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Abstract. In this paper, we explore the pre-inflationary evolution of the universe
driven by a logarithmic potential in the context of Loop Quantum Cosmology.
Our analysis focuses on identifying the physically admissible initial conditions
for the inflaton field that result in a successful phase of slow-roll inflation.
We also evaluate the corresponding number of e-folds and examine their
consistency with current observational bounds. When the kinetic energy of the
inflaton dominates at the initial stage, the cosmic evolution prior to reheating
naturally separates into three successive phases: the bouncing phase, the
transition phase, and the slow-roll inflationary phase. Throughout the bouncing
phase, the dynamics of the scale factor are largely insensitive to both the chosen
initial conditions and the detailed structure of the inflationary potential. In this
regime, the evolution admits an explicit analytical solution, providing a clear
and model-independent description of the background behavior before the
onset of inflation. In this model, the quantum bounce is governed entirely by
kinetic energy, since potential energy-dominated initial conditions cannot be
realized over the full range of inflaton field.

Keywords: Big Bang Singularity, Quantum Bounce, Inflation, Loop Quantum
Cosmology.

Introduction

The theory of cosmic inflation is a cornerstone of modern cosmology, providing a
compelling explanation for several fundamental puzzles associated with the early universe.
First proposed in the early 1980s by Alan Guth and others, inflation refers to a brief epoch
of cosmic acceleration, nearly exponential expansion that occurred roughly between 10-36
and 10-32 seconds after the Big Bang. During this phase, the dynamics were driven by a high-
energy scalar field known as the inflaton, whose potential energy temporarily dominated the
total energy density of the universe, causing rapid expansion. Before the onset of inflation,
regions that are now widely separated were causally connected, allowing them to achieve
thermal equilibrium. The subsequent accelerated expansion stretched these regions far
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beyond each other’s horizons, thereby explaining the remarkable isotropy of the cosmic
microwave background (CMB). In this way, inflation successfully resolves the horizon and
flatness problems of the standard cosmological model. Moreover, quantum fluctuations of the
inflaton field provide the seeds for primordial density perturbations, which later evolved into
the large-scale structure of the universe [1,2]. Over the years, a wide variety of inflationary
models have been developed and confronted with observational data. In single-field inflation,
the quadratic potential has been strongly disfavored relative to Starobinsky model, as
indicated by the 2018 results of the Planck Collaboration [3]. In this paper, we numerically
investigate the dynamics of the loop inflation using the corresponding background equations.

Despite its successes, inflation within the framework of classical General Relativity (GR)
inevitably encounters the Big Bang singularity, where physical quantities such as curvature
and energy density diverge [4,5]. Consequently, inflationary spacetimes remain geodesically
incomplete in the past. An appealing resolution to this problem is provided by Loop Quantum
Cosmology (LQC), in which the classical singularity is replaced by a non-singular quantum
bounce [6-8]. LQC is derived from Loop Quantum Gravity (LQG), a background-independent
approach to quantizing spacetime. In LQG, geometry is fundamentally discrete and described
in terms of spin networks, implying that space itself has an underlying lattice-like structure at
the Planck scale. When these principles are applied to homogeneousand isotropic cosmological
settings, the resulting quantum corrections modify the classical Friedmann equations at high
densities. As a consequence, instead of diverging to infinity, the energy density reaches a
maximum finite value, leading to a quantum bounce that connects a contracting phase to
the present expanding universe. This resolution of the initial singularity addresses one of
the most profound shortcomings of classical cosmology. Furthermore, LQC makes distinctive
predictions for the early-universe dynamics at high curvature scales, which may be tested
through precise measurements of the CMB and primordial gravitational waves. Remarkably, it
has been shown that the post-bounce evolution in LQC naturally gives rise to a phase of slow-
roll inflation for a broad range of initial conditions [9-17]. To investigate the pre-inflationary
dynamics and cosmological perturbations, two principal approaches are commonly employed:
the dressed metric approach and the deformed algebra approach. However, when attention
is restricted to the background evolution of the universe, both frameworks yield the same
set of dynamical equations. Consequently, the results presented in this paper are applicable
to either approach. A similar analysis can also be extended to other inflationary models.
Nevertheless, the main conclusions derived here are expected to remain valid in other models
as well, at least in cases where the early evolution of the universe is dominated by the Kkinetic
energy of the inflaton field.

Loop Quantum Cosmology and the Quantum Bounce

In standard cosmology, the Big Bang is typically associated with a spacetime singularity—a
state at which the energy density and curvature diverge, causing the classical equations of GR
to lose their validity. Loop Quantum Cosmology introduces quantum geometric corrections to
the Einstein field equations of General Relativity, thereby altering the high-energy behavior of
the universe. As a consequence, the Friedmann equations are modified to incorporate these
quantum effects [18,19].
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2 _ 871G _p
=250 p(1-f)
The correction term p (1 — ﬁ) encodes the quantum geometric effects that become
Pc

dominant at high energy densities. This modification prevents the divergence of physical
quantities by ensuring that the energy density never exceeds the critical value p_[20,21]. As
p approaches p , the expansion rate gradually decreases and eventually vanishes, resulting in
a non-singular quantum bounce instead of a classical singularity. Consequently, the universe
transitions smoothly from a contracting phase to an expanding one. The modified Friedmann
equation in LQC therefore establishes a consistent connection between classical cosmological
dynamics and the underlying quantum description of spacetime. The Klein-Gordon equation
remains the same as in GR.
av(¢)

¢ + 3H ¢ +— 7 = 0. )

From Eq. (1), it follows that the Hubble parameter (H) vanishes when the energy density
reaches the critical value p=p_. This condition signals the occurrence of the quantum bounce. In
the following, we investigate both the bouncing phase and the subsequent slow-roll inflation
for the potential of the form given below.

The flatness of an inflationary potential is generally modified by radiative corrections. At
one-loop order, these corrections typically appear in the form of a logarithmic term, In(¢$/u),
where pdenotes the renormalization scale. Even if one begins with an exactly flat potential, the
inclusion of quantum effects leads to the emergence of a logarithmic potential. Investigating
such potentials, therefore, provides a straightforward framework for understanding under
what conditions quantum corrections spoil the flatness of the potential and the mechanism
by which this occurs. Let us now consider the slow-roll analysis of loop inflation. The
corresponding potential is given by

V(g) = Vo (1+aln mip,) 3)

where o is a dimensionless parameter that can take either positive or negative values. In this
work, we shall use a=1 and V =1.12436*10"* m,*, see Appendix of Ref. [16]. At the bounce,

Pl’

we have
_ P=P.
1 4
5¢2(t3)+V(¢(tB)) = Pc (4)
a(tB) =0
This implies that
Ptp) = iJZ (pc - V(d)(tg))) (5)
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a(tg) =1

Here after, we shall read ¢(tg), ¢ (tp) and a(tp) as ¢y, P and ap in the article. We
introduce the key parameters that will be employed throughout the analysis.

(i) Equation of State: The equation of state (EoS) parameter for the scalar field is defined
as

b2 2-V
w(p) =2 [2-V(@) _
$2/2+V()

—1,in the slow-roll phase  (6)

To classify the nature of the initial conditions at the bounce, we evaluate w(¢) at p=¢s.
Accordingly, we consider two types of initial conditions:

¢ Kinetic Energy Dominated (KED): w(¢z)>0

¢ Potential Energy Dominated (PED): w(¢s)<0
At the quantum bounce, the scale factor is fixed to ag=1. However, the value of w(¢s)
distinguishes the two scenarios: it is positive for KED initial conditions and negative for
PED initial conditions.

(ii) Slow-Roll Parameter: The Hubble slow-roll parameter €y is defined as

€y = — % « 1,in the slow-roll phase (7)

(iii) Number of e-Folds: The number of e-folds generated during inflation is given by
Ninf= Log (@enda/ai) (8)

This quantity measures the total amount of accelerated expansion during inflation.
(iv) Analytical Scale Factor in the Bouncing Regime: In the vicinity of the bounce, the
analytical form of the scale factor is given by

,\1/6
a(t) = ag (1+6;—1%1) 9)

where ap=a(ts), § is a dimensionless parameter, and tp, denotes the Planck time. We
numerically solve the modified Friedmann equation (1) and the Klein-Gordon equation (2)
together with the chosen potential (3). At the bounce, we examine only positive inflaton

velocity (PIV) ¢ 5> 0. However, one can also perform similar analysis for negative inflaton

velocity (NIV). ¢, < OThe initial scalar field configurations are categorized into KED and
PED cases. Let us analyze the case of PIV for both KED and PED initial conditions. The
numerical evolution of the scale factor a(t), the EoS parameter w(¢), and the slow-roll
parameter ey for various values of ¢p are illustrated in Fig. 1. First, we investigate the KED
initial conditions of inflaton field. In the bouncing regime, the evolution of a(t) is largely
independent of the specific choice of ¢ and closely follows the analytical solution (7). During
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the slow-roll phase, the scale factor exhibits exponential growth. The numerical evolution
can be clearly divided into three stages:

1. Bouncing phase: w(¢)x+1

2. Transition phase: w(¢) evolves from +1 to -1

3. Slow-roll phase: w(¢$)x-1
Furthermore, we compute the number of e-folds Nixs for different values of ¢g and the
results are summarized in Table 1. According to the 2018 results of the Planck
Collaboration, a successful inflationary scenario requires at least 60 e-folds. This
observational constraint places bounds on the allowed range of the initial field value ¢s.
The values of the number of e-folds Nixrf are summarized in Table 1. It is evident that Nins
increases with increasing initial field value ¢s. Similar trends have been reported in
previous studies. We now turn to the PED initial conditions; in this case, the initial
conditions at the bounce are governed solely by kinetic energy, since PED initial conditions
do not arise at any stage of the bouncing phase. Similar conclusions were reported for the
T-model in Ref. [16]. Hence, the PED initial conditions of inflaton field cannot be imposed
across the entire range of ¢s.

10°

I
Pp=1 mp, I
10 p
5 @s=10 mp, M
lUUU; _____ dp=50 mp ;-":_ B
E " "' ;i ‘..__‘,.--"'
‘;-_‘: l'[:'U' e s Analﬂlcﬂ ‘f_;-""
10} e
lf"'#
0.1° =
Iy 1 100 10* 10°
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Figure 1. The figure illustrates the evolution of a(t) for different KED initial
conditions at the bounce. The analytical solution for a(t) is also shown to enable a
direct comparison with the numerical results. In this scenario, the evolution of a(t)
exhibits universal behavior.
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Figure 2. The figure exhibits the evolution of w(¢) for various KED initial
conditions at the bounce. We observe that the evolution of the universe can be
divided into three distinct phases:

the bouncing phase, the transition phase, and the slow-roll phase.
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Figure 3. This figure represents the evolution of €y for different KED initial
conditions at the bounce.
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Table 1. Inflationary parameters for the potential (3) with ¢ 5> 0.

$s/mp Inflation t/tel €y w(d) Ninf

0.5 Start 91045.7 0.92 -1/3
Slow-roll 376311 0.00014 -1 45.55

End 1.0747*107 0.28 -1/3

1.0 Start 82205.7 1.0 -1/3
Slow-roll 381749 0.000018 -1 60.13

End 5.8796*107 0.33 -1/3

2.0 Start 79532.6 1.0 -1/3
Slow-roll 386300 0.00019 -1 62.23

End 1.0362*107 0.22 -1/3

Conclusions

In this work, we have investigated the pre-inflationary dynamics associated with the
potential introduced in Eq. (3) within the framework of LQC. Our analysis shows that, for KED
initial conditions of the inflaton field at the bounce, the cosmic evolution naturally divides
into three well-defined stages: the bouncing phase, the transition phase, and the slow-roll
inflationary phase. During the bouncing regime, the scale factor a(t) displays a universal
behavior that remains largely insensitive to a broad range of initial values of ¢ B, as well as to
the detailed form of the inflationary potential. This universality is a distinctive feature of LQC
when the kinetic energy dominates at the bounce. The numerical solutions for a(t) are found to
be in excellent agreement with the analytical expression provided in Eq. (7), as demonstrated
in Fig. 1. In this phase, the EoS parameter satisfies w(¢$)x+1, confirming that the dynamics
are indeed governed by the kinetic term of the inflaton field. As the evolution proceeds, the
universe enters a brief transition phase characterized by a rapid change in the EoS parameter
from +1 to -1. This intermediate stage is considerably shorter in duration compared with
both the bouncing and the subsequent slow-roll phases. Despite its short timescale, it plays a
crucial role in connecting the kinetic energy-dominated bounce to the inflationary attractor
solution. Following the transition, the universe moves into an accelerating regime. At the
beginning of this stage, the slow-roll parameter is relatively large, reflecting the residual effects
of the preceding dynamics. However, it quickly decreases and approaches a value close to
zero, indicating that the system is settling into the slow-roll inflationary phase. This behavior
is clearly illustrated in Figures 2 and 3. The total number of e-folds Ninf generated during
the slow-roll period has been computed for various initial conditions and is summarized in
Table 1. The results confirm that a sufficient number of e-folds can be achieved for a suitable
range of ¢B, consistent with observational requirements. We also examined the scenario
corresponding to PED initial conditions. Interestingly, even in this case, the dynamics at the
bounce are effectively controlled by the kinetic energy of the inflaton. In other words, PED
conditions do not genuinely arise during the bouncing phase, as the kinetic term inevitably
dominates the energy density at that stage. Similar findings were reported for the T-model
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in Ref. [16]. Consequently, PED initial conditions for the inflaton field cannot be consistently
implemented across the entire range of ¢B, reinforcing the robustness of the KED bounce in
this framework.
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KBaHTTBIK ceKipy Ke3iHaeri MHQIANUAIBIK 6PiCTiH 6acTanKbl MIapTTapbl

Anparna. byn Makanaza UUKJAAIK KBaHTTBIK KOCMOJIOTHSI KOHTEKCiHJe Jiorapudmaik
MOTeHI[MaJIMeH 0acKapblIATbIH 9JIeMHiH MHOQJIANUAFA AeHiHTi 3BOIONUACHIH 3epTTeiMi3. biziH
Ta/laybIMbI3 6as1y joMasiay UHOJISALUSCbIHBIH COTTi Ga3achiHa 9KeJIeTiH ypJiey epici yuliH Gu3uKanabIK
TYPFbIJIaH PYKCAT eTiJireH 6acTankbl »KaFgaljap/bl aHbIKTayFa 6GarbITTasfaH. CoOHZAN-aK THiCTi
3JIEKTPOH/AbI KaTNapJap CaHbIH 6aFaaiiMbl3 XKaHe 0J1ap/iblH aFbIM/IaFbl GaKblaay lieKapajapbiMeH
coUKecTiriH Tekcepemi3. WHOIAIUMAHBIH, KUHETUKAJIBIK 3HEPTHsAChl GacTanKbl Ke3eHJle 06acbIM
O60JIFaH Ke3Jle, KaillTa KbI3JbIpyFa AeMiHTi FapbIIITHIK 3BOJIIOIUS YII Ke3eHHEH TyYpajbl: ceKipy
da3zacel, eTnesi ¢asa xoHe 6asgy jgomasiay uHPJsAnus ¢daszacel. Cekipy ¢asacbl 60Wbl MacimTabd
baKTOpPBbIHBIH JIUHAMUKACKI TaHJa/JIFaH 6acTanKbl XKaFqalaapra /1a, UHQISLUSIBIK MOTeHIUabIH
erked-Terkeni KypblJIbIMbIHA Ia ce3iMTas eMec. by pexxum/ie 3BoIIOLMA HHOJIAIMA GacTalFaHFa
JlediHri poHABIK JUHAMHKA aHBIK K9HE MO/leJIbIre TayeJiCi3 CUMaTTaMachblH YChbIHA OThIPbIMN, allKbIH
aHaJIUTHUKAJBIK lIeliMre ue. bys MoziesibJie KBAHTThIK CEKipy TOJIbIFbIMEH KUHETUKAJbIK3HEPTUSAMEH
6acKapbLia/ibl, ce6ebi MoTeHUANbIK SHEPTUS 6aChIM 6acTaNKbl KaFJalaap HHPAAUAIBIK 6PiCTiH
TOJIbIK JMAla30HbIH/A XKY3€ere acrnanjbl.

TyiliH ce3A€ep: Y/IKEH )KapbLJIbIC CAHTYJISPJIbIFbI, KBAHTTHIK CEKipY, UHDAAI U, HUKI/IK KBAHTTHIK,
KOCMOJIOT S
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HavanbHbIE yC/10BUA MOJIA PIH(l)JIaTOHa IIpHU KBAHTOBOM OTCKOKeE

AHHoOTanusa. B naHHoOUM pa6oTe Mbl HccaenyeM npeAuMHOSAIMOHHYIO 3BOJIONUI0 BcesneHHOH,
00yC/I0BJIEHHYIO JIOTapUPMUUYECKUM NNOTEHIMA/I0OM, B KOHTEKCTe N1eT1eBOM KBAHTOBOM KOCMOJIOTHH.
Ham aHanus cocpefoTodyeH Ha onpejeseHUU QU3NYECKU [ONYCTUMBIX Ha4yaJbHBIX YCJAOBUH
JJ19 1o MHJIATOHA, KOTOpble MPUBOJAT K ycnellHoW ¢ase MeasieHHON HMHOAALMU. MBI Takxe
OLleHMBAeM COOTBETCTBYWOIlee YHCJIO e-CKJaJ0K W H3y4YaeM HUX COIJIACOBAHHOCTb C TEKYLUMHU
HabJ0/aTeJbHbIMUA OrpaHuYeHussMU. Korja KuHeTH4Yeckasi 3Heprus MHJaTOHa JOMUHUPYeT Ha
HayaJIbHOM 3Talle, KOCMUYecKasi 3BOJIIOLMSA /10 [lepeHarpeBa ecTeCTBEHHbIM 06pa3oM pasjeJseTcs
Ha TpH Nocye/joBaTebHble pa3bl: pa3y 0TCKOKaA, NepexoHyo ¢a3y u ¢pa3y MeieHHOU HHOIAAUH.
Ha nportsaxeHnu Bceil $paspl OTCKOKA JUHAMHKA MaclITaOHOro ¢pakTopa B 3HAaUUTEJIbHOW CTeNeHHU
He4YyBCTBUTeJbHA KaK K BbIOpDAaHHBIM HavaJbHbIM YCJOBUSAM, TaK U K JleTaJbHOH CTPYKType
MHOQJISILMOHHOrO MOTeHIUajla. B 3TOM pexume 3BOJIIOLUS [JONYyCKaeT sIBHOE aHaJIUTHYeCKOe
pellleHHe, obecleyrBarolee YeTKOe U He3aBUCHMOE OT MO/ieJIU onucaHrve GOHOBOI0 MOBEJEHUS 10
Havyasa MHGAALUU. B 3TON MoJesn KBaHTOBBIN OTCKOK IMOJIHOCTbIO ONpeJenseTcs KMHeTUYeCKOU
JHepruel, NOCKOJIbKY Hadya/lbHble YCJI0BUS, B KOTOPBIX JOMHUHUPYeT NOTeHHa/lbHasd dHeprus, He
MOTYT OBITh peaJiM30BaHbl BO BCEM /iMaNa3oHe N0Jis UH$JIaToHa.

Kiw4deBble C/10Ba: CUHTYJISIPHOCTb B0JIbIIOTO B3pbIBa, KBAHTOBBIA OTCKOK, UH ALK, IeTIeBas
KBaHTOBasi KOCMOJIOTHS
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AnpaTtna. bys )kyMbicTa MaTepusi-reOMeTPUSIHbIH, MUHUMaJI/ibl eMec 6aia-
Hbicbl 6ap f(R,T) rpaBUTALUsCHIHBIH €H KapamalbIM CbhI3bIKTBIK MOJeJiH/e
f(R,T)=R+2AT 6asysiay napamMeTpiHiH AUBEePreH1MAChbI3 TapaMeTpJIEHYiH 3epT-
TeiMi3, MyHJia R - Puuuu ckanspsl, T - sHeprusi-uMmnysibC TEH30PbIHBIH, i3], A -
6alyiaHbIC HapaMeTpi. ATa/JiFaH NapaMeTpJieHy apKbljibl Xa66J1 mapaMeTpiH Kbl-
3bL1 bIFbICyMeH H(z)TypiHze wbiFapbin, oHbl MogUbUKanysaaanFad Ppugman
TeHAey/lepiHe eHrizeMis. Mogenb napametpJsiepi OHD (cosmic chronometers)
»koHe Pantheon cynepHoBasiap »KMHAKTaMacbIHbIH, JlepeKTepiMeH IIeKTeJli,
Kasipri maoHzaep ywiH H_0, q_0 >koHe 3BOJIIOUUAJBIK KOMIIOHEHT(_lCcaHAbIK
Typ/Zie OarasiaHabl, HOTWXKesep FasaMHblH GasiysiayZiad yaeyre 6ipKasibInThbl
eTeTiHiH kepceTe/i. COHbIMEH KaTap, 9pTYypJii A MoHJepiHJe SHEPTUsl ThIFbI-
3/IbIFbI P MEH TOJIBIK, KYH TeH/leyi MapaMeTpiHiH w yaKbIT 60MbIHIIA ©3Tepici
tasaanbin, ACDM MozesiiHeH aybITKyJap K9He A mapaMeTpiHiH FajlaM/bIK,
JIMHAaMUKaHbl KaJbIITACTbIPYAAFbl peJli alKbIHAa/1aAbl. JHePIrys WapTTapbliH
Tekcepy HaTuxKeciHZe NEC xxoHe DEC mwapTTaps! 3BoJitonys 601bl OpblHAAA-
ThIHbI, 271 SEC apThI Kelll yaKbITTapAa 6y3blI1aThIHbI aHbIKTaIa/Ibl, 0YJ1 6AKbI-
JIay/bIK yZleyMeH yiiecei. 2Kannbl anfaH/ia, AUBePreHMAChbi3 NapaMeTpJeHy
f(R,T) rpaBuTayuscel uieHo6epiH/ie Kell yaKbITTaFbl KOCMOCTBIK YA€yl TYCiH-
Jlipyre api 6aKblaay/IbIK )XoHe TEOPUSJIBbIK IIeKTeylepAi caKkTayFa MyYMKiHZiK
6epeni. 3epTTey HaTHXKesepi cTaHAapTTbl ACDM MozeniMeH casibICThIpMasibl
TaJIay XKYpri3yre oHe A napaMeTpiHe 6aKblIaYJIbIK, lIEKTEYJIep KOIOFa Heri3
6o0J1aibl.

Ty¥in ce3aep: [JuBepreHuusicoia 6asynay napametpi, f(R,T) rpaBuTanusicsi,
MHUHUMaJI/Ibl eMecC OailJlaHbIC, KOCMOCTBIK, Y€y, SHEPTUsl LapTTaphl, Kyl TeH-
zeyi, ACDM.

Introduction

Kasipri 6akbliay/blK KOCMOJIOTHsS OoMbIHIIA FaslaMHBIH KeHeloi Kelll yaKbITTapAa yAeu
TYCeTiHI CeHiMJi TypJe aHbIKTaJfaH. bysl KOpBITBIHABI €H ajjbiMeH la TunTi aca »kaHa
KyAabi3aapAbiH (SNe [a) KalllbIKThIK-KbI3bLI bIFbICY 6aliJIaHbICbIHAH a/IbIHFAH HOTHXKeJIEpMeH
XKibepingi 3.02.2026. B3repringi 19.02.2026. Kadbbpuiganast 19.02.2026. Onnaiid Kou xetimai 30.03.2026
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Munumandet emec f(R,T) zpasumayusicoiHoa 6astyay napamempi
dusepzeHYUSICbI3 NapaMempJiey JHcaHe IHep2usl Wapmmapbl

nanenaeni [1,2]. Ctangapttsel ACDM mMopeniH/e yiiey KYObLIbIChl KOCMOJIOTUSJIBIK TYPAKTbI
HeMece BaKyyM/IbIK 3Heprus apkKbLibl TyCiHAipisnezi. /lereHMeH, MyHJaW TYCIHAIpYAiH
TEOPUSJBIK KUBIHABIKTApbl MEH alllblK CypaKTapbl 6asamMa TaciiaepAi KapacThIpyFa
bIHTaJIAaH/bIPAbI.

Basiama 6aFbITTap/{blH, MaHbI3/1bl KJachkl - MoAUUKaALMA/IaHFaH I'PaBUTALUSA TEOPUSAIAPBI.
Bys Tacinpe Kell yakbITTarbl YJeyZi »aHa KYHTIPT 3Heprusi KOMIIOHEHTIH eHri3bei-ak,
rpaBUTALUAIBIK 9CEP/IiH YJIKEH MacIITabTap/Aa e3repyi apKbljibl cHlaTTayFa 60J1abl. OCbIHAM
Teopusiiapably, iminge f(R), f(T), ckanssip-TeH30pJbIK MOJesbJep KoHe O0Jiap/blH 9pTypJii
»KaJlIllblJIaMaJlapbl KeHiHEH 3epTTeJireH. Ajlai/ia nmapaMeTpJiiK epKiHZAIri Kenm MoJesbJep/e
bU3rKaNbIK WHTepHpeTanus KypAeJieHin, 0aKblIayJblK JlepeKTepMeH COWKECTIriH HaKThI
6afrasiay KMbIH 60J1ybl MyMKiH. COHZbIKTAaH KapanaibIM api 6aKbliay/iblK TYPFbl/IaH TEKCEPYTE
bIHFaMJIb], 6ipaK cOoHbIMEH 6ipre kaHa ¢u3uKaablK 3pdeKTiiep 6epeTiH MozebAepre epeKiie
Haszap ayzapbliaajbl.

Ocet  Typrbiga  f(R,T) rpaBuTauusicel KpI3bIKTBI MYMKiHJiIKTep ©Oepeni, MyHJa
rpaBUTALUAJIBIK, 9CEP KEHICTIK-YaKbIT KUCBIKTBIFbIH CUNATTAaWTbIH PUuuuM ckansapsl R-re
FaHa eMeC, MaTepUsIHbIH, 3HEePTUS-UMIYJIbC TEH30PbIHBIH, i31 T-Fa ga Tayenai 6onansl [3,4].
HaTuxeciHzie MaTepusi MEH reOMeTpPHS apachlH/Aa MUHUMaJIIbl eMec 6aiaHbIC ai/1a 60J1blII,
KOCMOJIOTUAJIBIK TeHJey/epAe THIMAI KOocbIMUIa Myliesep Ty3isefi. bya mymenep Fanam
JIMHAaMUKaCbIHA, COHBIH, illiHAe yAey ¢a3acblHbIH, 6acTanybiHA acep eTyi MyMKiH. COHbIMEH
KaTtap T-Fa Toyesfji/lik eHri3i/ireH Ke3/ie MaTepus KacueTTepi KeHel JUHAMUKacblHA TiKesen
acep eTeni, AFHU MOJIeJIb/IiH 3BOJIIOIMACKI MaTepusi KyHiHe celiMTas 6oJia 6acTaiiibl. By
epekileslik 6ip »aFblHAaH Y/eyAi cMmaTTay[blH KOChIMIIA MeXaHW3M/EpiH YCbIHCA, eKiHMIi
»KaFbIHAH TeOPUsSHbIH QU3UKAJIbIK KeJTiCiMAiIIri TYpFhIChIHAH KOChIMILIA TaJI/JayAbl TAJIaM eTe/|.
Artan aiiTKaHza, f(R,T) TeopusicbiHZa 3HEprUusi-uMIyJibC TEH30PbIHbIH, KOBAPUAHTThI CaKTaLy
3aHpbl KaJIMbl XKaFJak1a e3repyi MyMKiH, 6YJ1 KOCMOJIOTUSIJIBIK, CYHbIKThIKThIH 3BOJIIOIUSABIK
TeHJeyiHe KoCbIMIIa Myllesep/iH naija 6osybiHa aKeseli. COHABIKTaH HAKThl ecenTeyiep
XKYprisreHJie MaTepUSHbIH €HTi3iJly Tociii, KyH TeHZeyi KoHe KOJIJAaHbLJIATbIH KOCBIMIIA
apTTap aWKblH KepceTinyi MaHbI3[bl. Bysa »xkyMmbicTa Mogenbji GU3MKaNBIK TYPFbIJaH
WHTepIpeTalusiayFa KoJIalbl leHOep/le KapacThIPhIl, KEHEI TApPUXbIH KUHEMATUKAJIbIK
9/liC apKblJIbl CUIIATTAYAbl MaKCaT eTeMi3.

Byn xkymbicTta f(R,T) TEOpUSCBIHbIH, €H KapamaWbIM ChI3bIKTBIK TYPi KapacTbIpblIa/bl:
fIRT)=R+2AT, myHJia A — MaTepHs-reoMeTpUsl OalJIaHbICbIH CUMIATTANUThIH apaMeTp. COHFbI
KbLJIZJapbl MYHZ,Al MOJZeJib Kell YaKbITTaFbl YA EYAi CUIIaTTay/blH *XoHe 3HepPrus apTTapbliH
TaJjay TYpPFbICbIHAH OesiceHAi 3epTrenype [5-7]. FanamM KeHewiH KUHeMaTHUKaJbIK
TYpP/le CUIATTAy[blH bIHFANJIbl >K0JIbl peTiHJe Oasysiay napaMeTpiHiH JUBEpPreHLUsIChI3
napaMeTpJieHyiasblHbl, 0fjaH Xa66J napaMeTpiHiy H(z) TypiHgeri Toyenainiri aHaIUTUKAJBIK,
TYpAe WbIFapbliabl. AnbiHFaH H(z) Mogudukanusianrad @puaMaH TeH/eynepiHe eHrisinin,
3Heprus ThIFbI3JbIFbI p(Z), KbICBIM P(Z) *K9He THIM/i KYU TeHeyi napaMmeTpi w(Z) 9BOT0LUACHI
TaJjaHajbl. MyHJail cxemMa napameTpJiepZiH (QU3MKaJbIK peJiH alKblH KepceTyre, api
aJIbIHFaH HaTwxeJsiepAi ctanZapTTbl ACDM crieHapuiiiMeH casibICTbIpyFa MyMKIiH/IK 6epef.

CoHbIMEeH KaTap aJiblHFaH liewlimMJepAid, ¢U3UKaiblK YijeciMAinirin 6aranay yiuiH
kJaccukasblK aHeprus mapttapbl NEC, WEC, SEC, DEC kapacTbipblibill, A napamMeTpiHiH
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0JIapAblH OpPbIHAANYbIHA 9CEPI TalJaHa/bl. JHEPTHUSA WAPTTAPbIHBIH OPbIH/AATYy alMaKTapblH
aHbIKTay MOJeJsbJiH (QU3UKaJIbIK KapaM/bl NapaMeTpJiik 0O6JIbICTapbIH 0eJiin KepceTyre
»KOHEe KeHel JJMHAMUKACBhIHbIH Yey, basgysay pexuM/IepiH Aypbic UHTepIpeTalysiayFa Heri3
6epeni. Ocblnaiia, xxyMbic f(R,T) rpaBuTanusacel asgicblHAa JUBEPTeHLUACHI3 KUHEMAaTUKAJIbIK,
TOCIAIH, MYMKIHZIMH KepceTin, MoJeJsb apaMeTpJiepiHiH KOCMOJIOTUAJBIK JWHAMHKara
bIKMAJIbIH KYHeJi TypZe 3epTTei/li koHe aJibiIHFaH HaTwxesepai ACDM 6o/mkaMJapbiMeH
CaJIBICTBIPYFa aJIFbILIAPT Kacaupbl.

Bys1 KyMbICTa «[WMBepreHUUAChHI3 OasyJsay napameTpi» Aen q(z) 6asysay nmapaMeTpiHiH
TaHJaJIFAaH NapaMeTpJ/ieHyi KapacThIpbLIAThIH KbI3bLJ1 bIFBICY apasibIFbIHAA IIEKTi 60JIbII,
elIbip HYKTeJle LIeKCi3/ikke KeTneWTiHiH alkTaMbi3. bysa mwapt q(z)-neH 6aiyaanbictbl H(z)
CUSIKTbI KOCMOJIOTUSLJIBbIK QYHKIMSIIapAblH pU3UKaIbIK MaFbIHACHI 6ap peryJisip 3BOJOLMSCbIH
KaMTaMachbI3 eTeji.

JdJicHamMa

Bys1 KyMbICTa MaTepusi MeH TeOMeTpPHsS apachlHAAFbl MUHUMa/Jbl eMeC 6GailJaHbIChI
6ap f(RT) moaudukanusaiaHFaH rpaBUTalus KapacTbipbLiaZbl. MyHAal TaciiAiH Herisri
WefCbl — IPAaBUTALUAJBIK 9Cep TeK KaHa KUCBIKTBIK CKassapbl R-Fa TayesZii eMec, COHbIMEH
6ipre MaTepHsiHbl CUNATTAWUTBIH 3HEPrUsi — HMMIYJbC TeH30pbIHbIH i31 T-fa ga Toyenni
6os1abl. HaTuKeciHZe epic TeHJey/iepiH/ie KOoCchbIMILA TUIM/I Myllesiep naija 60Jiblm, ojap
KOCMOJIOTHAJIBIK 3BOJIIOLMAFA acep eTefi. dcipece T-ra Toayesngisik MaTepus-reoMeTpus
6al/IaHbICBhIH KYILEUTII, CTaHAAPTThI KaJIbl CAJbICThIPMAJIbLIBIKIIEH CaJbICThIPFAaH/A XXaHa
napameTpJik epKiHzik 6epeni [3].

EcenTeynepai bIKlaM/ay yuliH Tabufu OipyikTep KyWeciH KoJsigaHambIi3. Bys »kafmaiga
6apJsiblK LaMasiap 6ip »Xydere KeJTipijin, TeHAeyJepAiH KypbLIbIMbl aWKbIH KOpiHeJI|.
O/licCHaMaHbIH, >KaJlllbl KaJaMbl KeJieciled: acep QYHKLMOHAJbIH a3y, METPUKA OOMBbIHILIA
BapuaLUsiiay apKblbl 6pic TeHJey/1epiH any, MaTepusi 6eJliriHeH SHePrus-UMIYJ/IbC TEH30PbIH
aHbIKTAy >XKoHe OHbIH, i3i T-HbI eHri3y, KeHiHri GeJsiiMZep/e OCbl TeHJAeysaep/i TaHJay bl
KOCMOJIOTHSIJIBIK MeTpUKara 6eriM/ien, aJlbIHFaH HOTHKeJlep/ieH bastysiay napaMeTpJiepi MeH
3Heprud WapTTapbIH TaaAay.

f(R,T) TeopusicblH TaHJAyAblH TarFbl 6ip MOTHMBALMACHl — MaTepUs CUNATTaMaJlapbIHbIH
reoMeTpusifa Tikesed Kepi 6aiyianbic 6epyi. KocMosiorusiia 6ys 6aiyiaHbIC acipece uzean
CYMBIK TYpiHJeri MaTepus YUIiH MaHbI3/bl, 6WTKeHI T l1aMachl p >KaHe p apKblJIbl 6pHEKTeJII,
3BOJIIOLUAJBIK TeHJeyJiepre xaHa Ty3eTysep eHrizeni. Ocel Ty3eTysepAiy cajajapbl peTiHjae
TUIMJ TBIFbI3/bIK IIeH TUIM/Ji KbICBIM YFbIM/IAphl NaiZja 60JblI, 0J1ap KeHEeK JUHAMUKAChIH
cTa”AapTThl PpujMaH TeHJey/epiHe yKcac Typ/e *a3yFa MyMKiHAik 6epesi. COHZbIKTaH api
Kapal epic TeHJeyJiepiH ajfaHHAH KeWiH oslapAbl TUIM/I CYUBIKTBIK pOpMan3Mi apKblJibl
TaJjan, 6asysay pexXMMi MeH 3Heprus MapTTapblHbIH, OPbIHAAIYbIH OCbl THUIMJI IIaMaJiap
apKblLIbl OaFaaliMbI3.

Kanner typae f(RT) byHKUUACBIHBIH HAKThl TYpPiH TaHJAy MOJebJiH (QU3UKaJbIK
KacueTTepiH aHBbIKTAW/Jbl: MapaMeTpJepAiH TaHJalybl yAeMesl KeHew[iH MYMKIiHJIriHe,
Oasiyslay napaMeTpJepiHiH 3BOJIIOUUSAChIHA KOHE 3SHEpPrusi WAPTTAPbIHbIH, OpPbIHAALY
arMMaKTapbliHa acep eTe/i. by )KyMbICTaFbl TOCIIiH epeKILIEeJIiri - mapaMeTpJliK epKiHAIKTI
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TeK 1emiM 6ap JlereH KpUTepUHMMeH eMeC, COHbIMEH KaTap (QU3UKaJbIK,
KOHCUCTEHTTIJIIKIIEH, MbICaJibl, KEWIHTI G6JIiMAep/e eHri3i/IeTiH AUBepPreHysaChI3 apT
NeH 3SHEPrusi WapTTapblH, OaiJlaHbICThIpAa OTBIPbIN IiekTey. Ocblialiia TaHAaJFaH
MOJIeJIb/iH, HOTHXKeJiepi OaKblIayJiblK KOCMOJIOTHSIFA >KAaKblH >KOHE WHTepIpeTalusfa
KoJIalJibl 60JyblHA MaH GepeMi3. OcbIHbI eckepe OThIPhIIN, f (R, T) TeopHUsChIHBIH, dcepi
KeJieci Typ/e »a3blla/ibl:

S =~ fRT)J=gd*x + [ Lyp/—gd*x. (1)

(1) epHekTeri OipiHIII MHTerpasj rpaBUTALUAJBIK CEKTOPAbI, ajJ eKiHIli UHTerpas
MaTepusl CEKTOPbIH cunaTTaibl. Mynaa 8mG = ¢ = 1 KosganabIK xoHe g = det(gyy) -
MEeTpPHUKaHbIH, aHbIKTAybllbl, an L,, - maTtepus naarpamxkuanbl. f(R,T) ¢GyHKIHUSCEHI
KUCBIKTBIK CKaJApbI R )KoHe 3Heprusa-uMIyJibC TEH30PbIHbIH, 131 T apKblibl aHBIKTaIa/b],
api Kapau ecemnTeyJsepje fR=% YKoHe sz% CHUAIKTBl TYBIHJAbLJIAP MaHbI3/bl POJI
aTKapajpbl.

MaTepusi Ke3iHiH rpaBUTALUSJIBIK 6piCke Kajlall acep eTeTiHiH aJjly VIIiH aCep/iiH
MaTepusli OeJIiriH MeTpUKara KAaTbICTbl Bapualysjal, 3HEPrus-UMIyJbC TeH30PbI
aHpIKTasazbl. HakTel adWTKanga, T, MaTepus JarpaHKdaHbIHbIH gH’ GoMbIHIIA
GYHKIIMOHA/bIK TybIH/IbICHI aPKbIJIbI Oepisiefi, COHJbIKTAH KeJieCi aHbIKTaMara KeJieMi3

_ 2 6(/=gLm)
Ty = _\/?g%; (2)
T = ngle_ (3)

[eoMeTpHUAJBIK )KaKTaH Heri3ri 1mama - Puuuu ckasspbl R kesecifeit Tabbliaibl

R = ngRuv- (4)

[eoMeTpUAIBIK LIaMaJiap/bl HAaKTbl ecenTey YUIIH aJJAblMeH KeHiCTiK-YaKbITThIH,
MeTpUKACbIH TaHAaWMbI3. KocMmosiorusiblK npuHiunke covikec Fanamabr @pugman -
JlemeTp - PobGepTcoH-Yokep (FLRW) MeTpuKkachl »Kakchl cUNATTaubl. By »kyMmbicTa
KapananbIM/bIJIbIK YIIiH KeHICTiri ka3blK, )KaFJaiibl KapacTblpaMbI3, cebebi 6aKblaayJIbK,
JlepeKTep KEHICTiKTiH KUCBIKTBIFbl HeJITe KYbIK €KeHiH KepceTei >KoHe OyJl TaHJay
ecernTeysiepZii auTapJbIKTal bIKmaMAauabl. Ocblialina, MeTPUKa YyaKbIT OOMbIHIIA
e3repeTiH 6ip FaHa MaclITaOThIK GpakTOpMeH a(t) aHbIKTa1a/bl.

dS® = —dt? + a?(t)(dx?+dy?+dz?), (5)

A.H. I'ymunres amoindazor Eypasus yammuix ynusepcumeminin, XABAPIIBICHI. Ne1(154)/ 2026 21
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A.A. XKadvipanoesa, Y.K. Hcmaua, YM. CHoy, B.H. 2Kymabekosa, H.K. JKycynosa

MyHza a(t) - MacTa6bThIK pakTop. OcblJaH MeTpHKA KOMIIOHEHTTEPI KeJiecifieit 60J1a/ibl.
MyHgarbl a(t) KeHeliH yaKbIT GOWMbIHINA 3BOJIIOLMSACHIH CUNATTalAbL. [IpaKTHUKaJIbIK

. a e s
TypFbIZaH a(t) apkblibl Xa66s mapamerpi H = — X9He OHBIH TybIH/bLIAPbI eHTi3iim,

KeliH Pyu4yum TeH30pbl MeH Pu4yu ckaznsipbl bIKIIaM TypAe ecenTesefi. (5) MeTpuka
JlUaroHasb TypiHJZe OOJIFaHJbIKTaH, METPUKA KOMIOHEHTTepI TiKesJel OKblIaJbl >KoHe
JlMaroHaJb/JlaH ThIC MylleJiep HeJire TeH 60Jazbl.

9o =191, = a*(®), gy, = a*(1), G35 = a*(1). (6)

JluaroHasib/ibl MeTpUKa KOMIIOHEHTTepi  Oesrisi  60oJiFaH  COH, OGalJaHbIC
koapduuueHTTepiH ecentermis. Ouap 9,, ¥9oHE OHBbIH TYBIH/ABLIAPEI apPKbLIbI

aHbIKTaJsa/bl 2KoHe PU44M TeH30pbIHA OTY/IiH HeTi3Ti apaJsbIK KaZaMbl 00JIbIN Ta0bl1a/ibl.
FLRW meTpuKach! yuiiH HeJsiZieH e3relie Kpuctoddenb cuiMBoJIIapbl TEK YaKbIT O0MbIHILA

TYbIH/IblJIapFa ToyeJ /i 60J1a/ibl, AFHU osap a(t) xoHe a(t) apKpLibl epHeKTesei. OCbIHBI
naizananbl, PU44u TeH30pbIH CTaHAApPTThl aHbIKTaMa OOMbIHINA >Ka3bll, 0JaH api (4)
dbopMyJia apKblibl PU44yn ckaisipblH TabaMbI3

A A A A
R/w = alpuv - ava/l + ruvpga - FZAFVG- (7)

M3oTponusira 6al/IaHbICTbl KEHICTIKTIK JuaroHajlb KOMIOHEHTTep Oipjael TUITecC

oosiazbl. HaTuxkeciHze KeJeci cTaHAAPTThI ©pHEKTEPAi alaMbI3 Ryg = —3%, Rii1=aa+
-2 . .2 . .2
2a ,Ry; =aa+2a ,R33 =aa+ 2a . EHai Pu4uu ckangapbl aHbIKTaMachl 60KbIHIIA

R =g" Ry, = 9°%°Roo + 9" R11 + g**Ry; + g3 Ras. (8)

Kepi MeTpuKaHbl KoJijaHa OThIpPHI, XaHe Ry, R11, Ryy, R33 MaHJepiH naijaiaHbIll
KeJleCiHi TabaMbI3

a a
R=6 <Z + E)' (9)
Xa66.1 napaMeTpin H = g,u,en eHri3cek, api Kapau H = %—HZ eKeHiH naujajaHcak

R = 6(H + 2H?). (10)

Ocpuiania, *kas3blK FLRW reometpusicel yuiin Puyuu ckansgpel R Xa66Js1 mapaMeTpi
apkpLibl (10) TypiHe kesefi.

opi Kapa#l f(R,T) TeopusicbiHa Kelly yuliH MaTepUSIHbIH, KAHJAW Typ/ie eHri3ijieTiHiH
>koHe T 1mamMacbIHbIH GU3UKaJIbIK MaFbIHACBIH HAKThLJIAI any KaxkeT. Cebebi 6y Teopusia
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Munumandet emec f(R,T) zpasumayusicoiHoa 6astyay napamempi
dusepzeHYUSICbI3 NapaMempJiey JHcaHe IHep2usl Wapmmapbl

reoOMeTPHUSJIbIK 06JIiK KUCBIKTBIK apKbljibl FaHa eMeC, MaTEpPUSHbIH, CHMNATTaMaJapbl
apKBbIJIbI /1a ©pic TeHAeyJiepiHe TiKeJer bIKIaJ eTeli, AFHA MaTepus TEK K63 peTiH/ie eMec,
COHbIMEH KaTap /JMHAaMHUKaHbl TypJieHAipeTiH KocbiMimia (akTop  peTiHze
KapacTbipbiaabl. Ocel TypfbiZa T MIaMacbl MaTEPUAHBIH, ThIFbI3/bIFbl MEH KbICbBIMbIHA
ToyeJsiAi OOJIaTbIH MHTErpasjibl CHUMATTaMa OoJIbIl TabbLIaJbl XOHE OJ dp TypJi
KOCMOJIOTHAJIBIK Ke3eHJep/Je 9apKaJlal MaH aJiblll, MOJeJb/iH 3BOJIOLUACBIHA TypJilie
ocep eryi MyMmKiH. CoHgblKTaH T-fFa ToyeJAiJIIK eHris3iireHje CTaHAApTThI
KOCMOJIOTHUSIAAFbl KENOip HOTHKEJIeP/iH, MbICaJibl, Oasiy/iay, yAey apTTapbl, TUIMAI KYH
TeHJeyi, 3Heprusd IapTTapblHbIH,  OpbIHAAJYbl, ©3repyi  HeMece  KaWTa
VHTepHnpeTanysaJaHybl  bIKTHUMaJl. bBysJ  KyMbICTa  MaTepUSAHbl  KJIACCUKAJIBbIK
KOCMOJIOTHAA Ui KOJIIAaHBbLJIAThIH Uieasl CYHbIK peTiHJle KapacTblpaMbl3, MyH/AaMl TICIJ
MoJlesibAi  GU3UKANBIK TYPFbIJAH TYCiHJipyre bIHFAMJIbl, COHJAW-aK aJIblHATbIH
TeHJeyJiepAi 6aKblIayJibIK CUIaTTaMaJlapMeH CaJlbICTbIpyFa MyYMKiH/ik 6epefii. COHbIMEH
Katap f(R,T) TeopusicbiHa MaTepusi - reoMeTpusl OaiJlaHbIChl KYLIEUreH >Kafjanja
3HEPrUsi-UMIMYJIbC TEH30PbIHbIH, CaKTaJly 3aHbIHbIH 63repyi MyMKiH eKeHi 6eJrii,
COH/IbIKTaH T-HbIH HAKTbI €HTi3i/1yi api keliHri 6esiMaepieri JUBePreHUsCHI3 WAPT IeH
3Heprus WapTTapblH TalJay/blH HETi3Ti aJFbIIIapThI 60J1bIN TabbLIaAbL. OChbl cebenTepai
e€CKepe OTBIPhII, 9pi aHAJUTUKAJBIK ecenTeyyepai KypAeaeHJipMeld MoJebiH 6acTbl
epekuiesiktepin kepcety yuuiH, f(R,T) ¢yHKIUACBIHBIH, €H KapamalblM JKoHeE
9/lebreTTep/ie KeH KOJJAaHbLIATbhlH CbI3BIKTBIK TYpiH TaHZahWMbi3. MyHJall TaHzAay
napameTpJepAiH, GU3UKaJbIK POJIIH aHbIK Kepyre, »KaJlbl CaJbICTbIpMaJblIbIKKA 6TY/Ii
OaKblJlayFa >KoHe MaTepus i3i apKblLbl TeOMeTpUsIFA EHTi3iJIeTiH Ty3eTyJiep/iiH
KOCMOJIOTHUSIJIBIK JUHAMHUKAFa bIKIAJIbIH XKYHeJsi Typ/e TajaaayFa MyMKiHZIK 6epeai. ATan
auTKaH/Jla, nmapaMeTp MoHiHe Kapau TajlaMHbIH KeHEW CleHapuiuli, yAey PpPEeXUMiHiH
f6acTasybl >K9He 3HEpPrusi WAPTTApbIHbIH OpPbIHAANY aWMaKTapbl CaH/bIK TYPFbIJaH
e3repyl MyYMKIH.

Ocpr xymbicTa f(R,T) rpaBUTalMsCbIHbIH, 9/e6MeTTe KeH KOJIAAHbLIAThIH >XoHE
ecenTeyJsiepAi KypAesieHJipMeld MaTepUsi-TeOMeTpUsi OalJIaHbICBIHbIH, 9CEPiH aMKbIH
KepceTyre MYMKiHAIK 6epeTiH CbI3BIKTBIK Typi KapacTbipbliafbl, coHablKTaH f(R,T)
KeJieciiey »ka3blaabl

F(R,T) =R + 22T, (11)

MYH/IaFbI A - MaTepUsI-reOMeTPUsI 6ANIaHBICBIHBIH KYILIiH CUMTIATTAUThIH MapaMeTp. A = 0
OOJIFAaHJA MOJIeJIb >KaJIlbl CAJIbICTBIPMAJIBIIBIKKA JKYbIKTaWAbl, an A # 0 ke3iHzae
MaTepUsIHbIH, i3 apKblJbl TeOMeTPUsIFA KOChIMIIIA 9cep Maijja 6osaabl. bys napameTpain
MoHi e3repreH caibiH Fasam ArHaMUKaChI 13, MbICaJlbl, YA€y Ke3eHiHiH 6acTa/ybl HeMece
3Hepruys WapTTapPbIHbIH OPbIHAANYbI, CAHABIK TYPFbIAAH 9PTYPJii 60J1ybl MYMKIiH.

KocMmosiorusiza MaTepusiHbl €H, KapamaubiM TypJe WuJeas CYHUbIKTBIK peTiHJe
MoO/ieJibJley KeH TapaFaH. by xkafaan/1a sSHeprus-uMnyJibC TEH30PbI

Tw = (p+p)wu, + PY (12)
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MYH/Ia P - 3HEPIMH ThIFBI3JBIFLI, P - H30TPOI KbICHIM, all Uy, - CYHBIKTBIKTBIH, TOPT-
Kbl1gaMAbIFbl. EHZI T-HBIH p )KoHE p apKblJibl 6pHEKTEJYiH KapacTbIpaThIH 60JicaK, (12)-
Hi (3)-Ke KOsl OTBIPbIN KeJieCi 6pHEKTI ajlaMbl3

T = g"[(p + P)u,u, + pgu] = (0 + P)g" W, + DI gy, (13)

T=@pE+tp)(-D+p-4=—-p—p+4p=—p+3p. (14)

Ocbuianiiia, I i3iHiH TaH6Gachkl MeH MOHI TikeJiel p KoHe p apKblJbl aHbIKTa/IaAbl. By
Hotmke f(R,T) = R + 2AT MojeniHze eTe MaHbI3/lbl, 6UTKEHI TeOpHUsJaFbl KOChIMIIA
Myuiesiep Z9J1 ocbl T apKplibl epic TeHJeyJepiHe KipeJi »koHe A mapaMeTpiMeH Oipre
KOCMOJIOTHUSIJIBIK 3BOJIIOLUSAHDBI ©3repTeai [14,15]. Bys xkyMbicTa TeOpUsAIBIK MOJe/bEH
asbiHaThiH QyHKuusaap Wolfram Mathematica opTtackiHAa caHJbIK Typ/ie ecemTeJin,
KbI3bLJI bIFBICY Z 60MbIHIIA IpadUuKTEp TYpiH/E KopceTinei. EcenTeysep 6apoicbinga H(z)
koHe (q(z) ToyenminikTepi HeridiHae KeHiHri OeJsiMZiep/ie KapacTbIPbLIATHIH
KOCMOJIOTHSIJIBIK, LIaMaJlap/ibIH 3BOJIIOLMACHI TaJ/laHa/Ibl.

HoaTHKeJsiep MeH TaJIKbL/IAay

Bysn Gesnimze auBepreHuUschI3 Gasgysay nmapaMmeTpJiepiH KosgaHa oTeipbin, f(R,T)
Mogzesi yuiH FamamMHbIH KeHel TapuxblH a(z) keHe H(z) PyHKUMsIapbl apKblJbl
cunaTTanMbl3 [16-23]. AnbIHFaH TeHJieyJep HeTi3iHAe a/ibIMeH Heri3ri KWHeMaTUKaJbIK,
ImaMasiapJblH, 3BoJiousacbiH Tanzaan, kKedin f(R,T) = R + 2AT CbI3BIKTBIK, MojeJi
»KaF/JalbIH/|A 9HEPTHUs ThIFbI3ABIFEI P(Z), KbICBIM p(Z) K9He KYi TeH/eyi napameTpi w(2)
byHkuusaapblH ecenteiiMiz. COHbIMEH KaTap A MapaMeTpiHiH e3repyi KeHero
JIMHAMHWKacblHA >KoHe TUIMJAi cunaTTaMasap/blH MiHe3iHe KaJlalh acep eTeTiHiH CaHJbIK,
TYPAE KOpCETil, HOTHKeJepi rpaduKTep apKbl/bl caJblCTbhipaMbl3. Ocbliaiiiia, MoJiesb
napaMmeTpJiepiHiH, ¢U3HKaJIbIK MaFbIHACbIH allblll, aJbIHFAH HATWXKeJepAi CTaHAapTThl
KOCMOJIOTHSIJIBIK, CLieHAapUHAJIEpMeH CaIbICThIPYFa MYMKiH/iK 6epeMis.

KeHeto mapuxviH cunammatimbiH Hezi3zi pyHkyusiaap

KeHero TapuxblH cunaTTay/a eH KoJalJbl laMajap/blH 6ipi — 6asgysay napameTpi
q(z). On FasaMHbIH KeHeli yZeyMeH ypil »KaTbIp Ma, aJ/1/e OasyJsal »KaTblp Ma JilereH
Cypakka Tikeseld >xayan OepeZii >koHe KeHEH JWMHAMMUKACBIHbIH aJlbl OaFbITbIH
KepceTe/li. bakbliayiblK Tasaayaap/a q(z) yiliH KapanaibIiM apaMeTpJieHyJiep KeHiHeH
KOJIlaHblIa/ibl, cebebi oJslap a3 faHa MapaMeTp apKbLIbl KeH KbI3bLI BIFBICY
apaJibIfbIH/IaFbl 3BOJIIOIUAHBI CUNIATTayFa MYMKIiH/JIK Oepe/ii »KoHe ecenTeyJiep Ke3iHje
apThIK, epKiHJiKKe 01 6epMmeiai [24-26]. TangaraH mapaMeTpJieHy Kasipri keseHjeri
MoH/li 6eJieK allKpIH/Aal, KbI3bLI bIFbICY apTKAaH/aFbl ©3repiciH xeKe napaMeTp apKblLibl
peTTei/li, COHABIKTAH HOTWXKeJiepJiH, (QU3UKa/JbIK HHTepHpeTalusachbl >KeHiagenai.
CoHbIMeEH KaTap OyJl TOCiJl KEHEW/iH peXUM aybICyblH, SFHU Oasiysjay Ke3eHiHeH yzey
Ke3eHiHe 6Ty Topi3/i 6ip QyHKIHUA apKblibl KepceTyre MyMKIiH/IK Oepe/ii »koHe api Kapai
H(z), a(z) cuakTbl Heri3ri cumaTTamMasapZbl KaJllblHa KeJTipy YIUiH OacTankbl Heri3
6os1azbl. OcbIFaH calikec ((z) TeMeHerigen 6epineni

24 Ne1(154)/ 2026  A.H. I'ymunres amwuindazol Eypasus yammuoix ynusepcumeminivy XABAPIIBICHL
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296
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z(1+2z)
1+z2°

q(z) =qo + q1 (15)

[TapameTtpaieyain (15) Typi GipHelle TasanThbl Oip Me3rijijie KaHAaFaTTaHAbIPY YIIiH
TaHJa/Iibl: GipiHINiJieH, o1 Kasipri keseHjeri MaHJi Tikeneh 6Gepexi, arHu q(0) = qo,
eKiHizeH, z — o kesiHge q(z) — qo + q1 1WeriHe eTeAi, COHABIKTAH epTe Fasamaarsl
ACUMIOTOTA/BIK, PEXKUM eKi mapaMeTpMeH CMOaTTajajbl; yiniHmigeH, 6earim 1 + z% > 0
OoJIFAHABIKTAaH QU3UKaIBIK aiMakTa (—1 < z < 00) mosrocTep KOK, AFHU ((z) eKTi
»KoHe y3Aikci3 6ousbin, H(z), p(z), p(z) ecenTeysepinje acaHibl CUHTYJISPJbIKTAP/AbIH
naija 6osyblH GosabipMaiabl. CoHbIMeH KaTap z = 0 aliMarbiHZa q(Z) = qo + q1Z +
0(z%) >ybIKTaybl OpbIHJA/bIN, TOMEH KbI3bL1 BIFbICY JepeKTepiMeH Ca/lbICThIPYFa
bIHFal/bl. By popma (16) TeHJeyiH aHAIMTHUKAJIBIK UHTErpasjayfFa MyMKiHJIK 6epir,
KeMWiHTi 3Heprusi mapTTapblH TajagayAbl )eHingeteni. Ocbl mapaMeTpJieHy Z alMaFbIHbIH
KEeH, [MWana3oHbIHJA OPHBIKTBI KYMBbIC ICTeWAl >KoHe OasysayZaH yAeyre oTyAl
6ipKasIbINThI cCUNIATTayFa MyMKiHAiK 6epeni. FRW kocMmoJsiorusicbiHAa 6asiy/iay napaMmeTpi

H : o
q=-1- -7z TYPiH/Ie aHBIKTaIa/IbI. Erep napamMeTpJiey AypbIC TaHAaaIMaca, q(z) keilbip z

MOH/IepiH/e IIeKCi3AiKKe YMThLIbIN, HOTHXeciHJe H(z) koHe ofjaH TYbIHAAUTBIH THIMAI
mamMaJjiap/la JKacaH/Jbl CHHTYJSAPJbIKTAp Naijga 60sybl MyMKiH. CoHpabiKTadH (15)
napaMeTpJieHy «JAUBEpPTreHIMsAChI3» JleN aTalajbl, 0 ((z)-TiH 3epTTeJeTiH AyMana3oH/a
HIEeKTi api y3/iKci3 60JiyblH KaMTaMachi3 eTil, 6aKblIayJblK CaJbICTbIPy MEeH 3Heprus
HIAapTTapPbIH TA/AAy/ bl MATEMATUKAJBIK apTedaKThLIapChi3 )KYprizyre MyMKiHAiK 6epei.
q(z) 6enrini 6osFaHga Xab6J1 MapaMeTpi KeJieci 6aitaHbICTaH TabblIa (bl

dinH _ 1+q(2)
dz  1+z

) (16)
aJl UHTerpaJiiay HoTHXecCiHze

H(z) = Hy(1 + 2)(1+90) (1422) 7, (17)

epHeriH anzaplK. Ecenteynepae 6ip yWaeciMii nmapaMeTpJiep »KUBIHBIH KOJIJAHABIK
(Hy, q0,91) = (66.44,—0.55,0.78).

Tanpanran mnapametpsieHy (15) kKuHeMaTuKaJblK TypFblgaH ((z) »xoHe H(z)
3BOJIIOLMSACBIH TYTaC JiUana3oH/a CUNaTTayFa MyMKiH/iK 6epe/i. ATan alTKaHAa, Kasipri
MaH q(0) = qo yAeMesi KeHew pexXHuMiH Kepcetce, an z — oo meringe q(z) = qo + ¢4
TYpPaKThl IIeKKe YMTbLIaJbl, SFHU epTe Ke3eHJep/e 6asysay pexumi opHbiragbl (qo +
q1 > 0). YaeyzaeH 6asiynayra eTy HykTeci q(Z;) = 0 mapThIMeH aHbIKTaIa/bl; OepiiireH
napameTpJiep YUIiH eTnesi KbI3bl1 biFbiCy ((z)=0 mamamen z; =~ 0.60 6osagbl, 6y
FanaMHbIH JUHAMUKAaChl yieyJeH OasyJsiayFa HeMece KepiciHllle eTeTiH Ke3eH/i CaH/IbIK
TypAe cunarttai/ibl. CoHbIMeH KaTtap, (17) TeHaeyi apkplibl anbiHFaH H(z) yHKUMsCHI
MIOJIIOCCi3 2KoHe HIeKTi 6oJbln, KediH p(z), p(z) koHe sHeprus MAPTTApbIH Tajjaya
»)KacaH/bl CUHTYJSPJBIKTApAblH MNaWaa 6ojybiHA ko 6epmenai. Ocel cebenti (15)
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napaMeTpJieHyl CaH/bIK ecelTeysep YIUIH OPHBIKTBHI >KoHe CaJIbICTbIpMaJibl Tajljay
XKYpri3yre bIHFaWJbl HeTi3 6epe/i.

IHepa2usi MulFbl30blFbl MEH KbICbIMHbIH 380/1H0YUSICbL

By 6esimze (11) cei3bIKTHIK f(R,T) Mozgesin nalgaiaHblin, SHEPTUS ThIFbI3AbIFbI P(Z)
MeH KbICbIM P(z) QYHKIMsIapbIHbIH KbI3blJ bIFbICYFa Oal/IaHbICThI 63TepiCiH TalJalMbl3.
By/1 miaManap KeHer JUHaMUKACbIHbIH QU3UKaJIbIK UHTEpPNpeTalusCblH 6epeTiH Heri3ri
cunaTTaMaJsap 60Jibin TabblIaAbl: p(z) Fanamaarbl a3HeprussHbIH THIM/AI AeHTeliH, an p(z)
KeHeW/iH yJeyiHe HeMece OasiyjlayblHAa 9cep eTeTiH KbIChIM/bIK YJeCTi CHUMATTau/bl.
CoHppIKTaH p(z) xkoHe p(z) 3BOJIIOLHUACBIH aHbIKTAY apKbljibl TaHJAAJFaH MOJEJb/iH,
CTaHAAPTThI KOCMOJIOTUSIJIBIK, ClleHapuiJlepMeH COMKECTITiH, COHZai-aK napamMmeTpJepiH,
du3uKanblK MaFbIHAaCblH HaKTbl Oarajayra OoJsafbl. bailziaHbIic mapaMeTpiHiH acepiH
canbicTipy yuiH A = 0.1,0.2,0.3,0.5 MaHepiH KapacTbipaMbl3. A MoHi ©3repreH cailbiH
MaTepusi-reoMeTpUsl 6alIaHBICBIHBIH, KYILi Jie e3repe/ii, COHbIH, HOTWXeCiHAe p(z) MeH
p(z) KUCBIKTapbIHBIH HilliHI )XoHe 0JIapAbIH 3BOJIIOLMAJIBIK KAPKbIHbI CAHABIK TYPFbIJaH
9pTypJli 6Oosiybl MYMKiH. bys adblpMallbLIBIKTAap KeHeK peXUMIiHIH  Kaslau
KaJIbINITACAaThIHbIH >XOHE 3HEPrys LapTTapblHbIH OPBbIHJAJNY alkMaKTapblH TYCiHAiIpyze
MaHbI3/1bl peJi aTKapaabl. EcenteyJsiep/ii bIKiaM )Kyprisy yuuid Xa66J1 napaMeTpiHiH yaKbIT
OOMbIHIIA TYbIHABICBIH Oasysjay NapaMeTpi apKblibl 6pHeKTelMi3. bysn Tacingin
apThIKWBbLIBIFEI - H-TiH pAuWHaMuKacblH O6ip FfaHa KUHeMaTHUKaJblK QYHKLHASAMEH
0alJIaHBbICTBIPBIN, 9pi Kapaill ajlblHFaH TeHJeyJepJi Z alHbIMaJbIChl apKbLIbl KyHeJi
TYpZle UHTerpaJjiayfa MyMKiHAik 6epeni. OcblFaH coliKec KeJlieCi KaTblHAC KOJAAaHblLIa/bl

H = —(1+q)H". (18)

Ocbl MoAesib VIIiH 3HEPrUsi THIFbI3JbIFbl P KdHe KbICbIM p LiaMaJsiapbl H xoHe H
apKblJIbl TOMEH/IETiIEN 6pHEKTeNei

_ (3+61) 2 _ 22
p(z) = (1+31)2-22 (1+321)2-22 H, (19)
___ (3+61) 2 2(1+33)
p(2) = (1+31)2-22 (1+31)2-22 " (20)

Mynna H(z) (17) ¢opmyna apkbiibl, an H(z) (18) popmysia apKbLIbI Tikesiel ecenTesei.
Cypet 1- p(z) xoHe p(z) ToyeninikTepi A-HbIH 9pTYpJii MOHAeEpi YlUIiH KepceTiareH.
['padukTepieH z apTKaH CaliblH 3HEPTHsl THIFbI3ABIFbI P(Z) 6ceTiHiH KepeMis, OyJ1 epTe
Ke3eH/Jep/ie ThIFbI3ABbIKThIH »KOFapbl 00/yblHA COUKeC KeJleli. A/l Kelll yaKbITTap/a KbICbIM
p(z) Tepic MoHJAep alMaFblHAA KAJbIN, YJAeMeJsi KeHelw peXuMiHe ToH THIMAI
JUHaMUKaHbl KepceTeni. bysn wMartepusa - reoMmeTpus OaiaHbICbIHBIH Fanam
3BOJIIOLMSACBIHA CaH/bIK, TYPFbIJaH bIKIAJI €TETiHIH aWKbIHAANUbI.
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CypeT 1 - O/1meMci3 3Heprus ThIFbI3ABIFLI p/(3H3) - HiH Z - Ke TayeaAiiri

Kyii meydeyi napamempi

Ky Tengeyi mapameTpi w(z) 3Heprusi TBIFbI3AbIFbI M€H KbICBIM apacblH/AFbI
06alJIaHBbICTBl CUNATTAW OTBIPHIN, MOJEJNb/JEri THIMAI KOCMOJIOTUSIJIBIK CYHUbIKTBIKTbIH,
KacHeTiH aHbIKTau/bl. bys maMa KeHew JWHAMHUKAChIHBIH TaOUFaTbIH TYCIHZipy/Ze aca
MaHbI3/[bl, 6UTKEeHI 91 w(z) apKblibl MOJeJbJiH KaHJal pexuMre >XaKblH €KeHiH
camaJiblK, TypJZie 6arasiayfa 6oJiagbl: w(z) 6esriyii 6ip apa/sblKTa TypaKTbl HeMece 6asy
e3repce, OH/la CoJ Ke3eH/JeTi QU3MKaJIbIK peXUM alKbIH KepiHeai. COHbIMEH KaTap w(z)-
TiH KbI3blJI BIFBICYFa TAY€EJI/Ii 3BOJIIOIUSACHI KEHEI/IiH Y/leyJ/i HeMece 6asyJIauThIH Ke3eHre
©TyiH CUIATTAUThIH HETi3Tri KepceTKilITepAiH 6ipi 60/1b11 TabblIaAbl, UTKEHI KbICBIM MEH
TBIFBI3/IbIKTBIH apaKaTbIHACKI KEHEel0 YeyiHe Tikesen acep eTej|.

By »)kyMbicTa w(z) QyHKIMSCBIH ecenTey eKi MaKcaTKa KbI3MeT eTei. bipiHwigeH, 6y
IIaMa apKblJbl ajlblHFaH P(z) 9He p(z) HoTHKeJlepiHiH GU3UKaIbIK UHTEPIpeTaLUsChI
KeHUIZeli: KbICBIMHBIH Tepic MaH/epre aybICybl HeMece OHbIH, LIaMacCbIHbIH, 63repyi
KeHEW/iH yaey peXUMiMeH Kasial Gai/laHblCaTbIHbl alKbpIHAAMaAbl. EKiHIIiZeH, w(z) A
napaMeTpiHiH acepiH 6ip ¢yHKIMAAA KUHAKTAN KepceTyre MyMKIiH/iK 6epefi, ce6ebi A
e3repreH caWblH TeK p(z) meH p(z) FaHa eMec, oJlapJAblH apakaTblHAChl Jja e3repeji.
HoaTwxkeciHzie w(z) KUCBIKTApbIHbIH, MillliHi, oJlap/blH, LIEKTIK MaH/Eepi KoHe KbI3bLJI
BIFBICYMEH 63repy KapKbIHbI 9pTYPJii 60/1ybl MYMKIiH; OyJ1 ahbIpMallbIJIBbIKTAp MOJE/biH
cranzapTThl ACDM criieHapuiiHe »KaKbIHABIFbIH HeMece OJlaH aybITKYbIH CallaJblK api
CaH/IbIK TYpFblJaH OaFaJiayFa KaFJau Kacaupl.

CoHbIMeH KaTap w(z) mapaMeTpi 5Heprus IWApPTTAapblH TajJayMeH [Je ThbIFbI3
0alJIaHbICTBl. JHEPrus HWAPTTapbl K6OiHe TBIFbI3/JbIK MeH KbICBIM KOMOMWHAaLMAIapbl
apKbLIbl >Ka3blIATbIHABIKTAH, w(z) (QYHKIHMACBIHBIH, MiHe3i Oesrisii 6ip mapameTpJiik
allMaKTap/ia SHeprus WapTTapblHbIH OPbIHJAJYbIHA HeEMece OYy3blyblHA 9KeIyi MYMKIH.
CoHpbiKTaH w(z)-Ti ecenteil oThipbin, Keninri 6esimpaepgeri NEC, WEC, SEC, DEC
TaJlanTapbIMeH Oipsiece KapacThIpbll, GU3MKAJBIK TYPFbIJAaH KapaM/bl LIelliMAep/iH,
allMaFblH HakKTbLIalMbI3. Ocbl TypfbljaH (z) QYHKUUSACH aJblHFAH LIelliMAep/i
TYCiHAIpY FfaHa eMeCc, COHbIMEH KaTap MoOJeJsbJiH NapaMeTpJsepiH ¢QU3UKaIbIK,
KpUTepHUilJiep apKblbl CY3TiJleH 6TKi3y YLUiH Jie KoJ1albl KypaJ 00Jibll TaOblIaAbl.

OcbIFaH coliKec KyW TeHJeyi napaMeTpi TeMeH/ieri KaTbIHAC apKblJIbl aHbIKTA/1a/ibl
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w(z) = %. (21)

(20), (19) dopmysanapsiH KoJiJJaHCcaK, w(Z) Keseci Typ/e *a3bliaibl

(3+6A)H2(Z)+2(1+3A)H(z)

w(z) = - - (22)

(3+6/1)H2(z)—2,1H(z)
ErepH=—-(1+ q)H2 KATbIHACBIH €HTi3CceK, 0HAA w(Z) TeK q(Z) apKblIbl BpHEKTeNeA]
w(2) = — (3+61)—2(1+31)(1+q(2)) (23)

(B3+61)+2A(1+q(2))

Cypet 2 - w(z) 3BosOUUsSCHl A -HbIH 9PTYpJsi MoHAepi yuiH GepinreH. ['paduk
OOMBIHINA YJIKEH KbI3bLJI BIFBICY allMaFbiH/la @ (Z) MaTepUsiFa XKYbIK PEXXHUMIe bIFbICA/IbI,
asn Kasipri ke3eHre »KakblHJaFraHJa w(Z) Tepic MOHJAep aliMarblHJAA KaJlblll, yAeMeJi
KeHelore coliKec KeJleTiH MHTepBaJiiapAblH 6ap eKeHiH KepceTe .

dud

g l.".l.'l I Il'.l.b : 'l.lF- E |l'.> I?Il'.ll Hl'J : 3IL'
F 4
Cypert 2 - 9pTypJii A MOHAepi YLIIH TOJIbIK KYHA TEHA eyl NnapaMeTpPi w-HbIH,
KbI3bLJI BIFBICY Z-K€ TJyeJI/i IBOIIOLHUSCHI

OcbLiaiia, aJIblHFaH HOTIKeJIeP AUBEPreHIUsAChI3 MapameTpieHyaiH H (z) xaHe q(z)
apKbLJIbl KEHEI0 TAPUXbIH OPHBIKTHI CUNIATTAaWThIHbIH, all f (R, T) = R + 2AT mopeninze A
napameTpiHiH p(z), p(2), w(Z) 3BONIOLUSACHIH 63repTil, Kelll yaKbITTaFbl yZeMeJli KeHEl
PEXXUMiH cunaTTayfa MYMKIH/ZiK 6epeTiHiH KepceTe/i.

AnbiaraH p(z) xoHe p(z) GyHKIUSIapbIHbIH GU3HKaAJBIK AYPBICTBIFbIH TEKCEPY YILIiH
3Heprus WapTTapblH KapacTblpaMbi3. KilaccukanblK TypAe KeJseci eki mapTKa Hasap
aynapambi3d: NEC - Heszaik aHeprus mapThbl (Null Energy Condition), WEC - auici3 aHeprus
mapTbl (Weak Energy Condition), SEC — kyuiti aneprus mapThsl (Strong Energy Condition),
DEC - 6acbiM 3Heprus wapTbl (Dominant Energy Condition)

NEC wapTte! p(z) + p(z) = 0 TeHci3airiMen aHbIKTanazbl. OCbIFaH COHMKeC eJIIeMCi3
Typae (p + p)/H,y? maMacklH ecenTel, OHbIH KbI3bLI bIFLICYMeH 03repiciHig, apTypi
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MaHzepi yumiH rpa¢ukre kepceTingi. Cyper 3-ten (p + p)/HF OyHKUMACHI KeH z
apasbIFbIH/A OH MdH/ep alMarblH/a CaKTa/laTbIHbIH KepeMi3, afrHi NEC mapTbl Mozesb
3BOJIIOLIMACH] 6apbICBIHAA OpbIHAANMaAbl. bys HoTHXe MaTepus-reoMeTpUs 6GalsaHbIChHI

eHTi3iJireH KaFaaWaa Ja 3Heprusi aFbIHbIHBIH (PU3UKAIBIK TYPFbIAH KaObliJAaHATbIH
peXuM/ie KaJaTbIHbIH KepceTe/|.

SO R DrF R W

A=01

Fy
= A=

i+ plH,

Cypet 3 - NEC: (p + p)/H3 dyHKUUACHIHBIH, Z -Ke ToyeAi/Iiri

SEC maptel p(z) + 3p(z) = 0 TypiHje >KasblaaZbl >XoHe OJ TPABUTALMAJIBIK
TAPTbUIBICTBIH, 9/leTTeri PeXXUMMiH CHMATTAWTbIH HETri3ri aHeprusi WapTTapbliHbIH 6ipi
6osibin TabbLIaAbl. KiaccukasnblK KocMoJsiorusiZia OyJs IApTThIH, OY3blLIybl KeOiHe Kell

yaKbITTaFbl y/leyMeH 0alJIaHbICTBhIPBLIbBIIN, THIMJi KbICBIMHBIH, Tepic yJieci KylleHheTiH
pexXuMiep/iiH 6ap eKeHiH KepceTe/.

50F | : ! =
r A=l &
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Cypet 4 - SEC: (p + 3p)/H3 QyHKUUACHIHBIH, Z -Ke ToyeAi/Iiri

Cypert 4-Te (p + 3p)/H mamachIHbIH KbI3bLI bIFbICyFa Tayeiniri A = 0.1,0.2,0.3,0.5
MoHJepi yuiH OepisreH. Bys canbicThlpy A mNapaMeTpiHiH MaTepUsi-TeOMeTpUs
0alJIaHbICBIH KYUIEUTy apKblibl KeHEW [JUHAMUKACblH CaHABIK TYpPFbIJaH KaJjai
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©3repTeTiHIH KepceTyre MyMKiHJiK Oepefi. [paduKTeH TeMeH KbI3blJ bIFbICYJIapAa
IIaMaHbIH H6JI MaHbIH/Ia ©3Trepyi HeMece OeJirijii apasbIKTapAa HeJre akbiHAaybl SEC
IIapPThIHBIH Kelll yaKbITTap/a 6y3blybl MyMKiH €KeHiH aHFapTa/bl, aj1 0yJ1 yZeMeJli KeHero
cueHapuiiMeH yisiecefii. CoHbIMeH 6ipre A e3repreH cailblH KUCbIKTap/AblH AeHreii MeH
6Cy KapKblHbl aWblpMallbLIbIK, KepceTeZi, afHM SEC TasanTapblHBIH, OpBbIHAANY
allMaKTapbl IapaMeTpre cesiMTaJ TypZe BbIFbICAJbl; JeMeK, A Kell yaKbITTaFbl
JIMHAMUKaHbI PETTEUTIH MaHbI3Abl paKkToOp peTiHze kepiHeai. Ocbl HoTXKesep f(R,T) =
R + 2AT mopeninje yaeyai cunaTTalThiH pexxumzaepe SEC mapThiHbIH 6Y3bLIybl MYMKiH
60J1aThIHBIH XoHEe 0YJ1 OY3bLIy/ibIH A MOHIHE ToyeJ/li EKEHiH KOpCeTe/Ii.

DEC wiapThl ujiean CyHbIKTHIK yiliH p(z) = 0, p(z) = |p(2)| Typinge xa3binagsl. by
TaJlall dHePTrUs ThIFbI3JbIFbIHbIH, KbICBIM MOJyJIiHEH KeM 60JIMayblH KaMTaMachI3 eTil,
SHEPTUS-UMNYJIbC aFbIHbIHbIH, QU3MKaJbIK TYpPFblJAa 0acblM pexuMJe KaJyblH
CUMATTaWAbl, IFHU aca 3K30THUKaJbIK KYHJiH 6acbiM 00y MYMKIiHJITH LIeKTeH .
AnbinraH p(z) xoHe p(z) HOTHXKeslepi 60MbIHIIA KapacThIpblIFaH A MaHaepi ymin p(z) —
|p(z)| mamace! 3epTTeNreH KbI3blJI IFBICY apasbIFbIH/Ia OH MOH/Ii CAKTal/Ibl, COH/IbIKTaH
DEC mwapTbl ocbl NapaMeTpJiep »KUbIHBI YILIiH OpbIHAAIa/ibI.

OcbLnaiiima, sHeprus mapTtTapbiH Tangay f(R,T) = R + 2AT mopeniHiH TaHAaJFaH
napaMmeTpJiep alMarblHJAQ (U3UKaJbIK TYPFbIJAH KeJiciMZi ekeHiH kepceTeni. Atam
antkKanaa, NEC xxone WEC wapTTapbiHbIH OpbIH/A/ybl TUIM/i 3HEPTHUSA ThIFbI3/bIFbIHbIH,
OH, 00JIybIH XX9He 3HePTUsl aFbIHbIHbIH, PU3UKaJIbIK MaFbIHAa/|a KAJyblH KaMTaMachbI3 eTe[i,
as1 DEC mapThl KbICBIM MEH ThIFbI3/IbIKTbIH KaTbIHACHI CEOENTI IEKTEH ThIC PEXXUMAEP/IH,
nai/ja 6o/MayblH LIEKTEUTIH KOCbIMIIIA KPUTEPUH peTiH/e KbI3MeT eTe/li. COHbIMeH KaTap
SEC waptsl (p + 3p) KOMOUHALMSACBIMEH aHBIKTAJATBIHABIKTAH, OHbIH OY3bLIybI KeOiHe
Kelll yakKbITTapJarbl yJieyMeH Oal/laHbICTbl »9He THIMJI KbICBIMHBIH Tepic yJjeci
KYLIeHeTiH pexuMaepid 06ap exkeHiH Oingipeni. AJsibiHFaH rpadukTepiMmizge A
napaMeTpiHiH e3repyi 0Cbl KOMOWHAIUSHBIH, KbI3bLJI BIFbICYFa TOyeJi/li 3BOJIOIUSCHIH
CaHJIbIK TYpFblZaH e3repTeTiHiH KepcerTin, SEC mapTbiH Oy3aTbIH HEMece OHbl KaWTa
KaJIllbIHA KeJITipeTiH akMaKTap/blH A-Fa ce3iMTaJl eKeHiH aHFapTazpbl. [leMek, A maTepus-
reoMeTpus 6alJIaHbICBIH PeTTEWTIH MaHbI3/lbl IapaMeTp 0O0JIbIN TaObLIa/Abl XKOHE OHbIH,
MoHiHe Kapall MoJe/jb Kell yaKbITTapJAaFbl yZAeyZi CUNaTTauTblH pexuMJephi Oepe
ajaZibl, 9pi 9Heprus WWAPTTapbl TYPFbICbIHAH (U3UKAJBIK >KapaM/ibl NapaMeTpJiiK
obsibicTapApl 6eJsiin KepceTyre MYMKiHZIK Oepegi. CoHplHZAa, Oy/a Tajajay aJjbIHFaH
HoTwxesepAi crangapTTel ACDM 6ospkaMaapbIMeH CajbICTBIPYFa HeTri3  0OJIblI,
MoAuUKalMATaHFaH IPaBUTALMAHBIH 0aKblIayJIbIK TYPFbIIaH TeKCepilyiHe aJfblllapT
»Kacaubl.

KopbITBIHABI

ByJs )KyMbIcTa MaTepusl - TeOMEeTPHUSHbIH, MUHUMaJIbl eMec 6aisiaHbickl 6ap f(R,T)
rpaBUTaALUsACBIHBIH, CbI3bIKTBIK Mo eJi f(R, T)=R+2AT kapacTbipbLaabl. [uBepreHUsICHI3
basiysiay mapaMmeTpJieHyi HerisiHae FasaMHbIH KeHelw TapuUXblH CUNATTAWUTBIH H(Zz)
GYyHKUUACH KaJlllbIHA KeJTipiJin, ajblHFaH epHeK MoaudukauusiaHFraH PpuamaH
TeHJeyJepiHe eHrisisgi. Ockl TACI apKblibl Heri3ri KOCMOJIOTHSAJIBIK, LIaMaJapAblH,
3BOJIIOIMSCH 3€PTTeJiN, 3HEePTUsl ThIFbI3JbIFbl P(Z), KbICbIM pP(Z) >koHe KyH TeHJeyi
napaMeTpiw(z) YllliH aHaJIMTUKaJbIK )XoHe TpaPUKTIiK HOTHKeJiep aliblH/bl. HoTrxxesnep A
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napaMeTpiHiH Mo/ieJib JUHAMUKACbIHA au TapJIbIKTal 9cep eTETiHiH KOPCETTi: A e3repreH
CalblH KeHel KAapKbIHBIHBbIH cUNaTTaMajapel, p(z) xoHe p(z) OyHKLUUSAIAPBIHbIH
JleHreli MeH 3BOJIIOIUAJIBIK MiHe3i, coHAal-aK w(z) mapaMeTpiHiH KbI3bLJI BIFBICYFa
TOYe I caHAbIK TYpFblAaH e3repefi. bys 6ailyiaHbic MapaMeTpi MaTepUsHbIH i3i
apKblJIbl TeOMeTpUAFa EHTi3IeTiH Ty3eTyJepAl peTTel, Kell yakKbITTapAarbl yAeyal
CUMATTAWTBIH THIM/i JUHAMUKAHbIH KaJbIIITaCyblHA bIKIAJ €TETiHI 6aliKalabl.

MogenbiH GU3MKaIbIK YHIECIMIJIITIH 6aFasiay MaKcaTbIH/AA KJIAaCCUKAJIbIK dHEPTUS
waptTtapbl NEC, WEC, SEC, DEC Tanganpbl. Tangay HoTHXKeCiH/ e TaHAAy/1bl IapaMeTpJiep
anmmarbiHZla NEC >xoHe WEC mapTTapbiHbIH, OpbIHJAAJYybl MOJEb/iH (U3UKAJBIK
TYPFbIJIaH KaObLIJaHaTblH pexuMmjep Oepe ajsaTblHbIH KepceTei. COHbIMEH KaTap
yAeMesi KeHeloMeH O0aiaHbICThl pexxuMaepe SEC mapThIHbIH KeUOip KbI3blJ bIFBICY
apa/JblKTapblH/Jla OY3bllybl MyMKIiH €KeHi aHbIKTa/lZbl; OyJ KyObLIbIC yAeMeJi KeHelo
CueHapUMiMeH yuJecell Xo9He A NapaMeTpiHiH Kell yaKbITTapAaFbl AWHAaMUKaHBI
peTTeyzeri peJiiH aMKblHAAUAbL. /leMeK, 3Heprusd IapTTapbl TYPFbICbIHAH aJIbIHFaH
HoTwxkesiep f(R,T)=R+2AT mogesniHiH yJeyai cumaTTaWTbIiH peXUMJEpre KaoOiJeTTi
eKeHiH >koHe COHbIMeH Oipre ¢U3UKaJbIK *KapaM/bl IapaMeTpJlik auMaKTap/bl 6eJin
KepceTyre MyMKiH/liK 6ap eKeHiH pacTaubl.

Kannel anfaHaa, [JUBEpPreHNUsChI3 KUHeMaTuKajblK mnapametpJseHy f(R,T)
rpaBUTALUACH] LlIeHOepiHJe Kell YyaKbITTaFbl KOCMOCTBIK, YAEYAi camnasjblK TYpPFblJaH
TYCiHJIipyTe >XoHe Mo/ieJib MapaMeTpJiepiHiH acepiH KyHesi TypJe 6afanayfa TUiMAi
KypaJ 60Jiblll TabbL1a/ibl. BoslamakTa *XyMbICThI KEHEWTY YILUiH A NapaMeTpiH KeHipek
JiManas3oH/ia 3epTTey, 6aKblIayJblK JepeKTepMeH OipJjieckeH mapaMeTpJiK IIeKTeyJep
KYPri3y, COHZIal-aK TYPaKTbUIbIK IIeH KO3yJapAbl Taj/jay 6aFbITTapbl NepCHeKTUBAJIbI
6osibIll TabblLIaAbl. Bys KajamMzap YCbIHBLIFAH MOJEJbJiH 0aKblIayJblK TYpFblJaH
»KapaM/JbUIBIFBIH TepeHipeK TeKcepyre »KoHe HaTWxXKesephi craHzapttel ACDM
60/KaM/lapbIMEH TOJIBIK CaJIbICThIPYFa MYMKIiH/IiK 6epeai.

AnFbicC aiiTy, MyaAeiep KaKThIFbIChI
ABTopJiap Myazesiep KaKThIFbIChI YKOKTBIFBIH MaJIiMAEH /.
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YKETEKILIJIIK )KoHe KaJ/lNbl pelaKLUAIay.
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Energy conditions in non-minimal f (R, T) gravity with a divergence-free parameterization
of the deceleration parameter

Abstract. In this work, we study a divergence-free parameterization of the deceleration parameter
within the simplest linear f(R,T) modified-gravity model featuring a non-minimal matter-geometry
coupling, f(R,T)=R+2AT, where R is the Ricci scalar, T is the trace of the energy-momentum tensor, and
A is the coupling parameter. Using this parameterization, we derive the Hubble parameter as a function
of redshift, H(z), and substitutee it into the modified Friedmann equations. The model parameters are
constrained with observational data from OHD (cosmic chronometers) and the Pantheon supernova
compilation, and the present-day values of H_0, q_0, and the evolutionary component q_1 are numerically
estimated; the results indicate a smooth transition of the Universe from decelerated to accelerated
expansion. In addition, for different values of A, we analyze the time evolution of the energy density p and
the effective equation-of-state parameter w, identify deviations from the ACDM scenario, and clarify the
role of A in shaping the global cosmological dynamics. The energy-condition analysis shows that the NEC
and DEC are satisfied throughout the evolution, whereas the SEC is violated at late times, in agreement
with the observed cosmic acceleration. Overall, the divergence-free parameterization within f(R,T)
gravity provides a viable framework to account for late-time acceleration while remaining consistent
with observational and theoretical constraints. The results also provide a basis for a comparative analysis
with the standard ACDM model and for placing observational bounds on the coupling parameter A.

Key words: Divergence-free deceleration parameter, f (R, T) gravity, non-minimal coupling, cosmic
acceleration, energy conditions, equation-of-state parameter, ACDM.
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Be3auBepreHTHasd napaMeTpu3anys NapaMeTpa 3aMe/JIeHUS U JHepreTudecKye ycJa0BuUs B
HeMuHMMaJ/ibHOI f(R, T) rpaBuTanun

AnHoTanusA. B faHHON paboTe uccienyeTcss 6e3UBEPreHTHYI0 NapaMeTpU3alyi0 MapaMeTpa
3aMe/JiIeHUsI B HauboJiee MPOCTOM JIMHEMHOW Mopenu MmoaubunupoBaHHou rpaButauuu f(R,T)
C HeMUHUMaJbHOH cBA3bl0 MaTepuu U reometrpuu: f(RT)=R+2AT, rpe R- ckansgp Puuum, T- caep,
TEH30pa JHEPTrUM-UMIYJbCa, A- MapamMeTp cBfA3W. Ha oOcCHOBe yKa3aHHOW mapaMeTpU3aLUU
BBIBOJIUTCS NapaMeTp Xab66/1a B BU/le 3aBUCHMOCTU OT KpacHoro cMmeieHus: H(z), mocse yero oH
MO/ CTaBJ/sAeTCA B MOAUPULMPOBaHHbIe ypaBHeHUsA PpuMaHa. [lapamMeTpbl Mozie/IM OTPAaHUYUBAIOTCA
HabsoaTenbHbIMU AaHHBIMU OHD (cosmic chronometers) u koMnuasiiiuu cBepxHOBbIX Pantheon.
JJ1g coBpeMeHHBIX 3Ha4eHHUH 4yucaeHHo oneHuBatoTca H_0, q_0 ¥ 3BosionyMoHHaA KOMIOHeHTa q_1,
HoJlydeHHble pe3yJbTaThbl [OKAa3blBAlOT IJIaBHbIA Nepexof, BcesenHol oT ¢asbl 3aMe/JIeHHOTO
pacuiMpeHus K yCKopeHHOMYy. KpoMe Toro, A pas/M4yHbIX 3HaYeHUH A aHa/JIM3UpyeTCs BpeMeHHas
3BOJIIOLMS IJIOTHOCTH 3HEPrMU P W MapaMeTpa IOJHOTO ypaBHEHUsI COCTOSIHUSL ), BBISIBJISIOTCH
OTKJIOHeHUs oT Mozesn ACDM u yTo4yHsieTca poJsib napaMeTpa A B $OpMHUPOBAaHUM KOCMOJIOTUYECKOU
JAUHaMHUKHU. [IpoBepKa aHepreTHYeCKUX yCJI0BUN ToKasbiBaeT, 4To ycaoBUA NECu DEC BeinosiHA10TCA HA
IPOTSXKEHUH 3BOJIIIUY, TOTAA Kak ycnoBre SEC HapyliaeTcs Ha NO3HUX BpeMeHax, UTO COIJIacyeTcs
C HabjofaeMblM KOCMHUYECKHMM YyCKopeHHeM. B 1esioM, 6e3fuBepreHTHas NapaMeTpusalus B
paMkax f(RT)- rpaBuTanuu mnosBoJsisfieT ONMCbIBAaTb NO3J4HEBpeMeHHOe yCKOPEeHHE, OJHOBPEMEHHO
COXpaHsIsl COTJIACOBAHHOCTh C HAGJ/II0AATEAbHBIMU U TEOPETUYECKUMHU OrpaHU4YeHUsIMU. [lo/lyyeHHbIe
pe3yJbTaThl CO3al0T OCHOBY [IJIl CPABHUTEJBHOI'O aHa/IM3a CO CTaHJapTHON Mogenbio ACDM u nna
HaJIOXKeHUS HAOJII0/]aTeIbHBIX OTPaHUYEHUN Ha mapaMeTp A.

KiioueBble c10Ba: 6e3/UBepreHTHbIA NapaMeTp 3aMeJieHus, f(R, T) rpaBuTanys, HeMUHUMalbHas
CBSI3b, KOCMHYECKOE YCKOPEHHE, IHEPTeTUUECKUE YCI0BUS, TapaMeTp ypaBHeHUs cocTosiHusl, ACDM.
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Abstract. The study of the neutrinoless double beta decay (0vf3f) by heavy-ion
double charge exchange (HI-DCE) representsacrucial step toward understanding
the fundamental properties of neutrinos and the possible violation of lepton
number conservation. Among the candidate isotopes for this rare process, °Ge
plays a central role in current and next-generation experimental searches. In this
work, I investigated the nuclear structure aspects relevant to the Ovfdecay of
7°Ge through the analysis of the *’Ne+7°Ge reaction at E_ =275MeV. The reaction
dynamics were modeled using the coupled-channels code FRESCO using the
Distorted Wave Born Approximation (DWBA), which allows for a detailed
description of inelastic excitations and single-nucleon transfer processes thatare
sensitive to nuclear transition densities. Complementary large-scale shell-model
calculations were carried out with KSHELL to obtain spectroscopic amplitudes
and nuclear matrix elements for the relevant states. The theoretical results
were directly compared with experimental differential cross sections from the
NUMEN Collaboration, showing good overall agreement in both magnitude and
shape. This comparison validates the reliability of the adopted reaction and
structure models and provides important constraints on the nuclear structure
components that dominate the OvSf nuclear matrix elements.

Keywords: neutrinoless double beta decay (Ovff), Majorana neutrinos, rare
decay, nuclear matrix elements, heavy-ion reactions

Introduction

The search for neutrinoless double beta decay (OvBf3) represents one of the most significant
challenges in modern nuclear and particle physics, as its observation would provide unambiguous
evidence of lepton number violation and confirm the Majorana nature of neutrinos. Beyond its
fundamental implications for particle physics and cosmology, the OvBBdecay is a sensitive probe of the
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absolute neutrino mass scale. Several experimental collaborations, such as GERDA [1] and LEGEND [2],
have focused on candidate nuclei including 76Ge, owing to its favorable nuclear properties and well-
established experimental techniques.

The interpretation of experimental limits or potential future observations relies critically on the
theoretical evaluation of the nuclear matrix elements (NME), which connect the measurable decay
half-life to the effective neutrino mass. However, the NME cannot be directly measured, and current
theoretical predictions differ significantly depending on the adopted nuclear structure model. These
discrepancies highlight the necessity of constraining nuclear structure inputs through experimental
observables related to the same transition operators involved in the Ov(33decay.

In this context, heavy-ion double charge exchange (HI-DCE) reactions have been proposed as an
alternative tool to access nuclear transitions analogous to those driving the Ov33decay. Such reactions
involve similar initial and final states, and share the same spin-isospin operators, providing a possible
experimental constraint on the nuclear matrix elements. However, the extraction of meaningful NME-
related information from HI-DCE data requires a precise understanding of competing mechanisms, in
particular multi-step one-nucleon and two-nucleon transfer processes that may populate the same mass
partitions through sequential paths.

A systematic study of heavy-ion-induced one- and two-nucleon transfer reactions using 12C, 180,
and 20Ne beams on different target nuclei is being carried out within the NUMEN collaboration project
at the INFN-Laboratori Nazionali del Sud (LNS). The NUMEN program aims to investigate double charge
exchange and related reaction mechanisms at energies around 15-25 MeV per nucleon, employing the
MAGNEX large-acceptance spectrometer for the detection of reaction products with high resolution
and efficiency. These measurements provide crucial benchmarks for theoretical models describing the
dynamics of nucleon transfer and charge-exchange processes relevant to the Ovf33decay.

Within this framework, the 2°Ne+7°Ge system offers an ideal testing ground, as it connects the 76Ge
and 76Se nuclei involved in the OvBf decay through single and multinucleon exchange processes. The
study of one-proton stripping and one-neutron pickup reactions at E, , =275MeV allows us to test the
predictive power of both the nuclear structure and the reaction models. In this work, the reaction
dynamics are analyzed using the coupled-channels code FRESCO [3], which accounts for inelastic
excitations and transfer couplings. Spectroscopic amplitudes and nuclear matrix elements were obtained
from large-scale shell-model calculations performed with KSHELL [4], ensuring a consistent microscopic
description of the nuclear states involved.

The comparison between theoretical predictions and experimental differential cross sections
provides a stringent test of the adopted models and interactions. The results of this analysis represent a
key step toward improving the reliability of nuclear structure and reaction frameworks used to interpret
heavy-ion double charge exchange data and, ultimately, to constrain the nuclear matrix elements that
govern the neutrinoless double beta decay (0vf3[3).

This paper is organized as follows. Section II describes the experimental setup and the MAGNEX
large-acceptance spectrometer. Section III presents the methodology of the conducted study, while
Section IV shows the results of the elastic channel, the inelastic excitations channel of projectile and
target nuclei, the one-proton stripping and one-neutron pickup channels. Finally, Section V summarizes
the main conclusions and perspectives of this work.
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Experimental setup: MAGNEX spectrometer

The MAGNEX large-acceptance magnetic spectrometer, developed and operated at the INFN-
Laboratori Nazionali del Sud (LNS) in Catania (Italy), is a key instrument for the study of nuclear reactions
involving heavy ions at intermediate energies. The device is characterized by a solid-angle acceptance
of about 50 msr and a momentum acceptance of approximately -14.3% to +10.3%. Its optical system
consists of a large-aperture quadrupole and dipole magnet configuration, coupled to a high-resolution
focal plane detector (FPD) that enables the identification and tracking of the emitted ions.

A central feature of MAGNEX is its ability to perform precise ray reconstruction of particle trajectories.
The reconstruction technique is based on high-order differential algebraic methods implemented
through the COSY INFINITY code, allowing for the correction of higher-order aberrations up to the
10th order. This enables an accurate determination of the momentum vector and scattering angles of
detected ions, achieving a momentum resolution of about 1/1800 and an angular resolution of ~0.2°.
Furthermore, the spectrometer provides a mass resolution of approximately 1/160, obtained through
the simultaneous measurement of energy, momentum, and charge of the ejectiles.

The optical characteristics and large acceptance of MAGNEX make it a powerful and versatile tool for
nuclear reaction studies, including single- and multi-nucleon transfer, inelastic excitation, and double
charge exchange processes. Its high precision in angle and momentum reconstruction also allows the
extraction of absolute cross sections with an accuracy of a few percent, demonstrating its suitability for
detailed investigations of reaction mechanisms and nuclear structure observables. Further information
could be available in [5].

In the present experiment, a 20Ne beam with an energy of 306 MeV was produced by the super-
conducting cyclotron at INFN-LNS and directed onto a carbon target enriched with 76Ge. The 19F (one-
proton stripping) and 21Ne (one-neutron pickup) ejectiles were momentum analyzed by the MAGNEX
large acceptance magnetic spectrometer.

Methodology

The theoretical interpretation of the angular distributions for the 20Ne+76Ge reaction in the different
channels was carried out using the FRESCO code.

The optical model (OM) potential was determined through a parameter search performed with the
integrated SFRESCO code, using the experimental angular distribution data provided by the NUMEN
collaboration as a reference. The inelastic differential cross section was calculated within the DWBA
framework, assuming a pure rotational model to describe the excitation levels. To evaluate the
spectroscopic amplitudes required for the channel involving one-nucleon transfer, the KSHELL code was
employed in combination with the FRESCO reaction code to calculate the angular distribution of the
cross section.

Results

In the following section, the results of the theoretical angular distribution of the cross section are
presented for the different reaction channels.

¢ Elastic channel

The elastic channel can be described using a complex optical potential:
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UOPT(r) = V(T') + lW(T) (1)

V(1) is the real part of the potential, and W(r) is the imaginary part of the potential, described the

non-elastic contributions and results as an absorptive effect for the elastic cross section, reducing

the flux in the elastic channel. The real part V(r) of the OP is a central Woods-Saxon function in

which the radius R, the strength V; and the diffuseness are evaluated due to an SFRESCO code.
In the present work, the following parameters are adopted:

Table 1. Parameters of the Optical Potential
Vo(MeV) r(fim) a(fm) W y(Mev) ri(fm) a;(fm)

20.257 1.506 0.652 28.627 1.214 0.650

The results of the optical model (OM) calculations performed with this type of potential,

together with the experimental data presented in the 0 /0gyry representation, are shown in
Figure 1.
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Figure 1. Angular distribution of the elastic differential cross section in terms
of ratio with the Rutherford cross section. Blue dots are experimental data

¢ Inelastic channel
The angular distribution of the transition from the ground state of the target (0)to the
excited 27 state at 0.563 MeV was evaluated within the DWBA approximation. Assuming a pure
rotational model, the transition to the 27 state was treated as a quadrupole excitation.
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Using the KSHELL code, the reduced transition probability of 76Ge was calculated in
order to describe the Coulomb deformation of the nucleus, yielding the value B(E2; 0" - 2+)
=0.37 e*b%

The nuclear coupling potentials V5 (7)were treated in the first-order approximation,
following the formulation of G. Satchler [6], given by:

8p dU
Vio(r) =250 2)
where the deformation lengths &;, = B, R;are computed from the deformation parameters

p i»and the nuclear radii R; of each nucleus i. The results are shown in Figure 2.
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Figure 2. Angular distribution of the inelastic differential cross section in terms
of the ratio with the Rutherford cross section. Blue dots are experimental data

e Neutron pick-up

Particular attention was devoted to nucleon-transfer processes. In particular, the neutron
pick-up mechanism in the reaction "Ge(**Ne, ?'Ne)”Ge*was investigated. The theoretical
angular distribution of the cross section (shown in Fig. 3) was evaluated by assuming the
2Nenucleus in the state with angular momentum 5/2%at an excitation energy of 0.351 MeV.
For the residual nucleus 7°Ge, the first five excited states were considered.

The spectroscopic amplitudes required as input for the FRESCO code were calculated
using KSHELL, employing the w interaction for the projectile nucleus and jun45 for the target
nucleus. Moreover, in order to reduce the number of degrees of freedom and limit computational
effort, a particle—hole truncation was introduced, which significantly decreased the overall time
consumption of the simulation.
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Figure 3. Angular distribution of the 1N-Pick up differential cross section in terms
of ratio with the Rutherford cross section. Blue dots are experimental data

e Proton stripping

As a final analysis, the theoretical angular distribution of the cross section associated with
the proton stripping process in the reaction "Ge(**Ne, ""F)”’As was evaluated, and the
corresponding prediction is presented in Figure 4. As in the previous cases, the calculation was
performed within the DWBA framework, which provides the most suitable theoretical
description for single—nucleon transfer mechanisms at intermediate energies.

For the emitted nucleus 19F, the state with spin and parity 5/ 2% at an excitation energy of
0.197 MeV was considered, consistent with the nuclear configurations expected for a stripping
process. Regarding the residual nucleus "’As, the nuclear structure input was constructed by
including the first five excited states of the target *Ge, in order to obtain a more comprehensive
description of the accessible population channels in the reaction.

KSHELL spectroscopic amplitudes, required to characterize the structural contribution of
the various transfer channels and to provide input for the FRESCO code, were computed using
KSHELL, employing the appropriate interaction models for the nuclei involved.
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Figure 4. Angular distribution of the 1P-Stripping differential cross section in terms of
ratio with the Rutherford cross section. Blue dots are experimental data
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Discussion

In this work, I put under investigation the system **Ne+"°Ge at a beam energy of E;,;, =
306MeV for different reaction mechanisms. This reaction system is of particular interest within
the framework of the NUMEN project, which aims to constrain the nuclear matrix elements

relevant to neutrino-less double beta decay (OvS[) through the study of the corresponding
heavy-ion—induced double charge exchange reaction. Achieving this objective requires a
thorough understanding and accurate quantification of all multistep transfer processes connecting
the same initial and final mass partitions. The results reported here contribute to this broader
effort by providing essential experimental benchmarks and theoretical insights needed to improve
the reaction modelling and, ultimately, the reliability of the extracted nuclear matrix elements.

In the elastic channel, good agreement with experimental data is observed for small angles,
while at larger angles an oscillation of the theoretical angular distribution of the cross section
emerges. This behavior could be attributed to convergence problems in the FRESCO code,
probably related to the shape of the potential used. A possible solution could consist of a more
accurate fit of the experimental data.

In the inelastic channel, the angular distribution of the cross section correctly reproduces
the experimental data, but a more realistic description could be obtained by adopting a model-
independent approach for excitation, as an alternative to the pure rotor model.

Finally, for the one-nucleon transfer channels, an increase in the degrees of freedom in the
interaction model would allow more accurate spectroscopic amplitude values, thus improving the
overall agreement with the experimental data.

In conclusion, due to the quantum nature of the reaction mechanism, it is not possible to
experimentally isolate the cross sections associated with individual nuclear states. Instead, the
measured observables represent the coherent outcome of all contributing processes. For this
reason, a robust theoretical framework for nucleon-transfer reactions becomes essential, as it
enables the prediction of cross sections for intermediate steps that cannot be accessed
experimentally. Such theoretical guidance is crucial for completing the reaction picture and for
supporting the interpretation of the measured data, ultimately allowing for a more accurate
reconstruction of the reaction dynamics involved in the studied system.

Conclusion

In general, there was good agreement between the theoretical angular distributions of
the cross section in the different reaction channels and the experimental data, except in
the neutron pick-up channel. These results confirm the reliability of the model adopted
and allow indirect access to information on nuclear matrix elements, which cannot be
determined directly. Looking ahead, a significant development of this research could
consist of extending the calculation times and modelling complexity of the simulations
with KSHELL, to employ interactions with a greater number of degrees of freedom and
obtain more accurate and complete spectroscopic amplitudes.
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E_lab = 275MeV sHeprusagarsi 20Ne+76Ge peaknusara MIory

Anpgarna. Aybip uoHAapAblH eki 3apsj aamacysl (HI-DCE) agici apkpLibl 6eliTapan HEUTPUHOCHI3
Koc 6eTa bigbipaybiH (0vBf) 3epTTey HeUTpUHOMAPABIH Heri3ri KacueTTepiH TYCiHyTre »oHe JIENTOH
CaHbIHbIH, CaKTaJy 3aHbIHbIH OY3bL1y MYMKIHJIriH aHbIKTayFa O6aFbITTaJFaH MaHbI3Abl KaJaMm
GoJIbINl TaOBLIAABL. Bys cupek mpolecc yuliH KaHAWAAT U30TONTApAbIH, illiHAe 76Ge Kasipri »koHe
Keseci OyblHJaFbl 3KCIEpPUMEHTTIK i3JjeHicTepfe opTasblK peJs aTKapaZbl. Ocbl KyMbICTa MeEH
76Ge aapocbiHblH, OvBB blAbIpayblHa KATBICTBI SAPOJIBIK KYpbLIbIM acnekTisiepiH E_lab=275 MaB
aHepruscbiHarbl 20Ne+76Ge peaKUUsICbIH Tajjay apKblLibl 3epTTeAiM. Peakuusa auHaMHKachbl
Distorted Wave Born Approximation (DWBA) aaicin konganateid FRESCO kymieTisireH KaHasigap KoJibl
APKbLIbI MOJEJIbJIEH/Ti, 6YJI SAPOJIBIK 6Ty ThIFbI3JbIKTAPbIHA Ce3IMTaJl CEPMIMCI3 KO3/AbIPhLIYIap MeH
6ip HyKJIOH/Z bl TachbIMa/Jay MPOLECTEPIH erKel-TermKenai cunaTTayfa MyMKiHZik 6epefi. KocbiMina
ayKbIMibl KabbIKiia-mozeab ecenteysepi KSHELL 6GafmapJsiamaceiMeH Kyprisijin, Tuicti kydaep
YUIIH CIeKTPOCKONUAJIBIK aMIJINTYAAJap MeH sIpOJIbIK MaTpULa 3JleMeHTTepi a/IbIH/bl. TeOpUSJIbIK
HoTwkesep NUMEN BIHTBIMAaKTaCTBIFBIHBIH 3KCIEPUMEHTTIK JuddepeHIHaNAbIK KUMasTapbiMeH
TiKkeJiell caJIbICTBIPBLIbII, MaH/Ii A€ MillliHi KaFbIHAH /A »KaKCbl COMKeCTiK KepceTTi. By canbicThipy
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KOJIZIAHBLJIFAH peaKI[isd MeH KYpPbUIbIM MOJlebiepiHiH ceHiMainirin pacran, Ov3f sapo/biK MaTpula
3JIeMeHTTepiH 6aCbIM eTeTiH AAPOJIbIK KYPbIIBIM KOMIIOHEHTTEPiHE MaHbI3/bl IIEKTEY/Iep KOSAIbI.

Ty#iH ce3aep: 6eliTapan HEUTPUHO KaTbIcaTbIH Koc 6eTabiAbipay (0v[3[3), MaliopaHa HEUTPUHOIAPHI,
CHUPEK bIJbIpay, AAPOJIbIK MaTpHULiA 3JIEMEHTTEDPI, ayblp HOHABIK peaKLusaap

Jlopenno ®eaepuko lannanapao1*, Cykepac Bacuinc!?

Yuueepcumem Kamarnuu, Hmanaus
2INFN, KOscHble HayuoHaabHble aabopamopuu, Kamanus, Hmanus
(E-mail: lorenzo.pappalardo10@gmail.com, soukeras@!Ins.infn.it)

0630p peakuuu 20Ne+76Ge npu saHepruu E_lab = 275MeV

AHHoTanus. ccienoBaHue 6e3HeUTPUHHOTO IBOMHOrO0 6GeTa-pacnaja (0vf) cnoMonibio JBOHHOTO
obmeHa 3apgaaamu Tsokesblx MoHOB (HI-DCE) mpepcraBiisieT co60il BaXKHbIM IIar K MOHUMaHUIO
byHZjaMeHTa/IbHBIX CBOMCTB HEUTPUHO U BO3MOXKHOT'O HApyLIEHHUs COXpPAaHEHHUs JIENTOHHOTO YMCJIa.
CpeAy U30TONOB, MOAXOAAIIUX JAJil 3TOTO peAKoro mpouecca, 76Ge urpaeT LEeHTPAJbHYK pOJib B
3KCMepUMEHTAJbHBIX MOUCKAX TEKYLEr0 U CAeAyI0llero nokoeHus. B fjanHoil paboTe g uccaegoBal
acIleKThl lepHOH CTPYKTYPhl, UMellle oTHoleHHe K pacnagy (0vBp) 76Ge, nocpecTBOM aHa/IM3a
peaknuu 20Ne+76Ge npu E_lab=275 M»3B. /luHaMHKa peaklUd Oblja CMOJleJIMPOBaHa C MOMOIIbIO
koJia fresco ¢ ucnosibzoBanueM npubsmxkenusa Distorted Wave Born Approximation (DWBA), koTopoe
N03BOJISIET JETaJbHO ONUCAaTh Heynpyrue BO30YKJEeHUs U NpOLlecchl NepeHoca OJJHOTO HYKJIOHa,
YYBCTBUTEJIbHbIE K IIJIOTHOCTSM si/lepHBIX TePeX0/10B. JI0N0JTHUTE/IbHbIE KPYITHOMACIITAOHbIE PACYeThI
1o MoJiesii 060JI04KH ObLIX BblNOJIHEHBI ¢ ToMolbio KSHELL aJs monyyeHUs] CIEKTPOCKOMUYECKUX
AMIUIUTYA U s/lepHbIX MAaTPUYHBIX 3JIEMEHTOB JJIs COOTBETCTBYIOIIUX COCTOSAHUU. TeopeTuyeckue
pe3yabTaThl ObLIM HENOCPEACTBEHHO CONIOCTABJIEHDI C 3KCIIEPUMEHTAIbHBIMU AU depeHIIMalbHBIMU
cevyeHHUsIMH, I0Jy4eHHbIMU B paMKax koJsnabopanuu NUMEN, uTo nmokasaJsio xopoliee o61iee coracue
KaK [0 BeJUYUHe, TaKk U no ¢opMe. ITO CONOCTaBJEHUE TMOATBEPXK/AAET HAJ€XKHOCTb NMPUHATHIX
Mo/iesiel peaKIUH U CTPYKTYPhI U JaeT BaXKHbIe OTPaHUYE€HHS Ha KOMIIOHEHTHI IZIEPHOM CTPYKTYPHI,
KOTOpble JIOMUHUPYIOT B 3/1IeMeHTax siflepHoi MaTpulbl Ovf3p.

Kinio4deBble c10Ba: 6e3HENTPHUHHBIN JBOIHOM 6eTa-pacnazg (0vpB), HeiiTpuHO MaiopaHbl, pejKUit
pacmna/, 3JieMeHThI 1JlepHON MaTpUIlbl, PeaKIIUU TSXKeTbIX MOHOB
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Abstract. This paper aims to study the physical principles of a low-temperature
Stirling engine and develop a working model. Both ideal and realistic cycle
parametersare considered. Actual energylosses occurringduring engine operation
are analyzed, and approaches for accounting for them in modeling are proposed,
facilitating theoretical research on low-temperature heat engines. Various
Stirling engine modifications are also considered, and their potential efficiency
is analyzed as a function of temperature, material properties, and operating
conditions. The construction of an experimental engine model contributes to a
deeper understanding of the heat transfer and energy conversion mechanisms
in closed cycles, which is important for the development of heat engine theory.
Experimental research also contributes to the development of a domestic
scientific base in the field of alternative energy. The study makes an educational
and methodological contribution: a model has been proposed that can clearly
demonstrate the operation of a Stirling engine and conduct basic experiments,
making it a useful tool in educational practice.

Keywords: heat engine, Stirling engine, thermodynamic processes, heat transfer,
heat exchange element.

Introduction

The Stirling engine originated in the early 1800s when Scottish clergyman and inventor
Robert Stirling (1790-1878) developed an alternative to the steam engines that dominated
that era. His 1816 patent described an initial prototype operating on a closed thermodynamic
cycle with external thermal input. Safety considerations drove this invention, as steam engines
frequently exploded due to excessive pressure and inadequate temperature regulation. Stirling
aimed to create a more reliable and safer thermal machine [1, p.42].

His original device, termed an "air engine," featured a basic design utilizing air as the working
fluid. A critical component was the regenerator - a heat exchange element that enhanced
efficiency through thermal energy recycling. Although the regenerator reached full effectiveness
later, Robert Stirling pioneered this concept.
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Subsequently, his brother James Stirling, a professional engineer, joined the development
effort. Together, they produced more powerful variants, including a unit constructed in 1843 that
powered pumps at a foundry facility. Despite their efforts, the Stirling engine couldn't compete
with advancing steam engine technology. Its power output and reliability were constrained
by available materials, particularly metals lacking sufficient thermal resistance, which limited
operating temperatures. The Stirling engine found applications in smaller mechanisms and
pumping systems, but interest gradually declined with the widespread adoption of internal
combustion engines and electric machinery [2, p.2134].

Interest in Stirling engines resurged significantly during the latter half of the 20th century.
This revival stemmed from advances in materials science, especially heat-resistant alloys that
improved engine thermal tolerance, alongside growing demand for alternative, environmentally
cleaner energy sources [11, p.48].

During the 1930s-1950s, Philips Corporation (Netherlands) conducted extensive Stirling
engineresearch and modernization. The initial objective was to create silent electrical generators
for radio receivers in remote areas without electricity. Philips engineers developed compact,
reliable units, including models employing helium as the working fluid. Despite successful
demonstrations, commercial adoption remained limited due to competing technologies,
particularly batteries and gasoline generators [3, p.395].

In the late 20th and early 21st centuries, the Stirling engine has experienced renewed interest
among researchers and engineers for several reasons:

- High theoretical efficiency approaching the Carnot cycle

- Versatility in thermal sources: renewable energy sources (solar, biomass combustion,
geothermal heat) and low-temperature sources, including body heat

- Minimal noise and vibration, making it attractive for medical equipment and underwater
vessels

- Environmental friendliness, as the engine itself produces no combustion products; all
processes occur externally to the working chamber

Applications in space technology, micro-generators, autonomous power systems, and
experimental vehicles [5, p.56].

Current Applications

Contemporary Stirling engine applications include:

- Solar power stations (e.g., Dish-Stirling systems)

- Space technology (NASA and ESA projects as energy sources for extended missions)

- Military applications (submarines, where silence and autonomy are critical)

- Small-scale energy generation (cogeneration units for residences and farms)

- Engineering education, as instructional models and laboratory setups

Low-temperature Stirling engine variants are also under development, operating on
temperature gradients such as between human body temperature surfaces and cold surfaces, or
between warm water and ambient air. These serve to demonstrate thermodynamic processes
and educational purposes [11, p.67].
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The methodology

The Stirling engine is a thermal machine with an external heat supply, operating on a closed
thermodynamic cycle. Its operation is based on the Stirling cycle, consisting of four idealized
processes: two isothermal and two isochoric (constant volume) transformations [10, p. 44].

The schematic diagram shows the primary Stirling engine components: working piston and
displacer, heater, cooler, and regenerator, along with expansion and compression volumes [4,
p.23].

Essential engine elements include:

- Working and displacement pistons, with a phase regulator ensuring synchronized operation,

- Heater and cooler,

- Regenerator-heat exchange element that stores and releases thermal energy,

- Heat rejection system-radiators or heat exchangers [12, p. 103].

H

Figure 1. Stirling engine schematic

The Stirling cycle is a reversible thermodynamic process utilizing compressible working gas
in a closed volume. It consists of two isotherms and two isochores, forming a closed cycle in p-V
and T-S coordinates. The Stirling machine can operate in direct cycle (as an engine) or reverse
cycle (as a refrigeration machine).In the p-V and T-S diagrams, Q, represents heat absorbed
from the heater, Q, represents heat rejected to the cooler, q; represents heat returned from
the regenerator to the working fluid during isochoric heating, and q, represents heat extracted
from the working fluid by the regenerator during isochoric cooling. The enclosed area in p-V
coordinates represents useful work per cycle, while the area in T-S coordinates equals heat
converted to work per cycle [7, p.186].

Figure 2 illustrates the heatinteractions within the Stirling cycle. Q; denotes the heat supplied
by the heater (]), while Q, represents the heat transferred to the cooler (J). The quantities q;
and q, describe the heat exchange with the regenerator: q; is the heat delivered back to the
working fluid during isochoric heating, and q; is the heat absorbed by the regenerator during
isochoric cooling (]).

The enclosed area of the cycle in the P-V diagram corresponds to the net work produced
per cycle. In the T-S diagram, the enclosed area represents the portion of heat converted into
mechanical work [8, p.35].
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Figure 2. Thermodynamic representation of the Stirling cycle

Stirling engines are categorized based on their structural design, which is determined by the
arrangement of cylinders, pistons, and displacers. The three principal configurations - alpha
(a), beta (B), and gamma (y) - are depicted in Figure 3. Each configuration exhibits distinct
design characteristics and is suitable for specific applications. Figure 3 visually highlights the
structural differences among these Stirling engine types.

3 2
6% >
517
4
F il
o-type B-type Y-type

Figure 3. Three main Stirling engine configurations based on the cylinder
connection arrangement. 1 — power piston,2 — displacer,3 — expansion space,4
— compression space, 5 — regenerator, 6 — heater, 7 — cooler

Stirling engines are classified by construction type based on cylinder, piston, and displacer
configuration. Three main configurations exist: alpha (a), beta (), and gamma (y), each with
distinct characteristics and application areas.

Alpha Configuration (a-type): The alpha engine consists of two separate pistons in two
separate cylinders. One cylinder is continuously heated, the other cooled. Pistons connect to
the crankshaft through a connecting rod mechanism. Working gas moves between hot and cold
zones, expanding and contracting in different pistons [6, p.134-138].
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Beta Configuration (f-type): The beta engine has one cylinder containing both the working
piston and displacer. Pistons are coaxial but non-contacting. The displacer moves gas between
hot and cold cylinder sections, while the working piston converts pressure into mechanical
work [5, p. 52-59].

Gamma Configuration (y-type): The gamma engine resembles the beta but has two separate
cylinders: one for the displacer, another for the working piston. They connect through a common
working volume. This arrangement simplifies construction, improving cooling and insulation
[12, p. 88-93].

Configuration Selection and Justification. For this modeling effort, a gamma-type Stirling
engine was selected. It is most suitable for low-temperature conditions due to its construction
simplicity, ease of assembly, and stable operation at low temperature gradients. The gamma
configuration allows separation of working and displacement cylinders, simplifying visual
inspection and operation demonstration [9, p.33].

Selection rationale:

e Construction and assembly simplicity

» High stability at low temperature differentials (AT=T,-T )

e Material availability

e Safety for educational purposes

Materials and Components.

The Stirling engine model was constructed using inexpensive and readily available materials,
which are listed in Table 1.

Table 1. Parts and materials

Component Material Notes
Working cylinder Glass flask Transparent for process observation
Piston Aluminum Lightweight and easily machined
Displacement cylinder Plastic Heat-resistant and transparent
Membrane Rubber Flexible and sealed
Regulator Wire Motion transfer between cylinders
Base and frame Aluminum Rigidity and stability

Tools utilized during assembly: mini-drill, adhesive, soldering iron, jigsaw, files, caliper, ruler,
thermometer.
Assembly Process
The model assembly consisted of several production stages:
- Base fabrication and cylinder mounting
- Installation of working and displacement pistons
- Crank mechanism assembly
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- Regenerator connection (if present)
- Joint sealing and leak testing
- Testing and troubleshooting
Design Features for Low-Temperature Operation
- Large working volume utilization
- Minimizing heat losses through cold zone insulation
- Increasing heat exchange surface area in the hot zone
- Using lightweight components to reduce inertial losses
- Air as working agent, eliminating sealing requirements
Safety Measures
- Pre-startup seal verification
- Heater insulation from exposed elements
- Eye protection during testing (goggles recommended)
- Safe heat source usage (e.g., hot water cup)
- Electrical safety compliance when using a heater or soldering iron

Experimental Model Construction. Energy conversion from thermal to mechanical form
represents one of the most significant processes in contemporary energy systems. The Stirling
engine model provides a clear and effective demonstration of this transformation. This thermal
machine type is characterized by its capability to operate across various temperature gradients,
including relatively low differentials [13, p.25].

This work examines not only the theoretical operating principles of the Stirling engine butalso
presents a practical implementation of an experimental model. Particular emphasis is placed
on assembly stages and experimentation demonstrating rotational frequency dependence on
temperature differential (Figure 4) [14, p.56].

Figure 4. External view of the engine, together with a cup of hot water
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The experimental Stirling engine model represents a functional low-temperature Stirling
engine implementation with magnetic coupling. The engine base is a 160 mm diameter cylinder,
closed on both sides by circular disks of 170 mm diameter. The cylinder body is plastic, a material
with low thermal conductivity. Disks are metallic with high thermal conductivity (1 mm thick
copper sheet). Disks seal the cylinder hermetically using rubber gaskets. The distance between
disks (chamber height) is 40 mm. Lower and upper disks are fastened with screws, forming a
cylinder containing the displacer. This cylinder volume constitutes the Stirling engine working
volume. Thus, the model represents a two-plate construction where air volume is enclosed
between two metal disks.

The lower disk, through which heat is supplied, is called the "hot" disk. The upper disk,
through which heat is removed, is called the "cold" disk. For improved heat removal, radiators
are installed on the upper ("cold") disk. At the center of the upper disk's external surface is an
opening for working cylinder sleeve installation, plus a flywheel support. The flywheel support
is a shaft with a disk at one end for attachment to the upper ("cold") disk. The shaft's opposite
end has a head with an opening for flywheel shaft installation with a bearing. The flywheel
is installed on the bearing assembly shaft of the upper head support. The 160 mm diameter
flywheel is a thin steel with a plastic hub. An axle offset 12 mm from the flywheel axis is installed
in the hub.

The glass sleeve-working cylinder is designated by position 9, in which the piston moves. The
piston connects to the flywheel through a connecting rod bearing the working cylinder.

The distance from the flywheel axis to the connecting rod upper head axis determines the
piston working stroke (20 mm). The glass sleeve is made from a 20 mm diameter medical
syringe. For effective engine operation, the sleeve should ideally be fabricated from a metal
with high thermal conductivity. The piston is manufactured from epoxy resin. An axle hole is
drilled approximately midway through the piston, through which it connects to the connecting
rod lower head.

The displacer is a circular disk of foam insulation board, 10 mm smaller in diameter than
the cylinder (150 mm diameter), with 18 mm thickness. The displacer occupies half the engine
working volume. Foam insulation board is a material with low thermal conductivity and low
density (lightweight).

A 10 mm diameter neodymium magnet is bonded into the displacer center for magnetic
coupling with the piston, which also has an attached magnet for displacer connection.

Heating the lower plate (in this case with a hot water cup) and cooling the upper plate creates
atemperature gradient that causes air expansion and compression. Consequently, reciprocating
motion arises, converted into rotational movement. This model serves educational purposes
and visually demonstrates the operating principle of a thermal machine with external heat
supply.

Figure 5 shows the main components of the Stirling engine model.

The experimental Stirling engine model consists of the following components:

1. Lower metal plate (heater) - The engine body contacts the hot surface (in this case, hot
water in the vessel on which the lower plate is positioned).
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2. Engine body wall - Cylindrical body made of transparent material (plastic) connecting
upper and lower plates.

3. Flywheel (connecting rod) assembly - Used to convert reciprocating motion into
continuous rotation.

4. Radiators - Used for effective upper chamber cooling, attached to the upper copper plate
(cooler). Cooling is provided by an external source, air, or ice placed on the upper plate.

5. Piston with magnet - Responds to air pressure changes inside the chamber.

6. Flywheel with crankshaft - Converts piston reciprocating motion into rotation. Drive
mechanism (crank, connecting rod) links two piston movements with ~90° phase shift.

7-8. Displacement piston with magnet - Moves up and down, transferring air between warm
and cold zones.

9. Regulator.

Hot disk

Dyvsplacer

Transparemt

-
Displacer

Figure 5. Components of the Stirling engine

All model elements are carefully aligned and sealed, ensuring effective engine operation and
air leak resistance. Elements are connected to ensure precise motion transmission, guaranteeing
stable operation at various temperatures.

Assembly Procedure

Model assembly occurs in several stages:

e Body installation and cylinder sealing

e Lower (heating) and upper (cooling) plate installation

e Piston mounting, connected to the connecting rod and flywheel

e Piston and connecting rod mechanism installation and balancing, with special attention
to flywheel rotation axis alignment and free piston movement

e  Flywheel connection with magnetic transmission

e Seal integrity and component mobility verification
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e  Assembly materials used:

e Copper and steel elements for strength and thermal conductivity
e Magnets for piston drive without direct contact

e Transparent plastic and silicone gaskets for sealing

e Standard laboratory containers for hot water and ice

Findings and discussion

Operating Principle. Stirling engine operation is based on cyclic heating and cooling of the
working fluid. In this model, the working fluid is air enclosed in a sealed cylinder. When the
lower displacer section is heated, air in the cylinder expands, pressure increases, and it pushes
the working piston upward. Then the displacer moves air to the cold zone, where it cools and
compresses, pressure drops, and the piston returns downward. This cyclic air movement
between hot and cold zones creates periodic oscillations converted into flywheel rotational
motion. Consequently, thermal energy transforms into mechanical energy, ensuring flywheel
rotation. Thus, the Stirling engine operates through an external heat source and can effectively
utilize even minimal temperature differentials.

Operating Conditions and Parameters

1. Heatsource: For the developed model, the heat source is hot water in a cup (alternatively,
a lamp or candle can be placed under the metal plate). Upper plate temperature: ~70-75°C,
lower plate temperature: ~20-25°C. Minimum temperature gradient: AT ~ 20°C.

2. Flywheel rotational speed: 0.6-1.4 rpm depending on temperature gradient AT.

3. Continuous operation time: Approximately 14 minutes per heat supply cycle.

Table 2 lists the dimensions of the Stirling engine model components.

Element Size Comment

Base diameter 160 mm Heating plate

Displacer diameter 150 mm Internal plastic body

Chamber height 40 mm Distance between plates

Flywheel diameter 150 mm Made from lightweight metal

Connecting rod length 30 mm Connects the piston and
crankshaft

Piston stroke ~20 mm Reciprocating motion

Model weight ~300g Depending on the materials used

Experimental Procedure. The experiment consisted of two parts with different temperature
conditions to study engine behavior at different temperature gradients.

First Experiment: The engine model is placed on a hot water cup at 74.8°C, while the upper
plate is at room temperature (23°C), creating a temperature difference of approximately 52°C.
The relationship between the temperature difference and the flywheel speed is shown in Table 3.
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Table 3. Results of the first experiment

Lower Plate Temp (°C) | Upper Plate Temp (°C) AT Rotation Speed (rpm)
74.1 26.3 47.8 0.9
72.3 28.2 441 0.85
68.0 28.7 39.3 0.8
67.3 29.0 38.3 0.7
66.0 28.0 38.0 0.6

Results show rotational frequency gradually decreased as the temperature differential
decreased. Rotation duration was 4 minutes.

Second Experiment: In the second experiment, the model was cooled to room temperature,
then ice pieces (0°C) were placed on the upper plate while the lower section remained at room
temperature (~20°C). This created a 20°C temperature difference, sufficient for engine startup.

Subsequently, the lower plate was reheated while the upper remained ice-cooled. The
temperature differential reached over 65°C. The results of the second experiment are presented
in Table 4.

Table 4. Results of the second experiment

Lower Plate Temp (°C) | Upper Plate Temp (°C) AT Rotation Speed (rpm)
74.8 6.8 68.0 1.4
73.3 6.6 66.7 1.3
72.0 6.0 64.4 1.2
71.2 5.8 62.0 1.1
68.6 5.5 59.1 1.0
67.6 5.4 57.2 0.9
61.0 5.3 55.7 0.8
58.7 5.2 53.5 0.7
56.4 4.8 52.6 0.6

During the second experiment, the engine operated for 14 minutes, demonstrating stable
and clear operation at large temperature differentials.
The graphical relationship between rotation speed and temperature differential AT for both
experimental modes clearly shows that rotation speed increases with growing temperature
differential, confirming the engine's thermodynamic efficiency at larger temperature gradients.
@ air cooling (lower AT) - left curve;
@ Ice cooling (higher AT) - right curve.
The right curve shows the relationship between the rotation speed and the temperature
difference at a larger temperature gradient. In this case, the lower part was reheated to
approximately 74°C, while the upper part was cooled with ice.
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Figure 6. Dependence of the rotation frequency on the temperature difference

For the Stirling engine, maximum theoretical efficiency is determined by the Carnot
formula:

n=1-1 (1)

First Experiment (air cooling):

Ty =74,1°C = 347,25K, T = 26,3°C = 299,45K (2)
Mnax = 1= 3233? ~13,8% (3)

Second Experiment (highest efficiency): Ty = 74,80C =347,95K, T, = 6,80C =
279,95K

1— 279.95 ~ 19,5% (4)

anax = 347.95

In reality, Stirling engine efficiency constitutes approximately 40% (maximum) of
ideal efficiency. Thus:
First experiment:n,..,., = 0,41, .. =0,4-13,8 = 5,5%

Second experiment: 1, .., = 0,47, . =0,4-19,5~7,8%

Actual Efficiency from Experimental Parameters. Useful work, knowing frequency f,
flywheel mass m, and moment of inertia I, is determined from flywheel kinetic energy:
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E,=L1w?2 =112nf)’ = 2n2f°1 (5)
For a disk flywheel:
I = mR?2 = mp2=21pyp2=1 (B)ZhDZ—l hD* 6
—pmhe =gmbir=gp —sPT\3 =3P (6)
There fore:
2 2 273 4
E, = an— T[f phD 1ePhD (7)

Substituting values D =15cm = 0,15m,h = 0,15cm = 0,0015m, f =
0,9(1,4)Hz:

3 4
Eip=f*T phD" =09’ 3113 4000-1,5-107°+(15-107%) ~ 4,9m/
4
Ea=f"T-phD*=1 423113 4000+1,5-107°+(15-107%) ~11,6m/

This represents minimal energy, natural for a desktop engine model, but clearly
demonstrates heat-to-mechanical motion conversion. Thus, work equals approximately:

W, = 22m/ (first experiment)

W, = 52mJ (second experiment)

Heat Input Estimation:

Using the heat capacity equation:

Q = mcyAT (8)

Here, m is the mass of the gas, cy = Cyp =547 22981301 ~716J/(kg-K) is the

specific heat capacity of air at constant volume (approx1mately), and AT is the temperature
difference between the hot and cold sections of the engine.

Let us estimate the volume V of the working chamber. For a cylinder with diameter d
and piston stroke h, the volume V of the working chamber is given by the expression:

Vzﬂdrzh (9)

The mass of air can be determined using the ideal gas equation

_ Pvu
m=—_ (10)
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Alternatively, considering the formula for the volume V of the working chamber, we
obtain:
Pu d?

m=EnTh (11)

Substituting the numerical values into the formula for the mass, we have: d =
2,0cm = 0,020m,h = 2,0cm = 0,020m, P = 101325Pa (atmospheric pressure),
u = 0,029kg/mol, T = 300K (average temperature), R = 8,31]/(mol - K).

Pu d? 101325-29-1073 (20-1073)2
m=—mn—h = 3,14 2

20:103 ~ 7,4
RT " 4 831300 0107~ 7,4mg

By substituting the obtained mass value into the heat formula and using AT; =~ 40K
for the first experiment and AT? ~ 60K for the second experiment, we obtain:

Qyy =mcyAT; =7,4-107°-716-40 ~ 0,22]
Qyp = meyAT, =7,4-107°-716- 60 ~ 0,32] =3Q,,

These values for the heat obtained by the model (approximate upper estimate) were
calculated under the assumption that the gas in the cylinder is heated by 40°C (and by 60°C
in the second experiment) during each cycle.

In practice, the actual amount of heat per cycle will be lower, since not all heat is
converted into work; some is lost due to heat dissipation and uneven heating.

Now, let us calculate the actual efficiency of the experimental Stirling engine model
using its parameters, according to the formula:

W, _ 4910° o
Mreal = Q1 022 ~2,2%

W, _ 11,610 _ 5 <o
aneal Qy, 032 ~3,6%

The difference between the actual efficiency, calculated under the assumption that
Stirling engines achieve 40% of the ideal (Carnot cycle) efficiency, and the efficiency of the
Stirling engine calculated from its parameters, is:

55
nlreal 2,5

first experiment —— =22

nlreal

second experlment Tireal _ —6 ~ 2,2
In reality, our model's eftﬁaency was 16-18% of ideal (maximum) efficiency, whereas many
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real Stirling engines achieve around 40%.

The obtained low efficiency (2,2% and 3,6%) is normal for a demonstration model. Friction
losses, heat transfer, non-ideal cycle, and small gas mass significantly reduce efficiency. The
theoretical limit (Carnot cycle efficiency) was ~13,8% and ~19,5%, but this is unattainable for
areal model.

This Stirlingengine model described in the work represents an accessible and clear method for
demonstrating thermodynamic processes converting heat into mechanical work. Construction
simplicity, use of inexpensive materials, and the capability to operate at temperature differentials
of just ~20°C make it ideal for school and university laboratory work.

Conclusion

1. The experimental model effectively demonstrates thermal energy conversion to mechanical
energy, with efficiency and rotation speed directly dependent on the temperature differential
between heating and cooling plates.

2.Even a small temperature difference (20°C) suffices for engine startup and stable operation.
This confirms the engine's capability to operate on low-temperature energy sources.

3. Increasing the temperature differential increases flywheel rotation speed.

4. Model assembly requires precision and accurate fitting, especially regarding sealing and
moving parts balancing. Model assembly is possible from accessible materials.

5.0btained data canbe utilized in school and university practice for studying thermodynamics,
alternative energy, and engineering design fundamentals. This setup represents significant
educational value for thermodynamics, physics, and engineering instruction.
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TemeH TeMnepaTypaJibl CTUPJIMHT KO3Fa/ITKbIIIBIHBIH, MOJEJIiH 2K06aj1ay
»K9He IKCIIePUMEHTTIK 3epTTey

Anparna. By MakKajlaHblH MakKcaTbl — TeMeH TeMIilepaTypa/bl CTUPJIMHI KO3FaJTKBILIBIHbIH,
bU3UKaIbIK NPUHLUINITEPIH 3ePTTEY KoHe KYMbIC MOZeJIiH a3ipsey. Ueasn :xaHe HaKThl LUKIAEPAIH
napaMeTpJiepi KapacThipbliaabl. KO3FaaTKBIILTHIH »KYMbIChI Ke3iH/le naia 60/1aTblH HAKThl SHEPTUs
WIBIFBIHAAPLl TajJJaHaZbl >KoHe o0JapAbl MoJesbleyle ecellke aly Taclajepi YCbIHbLIAAbI, OYJ
TeMeH TeMIlepaTypaJsibl KblJ1y KO3Fa/JTKbIIITApbl G0NbIHILA TEOPHUSJIBIK 3ePTTEYJIepAi KeHingeTes.
CTHUpJIMHT KO3Fa/JTKBIIIBIHBIH, 9pTYpJi MojguduKanusaaapbl Aa KapacTblIpblIaZbl *9He OJIap/bIH,
TeMIlepaTypaFa, MaTepUa//blK, KacheTTepre >XoHe XYMbIC JKafjaljapblHa 6GallJIaHbICTBI dJeYyeTTi
TUIMALJIITI TasgaHaJbl.

Toxxipubesik KO3FaJTKbIII MOJesiH Kypy TYHBIK LUKJ/JepAeri Kblly Oepy »KoHe 3HeprUSHBI
TYpJIEHIipy MeXaHU3M/epiH TepeHipeK TYyCiHyre bIKIAJA eTe/li, OYJI XKbl1y KO3FaJTKBIIIbI TEOPUSACHIH
JaMbITy YIIiH MaHbI3/Jbl. Toxipubesik 3epTTeysep 6GajsaMalbl 3HEPrysl CaNaCbIHJAFbl OTAHABIK,
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FBUIBIMU 6a3aHbl JaMBITYFa J1a y/1eC KOCabl.

3epTTey 6is1iM 6epy KIHe d[icTeMeJTiK casaFa yyiec Kocaibl: CTUPJIMHT KO3FaJITKbIIIBIHBIH >KYMbIChIH
aHBIK KepCeTy dHe Heri3ri Texkipubesep »Kyprizy ylliH naigasaHyFa 60JaTblH MOJe/b YChIHBLI/bI,
6yJ1 OHBI 6i1iM Gepy TaxKipubeciHAe malganbl KypasiFa alHa/lAbIPaibl.

Ty¥iH ce3aep: *Kbl1y KO3FaATKbILbl, CTUPJUHT KO3FaJTKbIIlb]l, TEPMOJUHAMHUKAJIBIK, IPOLECTED,
KbLIY 6epy, XKbLITyaaIMacy 3J1eMeHTi.
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HOaxcHo-KazaxcmaHckuil yHugepcumem umeru M. Ayazosa, Lllvimkenm, Kazaxcmau
(E-mail: bgb_zht@mail.ru, baubekova83@mail.ru, danapazyl@mail.ru)

[IpoeKTpPOBaHME U IKCIIEPUMEHTAIbHOE UCCIEJOBAHNE MOJE/TU
HHM3KOTeMINepaTypHoro ABurarteJisi CTUpJIMHra

AnHoTanusa. llesblo AaHHOUW pabOThl SBJAsSeTCH U3ydyeHHe (PU3UYECKUX NPUHIUIOB pPaGOThI
HU3KOTeMIlepaTypHoro aABuratesns CTUpJWHra W Co3JaHue ero paboded wmozenn. B pabGorte
paccMaTpUBAIOTCA KaK UJleaIbHbIE, TAK U peasibHble MapaMeTpbl IUKJIA. AHAJU3UPYIOTCA peasibHble
NOTEPU 3HEPTHH, BO3HUKAIOIIMe NpU paboTe ABUTATeJNd, U NMpPeAJaraloTcs MOAXOJbl K UX YYETY
IpU MOJEJUPOBAHUH, UYTO CIHOCOGCTBYET TEOPETUYECKUM HCCJIeJOBAaHHUSAM HH3KOTEMIlepaTypPHbIX
TEeIVIOBBIX JIBUraTesel. Takyke pacCMaTpPUBAIOTCS Pa3/MYHble MOJAUUKALMU ABUTaTe sl CTUPJUHTA U
aHAJIM3UPYETCA UX MOTeHI[UabHAsA 3P PEKTUBHOCTD B 3aBUCMMOCTH OT TEMIIEPATYPhI, 0COGEHHOCTEN
MaTepHasia ¥ yCI0BUH IKCIIyaTal[hH.

[TocTpoeHMe 3KCIepUMEHTATLHOM MO/IeJI IBUTATEJIs CIOCOOCTBYET 60Jiee [yGOKOMY TOHUMAHHUI0
MeXaHU3MOB TeIJIONEepeaud U NpPeo6pa30BaHUA SHEPTHUU B 3aMKHYTHIX IIUKJIAX, UYTO BAXKHO [Js
Pa3BUTHS TEOPUH TEIJIOBBIX JIBUTaTeJ e, JKCIIepUMeHTaIbHble UCCIeIOBAHUS TaK)Ke CIIOCOGCTBYIOT
Pa3BUTUIO OTeUeCTBEHHOW HAay4YHOU 6a3bl B 06J1aCTU aIbTEPHATUBHON 3HEPTEeTHKU.

UccnenoBaHre BHOCUT 06pa30BaTeJbHbIM U METOAUYECKHMN BKJIAJ: TNpeJoXeHA MOJeJb, C
IIOMOIIbI0 KOTOPOU MOXXHO HATJISITHO MPOJIEMOHCTPHUPOBATh paboTy JBUTaTe 1 CTUPJIUHTA U TPOBECTU
OCHOBHbBI€E 3KCIIEPUMEHTHI, YTO JIeJIaeT ee M0JIe3HbIM HUHCTPYMEHTOM B 06pa30BaTeJIbHOU MPaKTHKeE.

KiioueBble C/I0Ba: TENJIOBOU JIBUTATENb, ABUTaTe /b CTUPJIMHTA, TEPMOJUHAMHUY eCKHE TTPOIeCChI,
TeIvionepeaaya, TEIJI00OMeHHbIN 3JIeMEHT
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AHa/iM3 0TKa30B 60PTOBLIX KOMILJIEKCOB yNIpaBJIeHUSl KOCMUYeCKHX
annapaTos B YCJIOBUSX BO3AeUCTBUA PAaKTOPOB KOCMHUYECKOTI0
IPOCTPAHCTBA

A.C. OmmanoBa™* " , B.®. IpuineHnko?

'Kazaxckuil HaYuoHabHeII yHUBepcumem um. anb-Papabu, Aamamsl, KazaxcmaH
“Hncmumym uoHocgepul, Aamamsl, Kasaxcman

(E-mail: aizhan.oshmanova@icloud.com, grischenko.v@ionos.kz)

AHHOTanus. Bo BpeMs 3KCIUIyaTanuyu KOCMUYecKuXx anmnapaToB (KA) pasindHoro Ha-
3HayeHMs1 BO3SHUKAIOT O0TKasbl B 60PTOBOM 3JIEKTPOHHOM alllapaType, IpUBoAdALIMe
K pa3BUTHIO HEIITAaTHBIX CUTYaLlM{, a UHOTJA U K NoTepe COyTHUKOB. Kak npaBuJo,
0TKa3bl BOSHUKAIOT B 60pTOBOM KoMILIeKce yrpaBaeHus (BKY) KA. MHorue ucciezo-
BaTeJIM CYUTAIOT, YTO OTKa3bl BOSHUKAIOT B pe3y/IbTaTe HOHU3UPYIOILLEro U3J1y4YeHNs
B 0K0J103eMHOM KocMu4eckoM npoctpaHcTBe (OKII). [ToaTomMy ype3BbIuaiiHO BaXKHBIM
Y He0OXOJJUMBIM siBJsieTCs oleHKa paboThl BKY KA B ycioBUSIX KOMIIJIEKCHOTO BO3-
JleficTBUSA paKTOPOB OKOJI03EMHOTI'0 KOCMUYecKoro npoctpaHctia (OKII).
[IpencraBienbl opueHTUpoBaHHbIe rpadrl BKY, xapakTepusyrouiue pacnpocTpaHe-
HUe OLIMO60K, U ONIMChIBAETCS B3aMMOCBA3b BepIIUH U pébep. Ha ocHoBe BeposiTHOCT-
HBIX XapaKTEePUCTUK PYHKLMOHAIbHBIX MOJyJiel pa3paboTaHa MeTOAUKA UAEHTUDH-
KalMU HallpaBJleHUsl paCIpoCTpaHeHHs OLINO0K, KOTOPbIe ONpe/e/Issl0T HAauO0IbLIYI0
CTPYKTYPHYIO YSI3BUMOCTb CUCTEMBI.

[TokasaHo, 4yTo oTkasbl BKY onpenensaioTcsa apXUTEKTYPOR CUCTEMBI, @ HE CAy4YalHbI-
MU QJIyKTyalMsIMU NapaMeTpoB Mojesd. Pa3paboTaHHBIM NapaMeTp HalpaBJeHUs
OTKa30B I03BOJIIET YCTAHOBUTD YS3BUMOCTb QYHKIMOHAJbHBIX Y3JI0B, OKa3blBalo-
IMX BJIMSIHME Ha pabOTy CUCTEMBI yNpaBJeHUs B YCIOBUAX KOMIIJIEKCHOTO BO3/ieH-
cTBUs GaKTOPOB KOCMUUYECKOT0 MPOCTpaHCTBa. [loslyueHHble pe3y/bTaThl UCII0JIb3Y-
I0TCA NIPY NPOeKTHpoBaHUM BKY KocMHUYeCKHX annapaToB C LjeJib0 NOBBILIEHUA UX
YCTOMYMBOCTH K KOMIIJIEKCHOMY BO3JeHWCTBUI0 GaKTOPOB KOCMHUYECKOTO IMPOCTpPaH-
CTBa U yCJOBUSAM 3KCILJIyaTallu K.

Kiio4yeBble c10Ba: 60pTOBOM KOMILJIEKC yIIpaBJ/eHUs], paJMalMOHHO-UHAYLIUPOBaH-
Has olIMOKa, OpUeHTUPOBaHHbIN rpad, 0TKa3, KOCMUYECKUH annapar.
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AHa/u3 omkazo8 60pmosbIX KOMN/AEKCO8 ynpasaeHuUsl KOCMU4YeCKUX
annapamos 8 yc/108usix 803delicmaust pakmopos KOCMU4EcKo20 npocmpaHcmada

BBeaeHue

M3BecTHO, 4TO BO BpeMsl PyHKLHOHUpPOBaHUS KA passiMyHOro HasHaueHUsI BO3HUKAIOT
OTKa3bl B GOPTOBOM 3JIEKTPOHHOM ammapaType, KOTOpble MOTYT NPUBOAUTH K PA3BUTHIO
HelITaTHBIX CUTyalu#, uHorga u Kk norepe KA B uesnom [1-3]. IloBbllleHMe HaJeXXHOCTH
KOCMHUYECKUX CUCTEM, B OCHOBHOM, BBINOJIHAETCS NMyTeM COBEPLIEHCTBOBAHUS TEXHOJIOTHUH
M3TrOTOBJIEHUS] CUCTEM KOCMMYECKOW TeXHUKHM B Ha3eMHbIX yca0BUsAX. bosiee Toro, B
Ha3eMHbIX MOJeJIMPYIOUIUX YCJIOBUSAX U HA3€MHBIX NPEANO0JIETHbIX UCTIBITAHUAX OTCYyTCTBYIOT
CUCTEMBI, MO3BOJISIOIIME YYUTHIBATh KOMILJIEKCHOE BO3JeicTBUe (QAaKTOPOB KOCMHUYECKOrO
npoctpaHcTBa. [l03TOMy 4Ype3BbIYaWHO AKTyaJIbHbIM SIBJSETCS MOUCK HOBBIX METOJOB M
NOAXOA0B [Jisl TIOBBILIEHUS] HAJEeXXHOCTU OOPTOBBIX 3JIEKTPOHHBIX CHUCTEM U YBEJWYEHUS
cpoka akTuBHOro cyuectBoBaHus (CAC) 60pTOBbIX KOMIIJIEKCOB B peaibHbIX YCI0BUSIX.

06bexkTOM laHHOT 0 MccyeaoBanud siBisieTcss BKY KA passiimyHoro HasHadyeHus. [IpegmeTom
VICC/IeJOBAHUSA fIBJIAETCH OlipejesieHre YA3BUMOCTU Y3JI0B U 3j7eMeHTOB BKY Kk BHemHuM
BO3/IeHCTBUSIM.

Llesibto JaHHOW pabOTHI SABJISETCS OLleHKA OTKAa30B OOPTOBOM 3JIEKTPOHHOM amnmnapaTyphl
C y4éTOM paJiMallMOHHO-UHAYLHUpoBaHHbIX SEL u anekTpocraTtudeckux paspsaznos (ICP) c
MCII0JIb30BAaHUEM OPUEHTUPOBAHHBIX TPAadOB CTPYKTYP.

3azaum ucciaenoBanus. OCHOBHOM 3a/jauei ABJIsIeTCS pa3paboTKa MaTeMaTUYECKOU MOJe/U
Juis moucka ysisBuMoctu BKY KA passinuHoro HazHaueHus. Mcnosib30BaHUe TEOPUU IpadoB B
aHaJiu3e 0TKAa30B — 3TO MOIHbI UHCTPYMEHT MaTeMaTHUieCKOTr0 MO/ eJIMPOBaHUS.

MeToz0/10rus1 paboThl HanpaBJ/ieHa Ha NOUCK MapaMeTPOB OTKA30yCTOMYMBOCTU GOPTOBBIX
CUCTEM C UCNO0JIb30BAaHMEM OPUEHTHUPOBAHHBIX I'PadoB, KOTOPbIE MOXKHO HCIOJIb30BaTh JJIs
aHaJsM3a pa6otel BKY B pexxuMe on-line i1 IpUHATHA yIIpaBJeHYeCKUX pelleHU.

dusuyeckue MexaHu3Mol paduayuoHHO-UHAYYUPOBAHHbIX OMKA308

M3BeCTHO, YTO BO BpeMs 3KCIJIyaTallMU B yCI0BUSAX KOMIIJIEKCHOT'O BO3/1eCTBUS paKTOpPOB
KOCMHY€ECKOT0 NPOCTPAHCTBA B O0PTOBOM 3JIEKTPOHHOM annapaType KOCMHAYECKUX allllapaToB
pasanyHoro HaszHayeHus (KA) BO3HMKAWOT c60M U OTKa3bl B MOAyJsax mamaTu. Ciaeayet
OTMETUTbD, UYTO COOU (MATKHE OIIMOKH ) BOCCTAaHABJIMBAIOTCS Yepe3 HEKOTOPOe BpeMs, 2 OTKa3bl
(kaTacTpoduyeckre) He BOCCTAHABJIMUBAIOTCSA U MOTYT NPUBOJUTh K PAa3BUTUIO HEIITATHBIX
CUTyalWH,a UHOTJa M KIoTepe cnyTHUKOB. KpoMe Toro, KA Bo BpeMs akcniyaTal i NIOCTOSIHHO
60MbapAupyeTcs 3JeKTPOHAMU M MOHAMU IJIa3Mbl, @ TakKe nojsepraetcs Y P-usnydyeHulo.
M3-3a sToro passnyHble yyacTku KA (aHTeHHBI, COJIHEYHbIEe MaHEJH, IKPaHHO-BaKyyMHasl
M30JI1Ms) 3apsDKATCI U MOTYT MPOBOLUPOBATH TaK Ha3blBaeMble 3J1€KTPOCTAaTHYECKHE
paspsiabl (3CP).

Tsxenble sapa kocMuyeckux jayded (KJI) MoryT BbI3bIBaTh He TOJIBKO «MSITKHE» COOU
B MaMATU (IepeBOpPOT OUTA), HO U MPOBOLUPOBATb KOPOTKHE 3aMbIKaHHUS U pa3psAAbl MO
IIMHAM MUTaHUs. ITOT KJacc siBjieHu Ha3biBaeTcs SEL (Single Event Latch-up) — ojuHO4YHOE
3allleJIKUBaHUeE.

CoBpeMeHHble HcCle[0BaHUA [4] NOATBEPXKJAIOT, YTO 3JIEKTPOCTATUYECKUE Ppas3psizbl
CIOCOOHBI BBI3BIBATh ClelMpUuueckue MHOTO 6UTOBble OomIMOKKA (MBU) u3-3a MHXeKIUH
3aps/ia B 00/1acTH WKH NUTaHusA. ICP — 3T0 MOIIHBIN 3/1eKTPOMAarHUTHbIM uMnysbc (IMHU),
KOTOPbIN HABOAUT CKaYKU HaNpsiP)KeHHS1 HeNOCPeICTBEHHO Ha IIMHAX JaHHbIX U nhuTaHus. ICP
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MOKET BbI3BaThb JIOXKHble KOMaH/1bl 3allUCH B MaMATh UJIU HEOOPAaTUMbIM MPOOGOH U30ALMU
MeXJy [OpOXKaM{ Ha nedyaTHOM IaTe. CTaTUCTHKa NOKa3biBaeT, 4YTo 6osiee 50% Bcex
aHOMaJIMil B paboTe CIyTHUKOB CBSI3aHbI C 3JIEKTpHU3aLUe.

B yc/0BUSIX KOCMHYECKOTO MPOCTPAHCTBA 3J€KTPOHHblE KOMIOHEHTHI MOJBEpPralTCs
BO3/IeMICTBUI0 MOHU3UPYIOLLEr0 U3JIyYeHHUs, KOTOpOoe MOXKET NMPUBOJUTb K BOSHUKHOBEHHUIO
paAvanMOHHO-UHAYLUPOBaHHbIX ouKO0oK. Hawnbosiee pacnpocTpaHéHHble HapylLleHUs
BbI3bIBAIOTCSl B3aWMOJEWCTBUEM 3apSPKEHHbIX YACTUI, C YYBCTBHUTEJbHbIMH 3J€MEHTaMHU
MHUKpocxeM [5,6].

Oumr6KU NPUBOJSAT HE TOJIbKO K JIOKAJIbHBIM CO05IM OT/ZAe/IbHbIX QYHKIIMOHA/TIbHBIX OJIOKOB,
HO U K paclnpoCTPaHEHUIO0 OTKA30B N0 CUCTeMe BCJeACTBHE JIOTUYECKUX, MHGOPMaLlMOHHbIX
Y YIPaBJSAIOUIMX CBSA3el MeX/y KOMIOHEHTaMHU [7]. B cBs3U ¢ 3TUM, TpaJULIUOHHbIE METO/bI
OLIeHKH HaJl€&KHOCTH, OCHOBAaHHbIE HA aHaJ/IU3e OT/Je/IbHbIX 3JIEMEHTOB WU NPeAI0JI0KEHUH
HE3aBUCMMOCTH OTKa30B, OKa3blBAlOTCA HEJAOCTAaTOYHbIMM JJi BbISBJIEHUsT HauboJjiee
YSI3BUMBbIX CTPYKTYPHBIX pparMeHTOB CUCTEMBI [8].

PajuanoHHOoe BO3/eHCTBUE OKOJO03EMHOTO0 KOCMHYECKOTO MPOCTPAHCTBA BKJIKOYAET
rajlakTu4eckre KOCMUYeCKUe JIyUH, COJTHEUHble KOCMUYeCKHE JIYYU U YaCTULLbI pa/IHalluOHHbIX
nosicoB 3emuiu [1,2]. Tsxkesible 3apsKEHHbIE YaCTUIbl, BO3JAEUCTBYS Ha 3JIEMEHTbI MOAYy/IeH
NaMsATH, BBI3bIBAIOT JIOKAJbHYI MOHMU3ALMI0, YTO MOXET HNPUBOAUTb K H3MEHEHHIO
JIOTUY€ECKOT'0 COCTOSIHMSA 3alI0MUHAOIIUX 3JIEMEHTOB U perucTpos [5,9].

B nocsnegHue roapl Bcé GoJiblilee BHUMaHUeE yJle/IseTCsl MeTOAaM CTPYKTYPHOTO aHaJU3a,
MO3BOJIAIOLUM YYHUTHIBATh TONOJIOTUI0 CUCTEMBI U B3aMMOCBSI3U MeX/y €é KOMIOHEHTaMU
[8-10]. OfHMM K3 MepCneKTUBHBIX MOJAXOJ0B fABJAsETCA rpadoBOoe MOJeJUpPOBaHUE, NMPHU
KOTOPOM apxXUTeKTypa OOPTOBOM BBIYMCJIUTEJBHOM CHUCTEMbl MNpeJACTaBJSETC B BHU/JE
OpPHEHTHUPOBAHHOI0 rpada,apacnpocTpaHeHre 0TKAa30B UHTEPIPETUPYETCS KaK HallpaBJleHUS
atoro rpada [11].

OmurOKM BO3HUKAIOT B pe3yJibTaTe HAKOIMJIeHHUS 3apsfia B YyBCTBUTEJbHbIX 00JACTAX
HOJYIPOBOJAHUKOBBIX CTPYKTYp, MpEBbILIAIILIET0 NOPOT MNepeK/JYeHUs JIOTHUYeCcKOro
aseMeHTa [5,12]. BepoATHOCTb BO3HHMKHOBEHHUS] OLIMOOK 3aBUCUT OT HMHTEHCUBHOCTH U
3HepreTUYeCcKOro CreKTpa NOTOKa YacCTHUl, @ TaKXKe OT KOHCTPYKTUBHBIX U TEXHOJIOTUY€ECKUX
0C06EHHOCTEN 3JIeKTPOHHOM KOMIIOHEHTHOM 6a3bI [13].

C ¢usuyeckoll TOYKHM 3peHUsl OLIMOKM pacCMaTpPUBAKOTCA KaK CAy4alHbIA Mpoliecc,
MHTEHCUBHOCTb KOTOpPBIX ompejenseTcd ¢GaKTOpaMUM KOCMUYECKOr0 MPOCTPAHCTBA H
XapaKTepUCTHKAMU 3alIMIEHHOCTU KOCMUYeCKOU cucTeMbl [3,14]. [Ipu 3TOM 0TKa3 0fHOTO
(YHKIIMOHA/NBHOTO 6JIOKa MOXET NMPUBOJAUTb K UCKAXXEHUI0 JAaHHBIX WM YIpPaBJSAIOLIAX
CUTHAJIOB, PaCIPOCTPAHSAIOLIMXCS [0 CUCTEME U BbI3bIBAIOIMX BTOPUUHBIE OTKa3bl B JPyTrUX
3jieMeHTax [6].

AHan13 0TKa30B 60PTOBOU BbIYUCIAUTE/bHOM CUCTEMbI YUUTBIBAET HE TOJILKO BEPOSTHOCTD
BO3HHUKHOBEHHS OUIMOOK B OT/JeJIbHbIX KOMIIOHEHTAX, HO U CTPYKTYPY B3aUMOCBS3€el MeXy
HUMH, OTIpe/leISI0ILY0 BO3MOXKHbIE HallpaBJIeHUsSl pacCIpOCTpaHeH s 0TKa30B. PazpaboTaHHas
rpadoBasi MozeJsib N03BoJsAeT GOpPMaJU30BaTh APXUTEKTYpPy CHUCTEMBI U HCCJIEe[0BaTb eé
YySI3BUMOCTb C TOUYKU 3peHus1 GU3nyecKy 00yca0BIeHHbIX 0TKa30B [8,15].
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MeToaos0rus

l'unomesa uccaedosaHus.

dusuko-MaTeMaTUueCcKass MOJeJsb HalpaBJeHUs paclHpoCTpaHEHUsI OTKAa30B OGOPTOBBIX
CUCTEM yIpaBJIeHUs C UCI0JIb30BaHUEM OPUEHTUPOBAHHBIX rpad 0B, KOTOPask UCMOJIb3yeTCs
J1sl aHasu3a paborel BKY kocMuueckux annapatoB (KA) B pexxuMme on-line u mpuHATHSA
yIpaBJ/leHYeCKUX pelleHUH.

B kadecTBe OCHOBHOTO MeTOZAa UCIOJIb3yeTCHd UCCAeLOBaHWE pacHpOCTPaHEHU OTKa30B
CTPYKTYpbl OOPTOBOrO KOMILJIEKCA ymnpaBjeHus. [laHHBIA MeToJ OCHOBAaH Ha (U3HKO-
MaTeMaTU4YeCKOM NpeJiCTaBJeHUH CUCTEMbI B BUJIe ODUEHTUPOBAHHOIO rpada, rje BepLUIMHbI
ONMCBIBAIOT 3JIEMEHTBI 60PTOBOM anmnapaTyphbl, a pE6pa 0TOOpaXKalT CBA3U MeX/y HUMU.

Takoe mnpencraB/ieHHe IO3BOJIIET MCCAELOBATb TOMNOJIOTMIO CUCTEMBl U OINpPeLeUThb
B3aMMHOE BJIMSIHHME e€ 3JIeMeHTOB. AHa/JU3 HallpaBJIeHUH pacnpoCTpaHeHUsl OTKa30B IO
rpadoBOM Mo/iesiv 1aeT BO3MOXKHOCTb BbISIBUTb YsI3BUMbIE y3JIbl CUCTEMBI, @ TAKXKe OLleHUTh
BJIMSIHHUE OT/eJIbHBIX 3JIEMEHTOB Ha 0011y10 paborocnocobHocTb BKY. Kpome Toro, pusnko-
MaTeMaTH4eckass rpadoBas Mojesb ob6eclieuMBaeT HAIVIIAHYI BU3YaJU3aLUI0 CTPYKTYPhI
CUCTEMBI U B3aUMO/ZIeHCTBUS €€ KOMIIOHEHTOB.

AHanv3 0TKa30B OOPTOBBIX CUCTEM yMNpaBJieHUs KOCMUYECKHX alNapaTOB BbINOJHEH C
MCII0JIb30BAHMEM OPHEHTHPOBAHHBIX IpadoB, NO3BOJAKIIUX (GOPMaJU30BaTh CTPYKTYPY
CUCTEMBbI U HalpaBJIeHUEe pacHpoCTpaHEHUs OTKa30B Mex/Jy eé sjieMeHTaMu. [I[pumeHeHne
rpadoBoi MoAesd [JAET BO3MOXHOCTb HCCIeJ0BaTb paboTy OOpPTOBOr0 KOMILJIEKCa
ynpaBjeHus (BKY) u BbIABAATHL 3JieMeHTbl, OKa3blBawllle HaWboJibllee BJUSHHE Ha
YCTOMYMBOCTb (PYHKLIMOHUPOBAHUA CUCTeMBbl. TaKOW NOAXOJ MOXeT ObITb HCIOJIb30BaH
JUIS1 OLleHKHU COCTOSIHMSI CUCTEMbl U NMPUHATUSA YNpaBJeHYECKUX pelleHWH Npu aHa/lu3e eé
pPaboTOCIOCOOHOCTH.

UccnenoBaHue MPOBOAUJIOCH B HECKOJIbKO 3TamnoB. Ha mepBoM 3Tame ObL1 BbINOJHEH
aHaJIu3 CTPYKTYPHOM CxeMbl OOPTOBOrO KOMILJIEKCA yIpaBJieHUs KOCMMUYECKOro almnapara
«MOHUTOP-3», YTO IMO3BOJIMJIO ONpEeAeJUTb OCHOBHbIE 3JIEMEHTbl CUCTEMbl U HX
GyHKLMOHA/bHbIE CBA3M.

Ha BTOpoM 3Tamne Ha OCHOBe MOJIy4€HHON CTPYKTYpHOW MHPOpPMALUHU ObIIM NOCTPOEHBI
OpPUEHTHUPOBaHHbIE rpadbl, B KOTOPBIX BEPLIXHBI COOTBETCTBYIOT 3jieMeHTaM BKY, Bkitoyas
BbIUUC/UTENbHbIE MOAYJH, OJIOKM NMaMATH, UHTepdelCHble KOHTPOJIJIEPbl U MOACUCTEMBI
ynpaBJjieHus. OpueHTUpOBaHHbIe péopa rpada OTpaKaloT HalpaB/ieHue MHGOPMaLMOHHBIX U
GYHKIMOHANbHBIX CBSI3€H MeX/ly 3JleMeHTaMHU CUCTEMBI.

Ha cnepyromeM sTane BbINIOJIHEH CTPYKTYPHBIM aHa/IM3 NOCTPOEHHOM rpadoBOi MoJeH,
M03BOJIAIOLUI ONpeJeIMTh BO3MOXKHbIE MapLIPYThl paCIPOCTPaHEHUs 0TKA30B U BbIIBUTH
3JIeMeHTbhI, OKa3blBalOIHe CyllleCTBeHHOe BJIUSAHME Ha QYHKIMOHUpoBaHUe BKY.

MeTtos uccnefoBaHus. Hcnosib30BaHME CTAaTUCTUYECKUX JAHHBIX OTKa3oB  JJid
OLlEHKM OTKa30yCTOMYMBOCTU CHUCTEMbl W OIpeJile/leHhe OCHOBHBIX IIOKasaTesjeh eé
GYHKLMOHMPOBaHMUSI.

Ha ocHoOBe noJiy4eHHBIX JaHHBIX PACCUUTaHbI CIeyI0lIe XapaKTePUCTUKHU:

- BEPOSITHOCTb 6€30TKa3HOU paboThl CUCTEMBI;

- cpefiHee BpeMs HapabOTKU Ha OTKas;
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- BEPOSITHOCTb OTKa3a OT/AEJIbHbIX 3JIEMEHTOB CUCTEMBI;

- HauboJiee 3HAYUMble MAPIIPYThl PACPOCTPAHEHHUS OTKA30B B CTpyKType BKY.

[TosnydeHHble pe3y/bTaThl MO3BOJISIOT ONPEETUTh 3J€MEHThl CUCTEMbI, 0TKa3 KOTOPbIX
MOJKET MPUBECTU K BOSHUKHOBEHHIO HEITATHBIX CUTYAIlUH UM CHHXKEHUIO 3G PEKTUBHOCTH
GYHKIMOHHUPOBAHUS 60PTOBOT0 KOMILJIEKCA YIIPaBJIEHHUS.

I'pagosoe npedcmasieHue apxumeKkmypsl 60pmMo80o20 KOMNIeKca ynpasAeHusl.
[t aHaM3a ouM60K 60pTOBOrO KOoMILIekca ynpasJenus (BKY) c yuérom paguanuoHHo-
MH/YLUPOBAaHHBIX 0TKa30BapXUTEKTYpa CUCTEMbI IPE/CTABJISETCS BBH/le ODUEHTHPOBAHHOI'O

rpada
G=(V,E) (1)

rae V={v} - MHOXXeCTBO BepUIWH, COOTBETCTBYIOUIMX YHKIHOHAIbHbIM MoOJAyasiM BKY, a
E={e,} - MHOXeCTBO OpHEHTHPOBAHHbBIX PEOep, ONMUCBIBAIOLINX MOTOKH JAHHBIX, CUTHA/IOB
ynpaBJsieHUs U QYHKIIMOHANbHbIE 3aBUCUMOCTH MEXY MOAY/SMU.

Kaxsjas BepuinHa rpada cOOTBETCTBYET JIOTUYECKU UM QYHKIMOHAJIbHO BbIJIEISIEMOMY
aneMeHTy BKY, TakoMy Kak BbIYUCJAUTENbHBIA MO/AYJ/b, IAMATb, UHTEPPEUCHBIA KOHTPOJIJIED
WJIW NOoAcCUCTeMa ynpaBjieHHs. OpuUeHTUpPOBaHHble pEOpa OTpPaXKAalT HaANpPaBJIEHHOCTb
nepefayd WMHPOpPMAIMU U YIPABJASIOIIMX BO3JEeHCTBUH, YTO MO3BOJISIET MOJEJUPOBATH
acMMMeTpPUYHOE pacnpocTpaHeHHe 0TKAa30B B cucteMe [8,9].

PainaliMoHHO-UHAYUPOBAHHbIM OTKa3, BO3HUKAKUIMN B OAHOM U3 PYHKIMOHAIbHbBIX
moaynei BKY, MoxeT pacnpoCTpaHATbCA MO CHUCTEME BJ0JIb OPUEHTHPOBAHHBIX pEébep
rpada, NMpUBOAsA K HapyUleHUI0 (QYHKIMOHUPOBAHUSA MOCAEeAYHIIUX 3jeMeHTOB. [lyTu B
OpPHUEHTHUPOBAHHOM rpade ecTeCTBEHHbIM 00pa3oM HHTEPNPETHUPYIOTCS KaK BO3MOXKHbIE
TPAaeKTOPUH pPaCHpOCTPaHEHHUs] OTKAa30B, OOYCJOBJEHHBIX (PU3UUECKUMU MeXxaHW3MaMH
OJIMHOYHBIX PaJIMallMOHHBIX COOBITHH [3,6].

JI1 KOJMMYECTBEHHOW  OLEHKW  HampaBJIEeHUs]  paclpoCcTpaHeHHUs1 OTKa30B B
OpPUEHTUPOBAaHHOM rpade UCHOJIb3YeTCsl BEPOSTHOCTHAsA MoOJeJib, OCHOBaHHasi Ha
XapaKTepUCTHKaX QYHKIIMOHANbHBIX MOAYJIEN U UX CBSI3EM.

Oco6bIUHTEPECTIPeICTAB/ISETIAPAMETPPACIPOCTPAHEHUS OTKA30B -y ThCMUHUMATbHBIM
3HAaUYEeHHEM HaJIE&XKHOCTH, OMNpeesolUil HaubOoJbIIYI0 CTPYKTYpPHYH ysa3BUMOCTb BKY
[9,11]. BoisiBJieHUe TaKOTO HallpaBJIeHHS O3BOJISIeT YCTAaHOBUTD CBSI3b MEXAY GU3UUECKUMU
napamMeTpaMu paJUAlMOHHOW CpeJibl U ApXUTEKTYPHbBIMHU ocobeHHOcTsIMU BKY, a Takke
onpeJieJIMTh 3JIEMEeHTbl, HauboJiee UYyBCTBUTEJbHblEe K paJUalMOHHO-UHAYLHUPOBAHHBIM
c60sM.

Hcnonb3oBaHue rpadoBoro mnpejcraBjieHUss obecrnedyrBaeT GopMaiU3alUio TOMOJIOTHU
BKY, HarsisslHOCTb aHa/IM3a U CO3/1aéT OCHOBY [1J1s1 JaJIbHENIIIEr0 UCC/Ie/J0BaHUS YyCTOMYUBOCTH
IpM H3MEHEeHWU MapaMeTpPOB paJMallMOHHONM OOCTAaHOBKHM, 4YTO OyJeT pacCMOTPEHO B
HOC/TeYIOIIUX pa3/esax.
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Ilocmpoenue opuenmuposannozo epaga 01 oyenku omkasoe bKY

JUis  KOJIMYECTBEHHOTO  aHajiu3a  HalpaBJICHHMs  PaclHpOCTPAHEHHsS  OTKAa30B
BKY ucnons3yercst opueHTHpOBaHHBIN Tpad), BBEAEHHBIN B IpeabLAyIeM paszene, dopmysa (1).
B pamkxax paccmarpuBaemoro mnoaxona ortkaz BKY wuHTepnperupyercss Kak pe3yibrar
pachpoCTpaHeHUs] PaJWAllMOHHO-UHIYIIMPOBAHHBIX HAPYIICHUH 10 (YHKIMOHAIBHBIM |
YIOPABIISIOIIUM CBSI3IM MEXK]Y 3JI€EMEHTAMU CUCTEMBI.

Kaxmoit BepmmHe v; € V, CcOOTBETCTByIOIICH (QyHKIMOHATILHOMY Moaymo bBbKY,
COTIOCTABIIIETCS BEPOATHOCTb 0e30TKa3zHOM paboThl p;, omperenseMas HWHTEHCUBHOCTHIO
pPaMallMOHHOTO BO3ACUCTBHA W XapPAKTEPUCTUKAMH JJIEKTPOHHONW KOMIIOHEHTHOW Oas3bl.
AHAJIOTMYHO KaXJOMy OPHUEHTUPOBAHHOMY peOpy e;; € E, ONUCHIBAIOIIEMY CBSI3b MEKIY
MOZAYJISAMH V; M Vj, MOXET OBbITh IIOCTaBJIEHA B COOTBETCTBHE BEPOATHOCTb KOPPEKTHOM
niepesayy MHQOPMaIUu pij.

B npeanonoxeHnn HE3aBUCUMOCTH OTKA30B 3JIEMEHTOB, HAJEKHOCTh OTIAEIBHOTO ITyTH
pacIpocTpaHeHUs! OTKa30B

Pk={vl.,1v i ...,vl.m} (2)

MIpPENeseTCsl KaK MPOU3BEIEHUE BEPOSITHOCTEH 0€30TKa3HOW paboThl BCeX BEpIIUH U pEOeEp,

XoOd1mux B I[aHHBIﬁ HyTB:
R(P,) = 1_[ 1 1_[ Dij 3)

VEPL €jjEPy
C dusmyeckoif TOUKH 3pEHHUsI TaHHAS BEIMYMHA XapaKTePU3yeT BEPOSITHOCTh COXPAHEHUS
KOPPEKTHOTO (DYHKIIMOHUPOBAHHUS COOTBETCTBYIOIIEH TMocienoBareibHocTu Moayineit bBKY mpu
BO3/ICCTBUM paIWallMOHHON cpenbl. Manbie 3HadeHus R (P ) yKa3blBalOT Ha MOBBIIICHHYIO
YSI3BUMOCTh CUCTEMBI K PaJMallHOHHO-UHAYIITUPOBAHHBIM COOSIM.
B pamkax mpemaraeMoro nmoaxoza BBOAWUTCS IIOHATHE HAIPABICHMS PACIpPOCTPAHEHMS
OTKa30B, ONPEAEIIEMOrO KaK HaIllpaBJIE€HNE C MUHUMAJIbHOW HAJIEKHOCTBIO:

Pcrit =arg min R(Pk)' (4)
PxEP
rae P — MHOXECTBO BCEX JIOIYCTUMBIX OPUEHTUPOBAaHHBIX IyTel B rpade BKY.

®opmyina (4) UCHONAB3yEeTCS VISl BBISBICHUS HANPABAEHUs PACNPOCMPAHEHUs OmKa3d,
COOTBETCTBYIOIIETO MUHUMAJIbHOMY 3HAUYEHHIO HAJIEAKHOCTU CPEAN BO3ZMOKHBIX MapIIPyTOB.

[Ton HanpaBneHHEM pacpoCTpaHEHHUS OTKA30B B padOTE IOHUMAETCSI OPUEHTUPOBAHHBIN
MapmpyT B rpade CUCTEMBI.

BoisBieHne  HampaBleHMM — paclpOCTpPaHEHHs  OTKa30B  IMO3BOJSIET  YCTAHOBUTH
cTpykTypHble 3iemeHThl BKY, Haumbonee mnonBepkeHHbIE BIMSHUIO  pPagUAllMOHHO-
WHYIIUPOBAHHBIX OTKA30B, U CBSI3aTh UX C (PU3MUYECKUMU MapaMeTpaMH paTualliOHHON CpPeIbl.
B omnuue oT KJ1acCu4eCKUX METOI0B OLIEHKN HAaIEKHOCTH, OCHOBAHHBIX HA aHAJIU3€ OTJIEIbHBIX
KOMITOHEHTOB, TPEAJIOKEHHBIN rpadOBbI MOAXOA YYHUTHIBAET TOIOJOTHI0 CHUCTEMBbI U
MEXaHU3MBbI paCIIPOCTPAHEHUsI OTKA30B.

[Tonmyuennas opmyIrpoBka co3MaéT OCHOBY IS JAbHEUINETO aHAIM3a HaI&KHOCTH
BbKY npu wu3MeHeHHWH MapamMeTpoB PaTAALMOHHOTO BO3IAECHCTBHUSA, YTO IO3BOJSET OLICHUTH
pobactHOCTh apxuTekTypbl BKY B pa3nuuHbix ycnoBusx GyHKIIMOHUPOBAHUSI.
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[locTpoenue rpadoBoit Moae/i 60PTOBOro KOMILJIEKCA yIIPaBJA€HUS

B cooTBeTCcTBUM € npeAJioKeHHOU dopManu3zanuen s aHaau3a 6e3oTkasHocty BKY 6b11a
NOoCTpoeHa rpadoBas MoJiesib, OTpaXkawliasi OCHOBHble QPYHKIMOHAJbHbIE U yNpaBAAKLAe
CBSI3U MEXJY KJ/IOYEBBIMU MOJAYJSIMH CUCTEMbL. Mojesb HOCUT OOGOOLIEHHBIA XapakTep,
YTO MO3BOJIAET paccMaTpuUBaTh €€ Kak TUNOBYI apxuTekTypy BKY. B kauectBe mpumepa
paccMaTpuBaeTcs rpadoBas mozenb KA «MonuTop-3». Ha pucynke 1 mnpejcrasJsieHa
cTpykTypHas cxema BKY KA «MonuTop-3» [16].
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PucyHok 1. CrpykrypHas cxema BKY KA «MonuTtop-3»

CtpykTypHasa cxeMa BKY kocMuyeckoro annapata «MoHUTOp-3» NpejcTaBJsieT COO0U
COBOKYNHOCTb (QYHKIIMOHAJNbHBIX MOJCHACTEM, 00ecleyrnBalLUX yIpaBJjeHUe [JBUKEHUEM
anmnapara, c6op U 06paboTKy HMHOpPMAILMK, B3aUMOJENUCTBHE C IieJIeBOM amnmapaTypod u
0O0MeH JaHHbIMHU C HA3€MHbIM KOMIIJIEKCOM YT paBJIEHUSI.

LleHTpaJIbHBIM 3JIEMEHTOM CTPYKTYphI fABJdeTca BKY, ocyumecTBiadomui KOOpAUHALUIO
paboThl U3MEPUTEJbHbBIX, UCIIOJTHUTEJNbHBIX U UHPOPMAILMOHHBIX MoAcucTeM. B coctaB BKY
BXOJAT AATYUKHA OPUEHTALUU U IBUKEHUS], BKJIIOYAs aCTPOHABUTAllUOHHbIE U MHEePLUaJIbHbIe
cpeacta (TACOC, AA-11, AA-12, A1-13, TUBYC), a Takxe BclioMoraTeJibHble YCTPOHCTBA
KoHTpoJig U usmepenuil (CMK-013). Ha pucyHke 2 npejcTaB/ieH OpUEHTUPOBAHHbBIN rpad
BKY KA «MonuTOp-I».
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PucyHok 2. OpueHTHPOBaHHAsA CTPYKTYpPHas cxeMa 60pPTOBOM CHCTEMBI yIIpaBJIeHUS
KOCMHYecKoro annapara «MoHUTOp-I»

JAnsa  dopmupoBaHUs U peasU3alMU yOpaBASAKLAX BO3JENUCTBUM B CTPYKType
NpeAyCMOTPEH HCIOJHUTEJNbHbIA KOHTYpP, BKJIOYAWIIUKA KOMaHAHO-YIpPaBJIAKIIMH
auratenb (KYJM), pBuratenb-maxoBuk (/M) M s/1eKTpoHHBbIM mpeobpasoBaTenb (III
«Konep-9»), obecnevyrBaruide cTabuIN3alui0 U OpUeHTAl U0 KOCMHUY€ECKOro alnapara.

BblyucaUTE/NIBHBIM ~ KOHTYP  yIpaBJieHUs]  NpejcTaBjJeH  OOpTOBOM  LUPpPOBOU
BbluMcAuTeNbHOU cucTtemod (BLBC) u komaHgHO-porpaMMHbIM ycTpoiictBoM (KITY),
KOTOpble 00ecrneyrMBalOT 06paboTKy UHPOpPMALIUH, BbIIIOJIHEHHWE aJITOPUTMOB yIIpaBJIeHUS U
dbopMHupoBaHUE KOMaH/, /11 UCIIOJHUTENbHbBIX U UHGOPMALUOHHBIX MOJCUCTEM.

BsanmozieicTBUe C BHEIIHMMHM CUCTEMaMU peasnu3yeTcs 4yepe3 IMOACUCTEMBI LieJIeBOU
annapatypsl (LA), cucrtemy Tenemerpuueckux usmepenuin (CTH), anmapaTypy cBs3U C
HazeMHbIM koMiuiekcoM (BAKHC-TKC), a Takxe BcrnomoraTe/ibHble HaBUTallMOHHblE U
cepBucHble nojgcucteMbl (ACH, I1CA, PICA, BY CHUIIN).

Jna dopmanvsanuu CTPYKTYpbl OOPTOBOM CHUCTEMBbl YIpaBJeHUS U MOCJAeAYILIero
aHa/iM3a pacnpocTpaHeHUs OTKa30B CTPYKTypHas cxema BCY 6bli1a mpejcTaBieHa B BUJE
OpPHEHTHUPOBAHHOTrO rpada.

BepuinHbl rpada cOOTBETCTBYIOT (QYHKLHOHAIbHbIM O/0kaM W noxacuctemam bBCY, a
OpPUEHTHUPOBaHHble PEOPA OTPaAXKAIOT HalNlpaBJieHUs Nepefayd YIpPaBJSOLUIMX BO3JAEUCTBUH,
MHGOOPMaLIMOHHBIX U KOMaH/IHbIX CUTHAJIOB MexX/ly HUMU. HanpaBsieHue pébGep BbIOUPaIoCh
B COOTBETCTBUH C JIOTUKON QYHKIIMOHUPOBAHUSA CUCTEMBI U apXUTEKTYPOH B3aUMOJEeNCTBUSA
NOZCUCTEM.

llenTpanbHass BepminHa rpada cootrBeTcTByeT BCY, oT koTOpoil ucxogat pébpa K
NOACUCTEMaM LieJIeBOM anmnapaTyphbl, TeJeMeTPUHU U CBA3H, a TaKXKe K BBIYUCIUTEJTbHOMY
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Y HCIOJIHUTEJbHOMY KOHTypaM ynpaBJieHUs. Takoe IpejcTaB/ieHWE MO3BOJIAET HAIJIALHO
OTPa3UTb UepPaAPXHUIO0 CUCTEMBI U BBIIBUTD Y3JIbl, Yepe3 KOTOPbIe IPOXOAAT OCHOBHbIE IOTOKU
ylnpaBJleHUs U UHPOpPMaLU K.

[locTpoeHHBI OpUEHTUPOBAHHbIM rpad HCHONb3yeTCsd B JajbHeWlleM /[Jisg aHalud3a
OTKa30B 60PTOBOM CUCTEMBI yIIpaBJeHMs KOCMUYeCKOoro annapaTta «MoHUTOp-I».

MHoxecTBO BeplIMH opueHTUpoBaHHOro rpadaG=(V,E)bopmupyerca Ha ocHOBe
byHKIMOHaNbHOU AekoMno3unu BKY u BkiodaeT ciesyroliye 31eMeHThl:

* V, - BBIYUC/IUTEJbHBIA MOJAYJIb (LeHTpalbHbIA poneccop BKY);

* V,-NOACUCTEMA NaMATH (OnepaTUBHasA U SHEProHe3aBUCUMas aMATh);

e Vv, - HHTepeHCHbIA MO/Y/Ib 06MeHa JaHHbIMHY;

e Vv, - NOJCUCTEMA YyIIPABJIEHUS U IPUHATHUSA PEIIEHHUH.

OpueHTHpoBaHHble pEGpa rpada e EE onmchIBalOT HanpaB/ieHHble NMOTOKU JAHHBIX U
yOpaBJISIOLIMX CUTHA/IOB Mexay Moayaamu BKY. Hanuuue pe6pa €, O3Ha4aeT, YTO 0TKa3 UJIH
MCKaXXEHHE JIaHHBIX B MOJIyJI€ V, MOXKET IIPUBECTH K HapyIIeHUI0 GYHKIIMOHUPOBAHHUS MOJYJIsA
v. Ha pucyHke 3 nokasaHo rpagoBoe npejcraBjieHne apxuTeKTypsl BKY, ncnosesyemoe g
aHaJIM3a pacnpoCcTpaHeHus paJUallMOHHO-UHAYIUPOBAHHBIX OTKA30B.

BbraucauTebHbli
MOJIYIIb

aMAThL

Hurepdeiic
obmena

ITopcucrema
YNpaBICHHA

PucyHok 3. OpueHTHPOBaHHBII rpad apXuTeKTypPbl
60pPTOBOro KOMILJIEKCA yNIpaBJIeHUS

['padoBasgs Mogesnb oTpakaeT NOTeHLHa/]bHble MYTH PAacHpOCTPAaHEHUs paJUALMOHHO-
MH/AYLUPOBAaHHbBIX 0TKA30B, 00yC/I0BJIeHHble apxUuTeKTypoil BKY u siorukoi B3aumMoz,eicTBuUs
ero KOMIIOHEeHTOB. KakJoM BepLIMHE V_i CONOCTaBJAETCHA BEpOATHOCTb 0e30TKa3HOU
paboTel p, 3aBUCAIAA OT YyBCTBUTEJbHOCTH COOTBETCTBYILIETO0 MOAYJIA K OJUHOYHBIM
pafiMallMOHHBIM COOBITHUAM M NapaMeTPOB paJHUalMOHHOM cpejbl. AHAJIOTUYHO KaXKJOMY
peGpy e, CONOCTAB/IAETCA BEPOATHOCTb KOPPEKTHOH MepeJayn JaHHbIX P, YINTHIBAIOIIAS
BO3MOXXHble UCKaXKeHUs1 MHPOPMaIMU NIPU pacnpoCTPaHEHUH OTKa30B.
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3HavyeHUsI BEPOSATHOCTEW P, U p, B HacTosillel paboTe paccMaTpPUBAKOTCA Kak
napamMeTpyUyecKhe BeJUYUHbl M HCNOJIb3YIOTCA [Ji1 CPaBHUTEJNbHOIO aHa/lv3a IyTeH
pacnpocTpaHeHHUs 0TKAa30B, a He /1J1sI TOYHOT0 POrH0o3a abCOII0THOM HalEXXHOCTU G0PTOBOTO
KOMILJIeKCa yIIpaBJIeHHUS.

Ha ocHoBe 3ajaHHOM rpadoBOl Mojesn OOPTOBOrO KOMILJIEKCA YIPaBJEHUSA W
BEPOSAATHOCTHBIX XapaKTEPUCTUK €ro 3JIEMEHTOB INPOBOAUTCA aHaIU3 BCeX JOINYCTHUMBbIX
OPUEHTHUPOBAHHBIX MyTeH pacnpocTpaHeHUs 0TKa30B B rpade cucteMbl. JJis KaXX/A0r0 MyTH
paccyuThIBaeTC 3HAayeHUe HalpaBJIeHHWS PacHpoOCTpaHEeHUsl OTKAa30B B COOTBETCTBHUM C
BEpPOSITHOCTHOM MO/eJibl0, BBEJJEHHOU B paszeiie 4.

KputepreMm MmuHuManbHoU HagéxHocTu BKY, onpezensionyum Hanub01b1Iy0 CTPYKTYPHYIO
ySI3BUMOCTb CHUCTEMBbI, SIBJSIETCA HallpaBJeHHEe PacnpoCcTpaHeHUs OTKa30B B rpade BKY.
[IpoBeéHHbIe pacyéThl MOKa3ay, YTO HApaBJIeHUe ONpeJesseTcd N0cae,0BaTeJbHOCThIO
BEPIIUH

Uy D Vp D V3 DU, ()

YTO yKa3blBaeT Ha KJIIYEBYK pPOJb COOTBETCTBYWINUX (PYHKIUOHAJIbHBIX MOAY/JIeH B
bopMHpPOBaHUHN HAJEXKHOCTHU CUCTEMBI.

'paduyeckoe npeacraBieHre opueHTHpoBaHHoro rpada bKY c BbiesieHHeM HanlpaBJeHUs
pacnpocTpaHeHHUsl O0TKa30B MPUBEJEHO Ha pUCYyHKe 4. BrljiesieHMe HanpaB/eHUs M03BOJISIET
HarJIIIHO MPOJEMOHCTPUPOBATb APXUTEKTYPHO OOYC/I0BJEHHbIE YSI3BUMOCTU CUCTEMbBI U
onpeAeJUuTb QYHKIMOHAIbHbIE MOJYJIM, OKa3blBalllMe HaWboOJiblliee BJAWSHHUE HAa OOIIYIO
HajJéxHocTb BKY.
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PucyHok 4. OpueHTHPOBaHHLIN rpad 60pTOBOro KOMILJIEKCa YIPaBJ/JIeHU C
Bbl/le/IEHHbIM HallpaBJeHHEeM PacpOCTPaHEeHUsI OTKa30B
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Ha pucyHkax 1 u 2 npejcraBJieHa JeTajlbHas CTpPyKTypHas cxeMa BKY (gatuuku A/l-11,
AZ1-12,TUBYC, KYIIM, 311 «Konep-9» u fip.), Toraa Kak Ha pUCyHKe 3 cucTeMa Ipe/iCTaB/ieHa B
BU/Jie rpada U3 YyeThIpex BEPIIUH.

Arperanusi 3JieMeHTOB B BEpLIMHbI rpada BbINOIHAIACH 10 QYHKIHUOHATbHO-JIOTUYECKOMY
NPUHIMITY, 3 UMEHHO:

e B OJHY BeplIMHY OOBbeAUHSJIWCH 3JeMEHThbl, peajusyrlie eJuHyl QYHKLUIO U
MMemll1e TeCHble BHyTPEHHUE CBA3Y;

e BHYTpPEHHHUE B3aMMOJENCTBUSA BHYTPHU TAKOT0 6JI0KA CyIleCTBEHHO 60Jiee UHTEHCUBHHBI,
YyeM BHEIIHUE CBA3U C [pyTUMHU OJI0KaMU;

e  [Jid 33/1a4¥ aHaJ/IM3a paclpoCTpaHeHUs1 0TKAa30B ONpeAeSIIMMU SBISTCA UMEHHO
MeX06JI0UHbIe CBSI3Y, @ HE BHYTPEHHSSA MUKPOCTPYKTYpa.

Takum o6pa3oM, kax/Jas BepliMHa rpada cooTBeTCTByeT QyHKIIMOHAJbHO 3aBEPLUIEHHOU
IO/ CUCTEME CUCTEMHOIO YPOBHS, BHYTPHU KOTOPOTO OTKa3 pacHpoCTpaHAETCA 3HAYUTeJbHO
ObICTpEE, UeM MeX Ay N0 CUCTEMaMHU.

Llesib mocTpoeHus rpada Ha pucyHke 3 3akJryajach B aHa/aM3e MeX(PYHKLMOHAJIbHOTO
pacnpocTpaHeHUsl OTKa30B, a He B MCCJe[J0BAaHUU OTHAeJNbHbIX 3/eMeHTOB. [loaTomy
MCII0JIb30BaHA YKPYIIHEHHAsA MOJeJlb.

YTOOBI UCKIIOYUTD NOTEPI0 3HAYMMBIX CBSI3€H, IPU arperanuu co6/04aluch cleayloue
KpUTEPHUU:

1. coxpaHsiiucb Bce UHQPOpPMALMOHHbIE U  JHEpPreTUYECKHe CBA3U  MEXAY
GYHKIMOHANbHBIMU 6JI0KaMU;

2. He 00beJUHSJNHUCH 3JIEMEHTHI, MEXK/y KOTOPbIMU BO3MOXKHbI HE3aBUCHMbIE CLleHapUU
OTKa30B;

3. TIpOBepeHO, YTO yAaleHhe BHYTPEHHUX CBSI3el He U3MEHSET NyTel pacnpocTpaHeHUs
OTKa30B MeXy 6JI0KaMHU.

JlokasnbHble YSI3BUMOCTHM BHYTPU arperupoBaHHbIX BEPUIMH JeWCTBUTEJIbHO MOTYT
CyLL,eCTBOBATh; OHAKO OHY OTHOCATCH K APYTOMY YPOBHIO JIeKOMITO3UL MUY U aHAJIU3UPYIOTCA B
paMKax JieTaJbHOM cxeMbl (puc. 1, 2). B HacTos1el paboTe ucciielyeTcsl CACTEMHBINA YPOBEHb,
[I03TOMY BbIOpaHHas CTeNeHb arperupoBaHUs COOTBETCTBYET LieJIM MCCIeJ0BaHUS.

[IpoBei€éHHBIN aHAIM3 TOKa3aJ, YTO OTKA3bl, KaK IPaBUJI0, BOSHUKAIOT B BBIYUCJIAUTENBHOM
MOJyJie U MOJICUCTEME MAMSATH, UTO COIJIacyeTcsl ¢ pU3UYEeCKOU MPUPOJIOU oLINO0K, HauboJsiee
4YacTO NPOSIBJASIOLUXCA B 3JIeMEHTax C BbICOKOM IJIOTHOCTbIO XpaHeHUs HHQopMaluu.
[loslydeHHBIN pe3yJbTaT MOAYEPKUBAET KJ/IOYEBYIO POJIb ApPXUTEKTYPHBIX pelleHWH B
dopMupoBaHuHU ycToHUYUBOCTH BKY K BO3/1eiCTBUI0 KOCMHUYECKOW paJIMallMOHHON Cpe/ibl.

AHanu3s epagosoii modeau napamempa pachpocmpaHeHusi omkasos BKY

Jlnsl oueHKHU 6€30TKa3HOCTU NMpeJI0KEeHHOT0 rpadoBOro nojxo/a 6blJ NPpOBeJEH aHATU3
HanpaBJ/IeHUs] pacnpoCTpaHEeHUs1 OTKa30B OOpPTOBOro kKomiuiekca ynpasjieHuss (BKY) npu
M3MEeHEeHUU HWHTEHCUBHOCTH PaJIMallMOHHOrO BO3JeHCTBUA. B paMkax AaHHOro aHasiusa
paccMaTpUBaIMCh BapUalliM BepOSITHOCTeN 6e30TKa3HOW paboThl BeEpLIUH U pébep rpada,
OTpaKkallllue U3MeHeHHe UHTEHCUBHOCTU pa/lMalluOHHOI0 BO3/leCTBUS.

[TapameTpsl p, u p;, CONOCTaBJIEHHbIE 3JIeMEHTaM rpadoBoit Mmozenu BKY, BapbupoBaiuch
B 33JlaHHbIX [Mana30HaX, COOTBETCTBYWIIMX yMepPEeHHbIM HU3MEHEHUSM paJualMOHHOU
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0OCTAaHOBKH, XapaKTEpPHbIM /JJis Pa3JMYHbIX OpPOWTAJbHBIX YCJAOBUH KU (a3 coJHeYHOU
akTUBHOCTHU [1-3]. [Ipu aTOM cTpyKTYypa rpada u Tono10rusi PyHKLUOHAIbHbBIX CBI3EW MEXAY
MozaynaMu BKY octaBaivcb HeM3MEHHBIMU.

Pe3ysnbTaThl aHa/iM3a NOKa3aJy, 4YTO IPU YMEpPeHHbIX BapualuaxX [apaMeTpoOB
paAvanMoOHHOM Cpe/ibl HallpaBJieHWe pacnpoCTPaHEHUsI OTKAa30B COXpPaHseT CBOIO CTPYKTYPY, a
M3MeHEeHHs OT/leJIbHBIX NyTeN He IPUBOJAAT K CMeHe JOMUHUPYIOILETo ySA3BUMOI'0 MapIlpyTa.
ITO CBUAETENbCTBYET O TOM, YTO HalpaBJIeHHWE PACHpPOCTPAaHEHUs OLIMOOK OmpejessieTcs
IpeUMyILeCTBEHHO apXUTEKTYPHBIMU 0ocobeHHOCTAMU BKY, a He ciiydallHbIMU QUIYKTyalUsIMU
napamMeTpoB MOJEJIH.

C ¢usuyecKkol TOYKMU 3peHUs [aHHBIM pe3yJbTaT yKa3blBaeT Ha TO, YTO KJIIOYEBHIE
ysa3BuMoctd BKY ¢opMmupyoTcs Ha ypoBHe CTPYKTYPHOM OpraHu3alnud CUCTEMbI U
cBsizeld MexJy OQYHKIMOHAJbHBIMU MoAy/AsAMU. [laxke NpU H3MEHEHWM UHTEHCHBHOCTHU
paiMallMOHHOTO BO3JEWCTBUsS HauboJiee YyBCTBUTeJIbHble 3jeMeHTbl BKY mnpogosmkarmoT
UTrpaTh ONpeiesIALIYI0 POJib B MEXaHU3MaX pacnpoCTpaHeHUs1 0TKa30B.

BrisiBeHuMe  HampaB/ieHHWSl pacOpoOCTPaHEHUs] OTKa30B MO3BOJIIET YCTAHOBUTH
byHkuMoHanbHble MoAynu BKY, TpeOylouye MNOBbILIEHHOTO YPOBHS 3alUTbl HJH
pe3epBUpOBaHUsA. B oTaMuMe OT KJIacCHYECKHMX METOJOB aHa/lh3a HaAEéXHOCTH,
OpPUEHTHUPOBAHHbBIX HAa OT/EeJIbHbIE 3JIeMeHThbl, rpadoBbIi MOAX0A 06ecreyrBaeT CUCTEMHbIN
B3IVIAZ, Ha Npo6JieMy M NMO3BOJIAET YYUThbIBATh MeXaHU3Mbl KaCKaJHOTO pacHpoOCTpaHeHUs
O0TKa30B, 00yc/i0BJIeHHbIe CTPyKTypou BKY.

AHau3 nosly4eHHbIX pe3y1bmamos

[lonyyeHHble pe3ysbTaTbl MOKasald, YTO B COBPEMEHHBIX MHUKPOCXeEMaxX BO3HUKAIOT
OTKa3bl, (QYHKIHUOHAJbHO BJMUSAOLME Ha pabOTy KOCMHYECKUX cucTeM. Hampumep, B
KMOII-cTpyKTypax TpaH3UCTOPbI PACIOJIOXKeHbl OYeHb IJIOTHO. MeX/ly HUMHU CYLLeCTBYIOT
napasuTHble (HexeJaTeJIbHble) CTPYKTYpPbl, KOTOpbIe BelyT Ce0s1 KaK 0ObIUHble TUPUCTOPBL.
Ecau ecThb 3a1jMTa, NMTaHMe BpEMEHHO CHUMAETCS, HO JJaHHble B NaMATH IIPH 3TOM TepPSIOTCH.

OTMeuatoTcsi M Apyrue onacHble 3G PeKThI «I10 HHEe». [loMuMo 3al1eIKMBaHUS, CYLLECTBYIOT
Y IpyTHe ClieHapUH, KOT/ia YacTHIa 6beT 110 CUJIOBBIM LieNsM:

SEB (Single Event Burnout) - OayMHO4YHOe BbIrOpaHHUe, XapaKTePHO JJis1 MOIIHBIX M10JIEBbIX
TpaH3uctopoB (MOSFET). YacTuua BbI3bIBaeT JIOKaJbHbIA NMPOOOW, U 4Yepe3 TPaH3UCTOP
IPOXOJUT JJABUHOOOPA3HbIM TOK, pa3pylIaloLUi CTPYKTYPY.

SEGR (Single Event GateRupture) - OguHo4HBIM npo6o#l 3aTBopa: YacTuua npobUBaeT
TOHKUU CJIOM JM3JIEKTPUKA B TPAH3UCTOpPE, YTO MPUBOJUT K HEOOPATUMOMY 3aMbIKaHHUIO
yIpaBJAKIIEH [ellM Ha KaHaJl.

Jlaxke Ipy UCNI0JIb30BAaHUU B COCTaBe 60pTOoBOM annapaTypbl KAMoayiel maMaTH KaTeropuu
Space uau Military, B yc/0BHSIX KOCMHUYECKOrO IMOJieTa NPU KOMILJIEKCHOM BO3/I€MCTBUHU
$aKTOpPOB KOCMHYECKOTr0 MPOCTPAHCTBA yKa3aHHble OTKa3bl OBLIU 3aperdCTPUPOBAHbI Ha
peasibHbIX KOCMUYeCKHUX annapaTax.

/Jlnsi06ecneyeHust pyHKYUuoHUposaHus 6opmosoti annapamypwst KA npunumaromesi caedyroujue
Mepbl.
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Ta6avna 1. MeToAbl CHIKEHHUS PaJUalMOHHO-UHAYUPOBAaHHBIX OTKa30B GOPTOBOM
annapartypsl KA

MeTog, OnucaHue

PaginaunoHHo-cToMKas 6a3a (Rad-Hard) Hcnosib30BaHMeE TEXHOJOTUN «KKPEMHUN Ha U30J151-
Tope» (SOI), rae TpaH3UCTOPHI U30JIUPOBAHbI APYT
OT JpyTa C/JI0eM AUOKCH/Aa KpeMHHUs], YTO UCKJ/II0Ya-
eT 3¢ deKT 3aleKUBaHUS.

LOD (Latch-up Detection) CnenuanbHble CXeMbl MOHUTOpPUHTA TOKa. Kak
TOJIBKO TOK I10 LUIKHE NPeBbILIaeT MOPOT, 3alUTa
MTHOBEHHO OTKJ/II0YaeT MUTaHUe MOAYJS Ha MUJI-
JINCEKYH/bI.

TpoupoBanue (TMR) Pe3epBupoBaHUe 6JI0KOB MaMSTH, TPU KOTOPOM
NpU OTKa3e 0JJHOTO U3 HUX CUCTeMA NPOJ0/KAeT
paboTaTh 0 MaXKOPUTAapHOMY NMpUHLUMY (2 U3 3).

JleTa/ibHBIM MEXaHU3M OTKa30B B peaJIbHbIX YCJIOBUAX ABJAETCH NPeJMEeTOM OT/e/bHbIX
McclieJOBaHUM, pe3y/ibTaThl KOTOPBIX OYAYT NpeACcTaB/AeHbl B JaJbHENIITHUX MYyOJIUKALUSX.

[losiydeHHbIe pe3ybTaThl CO34AKT OCHOBY JJIf JAJIbHEHILIEro UCCae0BaHM s HallpaBJIeHUs
OLIMOOK NPU U3MEHEHUH NTapaMeTPOB paiMallMOHHON 06CTAaHOBKH, a TaKXe JJis pa3paboTKU
peKoMeH/JalMi 1o MOBbILIEHUI0 6€30TKa3HOCTU apXUTeKTypbl BKY.

CpasHumenbHblll aHaausz Memoda [lepeso omka3o8 u Mmemoda 2pagos 01 OYyeHKU 0mkas308
BKY,

M3BecTHO, uTO KJyaccudyeckue Metoabl (FTA - Fault Tree Analysis, RBD - Reliability Block
Diagrams) aBaswoTca ctangaptoM. Ognako, FTA U cxeMbl LeJIOCTHOCTU CTaTH4YHbL. OHHU
IJIOXO YYUTBIBAIOT NepeKpecTHble CBSI3M WM KackajHble 3p¢deKThl (Korjga oTkKa3 B OJHOU
IIMHe NUTaHusa u3-3a T3Y BbI3biBaeT cO0U B JIOTHKE COCE/a, YTO He MPeJyCMOTPEHO NPSIMOU
rvepapxuen «JepeBa»). B To BpeMs kak rpacdoBblil M0AX0/ TO3BOJISIET BbISIBJASTD «LUKJbI» U
«y3JIbl Jlerpaalliu», KOTOpbIe B ilepeBe 0TKA30B Ipe/iCTaB/IeHbl KaK He3aBUCHMbIe BETBH.

OcHOBHOE OT/JIMYMe 3aKJ4daeTci B TOM, 4TO TpaauuuoHHble MeToAbl (FTA, RBD)
6a3UpylOTCS Ha JeAYKTHBHOM JIOTUKE «CBEpPXy BHHU3» U OPUEHTUPOBAHbl HA HE3aBUCHUMbIE
Iernoykyu oTKaszoB. OfgHako JJisi GOpPTOBOM ammapaTypbl, MOJBEPKEHHOW BO3/€HCTBUIO
TSDKeJbIX 3apsikeHHbIX yacTul, (T3Y) u anekTpoctaTrdeckux paspanos (ICP), kputuyeckum
SIBJISIETCSI BOBHUKHOBEHHME HESIBHBIX TOMOJIOTUYECKUX CBA3€EH.

B yacTHOCTH, Ipe/i/10’keHHbIN rpadOBbIN METO/, T03BOJINJI BbISIBUTh:

e IJdodexT «3amenkuBanusa» (SEL) B cMexHbIX 1ensax: Kiaccuueckoe AepeBo OTKA30B
paccMaTpuBaeT MOJAY/IY NaMATU U KOHTPOJLJIep MUTAHUS Kak pa3jesbHble 6J10KU. [padoBas
MO/ieJib, YYUThIBatoIasi PU3UUECKYI0 6JIM30CTh U 00111 e IIMHBI MU TAaHUS, BbIIBUJIA YSI3BUMOCTh
K TPYNIIIOBOMY OTKa3y MNpPU MPOX0KAEHHUHU OLHOU YacTUIbI ¢ BbICOKUM LET.

e Kackagubie c6ou npu ICP, B oTiiMuve OT cxeM (PYHKIMOHAJIBbHOM I1€JI0CTHOCTH,
rpadg TOMOJIOTUM TMO3BOJUJI UJAEHTUOUIUPOBATh «Yy3KHMEe MeCTa» B pa3BOAKe IIUH,
rle 3JeKTPOCTaTUYeCKUW pa3psZ, Ha KOpIyce HABOAUT IIOMeXW Cpa3y Ha HEeCKOJIbKO
MHGbOpPMaLMOHHbIX KaHAJIOB.
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TakuM 06pa3oM, 3¢ PeKTUBHOCTb METOAUKHU NMOATBEPXK/AAETCS BbISIBJIEHHUEM HallpaBJleHUs
pacnpocTpaHeHUs] OTKa30B, KOTOpble B KJACCUYECKUX JlepeBbsiX OTKa30B CYUTAJIUCh
MaJIOBEpOSTHBIMU U3-3a MPEAII0I0XKEHHSI O HE3aBUCUMOCTH COObITHI» [17-18].

J1 WIII0CTpalu peBOCXOoCTBAa rpadoBOro MeToa ObLI NMpPOBeJleH CPaBHUTEJTbHBIN
aHaJIU3 KPUTHUYECKOT0 y3J1a 60PTOBOTO yrpasJsoliero kommaekca KA «MoHUTOp-I».

Knaccuyeckuit nogxon (FTA), paccMaTpuBas OCHOBHOM U AYOGJMPYOLUNA MAaCCUBBI NaMSTH
KaK He3aBUCHMbIe 3JIeMeHThl. BeposITHOCTh UX OJJHOBPEMEHHOI'0 OTKa3a OLleHUBaJach Kak
npeHe6pexxumo mMajas (10-9), Tak Kak JiepeBo 0TKa30B He YYUTbIBAJIO NPOCTPAHCTBEHHbIE U
3JIeKTpoPU3UUYECKHUE CBSI3U MEXKY HUMMU.

[IpensioxkeHHbI rpadoBBIA MOAXOJ|, MO3BOJUJI HUAEHTUQPUIMPOBATh HaNpaBJIeHUs
pacnpocTpaHeHuss O0TKa3oB (y3es rpada C BBICOKOW CTeNeHbI IEeHTPAJbHOCTH),
COOTBETCTBYIOLIME O6LIeH INHe MUTAHUS U TOMOJIOTHYEeCKU 6JIM3KHUM 06J1acTsSM KpHCTaJlIa.
MojenupoBaHue MOKa3ajo, YTO NPU BO3AEWCTBUU TSKeJbIX 3apshKeHHbIX ydactun, (T3Y)
BO3HUKaeT PUCK OfUHOYHOro cobniTua (SEL), npuBoOAsAlLLero K KackaJHOMYy OTKa3y 060UX
KaHaJIOB NaMSTH OJJHOBPEMEHHO.

Ta6smpa 2. CpaBHMTe/IbHbIM aHa/IU3 Kiaaccuuyeckoro (FTA) u mnpejsioKeHHOro
rpa¢oBOro noAxoA0B Ha IpUMepe aHa/Iu3a 0TKa30B KA «MoHuTOp-I»

Ne XapaKTepucTHKa Knaccuueckuit metoy (JepeBbs | [IpennoxxeHHbIN rpadoBbiil
n/n oTka3oB / FTA) MeTtoz (Tonosiornyeckuit
rpag)
1 O6beKT aHa/IM3a Wepapxuyeckas jjoruka ¢yHk- | ®u3nKo-j10ruyeckas CTpykK-
185078 Typa COeJMHEeHUH
2 YdeT B3anMocBA3eH Tosibko npsiMble GyHKIIMOHAIb- | [IpsiMble, nepekpecTHbIE U
Hble 3aBUCHMOCTH napasuTHbIE CBSI3U
3 Y4eT B3auMoOCBsi3eH Tonbko npsiMble PyHKIMOHAb- | [IpsiMble, epeKpecTHbIE U
Hble 3aBUCHMOCTH napasuTHbIE CBSI3U
4 OneHka pe3epBUpoBa- | CuuTaeT KaHa/bl HE3aBUCUMBI- | BbisiB/sieT 061111e TOUYKU
HUA MU (BEpOSAATHOCTU llepeMHOa- | OTKasa B TONOJIOUU
10TCsA)
5 YyBCTBUTEJIBHOCTD K PaccMaTpuBaeTcs Kak ciaydali- | MogenupyeT «pa3psij 1o
T34/3CP HbIH c60i oiHOT O Y313 IIMHE» Y ero BJAUSIHUE Ha
cocesiHUe y3Jibl Tpada
6 BrisiB/ieHHas yA3BU- He BrisiB/1eHa (BbIcOKas pacueT- | O6HapyxeHa: PUCK OJHO-
MOCTb AJist «MOHU- Has HaJleXXHOCTb Ay0JIMpOBaH- | BpeMeHHOro 6JI0KMpPOBaHUSA
TOp-3I» HbIX CUCTEM) KaHaJIoB naMATH npu SEL B
y3Jie HHHOro GopMHUpOBa-
TeJs
7 KosnvyectBeHHbIN 0- | BeposiTHOCTB 0TKa3za: Px10-8 KoadduuueHT ysi3BUMOCTU
KaszaTeJsu (10>kHBIN 0TKA3) y3Ja: V>0.75 (ykasbiBaeT Ha
KPUTHUYECKYIO CBSI3b)
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Kak BugHO W3 Tabusunpbl 2, Kjaccuyeckui aHaiu3d mno MetoAy FTA paeT H36bITOYHO
ONTUMMUCTUYHBIA MPOTHO3 HaJexHOCTU A KA «MoHuTOp-3», Tak Kak He y4YHUTbIBAeT
dr3MYeCcKy0 IPUPOJY PaCcIpOCTPAHEHHUS 3/JIeKTPOCTATUYECKOr0 pa3psa/ia U HOHU3ALMOHHBIX
3¢ dexTOB no 06LKM IKMHAM. B To BpeMd Kak npeJiockeHHbIM rpadoBbIi MeTO, 03BOJISIET
KOJIMYEeCTBEHHO OL€HUTb «CBSI3AHHOCTb» OTKAa30B.

B yacTHOCTH, MCIOJIb30BaHHUE LIEHTPAJbHOCTU y3J10B rpada MO3BOJIMJIO BBIABUTH, YTO
KOMIIOHEHTBI, CYMTaBIINeCc He3aBUCUMBIMU B FTA, paKkTHYeCKH MMEIOT 06111y0 K KPUTHUYECKYIO
JVCTaHLUIO» 10 LeNsAM MUTaHUA. DTO 00'bACHsAET HabJloJaeMble Ha PaKTUKe aHOMaJUM B
paboTe 60pTOBOM annapaTyphbl, KOTOpble He Npe/iCKa3blBaIMCh TPAJAULUOHHBIMU pacyeTaMU
IIpY NPOEKTHPOBAHUHU.

1. Yto mponyctun knaaccudeckui metof, FTA: PacueT mo mMeToay AepeBa OTKa30B AJif
«MOHHATOP-3» MOT IOKa3aTh BbICOKYIO HAJIeXKHOCTb, TaK KaK BEPOATHOCTb OZJHOBPEMEHHOTI'0
BbIXO/Ia U3 CTPOSl OCHOBHOTO M pe3epBHOro 6JIOKOB NaMATH KpakHe Masa (Ipou3BefeHUe
BeposTHOCTel: P1xP2). B FTA oHU BBIMIAAAT Kak apaJijie/lbHble He3aBUCUMble BETBHU.

2.Yto BbIaBU rpadoBbId oaxoA: 'padoBasg Mozesib yduTbIBaeT PU3NUECKYIO TPACCUPOBKY
IIMH NMUTaHus Ha miate. [Ipyu npoxoxaeHuu Tsokesoro sjapa (T3Y) B o6sacTh MIMHHOIO
dbopmupoBaTenss Bo3HuKaeT 3¢pdekT SEL (3awenkuBanus). [lockonbky rpadoBas mMozesb
CBSI3bIBAET Y3J1bl HE TOJIbKO PYHKI[MOHAJIbHO, HO U 10 «JINHUSIM TUTAaHUSI», OHA 0OHAPYKHBAET,
YTO OJMH UOHHBIN TPEK MOXeT BbI3BaTb KOPOTKOE 3aMblKaHUe O0Lel MIMHbI, MUTAKLYI0 U
OCHOBHOM, U pe3epBHbIN YMII NAMATH.

Takum o6pa3oM, rpadoBbIii MeTOJ, BbISIBUJ YSI3BUMOCTb O00LIed NPUYUHBI, KOTOPYIO
KJIaCCUYeCKHM pacyeT KBaJUPUIIMpPOBaJl Kak 6€301aCcHY0 N3-3a J0NYILeHUs 0 He3aBUCUMOCTH
OTKa30B pe3epBUPOBAHHBIX LieNen.

[IpennoxeHHbl rpadoBbIM NOAXOJ JEeMOHCTPUPYET YCTOMYMBOCTb K BapHaLUAM
XapaKTepUCTHUK paJMallMOHHONW Cpe/ibl U MOXKeT pacCMaTPUBAThCA KaK NapaMeTp HaZleXKHOCTH
JL151 BbISIBJIEHUSI apXUTEKTYPHO 00y C/10B/IeHHBIX ysi3BUMocTel BKY. [losiyyeHHble pe3ysibTaThbl
NOATBEPXKJAIT NPHUMEHUMOCTb MeToja [/l aHa/i3a OTKa30B OOpPTOBBIX KOMIIJIEKCOB
yInpaBJieHUs B IIMPOKOM JMana3oHe YCJA0BUM QYHKIMOHUPOBAHUA U CO3JAIOT OCHOBY [JJIA
pa3paboTKU peKOMeH/alui 0 NOBbILIEHUIO paJMallMOHHON CTOMKOCTH CUCTEM yIpaBJIeHUs
KOCMHUYECKHX allllapaToB.

3akyIloyeHue

[IpeasioxkeH rpadoBbId MOAX0/ K aHA/IU3y 0TKa30B BKY kocMuyeckoro anmapara ¢ y4éToM
paAvalMOHHO-UH/AYLMPOBaHHbIX OUIM60K. OpueHTHpPOBaHHbIe pébpa rpada e,EE onuceiBaioT
HanpaBJ/IeHHble TIOTOKU OLIMOOK U YIIPaBJAAKIIUX CUTHAJI0B Mexay MoayasaMu BKY. Hanuuue
peGpa e; 03HA4YaeT, YTO OTKA3 WJIM MCKa)KeHHe JaHHBbIX B MOJyJe V, MOXET NPUBECTH K
HapyLIeHHI0 GYHKIMOHUPOBAHHS MOAYJIA V,

ChopmynupoBaHO NMOHSATHE HANpaBJIeHUSl PACIpPOCTPAHEHUS OTKA30B, ONMpPeJessieMOro
KakK MyTh C MUHUMaJbHOU HaZéxHOCTbI0 B rpade BKY. [lokazaHo, YTO BbISIBJE€HHE TAKOIO
HanpaBJ/ieHUs] N03BOJIIET YCTAHOBUTb YA3BUMOCTb CHUCTEMbl, He BBbIBJISEMYI0 Ha 3Talle
NPOEKTUPOBAHMS OT/eJbHbIX KOMIOHEHTOB. AHA/IM3 [IBUKEHUS IOTOKOB OTKAa30B [103BOJISIET
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BbISIBUTb YSI3BUMbI€ Y3JIbl, I0/IBEPKEHHbBIE BO3/[€MICTBUIO BHEILIHEHN Cpe/ibl, BU3yaJMU3UPOBATh
HalpaBJieHUs1 pab0TOCIOCOOHOCTH CUCTEMBI.

Apxutektypa BKY dopmanvsoBaHa B BHUAEe OpUEHTHPOBAHHOTO rpada, mo3BOJISAIOILETO
YYUTBIBaTb QYHKLHUOHAJbHblE U VIpaBJAKIINE CBA3M MeXJy MOAY/ISAMHU CHUCTEMBbI
U MOJIeJIMPOBaTb MeXaHU3Mbl pacIpoCTpaHeHHUs OTKa3oB. [loka3aHoO, YTO OTKa3bl
onpeaensTcsa apxutekTypoit BKY, a He ciy4allHbIMU QuIyKTyarussMy mapaMeTpPOB MO/IEJIH.
I9TO NMOAYEPKUBAET BaXKHOCTb apXWUTEKTYPHBIX pelleHWH NMpHU MPOeKTUPOBAaHUM GOPTOBBIX
KOMILJIEKCOB yIpaBJieHUs], QyHKIHOHUPYIOLIUX B YCIOBHUAX KOCMHUYECKOT0 U3/IyYEHHUSI.

[Tony4yeHHble pe3y/abTaTbl MOTYT ObITb MCIOJb30BaHbl IPU aHa/IM3€e U NPOEKTUPOBAHUU
BKY kocMuyeckux anmapaToB C LeJbl0 MOBBIIIEHUS UX YCTOMYUBOCTU K KOMIIJIEKCHOMY
BO3/eACTBUI0O PAKTOPOB KOCMHUYECKOTO MPOCTPAHCTBA U YCJIOBUAM IKCIJIyaTALUH.

duHaHCUpOBaHUe.

JlanHas pa6oTta ¢uHaHcupyeTcss KomuTeToM no Hayke MUHUCTepCTBA HAayKU U BBICLIETrO
obpasoBaHuda Pecny6sinku Kasaxcran (MPH BR31714741 «®yHjaMeHTalbHOE UCCIeJOBaHKE
COJIHEYHO-3eMHBIX CBfI3ed M UX BJIMSIHUS HAa OKOJI03EMHOE KOCMHYeCKOoe MPOCTPAHCTBO U
TEXHOJIOTUY€eCKYI0 MHPPACTPYKTYPY»).

Bkapa aBTOpOB.

OmmaHoBa A.C. - npoBe/ieHMe UCC/IEe/JOBAaHUS, BbINOJHEHUE PACUETOB U GOPMaJbHOTO
aHa/IM3a, UMHTepnpeTalus IOJYy4YeHHBIX pe3y/bTaTOB, NOATOTOBKA W HalMCaHUe TeKCTa
PYKOIIUCH.

I'pumenko B.B. - KoHIenTyasu3alys UCccaeJoBaHUs, pa3paboTKa METOA0J0THUH, HAYyYHOE
PYKOBOJCTBO pPabOTOW, KPUTUYECKUHW aHaJIM3 M BajluJalud pe3yJbTAaTOB, NOATOTOBKaA
IIepBOHAYAJIBHOTO [IPOEKTA PYKOIHUCH, PeLleH3MPOBaHHUe U pelaKTUPOBAHUE TEKCTA.

OmmanoBa A.C. v 'pumieHko B.B. - yyacTue B 06Cy>/IeHUHM pe3y/bTaTOB UCC/IeJ0BaHUS,
yTBepXK/JeHHe OKOHYaTeJbHOTO0 BapvaHTa CTaTbU [Jig NyOJMKAalLUMKM U corjlache HeCTH
OTBETCTBEHHOCTb 3a BCe acHeKThl paboThl, BKJYas JOCTOBEPHOCTb IpeJCTaBJeHHbIX
JaHHBIX.

KoHIMKT MHTepecoB COAaBTOPOB OTCYTCTBYET.
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Fapsbii keHicTiri pakTop/iapbIHbIH 3cepi XKaFjaiibIH/a FapbILI aNllapaTTaPbIHbIH, GOPTTHIK,
6acKapy KelleHAEePiHiH iCTeH WbIFYbIH TAJ1Aay

AnjaaTna. 9pTypsi MakcaTTarbl Fapblll annapaTTapbiH (FA) maipganany 6apbicbiHZa OOPTTHIK
3JIEKTPOH/BIK aNapaTypajia icTeH UIbIFyIap naiga 60/ybl MyMKiH. MyH1al »)kaFaijiap mTaTTaH ThIC
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peXuM/iepAiH faMyblHa, KeWbip kaFAaiiap/a TinTi COYTHUKTEPAiH TOJIBIK )KOFaJyblHA aJbIl KeJei.
9/ileTTe MyHJlall aKay/jap Fapbllll annapaTbIHbIH, OOPTTHIK 6ackapy keweHiHae (BBK) TybiHpaibl.
KemnrrereH seprTeyuiijiep 6y akaysapAblH Heri3ri cebenTepiHiy 6ipi peTinae XKep MaHbIHIaFbI FAPBILII
keHictiringeri (KMFK) monpayiwubl caynenenyziH acepin kepcerefi. CoHAbIKTaH Kep MaHbIH/AFbl
Fapbllll KeHicTiri dakTopsiapblHbIH, KellleHJi acepi >KaFgalblHJa Fapbllll alNapaTbIHbIH OOPTTHIK,
GacKapy KellleHiHiH >XyMbICbIH 6aFaJiay aca MaHbI3/lbl MiHZET 60JIbIN TA0bLIA/bI.

’KymbicTa KatesepaiH TapajyblH cunaTTalWTblH BBK-HiH 6aFbITTanfaH rpadTapbl YChIHBLIFaH,
coHJal-aK rpadTbiH Tebesepi MeH KaObIpFasiapbl apacblHAaFbl ©3apa GailJiaHbICTAp CHUIMIATTAJIFaH.
OyHKIMOHAIBIK MOAYIbEePAiH bIKTUMAJIbIKTBIK CHUITIaTTaMaJIapbl HeTi3iH1e )KyHeHiH KYPbIIbIM/IbIK
TYPFbILJAH €H oOcajl 3JieMeHTTepiH aHBbIKTAaWTbIH KaTeJepiH Tapajy OaFbITbIH C3HKeCTeHAipy
aaicTeMeci a3ipyieH/|.

3eprrey HoTtumxkesepi BBK-geri  akaysapablH < MoJesnb  NapaMeTpJiepiHiH  Ke3JelCoK
bayKTyanusiappIMeH €eMecC, XyWe apXUTeKTypacblMeH aHbIKTaJaTbIHbIH KepceTTi. YCBhIHbLIFaH
aKayJap/blH Tapajdy OaFbITbl NapaMeTpi Faphlll KeHicTiri ¢akTopiapblHbIH, KelleHJi acepi
*KaFJallblHAa 6acKapy »KyHeciHiH *KYMbICbIHA bIKNAJ eTeTiH QYHKUMOHANBIK TYHIHAEepAiH 0CaIJbIK
JleHrelliH aHbIKTayFa MYMKiH/JiK 6epefi. AJbIHFAaH HITHXKeJiep Fapblll anlapaTTapblHbIH GOPTTHIK
6ackapy KelleHAepiH ko06asay Ke3iH/e oJsiap/bl Fapblll KeHICTiri ¢akTopJiapbIHbIH KelleH/i acepiHne
»KoHe NaljjajaHy *KaffanaapblHa TO3IMUIIriH apTThIPY MaKcaTbIH/a KOJIAAHbBLIYbl MYMKIH.

TyiiH ce3pep: GOpPTTHIK 6acKapy KelleHi, paJgualusMeH WHAYKIWsJaHFaH KaTe, OaFbITTalfaH
rpad, iCTeH WIBIFY, FApbIII allapaThl.

A.S. Oshmanova'*, V.F. Grishchenko?

! Kazakh National University. al-Farabi, Almaty, Kazakhstan
“Institute of lonosphere, Almaty, Kazakhstan
(E-mail: aizhan.oshmanova@icloud.com, grischenko.v@ionos.kz)

Failure Analysis of Spacecraft Onboard Control Complexes under the Influence
of Space Environment Factors

Abstract. During the operation of spacecraft designed for various missions, failures may occur in
onboard electronic equipment, which can lead to off-nominal situations and, in some cases, even to
the loss of satellites. As a rule, such failures arise in the spacecraft's onboard control complex (0OCC).
Many researchers associate these failures with the effects of ionizing radiation in the near-Earth space
environment (NESE). Therefore, evaluating the performance of spacecraft onboard control complexes
under the combined influence of near-Earth space environmental factors is an important and necessary
task.

Directed graphs of the onboard control complex are presented to describe the propagation of errors,
and the relationships between graph vertices and edges are analyzed. Based on the probabilistic
characteristics of functional modules, a methodology has been developed to identify the direction of
error propagation that determines the highest structural vulnerability of the system.

The results show that failures of the onboard control complex are determined primarily by the
system architecture rather than by random fluctuations of model parameters. The proposed parameter
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describing the direction of failure propagation makes it possible to identify vulnerable functional nodes
affecting the operation of the control system under the combined influence of space environment
factors. The obtained results can be applied in the design of spacecraft onboard control complexes in
order to improve their resilience to the combined effects of space environment factors and operational
conditions.

Keywords: onboard control system, radiation-induced error, directed graph, failure, spacecraft.
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Posib peakuuoHHBIX ¢pa30BbIX TpaHCPOPMALUHA B KOMIIO3UTHBIX Kepa-
MHUKaX B U3MEHEHHUH IPOYHOCTHBIX U TeIJI0pU3UYeCKUX XapaKTEepPUCTUK

P. Enmn6exkos™ " | IIL.T. T'maugarosa®?”, Ill. XameToB'? ', I.A. Baiim6eToBa?

!Eepasulickull HayuoHa/bHbIU yHugepcumem um. JLH. l'ymunesa, Acmana, Kazaxcmat
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AHHOTanMsa. B paboTe npuBesieHbl pe3y/JbTaThl OLEHKU BJIWSHUA BapUalluy
COOTHOINEHHWS] KOMIIOHEHTOB B KOMMO3UTHbIX (1-x)Zr0,-xSiC KepaMmuKax Ha
u3MeHeHHe $pa30BOro cocTaBa, 00yC/I0BJIEHHOTO MHUIUA/IM3alMel peaKLMOH-
HbIX (a30BbIX TpPaHCPOPMALUK, a TaKXkKe onpejeseHre poau $pa3oBbIX TPAHC-
dbopManuii Ha U3MeHeHNe IPOYHOCTHBIX U TeNJI0PU3NYECKUX XapaKTEPUCTHUK.
YCTaHOBJIEHO, YTO ynpaBJieHHe pa30BbIM COCTAaBOM KOMIO3UTHbIX (1-x)Zr0,-
xSiC KepaMHUK 103BOJISET IieJieHalpaBJeHHO ONTUMU3MPOBATh UX NPOYHOCT-
Hble CBOMCTBA, a HauboJiee 6J1aroNpUATHOE COYeTaHHe NMPOYHOCTHBIX XapakK-
TEPUCTUK JOCTUTAeTCA NPU NMPOMEXYTOYHBIX KOHUeHTpauusax SiC, paBHOU
0.2-0.3 M, obecneyrBamUIUX BbICOKMM YPOBEHb MEXaHUYECKOW HAJI€KHOCTH
MaTepHuaJioB B YCJOBUAX UHTEHCUBHBIX BHELIHUX BO3/eHCTBUM. Pe3ynbTaThl
TEPMOLIOKOBBIX UCIIBITAHUM O TBEPK/AAIOT, YTO HanboJiee BbICOKasi yCTOMYH-
BOCTb K p€3KHMM TeMIlepaTypHbIM BO3/JeICTBUAM pean3yeTcs B KOMIO3UTHBIX
(1-x)Zr0,—xSiC kepamukax c copepkanueM SiC, paBubiM 0,2-0,3 M, npu Ko-
TOpPbIX 06ecreyrBaeTCs ONTUMaJbHbIN OasaHC MeX/1y TeNJIONPOBOJHOCThIO,
MexXaHW4YeCKOM IMPOYHOCTbIO U CIOCOOHOCTBIO CTPYKTYPHI K peJlaKcalluy Tep-
MHUYECKU MHAYLMPOBAHHBIX HanpskeHUU. [losydeHHble JJaHHblEe 3TOU pabo-
Thl UMEIOT BaXKHOE NPaKTUYeCKOe 3HaUYeHUe JJis OLLleHKH paboTOCIOCOOHOCTH
JIAaHHBIX MaTepPHaJIOB B YCJOBUAX HECTALMOHAPHBIX TEMIIEPATYPHBIX PEXKUMOB
M aBapUHHBIX CUTyalUH, XapaKTePHBIX JIJIS1 IKCIJIyaTalluid UHEPTHBIX MaTPUL]
JUCIIEPCHOTO0 A/IepPHOTO TOMJIMBA.

Kiro4eBble c10Ba: KOMIIO3MTHbIE KePAaMUKH, KapOUJ, KpeMHUA, yIPpOYHEeHHUe,
TEepMOIIOKOBO€ BO3/JeCTBUE, TBEPAOCTh, UHAYLIUPOBAHHbIE HANIPSHXKEHUS
GYHKIMSA, BIKTHUMAJAbLIBIK, THIFBI3AbIFbl, KBAaHTTbl-MeXaHUKaJbIK OpTalla,
ONepaTop, ThIFbI3/IbIK MaTPULLACHI, YJIeCTipiM QYyHKLHUACHI.
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Posb peakyuoHHbIX pazosblx mpaHchopmayuii 8 KOMNOIUMHBIX KEPAMUKAX
8 UBMEHEHUU NPOYHOCMHbBIX U menaog@u3u1eckux Xapakmepucmuk

BBeaeHue

MuTepec k pas3paboTkaM M HaAy4yHO-UCCJIe[0BaTEeJbCKHM paboTaM, HampaBJIEeHHbIM Ha
v3y4yeHre KepaMHU4YeCKMX MaTepUaJioB M HUX YCTOMYMBOCTHM K BHELIHUM BO3JE€WCTBUAM,
00yC/IOBJIEH LUIMPOKHMM CHEKTPOM NOTEHLHUAJbHOIO NPHUMEHEHHUS KepaMHK. JTO CBA3aHO
C MX BBICOKMMM I[OKa3aTeJsIMU TBEpPJOCTH, XUMHUYECKON HWHEPTHOCTU MO OTHOUIEHUID K
OOJIbUIMHCTBY arpecCMBHBIX CpeJi, U3HOCOCTOMKOCTU W KapOCTOMKOCTU. COBOKYNHOCTH
JlaHHBIX CBOWCTB I[03BOJISET pacCMaTpUBATh KepaMHU4YeCcKHMe MaTepuasbl B KayecTBe
KOHCTPYKIIMOHHBIX M QYHKLMOHAJIbHbIX  MaTepHalsioB, CIOCOOHBIX 3PPEKTUBHO
IKCIJIyaTUPOBATbCS B 3KCTpeMaJsbHbIX ycaoBuaX [1,2]. Ilpy sToM OfHOW M3 KJIHOUYEBBIX
npo6JieM KepaMHK, HECMOTPSl Ha BbICOKHE NOKa3aTeJU TBEPAOCTH, OOJIbIIMHCTBO KEPAMUK
SIBJISIIOTCS JOCTATOYHO XPYINKMMHU MaTepuhajaMH, YTO IPUBOAUT K TOMY, YTO JAake HaJU4ue
MaJIoro KOJIn4eCcTBa ePeKTOB MOKET MPHUBECTU K CHUKEHU IO IPOYHOCTH, @ TaKKe OTPAHUYUTh
NOTEeHLMaJ/l MCIOJIb30BaHUSA MPU IKCTPEMaJIbHbBIX YCJIOBHUSAX, CBA3aHHbIX B MEPBYI0 O4Yepeb
C BO3/IeICTBMEM BBICOKUX TeMIIEpaTyp WM MeXaHUYeCKUX Harpy3ok [3,4]. BBuzy BbICOKOU
XPYINKOCTH KEPAMHUK, UX IPUMEHEHHE B psjie UHXXeHePHbIX 3a/jlad MOXKET ObITh OTPAaHUYEHO,
0COGEHHO TaM, IJle KOHCTPYKL MU NOABEPraloTcs yJapHbIM Harpy3kaMm, BUOpaLUsAM, pe3KUM
nepemnajzaM TeMIepaTypbl U [UKJIUUYECKOMY HarpyeHuo [5,6]. [Ipu BeicokoTeMIepaTypHbIX
peXXuMax 9KCIJlyaTallud, pe3Koe HW3MeHeHHe TeMIepaTypbl MOXeT TPUBECTH K
BO3HUKHOBEHMIO TEMIIEPATYPHBIX I'PaJIMEHTOB MO TOJIIUHE KepaMUK, YTO B CBOIO ouepeJb
00yCJIOBJIEHO Pa3/IMYUSIMU B TeMI0PU3UYECKHUX CBOMCTBAX KepaMukK [7-9]. PopmupoBaHue
TeMIlepaTYpPHbIX I'PaJJMEHTOB NPUBOAUT K MHULHAIU3ALUN TEPMUYECKU-UHAYLIUPOBAHHbBIX
flebOpMallMOHHbIX HaNpsKeHUM pacTATUBAWOIEr0 M CKUMAWIero TUIOB, BeJUYHHBI
KOTOPBIX MOTYT 3HA4YUTEJbHO MpPEBbIIATb NPOYHOCTHbIE XapaKTEPUCTUKH KepaMHUK. B
pe3ysbTaTe GOPMHUPYIOTCA MHUKPOTPELMHBI, 3BOJIIOLUSA KOTOPBIX NPHU [JONOJHUTEJbHbBIX
BHEIIHWX HarpyskKax MWJMU LUKJIWYEeCKUX TepMUYECKHX BO3JEeHCTBUM MOXET NPUBECTU K
06pa30BaHUI0 MAaKPOTPELLHH C NOCTEeAYIOIIMM pa3pylieHueM U pacTpeckuBaHrueM. OCO6eHHO
OTNACHBIM SIBJSIETCS TO, YTO MUKPONOBPEXJEHUS 4YAaCTO OCTAIOTCH CKPBbITBIMU HAa pPaHHHUX
CTaAuYAX, HO MIPU JaJibHeMIlIeM BO3/1eiCTBMU HAarpy3Ky CTAaHOBATCA e HTPaMHU KOHLeHTpaLuu
HaNps>)XeHUU U YCKOPAIT Aerpajanuio Matepuana [10-12].

[IToMMMO TEpMOILIOKOBBIX BO3JEUCTBUM, CYIIECTByeT MHOXECTBO Jpyrux (aKTopoB,
CMOCOOHBIX MHULIMMPOBATh NMOBPEX/AEHUS U pa3pyllieHhe KOHCTPYKIMU M3 KOMIO3UTHbBIX
MaTepuasoB, BKJKYasd KepaMmuiyeckue KoMno3uThl [13,14]. K TakuM dpakTopaM OTHOCATCS
UK/JIAYEeCKMe MexaHU4YeCKHe HarpyskKH, yJlapHble BO3JeUCTBUS, NOJI3y4eCTb NPU BBICOKHUX
TeMIlepaTypaX, abpa3uBHbIM H3HOC, 3pO3Us MOTOKOM 4YacTHL, XHMHUYeCcKass KOppO3us,
OKHMCJIeHHWe U BO3JeWCTBUE arpecCUBHbIX Ta30BBbIX WM KUJAKUX Cpel. B KOMMNO3UTHBIX
MaTepuajax [JIONOJHUTEJbHBIMU  MeXaHM3MaMH  pa3pylleHuss MOTYT  BBICTyNaThb
pacciioeHHe, MOTePs CIENJIEHHWs Ha TpaHHIle «MaTpHIla-apMHpPOBaHHE», BBbIKpalllMBaHUE,
o6pa3oBaHue Mop U AedeKToB B mpoliecce 3KcIyaTanuu [15]. UHTepec K JaHHBIM THUIIAM
KepaMH4eCKUX MaTepHuaJsioB, B 0COGEHHOCTH K U3MEHEHMUIO UX TellJIoPpU3NYeCKUX TapaMeTpPOB
00ycJI0BJIEH HEOOXOJMMOCTbIO MOBBILIEHUSA 3QPEKTUBHOCTH MEXaHU3MOB TeIJionepesaiu
B KOMIIO3UTHBIX KepaMHKaX, pacCMaTpUBaeMbIX KaK KaHAUJAaTHble MaTepuasbl [Jis
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WHEPTHBIX MaTpHIL, JUCIEPCHOr0 SIIEPHOr0 TOIJIMBA. YBeJHYeHHE TEMJIONPOBOJAHOCTH
KepaMUK Heo6X0JAUMO JJis1 CHU>KEHHS] BEPOSITHOCTHM BO3HUKHOBEHUs JIOKaJbHBIX 06J1acTel
neperpeBa NpH 3KCIJIyaTalluy, a TaKKe BO3MOXXHOCTH 6ecnpensiTCTBEHHOTO OTBOJA TeIlJa,
BO3HUKAWILEro B Mpolecce JAejeHUs, TEM CaMbIM CHWXXKas TEPMUUYECKYI0 Harpy3ky Ha
KepaMU4yecKue MaTepuasbl UHEPTHBIX MaTpul,. Kpome Toro, akcmayaTalMOHHbIE YCI0BUS
4aCTO HOCAT KOMOMHUPOBAHHBIA XapaKTep: HAPHUMeD, OJJHOBPEMEHHO JEHCTBYIOT BbICOKHE
TeMIepaTypbl, MexaHU4YeCcKrue BUOpallMM U XMMHUYEeCKH aKTHBHas cpeja. B Takux ciayyasx
npolLecc pa3pylleHrs CTAaHOBUTCS 60J1ee CJI0KHBIM U YCKOPEHHBIM, 2 BepOSATHOCTb BHE3AIMHOTO
OTKa3a KOHCTPYKL MU Bo3pacTaeT. UMeHHO N03ToMy pa3paboTKa KepaMUYeCKUX U KepaMHUKO-
KOMIIO3UTHBIX MaTepHaioB C MOBbIIIEHHON YCTOWYHMBOCTBIO K TpPELIMHOOOpPa30BaHUIO
M C BO3MOXHOCTbIO CaMOBOCCTAaHOBJIEHUSI MUKPONOBPEXJEHUH paccMaTpUBaeTCs Kak
NepCrneKTUBHOE HalpaBJ/ieHHe, CIOCOOHOe CYLeCTBEHHO MOBBICUTbh HAJIEXXHOCTb M PeECypc
BbICOKOTEMIIEPATYPHBIX U BbICOKOHArpy>KEHHbIX KOMIIOHEHTOB.

MaTepuasibl M METOABI

B kauecTBe 00'beKTa JJis UCCJIeJOBAaHUSA B JaHHOW paboTe OblIM BbIOpaHbl KOMIIO3UTHbIE
(1-x)Zr0,-xSiC KepaMHWKH, KOTOpble SABJAITCA OAHMMU W3 KaHAMJATHbIX MaTepuasoB
JUIS1 MCIIOJIb30BAaHUA B KayeCTBe MaTepUa/IOB MHEPTHBIX MATpUL, AUCIEPCHOrO0 ALEepHOro
TomsiMBa. WHTepec K [JaHHOMY THIly KOMIIO3UTHBIX KepaMHUK OOYyCJIOBJIEH COYeTaHUEM
BbICOKOM TEepMOJMHAMUYECKON CTAaGWUJIbHOCTH, XUMUYECKOW HHEPTHOCTU MO OTHOILEHHUIO
K TOIUIMBHBIM (a3aM U MPOJyKTaM JieJIeHUs, a TaKKe BbICOKOW paJMaljMOHHON CTOMKOCTH,
NO3BOJIAKOLEN CAepXKUBAaTb BO3JEUCTBHE, KaK OCKOJIKOB JeJleHUd, TaK WU TNPOAYKTOB
AJlepHbIX peaKLUW B BHUJe resdsd WIU Bojgopoga. [Ipy 3ToM, HeCMOTpPSA Ha OTHOCUTEJIBHO
HEBBICOKYI0 TeIJIONPOBOJHOCTb YMCTOrO0 JHUOKCHMJAA LMUpKOoHuA (mopaaka 1,7-2,5 Bt/
(MxK), ero ucnosib3oBaHMe B COCTaBe KOMIIO3UTHBIX U MHOTrO(da3HbIX KEpaMHUK M0O3BOJISET
KOMIIEHCUPOBaThb [JlaHHbIM HEeJOCTAaTOK 3a CYET BBeJEHHUS BbICOKOTENJIONPOBOAHBIX (a3
WJIA ONTHMHU3ALMA MHUKPOCTPYKTYpbl MaTepuasa. Bbibop kapbujpa KpeMHHUs B KadyecTBe
MoAuULUPYIOLL el J06aBKU K JUOKCUAY LIUPKOHHUSA 00YCJI0BJIEH BO3MOXKHOCTbIO ITOBBILIEHUS
TenJ0pU3NYeCKUX CBOMCTB MaTepHasa 3a c4eT GOPMHUPOBAHUA TEIJIONPOBOJAILIUX MyTeH,
CBSI3aHHBIX C 60Jiee BbICOKOU TEMJIONPOBOAHOCTbIO Kapbua kpeMHUs1. KpoMe Toro, BBeJieHHe
KapOu/Ja KpeMHHs CIIOCOOCTBYeT MOBBILIEHWIO CONPOTHBJIAEMOCTH MaTepuasa BHELIHUM
BO3/leMCTBUAM 6Jiarofaps 00pa30BaHUIO JOMNOJHUTENbHBIX MeX(pa3HbIX I'PAHUL, KOTOpbIe
NpenATCTBYIOT PaclpoCTPaHEeHHUIO TPELMH IPY U3MEHEeHUH BHEIIHUX Harpy3o0kK. B yactHocTy,
nob6aseHve kapbuza kpemHus (SiC) B coctaB ZrO, MOXKET pacCMaTpUBaTbCA KaK OJWUH U3
3¢ PeKTUBHBIX NOAX0J0B K LieJleHanpaBJeHHOW MOAUPUKALUU CTPYKTYPHBIX, MEXaHUY€eCKUX
Y TelJIOPU3UYECKUX XapaKTePUCTUK KepaMUYeCKHUX MaTpUL], B TOM YMUCJIe TpeJHa3Ha4YeHHbIX
[LJ1S1 IPUMEHEHUS B COCTaBe UHEPTHBIX MaTPHUL, AUCIIEPCHOTO AI€PHOTO TOIJINBA.

CHHTE3 KOMIIO3UTHBIX KepaMHYeCKUX MaTepHrasioB coctaBa (1-x)Zr0, - xSiC ocyuiecTBsIcs
C NpYMeHeHUeM MeTo/a MeXaHOXMMMHUYEeCKOTro TBepAoQpa3HOIro NepeMasblBaHUSA HCXOJHBIX
IOPOILKOB C MOCJeAYIOIUM BbICOKOTEMIIEPATYPHBIM CIIEKaHUEM B KHCJIOPOAOCOepKalleit
cpese. Ha mepBoM aTane npoBOAWJIM TLATeJbHOE CMelleHUe U MeXaHW4YeCKyl aKTUBaLHUIO
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INOPOILKOB JAUOKCHJA LUPKOHUS M KapbuJa KpeMHHs, 4YTO IMO3BOJISJIO MOBBICUTh HX
pPEeaKLMOHHYIO CIIOCOGHOCTD, YAYYLIUTh pacnpejeieHue KOMIIOHEHTOB 10 00’beMy CMeECH U
chopMupoBaTh 60J1€€ OHOPOAHYIO MUKPOCTPYKTYPY OyAyllero KOMIo3HUTa.

MexaHoxuMHu4eckass 06paboTKa Cnoco6CTBOBaJa HM3MeJbYEHUI0 4YacCTHIL, yYBEJUYEHHIO
y/leJIbHOM MOBEPXHOCTH, HAKOIMJIEHUIO JlePeKTOB KPUCTANJINUYECKON pelleTKH U aKTUBaLUU
MexdasHbIX B3auMoerucTBui Mexay Zr0, u SiC. JlaHHBIA NOAXO0/ ABAAETCA 3PPEKTUBHBIM
JLJIS1 IOJIyYEeHH I KOMIIO3UTOB C MEJIKOAHUCIIEPCHOM CTPYKTYPOU, IOCKOJIbKY II03BOJISIET CHU3UTD
Inddy3roHHbIE OGapbepbl U YCKOPUTH Mpolecchl criekaHus. [locse ctaauu nepemasibiBaHUs
MOJIY4YeHHY0 IOPOLIKOBYIO CMeCh oABeprajivi GOpMOBaHUIO, a3aTeM BbICOKOTEMIIEPATYPHOMY
CIleKaHUIO.

CnekaHWe MNpPOBOAMJIOCH B KHUCJIOpoAocoepxkalied aTmocdepe, 4UYTO SABJIAIOCH
OPUHLUIMAJBHO BaXKHbIM ycJ0OBUEM [AJs (GopMUpPOBaHUS (QYHKIMOHAJbHBIX CBOWCTB
KOMIIO3UTa. B TaKKX yC/I0BHAX MPOUCXOUIIO0 YaCTUIHOE oKkucaeHue SiC c o6pasoBanuem Si0,,
KOTOPBbIM MOXET BBICTYNATh B POJIM «3aMOJIHAKLEN» pa3bl U y4acTBOBAaTh B MeXaHHU3MaX
caMo3a/leduuBaHUd MUKpOTpelrH. Kpome TOro, B3auMoZeliCTBUe NPOAYKTOB OKHUCJIEHUS C
MaTtpuiei Zr0, cnoco6¢cTBoBa10 GOPMUPOBAHUIO TPOYHOM MeX(Pa3HOM CBA3U U CTAOU/IU3AIUY
CTPYKTYpbl KOMIIO3UTHOTO MaTepHraJja.

[locsie MexaHOXHUMHUUYECKON 0OpabOTKH, MOJyUYEHHbIE MOPOLIKOBbIE CMECHU MO/BEPrajucCh
BbICOKOTEMIIepaTypHOMY cliekaHU0 BMydesbHOM neur Nabertherm LE4/11/R6 (Nabertherm,
JlunuenTtannb, 'epMaHus), obecrneyuBarlledl TOUHbIM KOHTPOJIb TEMIIEPATypPHOrO pexuma
U cTabUIbHOCTb aTMocephl B paboueil kamepe. [lepes cnekaHveM nopowkyd ¢opMoOBaJH B
06pa3ubl TpebyeMoii reoOMeTPpUU METOL0M OJHOOCHOTO IPECCOBAHMS, YTO TO3BOJISJIO IOJYYUTh
3aroTOBKH C JJOCTAaTOYHOM MeXaHUYeCKOW NPOYHOCThIO JJis MoCaeAyIoleill TepM0o06paboTKH.

CnekaHue ocyuiecTtBjssiocb npu Temnepatype 1500 °C ¢ Bblep:KKOW NpU 3aJaHHOU
TeMIepaType B TeyeHHWe 5 d4acoB. Bbibop [gaHHOW TemIlepaTypbl 0OYCJOBJIEH
Heo0XOAMMOCTbI0 UHTeHCUPUKALUU AUPPY3UOHHBIX MPOLECCOB, aKTUBALLMU MexK(pa3HOro
B3aUMO/JeCTBUSA KOMIIOHEHTOB U JIOCTHMXKEHUS BBICOKOU CTeNeHH YIJIOTHEHUS MaTepHaJa.
[IpofomxuTenbHass M30TEpMUYeCKasi BbIJep)KKa CHOCOOCTBOBaJia CHUXKEHHUIO OCTAaTOYHOU
HOPUCTOCTH, GOPMUPOBAHUIO MPOYHBIX MEX3ePEeHHbIX KOHTAKTOB U Pa3BUTHUIO YCTOMUYUBOU
MUKPOCTPYKTYpbl koMmmno3uTa. CkopocTb HarpeBa cocTaBjsa 20 °C/MUH, 4TO NMO3BOJISIO
MHUHUMU3MPOBATh BO3HUKHOBEHHE TEpPMHUYECKUX HaANpPSKEHUH, CBA3AHHBIX C pPE3KUMHU
TeMIepaTypHbIMU TpaJjUEHTaMU, U 00ecneyuTb pPaBHOMEPHOe NpPOTEKaHUWe IMPOLEeCCOB
YIJIOTHEHUS], CTIEKAaHUs U PeKPUCTA/L/IM3alMU 10 BceMy 06beMy 06pa3ia. KoHTposnpyeMblit
pPEeXXUM HarpeBa TaK»Ke CHXKaJl BEpOSITHOCTb 060pa30BaHUA MaKpO- U MUKPOTPEILUH Ha pAHHUX
CTa/IUsAX TepMOOOPAOOTKH, YTO 0COOEHHO BAXKHO /151 XPYNKUX KEpaMUYeCKHUX MaTepHaJioB.

M3ydyeHue MPOYHOCTHBIX XapaKTEPUCTUK OCYLIECTBJISAJOCh C KUCIOJb30BAaHUEM MeTOJa
WHJEHTHUPOBAHUSA, peaJM30BaHHOI0O Ha MHUKpoTBepaoMepe Duroline M1 (Metkon, Bypca,
Typuus). OnpenesieHre TBepAOCTH NPUIOBEPXHOCTHBIX CJI0EB KEPaMUK ObLIO MPOBEJEHO
C WCIOJIb30BaHWEM aJIMa3HOrO WUHJEHTepa B BHJe NUpaMUAKUM Bukkepca, Harpyska Ha
VMH/eHTep NpU U3MepPEHUH cocTaBJsi1a nopsaka 50 H, yTo no3Bosinio onpeneanTb U3MeHeHHUE
TBepAOCTH Ha my6ouHe mnopsaka 300 - 500 HM. [Ipy u3MepeHUM TBEpPAOCTH, Kaxkzoe
nocjejymollee UHAeHTUPOBAHUE OCYLIEeCTBJIAJOCh HA paccTOAHUU He MeHee 10 - 30 MKM
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JpyT OT Apyra C 1ieJibl0 UCKI4YeHUs 3P PeKTOB NepeKpbITUS TPELUH U AePOpPMUPOBAHHBIX
30H, 00pa3ylLUXCd B pe3y/JbTaTe WHJAEHTUPOBaHUs. M3MepeHMe NMPOYHOCTHBIX CBOMCTB
OCYIeCTBJISIJIOCh HAa 06pa3ljax, 3anpeccoBaHHbIX B TabGJIETKU.

OnpegeneHye TPEIIMHOCTOMKOCTH OCYILECTBJISIJIOCh IIyTeM OIpeJesieHUss pa3MepoB
oTneyaTka HHJeHTepa U ero ¢GopMbl, oTpaawuied aedopMalUl0 MOBEPXHOCTU IpPHU
MHJEeHTUpOBaHUU. Ha oOCHOBaHUM mNpOBeJleHHBbIX HU3MEPEHUH OlLleHUBaJiaCb BeJWYMHA
KpUTHUYeckoro kKoadpouuueHTa HMHTEHCUBHOCTHM HanpspkeHud (K1C), xapakTepusyioleit
CIOCOOHOCTh MaTepHasia CONPOTUBAATBLCA XPYNKOMY pa3pylIeHUI0 NPU HAJUUYUU TPEIUHbI
B YCJIOBUSIX BHELIHUX MeXaHUYECKHUX Harpy30K, CPAaBHUTEJIbHbIM aHa/IM3 KOTOPOU MO3BOJIUII
ONpeeJUTb KUHETUKY U3MEHEHUs] YCTOMYMBOCTH KepaMUK K BHEIIHUM BO3/JE€NCTBUAM U
onpeJeJIUThb PoJib apMUpywolLero a¢pdexkTa npu uUsMeHeHUH Ha30BOro COCTaBa KEPaMHUK.

OnpegeneHve NMPOYHOCTU HA CKaTHe MPOBOJAUJIOCH C NMPHMEHEHHWEM HCIbITaTEJbHOU
Mamimabl LFM-L 10kH (Walter + Bai AG, Jlénunren, llBelnapus). UcnbiTaHus o6pasioB
NPOBOAMJUCh NMYyTEM KX CKATUA B CHeLMasbHbIX Jep)KaTeJssdX, MCI0JIb30BaHHWEe KOTOPbIX
II03BOJIUJIO ONIPEeJle/IUTh BEJIMYMHY MaKCHMaJIbHOI'O JJaBJIeHHs, Bbllep>KMBaeMoro o6pasnaMu
IPU UX PaCTPeCKUBAHUU.

Onpepenenue Ten0pU3NYECKUX NapaMeTPOB KEPpAaMHUK NMPOBOAUJIOCH C UCIIOJIb30BaHUEM
MeTOJa OlpejeseHUs] W3MeHEeHHWU MNpOoAO0JbHOrO TEIJIOBOTO IOTOKa, peaju30BaHHOIO
C WCMoJib30BaHWEM npubopa usMmeputesns TtemaonpoBogHoctu KHUT-800 (KB Temnodow,
Poccus). H3smepenue TemuopusMyecKUx MapaMeTpPOB HCCAeAyeEMbIX KepaMUK ObLIO
OCYIeCTBJIEHO C IPUMEHEHHEeM MeTo/ia Ollpesie/ieHUs] U3MepeHUN NPOA0JIbHOrO TENJI0BOI0
NOTOKA, KOTJla HarpeB OCYLIeCTBJSETCS IMyTeM pa3MellleHUsi obpa3slia Ha HarpeBarTese C
NOC/JeAYIOIIMM KOHTPOJIEM pas3HHULbl TeMIepaTyp C 000MX CTOPOH o6pa3lia B ILIMPOKOM
Jluana3oHe U3MEeHeHUH TeMIlepaTypbl HarpeBa. JlaHHBIA NOAXOJ, OCHOBAaH Ha perucTpayuu
BeJIMYMHBI TEMJIOBOTO MOTOKA, IPOXO/ALLero yepe3 oopaser Npy 3aJlaHHOM TeMIlIepaTyYpPHOM
rpajiueHTe, ¥ NOCJAeAy0IeM pacieTe Ko3pdulLiMeHTa TeNJIONPOBOAHOCTHU M0 3aKOHY Pypbe
JlJ1s1 OJHOMEPHOTI0 TensionepeHoca. [jis1 onMcaHMs MeXaHU3MOB TelJioNepe adyu U U3SMeHeHU !
Temn10PprU3nIeCKUX CBOMCTB KePaMUK HCIOJb30Baach MoJie/ib QOHOHHOM Nepesayu TermJja B
ob6pa3siax.

HcnbiTaHMe Ha yCTOWYMBOCTb KEPaMUK K IIpOLIeCCaM TePMOLIOKOBOTO BO3/JeMCTBUS OBLIU
OCYIeCTBJIEHBI C UCI0/Ib30BaHUEM METOUKH, IPU KOTOPOH 06pa31ibl KEpaMUK 10/ BEPrat0TCs
O6bICTPOMY HarpeBy B MydesibHOU nedu 1o TeMmnepatypbl 1500 °C, BbAepKHUBaOTCA IPU HEH
B TedyeHHUe 1 yaca, mocJie 4ero U3BJIEKAIOTCA Ha BO3/lyX, TEM CaMbIM CO3/laBasi pe3KUil nepemnas
TeMIepaTypPHOro BO3/1eMCTBUS Ha oOpa3el IpU ero U3BJeYeHUHU U3 KaMephbl IeYU Ha BO3/YX.
KoJsinuecTBO 1JMKJIOB TOBTOPEHUU OL0OHBIX IKCIIEPUMEHTOB COCTAaBUJIO He MeHee 5 UKJIOB B
CepUH, YTO MO3BOJIMJIO OLLEHUTh KHHETHUKY JIeCTPYKLUM KEPAMHUK B IIPOLieCCE TEPMOILIOKOBOr0
Bo3/eicTBUA. [locie KaXK10ro [JMKJIa UCIIbITAHUM 006pa31bl 10JBePrajuch OLleHKe U3MEeHEeHUS
INPOYHOCTHBIX XapaKTEPUCTUK C LieJbl0 BbISIBJIEHUSI U3MEHEHUW U ONpefesieHUs BJIUSHUSA
TEPMUYECKOT0 BO3JEeHCTBUSA OOYCJOBJEHHOTO pE3KMM TpaZjMeHTOM TeMIlepaTypHOro
BO3/I€MCTBUS Ha MPOYHOCTHbIE XapaKTEPUCTUKH.

M cnblTaHUAHAYCTOMYUBOCTbKBbICOKOTEMIIEPATYPHOMY CTAPEHHI0 00Pa31l0BKOMIIO3UTHBIX
KepaMUK OCYLIeCTBJISJIUCh MMyTeM NPOBeJEHUs 3KCIIEPUMEHTOB MO pa3MelleHUI0 060pa3loB

88 Ne1(154)/ 2026  A.H. I'ymunres amwuindazol Eypasus yammuoix ynusepcumeminivy XABAPIIBICHL
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Posb peakyuoHHbIX pazosblx mpaHchopmayuii 8 KOMNOIUMHBIX KEPAMUKAX
8 UBMEHEHUU NPOYHOCMHbBIX U menaog@u3u1eckux Xapakmepucmuk

KOMITO3UTHBIX KepaMUK B My(desibHOU MevyH C NOCAeAYI0IIMM HarpeBoM ee [0 TeMIIepaTyphbl
1000 °C u BblAep»kKe 00pa3loB B HeW B TedeHHe 500 4acoB, YTO MO3BOJIMJIO UMUTHPOBATh
JJINTEeJIbHOE TeMIIepaTypPHOe BO3/JEMUCTBUE HA CTPYKTYPY KEPAMHUK, a TAKXKEe U3MEHEHHUE UX
INPOYHOCTHBIX XapaKTEPHUCTUK B 3aBUCUMOCTH OT CcOCTaBa. [0 OKOHYaHUIO IKCIIEPUMEHTOB
ObLIM OLlEHEHbl MPOYHOCTHblE U TemI0PU3UUYECKHE XAPAKTEPUCTUKU HCCIeyeMbIX
KepaMUK, pe3y/IbTaTbl KOTOPBIX NO3BOJIUJIN ONpPeJeJUTh BJAMSHHE BbICOKOTEMIIEPATYPHOrO
BO3/l€eMCTBUSA Ha JlerpaJaliio XapaKTEPUCTUK KepaMHUK.

Pe3synbTaThl M 06CYyXKAEHUE

B Tabsmue 1 npruBeseHbl pe3ya1bTaThl OLleHKU ¢a30BOro cocTaBa KepaMMUK B 3aBUCUMOCTH OT
BapHalMyi COOTHOILEHHSI KOMIIOHEHT B cocTaBe (1-x)Zr02-xSiC kepaMUK OC/Ie TEPMUYECKOT0
CIIeKaHUSA.

Ta6smua 1. lanHbie pa3oBoro cocrasa (1-x)Zr02 - xSiC kepamMuk

®daza Konnenrparus SiC B coctaBe kepaMuk, M
0 0.05 0.1 0.2 0.3 0.4 0.5

71O, —1 100 8613 7244 60+4 2542 - -
MOHOKJIMHHASA
SiC - - 8+1 112 1542 2543 | 29+2 2742
rexcaroqajibHas
Si0; -l - 2+1 2+1 4+1 4+1 642 8+2
TeTparoHajIbHas
Z1S104 -l - 4+1 14+2 212 46+4 65+3 65+3
TeTparoHaJibHas

CornacHo oneHke ¢a3oBbiXx TpaHcpopMmauuid B cocrtaBe (1-x)ZrO, - xSiC kKepaMuK
IIpY MaJIblX KOHLEHTpauudax KommnoHeHTa SiC B cocTaBe, JOMHUHHUPYIOILLYK pPOJIb UIPAeT
MOHOKJ/JIMHHaA ¢asa Zr0,, B To BpeMsa Kak npu yBesndeHuu SiC B CTpYyKType HabJ/Ir0JaeTcs
BO3HMKHOBEHHE PeaKLMOHHBIX $a30BbIX TpaHcopManui Tuna m-Zr0, - t-ZrSi0,, 4To B CBOKO
ouepeab NPUBOJUT K U3MEHEHUIO COOTHOILIEHUS BECOBBIX BKJI3J0B a3z, a TakKe MOJHOMY
JOMUHHMPOBaHHUIO dpasbl HupKoHa t-ZrSi0, B coctaBe npu KoHueHTpauuax SiC Beimie 0.3 M.

HemanoBaxHywo posib B M3MeHeHHWHU (a30BOro COCTaBa KOMIIO3UTHBIX KEPAMUK UrpaeT
onpe/eseHre UX IPOUHOCTHBIX U TeMJ10pU3UIeCKUX XapaKTepUCTUK. Bapralus cooTHOLIEHUSA
KOMIIOHEHTOB B COCTaBe KOMIIO3UTHbIX KEPAMUK, KaK IIPaBUJI0, IPUBOAUT K HUHULIMAIU3AL AN
bopMHpOBaHUS JIONOJHUTENbHBIX MeXX(a3HbIX I'PaHHUI], BO3HUKAIOLUX MPU CMEIIMBAaHUU
JIByX KOMIIOHEHTOB B COCTaBE, a TAKXKe B pe3yJibTaTe pa30BbIX TpaHCPOpMaL Ui UJIU IPOLECCOB
dbopMHpoOBaHUSI TBEPAOTO pacTBOpa B cjyyae c1abopacTBOPUMBIX KOMIOHEHTOB [16, 17].
Hannuue mMexxdasHbIX TpaHUL, B COCTaBe KEPAMUK, a TaKKe M3MeHEeHHEe UX IMJIOTHOCTU NpHU
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BapUallMd COOTHOLIEHUSI KOMIIOHEHT, U KaK CJeCTBUEe, M3MEHEHHIO BECOBBIX AoJsiek ¢pa3 B
COCTaBe KepaMUK, OKa3blBaeT CylLleCTBEHHOe BJIMAHHWE Ha MeXaHU3MbI IepepaclipesiesieHus
HallpSHKEHWM B MaTepuaJsie, NMPOLECChl TOPMOXXEHUS] M OTKJIOHEHHUS TpELIUH, a TakKxke
Ha CONPOTUBJIEHHE pa3pyLIEeHUI0 NpPU CTAaTUYECKUX U JUHAMHUYECKHUX HaArpyskax. Takxe
M3MeHeHHe pa3MepoB 3epeH, CBsi3aHHOe C GOPMHUPOBAHUEM MEJKOAMCIEPCHOU (pakuuy,
pPaBHOMEpPHO pacnpefeéHHONM B Mex(da3HOU CTPYKType, CHOCOOCTBYET MOBBILIEHUIO
TPEILMHOCTOMKOCTU U IPOYHOCTH KOMIIO3UTHOW KEPAMHUKHM 3a CYET aKTUBALUHA MEXaHU3MOB
MUKPOTPELIMHO0Opa30BaHuUs, MeX()a3HOTO CKOJIBbXKEHUS U paccessHUs SHEPTUU pa3pylleHUs.

Ha pucyHke 1 npuBejieHbl pe3yJbTaTbl U3MeHeHUs MOP(OJOTUYECKUX O0COOEHHOCTeM
CUHTE3UPOBAHHbIX KepaMHUK B 3aBUCHUMOCTU OT BapualUU COOTHOLIEHUA KOMIIOHEHT B
COCTaBe, OTpakawlide BJUssHUE (a30BbIXx TpaHchopMmauui Ha GopMy U pacloJioKeHUue
3epeH B COCTaBe KepaMHUK, a Takxe (GopMHUpoOBaHMe Mex(Pas3HbIX TIpaHHUI, B Ipolecce
cnekaHus. CorylacCHO MNpeACTaBJEHHbIM JAaHHbIM BHU/JHO, YTO HW3MEHEHHE NPOYHOCTHBIX
XapaKTepPUCTHUK HCCIeyeMbIX 00pasl0B KepaMUK HOCUT SIBHO HeJIMHENHBbIA XapaKTep
Y omlpejesisieTCsl He TOJIbKO U3MEeHEeHHEeM BeCOBBbIX BKJIaZJOB KOMIIOHEHT B COCTaBe, HO M
$a30BbIMU TpaHcHOpMaLMSAMH, MPOUCKXOASAIIMMHU NPU TEPMUYECKOM OTKUre 06pas3uoB. B
cay4yae MaJblx KoHneHTpauui SiC, paBHoit 0.05 M, corsiacHO jaHHBIM $a30BOro aHajiu3a B
CTPYKType JOMHHHpPYeT ¢asa Zr0,, a TakKe NPUCYTCTBYIOT BKJIOYEHHUA B Buze ¢pasbl ZrSi0,
u SiC, BecoBble BKJIa[bl KOTOPBIX COCTaBJISIIOT MeHee 15 Bec. %, 4TO NPUBOAUT K MaJibIM
M3MEeHEHUAM I[POYHOCTHBIX XapaKTepPUCTUK HUCCIefyeMblX KOMIIO3UTHBIX KepaMHUK. B
JIAHHOM CJIy4yae MaJible U3MeHeHHUs1 00YCJOBJIeHbl TEM, UTO U30JUpOBaHHbIe SiC yacTUllbl, B
Take BK/IWYeHus ZrSi0,, He o6ecneynBaOT 3pPEKTUBHOIO apMUPYIOIEro s¢pdeKra, TeM
CaMbIM yIPOYHEHHE KePAMUK OTHOCUTENIbHO Zr0, HE3HAYUTEJbHO U COCTaBJsieT nopsjka 10
- 15 %. YBennuenue josiu SiC B cocTaBe KOMMO3UTHbIX KepaMuK J0 0,1-0,3 M npuBOAUT K
NPaKTHUYECKU IMHEMHOMY XapaKTepy YBeJMYeHUsI IPOYHOCTHBIX XapaKTEePUCTHUK, d MAKCUMYM
3HaYeHHW# NPOYHOCTHBIX MapaMeTpoB HabJrogaeTca 4 06pasuos 0.7 Zr0,-0.3 SiC pasoBbii
COCTaB KOTOPBIX Npe/CTaBJeH CMeChI0 Tpex ¢as, JoMuHupyoled ¢asoi ZrSiO, u paBHbIM
cogepxkanreM Zr0O, u SiC, c He60/IbLIMMHU BK/II0YeHUAMHU B BU/e Si0, dpasbl, HaM4YKMe KOTOPOK
00yCJIOBJIEHO MpOIlecCaMd TEPMHUYECKOr0 OKHCJeHHUs KapOuJa KPeMHHUS NPU CHeKaHUHU.
B JpgaHHOM ciiyyae yBeJiMYeHUE IMPOYHOCTHBIX XapaKTEPUCTHUK HCCAeNyeMbIX KepaMHUK
06ycsioBJiIeHO GOpMUPOBAHMEM PA3BUTOMN CeTU MexK(pa3HbIX TPAaHUL], K3MEHEHHEM pa3MepOB
3epeH M UX IJIOTHOCTBIO, CO3JA0IUX apMUpyouuil agpdekT 3a cuet popmupoBaHus SiC u
ZrSi0, B coctaBe. [Ipu 3TOM C/ieiyeT OTMETUTh, YTO BKIOYeHHUs ZrSi0, BRICTyNaiT B POJIH
TNepexXo/IHbIX CJI0EB, CHUXKAIOIIKE JIOKa/IbHbl€ KOHIIEHTPaLMK Hanps>KeHWH Ha rpaHunax Zr0, /
SiC 3epen.

[Ipyu koHueHTpauusax SiC Beime 0.3 M Hab6JoaeMblii TpeH/J, CHUK€HUSI MPOYHOCTHBIX
XapaKTepUCTHK 00YCJIOBJIEH JOMUHMpOBaHHEM B cocTaBe ZrSi0, ¢askbl, a Take INOJHbIM
BbITeCHeHUEM ¢a3bl Zr0, B pesy/ibTaTe peaKlMOHHbIX $a30BbIX TpaHCcpopManui Tuna Zr0, +
Si0, — ZrSi0,, 3aBepiiieHre KOTOPbIX IIPU POCTE BECOBOTO BKJIa/[a SiC NPUBOAUT K YBEJIMYEHUIO
JIOJIA OKCHJAa KpeMHHs, HaJIM4yhe KOTOPOr0 HeraTUBHO CKa3blBaeTCA Ha IMPOYHOCTHBIX
XapaKTepUCTHKAX KepaMHMK, a TaKXe AOCTHKeHueM 3pdeKTa HaCbhIUeHUSI CTPYKTYpbl U
NOBBILIEHHEM XPYIKOCTU KepaMHUKHU 3a cueT 3pdeKTa CTPYKTYPHOU HEOAHOPOJHOCTH, UTO
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HaTIJISIIHO JIEMOHCTPUPYIOT pe3yabTaTbl MOPdOJIOrHYeCKUX 0COOEHHOCTEN MpUBeleHHbIE HAa

pUCYHKe 2.
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PucyHok 1. Pe3y/ibTaTbl U3MEHEHH S IPOYHOCTHBIX XapaKTEPUCTUK KOMIIO3UTHBIX (1-X)
Zr0, - xSiC KepaMHK: a) pe3y/IbTaThl OLEHKH U3MEHEHU TBePAOCTH, TPEIUHOCTOMKOCTH
U IPOYHOCTH HA C>KaTHe NNPU BapyalMi COOTHOILLIEHUS KOMIIOHEHT B COCTaBe;

0) pe3yabTaThl OLleHKU PAKTOPOB YIPOYHEHUA KepaMUK B 3aBUCMMOCTH OT Bapuauuu
COOTHOLIEHUAA KOMIIOHEHTOB B COCTaBe

Ha pucynke 16 mnpuBeJieHbl pe3y/abTaTbl OLlEHKH HU3MeHeHUs1 (PaKTOPOB YNPOUYHEHWUS],
pacCYUTAHHBIX [Jisl UCCAeAyeMbIX 00pa3l0B IyTeM CpaBHEHUSl Pe3y/JbTaTOB TBEPAOCTH,
TPELIMHOCTOWKOCTUMIIPOYHOCTUHACkKaTHe06pasoBZr0,6e3106aBeHusa SiCcpesynibTaTaMy,
MOJIyYeHHbIMH /1 06pasnoB (1-x)Zr0,—xSiC kepaMuk B ciy4ae Bapualdd COOTHOLIEHMS
KOMIIOHEHT B COCTaBe, IPUBOJSALIMX K U3MeHeHHUI0 $pa30BOro coctaBa. PesysbraThl pakToOpoB
yIpOYHEHUS CBUZ,ETENbCTBYIOT O BJUSIHUU $Aa30BOr0 COCTABA, a TAKXKe U3MEHEHHWH, CBI3aHHBIX
C IpOTeKaHUEeM peaKLUOHHbIX (pa30BbIX TpaHCHOPMALMU B COCTaBe KEPAMUK, OKa3bIBaIOLUX
HENOCpeACTBEHHOE BJIMSIHUE HAa U3MEHEHUEe YCTOMYUBOCTU KepaMUK M HUX NMPOYHOCTHbIE
CBOMCTBA. MaKCMMa/JIbHO [OCTUraeMoe 3HayeHUe YNpOuyHeHUs (MOBbllIeHHWe TBEPAOCTH,
TPELUHOCTOMKOCTH, IPOYHOCTH Ha CKaTHe) HabJtoaeTcs npu KoHleHTpauusax SiC paBHOU
0,2-0,3 M, u cocrtaBssieT nopsiika 45-50 % B cpaBHeHHUM C pe3y/bTaTaMH, NOJy4EeHHBIMU
A kepaMuk ZrO,. OfHUM U3 OCHOBHBIX MEXaHU3MOB YIPOYHEHHUs ABJIAETCA apMUPOBaHHe
OKCUHOM MaTpuILbl Zr0, yactuamu SiC, CBA3aHHBIM ¢ OpMUpPOBaHKEM MeXKPa3HbIX IPaHMII,
a TaKXe CJepPXKUBaHUIO MPOLECCOB KPUCTA/UIM3alUKU 3epeH ZrO, B KpynHble arjioMepaThbl
B IIpoljecce CIeKaHMs], YTO HAIJSJHO BUJHO U3 pe3y/JbTaTOB OLEHKH MOpP(OJIOrHYecKUx
0COOEHHOCTel, MpUBeJEHHbIX Ha pucyHke 2. Jlob6aBieHne SiC M MexaHOXMMHUYeCKas
aKTHBaLMA CIOCOOGCTBYIOT YMEHbUIEHUIO CPeJHEro pasmepa 3epeH ZrO, ¥ MOJaBJIEHUI0 MX
aHOMaJIbHOI'0O pPOCTa MPU CHeKaHWU. YMeHblIeHWe pa3Mepa 3epeH NPUBOJUT K YBeJUYEHUI0
IJIOTHOCTU TPaHUL, 3€peH, KOTOpble NPeNATCTBYIT 3ap0XKAEHHUI0 M pacnpoCTpPaHEHUIO
MUKpPOTpeLrH. B pe3ynbTraTe Bo3pacTaeT TBepAOCTb U IPOYHOCTb KepaMuK. [Ipr 3ToM B ciiyyae
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koHLeHTpanui 0.05 - 0.1 M, pe3ysibTaThbl yNpOYHEHHsS] KOMIIO3UTHBIX KEPAMHUK 00YCJI0BJIEHBI
popMupoBaHUeM yCTOW4YMBOW ZrO, MaTpUIbl C BKJIOYEHUSAMH B BUJE MEJKOAMCIEPCHOM
¢pakuuu SiC, npu 3TOM popmupoBanue ZrSiO, IPUBOJUT K CO3/1aHHUI0 6y PePHBIX CJI0EB MY
3epHaMU Kapbu/Jia KpeMHUS U AUOKCH/a LUMpPKOHUA. B ciydyae koHueHTpanui SiC 0,2-0,3 M,
HabJII0/1aeTcsl 3HAYMTe/bHOE U3MeHeHHe MOP(OI0THYeCKUX 0COOEHHOCTEMN, 00YCIOBJIEHHOE
popMupoBaHueM MaTpuUlibl U3 SiC C BK/IIOYEHUSIMHU B BU/I€ MEJKOAUCIEPCHOHN ¢pakuuu ZrO,
3epeH, MJIOTHO YIIaKOBAaHHBIX BMECTE C BKJIIOYEHHUsAMHU B BUJe ZrSiO0,.

PucyHok 2. Pe3syiabraThl MOpP}O0/IOTHYECKMX OCOGEHHOCTEH KOMMNO3UTHBIX (1-X)
Zr0, - xSiC KepaMUK, IoJIlyYeHHbI€ C IPUMEHEHHEeM MeTOAAa PacTPOBOM 3JIEKTPOHHOM
MHUKPOCKONUH: a) UCX0AHBI Zr0,; 6) npu fo6aBaenun 0.05 M SiC; B) npu fo6aBaenun 0.1
M SiC; r) npu go6asaenuu 0.2 M SiC; ) npu go6assiennu 0.3 M SiC; e) npu g06aBJIeHUHA
0.4 M SiC; k) npu ao6assienuu 0.5 M SiC

YBesinueHUe TPEIMHOCTOMKOCTH B C/Iyyae KOMIIO3UTHBIX KEpaMUK 00YCJIOBJIEHO TEM, YTO
TpelUHb], 06pa3yollrecs: B pe3y/bTaTe BHEIIHUX MeXaHUYeCKUX BO3/IeCTBUN BbIHYK/E€HbI
pacnpocTpaHSITbCs MO 6oJiee CJA0XKHBIM TPAEKTOpPUsIM, orubas TBepAble 4dacTunbl SiC U

92 Ne1(154)/ 2026  /.H. I'ymunes amvirdazvt Eypasus yammoix yrusepcumeminivy XABAPILIBICHI.
Dusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Posb peakyuoHHbIX pazosblx mpaHchopmayuii 8 KOMNOIUMHBIX KEPAMUKAX
8 UBMEHEHUU NPOYHOCMHbBIX U menaog@u3u1eckux Xapakmepucmuk

MexxdasHble 06J1aCTH. ITO MPUBOAUT K yBeJUYeHHI0 3QPEeKTUBHON JJIMHBI MYTU TPEIUHbI,
CHWXKEHUI0 KOHLEHTpAlMU HANpSHKEHUHW B ee BepIIMHE U MOBBILIEHWIO COMPOTHBJIEHUS
XpynKoMy paspyuieHuto. [Ipy 3ToM u3MeHeHHe COOTHolleHHUs (a3 B coCTaBe 3a CyeT
JAOMUHHMpOBaHUsA ZrSi0, NPUBOAUT K YMEHbUIEHHIO KOJIMYECTBA TPAHUYHBIX 3PPEKTOB, YTO
HarJgHO NPOJEeMOHCTPUPOBAHO Ha PUCYHKaX 2e — 23K, YTO B CBOK o4epesib 00yC/I0BIMBAET
CHU)KeHUE YCTOMYMBOCTU K PAaCTPECKUBAHMUIO, @ TaKXKe MPOYHOCTHBIX XapaKTEePUCTHUK.

OfHOM M3 BaXKHbIX XapaKTEPHUCTUK KOMIIO3UTHbBIX KEPAMUK, pacCMaTPUBAeMbIX B KaueCTBe
MaTepua0oB UHEPTHBIX MAaTPHI] IMCIIEPCHOTO S/IEPHOTO TOIJIMBA, SIBJISETCS UX yCTOMYUBOCTD
K TEpPMHUYECKUM U TEPMOILIOKOBBIM BO3/|€HICTBUSM, KOTOPble MOTYT BO3SHUKHYTb B Ipoliecce
UX JKCIUIyaTallUh B CJly4yae aBapUUHBIX WM HeNpeABUJEHHbIX CUTyallul, CBSI3aHHBIX C
HapylleHWeM TeNJIOOTBO/A, U3MEeHEHUEM PEXKUMOB OXJIaXKJeHUS UJIU JIOKAJIbHBIM IEpErpeBOM
TOIJIMBHBIX 3JeMeHTOB. CaMM 1o cebe TEpPMOIIOKOBble BO3/EWCTBUS MPEJCTABJSIOT
co60i pe3koe H3MeHeHHe TeMIepaTypbl 06pasloB, YTO MOXET MPUBECTHU K pPE3KOMY
CHUXKEHUI0 NPOYHOCTHBIX XapaKTEPUCTHUK KEpaMHUK 3a c4yeT GpOpMUPOBAHUS TEPMUUYECKHU-
MHAYLMPOBAaHHBIX HAaNpSHXKEHWH, BO3HUKAKLMUX NpUA TpaJjdeHTe TeMIepaTypHOro
BO3/l€eMCTBUS, IPOLLECCOB OKUCJIEHUS B pe3yJibTaTe BO3JAEUCTBUSA BO3AYyLUIHON OXJIAXAEHHOU
Cpe/Zibl Ha TOpPSIYy0 NOBEPXHOCTb KepaMUK. [Ipy npeBbIlIeHUU KPUTHUUYECKOTO YPOBHS TaKHUX
HaMpsHKEeHUH NPOUCXOAUT UHULIMUPOBAHUE U Pa3BUTUE MUKPOTPELIUH, YTO COMMPOBOXK/AeTCs
PE3KUM CHUXKEHUEM MeXaHU4YeCKOU MPOYHOCTH U TPELMHOCTOMKOCTU MaTepHraJa. B ycioBusx
OBICTPOTO OXJIAXKJAEHUS BO3MOXXHO NpOTeKaHHe NMPOLeCCOB OKUCJIeHUs KapouaHou ¢dassl SiC
1 GOpPMHUPOBAHUSI MOBEPXHOCTHBIX OKCU/IHBIX CJI0€B, OTJUYAIOIIUXCS M0 TenJI0PU3UIECKHUM U
MeXaHU4YeCKUM CBOMCTBAM OT OCHOBHOTO MaTepuasia. 06pa3oBaHUe TAKUX CJI0EB IPUBOJHUT K
BO3HUKHOBEHUIO [OMOJHUTENbHbIX BHYTPEHHUX HANPSHXKEHUM Ha rPaHUlle KOKCUHBIN CJI0H
- 00'b€M KepaMHUKH», YTO CIIOCOOCTBYET YCKOPEHHOMY 3apOXK/IEHUI0 NIOBEPXHOCTHBIX TPELUIUH
Y UX JlaJIbHeH1IeMy pacipoCTPaHEHMIO BIVIyOb MaTepuaia.

Ha pucyHke 3 npuBeeHbl pe3yabTaThbl OLIeHKU U3MEHEHUUW MPOYHOCTHBIX XapaKTePUCTUK
B X0Jle TEPMOIIOKOBbIX MCIbITAaHUN B 3aBUCUMOCTH OT KOJIMYECTBA LIMKJIOB BO3JEUCTBUS,
OTpakarwlliue BJIMSHUE FPAJUEeHTOB TeMIepPaTyp, BOSHUKAKUIUX B pe3y/ibTaTe W3BJeYEHUS
06pa3u0B U3 ropsyeil kamepbl Ha BO3AYX Ha YCTOMYHUBOCTb NPOYHOCTHBIX XapaKTEPUCTHK.
061K xapaKkTep Ha0JII0JaeMbIX U3MEHEHHU U IPOYHOCTHBIX XapaKTePUCTUK OTPaXKaeT CTENEeHb
Jlerpajlayiyd napaMeTpoB NpPH YBeJWYEHUM KOJIMYECTBA LUKJIOB, CBUJETEJbCTBYIOIIUA O
HaKONUTeJbHOM 3ddeKTe AeCTPYKLUH, BbI3SBAHHONW pPE3KUM H3MeHEeHHEM TeMIepaTyphl
BO3/IEMCTBUS Ha 06pasiibl NPU U3BJIEUEHUU UX Ha BO3ayX. [Iph 3TOoM AHa/U3 U3MeEHEHMUs
NPOYHOCTHBIX XapaKTEPUCTUK I[OCJe TEePMOLIOKOBOTO BO3JENCTBUS CBUJETEJNbCTBYET O
pa3/IMYHOM CTeleHU JAerpajaldy NMPOYHOCTHBIX CBOMCTB B 3aBUCUMOCTU OT COJep:KaHUS
Kapbuga KpeMHHd. CorjlacHO NpeACTaBJeHHbIM JaHHbIM, MaKCUMaJsibHasi CTeleHb
JerpaZiallii MPOYHOCTHBIX XapaKTEePUCTUK HabJrojaerca Ausa ZrO, KepaMuK, B TO BpeMs
Kak JJisl 06pa3yoB c gob6aBaeHueM SiC TpeHAbl CHUKEHUS] NPOYHOCTHBIX CBOMCTB UMEIOT
ropasZilo MeHbLIYI0 3aBUCHMOCTb OT KOJIMYECTBA LWKJIOB U MeHblIMe H3MEeHEHHUs IpH
00J/IbIIOM KOJIMYECTBE MOC/A€e0BaTe/JbHbIX BO3/IEMCTBUU. B JJaHHOM ciyyae BbIpaKeHHOE
CHM)KEHHE YCTOWYMBOCTH K JierpajlaliuM, yCTaHOBJIEHHOe [ o6pasuoB ZrO, KepaMuK B
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CpaBHEHUU C JPYTMMH THUIAMH KepaMUK OOYCJOBJIEHO pa3/UYMeM TeIJONPOBOJHOCTH,
3HayeHHe KOTOpOU A ZrO, 3HaYMTeJbHO MEHbIlE, YeM JJIi KOMIO3UTHBIX KepaMUK, B
pe3y/ibTaTe 4Yero BO3HUKAeT BbICOKUM TeMIlepaTypPHbIH IPaZMeHT, CIIOCOOGCTBYIOIIUN POCTY
TEPMHUYECKU — UHYLUPOBAHHBIX lepOpPMaLlMOHHBIX HANpsi?)KeHU . MakcHMa/ibHOE CHUXKEHUE
YCTOHYMBOCTH NPOYHOCTHBIX NMapaMeTpoB s ZrO, KepaMHUK Iocje 5 1oc/e0BaTelbHbIX
I[UKJIOB TEPMOLIOKOBOTO BO3/IeICTBUS COCTaBJIsieT mopsijika 7,5-8 % oT Havya/IbHbIX 3HAYEHUH,
B TO BpeMs KakK JIJII KOMIIO3UTHBIX KEpaMHUK JJaHHOe U3MeHeHHe cocTaBiseT oT 1 10 2 % B
3aBUCUMOCTU OT $Ha30BOT0 COCTaBa KepaMHK, 0OyCJI0BJIEHHOMY Bapualided COOTHOIIEHHS
KOMIIOHEHTOB B COCTaBe.
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Pucynok 3. PesyabTaThl TEPMOLIOKOBBIX MCHOBITAHHM KOMNO3UTHBIX (1-X)Zr0, -
xSiC KepaMuK: a) pe3yabTaTbhl M3MEHEHHMs TBepJAOCTH; 6) pe3y/bTaTbhl M3MEHEHMs
TPELMHOCTOMKOCTH; B) pe3y/IbTaThl IPOYHOCTHU HA C:KaTHUe

Ha pucynke 4 npuBejieHbl pe3y/abTaTbl H3MEHEHUs NPOYHOCTHBIX XapaKTEPUCTUK
HccaelyeMbIX KepaMUK B CIy4dae AJMTENbHOr0 BO3JeCTBUS BbICOKUX TeMmepaTyp. O6uuii
TPeH/J U3MeHeHH U MPOYHOCTHBIX XapaKTEPHUCTHUK I0C/ie TEPMHUYECKOT0 OT>KUra B TedyeHue 500
YacoB MOKa3aJl MaJible U3MeHEeHUsI 3HAYeHU U TBEP/JOCTH, TPEIIIUHOCTOMKOCTH U MPOYHOCTH Ha
CKaTHe, YTO CBUZETENbCTBYET O JOCTATOYHO BbICOKOM CTaOUIbHOCTH MPOYHOCTHBIX CBOMCTB
KepaMUK K TeMIlepaTypHbIM BO3JeHCTBUSM 06e3 KaKUX-JIMOO AOMOJHUTENbHBIX BHEIIHUX
BO3/JlelcTBUM. MaKcMMa/ibHOE U3MeHEeHUe MPOYHOCTHBIX XapAKTEPUCTUK /ISl UCCIelyeMbIX
06pasioB Habuwgaerca Aad ZrO, KepaMHK, [/ KOTOPbIX TepMHMYECKOe BO3JEHCTBUE B
TedyeHrHe 500 4acoB MPUBOAUT K CHUXKEHHIO MPOYHOCTHBIX MapaMeTpoB nopsgaka 1,4-1,5 %
OT HavyasibHbIX 3HaueHUU. [Ipu 3TOM nU3MeHeHUe $A30BOro COCTaBa 3a CUET J0OaBJIEHUS B
coctaB SiC ¥ 06pa3oBaHUsl CUJIMKATHBIX (a3 MPUBOAUT K YMEHbUIEHUIO PA3HUIbI MEXIy
3HAYEHHUSIMH NPOYHOCTHBIX XapaKTEPUCTHUK [0 U MOCJe UCIbITAaHUN, KOTOPOE COCTABJISETCS
menee 0,5 % ana o6pasuos 0,8 Zr0,-0.2 SiC u 0,7 Zr0,-0.3 SiC kepamuk. CienyeT Takxke
OTMETHUTh, YTO JOMHUHUPOBaHHWe B cOCTaBe KepaMMK ¢asbl ZrSiO, u BbITecHeHHEe (a3bl
ZrO, NpuUBOJUT K YBEJWYEHHUIO Pa3HMIbl 3HAYEHWH MPOYHOCTHBIX XapaKTEPUCTHUK IOC/e
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BbICOKOTEMIIEPAaTYPHOrO BO3/JEMCTBHS, YTO OOYCJOBJEHO CHH)XEHHEM KOJIMYecTBa
MeX(Pa3HbIX FPAHUI] B COCTaBe KOMIIO3UTHBIX KEPAMHUK, TaKKe 00YC/I0BJIEHHbIX U3MEHEHUEM
¢da3oBoro cocTasa.

I 7o vensiranuii [l Mocne ucnbitanuil] I 1o vonvitanuit [ Mocne ucnbiTaHui] I 1o vcnsimarvin [ Mocrie venbiTanui|]
ES ES ED

TeeppocTs, Ma
TpewmHoCTOoIKoCTb, MMaxm '’
MpouHocTb Ha cxatue, MMa

0 0.05 0.1 02 03 04 0.5 0 0.05 0.1 02 03 04 05 0 0.05 0.1 02 03 04 05
KoHueHTpaums SiC, M KoHueHTpauusa SiC, M KoHueHrTpauws SiC, M

2) 6) B)

PUCYHOK 4. Pe3y/IbTaThl OLleHKM U3MEHEHHSI MPOYHOCTHBIX NAaPpaMETPOB B pe3y/IbTaTe
3KCNEePUMEHTOB, MMHTHPYWOIIMX BbICOKOTEMIIEPATYPHOE BO3JEeHCTBHUE B TeYeHHE
JJIATEJIbHOTO BpEMEHHU: a) pe3y/bTaTbl H3MEHEHHUS TBEpPJAOCTH; 6) pe3y/bTaThbl
H3MEHEHUs TPEIMHOCTONKOCTH; B) pe3y/IbTaThl MPOYHOCTH HA CXKaTHe

Ha pucyHke 5 1nOpuBeZeHbl pe3yabTaTbl OLEHKUM U3MeHeHUH Ko3adouuueHTa
TENJIONPOBOJHOCTH HCC/IeLyeMbIX KOMIO3UTHBIX(1-X)Zr0,-xSiC KepaMHMK B 3aBUCHMOCTHU
OT COOTHOLUIEHUS KOMIIOHEHT B cocTaBe. CorsiacHO npezCTaBJeHHbIM JaHHbIM M3MEHEHUU
K03QPuUIMeHTa TemJ0NpPOBOAHOCTA BUJHO, UYTO H3MeHeHHe TeMJI0oPU3uYeCKUX CBOWCTB
KepaMHUK HMeeT SIBHO BbIPaXXEHHYI0 3aBUCHMOCTb OT COOTHOLIEHHWS KOMIIOHEHT B COCTaBe
KepaMMK, a TakxKe ¢pa3oBoro cocraBa, 06yCI0BJEHHOI0 U3MEHEHHEM BECOBbIX BKIaJ0B Zr0,,
SiC u ZrSiO,. [lpu mpo6aBjeHHH MaJibiX KOHIeHTpanui SiC B cocTaB KepaMUK HabJiroJaeMoe
yBeJIMYeHUEe TEeIJIONPOBOAHOCTU cocTaBisgeT mnopsjka 0,7-2,2 pasa B CpaBHEHUH C
pesysnbratamu Ajs ZrO, kepamuk. [Ipu 3TOM Masible M3MEHEHHsl, HECMOTPSI Ha BBICOKHE
3HaueHus TemuonpoBogHOCTU SiC, 00yc/lOBJIEHBI TeM, YTO 4YacCTHIbl Kapbuja KpeMHUS
IPUCYTCTBYIOT B COCTaBe KepaMUK B BH/Jle Pa3pO3HEHHBIX BKJYEHUH, He 06pasyrolux
HeNpepbIBHbIX TEIMJIONPOBOAALUX MyTel, a pOCT TEMJONPOBOJHOCTU OTrPaHUYUBAETCS
MHTEHCUBHBIM paccesHueM QOHOHOB Ha Mexda3HbIX TrpaHuuax. I[lpu yBeJuyeHUU
koHUeHTpanuu SiC go x=0.20 M HabstofaeTcs 6oJiee cylieCTBEHHbIM pocT Ko3dpduureHTa
TensionpoBogHocTH J0 8,0-10,0 BT/(MxK), 4TO COOTBETCTBYET yBeJUYEHUIO IPUMEPHO B 4,9
pasa. JlanHb1l 3QdeKT 00ycIOBJIEH YBETUYEHUEM [J0JIU BbICOKOTEIIONPOBOAHON KapOUHON
¢da3bl U1 popMUpPOBAHHEM YACTUUHO CBSI3AHHOMW TEMJIONPOBOASAILEN CETH, 00ecreyrBarolei
6osee 3pPeKTUBHBIN MNepeHOC Temaa. MaKcuMaJjibHble 3HadyeHUsl TeMJIONPOBOJHOCTH
dukcupyrorcsa npu x=0,30-0,4 M, rae k0oadPuLMeHT TennonpoBoAHOCTH AocTuraet 18,0-19,0
Bt/(MxK), 9yTo cooTBeTCTBYeT pocTy B 9,2-9,4 pasza OTHOCUTE/IbHO UCXOAHOM Zr0, KepaMHKH.
B sTom juanasoHe ¢a3o0Bblil COCTAaB XapaKTepu3yeTcs CyliecTBeHHOW gosei SiC npwu
Ha/IMYUM OKCUJHBIX U CUJIMUKATHBIX Pa3, GOPMHUPYIOIIUX YCTOUYMBYIO, HO €llle CTPYKTYPHO
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HEOJHOPOJHYIO TEIJIONPOBOAALLYI0 ceTb. [IpU JanbHellleM yBeJUYEHUM KOHLEHTpPaLUU
SiC o x = 0.50 koadpdULUEHT TeNnJIONPOBOJHOCTU HECKOJBKO CHUXKAETCS U COCTaBJISIET
nopszaka 16 - 19 Br/(mxK) (yBesmueHnue B 8.4 paza), YTO MOXKeT ObITb CBSI3aHO C POCTOM /101U
MexKpa3HbIX TPaHUL, OBBIIIEHHON /1ePEeKTHOCTbIO CTPYKTYPbl U BOSMOXKHBIM yBeJIUYeHUEM
OCTAaTOYHOM MOPUCTOCTH, OrPpaHUYMUBAOIIUX 3OPEKTUBHBIA NEepeHOC TelJla HeCMOTps Ha
BBICOKYI0 TeIJIONPOBOAHOCTb Kap6u/Ja KpeMHHUS.
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PucyHok 5. Pe3yibTaThl OLleHKH HU3MeHeHUA KodddHuuueHTa TemJIonpoBOJHOCTH
HccIeAyeMbIX KOMNO3UTHBIX(1-X)Zr0, - xSiC KepaMHK B 3aBUCMMOCTH OT BapHalyu
COOTHOILLUEHHWsA KOMIIOHEHT B COCTaBe

CpaBHUTE/IbHBIM aHA/IM3 U3MeHeHUH Ko3pdUiMeHTa TelJONpPOBOAHOCTH AJis 00pa3LoB
KOMIO3UTHBIX (1-X)Zr0,-xSiC KepaMUK C TpaJMLMOHHBIMU OKCHAHBIMH KepaMHMKaMH,
MCIOJIb3YIOIUMHUCA B KadyeCcTBe WHEPTHBIM MaTpHUll, B 4YAaCTHOCTH, CTAOMJIU3UPOBAHHOM
JIMOKCH/Ie IIMPKOHMUS, 1J1s KOTOPbIX 3Ha4yeHHue K03 PuLiMeHTa TeNnJI0NpOBOAHOCTH COCTABJISET
nopsaaka 2,0-2,5 Br/(mMxK), B ciyyae komnosuTHbix Kepamuk MgO-ZrO, nau Al,03-Zr0O,
BeJIMYMHA TEIJIONPOBOAHOCTHU cocTaBseT nopsgka 3-5 Bt/(MxK) [18,19], fy1s1 KOMITO3UTHBIX
KepaMHK BeO-Zr0,, 3Ha4eHus K03 uiMeHTa TeNI0NPOBOJHOCTH COCTaBJIAKT Nopsaka 8-12
Bt/(MxK), npu aToM npuMeHeHue BeO conpoBoxzaeTcsi cepbe3HbIMU TEXHOJIOTHYECKUMU
OTPaHUYE€HUAMH, CBA3AHHBIMU C €0 TOKCUYHOCTBIO U CJI0XKHOCTBIO MTOJIy4YeHUSA KOMIIO3UTOB
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C HUM. B paHHOM cBA3M moJsiydeHHble 3HaYeHusa s (1-x)ZrO,—xSiC kepamuk B ciyvae
korjga koHueHTpauusa SiC cocraBasier 0,3-0,4 M, AOCTUrHyTble 3HaYeHUs KOIOPUIMEHTA
TENJIONPOBOJHOCTH COCTaBJAT nopsaaka 16-19 Br/(MmxK), yTo fenaeT JaHHble KepaMUKU
OJAHUMHU U3 MEePCHeKTUBHBbIX CPeJU OKCUJHBIX WM KOMIO3UTHBIX OKCHUJHBIX KepaMHUK,
paccMaTpuBaeMbIX B KaueCcTBe KaHAWAATHbIX MaTepUasioB JJii MHEPTHbIX Matpul, [20].
[Ipy 5TOM nmoOJIyyeHHble 3HAauYeHUs KO3P(PULMEeHTa TEeNJONPOBOJHOCTU CylLleCTBEHHO
HIKe TelonpoBoAHOCTH MoHoJuTHOro SiC (2120-200 Bt/(MxK)), ogHako cylieCTBEHHO
NpPeBOCXOJAT NOKa3aTeJlu OKCUJHBIX U CUJIMKATHBIX CUCTEM MIPU COXPAHEHUHU UX XUMHUYECKOU
Y paJiIMallMOHHON CTabUJIbHOCTH.

3akyiloyeHue

YCcTaHOBJIEHO, YTO MPOYHOCTHbIE XapaKTEPUCTUKH KOMMO3UTHBIX (1-x)Zr0,—xSiC
KepaMHMK CYyLleCTBEHHO 3aBUCAT OT UX $a30BOr0 COCTaBa U JIEMOHCTPUPYIOT BblIpa>KeHHbIN
HeJIMHEeUHbIM XapaKTep NPU BapUalluU COAep:KaHUs Kapouga kpeMHus. [lokasaHo, 4To npu
HU3KUX KoHLeHTpanusx SiC (x<0.1 M) mexaHUuYecKOe NIOBeJleHUEe MaTepuasia onpe/essieTcs
NPEUMYIIECTBEHHO OKCUAHOW MaTpuued ZrQ,, 9TO COOTBETCTBYET OTHOCHUTE/NbHO HU3KUM
3HA4Y€HUAM TBEpPAOCTH, TPELIMHOCTOMKOCTH U NIPOYHOCTU Ha CXKaTUe BCJIeCTBUE XPYIIKOCTH
OKCUJHOM Pasbl U OTCYTCTBUSA 3P PEKTUBHOTO apMUPOBAHHUS, 00YCJIOBJIEHHOTO J00aBJIeHUEM
SiC, aTak>ke popMUpOBaHUEM CUTUKATHOU Pa3bl, BbINOJIHAKILEN POJib 6ydepHON NPOCIONKHY,
CHMXKaIollel HanpskeHHUs Ha rpanuuax Zr0,/SiC sepeH.

[losiydeHbl pe3ysbTaTbl LUKJIWYECKHUX HCOBITAHUN, CBA3aHHbIX C U3yYE€HHUEM BJIASHUSA
BapvallMd COOTHOIIEHUS KOMIIOHEHTOB M (a30BOTO COCTaBa KepaMHUK Ha H3MeHeHHe
YCTOMYUBOCTU K TEPMOLIOKOBBIM BO3JEWCTBUAM, CBA3aHHBIM C pPE3KMM H3MEHEeHHEM
TeMIepaTypbl BO3JelCTBUS HAa 00pas1ibl.

YcTaHOBJIEHO, YTO B JJaHHOM JAuana3oHe ¢$a30BOro COCTaBa peaju3yeTcsl ONTUMaJsbHbIN
6asaHc Mexay apmupywoumuMm 3dpdexktom SiC, pa3BuTHEM ceTHu Mex(da3HbIX TpPaHUL, U
pesiakcaniMell HampspPKeHUH 3a cYeT MPOMEXKYTOYHBIX (a3, yTo obecreyrBaeT MOBBILIEHHUE
INPOYHOCTHBIX XapaKTEPUCTUK K YCTOWUYUBOCTU K XPYNKOMY paspylleHUI0 B cjy4yae
TEPMUYECKUX BO3JEWCTBUNA. MaKcUMasibHble 3HaueHUsl K03 PrLIMeHTa TenJ0NpPOBOAHOCTH
nocruraot 18-19 Br/(MxK), yto B 8-9 pas npesbiliaeT TENIONPOBOJHOCTb UCXOAHOM Zr0,
KepaMHMKH M CYLIeCTBEHHO MPEeBOCXOAUT IOKa3aTeJu OOJIbLIMHCTBA OKCHUAHBIX KepaMHK,
paccMaTpuBaeMbIX B KadyeCTBe MaTepuas/ioOB WHEPTHBIX MaTpUl], AWCIEPCHOTO SepHOro
TOIJINBA.
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The role of reactive phase transformations in composite ceramics in changing
strength and thermal characteristics

Abstract. The paper presents the results of the assessment of the influence of variations in the ratio
of components in composite (1-x)Zr0O, - xSiC ceramics on the change in phase composition caused by
the initialization of reactive phase transformations, as well as the determination of the role of phase
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transformations on the change in strength and thermal characteristics. It has been established that
control over the phase composition of composite (1-x)Zr0O,-xSiC ceramics allows for the targeted
optimization of their strength properties, and the most favorable combination of strength characteristics
is achieved at intermediate SiC concentrations of 0.2 - 0.3 M, ensuring a high level of mechanical
reliability of materials under conditions of intense external influences. The results of thermal shock
tests confirm that the highest resistance to sudden temperature effects is achieved in composite (1-x)
Zr0,—xSiC ceramics with a SiC content of 0.2 - 0.3 M, which ensures an optimal balance between thermal
conductivity, mechanical strength, and the ability of the structure to relax thermally induced stresses.
The data obtained are of great practical importance for the assessment of the performance of these
materials under conditions of non-stationary temperature conditions and emergency situations typical
for the operation of inert matrices of dispersed nuclear fuel.

Key words: composite ceramics, silicon carbide, strengthening, thermal shock effect, hardness,
induced stresses
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KoMno3uTTiK KepaMHKacbIHAAFbl PEaKTUBTI pa3aibIK TYpJ/IEHY/IEePAIH,
6epiKTiK IeH XXbUIY/IbIK, CUNIaTTaMaJIapAbIH 63repyiHjeri peJti

AnpgaTtna. Makanazia peakTUBTI ¢asasblK TypJeHJipyJiep/ii MHUIMANU3aLUsANaylaH TybIHaFaH
¢pasasnblK KypaMHbIH e3repyiHe KoMIosuTTi (1-x)Zr0O, - xSiC KepaMUKacCblHaFbl KOMIIOHEHTTEP/IH,
apaKaTbIHACbIHAAFbl ©3TEPiCTEP/iH ocepiH 6aFajsiay HOTHXKeJepi, COHJlal-aK OePIKTIK MeH KbIJIYJIbIK
CUIlaTTaMaJlap/blH e3repyiHe ¢aszasblK TYpJAeHAIpyIep/iH, peJiiH aHbIKTay HOTHXKeJiepi YChIHbLIFaH.
KommosutTi (1-x)Zr0,-xSiC KepaMuKacbIHbIH ¢asa/blK KypaMblH 6aKpliay OJIapAblH O6epiKTik
KacHeTTepiHMaKCaTThITYP/le OHTalIaH/bIpyFaMYMKiH/likOepeTiHi>koHe bepiKTiKcUNaTTaMalapbIHbIH
eH KoJiadsbl yidsaeciMi 0.2 - 0.3 M apanbik SiC KOHIeHTpanusJiapblHAA KOJI JKeTKi3ijieTiHi, Gy
KapKbIHJbI CbIPTKbI 9CEPJIEP KaFAaWblHAA MaTepyualapAblH, MeXaHUKaJ/bIK CEHIM/UIIriHIH *KOFaphl
JleHrelliH KaMTaMachI3 eTeTiHi aHbIKTaAbl. TepMUSJIBIK COKKbI CbIHAKTapbIHbIH HOTHXXe1epi KEHETTEeH
TeMIlepaTypa acepiHe eH korapbl TO3iMALIIK SiC Mesimepi 0.2 - 0.3 M 601aTbIH KOMNO3UTTIK (1-x)Zr0,-
xSiC KepaMHKacbIH/]a KOJI KETKi3iJIeTiHIH pacTaibl, OYJI KbIJIy OTKI3TIIITIK, MEXaHUKAJ/IbIK GepiKTiK
’)KOHe KYPbUIBIMHBIH TEPMUSJIBbIK WUHIAYKIUSAJAHFAaH KepHeysaep/i 6ocaTy KabijsieTi apachIHAaFbl
OHTAW/bl Teme-TeHJIKTI KaMTaMachbl3 eTefi. AJIbIHFaH JepeKTep AUCIEPCTi AAPOJIBIK OTBIHHBIH
MHEPTTI MaTpULlA/IapbIH NakjaaHy Ke3iH/ie ToOH 60J1aThIH TYPAKChI3 TEMIIEPATYPAJIbIK PEXUM/IEP MEH
aBapUsJIbIK XKafFAanlaapAarbl 0Cbl MaTepUalJapAblH *KYMbICKA Ka0iseTTisirin 6afanay ylliH MaHbI3/bI
NpaKTUKaJIbIK MOHTE HeE.

Ty¥iH ce3aep: KOMIIO3UTTIK KepaMUKa, KpeEMHUN KapOHWAi, HbIFAUTY, TEPMHUSIJIbIK COKKbI acepi,
KaTTbLIbIK, UHAYKLUSAJIaHFaH KepHeYJiep
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W3y4yeHue BJIMAHUA Bapuauuu pasosoro cocrasa B (1-x)Fe 0, - XZnO
HAaHOKOMIIO3MTAaX Ha CAepP>KMBAaHUE MEXaHU3MOB KOPPO3UOHHOTO BO3-
AeHCTBUS
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AHHOTanMa. B pa6oTe npusefieHbl pe3y/bTaTbl UCCIAeOBAaHUN BIUAHUA W3-
MeHeHU# ¢asoBoro cocraBa (1-x)Fe,0, - XZnO HaHOKOMIIO3UTOB Ha yCTOM-
YHMBOCTb K IpoLeccaM KOPPO3UOHHOI'0 BO3/1€MCTBUS, BOSHUKAIOIIUX KOHTAKT
HAHOYACTHUI, C MOJeJbHBIMUA OydpepHbIMU (OCHATHBIMHU PACTBOPAMH, UMHU-
TUPYIOIIMMU GU3UOJOTUYECKYIO cpely opraHu3Ma. CpaBHUTE/IbHBIA aHA/IU3
pesyabtraTtoB npu 25 °C u 45 °C no3BoJisieT ciesaTh BbIBOJ, O TOM, UYTO TEM-
nepaTypa fBJAeTC onpeessaoluM GakTOpOM, KOHTPOJIMPYIOLUIMM CTeNeHb
CTPYKTYPHbIX U3MEHEHUH WINUHEeJbHOU a3kl B )KUAKOU cpefie. [Ipy koMHaT-
HOM TeMIepaType HaHOKOMIIO3UTbl JEMOHCTPUPYIOT BbICOKYH) KpHUCTaJLIO-
XUMHYECKYI0 CTabMJIbHOCTD, TOTZa Kak npu 45 °C HabJ/1t0aeTcs NocTeneHHas
3BOJIIOLMA KATUOHHOI0 paclipesiesieHus, IPUBOAALIAsA K YBeJTUYEHUIO CTelleHU
VWHBEPCHH M POCTY KaTUOHHOTO 6ecrnopsjika B CTpyKType IunuHeau ZnFe,0,.
B xozie nmpoBe/leHHBIX UCCIe0BAaHUM ObIJIIO YCTAaHOBJIEHO, YTO POCT COZepka-
HUSA aMopdHOU da3bl KoppeaupyeT ¢ 3aPUKCUPOBAHHBIM YBEJIMUEHUEM CTe-
NeHU MHBEPCUU IINUHEJbHOU $a3bl U pOCTOM KaTUOHHOI'O Gecrnops/ika, YTo
yKa3blBaeT Ha €eJJMHbIM MeXaHWU3M Jerpajalnuy, BKJIIOYALIMK KaTHOHHYIO
Murpanuo, gedpekToo6pa3oBaHue U YAaCTUYHYI0 aMOpPQPHU3ALUI0 CTPYKTYPHI.
[Ipu 3TOM Aake B HauboJiee }KECTKUX YCA0BUAX Aerpajanuu (45 °C, 7 cyTok)
CyMMapHas [0Ji1 aMOpPQHBIX BKJIOYEHUHN OCTAETCA OrpaHUYEHHOM, YTO IOJ-
TBEPK/AAeT yL0BJeTBOPUTE/IbHYIO CTPYKTYPHYIO YCTOMYMBOCTD UCCIeAyeMbIX
HaHOKOMIIO3UTOB.

Kiro4eBsble c/10Ba: HAHOYACTHULbl, KODPO3UOHHOE BO3/,eHCTBUE, CTPYKTYypHas
Jlerpajialius, pasynops/o4eHue, MHBepCus
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HUszyuenue eauanusa eapuayuu gazosozo cocmasa 6 (1-x)Fe,0, - xZn0O HaHOKOMNO3umMax
Ha cdepicusaHue MexaHuaMo8 KOppo3UOHHO20 8o3deticmeust

BBeaeHue

MarHuTHble HAHOKOMIIO3UTBHI Ha ocHoBe Fe, Fe304, y-Fe203 U ux MoauduKauuin
paccMaTpUBAKOTCAKAKOAHUU3HaU00IeenepCcneKTUBHbIX QYHKIMOHA/IbHBIXHAHOMATEePHaJIOB
Uil pas/IMYHbIX TNpPUMeHeHUM  OGJiarojapss  COYeTaHUK  MarHUTOYNpPaBJ/ISIEMOCTH,
OTHOCHUTEJIbHOW OMOCOBMECTHMOCTH, BBICOKOU YZeJbHOW IMOBEPXHOCTH U BO3MOXKHOCTH
NOBEPXHOCTHOM GyHKIMOHanIu3anuu [1-3]. UX ki1ro4eBoe NpenMyI1eCTBO 3aK/I049aeTCA B TOM,
YTO OHU MOTYT YNPaBAATHCA BHEIUHUM MarHMTHBIM I10JIEM U BbINOJHATbL CpPa3y HECKOJIbKO
bYHKL MY, BK/II0OYasi BO3MOXXHOCTH UX UCI0JIb30BaHUA B JUAarHOCTUYECKUX, TepaleBTUYeCKUX
Y TPAHCIOPTHBIX HaNlpaBJeHUX [4,5].

B ciyyae uCno/Ib30BaHUSA >Kesle30CoJep)KallluX HaHOKOMIIO3UTOB B OGHOMeJUIIMHCKUX
NpUJIOKEHUAX, BKJIIOYAsd MarHUTHYIO TUIepTepMUIO, 0c000e 3HayeHUue MNpPUOOpeTarT
MCC/leJOBaHUs, HallpaBJeHHble Ha Ope/ieJIeHue XMMUY€eCKOM CTabUIbHOCTH M GM0JI0THYeCKOH
6e30I1aCHOCTHM HAHOCTPYKTYp, a TaKKe MPOLLeCCOB Jerpajaluu IpU 3KCIJIyaTalldu MU
HAKOIlJIEHUS MNPOAYKTOB KOPPO3HWH, CIIOCOOHBIX OKa3aTb HeraTHBHOe BJIMSIHME 3a CYeT
Tokcudeckoro addekra [6,7]. Kak nmpaBuJio, B mpoijecce 3KCIyaTandu B GU3N0JI0TUYECKUX
WU MOJleJIbHBIX OHOJIOTUYECKHUX CpeJaX HaHOCTPYKTYpPhbl CIIOCOOHBI MOJABEPraThCs
KOPPO3WOHHO-ZlerpalaljMOHHBbIM IpoleccaM, 3a C4YeT BBICOKOM YyJeJbHOW IOBEpPXHOCTH,
NlePEeKTHOCTU KpHUCTANJIMYECKOW CTPYKTYpbl, a TaKXe aKTHBHOIO B3aWMOJENUCTBUHU C
KOMIIOHEHTaMU OuoJiorndyeckux >xuakocteil [8]. [logo6Hble MpoAYyKThl TpaHcdopMalvu
CIOCOOHBI OKa3bIBaTh HEO/1aroNpUATHOE BO3/,eHCTBUEe Ha 6MO0JIOTHYeCKUe CUCTEMBI, BKIK0Yas
pa3BUTHE TOKCUYECKUX 3 PEKTOB pa3/IMYHON CTENEeHHU BbIpaXKEHHOCTH [9].

Jlerpazanus xeJie3ocoepaliix HAaHOKOMIIO3UTOB MOXET COIPOBOX/aThCS U3MEHEHUEM
$a30BOro cocraBa M KaTUOHHOTIO pacnpejeseHus, TpaHCcopMalnerd NPUIIOBEPXHOCTHBIX
CJI0€B U BBICBOOOXK/J€HUEM MOHOB KeJie3a, a TaKKe JPYyrux KOMIOHEHT BXOJAILUX B COCTaB
HaHoKoMno3uTa. [Ipyu 3ToM Hakom/ieHHe NPOAYKTOB KOPPO3UH U UOHHBIX GOpPM MeTaJJIOB B
O0M0JIOTMYECKUX TKAHAX UJIH KJIETOYHBIX CTPYKTYpPax ClIOCOOHO NPHUBOAUTD K BOSHUKHOBEHHIO
TOKCHYeCKUX 3QPEKTOB, CBA3aHHBIX C OKUCJIUTENbHBIM CTPECCOM, HAPYLIEHUSAMHU KJIETOYHOTO
MeTabo0/iIM3Ma M aKTUBaL el BOCNAJIMTENbHbIX peakui. Bce aTu mponeccsl MOTyT OKa3aThb
CyllleCTBEHHOEe BJIMSIHHEe Ha OWOCOBMECTUMOCTb HAHOCTPYKTYp, a TakKXe OrpPaHUYUTb
BO3MOXXHOCTM UX NpakTHyeckoro npuMeHeHus [10,11]. [Ipu 3TOM nopo6GHbIE U3MEHEHUS
CIIOCOOHBI He TOJIBKO CHMXKaThb QYHKIIMOHA/IbHble XapaKTePUCTUKA HAaHOMAaTepHUasIoB, HO U
CylleCTBEHHO BJIMATb Ha UX NOBeJieHUe B OHOJIOrMyeckux cpejax. Hanbosiee 3HaYMMbIMU
MexXaHU3MaMHM [OTEHIMaJbHOTO HEraTUBHOTO BO3JEeHCTBUA ABJAIOTCA HUHAYKLIUSA
OKMUC/IMTEJIbHOI'O CTpecca 3a CYeT 00pa3oBaHUSA aKTUBHBIX POPM KHCJIOpOAA, HapylleHHe
KJIETOYHOT0 MeTab0JIu3Ma, NOBpeX/JeHue MeMOpaH U 6eJIKOBBIX CTPYKTYP, a TAKKe aKTUBaLUs
BOCMAJIUTEJIbHBIX peakuui [12,13]. B psage ciy4yaeB 3TU mpoLecchl MOTYT COMPOBOXK/AThCS
M3MeHeHHeM 3KCIPeCCUM TeHOB, 3allyCKOM alONTOTHYeCKHX MEXaHU3MOB M HapylleHUeM
HOPMaJIbHOM pery/isiliud KJIeTOYHOTO IMKJa. B COBOKYMHOCTH nepeduc/eHHble 3QPeKThI
CIOCOOHBI CHUKAaTb OGMOCOBMECTUMOCTb HAHOCTPYKTYP U OIPaHUYMBATh BO3MOXKHOCTHU HX
KJIMHUY€eCKOTO WJIX IPAaKTUYEeCKOr0o IPUMEHEeHHUs.
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K.B. Kanueknepoesa, PYU. lakup3sHos, [I.U. Tuwkesuy, A.2K. KakcoLibik

[Ipy paccMOTpeHUMU NOTEHIMa/a MPUMEHEHHUs >KeJe30Co/epKaljuX HAaHOKOMIIO3UTOB
B KaueCTBe OCHOBBI /IJI1 MarHUTHOW TUMEPTEPMUHU OJHUM U3 JOTOJHUTEJbHBIX PAaKTOpPOB
pUCKa SIBJISIETCS BO3JEUCTBUE MepeMeHHbIX MarHUTHBIX MOJIeH, KOTOpble B CBOI o4yepe/lb
MOTYT YCKOPUTb MPOLECCHI Jlerpajlallid HAHOKOMIIO3UTOB, CIIOCOOHbIE YCUIUTh MUTPALHIO
MOHOB. B 3TO# cBsI3M nofo06HbIE 3PdeKThl 00yCAOBIAMBAOT HEOOXOAUMOCTb [J€TaJbHOIO
M3y4eHHs] KHHETUKU KOPPO3HOHHBIX MPOIECCOB U OI[eHKU IIUTOTOKCUYHOCTH KaK UCXOAHBIX
HAHOCTPYKTYP, TAKUMPOAYKTOBUXTPAHCPOPMALU K BYCIO0BUSAX, MaKCUMaJIbHO TP OGN KEHHbBIX
K peaJibHbIM 6OMEeIUIIMHCKUM CI[eHapHUsM HCI10/1b30BaHUSA MPHU NPAKTUYECKOM IPHMEHEHUH
[14].

B 3TOil CBfI3M BO3HHUKAeT HEOOXOJUMOCTb MPOBEJEHUSI KOMIJIEKCHBIX HCC/AeJ0BaHUH,
BKJ/IOYAIOL[UX H3yYeHHEe KHUHETHUKH KOPPO3UOHHBIX IMPOLIECCOB, MOHUTOPUHTI (a30BbIX
U CTPYKTYpPHBIX TpaHchopMaldi, a TaKkKe OLEHKY LMTOTOKCHUYHOCTU KaK MCXOAHBIX
HAHOCTPYKTYP, TaK U NPOAYKTOB UX Jlerpajauuu. [[py 3ToM NpUHLMIIHATBHO BaXKHO, YTOObI
TaKHle UCCJIe/JOBAaHUS MPOBOJUIUCH B YCIOBUSAX, MAKCUMaJIbHO MPHUOGJIMKEHHBIX K pealbHbIM
OMOMEUIIMHCKUM CIleHapusM [pPUMEHEeHUs], BKJOYasg MoJie/ibHble QU3HU0JIOTUYECKHE
pacTBOpHI, KJIETOYHbIE TEeCT-CUCTEMbl W 3KCIIEPHMEHTAJIbHbIE PEXUMbI, UMUTHUPYIOIHE
BO3JleiCTBMEe MarHuTHbIX mnoJied. [logo6GHBIA MOAX0Hd IMO3BOJIIET O00€ecCHeyduThb 0oJiee
KOPPEKTHYIO OLIEHKY PUCKOB, IOBBICUTH JJOCTOBEPHOCTb MPOrHO3UPOBAHHS OUOJIOTUYECKOT0
NOBe/IeHUsI HAHOKOMIIO3UTOB U 060CHOBATh BO3MOXXHOCTH UX 6€30MaCHOT0 MPAKTUYECKOTO
HCII0JIb30BaHMSI.

MaTepuajibl 1 METOABI

s cvHTe3a HAHOKOMIIO3UTOB Ha OCHOBE COeJJMHEHUH (peppHTa IUHKA UCIO0JIb30BaJINUCh
FeCl,x6H,0,Na,S0,, ZnO u1MMOHHas KMC10Ta. Bce XUMUYeCKHe peaKTUBbI GbLIM IPUO6PETEHbI
y komnaHuu Sigma Aldrich. Xumuuyeckasi Y4ucTOTa UCXOAHBIX KOMIIOHEHTOB, UCII0JIb3yEMbIX /I
CUHTe3a, cocTapJisaaa 99.95 %. CuHTe3 )es1e30coepKaliX HAaHOKOMIIO3UTOB OCYLeCTBJISJICS
B TPHM 3Talna, CxeMaTU4YHOE NpeJiCTaBJieHUe KOTOPBIX IpUBeJleHO Ha pucyHKe 1a. TeMnepaTypa
CrieKaHWA 06paslloB NPY BapHalluy COOTHOLIEHUsI KOMIIOHEHT B coctaBe cMecHu (1-x)Fe,0,
xZnO0 coctabssia 1000 °C, BpeMsi 0T>KUTra COCTABJISAJIO 5 4acoB, MocJie Yero 06pa3iibl 0OCTbIBAIU
BMecCTe C neyblo B TedeHHe 20 - 24 4yacoB [0 IOJIHOTO OCTbIBAHUSA U JOCTUKEHHUS KOMHATHOU
TeMIepaTypbl. OT>xuUr npoBoguscs B MydesabHol neuu Nabertherm LE 4/11/R6 (Nabertherm,
JlunuenTann, epmManus). JJaHHbIe peXXKUMbI CIEKaHUS ObLJIY MOJIYyYeHbl 3KCIIEPUMEHTATbHbIM
nyTeM. [Ipu fJaHHOW TeMnepaType NPOUCXOAUT GOPMHUPOBAHKE XOPOLIO CTPYKTYPUPOBAHHBIX
HAaHOKOMIIO3UTOB C BbICOKOM CTENEHBI CTPYKTYPHOIO YIIOPALOYEHUS.

Jns1 onpezesieHUs TeMIlepaTyphl ClieKaHUSI 06Pa31L0B C LeJbl0 BbISIBJIEHUS YCI0BUH, IPU
KOTOPBIX OCHOBHOH pasoli siBseTcsa peppuTHas pasaZnFe,0,, 661710 IpoBeieHO MCCIel0BaHKE
BJMSIHUS BapyalMy TeMIlepaTypbl Ha Mpoiecchl ¢$a30006pa3oBaHHUsI HAHOKOMIIO3UTOB.
BapbupoBaHue TeMepaTypbl ClIEKaHHUS Ob1JI0 OCyIecTBIeHO B AuanasoHe oT 100 7o 1000 °Cc
marom 100°C,ckopoctbHarpeBa20°C/muH.CoriacHope3yibTaTaMpaboThl [15],BapbupoBaHue
TeMIepaTyphbl ClIeKaHUSA MPUBOAUT K MHUIUATIU3ALMU TIpoleccoB pa30BbIxX TpaHCPopMa Ui
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B CTPYKTYpe HaHOKOMIIO3UTOB, CBA3aHHBIX C TpaHCpopmanuei Fe 0, — Fe O,
npu temnepatype 400 - 500 °C, u popmMupoBanuem ¢pasbl ZnkFe,0, npu Temnepartype 600 °C ¢
NOC/eAYIOIIMM yBeJIMUEHUEM ee BKJIa/1a, a TaKKe BbITECHEHUIO IpUMeCcHOW (pa3bl reMaTHTa B
nuanasoHe oT 500 0 800 °C. CorsziacHO MOJIyYeHHBIM pe3y/ibTaTaM IpU TeMIepaTypax OTKUra
900 - 1000 °C HabsirofaeTCs MOJIHOE 3aBepllieHHe MPolieccoB $pa30BbIX TpaHCcOpMAIUK THUIA
Fe, 0, - ZnFe,0,, KoTOpOE CONPOBOKAAETCSA CTPYKTYPHBIMU U3MEHEHHUSIMH, 06yCI0BJIEHHBIMU
yHopsil04eHreM CTPYKTYPhI LUNUHENIU U YMEHbLIEHUH TPUMeCHbIX $a3 B BUZe OKCU/ia LIMHKA.

NpPOTEKAIHUX

Onpenesnenne KWUHeTHKH Jerpagauuu (1-x) Fe,0, - XZnO HaHOKOMIIO3UTOB ObLIO
OCyLeCTBJIEHO TyTeM IpOBeJeHUsl CEepUM IKCIEePUMEHTOB, BKJ/OYAKLNUX B Ce6A
BbIIEPXKKY HAaHOCTPYKTYP B MOJieJIbHOM O6ydepHOM pacTBOpe, UMUTHUPYIOILEM BO3/eiCTBUE
dusrosiornyeckor cpeanl. B KauecTBe MoJe/IbHOIO pacTBOpa HcmoJsib3oBasicsa $pochaTHO-
cosieBoM 6ydepHbId pacTBop (PBS), mnMpoko npruMeHsieMblil B O6MOXUMUYECKUX U KJIETOUHbIX
UccaeloBaHUAX AJi paboThbl € OesJiKaMM U JAPYrMMH OMOMoOJieKyJaMU. /laHHBIA pacTBOP
VMUTHDPYeT YCJOBUSI BHYTPEHHEW cpeJbl OpraHuM3aMa U obecledyuBaeT MOAJepKaHUE
CTabUJIbHOTO YPOBHS KUCJIOTHOCTH, COOTBETCTBYIoLero ¢pusnosoruieckor Hopme (pH = 7,4).
JKcnepUMeHTbl IPOBOJUIMCH IPU IBYX TeMIlepaTypHbIX pexxuMax 25 °Cu 45 °C, nogepxxaHue
TeMIepaTypbl MOZe/bHbIX OydepHbIX PaCTBOPOB B TeUieHHEe BCEro BpeMeHU 3KCIepUMeHTa
IPOBOMJIOCK C UCIIOJIb30BaHUEeM lilelikepa-uHKy6aTopa IKA KS 3000ic control (IKA, lllTaydeH-
uM-bpalicray, [epmanus). OnpesesieHue Macchl OblJIO OCYIIECTBJIEHO, OHAKO ee U3MeHEeHUs
B IpolLecce 3KCIIePUMEHTOB ObLJIM He3HAYWTeJbHbl U HAXOAWJ/IUCh B NpezesaxX JONyCTUMBbIX
HNOTPELIHOCTEH, TaK KaK UCIOJIb3yeMas cpe/ia He sBJSIEeTCS arpecCUBHOM, B pe3y/ibTaTe 4ero
IpOLIECChl KOPPO3HUU NPOTEKAKT Me/IJIeHHEe, YTO NPUBOJUT K MaJibiM U3MEHEHHSIM MacChl.
BpeMs akcrieprMeHTOB COCTaBJIANO 7 JIHEW, KOHTPOJIb POO C LieJIbI0 BbISIBJAEHHUS CTPYKTYPHBIX
M3MeHEeHHUH, CBI3aHHbIX C BO3JelcTBUEM O6ydepHOTo pacTBOpa U MPOLLeCCaMU OKUCEHUS ObLI
OCYLIeCTBJIEH NMyTeM U3MePeHHs] PEHTTEHOBCKUX AUPPaKTOrpaMM HcCle[yeMbIX 00pa3loB
nocse1,3,5u 7 nHel HaX0X/jeHH s 00pa310B HAHOKOMIIO3UTOB B MOJleJIbHOM pacTBope. Bei6op
TeMIlIepaTYpPHbIX PEKUMOB TECTUPOBAHHUSA OOYCJOBJEH BO3MOXXHOCTbIO OLlEHKH KUHETUKHU
Jlerpajlaii HaHOKOMIIO3UTOB B YCJIOBUSIX XPaHEHUS U IKCIIyaTallUX B TUIIEPTEPMUYECKUX
ucciaenoBaHusax. Ha pucyHke 16 npuBe/ieHO U300pakeHHe pa3MelleHus 00pas31oB B lIelKepe-
MHKyb6aTope U UX BHEIIHUH BU/J] B MO/leJIbHOM OydepHOM pacTBOPE.
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PucyHok 1. (a) CxemaTuyHoe ImpeJcTaB/ieHMEe OCHOBHBIX 3JTAallOB CHHTe3a; (0)
IKCnepUMEHThI Ha OLIeHKY KOPPO3UOHHOM CTOMKOCTH (1-X)Fe 0, -XZnO HaHOKOMII03UTOB
B MOJeJ/IbHOM 0ydepHOM pacTBope

OnpepeseHue W3MEHEHUH CTPYKTYPHBIX NapaMeTpPOB HCCJIeAyeMbIX HAaHOKOMIIO3UTOB
B 3aBUCHMMOCTM OT BpPEMEHH M TeMIlepaTypbl BO3JAeHCTBUS MOJEJNbHbIX PAaCTBOPOB ObLIO
NpOBeJIeHO C MPHMEHEHUEM MeTOJa PEeHTTeHOBCKOW Judpakuuu. CbeMKa peHTTeHOBCKUX
JudpakTorpaMm 6blsa BeinoJiHeHa Ha AudpakToMeTpe D8 ADVANCE ECO (Bruker, Kapscpys,
[epmanus). CbeMKa JudpakTorpaMM NpoBoAUIach B reoMeTpuu bperr - BpeHTaHo B yryioBoM
Auanaszone 20=20-100° c warom 0,05°. OnpegeneHuve $a3o0BOro cocrtaBa U CTPYKTYPHBIX
napaMeTpoOB OCYLIeCTBJSAJIOCh B IporpaMMHoM kofe DiffracEVA v.4.2, nns onpepenenus ¢as
MCI0JIb30Basach 6a3bl AaHHbIX PDF-2 (2016).

OnpepeneHue creneHU WHBepcUH (§), XapaKTepu3ywlled pacrpejesieHHe KaTHOHOB B
OKTO- M TeTpa3[pUuecKUX MO3ULHUAX IINUHEJbHONU KPUCTAJJIMYECKON pelleTKH, a TaKKe
M3MeHeHHe UX MOJIOXKEHUH NMpU Bapualuuy $pa3oBOT0 COCTaBa OLEHUBAIOCH C IPUMeHEHUEM
JlaHHBbIX, MOJIyYeHHbIX C HCIOJIb30BaHHUEM MeTOJa PEHTTreHOCTPYKTypHOro aHaausa. [ns
omnpejieJieHUs] HCIOJIb30BAJIUCh 3HAYEHUSI WHTErpasibHbIX HMHTEHCUBHOCTeH (ruiomiajei
pediekcoB) audpakiMoHHbIX pedJuiekcoB (220), (400), (440), Hauboiee YYBCTBUTENbHBIX K
M3MeHEeHHI0 U llepepaciipe/ie/IeHHI0 KATHOHOB B OKTO- U TeTPA3JpUYECKUX TO3ULIUSX.
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Pe3y/ibTaThl U 06CYyKAEHUE

JKCrepyMMeHTbl, HallpaBJieHHble Ha U3y4YeHUe KUHEeTUKU JerpaZalijii HaHOKOMIIO3UTOB,
ObLIM TMPOBeJeHbl MyTEM pas3MellleHUsT HAaHOKOMIIO3UTOB B MO/JIeJIbHbIX pacTBOpax MpH
TeMnepaTtypax 25 °C u 45 °C B TeueHHe BpeMEHHOT0 Uana3oHa ot 1 o 7 f[Hel.

B KauyecTBe OCHOBHOIO MeTOJa XapaKTepU3alUU OLEHKH CTPYKTYPHbIX H3MEHEHWH,
BbI3BAaHHbIX B3aUMOJENUCTBUEM KOMIIOHEHT MOJEJbHbIX PAacTBOPOB M HAHOKOMIIO3UTAaMHU
ObLT NMPUMEHEH MEeTOJ, PEeHTreHOCTPYKTYPHOIro aHaju3a. Pe3ysbTaThl OLeHKU KHUHETHKHU
M3MeHeHUS CTPYKTYPHbIX CBOMCTB HAHOKOMIIO3UTOB B 3aBUCUMOCTH OT BpeMeHU Hax0XK/IeHUS
B MOJIeJIbHOU CpeJie IPU Pa3/IMuHbIX TEMIIEPATyPHBbIX PEXXKUMax NPUBEJIEHbI HA PUCYHKax 2-3
B KauecTBe 06pas1ia cCpaBHeHHs OblJI BbIOpaH MOPOLIOK okcKaa xesie3a Fe304, ncnosb3yemMblit
JlJIsl CHHTe3a HAaHOKOMIIO3WTOB, TaKXe OTOx:KeHHbIK npu TeMmnepatype 1000 °C, ¢ uesbro
WHUIMaM3auuu $pa3oBbiX TpaHcopmanui Tuna Fe304 — Fe203. Bbi6op JaHHOTr0 MOPOIIKA
JUIS1 CpaBHEHMS ObLJ CZeJIaH C 1ieJibl0 CPAaBHEHUsI KUHETUKH Jlerpaallud HAaHOKOMIIO3UTOB C
OKCHU/I0OM KeJie3a, KOTOPBIU TaK:Ke pacCMaTpHUBaeTCsA KaK OJUH U3 MaTepUasoB [iJiI MarHUTHOU
rUnepTepMHUH.

PucyHok 2. Pe3ynbTraThl PeHTT€HOBCKON Audpakuuu ucciaegyembix (1-x)
Fe,0, - XZn0 HAaHOKOMIO3MTOB NMPH HAX0XKAEHUH UX B OypepHOM MOAE/SbHOM
pactBope PBS npu temneparype 25 °C: a) nocse 1 gHA ucnbITaHUK; 6) nocse 3
AHe! UCNBITAaHUM; B) mOC/ie 5 AHEeW UCIBITAHU; T') oc/ie 7 AHel UCTIbITaHUMI
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06wt BUJ Ipe CTaBJIeHHBIX AUPPAKTOTPAMM HCCIeAyeMbIX 06pa310B HAHOKOMIIO3UTOB
OTpa’KaeT OCHOBHble HW3MeHEeHHs, OOyC/JOBJeHHble KOPPO3MOHHBIMU IPOLIECCAMH,
IpPOTEKAUIMMH NPHU B3aUMOJENUCTBUM HAHOYACTHUIL, C MOJEJNbHbIM 6ydepHBIM pacTBOPOM,
KOTOpbI€ BBIPAXKAIOTCS B U3MEHEHUU GOPMBI U HHTEHCHBHOCTHU AUPPAKLIMOHHBIX pedJIEKCOB,
6e3 GopMUPOBAHUSA JONOJHUTEJbHBIX pedJIeKCOB, CBHUJIETEJbCTBYIOUIUX O MOSIBJIEHUU
HOBbIX (a3 B cOCTaBe HAaHOKOMIO3UTOB. [lof06HbIE M3MeHeHUsT GopMbl AUPpPaKLHOHHBIX
pedJiekcoB, cBsi3aHHble ¢ GOpPMHUPOBAHUEM aCUMMeTpPUU pedJseKCcoB, 00YCI0BJIEHbI
HaKOIJIEHUEM CTPYKTYPHbIX JedeKTOB, CBSI3aHHBIX C IMepepaclpesieleHHeM KaTHOHOB,
JIOKaJIbHbIMHM HCKQXKEHUSIMM KOOPJMHALIMOHHBIX MOJIU3APOB W HapylleHHWeM JaJjibHero
nopsika 3a cieT GOpMUPOBAHHUSA TOUEUHBIX lePEeKTOB U KUCJIOPOAHBIX BakaHcH [16,17]. [Ipu
3TOM XapaKTep CTPYKTYPHbIX U3MEHEHUN HOCUT SIBHO BbIpa>KeHHbIN BpeMeHHOW XapaKTep,
00yCJIOBJIEHHbIH HAKOIJIEHUEM CTPYKTYPHBIX HMCKOKEHHUHW NpPH YBEJUYEHUU BpPEMEHH
KOHTaKTa 06pas3uoB co cpefoi. Takxke ciaeAyeT OTMETUTb, YTO OTCYTCTBHUE TIOSBJIEHHUS
HOBBIX AU PaKIUOHHBIX pedJieKCOB, XapaKTePHBIX AJisl IPUMECHbBIX UJIH GeppUTHAPUTHBIX
da3 B cocTaBe HAHOKOMIIO3UTOB, 0OYC/JOBJIEHHBIX NPOLIECCAMU OKUCAEHUS U U3MEeHEeHUU
KPHUCTA/IJIOXUMHUYECKOTO COCTOSIHUS INHUHENbHOU $a3bl, CBU/IETEIbCTBYET O MaJIOM BJIUSHUU
o6ydepHoro pacrBopa PBS Ha okuc/aMTesbHblE MPOLECCHl, A TaKXKe BJHUSIHHE BapUalUU
da3oBoro cocraBa HAHOKOMIIO3UTOB HAa YCTOMYMBOCTb K BHEIIHUM OKHCJIUTEIbHBIM
npoljeccaM, CBSI3aHHBIM C JJIUTEJbHBIM TPeGbIBAHUEM B Cpe/ie.
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B) r)

PucyHok 3. Pe3ybTaThl peHTTeHOBCKOM Andpakuuu uccaeayemsix (1-x)Fe 0, - xZnO
HAaHOKOMIIO3MTOB NpPHU HAXOXKAEHMH UX B 6ydepHOM MoaenabHOM pacTtBope PBS mpwu
TeMmnepartype 45 °C: a) nocje 1 JHA MCNIBITAHUK; 6) noce 3 JHeW UCHbITAaHUH; B) OC/Ie
5 AHeN MCHbITAaHUM; I') Oocje 7 JHed UCTIBITAHUMA

CnefyeT OTMETHUTD, UTO YBeJIMUeHHe TeMIlepaTypbl 6ypepHOro MoJie/IbHOTO pacTBopa ¢ 25
°C o 45 °Ctakxke He IPUBOAUT K GOPMUPOBAHUIO JOTIOJHHUTENbHBIX pedJIeKCOB, XapaKTePHbIX
JiJIs IPMMECHBIX BKJIIOUEHUH B COCTaBe HAaHOKOMIIO3WTOB, OJHAKO CTENEHb CTPYKTYPHBIX
M3MeHEeHUH, XapaKTepU3yI0IINXCA YBeJMUeHueM aCUMMeTpUU AUPPAKLIMOHHBIX pedIeKCOB U
M3MeHeHHe UX UHTEHCUBHOCTU CBU/IETEIbCTBYET 00 yCUJIeHNH iehOpMalMOHHbIX UCKaXKeHU U
M aKTUBM3AlMU NPOLIECCOB OKUCJEHUS B YCJIOBUAX BO3JeicTBUs G6ydepHOro pactBopa U
yBeJINYeHHUs BpeMEeHH 3KCIO3ULUH.

Ha pucyHke 4 npuBejeHbl pe3ysbTaTbl OLEHKHU COJlep>KaHUsl aMOPQHbBIX BKJINYEHUN B
o6pasuax (1-x)Fe,0, - xZnO0 HaHOKOMIO3WTOB B 3aBUCUMOCTH OT BPEMEHHU HaXOXJEHHs
B 6ydepHoM pacTBope PBS. /laHHBIE OBIIM pacCUUTaHbl C UCIOJb30BaHUEM MOJTYYEHHBIX
3HAaYEeHUU CTeleHW KPUCTA/JIMYHOCTH [0 U MOCJe BbIJEpPKKU 00pasl0oB B MOJeJIbHbIX
pacTBopax C MOCAEeAYIOLMM CpPaBHEHUEM JJaHHbIX M BbIUMCJIEHHEM PA3HOCTH MU3MEHEHUH,
OTpakalluX o6pa3oBaHue 00/1acTell pa3ynopsouyeHus 3a cdeT pa3pylleHHs NMOJU3POB U
HoTepe JaJIbHEro nopsi/ika B KpUCTA/LJINYEeCKOW pelLIeTKe.
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PucyHok 4. Pe3ysbTaThl OLeHKH COepPKaHUA aMOP(PHBIX BKIKYEHUH, 060pa3y0IUuXCsA
B Mpo1ecce Aerpajganuu B 6ypepHom pacrsope PBS: a) npu temneparype 25 °C; 6) npu
TeMmnepartype 45 °C

[Ipu Temnepatype 25 °C Bo BCéM Juana3oHe KOHLEHTpaLUil BapUalUU COOTHOLIEHUS
KOMIIOHEHTOB B COCTaBeé HaHOKOMIIO3UTOB HabJI0ZaeTCsl NMOCTENeHHbI POCT COoZepKaHUs
aMop(dHBIX BKJIIOUYEHUH C yBeJIMYeHHEM BpeMeHHU BblJiep>KKU B pacTBope PBS. /lns o6pasuoB
c HU3KOU KoHUeHTpanuel Zn0 (0,1 - 0,3 M) BesmurHa amopdHo# dpa3bl 60Jiee BbIpakeHa B
CpaBHEHMU C pe3yJbTaTaMU C 60Jiee BbICOKOM KOHIleHTpauueil ZnO B cOCTaB a U COCTaBJSIET
nopsifika 6 - 7 % nocse 7 cyTok akcno3unyu. [loo6HbIe ©U3MeHeHUs1 00yC10BAeHbI 3P deKTaMU
OKUCJIEHUS, CBI3aHHBIMU C HAJIMYKEM B CTPYKType HAHOKOMIIO3UTOB pa3bl reMaTHTa, HATUYHe
KOTOPOM YCUJIMBAET MPOLEeCChl CTPYKTYPHOM Jerpajaluy 3a C4eT OKUCJIEHUS U HAaKOIJIEHUS
IPOAYKTOB KOPPO3UH.

[To Mepe yBesinueHUst KOHIeHTpauuu ZnO g0 0,4-0,6 M HabJit0fjaeTCsl yMepeHHOe CHUXKEHU e
J10J11 aMOPQHBIX BKJIIOYEHUH, YTO CBU/IETEJNBbCTBYET O CPABHUTEIBHO BbICOKOU CTPYKTYPHOU
CTabW/IbHOCTH IUNUHEJbHOU ¢a3bl ZnFe,0, u orpaHMYEeHHOM XapaKTepe JerpajaldOoHHbIX
IpOLeCCOB NMPU KOMHATHOM TeMmmepaType. B o6s1acTu BbICOKMX KOHUeHTpauuil ZnO (0,7-
0,9 M) cozepxxaHue amMopdHON ¢a3bl HECKOJIbKO YBeJUYMBAETCH, OJHAKO OCTAaéTCAd Ha
yMepeHHOM YPOBHE, YTO yKa3bIBaeT Ha TO, UTO npu 25 °C ferpajaloOHHbIe MPOLECChl HOCAT
IpenMyIleCTBEHHO TOBEPXHOCTHBIN XapaKTep U He MPUBOJAT K MaclITabHON aMopdU3aluU
MaTepuaJa.

[Ipu Temnepartype 45 °C xapakTep AerpajaluU CylleCTBEHHO HW3MeHsIeTCs. YKe mocJie
3 CyTOK BBIJIEP)KKU HaOJ/I0[aeTcsl 3HAYMUTe/JbHOE YBeJUYEHHE COJepKaHUs aMOpPHBbIX
BKJIIOUEHUH N0 CpaBHeHUIO ¢ yciaoBusaMu 25 °C. [ns 06pasiioB ¢ HU3KUM cojiep:kaHueM ZnO
Zlosis1 aMopdHOM dasbl Bo3pacTaeT 0 ~5-7 %, a nocse 7 CyTOK LOCTUTAeT 3HaYeHU ! NopsAJKa
9-10 % (B 0bpasyax, B KOTOPbIX NPUCYTCTBYIOT BKJIOYEHUS B BUJe dasbl reMaTuTa). s
06pasioB c KoHueHTpanued ZnO paBHou 0,3-0,6 M Hab6Jto/laeTCcsi MeHee BbIpa)KeHHbIE
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M3MeHeHHUs CTPYKTYpPHOM JlerpaZjaliuy, CBsi3aHHble ¢ aMopdu3aluel, 4To CBUAETE/NbCTBYET
0 TOM, UTO JJI51 JaHHBIX HAHOCTPYKTYP JOCTUTAETCSA ONTHMaJbHOE COYeTaHHE LINUHENbHOU
U rekcaroHajJbHOM ¢a3s, obecrneuyrBalOUIMX MAaKCMMaJbHOE YMUCI0 aKTUBHBIX MexxdasHbIX
IPaHuL, HAa KOTOPBIX [IPU NMOBBIIIEHHBIX TeMIIepaTypax NPOUCXOAUT CAepKUBAHUE NIPOLEeCCOB
OKHCJIEHUS].

B o6siactu BbicOKMX KoHUeHTpauud ZnO (0.7-0.9 M) Takke HabGJ/0JaeTcs 3aMeTHBIH
pocT pgosu amopdHOM (a3bl, OJJHAKO ero abCoJIIOTHble 3HAYE€HHS] HECKOJbKO HUXe, YeM
JIs 00pasLloB, CoJepKallluX BKJ/OYeHHs ¢$as3bl reMaTUTa. JTO MOXET ObITb 00YCJOBJIEHO
JIOMUHUPOBaHHWEM 0o0Jiee XMMHYECKM YCTOMYMBOM rekcaroHajbHou ¢asel Zn0O, MeHee
oA BepPKeHHOU aMoppHr3aLUH B yCI0BUAX Bo3aencTBUs PBS.

CpaBHeHue pesysbTaToB npu 25 °C u 45 °C moka3blBaeT, YTO TeMIlepaTypa sBJIseTCs
KJIIOUeBBIM pAKTOPOM, ONIpeie/III0 UMM UHTEHCUBHOCTb 00pa30BaHUs aMOP(QHBIX BKJIIOYEHUU
B npoliecce Aerpazanuu. [loBbilieHre TeMnepaTypbl IPUBOAUT K aKTUBAL MU AU PY3MOHHBIX
IIPOLIECCOB, YCUJIEHHWIO B3aUMOJEWCTBUA IOBEPXHOCTHU HAHOYACTHL, C KOMIIOHEHTaMH
6ydpepHOro pacTBOpa U YCKOPEHHUIO pa3pylleHus AaJbHEr0 KPUCTAJJIMYECKOrOo MOpsjKa B
IPUTrPaHUYHBIX U AedeKTHbIX 06JacTax [18,19].

Ha pucyHke 5 npuBeeHbl pe3y/ibTaThbl OLleHKH CTeNIeHW UHBEPCHUU UCCIIeyEMbIX 00pa31 0B
(1-x)Fe,0, - XZnO HAaHOKOMIIO3UTOB B 3aBUCMMOCTH OT BpEMEHU HaxOXJAeHUs B 6ypepHOM
pactBope npu Temnepatypax 25 °C u 45 °C. UsyyeHue sdpdeKTa MHBEpPCHU HaNpPaBJIEHO
Ha ollpeJie/leHMe HU3MEHeHUM KaTHOHHOIO paclpefie/leHHsl B COCTaBe HaHOKOMIIO3WTOB,
KOTOpOe SIBJIIeTCS NPSMbIM NMOJATBEPXAEHUEM CTPYKTYPHbIX M3MEeHEHUU B oOpasiuax npu
UX JlerpaZlaljiy U MOCJAeAyIoleM pa3ynops/loYeHUH B pe3ysbTaTe AJUTEeJbHOr0 KOHTaKTa
co cpenou. Ilpy 3TOM HCHO/Ib30BaHME [AaHHOW BEJIMYMHBI NO3BOJIAET OLEHUTb BJIMSHHE
Bapualuu $pa3zoBOro COCTaBa Ha YCTOMYUBOCTb HAHOKOMIIO3UTOB K MpoL,eccaM JAeCTPYKLUH.

CorslacHO mpejCTaB/eHHBIM [JaHHBIM, B CJiydyae yBeJIMYEHHWS BpPEMEHU Hax0XJeHUs
HAaHOKOMIIO3UTOB B MOJZieJIbHOM O6ydepHOM pacTBope mpu TeMmnepatype 25 °C U3MeHeHUE
BEJINYMHBI CTElleHU WHBEPCUM U3MEHSeTCsd He3HAYMTeJbHO, NIPU COXpaHEeHUH TpeHJa K
yBEJMYEHHUI0 0 C POCTOM BpeMEHU BBbIJEPXKKH, OJHAKO JaHHble U3MEHEeHHUS] MUHUMaJIbHBbI,
4TO yKa3blBae€T Ha BbICOKYH CTPYKTYPHYK CTabGMJIbHOCTb WINHMHENbHON ¢asbl ZnFeO,,
YTO CBUJETEJNbCTBYET 00 OTCYTCTBUM MHTEHCUBHBIX MPOLECCOB KaTMOHHOW MUIrpanuyd U
daszoBoil pgerpagauud. [Ilpy saToMm cieayeT OTMETUTH, YTO B CJydae TeMIEpPATypbl CpeAbl
25 °C Bo3jelcTBUE Ccpe/ibl MOZEJbHOTO pPacTBOpAa OKa3biBaeT OTPaHWYEHHOE BJHSHHE Ha
KPUCTA/IJIOXUMHUUYECKOE COCTOSIHWE IINHHEeNM, a I[epepacnpesesieHUe KaTHUOHOB HOCHUT
JIOKaJIbHbIN U C/1a00BbIpaKeHHbIN XapaKTep, KOTOPbIA HanuboJiee MPOSABASAETCA IPU BpeMeHU
3KCHO3ULMH 7 HEH, a TaKXKe /11 00pa3L0B C BKJIIOUYEHUSIMU B BUZie pa3bl reMaTHUTa, KOTOpas
60Js1ee noZiBep>KeHa CTPYKTYPHOU JAerpajaliuy 4YeM BKIOYEHUS OKCU/a IUHKaA. Takxke ciefyeT
OTMETHUTD, YTO BHE 3aBUCUMOCTH OT HayaJIbHOI'0 3HAYEHUS CTEeNIeHU UHBEPCUHU /11 00pa3LioB
C pa3/iIMYHbIM Pa30BbIM COCTABOB, OOLUIM TPeH/| HAbJ/II0[jJaeMbIX U3MEHEHU U CBU/IETEJNbCTBYET
0 TOM, YTO IPOLEeCChl OKUCJIEHUS, IPOTEKAIOLHe B CTPYKType HAHOKOMIIO3UTOB 00YC/I0BJIEHDI
yBeJIMYeHHeM KaTHOHHOIO Iepepaclnpefie/ieHUs W, KakK CJeJCTBUe, POCTY KaTHUOHHOTO
becropsijika B CTPyKTYpe.
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PucyHOK 5. Pe3y/ibTaThl OL€HKHU H3MEHEHUH cTenneHu nHBepcuu B (1-x)Fe, 0, -xZn0
HAaHOKOMIIO3UTaX B 3aBUCUMOCTHU OT BpeMEeHH HaX0XKJeHHs B MO e/JIbHOM GypepHOM
pactBope: a) npu Temneparype 25 °C; 6) npu remneparype 45 °C

B sKkcnepuMeHTax Npu pa3MellleHUM HAaHOKOMII03UTOB B 6ypepHOM MO/ZieJIbHOM pacTBOpe
npu Temnepatype 45 °C, U3MeHeHUsI CTeleHU HHBEPCUU HMEKT 06oJsiee BbIPAXKEHHbIN
XapaKTep B 3aBUCMMOCTM OT BpPeMEHM 3KCNO3ULMHU. [Ipy 3TOM 3aMeTHbIH pPOCT CTENeHHU
MHBepCUM HabJuitofaeTca nocjae 3-5 cyTok npebbiBaHUs B pacTBope PBS, B MakcuMasibHbIe
M3MeHeHHUs HaOJoAalTcsd mocjie 7 CcyTok. Takxke ciefyeT OTMETUTb, YTO HauboJiee
BbIpaKeHHble M3MeHEeHMUsl HabJIoAAlTCcA AJs 00pasloB, COAepKallluX BKJ/IYeHUs (a3bl
reMaTMTa, a TakXxe [/ 00pa3lloB, B KOTOPbIX COJAEp)KaHHWe LINMWHesJbHOM ¢asbl ZnFe,0,
MUHHMAJIbHO, U TMPUCYTCTBYeT B BHUJE MEJKOAUCIEPCHBIX BKJIOYEHUH, MOABEpP>KEHHbIX
6o0Jiee MHTEHCMBHOMY BJIMSIHAIO MOBEPXHOCTHBIX M HHTepdelcHbix AedekToB. CieayeTt
OTMETUTD, YTO POCT CTENEHU HHBEPCUH IPHU U3MEHEHUHU TEMIIEPATYPbI MOJEJBHOTO pacTBOpa
06yc/IOBJIEH MHTEHCHUKALMEN aKTUBALUK JUPPYy3HOHHBIX NPOLECCOB HOHOB Fe,+ u Zn, +,
a TakXe ycuyeHHeM JlepeKTHbIX U TM/paTallMOHHbIX NPOLEeCCOB Ha Mex(a3HbIX IPaHULAX.
YBesnueHHe TeMIepaTypbl CHOCOOCTBYeT CHWXKEHMUIO 3HepreTUYeCKHX OapbepoB [Jid
KaTUOHHOM MHUTpAIMU U CTAOUIM3alMU 60Jiee HHBEPCHBIX, TEPMOJAUHAMUYECKU BbITOJHbBIX
KOHQUTypaL Ui WNUHEJbHOW CTPYKTYPhl, UTO MPUBOAUT K NepecTPpOorKe KPUCTALIUYECKOU
peuieTku [20],aTakKe HAKOTIJIEHUIO IeGEKTHBIX BKIIOYEHU M U MCKaXKEHU 0 KOOPAUHAIMOHHbBIX
nou3/ipoB. TakKe CBOM BKJIa/| BHOCST MPOLLECChl B3AaUMO/I€CTBHS TIOBEPXHOCTH HAHOYACTHI]
C KOMIIOHEHTaMU 6y¢depHOro pacTBOpa, YTO MOXKET MPUBOJUTDH K JIOKAJbHbIM UCKAXKEHUSIM
KOOP/IMHALMOHHOT0 OKPY»€HHUA KAaTUOHOB U la/IbHelIeMy Nepepacnpe/ieIeH|I0 HoHOB Fe +
Y Zn,+ MeX/ly TeTpasJpUu4eCKMMHU U OKTa3JPUIECKMMHU NO3ULUAMH.

ComnocTaB/jieHHe pe3yJbTAaTOB OLEHKHU CoZepKaHUsi aMOpP(HBbIX BKJIIOUYEHUH C JAHHBIMU
M0 W3MEHEHWI0 CTENEeHW WHBEPCUM IINWHeJbHOW ¢asbl ZnFe,0, Mo3BOJIAET yCTaHOBUTD
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UX MPSIMYI0 MPUYUHHO-CJIEeJCTBEHHYI0 B3aMMOCBs3b. Bo Bcex HcciielyeMbix 06pasiax pocT
JloJI1 aMOP(QHOM COCTaBJISIIOILEN COMPOBOXK/AAETCS YBEJUUYEHUEM CTENIeHW UHBEPCUU O, YTO
yKa3blBaeT Ha €JUHbId MeXaHW3M CTPYKTYPHOU Jerpajalyy, BKJIKYAWIIUKA KaTHOHHYIO
MUrpanu, aepekToobpazoBaHWe U YAaCTUUYHOE paspylleHHe AajJbHEro KpUCTaJlJIu4ecKoro
nopszka.

[Ipu Temneparype 25 °C, rae cofep:xaHue aMOpP(PHbIX BKJIYEHUN BO3pacTaeT YMEPEHHO
Y He IpeBbIlIaeT HECKOJIBKUX NPOLEHTOB Jaxe nocje 7 CyTOK BblZiep:KKU B PBS, usmeHnenus
CTelleHU MHBEPCHUM TaK>Ke HOCAT OrpaHUYeHHbIN XapakTep. Habstogaemas ciabas TeHeHLUs
K pocTy 8 KoppesupyeT C JOoKaJbHOU amMopdur3alvell B MPUIIOBEPXHOCTHBIX U Mexda3HbIX
ob6sactsax ZnFe,0,/Zn0, He oKa3biBas CyL|eCTBEHHOE BJIMAHWE Ha 00beMHble U3MEHEHHUsS B
LINUHEJNBbHOU CTPYKTYype. B JaHHBIX yCI0BUAX KaTUOHHOE Mepepacipe/iesieHue peajlu3yeTcs
NpeuMYylLeCTBEHHO BOJIN3H lePeKTHBIX 00/1aCTeN, YTO NPUBOAUT K OPMHUPOBAHUIO YACTUYHO
MHBEPCHBIX, HO CTPYKTYPHO CTAOWJIbHBIX KOHQUIypauud wWNuHe U. [Ipy NoBbILIEHHON
TeMnepatype 45 °C HabJ/t0aeTcs 3HAYUTEJbHO 00Jiee BBIPaXKEHHBIM POCT CoJiep:KaHus
amopdHoil da3bl, KOTOPbIA CONPOBOXK/AAETCS PE3KUM YBeJUYEHHEM CTEeNeHU MHBepCUH O,
JlOCTUTramlleil MaKCMMaJibHbIX 3HAUEHUN [/ 00pa310B ¢ MOHUKEHHbIM BECOBBIM BKJIaZIOM
IINKMHeJAbHOU (a3bl. ITO CBUAETENBCTBYET O TOM, YTO aMOpPHU3aLUsA CTPYKTypbl 06Jieryaet
KaTUOHHYI0 MUTPALUIO MEXAY TeTpas3ApUYeCKUMU U OKTA3APUYECKUMU MO3ULUAMHU 3a CYET
paspylieHus JTOKaJIbHbIX KOOPJUHAIMOHHbBIX CBSI3€W U CHUKEHHS IHEPTreTUYeCKUX 6apbepoB
JJ15 IepeCTPOUKU KPUCTAIJIOXMMHUYECKOT0 COCTOSTHUS LUTITAHEJIN.

YcTaHOBJIEHO yBeJIMYeHUE cojJiepkaHusi amMopdHOW a3bl U POCT CTeleHW HHBEPCUH
SBJISIIOTCS] B3aMMOCBSI3aHHBIMMU MPOSIBJIEHUSIMU MEXaHU3MOB Jerpazaunuu. AMopdusanus
CTPYKTYpbl CHHXKAa€T KPHUCTA/VIOXMMHYECKYH) YCTOMYMBOCTh WINMUMHEJbHOM ¢asbl ZnFe,0,
U CIIOCOOCTBYeT JAaJibHEWIlIeMy Iepepaclpe/ie/leHHI0 KaTUOHOB, TOrAA KaK pOCT CTeNeHU
WHBEPCUU OTPaKaeT IJIyOUHY 3THUX CTPYKTYPHBIX U3MEHEHU .

Ha pucynke 6 mnpuBeJeHa cxeMa, OTpa)Kaloljasd OCHOBHble MeXaHU3Mbl CTPYKTYPHOU
Jlerpajlaliiy, BbI3BaHHbIE KOPPO3MOHHBIMHU ITIpolieccaMu NpHU HaxoxzaeHnuu (1-x)Fe,0,-xZn0
HAaHOKOMIIO3UTOB B MO/leJIbHOM 6ydepHOM pacTBope. AHa/NU3 3KCIEPUMEHTaNbHBIX JAHHbBIX
NOKa3bIBaeT, YTO JerpajallMOHHbIe MPOLECChl B UCCAefyeMbIX HAaHOKOMIO3UTAaX UMEKT
KOMILJIEKCHBIM XapaKTep U O0OYCJOBJIeHbl B3aWMOCBSI3aHHbBIMHM HW3MeHEeHUSAMH (as3oBOro
COCTaBa, KPHUCTAJJIOXMMHUYECKOTO COCTOSIHUS IINHWHEJbHOH ¢da3bl ZnFeZO4 U CTeleHUu
€€ MHBEpPCUU. IJTU IMPOLECChl AKTUBUPYIOTCA B YCJOBUAX BO3JEHUCTBUA XKUJKOU Cpejbl,
NOBBILIEHHOW TeMIlepaTypbl U AJUTEJbHOTO BPEMEHMU IKCHO3ULMU U MOTYT CyLleCTBEHHO
BJIMSITh HAa QYHKIIMOHAJ/IbHbIE CBOMCTBA MaTepUaJa.
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PucyHOK 6. OCHOBHbIE MeXaHM3MbI KOppo3uM B (1-x)Fe 0, - XZnO HaHOKOMNO3UTaX

O HMM U3 KJII0YeBbIX MEXaHU3MOB JlerpaJilaliuy siBJISIeTCS TePMO- U Cpe0-UHAYLIMpOBaHHas
MUIpalUsA KaTUOHOB Fe,+ 1 Zn,+ Mex/ly TeTpasJpu4eCKMMHU U OKTa3ApUIECKUMHU NO3ULUAMHU
INMHeJbHOU pewéTKU. [loBbllleHMe TeMIepaTypbl U Haludyue OydepHOro pacTBopa
CIOCOOCTBYIOT CHH)KEHUIO 3HEpPTreTUYeCKUX OapbepoB [Jid KAaTHOHHOW AUPPy3UU, UTO
NPUBOJUT K MOCTENIEHHOMY POCTY CTEeNEeHW WHBEPCUM §. YBesiMyeHHEe J0JIM UOHOB Fe +
B TEeTpa3/JpUyeCcKUX MNO3UIUSAX COMNPOBOXK/JAETCSA YCUJIEHWEM KaTHUOHHOrO Oecrnopsiika U
OTKJIOHEHHWEM KPUCTAIJIOXMMHUY€ECKOU CTPYKTYPbI OT UCXOHOI'O METACTaOUIBHOTO COCTOSTHUS.
Takoil npouecc HOCUT HeOGpPaTUMBIN UJIK CJ1a600OPATUMbIN XapaKTep U SBJSAETCS OJAHUM U3
pPaHHUX IPU3HAKOB CTPYKTYPHOU Jlerpajaluu inrMHeabHOHU gasnl [21]. B cBolo ouepeb, pocT
CTelleHW MHBEPCHUMU TECHO CBfI3aH C yBeJIMYeHUEeM KOHLEHTpPAaLUU CTPYKTYPHBIX JePeKTOoB,
BKJIIOYasi KUCJOPOJHble BAaKAaHCHUH, JIOKAJbHble MCKaXXeHUS KOOPAMHALMOHHBIX MOJIM3/IPOB
Y HapylleHUs JAajbHero nopsaka. PopMupoBaHUe U HakoljieHUe JePeKTOB 00YCI0BJIEHO
Kak Mex(}asHbIMU HaNpsHKeHUsAMU Ha rpaHuuax ZnFe,O0,/ZnO, Tak W B3auMOJAEHCTBHEM
IOBEPXHOCTU HAHOYACTHL, C KOMIIOHeHTaMU 6ydepHoro pacTBopa. [loBbilieHHas e peKTHOCTD
CHUXKAaeT CTPYKTYpPHYIO YCTOMYMBOCTH IINHWHEJHW U 00JierdyaeT JajbHeHlIyld KaTUOHHYIO
NepecTpPorKy, yCUJIUBas JerpajlallMoHHble mpouecchbl [22]. Takke cieAyeT OTMETUTb, UYTO
NOBEPXHOCTHAsa TUJpaTalus, ajcopObuus HUOHOB U3 pacTBOpa M HU3MEHEHHe JIOKAJbHOIO
KOOPJAMHALIMOHHOTO OKPYXeHHSl KaTUOHOB MOTYT TaKXe NPUBOJAUTb K JlecTabuiu3alnydu
NIOBEPXHOCTHBIX CJI0€B, YTO B CBOIO 04epe/ib CTUMYJIUPYET POCT CTENIeHU MHBEPCHU KaK CII0co6
CHM>XeHHUS CBOOOJHOU 3HEPTUU CUCTEMBI.
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3akyIloyeHue

Pe3ynbTaThl 9KCIEPUMEHTOB, MOJEJUPYIOLIMX BO3JeiicTBUe 6ydepHoro pactBopa PBS Ha
CTPYKTYpy HAaHOKOMIIO3UTOB, CBUJETEJbCTBYIOT O TOM, YTO MCCIeAyeMble HAHOKOMIIO3UThI
006J/1a/1al0T y/IOBJETBOPUTEJNBHON YCTOMUMBOCTBIO K BO3JeMCTBUI0 GU3NOJOTUYECKOU Cpe/ibl
IpU yMEpeHHbIX TeMIlepaTypax, a BbIfABJIeHHble TeMIlepaTyYpPHO-3aBUCUMble H3MeHEeHUs
CTeNleHW UHBEPCUU CjeyeT YYUTbIBAThb NPHU OLlEHKe UX J0JTOBPEMEHHON CTPYKTYpPHOMU
CTabUJIBHOCTH U QYHKLHUOHAJbHBIX CBOWCTB, B TOM YMCJIe€ B KOHTEKCTE€ MarHUTHOU
TUNepTepMUU U OUOMEeAULIUHCKUX IPUMEHEHUH.

ComocTaB/jieHHe pe3yJbTAaTOB OLEHKH CofepKaHUsi aMOpP(HBbIX BKJIIOUYEHUH C AAHHBIMU
M0 M3MEHEHHUIO CTelleHW WHBEPCHM IINWHeJbHOW ¢asbl ZnFe,0, mokasbiBaeT UX MPAMYHO
B3aUMOCBSI3b U YKa3bIBAET HA €JMHbIM MEXaHU3M CTPYKTYPHOM Jilerpaiallui HAHOKOMITO3UTOB.
Poct fosn amopdHOU coCTaBJAOIEN CONPOBOXAAETCA YBeJWYeHUEeM CTelleHW UHBEPCUHU
0, YTO OTpakaeT yCUJieHHWe KAaTUOHHOW MUrpauuu U AedeKTooOpa3oBaHUS B CTPYKType
mnvHenu. [Ipu Ttemnepartype 25 °C faHHBIe NpOLECChl HOCAT OTPAaHUYEHHBIA XapaKTep
U JIOKaJU3YKTCA IMPEUMYILECTBEHHO B MPUIOBEPXHOCTHBIX MU Mex(da3HbIX 00JacTHaX,
YTO NPUBOAMUT JIMIIb K He3HauuTeJbHOMY pocTy 8. Ilpy moBbILIeHHOM TeMIlepaType 45
°C yBe/MYeHHEe CcoJepKaHUSl aMOP(HbIX BKJOYEHUN CTAaHOBUTCH CYLIECTBEHHO OoJjiee
BbIpaKEHHBIM U KOPPEJUPYET C PE3KUM POCTOM CTelleHU UHBEPCUH, OCOOEHHO B JijMana3oHe
KOHIleHTpanui Zn0O, COOTBETCTBYIOLIeM MaKCMMaJbHOMY YMCIAy MexXpas3HbIX TpaHUL]
ZnFe,0,/Zn0. 3TO CBUAETEJLCTBYET O TOM, YTO aMmMopdusanus CTPYKTYpbl CHUXKAET
KPHUCTaJIOXUMHAUYECKYI0 YCTOMYMBOCTD IINMHEJbHON (a3bl U 06JieryaeT nepepacnpesiesieHue
KaTUOHOB MeXJy TeTpasZpUuyeCcKMMHU W OKTa3[JpUYeCKUMU TMO3ULUAMH, NPUBOAA K
dbopMHpoOBaHUIO 60Jiee MHBEPCHBIX U AedeKTHbIX COCTOSSHUN. TakuM 0O6pa3oM, yBeJuyeHHue
cozepkaHus aMOpPHOM (asbl U POCT CTENEHU HWHBEPCHUU SABJISAIOTCS B3aUMOCBS3aHHBIMU
NpPOSABJIEHUSIMU [JleTrPalallMOHHBIX IPOLECCOB, ONpeAeAIIIUX 3BOJIOLUI0 CTPYKTYPHOIO
COCTOSIHUS U PYHKLIMOHAIbHbIX CBOMCTB UCC/I€lyeMbIX HAHOKOMIIO3HUTOB.
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(1-x)Fe304 - xZn0O HaHOKOMNO3UTTepiHAeri ¢pa3anblK KYPaMHbIH 63repyiHiH KOppo3usa
MeXaHU3M/JepiHiH Texe/yiHe acepiH 3epTTey

AxpaaTtna. Makanazga (1-x)Fe,0, - XZnO HaHOKOMIIO3UTTEPIHIH (asasbiK KypaMbIHbIH 63repyiHiH
HaHOOOJIIIEKTED JeHeHiH QU3UOJIOTUSJIBIK OPTAchblH MOJebJelTiH MoaenbAik docdhaTt 6ydeprik
epiTiHJisiepiMeH »KaHAacKaH Ke3je Maiaa 6oJlaTblH KOpPpo3usl NpoliecTepiHe Te3iMIinikke acepiH
3epTTey HITHXKesepi ycbiHbLIFaH. 25 °C xoaHe 45 °C TeMnepaTypaJiarbl HOTHKeIEPAl CalbICThIPMaJibl
TajJjay CYWbIK OopTaJarbl LINUHeJb $a3acblHbIH KYpbLIBIM/ABIK 63repicTep AsapexeciH 6acKapaTblH
aHbIKTaylbl GaKTOP TeMIepaTypa 60JbII TabblaaAbl JeTeH KOPbIThIH/bI XKacayFa MyMKIHJIK 6epefi.
besiMe TeMnepaTypacblHJa HAaHOKOMIIOSUTTEP >XOFapbl KPUCTANAbIK XWUMUSJIBIK TYPAKTBIIBIKTHI
kepceTei, an 45 °C TeMmnepaTypaa KaTUOHAAP/bIH TapaJybIHbIH 6ipTiH/Ie 9BOTIOIUACKI 6alKaia/ b,
Oy/l WHBEPCUA [JdpEeXecCiHiH apTybiHa joHe ZnFe,0, IMNWHENIHIH KypbUIbIMbIHJA KaTHOHJBIK,
Oy3bLIBICTBIH apTybliHa aKeseai. KyprisiireHn 3eprreynep 6apbicbiH/ia aMopdThl dpa3a KypaMbIHBIH
apTybl IWINHUHeJb (as3acblHblH, UHBEPCUSI [JopeKeciHiH TipkeJareH apTybIMeH >oHe KaTHUOHJABIK,
OY3bLIBICTBIH 6CYiMeH KoppeJisya/JaHaTbIHbl aHbIKTa//bI, 0yJ1 KATUOH MUTPALMACHIH, aKay/blH Taiija
00JIybIH KoHe KYPbLJIBIMHBIH illliHapa aMOpPTaHyblH KAMTUTBIH OipbIHFall Jerpajanys MexaHU3MiH
kepcete/i. COHbIMeH KaTap, TiNTi eH ayblp blAblpay XaffadlaapbiHja fa (45 °C, 7 kyH) aMmopdThl
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Study of the influence of phase composition variation in (1-x)Fe,0, - xXZn0O nanocomposites on
the inhibition of corrosion mechanisms

Abstract. The paper presents the results of studies of the influence of changes in the phase
composition of (1-x)Fe,0, - xZnO nanocomposites on the resistance to corrosion processes that
occur when nanoparticles come into contact with model phosphate buffer solutions that simulate the
physiological environment of the body. A comparative analysis of the results at 25 °C and 45 °C makes
it possible to conclude that temperature is the determining factor controlling the degree of structural
changes of the spinel phase in a liquid medium. At room temperature, the nanocomposites exhibit high
crystal chemical stability, whereas at 45 °C, a gradual evolution of the cation distribution, leading to
an increase in the inversion degree and an increase in cationic disorder in the structure of ZnFe,0,
spinel, is observed. During the conducted studies, it was established that the growth in the content of the
amorphous phase correlates with the recorded increase in the degree of inversion of the spinel phase
and the growth of cationic disorder, which indicates a single degradation mechanism, including cation
migration, defect formation, and partial amorphization of the structure. Moreover, even under the most
severe degradation conditions (45 °C, 7 days), the total proportion of amorphous inclusions remains
limited, which confirms the satisfactory structural stability of the studied nanocomposites.

Keywords: nanoparticles, corrosion, structural degradation, disorder, inversion
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AaaTtna. Makasiazia KBaHTTBIK KYHeJIepAiH KYWJIepiH, y3i/icCi3/iK )KoHe CUM-
METPUSJIBbIIBIK KACUETTEPIH ThIFbI3AbIK MaTPUILAChl apKbL/Ibl CUIIATTayFa ap-
HaJIFaH TEOPUSJIBbIK 3epTTey/iep YChIHbLIFAaH. OnepaTopJiap, oJ1apAblH KOMMY-
Tauusapsl JIu TonTapel MeH ajrebpasiapbl apKblibl 6pHEKTeN 1. ThIFbI3/bIK,
MaTpulacblHa apHaJiFaH HeliMaH HeMece J/INyBUJIAIH KBaHTTHIK TEH/EYiH CTa-
MOHAp raMUJIbTOHUAH YIIiH 1Iely apKblibl )KyHeJeri 6ap/blK, OKUFalap/blH
cebenTepine JIu anrebpasiapbl TYpFbICbIHAH TaJiay/iap acanzbl. ThIFbI3bIK
MaTpHUILACBIHBIH YaKbITKA Taye/JiJiriHeH 6aKplIaHyLIbLIap TOyeAAinirine ety
apKblJIbl OaKblLIaHyLIbLIAPAbIH, [eii3eHOeprTik KepiHicTeri AUHaMHKacblHA
apHaJIFaH aHe 6aKblIaHyUIbLIap/AbIH JIU anrebpacblH 63repTHelTiH yHUTap-
JIbl TeHJley/iepre KoJ XeTkKisingi. JIMHA6/1a] TeHAeyiH cTaluoHapJibl cynep
orepaTop YWIiH Wenly apKblibl KOpLIaFaH OpTaMeH dJICi3 acepJieCeTiH allbIK,
KBaHTTBIK XyHeJiep/iH AMHAMHUKACbIHA KaH—KaKThbl 6afa Oepingi. Koparan
OpTaMeH dcepJieCceTiH KBAaHTTHIK dJIEMHEH KJIACCHUKAJIBIK dJleMre 6Ty MyMKIH-
Ziiri Byiox lapbIHBIH CBIFBLIYBI apKbLIbl KepceTinzi. JIuaiyg 6ip aarebpacbiHaH
6acka 6ip asirebpacbiHa Kellly »aF/jaiyiapbl HaKTblIaHAbL. JINHAOMA TeHeYi
»KoHe OHbIH, LelliMi ['esiz1-MaHH MaTpuLacel yaricinge »xaspijbl. Ecenteynep
Ke3iHJe ilKi ajare6pasapiblH, 6a3UcTepi MeH reHepaTopJapblHbIH, apachIH-
JlaFbl OailJlaHbICTAp TOPT 6JIIIEM/] XKaFAalFa collkecTeH/ipinfi. YaKbIT allHbI-
MaJIbICbIHBIH, YJIKEH MOHZepi YIIiH ThIFbI3JAbIK MaTPULLACBIHBIH, CbIFbLIA aJja-
ThIH ailMaFbIHbIH, MaTeMaTHUKaJIbIK HYCKACbl aHbIKTAJIJbl.

TyiiH ce3aep: anrebpa, TonTap, KBAHTTHIK alllbIK KY€, ThIFbI3/IbIK MaTpHULia-
Chl, ollepaTopJiap, CAMMeTpHUs, Y3iJicCi3fik, Kyliep
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Awbik keaHmmulK sicylienepdiny duHamukacsiH Jlu monmapbul
MeH a/12e6panapsl apKblLibl 3epmmey

Kipicne

TonTap MeH cuMMeTpusilap TEOPHUSACbl MaTeMaTUKaJbIK (U3UKAHBIH €CeNTey, 3epTTeY,
Ta/ljay anmnapaTbl peTiHJe TeopUsbIK (U3MKaJaFbl MaHbI3/[bl KYObLIBICTapAbl 3epTTey
KypaJ/iblHa allHaJIbI OThIP. JJieMeHTap OeJilleKTep PU3UKACbIHAAFbI, KOCMOJIOTUSIJAaFbl )KoHE
OCbl CeKi/1Zji 6acKa Jja FbIIBIMU cajlasajap/arbl (6aFbITTapAafFbl) Y3/iKCi3 CHMMeTpUsAIapAb
3epTtTeyne JIugiH TonTapbl MeH ajirebpasapbl MaHbI3Zbl peJ aTKapyza. PensaTuBucTik
¢usukaHblH HeridiH JlopeHl oHe [lyaHkepe TomTapbl Kypaca, ajieMeHTap OeJlieKTep/liH,
3aMaHay¥ TeOpUSIChI KaJuOpJieylli TONTaFbl KaJIUOPJIiK CAMMETPUSHBI OaClIbIIBIKKA a/1abl.
JIu asnrebpasiapblHbIH KaJbIITACy KapKbIHbI JIU TONTapbIHbIH JaMyblHa 6aiiJlaHbICTbI 6013/ bl.
JIu anrebpasiapbl MeH TONTapbIHbIH TeopuscbiH 1870 »blibl HOpBErUsabIK MaTeMaTUK Codyc
JIn (1842-1899) kanafaH 60s1aThIH, ajaizia 6ys TeopusiFa MyHJal aTTel (aTtayabl) 1934
»KblJIbl HeMic MaTeMaTuri [epMmaH Beiis 6epai. ByFaH feliiH 6y Teopus «TONTbIH UHPUHUTTIK
TYpJieHAipyJiepi» aereH aTtneH 6enrijai 6osraH. Codyc Jlu nuddepeHUaNIbIK TEHAEYIED
yiiH JBepuc [anyaHblH anrebpajblK TeHJey/lepre apHal jacaFaH TeopHUsCblHA YKcac
e3iH/lik epekilesiri 6ap TeopHs *acafFbICbl KesiJji. OHbIH OCbl GAaFbITTA aTKAPFaH KaKbIPJIbI
eHOeKTepiHiH HaTHXeCiH/le AyHUere JIM TonTapblHbIH TeOpUsChl KeJiAi. JIu apTypJii cuniaTTarbl
(epexuwenikteri) auddepeHuHaNIbIK TeHJAeyNepAi HWHTerpasjayfa apHajJfaH apHaibl
dicTep/ii Tasau Kejie MbIHaZail KOPbITbIH/bIFA TOKTAJIJbl: OYJI 9/jicTep/iH 6ap bIFbl 1A LIbIH
MOHICiH/le MHTerpa/Jay/iblH, *aJlblJiaMasbl TACJIiHIH Aepbec aFaanaapbl 60Jybl MyYMKIiH
[1,2]. JIu TonmTapblHBbIH, KOHLENUUSAChI MaTeMaTHKa MEeH >XapaTbUIbICTbIH, y3i1icCi30iK aHe
CUMMEMPUSANLIALIK aTThl GyHAaMeHTaA bl (ipresi) eki uaesapblH TOFbICTbIPAbL. COHBIMEH
6ipre, Jlu anrebpanapbl-6a3UCTIK 3JIeMEHTTEpPi KOMMYyTallus HeMece aHTUKOMMYTaLUs
epexxeJsiepiHe 6aFbIHATBIH ajredpa.

KBaHTTBIK MexaHMKaJlaFbl allbIK KYHe el CbIpTKbl OpTaMeH 3Heprysd KoHe 3aT ajiMaca
aJIaThIH XKYHeHi alTabl. XKyiie aliblK 60J1ybl YLIiH TaFbl 6ip MaHbI3/bl LLAPT OPbIHAAJYBI THIC,
OJI-IFHU KYMeHiH AYWHaMHUKacblHa KaTbICTbl Ke3-KeJireH 0ip GaKplIaHyIIbl HIaMaHbl eJiley
dpeKeTTepi OChl )KYHeHiH KBaHTTbIK KyHiHiH KalTbIMChI3 ©3repicTepiMeH 6aiaHbICTa 6OV
CoHJBIKTaH [a, allbIK, XXyWeslepAiH KBAaHTTBIK TEOPUSACbIHJA KBAHTTBIK 6JILIeyJep/iH OpHBbI
epekiie. KylaccukanblK MexaHUKaza eJlieysep aca 6ip MaHbI3Fa e eMec. AUIBIK XKyiesep
raMuJIbTOH/bI )K9HE TaMUJIbTOH/bI eMecC 60JIbll 6eJiHeAl. [aMUIbTOHABIK XKyHesepiH faMy
KapKbIHbI TOJIBIKTAaW OHbIH, TaMUJIbTOHMAHbIMEH aHbIKTanabl. MyHal KyWesiep YHUTApPJIbI
omnepaTopJiapAblH 6ip napaMeTpJii TOObI apKbl/bl cUllaTTana/ibl. Ko3rasnbic TeHAeyepi peTiHae
HeiimaHn xoHe [eii3eHbepr TeHJeysnepi KoagaHblaabl. ChIPTKbI acepJiepAiH bIKIaablH/AAFbI
MapKThl FaMUJbTOH/bl €MeC KBAaHTTHIK XyWesepAiH AuHaMuKackl JIMHAOGAAA TeHJeyiMeH
aHbIKTaJa/bl.

KeHicTik — yakpbIT [1eH 66J111eKTep/liH TypJieHyi Ke3iH/ie KBaHTThIK MeXaHUKa TeH/ey/epiHiH
e3repicci3 Kalybl KBAaHTTBIK MeXaHUKaJlara cummempusaap fen ataaagbl. JKaanel aarasza,
dusrkKagarel CUMMeETpHUSJapFa, UHBAPUAHTTBUIBLIK IeH CaKTaldy 3aHJapblHa (pU3UKaJbIK
TeopUsJap MeH MOJeJsbJep/i acay Ke3iHJeri HeKTeyJep peTiHAe KapauTbIHbI »KaCbIpbIH
eMec. AJ, ic xKy3iHze OyJsiap — MaceJieHi LIelly/liH XoHe HaKThLJIbl O0ip HOTHXKeHi 60/Kay/blH,
TanTblpMac Taciiaepi. CakTany 3aHAapbl MaceseHi Tybereii memin 6epe ajMarFaHbIMEH,
HIeUIyre KaThICThI epeXkesiep MeH LIeKTeylepAi YThIM/bl NalAajlaHyFfa 6arbIT-6aFaap bepesi.
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COHFbI yaKbITThl 3JieMeHTap OeJillieKTep (U3HWKAChIH CUMMETPHUSJIBIK TYpPFblJa 3epTTey
IIbIHJAMN KOJIFA aJiblHFaH, ASFHU QU3UKaHbIH, OyJ1 cajacbiHa JIM TonTapbl MeH aJjrebpajiapbiH
KOJIZJAHBLIYbI Y3/[iKCi3 CUMMETPHUSAJIbI KYObLIbICTAP/AbIH KaH-KaKTbl 3€PTTeJyiHe KO0JI alllThl.
KBaHTTBIK MeXxaHUMKaJarbl KeHICTIKTKTIK aliHa/lly MeH yaKbIT OOUBIHIIA BIFBICY/bl Yy3idicci3
CUMeTpHSIap KaTapblHa )KaTKbI3yFa 00/1abl. JIu anrebpasiapbl — JIM TONTapbIHbIH, ChI3bIKTBIK,
KYBbIKTaJIFaH KeWini (yzrici), o1 MaTeMaTHUKaJbIK ecenTeysep/i bIKIIAM/bl, 9pi OHTaWJbI
KYprisyre MyMkiHzjik 6epezi. KBaHTThIK MeXaHUKa/laFbl UMIYJIbC K9HE OYPBIIITHIK MOMEHT
onepaTtopJsaphbl JIM anrebpacblHbIH, reHepaTopJiapbl peTiH/Je OaKblJaHATBHIH IllIaMajapMeH
6aiiaHbICchl 6ap. A, JIu TonTaphl 60Jica KBaHTTHIK KyHJep/i CHMMeTPUSAJIBIK KacCUeTTepiHe
Kapal KJjactapra OeJiin 6epe anazapl. Meicabl, ailHany (allHajbIic) TONTapbl aTOMAAp MeH
a/iposapAblH, chepasiblK CUMMeTpUsJapbiH 3epTTece, [lyaHkepe ToMTapbl pPeSITUBUCTIK
KBaHTTbIK MeXaHHKaJlaFbl O6JIIEKTIH »Kal-KyHiH KapacTblpaJbl. KBAaHTTBIK MexaHUKaJaFbl
OoypbIIThHIK MoMeHT SO(3) aliHasbIC TONTaphbl apKblibl cunaTtasajbl. CoHbIMEH 6ipre, Jlu
TONTApPbl KBAHTTBIK CaHAAp MeH 3HEprus JeHreusepiH aHbIKTAaUTbIH CUMMeTpUSAIapMeH
allHaJ/bICaThIH OOJIFAH/BIKTAH, OJIap apKbLIbl aTOMJAp MeH SApOoJIapAblH CIeKTpJiepiHiH,
KYPbUIBIMBIH TYCiHZiIpe asiaMbI3. OpicTepZiiH, KBaHTTBIK TeOpHUACbIHAA JIM TomTapbl
JlarpaH)KHaHAap/blH, CUMMETPHUSIChIH CUIIATTay/1a KoHe 3JIeMeHTap OeJilIeKTepAi KjacTapFa
661y MaKcaTbIH/a KosAaHbliazbl. Os1ail 60J1ca, JInaiH anrebpaiapbl MEH TONTAPbIH KBAHTTHIK,
)KyHeJiep MeH oJ1ap/blH dcepJiecy/iepiH TepeH TyCiHyre MyMKiH/iK (TopMeH ) 6epeTiH KyAipeTTi
MaTeMaTUKaJbIK anlapaT peTiH/je TaHyFa 60/1a/ibl eKeH. ballylaHbICKaH KyiJiep CeKTpJIepiHiH,
KYJIOH/BIK TapTy 6piCiHJe KBAaHTTAJYbIH KoHe YII eJIleM/i U30TPONThl OCLUUIATOPABIH,
KBAaHTTBIK KYWJIepiHiH CHMMeTpHUS TONTaphl KOpiHiciHAe cunaTTanyblH JIu anredbpachbiHbIH,
KBAaHTTbIK pU3UKaAaFbl KOJIJAHbICBIHBIH, TaFbl 6ip KepiHici aen Kabbliaay kepek. KBaHTTBIK
KyWeJleri cUMMeTpUsiJlap MeH 3aH/AbLIbIKTAp KebiHe ormepaTopJiap ajirebpachbl apKblibl
epHeKTe e, OyJ KajaM oJiIapAblH JUHAMHKAchl MEH KAacUeTTepiH KO3FaJbIC TeHJeyJepiH
Hnielnem-ak 3epTTen 6epyre »Karaau xkacaiibl. Ocbl KeJITipiJireH aFanaap MeH MaKaJlaHbIH,
TaKbpIpbIObl OOMBIHIIA TOMeHJe KeJTipijreH 6GipkaTap TbIH MaceJsesjiep KapacTbIpbLblI,
niemriJieTiH 6oJa/bl:

— KBAHTTBIK KYHeJslep/iH KyHJepiH, y3ULIiCCi3JiK KoHe CUMMeTPHUSAJBLIBIK KacueTTepiH
TBIFbI3/JIbIK MaTPHULLAChl apKbL/bl CUIIATTAY;

— XKyHeJiepJieri CUMMeTpUsIap/bl, onepaTopJap/Abl, KOMMyTayusaapAbl JIu Tontapbl MeH
asirebpasiapbl apKblJbl 3epTTEY;

— TBIFBI3/IbIK MaTpullacblHAa apasifraH HeliMaH HeMece JIMyBWJIAIH KBAHTTHIK TeH/JEYiH
CTallMOHApJ/bl TaMWJBTOHUAH >KafJaublHJAa Ulelly apKbLIbl KyWhezeri OKufalapiaH
aKraparTap aJnay;

— OKWFasapAblH cebenTepiHe JIu asre6pachkl apKplibl Tajaay/iap xacay;

— TBIFbI3/IIK MaTPHULACBIHBIH YaKbITKA ToyeJJiJiriHeH OaKblJIaHYILIbLIAp TayeJAisirine
aybICy apKbl/bl 0aKblIaHyIbLIapAbIH [eli3eHOeprTik KepiHicTeri JUHaMUKaCbIH CAIIATTAUThIH
’KoHe OaKblIaHYILIbLIAP/AbIH JIU asrebpacblH 63repTHeNTiH YHUTapJbl TeHJey/aepre KoJ
KeTKi3y;

— alllbIK KBAHTTBIK KyWesepAiH AUHAMUKAcblH JIMHAOJAA TeHAEYiH cymep omepaTop
»KarJaublH/a Lewy;
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— alIbIK, KBAHTTBIK 9JIEMHEH KJIAaCCUKAJIBIK dJIeMre Ty i B10oX lIapbIHbIH CBIFbIIY bl aPKbIJIbI
TYCIHAIDY;

— Jluaiy 6ip anrebpacblHaH eKiHIIi 6ip >kaHa ajrebpafa Kelly >XaFJalJlapblH KepceTy,
Jluna6san TeH eyi MeH OHBIH, LWelliMiH ['ess1-MaHH MaTpuLacel y/ricinje xasy.

— iKi anre6panap/blH 6a3ucTepi MeH reHepaTopJiapblHbIH apacblH/AAFbl 6alhaHbICTaAp/bl
TOPT eJILIeM/] )KaFjauFa CONKeCcTeHAipy.

JdJicHamMa

Jlu TomTaphel MeH aJjrebpasiapbiHblH, PU3UKaAAFbl, MAaTEMAaTUKAAAFbl KOHE XUMHUSIAFbl
CUMMeTpUsJIapAbl CUMNATTAyblH, TaJJlayblH 3epTTey dJicHaMacblHa >KaTKbI3yFa 00J1a/ibl.
OcbuiapMeH 6ipre, aTOMJbIK *K9He Cy0AaTOMJbIK JeHrehaeri KyObLIbICTapAbl MO/JEJbAEY,
MMIYJbC NEH 3HEeprus cekijji 6akKblJIaHATBIH l1aMaljlapFa KaTbICThl eenTeysep/i Kyprisy
»KOHe epKiHJIK JaperkesiepiHiH caHbl YJKeH OOJIbIN KeJIreH jKyieJsiepre epicTiH KBAaHTTBIK
TEOPUSCBIH KOJIJJaHy MaceJsesiepi fe Jlu TonmTapbl MeH ajrebpasjapblHbIH KOJJaHbLIY
dflicHaMacblHA Kipeni. TonmTapAblH XKaJjllbl TEOPUACHl MOJIEKYJAJbIK KypbLIbBIMAAD MEH
KPUCTaNAbIK TOpJapAblH KJacTapblH KapacTbipca, Jlu TonTtapel JuddepeHuusnabIK
TEHJeyJep MeH KONKbIPJbLIbIKTAp/Abl X9HE TeOpUS/IbIK (PU3UKaAaFbl 3aHAbLIbIKTAPbl
6acKapblll OTBIPATBIH CUMMETpPHUSJIApPAbl CUNATTAy MaKcaTbhlHAA KoJJaHbliafbl. KBaHTTBIK
MeXxaHUKaZaFbl alrebpasblK TICuIAep KaTapblHA KBAaHTTBIK >KyHesepAi CUMATTAaWTbIH
rMJIb0epTTIK KeHiCTIKTepre YKCaWTbIH a/iredpasblK, KypblIbIMAApAbl »KaTKbI3yFa 00J1a/ibl.
KBaHTTBIK MexaHHWKaza JIM TonmTapbl >KYHEHIH 3BOJIIOLUUSACHBIH CUMATTAWUTBIH YHUTAPJIbI
(TyTac) TypJseHaipyaep peJiH, an Jlu anre6pasapbel 6akpliaHaTblH GU3MKAJBIK, LiaMajaap
MeH OJIapZAblH TYpJIeHYyiHe COMKeC KeJIeTiH 3PMUTTIK ollepaTopJiap KbI3METiH aTKapazbl.
Op6uTazarbl 3JIeKTPOHAAPABIH KYWeCi, 3JIeKTpOHAAp/AblH Maijia 60/1ybl MeH KOWbLIybIHA
KaTbICThI OlepaTopJiap/iblH, apacblHAaFbl KOMMYTALUSJIbIK KAaTbIHACTBIP JIK aqre6pachbiHbIH,
Heri3ri 3epTTey HbIcaHJapblHa xaTazabl [3]. Bysn »kepae kKoMMyTaTopJiap KJaCCUKaJbIK
MexaHUKazAarbl [lyaccoH »akKliaJapblHbIH KBAaHTTHIK, y/ITici 60J1bIM Tabbl1a/bl. JIU anrebpacsl
A-JIu anre6pacbiHbIH, 3JIEMeHTI (3pMHUTTIK MaTpula), ajJ 0Cbl 6ANWIAHBICTBIH HITHXKECiH/Ie
JIu TOOBIHBIH, 3JieMeHTi (yHUTapJibl MaTpuua) naija 6osajbl. KBaHTTBIK ecenTeysepze
JIu TonTapbl MeH ajirebpaJjiapbl KyOUTTepAiH KyHJepiH 6ackapy yuliH KoJjAaHblLiajbl. Jlu
ajsrebpachkl yHUTapJibl OllepaTopJ/iap KUbIHbIH KypacTbhIpyFa >Xafjad »Kacai/ipl, aj oJiap
03 Ke3eriHJle KBAaHTTBIK aJIrOpUTMAEp/iH, OpbIHJANYbIH icKe acbipagbl. Osail 6oJica, Jlu
asirebpasiapblH Y3/iKCi3 CHMMeTpPUSACHI 6ap KBAaHTTHIK, XKyHeJsiep/ii 3epTTeyre KoJAaHbLIaTbIH
MaTeMaTHUKaJ/IbIK ammnapaT Jell >XoHe KBAaHTTBIK ecenTeysjep/e KBAaHTThIK aJrOpUTMAEpAl
»Kacay, TaJay KypaJibl [iell KaobliayFa 601a/bl eKeH.

Hatmxesiep meH Tasikbliay

CaHbl XaFblHAaH ©T€ KOI KYObLIbICTAPAbl >KAaH-)KAaKThl CUNATTAM ajaThlH €H, aJIFallKbI
ipresii PpU3MKa/bIK TeOpHUs — KJACCUKAJbIK MexaHWKa. AJl, KBaHTTbIK MeXaHMKa 6oJica
OCbIH/Ial KYyObLIBICTap/AbIH 6piciH KeHeUTin 6epai. KBAaHTTBIK aJieM/li cManTTay TaciajepiHiH,
OapJbIFBIHBIH, Jla ©3iHJiK epeKllesairi 6oJIFaHbIMEH, COJIAPAbIH, illliHAEe TbIFbI3/bIK
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MaTpHULLAChIHbIH aJ1aThIH OPHBI 66J1eK Jiece 60/1a/bl. OHBIH 3/1eMeHTI (Kypamzac 6eJiri) peTiHze
KaHJau fa 6ip Ken eJiieM/i HbICaHAbl KapacThipyFa 6osazbl. Mbicasbl, cdhepa apKblibl biox
KyOUTiHIH KylJiepiH cunaTTai ajaThiH 60JICAK, OH/Ia KJIACCUKAJIBIK dJieM 0Cbl cepa itiHaeri z
6aFbITTa TAPTHIJIFAH KeCiH/lire >KoHe ThIFbI3/IbIK MaTPULACbIHbIH JIUarOHAJI/Ibl 3JIEMEHTTEpiHe
colikec KeseTiH 60J1aAbl. AJ, chepaHblH OapJbIK KaJfaH 06Jiri KBAaHTTBIK dJieMre THUeCLI.
MaTpuLiaHblH AYMaroHaazbl eMec 3JIEMEHTTEpPI apKblJbl CUIIATTAJAThIH 9PTYpPJli KYHJIEpAiH,
Cynepno3uLUsiaHybl — KBAHTTBIK TEOPUSHBIH 63iHe FaHa TOH epeKUIeiK.

dusurkaZia AYHHeEre KeJreH XXaHa Teopus/ia ecKi Teopus IEKTi KaFial peTiHJe OTbIpa/ibl.
KBaHTTBIK»X9HE KJIACCUKaJIbIKMeXaHMKaHbIHMaTeMaTHKa/bIKannapaTTapblH 0ailJlaHbICTBIPY
yiiH A—0 mapTtbeiHaH 6acka JIu anrebpasiapbl apKblibl CUNATTalaTbIH LIEKTI KaFaanaap Aa
6ap. Ty#bIK xyHeJsiep ylIiH LIpeAUHTepJiK KepiHicTeri ThIFbI3/bIK MaTpULacel ¢oH HelimaH
TeHJleyl HeMece KBAHTTBIK >KYHEHIH Cylepro3vlys, KOMMYTAaTTBUIBIK eMeC dHe T.C.C.
KacueTTepiH KaCUeTTePiH TOJIbIKTAW CaKTaUuThIH JINYBUJIJ TeHEYi apKbl/ibl aHbIKTaJIa/lbl:

p() =+ [p(), H] = L(O)p(1) (1)

MyHAarbel L(t) — JinyBuiAiH cyneponepatopsl [4]. Erep, H raMUJbTOHHAH yaKbITKa
TayesAi 6osmaca, ovga (1)-aiH memnrimi

p(t) =Y(@)p(0)Y*(t) = Qp(0) = exp(Lt)p(0) (2)

Bysn wemiMae Y(t)=exp(—%Ht) xoHe () = exp(Lt). ThIFbI3ABIK MaTPHULACBIHBIH,
YaKbITKA TOyeJIIrH 6aKblJIaHyLIblIAP TayeJiAiirine ayzapy ApPKBLJIbI
6akplIaHylIbLIapAblH, ['eli3eHOeprTiK KepiHicTeri AWHAMMUKAcblHA KOJI KETKi3eTiH
00J1aMblI3:

[(£) = = [H,T(®)] = L' ()T (t) (3)
L(t) = Y*(OT )Y () = Q*(£)T'(0) = exp(L*t)T(0) (4)

Ocbl ’Ka3bIFAH YHUTApPJBbIK (TyTac) TeHAeyep 6aKblIaHyUIbLIapaAbiH JIu
a/irebpachbIHbIH TYP-CUNATbIH 63TrepTHEenA].

KopuaraH opTaMmeH aJici3 acepJiecysiepre TYCETiH alllblK KBAHTTBIK >KyHeJep/iH,
JMHaMUKacbl JIMyBWJ/II TeHJeyiHeH aJiblHaTblH TeMeHJeri JIuHabsan TeHJAeyiMeH
KepceTiieni:

p = +lp. H + Zivie {VioVii =3 Vi, p)} = L0 (®) (5)

Balikan oTbipfaHbiMbI3Aal, (5) — TeHuey (1) — TeHAey[iH OH >kaFblHa (allIbIK
YKyUesiepZiiH IMHAMUKACbIHbIH TYTaCThLJIbIFbIHA COMKEC KeJIETiH 66JliriHe) IMHAMUKAHBIH,
IIaniblpaHKbLIbIFbIHA YKayan 6epeTiH MyllesepAi KOCy apKblibl ajibiHFaH. TeHaeyaeri V-
Jluna6saaa onepatopJiapbl 60FaH/bIKTaH, L-J/IMHA6/MaAThIH Cyniep onepaTopJiapbl Jen
aTaJaTbIH 60J1a/1bl, U —KYHeJleri apTypJii aJicipeyJiepre colKec KeJIeTiH peJsiakcalusiiap
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KbUIJAM/IBIFBL. L—/1H CTallMOHapJIbl (YaKbITKA T9yeJICi3) »KaF/JanblHa ColKecC KeJeTiH (5)-
TeHJeYAiH LeliMiH (2)-cekinai kerdinTe kasyra 60/1a4bl:

p(t) = Qp(0) = exp(Lt)p(0) (6)

KopiiaraH opTameH acepJiecyJiep KBaHTThIK KaCUeTTepP/iH KOUbLIybIHA XKeTKi3ei Jie
alllbIK, >KyHle/e KJacCUKaJ/bIK 3aHAbLIBIKTAP OPbIH ajia 6acTaifbl. Bys »kaF/jail ThIFbI3/bIK
MaTpULACbIHAAFbl  JAUaroHajAbl eMeC 3JeMeHTTepAiH HeJire aWHaJdyblHA J>KoHE
OaKplIaHyLIbLIAp ajarebpacblHa KOCbIMINA abesb/i ki aarebpanap/iblH, KOCbLIyblHA ceben
6osnazbl. OCbl KeJTIpUITEH TYXbIPbIMAApPFa MbIcajl KeJTIpy apKblibl TYCiHIKTeMe >kacam
eTelik: (1)-TeHJey eKi AeHTelnli )XyheHiH 6acTankbl KyW/iepiH ailHa/lblpa OTbIPHII, OHBIH, Z
oCbiHe (KJIaCCHKaJIbIK 9J1eMTe) KaKbIH/Aal KeTIeYiH KajaFasan oThIpabl [5, 6]; an (5)-TeHaey
bosica 6GacTankKbl KBAaHTTBIK KYWiepZi Z oOcCbiHe OapblHIIA >XaKbIHJATa OTbIPbIN, OHBI
KJIACCUKaJIBbIK, KyWre avHaabipajabl. Osal 6osica, JIuabaaateiy (5) *koHe (6) TypJsepgaeri
TeHJeyJiepi apKbljibl CUNIATTaJaTbIH alllbIK KBAHTTHIK KyWeJep/iH JUHAMUKACbl KBAHTTBIK
asieMai (bsox mapbl) KJIacCUKa/bIK >KafFgadWfa (z ocbiHferi KeciHaire) aediH cbIFafibl
(koHTpakuus). JIu anredbpasiapblHbIH (TONTAPbIHbIH) KEHICTIKTIK KOHTPAKIMSACHI /]a TONTHIH
KYPBUIBIMABIK ~TYPaKTblJIApbIHbIH, CBIFBLIYbl TypiHZAe OaWKanajbl, OyJ KaFgai
KOMMYTaTOpJIapAblH, HeJJleHyiHe okKeJin cofaabl. Osail 6GoJsica, KopluaFaH oOpTaMeH
acepJieceTiH KBAaHTTHIK 9JIeMHEH KJIACCUKAJBIK dJieMre 6Ty MyYMKIH/ITH KOHTpaKL U TiliHAe
TYCiHAipyTe 60J1a/ibl EKEH.

['elizeHbeprTik bOeilHese A GakpliaHywbLIap yiuiH JIMHAO/1a TeHJeyi MblHA TypJe
»KasbLIajbl:

A =L H AL+ v (A, = RV A)f = L' (DA®) (7)

A(t) = Qz(4) = exp(L't)A(0) (8)

(8)-re celikec KeJsieTiH KOMMYTaLMSJIbIK KaTbIHACTap/blH YaKbIT OOMbIHIIA ©3repicTepi
TOMeH/Ierifel:

[4i, 4], = @D Q(A), Qi (A)] = C(D)A (9)

BacTankbl ajsire6pa ’kaHaJlaHAaTbIH t — 00 MAPThIHJAA 6acTankbl JIu anre6pachbiHbIH,
KOHTPAKIIHSCHI JIeN aTaaThlH TOMEH/Ieri 6pHEK LIbIFA/Ibl:

[4,4)] = 2Lrg|Ai,Aj|t = CE(0) 4y (10)

g 6enrineyingeri Jiu anre6pa KypaMblHaH g, KYPbUIBIM/IBIK aJre6pacbiH 6eJiin ajalbIK, al

KYpbUIbIMJaFbl KaJIFaH TreHepaTopJsap ¢g; ILWKI KUBIHBIH KypalTblH 60JichbiH. Kaambl
CUIATTaFbl KOMMYTALUAJIbIK KAaTbIHACTAP/Abl MbIHA TYpJe KepceTyre 60/1a/bl [7-9]:

(90, 9ol = 9or (90,911 = 9o + 91, (91,911 = 90 + 91 (11)
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g1-Ti 6apJibIK reHepaTopJsap/ibl -Fa KebeuTeuik:

(90, Gole = 9o, [90,911e = 090 + 91, (91,9110 = 6790 + 091 (12)

6 — 0 mapTbeiH/Ja kaHa JIu anrebpacblHa ©TEMi3, OFAaH COMKeC KeJIeTiH KOMMYTalUSJIbIK
KaTblHACTap TOMeH/erijiel KelinTi KabblIganabl:

(90, 9olo € 9o, (90,9110 =€ 91, [91, 9110 =0 (13)

Jiupig su(3) anreGpacblHJaFbl TeHepaToOpJapAblH AWAaroHaAJbl TypJeHAipysaepin [es-
MaHH MaTpuLachl yJriciHze 6epyre 60Jaab:

5 = My6 (14)

Myuparbl & = (64,0, ...,05)?, 6;-Tenn—-MaHH MaTpunanapbl, My—auaroHajajapbiHjga 6,
napameTpJiepi FaHa TyYpaTbhlH AUArOHAJbIK MaTpuLa. Y JeHreni xxyesep (KyTpuTa) MeH
Jiuziy su(3) anre6pachiH KoJijlaHa OThIpbIN JIMHAGAaA TeHaeyiHiH meiiMaepid [en-MaHH
MaTpuLackl KeiliniHe KesTipyre 6oJsiagpl. By kepze g; »KUBIHBIHJAFbl OaKblJIaHYIIbLIAP
©3/lepiHiH KBAHTTbIK KaCMeTTepiH »K0OublI, abeJb/iK ilKi anrebpa KypalTbiH 60abl. A, g,
KYPbLIBIMBIHZAFbl OaKblJIaHyIIblJIAp 00JiCa CBIPTKbI acepre Te3iMAINIK KacHeT KepceTe
OTBIPBIN 63repicci3 Kasa 6epefi. su(3)-TeH 6ip eseM/i g, aire6paHbl TaHAAI any Ke3iHze
OCbl asirebpara KipeTiH ThIFbI3/IbIK MaTpPHULIAChl TEK CTAllMOHAp KyHJepre FfaHa KaTbICThI
6oJsiazbl. JInyBUIAIH cymnep onepaTopbiHblH (L, L*) MeHikTi MaHaepiHge (£) pesnakcanus
XKbUIAAMABIKTApPhl, JUCCUNATLUA NpPOLecTepi XoHe JeKOrepeHTTUIK Typasbl MaJiMeTTep
60/FaH/bIKTaH, 0J1ap KYWeHiH eH MaHbI3/bl PU3UKaJIbIK KaCUETTePIiH aHbIKTaN Oepe anajbl
[10, 11]. (5) xaHe (7) Typaepaeri Jlunaoaan tengeysepid (13)-KOHTpaKLUsCbIHAA a3y
YLiH g, peTiHge 6a3uci A3, Ag, 4, 1; Typaeri 4 enmemai g, = E(1) + su(2) iuki anre6panbl
aJlaMbI3, al g,-Ti reHepaTopJiap peJiH Ay, A5, A4, As Tesi-ManH MaTpunanapsl aTkapasabl. My
KOHTPAKLMSACBIHBIH TYPJIEHYi TOMeH/IeTi/ler TYpAe OpbIHAANA/IbI:

a;; O 0 0 a2 ag3
Mgg=go+6g:=|0 azp ax|+0|a;; 0 0 (15)
0 az; ass ajz 0 0

HoTwxkene, ocbl TypJieHAIpyre CcoMKec KeJIeTiH ThIFbI3/IbIK MaTpHIlACblHA apHaJIFaH
Jluna6aan TeHeyi MeH OHBIH, LelliMi MbIHalal 60/1ab1 [12]:

0 piz P13 p11(0) e_UtP12 (0) e_UtP13 (0)
p=—vlp2r 0 0, p(t)=|[e""p,(0) p22(0) p23(0) (16)
ps1 0 0 e ps,(0) p32(0) p33(0)

YaKbITTbIH YJIKeH MaH/IepiH/ie ThIFbI3/bIK MaTPHUIIACKI CBIPTKbBI dcepJiepre Te3iMIi

go = E(1) +su(2) (17)
aMiMaKKa JleliH ChIFbliIa aJaJibl.
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KOopBITBIHABI

MakaJsiafia KeTepijireH MaceJiesiep, OJIapAblH, WeNliJy 3JicTepi xKoHe aJbIHFaH HOTHXeJlep
YCBIHBUIBIN OTbIPFaH TAaKbIPBINTBIH, 63€KTUIIrH afaKTaubl. TaKpIpbIll asgCblHAAa aBTOpJap
Y2KbIMBI OpBIH/JQ/IFaH ayKbIM/Z bl MaTeMaTUKAaJIbIK ecelTey/iep/i COHFbl YaKbITTaFbl 3aMaHayU
3epTTeyJiepMeH YIITACTbIPYy apKbLIbl KBAaHTTBIK allblK JKyHeJiepZiH JAUHAMUKaCbIH
JlaMbITyFa e3/epiHiH Je yJecTepiH Koca 06infi JereH ceHimzemi3. Jlu TomnTapbl MeH
asirebpasiapblH KBAHTTBIK, JXKyWere KOJIJIaHY apKblLibl OHJAFbl OipKaTap CUMMeETPUSJIbIK
KacueTTepi »KaH-)KaKTbl TYCiHZipyre 60JIaTbIHABIFBI AdJenjeHai. Ocbl 6aFbITTa MbIHaZAu
HAaKThLJIbl HOTHXKEJIepre KOJI XKEeTKI3UIAi: KyHhesepAeri CMuMMeTpHUsIap, onepaTopJjap >KoHe
oslap/iblH, ©3apa KoMMYyTauusaapzbl Jlu Tontapel MeH ajarebpasapbl apKbliabl 3epTTeJ/];
TBHIFbI3/IbIK MaTpULaCblHA apasifaH HelmaH, JInyBuiAiH TeHAey/epi cTallMOHAp KaFganujaap
YUIH IIewin, coJ apKbLIbl KyHeJeri NpouecTepAeH MaJiMeTTep aJblH/bl; ThIFbI3/bIK
MaTpULLACBIHbIH, yaKbITKA ToyeJAiNiriHeH OakblIaHylIblJap TayeJJiJiriHe 6Ty apKblbl
[eli3eHOeprTiK KOpiHICTEri yHUTapPJIbl TeHJey/lep WbIFAapbLbIN KOPCETI/A; allblK KBAHTTBIK
KyHhesep/iiH, AuHaMUKachkl JIMHAOGJAA TeHAeyi apKblibl 3epTTe//i; KBAHTTBIK 9J€MHEH
KJIAaCCUKaJIbIK OpTaFa Ty »a¥fJaniapbl byiox LIapbIHbIH, ChIFbLIYBI apKbLIbl KApacThIPbLIJbLY;
Jlu anrebpasiapbl apacblHAafbl OGalJlaHbICTAPAbIH MeXaHU3M/Jlepi 3epzesieHin, JIuHAaGaa[
TeHJeyl MeH OHbIH WWewiMiH [es1-MaHH MaTpuLackl yJriciHe KeJITipy iCKe acbIpbLIJbl;
imki anrebpasap/ibiH 6a3vMcTepi MeH reHepaToOpJIAPbIHbIH apachblHaFbl 6alJlaHbICTApP TOPT
eJIlIEeM/I] XKaF/laliFa HerisiH/e kacaibl. AJIBIHFAH 0Cbl TEOPUSIJIBIK HOTHXKeJIepi aarebpara
HerizjesiereH aJropuTMJIK aJicTep/e, KBAHTTBIK TEXHOJIOTUAJIAp MEH ecenTeyjieple, Kol
KyOUTTI KBAHTTBIK, KylesepJe KoJigaHyfa 6osazbl. EH 6acThichl, Oy HOTHXKesiep allbIK
KBAHTTBIK KyHeJsiep JMHAaMUKaCblH 3epTTey MOJeJbJepiH »Kacay Ke3iHJe ©3iHJIK CenTiriH
TUTI3€e ajlafbl.

ABTOpJ1IapAbIH, KOCKAH YJIeCi.

T.b. Kowrtbi6aeB — KBaHTTHIK, XKYieJiepAiH KyiiepiHe, y3isicci3/iik neH CUMMeTPUSJIBLIbIK
KacueTTepiHe TBIFbI3/bIK MaTpPULIAChl apPKbLJIbl CUIIATTAYy MICeJleCiH KOMWBII, OHBIH, LIeWiay
KOJIJAPBIH YCbIHYWbl. THIFBI3ABIK MaTpULacblHA apasfaH HelMaH Hemece JIMyBUJIAIH
KBAaHTTBIK TeHJEYiH CTallMOHAp TaMWJbTOHHWAH VIIiH IIELITi, COJ apKblbl Xyuezeri
OapJibIK OKUFaJap/blH cebenTepiHe JIu anrebpackl apKblIbl TajnAayaap *acajbl. ThIFbI3bIK
MaTpPULACBIHBIH, YaKbITKa ToyeJAiliriHeH OakblIaHylIblJIap TAyeJsJijliriHe 6Ty apKblJbl
OakblIaHyLIbLIAP/bIH, [el3eHOeprTik KepiHicTeri JUHAMUKACblH CUNATTAUTBIH JKOHE
6akbl1aHylWblIapAblH, JlMu anrebpacblH ©3repTHeWTiH YHUTapJbl TeHJeyJepiH ajayfa
aTcasbICThI. lecne xaTThl 93ipJien, peJlaKIMsaFa )KoJ1/JayAbl iCKe acblpyFa OacClIbLIbIK KacaFaH.

AK. EpimivHa - TBIFBI3/bIK MaTpPULACBIHbIH YaKbITKA TayeJJiliriHeH O6aKblJIaHYLIblIap
ToyeJi/liriHe eTy apKblibl 6aKblJIaHYILIbLIapAbIH [eli3eH0eprTik KepiHicTeri JUHaMUKaCbIH
CUINIATTaWThIH,dpibaKpLIaHyIbLIapAbIHJInanre6pacblH 03repTIeNTiH YHUTAPAbI TEHAEYIEPAi
aJlyFa apHaJIFaH ecenTey/iepAi opblHAAzAbl. KopliaraH opTaMeH 9JICi3 acepJieceTiH allbIK
KBAHTTBIK >XyWeJsiepAiH AvHaMuKacel JIMHAO/a4 TeHJeyiH cTaldoOHapJbl Cylep olepaTop
YIUiH menTi. 94ebueTTepi ipikTey xKyMbIcTapblHa 6aCIIbIIBIK Xacayllibl. OnepaTopJiapAblH
KOMMYyTalusJapbiH JIu TonTapsl MeH ajrebpasiapbl apKbljbl Ky3€ere acblpy/ibl OpbIH/IaFaH.
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A.M. TaTeHOB - KopulaFaH OpTaMeH 9JICi3 acepJieCeTiH alllblK KBAHTTBIK, XYyHeJsephiH
JUHaMUKachl JIMHAG/1a TeHeyiH cTalMoHap bl Cynep onepaTop YLUiH HIelyre aTCcaabICThI.
9/lebueTTep/i ipikTeyrk keMeKTecTi. MaTiHAeri MaTeMaTHUKaJbIK 6DHEKTEP/Ii TEKCEP/Ii.

AT aBaveBa — KopllarFaH OpTaMeH dJICi3 acepJieceTiH alllblK KBAaHTTBIK >KyHeJepiH,
JIMHaMUKachkl JIMH6/1a/, TeH/JeyiH CTalMOHAPJIbl Cynep ollepaTop YILUiH HIelyre aTcaabICThI,
HIeUIiMHiH apTTapblH TeKCepAi. 9ebueTTepi ipikTey *KyMbICTapblHA 6ACILbL/IBIK, )KacayIlbl.
OmnepartopJiapAblH, KOMMyTauusiiapblH JIu TomTapbl MeH asrebpasapbl apKbLIbl >Ky3ere
acbIpy/Zibl OpbIHJAFaH.

M.E. AnueBa - ecenTeysep Ke3siHjeri imki asrebpanapablH 6asuctepi  MeH
reHepaTopJiapblHbIH, apacblHJaFbl 6alIaHbICTApP TOPT 6JlleM/Ji KaFjalfa ColKecTeH/ipAi.
YakpIT alHbIMAJIbICbIHBIH, YJIKEH MOH/EPI YIIiH ThIFbI3/bIK MAaTPULACBIHBIH, CbIFblJa aJaThIH
alMarbIHbIH, MaTeMaTUKaJIbIK HYCKACbIH aHbIKTAyFa aTCaJblCTbl. MaKaslaHbIH TaJlallKa cau
pacimJieslyiH opbIHAAI, aHAATHAHbIH, OPbIC K9HE aFbLILIbIH MATIHAEPIH a3/bl, 94e0UeTTeP
Ti3IMiHIH aFbIJILIBIH HYCKACBIH Kaca/lbl >KoHEe MaKaJlaHbl CAUT apKbLJIbl peJlaKLMAFa KO/ bl.
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HccnegoBanne AMHAMUKU OTKPBITHIX KBAHTOBBIX CHCTEM C MCN0JIb30BaHNEM
rpynno u ajareép Jin

AHHOTanuA. B cTaTbe npesAsoXkKeHbI OAX0Abl ONMCAHUS COCTOSSHUN KBaHTOBBIX CUCTEM, CBOWCTB
HENpepbIBHOCTH M CUMMETPUM uYepe3 MaTpULy MJIOTHOCTH, a TaKXe HUCCJeJOBaHUE CUMMETPUH B
CHCTeMax, OllepaTOPOB M UX KOMMYTAaTOPOB € IOMOLIbI0 TPy U anre6p Jlu. B yacTHOCTH, € TOMOI1IbIO
pelieHUl ypaBHeHHs1 HeliMaHa UM KBaHTOBOIr'0 ypaBHeHUs JIMyBUJLISA AJS Caydasi CTaHOHApPHOTO
raMuJbTOHHAHa, Oblia MojydeHa MHPopManus 060 Bcex MpoleccaX, IPOUCKOAAIINX B CUCTeMe, a
TaK)Xe C MOMOLIbI0 aire6psl JI 6bLIM NpOaHATM3MPOBAHblI NPUYKHBI 3TUX NpoueccoB. [lepexoas ot
BpeMeHHbIX 3aBUCHMOCTEN K 3aBUCUMOCTSIM HabJII0JaeMbIX ObIJIM 0Jy4eHbl yHUTapHbIe ypaBHEHUS,
ONMMCBIBAOIIME AUHAMUKY B reii3eHOEpProBCKOM INpeJCTaBJeHUU, He H3MeHsouiue aiarebpy Jlu.
JlMHaMUKa OTKPBITBIX KBAaHTOBBIX CHCTEM, €1ab0 B3aUMOJEMCTBYIOIUX C OKpYKalolled cpesoH,
ONMMCaHbl C TNOMOILLbI pelleHUH ypaBHeHUs JIMHAOG/AaJa [JJisl CTAlMOHAPHOrO cynepolepaTopa.
[lepexo/; OT KBaHTOBOI'O MUPa, B3aUMO/IEHCTBYIOIETO C OKpY»Kalolel cpeiol, K KJacCuiyeCKOMy MUPY
OCyILeCTBJIEH Yepe3 YCA0BUS CKaTus mapa biioxa. Belin ycTaHOBJIEHBI YCI0BUS NEPEXOA0B OT O4HOU
anre6pbl K HOBOH ajirebpe. YpaBHeHue JIMH/6/1a/la ¥ ero pelleHUe 3alMcaHbl B 06paslie MaTpPHULbI
[esi1-ManHa. Bo BpeMs pacueToB CBSI3W MeX/ly 6a31caMy BHYTPEHHUX aJre6p U reHepaTopaMu GbLIN
NpUBe/IeHbI K YeTbIpexXMepHOMY ciay4valo. [lyist 601b1IMX 3HaYeHUH BpeMeHHOU nepeMeHHOH IoKa3aHa
MaTeMaThieckass GopMyJIMpPOBKa 06/1aCTH CKUMAaeMOCTH MaTPHULbl IIJIOTHOCTH.

KioueBble cioBa: anre6pa, rpynmnbl, KBaHTOBas OTKpbITasg CHUCTEMa, MaTpUlla IJIOTHOCTH,
OINepaTopbl, CHMMETPHS, HelIPePbIBHOCTb, COCTOSIHHUS.
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Study of the dynamics of open quantum systems using
Lie groups and algebras

Abstract. The paper proposes approaches to the description of quantum system states and to
the properties of continuity and symmetry through the density matrix, and explores symmetries in
systems, operators, and their commutators using Lie groups and Lie algebras. Specifically, by solving
the Neumann equation (or quantum Liouville equation) for a stationary Hamiltonian, information
was obtained from all processes occurring in the system, and the underlying causes of these processes
were analysed through Lie algebra. By considering the transition from temporal dependencies to the
dependence of observables, unitary equations were obtained that describe the dynamics of observables
in the Heisenberg representation while preserving the structure of the Lie algebra. The dynamics of
open quantum systems weakly interacting with the environment are described through solutions of
the Lindblad equation for a stationary superoperator. The quantum-to-classical transition, for a system
interacting with its environment, was demonstrated under the condition of Bloch sphere contraction.
The conditions for transitions from one algebra to another and for the formation of new algebras
were established. The Lindblad equation and its solution were expressed in the Gell-Mann matrix
representation. In the course of the calculations, the relations between the bases of internal algebras
and generators were reduced to the four-dimensional case. For large values of the time variable, a
mathematical formulation of the density matrix contractivity was presented.

Keywords: algebra, groups, open quantum system, density matrix, operators, symmetry, continuity,
states.
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Lithium borohydride (LiBH,) as a promising material for neutron-gamma
radiation shielding
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Abstract. This review discusses recent progress in neutron-gamma radiation
shielding, with a focus on composite materials containing lithium borohydride
(LiBH,4). The work is mainly based on the study by Lotfalian et al. (2024), where
Monte Carlo neutron-transport simulations using the MCNPX code were applied
to assess the performance of LiBH, incorporated into high-performance concrete
(HPC). Instead of presenting new experimental or numerical results, this
article aims to summarize and interpret existing data, explain the key physical
mechanisms involved, and critically assess the assumptions and limitations of
the reported approaches.

Special attention is given to the role of LiBH, as a multifunctional component
that combines neutron moderation and absorption within a single material
system. The review highlights its effectiveness in reducing fast-neutron flux,
which remains a major challenge for conventional concrete-based shielding
materials. In addition, the potential benefits related to shield compactness,
thickness reduction, and long-term stability are discussed. At the same time,
unresolved issues such as the lack of experimental validation and practical
concerns related to material behavior under realistic conditions are addressed.
Overall, this review provides a balanced perspective on the potential of LiBH,-
based shielding materials and outlines key directions for future research and
practical implementation.

Keywords: radiation shielding, lithium borohydride, fast neutrons, high
performance concrete, Monte Carlo simulation

Introduction

Radiation shielding plays a fundamental role in ensuring the safe operation of nuclear
reactors, particle accelerators, medical radiation facilities, and spacecraft. The primary
difficulty in shielding design lies in the simultaneous attenuation of neutrons and gamma rays,
particularly for hard neutron spectra typical of fast reactors.

Conventional materials such as concrete,lead, and polyethylene are widely used; however, they
suffer from large required thicknesses, high mass, or limited effectiveness against fast neutrons.
As aresult, modern research increasingly focuses on composite materials incorporating neutron
absorbers and moderators.
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Among light elements, boron and lithium possess exceptionally high neutron absorption
cross-sections, while hydrogen is an efficient neutron moderator. Lithium borohydride (LiBH,),
consisting solely of these elements, represents a unique candidate for radiation shielding. Its
application as a shielding component was systematically investigated in the recent work by
Lotfalian et al. [1], which forms the main subject of the present review. The present article does
not present new numerical simulations. Instead, it provides a critical synthesis of recent Monte
Carlo-basedstudies, with particular emphasis on the physical mechanisms, performance metrics,
and practical limitations of LiBH,-containing shielding materials. While the numerical data are
taken from published sources (primarily Ref. [1]), the comparative analysis, interpretation of
trends, and practical conclusions are provided by the authors.

Methodology

Physical principles of neutron and gamma shielding

Neutron interactions

Neutron attenuation in matter is governed by elastic scattering, inelastic scattering, and
absorption. For a homogeneous material, the macroscopic cross section for a given interaction

channel can be written as:
- Yo
i

where Ni is the atomic number density of nuclide i and oi is its microscopic cross section.

In shielding practice, neutron attenuation is often characterized using an effective removal
cross section (especially for fast neutrons), which serves as an engineering parameter for
comparing materials rather than a strict exponential-law constant for all energies. Physically,
the effective removal cross section represents the probability that a fast neutron is removed
from the primary neutron beam through a combination of scattering and absorption processes.

Hydrogen-rich components effectively slow down fast neutrons via elastic scattering, while
isotopes such as !°B and °Li capture thermalized neutrons through reactions such as **B(n, a) "Li
and °Li(n, o) ®H. These reactions convert neutron energy into charged particles that are readily
stopped within the shielding medium [2].

Gamma-ray attenuation
Gamma-ray attenuation in matter is commonly approximated by the exponential attenuation
law:

I = IOe_”x

where 1, and I are the incident and transmitted intensities, [t is the linear attenuation coefficient,
and x is the material thickness. In general, gamma shielding improves with increasing material
density and effective atomic number Z, due to enhanced photoelectric absorption, Compton
scattering, and (at high energies) pair production.
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High-performance concrete as a shielding matrix

High-performance concrete (HPC) has attracted increasing interest as a structural and
functional matrix for radiation shielding. Compared with ordinary concrete, HPC typically
exhibits higher strength, reduced porosity, and improved durability, enabling thinner shielding
structures without sacrificing mechanical integrity [3].

Fromaradiation-protection perspective, concrete shieldsare often optimized by incorporating
functional fillers. Adding boron carbide to concrete improves neutron shielding, especially for
low-energy neutrons [3]. Metal-oxide fillers (e.g,, WO,) are frequently investigated to enhance
gamma attenuation, including micro- and nano-sized additives [5]. Heavy aggregates such as
magnetite and limonite can also increase photon attenuation compared with conventional
mixes.

Overall, HPC provides a flexible host matrix for combining such additives. When space is
limited, HPC-based composites can be attractive because they offer improved structural
performance while supporting tailored neutron and gamma attenuation through appropriate
filler selection [4].

The use of HPC as a matrix is particularly relevant for hydrogen- and boron-containing fillers,
such as LiBH,, because its reduced porosity and improved mechanical stability may mitigate
some of the compatibility and durability concerns associated with reactive or hygroscopic
additives.

Lithium borohydride (LiBH4) in radiation shielding

Lithium borohydride (LiBH,) is a lightweight compound composed of elements with
favorable nuclear properties for neutron shielding. Hydrogen provides efficient moderation
of fast neutrons via elastic scattering, while boron and lithium isotopes contribute to neutron
absorption after thermalization.

Unlike conventional absorbers such as boron carbide, LiBH4 can act as both a moderator
and an absorber in a single compound, enabling a single-layer shielding concept and potentially
reducing the need for separate moderating and absorbing layers [1]. Lithium- and boron-
containing systems have also been investigated in other material classes (e.g., borate glasses),
supporting the broader motivation for combining these elements in shielding design [5].

The study by Lotfalian et al. [1] is among the first systematic evaluations of LiBH, as a
shielding additive in concrete-based composites and is therefore a useful focal point for the
present review.

Key conceptual advantages of LiBH,-based shielding systems

e simultaneous moderation and absorption;

o effectiveness for intermediate-energy neutrons (100 keV-1 MeV);
e potential reduction of multilayer shielding concepts;

e low predicted absorber depletion under fast-reactor irradiation.
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Comparison of Shielding Concepts

Traditional Multilayer Shield LiBH,-Based Single-Layer Shield

r
Fast Neutrons =—3» Hy:;gg:gg'fh
r

Fast
Fast Neutrons == B4C Absorber l 3

Neutroms>
Fast Neutrons —3» |IEELINERTEIR)

¥ Radiation

e Separate functional layers o Combined moderation + absorption

e Increased thickness and complexity e Reduced thickness

e Compact design

Figure 1. Schematic comparison of conventional multilayer neutron-gamma
shielding concepts and LiBH,-based single-layer composite shields

In traditional designs, moderation, absorption, and gamma attenuation are achieved using
separate layers, resulting in increased thickness and structural complexity. In contrast, LiBH,-
containing HPC composites enable combined moderation and absorption within a single
material layer, allowing more compact shielding configurations.

Monte Carlo modeling and benchmarking

In the reviewed study [1], Monte Carlo simulations were carried out using the MCNPX 2.7E
radiation transport code originally developed at Los Alamos National Laboratory. It should
be emphasized that the simulations discussed in this review were performed by the original
authors; no independent MCNPX calculations were conducted in the present work.

The neutron-gamma source in Ref. [1] was the MET-1000 sodium-cooled fast reactor
benchmark. Corelayoutand compositions were taken from established benchmark specifications

[6].
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Figure 2. Radial layout of the MET-1000 core (as reported in Ref. [1])

Benchmark calculations reported in Ref. [1] yielded an effective multiplication factor (Keff)
of approximately 1.02, which is consistent with published reference data and supports the
validity of the computational model [6,7].
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Figure 3. Comparison of neutron flux behind various shielding materials (5 cm
thickness; data from Ref. [1])
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Shielding performance and thickness optimization

Neutron attenuation

The reviewed study reports that high-performance concrete (HPC) containing 10 wt.% B,C
and 5 wt.% LiBH, significantly reduces neutron flux over a broad energy range [1]. In the broader
shielding literature, boron-carbide additives are primarily associated with enhanced absorption
of low-energy neutrons due to their high capture cross sections [3], whereas hydrogen-rich
components are widely employed to improve the moderation of fast neutrons [8].

The results indicate that LiBH,-containing composites provide improved attenuation in the
intermediate neutron energy range, particularly between 100 keV and 1 MeV, complementing
the low-energy effectiveness typically attributed to boron-based absorbers [7].
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Figure 4. Total neutron flux after different types of shields with a thickness
of 5 cm (Ref. [1])

Conventional concrete provides limited reduction, whereas boron-containing systems show
improved suppression due to enhanced capture of moderated neutrons. Lead exhibits poor
neutron shielding, consistent with its low effectiveness for neutron moderation and absorption.
Overall, the reported trends support the advantage of boron- and hydrogen-containing
composites for neutron attenuation.
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Figure 6. Schematic comparison of neutron energy spectra after shielding
with HPC, concrete + B,C, and HPC + B,C. The figure illustrates qualitative trends

reported in Ref. [1]
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The neutron spectra in Figure 6 indicate that boron-containing shields reduce the low-energy
part of the spectrum more effectively than plain HPC, consistent with enhanced thermal-neutron
capture. At the same time, moderation shifts the spectrum toward lower energies, and the
combined moderator-absorber concepts provide a more balanced suppression across energy
regions. These qualitative trends are consistent with the role of hydrogen for moderation and
boron for absorption.

From an engineering perspective, these results indicate that LiBH,-containing composites are
particularly attractive for shielding systems exposed to fast and intermediate-energy neutron
spectra, where simultaneous moderation and absorption are required within limited thickness.

Gamma attenuation

Although lithium borohydride is introduced primarily to enhance neutron shielding, the
reviewed results indicate that HPC-based composites can also provide acceptable attenuation
of gamma radiation when sufficient thickness is used [1]. In general, gamma-ray shielding is
dominated by material density and effective atomic number, with high-Z materials (e.g., lead)
typically exhibiting stronger photon attenuation, while cementitious matrices provide moderate
attenuation that increases with thickness.

1-00E-09
9: 0DE-10 m Without Shield
8-00E-10 | Concrete
T": W Concrete,B4C
= 7-00E-10 = PE
2. 6.00E-10 ® Concrete, Fe203
ro ) ™ PE,W30,BAC
- 5-00E-10 = Concrete,W30
= 4.00E-10 = HPC
=
3.00E-10 Pb,Al,Cu,Fe
w Pb
2.00E-10
1.00E-10 —
0.00E+00 .

Figure 7. Total transmitted gamma flux behind different shields (5 cm
thickness; reproduced from Ref. [1])

The observed ranking is consistent with the established understanding that heavy-
metal shields (e.g., Pb) are highly effective for gamma rays, whereas polymer-based or low-Z
hydrogenous materials are comparatively less efficient for photon attenuation. Concrete-based
systems generally occupy an intermediate position due to their moderate density, while the use
of high-Z fillers (such as tungsten-containing additives) is associated with improved gamma
attenuation trends reported in shielding literature.
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Figure 8. Comparison of gamma flux behind the LiBH,-based “new” shield and
selected conventional shields (5 cm; reproduced from Ref. [1])

Figure 8 further contrasts the gamma flux behind the LiBH,-containing “new” composite
shield with selected conventional shielding options at the same thickness (Ref. [1]). The
comparison suggests that the principal benefit of LiBH,-based composites lies in neutron
performance, whereas gamma attenuation remains largely governed by the bulk properties
of the composite (matrix density and composition) rather than by LiBH, itself. Consequently,
when gamma shielding requirements are stringent, the reviewed results support the common
design approach of combining neutron-optimized materials with high-Z components or dense
concrete formulations to achieve balanced neutron-gamma protection.

In practical applications, this suggests that LiBH,-based composites should be combined with
sufficiently dense matrices or high-Z additives when stringent gamma-shielding requirements
are imposed.

Thickness optimization and compactness

In shielding design, the half-value layer (HVL) is frequently used as a comparative engineering
metric to assess material effectiveness, rather than as a strict exponential attenuation parameter
for neutron fields. The HVL is defined as the material thickness required to reduce the incident
radiation intensity by 50% and is widely employed for engineering comparison of shielding
materials. For the optimized HPC-B,C-LiBH, composite discussed in Ref. [1], the reported
neutron HVL is approximately 3.3 cm, compared with about 4.5 cm for conventional boron-
doped concrete.

Thickness-dependent analyses further indicate that a shield thickness of approximately
30 cm provides effective attenuation of both neutrons and gamma rays, achieving strong
suppression of the neutron flux while maintaining acceptable gamma shielding performance.
From a practical standpoint, this behavior corresponds to an estimated volume reduction of
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roughly 40% relative to conventional concrete-based shielding concepts. Such compactness
represents a key advantage of LiBH,-containing composites in applications where space and

mass constraints are critical in nuclear, accelerator-based, and compact radiation facilities.

Shielding performance summary

Table 1. Shield materials and functional roles (synthesized from Ref. [1])

Shield concept

Main neutron function

Main gamma function

Notes

Ordinary concrete
(Conc.)

Limited moderation
(low H fraction)

Moderate attenuation

Baseline cementitious
shield

Concrete + 10 wt.% B,C

Strong absorption of
low-energy neutrons

Similar to concrete

Reported as the best
conventional option in
Ref. [1]

High-performance
concrete (HPC)

Similar moderation;
improved mechanical
properties

Typically improved vs.
ordinary concrete

Useful when space is
limited

HPC + 10 wt.% B,C

Absorption is enhanced

at low neutron energies

Comparable to HPC

Improves thermal-

neutron suppression

HPC + 10 wt.% B,C + 5

Moderation +

Acceptable at sufficient

best among the

attenuation

wt.% LiBH, absorption across thickness configurations tested in
wider energies Ref. [1]
Lead (Pb) Inefficient for neutrons | Excellent gamma Often used as a

secondary layer

Table 1 summarizes the functional roles of the investigated shielding concepts, highlighting

the complementary contributions of moderation, absorption, and gamma attenuation.
Among the reviewed materials, the HPC + B,C + LiBH, composite exhibits the most balanced
performance across neutron energy ranges while maintaining acceptable gamma-ray shielding
at sufficient thickness.

Key quantitative shielding performance indicators reported in Ref. [1] are compiled in Table
2. Collectively, these metrics support the conclusion that LiBH,-containing HPC composites
offer a compact and multifunctional shielding solution compared with conventional boron-
doped concrete systems.

146 Ne1(154)/ 2026  A.H. I'ymunres amwuindazol Eypasus yammuoix ynusepcumeminivy XABAPIIBICHL
DQusura. ACmpoHOMUsL cepusicol

ISSN: 2616-6836. eISSN: 2663-1296



Lithium borohydride (LiBH,) as a promising material for neutron-gamma radiation shielding

Table 2. Summary of key quantitative shielding parameters reported in Ref. [1]

Metric (reported in Ref. [1]) Value
Neutron energy range where LiBH, is more effective 100 keV - 1 MeV
Recommended shield thickness 30 cm

Neutron attenuation at 30 cm

~959% reduction

Gamma attenuation at 30 cm

~92% reduction

Relative thickness/volume reduction vs. Conc. + B,C ~40%
Neutron HVL (half-value layer) 3.32cm
Gamma HVL (half-value layer) 2.47 cm

For the engineering context, Table 3 provides a qualitative comparison of LiBH,-containing

composites with alternative modern shielding material classes.

Table 3. Qualitative comparison of LiBH,-containing cementitious composites with
alternative shielding material classes

Material class Neutron Gamma Cost & Technological Long-term
shielding shielding availability feasibility durability
effectiveness effectiveness
LiBH,- High (balanced | Medium Medium-High | High (concrete | Medium
containing HPC | moderation (matrix- (specialty technology (depends
composites + absorption; | governed; can |[additive; mature; on moisture
compactness) |be improved may be offset | requires control;
with dense/ by volume handling/ chemical
high-Z reduction) compatibility | compatibility)
components) measures)
Hydrogenous | Medium- Low-Medium | Medium (often | High (molding/ | Medium
polymer High (good (low-Z - scalable) modularity) (aging,
composites moderation; weaker photon temperature/
(PE/rubber- absorber attenuation radiation
based) loading unless high-Z effects vary)
needed) fillers used)
Glassy Li-B Medium-High [Medium Medium Medium High chemical
systems (capture + (composition- | (process- (high-T stability /
(lithium borate | composition dependent; can | dependent) processing; Medium
glasses) tuning) be enhanced) size mechanical
limitations) (brittleness
risk)
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Long-term stability and isotope depletion

Long-term performance is a critical requirement for shielding materials exposed to sustained
neutron fields, as absorber depletion and radiation-induced material changes may reduce
shielding effectiveness over time.

In Ref. [1], time-dependent burnup calculations were performed to estimate the consumption
of key neutron absorbers, namely 10B and 6Li. After 180 days of continuous reactor operation,
the reported depletion remained low (approximately 0.32% for 10B and 0.05% for 6Li),
indicating that the neutron attenuation capability of the proposed shielding material should
remain largely stable over the considered time window.

Beyond nuclear depletion effects, the long-term chemical and structural stability of LiBH,-
containing composites remains an open question. Lithium borohydride is known to be
hygroscopic and chemically reactive, and potential issues such as moisture uptake, hydrogen
release, and radiation-induced microstructural changes have not yet been experimentally
assessed. These factors may influence both the mechanical integrity and the long-term shielding
performance of cementitious composites incorporating LiBH, and therefore require dedicated
experimental investigation.

Related studies on boron- and lithium-containing shielding systems, such as lithium borate
glasses, suggest that carefully designed compositions can maintain effective neutron attenuation
over extended periods, provided that chemical stability and matrix compatibility are adequately
addressed [9].

Results and discussions

The reviewed results collectively indicate that lithium borohydride enables a shift from
traditional multilayer shielding strategies toward more compact single-layer concepts. By
combining neutron moderation and absorption within a single compound, LiBH4-based
composites address a key challenge in shielding fast-neutron spectra — simultaneous
suppression of high-energy and thermalized neutrons without excessive thickness. Fast-neutron
spectra in the MeV energy range pose a particular challenge for shielding design, since purely
absorbing materials become less effective at high neutron energies. In particular, the reported
effectiveness in the intermediate energy range complements the well-established low-energy
performance of boron-based absorbers, yielding a more balanced attenuation profile.

At the same time, the reviewed evidence remains primarily simulation-based and should
be interpreted accordingly. The conclusions in Ref. [1] rely on Monte Carlo transport modeling
without experimental benchmarking, and practical material issues—such as the hygroscopic
and reactive nature of LiBH, and its long-term compatibility with cementitious matrices—
have not yet been systematically validated under realistic environmental and irradiation
conditions. Therefore, targeted neutron-gamma attenuation measurements on representative
LiBH,-containing composite specimens under well-characterized sources are a key next step
to validate the reported trends. In addition, existing experimental analogs for lithium-boron
shielding systems (e.g., lithium borate glasses investigated experimentally and by Monte Carlo
methods) provide contextual support for the feasibility of Li-B-based shielding concepts [10].
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Conclusions

This review highlights LiBH, as a promising additive for compact neutron-gamma shielding
composites, particularly when combined with HPC and B,4C. The reviewed Monte Carlo results
reported in Ref. [1] suggest improved fast-neutron attenuation and reduced shielding thickness
compared with conventional concrete-based concepts. Overall, LiBH,-based composites
represent a strong conceptual direction for compact shielding design.

Implications, Limitations, and Research Outlook

From an application perspective, LiBH,-containing composites appear most relevant for fast
reactors, accelerator-driven systems, and compact radiation facilities where space constraints
limit the practicality of thick conventional shields. To move the concept from simulation to
implementation, future research should prioritize the following directions:

1. Experimental benchmarking: fabricate representative HPC-B,C-LiBH, specimens and
measure neutron-gamma attenuation under well-characterized sources to validate simulation
trends.

2. Environmental and chemical stability: assess moisture uptake, possible hydrogen
release, and microstructural changes during thermal cycling and irradiation-relevant heating.

3. Mechanical compatibility: quantify how LiBH, affects compressive strength, cracking
behavior, and long-term integrity of cementitious matrices.

4. Multi-code verification: reproduce key transport results using alternative Monte Carlo
toolchains (e.g., Geant4 or comparable codes) to reduce code-dependent uncertainties.

5. System-level assessment: evaluate practical deployment constraints (fabrication route,
encapsulation/barrier strategies, safety handling, and lifecycle performance).

Overall, while LiBH,-based composites are notyeta mature shielding technology, the reviewed
findings provide a solid foundation for targeted experimental and engineering development.
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JIutuii 6opruapuai (LiBH,) HeliTpoH-ramMMa cay/ieieHy[eH KOPFalTbhIH 3KpaHAay YIUiH
NnepCcneKTUBTI MaTepUaJl

AHHoTanusA. by monyaa sutui 6oporuapuaid (LiBH,) KAMTHUTBIH KOMIIO3UTTIK MaTepuaigapra
6acaHasap ayZjlapa OTbIpPbII, HEUTPOH/bI-TaMMa CayJieJIeHyleH KOPFay ca/lacbIH/aFbl COHFbI KETICTiKTEp
TaJKbl1aHa bl 2KyMbIc HeriziHeH JloTdasinaH koHe T.6. (2024) 3epTTeyiHe Heri3je/ireH, OH/1a >KOFapbl
eHiMJi 6eToHra (HPC) enrisinren LiBH, eHimMainirin 6aranay yuiin MCNPX koAblH KoJijlaHa OTBIpPHIII,
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MoHTe-Kapsio HEUTPOH TackIiMa/ijlay MoZeJbAeyaepi KoaJaHblirad. KaHa sKCepUMeHTTIK HeMece
CaH/bIK HOTM:KeJiepZi YCbIHYZAbIH OpHBbIHA, OyJ MakKaJjazZa 6ap JepeKTepAi KOPBITBIHABLIAY >KoHe
TYCiHZipy, Heri3ri ¢u3uKanblK MexaHU3M/iepAi TYCiHAipY »koHe XabapJiaHFaH TacinAepAiH 6oKaMaaphbl
MeH ILlIeKTey/ePiH CbIHU 6aFasiay MakcaT eTinefi.

LiBH,-TiH 6ip MaTepuanjblK >KyWeZe HEUTPOHAbl MoJepauusiay MeH CciHipyni 6ipikTipeTiH
KeNPyHKLMOHAJ/Ibl KOMIIOHEHT peTiH/leri peJliHe epeKllie Ha3ap ayfapblaazbl. [llonyaa oHbIH XKblL14aM
HEHUTPOH/IbI aFbIH/ABI a3aUTyAAFbl THIMALITI aTamn eTiiefi, 6y/1 A3CTYpJli 6eTOH Heri3iHAeri KopFaHbIC
MaTepUasZaphbl YiliH YJIKeH KUbIHABIK, 60J1bII KaJ1a 6epefii. COHbIMEH KaTap, KaJKaHHbIH ThIFbI3/|bIFbI,
KaJIbIHJBIFbIHBIH a3al0bl )K9HE y3aK Mep3iM/i TYPaKThIIbIKKA 0ai/IaHbICThI 9J1eyeTTi apTHIKIIbIIBIKTAP
TaJIKpLIaHa/bl. COHBIMEH KaTap, 3KCIepUMEHTTIK BaJIMalMsiHbIH 60/IMaybl )KkoHe HaKThI XKaFJahaapaa
MaTepHalblH MiHe3-KYJKbIHa KaTbICThI IPAKTUKAJBIK MaceJejiep CUAKTHI LIelliJIMereH Macesesep
Kapacteipbuiagpl. Kannel anfaHjga, 6yn wmosay LiBH, HerisiHgeri skpanjay MaTepuasijapblHBIH
dJieyeTiHe TeHrepiMzii Ke3kapac Gepeni oHe 6oJiallaK 3epTTeyJep MeH MPaKTHUKAbIK eHTi3y/liH
HeTi3Ti GaFbITTapbIH Oe/Tiien/Ii.

Ty#iH ce3aep: paJualUsIbIK KOPFaHbIC, JUTHU 60PTUAPHUA], XKbLIJIAM HEUTPOH/AP, })KOFaphl oHIM i
6etoH, MoHnTe-KapJio agicimeH mozenbaey

K. Hosti6aii*, H. AMaHrenai
Eepa3zulickuli HayuoHa1bHbIU yHUBepcumem umeru JI1.H, 'ymuseea,
AcmaHa, Kazaxcmau
(E-mail: kanatbekati@gmail.com, nur19792@mail.ru)

Boprugapuj iutuda (LiBH,) Kak nepcneKTUBHBINA MaTepuaJs AJ11 HEMTPOHHO-raMMa
pagualMOHHOTI0 3KPaHUPOBaHHUS

AHHOTanus. B ;aHHOM 0630pe paccMaTpUBAOTCS MOCAEHUE JOCTHKEHHUSI B 06/1aCTH 3aIUThI OT
HEeUTPOHHO-raMMa-U3Jy4eHUsl C aKL,eHTOM Ha KOMIIO3UTHbIE MaTepUaJibl, coZepkaliue 60poruapu/,
autua (LiBH,). PaboTa B ocCHOBHOM OCHOBaHa Ha uccienoBaHuM JloTdanuana u ap. (2024), rae
MO/leJIMPOBaHWE MepeHOca HEWTPOHOB MeToAoM MoHTe-Kapsio ¢ ucnosb3oBaHuem kojga MCNPX
NpUMEHSIIOCh /i1 olleHKU 3¢dekTHBHOCTH LiBH, BKJIIOUEHHOTO B BBICOKONMPOUYHBIK 6eToH (BB).
BmecTo npejcTaB/ieHUs] HOBBIX 3KCIEPUMEHTANbHBIX UM YUCJAEHHBIX Pe3y/bTaTOB, JaHHAS CTATbs
HampagJieHa Ha 0600leHWe U UHTEePHpeTalydi0 CYIIEeCTBYIOIUX JAHHBIX, 06bCHEHUE KJIIOYEBbIX
$U3UYECKUX MEeXaHHW3MOB W KPUTHYECKYI0 OLIEHKY JONYIeHWHA W OTpaHWYEeHUH MpecTaBJeHHBIX
HOJX0/0B.

Ocoboe BHuMaHMWe yaenaserca poau LiBH, kak MHOroQyHKIMOHAJIBLHOIO KOMIIOHEHTA3,
COYeTaILero 3aMejAJeHUe W MOIVIOLUIEHUE HEHTPOHOB B paMKax OJHOW MaTepUaJbHON CHCTEMBI.
B 0630pe mopuepkuBaeTcs ero 3QpQPeKTUBHOCTb B CHUKEHHH IMOTOKA OBICTPbIX HEUTPOHOB, YTO
0CTaeTCsl Cepbe3HOU NP06IEMOH /151 TPAAULMOHHBIX IKPAaHUPYIOIINX MaTepHUaoB Ha OCHOBE GeTOHa.
KpomMe Toro, o6¢y»k/JatoTcsl MOTEHIMAJbHbIe MPEUMYIIECTBA, CBI3aHHbIE C KOMIAKTHOCTBIO 3KpaHa,
YMEHbIIEHUEM TOJIIHMHBI U J0JITOBPEMEHHOW CTAaOWJIBHOCTBIO. B TO e BpeMs paccMaTpHUBAIOTCSA
HepelleHHble BONPOCHI, TaKMe KaK OTCYTCTBUE 3KCIIEPUMEHTAJIbHOU MPOBEPKH U MpaKTHYeCKue
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Npo6JIEMBI, CBSI3aHHbIE C MIOBEJIEHHEM MAaTepUasIoB B peaibHbIX YCJI0OBUSX. B 11es10M, 3TOT 0630p faeT
c6aslaHCUpOBaHHOE Npe/CTaBJeHNe O NMOTeHIMale IKPAaHUPYIOLIMX MaTepUasoB Ha ocHoBe LiBH, u
onpejeJisieT KJOUYeBble HallpaBJjeHUs OyyIUX UCCIeJ0BaHUHN U IPAaKTUYECKOr0 IPUMEeHEHHUS.

KiloueBble cJjoBa: pajvalMoHHAas 3aliudTa, OOPrUjpuUj JUTHUS, ObICTpble HEHUTPOHBI,
BBICOKONPOYHBIN 6eTOH, MOJieInpoBaHue MeTo oM MouTe-KapJio.
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AnpgaTtna. bys makana Fiber Bragg Grating (FBG) ceHcopJ/iapbIHBIH FapbILIThIK,
opTafa TOH KaTaJl »Xaf[aujapZa KOJIJAAHbLIY MYMKIHAITIH KelleHAl Typhe
OaraJsiayra apHaJifaH. 3epTTey 6apbICbIHJA CEHCOpJapAblH BAaKyyM >Xar[au-
BIH/IA, TEPMOLMKJZEp dCepiH/ie, MeXaHUKAJIbIK KYKTeMeJsep Ke3iHJe KoHe
800-1000 °C apanbIfbIHAAFBI 3KCTPEMAJIAbl TeMIlepaTypajlapAa )XyMbIC icTey
Kabineti TangaHanbl. Regenerated FBG TeXHOJIOTMACBIHBIH, KOFapbl TeMIle-
paTtypaZa y3aK Mep3iMJi TYpaKTbUIBIKTbl KaMTaMacbl3 €TeTiHi »koHe Bragg
TOJIKbIH Y3bIH/bIFBIHBIH CHEKTPaJAbIK Apeidci3 caKTaJaTblHbl KepceTiesi.
CoHbIMeH KaTap Bragg TOJIKbIH Y3bIH/JBIFBIHBIH JAedopMalUsaFa CbI3BIKTBIK
ToyeJ/iiJIiri ceHcopJsiapAblH, eJjey Aajafirin Herizgeufi. Kipicripiaren FBG
CEHCOp >KeJliJiepiHiH 6ip Ta/llbIK 60MbIHAA OipHelle mapaMeTp/i 6ip Mme3riiae
6aKpl1ay MyMKIHZAITI o/1apAblH KYPBIIBIM/BIK, IeHCAy/JIbIKTbl MOHUTOPUHITEY
)ydenepinae (SHM) TuimMZi KosZ@aHBLIAThIHBIH AdJieiel/li. OaebueTTepai
Taszay HoTHxKeciHae FBG ceHcop/iapbIHBIH FapBIIITHIK OpPTaJa KelleH i 6ara-
JIAHYbI KETKIJIIKCI3 eKeHi 2KoHe CeHCOp—-KYpblJIbIM-6JI1IeY KYUeCi apacbIHAaFbl
GalJIaHbIC XKYHeJliK JleHrel/le )KeTKiMIKTI KapacTblpblJIMaFaHbl aHbIKTaJ/bI.
OcCbl OJIKBIJIBIKTBI TOJIBIKTBIPY MaKCaTblHAA BaKyyM, TEPMOLMKJ XoHe YJb-
TPaKyJITIH acepJiepi ecKepisieTiH KelleHJi 3KCIEepUMEHTTIK aJicTeMe YChI-
Hbl1aAbl. TemeH Kep op6uTace! (LEO) opTacklH MoAe/b/iey apKblibl CEHCOP-
JIapAblH y3aK Mep3iM/i TYPaKThIJIbIFbl MEH CEHIMALIITT TasgaHabl. AJIbIHFaH
HaTHxeJsiep FBG ceHcopJiapblH Faphlll annapaTTapblHbIH KYPbIJIBIMbIK KyHiH
6aKpliayFa apHaJ/IFaH ceHiM/i esuiey nmiatTdopmackl peTiH/e KosAaHyFa 6oJia-
TBHIHBIH KepceTe/l.

Tyinin ce3pep: Fiber Bragg Grating (FBG) ceHcopsiapbl, FapbIIITHIK OPTa, Ka-
TaJl KaFjaiaap, KypbUIbIMABIK JeHcayabIKThl 6aKpLiay (SHM), ysakmepsimai
TYPAKTBLIBIK, CIEKTPAIABIK Jpeid, TepMOBAKYyYM/BIK, CbIHAKTap.
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Fapviumeolik Kypulabimoapdst MoHumopuHameyde FBG ceHcopaapbiH K0A0aHy

Kipicne

Fiber Bragg Grating (FBG) ceHcopsiapbl >XOfapbl ce3iMTa/JbIFbl, 3JIEKTPOMarHUTTIiK
KeJieprijiepre Te3iMAiniri >xoHe O6ip TaJlIbIKTa KeN HYKTeJi eJilley >Xyprisy MyMKiHAiri
apKacblHJa KYpbUIBIMJBIK JeHCAyJbIKTbl OaKbliay >XyWesepiHAe KeHiHEeH KOJIJaHbLIbII
Kesiefi [1,2]. By/1 TeXHO/IOTHUSA HHXKEHePJIiK KyPbLIbIM/AApAbIH HAKThl KYHiH y3/iKci3 6aKpliayFa
MYMKIiH/ZiK 6epeTiH TUIMAI KypaJl peTiH e KaJbITacThI.

FBG ceHcopJ/iapbIHBIH, KYMbIC NPUHLUII Bragg TOJIKbIH Y3bIHABIFBIHBIH TeMIlepaTrypa
MeH JlebopMalMsHbIH dCepiHeH bIFbICYbIHA HETi3/ie/ITeH XoHe QU3UKaJbIK [apaMeTpJiepai
Jl9J1 aHbIKTayFfa >afjal xacapl [3]. Ocel KacueT osiapAbl TYpJli opTaZa KoJJaHyFfa GeiliMm
aMbeban CeHCOpPJIbIK 3JeMeHTKe auHaijblpajbl. CoHFbl 3epTTeynepnae FBG HerisiHzeri
CeHCopJIap TeMIlepaTypa MeH bUIFaJ1bLIbIKThI >KOFAapbl JdJIAIKIIEH 6JILIeY YIIIH XKeTuUIAipiJreH
»KaObIHAApMeH OipiKTipisin, ce3iMTaNAbIFbIHBIH, €/19Yip apTKaHbl KepceTinai. by xkymbicTap
FBG KypblIbIMbIH MOJUUKALMAIAY apKbLIbl XaHa QYHKIMOHAIJbIK MYMKIHAIKTEpre KoJI
»KeTKi3yre 60J1aTbIHBIH JaJennenai [3,4].

NMHbpakypblibIMABIK 00bekTiniepae FBG ceHcopsapbl KemnkabaTTbl FUMapaTTap MeH
azaMaTThbIK KypbLIbIMJApAbl y3aK Mep3iM/Jli MOHUTOPHUHITEY/Jle TaObICThl KOJIJAAHBLIbIII,
JledpopMalysa MeH TeMIlepaTypa e3repicTepiH ceHiM/AI Tipkel asaThIHbI KepceTijiireH. MyHian
HaTv:xesiep FBG xylesiepiHiH npaKkTHUKaJbIK iCKe acblpbLIybIH Herizaenai [1,5].

Asporapsbiil canacelHga FBG ceHcopJsiapbl KOMIO3UTTIK aBUALMAJBIK KypblLIbIMJapAa
JedpopManusaHbl 6aKbliay YiIiH THIMJI eKeHi AaJiesiieHreH [2], aJl KeMipTeKTi-ONTHKAaJbIK,
niatdopMaap/ia TeMiepaTypa MeH TepMO3JIaCTUKaJIbIK dcepsiepAi eJilieyre KoJiJaHblIFaH
KipicTipisireH wewiMaep oJiapAblH, FapbITHIK KYpPbUIBIMAAD YIIiH >KapaM[bLIbIFbIH
kepceTe/li [6]. COHbIMEH KaTap, *KepcepiKTik KyH naHesbaepingie FBG ceHcopiapblH OHTaNJIbI
OpHaJIaCThIPY apKblJbI 6JI1IeY A3JIAITiH apTThIpyFa )KoHe KYPbLJIbIMHBIH, lIapLiayfa TO3IMAIIK
Mep3iMiH y3apTyFa MyMKiH/lik 6epeTiHi kepceTinreH. bys septTeynep FBG TeXHO/IOTHUSACBIHBIH,
FapbILI aNapaTTapblHAAFbl IPaKTUKAJIBIK 9J1eyeTiH alKbIHAAN bl [7].

FapbiThlK opTafa »KakKblH >Kaffaijlap/ia KyprisiireHn Toxipubesepie KenmapaMmeTpJi
FBG ceHcopJsiapbl BakKyyM MeH TepMOLUKJJEpP acepiHZe KYH OaTapesilapblHbIH a/lre3uB
KabaTTapAblH KYHiH OakplLIiayFa »KapaMAbl eKeHi JAaJiesifieHreH. Ajsaiija OyJ1 >KyMbICTap
KebOiHe HaKThbI Oip KOJIaHy aFarbIMeH ekTeseai [8]. OcblFaH KapaMacTaH, K0J1ZJaHbICTaFbl
apebuerTepie FBG ceHcopsiapblHbIH, TeMmnepaTypafa [3], MexaHUKasbIK AedopManusara
[2] Hemece MHQpPaKYpBIIBIMABIK opTara [1] peakyuscel »Keke 3epTTeJreHiMeH, OJapblH
FapbIlLKA TOH HAKThl KaTaJl 0pTaZa KelleH/Ji Typ/e 6arajaHybIHbIH eTicleyi KaHe CEHCOp/bl
«CEeHCOP-KYpblIbIM-6JIlley» Ti30eri ascblHAA XKyHesik JeHrei/ie KapacTblpbliMaybl alKblH
6alikanazbl. by xkargail FBG TexHOOTrUACBIHBIH, FapblUThIK SHM »xylenepinjeri mblHalbI
CeHiMJiniriH TosblK Oafanayra MyMKiHZik GepMmeii [6,8]. CoHabiKkTaH 6ys1 Makaaa FBG
CEHCOpJIapbIHBIH, JKOFapbl TeMIlepaTypa, BaKyyM, TEpPMOLMKJJEp KoHe KelapameTrpJi
MOHUTOPHUHT KaFJalapblHJaFrbl XXYMbIC KabisieTiH 6ipTyTac »kyle peTiHJe KapacTbIphblIl,
9/1ebueTTe KaJIbINTaCKaH KellleH 11 xKoHe XXYHeJliK AeHTrelieri 6aFasiay/blH )KOKTbIFbl MaCeJIeCiH
KaMTaMachbI3 eTyre 6arbiTTanraH [2,7]. KymbicTbiH Herisri Makcatbl — FBG ceHcopJiapbiH
FapblUTBIK SHM »xyliesnepi ywiH ceHimMzi esiey niaTdopMackl peTiHAe FbIJIBIMU TYPFbIIaH
Herizzey [6,8].
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JdjicHamMa

FBG ceHcopJiaphbl eJieyai TaJlubIK imliHAeri Bparr TOpbIHbIH, apKblJbl XKy3ere acblpa/bl.
TanmblK e3eriHjieri cblHy KepceTKilliHiH NepuoAThl e3repicTepi 6enarisi 6ip Bparr ToaKbIH
Y3bIH/JBbIFbIHA COMKeC KeJiei, 0J KeH, »OJIAaKThl KapblK KO3iHeH LIaFblJIbII Kepi KauTazpbl,
aJl KaJIFaH TOJIKbIH Y3bIHJABIKTApbl TOpP apKbLibl oTin KeTexl. OcCbl WIarblIFaH CHEKTP
eJIlIeHIN, TeMIepaTypa MeH JAedopMayusi CUAIKTbl (GaKTOpJapAblH TOp Y3bIH/JbIFbIHA
9CcepiHeH TYbIHAAWTBIH (U3UKAJBIK e3repicTepre 06allJlaHbICTbl TOJIKbIH Y3bIH/bIFbIHbIH,
BIFBICYBI apKblibl GU3UKAJIBIK NapaMeTpJsep ecenteseni. A_B = 1550 HM GosiraH karjanja
caJbIcThIpMasbl JepopManusiHbly, 1%-Fa e3repyi AA_B = 12 HM TOJIKbIH Y3bIH/BIFbIHbIH,
BIFBICYbIHA COMKeC KeJsieli. Bparr TOJIKbIH Y3bIHABIFbI TUIM/I CbIHY KOpCeTKIlliHiH ecenTey 1-
dopmynazna kepceriares [9,10]:

AB=2n_A )

TyckeH apbIKThIH, illiHEH TeK OeJiriji 6ip TOJKbIH Y3bIHJAbIFbIHJAFbl cayse faHa FBG
apKbLJbl WAFbLIbIN, Kepi KauTapbuiagbl. 1-cypetrte FBG ceHCOpJIbIK KYWUECiHIH, KypblIbIMbI
MeH eJilley MPUHIMII KepceTilreH. IiFHU Kajall TOJIbIK »Ky3ere acaTbIHbIH Kepyre 60/1a/ibl.
Bparr TOpBIHBIH OPTaJbIK TOJKBIH Y3bIH/BIFbI CEIPTKBI TEMIIEpATypara, AePpopMalUsiFa }KoHe
6acka Jla acepJiepre »KaKchl »kayan 6epefi >koHe 1- popmMyna 6obiHIIA cunaTTanazbl [11].

AAB

=] %@ + aJAT + (1 — Po)Ae (2)

I,
Kipic cnexrpi Ap = 2N/
HKenin ket womakrnt - FBG p—
KAPHIK KO3 . s
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KiGepinren cnexrpi

ll“

> A

Bragg ropast ramusikre 1op (FBG)

Pednexeri cnexrpi

CypeTt 1. FBG ceHCOpBIHBIH, })KYMBIC IPUHIMITI
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3epmmenzeH mamepuasadap:

FBG ceHcop/iapbl 9pTypJii KypblIbIMAAPFa KipiCTipiJireH Ky e KapacTbIPbLIAbl: KEMipTEKTI
koMmmo3utTep [9,10] >koHe KOMKAOATThl >KbLIy OKIIayJaarbim >xabbiHgap (MLI) [12,13],
paKeTaJblK, KO3FaJTKbIll KoprnycTtapbl [10,14], coHpaii-aK ceHCOpJblH, 63 TeXHOJIOTUSJIbIK
TypJiepi - regenerated FBG [16]. CeHcopJiap aAeTTe TeJIeKOMMYHUKAUUSAIBIK Auana3oH/a, A_B
~ 1550 HM MaHBbIH/IA )KYMbIC icTeUTiHI KepceTinreH [10,12].

Jkcnepumenmmik opma xHcaHe sHcykmemesep: LEO opTacbiH Mozesib/iey MaKCcaTbIH/[a BAKYYM,
YJABTPAKYJITIH CoyJie )KaHe TepMoLuKaAep Kosganblira. Kipictipinren FBG cencopiapsl CFRP
y/ATriziepiHze ocbl acepJiep/ieH KeliH Jie CeKTpasJblK }KayalnThblH CaKTalyblH AdJieszerex [9].

TepMo-BakyyMAbIK KaMepaaKbIcbIMAbI 1x 1078 MGapFa jeiliH TOMeHeTil, TeMIepaTypaHbl
-190 °C nen +160 °C apa/sbIFblHJa ©3repTy apKbLIbl XKYPri3iJireH CbIHAaKTap FapbILIKAa TOH
KbLIYOTKI3TIIITIKTIH 60/IMaybIH K9 He CayJIeJIiK )KblIya/IMacyZ,blH 6acbIM 00J1ybIH MOZEJIbEeyTe
MYMKiHJiK 6epeai. MyHzaail kargaiia FBG ceHcopbiHBIH 1IaFblIbICKAaH Bragg ToJIKbIH
Y3BbIH/BIFbIHBIH, 63Tepici TEK CbIPTKbl OPTAaHbIH 3KCTPEMaJiibl TeMIlIEpaTypasblK acepiHe FaHa
eMecC, COHbIMeH KaTap KypbLIbIM/a TybIHAAUTbIH MeXaHUKaJbIK AepopMaLUsaFa Ja Toyesani
6osaabl. CoHAbIKTaH 3-GopMynazarel AAB esieMi eki KypaM/JjacTaH TeMIepaTypasblK }KoHe
JedbopMalvsIbIK YJIeCTeH TYPAaTbIHbIH KOPCETY CEHCOP CUTHAJIbIH FapBILITHIK OpTaZa AYypbIC
MHTepnpeTayusaay yuliH mweinyi MaHre ue [13].

AXB = KeAg + K AT (3)

Cyper 2. Kapton Tiperinaeri FBG ceHCOpbIH OpHa/1aCThIPY KoHe
BaKyyM >KaFAalbIHAAFb] 3KCIEPUMEHTTIK KOH/bIPFbI
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PakeTa KO3FaJTKBIIIBIHBIH CaKWHA To9pi3Ji KOMIIO3UT KaNTaMacblHAA KYPTi3iireH
3epTTeysep/e YAriHiH opTama kesgeHes, Kumachl 20.0 + 0.1 Mm?, imki guameTpi 150 + 0.2 MM
6osiraH, an xykteMe 30 kH-ra fneiiH apTTeipbliFaH. Jlepopmanus mamMamen 1% JaeHreuine
»KeTKeH/le CeHCOopJap/blH icTeH wibIFybl 6aliKanrad [10]. YKcac 3epTTey/ie KaTThl OTbIH/bI
pakeTasiblK MoTOpJsiapbiHaa FBG xesnisiepi 10-40 kH apanbIFblHAaF bl )KYKTEMeJIep/le CbIHAKTaH
©TKi3i/ireHi anblKTasnfaH [12].

Oawey cylieci xcaHe daadik: FBG ceHcopsiapblHaH HIaFbLIFAH TOJIKbIH Y3bIH/ABIFbIHBIH
©3repici }KOoFaphl XKbLIJJaM/IbIKTa TipKesreH. Mpicajibl, KOMIO3UT KaNTaMa/laFbl eJillieyJiepae
auckpettey kuiniri 500 k' kyparaH. FBG HoTwmkesepi AacTypsi TeH30JaTYUKTepPMeH
CaJIBICTBIPBLIBII, KOFApPhI XKYKTeMeJslepe ahblpMallblIbIK < 2 %, aJl TOMEH XYKTeMeJsepne
= 0.01 % penreiinge 6osraH [10], 6ysn FBG eseynepiHiy KoFapbl JaJIJIiriH KepceTezi.
ABHALMANBIK, KOJIAAHY/IapFa apHaIFaH moJjayga aedpopMainusaHbl eJiiiey AaJfiri +1-5 pe
JleHreliH/le eKeHi »KoHe MyJIbTUIIJIEKCTEY apKbLIbl 6ip TaJlIbIK 60UBIH/A OHJAFaH CEHCOP/bl
OpHaJIaCTbIpy MYMKIiHZiri kepceTiireH [15].

¥3aK mep3im0i mypakmublavlk neH ceHimOinik: Regenerated FBG ceHcopJsiapbl »KOFaphl
TeMIlepaTypaza Y3aK yaKbIT TYPaKThI )KYMbIC iICTEUTIHI KOpCEeTIJITeH: SKCIIEPUMEHTTEpP/e 0J1ap
800-1000 °C nuanasoHbIHAA GipHelle caFaTTaH TAYJiKTepre JeHiH cneKTpaaAblK Apendci3
caKraJsraH. bysn kepceTkiwrep cranfapTThl FBG-MeH casnbICThIpFaH/a auTapJIbIKTan )KOFapbI
TEPMOTYPAKTbUIBIKTBL 6infipeai [16]. CeHcopsiapAblH CeHIMAiNIriH apTThlpy OOUbIHIIA
YCBIHBLIFAH dJicTepAe AipiJ, TEpMOLMKJI XKoHe pajualua acepjepiHe TO3IMAUIIKTI apTThIpY
YIIiH apHaiibl KalTaMa MeH TaJIlIbIK KYPbLJIbIMbIH KOJIIaHY HAKTbl KapacThIpbliFaH [17].

CeHcop-Kypblabim  uHmepgeltici:  FBG ~ TeMnepaTypasblK  CEHCOpJapblH  9pTYpJi
aAire3aMBTepPMEH OeKiTy Ke3iHze ce3iMTa/AbIK NeH APeUPTiH e3repeTiHi aHbIKTa/FaH. Tepmo-
BaKyyM CbIHaKTapblHJla Ce3iMTaJJIbIKTbIH e3repici GipHeme nM/°C geHreuiHae O60JiblI,
aAre3WB TypiHe TayesJi alblpMalllbJIBIKTAp TipKesjreH. Bys FapblITBIK KypblLabIMJapFa
eHTi3y Ke3iHJe OeKiTy TeXHOJIOTHUSACBIH dfjicTeMesiiKk GpaKTOp peTiHAe KapacTbIpyJbl TaJan
etezi [18].

Kylieaik Kosa0aHy scaHe depekmepdi 6ipikmipy: Fapelll annapaTTapblHaFbl TaJlLIbIKThI
CeHcopJiap YLy MUCCHUsIIApbIHAA TeMIlepaTypa MeH JiepopMaliMsiHbl 6aKbliayAa KOJJaHbLIbIII,
-150...+4120 °C puana3oHza CeHIMJI KYMbIC icTereHi KepceTiireH. JKCHepUMEHTTIK
3epTTeysepAe AUaMeTpi 2 MM aJIOMUHUU NeJJIETTIH 2 KM/C XKbUIAAMABIKIIEH COKTBIFbICYbI
HOTHWXKeCiH/le TaMIIbIKThIH aMmaMeH 1.2 MM 6eJiiri ysiiin, cnekTpjeri »eTicedTiH aliMak
apKbLJIbl 3aKbIMHBIH, HAaKThl aHbIKTaJfaHbl KepceTiyireH. COHbIMEH KaTap, COKKbl 9CepiHiH
OpTa/JbIKTaH LlaMaMeH 2 CM paJUyC LIeriHJe JOKaJJaHaTbIHbI koHe 86 KYHHEH KeHiH
CIEKTPJiH »apThllakl KaJjmblHA Kesyi 3-cypeTrTerijed 6ailikanraH. Bya HaTmxkesnep FBG
CEHCOpJIapbIHbIH, MUKPOMETEOPOUATAP MEH OpPOUTA/IbIK KOKbICTbIH, 9CEPIHEH TYbIHJAWTbIH
3aKbIMZap/bl Fapblll anmnapaTTapblHZa in situ pexuMiHJe aHBIKTayFa >kapaM/[bl eKeHiH
kepceTtezi [19,20].
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Cyper 3. FBG cneKTpJiepi COKKbIFa JieiiiH )KoHe COKKbIJaH KelliH aHbIFbIPAK,
KepceTy YUIIH KaCcKajJ TYpiHje 6epiireH

Kep actbel ToHHeAbAepiHzeTi in situ MoHUTOpUHTTE FBG esisiepi KemKbLIABIK 6aKbLIayAa
TYPaKThI KyMbIC icTen, AepopMaLus e3repicTepiH MUKpOJEHTreije Tipkel asifaH, OyJ y3akK
Mep3iMAi ceHIMATIKTI gaaengenai. Ocblianiua, KoJJaHblIFAaH MaTepuajap MeH dAicTep
FBG cencopJiapbiH xykTeMe 30-40 kH, TemnepaTypa -190...+160 °C, KpicbiM 1078 M6ap xaHe
»Korapbl TeMnepaTtypa 800-1000 °C cUAKTBI KeH ayKbIM/bl 1IapTTApAa CbIHAKTAH OTKi3yre
HeTi3/esin, osap/iblH FAPbIIITHIK OpPTa YUIIH KapaMAbLIbIFbIH CaHABIK TYpFblja GaFasayra
MYMKiHZiK 6epeni [11].

bi3in KyMbICTa OCbl MaJjiMeTTep apKblLibl FBG ceHcopJ/iapbIHbIH, FapbIlIKA TOH HAKTHI
KaTaJl opTaja KellleH/ i 6aFa/laHybIHbIH, KeTIiCIIeyiH 00 MaKcaTblHJa TUIMAIIIrIH KbICKalla
KepceTeTiH OGipHelle 9/1iCTi yCbIHAMBbI3:

1) LEO opTacblH UMHUTaLUsJ1ay apKbLJbl 3KCIIEPUMEHTTIK 6arasiay afici

FBG ceHcOp/1apblH BaKyyM, TEPMOLMKJI, YIbTPAKYJITiH CayJie )KoHe aTOM/bIK OTTeri acepiHje
cbiHaM, Bragg To/NKbIH y3bIH/bIFbIHBIH TYPAKTbLIbIFbIH TanAay. MakcaTbl — 0OpOUTABIK OpTaZia
eJlllley CeHiM/iiriH Tikeneil Tekcepy [9,13].

2) Kipicripinren FBG xeuisiepi Herisingeri SHM tuimginirin 6aranay afici

KoMmmo3uTTi pakeTa KypbLIbIMJAapbl MeH KaTTbl OTbIH MOTOpJIapblHAA AedopManus
[10], TeMnepaTypaHbl 9He 3aKbIMJapAbl Y3/iKCi3 0akbliay KabisieTiH 3KCIepUMEeHTTIK
JlepeKkTepMeH canbicTbipy. MakcaTel - FBG-HiH FapbeiTeiK SHM xylesiepinzeri npakTUKabIK
apTBIKIWbLIBIFbIH KepceTy [12,14].

3) ¥3akMep3iM/ii TYPaKThIIbIK IIeH CEHIMATIKTI 6aFasay ajiici

Regenerated FBG TexHOJIOTUSICBIH K9He CEHCOP KOHCTPYKLUSACBIH KOJIJAHA OTBIPHIII,
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YyaKbIT >KOHe KOFapbl TeMIlepaTypa acepiHjeri cneKTpanblK ApeddTi Tanzay. MakcaTbl —
KOIKbLIIbIK MUCCHSJIAP YILUIH eJilliey TYPaKTbLIbIFbIH Herizzaey [16,17].

HaTunxesiep MeH TaJKbliay

Byn 6enimae regenerated Fiber Bragg Grating (FBG) ceHcopJiapblHbIH, >KOFaphbl
TeMIlepaTypaJibl OpTajarbl y3aK Mep3iM/i TYpPaKTbLJIbIFbl MeH CEHIMZAIIIrH CUIATTaWuThbIH
3KCMEePUMEHTTIK HaTkesiep ycbiHbLIaAbBL 800-1000 °C guama3oHbIHAA yaKbIT OOUMbIHIIA
Bragg TOJKbIH y3bIHJBIFbIHBIH, Jped@iH Tanzay apKblibl CEHCOpJap/blH, 0OacTankpl
TEPMUSJIBIK, TypaKTaHy Ke3eHiHeH KeHiH CleKTpasblK >KayaObIHbIH, THIMJi TYpPaKTbUIbIK
aliMarblHa aybICaTbIHbI K9He eJilley/epAiH Apeldci3 pexxuM/ie caKTaJaTblHbl KepceTiyeni.
AnbiaFaH HaTuxesiep regenerated FBG TeXHOJIOTHSCBIHBIH, 3KCTpeMasibl TeMIlepaTypa
acepiH/e Jie eJilley AJJIAINH KAMTaMachl3 eTe aJlaThIHbIH )XoHe OHbI KOII XKbIJIJbIK FAaPbIIITHIK
MUCCUSIJIAaP MeH KaTaJ opTagafbl SHM xylenepinae KosiaHy blH PAaKTUKAJbIK HETi3iJIiriH
AW KbIHAaMIbI.

4-cyperte OepinreH rpa¢uxk FBG ceHcopbl yuiH Bragg TOJIKbIH Y3bIHJABIFbIHbIH,
caJbICThIpMaJibl AedopManusara Tayeaainirin kepcetei. Herisri Tpeng petinge AA_B = 12-¢
CbI3BIKTBIK, KaTbIHAcbl aJiblHFaH, Oy AedopMalUsHBbIH CIEKTpPalJblK >KayallKa TikeJel
NPONOPLIMOHAJ eKEHIH )XoHe CeHCOP/bIH »KOFaphl Ce3iMTa/I{bIFbIH KepceTe/.

12 | w AlHKIMANK AMNAUTYAACK Bap FBG xayatin .
Maeanakl ChIhIKTRIK Xayan /

10 4

HM)

Brags TOAKbIH Y3bIHA FEIHDIK BIFDICYDI, A B

0.0 0.2 0.4 0.6 0.8 0.8 1.0
Cansicteipmans gedpopmayua, € (%)

CypeTt 4. AMILUIMTYyJacChl ©3repeTiH TOJKbBIHABIK aybITKybl 6ap FBG ceHcopbI
ylliH Bragg TO/JIKBbIH Y3BIH/ABIFBIHBIH, CAJIBICThIPMaJbl JedopMansara
TIyeJIAiIiri
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KoMno3uTTi pakeTa KypbLIbIMAapbl MeH KAaTTbl OTbIH MOTOpJiapblHa KipicTipinreHn FBG
ceHcop xeJiciHig SHM xy#eciHzeri ken napamMeTpJ/ii MOHUTOPUHT KabiJieTi yaKbIT 60MbIHILA
5-cypeTrTe KepcetiireH. KeszieHeH oCb y3[iKCi3 6aKpliay YaKbIThIH, aJl TiK OCb 6JIIIEHEeTiH
napameTpJiep/liH HOpMaJlaHFaH ayabblH KepceTeJi.

—— HYKTEME MOHMTOPHHIIHZEr pearkyma
TEMNERETYPE MOHWTOPHUHIIHAETI PEaHLHA
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Cypert 5. BG ceHcop xkeJticiHig SHM xkKyieciHaeri kennapameTpJii

MOHUTOPHUHTI KaobisieTi

Bepinren 6-cypette regenerated FBG cencopsiapbiabiH, 800, 900 xoHe 1000°C »koFapsl
TeMIepaTypa/japZa yakbIT 60MbIHIIA Bragg TONKbBIH Y3bIH/BIFbIHBIH, CIEKTPANABIK AperdiH
KepceTei. YakbITTbIH OacTamnKbl Ke3eHiHJe O0apJiblK TeMIlepaTypa pexumjepiHze AA_B
MOHIHIH CaJIbICTbIPMaJibl TYP/E XKOFapPbl 00JIybl CEHCOPAbIH TEPMUSJIBIK KAlTa KYPbLJIbIM/IaHY
npoleciHe 6alJIaHbICThI 6TNEJI KYHiH cunaTtTtaibl. TeMnepaTypa apTKaH calblH 6acTamnKbl
Jperdd paeHreii ecim, TypakTaHy yaKbITbIHbIH, y3apybl 6aikKanajabl: 800°C-ta ceHcop
Te3ipek TypakraHca, 1000°C-Ta 6ys1 npouecc 6asyblpak xypeai. /lereHMeH, yakbIT 6Te KeJe
6apJiIblK KUCBbIKTAp TOMEHT1 THIM/i TYpaKTbLIbIK aliMaFblHa eHin, AA_B 1mamMacblHbIH HeJIre

»KaKbIH/IaybIH KepceTe/l.
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CyperT 6. YakbIT 60¥ibIHIIA Bragg TO/IKbIH Y3bIH/AbIFbIHbIH,
cneKTpaaablK Apendi

Bepinren Hatmxkenep regenerated Fiber Bragg Grating (FBG) ceHcopsapbinbig, 800-
1000°C apasblFbIHAAFB]l KOFApbl TeMIlepaTypasbl opTaja Bragg TOJIKbIH Y3bIH/ABIFBIHBIH,
yaKbIT OoWbIHIIA ApeidiH, AePopManUsFa ChI3bIKTBIK ce3iMTaaAblFbIH (AA_B = 12-€) xoHe
KOMIIO3UTTI KYPbIJIBIMAAPFaA KipiCTipi/ireH xeJii TYpiHe Kell napaMeTpJ/ii MOHUTOPUHT XKYpri3y
KabisieTiH 6ipTyTac TypAe cunaTTanbl. JKCIIEPUMEHTTEP CEHCOP/IbIH, 6aCTanKbl TEPMHUSIJIBIK
KaliTa KYpbLIbIMJAHY Ke3eHiHeH KeHWiH CIeKTpaJAblK >KayaObIHbIH THIMAI TYPaKTbLIbIK
aliMarblHa aybICaTbIHBIH >X9He y3aK yaKbIT 00Hbl JpelddcCi3 pexuMje CcaKTaJaTbIHbIH
kepceTin, regenerated FBG TeXHO/IOTHSICbIHBIH, AKCTPEeMaJIZibl KaFAalaap/ia ia eJiey A2 Airi
MeH CEeHIMJIIriH KaMTaMacbl3 eTe aJlaTblHbIH JaJienfenzii. bysl nepekTep CEHCOP/bIH,
MaTepHua/JibIK KoHE CIEKTpasJbIK JeHTrelJeri TYpaKThlIbIFbIH CaH/bIK TYpPFblJa Herisjern,
KOIDKbIJIJIbIK MUCCUAIAP YIIIH KOJIAAHY/AbIH IPAaKTUKaJbIK MYMKIH/ITH alKbIHAAU/bI.

KopbITBIHABI

Byn makanaza Fiber Bragg Grating (FBG) ceHcopsiapblHBIH FapbllIKa TOH KaTaJ OpTa
»KaFJalJapblHJa KOJAJaHblI1y MYMKIH/AIrT KellleH/ i Typ/ie KapacTbIPbLIbII, 0Jap/blH KOFapbl
TeMIlepaTypa, BaKyyM, TEPMOLIMKJIJEP, MeXaHUKAJIbIK >XYKTeMeJiep >XoHe paJUalUAbIK
dakTopap acepiH/je eJilliey TYPAKThLIbIFbI MEH JI9JI/IiTiH CAKTal aJlaThIHbI XKYWEJIIK IeHrenie
Herizzgenefni. Regenerated FBG TexHOJIOTUACBIHBIH, CHEKTPadbIK Apeldci3 pexxkumre oTyi
»KoHe KipicTipiJireH ceHcop »eJlijiepiHiH Kel napaMeTpJsii MOHUTOPUHT KabiseTi FBG-HiH ken
KbLJIIK MU CCHSJIAP Y1 H )KapaM/bLJIbIFbIH AdJies1ei1i. EH 6acThIChl, 6y MaKasiajaaebueTte
YKETKIJIIKCI3 KaMTblIFaH OJKbLIBIK — FBG ceHcop/iapblH FapbILITHIK OPTajia TEK YKeKesereH
acepJiep TYPFBICBIHAH €eMeC, TOJIbIK CEHCOP-KYpPbLIbIM-6JIlley Ti30eri aschiHAa KyHesik
TYpZe 6arasay/blH 60Maybl — TOAThIpbLIbIN, FBG TexHonoruscel FapeiiTeiK SHM xylienepi
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YIUiH ceHIMJi api KelleH/i eJiley niaaTdopMackl peTiHAe ycbIHbLIFaH. OcblLiaiiia, aJblHFaH
KOPBITBIH/bLIAP 00/1allaK FapbILITIK KYpPblIbIMApAbl MOHUTOPUHITEY XKYHeJiepiH xxobaay
MeH OoHTan/1aHbIpyAa FBG TeXHOOTUACHIHBIH CTPAaTerUsAJIbIK MaHbI3bIH aUKbIH AU/ bl.

Boslawak sepTreysiep 6yJ MaKasiaZia YCbIHbIIFaH KelleH/ i XaHe KyHeJlik 6arasay TaCiliH
oZlaH opi JAaMbITyFa 6afrbITTasblll, FBG ceHcop/iapblHBIH fapblllKa TOH KeNQpaKTOPJIbI
acepJiep (pasguanusa-TepMOLUMKI-MeXaHUKaJbIK )KYKTeMe) Oip Me3rijjie apekeT eTeTiH y3aK
Mep3iMZl CbIHAKTapZafbl MiHe3-KYJKbIH 3epTTeyAi, CeHCOp-MHTepporauus-AepeKkTepai
eHJey Ti30eriHiH Oip/JeckeH TYpaKTbUIBIFbIH Ta/lAayAbl KoHe HaKTbl OPOMUTAJBIK YIIy
3KCIIepUMEHTTepi apKblJ/bl BaJualuaIay/ bl KAMTYbI THIC.

KapXxbpuiaHabIpy

Makana AP26197431 «TanwblKTbl Bparr TopJapblH NaWjajaHa OTbIPbIIN, FAPBIMITHIK,
MHOpaKypbLIbIMAAFbl  JebopManusaaapibl >KOFapbl [JdJJiKNeH OaKbliayFa apHaJifaH
KYpbLIbIMJAap MEH TEXHOJIOTHUSIAp/bl 93ipJsiey» )Kobachl 60MbIHILIA OPbIHAA/bI.

ABTOpJIapAbIH, KOCKaH YJIeci

Kemkin6aes C.2K. - 3epTTey/iiH FbIJIBIMU TYKbIpbIM/JJaMaChIH KaJIbIITACTBIPYFa, )KYMBICTbIH,
KaJIMbl dJiCHAMachbIH d3ipJieyre »oHe 3epTTey OaFbITbIH aHBbIKTayFa eJeysi yJieC KOCThI,
COHJZlaM-aK, MaKa/IlaHbIH, Ma3MyHbIH CbIHH TYPFbIlaH KaWTa Kapal, FbJIBIMU peJaKiuaaayFa
KaTbICTHI.

CenitxaHoBa A.K. - FbuIbIMM 3/lebUeTTepre TaJjjay >Kypridyre, 3epTTey HITHKeJepiH
KyHeJieyre >xoHe MaKaJlaHbIH Kipicie MeH TeopuUsJIbIK OeJiiMJepiH JaublHAAyFa KaTbICHII,
MOTIH/AI FBIJIBIMU TYPFBIJaH peJaKuusaiayFa yjiec KOCThbI.

CmaisioB H.K. - 3eprTey oaicTeMmeciH a3ipJsieyre, ajJblHFaH HITHXeJepJi TajjayFa
)KOHe HHTeplpeTauusjayfa >XeTeKWiJiK eTTi, MaKaJaHblH Heri3ri FbLIbIMA Ma3MYHbIH
KaJIBIITACTBIPYFa KaThICHII, 2KapUJiayFa apHa/IFaH COHFbl HYCKACBIH OeKiTTi.

blceipaiibr K.M. - 3KCIepUMeHTTIK KoHe aHaJUTHKaJbIK 3epTTey MaTepHasJapblH
KMHayFa, HOTHXKeJlepAl eHJeyre, rpa@ukKTep MeH W/JIIOCTPALUANBIK MaTepuaagapzbl
JlalbIHJayFa )KoHe MaKaJlaHbIH, HETi3ri MOTiHiH »Ka3yFa KaTbICThI.

KyrThi6aeBa A.E. - 3epTTey HaTHKeJiepiH FbUIBIMU TYPFblIaH TaslZjlayFa, MaKaJslaHbIH,
KYPBUJIBIMBIH XeTL1AIpyre »XoHe MaTIH/I FhIIIBIMU peJaKlya/ayFa yJiec KOCThI.

BapsiblK aBTOpJiap MaKa/laHblH, COHFbl HYCKACbIH OKbIMN, >XKapusjayFa KeJjiciMm 6Gepai
’)KOHEe >KYMBICTbIH, 0apJiblK acCHeKTiJiepiHiH AYpPBICTbIFbI MeH FbLJIbBIMHA TYTACTbIFbl YIIiH
»KayalKepUIiJIiKTI 63 MOMHBIHA ala/ibl.
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IIpumeHeHne FBG-CeHCOPOB B MOHUTOPUHIE€ KOCMHUYECKUX KOHCTPYKI M

AHHOTanusa. /lanHadg cTaTbhs NOCBSILEHA KOMILJIEKCHOM OLlEHKE BO3MOXKHOCTHU MNpPHUMEHEHUs
ceHcopoB Fiber Bragg Grating (FBG) B >XeCTKHX YCJIOBHUSIX, XapaKTEPHBIX A/ KOCMHUYECKOW CpeJibl.
B xozme ucciaefo0BaHUS aHAJIM3UPYeTCsl PabOTOCMOCOOHOCTb CEHCOPOB B YCJAOBUSIX BaKyyMma, NpH
BO3/IENCTBUU TEPMOIMKIIOB, MEXaHUYECKUX HATPY30K, a TaKXKe MPU IKCTPeMaJlbHbIX TeMIlepaTypax B
AuanaszoHe 800-1000 °C.Iloka3aHo, yTo TexHoJsiorus Regenerated FBG o6ecneuynBaeT 0JIrOBpeMEHHYIO
CTabUIBHOCTb IPY BBICOKHX TeMIlepaTypax U coXpaHeHUe AJUHbI BOJIHbI bparra 6e3 crieKTpajbHOT0
JIperda. Kpome Toro, MHeHasA 3aBUCUMOCTh AJIMHBI BOJIHBI bparra oT fedopmainii 060CHOBbIBAeT
BBICOKYI0 TOYHOCTb U3MEpPEHUU CeHCOpPOB. BO3MOXXHOCTb OZJHOBPEMEHHOI'0 KOHTPOJISI HECKOJbKHUX
napaMeTpoB BCTpoeHHbIMU ceTssMU FBG B 0iHOM ONITHYECKOM BOJIOKHE NOATBEePKAaeT 3G PeKTUBHOCTD
VX NpPUMEHEeHUs B CHUCTeMax CTPYKTYPHOTO MOHUTOpPHUHra coctosiHus (SHM). AHanu3 Hay4yHOU
JIUTEpaTyphl NOKasaJ, YTO KoMIlJeKcHad oueHKa FBG-ceHCOpOB B yC/I0OBUAX KOCMUYECKOH Cpefbl
MCCJIelOBaHA HeLOCTAaTOYHO, a TaK)Xe OTCYTCTBYeT CUCTEMHBIN MOJX0/ K aHa/IU3y B3aUMOJeNCTBUA
B I[eNIOYKE «CEHCOP — KOHCTPYKLMUS — U3MepUTesIbHas cucteMay. [l ycTpaHeHuUs JaHHOTO npobesa
npejAJioKeHa KOMIJIEKCHas SKCIlepUMeHTa/bHasd MeTOJMKa, YYUThIBAOLasd BO3JeWCTBHE BaKyyMa,
TEPMOIMKJIOB U YJAbTPaduoieTOBOTO U3JayyeHus. MoJieMpoBaHHe YCJOBHUM HU3KOW OKOJIO3EMHOU
op6utsl (LEO) mnosBosunio npoaHaJu3UpoOBaThb [AOJTOBPEMEHHYI0 CTAOUIBHOCTL M HAaJEXHOCTb
ceHcopoB. [losiydeHHble pe3y/bTaThl MOKa3bIBalOT, YTO FBG-ceHCOpbl MOTYT GBITH HCIOJIb30BaHbI
B KauecTBe HAJIEXKHOW U3MepUTeJbHOU MIAaTPOPMBbI [/ MOHUTOPUHIA CTPYKTYPHOTO COCTOSIHUS
KOCMHUYEeCKHX anlapaToB.

KniwouyeBsblie caoBa: ceHcopn! Fiber Bragg Grating (FBG), kocMuyeckasi cpesa, *KeCTKHUE YCJIOBUS,
CTPYKTYPHBIA MOHUTOPUHT cocTosiHus (SHM), gosroBpeMeHHasi CTaGUIBHOCTb, CIEKTPaIbHbIN
Jipeiid, TepMOBaKyyMHbIE UCIBITAHUS.
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Application of FBG Sensors in monitoring of space structures

Abstract. This paper presents a comprehensive assessment of the applicability of Fiber Bragg
Grating (FBG) sensors under harsh conditions characteristic of space environments. The study analyzes
the operational performance of the sensors under vacuum conditions, thermal cycling, mechanical
loading, and extreme temperatures in the range of 800-1000 °C. It is demonstrated that regenerated
FBG technology provides long-term stability at high temperatures and ensures the preservation of the
Bragg wavelength without spectral drift. In addition, the linear dependence of the Bragg wavelength
on strain confirms the high measurement accuracy of the sensors. The capability of embedded FBG
sensor networks to simultaneously monitor multiple parameters within a single optical fiber proves
their effectiveness in structural health monitoring (SHM) systems. A review of the literature reveals that
comprehensive evaluations of FBG sensors in space environments remain limited, and a system-level
analysis of the “sensor-structure-measurement system” chain is insufficiently addressed. To fill this
gap, a comprehensive experimental methodology considering the effects of vacuum, thermal cycling,
and ultraviolet radiation is proposed. Simulation of the low Earth orbit (LEO) environment is performed
to analyze the long-term stability and reliability of the sensors. The obtained results demonstrate that
FBG sensors can serve as a reliable measurement platform for monitoring the structural condition of
spacecraft.

Keywords: Fiber Bragg Grating (FBG) sensors, space environment, harsh conditions, structural
health monitoring (SHM), long-term stability, spectral drift, thermo-vacuum testing.
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Abstract. Controlled synthesis of ZnO nanorods with tailored crystallinity and
morphology is of great importance for the development of high-performance
gas sensors. In this study, ZnO seed layers were deposited on glass substrates
by RF magnetron sputtering and subsequently annealed at 400 °C to improve
crystallinity and surface uniformity. Hydrothermal growth of ZnO nanorods was
then carried out under different precursor concentrations (0.01 M:0.01 M and
1 M:1 M zinc acetate/HMTA) to investigate the effects of solution chemistry on
nanorod formation. X-ray diffraction (XRD) revealed a dominant (002) peak
in all samples, confirming c-axis oriented growth, while scanning electron
microscopy (SEM) demonstrated that higher precursor concentrations yielded
longer, densely packed nanorods with well-defined hexagonal cross-sections.
The results highlight that both seed layer annealing and precursor concentration
strongly influence the structural and morphological evolution of ZnO nanorods.
Optimized synthesis conditions lead to vertically aligned, highly crystalline
nanorods with increased aspect ratios, which are expected to enhance gas
adsorption and electron transport, making them highly suitable for resistive-
type gas sensing applications.
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Controlled hydrothermal synthesis of ZnO nanorods for high-performance
gas sensors

Introduction

The demand for efficient, selective, and low-cost gas sensors has grown significantly in recent
years due to increasing concerns over environmental pollution, industrial safety, and public
health monitoring [1-3]. Among the different sensing platforms, metal oxide semiconductor
(MOS)-based sensors are particularly attractive because of their simple device architecture, low
fabrication cost, high sensitivity, and compatibility with microelectronic integration [4-6].

Within this class, zinc oxide (Zn0) has emerged as one of the most promising materials owing
to its wide direct band gap (~3.37 eV), high electron mobility, chemical and thermal stability,
and ease of tailoring into diverse nanostructures [7,8]. ZnO nanorods (NRs), in particular, offer
unique advantages for gas sensing applications due to their one-dimensional (1D) morphology,
high aspect ratio, and large surface-to-volume ratio, which enhance surface reactivity and
adsorption/desorption kinetics [9,10]. The direct electron transport pathways along the c-axis
of ZnO nanorods further minimize grain boundary resistance, resulting in faster charge carrier
mobility and, consequently, improved response and recovery characteristics in resistive-type
gas sensors [11].

Various approaches have been developed to synthesize ZnO nanorods, including chemical
vapor deposition (CVD), pulsed laser deposition (PLD), sol-gel, and hydrothermal growth [12-
14] . Among these, the hydrothermal method stands out as a low-temperature, scalable, and
cost-effective route that enables the growth of vertically aligned, single-crystalline ZnO nanorods
with well-controlled morphology [15,16]. Importantly, the hydrothermal process allows precise
control over synthesis parameters such as precursor concentration, pH, temperature, and
reaction time, all of which strongly influence the crystallinity, aspect ratio, and surface activity
of ZnO nanorods [17,18]. Such tunability makes the hydrothermal route highly suitable for
tailoring ZnO nanostructures toward enhanced gas sensor performance.

Therefore, thiswork focuses on the controlled synthesis of ZnO nanorods via the hydrothermal
method and evaluates their structural, morphological, and gas-sensing properties. The insights
obtained here contribute to the design of cost-effective, scalable ZnO nanostructures optimized
for next-generation gas sensor applications.

Methodology

ZnO seed layers were deposited onto pre-cleaned glass substrates via radio-frequency (RF)
magnetron sputtering using a high-purity ZnO target. The deposition was performed under a
working pressure of 10 mTorr with a mixed argon/oxygen gas flow of 15/15 sccm and an RF
power of 60 W, yielding a film thickness of approximately 100 nm. To enhance the crystallinity
and adhesion of the seed layer, the as-deposited films were subsequently annealed in air at
400 °C for 2 hours. For the hydrothermal growth process, precursor solutions of different
concentrations were prepared. In the low-concentration case (0.01 M:0.01 M), 73.3 mg of
zinc acetate dihydrate (Zn(CH3C00),-2H;0) and 56.1 mg of hexamethylenetetramine (HMTA,
CeH12N,4) were dissolved in 40 mL of deionized (DI) water and stirred for 45 minutes to achieve
a homogeneous mixture. For the high-concentration solution (1 M:1 M), 7.46 g of zinc acetate
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dihydrate and 5.55 g of HMTA were used under identical preparation conditions. The annealed,
seed-layer-coated substrates were vertically immersed in the precursor solution and placed
in a Teflon-lined stainless-steel autoclave, where hydrothermal growth was conducted at
100 °C for 3 hours. Upon completion, the samples were removed, rinsed thoroughly with DI
water to eliminate residual precursors, and dried at room temperature. The crystallographic
characteristics of the seed layers and nanorods were examined using XRD and energy-dispersive
X-ray spectroscopy (EDS), while SEM was employed to investigate surface morphology and
cross-sectional features. These analyses provided insights into the crystallinity, orientation, and
morphology of the ZnO nanorods synthesized under the described conditions.
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Figure 1. Schematic illustration of synthesis procedure

Results and discussions

The crystallinity and orientation of the ZnO seed layer were first examined by XRD, as
illustrated in Figure 1. The pattern revealed a sharp and intense diffraction peak at (002),
characteristic of the hexagonal wurtzite ZnO structure (JCPDS Card No. 00-005-0664). The
dominance of the (002) reflection indicates strong preferential orientation along the c-axis,
which is known to promote the vertical alignment of ZnO nanorods during hydrothermal
growth [19]. Such orientation is particularly beneficial for gas sensing applications, as c-axis
aligned structures provide direct electron pathways and minimize grain boundary scattering.
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Figure 2. XRD pattern of ZnO thin film seed layer deposited by RF magnetron
sputtering, showing a dominant (002) diffraction peak corresponding to
hexagonal wurtzite ZnO (JCPDS Card No. 00-005-0664)

The surface morphology of the seed layer, observed by SEM in Figure 2, further highlights
the effect of annealing. The as-deposited seed layer exhibited a relatively smooth surface with
poorly defined grains, whereas the film annealed at 400 °C for 2 h showed more distinct and
uniformly distributed grains. Thermal treatment is known to reduce lattice defects and enhance
surface uniformity, thereby providing favorable nucleation sites for subsequent nanorod growth
[7,8]. These improvements in seed layer quality are consistent with reports that annealing
significantly enhances the alignment and density of ZnO nanorods produced by hydrothermal
methods.
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Mag.: soK 100 nm

Figure 3. SEM images of ZnO seed layers deposited by RF magnetron sputtering:
(a) as-deposited (without annealing) and (b) annealed at 400 °C for 2 h

The influence of precursor concentration on ZnO nanorod crystallinity is evident from the XRD
results shown in Figure 3. Bothlow (0.01 M:0.01 M) and high (1 M:1 M) precursor concentrations
produced nanorods with a dominant (002) peak, confirming that c-axis growth was maintained
in both cases. However, the high-concentration sample displayed a much stronger and sharper
(002) peak, indicating superior crystallinity and larger crystallite size. This suggests that higher
precursor concentrations increase the availability of Zn2+ ions, thereby enhancing nucleation
rates and promoting anisotropic crystal growth along the c-axis.

~—— High conc. NR|

002 —— Low conc. NR

Card No: 00-005-0664]
>
15
z
:
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20 30 40 50 60 70
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Figure 4. XRD patterns of ZnO nanorods grown under different
precursor concentrations: (blue) low concentration (0.01 M:0.01 M) and
(red) high concentration (1 M:1 M)
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These structural differences are corroborated by SEM images, as depicted in Figure 4. At low
precursor concentration, the nanorods appeared short, sparsely distributed, and irregular in
shape. In contrast, nanorods synthesized from the high-concentration solution were vertically
aligned, densely packed, and exhibited well-defined hexagonal cross-sections with higher aspect
ratios. The observed morphology can be attributed to increased supersaturation of Zn2+ ions in
the growth solution, which accelerates unidirectional growth and yields longer, more uniform
nanorods [20]. Such vertically aligned and high-aspect-ratio nanorod arrays are highly desirable
for resistive-type gas sensors, as they maximize the active surface area for gas adsorption and
provide efficient electron transport pathways [21].

100 nm
- - -

Figure 5. SEM images of ZnO nanorods synthesized by the hydrothermal method
at different precursor concentrations: (a) low concentration (0.01 M:0.01 M),
showing shorter and less densely packed nanorods with hexagonal facets, and

(b) high concentration (1 M:1 M)

Taken together, these findings demonstrate that both the annealing of the ZnO seed layer and
the adjustment of precursor concentration critically influence the structural and morphological
evolution of hydrothermally grown ZnO nanorods. Optimized processing conditions lead to
vertically aligned, highly crystalline nanorods with dense packing and enhanced aspect ratios,
properties that are directly linked to improved sensing performance in gas sensor applications.

Conclusion

In conclusion, ZnO nanorods were successfully synthesized by a hydrothermal method using
sputtered ZnO seed layers, and the effects of seed layer annealing and precursor concentration
were systematically investigated. The XRD results confirmed preferential c-axis orientation
in all samples, while SEM analysis revealed significant improvements in nanorod alignment,
density, and aspect ratio under optimized conditions. Annealing of the seed layer at 400 °C
enhanced grain uniformity and provided well-defined nucleation sites, whereas higher precursor
concentrations promoted anisotropic crystal growth, resulting in vertically aligned nanorods
with superior crystallinity. These findings demonstrate that precise control over seed layer
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properties and growth solution parameters is crucial for tailoring ZnO nanorod morphology.
The optimized nanostructures are particularly promising for gas sensor applications, where
high crystallinity, vertical alignment, and large surface area-to-volume ratios are essential for
achieving high sensitivity, fast response, and stable performance.
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Korapsl eHiMi ra3 ceHcopJiapsl YiliH Zn0 HaHOTasAKIIA/IApPbIH GaKblJIAaHATHIH
THUAPOTEPMUSIBIK CUHTE3/ ey

Anpgarna. Kpucrangblk KypbLIbIMbI MeH Mopdosioruscel pertenreH ZnO HaHOTasiKMIAJapbIH
CHUHTEe3/ley KOFapbl 6HIM/II ra3 CeHCOpJapblH AAMBITy VIUiH aca MaHbI3Abl. Bys 3eprreyge ZnO
TYKbIM/IbIK Ka0aTbl LIbIHBI actapfa RF-marnetrponzapl 6ypky oaicimeH ecipinin, keiin 400 °C-ta
aHHeJIIeHil, KpUCTa/JIJbIK canackl MeH 0eTKi 6ipKesiKijiri apTTeipbliAbl. Keltin ZnO HaHOTasKI1aaapbl
U POTEPMHUSIJIBIK, dliCIIeH 9pTYpJli NpeKypcop KoHLeHTpayusaapbigga (0.01 M:0.01 M xxeHe 1 M:1 M
MbIpbIi aneTaTbl/'MTA) cunTe3genai. Pentrenik gudpakius aaici (XRD) 6apablik yarinepae (002)
JIOMUHAHTTHI WIbIHJbI KOPCETTI, OYJ C-0Ch GOMbIMEH OaFbITTaNFaH ecy/i Aauenjeni. CkaHupJeyuri
3JIEKTPOHABIK MUKpockonus (SEM) mpekypcop KOHIIEHTpAIUSAChl apTKAH CaWbIH Y3aFbIPaK, ThIFbI3
OpHaJIaCKaH >XoHe »KaKChl aHbIKTAJIFaH aJThIOYPHIIITHI KUMachl 6ap HaHOTasKUIaJdapAblH TY3i/leTiHiH
kepceTTi. HoTmkesep TYKbIMABIK KabaTTbl aHHEJEY MeH MPeKypcop KOHIEeHTpPauuschbiHbIH ZnO
HaHOTasIKIIa/JapbIHbIH, KYPbIJIBIM/BIK >XoHe MOPQOJIOTHUANBIK 3BOJIOLUACbIHA aWTapJbIKTal acep
eTeTiHiH kepceTTi. OnTUMa//bl CUHTE3/ey >KaFJaiapbl KOFAapbl KPUCTA/LI/bl, TiK GaFbITTaJfaH
’KOHe JKOFapbl acCHeKTiJiK KaThIHACKA HWe HaHOoTasKIIaJapAbl aJdyFa MYMKiHAIK 6epeni. MyHgai
KacueTTep ras aZCopOoIHsAChIH KoHe 3JIEKTPOH TachIMalAayAbl KYLIEWTil, ojlap/ibl pe3UCTUBTI TUMTI
ra3 ceHCOpJlapblHa KOJIJaHyFa eTe KOJIalJibl eTe/l.

TyiiH ce3aep: ZnO, HaHOTasAKIIa/Map, ra3 CEHCOPbl, MeTa/LJ1 OKCUIi »KapThlaak eTkisrimTepi (MOS),
TULPOTEPMUSABIK 9JiC
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KoHTposimpyeMblii THAPOTEPMaJIbHBIN CHHTE3 HAHOCTep:KHel Zn0 A1 BbICOK03(PEeKTUBHBIX
rasoBbIX CEHCOPOB

AnHOTanus. KoHTposimpyeMblii CMHTE3 HaHOCTepKHel Zn0 ¢ peryiupyeMoi KpUCTaJIJIUYHOCTBIO U
Mopdosiorueit UMeeT KJI0UeBOe 3HaUeHUe AJis1 pa3paboTKU BbICOKO3PEKTHBHBIX Fa30BbIX CEHCOPOB.
B naHHOU pabGoTte 3apofpliieBble ¢10M ZnO 6bLIM OCAXKAEHBI HA CTEKJISSHHbIE MOAJOXKKH METO/I0M
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P®-MarHeTpoHHOTO0 pachblieHus U 3aTeM oToxKeHbl pu 400 °C aJig yaydiieHUss KpUCTA/JIMYHOCTH
U OJHOPOJHOCTH NOBEpPXHOCTH. [lajee NpOBOAMJICA TMAPOTEpPMaJbHBIA POCT HaHOCTepxHel ZnO
NpU pas/IMYHbIX KOHLleHTpanusax npekypcopos (0.01 M:0.01 M u 1 M:1 M auetat niuaka/I'MTA) pnas
M3y4YeHHs BJIUSHUS XMMHUU pacTBopa Ha pOpMUpPOBaHHe HAHOCTPYKTYp. PeHTreHoBckas Audpaxkuus
(XRD) BbisiBuJIa JoMuHUpyromui nuk (002) Bo Bcex 06pasuax, YTo NOATBEPXkKJAeT POCT BAOJb C-OCH.
CkaHupylolas a/eKTpoHHasd MUKpockonus (SEM) nokasasa, 4To 60/iee BbICOKME KOHILeHTPaLUHU
IpeKypcopoB NPUBOAAT K GOPMUPOBAHUIO AJHMHHBIX, IJIOTHO YIIaKOBAaHHbIX HAHOCTEPXKHEHN C YETKO
BbIpa)KeHHbIM reKCaroHa/JlbHbIM cedeHUeM. [losrydeHHble pe3y/bTaThl IeMOHCTPUPYIOT, UTO KaK OTXKHUT
3apo/BIIIEBOr0 €105, TAK M KOHLIEHTpaLUs MPeKypCOPOB CYLIeCTBEHHO BJIMAIT Ha CTPYKTYPHYIO
U MOp(dOJIOTUYECKYI0 3BOJIIOLMI0 HaHocTepxkHed Zn0O. ONTHUMH3WpOBaHHBblE YCJOBUS CHUHTe3a
N03BOJIAIOT MOJIy4aTh BEPTHUKAJbHO OPUEHTHUPOBAHHBbIE, BBICOKOKPUCTAIJINYHbIE HAHOCTEPXKHHU C
yBeJIMYEHHBIM acClleKTHBIM OTHOILLEHHEM, YTO YCUJIHUBAET aACOPOLHMIO Ta3a U TPAHCIOPT 3JIEKTPOHOB,
Jlesiasi UX NepCreKTUBHBIMU [IJ1sl IPUMEHEHHUS B pe3UCTHUBHBIX Fa30BbIX CEHCOPAX.

KiwouyeBble ciaoBa: Zn0O, HaHOCTep:KHH, ra3oBblid ceHcop, MOIl (MeTan/00KCHAHBIE
HOJIYIIPOBOAHUKHU ), TUAPOTEPMATBbHBIN METO/,
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PacyéT onTu4yecKux xapaktepuctuk BaTiO; npy KOMHaTHOM TeMInepa-
Type B paMKax TeOpuU PyHKIMOHA/IA IJIOTHOCTH

YoK. Toneren'", @.y. A6yoBa'" , K.E. 3okueBa’", LA. Kanraraii®*', E.B. Ycen'" ,
A.Y. AéyoBa'* ", A.A. KpipbikGaeBa*
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AHHoOTanmsa. B paboTe ucciefoBaHbl onTUdeckre cBoiictBa BaTiO3; npu koM-
HaTHON TeMIepaType C HCIOJb30BaHHWEM MeTOJ0B TeopuM (QyHKLHOHaIa
IJIOTHOCTH M ab initio Mo/eKy/IApHOW JUHAMUKHU. AKTyaJIbHOCTb UCCJIej0Ba-
HUA oOycsoBJieHa WUPOKUMM npuMeHeHHeM BaTiO; kak cerHeToasiekTpuue-
CKOT0 U GYHKIIMOHAJIbHOT0 OKCUJHOTO MaTepHaJia B ONTO3JIeEKTPOHUKe, GpoTo-
HHUKE U JAU3JIeKTPUYECKUX YCTPOUCTBAX, I/le KOPpPeKTHOe ONMCaHue IIUPHUHBI
3anpeléHHON 30HbI U Kpas ONTUYECKOTO MOIJIOLeHUl UMeeT IPUHIUIINA/Ib-
HOe 3HaYeHHue.

[lokasaHo, 4YTO pacyéThl AJiA CTATUYECKOU KPUCTA/JIMYECKON PelléTKHU Cylle-
CTBEHHO I1epeOL,eHMBAIOT NOPOTr ONTHUYECKOTO MOIVIOIIEHUs 10 CPABHEHHUIO C
3KCIIePUMEeHTa/IbHbIMU JAHHBIMH, YTO CBA3aHO C UTHOPUPOBAHUEM TepMUYe-
CKHUX KOJIeOaHUH aTOMOB M AMHAMHUYECKUX UCKaKEHUH CTPYKTYpHL. [ yué-
Ta TeMIepaTypHbIX 3pdeKToB BbinoIHeHO MoJenupoBaHue npu T = 300 K ¢
BbIYHMCJIEHUEM 3HEPTUU 3JIEKTPOHHBIX [1ePeX0l0B U CUJI OCLUJIJIATOPOB BJ0JIb
MOJIEKYJIAPHO-AUHAMUYECKOU TPaeKTOPUHU. JJIeKTPOHHAA CTPYKTypa aHaJU-
3MpoBaJiachb B paMKaX 30HHOW TEOPHUHU C yYETOM BKJIaJla pa3IMyHbIX K-Touek
30HbI bpUJUII03HA, YTO MO3BOJINJIO IPOCAEAUTH U3MEHEHHE MeXX30HHbIX llepe-
X0/10B BO BpEMEeHHU.

YcTaHOBJIEHO, YTO TeIJOBble QJYKTYallMU KPUCTA/IJINYECKON PEeETKU MpHU-
BOJAT K JMHAMHU4Ye€CKOMY HapylLIeHHUIO JIOKaJIbHOW CHMMETPUHU U MOAYIALUHU
MeX30HHBIX IIepexo/i0B. B pe3ysibTaTe 3Heprus paspelléHHbIX IepexoL0B UC-
NbITbIBaeT BpeMeHHble KOJIe6aHHs, a HOMUHAJIbHO 3alpelléHHble NepexXo/bl
NpHUOOpEeTAIOT KOHEYHYI0 BEPOATHOCTD BCJIe,CTBHE CMeLIeHUs 3J1eKTPOHHBIX
COCTOSIHMM pa3/IMYHON cuMMeTpuHU. 06a MexaHU3Ma pOPMUPYIOT HU3KOIHED-
reTU4YecKoe IMOIJIOLeHHWe Y BbI3bIBAIOT KpPacHOe CMellleHue Kpad CIIeKTpa I10
CpPaBHEHMIO CO CTaTUYECKUM PaCYETOM.

[octynuna 6.02.2026. Ilocae gopa6otku 23.02.2026. [IpunaTa k nedyatu 23.02.2026.
Joctynno onuaiin 30.03.2026.
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Pacuém onmuueckux xapakmepucmuk BaTiOz npu komMHamHoli memnepamype
8 paMKax meopuu PyHKyuoHa.1a naomHocmu

[TonyyeHHOe 3HaueHHe 3PPEKTUBHOIO ONTHUUYECKOTO MOPOra, onpezeséHHOe
NyTEM CTaTUCTHUYECKOTO yCPeAHEHHS 10 MOJIEKYJIIPHO-IUMHAMUYECKOU TpaeK-
TOPHH, HAXOJUTCS B XOPOILIEM COIVIACUM C IKCIEPUMEHTAIbHbIMHU JIaHHBIMHU.
[TokasaHo, 4TO HabJ/It0jaeMasi onTHYeckas 1esb BaTiO3 npy KOMHAaTHOHN TeM-
nepaType onpe/jie/isieTcsl He TOJbKO 0COOEHHOCTSIMU 30HHOU CTPYKTYPhI Uje-
aJIbHOTO KPUCTaJlJIa, HO U JIMHAMUYECKUM 0OecrnopsiIkoM peléTKH, 00yCa0B-
JIEHHbIM aHTAPMOHUYECKUMU KOJIeOGAHUSIMH aTOMOB.

PacuéThl 661U BbINIOJIHEHBI Pa3/le/IbHO JJis1 pa3/IMYHbIX K-Toyek 30HbI Bpuii-
JIID3HA, YTO M03BOJIMJIO BBISIBUTH UX BKJIaJ, B OpMHUpPOBaHUE Kpasi OTUYECKO-
ro MOIVIOIEHUS U YCTAHOBUTD POJib TeMIlepaTypPHO-UHAYIIUPOBAHHBIX PIIYK-
Tyalui B MOgUPUKALIMU 3JIEKTPOHHBIX [TEPEX0/0B.

KiroueBsble cii0Ba: MeTo/, QYHKI[MOHAJA MJIOTHOCTH, IEPOBCKUT, ONITUYECKOE
NOIJIOUeHUe, KpUCTAIJINYeCKasl pelieTKa, TPAeKTOPUSI MOJIEKYJIIPHOU AMHA-
MMKH.

1. BBegenue

TuTtanat 6apusa (BaTiO3) cpeau nepoBCKUTHBIX OKCUJOB fIBJAAETCA OJHUM U3 HauboJiee
N0APO6GHO U3YYEeHHbIX MaTepPHaIOB KaK CErHeT03JIeKTPUK [1-3], BbicoKO-k fuanekTpuk [4,5]
u GoTopedpaKTUBHbINA MaTepuals [6,7], YTO NOATBEP}KAAETCS MHOTOUYMCIEHHBIMU 3KCIIEpU-
MEHTaJIbHBIMU U TEOPeTHYeCKHMU HCCleJoBaHUAMU. biarofgapsa cOBOKYIIHOCTU CBOMX YHHU-
KaJIbHbIX pu3nyeckux cBocTB BaTiO3 paccMaTpuBaeTcs Kak NepCcleKTUBHBIA MaTepuall AJis
IIMPOKOTO CIIEKTPa TEXHOJIOIMYEeCKUX IPUMeHEeHUH, BKJII0Yas 3aTBOPHbIE AU3JIEKTPUKH [8] B
MHUKPO3JIEKTPOHHKE, rojsiorpadpudeckue cucteMsl [9] xpaHeHUs nHGoOpMaL UM, GOTOKATANIH-
TU4eckue npoueccol [10,11], a Takke MHOTOC/I0MHbIE KepaMHUYeCKHe KOHieHcaToph! [12].

B 3aBucumocTu ot Temnepatypbl BaTiO; MoxeT cyuecTBOBaTb B NATHU Pa3JIMYHBIX KpHU-
CTaJJINYEeCKUX MOAMPHKALUAX, N0CAe/0BaTeJbHO CMEHAWIUX JpYyTr JApyra NpHU Harpese:
pOM603IpUYECKOM, OPTOPOMOUYECKOHN, TeTparoHaJibHOM, KyOUUYECKONW WU reKcaroHaJIbHOM.
OcoOblil MHTEpecC NpejcTaBsgeT TeTparoHajbHas $asa, CyllecTByOLlas B TeMIIepaTypHOM
JinanasoHe npu6ansuTesbHo 290-390 K, nocko/ibKy UMEHHO B 3TOM MHTepBaJie MPOsIBJISIOT-
s eé BbIpaKeHHble CErHeTO3JIEKTPUUYeCKHE U ONTUYeCKHUe CBOMCTBA.

OnTtuyeckue cBorictBa BaTiO3 B 3HaYMTe/JIbHOW CTeNEHU 3aBUCAT OT BHEUIHUX (PaKTOpPOB,
TaKUX KaK TeMIepaTypa, NPUJ0KEHHOE 3JIeKTPUUECKOe 10Jie U MeXaHU4YeCKoe HalpshKeHHUe,
0COOEHHO B TeTparoHasibHOH ¢ase, 06/1a4al01el CETHETO3JIEKTPUIECKUMU CBocTBaMu. Cer-
HETO3JIEKTPUKU XapaKTepHU3YITCA CIOHTAaHHOM NoJispu3aliyel, 4yBCTBUTEJbHON K BHeIl-
HUM BO3/leHCTBUSM, KOTOpasi HANPSIMYIO BJIMsSIeT HA ONTHYEeCKHEe NapaMeTphbl, BKJOYas Io-
Ka3zaTeJib pejioMaeHus], KO3QPUIUEHT SKCTUHKIIMU U LIUPUHY 3anpellléHHOM 30HbI [13-16].

JKCniepUMeHTa/lIbHble U3MepeHHUs CIIEKTPOB ONTUYECKOTrO IMOIVIOLEeHUsS BBICOKOKPHUCTAJI-
sndeckoro BaTiO; npu KOMHAaTHOM TeMIlepaType NOKa3bIBAIOT HAJIMYKe YETKOIr0 Kpas MorJo-
meHus B 06s1actu 3.2-3.4 3B [17-22]. 3TOT noporoBbld YpOBEeHb CBSA3aH C NPSIMbIMU M€EK30H-
HbIMM Ilepexo/laMH, NOATBEPXKAEHHBIMU KaK CIIEKTPOCKONMEN OTPaXKeHHUS M NPOINYCKaHHUS,
TaK M aJjinncoMerpueit [17,20]. 3HaueHUs LIMPUHBI 3alpeLiéHHOM 30Hbl BApbUPYIOTCA B 3a-
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BUCHMOCTH OT METO/ia CUHTE3a, OpUEHTAIMU MJIEHKH, HAJIN4Hs AePeKTOB U TOJIMHbI 06pa3-
1oB. Tak, HanpuMep, B TOHKOMJIEHOYHBIX CTPYKTypaX, MOJYYeHHbIX METOA0M XMMHYECKOr0
OCaXKJAEeHHUs WU HallblIeH!s, HabJII0Aal0TCA CABUTH Kpas noriouieHus Ha 0.1-0.3 3B [18,19].

M3MepeHus Ha TeMIlepaTyPHbIX 3aBUCHMOCTSX IOKa3bIBAIOT, UTO [IPU HAarpeBe HAbJII0AAEeT-
Csl KpacHbIM CABUT Kpasi ONTHUYECKOTO MOIVIOIEHUS], 00YC/I0BAeHHbIN QIYKTyalUsIMHA MexXa-
TOMHBIX PACCTOSIHUM U YMeHblLIEHUEM CUMMETPUM pell€TKU [21,22]. ITu apdeKThl 0cO6EHHO
BbIpaXXeHbI B 00JIaCTU CETHETO3JIEKTpHUUYecKoro ¢pa3oBoro nepexozia (okoso 393 K), rae pesko
M3MeHSIeTCSl KpUCTa/JINYecKasi CTPyKTypa MaTepuaa [23].

B HacTosel paboTe NpOBOJUTCS MOJEJMPOBaHUE ONTHUYECKOTO MOIVIOLEHHUS] TPU KOM-
HaTHOW TeMIepaType ¢ y4éTOM BKJIaAa KaxJou Kk-Touku 30HbI bpuiarosHa. [lokasaHo, 4To
TEeIJIOBOEe JIBUKEHUE aTOMOB OKa3bIBaeT CYILLleCTBEHHOE BJIMSIHME Ha ONTHYECKOe MOIJIole-
Hue BaTiO;. CMelieHre aTOMOB OTHOCUTEJIbHO PABHOBECHBIX ITOJIO)KEHU W IPUBOJUT K «OCBET-
JIEHUIO» 3JIEKTPOHHBIX NIepPeX0/i0B, KOTOPble B CTATUYECKOU pelléTKe ABJAKTCA ONTHYECKU
3anpeléHHbIMHY, a TaKXKe BbI3bIBaeT PIYKTyal[UH IHEPTUM 3JIEKTPOHHbBIX IEPEXO/0B.

2. MeToAbI

2.1. TeopeTuyecKue MOAX0AbI

BbluncauTebHAsE XapaKTepUCTUKA CBOMCTB MaTepUasioB B JJaHHOM paboTe OCHOBaHa Ha
MCI0JIb30BAaHUHU TPeX B3aHMOCBSI3aHHBIX METO/[0JIOTUYECKHX MOAXOJ0B: PacyéTa 3JIeKTPOH-
HOM CTPYKTYPbl OCHOBHOI'O COCTOSIHMS, aHa/IN3a INHEMHOTO0 ONTUYECKOT0 MOIJIOLIeHUs U MO-
JleJTMPOBaHUS TEMJIOBOTO ABUKEHUSI aTOMHBIX A/iep.

2.1.1. 3/1eKTpOHHAaA CTPYKTypa OCHOBHOI'O COCTOSIHUSA

AToMucTHYecKas MoJeJib CUCTEMBI 33/1aéTcsl HabopoM si/iepHbIX KoopAuHaAT {R;}. [l BbI-
OpaHHON aTOMHUCTHUYECKON KOHQUIypalMu U 3aJJaHHOro Habopa BOJIHOBBIX BEKTOpOB Kk pe-
IIaeTCsl CUCTEMA CAaMOCOIVIaCOBAaHHBIX YPaBHEHHUH, B pe3yJibTaTe Yero UTepaloHHO onpe/e-
JISIOTCS II0JIHASA 3J1eKTPOHHAsA JIOTHOCTb, 00MEHHO-KOppeILIMOHHBIN IOTEeHIMaJl, OpOUTaIN
Kon-Illama §*(k) (30HHBIE cOCTOSIHUSA) U COOTBETCTBY0OmMUe uM 3Hepruu £%(k). lanHble ca-
MOCOIJIaCOBaHHbIe PAaCcYéThl BBINOJIHAIOTCA KaK A/ ONTUMHU3UPOBAaHHOM reoMeTpHUH, TaK U
B/I0JIb BpeMeHHO-3aBUCHMOU TpaekTopuu {R;(t)}.

Pac4éT ONTUYECKNX CBOWCTB OCYLIECTBAsETCA B 6a3uce opbutaneii Kon-1lsma Y (k).

2.1.2. JIu"HeliHOE ONTUYECKOE NOIVIOIlEHUE

JIuHeliHble ONTUYeCKHe CBOMCTBA aHA/IM3UPYIOTCA Ha OCHOBE MAaTPUYHBIX 3JIeMEHTOB JU-
IOJIbHOTO MOMEHTa Mepexo/ia, BbIYMC/ISeMbIX B Pa3/IMUYHbIX K-ToYkax 06paTHOro MpOCTpPaH-
CTBa:

Dy;(k) = e(w;” (k) 1719 (K)), (1)

r/ie i 1 j - COOTBETCTBYIOT Ha4aJIbHOMY U KOHEYHOMY 3JIEKTPOHHBIM COCTOSIHUSAM, K — BOJIHO-
BOU BEKTOP B 0OpPAaTHOM MPOCTPAHCTBE, A € — 3JIeMeHTapHbIHN 3aps/.
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Ha ocHOBe AMIOJIbHBIX MAaTPUYHBIX 3JIEMEHTOB PAaCCUUTBIBAETCS CUJIA OCIIUJLISITOpA Mepe-
xoja:

47”’”’1 ] (k)

fi(k) = | Dy (k) 17, (2)

rae m — Macca 3JIEKTPOHa, h - mocTostHHas Ilnanka, a Vjj — 4aCTOTa 3JIEKTPOHHOI'O I€pexo-
Aa Mexay COCTOAHUAMU iu ] I/ICHOJIBSYH CWUJIbl OCHUJJIATOPOB U IIpejlioJiarad OTCyTCTBHUE

CHI/IH-Op6I/ITaJIbHOI‘O BSaHMOAeﬁCTBHH, CIIEKTP ONITHUYECKOrO MOIIOmEHHA onpeaeadeTCA Bbl-

paxxenueM: a(v, k) = Zij fij 6(v —v;(k)).

2.1.3. TensioBO€ ABUKEHHE ATOMHBIX AAep

Jl/1s1 MOoZie/TMpOBaHus TEMJIOBOTO JIBUXKEHUsI aTOMOB MCI0JIb30BaIUCh MPOLelypbl HAarpeBa
CUCTEMBI U aiuabaTUyecKOU MoJieKyasipHOU AuHaMuKu (M/]). Ha kaxx0M BpeMeHHOM Luare
aTOMHUCTUYEeCKas CUCTeMa B3aUMOJEUCTBYeT C TePMOCTATOM, YCTaHOBJIEHHBIM Ha 33/laHHOU
TeMIlepaType, YTO NIPUBOJHUT K MacLITaOMPOBAaHUIO MOHHBIX UMNyabcoB {P;}. [locne goctmxke-
HUS TENJIOBOI0 paBHOBECHUS TPAeKTOPUSA MOJIEKYJIAPHOU IMHAMUKY aiuabaTHU4eCcKOro OCHOB-
HOI'0 COCTOSIHMA PACCYUTBIBAETCA NMYTEM pellleHUs ypaBHeHUH ABMkeHHUs HbloToHa.

KooparHaThl aTOMOB COXpPaHAIOTCA Ha KaXK/JOM BpeMEHHOM 1lIare TPaeKTOPUU MOJIEKYJISp-
HOM JMHAMUKHU /151 IOC/Ie[yI0lero aHaau3a 3J1eKTPOHHOM CTPYKTYPhI. [l afjnabaTUyeCcKux
M/I-pac4yéToB ONTUMHU3UPOBAHHBIE TeOMETPUYECKHEe MOJe/IM HarpeBaJIMCh 10 TeMIepaTyphI
300 K c ucnonr3zoBanuem tepmocrtata Hose-I'yBepa ¢ nOBTOpHBIM MacluTabMpOBaHUEM CKO-
pocreil. [locsie 3TOro MUKpOKaHOHUYECKUE TPAaeKTOPHUU FreHepHUPOBAJIUCh C IPUMEHEHHUEeM aJl-
roputMa Bepuae [23].

2.2. BpluMciuTe/IbHbIE JETa/IH

JJIeKTpOHHasA CTPYKTYpa, BKJ/OYalollasg KyJOHOBCKHE, KOppeJsaLlMOHHble U OOMeHHble
3JIEKTPOH-3JIEKTPOHHbIE B3aMMO/IeMCTBHUS, a TAKXKe B3aUMO/IeCTBUE 3JIEKTPOHOB C HOHAMH,
paccyuThIBaJIach B paMKax TeOPUH GYHKIMOHAJIA IIJIOTHOCTH Ny TEM CaMOCOIJIaCOBAHHOI0 pe-
meHus ypaBHeHu KoHa-1llama, peasM3oBaHHOro B nporpaMMHoM nakete (VASP) [24, 25].
Ucnonb3oBanuchk rubpuanbii GyHkuroHan Xenla-Ckbro3epua-IdpH3eprodpa (HSE06) [26] u
dynkuuoHnas Ilepabro-bépka-3pHseproda (PBE) [27] B 060611éHHOM rpaiueHTHOM aNpoOK-
CUMall1U.

151 yuéTa JIoKaJIbHOUM KYJIOHOBCKOUM KOppesisiliuu 3jieKTpoHoB Ti-3d npuMeHsiiachk napa-
MeTpusanus Jydapesa [28] c napameTpoMm U-J = 2,6 3B. Bce M/l-pacyéThl BbINOJIHAIUCH C UC-
noJsib3oBanueM pyHkuuoHasa PBE + U npu temnepatype 300 K ¢ KoHTpoJieM TeMIepaTyphbl
TepmocTtaTtoM Hose-T'yBepa [31].

MogenupoBaHue, NIpoBeJEHHOE B JAHHOW paboTe, ObIJIO BBIIIOJIHEHO /I TeTParoHaJlbHOU
¢daspl BaTiO3 (mpocTpaHcTBeHHas rpynna P4mm, #99), koTopas He IBJISIETCS 3HEPreTUYeCKU
BBITOJHOU NP HyJIEBOW TeMIlepaType U CyLeCTBYeT NP KOMHATHBIX yCJI0BUAX. ATOM 6apus
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¥MeeT KOOpAWHALMOHHOE YHMCJIO LIEeCTh M0 OTHOLIEHHWIO K aHMOHAM KHUCJI0POJa, TOrAA KakK
aToOM TUTaHa 00/1a/laeT KOOPAUHALMOHHBIM YUCI0M ABeHaauatb. Oktasgpsl TiOg 06pasyoT
KapKaCHYIO0 CTPYKTYpY 3a CY4€T COeJMUHEHUA 110 BepLIXHAM, KakK [I0Ka3aHo Ha pucyHKe 1. Kpome
TOro, KaTUOH Ti pacnoJsioeH B LieHTpe JaHHOW CTPYKTYPHI.

PucyHnok 1. Kpucra/uindyeckas CTPyYKTypa TeTparoHaJibHOM
moauukanuu BaTiOs;.

UcxonHaa KpucTalindyeckas CTpyKTypa ObLa noJjiyueHa U3 6a3bl aHHbIX Materials Project.
Hcnosnb3oBasnachk cynepsyeiika [32], pasamepom 3x3x3, moCTpoeHHasi U3 NIPUMUTUBHOU sT4ei-
KH, cogieprkaiasi 135 aTtomMoB. PacyéThl BbINOHSAINCh C 3HEPTUEN OTCEeYKH MJIOCKUX BOJIH 500
3B u ceTkom k-Touek 2x2x2, nueHTpupoBaHHOU B ['-To4uke. /|Ji1 10CTOOPAaOOTKHU AAHHBIX, pac-
CYUTAHHBIX € moMollblo naketa VASP [33], npuMensicsa nporpaMMHbli Kog, VASPKIT.

3. Pe3ynbTaThl 4 06CYKAEHUE

3.1. d1eKTPpOHHbIE CBOMCTBA CTATUYECKOM pelléTKH

Pe3ynbTaThl, pejcTaB/ieHHble B JAHHOM pa3/eJe, OblIY MOJy4YeHbl HA OCHOBE PacyéTOB
PBE+U a1 onTUMHU3UpPOBaHHOU reoMeTpuu cynepsiueriku BaTiOs. B Ta6uiuie 1 npuBeaeHbI
3HayeHHUs IMIMPHUHBI 3anpeléHHoN 30HbI (Eg), paccuMTaHHble BO BCeX HEMPUBOAUMBIX TOUKAX
30HbI bpuiyitoaHa. TU 3HaUYeHUs ObLJIU ONpeZiesieHbl ABYMS CIOCOOAMU: MyTEM BbIYUCIEHUS
Pa3HOCTH 3HEPTUH MeX/ly MUHUMYMOM 30HbI TpoBoAuMocTH (CBM) 1 MakcMMyMOM BaJIeHT-
Ho¥ 30HBI (VBM), To ecTb E“®M-VBM = E(CBM) - E(VBM), a Takxe myTéM omnpejeseHUs] MUHU-
MaJIbHOM 3HEePryuu ONTUYECKOTO Nepexo/a C HEHYJeBOW CUJION OCLUJIIATOPA (Eopm). PacuéTnl
ObIJIM BBINOJHEHBI C UCIIOJIb30BaHKWEM pyHKIMoHa0B PBE+U u HSEQ6.
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Ta6smmna 1. PaccunTaHHble 3Ha4eHMsI IHepruii nepexoaop EM-VEM y E ptic
B pa3/IMYHbIX TOYKAX 30Hbl BpuiwsHa ¢ ucnoib30BaHMEeM QYHKIMOHA-

JsioB PBE u HSEO6.
k -Touka ECBM-VEM 5B optic
PBE+U HSEO06 PBE+U HSEO06
r=(000) 2.40 3.56 2.58 3.70
7=(00 1) 2.46 3.62 2.67 3.79
2
X:(% 00) 2.69 3.89 3.23 4.33
11 2.51 3.73 3.11 4.34
M=G; 0
11 2.77 3.97 3.38 4.47
R032)
A:(lll 2.72 3.95 3.42 4.67
2272

Makcumym BasieHTHOM 30HBI BaTiO3 pacnosioxkeH B Touke M, Torja Kak MUHUMYM 30HBI
NPOBOAMMOCTU HaxoAUTcs B Touke [. B cBs3u ¢ atum BaTiOs; knaccudunupyeTrcss Kak mosy-
NPOBOJHUK C HENPSIMOM 3aNpeliéHHON 30HOM, UTO COIVIaCyeTcsl C pe3yJbTaTaMM, paHee OIy-
6JIMKOBaHHBIMU B JiMTepaType Ha ocHoBe pacuéToB PBE [37]. PacuéTHoe 3HaYeHHe HENpSIMOU
3anpeiéHHou 30Hbl BaTiOz B pamkax PBE+U cocrtaBasieT 1.94 3B, Toraa kak npsimMas 3arnpe-
11éHHad 30Ha paBHa 2.48 3B.

JlOTIOTHUTENIBHO aHA/IU3UPYeTCA XapaKTep XMMU4yeckou cBsA3u Ti-0, U moKa3aHo, YTO OHa
B 3HAYUTEJIbHOW CTENEHU HOCUT UOHHBIN XapaKTep, BCJIECTBUE Yero HeNpsAMble ONTHYECKHUE
nepexo/bl MaJIOBEPOSITHBI. JJIEKTPOHHAs CTPYKTypa oCHOBHOro cocTosiHUsA BaTiO; 6b1s1a Tak-
»Ke paccuuTaHa C Y46TOM CIIMH-OPOUTAJBHOTO B3aUMO/JeicTBUs. Pe3y/ibTaThl MOKa3aau He-
3HAYUTeJIbHOE YMeHbllIeHHe 3HaYeHUs NIpAMOU 3anpeliéHHOM 30HbI 710 2.44 3B, Torga Kak Be-
JIMYMHA HEeMpsMOM 3ampeléHHON 30Hbl 0CTa/JlaCb HEU3MEHHOU. YUUThIBas cj1aboe BAUSHUE
CHHMH-OPOUTAJIbHOTO B3aUMO/I€eMCTBUSA AaJbHENIINN aHA/IM3 IPOBOAUIICS 6€e3 ero y4éTa.

3HavyeHusd Eg, mosiyyeHHble c ucnoJib3oBaHWeM ¢yHKIMOHaMa PBE+U, cyiiecTBeHHO MeHb-
1le COOTBETCTBYIOLIUX 3HAYEHUHN, pAaCCUMTAHHBIX C IPUMEHEHUEM TMOPUAHOr0 QYHKIMOHA-
Jia HSE06. 3nauenus EMVBM paccuutannblie B Touke [' ¢ ucnosib3oBanueM HSEQ6, 6/1M3Ku K
BesiMuMHe 3.66 3B, nosyueHHOUM paHee B paMkax ¢yHkiuoHasa B3LYP [30], u cyumecTBeHHO
oT/aM4aloTca oT pe3syabTaToB PBEO, garouiux 3HayeHue okosio 4.1 3B [38]. [Ipu aTom 3Haue-
Hus ECBM-VBM iy E . PasIMYaloTCs MeX/y co60#. MUHMMaJ/IbHOE 3HAYeHHUEe E, . 3HAYMTEBHO
npeBbIlIaeT 3KCIIepUMEHTA/bHO HabJIl0jaeMoe 3Ha4eHMe Mopora ONTHYECKOTr0 MOTJIOIeHUS,
paBHOe npubsn3uTeabHo 3.2 3B [30,39]. [IpyurHbI TAaKOTO paCX0XK/IeHHUS MEXAy TeopeTHYe-
CKMMHU M 3KCIIepUMEHTAIbHbIMHU JJAHHBIMU 006CYK/Jal0TCs JaJsiee B pasjese 3.2.
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B6sin3u ypoBHs @epMu BasieHTHas 30Ha GOpMUPYeETCs NMpeuMyleCTBeHHO 3a cuéT O-2p
COCTOSIHMH, TOT/la KaK 30Ha IPOBOAUMOCTHU onpefensetcd Ti-3d coctoasnuamu. Bepx BaneHT-
HOM 30HBI PAcloJIOKEH B TOUKe A M HAXOAUTCA BOJIMU3U TOUKU M, Torjja Kak MUHUMYM 30HBI
IPOBOJAMMOCTH pacoJioxkeH B TouKe I' M 6/1M30K K Touke Z. B HacToawel pabote paccMaTpu-
BAIOTCA TOJIBKO NPSAAMbIE ONITUYECKHE NIepPeX0/bl, HECMOTPSA Ha TO YTO B JIMTEPAType TeOpeTH-
YeCKH JI0IyCKaJlachb BO3MOXXHOCTb HENPSAMBIX I1€PEX0/,0B BC/IeCTBHE HAJIUYMs KOBaJeHTHOU
coctaBJssitouied csa3u Ti-0 [40].

=] =1 0 1 2 3 4 2
sl ;k__[]._?_'m_ ] L k= (1/2 172 112)
40} : ; ;
0 “\_[/}\'\_n ai L i
g0 [R-poir ' k=(0 1/2122) 1 Lk = (012 1/2)
40t : ] ]
i oo -
U I ) L i i pﬂ- "é
B0 (M-point ¢ k(172 172 0) 1 = k=(2120
5 40} 1 B
2 oS M NN S -
@ 80| L ke{17200) 1 B [k=(11200) .
W ' E=
40 My £
W : E I
Q o "M et rlﬂL 2
0 0 : ke=(0 0 1/2) L Lk=(0012)
! : b S
0 : 2 = :
RO+ :k-munﬁ 1 Ck={000)
a0} ! y
oA | L JASKN
a1 0 1 2 3 4
2 3 4
E-E, eV
E, eV
a) 6)

PucyHoK 2. (a) [110THOCTB 3/1eKTPOHHBIX cocTosiHU# (DOS).
(b) CneKTpbI ONTUYECKOI0 NOIIOLIEHUs, pACCYUTAHHbIE AJIS CTATUYEeCKOH
KPUCTA/L/INYEeCKOM pelléTKH (MyHKTHPHbIE IUMHUM) U IPU TeMIlepaType
T =300 K (cnuiolHbIe JIMHUHU) B pa3/IMYHbIX K-ToOYKax 30HbI Bpuiw3sHa.

Pe3ynbTaThl pacyéTOB MJIOTHOCTH 3JIEKTPOHHBIX cocTOSAHUM (DOS), BbINOJIHEHHBIX B MPU-
6mxenun PBE + U, 11 Bcex HEMPUBOAMMBIX TOUYEK 30HbI BpUI/It03Ha, NpUBeEHHbBIX B Ta-
6s1v1e 1, mokasaHbl Ha pucyHKe 2(a). Bo Bcex paccMoTpeHHBIX k-Toukax BasieHTHOM 30HbI (B3)
¥ 30HbI TpoBoAMMOCTH (3I1) MPUCYTCTBYIOT NOA30HbBI, B KOTOPBIX 3JIEKTPOHHbIE COCTOSHUSA
OTCYTCTBYIOT. ITO IPUBOJUT K MOSIBJIEHUIO SHEPreTUYECKUX UHTEPBAJIOB B CIIEKTPE ONTUYe-
CKOr'0 MOIVIOLeHHS, B KOTOPBIX 3JIEKTPOHBI C 33/laHHbIM 3HaYeHHWEM BOJIHOBOT'O BEKTOpa He
NOIVIOLAIOT 3JIEKTPOMarHUTHoe usnydeHue (puc. 3(6), IyHKTUPHBIE IMHUH).

[Ipu yuyéTe Bcex 3Ha4yeHUU Kk cyMMapHOe ONTUYeCKOe MOIVIOLeHHe YKa3blBaeT Ha TO, YTO
BaTiO3; norsiomaeTt BO BCEM 3HEPTeTUYECKOM JiMalla30He Bhllle ONTUYECKOH 1LLeNr EOptiC (puc.
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3(a)). AHasoruyHble JaHHbIE AJ51 CTATUYECKONW KPUCTAIJINYEeCKOMN peléTKY, pacCYUTaHHbIE C
ucnosib3oBaHueM pyHkunoHasa HSE06, npescraByieHsl Ha puc. 3(6).
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PucyHok 3. (a) [Io/s1HbIe cieKTpbI IMHEHHOr0 ONTHYECKOro Moo eH s, pac-
cyuTaHHble B paMKax PBE + U a1 craTH4ecKoi KPpUCTA/LVINYECKOU pelléTKU
BaTiO; u npu Temneparype T = 300 K.

(6) CneKTpbI IMHEMHOr0 ONITHYECKOI'0 MOIVIOeHUA, PACCYUTAHHBIE C UC-
nosib3oBaHveM ¢pyHkunuoHas1a HSE06 aj1 cTaTU4eCcKOM KPUCTA/IZIMYeCKOH
pewéTku BaTiO3: cyMMapHOe NOIIOILeHUEe M BKJIa/J KaXKJ0¥ HelPUBOAUMOM
k-To4ku 30HbI BpuI03Ha.

A.H. I'ymunres amoindazor Eypasus yammuix ynusepcumeminin, XABAPIIBICHI. Ne1(154)/ 2026 189

Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



YOK. Tonezen, @.Y, A6yosa, K.E. 3akuesa, I'A. Kanmazatl, E.B. YceH, A.Y. A6yosa, A.A. Kvipbikbaesa

3.2. OnTuyeckue ceoMcTBa npu temneparype 300 K

Jns ydyéta TeMmnepaTypHbiXx 3pdekToB onTuyeckue cBoicTBa BaTiO3; paccuuThiBaIuUCh
BJI0JIb TpaeKTOpHHM ab initio mosiekynsipHot auHaMuku nipu T = 300 K. MosiekysnsipHo-ArHa-
MHYeCcKOoe MOJleJIMPOBaHKe BBINOJIHAJIOCh B paMKax TeOPUU PYHKIIMOHA/IA MJIOTHOCTH C UC-
noJsib3oBaHueM ¢yHkunMoHasa PBE+U. B kax/01 TouKe TPaeKTOPUMU BBIYUCJISIUCH IHEPTUU
3JIEKTPOHHBIX I1€peX0J0B U COOTBETCTBYIOIME CUJIbl OCLUJIJIIATOPOB, I10CJ€e Yero NpoBOAHU-
JIOCh CTaTUCTHUYECKOe ycpeJHEHHEe 110 KOHbUTypanusaM. Takoil ogxos M03BoJIsIeT YYUTHIBATh
MTHOBEHHBbIE TeIlJIOBble UCKAXKEHUA KPUCTAJIMYECKON PEIIETKHA U CBA3aHHOEe C HUMU U3Me-
HeHNe BEPOATHOCTEN ONTUYECKUX [TIEPEXO/0B.

Jis1 yuéTa TeMnepaTypHOTO BJAUSHUSA Ha onTUYeckue cBoiicTBa BaTiO3z 6b1/1M paccurMTaHbl
3HEepruu 3JIEKTPOHHBIX N1IEPEX0/I0B U CUJIbI OCLUJIJIITOPOB BA0Jb TPAeKTOPHUH ab initio moJte-
kyassipHoi aAuHaMuku npu T = 300 K B pamkax ¢pyHkiuonasa PBE+U. Takoil moaxo no3BoJisieT
YYUTBIBATb MTHOBEHHbIE UCKAXXEHUA KPUCTA/IJINYECKON PEIIETKU M UX BJIMSHHE Ha CIHEKTp
NOIJIOUIEeHUS.

Ha pucyHke 4 npejcraB/ieHbl 9HEPIHMU [ePEX0[0B U CUJIbl OCLUJIJIATOPOB /ISl IEPEXO/0B,
ABJIALUXCA ONTUYECKH pa3pelléHHBIMU B CTaTUYECKOW CTPYKTYpe. B oTsinure oT paBHOBEC-
HOU peléTKY, IPYU KOHeYHOM TeMIlepaType HabJI104aloTCcs 3Ha4UTebHble BpeMeHHble QJIyK-
TyallMy SHEPTUH [lepexo/0B OTHOCUTEJbHO 3Ha4Y€HHUs, PACCYUTAHHOTO /I ONTUMU3UPOBAH-
HOU reOMeTpUH.

TenioBble Kosie6aHKSA NPUBOAAT K HEIPEPbIBHOMY M3MeHeHMI0 AJMH cBa3el Ti-0 u yriioB
B OKTaszapax TiOg, YTO BbI3bIBAET MOAY/IALNI0 SJHEPTeTUIECKOI0 PACCTOTHUA MEX /Ay BaJIeHT-
HOU Y 30HOW NMPOBOJAUMOCTHU. B pe3ysibTaTe sHeprusa paspeliéHHOr0 MeX30HHOr0 Nepexoza
CTaHOBUTCH pacnpefie/IEHHOU BO BpeMeHHU, GOpMHUpPyst HAOOp MTHOBEHHBIX 3HAYEHUU HUXKe
JHepruu nepexo/ia B CTaTUYEeCKOU pelIéTKe.

[Ipy 3TOM CHJIBI OCLUJIJIATOPOB OCTAIOTCH KOHEYHBIMU Ha MPOTSIKEHUU BCeU TPAEKTOPUH,
YTO YKa3blBaeT Ha COXpaHEeHHUe XapaKTepa paspelléHHoro nepexoga. CiexnosaTesbHO, OCHOB-
HOM BKJIaJi TeMIlepaTypHoro s¢pdekTa cBsi3aH He C 0sIBJeHMEM HOBbBIX IEPEXO/I0B, a CO CMe-
LleHWeM 3Hepruu CylleCTBYIOLLEr0 MeK30HHOI0 [lepexo/a.

daykTyal My 3HEpPruil nepexo/j0B NPUBOAAT K YMeHblLIeHUI0 3$pPEeKTUBHOTO Mopora ofl-
TUYEeCKOro NMOorioueHus U GOpMUPYIOT KpacHOe CMelleHre Kpasi CleKTpa NpU KOMHAaTHOM
TeMnepaTtype. TakuM 06pa3oM, CHUXKeHHe HabJiioZjlaeMor ONTUYECKOU LesIu 00yCI0BIEHO JHU-
HaMHU4yeCKOH MoAy/siliMel 3Hepruu pa3peliéHHbIX epexo/l0B BCae/CTBUE TENJIOBbIX KoJsleba-
HUU PELIETKU.
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PucyHoK 4. Cu/ibl OCIU/I/IATOPOB (JieBas 0Cb) U 3HEPTUU 3JI€KTPOHHBIX
nepexoAoB (mpasas OCb) pacCyMTaHble BAO0Jb TPAEKTOPUM MOJIEKYJISAP-
HoM auHaMMKHU npu temneparype T = 300 K. FTopu3oHTa/IbHble YépHBIE
IITPUXOBbIE€ IMHUU COOTBETCTBYIOT JHEPIrusaM lepexos0B, paCCYUTAaHHBIM
AJIA CTATUYeCKOMN pelIéTKM.

4. 3ak/04YeHue

B pa6oTe BbINOJIHEHO TEOPETUYECKOE UCCeJOBaHHE ONTHYEeCKUX cBOUCTB BaTiO3 c yuéTom
TeMInepaTypHbIX 3Q(PeKTOB HA OCHOBE KOMOMHALUU Teopuu QYHKIMOHAJIA MJIOTHOCTU U ab
initio MOJIEKyZIAPHOU JUHAMUKH.

[lokasaHo, YTO pacyéThbl CTATUYECKOU PELIETKH He NO3BOJISIIOT KOPPEKTHO BOCIPOU3BECTH
3KCIIepMMEeHTAJIbHbIM OPOr ONTHYECKOI0 MOIJIOLEeHHUSA. YCTAaHOBJIEHO, YTO TEIJIOBbIE KOJIe-
6aHUsA aTOMOB MPUBOJAAT K JUHAMHUYECKOMY HapyLIEHUI0 CHMMETPUU KpUCTa/ljla U U3MeHe-
HUIO BEPOATHOCTEN 3JIEKTPOHHBIX [TI€PEX0/0B.

BrisiBsieHBI Ba MexaHU3Ma GOPMUPOBAHHS HU3KOIHEPTeTUYECKOT0 MOTJIOLeHUS:

1. MoAynAL YA 3HEPTUH PA3PELIEHHBIX MEK30HHbBIX I€PEX0/0B;

2. aKTUBalLlus 3alpelléHHbIX IepPeX0/i0B BC/Ie/ICTBME MTHOBEHHBIX HCKAXKEHUW OKTa3/pOB
TiOs.

06a adpdekTa BpI3BIBAIOT KpAaCHOE CMellleHUe Kpas MOTJIOUeH!S U PUBOAAT K yMeHbllle-
HUI0 3 PEeKTHBHON ONTUYECKOH L€/ IPY KOMHATHOM TeMnepaTtype. [losiyueHHble pe3ysbTa-
ThI I0KA3bIBAIOT, YTO onTUYecKHe cBoicTBa BaTiO; onpenensiioTcsa AMHAMUY€CKUM COCTOSIHU-
€M pell€TKH, a He TOJIbKO 3JIEKTPOHHOM CTPYKTYPOU paBHOBECHOM F€OMETPHH.

[IpencraBiieHHBIM NOAXO, MOXET OBITh UCIIOJb30BaH /151 KOPPEKTHOI'O OMUCAHUS ONTUYe-
CKHUX CBOMCTB JJpyTMX OKCUHBIX IEPOBCKUTOB IIPU KOHEYHBIX TEMIIEpaTypax.
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Besime TemnepatypacsiHaarsl BaTiO; onTuKaiblk Kacuerrepi: DFT-moaesnbaey

Anpgartna. Kymeicta BaTiO3 MaTepuangapblHbIH 66/1Me TeMIlepaTypacblHAAFbl ONTUKAJbBIK KacH-
eTTepi ThIFbI3/IbIK QYHKIIMOHA/bI TEOPUSIChI k9HE ab initio MoJsiekynanbiK AUHAMUKA 9/IiCTEPiH KoJ1Aa-
HY apKplIbl 3epTTes/i. 3epTTeyiH e3ekTiairi BaTiOsz-ThIH cerHeTO3/1eKTPJIK KoHe QYHKIMOHANBIK
OKCH/TIK MaTepuaJ peTiHJe ONTO03JIeKTPOHUKAAA, GOTOHUKAZA KoHe AM3JIEKTPJiK KypblLIFbLIapAa
KeHiHeH KOJIJJaHbLIybIMeH 6ailJIaHbICThI, MYH/1A THIABIM CaJIbIHFAH aliMaK eHi MeH ONTUKAJIbIK }KYThLIY
LIeriH AYPhIC CUIIATTAy aca MaHbI3bI.

CTaTuKaJIbIK KpUCTAJABIK TOP YLIiH XKYPri3ijJireH ecenteysiep TaKiprubesik JepeKTepMeH CaabICThbl-
pFaH/la ONMTHKAJBIK XKYThLIYy LIEeTiH alTapJbIKTal KOFapbl 6aFaJalThIHbI KepceTiaji, 6y aToMaap-
JIbIH, KbUIYJIBIK Tep6esicTepiH koHe KYPbLIBIMHBIH, JUHAMHUKAJ/IBIK OypMaslaHy/JapblH eCKepMeyMeH
TyciHgipinegi. TemnepaTypaJblk acepJiepAi ecenke any MakcaTeiHAa T = 300 K kesinge mogenbaey
KYPTi3izin, MosieKyanbIK-AUHAMUKAJIBIK TPAEKTOPUS G0UbIH/IA 3JIEKTPOH/BIK aybICy SHEPTHUSIAPhI
MEH OCHUJIIATOP KYIITEpPi ecenTesi. JeKTPOHABIK KYPbLIbIM alMaKTbIK Te€OpUs asCblHAA Tajja-
HblM, Bpu/It03H aliMaFbIHBIH 9pTYPJi k-HYKTesiepiHiH yJieci KapacTbIPbLI/bL.

KpucTanaslK TOpAbIH KbUIYABLIK GIYKTyaIusaaapbl JOKAIAbIK CAHMMETPUSHbBIH, JIUHAMUKA/BIK 0Y-
3blJIYbIHA JKOHe allMaKapaJsiblK aybICyJlapAblH, MOAYAAIUSAChIHA 9KeJeTiHi aHbIKTanAbl. HaTxeciHze,
PYKCaT eTilireH aybicy/iap 3HEPTUsAChl YaKbIT GOWbIHIIA Tepbesiesli, ajJ ThIMBIM CaJbIHFaH aybicysap
CUMMETPHSACHI 9PTYPJIi 3JIeKTPOH/bIK KYWJIEPiH apaJacybl cajliapblHaH HEJIJIEH 63T€ bIKTUMaJIIbIKKa
ve 6oJsiazbl. by eki MeXxaHU3M TOMeH 3HEPTUSJIbI XKYThLIY/bl KQJIbIITACTHIPHII, CIIEKTP KUETiHIH, KbI-
3bLJI BIFBICYBIH TybIHJATa/bl.

MosiekynanblK-AMHAMUKAIBIK TPAEKTOPHUsS OOMWBIHIIA CTATUCTUKAIBIK OpTallajgay apKbLIbl
aHBbIKTaJIFaH TUIM/] ONTHUKAJIBIK K TIKipHUOe ik HoTHKeJIepMeH KaKChl calikecTik kepceTTi. BaTiOs-
ThIH, 66JIMe TeMIlepaTypachlHAaFbl 6aKblJIaHAThIH ONTUKAJIBIK, CAHbLIAYbI TEK UJeas KPUCTaJI/bIH al-
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MaKTbIK KYPbLJIbIMbIMEH FaHa EMEC, COHbIMEH KaTap, aTOM/Aap/blH aHTApMOHUSJIBIK TepOesicTepiHeH
TYBIHJAUTBIH TOP/bIH JUHAMUKAJbIK PeTCi3AiriMeH /e aHbIKTaJaTbIHbI KOPCETI/II.

EcenTeysnep BpusiioaH alMaFbIHbIH, 9PTYPJi K-HyKTesiepi yIIiH KeKe »Kyprisziii, 6y/ oyiapabiH
ONTUKAJIBIK, Y TbIJIY XUETriH KaJblITaCTbIPYAAFhl YJECIH XoHe TeMIepaTypa acepiHeH TYbIHAAWTbIH
byKTyanusIapAblH 3JIeKTPOH/IBIK aybICy1apibl MoAubUKaIUAAAYAaFbl POJIiH aHbIKTayFa MyMKiHAIK
Gepai.

TyiiiH ce3aep: ThIFbI3AbIK QYHKIMOHAIBI d/lici, IEPOBCKHUT, ONTHKAJIBIK XY ThLIY, KPUCTAJIJBIK TOP,
MOJIEKYJIAJIBIK, JUHAMHUKA TPA€KTOPUSCHIL.
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Optical properties of BaTiO; at room temperature: DFT Modeling

Abstract. The optical properties of BaTiO; at room temperature were investigated using density
functional theory and ab initio molecular dynamics. The relevance of this study is related to the wide
application of BaTiO; as a ferroelectric and functional oxide material in optoelectronics, photonics, and
dielectric devices, where an accurate description of the band gap and optical absorption edge is essential.

Itis shown that calculations performed for a static crystal lattice significantly overestimate the optical
absorption threshold compared to experimental data, due to the neglect of thermal atomic vibrations
and dynamic structural distortions. To account for temperature effects, simulations were carried out at
T =300 K, and the energies of electronic transitions and oscillator strengths were calculated along the
molecular dynamic’s trajectory. The electronic structure was analyzed within the framework of band
theory, taking into account contributions from different k-points of the Brillouin zone.

Thermal fluctuations of the crystal lattice are found to cause dynamic symmetry breaking and
modulation of interband transitions. As a result, the energies of allowed transitions exhibit temporal
fluctuations, while nominally forbidden transitions acquire finite probability due to the mixing of
electronic states with different symmetry. Both mechanisms contribute to low-energy absorption and
lead to a red shift of the absorption edge compared to the static calculation.

The effective optical threshold obtained by statistical averaging over the molecular dynamic’s
trajectory is in good agreement with experimental data. It is demonstrated that the observed room-
temperature optical band gap of BaTiO3 is determined not only by the band structure of the ideal crystal
but also by the dynamic lattice disorder associated with anharmonic atomic vibrations.

The calculations were performed separately for different k-points of the Brillouin zone, which
allowed us to identify their contributions to the formation of the absorption edge and to clarify the role
of temperature-induced fluctuations in modifying electronic transitions.

Keywords: density functional theory, perovskite, optical absorption, crystal lattice, molecular
dynamics trajectory.
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AHjaaTna. AHaJIMTUKA/bIK MeXaHUKaAaFbl 63iMi3re 6eJrisi Ko3FasbIC TeHAeynepi
MeH 3JIEKTPOMarHUTTiK epicTep TeopusChIHAAFbl TeHAey/ep JlarpaHk GyHKI M-
CbIHA €H, a3 IPUHLMIIIH KOJIJaHy apKbLJIbl LIBIFAPbLIbII aJbIHFaH. AJl, YCHIHBLJIBIII
OTbIpFaH MaKaJaZia [aMuUIbTOH xkoHe JlarpaH TeHJey/iepiH BapyaLMAJIbIK IPUH-
HUNTepAi KoJiJjaHO6al-aK ajyFa 60JIaTbIHABIFbl KOpPCETIJNreH, SFHU »KYMbICTBIH
MaKcaTbl — KO3FaJ/IbIC »K9He epiC TeHJAeyJepiH 3HeprUsiHbIH CaKTay 3aHbIHaH
BapUaLUsJIbIK NPUHLUNTEPAI KosijaHOal wmbiFapy. ’KyileHiH 3HeprUsiCbIH KaJl-
IblJlaMa KOOpAWHATa/Jap MeH KbLIJaM/bIKTapAblH, GYHKLUUACH] e aJblll KaJ-
NblJIaMa UMNYJIbCTEPAI aHbIKTAaUTBIH TeHJey/ep KOPBIThLIbIN WbIFAPbII/bI }KOHE
Jle )KYUeHIH Ke3-KeJITeH epKiHJIK [opexKeJepiHiH e3repicTepi Ke3iHJe 3Hepru-
SHBIH, CaKTaJaTbIHABIFbI AaJienfeH/i. Ocbl KaFfaiaapAbl NanjajaHa OThIPHII
TOJIBIKKAH/Ibl aHbIKTaJMaFaH raMUJbTOHUAHbI 6ap ['aMUJIBTOH TeHAey/epi Je
LIBIFAPBLIBIN aJbIHFAH/BIFbIH aliTa KeTy Kepek. UMnynbcTepAiH kooparuHaTaaiap
MEeH bl aM/IbIKTapFa ToyeJ I JiJIiIKTepiH CUIIaTTalThIH KaTblHACTAp/bl Ta0y YLIiH
aJIIbIMEH XKYHeHiH 3HeprusichblHA OeJITiJi 1maMa peTiHze Kapar, 0Cbl apKbLiabl Jla-
rpaHk QyHKIMACHI TabyFa 60JaThIHABIFBI Jja KepceTinzi. Ocbl ajJbIHFaH HOTHXKe-
JiepAiH 6apJibIFbl []a ePKiHAIK Jopexesepi 6ip-6ipiHe MelliHIIE ToyesICi3 60/1aThIH
dbaszasnbIK KeHiCTiK YLIiH OpbIH/AAAThIH/bIFbIH AU ThIN 6TY KaXKeT. AHAJIMTUKAJbIK,
MeXaHMKa YIIiH KOJIJAHbLJIFaH OChl TICI/IZEpP 3JIEKTPOAMHAMUKAAaFbl epicTep Te-
OpUSICBIHBIH, TeHJEYJEePiH ally YUiH Jle COTTi KoaJaHblLibl. Janipek auTKaHAa,
3JIEKTPOMAarHUTTiK epicTeri 3apsTajfraH 66JIleKTiH 3HEPTUsAChl BEKTOPJIBIK 6pic
MOTEeHLMaJIbIHbIH KOJIaW/Ibl MOH/AEPI YLIiH aHbIKTa/1bl. Kos1ailibl MoH/Ep peTiHze
OOMJIBIK 3JIEKTP Opici MeH OeJileK TypFaH XepJiepre colKec KeJleTiH BEKTOPJIbIK
NOTeHIUaN[ap KapacTbIpblI/BbL.

Ty#iH ce3aep: Ko3fFaabiC TeH/Jey/iepi, 3JIeKTPOMarHuTTiK epic TeHAey/epi, ['a-
MUJIBTOH >XoHe JlarpaH QyHKLUsJIAPHI, )KajllbllaMa KOOpAUHATaJlap, UMIYJIb-
CTep »KdHe KbLIJJaM/bIKTap, SHEPTUAHbIH CaKTaJlybl, Aep6ec TYbIH/bLIbI TEHJEY
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Kipicne

KapbIK )bL1aMAbIFBIMEH CAJIBICTBIPFAH/A 6TE a3 XKbLIJAAM/bIKTapMeH KO3FalaThIH JeHe-
Jiep MexXaHUKacbIHbIH, (GU3UKAJIbIK HeTi3AepiH TyciHy yiuliH HploTOH, JlarpaH:x »xoHe ['aMUIb-
TOH YCbIHFaH TEeOPUSJIBIK 3epTTey TaciaJepiH 6iny xeTKinikTi. Bys ke3kapactap MaTeMaTu-
KaJIbIK, allllapaT TYPFbICBIHAH aJIFaH/A aca KypZeJi ecenTteysepleH TypFaHbIMeH, OJIap/blH,
HOTU:KeJiepi MaceJieHi TybereuJi, api Tasacchl3 wellin 6epe anagbl. COHABIKTAH /3, oJ1ap Te-
OpUSJIBIK (aHAJUTHUKAJbIK) MEXaHUKAHbIH Heri3ri AiHreri 6o/ibin Tabblia/ibl. JlarpaHKAbIK
MexaHUKa N MaTepUaN/bIK HYKTeleH KypblJIFaH MeXaHUKaJIbIK *KYHeHIH KO3FaJIbIChIH Y1l 6JI-
meM/ii 3BKJUATIK KEHICTIKTe KapacTbIpyFfa apHasraH. XKyleaeri 6ap/blK okurasap JlarpaHx
GYHKIMSACHI apKbLJIbl CUIIATTAaJIbII, YaKbIT IEH KEHICTIKTiH KacCUeTTEePiHEeH aJNblJlaMa caKTa-
Jly 3aHAapbl (Ko3fFa/blC MHTerpaaAapsl) wWblFajbl. bysa Tacin acipece geHeHiH Map/bIMChI3
TepbesicTepi MeH KAaTThl JIeHEHIH, JUHAMHUKACBIH 3epTTEyTe 6Te bIHFAUJIbI.

A, TaMUIBTOHABIK MexaHMKa 6o0Jica 6N esieMAi ¢pasanblK KeHicTikke reomeTpusnsl, Ily-
aHKepeHiH MHTerpaa/JblK UHBApUAHTTapbl MeH ['aMUIBTOH QYHKIUACHIH KOJIJaHA OThIPHII
OeJilIeKTep/liH, KOOpAWHATaJapbl MeH UMMYJbCTEPiHiH 63apa OaiJlaHbICTAPbIH CUNATTAM
asnajbl. JlarpaHK/blH MeXaHUWKacblHA [aMUJIBTOH/ABIK MEXaHHWKAHbIH, JlepOec »KaF/jaibl peTiH-
Jle Kapay KaxkeT, iFHU JlarpaHx QyHKUUsACbIHA JlexkaHAp TypJieHAipy/iepiH KoJilaHy apKbl/bl
[aMUIbTOH QYHKIMACBIH ajlyFa 00/1abl. [aMUIBTOHABIK MeXaHUKA 3ProJUKaJIbIK TEOpUs,
CTAaTUCTUKAJIBIK MEXaHUKa, ONTHUKA K9HEe KBAaHTTBIK MeXaHUKa CEKiJIJli MaTeMaTUKaJbIK Qu-
3WKaHbIH CajajJapblMeH TbIFbI3 OalJaHbICThL. KapacThIpbLIbI OTBIPFAaH OChI €Ki TOCLIJIH,
3epTTey HbICaHAapbl COHIIAJIBIKThI ayKbIMbl 60JIyblHA KapaMacTaH 0JIap/bl *KapbIK KbLJI1aM-
JIbIFBIHA KYBIK, KbLJ1JJaM/IbIKTapMeH KO3Fa/IaTblH JieHeJlepre KoJiAaHyra 6oaMaiibl. Cebebi,
CaJIbICTBIPMaJIbLIBIK, TEOPUACBIH/A 06J/IIeKTep KYWeCiHiH NOTeHLUaNAbIK 3HEPTUACHI JlereH
YFBbIM XOK,. [loTeHHanAbIK SHEPTUS acepJiecylli JeHesep/iH OpHa/lacy afAauapblHa FaHa
TayesJji 60FaH/bIKTaH, 0J1 6Te a3 bLIJJaM/IbIKTapFa apHaJ/IFaH aJIbICTaH aCcepJiecy TEOpHUsi-
CbIH/|a FaHa XKy3ere acaTbIH YFbIM.

J/leKTpoJUHAMUKalaFbl MaKcBesls1 TeHJeyJiepi KJacCUKaJbIK MexaHWKaJarbl HbOTOH
3aHJapbl HeMece CaJIbICTbIPMAJIbLIBIK TEOPUACBIHJAFbl JWHILUTEHWH MOCTYJaTTaphbl icler-
Ti, AFHU OJIap Ke3-KeJITeH 3JIEKTPOMAarHUTTIK epicTep/i, 6eriji 6ip opTasaFbl TOKTap MeH
3JIEKTPJIIK 3apsATapAbl 6alaHbICThIpAa CUNATTAWTbIH MHTErpPalJbIK XKoHe AuddepeHIU-
aNAbIK TYpAeEri TeHJeyJiep XKykeci 60/bIn TabbL1aAbl. MakcBe1eH OypblH 6Mip cypreH 3p-
ctes, AMnep xoHe Papagei cekinfi Fysama FajabIMAap/bl 3JIEKTPOJUHAMUKAHBIH, HETi3iH
KaJlayliblaap peTiHJe 6ijieMi3, os1ap Toxipubesiep apKbliibl UHAYKLUUAIBIK TOKTbI, MATHUTTIK
KYLI CbI3BIKTApbIH, 63/iK UHAYKIMA KYObIJIBICBIH K9He T.C.C. AlUbIN 3JIEKTPOJAWHAMHUKAHBIH,
HeTi3ri 3aHAbI/IbIKTAapblH TaFaWbIHAAN 6epai. Anaiiza, PU3rMKaHbIH OChl O6JiMiH/eTi eH Kep-
HEKTI XKeTiCTiK-epic YFhIMbIHBIH €Hyi eKeH/iri laycbi3. MaceJsie 3/IeKTp MEH MarHUTTIiH OYKij
KEeHICTIKKe Kalblja eHyi XeHiHJe 60Jibll OThIP, SFHU MaKCBeJUIZIH TY>KbIpbIMbI OOWBIHILA
3JIEKTP K9HEe MarHUT epicTepi TOKTap MeH 3apsATap XKOK xepJiepZe (KeHicTikTe) e 6aiiKa-
Jla 6epefi, oslap KeHICTIiKTiH HYKTecCi MeH yaKbITKa ToayeJs/i. MakcBeJ1 XKypri3iireH 6apJbIK
TIOXKipUbesiep/liH HOTHXKeJIEPiH eCKepe OThIPbIIN eKi epic 6aFbIHATBIH TEHJEYJIED KYHECiH Kaca-

200 Ne1(154)/ 2026  A.H. I'ymunres amwuindazol Eypasus yammuoix ynusepcumeminivy XABAPIIBICHL
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Kosrasbic scaHe epic meyoeynepiH IHep2UsiHbIH cakmaJy 3aHbIHAH WblFapbIn a1y mypasbl

Zibl. By kyilie KeHiCTiKTiH apbip HyKTeciHe 6ip-6ipiHe mepneHAUKYJIAp 6aFbITTaNa OTHIPHII
Gip/lel KUTiKTeri rapMOHHUKAJIbIK TepbesicTep »KacauTbIH 3JIEKTP *KoHe MarHuT epicTepiH
MaTeMaTUKaJbIK TYPFblJlaH CUIIAaTTayfa apHaJ/IfaH, OJlapJblH KapamnaibiM Jepbec LielliM-
Jlepi-Ty3y CbI3bIK O0MbIMEH KapbIK, *KblIJaM/bIFbl O0WbIHIIA TaPANUThIH 3JI€KTPOMArHUTTIK
TONKbIH. Ocbliailia *apbIKThIH TOJKbIH/BIK TaOUFaThbl OeJrisi 60a4bl. MakcBes1 TEHAEY-
JiepiHiH actapblH 3epTTereH JlopeHn, JiHIITeNH, [lyaHkape xoHe MUHKOBCKUH ceKingi ¢pu-
3UKTEep MeH MaTeMaTUKTEP/iH KaXKbIpJibl eHOEKTepiHiH apKacblH/a AYHUEre PeSTUBHUCTIK
MexaHHKa KeJlfi.

MexaHUKaJBIK Kyilesep MeH epicTepre apHa/ifaH TeHJey/ep BapUalUsAIbIK IPUHLUIITED
apKbLIbl LWIBIFAPbIN aJbIHFAHAbBIFbl Oesriji [1-3]. BapuauusablK NpUHIUMOTEP MEH OJlapFa
caliKec KeJieTiH AuddepeHLMaNbIK TeHJeylep KBAHTThIK TEOPUSHbIH Heri3iH KypauTbIHbIH
Jla 6inemi3. Macesiere ocblH/Iall Ke3KapacTa KapauThIH 60JICaK, OH/Ia SHEPTUSHbIH, CaKTaJ1y
3aHbl JlarpaHk QyHKIUSCBIHBIH yaKbITKa alKbIH TYpZe TayeJs/i 60JMaybIMeH TYCiHAipiseTiH
6osazbl. bysn Makasnaza 6i3 6ackKalua KOJIMEH KYPeTiH 60J1aMblI3, SFHU dHEPTUSHbBIH CaKTaly
3aHbIHAH >KaJIblJIaMa UMNYJIbCTEPAi KOPBITHIIN IIbIFapaMbl3, COAAH KeHliH JlarpaHxk GyHKIU-
SCBIHbIH K9He KOOpJAMUHAaTaJap MeH KbLIJaM/AbIKTApP apKbl/bl Ka3blJIaTbIH UMIYJIbCTEPAIH
OpHEKTEpPiH aHBIKTAaUTBbIH 60s1aMbI3. Ocblap apKblibl KaHOHUKAJBIK TYpPJeHJipyJep MeH
3HEePTUSIHbIH, CaKTaJly 3aHbIHbIH 63apa YW/aeciMAiJIiriH opHaTy apKblibl AudpdepeHIHuaNbIK
TEHJeEYJIEP KoHe oJiapAaFbl (QYHKIMOHAJ/BIK TIyeJUIiKTepAi KapacThlpaTblH 00JIaMbI3.
MiHe, >KoFapbl/Jla KeJITipiJireH MaJliMeTTep/i KeJTipe KeJsie MaKaJia TaKbIpblOBIHBIH, MPo6Jie-
MaJIbIK YKaF/lall MeH 3epTTeY/AiH 63€eKTiJiri, 00'beKTi MeH MoHi, MaKcaT NeH MiHAeTTepi Typasibl
KbICKA 9pi HaKThl TYKbIPbIM/IapMeH alKbIH/Ay YILIiH MbIHAJIapAbl aUTY/bI K6H CaHal OThIp-
MbI3: aHAJIMTUKAJIbIK MexXxaHUKalaFbl JIarpaHx xoHe [aMUIBTOH TeHJey/IepiH caKTaly 3aH/a-
pbl HerisiHze Je ajqyFa 60JIaTbIHABIFBIH KOPCETY, 0J1 OCbl TeHJey/epAiH MaHbI3bl MeH KYH-
JbLIBIFbIH apTThIPa OTHIPbIN OHBIH, MaTEMATUKaJbIK allllapaTblH KEHENUTeAi. 3epTTey 00 beKTi
peTiHZe Kenl eJleMJi XYWeHiH alHbIMaJ/blIapblH TYpJeH/ipyre KaTbICThbl aHAaJUTHUKAJBIK
IIOHTe JleTeH 3epPTTey bIHTAChIH apTThipaZbl. Bys 6aFbITTa »KacabIHbII KaTKAaH 3epTTeyJiep
Jlepbec uMnarTa OOJIFAaHJABIKTAH, 0JlapFa HAKThLJIbI Oip cUMlaTTaMaJap »KacajMa/ibl. OpUHE,
MaKaJslaHbIH MaKcaTbl 6eJriji 6ip FbLJIBIMHU OJIKbLIBIKTBIH OPHBIH TOJTBIPY €Mec, KaiiTa aHa/Iu-
TUKaJIbIK MEXaHUKaHbIH HETi3Ti JlereH TeH/AeyJ/epiHiH a/bIHY K0JJapbIHbIH 6ipiH HacUxaTTay
GOJIBII TaObLIAbI.

JdjicHamMa

AHa/NIMTUKa/NbIK MeXaHUKaHbIH MaTepuaJ/iiapbl (Heri3ri KOHIeNusapbl) KaTapblHa Je-
HeHiH KO3FaJIbICTapbl MEH OHbIH CeOelNTepiH, AeHeepAiH KacueTTepiH, JleHesep KyHeciHiH,
Tene-TeHAUIIK 3aHAbIIBIKTAPbIH, CAKTaJy 3aHJ4apbl MeH KO3FaJbIC TeHJey/epiH KaTKbI3yFa
60s1aabl. Ko3rasibic cebenTepi peTiHae 6apJibIK illIKi )KoHe ChIPTKbI KYLITED, 9CepJiecy KylITepi
a/ZibIHAAbl. 3epTTey 9JicTepiHe >KaJMbllaMa KOOpPAWHATa/llap MEH >XYWeHiH, JlarpaH>XUaHbI-
Ha HerizgenreH JlarpaHx ¢opManuiMi, kaanbliaMa KOOpAWHATalapFa, *KblIAaMAbIKTapFa
»KoHe »KYWeHiH raMUJbTOHUAHbIHA Heri3zaenreH [aMuibToH GpopMainu3MiH, QyHKIMSIAP/IbIH
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3KcTpeMyM/iepi MeH QYHKIMOHA/NAAP/Ibl aHbIKTayFa apHaJ/JFaH BapUalUAJbIK ecenTeyaepai
»KaTKpI3aMbI3. MaKasiaZjarbl KOJIJJaHbLJIATbIH 3/[iC TiKeJied SHEPTrUsiHbIH, CaKTaly 3aHbIH Jla-
rpaHK/bIK TYpJIeHAipyJiepMeH YIITAcThIpy 60JiblN Tabbliaazbl. Co apKblibl KAHOHUKAJIBIK,
TeHJeyJIep MeH O0JIapZAblH, auHbIMaJ/IblIIapbIMEH JKYPri3iIeTiH aHaJIMTUKAJBIK, ecenTeyepai
»KyHeJi )Kypridyre MyMKiH/JiK 6epefi.

KiytaccukasnblK 3/1eKTpOAMHAMUKAAFbI 3JIEKTPOMArHUTTIK ©picTep TeOPUACBIHBIH MaTepu-
asniapbiHa (epicTiH KacueTTepiHe) 6ipTyTac cUNaTTa KapacThIPbLIATbIH 3JIEKTP K9HE MarHUT
epicTepiH, epicTiH, MaTepPHUAIBIFbIH )XoHE 3JIEKTPOMAarHUTTIiK TOJIKbIH/bI )KaTKbI3yFa 060J1a/Ibl.
TeopuaHBIH 3epTTey, CUIIATTAy XoHe ecelnTey dficTepiHe MakKcBeJ1 TeOpUACHl MEH OHJAFbI
TeHJeyJ/iep XoHe XaPbIKThIH 3JIEKTPOMarHUTTIK KaCUeTi KaTabl.

HoaTnxesiep MeH TajKbliay
> i L
Wannewiama q'(i=1,..,N) KoopJuHaTa ap MeH aanbliama 19 = dd_qt KbLIJaM/AbIKTapFa

ToyeJl 60/1aThIH XXyHeHiH sHepruscel E(q,9) 6ocbiH. XKyleHiH kydi 2N esnmem/[i KeHiCTiK-
Teri KoopAuHaTanapsl (q,9) 60aaTbiH HYKTE apKblibl KECKiHAeaeAi. TpaekTopHsa 60UbIHAAFbI
3HEPrUsiHbIH CaKTaJyblH CUIATTAUTbIH MaTeMaTHUKaJbIK 6PHEK MbIHA TYP/e »Ka3bl1a/ibl:

O0E ; 0E ;
dE(q,9) = XV, (a—qidql + ﬁdﬁl) =0 (1)

ByJs1 TeHJIKTiH OH KaK 6eJiirinjieri KocblH/bl HOJITe TeH O00JIFaHbIMEH, KOCBLJIFbIIITAPAbIH
9PKaMChICHI HBJIJIEH 63Te 60J1aThIH MaHAEPAi KabblaAauibl. Tayesci3 epKiH/iK AapexesepiHiH
e3repicTepi Ke3iH/e SHEPTUAHBIH CaKTaJlyblH KAMTAaMaChI3 €TY YIIiH Kbl aM/IbIKTapAbIH Op-
HbiHA E(q,9)=H(q,p) Typ/ieHAipyi opblHAAJaThIHAAN P’ allHbIMa/bLIApbIH eHrizemi3. Ce6eobi,
xKyie (p,q)dasasnblK KEHICTiIKTe KapacThIpPbLIbIN OThIPpFAH/bIKTAaH, [aMUJIbTOH TeHAey/1epiH-
Jle XKblIJaM/IbIKTap UMMYJIbCTEPMEH aJIMaCThIPbLIa/ibl. AJl UMNYJILCTEP TAYeJICi3 alHbIMaJIbI-
Jlap peTiH/le TeK KOOp/IMHATaIapAbIH TYbIH/bIChl FAHA EMEC, 0OJIap KO3FaJIbIC 9HEPTHUSACHIH 6iJ-
nipeni xx/(M/c)keHicTikTiH 2N esmeMainirine 6aiiaHbICThI p' 601ybI 3aHABI. OCbIFaH COUKeC:

0=§—;dq1+:—;dp1=§%dq2+:—gdpz =...=£7—”quN+%de @)

Erep kyiie e3apa ToayeJici3 (acepJiecnieiiTiH) 6eikTepeH KypasiFaH 60Jca, OH/]a OCbl O6JTiK-

TepAiH dpKalChIChIHAAFbl 3HEPTUs e3repicci3 Kasnazpl (cakTanaabl). By 6apablK TypAeri ep-

KiHZiK Jopexesiepi 6ip-b6ipiHe MelliHILe TayeJici3 60s1aThIH eseMi 2N-re TeH, (q,9) Typzeri

daszanblK, KEHICTiKTe >KYMBbIC Kacal >XaTKaH/AbIFbIMbI3/IbIH alfafFbl O0JIbIN TabbLIaAbl. (2)-
TeHAeyAi N nponopiuys TypiH/e Jie *ka3yFa 60J1afbl:

aqt _ _apy _ o ad __dow _
OH — oH T W*lyty 9H T 9H T UON (3)
op1 dq? opN agN

(2) »xxoHe (3)-TeHaey/iep *KaJnbl caHbl N e3apa TayeJici3 dq' opbIH aybICTbIPYJIapAbl CUNIAT-
Tamn 6epe anaawbl. lIbiHBIHAA A3, dg'=9" dt Ko3FaabicTapbl Ke3iHje (3)-ri 6apJablK Mylieaepai
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TeH Aidpexesie YCTay YUIIH 9 — gH Jlen asiyFa 6oJ1afibl, 6acKalia auTkanza dti=...=dt_N=dt fen
p;

CaHay KepekK. OCbI,HaH TGMeH,Z[el"l [aMUJIBTOH TeH,ﬂey.IIelee OHaI/I eTeMis:

dqt __0H dp; _ aH
dt  dp;’ dt 6q

(4)

Bbalikan oTbipcaHbI3fap, (2)-TeHAeyai »KasFaH Ke3Je 93ipre TOJIBIKTal aHbIKTaJIMaFaH

oH
dp;

OHzarbpl MaKcaTbIMbI3 — (1)-TypZeri aHeprusiHblH caKTa/ly 3aHblH KaHaraTTaH/bIpaTbiH (4)

KoHe 19 = m—MIaAPTbIH KAHAaFaTTAHAbIPATbIH p aI/IHbIMaJIbIJIapr MeH H (I)YHKL[I/IHCI:I €HTi3i/IreH.

. . i _ 0H
nuddepeHnMaNbIK TeHAeyepi (Ko3Faabic TeHAeynepin) Taby. U = ap: OOJIFaHBbIKTaH,

l
JIOHKUH TeopeMacbiHa calikec [4], [aMUIbTOH QYHKUMSACBIMEH KOCapJ/iaHa XXypeTiH

L(q,9) =p;9' — H(p,q) (5)

TYPAET] XKbUIJAM/BIKTAPABIH, QYHKLHUSCEI MEH P; = % KaTbIHACbIH MakaaaHbin JlarpaHx

byHKIMSCbIHA apHAJIFaH TOMEH/IeTi iepOec TYbIH/bL/IbI TEHAEY/] a/1laMbl3:

9" 9L = I+ E(q,9)
99 (6)

Bys TeH ey Kbl1AaM/bIK allHbIMaJIbICbIHA TAye i/l 60J1aThIH eKi TypJii yHKLMAHBI 6akia-
HBICTBIPA/Ibl XK9HE OHbIH, IenliMi - JlarpaHx QyHKUUsCHI (L):

L=L, (4.9)+a,(q) & (7

MyHngarbl | -OyHKIHMACH (6)-HBIH gep6ec wewimi, an a, (q) ¥ - 6ipTeKTi TeHAey/iH TOMbIK,
menriMi 60J1bIN TabblIaTbIH 3HEPrUAFa yJIeCi 3KOK TMPOCKONTHIK KywTep [5, 6], a-canbl N-re
TeH TypaKTbuiap.L, -ai Teis0p KaTapbiHa )KIKTey apKbl/Ibl aHbIKTayFa 60J1a/ibl, IFHU

E(q,9) = Lo A 919 .. 9" (8)
Ou1ai 60Jica
L) = =AY + 52, L AR 99" .9 = —E@q,0) + [°|E(¢.2) — E(q,0)]dx (9)

Bys tenaeyain wemimi Texk A '=0 mapThl YiuiH faHa opbiHAanazbl. Erep, (8)-KaTap n=2 Keii-

iH Oy3bLIaThIH 60J1Ca, OH/Ia 3Heprusd noTeHuuan bk (U) )xoHe KUHeTUKaNbIK (T) sHeprus
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JapJblH KOCBIHZABLICBIHAH TypaTbiH 6Gojajgbl: E = A© 4 A(2)19 9k = U(q) +
T(q,9) xoue (9)-pan:

L =T — U worragel (7) MeH (9)-Ab! naiiiaaHcak, OHJA

p;,=a;+ ff%E(g) dx (10)

TypJeri xannbuiaMa umnysasctep med H = E[q,9(p)]-TamuabTon dpyHKuusachH
aHbIKTaWMBbI3. (4)-ri [aMUIbTOH QYHKUUSIAPbIHbIH, eKiHUIiCiH JlarpaH TeHJeyiHe
TypJsieHAipce 6osafpbl. (7)-aeH:

d 6L1 _ 6L1 ] (aa] aal)
dt 99t t Y aqt  aql (11)

(6)-Tengeygeri E(q,9) sneprusHbiH opHbiHa oHbIH Ke3-keareH F [E (q,9)] typaeri
OYHKIUACBIH  KOJiJaHyFa OoJsiaAbl, oJsall 6osica (7) MeH (9)-gmaH JlarpaHx

dYHKLHSCBIHBIH 6acKa Aa TypJiepiH Tabyra 6oaabl [7-9]: E = A®) + Ag,?ﬁiﬁk =
U(q) + T(q,9) xoene F(E) = E?. Byn xargaiina (9)-Tengikren: L, = % + 2UT —

2
U”. Erep, Tek KaHa SHeprusiHbIH, CaKTaJly 3aHbIH faHa KoJiJjaHap 6oJicaK, OH/a
Jlarpamx ¢yHKIUACBIH (6)-/aH Taybln ajbll, JlarpaH:k TeH/eYiHiH, Ka/lblJIaHFaH
HYCKAacbIHa KOJI )KeTKi3yre 60J1a/1bl:

d oL oL N\
oai~ 5e = Gy (q,ﬁ,ﬁ) 9 (12)
Mynparbl G;; = —G j;~aHTHCUMMETpPUSAJIBIK TEH30D.

Ocel TaciZiH epicTepre KOJAAaHBLIYbIH KapacTblpaMbl3. JJ€KTPOMAarHUTTIK
epicTeri 3apsiATa/FaH 66J/1eKTiH 3HEPTUACHI

2

94 aC? QaQ
fff[ 1 A rotA) r+2aj"i+2a,ﬁ|;—;' (13)
192

- 5 o

MyHarbl A-BeKTOPJIBIK IOTeHI A, Mg, Q ,, T ¢, ¥ g—PeT caHbI & 3apAATHIH Maccachl,

3apsbl, KOOPAMHATACHI YK9HE KbIIJAM/IbIFbI, C—KaPbIK XbLIJaMAbIFbL. (7), (9) *koHe
(13)-epHekTep/eH:

cat

fff [ laA rotA)

3 = Y Mgc? / zaﬁ|?“Qf|+zaaaz9 +[fas d3r (14)
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Conpa:

(;’ t) . 5(%) - 41'[1c2% di ({Z}’{;“}';) (15)
Myngarer i = 1,2,3

za(t) = 2L = Mada + a)a ({A}:{?a}) (16)

(15)-ri ¢urypauisl xKakKianap d BEKTOPJBIK 6pici MeH 0, BeKTOpJaphl Y 6JILIEM/]
KeHICTIiKTiH, 6apJiblK HYKTeJepiHJeri BeKTOPJIbIK TMOTEHIMaJ MeH 6apJibIK
N

OeJIIeKTEPAiH, KOOpAWHATaJapblHa TOye/i eKeHAIriH KepceTeji, sAFHU osiap A
60KbIHIIA QYHKIMOHAJ )KOHE KOOp,ELI/IHaTaJIap{-‘a Toyeai yHKI M O0JIbIN TaOblIaAbl

ekeH. (14)-typaeri JlarpaHx QyHKIUSCbI a= aa = 0 mwapThIH/Aa 6PIiCTiH KeJAeHeH
Oesiirinzieri GeJilleKTep MeH 6©picTiH ©3apa oacepJieclieyiHe CIUWKeC KeJseTiH
TeHJeyJiepre ajibin Kesefi. COHABIKTaH /3, epic neH 6eJilieKkTep/i 6alJaHbICTBIPY
- -
yuiH 06i3ri a-HbIH KoJalJibl MaHAepi Kepek. [las aWTcakK, d BEeKTOPJIbIK ©pici
_)

- -
GeJILIEeKTEP/iH T ¢ KOOpAUHATalapbIHa, al Ay BEKTOpJapbl A MOTeHI[HaFa Taye i
_)

60J1ybl KEpeK. A YIIiH eH, KapanaibiM TaHgay K Ko3spPuueHTTi 60HIbIK 3JIEKTp Opici
00JIMaK;

a=kgradp,p=s3,0,= ZaFQi | (17)

_ra

- - - -
An, a4, yuwiH KapanaibIM TaHgay Qg = ki A (Ta, t) 6os1aabl. Ochbl KafFaaWaap/bl

eckepin, (14)-TeH JlarpaH:x TeH/eyJiepiH anyFa 6osabl [10]:

4 azzi 1 - -
e K B 90j0j(000) = - DA + Ba k906 (T —72)  (18)
d ma(5)2 aA (H ‘73)
2 maOF g (22— 9, x rotA ) = Qp Ypratil) (19)
dt Oa)? at |1‘; 7
J1— “«p

KynoHzbIK Ka/nbpJeyill mwapT opblHAANy YiUiH (18)-Fbl KesjeHeH TOKTBIH HOJJIK
JIUBEPreHIUACH] KaXeT:

0, % (kaBei (T — Ta) + k9a ;0,0 (20)
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k 1
OcblgaH f47‘[Qa. P 4mc Gosrad xargail yuwin (18) »xoHe (19)-TeHgeysep

TOMeH/leTille Ka3blJ1a/ibl:

1 9%4
_ZF_AA __Z“Q“ﬁ 5( ra)——grad at (21)
d mg(9)? 0(ra-7p) 104

0 - -
[24
4 ma@) 2lrers) 19414 8 rora]
dt P2 Qa Z,Bqta - - |3 c ot c -« (22)
1=l Toq—T
2 a” "B
C

CoHbIMEH, k TYpPaKTbIChIH OChI TOCIJIJIETifiell KaTblHACTA TaHAAI aJly Heri3ci3 60JibIN Ta0bI-
Jnaabl. Ce6ebi, 3/IeKTPOMArHUTTIK OPICTiH KeJIleHEH oHe OOMJIbIK 0eJIiKTepiHiH cunaTTamsy
epeKlIesiKTepi 6ipel eMec, AFHU KeJlJleHeH KypayLlbIChl epKiHAiK Japexesepi 60ibIHILIA CH-
naTTaJica, 60MJIBbIK KypayllbIChl 0J1al cunaTtTaaManzbl. Eki Kypayuibl apacblHAarbl 6ai1aHbIC
TeK TeHJeyJIepAiH peJATUBUCTIK UHBAPUAHTThLIbIFbI apKbIJIbI FaHa iCKe acajpbl.

KOopBITBIHABI
FamusibToH TeHAeyepi S=W-E  t ;xoHe W acepsiepiHe apHasiFaH
aS 2S (23)
_t + H (q,a) =0
ow
H (CI;E) =Ey (24)

Jiepbec TybIHAbLIbI [aMUIbTOH-AKOOU TeHAeyJ/epiHe XoHe BapUaLUsJIbIK NPUHLUITEpPre
3KBUBaJIeHT. UMnysnbcTepi (2) — Typ/ieri aHepryusiHbIH, CaKTaJly 3aHbIHbIH erKel-TerKeni
NpUHLUIIIHE COMKeC TaHAal any dpasasblK KeJieM MeH QasasiblK ThIFbI3ABbIKTHIH (JInyBuUI Te-
opeMachl) CaKTa/lyblH KaMTaMachkI3 eTe/ji. COHFbIChI CTaTUCTUKAJbIK MeXaHUKaZa KoJ1JaHbl-
Jgazpbl. Kanneuiama uMNyabcTepAi (2)-00MbIHIIA aHBIKTAY TOCLIi TEpMOAMHAMHUKAaHbIH HeTi3rTi
TeHJeyi apKbl/Ibl SHTPOINMUAHbBI AHBIKTAY CEKII/AI.

CoHbIMeH, OyJ1 MaKaJsiaJila SHEPTUSHBIH, erKel-TerKeni caKkTaaly NpUHLMII TypaJsibl 6asH-
JlaJIibl, OJ1 epKIHAIK Jopexesep/iH MeWliHIIe e3apa TAyeJICi3/jiriH KaMTaMachI3 €TeTiH KoHe
apHaibl alHbIMaJIblJIap PeTiH/e XKYPETiH »KaJlblJlaMa UMIYJIbCTEPAi aHbIKTal 6epeai. JHep-
TUSIHBIH, KaJllblJlaMa KOOPAWHATaap MeH XblIJaM/bIKTapFa TOYeJiJiri apKblibl (7) xoHe
(9)-pan Jlarpan:x ¢yHK1MAChl TabbLIAbL. OHBI XbLIJaM/bIKTap 00MbIHIIA AU depeHLIMaNAan
»KaJIlblJIaMa UMIYJIbCTePAi aHbIKTaAbIK. COHFbLIApAbl 9HEPTUSHBIH 6pHETriHe KOWbII [aMU/ib-
TOH QYHKLMSCBIH Tayblll aJJblK. MaKasa/ia KoJIJaHbLJIFAH TOCi/ eH, aJi/IbIMeH >XaJjlblaaMa
MMIYJbCTEP/iH MaFblHACBIH alllyFa MYMKiHZIK 6Gepefi. MakKa/aJia aJlblHFaH HOTHKeJlep MeH
KeJITIpIJITEH TeOPUSIJIBIK TYKbIpbIMIaMaJsiap KypZeJii TeEXHUKAJIBIK XXyWesepai Mozeb/ey 0a-
pbICBIH/IA, TepbesicTep/li ecenTey KesiHJe, po60TTap TEXHUKACBIH/A YX9HE aclaH JAeHesepi
MeXaHUKaCbIHbIH 63€KTi 3epTTeyJiepiHje KoJilaHbIC Taba anaabl. COHbIMEH 6ipre, o1ap Tpaek-
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TOpUSAJIAPAbI, KYLUTEPAIH MOMEHTTEPI MEH OPHBIKTBLIBIK IapaMeTpJiepiH aHbIKTayFa KaFan
»Kacau/ibl. JHEPTUAHBIH, CaKTa/ly 3aHbl KOHCEPBATUBTI KyWeJsiep/iH, KO3FaJbICbIH KO3FaJIbIC
TeHJleyJIepiH UHTerpajiaMai-aK >KblIAaM/blK IeH KOOpAWHATAaHbl aHbIKTAyAbl OHTaNJaH-
ZbIpaZibl. MaKasia HoTHXKeJslepi MeH OHJIaFbl 9ZiicTep OOUBIHILA XKYPri3iJireH ecenTey/iepAi aHa-
JIUTUKAJIbIK MeXaHUKaHbIH JaMyblHa KOCBLIFaH yJiec Jen Kabbligayra 6osajibl. KaHoHUKa-
JIBIK TE€HJeyJiepre KOJI XKeTKI3yAiH KapananbIM /Jia bIKIIAM/bl TACIJII YChIHBLIBII, 3HEPrUSHbIH
CaKTaJly 3aHbIHbIH, MaHbI3bl ME€H KOJIJIaHbLIY asiCblH KEHENTYTe YMThIJIBIC KacaJlJibl.

['aMuJIbTOH x9He JlarpaH TeHJeyJepiH BapUaLMAabIK IPUHLUINITED apKbLJIbl a1y dJiciHe
KapaFaH/ja caKTaJ/ly 3aHbIH Naija/IaHy/blH apThIKIIbLIbIFbI MYH/1a OeJTiji mapTTap, yFbIMap
MEH 3aH/JbLIBIKTApAbl KOXKET eTyiH/e, AFHU MaTeMaTHUKaJIbIK allapaTThbIH MOJI )KUbIHBIHbIH,
KOJIZAHbLIY asCbIHbIH KeHJIriHAe XoHe epHeKTep/iH bIKWaMAbLIbIFbIHAA. MbIcasibl, KaJlu-
6pJsieyuii mwapT, JIoHKUMH TeopeMachl, aHTUCUMMETPUSJIBbIK TeH30p xaHe JIMyBUJIJI TeopeMachl
apKbLIbI ecenTeyJiep eTe OHTAaW/IbI TYpZe Kyprisiieni.

Makasna MaTiHiHAe KeTipijireH 6ipHelie yFbiM/lapFa TyCiHikTeMe Gepin eTy/i keH caHal
OTBIPMBI3.

1. Kanubpaeywi wapm - KO3FaJbIC TeHJeyJepiHJeri apThIK epKiHJIK AdpexesepiH Koo
MaKcaTbIH/a KalubpJik epicTepre (Mbicasibl, 3JIEKTPOMAarHUTTIK MOTEHI[MAJIFA) KOWbLJIATbIH
KocbIiMuIa wekTeysep. Osap MakcBeJss TeHAey/epi cekiiZii TeHAeyaepAiH meliMiepiH Teopu-
SIHbIH, UHBAPUAHTThIJIBIFbIH CAKTAW OTBIPHII XKaJIFbI3 Iel TAHYFa XKaFJau Kacau/bl.

2. /loHKuH meopemacs! — erep KOOpAHWHaTaJap MeH UMNYJbCTEPAIH TYpJaeHAipyi NOTeHU-
anzapl 6osica (eHipri GyHKIUANIAD apKbIJIbI XKYpPrisijsice), oHAa Kepi TypJieHAipy/iep Jie mno-
TeHLMa/ibl 60s1aabl. Bys Jlarpanx TypJieHAipy/iepi MEH KaHOHUKAJBIK TYpJIeHJipyJep Teo-
PUACBIH/A IOTEHLMANAbLIbIK CHMMETPHUSACBIH KOpCceTe/|.

3. AHmucummempusi/iblKk MeH30p — 63iHIH KOBAapUAHTTbl HeMeCe KOHTPBAPHUAHTThI KYII
WH/JEeKCTepiHiH OpbIHAAPHI aybICKAH Ke3/e TaHOaChlH 63repTeTiH TeH30p. OHbIH, 6apJIbIK AU-
aroHaJiibl Kypayllbliapbl HeJITe TeH, 00JFaH/bIKTaH alhHaly/lap MeH 3JIeKTPOMarHUTTiK epi-
CTepAi cunaTTayfa eTe KoJIai/ibl 60JIbIN TaObl1a/lbl.

4. Jluysusnn meopemacwl — KYWeHiH HyKTeJiep aHCaMOJiHiH ¢a3asblK KeseMi (bIKTUMaJI-
JbLIBIK ThIFbI3/IbIFbI) YaKbITKA COMKeC KO3FaJIbIChl Ke3iHae e3repicci3 Kasa/bl JlereH raMuJib-
TOH/bIK MeXaHUKA MEH CTAaTHUCTUKa/bIK GU3UKaHbIH 3aHbl. PazasblK KeHiCTikTe, ¢pa3asblK
HYKTeJiep KOFaJIMai/ibl 2KoHe KaiTa naijja 60/1a aJiMai/bl.

ABTOpJIapABIH, KOCKAH YJieci

o/1iM6ekoBa I. - MaKaslaHbIH aHaJIMTUKAJIbIK MeXaHUKaFa KaTbICThl ecenTey/epAiH iliH-
Jleri Ko3fFasibIiC TeH/Jley/IepiH KoHe asIFalliKbl VI 6pHEKKe KeJTipiseTiH amasngap GoWbIHIIA
HaTU:KeJiep anzbl. TaKbIpbINKA cail 3epTTeyiep/i CyphINnTal, 94e6ueTTep Ti3iMiH xKacayFa yJiec
KOCKaH.

KeHnec6aeB C.M. - GapJbIK ecenTey, TajJay »KoHe KOPBbITbIH/bLIAY XYMbICTapblHa Oac-
HIBLJIBIK Kacall, ecenTeyyep/iH, MaTeMaTUKaJbIK 6ipi3fiairin Kajgaranagbl. OH YIIiHIII XKoHE
OH >KeTiHIUi TeHJIKTep/li ecenTen WbIFapAbl. OfebueTTepre capaJsay »acal, TaKbIpbIIIKa CoM-
Kec KeJIeTIH/epiH ipikTel, o1apFa cliTeMeJiep acazbl.

Tyren6aesa I'T. — To/IbIKKAH/Abl aHbIKTaJIMaFaH raMUJIbTOHUAHBI 6ap [aMUJIBTOH TeHey-
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I’ 9aimbekosa, C.M. Kenecbaes, I'T. Tyzenbaesa, 3.0. Kymkeaduesa, .M. Candvibaesa, /J.A. OHoakaHo8

JIepiH LWbIFAPBII aJyFa aTCaJbICTbl. UMIyJIbCTEPAIH KOOpAUHATA/Ap MEH XbLIAAMAbIKTapFa
TAyeJJIJIIKTepiH CUNATTaWTbIH KaTblHACTAP/Abl Tayblll, >KYHeHIH 3HepruscbiHa 6eriji mama
peTiHZe Kapay, ocbl apKbuibl JlarpaHX QyHKUHsChI TabyFa OOJIaTBIHABIFbIH €CenTeyJep
apKbLIbl KepceTTi. liiecnie-xaTThl JanublHAAll, MaKaJlaHbl peJaKLUAFa XKOA4ayAbl 1a iCKe achbl-
PABL.

KytkengueBa 3.0. — MaTeMaTHKaJbIK ecenTey/ep/iH iliHAe TOPTIHLII >KoHEe >KeTiHLi
dbopmMysianap apaibIFbIH/AAFbI ONlepalUsaaap/bl OpbIHAAM WLIKTHIL. XKasnbliaMa UMNYJIbCTEPAL
aHBIKTAWTBIH TeHJeyJep/i KOPbIThIIbII LIbIFAPAbI XKoHe »KYHeHIH Ke3—-KeJIl'eH epKiHJiK Jape-
»KeJIepiHiH e3repicTepi Ke3iH/e 3HEePTUAHbBIH, CaKTaJaThIHABIFbIH JdJIeJeyre aTCaJIbICThI.

CangpifbaeBa 9.M. — MakasjiaZia KYprisiireH MaTeMaTUKaJ/bIK ecenTey/epAi Tekcepin
IIBIKTHI )K9HE MaKaJlaHbIH, MATiHIH KOMIbIOTEP/E TEPIMN WbIKThL. OAeOUeTTePAl ) KUHAKTayFa
KaTbICThI.

OnaakaHoB /I.A. — aHa/JIMTUKAJIbIK MeXaHWKa VIUiH KOJIAAHbLIFaH MaKaJja MOTiHIHJeri
TACUIAepAl 3/1IeKTPOAYHAMUKALAFbl 6piCTep TEOPUSACHIHBIH TeHAeyJIepiH aly yLiH KoJI4aHyFa
KATbICThI OH OeCiHIIIi )XKoHe >XKUbIPMaChIHIIbI popMysIasapAbl aayAbl OPbIHAA bl JJIeKTpoMar-
HUTTIK epicTeri 3apsi/iTajifad 66eJI1IeKTiH 3HEPTUSChI YIIIiH BEKTOPJIbIK 6piC MOTEeHILMaIbIHbIH,
KOJIalJIbl MOH/IEPiH TabyFa aTCalbICThI.
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Kosrasbic scaHe epic meyoeynepiH IHep2UsiHbIH cakmaJy 3aHbIHAH WblFapbIn a1y mypasbl

I. Animm6ekoBa, C.M. Kenec6aes, I'T. Tyresn6aeBa*,
3.0. KyrkengueBa, A.M. Canau6aeBa, I.A. OHJaKaHOB
Kazaxckuil HayuoHa1bHbIU HceHcKUll nedazozuveckull yHugepcumem,
Aamamul, Kazaxcma
(E-mail: alimbek50@mail.ru, kenesbaev-sm@mail.ru, tugelbaevagul5@gmail.com, elzira.kutkeldieva@
gmail.com, adema.sandybaeva@bk.ru, dastan_vko99@mail.ru)

O BbIBOJE YpaBHEHUI ABMKEHMS U MOJIS1 U3 3AKOHA COXPaHEeHUs SJHEPTUM

AHHOTanUA. YpaBHeHUs BUKeHUsI B aHAJIMTUYECKON MeXaHUKe U ypaBHEHHUsI B TEOPUH 3JIEKTPO-
MarHUTHbIX [10J1eH BbIBOASATCS C UCIIOJIb30BaHUEM NIPUHLUIIA HAUMeHbIero JeicTBus k pyHkuuu Jla-
rpaHa. B jaHHOM cTaThe ypaBHeHUs [aMU/IbTOHA U JlarpaH:ka NoJiy4eHbl 6e3 MCI0J1b30BaHUS BapHU-
alMOHHBIX NPUHLUIIOB. BeIBeleHbl ypaBHEHUS, oNpeesioniie 06061EHHbIE HMIYJIbChI C YCI0OBUEM,
YTO 3Heprus siBJseTcs QyHKIuel 06061UEHHBIX KOOPAUHAT U CKOPOCTEH, a TAKKe JJ0Ka3aHO CoXpaHe-
HYe JHEePIUY CUCTEMBI IPU U3MEHEHHUH JIIOOBIX cTeneHel cBo60/bl. Ha 0CHOBe 3TUX NpeANoJIOKeHUH,
ObLJIM NOJIy4YeHbl ypaBHEHUS1 [aMUJIBTOHA € MOJIHOCTbIO HeoNpeeéHHbIM raMUJIbTOHUaHOM. YT06b!
HaWTH COOTHOLIEHHS, ONKChIBAIOIHe 3aBUCUMOCTb UMIY/IbCOB OT KOOPAUHAT U CKOPOCTeH, NOoKasa-
HO, YTO HYKHO omnpejesuTb QyHKIHUIO JlarpaHxa, paccMaTpUBasi 3HEPTUI0 CUCTEMbI KaK U3BECTHYIO
BesIM4MHYy. Heo6XoUMO OTMETHUTbh, YTO BCE MOJIyYeHHble pe3y/IbTaThl CpaBeAJUBBI JJis $a30BOro
NPOCTPAHCTBA, B KOTOPOM CTeNeHU CBO60/1bl ABJISAIOTCS MaKCUMaIbHO HE3aBUCUMbBIMU JIpYT OT Apyra.
MeTo/bl, IpUMeHEHHBIE B aHAJUTUYECKON MeXaHUKe, ObLIM YCIEIHO UCI0JAb30BaHbl U [ MoJy4e-
HUsl YpaBHEHUM TeOpuH NoJiel B ajleKTpoArHaMuKe. TouHee, a3Heprus 3aps>KeHHOM YacTULbI B 3JI€K-
TPOMarHUTHOM I0Jie GblIa onpezesieHa A1 MOAXOAAIMX 3HaUeHUH BeKTOPHOTO NMOTeHIMaa 1noJs. B
KauecTBe NOAXOSIINX 3HAYeHUH pacCMaTPUBAIHUCh NPOJOJIbHOE 3JEKTPUUECKOE MT0JIe U BEKTOPHbIE
NOTeHIMaJIbl, COOTBETCTBYIOLIUE NTOJIOXKEHUAM YaCTUILBL.

Kiio4deBble c/10Ba: ypaBHEHUs [ABMXKEHUs], YpaBHEHUS 3J€KTPOMArHUTHOTO moJsi, pyHKkuuu la-
MUJIbTOHA U JlarpaHka, 06061IEHHbIe KOOPJHUHATHI, UMIYJbChl U CKOPOCTH, COXpaHEHHe 3HEPTUH,
nuddepeHanbHOE ypaBHEHUE B YaCTHBIX IPOU3BOHBIX

G. Alimbekova, S.M. Kenesbayeyv, G.T. Tugelbaeva*,
E.O. Kutkeldiyeva, A.M. Sandybayeva, D.A. Ongdakanov
Kazakh National Women's Pedagogical University, Almaty, Kazakhstan
(E-mail: alimbek50@mail.ru, kenesbaev-sm@mail.ru, tugelbaevagul5@gmail.com, elzira.kutkeldieva@
gmail, adema.sandybaeva@bk.ru, dastan_vko99@mail.ru)

On the derivation of the equations of motion and field from the law
of conservation of energy

Abstract. The equations of motion in analytical mechanics and the equations in the theory of
electromagnetic fields are derived using the principle of least action applied to the Lagrangian function.
This article obtains Hamilton’s and Lagrange’s equations without using variational principles. The
equations determining generalized momenta are derived under the condition that the energy is a
function of the generalized coordinates and velocities. The conservation of the system’s energy under
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changes in any degrees of freedom is also proven. It should be noted that, based on these assumptions,
Hamilton’s equations were obtained with a completely undetermined Hamiltonian. To find the relations
describing the dependence of momenta on coordinates and velocities, it is shown that the Lagrangian
function must be determined by considering the system’s energy as a known quantity. It should be
emphasized that all obtained results are valid for a phase space in which the degrees of freedom are
maximally independent of each other. The methods applied in analytical mechanics were successfully
used to derive the field theory equations in electrodynamics. More precisely, the energy of a charged
particle in an electromagnetic field was determined for suitable values of the vector potential of the field.
As suitable values, the longitudinal electric field and vector potentials corresponding to the positions of
the particle were considered.

Keywords: equations of motion, electromagnetic field equations, Hamiltonian and Lagrangian
functions, generalized coordinates, momenta and velocities, energy conservation, partial differential
equation
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