakcBess yJecTipiMiHe ykcac
TYPaKThl cUNIaT 6alKaJ/ibl.

Korapbl sHeprusasbl HEWTPOHJAPABIH CaHbl PEAaKTOpP KyaTblHAa NpPONOPLMOHAN TypZe
apTaThIHbI /e eH .

3epTTey HOTHXKeJiepi HeUTPOHAAPAbIH KEeHICTIKTIK Tapasybl 6ipKeJiKi eMec eKeHiH, peakTop
iliHgeri reoMmeTpuUara KoHe KOJILAaHbLJIFAaH MaTepua/iapAblH KMMaJapblHa TayeJ/ii eKeHiH
KOPCEeTTI.

ByJs1 aKnapaT peakTopZblH KayillCi3 »KYMbIC PeXKUMIH KaMTaMachI3 eTy KoHe HEUTPOH/bIK
epicTi 6ackapy yuriH MaHbI3bI[16].

3. AaponablK MaTepranjapAblH QU3UKaIbIK KaCHeTTepiH baraay

3epTTey 6apbICbiH/A YPaH, TOPUH XoHe apaJiac OKCUATI oTbIH ajieMeHTTepiHiH (MOX fuel)
6ipkaTap napameTpJiepi aHbIKTaJ/bl:

ThIFBI3ABIK >K9HE MaccCasblK YyJeC — 3KCIIEPUMEHTTIK eJilieMJep 9ebu JAepeKTepMeH
canbicTbipranza 1-1,5% merinzae coliKecTiK KOPCETTI.

Kbly eTKi3rilmTik - TeMnepaTypa apTKaH CailblH TOMeH/iey TeHJ eHIUsChbl 6aiiKabl. 800-
1200 °C apanbIFbIHAA XKbLTY OTKI3rimTik 15-20% TeMeHae .
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PagyonorusanblK TYPaKThUIBIK — CdyJieJleHy [03acbl apTKaH CaWblH KPUCTANABIK TOpAa
aKayJiap keberi HOTHXKeCiH/le MaTepHaJlIblH MexXaHUKaJbIK 6epikTiri 8-12% a3aiapbl.

Bbys1 MaJjiiMeTTep SApPOJIbIK OTBIHHBIH, PEAKTOp KafAaWblHJarbl y3aK Mep3iMJi MiHe3-
KYJIKbIH OaFajiay ylliH MaHbI3/bl.

4. Mofenbey HaTHXKeJepi

Monte Carlo (MCNP Hemece GEANT) azicTepi apKblibl XKyprisijireH MoJiesb/iey 3KCepu-
MEHTTIK eJIlleM/lepPMeH »KOFaphl JieHrei/e coukec KeJsi:

HeliTpoHaap/iblH Tapasy TpaeKTopUsJapbl MOJesb/e HAaKThl peaKTOp reOMeTPHUSACHIH 91
KauTaJjaJbl.

Cigipy, Wwambipay »XoHe XbLIJAaMJABbIKTbIH TOMEHJeyiH TIpKEeUTIH eCeNTiK JepeKTepAiH
KaTeJiri 2-4% apasiblFblHJA FaHa 601/ bl.

Mogaenbaey HOTUKeC] aybIp AApoJiapAblH 66J1iHy BIKTUMaJAbIFbIH 13J1 60/KayFa MYMKIiHAIK
6ep/i.

Bys1 Mofienibiep/ieri CTaTUCTUKAJIBIK KaTeliKTep/iH TOMeH 00Jybl ecenTey napaMeTpJiepiHiH
ZlYypbIC TaHAAJIFaHbIH )XKoHE CUMYJISALUSHBIH CEHIM/Ii €eKeHiH Ja1enenai.

5. XKyprisinreH 3epTTeynep/iiH cajablCTbIpMaJibl TaJAaybl

JKCNepUMEHTTIK JiepeKTep XablKapaJblK FbLJIbIMU 6a3asapaafrbl MasiMeTTepMeH (IAEA,
ENDF/B, JENDL) canbicTbipbLi/bl. CanblCThIpMaJibl TalAay HOTHXKeiepi:

- fApposblK peakiusi KUMasapblHbIH abCOJIIOTTIK MOHI KemTereH »Karjanjapia XasablK-
apasblK CTaHAApTTapMeH YiseciMi 60/1pbl.

- XKbu1ynblK HEUTpoHZApP aWMaFblHJA KeWbip u3ortonTap yuiH *3% alblpMallbIbIK
TipKeJice, )KOFapbl 3Heprusija 6yJ aublpMallbliblK 5-7% AeHreliHe AeuiH oCTi.

- JHepreTHUKAaJbIK IIBIFbIM MEH HEUTPOH/BIK CHEKTP/iH ¢popMackl TEOPUSJBIK OOIKaAM-
JlapMeH O0Faphbl colikec KkepceTTi[17].

ByJs1 coMKeCTiKTep >XYMBICTBIH, FbIJIBIMU JYPBICTBIFbIH XoHe KOJIJAAHBLIFAH OICTEPAIH
TUIMIIITIH Jonengengi.

Kannel anraHza, 3epTTey HaTHXKeJIepi A4APOJIbIK peaKLiudalap MeXaHU3MIiH TepeH TYCiHyTre
»KoHe HEUTPOH/bIK-QU3UKaJIBIK IpoLecTepAi 6ackapyra MyMKIiH/iK 6epefi.

Tanpay kepceTkeHeun:

- fApaponblKk MaTepuanapAblH, 3HEPreTHUKaJblK CUINATTaMaJjJapbl OeJrisi TeopHsJbIK
yJ/Iriiepre cal KeJyiefi.

— HeHTpOH aFbIHBIHBIH 63repyi peakKTop reOMeTPHUAChIHA )KOHE 3HepTrus ClIeKTPiHe TiKese!
Toyesi.

- Mopenb/iey MeH 9KCIIEPUMEHT ©3apa »KOFaphl JleHreln/ie ColKecTeHAipiazi.

A#poJbIK OTBIHHBIH, KaCHEeTTepi TeMmepaTypa MeH CayJieJleHy [03achl ©3repreH CavblH
6ipKaJIbINThI 3aHAbLIBIK KepceTei[18].

By HoTHxesep AApOoJibIK U3 Ka caslacbIH/IaF bl IPAKTUKAJIbIK KOJ1/JaHbaap — peaKTOPJIbIK,
ecenTeyJsep, pagualUaIbIK KayillCi3iK, A4pO0JIbIK MaTepUuaajapAbl TaaJay »KoHe OThIH LIUK-
JIbIH OHTaW/JIaH/bIpy 6aFbITTApPhI YIIiH aca KYH/bl.

Taakbinay sHcaHe Heziz2l mydcbipbimdap

JKyprizisireH 3epTTey HOTHXKeJiepi AAPOJIbIK peakusiap AUHAMUKACbIHbIH, HEUTPOH/bIK-
du3rKaNbIK MapaMeTpJiep/iH KoHe s/IpOJIbIK MaTepuaaapAblH GU3UKaIbIK KaCUETTEPiHiH,
e3apa 0aiJIaHBbICBIH TepEeH, TYCiHyre MyMKiHAIK 6epefii. AJbIHFaH JlepeKTep XaJibIKapaJiblK
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CTaHJApTTAapMeEH >XoHe TeOPHUAJIbIK MOJeJibJepMeH Ca/bICThblpa TaJAaHAbl. bys TajkKbliaay
3epTTey HATHXKeJIepiH FbIIBIMU TYPFbIJAH capaJiall, 0JIapAblH IPaKTHUKaJIbIK MaHbI3bIH alllyFa
OGarbITTaJIAbL.

1. 3epTTey HoTUXKeJIepiH TaJKpliay

AsnbiHFaH Q-MaHepi MeH 3Hepru Tapasybl A4POJbIK peaKLsaaapAblH TEOPUSAJIBIK YJTiIe-
piHe (MbIcaJsibl, 1Iap MOJeJiHe, TaMIlIbl MOZeJliHe »KoHe KaObIKIlIa MojeJliHe) COlKeC eKeHiH
KepCeTTi. JKCIIEPUMEHTTIK KoHe MOJe/Ib/liK iepeKTep apacbiHAaFbl 3-5% allblpMallbLIbIK;

- peaKLUsAHbIH 6acTanKbl 3HEPTUACBIHAAFDI a3/jaFaH aybITKY/1apFa,

— AJIPOHBIH, iLIKI KYPbIJIBIMbIH/AAFbl I€HT€NJIIK ThIFbI3/IbIKKA,

- eJiuley KypaJslJapblHbIH XKYHeJliK KaTeJiKTepiHe 6alIaHbICThI 60J1ybl MYMKIiH.

Bys alibipMalllbIbIK, SAPOJBIK GU3UKaLa KaJbINThl KYObLIbIC OOJIBIN ecemnTesie/i KoHe
3epTTey d9AICTePiHiH CEHIMAIIrIH TOMeHAeTIen].

HellTpoHJap/blH, peakTop illiHJAeri Ko3fFaJbIiCbl MeH Tapasybl Kypzesi KenduauKasbIK
KYObL/IbIC O0JIBII TaObLIa/bl. 3epTTEy HOTHXKECIH/le aHbIKTaJIFaH:

— Pe30HAHCTBIK XY TbLIYbIH apTYHI,

- KbUIYJIBIK HEUTPOHAAPABIH, Ca/IbICTbIPMaJibl TYPAaKTHI YJ1ecCi,

— KOFapbl 3HEPTUsJIbl HEUTPOHJAPAbIH PEaKTOP KyaTbIHA TayeJAiiri

- SA/IPOJIBIK, peaKTOP PU3UKACBIHbIH TEOPHUSJIBIK HETi3lepiMeH TOJIbIK, COUKeC KeJlei.

HelTpOH ThIFbI3/IbIFbIHBIH OipKeJIKi eMeCTiri peakTop reoMeTpHUsCbl MEH MaTepUasjapiblH,
CiHipy KuMMacblHa 6al/laHBICTBI eKeHi pacTaizbl. bys akmapaT peakTop Kayincisziri meH
6aKplLiay XKyleJepiH )eTinipy YiUiH MaHbI3/bI.

JKCcreprMMeHT HITHXKeJlepi /IpOJIbIK MaTepuaaapablH (ypaH, Topuii, MOX) Temnepatypa,
CoyJleJIeHY J03acChl XoHe KYpbLIbIM/BIK 63repicTepre TayeJsii KaCUeTTepiH aHbIK KOPCETTi.
TeMmmnepaTypa apTKaH CaublH b1y OTKI3TILITIKTIH TOMEH/eYi )XoHe paJualUs/bIK 3aKbIM-
JlaHy/1bIH MeXaHHKaJIbIK OepiKTiKKe acepi:

- S/JPOJIBIK, OTBIHHBIH, y3aK Mep3iM/i )KyMbIC KabisieTiH 6arasiay,

— pEeaKTOpJIbIK KYKTeMeJiep/ii OHTalJIbl eCcenTey

- YUIH epeKllie MaHbI3Fa He.

Bys KyObLIbICTAp MaTepHaTaHyAaFbl paJiMallUsJIbIK aKayJap TeOpUsSICbIMEH YHAeceni
»KOHE aJIbIHFaH 3KCIIePUMEHTTIK HOTHXKeJIepAiH AYPBICTBIFbIH pacTau/ibl.

Monte Carlo agicTepiH KoJJaHYAbIH HOTHXKeJIEPi IKCIEPUMEHTTIK MaJliMeTTepre *KOFaphbl
Jopexee corkec Keai. 2-4% feHreriHaeri KaTesik:

- CTaTUCTUKAJBIK QJAYKTyalUsIapFra,

- reOMeTpHUSAJIBbIK MOJeJbAIH UealJaHblpblJIFaH CUIIAThIHA,

- 3Heprusi KUMaJsapbl 6a3acblHJAFbI lIaMaJibl albIpMallbLIbIKTapFa 6alJIaHbICTHI.

JlereHMeH OyJ1 aliblpMalllbLIbIKTAp eCenTeyJepAiH camacblH TeMeHJeTIel/li, KepiciHluie
MOJleJIbJIeY/iH BaJUATIIITIH faJeneni. AAposblK peakTopapAarbl HEUTPOHABIK 6pic eH
A/IpOJIbIK MaTepua[apAblH peakLUsiFa TYCy bIKTUMaJAbIFbIH 60/xayga Monte Carlo apici eH
JlaJ1 9iicTep/iiH 6ipi 60JbIN KaJia bepei.

2. Heri3sri Ty>kbipbIMAap

Kyprizinren 3epTTey >KyMbICbIHA CyHeHe OTBIPBIN, TOMEHJeri Herisri KOpbITbIH/bLIAP
»Kacaszbl:
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AnponblK peakuusapAaH 6eJiiHETIH 3HEPrUsi TEOPUSJIBIK MOJe/bJepMeH KOFaphl JI€H-
reiifie coMKec Kesji, Oy/J1 peakluss MeXaHU3M/JIEpiH TYCiHAiIpyJe KOJJaHBLIFaH 3JiCTep/iH,
FBIJILIMH HETi3/i eKeHiH AdJieaaeai.

HeWTpoHAapAbIH KEHICTIKTIK XoHe 3HepreTUKaJbIK TapaJjybl peakTOp reoMeTpUsChbIHA,
MaTepHalapAblH KUMa MoH/IepiHe KoHe peaKIUAHbIH 6acTanKbl IAapTTapbliHA TAyeJ /i eKeHi
KepceTiAi.

Anposblk MaTepuaagapAbiH, GU3HMKAIbIK KacMeTTepi TeMIlepaTypa MeH CayJ/iesieHy J03a-
CBIHBIH 63repyiHe ce3iMTaJl, XKblJ1y 6TKI3TIITIKTIH TOMeH/Jeyi MeH paJralva/blK aKkayJIapAblH,
apTybl MaTepUaJ//iblH KbI3MeT eTy Mep3iMiH LIeKTeWTiH Heri3ri pakTopsiap 60/1bI1 TAObLIA/bL.

Monte Carlo MozesiiHiH HOTHXKeJiepi SKCIIEPUMEHTTIK JlepeKTepMeH YiJieciMAi, 6yJ1 9/1iCTiH,
AZPOJIBIK KAYilCi3/liK, peaKTOPJIbIK ecenTey/iep XoHe HeUTPOH-PU3UKaIbIK NapaMeTpJiepai
6o0/Kay/ia KoJIJaHblLy MyMKIH/ITIH apTThIpa TycCeJi.

AJIbIHFaH HOTWXKeJiep SAAPOJIbIK MaTepuaJapAblH KacHeTTepiH 6afasay, AApOoJibIK peak-
TOpJapAbl »xobajay, pajualUs/IbIK KayilCi3ZiKTi KaMTaMacbl3 eTy >9He OTbIH LMKJIiH
OHTaWJIaH/bIPY YUIiH NPAaKTUKAJIbIK MOHTE He.

3epTTey KYMbICHI 1/IPOJIbIK, PU3UKaJAFbl TEOPUS MEH TXKIpUOe apacblHAaFbl YHJIeCIMAIMIKTI
KepceTe/li, 0yJ1 aJlaFbl 3epTTeyJIepAe >KoFapbl QJI/JIKTi 9KCIEPUMEHTTEP MEH XeTiiipiareH
MoO/JieJibJley 9iCTepiH KOJ1LaHYbIH MaHbI3AbLJIbIFbIH apTThIPa/bl.

KopbITBIHABI

Bys1 3epTTey anbda-6es1eKTepAiH KeMipTeri sApoJiapblH/ja lalibipaybl Ke3iHAeri s/poJibIK
e3apa 9peKeTTeCcy MeXaHU3M/JepiH, 3Heprusa ajiMacy epekKlleadiKTepiH oHe ApOoilliiK npo-
LecTepAiH AMHAMMUKACBIH >XaH-KaKThl TajlJlayFa OaFbITTaaAbl. 3epTTey OapbicbiH/A albda-
OeJilIeKTepiHiH KeMipTeri fZposiapblMeH CepIiMAi »K9He cepHiMcCi3 COKTBIFbICY Ke3iHgeri
3Heprus Tapasybl, AAPOJIBbIK JeHreuJaepAiH KO3Ybl KoHe ALAPOHBIH IKI KYpbLIbIMbIHBIH
e3repyi CUAKTbI MaHbI3/bl GU3UKAJIBIK KYObLIbICTAPAbIH TaOUFAThl aUKbIHAAJ/IbI.

KyprisisreH skcnepuMeHTTIK eJilIeyJiep MEH TEOPUSJIBIK MOJEJb/iey HOTHXKeJiepi anbda-
OeJilIeKTep/liH, /IpOMEH dpeKeTTecyiHiH KypAesi KenkKypamJbl MpolecC eKeHiH KepCeTTi.
KysioH GereTi, A4pOoJIbIK KYLITEPAiH KbICKA KAIUbIKTbIKTaFbl 9CePi, TYHHEJIb/EY bIKTUMaJI/bIFbI
»KOHE 1/]POHbIH JEeHrel/iK KYPbIJIbBIMbIHBIH epeKIIeJIiKTepi Wallblpay NpoLecTepiHe Tikeaen
bIKIIaJI eTeTiHI aHbIKTa1Abl. By pakTopsiap SHeprUsiHbIH KahTa 66J1iHy CUIIaThIHA, LAlIbIpay
OYpbBIIITAapPbIHbIH, 63TepyiHe, peaKIMsHbIH bIKTUMaJ/IJbIFbIHA KOHE SIIPOHBbIH, KEHiHTI KyHliHe
acep eTeni.

3epTTey KepCceTKeHJe:

- anbda-6eslieKTep/iH, KOMIPTeri 1APOCbIMEH 9PEKETTECYI S/APOJIbIK KYPbIJIbIM TypaJibl
aKmnapat GepeTiH KoFapbl J2J1/iKKe He 9/1ic 60JIbIN TaObLIAAbI;

- cepmiM/i »koHe cepIliMCi3 Lallblpay HaTHXKeJiepi AAPOILIIIK JeHreh1epAiH, ThIFbI3/bIFbIH,
AAPOJIBIK, KYLITEPAiH CUIIATbIH K9HEe KBAHTTBIK-MEeXaHUKaJbIK bIKTUMaJIAbIKTApAbl aHbIK-
TayFa MYMKIH/iK 6epefi;

— 3Heprud aJMacy npouecrepi A4poJIbIK, peakUAaapAblH, KHHEMaTUKACbl MEH JUHAMUKAChIH
TepeH, TYCIHyTe a¥FJau Kacaubl;
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— JKCIEPUMEHTTIK K9He MOJeJIbJiK HOTHXKeJIepAiH ColKeC Kesyi KOJIJJaHbLIFAaH 9ficTe-
MeJIePAIH FBIJIBIMU CEHIMIIJIITIH JaJieaen .

3epTTey HaTHXKeJiepi AAPOJbIK PU3UKaJaFbl GipKaTap MaHbI3/bl OaFbITTAp YUIiH Hpak-
TUKaJbIK YK9HEe TeOPUSIJIbIK TYPFbIJlaH KyH/Abl. ATall aiTcak, KeMipTeri spoJiapbiHza anbda-
GeJIlLIeKTep/liH Wallblpayhbl:

- AJIpOJIbIK, peaKUsIapblH, MeXaHU3M/epiH HaKThlIayAa;

— KeHIJ A4poJiapAblH KYPbLJIbIMbIH 3€PTTEYAE;

— AZIPOJILIK CIIEKTPOCKOIUA 9ICTEePiH XKeTunaipyze;

- paAvanUsAabIK MaTeprUaITaHy XKoHe SIAPOJIbIK SHEPreTUKa caJlaslapblH/AaFbl KOJIJaHOaAJIbI
MaceJiesiep/i Welly/e MaHbI3/bl peJ aTKapa/bl.

XKannel anraHpaa, 6yn 3epTTey anbda-6eJilieKTep MeH KeMipTeri siiposiapbIHbIH, 63apa
dpeKeTTeCy TaOUFATbIH TEPEHipeK TYCIHYTe, A/1pOillliliK nponecTep/iiH dHepreTUKAJIbIK }KoHe
KYPbLJIBIM/bIK €peKILEeIIKTePiH TalAayFa, COHZaM-aK s/1poJiblK pU3UKaAaFbl 9KCIEPUMEHTTIK
»KoHe TeOPHUSJIBIK 9/iCTepAiH YilJieciMAiliriH 6aFasayFa 30p yJiec KOCThI. AJIbIHFaH HOTUXKeJIep
OoJsialllaK, 3epTTey/eple SAAPOJbIK peaKUUsJapAbl MOJeJbAeYAi KeTiNAipy, sApOJIbIK
KYIUTEp/AiH NapaMeTpJsepiH HaKThlJIdy >XoHe ALPOJIbIK CHEeKTPOCKONUSA MYMKIHAIKTepiH
KeHeHNTY YLIiH FbIJIbIMU Heri3 60J1a aiafbl.

Anrpic aniTy, MyAAeJiep KaKThIFbIChI

KyMmbIcTel OpbIHAAQY OapbICBIHAA KOJJAy KOpCeTKeH, KeHecTepiH OepreH eTeklliMme
aJNfbICbIMAbI 6inflipeMiH. COHbIMEH KaTap, aBTOP OChbI XKYMbICTAa eLIKaHJAWl Keke HeMece
Kap>KblJIBIK MYJJesiepre Ue eMeC €KeHiH XoHe MyzJesiep KaKTbhIFbICbIHBIH, >KOKTBIFbIH
KapusaJIanbl.
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OGMeHHbIe IPOLEeCChl NPU paccesiHUM aabda-4acTull B AApax yriiepoaa

AHHOTanus. B 1aHHOM cTaThe BCECTOPOHHE aHAIM3UPYIOTCS TPOIlecChl 0OMeHa 3HEPTUEN U MACCOH,
a TaK»Ke fi/lepHble B3aHMO/,eHCTBUSA, IPOUCXOsILHe IPU pacCessHUU albda-4yacTHIL Ha A/ipax yrJiepoja.
B ucciefoBaHUM paccMOTpPeHbl MeXaHU3Mbl NPOHUKHOBeHHUs ajibda-dyacTul, B 54PO, USMEHEeHU:
MX 3HEepruy, a Takke 0COOGEHHOCTH YNPYroro u Heymnpyroro paccesHus. Oco6oe BHUMaHUe y/eJleHO
M3MEHEHUSAM B YPOBHEBOU CTPYKType dAJpa yrjiepoJa, BOSHUKAILIMM B pe3yJbTaTe CTOJKHOBEHUH
¢ anbda-yacTuuamy, GOpMUPOBAHHUIO BO30OYKAEHHBIX COCTOSHHUM M Iepepacnpefie/leHHUI0 3HEPruu
BHYTpH AJpa.

B craTbe 06Cyx/JaloTcsa TeopeTHYeCKHe OCHOBBbI paccessHHUs Pesepdopa, KyJ0HOBCKHM Gapbep,
KBaHTOBO-MeXaHW4YeCKOe TyHHeJUPOBaHUE U XapaKTep B3aMMOJEHCTBUH, ONpesesiaeMbIX IPUPOLOH
A/lepHBIX cUJ. Takke NoJYepKHUBAeTCs POJib 3KCIIEPUMEHTAJbHBIX METO/0B, BKJIOYasd JeTEeKTOPbI
perucTpanyu 4acTUll, METOAbl U3MEPEHHUS YIJIOB PACCeAHUS U CIEKTPOCKONIMYECKUI aHa/IN3 SHEPTUU.

[losnyyeHHble pe3ysabTaThl JAEMOHCTPUPYIOT 3HAYMMOCTb B3aUMOJAEHCTBUA ajabda-4acTUL, C
s/ipaMu yrjiepoja AJis NOHUMaHUsI QU3UKU SJePHOU CTPYKTYpPbL. DTHU MPOLECCHl UTPAIT BAXKHYIO
poJib B YTOUHEHUH MeXaHU3MOB si/lepHbIX peaKLMi, UCCleJ0BAaHUM CBOMCTB JIETKUX s/iep, a TaKxe
B COBEpIUIEHCTBOBAHUHU MPUKJIAJHBIX UCCIeJ0BaHUN B 006JIaCTU S/IePHON HEPTreTHKU, MEJULIUHBI U
MaTepHaIoBeleHUs.

KiroueBsle c10Ba: anbda-4acTuLa, A4po yrieposa, paccesHUe, iiepHas peaKLiys, yIpyroe v HeyIl-
pyroe CTOJIKHOBEHME, YDPOBHHU BO30YXK/IeHUs Apa, AZlepHble CUJIbl, 0OMeH 3Hepruei
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Metabolic processes during scattering of alpha particles in carbon nuclei

Abstract. This article provides a comprehensive analysis of the mass-energy exchange processes
and nuclear interactions occurring during the scattering of alpha particles by carbon nuclei. The study
examines the penetration mechanism of alpha particles into the nucleus, the changes in their energy,
and the specific features of elastic and inelastic scattering processes. In particular, the work describes in
detail the modifications in the level structure of the carbon nucleus resulting from collisions with alpha
particles, the formation of excited states, and the redistribution of energy within the nucleus.

The article discusses the theoretical foundations of Rutherford scattering, the Coulomb barrier,
quantum-mechanical tunneling phenomena, and the characteristics of interactions determined by
the nature of nuclear forces. The role of experimental methods-such as particle detection detectors,
scattering angle measurement techniques, and spectroscopic energy analysis-is also highlighted.

The research findings demonstrate the significance of alpha-particle interactions with carbon nuclei
for understanding nuclear structure physics. These processes play a crucial role in clarifying nuclear
reaction mechanisms, investigating the properties of light nuclei, and improving applied studies in the
fields of nuclear energy, medicine, and materials science.

Keywords: alpha particle, carbon nucleus, scattering, nuclear reaction, elastic and inelastic collision,
nuclear excitation levels, nuclear forces, energy transfer
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Posb popmupoBanusa 6ypepHbix V,0. BK/IIOYEHHH B COCTaBe
KOMNO3UTHBIX Zr0, - AL,O, KepaMHUK Ha HU3MEHEHHE POYHOCTHBIX
XapaKTepUCTHUK

I.B. Ceiitmaran6et*! -, M.B. 3g0poBer' *, A.B. TpyxaHoB*

'Espasutickuli HayuoHabHbil yHugepcumem um. JI.H. ['ymuseea, Acmana, Kazaxcmam
2Hayuno-npakmuueckuli yenmp HayuoHnasvHol akademuu Hayk Beaapycu no mamepuasogederuro, MuHck, Beaapyco

(E-mail: *gauhar.seitmaganbet@gmail.com, mzdorovets@gmail.com, truhanov86@mail.ru)

AHHOTanusa. B paboTe npeacTaBeHbl pe3y/bTaThl OLlEHKU BJIUSHUS [00aB-
Jenus gonanTa V,0. B cocTaB KOMNO3UTHbIX Zr0, — Al O, kepaMuK u popmu-
poBaHus 6ydepHBIX BKIOUYEHUN Ha YCTOMYUBOCTh K BHELIHUM MeXaHU4YeCKUM
BO3/IEMCTBUSIM U MOBBIIIEHUS CONPOTHUBJSIEMOCTH K PAaCTPECKUBAHUIO NPHU
MexaHW4YeCKUX Harpyskax. B xojie mpoBeJeHHBIX UCCIeJ0BaHUM ObLIO yCTa-
HOBJIEHO, YTO Jj06aBsieHue JonanTa V,0, B COCTaB KepaMUK C KOHLEHTpaLuen
Bbilie 0.1 M npuBoAgUT K 06pa3oBaHUI0 O6ydepHbIX BKIOYEHUN B MeX3epeH-
HOM NpPOCTPaHCTBe, 06pasyemMbiM ZrO, sepHamu u Al O, MaTpuLleH, NpHU 3TOM
dbopMupoBaHue 6ydepHbIX BKIAOUYEHHUN 00YCI0BJIEHO HU3KOW TeMIlepaTypou
niaBjeHus V,0,, B pesysibTaTe Yero NporuCXOJUT pacilaBjieHUe OKCH/la BaHa-
JIUsl B IIpoliecce ClIeKaHUd Y Noc/eAyollee CTEKJIOBAHUE U KPUCTALIU3aL U
IpU OCTBIBAHUU B MEX3€pPeHHOM NpOoCTpaHCTBe. [Ipu oneHKe NPOYHOCTHBIX
XapaKTepPUCTHUK, B YaCTHOCTH, TBEPAOCTH, TPEIUHOCTOMKOCTH U NIPOYHOCTH
Ha CKaThe ObLIO YCTAaHOBJIEHO, YTO NPU MaJbIX KOHIIEHTpaLUsaX JOMaHTa,
yIpO4YHEHUE 00YCJIOBJIIEHO CTPYKTYPHBIMU U3MEHEHUSMHU, CBI3aHHBIMU C pas-
MepHBIMHU 3G PpeKTaMH, KOTOPbIe BbIpaXKaroTcsl B POCTe U yKpynHeHuu Zr0, 3e-
pen B Al,O, maTpuue. [Ipy KoHIeHTpanusax Bbiie 0.1 M yBesrMyeHre yCTOWYH-
BOCTHU K BHEIIHUM BO3J€eHCTBUSAM 00yCJI0BJeHO POpMHUPOBAHHUEM OYPepHbIX
BKJIFOUEHUH, 3alI0JIHEHUE MEXK3EPEHHOT0 NPOCTPAHCTBA KOTOPbIMU NPUBOAUT
K C/lep>XMBaHUI0 IPOLeCCOB TPELIMHOOOPa30BaHUs U MOBbILIEHUIO CONPOTHUB-
JIIEMOCTH K MeXaHWYEeCKUM Harpy3KaM.

Kiro4eBble c/10Ba: KOMNO3UTHbIE KEPAMUKH, YIIPOUHEHUe, 6ydepHble BKIIIO-
YeHUs, IONIaHT, TBEPA0CTh, YCTOMYUBOCTb K PaCTPeCKUBAHUIO

BBeaeHue

OfHOM U3 K/II0YeBbIX 33Ja4 B 06JIaCTH NPUMEHEHHUsI KOMIIO3UTHBIX KepaMHUK B KadyecTBe
TBEPOOKCU/IHbIX TOIJIMBHBIX 3J1eMeHTOB (TOTIJ) aABasieTCca coueTaHre B HUX BbICOKHUX MOKa-
3aTeJiell IPOYHOCTHU M YCTOWYUBOCTH K BHELIHUM MEXaHUYECKUM BO3JEeUCTBUAM, a TaKXkKe
XOpPOIIMMHU IOKa3aTesJsAMU 3JIEKTPOXHUMHUYECKHUX MapaMeTpOB, ONpeessliuX MOTeHLHal
MCI0JIb30BAaHUA WU NPUMEHMMOCTH B KadeCTBe aHOJHBIX MaTepuasioB. UMeHHO 6asaHC
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MeX/ly MeXaHWYeCKUMH U 3JIEKTPOXMMHUYECKHUMHU CBOWCTBaMHU onpezesseT 3pPeKTUBHOCTD
byHKIIMOHMpPOBaHUSA aHOAHBIX KoMIoHeHTOB TOT3 [1-3]. AHoaHble MaTepuasbl JOJIXKHbI
obecrneyrBaTh BbICOKYI0 KaTaJMTHUYECKYH0 aKTUBHOCTb B NpoOlieccax OKHUCJEHUS TOIJIMBA,
MHOTOKOMIIOHEHTHYI0 (MOHHYIO U 3JIEKTPOHHYI0) NPOBOAMMOCTb U CTOMKOCTb NPOBOAALIHAX
$a3 K BOCCTaHOBHUTEJIbHBIM ycJ0BUAM [4, 5]. [lapaMeTpbl 3/1eKTPOXMMHUYECKOTO NEPEHOCa,
y/ZieJIbHasi MOLHOCTb ¥ CTAOUJIBHOCTb UHTepdelca aHO/-3JIEKTPOJIUT ABJATCA KPUTHYECKU
BaXKHBIMH /1151 NOBbIIIeHUs o61el apdexkTuBHOCTH TOTI. YXy/lieHMe 3TUX XapaKTEPUCTHK,
KaK [IpaBUJI0, CBI3aHO C U3MEeHEeHUeM MOP(}OJIOrUU TIOPUCTOM CTPYKTYPbl, pPOCTOM MeK(a3HOI0
CONPOTHUBJIEHUS], TEPMOXHMHUYECKHUMH peaKLUIMU MeXJy KOMIIOHEHTAMU KOMIIO3UTA
M HaKoOIlJIEeHWeM IpPOAYKTOB Jerpajaunuy. [loBbllleHHWe NPOYHOCTHBIX XapaKTepPUCTUK
N03BOJIIET CHU3UTb BEPOATHOCTb pas3pylleHUs KepaMUKU UM YMEHbIIUTb YacTOTy
TEXHUYECKOT0 OOCJyKMBaHUS, TOrZa KakK yJy4dlleHHe 3JIeKTPOXMMHUYECKUX I[apaMeTpOB
HENOCPeACTBEHHO IMOBBIIAET I[POU3BOAUTENBHOCTD 3JIEMEHTA, €ro 3HepreTUYecKylo
3QPEeKTUBHOCTD U AO0JTOBeYHOCTb [6-8]. CoueTaHHe MPOYHOCTHBIX U 3J1EKTPOXUMHUUYECKUX
apaMeTpoB ABJSETCA ONpefessloliuM GakTOpOM, MOBbILIeHHWE KOTOPbIX MO3BOJISET yBe-
JIMYUTb NMPOU3BOJUTEJBHOCTh M YMEHbUIUTH 3aTpaThl Ha 3aMeHy aHOJHbIX MaTepHaJioB,
BO3HHUKAIOILYI0 B pe3yJibTaTe JeCTPYKLUH B Npoliecce 3kcmayatanuu [9,10].

TakuM 06pa3oM, B3aMOCBA3aHHOCTb MeXaHUYECKUX U 3JIeKTPOXMMHUYECKUX CBOMCTB onpe-
JleJisieT NPaKTU4YeCKy0 IPUMEHUMOCTD U [J0JIFTOBEYHOCTb aHOAHBIX MaTepHuasoB. [loBbilieHUe
IPOYHOCTHU U TEPMOCTOMKOCTHU YMEHbLIAeT BEPOATHOCTb MeXaHW4YeCKOM [JeCTPYKLUHUHU U
HeoO6X0ZMMOCTb 4aCTOW 3aMeHbl 3JIEMEHTOB, UTO OCOOEHHO Ba)XKHO [Jil NPOMbIILJIEHHbIX
JHepreTu4yeckux cucteM [8-11]. OfHOBpeMeHHO y/y4llleHre 3/1eKTPOXMMHUYeCKHX TapaMeTpOB
CNOCOOCTBYET YBEJUYEHUIO IHEPTEeTUYECKOUN MJIOTHOCTH, ONTUMHU3AlMU pacxoja TOMJIUBA U
nosblieHuo KII/| ycrpoiicTBa. UHTerpasibHass ONTUMU3aL U 3TUX XapaKTEPUCTHUK ABJISAETCS
OJlHUM M3 HauboJsiee NMepPCHeKTUBHbIX HaANpaBJeHUN COBPEMEHHOW MaTepuaoBeJ4ecKOou
HAyKH, I0CKOJIbKY [103BOJIIET CHUXKATh IKCIJIyaTallMOHHbIE PacX0/ bl M IOBBILIATH HAZLEKHOCTh
TOTJINBHBIX 3JIEMEHTOB B 10JITOCPOYHOM MepcnekTuBe [12,13].

OgHUM U3 CNoCOOOB IMOBBIIMIEHUS CONPOTHUBJIAEMOCTH K BHEUIHUM MeXaHW4YeCKHUM
BO3/IEWCTBHAM, a TaKXKe IpoLeccaM KOPPO3WM, BO3HUKAKILIMM B IpoLiecce 3KCIJIyaTalyuu
KOMIIO3UTHBIX KepaMUK B KadeCcTBe aHOAHbIX MaTepuasoB TOTI ABasgeTCA UCIOJb30BaHUeE
pa3J/IMYHbIX CTAOUIU3UPYIOLUX JJONAHTOB, BK/JIIOYeHHEe KOTOPbIX B COCTaB KEPaMUK IPUBOJUT
K CO3/IaHUI0 JIONOJIHUTEJbHbIX OydepHbIX cJoeB, 00yCJaBJMBAKOLUX CAepKUBaHUE
npo1eccoB AecTpykuuu [12-14]. B janHOM ciydae 6ydepHble BKIKOUYEHNS, BO3HUKAKOIIUE IPU
Jl00aBJIECHUH JIONIAHTOB, BBICTYNAIT B KadyeCTBe CJEPXXUBAIOLIMX LLEHTPOM, 3aMe/JIAIIIUX
pacrnpocTpaHeHHe MHUKPOTpELMH MNpPU BHEIIHMX Harpy3kax, a TaKXXe YBeJUYMBaOLUX
CONPOTHUBJIAEMOCTD K NPOLLeccaM OKUC/IEeHUs 3a CYeT 3aMe/JieHus AU(PPY3MOHHBIX IpoLec-
COB NPOHUKHOBEHUS KHCJOpoAa BIIyOb KepaMuK. [lpu sToM 3¢deKThl, CBA3aHHbIE
C yBeJIMYeHHWEeM CONPOTHUBJISAEMOCTH 3a c4eT OydepHbIX BKJIIOYEHHU HMEIT [BOSKOe
NposiBJieHHWe, 00YyC/0BJI€HHOE KOHLLEHTPALLMOHHBIMU 3aBUCUMOCTSIMMU [OMAHTOB, a TaKXe
ux Thna. B page ciydaeB fobaBiieHMe JONAHTOB U NOC/efylolliee TeEPMHUYECKOe CIeKaHUs
00pa30B KepaMHUK MOKeT NMPUBECTU K GOPMUPOBAHUIO KaK OypepHbIX BKIYEHUHN, TaK U
¢da3 3aMelleHUsA B COCTaBe KepaMUK, BOSBHUKHOBEHHE KOTOPBIX, KaK NPaBUJIO, 00yCJI0BJIEHO
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O0JIbIIMMM KOHLEHTpPALMSIMMU JOMNaHTa WJIM OOJIbIIMM KOJHWYECTBOM KUCJIOPOJHbBIX
BaKaHCUU, BOBHUKHOBEHHE KOTOPBIX 00yCa0BIeHO 3QPeKTaMU MeXaHUYeCKOro JpobJieHus
WJIW TEepMHUYEeCKoro crnekaHus. [Ipy 3TOM, B OGOJIBIIMHCTBE CJAy4aeB MNpU Jo06GaBJIeHUU
CTabOMJIM3UPYIOLIMX AONAHTOB B COCTaB KOMIO3UTHBIX KEPAMUK JeJlaeTcsl Ha onpejiesieHue
poJii JjonaHTa B M3MeHeHUHM (a30BOro COCTaBa, 0OYC/I0BJEeHHbIX 3ddeKTaMU 3aMelleHUs
WJIM PEKPUCTAJIM3AlMH, a TaKXKe ONpeJieJIEeHUU POJI JI0TIaHTa Ha U3MEHEHUE MPOYHOCTHBIX
napameTtpos [14,15].

OcHoOBHas 11eJ1b JAHHOT'0 UCC/IeJ0BAHUS 3aK/II0YAETCS B ONpe/ieJIEHU Y BJAMSIHUS J00aBIeHUS
nonanta V,0. B cocTaB KOMNO3UTHbIX Zr0, — Al O, KepaMWK Ha M3MEeHEHHEe MPOYHOCTHBIX
CBOUCTB U YNPOYHEHHE, KOTOPOe OOyC/I0BJIE€HO M3MEHEHUSMH MOPQOJIOrHUYECKHUX O0COOEH-
HOCTeN KepaMHUK, a Takxe (opMHUpoBaHHEM OydepHbIX BKAYEeHUNH. OCHOBHAs rumoTesa
Jiexkallasi B OCHOBE JIaHHOT0 UCCIeJOBAaHUS 3aK/II0YaeTCs B YBEJIMUEHUU COIPOTUBIISIEMOCTH K
BHEILIHMM MeXaHU4YeCKUM BO3JeMCTBUSM 3a CYET 3all0JTHEHUS MeX3epPEeHHOr 0 NpOCTPaHCTBa,
o6pasymwuerocss ZrO, sepHamu u AlLO, maTpuiued, 6yGepHbIMM BKJIIOYEHUSAMH B BUJe
CTeKJIOBUJHBIX V,0. YacTul, YTO B CBOIO O4Yepe]b NPUBOAMT K CAEPKHBAHUIO TPOLECCOB
TPeLMHO0Opa30BaHUs 3a CUeT CO3JjaHUs [JOTIOJTHUTEJIbHbIX MeXX3epeHHbIX PaHUL] B COCTaBe
KepaMuK. Mcnosib30BaHUEe B KayeCcTBe CTAOWJIM3WPYIOLIEro JoMNaHTa OKCUJA BaHaAus AJis
MoaubUKanuKu KoMNo3UTHbIX Zr0,- Al,O, KepaMH1K 06yC/IOBJIEHO €r0 GU3UKO — XMMUYECKUMH U
CTPYKTYPHBIMH 0COOEHHOCTSIMHY, a TaKXe 60Jiee HU3KOU TeMIlepaTypoi NJiaBjieHus (opsaaKa
600-700 °C), uTo mpHu TeMIepaType ClieKaHUsl KOMIIO3UTHBIX KepaMUK B Auanasone 1200-1500
°C NpyMBOJHUT K IIOJIHOMY pacllylaBy OKCHJA BaHAaAWA U €ro NocjaeAyolled KpUcTaaau3anuu
WJIM CTEKJIOBAaHMIO MPHU OCTbiBaHUU. Kak mpaBuio, fo6aBJIeHHe OKCHJAA BaHA[US B COCTaB
KOMIIO3UTHBIX KEPAMHUK MCNOJIb3yeTCs JJis Co3JjaHus 6ydepHbIX MPOCI0eK B MeX3epEHHOM
IPOCTPAHCTBE 3a CYEeT BO3MOXKHOCTH €ro paclpaBJieHUsI U MOCAeAyIIUM 3aloJHEHUEM
IYCTOT B KepaMHKaX, YTO NIPUBOJHUT K CZLeP>KUBaHUIO JePpOopMallMOHHBIX IPOLECCOB, a TaKXKe
3aMe/lJIeHUI0 TpoLeccoB AP Py3Un KUCI0POAA UJIU BOLOPOJA BIJlyOb KEPAMUKHU, TEM CaMbIM
CHMXKasl PUCKU BBICOKOTEMIIEPATYPHOI'O0 OKUCJIEHUA W yBeJHWYMBAsd CONPOTHUBJISAEMOCTb K
npoleccaM JecTabuanu3anu U pa3ynpoyHeHUsl.

MeToaoJiorusa

CHHTEe3 KOMIO3UTHBIX KEpaMHUK OblJ OCYLIEeCTBJIEH B [iBa 3Tama, MepBbId M3 KOTOPBIX
BKJIIOYAeT B Ce0S1 MeXaHOXMMHYeCKUH TBepJoda3HbIi CUHTE3 MCXOAHbIX MOPOIIKOB,
MCIIOJIb3yeMBbIX /ISl TOJY4YeHUsI KOMIIO3UTA, @ BTOPOM BKJIIOUAET B Ce051 TEPMUYECKUN OTKUT
N0JIyYeHHbIX NEPEMOJIOThIX MOPOLIKOB MPHY 33aJlaHHOU TeMIlepaType. B kauecTBe MCXOAHBIX
KOMIIOHEHT /[JI1 CHHTe3a KOMIIO3UTHBIX KepaMUK HCHO0JIb30BAJUCh MOPOLIKA JUOKCHJA
uupkonus (Zr0,), okcuza amomunus (AlO,) u okcuza Banagusa (V,0,), XxuMuyeckast Y9MCTOTa
KOTOPBIX cOCTaBJsijia He MeHee 99.95 %. B kauecTBe OCHOBBI [Ji1 KOMIO3UTHBIX KEPAMUK
VCNO0JIb30BaJIOCh PAaBHOE COOTHOLUEHHWE MOJIbHBIX J0JIed AUOKCHJA LUPKOHUSA U OKCHUZA
alIlOMUHMS, Jo6aBsieHre JonaHTa B Buze V,0, ocyiiecTsisioch B quanasone ot 0.01 go 0.25
M. MexaHOXMMHYECKOEe CMEUIMBAHME HCXOAHBbIX KOMIIOHEHT KepaMHUK OCYIeCTBJISIIIOCh C
rcnosib3oBaHueM miaaHetapHod MesibHUIbI PULVERISETTE 6 (Fritsch, Bepaun, l'epmanus),
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CKOPOCTh [TOMOJIa cocTaBJisiyia 250 060poT/MUH, BpeMs BO3/1eCTBUS MEJIIOIIUX TeJl Ha TOPOIIKHU
coctaBisiyzio 30 MUHYT. BbIOOp AaHHBIX YCJI0BUM NepeMasblBAHUS U BPEMEHU BO3/eNCTBUSA
00yC/IOBJIEH HEOOXOAMMOCTbIO UCKJIYEeHUsA 3P(PEKTOB X0JIOJHOI0 CBApUBAHUSA MOPOIIKOB
Ha CTEHKax MeJIIOILero CTakaHa, a TakXKe UCKJ/IYeHUsA 3Qp(eKTOB Ha/IMNaHUs NOPOUIKOB Ha
MeJIIoLHe TeJsla, YTO IPUBOAUT K HEpaBHOMEPHOMY CMEILINBAHUIO IPU UHTEHCHBHOM IIOMOJIE.
[locsie mepeMasibiBaHUSI HUCXOJHble MOPOLIKU MOJBEPrajuch TEPMUYECKOMY CIEKaHUIO B
mydesbHoi neun Nabertherm LE 4/11/R6 (Nabertherm, Jlunuenrtans, l'epmanus). Tem-
nepaTtypa oTura coctanJjsa 1200 °C, BpeMsi OTXKUIra U BbIJIEPXKKU 00pa3lLoB NMPU AaHHOUN
TeMIlepaType COCTAaBJISJIO 5 YacoB, 110 JOCTHUXKEHUIO JAHHOTO BpEMEHHOT0 /ijiana30oHa, Harpes
B I€YH OTKJII0YaJIiCd U 00pasibl OCThIBAJIM BMeECTe C Ne4yblo B TeueHUe 24 yacoB. CKOPOCTb
HarpeBa 06pa3uoB cocTtaBisiaa 20 °C/MHH, YTO NO3BOJIUJIO JOCTUTHYTb PaBHOMEPHOIO
nporpeBa Bcero o6pasya mo 06beMy U UCKJIWUYUTh 3PPeKT HepaBHOMEPHOIO OTKHra.
TemnepaTypbl 1oJIMMOPPHBIX TpaHcOpMaLuid A ZrO, B caydyae nepexo/ia i3 MOHOKJIMHHOM
B TeTPAroHaJIbHYIO MPOUCXOAAT NIPU TeMIepaType oTxkura nopazaka 1170-1200 °C, nepexof,
B KybHUuecKyto npu Temneparype nopsjka 2370-2400 °C, pacnpaB NpOUCXOAUT MPU TeMIie-
patype Bbilie 2690 °C. OgHako B cjy4ae CMeIUMBAaHUA JUOKCUJAA LUPKOHUA C OKCHULOM
aJIIOMUHUSA MPOLLECCHI MOJUMOPOHBIX TpaHCHOPMaLMK CAep>KUBAOTCA HAJIWYUEM MaTpPHUILbI,
NpensATCTBYIOLIEN POCTy 3epeH U pa30BbIM PeBpaAlEHUSM.

Onpepenenue MOpdOJIOTMYECKHMX OCOOEHHOCTEHN HcCaelyeMblX KOMIO3UTHBIX KepaMUK,
CBSI3aHHBIX C OINpeJieJleHWeM KHUHETUKH pOCTa 3epeH B Ipoliecce KpPUCTA/LIM3aluy,
00yC/JIOBJIEHHOW TepMHUYECKHMM CIIeKaHHUEM OCYLIeCTBJISIJIOCh C MCIOJIb30BaHHMEM MeToja
pacTpoBOM 3JIEKTPOHHOM MHMKPOCKONWH, BbINOJIHEHHOW Ha MuUKpockomne Phenom™ ProX
(Thermo Fisher Scientific, 9#inaxoBeH, Hugepaanabl). U306paxkeHus UcciaeyeMbIX 00pasiioB
KepaMUK ObLIM NOJIyYeHbl MPU OAHUX U TeX Ke yBeJUYEHHUSX, YTO MO3BOJIMJIO NMPOBECTU
KaueCTBEHHbIM aHa/iM3 MOJIyYeHHbIX H300paKeHUM, C 1eJIbl0 yCTAHOBJIEHUS] BJIMSHUA
BapvallMd KOHLEHTpAlMM KOMIIOHEHTHI JONaHTa Ha CTPYKTypHble U MopdoJioruiyeckue
0COGEHHOCTH N0JIy4aeMbIX KEPAMHUK.

Onpenesnenne ¢asoBoro cocraBa MccieAyeMblx KOMNO3UTHbIX Zr0,-Al,O, kepaMuk B
3aBMCUMOCTH OT M3MEHEHHs COOTHOLIEHHsI KOMIIOHEeHThI gomaHta V,0. B cocTaBe 6blLI0
NpOBeleHO C MpPUMEHEHUEM MeTOoJa PEeHTreHo(pa30BOr0 aHajlv3a, peajrM30BaHHOTO Ha
nudppakromerpe D8 ADVANCE ECO (Bruker, Kapsicpys, 'epmanus). CbeMka audpakTorpaMm
OCYILLeCTBJIsAJIaCh B reoMeTpuu bperr — bpeHTaHo, B yrsioBoM guana3oHe 20=20-80°, c marom
0.03°, Bpems Habopa AudpaKTOrpaMMbl B TOUKe cocTaBJssio 1 cek. OnpeneneHre $pa3oBoro
COCTaBa OCYLIEeCTBJISJIOCh C IpUMeHeHHeM MeToza PutBesbja, yrouHeHue $pa3 NIpoOBOAUIIOCH C
nprvMeHeHHeM JJaHHbIX U3 6a3bl PDF-2(2016). BecoBble BKJIa/ibl OLLleHUBAJIMCh C IPUMEHEHUEM
MeTOJa OLEHKHM BKJAJOB BCeX AUMPPaKLHUOHHBIX pedJieKCOB KaxJAou ¢asbl B 0OLIYI0
AudpaKkTorpaMMy C MOCJeAYOIUM YTOUHEHUEM HUX Beca C MCIO0JIb30BaHUEM KOPYHJIOBBIX
YyHuceJ.

Jlis1 mpoBe/ieHHsl 3KCIIEPUMEHTOB M0 ONpPE/eIEHUI0 YCTOMYMBOCTH KOMIO3UTHbBIX ZrO,
- AL O, KepaMUK K BHEUIHMM MeXaHUYECKUM BO3[EHCTBUAM IOJIyYeHHbIe MOPOLIKK MOC/e
CleKaHUsl MPeccoBaJUCh B TabJyieTKU guaMeTpoM 10 MM U TOJILMHOMN MOpsSi/iKa 2 MM, UTO
NI03BOJIWJIO IPOBOJUTb MCIBITAHUS 00Pa3L0B K Pa3/IMYHbIM MeXaHUYECKUM BO3/E€MCTBUSM.
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3anpeccoBka 06pa3L0B OCYyIEeCTBJIsJIaCh B ClieljMaJbHOM Mpecc - ¢popMe LUIUHAPUYECKON
dopmbl, gaBseHue npecca coctaBassio 250 Mlla, Bpems cxatus nopsgka 30 MHUHYT.
[locsie 3ampeccoBKU MOJIyYeHHble TabJeTKUA MOJBEPrajuch TEPMUYECKOMY OTXKUTY MpHU
TeMmIiepatype 700 °C B TeyeHHe 2 4aCOB C LeJIbl0 MHULUAIMU3ALMU [IPOLLECCOB TEPMUYECKOU
pesnakcanuu aepopMalMOHHBIX HCKOXKEHUW B MOPOUIKAX BO3HUKAWUIUX MPU UX CKATHU B
c/y4ae npeccoBaHus B TabJieTKU. Bbibop TeMnepaTypbl OTKKMra 06pas310B NOC/Ie 3alIPECCOBKU
OCHOBaH Ha 3KCIepUMeHTaIbHbIX pab0TaX, COTJIaCHO pe3y/bTaTaM KOTOPBIX OTXKUT 06pa3I[0B
nocJie 3anpeccoBkU B Anana3oHe 600-700 °Cno3BoJisieT CHATh AieopMalMOHHbIe HANIPSIPKEH U ST
B CTPYKType, BbI3BaHHble IPECCOBAHUEM, IPU 3TOM HCKJIHOYUTH 3PeKTbl HHUIUAIUIALUU
npoueccoB $pa30BbIX TpaHCPOPMAL UK.

OnpejiesieHde NPOYHOCTHBIX XapaKTEPUCTUK HMCCIAeNyeMblX KOMMO3UTHbIX Zr0,-Al O,
KepaMUK B 3aBUCUMOCTH OT KOHLIEHTpALMU [JONIaHTa B COCTaBe MPOBOJUJIOCH IIyTEM OLIEHKHU
TaKUX [IapaMeTPOB KaK TBEPLOCThb, TPEIIMHOCTOMKOCTb M IPOYHOCTH Ha CkaTUe. OnipeiesieHue
TBEPAOCTU U €ee M3MEHEHUW B 3aBUCUMOCTH OT COCTaBa KepaMHMK OCYIIECTBJISAJOCH C
MCN0JIb30BaHUEM MeTO/ja UHAEHTUPOBaHUs. U3MepeHUs NpOBOAUINCh HA MUKPOTBEpPZOMepe
Duroline M1 (Metkon, Bypca, Typuus). B kauecTBe uHAeHTepa UCIOJb30Bajach NUpaMuia
Bukkepca (MaTepra/ nMpaMu/ibl — aJiMas), Harpy3Ka Ha MHEeHTep IPU U3MePEHHHU COCTaBJIsiJIa
nopsifika 100 H. Cxema n3mMepeHui BKJIlo4aia B cebs1 MHAEHTUPOBAHWE NyTeM BO3/elCTBUSA
MH/JeHTepa Ha obpasel IpU MOCTOSIHHOW Harpyska B TedyeHue 15 cek, onpeaesieHre GpOpPMbI
OoTIe4yaTKa WHJAEHTepa M MNOocJejylollee BbIYUCAeHHWEe 3HaueHUW TBepAocTU. [lpu sTtom
KOJIN4€eCTBO U3MEPEHUH JJ15l opesieIeHUs1 CTATUCTUYECKUX OTKJIOHEHHWH, a TAK>Ke BbISIBJIEHUS
BJIMSIHUSA CTPYKTYPHbIX OCOOEHHOCTENM CHHTE3UPOBAHHBIX KOMIO3UTHBIX KepaMHMK Ha
TBEPAOCTb 06pa310B COCTaBJIAN0 He MeHee 20 U3MepeHUH C pa3/IMuYHbIX Y4aCTKOB 06pasLa.
Paccroanue mexnay ormnedyaTkaMu cocTasjsyio He MeHee 200-300 MKM, 4TO MO3BOJIMJIO
UCKJIIYUTh 30 PeKT AePpOopMalMOHHOTO UCKAXKeHHS, BO3HUKAIOLIEro MPU UHAEHTUPOBAHUU
Ha KaxJoe mnociaegyloliee usMepeHue. OnpepesieHue TpewuHocTtoMkoctu (Klc) 6bL1o
OCYLIEeCTBJIEHO C YYETOM MOJYYEHHbIX OTII€YAaTKOB UHAEHTEPA, OLlEHKU UX GPOpPMbI, a TaKxKe
JUIMHBl TpPellMH 00pasylouiyxcsd NpU HWHJAEHTUPOBAaHUHU. Pe3ysibTaTbl OLeHKH BeJIUYHHBI
Klc ang o6pa3ioB KepaMHUK B UCXOAHOM W MOJUGUIMPOBAHHOM COCTOSIHUM TMO3BOJIMJIU
onpeneauTb 3G PeKTUBHOCTb CTPYKTYPHBIX N3MEHEHHWH, CBSI3aHHBIX C l00aBJIeHUEM JI0IaHTa
B COCTAaB HAa U3MEHEHUEe CONPOTUBJISAEMOCTH K PaCTPECKMBAHUIO U PACIIPOCTPAHEHHUIO TPELIAH
B COCTaBe KepaMHUK MIPU yBeJMYeHNU MeXaHUYeCKUX Harpy30K Ha 06pas1ibl.

OmnpejgesieHre YCTOMYMBOCTH KEPAMUK K C)KATHIO ObIJIO OCYIECTBJIEHO C UCI0JIb30BaHUEM
CTaHJApTHOrO MeTOoJa NpOBEeJEHUs MCIbITAaHUM, BKJIIOYAWIEro B cebs pa3MelleHHe
obpasua B clellMaJbHOM JiepKaTeJsie C MOoCAeyoLUMM BO3eCTBUEM CJaBJUBAIOLIEro Tesa
IpU NepeMeHHOM Harpyske. /[aHHble 9KCIEPUMEHTHI ObLIM MPOBeJEHbl Ha UCIbITATENbHOU
MmamuHe LFM-L 10kH (Walter + Bai AG, JIénunres, llIBeinapus). KoHTpoJsib 3a AecTpyKLuein
00pa31,0B KEPAMHUK IIPU CXKATUU OCYLeCTBJISJICS NyTEM ONpeJieJieHUsI Harpy3Ky NPpU KOTOPOU
NPOUCXOJAUT pacTpecKhBaHUe 00pasloB U ux Agedopmauus. Jljs OleHKH HCIOJIb30BaJICS
MeTO/, 9KCTeH30MeTpUU. MeTo/, 3KCTeH30MEeTPUU IPUMEHSETCA /11 KOHTPOJIS 32 IPOL,eCCOM
pacTpeCKMBaHUSA C NMPHUMEHEHUMEM COBOKYNHOCTHM METOAHWK, OLEHMBAKIIUX CaM Mpolecc
bopMHpOBaHUS TPEILUH, a TAKXXKe U3MEeHEeHU ! Harpy3KU IPY pacTpeCcKMBaHHUU 00pa3LoOB.
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PeBy_]IbTaTbI 151 06CY)KAEHPIE

Ha pucynke 1 nmpuBejgeHbl POM u306paxkeHUsa ucciefyeMblx KOoMNo3uTHbIX ZrO,-Al O,
KepaMuK npu jgo6asienun fonanra V,0. ¢ koHuentpauusamu 0.1 u 0.25 M, npu KOTOpBIX
COIJIaCHO JAaHHBIM pPeHTreHodas30BOTr0 aHa/M3a, pe3yJbTaTbl KOTOPOro MpPUBEJEHbI
Ha pUCYHKe 2, B CTPYKType KepaMUK perucTpupyeTcs HaJW4yhe BKJIOYEHUH B BHJE
opropoMbuyeckoi pasnl V,0,, a Takke popMupoBanue ¢pasel 3ameutenus Zr(V)0,. B ciyvae
uCXoAHbIX 06pasnoB Zr0,-Al,0, kepaMuK Mop¢oJorMyecKkre OCOOGEHHOCTH 0OYCJIOBJIEHbI
dbopMHUpOBaHHEM KOMIIO3WMTA MO TUIY MaTPHULbl U3 OKCHJA AJIOMUHUSA (TEMHOIOJIbHbIE
3epHa) C BKJIIYEHUSIMU B BUJle MEJIKOJUCIIEPCHBIX 3epeH HeNpaBUIbHOM GOpPMBI U3 OKCHA
aJIIOMUHUS, PaCIoJIOKEHHEe KOTOPbIX MPOUCXOAUT BOJIM3M I'PaHUL, KPYNHbIX 3epeH OKCHZA
antoMuHu4. [Ipy 3TOM corylacHO MpeACTaBJEHHbIM U300paXKeHUSAM (CM. JlaHHbIe Ha PUCYHKe
1a) popMupoBaHUe MeJKOAMCIIEPCHON PppaKLMK NPUBOAUT K MOSIBJIEHUIO B CTPYKTYpeE MOp,
Ha/IMuhe KOTOPBIX 00YCIOBJIEHO HENOJIHbIM 3all0JIHEHUEM MeXX3epPeHHOTO0 NMPOCTPAHCTBa, a
Takxe GopMUpOBaHUEM 6OJIBLIOTO KOJUYECTBA FPaHUL] 3epeH B MEJIKOAUCIIEPCHON QpaKLvH,
Ha/lMuihe KOTOpbIX 00ycC/aB/JMBaeT 00pa3oBaHMWe MYCTOT B cocTaBe. B ciaydae fgo6aBsieHUs
B cocTaB KepamMuk V,0. JomaHTa MpW MaJjblX KOHIEHTpaUUAX HabJl0JaeTcs yKpylnHeHWe
ZrO, 3epeH, YTO CBU/ETEJbCTBYET O TOM, YTO HaJIMYUe OKCH/Aa BaHaJ U YCKOPAET MpoLecc
PEKpUCTANNIM3ALHU DU TEPMUYECKOM BO3/eMCTBUH, IPUBOAAILEMY K YKPYIIHEHHUIO U POCTY
Zr0, 3epen B coctaBe Al O, maTpuubl. [Ipu 6osb1nx KoHeHTpanusx V,0, fonaHTa B cocTaBe
KepaMuK pocT Zr0O, 3epeH 6oJiee ciepikaH, OJlHaKO MeX3epeHHOe IPOCTPaHCTBO Mexay Zr0,
sepHamu u Al,0, MmaTpulel 3anosiHsieTcsa 6ydepHou npocioiikoi B Buze V,0, popmuposanue
KOTOPOM 3aloJIHAET MyCTOThl MEX/y 3epHaMH MaTpulbl U ZrO,. PopMupoBaHUe NMOA06HOM
6ydepHOl 30HBI 00yCa0BAEHO TeM, 4To V205 B npouecce cniekaHus, 60jiee HU3KKUE 3HAaUYEHUS
TeMIlepaTypbl IJaBJeHUsA s okcuga BaHaausa (TmsaBneHus ~ 680-700 °C) mpuBoguT
K €ero pacljaBJieHUI0 W 3al0JIHEHHWI0 MeX3epeHHOTro MNPOCTPaHCTBa C MOCAeAYyHUIUM
CTEeKJIOBaHMEM IIpU OCThiBaHWM B Buje V, 0. BKJIIOYEHUH. B CBOIO o4yepejb clep)KUBaHHE
npoueccoB nosiuMmopdusma B ZrO, ¥ pocTa 3epeH npu Jo6aBjieHUH B cocTaB komnosuTa V,0,
00yCJIOBJIEHO T€M, UTO B OKCHJL, BaHA/JUs MIPU CIEKaHUU JOCTAaTOYHO 3 PEKTUBHO CBA3bIBAET
KUCJIOPO/IHble BaKaHCUH, a TaKXe BBICTYNaeT B KayeCTBE LEHTPOB PEKOMOWHAL UM, TeM
CaMbIM YBeJIMYUBas CONMPOTUBJIAEMOCTb K BHEIIHUM BO3Je€UCTBUSAM Y MOBBILIASA IPOYHOCTh
KOMIIO3UTHOW KepaMUKU. TakuM 06pasoM, pU yBeJUMYEeHUH KOHUeHTpauuu V,0. pomnaHTta
B COCTaB€ KepaMUK MPOUCXOJUT CAepKUBaHHe NPOLEeCcCoB noauMopdusma B Zr0,, mpu 3TOM
HabJ/l0/JaeMbld POCT 3epeH CBUJETEeJbCTBYeT O MpoleccaX pPeKpUCTa/IU3aluUd JUOKCUJA
LIMPKOHUSA NpHU cieKaHUU. OCHOBHOM MeXaHM3M PeKpHUCTaJIM3alUU 3epeH NpH J06aBJIeHUU
JIOTIaHTa B COCTaB KeEpaMUK OCHOBAaH Ha TOM (akKTe, YTO paclJ/aBJEHHBbIM OKCUJ, BaHaAus
CIOCOOCTBYET CAep>KUBaHUI0 3¢ deKTa BJAUAHNSA MaTPULbl HA POCT 3epPeH AUOKCH/A [UPKOHUS
Y YCKOPSIeT MPOLEeCC UX YKPYIHEHUS.
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PucyHok 1. PAM uso6paxeHus uccaeayembix Zr0,-Al,0, kepaMuK npu J06aB/I€HUH AOTIAHTA
V,0.: a) UCXOAHBINA 00pa3ew; 6) KOHIeHTpanuA AonaHTa 0.1 M; B) koHIeHTpanus AonadTta 0.25 M

CorsracHO MpUBE/IEHHBIM JIaHHBIM PEHTreH0(a30Boro aHaausa ucciaeayemoix Zr0, - ALO,
KepaMHUK, NoJIy4eHHble 00pas31ibl NPeACTaBJSIT COO60M cMech ABYX $pa3 MOHOKJIUHHOU (a3sl
ZrO, n pom6osapudeckoi AlO,, cogepxaHrne KOTOPbIX COOTBETCTBYET BECOBbIM BKJajJaM,
UCII0JIb3y€eMbIM JIJI1 CHHTe3a. BUCX0JHOM cOCTOsAHMHU COOTHOIeHUs Gpa3ZrO2uAl O cocraBisger
nopsifka 77 Bec.% K 23 Bec. %. [Ilpu aToM yBesinueHnHoe copepkanue ZrO, ¢paspl 06yCn0BIEHO
60J1ee BBICOKOHM CTENEeHbI0 ee KPUCTA/JIMYHOCTU B MPOIecCe TEPMUYECKOro CIIeKaHUs, YTO
IPUBOAUT K POCTY MUHTEHCUBHOCTEW pedJieKcOB JaHHOW ¢a3bl U UX JOMUHHUPOBAHUU B
cocraBe KoMmnosuTa. [Ipu 3TOoM cieyeT oTMEeTUTb, YTO popMa pediekcoB s Al O, dpasbl
CBU/IETEJILCTBYET 00 ee 60Jiee HU3KOU CTeNeHU CTPYKTYPHOI0 YIOPS/I04eHUSs 10 CPAaBHEHUIO
C IaHHBIMH, TOJIyYEHHBIMU JIJI1 MOHOKJIMHHOU ZrO, ¢asbl, YTO CBA3aHO CO CTPYKTYPHBIMU
0COOGEHHOCTSMH JJaHHbIX COeJUHEHUU NIPU UX CMellMBaHUHU. Kak M3BeCTHO, NpY CMeLIMBaHUU
JUOKCUJIa LMUPKOHUS U OKCHJAA aJIOMUHUA [Jil MNOJydeHUS] KOMIO3UTHBIX KepaMUK,
MeXaHWYeCKOe yJlapHOe BO3JeWCTBHE U NOCJAeAYIOIIUNA TePMUYECKUU OTKUT He MPUBOIAT
K o6pa3oBaHMI0 (a3 3aMellleHUs WJM TBep/bIX pPacTBOPOB, a caMa CTPYKTypa KOMIIO3UTA
npezcrasieHa Al,O, MaTpullel ¢ BKJIIOYEHUAMH B Bujie ZrO, 3epeH, poCT ¥ pa3Mepbl KOTOPBIX
00yCJIOBJIEHBI TeMIIEPATypOM CIeKaHHUs, a TaKXe CAEepKUBAKIHUMU WU YCKOPSIUMU
dakTOpaMu, 06yCJ0BIEHHBIMUA HAJTUUYUEM JIONOJHUTEJbHBIX IONIAHTOB UJIU TeMIepaTypPHbIX
pexxumoB crnekanus. JlobaBienue B coctaB Zr0,-AlL,O, kepamuk V,0. JonaHTa mnpu
koHUeHTpanuax oT 0.01 10 0.10 M He NPUBOAUT K pETUCTPALIMU KAaKUX — IMO0 AU PPAKIIMOHHBIX
pedJiekcos, xapakTepHbIX AJist V, 0, $asbl, 4TO B CBOK 04epe/ib MOXKET ObITh 06bACHEHO 1By Ms
dbakTOopaMu: MaJioll KOHIeHTpalMel JoNaHTa, perucTpanus U ueHTUUKaLusa KOTOPOU NpU
JlaHHBIX KOHIIEHTpaLMsX He BO3MOXKHA, UJIM NOJIHOW aMopdu3al el UIU CTEKJIOBaHUEM NTPU
CIeKaHUH,YTO NIPUBOJUT KHEBO3MOXKHOCTH PErUCTPALIUM YeTKUX AU PPaKLUOHHBIX pedJIeKCOB
ot V,0, ¢aspl. Ilpu aTOM ciieflyeT OTMETHTh, YTO POCT MHTEHCUBHOCTH AUPPaKIUOHHBIX
pedJieKcoB MOHOK/IMHHOM Zr0, ¢pasbl, a Tak)Ke U3MEHEHHE UX GOPMbI, CBA3aHHOE CO CKaTHEM
pedJiekcoB U yMeHblleHUeM BeandynHbl FWHM, cBuieTebCTByeT 06 YKpYIIHEHHUU 06J1acTel
KOTepPEeHTHOr'0 paccessHUsl, YTO B CBOI oO4Yepeab OOYCJIOBJIEHO YBeJUYEHUEM pa3MepoB
KpucTa/snToB. HabsogaemMble n3MeHeHUs AUPPAKUMOHHBIX peduiekcoB s ZrO, ¢asbl
B 1|eJIOM HMEIT XOpollee corjiacue C pe3yJbTaTaMud MOPQOJIOTMYEeCKUX O0COOEHHOCTEH,

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N24(153)/ 2025 155
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



I'b. Celimmaranb6em, M.B. 3doposey, A.B. TpyxaHos

COIVIaCHO KOTOPbBIM NpH Ao6aBjennu V,0, fonaHTa ¢ MaJbIMU KOHLeHTpauusaMu (MeHee 0.1
M) ocHOBHbIE CTPYKTYpHbI€ U3MEHEHHUsA 06yCI0BIEHbI YKpynHeHueM ZrO, 3epeH (corsacHo
JAHHBIM MOpQoJIorHYecKux ocobeHHocTel). [Ipu koHuentpauuax V,0, momanta 0.1 M u
Bblllle Ha INOJIyYeHHbIX PEHTreHOBCKUX JUdpaKTorpaMmax HabJjrofaeTcsd GOpMUpOBaHHUE
MaJIOMHTEHCUBHBIX IUPPAKLIMOHHBIX peJIeKCOB, XapaKTEPHBIX AJis opTopoMbudeckor V205
¢da3bl BeCOBOM BKJIaJ, KOTOPOU cocTaBJsieT OT 4 1o 9 Bec. %, IpU MU3MEeHEHUU KOHI|eHTpaluu
nonanTta ot 0.1 10 0.25 M. ®opMupoBaHue U perucTpanus pedJieKcos opropomMmbuyeckon V, 0,
¢da3bl NpU AAaHHBIX KOHIEHTPALUIX J0NaHTa MOXET ObITh 0O'bSICHEHO TEM, UTO IPU OOJIBLINX
KOHIIeHTpalMaX JOoMNaHTa B Ipoliecce TePMUYECKOTO ClieKaHUsl paclpejesieHue JJoMaHTa B
COCTaBe CTAaHOBUTCH 00JIblle, YTO NPUBOAUT K POPMHUPOBAHUIO 60Jiee KPYNHbBIX BKIOYEHUH,
KOTOpBbIe BIIPOIeCCe KPUCTAIM3AL UM TP OCTbIBAHU M 3aNIOJHSAIOT MeXX3epEHHOE IPOCTPAHCTBO
o6pasys TeM caMbIM OydepHbIi c1oi Mexay ZrO, sepHamu u Al,O, MaTpuIleH, YTO OTYETIUBO
BU/IHO Ha PUCYHKe 1B, oTpaxarlieM MopdooruiecKkue 0CO6eHHOCTH M0JIy4YaeMbIX KepaMHUK.
Tax>ke cjefyeT OTMETUTb, YTO MPHU 60JbIIKMX KOHUeHTpanusax V,0. pomanra (0.2-0.25 M)
dopMa OCHOBHBIX pedJIeKCOB /IJisi MOHOKJIMHHOM Zr0O, ¢paspl CBU/ETEIbCTBYET O PAaCCI0EHHH
pediekcoB, 06yC/0BIEHHON HaJI0KeHHEM 1BYX $a3 C OAMHAKOBBIM CTPYKTYPHBIM MOTHBOM, HO
pPa3/JMYHBIMU apaMeTpaMU KPUCTA/JINYeCcKor pewieTKU. OHUM U3 00bSICHEHUN MOJ00HBIX
M3MEHEHHH MOXKET ABJIATbCA GOPMUPOBaHUE BKJIKOYEHHH B BUuje dasbl 3amenienus Zr(V)O0,,
TaKXXe UMewIlel MOHOKJUHHbIN TUI KPUCTAJIMYECKOW pelleTKH, peCTaB/soIeNd cob60i
KPUCTA/IJIMYECKYI0 pelleTKy B KOTOPOW 4acTb KaTMOHOB LIUPKOHUSI 3aMeHeHa KaTUOHAaMHU
BaHaAus. [IpsiMbIM MOATBEPXK/AEHUEM HaJUYUS JAaHHOU (a3bl ABJSETCS pe3yabTaThl OLLEHKU
CTPYKTYPHBIX [apaMeTpOB, U3MEHEHHE KOTOPbIX CBUJETEJbCTBYET O 3aMelleHUU KaTH-
OHOB LIMPKOHUS KaTUOHaMM BaHazud. PopMupoBaHUe JaHHOU ¢asbl 3aMelleHUs] MOXKeT
IPOUCXOAUTD NPU JOCTATOYHO O6OJIbLUIMX KOHIIEHTPALUAX [J0NaHTa, yBeJMYeHUe KOHLIeHTpa-
UM KOTOpPOro MPUBOJAUT K YCHUJIEHUI0 3PPeKTOB KPUCTA/NJIU3ALMH, KOTOpPblE CONMPOBOXK-
JIAI0TCSl, COIVIACHO MPUBEJIEHHBIM JITaHHBIM HCCJEJ0BAaHUI MOP(OIOTUYECKUX OCOOEHHOCTEN
K pPOCTy pa3MepoB 3epeH, YTO B CBOI O4yepe/b MOXEeT CONPOBOXAATbCA GOPMHUPOBAHUEM
BKJIDYEHUH CO CTPYKTYPOU YaCTUYHOIO 3aMellleHUs.

PucyHok 2. Pe3ysibTaThl peHTreH0¢$a30Boro aHaausa ucciaeayemsoix Zr0,-Al0,
KepaMuK npu go6asieHuu gonanra V,0,

M3MeHeHHEe CTPYKTYPHBIX 0COOEHHOCTEN, CBA3aHHbIX B MEPBYI0 04Yepe/ib C pa3MepHbIMU
dakTopamMu, 06ycI0BJIEHHBIMU POCTOM 3epeH NPU MaJblX KOHLEHTPALUAX JA0NaHTa, a TaKxXKe
dbopMupoBaHUeM OydepHBIX BKJIKUYEHUN B MeEX3E€pEHHOM MPOCTPAHCTBE NpPU OOJIbLIAX
KOHI|eHTpalMgaX JONaHTa WUIpalT BecCbMa BaXXKHYK pOJib B HW3MEHEHUM NPOYHOCTHBIX
CBOWCTB KOMIO3UTHbIX Zr0,-Al,0, KepaMUK, U3MEHEHHE KOTOPbIX ONpe/ie/IseT MOTeHMa UX
MCI0J1Ib30BaHUs U Ja/IbHEN 1M e NePCIEeKTUBbI IPUMEHEHHUS.
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Ha pucyHke 3 npuBejieHbl pe3y/bTaThl OLEHKU HW3MEHEHUN MPOYHOCTHBIX NapaMeTpOB
uccaenyemoix Zr0,-AlL,O, kepaMuk npu Jo6GaBjeHuu fJomaHta V205, ompezesieHHble C
IpUMeHEeHUEM CTaHAAPTHBIX METO/OB OLIEHKH TBEPJOCTH, TPEIIMHOCTOMKOCTH U MPOYHOCTU
Ha CKaTHhe HCCIelyeMbIX 00pasuoB KepaMuk. OO6IIMH TpeHJ, HaOJI0[aeMblX U3MEHEHUU
CBU/IeTEJIbCTBYET O I10JIOKUTEIbHOM BJIMSITHUU BApHUALIMY COOTHOILIEHUsI KOMIIOHEHTHBI JOTIaHTa B
COCTaBe KOMIIO3UTHBIX KEPaMUK Ha yBeJIMYeHHe COIPOTUBIISAEMOCTH K BHEIIHUM MeXaHU4eCKUM
HarpyskaM M MOBBIIIEHUI0 YCTOWYHUBOCTH K MEXaHUYECKUM BO3JEHCTBUSAM INPU CKATUU U
WHJIeHTUPOBaHUHU. [Ipy 3TOM cpaBHMBas HabJ/10faeMble U3MEHEHUSl BeJIMYMH IPOYHOCTHBIX
XapaKTePUCTUK B 3aBUCMMOCTH OT BapUallMy KOHLeHTpauuu JonanTta V,0, B cocTaBe KepaMUK
C pesy/JbTaTaMH, IOJyY€HHBIMH /Ui HeMoguduuupoBaHHbiXx Zr0,-Al,0, KepaMHK, MOXHO
cleslaTh BbIBOJ O NPSMOM B3aMMOCBSI3M MeX/Jy M3MEHEHHeM CTPYKTYPHBIX O0COOEHHOCTEW,
00yC/10BJIEHHBIXOPMHUPOBaHHEM Oy epHBIXBKIIOYEHUN BCOCTaBeKEPAMUKUIPPEKTUBHOCTHIO
yBeJIMUeHHUs MPOYHOCTHBIX XapaKTEepUCTHK. B ciyyae mManbix KoHUeHTpauuid V205 fonaHTa
(MeHee 0.07 M) usmMeHeHHe IPOYHOCTHBIX TAPaMeTPOB HE3HAYUTEJIBHO, YTO CBU/IETE/IbCTBYET
0 TOM, UTO HabJoAaeMbli 3PpEKT peKpUCTa/IM3alMH, CBSI3aHHbIN C YKPYIIHEHUEM pa3MepoB
ZrO, 3epeH, OKa3blBaeT MaJjlO€ BJIMIHWE Ha yBeJMYEHHE CONPOTHBSEMOCTH K BHEIIHUM
MEeXaHU4YeCKUX BO3JEeUCTBUAAM, A TaKXe IMOBBIIIEHHUI0O NPOYHOCTHBIX XapaKTepUCTHUK. B
ciyyae Korjga KoHueHtpauus V,0. fgomanrta Beime 0.05 M HaGutosaeTcss 3Ha4YMTEsbHBIN
pPOCT NMPOYHOCTHBIX NApaMeTPOB, YTO CBUJETEJNbCTBYET 00 YBEJMYEHUU CONPOTHUBISEMOCTH
BHEIIHUM BO3JEHUCTBUAM, OOYCJOBJIEHHOMY COBOKYNHOCTBIO CTPYKTYPHBIX W3MEHEHUH,
CBSI3aHHBIX KaK C pa3MepHbIMHU 3dpdeKTamMu, Tak U GOpMUPOBaHHEM OYPepHBIX BKJIOUYEHHUH,
3¢ deKT Bo3eHlCTBUS KOTOPbIX Hanb0Jiee POsIBJISeTCS PU 60/IbLIKMX KOHI|EHTPALUsX J0TIaHTa.
O6wHMi BUJ, NpeCTaBJeHHbIX 3aBUCUMOCTEN U3MEHEHWU NPOYHOCTHBIX CBOWCTB IO3BOJISAET
cAenaTh BbIBOJ, 06 3pGEKTUBHOCTH MCIO/Ib30BaHUA cTabuausupyrouero V,0. fonaHTa s
NOBBILIEHUSI MPOYHOCTHBIX XapaKTePUCTUK KOMIIO3UTHBIX KepaMMK, 0e3 CylieCTBEHHBIX
M3MEeHEHHWH 1X (pa3oBOro coctaBa U OTCYTCTBUA 3ddeKToB noauMopdusma B ZrO, dpase npu ee
KPUCTAJIJIN3ALMH B CJlydyae TEPMUYECKOr0 OTKUTa.
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PucyHok 3. Pe3ysibTaThbl OlleHKHU IPOYHOCTHBIX IAPAMETPOB UCCIeAyeMbIX
Zr0, -Al,0, kepamMuK npu Ao6aBIeHUHU JonaHTa V,0,
Ha pucyHke 4 mnpuBefeHbl pe3ysabTaThbl OLeHKHM (GAKTOPOB yYNPOYHEHUS HCCIeNyeMbIX
Zr0, - A1203 KepaMUK MpU J06aBJIEHUU V.0, nonaHTa, onpejiesieHHbIe HA OCHOBE CPaBHEHHUS
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pe3y/IbTaTOB MPOYHOCTHBIX MAapaMeTPOB B UCXOJHOM COCTOSIHUM (6e3 [oMaHTa) U JAaHHBIX,
MOJIy4YeHHbIX [I/I1 06paslloB C pa3/MYHON KOHUeHTpauue# gomanToB V,0.. Ompexenenue
BEJIMYUH YNPOYHEHUS OCYUIEeCTBJISJIOCh MYTEM BbIYMCJIEHUS MPOLEHTHOTO COOTHOILIEHUS
VM3MeHEeHUs BeJIMYHUH TBEPAOCTH, TPELIMHOCTOMKOCTH U POYHOCTU Ha CXKAaTHe, NOJIyYEeHHbIX
AJ1s1 06pasL0B KepaMHUK ¢ jo6aBsienneM V,0, 0aHTa ¢ JaHHBIMH /1S HeMOAUQUIIUPOBaHHbIX
Zr0,-Al,0,KepaMuK C IOC/IeAAYIOIIUM Olpe/ieIeHneM 3P GEKTUBHOCTH MOJUPHUKALIMU KEPaMHUK,
00yc/10BeHHOH Jj06aBeHUeM JjonaHTa U GopMUpOBaHUEM 6YPepHbIX BKJIOYEHHUM.

40
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PucyHOK 4. Pe3y/ibTaThl OeHKH paKTOpPOB ynpoyHeHus uccaeayemsoix Zr0, - Al,0, kepamuk
NP U3MEHEHUHU COOTHOLIEeHUA KOMIIOHEHTHI JOIIaHTa B COCTaBe

CorJ1acHO OLJ€HOYHBIM JaHHBbIM (AKTOPOB YNIPOYHEeHUs (M3MEHEHUH IPOYHOCTHBIX TapaMeT-
POB NpY U3MEHEHWH KOHLEHTpaluu JonaHTa B coctase Zr0O, — AlL,O, KepaMHUK) BH/HO, YTO
IpY MaJiblX KOHLleHTpauusax (He 6osiee 0.05 M) yBesyeHHe NPOYHOCTHBIX XapaKTePUCTUK
cocTaBJsisieT He Oosiee 2-3 % MO CpaBHEHHIO C UCXOAHBIMU HeMOAUPHUIIMPOBAHHBIMU
KepaMuKaMu. TakuM o06pa3oM, aHa/IM3UpPyd HabJOJaeMble U3MeHEHUs JaHHBIX BeJUYHH
MOKHO CZieJIaTb BbIBOJ, O TOM, YTO pa3MepHbIN GpaKTop, CBA3aHHbIN C YKPYTHEHHEM 3epeH NpU
MaJIblX KOHLIEHTPAUUAX JONaHTa NPUBOAUT K HE3HAYUTEJbHOMY U3MEHEHHUI0 NIPOYHOCTHBIX
apaMeTpoOB, CBA3aHHBIX C POCTOM 3€peH U CHUXKEHUEeM IOPHUCTBhIX BKJKYEHUH, HaJIu4yHe
KOTOPBIX OOyC/aBJMBaeT HHU3KHe IOKa3aTeJHU YCTOMYMBOCTU K BHELIHUM BO3JeHCTBUAM
3a CYeT NMOPUCTOCTH M HaNMYUs MyCTOT Mexay ZrO, sepHamu u Al O, maTpunei. B fanHom
cly4ae OCHOBHOHM 3QQeKT ynpouyHeHHUs1 00YyCJOBJEH POCTOM 3epeH, YTO XOTb U NPUBOAUT
K CHW)KEHMIO MOPHUCTOCTH 3a CYeT yKpynHeHus ZrO, 3epeH, HO He MPUBOAUT K MJIOTHOCTHU
YIAKOBKH, YTO OKa3bIBaeT BJIUSHUE HA IPOYHOCTHBIE IAapaMeTPhl KepaMUK 3a CYeT COXpaHeHUs
MeX3epPEeHHBbIX [10pP B COCTAaBe, OrPAaHUYMUBAIOLIMX YIIPOYHEHME U CAEP)KUBAHUE MUKPOTpPELIUH
IpY CKAaTHUU UM MeEXaHUYeCKUX HarpysKax Ha o6pasipbl. B ciydyae Mmasnbix KoHneHTpauui (0.01
- 0.05 M) VO, momnaHT BbICTyNaeT Kak HHMLMATOp pocTa ZrO, 3epeH, OfIHaKO YyIPOYHEHHE,
HabJiroaeMoe 11 JAaHHOTIO Juana3oHa KOHLeHTpalyi AonaHTa MUHUMalbHO. Ha pucyHke
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5 NpruBeJEeHa CXeMa YIIPOYHEHHSA, CBA3aHHAA C KI3BMEHEHHWEM KOHLEHTPAUHWKU AOIIaHTAa U €ro
poOJIM B UIBMEHEHHUH MOp(l)OJlOI‘I/I'{eCKI/IX ocobeHHOCTeM IMOJIY9YE€HHBIX KEPAMHK.

Cxema ynpo4HeHus npu
po6aeneHuu ponaHra V,0,BcocTaB
ZrO, - Al,O, kepamuk

Manblie YBenuyenue BydepHble
KOHLEHTpaLym KOHLUEHTpauum | BKIIOYEHUSA

Y

PucyHoK 5. CxemMa ynpo4YHeHUsI KOMNO3UTHBIX Zr0, - Al,0, KepaMHK NpU J06aBJI€HUH OKCUAA
BaHaJuA

I[Ipu yBennyenun KonueHtpanuu V,0. nonanTa Beime 0.07 M HabuirogaeTcs 6oJiee yeM
JIBYyKpaTHOE yBeJMYeHUe MPOYHOCTHbIX MNAapaMeTpPOB MO CPaBHEHUIO C pe3yJbTaTaMy,
MOJIyYeHHbIMM JUIA KOHUeHTpauui V,0. pnonanta mopszaxka 0.01-0.05 M. Ilogo6Hoe
yBeJIMYeHUE MPOYHOCTHBIX [apaMeTpoB, a TaKXkKe UX Ja/ibHEHLIWH POCT B JaHHOM Cjydae
MOeT OBbITb 00'bsiICHEH 3¢ PeKTaMy, CBA3aHHbIMU C popMHUpOBaHUEM OydepHbIX BKJIIOUYEHUN
B Mexx3epeHHoM npoctpaHcTBe Zr0,-Al 0, kepamuk, 3anosHseMbiM ¢azon V,0. B mpouecce
KPUCTa/UIM3alMU TIPU OCTbIBaHWHU. B JaHHOM ciydae npu paciuiaBieHud V,0, IpU CeKaHUH,
cTekJionofob6Has ¢pakiys, 06pasyromasacs Mpyu BbICOKUX TeMIlepaTypax YCKOpsieT He TOJIbKO
NPOLECC PEKPUCTALIM3ALMH U YKPYTHEHHA Zr0,, HO M 3aM0JIHSAET MeK3epEeHHOE IPOCTPAHCTBO,
o6pa3yss OydepHble BKJYEHHS, a TaKXKe YyBeJWYUBas aJre3svio MexJy JAUOKCUJO0M
LMPKOHUSA U OKCUJOM aJloMHUHUsA. PopMUpOBaHUE MOLOOHBIX OydepHbIX BK/IYEHUN NPU
pPeKpUCTAIM3al UM IPUBOJAUT K YIJIOTHEHUIO CTPYKTYPbl U 3aM0OJHEHUIO NOpP, TEM CaMbIM
CHWKasli UX MJIOTHOCTb B COCTaBe KOMIIO3UTHOM KepaMHUKU. Takke JaHHble BKJIOYEHUS
BBICTYMNAIOT B p0oJiv $pa30BOro CBA3YIOILEr0 NPU O0JIbIINX KOHLIEHTPALMX, YTO B CBOIO 0Yepe/ib
IPUBOAUT He TOJIbKO K INepepacnpejieieHUI0 JOKaJAbHbIX JepOopMallMOHHbIX HaNpsXKeHUU
NPy BHELUIHUX MeXaHWYeCKMX Harpyskax, HO ¥ ¢opMuBaHuUI0 ¢asbl 3ameueHusa Zr(V)O0..
[Ipy 3TO 3amoJiHEHUEe MeXX3epPeHHbIX NYCTOT TaKXXe 3HAYUTEJbHO CHUKAeT BepOSTHOCTb
bopMHpOBaHUS JIOKAJIbHbBIX 30H Pa3pyLIeHH s, BOSHUKAUMX TPYU UHULJAAIU3aL MU IPOLECCOB
MEXKPUCTAJJIMTHOTO pacllel/ieHus. 3anoJHeHue MeXX3epeHHbIX yCTOT BaHa/ueBoU ¢$a3oit
NPUBOJAUT K 3HAYUTEJIbHOMY CHHXKEHUIO OCTATOYHOM MOPUCTOCTH, YBEJIUYEHUIO IIJIOTHOCTU U
poCTy 06111eli MEXaHUY€eCKOH 11eJIOCTHOCTH MaTepuaJa. JlonoJHUTebHbIM BKJIa/, B IOBBIIIEHUE
TPELUHOCTOMKOCTA MOXKET BHOCUTh MUKPOKOMIIO3UTHBIN 3$(EKT, BO3HUKAWLUMN bGyiaroaaps
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COYETAaHUIO KECTKOW KepaMUYeCcKOW MaTpHLbl U Gojiee BA3KUX UHTepP(da3HbIX MPOCJOEK Ha
ocHoBe V,0,, CIOCOGHBIX MOIJIOWATh U PACCEMBATh IHEPTUI0 PACIPOCTPAHAIOLIEHCS TPELUMHBI
(cM. aHHbBIE IpUBe/leHHblE HA PUCYHKe 1B).

3ak/iloueHue

B Xo/ie OLleHKHM B3aMMOCBSI3U MEX/Jy U3MeHeHUeM KOHIleHTpalyU JonaHTa u Mopdosio-
THYECKUMHM OCOGEHHOCTAMHM CHHTE3UPOBAHHbIX KOMNO3WUTHBIX Zr0,-Al,0, KepaMuK 6bLIO
YCTaHOBJIEHO, YTO J06aBJieHHe B COCTaB KePaMUK OKCHJA BaHaJusA NMPUBOAMT K pocTy ZrO0,
3epeH, a TakXe H3MeHeHUI0 U3 (opMbl cO cHepuueckord [0 POMOOBUJHOM CJIOUCTOU C
60JIbLIMM KOJIMYECTBOM I'paHel Ha IOBEPXHOCTH, HAJIMUUE KOTOPbIX 00YC/I0BJIEHO MPOLLeCCaMU
KpPUCTA/ZIM3al UM MeJIKOJUcCnepcHOW ¢pakyuu. [Ipy 3TOM yBesMueHUe KOHLEHTpaLuu
nonanta Beimie 0.1 M npuBogUT K 06pa3oBaHMI0 B COCTaBe KOMMO3UTHBIX Zr0,-Al O,
KepaMUK BKJIIOUEHUN B BUJIE OKCHU/ZA BaHA/ WS, KOTOPbIE, COTJIACHO OLleHKe MOP$0JIOTUYEeCKUX
O0COOEHHOCTe!N 3amoJIHAKT MeX3epeHHOe NMPOCTPAHCTBO 06pasys OydepHble BKJIYEHUSA
mexay Al O, maTpuueii u ZrO, 3epHamMH.

B xoje OLEHKHM NpPOYHOCTHBIX XapaKTEPUCTUK MCCIEAyeMbIX KOMMO3UTHBIX Zr0,-
ALO, KepaMMK yCTaHOBJIEHO, YTO NpH MaJbiX KOHUeHTpauuax V,0. gonaHTa (MeHblue
0.1 M) ocCHOBHble MeXaHHU3Mbl YIPOYHEHUS OOYC/JOBJIeHbl pa3MepHbIMU 3¢deKTamy,
CBsI3aHHBIMHU C ykpynHeHueMm ZrO, sepeH B Al O, MaTpuile, YTO NPUBOJUT K YMEHbIIEHUIO
MOPUCTBIX BKJIIOYEHUH B cocTaBe KepaMuK. [Ipu KoHnenTpanusx V,0, gonanta Bbiie 0.1 M
yBeJIMYeHHEe CONPOTUBJSAEMOCTH NPOYHOCTHBIX XapaKTEPUCTUK BHELIHUM MeXaHUYeCKUM
BO3/IEWCTBUSAIM O0OYCJIOBJIEHO COBOKYIHOCTbIO (AKTOPOB - pa3MepHbIM (AKTOpOM H
3aMoJIHEHMEM MEeX3ePEHHOI0 MPOCTPaHCTBa 6ypepHbIMU BKIOYEHUAMH B Buze V.0, yacTuil
CTeKJIOBUAHOM Macchl. [log06Hast COBOKYNHOCTb GpaKTOPOB MPUBOJAUT K POCTY TBEPAOCTHU U
TPELUHOCTONKOCTH 60s1ee ueM Ha 20-25 %, a ycTOMUMBOCTHU K CxkaTUlo 6oJiee yeM 25 - 30 % no
CpaBHEeHHMIO ¢ HeMoauduuupoBaHHbIMU Zr0,-Al 0, KepaMUKaMH. YBeJrMYeHre MPOYHOCTHBIX
napaMeTpoB 3a cyeT AobaBieHue B coctaB Zr0,-Al O, kepamuk V,0, JomaHTa MO3BOJIAET
TMOJIyYUTh BbICOKOTIPOYHbIE KOMIIO3UTHbIE KEpaMHUKH 0 TUIly Al,O, MaTpuILia C BKJIKOYEHUAMU
ZrQ, 3epeH B COCTaB.

O6mwui aHa/M3 3aBUCUMOCTH H3MEHEHHUs MPOYHOCTHBIX CBOWCTB OT KOHLEHTpPaLUU
V,0, no3BoJIeT clies1laTh BbIBOJ O CYyUIECTBOBAaHMM KPUTUYECKOM KOHIEHTpALMH JONaHTa,
IpyU JOCTHXKEHUM KOTOPOW MeXaHU3M YNPOYHEHUS pe3KO MeHSIeTCs, YTO OOYyC/IOBJIEHO
M3MeHeHMeM MeXaHHW3MOB YIPOYHEHU OT MAaCCMBHOIO BJMSAHHA HAa 3€pEeHHYI0 CTPYKTYpy
IPU HU3KUX KOHLIEHTPALHUAX, K aKTUBHOMY y4acTHI0 B OPMHUPOBAaHUHN MeX3epeHHbIX pa3 U
YJIy4LIeHHUI0 MUKPOCTPYKTYPHOM OpraHU3aliMuy MaTepuasia py KoHLeHTpanuax Bbime 0.07 M.
JTO NOATBEPXK/JAET BbICOKYIO 3pPEKTUBHOCTb HCMO/Ib30BaHus V,0, Kak MOAUGUIMPYOLIEn
N06aBKH /Il IOBBILIEHHs] MEXaHUYECKON HaIEXHOCTH U yCTOMYMUBOCTH K paspyuieHuto Zr0,-
AlO, KepaMHK, 0COOEHHO B YCIOBUSIX MHTEHCUBHBIX MEXaHUYECKUX HAarPY30K U IKCILlyaTal[uK
B OTBETCTBEHHbIX KOHCTPYKLMOHHBIX 3JIeMeHTax JiJIl aJIbTepHAaTUBHON JHEPreTUKHU.

biaarogapHocTh
UccnenoBanne ¢unHaHcupyeTcs: KomuTeToM Hayku MUHHCTEPCTBA HAyKH W BBICHIETO
obpasoBaHusa Pecny6iuku Kazaxcran (AP25796299 «M3yyeHue nepcneKTUB MoJUPUKALUU
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KOMINO3UTHbIX Zr0,-Al,O, KepaMHUK /jisl TOBBIIIEHUA YCTOWYMBOCTH K paJiialiMOHHO-
MHAYLUPOBAaHHOMY Ira30BOMY paCIyXaHHUIO»).

Bxiyag aBTOpOB

[.b. CeiTMaraH6eT - IpoOBe/ieHUe IKCIEPUMEHTOB, OTPAOOTKA PEXKUMOB MOJIYYEHUS Kepa-
MHKH, XapaKTEePUCTUKA CTPYKTYPHbIX U3MEHEHU !, UHTepIIpeTalus 10/y4YeHHbIX Pe3y/IbTaTOB.

A.B. TpyxaHOB - aHa/IU3 U UHTepHpeTalus pe3yJbTaTOB, OLleHKA NMPOYHOCTHLIX Mapa-
MeTpOB, onpejesieHus 3pPeKTUBHOCTH YCTOMUUBOCTH K BHEIUHUM BO3/1€ICTBUSAM.

M.B. 3g0poBen, - npoBeieHHe IKCIEPUMEHTOB, 001U aHa/Iu3 B3aMMOCBS3HU CTPYKTYPHbBIX
M3MEHEHUU C NPOYHOCTHBIMU XapaKTepPUCTUKAMHU, YCTAHOBJIEHHE POJIUM CTPYKTYPHBIX Napa-
MEeTpPOB M YCTOMYMBOCTU KEPAMHUK K BHELIHUM BO3/[€ICTBUSM.
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KoMmmno3urrTik Zr0O2 - Al203 kepaMuKkajapbIHbIH KypaMbIHAAaFbI 6ypepaik V205
KOCBIH/ bL/IaPbIHbIH, KaJbINTACYbIHbIH, 6epiKTiK cunaTTamMa/iapblHbIH 63repyinjeri peJi

Angatna. )KymbicTa KOMOO3UTTIK ZrOz-Ale3 KepaMUKaChIHbIH KypaMbiHa V205 KocnachIH KOCYAbIH
’KOHE ChIPTKbl MEXaHUKAJIBIK, acepyepre Te3iMilikke 6ydepsiKk KOCbIHABLIAPABIH, KAJIbIITACYbIHbBIH,
>)KOHEe MeXaHUKaJbIK XXYKTeMeJep Ke3iH/e }KapbIKIaKTaHyFa TO3IMAIIIKTIH »KOFapblaayblHbIH, 9CEPiH
6arasiay HaTHKesepi KentipinreH. JKyprisinren seprreysiep 6apbicbiHa KOHLeHTpanuscel 0.1 M-aeH
’KOFapbl KepaMHKa KypambiHa V,0, JONaHTbIHbIH KOCbLIybI ZrO, aanaepi Med AL O, MaTpHLackl Ty3eTiH
TyHipIiKapasblK KeHICTIKTe 6ypepstik KOChIHAbLIAP/bIH Mai/1a 60/1ybIHA 9KeJIeTiHI aHbIKTa//bl, 6YJ1 peTTe
6y depstik KoChIHbUIap/bIH KasibinTacybl V,0, TOMeH 6aIKy TeMIepaTypachiHa 6ailaHbICThI, HOTHKECIH/IE
arJioMepanus npoueciHje BaHaJUU OKCH/IiHIH 6a/IKybl 2KoHe KeHiHHEH IIbIHbLIAY )KoHe aCThIK apasblK,
KEHICTiKTe ca/KblHJaFaH Ke3Jle KpUCTaJAaHy mnaiga 6osajbl. BepikTik cunmaTTaMajapblH, aTaml
alTKaH/a KATTbUIBIKTBI, JKapbIKIIAKTAHYFa TO3iMAIIKTI K9He KbICy OepikTiriH 6Garasiay KesiHzae
JIOMAHTThIH TOMEH KOHIeHTpPalUSAChIHJA 6GepikTeHaipy A1203 MaTpuuaceiHAarbel Zr0, AsH/EpiHiH
ecyi MeH YJIFalOblHJA KepiHeTiH eJillleM[IiK acepJiepre GaillJIaHbICThl KYpPbLIbIM/BIK 63repicTepieH
TYBIHJAUTBIHBI aHbIKTaAbl. 0.1 M-feH »XoFapbl KOHIeHTpalUAAa ChIPTKbI dcepJiepre TO3iMAiMiKTiH,
apTybl 6ydepJsrik KOCBIHABLIAP/bIH Mai[a 60/ybIHA 6alIaHbICThI, ACTHIK apaJiblK KEHICTIKTi TOITBIPY
*KapbIKIIAKTapAblH, Maijla 60Jly MNpoLecTepiHiH TeXesyiHe *XoHe MeXaHUKaJbIK KYKTeMeJepre
TO3IMAIJNIKTIH apTyblHa 9KeJIeAl.

Ty¥iH ce3aep: KOMIIO3UTTIK KepaMUKa, KaTalTy, 6ydepJiik KOCbIHAbLIAP, KOCIA, KATThLIbIK, Ka-
pBIKLIAKTaHy¥Fa TO3IMAIIIK
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The role of the formation of buffer V,0, inclusions in the composition of composite
Zr0,-Al,0, ceramics on the change in strength characteristics

Abstract. The paper presents the assessment results of the effect of addition of V0. dopant to the
composition of composite Zr0,-Al,O, ceramics and the formation of buffer inclusions on resistance to
external mechanical influences and enhancement of resistance to cracking under mechanical loads.
During the studies conducted, it was established that the addition of the V,0, dopant to the composition
of ceramics with a concentration above 0.1 M leads to the formation of buffer inclusions in the
intergranular space formed by ZrO, grains and the Al,O, matrix, while the formation of buffer inclusions
is due to the low melting point of V,0,, resulting in the melting of vanadium oxide during sintering and
subsequent vitrification and crystallization during cooling in the intergranular space. During assessment
of the strength characteristics, in particular hardness, crack resistance and compressive strength, it
was found that at low dopant concentrations, strengthening is caused by structural changes associated
with size effects, which are expressed in the growth and coarsening of ZrO, grains in the Al,O, matrix.
At concentrations above 0.1 M, the growth in resistance to external influences is due to the formation
of buffer inclusions, the filling of the intergranular space with which leads to the inhibition of crack
formation processes and an increase in resistance to mechanical loads.

Key words: composite ceramics, strengthening, buffer inclusions, dopant, hardness, crack resistance
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Abstract.This paper provides a brief overview of main works, dedicated
to the study of photoluminescence in gallium antimonide crystals, as well
as the features of the band structure and classification of impurity states.
Photoluminescence of gallium antimonide doped with selenium and tellurium in
the concentration range is presented (10'7-9-10'” cm3. 1,8-10%7-2-10'8 cm3) for
selenium and tellurium respectively. It is shown that GaSb photoluminescence
is determined by changes from the conduction band to the second ionized state
of the double natural acceptor. The shape and position of the maximum of the
emission lines is determined by the Coulomb potential of the impurity, additional
minima of the conduction band and resonant impurity states associated with
them.It was revealed that the difference in the photoluminescence spectra of
gallium antimonide crystals containing different donor impurities (selenium,
tellurium) is due to the influence of resonant impurity levels associated with
the L-minima of the conduction band. Theoretical calculations of the shape of
GaSb photoluminescence spectra were performed. The position of the peak and
the short-wavelength wing of the emission lines are essentially determined by
the position of the Fermi level, which is due to the sharp increase in barrier
transparency with increasing electron energy. The practical significance of
the results in this article is also related to the widespread use of optical and
photoluminescence phenomena in various types of semiconductor devices.
Key words: photoluminescence, impurities, crystal, recombination, concentration,
level, energy

Introduction

This paper is dedicated to the study of photoluminescence of doped gallium antimonide
crystals.Gallium antimonide is one of the most important materials for infrared optoelectronics
- LEDs, lasers and photoconverters[1].

The galliumantimon ideis interesting because it has additional minima of the conduction band
located close to the main minimum (~80 meV), as well as the magnitude of the spin-orbit

Received 13.11.2025. Revised 08.12.2025. Accepted 09.12.2025. Available online 25.12.2025.

166
*the corresponding author


https://doi.org/10.32523/2616-6836-2025-153-4-166-178
https://orcid.org/0009-0005-2418-2544
https://orcid.org/0000-0003-0572-0800
https://orcid.org/0000-0002-6707-7905
https://orcid.org/0009-0006-1566-897X

Photoluminescence of gallium antimonide (GaSb) crystals doped with selenium (Se) and tellurium (Te)

splitting A is approximately equal to the width of the bandgap E, and others.These properties
of gallium antimonide distinguish it from the number of A3 B®> compounds. For example, by
creating uniaxial deformation, it is possible to easily invert the extrema of the conduction band
and thereby study the influence of the overlying L-length on the optical properties of the crystal.

Increased interest in the study of photoluminescence in gallium antimonide crystals
is stimulated not only by purely scientific objectives: obtaining important data on the band
structure of semiconductors, the mechanisms of recombination processes in them, etc. The
practical significance of the issues discussed in the article is also associated with the widespread
use of optical and photoluminescence phenomena in various types of semiconductor devices.
In particular, coherent radiation sources and photodetectors in a wide spectral range are
manufactured based on these compounds. These same compounds are also of significant
practical interest for use in traditional semiconductor electronics. The spectral region of gallium
antimonide (1.1-1.6 um) contains the main transmission maxima of quartz fibers, most of which
are used in fiber optic communications.

When growing GaSb single crystals from gallium-enriched melts, the concentration of this
acceptor increases toward the end of the ingot due to the accumulation of excess gallium in the
melt. The increase in acceptor concentration, however, occurs more slowly than the increase in
Te donor concentration [2].

A number of studies have been devoted to the study of recombination radiation of gallium
antimonide. The photoluminescence spectrum of this compound is complex. The introduction
of certain impurities, as well as various external influences, significantly influence the shape
and position of the emission lines. Therefore, studies by various authors lack a unified view
on the nature of these or those emission lines.In the photoluminescence spectra of undoped
P-GaSb crystals, two emission lines are observed [3] the authors [4] the positions of these lines
with maxima hv, = 0.797 eV and hv, = 0.776 eV weakly depend on temperature. According to
these authors, the high-energy line is associated with the recombination of excitons bound to
impurities.

Accordingto measurements, the position of the radiation maxima depends on the temperature.
It is also noted that the hu_1lline shifts from 0.800 eV to 0.780 eV when the temperature
changes from 10° K to 90° K. They, like other authors [4,5,6] associate this line with interband
recombination, and explain the shift of the radiation maximum to the long-wavelength side
with increasing temperature by the narrowing of the band gap. The origin of the hv, line is
associated by many authors [7,8] with the recombination of the conduction band - a shallow
natural acceptor. Photoluminescence of gallium antimonide, doped with various impurities,
was studied in papers [10]. In the spectra of lightly doped and compensated crystals, which
are obtained by introducing tellurium and selenium donors, a new hv,long-wavelength line
appears. At the same time, the main emission lines are extinguished. According to the authors
[7,8], the hv,line is associated with the emergence of the possibility of radiative transitions
from the conduction band to deep natural acceptors.The position of the maximum of this
line depends on the concentration of impurities and on the excitation level. By studying the
photoluminescence spectra of n-GaSb samples doped with tellurium, the authors came to the
conclusion that the long-wavelength emission line A (hv, = 0.720+0.730 eV) corresponds to
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transitions to the levels of the natural double acceptor. Using higher excitation levels, two more
high-energy lines A and B can be detected with energies at maximum of 0.780 eV and 0.796 eV.

They suggest that line A is the result of electron recombination through the same double
acceptor, rendered neutral by the capture of two holes, while line B is determined by the
emission of an exciton bound to the same neutral center. The authors further point out that line
B is significantly broader than the typically observed bound exciton lines and suggest that this
broad band contains a significant fraction of band-gap electron emission. A shift of the longest
wavelength, line A, toward shorter wavelengths is observed with increasing pumping level,
which is explained by an increase in the Fermi level with increasing nonequilibrium carrier
concentration.In the works [9]the photoluminescence of gallium antimonide heavily doped
with tellurium was studied. At a low excitation level the maximum of the photoluminescence
spectrum, which consists of one broad emission line, shifts to the short-wavelength side of
the spectrum from 0.710 eV to 0.800 eV with an increase in the electron concentration from
3:10% cm?® to 4.7-10'8 cm?. Attributing this phenomenon to the Burstein shift, the authors came
to the conclusion that the initial states for radiative transitions lie in the conduction band,
and the final states are the same deep acceptor levels with an ionization energy of 0.1 eV that
participated in the transitions of lightly doped crystals.

The methodology

A standard setup was used to measure the photoluminescence spectra of gallium antimonide.
Nonequilibrium carriers were excited by a He-Ne laser (LG-126) with A= 1.15 pm, and a P BS
receiver was used to record the radiation.A special cryostat was used, eliminating the need for
optical windows. The sample is placed in a brass bath, which is housed in a Dewar flask with
an open top. The radiation emitted by the crystal is collected by a spherical mirror positioned
directly above the open-top Dewar flask. The converging rays from the spherical mirror are
directed toward the monochromator by a flat mirror and focused on its slit. The optical surface
of the samples was prepared using conventional methods: mechanical grinding on powders
with minimal grain sizes (10-14 um) and chemical etching to a mirror finish in a SR-4A solution.
The photoluminescence spectra of n-type gallium antimonide crystals doped with selenium and
tellurium were studied (the Hall carrier concentrations were: 1:107-9-10'7 cm3. 1,8-10%7-2-10'8 cm3

for Se and Te, respectively, at a temperature of 770K. The studied concentration range
corresponds to the electron degeneracy region.

Discussion
The measurements were carried out at low pump levels; the concentration of nonequilibrium

carriers was =10%° cm3. The photoluminescence spectra under these conditions are a broad,
structureless line (Fig. 1,2).
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Photoluminescence of gallium antimonide (GaSb) crystals doped with selenium (Se) and tellurium (Te)

Figurel. Spectra of n-type GaSb (Se) crystals luminescence, T=77°K
1-0,8; 2-3,9; 3-5,7;4-7,5 10" cm’3

Figure2. Spectra of n-type GaSb (Te) crystal luminescence, T=77°K
N:10Y7cm>3: 1-2,5; 2-4,2; 3-6,2; 4-8; 5-10.

Asthedopinglevelincreases, the maximum of the emission lines shifts toward higher energies,
and the line broadens. The energy of the maximum of the emission line is always significantly
less (80-100 meV) than the optical width of the band gap. Consequently, it can be assumed that
the emission line is caused by transitions from the conduction band to a deep acceptor level: for
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example, to the second ionized state of the double acceptor, which is always present in gallium
antimonide. If p-GaSb is doped to degeneracy (N =2-10"7 cm*, E_=0.029 eV), then the acceptors
are doubly negatively charged. At weak pumping ((4n, Ap<n ), nonequilibrium holes are quickly
captured by acceptors, which then become singly negatively charged. Consequently, carrier
recombination occurs by overcoming the Coulomb barrier, which should be reflected in the
line shape and the position of the emission maximum. Figures 3 and 4 show the concentration
dependences of the maximum and half-width of the emission line of gallium antimonide doped
with Se and Te, respectively.

Figure3. Position of the maximum (1), half-width of the emission lines (2) and
the Fermi level (3) of GaSb (Te) crystals from the doping level, T=770K

Figure4. The position of emission line maximum and level of Fermi crystalsGaSb (Se)
from doping levelT=77°K
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It is evident from the figures that up to concentrations of 5107 cm™ both dependences are
practically identical, and as the degree of doping increases, the influence of the impurity type
appears. For gallium antimonide crystals doped with Te maximum emission from concentration
shifts monotonically to the short-wavelength side with doping, saturating at N >1-10"%cm?,
while the dependence E** _ occurs at N >7-10" ®cm™ and shifts to the long-wavelength side.
The behavior of the half-width of the emission lines on the carrier concentration is similar to
the behavior of E_ . The shape of the emission line for conduction-acceptor band transitions
can be described by the following expression:

I(E)=p(E)F(E)N(E) (1)

p (E)-the density of states in the conduction band, assuming the conduction1 band to be
spherical andisotropic, thenp(E)~VE, E-kinetic energy of electrons; F(E) = exp(F_EmyyT Fermi
equilibrium function: N(E):A/\/E[epr/\/E - 1) Sommerfeld multiplier for the repulsive:

2T

A= (2)

The factor (E) takes into account that transitions are associated with ionized acceptor states,
i.e., with overcoming a repulsive barrier. Consequently, transitions are more probable for
electrons with high kinetic energy. The results of calculations using formula (4) are shown in
Figure 5. The position of the maximum and the short-wavelength wing of the emission line are
practically determined by the position of the Fermi level, which is due to the sharp increase in
barrier transparency with increasing electron energy. Figures 3 and 4 show the dependence of the
Fermi level on the carrier concentration. The concentration is taken from direct measurements
of the Hall coefficient. Indeed, as can be seen from the figure, the shift of the emission maximum
with concentration toward shorter wavelengths is analogous to the change in the position of
the Fermi level for E™ _ to concentrations 1:10"® cm?, for E**  to 7:10" cm™. AtN >1-10'*cm™
dependence E™ _ is saturated, which is apparently due to the filling of the L-valley of the
conduction band, since the Fermi level at a given concentration reaches the L-minima. At the
same time, a contribution to radiative recombination from transitions from the L-minima
should appear. This is evident in a slight discrepancy between theory and experiment in the
short-wavelength wing of the spectrum at high carrier concentrations. The contribution from
transitions fromthe L-minimawasnottakenintoaccountinthe calculations. Thelong-wavelength
wing of the emission band is determined primarily by two factors: the distribution of the density
of states near the bottom of the conduction band and the screening of the Coulomb potential of
the impurity center. Gallium antimonide always contains a large number of natural acceptors
(P=1-2-10" cm™). Therefore, when doping with donor impurities to a level of N ~5:10"" cm?, a
significant degree of compensation exists, resulting in “tails” in the density of states in the band
gap. The presence of these tails, which we did not take into account in our calculations, is one of
the reasons for the discrepancy between the experimental data and the calculation in the region
of the long-wavelength wing of the spectra at N <5-10"7 ¢cm™. Another factor determining the
long-wavelength edge of the luminescence spectrum is the screening of the Coulomb potential
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of the impurity center by free electrons. The presence of a negative charge at the impurity center
leads to a dependence of the probability of radiative recombination of electrons on their kinetic
energy. This situation is analogous to the dependence of the transparency of the Coulomb
barrier on the particle energy during tunneling. An increase in the electron concentration leads
to a lowering and narrowing of the Coulomb barrier, increasing the probability of electrons
with low kinetic energy passing through it. One can attempt to account for the screening of the
electrostatic potential by taking the eigenvalue of the Schrédinger equation with a Hamiltonian
including the electrostatic screened potential as the total electron energy E(z) in the single-
electron approximation:

ez -L
= — T3
Vi) ="-e 3)
where r, - Thomas-Fermi screening radius
3Ne 4me?
1= () |—5

In general, the Schréodinger equation does not have a closed-loop analytical solution. However,
such a solution can be obtained for large values of the screening radius r_>a_. The static screened
potential in this case can be represented as:

2
ing (4)
M

Taking into account screening in this case comes down to adding the following expression to
the total energy of the electron:

3Ne
1 = (e

T i ©)

i.e. to the shift in the electron energy reference point. One can attempt to account for the
effect of screening in the same way for the caser <a,, which is the case for the crystals under
study. The calculation using formula (5) is shown in Figure 5:

Figure5. Spectra of luminescence of n-typeGaSb,theory: a-no screening; b- subject to screening;
c-experiment
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[tis evident that taking into account the screening broadens the long-wavelength wing of the
spectrum. The best agreement between the experimentally observed spectra of GaSb(Te) and
the calculated results is observed at Hall concentrations of (6-8) 107 cm; i.e., when the role of
the density of states “tails” is already relatively small, and the contribution of transitions from
the L-minimum is still insignificant. Returning to Figs. 2 and 3, we note a significant difference
in the behavior of the concentration dependences of Emaxfor crystals doped with tellurium
and selenium. In the case of GaSb(Te), E™ = monotonically shifts to the short-wavelength side
similarly to E_ up to concentrations of the order of 1-10"8 cm®, and saturates with a further increase
in the concentration. This behavior at high concentrations is due to the fact that the Fermi level
reaches the L-minima of the conduction band (the Te level, located below the L-minima for these
concentrations is degenerate) and due to the higher density of states in them(m,*=0,29m )
the growth of the Fermi level should slow down. Moreover, at such electron concentrations,
the effect of narrowing of the band gap with doping is already significant. Saturation can be
explained in this case by the simultaneous action of two factors: a weak increase in the Fermi
level and a decrease in the band gap with doping. In GaSb(Se) crystals, the resonant levels of
selenium associated with the L-minima, as will be shown in the next paragraph, are located 33
meV below the bottom of the L-minimum of the conduction band. Consequently, saturation of
the concentration dependence of Esemax, associated with the filling of the resonant states with Ie,
should occur at lower concentrations N_than for GaSb(Te) crystals. However, it is evident from
Fig. 4 that the dependence of E¥* _ on N _passes through a maximum at N ~7-10" ¢m™ and then
shifts to the long-wavelength side with a further increase in N . Therefore, it can be concluded
that the decrease in the band gap with doping should be significantly greater than for crystals
in GaSb(Te). The stronger decrease in the band gap with doping may be due to the fact that
selenium in gallium antimonide produces a center that differs from the hydrogen-like center,
and for such a center, the dependence of the change in the band gap width with doping can be
significantly stronger than for the hydrogen-like center.

Conclusion

In this paper, the photoluminescence of gallium antimonide (GaSb) crystals doped with
selenium (Se) and tellurium (Te) was studied, and the following conclusions were drawn from
the obtained data:

1. The photoluminescence of gallium antimonide crystals doped with selenium and tellurium
was determined by the transition from the conduction band to the second ionized state of the
natural acceptor in the concentration range (1*10'7 - 8108 cm u 1.8¥10' - 2*10'® cm3) for
selenium and tellurium.

2. The shape and position of the emission maximum line are determined by the Coulomb
potential of the impurity, additional minima in the conduction band, and associated resonant
impurity states.

3. It was established that the difference in the photoluminescence spectra of gallium
antimonide crystals with different donor impurities (selenium, tellurium) is due to the influence
of resonant impurity levels associated with the conduction band minima.
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4.Itwas noted that the shift of the long-wavelength emission edge toward higher energies with
increasing concentration is explained by the influence of impurity concentration fluctuations.
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CesieH (Se) x9He Tesutyp (Te) KocbLIFaH rajimii aHnTuMoHUi (GaSb) KpucraiaapbIHbIH,
doTonoMUHecCHeHIUSIChI

Angarna. bysn XyMmbIc ra/uiMii aHTUMOHUJIHIH KpPUCTaNAAPbIHJAFbl GOTOJSOMUHUCIEHIIUSHbI
3epTTeyre apHa/iFaH Heri3ri )KyMbICTap/blH, KbICKaIlla LI0JIybIH, COH/lal-aK, aiMaKThIK, KYPbLJIbIMHBIH,
epeKIieJiKTepiH >oHe Kocma KyHJepiHiH KjaaccupuKanuschlH Kapactbipagbl. (107-9:-10Y7 cm3.
1,8:10%7-2:10'® cm3) KOHIeHTpalMsAAMANa30HbIHA CeJieH MeH TeJUlyp YIIiH JIeTUpJIeHTeH TaJuIhi
AHTUMOHU/JIIHIH ¢oToMOMUHUCIeHIUsACKI 6epinreH. GaSb ¢oTosoOMUHeECHEHIUSACKl KOC TabGUFu
aKIeNTOPAbIH, OTKi3rilTiK aliMaFblHaH eKiHIII HOHJAJFaH KyHiHe eTy apKblibl aHbIKTAJIATbIHbI
kepceTiyireH. llIbIFapy ChI3bIFbIHBIH, MAKCUMYMBIHBIH, MillliHIi MEH OPHBI KOCHAHbIH KYJOHABIK OTEH-
IUaJbIMeH, OTKi3rilmTiK aliMaFblHJAFbl KOCbIMIIA MUHUMYMJAPMEH >XoHe OJlapMeH Oal/IaHbICThI
PE30HAHCTHIK, Kocla KyWjepiMeH aHbIKTa/aAbl.KypaMbiHAA opTYpJii JOHOPJIBIK Kocmasap (ceseH,
TeJulyp) O6ap Ta//IMd aHTUMOHHUJI KpHUCTaJJapblHbIH (GOTOJIOMUHECHEHIIUS CIeKTpJepiHaeri
albIpMalIbLIbIKTAp 6TKI3riLITiK 30HaHbIH L-MUHUMYM/apbIMeH 6al1aHbICThl PE30HAHCTBIK Kocnaaap
JeHrelsepiHiH ocepiHeH 06o0JiaTbhlHbl aHbIKTaAAbl. GaSb <¢oToslOMUHeCHIEHIIUS CHeKTpJepiHiH,
NilliHIHIE TeOpUAJBIK ecenTeyJiepi )Kyprisizigi. MaKCUMyMHBIH, OpHa/Iacybl K9He KbICKA TOJIKbIH/bI
CayJieJIeHY ChI3bIKTapbIHbIH KaHATHI ic xky3iHAe PepMu JleHreliHiH opHalacybIMeH aHbIKTalaAbl Oy
3JIEKTPOH/IAPAbIH, 3HEPTHUACBIHBIH, KOFApbLJIaybIMEeH TOCKAYbLI MOJIJIPJIriHiH KYpT ecyiHe 6ali/JIaHbICThI.
MakaJiaZia »KyMbIC HOTHKeJIepiHiH MPaKTHUKaJIbIK MaHbI3/IbLJIbIFbl COHbIMEH KaTap apThlJIal eTKi3rii
KYPbUIFBLIAPABIH 9PTYPJIi TYpJiepiHAe ONTHKAJIBIK KoHe GOTOTIOMHUHECIEHIIUAIBIK, KyOblIbICTAP/IbI
KeHiHeH KoJI/laHyMeH 6al/laHbICThI EKEHi KeJTipijireH.

Tyiin ce3gep: GOTONMOMUHHUCIEHIUA, KOCMajlap, KPUCTa/J, PEKOMOWHAIMS, KOHIeHTpalus,
JleHrel, sHeprus
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(E-mail: s.egemberdieva@bk.ru, k.bibara@mail.ru, *k. maikul@mail ru, merukey1970@mail.ru)

®OTO/IIOMUHHUCIEHUSA KPUCTAIJIOB aHTUMOHKAA raius (GaSb) sierupoBaHHbIX cesieHOM (Se)
U TesutypoM (Te)

AnHoTanus. B faHHO# pa6oTe paccMaTpPUBAIOTCSA KPAaTKUM 0630p OCHOBHBIX PabOT, MOCBSIIIEHHBIX
UCC/IeIOBAaHUI0 (OTOIIOMUHUCIEHIIMM B KPUCTA//IaX aHTUMOHHUJA Ta/UIUsl, a TaKXKe OCOOEHHOCTHU
30HHOH CTPYKTYpbI U KJacCUPHUKALUS NMPUMECHBIX COCTOSHUHU. [IpuBeseHbl GOTONIOMUHUCIEHIHUS
AHTUMOHU/IA TaJIJIMs, JIETHPOBAHHBIX CEJIEHOM U TeJUIypOM B JiMana3oHe KoHIeHTpanui (1017-9-10Y
cm3,1,8:1017-2-108 cm3) 11 cesieHa M TeslIypa COOTBETCTBEHHO. [Toka3aHo 4YTO GOTOIIOMUHUCIIEH IS
GaSb omnpepnessieTcs mepenajaMyd M3 30HbI NIPOBOJUMOCTH Ha BTOPOE MOHHU30BAaHHOE COCTOSIHUE
JIBOMHOTO NPUPOJHOTO aKientopa. PopMa U osi0’keHHe MaKCHUMyMa JIMHUN U3/Ty4eHHs ONlpe/iesIsieTCs
KYJIOHOBCKHUM MOTEHIIMAJIOM NPUMECH, AOMOJHUTEJIbHBIMU MHUHHMYMaMH30HbI HPOBOAMMOCTH U
pPE30HAaHCHBIMH NPUMECHBIMH COCTOSIHUMH CBSI3aHHBIMH C HUMH. BBIsIB/IEHO, UTO pas/inyue CIEKTPOB
GOTONOMUHHUCIIEHIIMN  KPUCTA/JIOB AHTUMOHHJA TaJl/IMs,COAepKAIMX pa3JIMuHble JOHOpPHbIE
npuMecu (cesieH, Tesulyp) 0GYCJOBJIEH BJIMSIHMEM pPE30HAHCHBIX MPUMECHBIX YPOBHEH CBS3aHHBIX
¢ L-MMUHUMyMaMHu 30HBI NPOBOAMMOCTHU. [IpoBe/ieHbl TeOpeTHYeCKHe pacyeThbl (OpPMbI CHEKTPOB
doTtomomMmuHucueHnui GaSb. [losokeHre MakCUMyMa U KOPOTKOBOJIHOBbIE KPBIJIO INHUH U3JTy4eHUs
MPaKTUYECKU ONpeJiesIsieTCsl MoJIoKeHneM YpoBHSA PepMu 4TO 06yC/I0BJIEHO PE3KUM BO3pacTaHUEM
NPO3payHOCTU Oapbepa MpHU yBeJWYeHUH SHEeprui 3/1eKTpoHOB.[I[pakTHYecKoe 3HAYEHHE UTOTOB
paGoThI B CTaThe CBSI3aHO TAKIKE C IMPOKUM HCIOIb30BaHHUEM ONTHYECKUX U POTOHOMUHUCLEHTHBIX
SIBJIEHUH B Pa3/IMYHbBIX TUIIAX [TOJYPOBOJHUKOBBIX TPHUOOPOB.

Kniwo4yeBblie c10Ba: GOTOMOMUHUCLEHIMS, IPUMECH, KPUCTALJ, PEKOMOUHALMS, KOHI[eHTpaLus,
YPOBEHb, 3HEPT U
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Penakius mekeH-xakibl: 010008, Kazakcran Peciy6sinkachl ActaHa K., CoT6aeB Keleci, 2.
JLH. 'ymuneB ateiHfarbl Eypasus yatTeiK yHuBepcuTeTi Tea.: +7(71-72) 70-95-00 (ki 31-410)
JL.H. T'ymuseB aTbiHAarbl Eypa3us yITTHIK YHUBEPCUTETiHIH 6acnachiH/ia 6aChLIAbI.



