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THE INFLUENCE OF DEFORMATION IN COMPACT OBJECTS ON REDSHIFT
AND RADAR ECHO DELAY

The analogy between optics and mechanics not only provides a cohesive framework to understand
particle motion in mechanics and light propagation in geometrical optics, but it also extends to the intricate
realm of general relativity, especially when considering static metrics. Recent scholarly publications have
fortified the notion that such an analogy is remarkably applicable to general relativity's complex scenarios. In
the research presented in this paper, we delve into the material medium approach, which allows us to deduce
the refractive index correlated with the gravitational field emanating from a compact celestial object endowed
with a quadrupole moment. Exploring within the confines of this approach, we scrutinize the influence of the
guadrupole parameter on the frequency modulation of photons, adhering strictly to the relativistic
approximation parameters. This scrutiny leads us to a deeper investigation of the renowned redshift
phenomenon, a pivotal concept in the general theory of relativity. Furthermore, leveraging the calculated
refractive index, we probe into the nuances of radar echo delay, conscientiously accounting for the quadrupole
moment's impact. The findings may offer insights that could potentially be useful in further theoretical
investigations of GR.

Keywords: compact object, refractive index, gravitational redshift, radar echo delay, material
mediumapproach.
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Bananne aedopmaupm KOMNAKTHbLIX OBBEKTOB
Ha KpacHOe CMeLLEeHWe U 33[IePXKKY PaaN0NOKaLLMOHHOIO 3Xa

AHanorma mexay onTUKon N MexaHMKOM He TO/IbKo 0becneynBaeT Le0CTHYO CTPYKTYPY A4 NOHMMaHUA
OBWKEHMNA YacTUL, B MEXaHUKE M pacnpoCTpaHEHMSA CBETA B FTEOMETPUYECKON OMTUKE, HO M pacnpocTpaHsaeTca
Ha 3anyTaHHyl o06nacTb 0bOUIEN OTHOCUTENbHOCTM, OCODEHHO MPU PACCMOTPEHUU CTATUUECKUX METPUK.
HenasHuWe HayyHble nybAMKaUMM YKpenuaum npeacTaBieHMe O TOM, YTO TaKasa aHaforms yAMBUTENbHO
NPMMEHMMA K C/IOXKHBIM C/y4asim obLLel Teopmnn OTHOCUTENbHOCTU. B nccnenoBaHuK, npeactaBfieHHOM B
3TOM CTaTbe, Mbl paccMaTpuMBaem MOAXOM MaTepuasbHOW cpefbl, KOTOPbIA MO3BOMAET Ham BbIBECTM
MoKasaTtesb MNPesIOMAEHNA, KOPPEANPYIOWMIA C TPaBUTAUMOHHBIM MONEM, MCXOAALMM OT KOMMAKTHOrO
HebecHoro obbekTa, HaJe/eHHOro KBaApyno/ibHbIM MOMEHTOM. Mccneaya B pamkax 3TOro MoAaxoaa, Mbl
TWATENbHO M3y4aemM BAMAHWME KBaAPYMNO/bHOIO MapamMeTpa Ha YacTOTHYH Moaynaumio GOTOHOB, CTPOro
NPUAEPHKMBAACL NAPAMETPOB PEeNATUBUCTCKOrO MpubaAMMKeHuA. I3TOT aHanu3 npuBoamuT Hac K bonee
rnyboKoMy MCCNe0BaHMIO M3BECTHOMO ABAEHMA KPACHOTO CMELLLEHWSA - KHOYEBOM KOHLEeNUMn obLein Teopum
OTHOCUTENbHOCTU. Kpome TOro, MCMosb3ys BblYMCAEHHbIN KOIQOUUMEHT MPENOMAEHMA, Mbl UCCaedyem
HIOAHCbI 3a4ePXKN PAAMONOKALMOHHOIO 3Xa, YYUTbIBAA BAMAHME KBAZPYMNONbHOrO MOMEHTA. MoayyeHHble
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blkwam ovekTinepae gepopmaumnsaHbIH,
KbI3bI/1 bIFbICY MEH pajgap 9X0 KeuliryiHe acepi

OnTMKa MeH MexaHWKa apacbiHAaFbl YMAECTIK MexaHWKadafbl OesleKTepaiH KO3Fa/bICblH KaHe
reOMETPUAbIK OMTUKAAAFbI XKapblKTbIH TapasyblH TYCIHY YLiH 6ipTyTac Heri3ai KamTamachI3 eTin KaHa Komam,
COHbIMEH KaTap O/ ainbl CaNbICTbIPMA/IbINBIKTbIH, KypAe/i canacbiHa, aCipece CTaTUKaablK METPMKaHbI
KapacTblpfaHAa Tapanazbl. COHFbl FbIABIMM  KYMbBICTAp MyHZAM YKCACTbIK  Ka/Mbl  Ca/blCTbIPMasbIK,
TEOPUACLIHbIH, KYpAeni »KafaannapbliHa KoAdaHy eTe Konalabl AereH TYCiHIKTI 6ekiTTi. Ocbl KYMbICTa
YCbIHbI/IFaH 3epTTeyae 6i3 KBaApOoynoabii MOMEHTI Hap biKWam acrnaH 06beKTiCiIHEH WbIFATbIH FPaBUTaLMABIK,
epicneH KoppenaumabiK CbiHY KOPCETKIlliH LWblFapyfa MYMKIHAIK 6epeTiH maTepuanaplk opTa TaCiniH
KapacTbipambi3. Ocbl TacinAiH, wWeHbepiHae 3epTTel oTbipbin, 6i3 PENATUBUCTIK KybIKTay NapamMeTpiepiH KaTaH,
caKTal oTblpa, GOTOHAAPAbIH, KMINIK MOAYNAUMACBIHA KBAAPYMNONAbAIK MapameTpaiH 9CepiH MyKMAT
3epTTenmi3. byn 3epTTey Kaambl CaNbICTbIPMAbIIbIK TEOPUACbIHAAFLI HEri3ri TyblipbiMAamacbkl 60/bin
TabblNaTblH  SWriNi  Kbi3blA  bIFbICY KYObINbICbIH TepeHipek 3epTTeyre KemekTecedi. COHbIMEH KaTap
KBaApOYyno/bfi MOMEHTTIH, 3CePiH CaHa bl TypAe ecenTei OTbIpbIN, Pafap 3XO KeWiryiHiH, epeKwenikTepiH
ecenTenreH CblHY KepCeTKiliH KoadaHa OTbipbin 3epTTenMi3. ANbIHFAH HITUXKeNep Kaambl CaNblCTbipMansbl

TEOPUACBIHbIH, OAaH 3pi TEOPUANBIK, 3epTTeyAepiHAe Nanaansl 60aybl MYMKIH TYCiHIKTEpAi YCbiHa anagpl.
TyWiH ce3gep: biKlIam 06BEKT, CbIHY KOPCETKILL, rPaBUTaLMAbIK Kbi3blA bIFbICY, PAAMON0OKALMAbIK IXO

Kewwiryi, MaTepuaniblk OpTafa XaKblHAAY.

Introduction

One well-known and trustworthy method for
investigating gravitational effects is the material
medium approach, initially employed by Tamm [1]
and subsequently utilized by Balazs [2] to compute
how a rotating object influences the polarization of
light. In this approach, the gravitational influence on
the path of light is simplified into the problem of wave
propagation within a material medium within a flat
spacetime. This principle forms the foundation of the
material medium approach. This technique is
appealing since it implies that classical optics is just
as valid as Riemannian geometry when examining
electromagnetic effects within a weak gravitational
field.

Gravitational redshift is one of the consequences
of the general theory of relativity [3], but its origin
predates the development of this theory. Just three
years after Einstein created the special theory of
relativity, he predicted the effect of gravitational

redshift [4], which was due to the equivalence
principle [4, 5]. Thus, testing the gravitational
redshift is also considered as testing the equivalence
principle [6]. The demonstration of determining the
gravitational redshift from the refractive index can be
found in [7, 8].

Radar echo delay in the context of general
relativity (GR), this phenomenon refers to the
influence of the gravitational field on the propagation
of electromagnetic signals such as radar waves. In the
presence of a gravitational field (such as near a planet
or star), radar waves are bent and slowed down,
causing a delay in receiving an echo. Thus, in the
context of general relativity, the delay of a radar echo
is due to the influence of gravity on space-time and,
therefore, on the speed and path of propagation of
radar waves.

In FEinstein’s theory, when dealing with a
vacuum, a gravitational field that possesses spherical
symmetry is mathematically represented by the
Schwarzschild solution. According to Birkhoff’s
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theorem, this solution is considered unique. When
deviations from this spherical symmetry occur, they
are typically described using multipole moments,
with the quadrupole moment being the most
significant. In situations involving an axially
symmetric mass distribution with a quadrupole
moment, there is no theorem guaranteeing
uniqueness, and as a result, various metrics can be
used to describe the corresponding gravitational field
[9-12].

In fact, compact objects deviate from spherical
symmetry and have their own rotation, and the effect
of this deformation on redshift and radar echo delay
is often neglected. In this work, we study the
contribution of deformation to relativistic redshift
effect, radar echo delay within the framework of the
material medium approach. The deviation from the
spherical symmetry is described by a quadrupole
parameter [13 — 15].

Methods

Refractive index for static deformed
objects

A specific straightforward metric was introduced
in [16]. This metric suggested using the Zipoy-
Voorhees transformation [17, 18] to create a
guadrupolar vacuum solution. This metric is
commonly referred to in scholarly works as the
Zipoy-Voorhees metric, d-metric, y-metric, and g-
metric [17-24]. Interior quadrupole solutions were
discovered in [25], and a technique for generating
perfect-fluid quadrupolar solutions was outlined in
[26].  Preliminary  interior  solutions  and
characteristics of the outer g-metric were discussed in
[9, 27, 28]. Recently, in [29], six varied adaptations
of the Schwarzschild metric with quadrupole were
examined. A notable trait of these metrics is that the
hypersurface r = 2m is always singular. It’s possible
that other precise solutions to Einstein’s equations in
a vacuum share these characteristics.

In a recent study presented in [9], an
alternative  approximate extension of the
Schwarzschild metric incorporating quadrupole
was formulated. This can be expressed as:

dsz=<1—ggg(1—r?fﬂ)dﬂ——

-2 dr?
B [1 N gm(r — 2m) r

r-m? [, _2m
r

— (1 - )rz (dO? + sin?0de?) (1)

r—m

where in m represents the mass and q denotes the
guadrupole parameter.

6

Conversely, a curvature singularity emerges at
r=m, in addition to the central singularity
situated at r = 0, a feature also observed in the
Schwarzschild spacetime. To our current
understanding, this metric represents the sole
instance with a quadrupole devoid ofsingularities
at r=2m. This unique characteristic alone
warrants a deeper investigation into this metric.
To further analyze the physical meaning of the
solution (1), we calculate the corresponding
Newtonian limit. To this end, we perform a
coordinate transformation of the form (r, 8) —(R,
v) defined by the equations [30, 31].

m m
— oy - P2
r—R[l qR[1+R(Bl+sm v) +
mZ
+ﬁ(32 — sin®v) + --~]sin2v] @)
and

2

m m
0 =v—qﬁ(1+25+--~)sinv cosv (3)

where the §; and B, are constants and we have
neglected terms of the order higher that m®/R3.
Inserting the above coordinates into the metric (1),
we obtain the approximate line element

2
ds? = (1 +2d)dt? —

1420
—U(R,v)R?(dv? + sinvdg?) (4)
with
GM  GQ
D =— 7 + FPZ (COSU), (5)

GM
URv)=1- Z?Pz(cosv), (6)

where P,(cosv) is the Legendre polynomial of
degree 2, and we have chosen the free constantsas
o =—2, 1 = 1/3, and S, = 5/3. We recognize
the metric (4) as the Newtonian limit of general
relativity, where @ represents the Newtonian
potential. Moreover, the constants

2
M=0+q)mQ = §qm2 @)

can be interpreted as the Newtonian mass and
quadrupole moment of the correspondingmass
distribution.

To compute the associated refractive index, we
shall express the aforementioned approximate
metric in isotropic coordinates denoted as (z, p, 6, ¢).
In pursuit of this objective, we shall delve into the
coordinate transformation:
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r=p (1 + %) + qh(p). (8)

In which the supplementary auxiliary function h(p)
represents the deviation from spherical symmetry.
By incorporating this transformation into the line
element denoted by (1) and approximating to the
first order with respect to g, the ensuing function h(p)
can be articulated as:

m?(m? — 4p?)
4p(m? + 4p?)’

h(p) = €))

Ultimately, the line element can be reformulated in
the following manner:

ZZM[ ﬂ]dtz_
(m + 2p)? m? — 4p?
1 (m+2p)* 2m
-1 dp?. (10
16  p* [ +qm+p] P (10)

We have introduced a notation as follows:

dp? = dp? + p?dh? + p?sinB?de?,  (11)
In the special scenario where q =0, the
aforementioned metric converges to the
Schwarzschild metric presented in its isotropic
representation [32, 33] Introduced by Senin [33]
applicable to static fields. Evaluating the path
of a light ray under the condition ds?= 0, the
velocity v(p) of the light ray can be deduced from

the subsequent expression:
dp?

2 _r
ve(p) 17

(12)
Additionally, the velocity of the light ray, when
articulated in terms of the radial coordinate r, can
be derived as:

v(r) = v(p) (Z—;) (13)

wherein the term dr/dp can be deduced from the
given equations. (8) and (9) as

dr m?  qm? (16m?p? —m*)
R . (14)
dp 4p? 4 p?(m? + 4p?)?

Employing the inverse transformation, the
novel coordinate p can be expressed in the form:

L or—amy T
p=zler—om 4(r—m)’

Conclusively, the refractive index bears a
relationship with the velocity, expressed as:

(15)

1
Then, from Eqgs.13, 14, and 16 we take
T qm(2r —3m)
n(r)—r_zm 1+§ o —m)? (17)
Specifically, within the weak field

approximation, the refractive index can be
delineatedusing an endlessly converging series.

2m m
n(Mwear ¥ 1+——+q—+ .

(18)

For scenarios where the quadrupole parameter
approaches zero, the aforementioned expression
aligns with the refractive index postulated by
various scholars in the context of the weak field
approximation for the Schwarzschild metric, as
referenced in [33-35].

Gravitational redshift

Gravitational redshift is conceptualized as an
alteration in the photon’s frequency corresponding
to a change in the intensity of the gravitational
field it occupies. Specifically, asthe gravitational
field’s strength diminishes, the photon’s frequency
concurrently decreases, resulting in a redshift.

We restore all normalized units within the
framework of the General Theory of Relativity, the
equation delineating this frequency shift is
presented as:

w 2ym
w=—0zw0(1+ )/2).
Yoo rc

(19)

In this context, wo denotes the consistent
frequency of the photon, gauged in world time,
which remains unaltered as the light ray advances.
Meanwhile, o symbolizes the frequencyof that
same photon, yet gauged in proper time, displaying
variability across distinct spatial points. For
instance, when a photon is emitted from a massive
star, its frequency near thestar at reduced r values
is observed to exceed that at greater r values
distant from the star.At the asymptotic boundary,
within a flat space domain devoid of gravitational
influence, world time aligns with proper time,
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rendering wo as the discernible photon frequency.
Now, let’s approach the issue from the perspective
of the material medium.

Under these circumstances, the photon’s
frequency within the field and its frequency within
the vacuum are interconnected through a specific
relationship.

W = wgcoshf = wyn. (20)
Upon substituting Equation 18 into Equation 20,
we obtain the following expression:

(21)

2ym ym
+a).

w=w0n=w0(1+

In limiting cases, when the quadrupole
parameter is set to zero, the above expression reduces
to the expression for a spherically symmetric
gravitational source.

Radar echo delay

The radar echo delay formula, as per the
material medium approach, is based on Fermat’s
principle of least time, which takes into account the
influence of a varying refractive index n(r). This
principle posits that light (or radar signals) follow
the path that minimizes the time required to travel
between two points.

Rzn(r) Rz1
At = 2 j dr—.[ —dr ).
R, € R, €

The expression (22), represents the time it takes for
the radar signal to travel through themedium with
a varying refractive index n(r) from the point of
transmission R, to the point of reception R,. This
integral accounts for the effects of the medium’s
refractive index. The second integral, represents the
time it would take for the radar signal to travel the
same pathin a vacuum (i.e., without any medium or
refractive effects) from R; to R,. This formula
reflects the difference in travel times between the
actual path through the medium with refractive
effects and the hypothetical path in a vacuum. It
considers the influenceof the medium’s refractive
index on the radar signal’s propagation and echo
delay in the presence of gravity. Substituting (18)
into (22) equations and restoring normalized units
we obtain the result.

(22)

Zym

(23)

In specific scenarios, when g = 0, expression
(23) coincides with the formula obtained in
previous works [36-38].

Results and Discussion

The formula represents the effective refractive
index corresponding to the spacetime governed by the
approximate quadrupolar metric (1). As
anticipated, when g = 0, this metric converges to
the refractive index associated with the
Schwarzschild spacetime as indicated in [32], given
by no=r/(r — 2m). The subsequent term arises
from the minor deviation of the central
gravitational entity from perfect spherical
symmetry. It is noteworthy to mention that the
divergences found at r = m and r = 2m stem from
the curvature singularity of the metric (1) and the
Schwarzschild horizon, respectively.

The results (17), (21) and (23) show that the
quadrupole parameter affects the photon frequency
the redshift and the radar echo delay within the
relativistic approximation. In specific scenarios,
when g = 0, all obtained expressions coincide with the
formula obtained in the case of spherically symmetric
cases [36-38].

Conclusion

In summary, we applied a material medium
approach to investigate the effects of general
relativity such as redshift and radar echo delay in
the gravitational field with quadrupole mass
distribution. As we can see, the effects under
consideration completely coincide withthe results
obtained for the Schwarzschild field when g = 0.
The advantage of this methodis its intuitive clarity
and ease of calculation. Despite the fact that
applying our results to objects like the Earth and
the Sun may seem less relevant due to their
relatively weak deformations and gravitational
fields, they can be very useful during the study of
compact objects such as neutron stars, white
dwarfs and black holes. This is particularly true
withthe advent of unique sky research instruments
like the Event Horizon Telescope. However,for a
more general case, these effects also should be
considered in the off equatorial plane.
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HENEMTOHHbIM PACNAL Q-TUMEPOHA B PAMKAX KOBAPUAHTHOM MOJE/IN KBAPKOB

Q™ -rnepoH — 3To aApoH ¢ maccoit Mg = 1.67245 3B, cnuHom JP = 3/2% 1 cocToawmm ns Tpéx s-
KBapkoB. OCHOBHbIMM KaHaNaMu pacnaza AaHHOro 6apuoHa asaaoTca cnabble mogpl O~ = A°K~ n Q™ —
E07 . SKcnepumeHTanbHble AaHHble B pamKkax konnabopaumu Beslll 8 2021 roay cnoaswran GU3MKOB-
TEOPETUKOB K HOBbIM M3y4eHUAM AaHHOro 6apmoHa. Mbl peliman choKycMpoBaTbCA Ha HENENTOHHON Mmoae
cnaboro pacnaga Q — E°m ™. Tak Kak ) COCTOUT M3 TPEX S-KBapKOB, OH 061a4aeT CUMMEeTPUel OTHOCUTENbHO
WX nepecTaHoBoK. Pacnag Q — E%m~ onucbiBaeTca daKTOpM3yemMbiM BKNAZOM TuMa la, T.e. ero MOMHO
pa3fennTb Ha JABe 4acTu: cnabbii BapnoH-OAPUOHHBLIM Nepexos U M3y4eHMe KOHCTaHTbl JIeNTOHHOro
pacnaga. B kauvecTBe noaxoda 418 M3y4eHUs AaHHOro pacnaga byaem MCnosib3oBaTb MaTeMaTUyecKui
annapaT KOBapWaHTHON MOAENN KBapKOB, KOTOPbIM Bbia yaa4yHO anpobupoBaH Ha O4apOBaHHbLIX M ABaXAdpl
o4YapoBaHHbIX bHapuoHax. KoBapuaHTHas MoAefib KBapKOB MO3BOJISET 3GPEKTUBHO Y4UMUTbIBaTb pPasmepsl
H6apMOHOB M ME30HOB, y4acCTBYIOLIMX B pacnaje. B pesynbrate BbluMCAEHMI BbINO NOKa3aHO, YTO B Y3KOM
AManasoHe pasmepHoro napameTpa Q-rMNepoHa ecTb XOpoLlee Coriacue ¢ aKCNePUMEHTabHbIMKU AaHHbIMMN.
[aHHbIM pe3ynbTaT CBUAETEbCTBYET O TOM, YTO OMMCaHME HeNenTOHHbIX pacnagos Q-rMnepoHa BO3MOXKHO
6e3 yyeTa No/ItOCHbIX AMarpamm.

KntoueBble cnoBa: CTaHAapTHas MOAENb, PENATUBMCTCKAA MOJEe/b, KOBapMaHTHad MOAE/Nb KBAPKOB,
cnabble pacnagpi.

XK. Tionemumcos®?", A.E. Tionemmcosa®?, A.H. Ucagpikos?
IBipikKeH AApONbIK 3epTTeY UHCTUTYTLI, Pecelt, dy6Ha K,
2AApONbIK GU3MKA MHCTUTYTI, KasakcTaH, AimaTl K.
*e-mail: zhomartl61@mail.ru

KoBapuraHTTbI WeKTeNreH KBapk mogeniHaeri -runepoHablH, IENTOHCHI3 biAbIpaybl

Q™ -runepoH — maccacbl M, = 1,67245 3B, cnuni J¥ = 3/2% waHe yw s-kBapKTaH TypaTbiH aApoH. By
BapVOHHBbIH, Herisri biabipay apHanapbl 27 = A% K~ xare 27 — E%7~ anci3 pexxumaepi 60abin Tabblnagpi.
2021 xbinbl Beslll bIHTbIMAKTACTbIFbIHAH afiblHFAH 3KCMEPUMEHTTIK AEpPeKTep TeopUANblK, GUINKTEPAI OCbl
BapvoHFa XaHa 3epTTeynep xyprisyre utepmeneai. bis 2~ = Z9m™ aci3 blgbipayblHbIH N€NTOHMKaNbIK emec
PEeXMMiIHEe TOKTanyAbl WewTiK. () YW S-KBAapKTaH TypaTblHAbIKTAH, ONapAblH aybICTbIPbIAYbIHA KATbICTbI
cummeTpuara ve. 27 = E%m bigpipaybl la TUATI GakTOpAaHaTblH yAecneH cunaTTanafpl, AFHWU. OHbl €Ki
benikke 6enyre 6Gonagpl: anci3 6apMOH-6aPMOH aybiCybl X3HE NEeNnTOHHbIH, biAblPAy KOHCTAHTACbIHbIH
ammcemaAcel. byn blablpayabl 3epTTey Tacini peTiHae 6i3 WapnaHfaH KaHe eki eceneHreH bapnoHaapaa CaTTi
CblHa/IFaH KOBAaPMAHTTbI LUEKTeATeH KBapK MOAEANiHIH MaTeMaTUKabIK annapaTbiH KOAAaHaMbl3. KOBapMaHTTbI
LUEKTeNreH KBAPK MOoeni biaplpayfa KaTbicaTbiH BapMoHAap MeH Me30HAapAbliH enemaepid Timai ecenke
anyfa MyMKiHAiK Gepeni. Ecenteynep HaTuxeciHae f2-rMnepoH enWemi NapameTpiHiH, Tap AMana3oHbiHAA
TOXipMbenik MaNiMeTTEPMEH KaKCbl COMKECTIK 0ap eKeHi KepceTinai. byn Hatuke f2-rMnepOHHbIH,
NenTOHMKabIK eMeC blAblpayblH CMNaTTay NOMOCTIK AMarpammanapibl ecenke asimaln-ak MyMKiH 60NaTbIHbIH
KepceTeai.

TyiiH cesaep: CTaHAAPTTbl MOAENb, PENATUBUCTIK MOAENb, KOBAPUAHTTbI LUEKTENTEH KBapK MoAeNi, dACI3

blablpaynap.
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Nonleptonic decay of Q-hyperon in the framework of covariant confined quark model

N~ -hyperon is a hadron with mass M, = 1.67245 GeV, spin J* = 3/2% and consisting of three s-quarks.
The main decay channels of this baryon are the weak modes 2~ — A°K~ and 2~ — Z°1~. Experimental data
from the Beslll collaboration in 2021 prompted theoretical physicists to conduct new studies of this baryon.
We decided to focus on the nonleptonic mode of the weak decay 2~ — Z%r~. Since 2 consists of three s-
quarks, it has symmetry with respect to their permutations. The decay 2~ — Z%z~ is described by a
factorizable contribution of type la, i.e., it can be divided into two parts: the weak baryon-baryon transition
and the emission of the leptonic decay constant. As an approach to study this decay, we will use the
mathematical apparatus of the covariant confined quark model, which was successfully tested on charmed
and doubly charmed baryons. The covariant confined quark model makes it possible to effectively take into
account the sizes of baryons and mesons involved in decay. As a result of calculations, it was shown that in a
narrow range of the f2-hyperon size parameter there is good agreement with experimental data. This result
indicates that the description of nonleptonic decays of the £2-hyperon is possible without taking into account

the pole diagrams.

Keywords: standard model, relativistic model, covariant quark model, weak decays.

BBeaenne

Jlerkue Gapmonsl co cmmHom JP =3/2%
00BEUHAIOTCS B OapHOHHBIH JEeKyIUIEeT
MIpeACTAaBICHHBIN Ha pucynke 1. J[anHbie GapmOHBI
COCTOSIT TOJBKO W3 Jerkux (U-, d-, S-) KBapKoB.
CymecTBoBaHue Takux 6apruoHoB kak A, AT u Q~ -
0apHOHOB MOTPeOOBAJIO BBEICHHUE JIOTIOIHUTEIBHOTO
KBaHTOBOTO uuWClIa — «BeT». 3ocnmnHOBBIE
MYJBTUIUIETHl (YacTUIBl C OXMHAKOBBIMH [ =
max |I3|) cBsi3aHbBI CIIETYIOIIUMU COOTHOIJ_IGHI/IS{MI/I'

1 1
A~ =A% = LAY = At 3= 130 =3
V3 V3 ’ vz
£*~ = E*0. Crimnop cooTBeTcTByIONIMIf H30CHHTIIETY
Q-runepoHa CHMMETPHYEH IO TE€pecTaHOBKaM

KBapKOB H YJ/IOBJICTBOPSIET ypaBHEHUIO PapuThl-
[IBunrepa.

OOHapykeHHe YacTHLbI CO CTPAHHOCTBIO § =
-3 [1] OBLITI0 TIEPBBIM OTKPBITHEM,
MOJITBEPXKJAIOIUM  CIIPABEUIMBOCTh  KBapKOBOWM
mogenu ['emn-Mana u Ilgeitra [2-3]. C Tex mop
WHTepec (hUBUKOB-TEOPETUKOB u
AKCTIEPUMEHTATOPOB MPHBIICUEH K U3YUCHHIO JIAHHOM
YaCTHIbI, T.K. O3TOT THUIEPOH pacmajaercs IO
cimabomy HEJIEITOHHOMY KaHaiy [4].
CrnenoBartenbHO, JaHHBIC aJPOHBI TMPUTOAHBI HE
TONBKO IS W3Yy4YEHHsT MATPUYHBIX DJIEMEHTOB
Matpuiibl Kabnu660-Kobasmm-MackaBel, HO W ais
WCCIIEIOBAHMUS IPUPOJIBI cNa0bIX pacmaoB 0apuOHOB
co criuHOM 3/2.

W3ydeHre pacnafHbIX CBOWCTB ATHX 0apHOHOB
ynoOHO TeM, 4TO OHU O0JaJal0T CUMMETPHUEH MO0

MepecTaHOBKaM KBapKOB. JlanHoe yCJIOBHE
MO3BOJISICT OMHCATh CJIA0ble TEPEXOABl TOJBKO C
y496TOM CaMBIX TMPOCTHIX —  (aKTOPU3YEMBIX
Juarpamm.
A A A' .A'
4 o @a
12 id 12 fud a2
2 g .’
A
sd) | au
8_\-? /3
80
3%E
St

Pucynox 1 — lekynner 6apuoHOB co ciuHOM 3/2,
COCTOSIINHN U3 JIETKuX KBapkoB. Ock Q — 3apsiz
OapuoHa, I3 — MPOEKITNS N30CTINHA, S — CTPAHHOCTb.

UccnenoBanvem )~ -TUmepoHa 3aHUMAaUChH
pasnugHbIe yueHbe. OqHa u3 padoT OblIa MOCBAIIECHA
MaTpuIle CIIMHOBO# oTHOCTH [5]. Jlpyrue aBTophl B
paMKax KHpaJbHOH KBapK-COJUTOHHOM MOJenu
u3ydyalu ~ BIUSHHE  KAaOHHOro  o0yaka  Ha
AIIEKTPOMArHUTHBIE M aKCHaJIbHO-BEKTOPHBIE POpM-
¢axTopsl Q~-runepona [6]. st onucanus criekTpa
Q-runepona no cocrosanusi N = 2 Liu ¢ coaBTopamu
HCIIOJIb30BAJIN HOTCHLUAIbHYIO MO/IeIb
HEPEJATUBUCTKUX KOHCTUTYEHTHBIX KBapkoB [7].

13
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OkcnepumenTanbHoe oTkpeite [8] B 2020 romy
HOBOI Mol pacmaga - — A°K- JAJI0 TOTYOK JUIS
HOBBIX TEOPETUUECKUX HCCIIET0BAaHUM.

B paMKax JAHHOU CTaThbU Oynet
paccMaTpuBaTbCsl CnaOblil HENENTOHHBIA pacmaj

Q" - E%~. B «kauectBe momxoma  Oyzmer
HCTIONB30BaH MaTeMaTHYEeCKHUH amnmapar
KOBapUaHTHOU MOJENu  KBapKoOB, yIIaqHO

anpoOUPOBAHHBIN TSI BEIYUCICHHS (PAKTOPH3YEMBIX
n He(pakTopuzyemMbix W-00MEHHBIX BKJIAI0B [9]. Mbl
XOTHMM ONHUCaTh JaHHBIA pacmag ¢ y4eToM
HEJIOKANbHOCTH B3aUMOJIEHCTBYIOIUX aIpOHOB. [l
3TOr0 MBI Oy/IeM HCIONB30BaTh  BEPIIMHHBIC
(YHKITMH, KOTOPBIE OMMCHIBAIOT UX pa3Mepbl. Pabora
pazneneHa Ha  CIAEAYKOIIME  YacTH:  METO.
HCCIIeIOBAaHMS, TIe Oynet MpeaCTaBICH
MaTeMaTUYeCKU anmnapar KOBapUaHTHOM MOJIEIU
KBapKOB, U Pe3yIbTATHI, TJE IEPEUUCICHB OCHOBHBIE
napaMeTpbl MOJEIM U NPHUBEACHBI MOJYYCHHbBIE
pe3ybTaThl.

MeTtoanl UccJIeI0BAHUA

Jlarpan:xuaH B3anmMojeiicTBusi u 3PpPeKTus-
HbI TAMWJIbTOHUAH

JByXyacTUUHBIA HEJNECNTOHHBIA pacmany €2-
OaproHa OTMHCHIBACTCA JarpaHyKUuaHOM BUA:

Lint = ga B1(0)]Ja(x) + gzB2(0]=(y) +

+9xMW)] (V) + Hepp(2). (D
3nech
Gp_ . _ —
He f(z) = ﬁ VusVud [Cl (uaost)(db oLua) +
+C2(1,0,54)(d, 0 uy)|
- 3¢ heKTUBHBIHI raMITbTOHUAH cimaboro

B3aMMOJAEHCTBUS ¢ Kodpdummentamun BuimbcoHa
C,=-0.625uC, = 1.361 [10]:

Jo(®) = [ dx F(x; X1, X3, %3)£41%2%[5% (x3)T, €5% (x3) 5% (x1)Ty,

Jz(¥) = [ dy F(y; 1,52, y3)eP1P2b3y  ysub1 (y,)[sP2 (y,) CyMsP3 (3)],

J=(@) = [ dv F(v; x4, 02) 812 [0 (v1) iy 5d°2 (v,)]

e [, ®Ty = [y" RI+ %a"“ ® y“], moipooHee
cm. [11]. JlaHHOMY JarpaHkxuaHy COOTBETCTBYET
crnenyroras quarpamma deiiamana (puc.2).

,-"'%“-”
B,(; n:/ \ BAp,)

Pucynok 2 — CnaOblil 1ByX4aCTUYHBIN pacnasn
Q" ->E%+ 7.

Martpuunsii JJIEMEHT 1ocie BCEX
MAaTEMATUYCCKUX OHepaHI/Iﬁ B HUMITYJIbCHOM
[POCTPAHCTBE OyIEeT UMETh CIIEAYIOIIHMI BHIL:

T(p1;p2) = 4n8*(p1 — P2 = DM (P1; p2),

d*k; d'%; = [ =21 [ &
MP1ip2) = f20* [ Gyt [ Gyt Pal—05]®:[-07]
YuYsSu(ky +p2) - )

*0.Ss(ky + pTy tr[Ss(ky + k) y#Ss (ko))

Hcnonb3yss mnpomnaratopel  Poxa-lIlIBunHrepa,
MOBOPOTHI Buka 3anuceiBaeM MeTieBbIe UMITYJIBCHI B
KauecTBe Au(QepeHIaToB U MPOUHTETPUPYEM
JKCIOHEHTYy mo layccy. 3arem mporpamMMmupys B
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(2)
nporpammHom  makete FORM  u  FORTRAN
OKOHYATEJIFHO MOIYYUM

(B2My|M(py1,p2)1By) =
= u"(p)pz (A + Bys)u(p), 4)
rie A, B —3T0 UHBapHaHTHBIE MATPHYHBIE JICMEHTHI.
lupuHy  HENENTOHHOTO  ABYXYaCTUYHOTO
pacmaja MOXKHO 3aIHCcaTh Kak
3
r@Q -eg%") = _F |p2| |VusVud|2

48w
- (Q+A% +Q-B?) - ((m1 + mz) —-q%), (5)

rae Q. = (my +my)? — g2,
Q- = (my —my)* —q*.
Torma OpeHUHHT TaHHOTO pacnana OyIeT UMETh
BUJI:
o rQ - =z% ")
Br(Q™ - E2%17) = -100%. (6)
Tiot

Pe3yJ’leaTbI u oﬁcymelme

B pamkax KOBapHaHTHO# MOJEIH KBapKOB MBI
MICIIOJIB30BAITH CIIEIYIONINE MOJCIBHBIC apaMeTphI
(cm. Tabmuue 1 u 2).



K. Tronemmcos 1 ap.

Tabauua 1 — ITapamerpsl Moaenu

A A Ag Ag My,d ms
0.181 | 0.87 | 0.6925 | 0.7 | 0.241|0.428
Tabauma 2 — Maccel aapoHOB, KOHCTaHTa

JIEITOHHOT'O pacraja U MoJiHas upuHa pacnaaa [4].

[Tapametp 3nauenne (I3B)
Mg 1.67245
Mz 1.31486
M, 0.13957
fr 0.130
I 0.8017 10

Hcnonp3oBanue napaMeTpoB Mojaenu u3 Taouuisn 1
A BenuyuH w3 Tabmunel 2 WIS BBIYUCIECHHS
WHBapUAHTHBIX MATPUYHBIX SJIEMEHTOB II03BOJISIET
BBIUYUCIUTh TaKHE€ @apaMeTpbl Kak IIMPHHA H
OpeHYMHI CJIa00r0 JIByXYaCTUYHOTO pacmana 1~ —
E%7~. UucneHHble  3HAyeHHs, I10JIy4YE€HHbIE
naterpupoBaneM B FORTRAN TpexmeTieBbIx
BBIpa)KEHU, puBeeHbI B Tabnume 3.

Tadauua 3 — CpaBHEHUE C 3KCHEPUMEHTAIBLHBIMU
JaHHBIMU

Monens 3HaueHMe
Openunnra (B %)

KMK 25.8+2.9

PDG [4] 23.6+0.7

CERN-SPS [12] 23.4+1.3

[Ipu 3amanHOM BBIGOpe mapamerpoB (- — E0m~

COTJIaCyeTCsa C SKCICPUMCHTAJIbHBIMU 3HAYCHHUSAMU.

OmmbKkH Halel MoJeNI COCTaBISIOT mopsiaka 10%,
YTO SABISETCS YAOBIETBOPUTEIHHBIM OIHUCAHHEM
OKCMEPUMEHTABHBIX JaHHBIX W COTJacyeTcs ¢
OIMMOKaMH, TMONYYCHHBIMH B HAIIUX pPaHHUX
paboTax, UTO CBHUAECTENBCTBYET O CTaOWIBHOCTH
MOJCIIBHBIX PEIICHNH B HE3aBUCUMOCTH OT aJpOHOB
YYacTBYIOIIMX B pacmaje.

3akiaiouenue

B nannoit pabore ObUT MOMy4eH pa3MEpHBIH
napameTp JUIs HelenToHHoro pacnaga Q- — 0,
KOTOpPBIA OyA€T WCHONB30BaH A  OyAyIIHX
uccinenosanuit (1~. Ypasuenus Paputsi-llIBunrepa,
ToxzaecTBa @Dupla, MaTeMaTHYECKMM  ammapar
KOBapUaHTHOW MOJENIH KBApKOB U IPOrpaMMHbIE
naketsl FORM u FORTRAN mno3Bonunu onucath
SKCIICPUMCHTAJIbHBIC JaHHBIC Ha OCHOBAHHUHU TOJIBKO
¢dakTopuzyembIx BkiIanoB. ClenoBaTenbHO, 3TO
ABJISIETCSl YOSIUTENbHBIM (haKTOM TOTO, YTO Pacaibl
6apuonos co cmuoMm JP =3/2% me pomkmbI
YUUTBIBATh IIOJMIOCHBIX BKJIIAJAO0OB, B OTIWYHUE OT
c1abbIX pacmajioB OKTeTa OapHOHOB OCHOBHOTO
COCTOSIHUSL.

BaarogapHocTh, KOH(JIMKT HHTEPECOB

ABTOpBI BBIp@XarloT OiaroJapHocTh lBaHOBY
M.A. 3a mI0A0TBOPHBIE 0OCYKICHUSI, B PE3yJbTaTe
KOTOPBIX ObUTH c(OPMYIMPOBAHBI OCHOBHBIE HIEH
JIAaHHOH CTaTbHU.

Pabora BeImosiHEHa B pamMKax TpoekTa (IpaHT
NeAP19680084) mnpu mnonpmepkke MuHHCTEpCTBa
oOpa3oBanus u Hayku Pecnybnuku Kazaxcran.
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CropocTb peaKumm p**C 3axsaTa B obnactv ot 0.01 1o 10 Ty

Peakumsa C(p,y)°N npeacrasiseT vHTepec B AaepHOMN acTpodusmnke. dTa peakums SBAAETCA O4HON M3
peakuui npomssoacTsa °N B 38e3gax. CKopocTb peakumm *C(p,y)°N nrpaeT BaXkHyo poab npu 06pasoBaHmnm
A0ep C aTomMHoW Maccolt 6onee 14. B HacTosAlee Bpemsa 3Ta peakUus Mpu HU3KUX SHEPrusx M3ydeHa
HEeZ0CTaTOYHO XOPOLLO, KaK 3KCMePUMEHTAIbHO, TaK M TeopeTnyecku. MoaTomy, B AaHHOM paboTe, B paMKax
MOANPULMPOBAHHOM MOTEHLUMANbHOM KNAaCTePHOM MOLENM C Kaaccupurkaumen opbutasbHbIX COCTOSHUNA
KnactepoB no cxemam tOHra M C y4eTOM paspelleHHbIX M 3anpelleHHbIX COCTOSHUMM pacCMOTpeHa
BO3MOMHOCTb OMUCAHUSA MMEIOLLMXCS SKCMEPMMEHTaNbHbIX AAHHbIX A58 MOJHbIX CeYeHU paamalMOHHOro
p**C 3axBaTa Ha OCHOBHOe cocTosAHMe aapa °N. MpoBeeHHbIe PacYETbl YHUTLIBAIOT WMPOKUIA PE30HAHC Npu
1.4 M3B B u.M. 1 BbINOAHEHBI NpK 3Heprnax 4o 5 M3aB. [lokasaHo, 4TO TO/NbLKO Ha ocHoBe E1- nepexona u3
coctoaHua p'*C pacceaHusa BMOMHE yAaeTcd OOBACHUTL BENMUYMHY U GOPMY 3SKCMEPUMMEHTASbHOIO
acTpodmsmnyeckoro S-dbaktopa. B paboTe npuBedeHbl CPaBHEHMA HaAMAEHHbIX HaMM acTPOPU3IMYECKMX S-
daKkTopoB paamaumoHHoro p'*C 3axBaTa Ha OCHOBHOE cocTosHMe Aapa °N ¢ MmellWwyMmca B anTepatype
9KCNEePUMEHTANIbHbIMW AaHHbIMKM. Ha OCHOBE MO/yYeHHbIX MOJIHbIX CeYEHWM paccyMTaHa CKOPOCTb 3TOM
peakuum B obnactm Temnepatyp ot 0.01 po 10.0 To. PacyeTHble pesynbTaTbl A48 CKOPOCTEWN
anmnpPOKCUMMPYIOTCA TMPOCTbIM  BbIPAXKEHMEM, YTO YMPOWAET WX WCMONb30BaHME B acCTPOOU3INYECKMX
nccnenoBaHmaAXx.

Kniouesble cnosa: sgepHas actpodusmka, pl?C-cuctema, HU3KME UM acTPOGU3MYECKME SHepruu,
PaaMaLMOHHbIN 3aXBaT, acTPOdU3NYECKUI S-baKTop, NOTEeHLMaNbHAA KNacTepHas Moaesb, cxembl KOHra.

C.b. [ly6osuyerko', H.A. bypkosa?, A.C. TkayeHko?, [1.M. 3asynun?’, B.Y. beliceHoB?
1B.I'. deceHKOB aTbiHAaFbl aCTPODU3MNKA MHCTUTYTLI, KasakcTaH, AAMaTbl K,
29n-dapabu aTbiHAaFbl Kasak yATTbIK YHUBEpCUTETI, KasakcTaH, AAMaTbl K,

*e-mail: denis zazulin@mail.ru

0.01+10 Ts TemnepaTypanblk aimakTa p*C ycTay peakLUACbIHbIH, XblAaamabIfb!

Anponbik actpodusnkana *C(p,y)°N peakumnachl Kpi3bIFyLWbIbIK TyAblpaasl. By peakuus »yaabi3gapaa
N Ty3eTiH peakumanapgpiH, 6ipi 6oabin caHanadbl. ATOMAbIK maccacbl 14-TeH »Kofapbl A4pONapabiH,
Ty3inyiHae **C(p,y)°N peakumACbiHbIH, MbIgaMAblFbl MaHbl34bl Pen aTkapadsl. Kasipri yakpiTta TemeH
aHepruanapaarbl Byn peakuma Taxkipnbe »Ky3iHAe Ae, TEOPUANbIK TYpPFblAaH Aa KeTKINIKTI KaKcbl Typae
3epTTenmereH. COHAbIKTAH, OCbl KymbicTa 6i3 HOHI cxemanapbl 60MbliHIWA OPOUTANbIK KyMNepadi XKikTteymeH
©3repTiNreH Knactepaik Moaenb WeHbepiHae KaHe pyKcaT eTiIreH KaHe TbibIM CanblHFaH KyiMaepai eckepe
oTbipbin, 5 M3B aeWiHri sHepruanap KesiHae N aapocbiHblH Herisri KyMiHe TyCipyaiH, pagunaumanbik p**C
TOMbIK KMManapbl YWiH Konga 6ap 3KCNEepPUMEHTTIK AepeKkTepai cunatray MYMKIHAINH KapacTbipablK.
Ecenteynep 1.4 M3B KeH pe3oHaHCTbl eckepei (Maccanbik sKyieHiH, ueHTpinae). Tek p**C walbipay KyhiHeH
E1 eTy HerisiHae faHa Taxipnbenik acTpodusnkanbik S-bakTopAblH, WamMackl MeH MNiliHiH TObIK TyCiHAipyre
6onatbiHbl KepceTinreH. By makanaga 6i3 TankaH °N aapocbiHbiH, Herisri Kyhine p*C caynenenyiHin
acTpodusnKanblk, S-GpakTopnapbl a4ebueTTeri 3KCNEPUMMEHTTIK AepeKTePMeH CanbiCTbIPbIAAbl. A/bIHFaH
annbl KONAEHEH, KMManap HerisiHae 6yn peakuusHbiH, Kblngamasliebl 0.01-aeH 10.0 To-Fa  AemiHri
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CropocTb peakumn p'*C 3axsata 8 o6nactv o1 0.01 4o 10 To

TemnepaTtypa Auana3oHblHAa ecentengi. MblNgaMAbIKTap  YWiH - ecenTenreH HaTuxKesnep oapabl
acTpodU3MKabIK 3epTTeynepae KoAAaHyabl }KeHiNAeTeTiH KapananbiM epHEKMNEH KybIKTanadbl.

TyiH ce3pep: Aoponbik acTpodusmka, pliC-skyiteci, TOMeH KaHe acTpodU3MKasbIK 3Hepruanap,
paamaumsHbl TYCipy, acTpodusnKkanblk S-baktop, noTeHuManapl Knactepnik mogens, FOHr cxemacs!.

S.B. Dubovichenko?, N.A. Burkova?, A.S. Tkachenko?, D.M. Zazulin?’, B.U. Beisenov?
'Fesenkov Astrophysical Institute, Kazakhstan, Almaty
2Al-Farabi Kazakh National University, Kazakhstan, Almaty
“e-mail: denis_zazulin@mail.ru

Reaction rate of radiative p'*C capture in the region from 0.01 to 10 Tg

The *C(p,y)*°N reaction is of considerable interest in nuclear astrophysics. This reaction is one of the
reactions of °N production in the stars. The rate of the **C(p,y)**N reaction plays an important role in the
formation of nuclei with an atomic mass of more than 14. Currently, this reaction at low energies has not been
studied well enough, both experimentally and theoretically. Therefore, in this work, within the framework of
a modified potential cluster model with a classification of orbital states according to Young's diagrams and
taking into account allowed and forbidden states, we examined the possibility of describing the available
experimental data for the total cross sections of the radiative p**C capture to the ground state of the N
nucleus. The calculations carried out take into account the wide resonance at 1.4 MeV in c.m. and performed
at energies up to 5 MeV. It is shown that only on the basis of the £1 transition from the p'*C scattering state,
it is quite possible to explain the magnitude and shape of the experimental astrophysical S-factor. The work
presents comparisons of the astrophysical S-factors of the radiative p'*C capture to the ground state of the
*N nucleus found by us with the experimental data available in the literature. Based on the obtained total
cross sections, the rate of this reaction was calculated in the temperature range from 0.01 to 10.0 To. The
calculated results for rates are approximated by a simple expression, which simplifies their use in applied
thermonuclear and astrophysical research.

Key words: Nuclear astrophysics, p'*C-system, low and astrophysical energies, radiative capture,
astrophysical S-factor, potential cluster model, Young's diagrams.

BBenenue JIOMUHUPYIOIICH.
TeM He MeHee, 3aXBaT NPOTOHOB Ha 1C moxer

B mameit mnpenpigymeir pabore [1], ObDI  WMETh CTONL K€ OOJNBINOE 3HAUYEHHUE, ITOCKOIBKY

BBINIOJIHEH pacdeT acTtpoduzuueckoro S-hakropa
peakuun p**C-3axBara, HO TONBKO B 00NACTH
sHepruid 10 2 MsB, a ckOpOoCTh peaklUy HaMHu He
paccmarpuBasiack. B manHoOl paboTe MBI IpoBeAeM
pacdeTsl CKOPOCTH JTOH peakiuu, a JUIsl 3TOro
paccMoTpuM S-akTop IpU 3HEprusix a0 5 M»B.
JlanHass peaknus MOXKET TMPEACTaBIATh OCOOBIH
MHTEPEC, MOCKONBLKY apo *4C [2] mosydaeTcs myTem
TI0CIIEIOBATENBLHOTO 3aXBaTa HeWTpoHOB Ha 2C Buja
[3-8] ... C(n,y)¥C(n,y)*C ... . Sapo C umeer
riepuo 1 moirypacmasa okojio 6000 net [9] u sBasieTcs
BIIOJIHE CTa0WIBHBIM B MacmTabe BpeMeHH
Hykjeocunre3a bonsmoro B3peiBa. [ToaTomy cunTe3
3JIEMEHTOB C Maccoil > 14 3aBUCHUT OT OTHOIICHHUS
CKOpOCTEW 3axBaTa HEHTPOHOB, MPOTOHOB U aibda
gactun Ha sape *C. TTocKONbKYy cedeHHe 3axBara
HeWTpoHOB Ha *C mpW TEMIOBBIX SHEPTHAX OYEHb
Mayo (o < 1 Mx06 [10] ), a B o6macta 100 + 1000 k2B
HaxoIuTca Ha ypoBHE 5 + 15 MKO, mpenmonaraercs
[11,12], uro peakuusi anba 3axBaTa SBISAETCS
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3aBUCHUT OT KOHICHTPALUM MPOTOHOB M TUIOTHOCTH
UX pacmpesieieHus] B OIPENeNeHHBIX 00acTsax
panHeit BceneHHo#l, kak 3To OBUIO ITOKa3aHO,
Harmpumep, B pabore [2]. [danee 3aMeTHM, 4TO
pe3yNbTaThl HOBBIX HCCIENOBaHME peakuun PC
3axBaTa B HEPE30HAHCHOW obOnactu sSHepruil [2]
MpUBETM K CEYEeHUSIM Ha TOpsSAOK u Oonee
MPEBBIIIAIOIINM CEUEHUs, MOJIydeHHBIE paHee. DTO
MO3BOJIMJIO ONPEAEINUTh 0ojiee BBICOKYIO CKOPOCTb
peakuun  “C(p,y)® N  mpum  Gonmee  HU3KHX
TeMmreparypax, a wuMmeHHo, Hmwke 0.37y. Ot
pe3yabTaThl CYIIECTBEHHO TOBBIMAIOT POJIb TaKOU
peaKkuuu Ajsl CUHTe3a 0oiee TKENBbIX JIEMEHTOB B
00TacTH HU3KHX DJHEPrui Ha pPa3UYHBIX dTarax
oOpa3oBanus 1 pa3BUTHA Hamel Beenennoit [11].

[losromMy, mnpomoskas U3ydyeHHE MPOLECCOB
panualMoOHHOTO 3aXBaTa 3apsHKCHHBIX YacTUI HAMHU
Obuta paccMoTpeHa peakius p*C — Ny npm
acTpoPU3NIECKUX SHEPTHSIX.


mailto:denis_zazulin@mail.ru
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MeToxa uccaeT0BaHAN

B nanHoii paboTe ObUIM MPOBEACHBI PacUeThl B

pamMKax  MOJU(UIMPOBAHHON  TOTEHIMAIBHOM
kimacrepHor  momenn  (MIIKM) [13]. B
WCIIONB3YEeMOM  TMOAXONE, Kak o0baHO [14],

MOTEHLHMAJIBI MEKKIACTEPHBIX B3aUMOJICUCTBUN TS
MPOIECCOB pacCesiHUA HAaYaJIbHBIX YaCTHI] CTPOSITCS
Ha OCHOBE BOCTpOHM3BeneHHs (a3  ympyroro
paccesiHAd C Y4€TOM KX PE30HAHCHOTO MOBEACHUS
WM UCXOJS U3 CTPYKTYPBI CIEKTPOB PE30HAHCHBIX
COCTOSTHUMA KOHEYHOrO fAJipa B HA4YaJIbHOM KaHaJe
[15]. JIms cBS3aHHBIX COCTOSIHUM MJIM OCHOBHBIX
COCTOSIHMIA siiep, OOpa3yIoNIMXCs B pPe3yibTare
peaKkiuMu 3axBara, B KJIAaCTEPHOM KaHaye, KOTOpPbIU
COBIIAJIAE€T c HayaJbHBIMU YacTUIIAMHU,
MEXKJIACTEPHBIE MOTEHLMANIBI CTPOSATCS HUCXOAS U3
OMNMCAHUS YHEPTUU CBA3M 3THX YAaCTHUL] B KOHEYHOM
SIIPE U HEKOTOPBIX OCHOBHBIX XapAKTEPUCTUK TAKUX
COCTOSIHUH. Hampumep, paccMaTpuBaeTCs
3apAIOBBIM paguyc M acCUMIITOTHYECKAass KOHCTaHTa

(AK) [15,16]. llpuuem, BO Bcex IalTbHEUIINX
pacderax mapaMeTpbl O3THUX IOTEHIMAJIOB HE
U3MCHAJINCH. HC6OJII)IH3H ux BO3MOKHasA
HEOJJTHO3HAYHOCTh CBsI3aHa TOJIBKO c

HEOIHO3HAYHOCTBHIO WJIM OIIMOKON BenuunHbl AK.

Kunaccupuxkauuss cocrosiHUM 1o cxemMam
KOnra

[peanonoxum, 4ro mus aapa “*C  MOXKHO
OpUHATH opOuTaneHylo cxemy lOwmra [17] B Buze
{4442} [15], nosromy s p**C-cucreMsl B pamkax
1p-o6omoukn umeem {1}x{4442} — {5442} +
{4443} [1]. TlepBas W3 TONYyYEHHBIX BHINIE CXEM
IOHra coBmecTrMa ¢ opOUTaTBHEIMA MOMEHTaMH L =
0 1 2 u sBAsSeTCS 3alpelleHHOM, MOCKOIBKY B S-
000JI04YKe HE MOXKET OBITh MATh HYKIIOHOB, a BTOpast
cXema paspelleHa U COBMECTUMa C OpOMTaIbHBIM
momeHToM L = 1 [15,17]. bonee BbIcOKHE 3HAYCHUS
OpOUTATLHOrO MOMEHTA B pacueTax He OTPeOyIoTCs
W 3lleCh HE paccMmarpuBaioTcs. TakuM o0pas3om,
OTPaHMYMBASCh TOJBKO HU3IMIMMH MapIUATBHBIMU
BOJIHAMU C opOuTanbHeIM MoMmeHTOM L = 0, 1, 2
MOXHO cKazath, uT0 i pYC-cucrembl B
noTeHnMane  2Sy-BOJHBI  NPHUCYTCTBYET — TOJIBKO
sanperienHoe cpazannoe coctosuus (3C). Jus Pyj,-
BOJIHBI MMEETCSI TOJBKO Pa3peIleHHOE COCTOSIHUE
(PC), koTOpoe€  COOTBETCTBYET  OCHOBHOMY
cocrosauto (OC) N u HaxoauTcs npu SHEPrum
csasu P*C-cucremsr -10.2074 MbB B 1mm. [18].
HanoMHuM, 4TO I OCHOBHOTO COCTOsTHUS simpa “4C
MOMeHTHl uMmeroT 3Hauenus J°, 7 = 0,1, a gna °N
u3sectHo J°, 7 = 1/27,1/2 [18].

PaccMoTpuMm  Temepp CHEKTp pPE30HAHCHBIX
cocrosuuii B p'*C-cucreme, T.e. COCTOSHMH NpH
TIOJIOKUTENBHBIX YHEPrHsiX, KOTOPBIA TPHBEICH B
pabore [18] m Oomee HOBoW pabore [19]. Ilpm

sueprun Hmwke 5.0 MoB B cmektpax sapa N s
p*C  kaHama  TNPakTMYECKHM  OTCYTCTBYIOT
PE30HAHCHBIE YPOBHH, KOTOPbIE UMENH Obl HIMPHHY
6onee 50-70 k3B. Tonbko npyu YHEPTUH BO3OYKICHUS
11.615(4) MaB, t.e. mpu 1.4 MsB B 1.M. BbilIe
mopora HabmomaeTcs pesoHanc ¢ J° = 1/2° wu
mmmpuHoi 405(6) k3B B .M. Umeercs eme oauH
pesonanc npu sueprun 12.004 MaB u J* = 3/27, T.e.
mpu 1.8 MaB B 11.M. ¢ mupuHOH 387 k3B B .M. [19],
KOTOPBII MOKHO cOnocTaBuTh 2D3p-Bonre. [TosTomy
nasee Oy/eT TOCTPOEH 2S1/2-IOTEHLHMAT PACCESHHUSI CO
ceszannbiMi 3C 1 2Dap-notenuman takxe ¢ 3C.
Nwmeronmecst y3kme pe3oHaHce it M1-
MEPEX0/I0B, KOTOPBIE MPUCYTCTBYIOT B CIIEKTPax, HE
OyIqyT BHOCHTh 3aMETHOTO BKJIaJja B CKOpPOCTh
peakimu.  IlodToMy  moTeHHMan  2P3p-BOIHBI
paccesiHUA, Tak Kak oH He umeroT 3C, a pe30HaHChl
UMEIOT Mallylo mmpuHy (00b4HO MeHbmie 50-70
K3B), MOXHO HpPOCTO MOJNIOKUTH PABHBIM HYJIIO.
[Motenmman 2Pi/-BOJHBI MPHMEM COBIAJAIOMIAM C
notenrmasiom  OC. B pesymprate  Oyner
paccMatpuBaThes nepexon Ha OC Buna

1. °S.,—="P,

u El-mepexon wu3 2Dap-BONHBI
ceszanabM 3C Ha 2Py OC

paccesiHUsL €O

3aMeTuM, YTO B Hamed mpexHeid padore [1]
paccMaTpHBAJICA TOJBKO OJIMH 3aXBaT U3 2S1/2-BOIHBI
p*C-paccestnus mis nepsoro pesonanca Ha 2P, OC
15N.

IMoTeHIUAIBI B3auMoaeiicTBUs pl“C
CHCTEMBI

B mpensinymeii padore [1] Obutd TOMyuYeHBI
MOTEHIMANBI paccesHus U onpeeneH noternuan OC

aapa N B p**C-kanane B rayccoBoM Buje
V(r,JLS) = —Vo(JLS) exp{—a(JLS)r?},

C TOYEYHBIM KYyJOHOBCKMM WJIECHOM, IapameTphbl
KOTOPOTO 3aBHCAT OT BCEX KBAaHTOBBIX YHCEN, a B
HEKOTOpBIX ciydasx WM oT cxeMm Onra [13]. Bcee
BBIPQKEHUSI [UI BBIYMCICHUS IIOJIHBIX CEYEHUIl
npuseneHs! B [13] nmm [15,16].

Jns onmcaHMs TEpBOTO pe30HAHCA B S-BOHE
pl“C-paccesiHMs MCMONB3yeTCsl TIPOCTON  TayCCOB
noteHuuan co csizanubM 3C 1 mapamMeTpaMu

Vs=5037.0 MaB, as = 12.0 ®um?, 1)

KOTOpBIE MPHUBOJIAT K (paze paccesHUs ¢ Pe30HAHCOM
mpu 1400(1) x3B B c.11.m. 1 mmpuHoit 535(1) k3B B
.M., 9YTO HE IUIOXO COTJACYEeTCS C WMEIONIMMHUCS
dKCIIEpUMCHTAIBHBIME JaHHBEIMH [18,19]. B astnx
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CropocTb peakumn p'*C 3axsata 8 o6nactv o1 0.01 4o 10 To

pabortax npuBeneHo 1408(4) k3B B m.M. ¢ moyHOMA
mupuHOoi 405(6) k3B B c.11.M.

Cnemyer oOpatuTe BHHMaHHE, 4YTO IO
W3BECTHOM SHEPrMHM pPE30HAHCHOTO YPOBHS B
cnekTpax Joboro sapa [16] u ero mumpuHe

IOoTCHIIMAII 28 1/2-BOJTHBI CTPOATCA IIOJITHOCTBIO
OJHO3HA4YHO, €CJIM  3aJaHo KOJIMYCCTBO CC ,
3allpCUICHHBIX WKW  PAa3pCHICHHBIX B JaHHOM

MapIyaIbHON BOJHE, KOTOpOE B JAHHOM CIIydae
paBHO enunuIle. MHaye roBopsi, HEBO3MOXKHO HaWTU
IpyTy0 KOMOMHAIMIO MapaMeTpoB V H Y, KOTOpbIE
Obutm  Obl  CIIOCOOHBI ~ MPABWIBLHO  IEPENATh
PE30HAHCHYIO DHEPTHI0 YPOBHA M €ro INUPHUHY.
I'mybuna Takoro moTteHuuana V  OIHO3HAYHO
OTIpeneIsieT MOJI0KEHHUE pe3oHaHca, T.C.
PE30HAHCHYIO SHEPTHI0 YPOBHS, a €ro IIMpPHHA Y
3a/1aeT OINPEICIICHHYIO MIUPUHY 3TOTO PE30OHAHCHOTO
COCTOSIHUSI, KOTOpBIE JOJDKHBI COOTBETCTBOBATH
AKCIIEPUMEHTAIEHO HA0M01aeMbIM BeTrarHaM [ 18].

B nmamHOM ciaywae s TPaBHIIBHOTO
BOCIPOM3BEACHUS IIMPHHBI pe3oHanca mpu 1408 kaB
OpUIUIOCE OBl €lle  YMEHBIIUTh  HIMPHHY
MOTEHIMANa, yBEIWYHMBas mapameTp y. Tombko B
3TOM citydae ObUIO OBl BO3MOXKHO TMOJIyYHTH Ooliee
MpaBWIBHYIO UIMPUHY pe3oHaHca nopaaka 400 k3B.
OmHako  SKCIEpUMEHTAIBHBIE  JaHHBIE IO
pamuanuonnomy pl*C-3axpaTy npu 5SHEprud B
obmact 1 + 2 MbdB B Hacrosiiee Bpemsi HPOCTO
OTCYTCTBYIOT. Ilo3TOMY BpSII JIM HMMEET CMBICIT
UCKaTh B HacTosmiee BpeMs Oojee TOYHBIN
MOTEHIMAN JIJIsl TPAaBUJIIBHOTO OMUCAHUS HIMPHUHEI
TaKOT0 Pe30HaHCca.

Jlms  moreHnmana
napameTpbl

?D3/-BOJIHBI  TIOJTyYEHBI

Vo= 108.5 M3B, ap=0.085 dm2,  (2)

KOTOpBIE IPUBOJAT K (pa3e paccesHus ¢ pe30HAHCOM
mpu 1800(1) k3B B .M. u mmpuno#t 375(1) k3B B
I.M., YTO XOpOLIO COIJacyercs ¢ HMEIOUIUMHCS
JKCIIEpUMEHTANBHBIME ~ AaHHbIME  [18,19], rxe
npuBeneHo 1797 k3B B .M. ¢ noxHO# mwmpuHO# 387
k3B B .M. Ilapamerpsr morenmmainoB (1) u (2)
noa0Mpamich TakUM 00pa3oM, YTOOBI B LEJIOM
MPaBUIBHO BOCIIPOW3BECTH JIAHHBIE PE30HAHCOB W3
pabort [18,19].

Jus norenmmana 2Py OC sgpa N Ges
cesizannbix 3C B KinactepHom pl4C-kanane HaigeHbI
CJICYIONINE MapaMeTPhI

Vp=221.529718 M3B, ap = 0.6 M2 (3)

OH 1O3BOJSIET MOJYYUTh [JJISI MacCOBOTO
panuyca Rn= 2.52 ®wm, qiist 3apsagoBoro panuyca Ren
= 247, suepruo cBs3m -10.207400 M»>B mpm
TOYHOCTH KOHEYHO-Pa3HOCTHOro Mmeronsl [15] 10
M»5B. Jlnd acHMITOTHYECKOM  KOHCTaHTHI B

20

Oe3paszmepHOM Buje monydeHo 3HaueHue 1.80(1) Ha
uHTepBaie paccrosHui 3 - 10 ®dm. VYkazanHas
oIInOKa aCUMIITOTHYECKON KOHCTAHTHI, KaK OOBIYHO,
MoJy4eHa €€ YCpeAHEHHEM TI0 NPUBEACHHOMY
WHTEpBally paccTosHMA. B 3TMX pacuerax mis
BeMUMHB paanyca “C UCIOJb30BaNach 3HAUYCHHE
2.56(5) ®m [18], nus paguyca °N usBectro 2.612(9)
®wm [18], a paguyc mpoTOHAa MPUHUMANCS PaBHBIM
0.8775(51) [20]. B mnpuBemeHHBIX pacdeTax
UCTIONIB30BAJIOCH  CNEAYIONIee 3HAYCHHE MAacChl
m(**C) = 14.003242 a.e.m. [21], a mis mMaccel Mp
u3BecTHO 3HaueHue 1.00727646577 a.e.m. [20], a nust
BEIMYMHBl KOHCTAHTHI A’ /M, HPUHATO 3HAYCHHUE

41.4686 MaB-®™m?, rie Mo — a.e.M.

31ech clienyeT 3aMeTHTh, YTO, KOT/Ja MUCcalach
pabota [1] HaM He ynanoch HaWTH HaHHble M0 AK
aapa N B 5TOM KaHale, IOJy4EHHBIE B APYTUX
paboTax He3aBUCHMMBIMH MeTofamu. CeromHs 3Tu
JIaHHBIC TpEJACTaBICHBI B pabote [22], rae s
KBaJ[paTa  aCHMITOTHYECKOTO  HOPMHPOBOYHOTO
ko> dunuenta A’nc (AHK) nmpuseneno 43.2 dul, a
Ui criektpodakTopa Sf maercss uaTepBan ot 0.75
no 1. Torma yuutsiBas cBs3b AHK u pazmeproit AK

C [23] Anc=,/SC u cpasruBas [23]
CL(R) = CW.qL12(2koR) 1

c(R) = JZKO CwWoyL+12(2koR)

HaxXoJIuM cBsi3b pazMepHoii C u 6e3pazmepHoii AK Cy
[24], kOTOpYIO MBI UCIIOJIB3YEM B CBOMX pacyeTax:
C= /2kO Cw mpu /2k0 =1.166, rue ko — BOIHOBOE

yrcino OC. Hcnonb3yst 3Tu BeIpaxkeHus: it Cy U3
JMaHHBIX [22] moydaem Benmuuuny 6.07(44), koTopas
CWIIPHO OTJIMYAaeTCd OT TPUBEJCHHBIX  BEIIIC
pe3ynbpTaToB I moTeHuana (3).

Tenepp 3aMeTuM, UYTO €CIM  MOTEHIMAJIBI
paccesiHuS CTPOWJIMCh UCKIFOYHUTEIBHO HCXOJS W3
MIPUEMIIEMOTO OITMCAHUS XapaKTEPUCTUK PE30HAHCOB
M UX MapaMmeTpsl (PUKCHPOBAHBI JOCTATOYHO TOYHO,
to noterrman OC (3) onpenemnsuics B [1] Tak 4T0OBI
HaWIy4ImiuM  o0pa3oM  OmMcaTb  HMMEIOIINECs
9KCIIEPUMEHTAIbHBIE TaHHBIE IS TOJHBIX CEYSHHN
3axBaTa MpU HU3KHUX IHepruax [2]. OmuHako Takou
NOTEHIMAN HNPUBOAUT K  BIOJHE Pa3yMHBIM
3HaueHHsAM pajauyca aapa PN, a HoaydeHHas ¢ HUM
BenmunHa AK MokeT ObITh CTIONTb30BaHA Jlajnee s
CpaBHEHMS C pe3yibTaTaMu APYTHX, HE3aBHCHUMBIX
pabor mo m3BneueHmo AK < u3  gpyrux
OKCMEPUMEHTAIBHBIX JAaHHBIX. A €ClH TOIY4HTh
MOTEHIMaN, KOTOpbIi 661 nMen AK cornacoBanHyo ¢
JMaHHBIMU [22], TO OH He OyJeT OIWCHIBATH HU
3apsAAOBBIM  paguyc  sapa, HH  WUMEIOIIHecs
dKCIIEpUMEHTAIbHBIC JaHHBIC [2].
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IMoanbIe ceyeHus 3axBara )i
acrpoduznyeckmii S-pakrop

Ilepexons K OITHCAHHIO MTOJTy9E€HHBIX
pe3yJIbTaTOB, oOpaTum BHUMAaHHE, 4TO

9KCHIEpUMEHTAIIbHBIE TAHHBIC JUIS MOTHBIX CEYCHUH
panuauonnoro pl4C-zaxpara ma OC sapa °N wam
actpopusnueckuii S-pakTop OBUIM HM3MEpPEHBI B
pabote [2] ans obnactu 3uepruii 260 - 740 k3B. DTH
pe3yibTaThl IOKa3aHbl KBagpaTaMu Ha Pucynke 1 u B
YUCIICHHOM BHC B3SITHl HAMH M3 0a3bl MaHHBIX [21].
Jpyrux u3MepeHuil MoaHbIX CEYEHUN 3TOU peaKLuu
HaiiTu He ypanock. Jlns omucaHMs HMEIOLIMXCS
TAHHBIX paccMaTpHUBaJIOCh ceueHne 3axBaTa Ha OC ¢
noteHuuanoM (3) s £1 nepexoaa U3 pe30HAHCHOM
2S-posiHbl  paccestHuss ¢ notenumanom (1), T.e.
OnMCaHHbIN BhIIEe mporecc Nel.

PesynpTaTel pacueToB TOJHOTO CEYEHHS U
acTpodusuueckoro S-pakTopa TpPUBEACHBI Ha
pucynke 1 cunedl kpuBod. OHU DIPAKTUYECKU
MOJTHOCTBIO ONHUCHIBAET  IKCIIEPUMEHTAJbHbIC
JaHHBIE TIPU BCEX HW3MEpPEeHHBIX B pabore [2]
sHeprusax. B o0iactu Manbix s3Hepruii, a iMeHHo, 100
+ 140 x»B BenmumHa pacueTHOrO S-(pakTOpa
0CTaeTCs TMOYTU MTOCTOSHHOM 1 paBHOU 4.5(1) k3B-0.
[lo-BuauMOMy, WMEHHO 5TO 3HAYCHHE MOXKHO
cunTaTh S-paKTOpOM TIPH HYIEBOH OSHEPTrUU s
paccMaTpuBaeMOM 3[€Ch PEaKUHUU PAAUALHOHHOTO
pl“C-zaxsara. 3enmenoii kpuBoii Ha Pucymke 1
nokasas BkJag nepexona Ne2 ¢ mepexonom u3 Dap-
BOJIHBL. Kak BUIHO U3 3THX Pe3yIbTaTOB BKJIAJ 3TOTO
mpolecca MpeHeOPSKUMO Mall U ¢j1ad0 BIMSET Ha
IIOJIHOE CEUYEHHUE, NOKAa3aHHOE KPacHOM KpPUBOM Ha
pucyske 1.

[Tony4yeHHbIe BBILIE PE3YNbTATHI JUISl CEUEHUI
OBLIN UCTIONB30BaHKI 715l pacyeTa CKOPOCTH PEaKIUH
mpu Ttemreparypax ot 0.01 mo 10 T, kOTOpHIE
MOKa3aHbl HA PHUCYHKE 2 KpacHOW HENpepbIBHOU
KpuBOH. Takyl0 CKOpPOCTb peakuMu MOYKHO
anmpoKCUMHUPOBATH PopMyIon Bua [25]

C mapamMeTpamMu u3 Ta6J'II/ILIBI 1, a PE3YyJIbTAaThl TaKOH
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DKCIeprUMEeHTAIBHEIE TaHHbBIE U3 paboTHI [2].
Kpussie — pacueTsl acTpopu3nIecKoro S-pakropa, ¢
MMPUBEACHHBIMHA B TCKCTC MMOTCHIIUAIAMH.

Pucynok 1 - Actpodusndecknii S-paktop
p*C-papnamonnoro 3axsara Ha OC sapa °N
IIpH 3HEprusx 10 5 MaB

i P | PR - PR 4
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Kpacnas HenpepbIBHas KpUBast — HAIIK PE3yJIbTATHI,
IITPUXOBasi — PE30HAHCHAS 4acTh U3 paboThl [2] 1
yacTas TOYe4Hasl — HepPEe30HAHCHAsI YacTh CKOPOCTH
u3 paboTsI [2].

Pucynok 2 - Ckopocts peakuuu p**C-3axsara

i,

Ea

i, exp
e T )

napamMeTpH3alny MOKa3aHbl HA PUCYHKE 2 TOUEYHOU
KpHUBOIL.

Tabauna 1 - IlapameTpsl anmpokcuManyuu ckopoctr peakumun (x2= 0.5) npu 5% omubkax pacyeTHOM

CKOPOCTH
ai az as a4 as ds az ag ag
-62.27774 | 13.47974 |-3.64602E-12| -4.03114E6 | -2.8605E6 | 9.66115E6 | -2.8393E6 | 1.66162E8 | 14.14352
b1 bz b3 b4 b5 bs b7 bs bg
0.58692 | 0.32776 -8.80857 0.83982 0.9935 1.33333 1.66667 0.47326 0.5033

Hns cpaBHeHHWsI Ha pHCYHKE 2 TIPUBEICHBI
ckopoctn u3 pabotel [2]. IltpuxoBas — 3TO
pE30HaHCHAsg 4YacTh M YacTasg TOYe€YHas — 3TO

Hepe3oHaHCHas 4acTh. Kak BHIHO STH pe3yNbTaThl
HEIJIOXO COBHAJAIOT C HAIMMHU, HO pE30HAHCHAas
4acTh B ITUKE CKOPOCTU CKOPEE BCETO 3aBLIIICHA.
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CropocTb peakumn p'*C 3axsata 8 o6nactv o1 0.01 4o 10 To

3akIoueHne

Takum 00pa3oM, H3MEPEHHBIE TIOJTHBIE CEYECHHS
win actpopusudeckuii  S-pakrop peakuuu prC-
3aXBaTa yYJAeTCs MPAaBHIBHO OINUCATh B paMKax
MIIKM Ha ocHOBe TONBKO FEl-IepexomoB U3
pe3oHaHCHBIX Si» u ?Dap-BonH paccesnus ¢ 3C Ha
2Py, OC 6e3 3C sgpa N, paccmarpuBaemMoro B
JIBYXYaCTUIHOM pl*C-kanare. IMoTeHumMans!
MEKKJIACTEPHOTO B3aMMOJIEHCTBHS B HETPEPHIBHOM
CIIEKTPE CTPOSTCSA, KaK OOBIYHO, HA OCHOBE OMMCAHHUS
CHEKTpOB KoHewyHoro sapa, a CC wucxons wus3
BOCIIPOM3BEICHUS MMH OCHOBHBIX XapaKTEPUCTHK
TAKUX COCTOSHHI — B JIAHHOM CJIy4ae 3TO SHEPTHs
CBSI3H U 3apsIIOBBII paguyc.

Breimonmnenne B Oyaymiem Ooliee JeTambHBIX
M3MEpPEHUN TIOJHBIX CEYEHUM HITOM peakiuw,
ocobeHHO, B oOiactu pe3onanca npu 1.0-2.0 MaB,
MTO3BOJIUT CIeNnath, MO-BUAUMOMY, Oonee
ONpENICTICHHBIC BBIBOJLI O KAadyeCTBE OIMHUCAHUS
paccMaTpHBaeMBIX cedeHui peakuun pl*C-3axBara B
paMKax ucrnoiyib3oBaHHOU 31ech MITKM.
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1Ka3axcKuit HaUumMOHaNbHbIN YHUBEPCUTET M. anb-Papabu, HUMIT®, KasaxctaH, r.AAMaThI
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3APAOKA MUKPOYACTUL, MNA3MbI NMOTOKAMMW 3N1EKTPOHOB 1 MOHOB
C KANNA-PACNPEAENEHHWEM B CTO/IKHOBUTE/IbHOM PEXUME

B paboTe mnccnenoBaHa akTyanbHaa npobiema 3apaaKm MblNeBbiX YacTuL, B HEPAaBHOBECHOW Masme C
yYeToM Kanna — pacnpeaeneHuns Yyactuu, MNonyyeHbl ypaBHEHUA A7 ONUCaHMA 3apsAaKM MbleBbIX YacTUL, Ha
OCHOBe Kanna pacnpeaeneHmns ¢ y4eTom CTOIKHOBEHMIA YacTuML, NAa3Mbl, MPMBOAALLEN K Nepe3apsike MOHOB.
PaccmaTpuBaeTca nepexof, U3 TOHKOM O6eccTONKHOBUTENbHOM 0061acTh lie) << @ BOKPYT MblIMHKKW K Donee
WKMPOKOM 061aCTu lie) >> 0 C NPEANONOKEHNEM, UTO lie) << Ap M a << Ap, TAe lie) — ANMHa cBobOAHOrO Npobera
MoHa (aNeKTpoHa), @ — paanyc MbIIMHOK, Ap — A/MHA 3KPaHMPOBKK. [peanonaraeTca Takske, 4To BOAN3M
MbIIMHKM HE MPOUCXOAUT MOHM3aUMSA U pekoMbuHauma. TocTpoeHHasa C y4eToM AaHHbIX NPeanonoKeHU
aHa/IMTUYECKaa MoAeNb WMCNONb3YETCA ANA UCCAeA0BaHMA 3apAAKM MblAeBbIX 4YacTUL, HEepPaBHOBECHOM
MblNIeBOM MAa3mbl. BblpaskeHWA [A18 MNOTOKOB MOHOB M 3/1EKTPOHOB Ha MOBEPXHOCTb MblAEBbLIX YacTuL,
BbIBOAATCA Ha OCHOBE Kanna pacnpeaeneHns n cpaBHEHbI C pe3y/ibTaTamMmn Apyrux aBTOPOB, NOAYYEHHbIX Ha
ocHoBe MaKcBen10BCKOro pacnpeaenerHuns. Ha ocHose 6anaHca NOTOKOB 3/1EKTPOHOB U MOHOB MOJTYYEH 3apaj
MblAeBbIX 4acTuu. [loBeaeHMe MNAOTHOCTM WMOHOB M 3/IEKTPOHOB B OKPECTHOCTM MbIIMHOK  KPaTKo
aHannsnpyeTcs.

KntoueBble C10Ba: 3apsAKa MblEBbLIX YAaCTML,, MOTOK YaCTULL, CTOIKHOBUTE/bHbIN PEXUM, HEPABHOBECHASA
nnasma.

M. Myrzaly*?, R.U. Masheyeva?*", M.N. Jumagulov?
'Al-Farabi Kazakh National university, IETP, Kazakhstan, Almaty
2Satbayev University, Kazakhstan, Almaty
3Wigner Research Center for Physicists, Hungary, Budapest
*e-mail: masheyeva.ranna@gmail.com

Charging plasma microparticles by electron and ion fluxes
with kappa distribution in collisional mode

This work investigates the current problem of charging dust particles in nonequilibrium plasma, taking
into account the kappa distribution of particles. Equations are obtained to describe the charging of dust
particles based on the kappa distribution, taking into account collisions of plasma particles leading to ion
charging. The transition from a thin collisionless region lie) << a in the environment of a dust grain to a wider
region lie) >> a is considered with the assumption that /ie) << Ap and a << Ap, where [ie) is the mean free path
of the ion (electron), a is the radius of the dust grains, and Ap is the screening length. It is also assumed that
ionization and recombination do not occur near a dust grain. An analytical model constructed with taking into
account these assumptions is used to study the charging of dust particles in nonequilibrium plasma.
Expressions for the fluxes of ions and electrons on the surface of dust particles are derived based on the kappa
distribution and compared with the results of other authors obtained based on the Maxwellian distribution.
Based on the balance of electron and ion fluxes, the charge of dust particles was obtained. The behavior of ion
and electron densities in the vicinity of dust grains is briefly analyzed.

Keywords: charging of dust particles, particle fluxes, collision mode, nonequilibrium plasma
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Mna3ma benweKkTepimeH COKTbIFbICYAbl ECKepeTiH pexxumae benluekTepaiH, Tapanybl Kanna Tapany
60naTblH 3N1EKTPOHABIK, YKOHE NOH afblHbIMEH Na3Manblk, To3aHabl BenlekTepain, sapaaranybl

Byn yCbiHFaH »KyMbiCTa De/leKTepdiH, Kanna TapasyblH eckepe OTblpbin, Tene-TeHAIKCi3 naa3macbiHAa
TO3aH bl besleKTepain, 3apaartany npoueci 3eptrendi. MoHaapabiH, KalTa 3apaaTanybiHa SKeneTiH rnaa3ma
He/WeKTePiHIH, COKTbIFbICYbIH €CKepe OTbIPbIN Kanna Tapanybl HerisiHAe To3aHAbl benweKkTepain, 3apaaTapbiH
cunaTTay yWwiH TeHaeynep anbiHapl. *MymbicTa To3aHAbl O6/WeEKTiIH, allHaNnacbiHAAFbl KyKa COKTbIFbICMANTbIH
aiMaKTaH lie) << G KeHipeK aliMaKkKa oTyi lie) >> 0 KapacTbIpblifaH, ON YWiH fie) << Ap KaHe a << Ap gen
WapTTanaapbl, MyHAA lie) — MOHHbIH (3N1EKTPOHHBIH) OpTalla epKiH XKYPY XKOAbl, @ — To3aHabl 6enweKTepaiH,
paaunychl sKkaHe Ap — aKpaHAany y3biHAplFbl. CoHAaM-aK, MOHAaHy *aHe pekoMmbuHauma npouecTepi To3aHabl
benweKTepaiH, anMHanacbiHaa 6oamanabl Aen wapTtanagbl. Ocbl Homkamaap ecKkepinin KypacTbipblifaH
aHaNUTUKANbIK, MOLENb Tene-TeH eMec KeHICTIKTeri To3aHabl naa3ma besnleKTepiHiH 3apaaTanyblH 3epTTey
YWiH naiganaHblnagbl. Tosanabl 6enwekTepaiH 6eTiHAer MOHAAP MEH 3N1eKTPOHAAP afblHbIHbIH, BPHEKTEPI
Kanna Tapasny HerisiHAge WbIFApbINAabl KaHe Tafblga MaKcBenn TapanbiMbl HerisiHAe anblHFaH 6OacKa
ABTOPNAPAbIH, HATUXKENepiMEH CanbICTbIPbINAbl. DNEKTPOH KOHE MOH afblHAAPbLIHbIH, Tene-TeHAIr HerisiHae
TO3aHAbl OenwekTepaiH, 3apAaabl  anbiHAbl.  To3aHabl benwekTepaiH alHanacblHAafbl MOHAAP MEH
3NEeKTPOHAAPAbIH, ThIFbI3AbIFbl KbICKALLA TanAaHaAbI.

TyhiH cesfdep: To3aHAbl Nia3ma 3apsaabl, benweKkTepaiH afblHbl, COKTbIFbICY PEXMMI, Terne-TeH emec
naasma.

Beenenne UHAEKCA K. OTH MapaMeTpsl MO3BOJSIOT OLECHHTS,
HaCKOJIBKO  CHCTEMAa  Jalleka OT  TEIUIOBOIO

IlbimeBast ~ mmasMa  MPEACTaBIsCT  CO00i  papHOBecms. Takum 06pa3oM, yUeT k-pacrpeeseHus
KOMIIJICKCHYI0 CHUCTEMY HOHM3UPOBAHHBIX Ta30B, B aHajnu3e MPOLECCOB B KOCMHUYECKOH IuIazMe
BKJIF0Yas1 9JICKTPOHBI, HOHBI M 3aPsDKCHHBIC [IBUIMHKH,  CTAHOBUTCSL BaKHBIM, IOCKONBKY OH YYHTHIBAeT

OOBIYHO pasmepom MHUKPOMETpa WM
cyOMukpomerpa. JlaHHBIH BHI IJIa3Mbl LIMPOKO
pacmpocTpaHeH B KOCMOCE, BKJIIOUasl IUIaHETapHbIE
KOJIBIIa, XBOCTBI KOMET, MEXIJTAaHETHOE
IIPOCTPAHCTBO M MEXK3BE3/lHble O0JIaka, a TakxkKe
BCTpeyaeTcs B MJIa3MEHHBIX YCTaHOBKAX, HAIPUMED,
B MPHUCTEHOYHOW  OONACTH  JHEPreTUYECKUX
pEakToOpoOB, B TOM UUCIIE U TOKAMAKOB.
Wccnenosanus, NpoBeAEHHBIE KOCMHUYECKUMHU

HEOOBIUHBIC TEPMOJAMHAMUYECKHUE CBOWMCTBA, KOTO-
pbIe MOTYT UMETh BIMSHHE Ha TIOBEJACHUE CUCTEMBI,
B mna3me Tokamaka k-pacrpesesicHue ObUIO
HCTIOJIb30BAHO JIJISl YCTPAHSHHUS PACXOMKICHUN MEXK Ty
IKCIEPUMEHTAMH W TEOpPHEH, OCHOBAHHOW Ha
WCTIOJIb30BAHUU MAKCBEJJIOBCKON (DYHKIIMU pacrpe-
nenenus [3]. beuto, Hampumep, MOKa3aHo, YTo, KOTna
PaJMoYacTOTHBIC BOJHBI MPUMEHSIOTCS IS Harpe-
BaHUS WM BO30YXICHHUS HEMHIYKTHBHBIX TOKOB B

arimaparaMu, ~ NOATBCPXKIAOT  OTKIOHCHMS ~ OT  pgamMarHWYEHHOW TI1a3Me, BBI3BAHHOE  BOJIHAMU
MakcBesIoBCKOrO — paclpe/esicHus, OCOOCHHO B yckOpeHHe YacTHIl IIPUBOIHMT K PACHpEleeHHsIM B
o0IacTi BBICOKMX OHEPrHi, B OSTHX aCTPOQU- p[poCTpaHCTBE  CKOPOCTEH,  KOTOpbIE — MMEIOT

3U4eCKuX OObekTax [l]. DMmIMpuvecKue NAaHHBIC — suepreTHuecKHe XBOCTHL. Takue BaXHbIE HPOOIEMSI,

MO3BOJISAIOT YTBEPXKAATh, YTO PACHPEIEICHUE YACTHLI,
B YaCTHOCTH, UMEET "CylpaTepMalbHbIi" CTeTeHHON
XBOCT P BBICOKHX 3HEprusix. CeMencTBo « (Kamma)-
pacmpeneneHuii mpencTaBisgeT co0oW  OmHO U3
BO3MOXHBIX MAaTeMaTHYeCKUX ONUCAaHUM TaKHUX
sapieHuid. B Tabnune, npeacraBneHHoi B padote [2],
IIPUBEICHBl XApPaKTEPUCTHKH Pa3IM4YHBIX BHIOB
KOCMUYECKOW  IUIa3Mbl,  BKJIIOYass  3HAUYEHUS
IUIOTHOCTU h, TeMIeparypbl 7 W CIEKTPaJbHOIO

KaK LIIMKJIOTPOHHBIA HarpeB M BOJHOBOM pE30HAHC C
yOeraromyMu (FITU CBEPXTEIUIOBBIMHE) JIEKTPOHAMH,
OBLTH paccMOTpeHBI B paboTax [4,5] ¢ MOMOMIBIO K-
pacrpesesieHus.

C yderoM BBIIIE CKAa3aHHOTO  Karlla-
pacnpesneneHre Halulo IUPOKoe MPUMEHEHNE KaK B
KOCMHUYECKOH, TaKk W B JaboparopHoil mnaszme. Taxk,
HampuMep, B Hamleld mpensigymield padore [6] Obun
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HCCIIEMOBAaH MPOIECC 3apsAAKH NBIICBBIX YaCTHIl Ha
OCHOBE KaIllTa-pacipeeICHIs ¢ TTOMOIIBIO MOJICITH —

OpUOMIDKEHHST ~ OTPaHUYEHHOTO  OpOMTaIBHOrO
nemwkenns (OML), mnpu 3ToM  HccleqoBaHUS
MIPOBOJWIINCH C YIETOM Pa3IUYHbIX METOOB 3aps KU
MBUICBBIX  4YacTHL. Pe3ymbTarel  3Toi  paboThHI

COTIOCTAaBJIGHHl C pe3yasratamu pabotel [7], THE
WCTIONB30BAIOCH MaKCBEITOBCKOE pacmpesieieHIe
gactuil. O0e paboThl OOHAPYKWIIH, HTO 3apsl
MBUIEBOM YaCTHUIIBI 3aBUCHUT TOJBKO OT TEMITEPATYPHI
W OTHOILIEHHS MacC 3JIEeKTPOHOB M HOHOB. BaxkHO
OTMETHUTb, YTO, B OTIMYHE OT JICKTPOHOB MJIK HOHOB,
3apsin MBIIEBBIX YacTHIL HE SABTISIETCS
(UKCHPOBAaHHBIM W  3aBHCUT OT MapaMeTpoB
OKPY’KaIOIIeH T1a3Mbl, YTO MPUBOANT K HHTEPECHBIM
SIBJICHUSIM BO BPEMEHHEW 3BOJIIOLIMHM 3apsiia MbUIA. A
MpHOMIKEHHEe  OTPAaHWYCHHOTO  OpOUTAILHOTO
newkenns (OML) mns omucanwst 3apsaKy TBIIEBON
YacTUIIBl CHOPAaBEIJIMBO ISl CHJIBHO Pa3peKCHHOM
IIa3Mbl  MPH  OECCTOJIKHOBUTEIEHOM  JIBHKEHUH
2NeKTpoHOB U HMOHOB [8-10]. I B manHOM Metone
CpenmHssl JIMHa CBOOOJHOTO mpoOera HOHOB
(o1exTpoHOB) /iy HAMHOTO TIPEBBIIIAET MacIITad
BO3MYIIEHWA TIasMbel  Ap. A JApyrod MeTon
WCCIICIOBAHUS 3apSAAKH TBIICBBIX YaCTHI] TEOPHS
pamuanpHOrO  Jpedida  mMpUMEHsSieTCs, — Kornma
TeMIeparypa HoHOB HyneBas [11-12].

Ho, xorma pmmmHa wMacmtaba BO3MYIIEHUIH
TUIa3Mbl  YBEIMYMBAETCS, CTAHOBHUTCS  Ba)KHBIM
pPacCMOTpEeHHE CTOJNKHOBEHHH WOHOB, Jaxe IMpH
OO0JIBIINX 3HAYCHUSX OTHOMIEHUS JITUHBI CBOOOTHOTO
npobera MOHOB K MaciTady BO3MYIICHUH ILIa3MBbI
li/lp (xorma mMHA CBOOOHOTO mpoOera HOHOB
Oosnbias). DTH CTOJIKHOBEHHUS OKAa3bIBAOT BIIMSHUE
Ha IMOTOK HMOHOB, HANpaBJICHHBI Ha MOBEPXHOCTh
MBUIEBON 4YacTHUIBl. TeopeTuueckne HCCIeOBaHUs
MIOKa3bIBAIOT [12-13], 4YTO Opu  PEeaKux
CTOJIKHOBEHUSIX  YBEJIMYMBAETCS TOTOK HOHOB,
HalpaBJiCHHbIH Ha MbUIEBBIE YACTHLBL. JTO, B CBOIO
odepenb, MPUBOAUT K YMEHBIIECHHIO AOCOIIOTHOM
BEJIMYMHBI 3apsifia 3TUX YaCTHIl. OJTH Pe3yJbTaThl
TEOpHUH ObLH TIO/ITBEPKICHBI cepueit
SKCIEPUMEHTOB, TMPOBEJICHHBIX B padorax [14] u
[15]. Korma nmnuHa cBOOOmHOTO TIpo0Oera HMOHOB
HAMHOTO MEHbIIIE MacliTada BO3MYIICHUH IJIa3MBbl
li<<lp, mUpH TpeAesIbHOM Cily4ae  BBICOKOM
CTOJIKHOBHUTEIILHOW  CITOCOOHOCTH,  IPOUCXOJUT
nepexoj K OrpaHHYeHHOMY TI0 TOABHXKHOCTH
THIPOIUHAMUYECKOMY PEXUMY ONMHUCAHUS 3apsIKH
MBUIEBBIX YaCTHII, YTO OBLJIO MCCIIEA0BAHO B paboTax
[7], [8] mnnst paBHOBECHO# CHCTEMBI. B TIprBeIeHHBIX
WCCIICIOBAHUSX  pAacCMaTpUBaeTCAd IEPEeXod  OT
TOHKOH OECCTONKHOBUTENBHOU o0mactu i) << a,
OXBaThIBAIOIIEH TBUIEBYI0 4YacTHIly, K Ooiee
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IIMPOKOH 30HE /i) >> a B ee oKkpyxeHud. [Ipu 3Tom
MIPEATONAraeTcs, 4TO UIMHA CBOOOMHOTO Tpobera
MOHOB (WM DJIIEKTPOHOB) W PAAWyC MBIIEBOU
YaCcTUIBI HAMHOTO MEHBLIEC AJIUHBI SKPaHUPOBKH,
COOTBETCTBEHHO: i) << Ap u a << Ap, tae lic)—
JUTMHA CBOOOJHOrO IMpoOera MOHA (DJICKTPOHA), d —
pamuyc TBUIMHOK, Ap — JUIMHA SKPaHUPOBKH.
[Ipenmonaraercst Takke, 9YTO HOHH3AMS U
peKoMOMHAINS HE TPOUCXOANT BOIM3M MBUTHHKA. Ha
OCHOBE JTHX MpPEINONIOKEeHUI Oblta paspaboTaHa
aHaMTHYEeCKass MOZAENb Ui OMUCAHHS MPOLIECCOB
3apSAIKU MBUIEBBIX YacTUIl. [Ipr 0OBIYHBIX yCIOBHIX
JUTSI TITa3MBI, B KOTOPOM MPOUCXOANT pa3psl, BAXKHOE
BO3/ICHICTBHE Ha IIOTOK HMOHOB (2JIEKTPOHOB),
coOMpaeMbIX MBITHHKOH, MPOSBISIETCS B TOM CITydae,
KOTJIa YacCTHIIBl HAa4YWHAIOT CTAJKUBAThCA JPYT C
JIPyroM, W WX CBOOOMHBIA MPOOETr CTAHOBHUTCS
MeHbiie 3HadeHus 10Ap. DTo sBIeHHWE WMeeT
CYIIECTBEHHOE  3HAYCHHWE s IUIABAIOIIEro
MOTEHIHANIa 3apAOKd TBUTHHKA. Y4YeT TaKux
CTOJIKHOBEHHH YaCTHII OKpYXaromiel cpeapl (rasza)
MOYKET MPEACTABIISATH HHTEPEC IJIsl Ta30BBIX Pa3psioB
CpeHEro U BhICOKOTo japienus p2 100 Ila, mmazmbl
B TEPMOSIIEPHBIX ycTpoiicTtBax [16], smepHO-
WHAYIUpOBaHHOW Tutasmbl, [17], [18] wu mms
HECaMOCTOSTEIbHBIX Pa3psA0B B MOIIHBIX T'a30BBIX
nazepax [19], B HEKOTOPHIX 00BEKTAX KOCMHUYECKON
TUTa3MBl.

B nmanHO#l pabore MpOBOAWMTCS HCCIEIOBaHUE
BIMSIHAS ~ O€CCTOJKHOBHUTENBHOTO  CIIOS  MEXAY
MMOBEPXHOCTHIO MBUTMHKY U OKPY’KAIOIIEH TUTa3Mbl Ha
MPOIECC 3apsSIKA TBUICBBIX YaCTHIl, IJIS JAHHOU
e HMCIONB3yeTcs — aHAMTHYEeCKass  MOJENb,
npeiokeHHas B pabore [20]. ComiacHo JaHHOU
MoOJeIH, OKpY>KCHHE MBITUHKHA a<r<at
lie) OTIMCBIBAaETCS KaK 0ECCTOIKHOBUTEIBHBIN CII0H, B
TO BpeMsI KaK 3a ero MpeesaMu UCTIoNb3yeTcs 7 > a+
lie) nperipoBo—muddy3noHHOE TPHUONMKEHHE IS
MOHOB (ANIEKTPOHOB). MeToj, HCIIONB30BACTCS LIS
MCCIIEIOBAaHUS 3apsIKU MBIICBBIX YaCTHI] HA OCHOBE
pacrpefiefieHds] Kalma C Y4YeTOM CTOJIKHOBEHUH
OKpy’Karoleil cpeanl (MeKTpoHoB/noHOB). Kak u B
pabdore [20] He paccMaTpuUBarOTCS IPOIECCHI
MOHM3aIMK M pekoMOmHanmu. B pabote momyueHs
MpUONKEHHbIE anreOpandecKkue ypaBHEHHS Ui
MOTOKOB MOHOB U 3JIEKTPOHOB, AJIS 3apsia MbUIMHOK,
Y ypaBHEHUS IJIs IVIOTHOCTU MOHOB U 3JIEKTPOHOB C
NPEANONOKEeHUEM, 4T0 a << Ap H lie) << Ap, HO
OTHOIIIEHUE CBOOOIHOM [UIMHBI Mpodera K pasMepy
YacTUIbl, lie)/ @, MOXET OBITh TPOU3BOJBHBIM.
Oco0eHHOCTBIO 3TOMU paboTh ABIIAETCS
WCIIOJIb30BAHUE Kalllla pacrpeesicHus YacTHUll MpH
aHaJIM3e MPOLECCOB 3aPAIKH MBIICBBIX YACTHII.
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MeTonbl HCCaeI0BAHUA

[Ipexne yeM OpUCTYNUTh K OMMCAHUIO CAMOU
AHAIUTUYECKON MOJIENN ISl UCCIIE0BAaHUS 3apsaIKu
MBUIEBBIX YaCTHI[ OCTAaHOBUMCS Ha (YHKIHA
pacnpenenenust yactuil. Kak M3BeCTHO, BO MHOTHX
paboTax MO WCCIECAOBAaHUIO 3apsiIKA MBUTMHOK
HCTONb3yeTcss  MakCBeIOBCKOE — paclpeneeHne
CKOPOCTEH YacTUL[ OKpPYKAOUIEH cpeabl, KOTOpoe
HMeEET CIEeNYIOIUN BUL;

3 2
fe(i)(U)z(zm)TZe(i)) Zexp| - Uz ; 1)

Ure(iy
OnHako, mpu PaCCMOTPEHUH KOCMUYECKOM MBLIEBOM
IJJ1a3MBl  HEOOXOAMMO HCIIOIh30BaTh K (Karma)-
pacmpezenieHue, KakK YK€ YIIOMHHAJIOCh paHee.
Jannas ¢GyHKIMS 3aqaeTcs CICAYIONUM 00pa3oM

[2]:

2 —-x-1

I'x+1 1 v
fe(i)(U) = (3/2 3) 1+ 2 )
770 K3IZF K—lj K6
2 (2)
2k -1
0= Ureiy
K

THE  Upyiy = KgTey / Mgy — 0OO3HAYAET TEIUIOBYIO

CKOPOCTh 3JICKTPOHOB (HMOHOB), /' — 0003Ha4aeT
raMMa-QyHKIuI0. V3BeCTHO, UTO TPH CTpEMSIIEMCS
CHEKTPaILHOM MHJEKCcEe K OECKOHEYHOCTH, K —> O ,
Kalma-pacrpesielieHue  JIOJDKHO — CTPEMHThCS K
MakcBeIIIOBCKOMY PaCTpeNelIeHHI0 YacTUIl, YTO U
BUIHO Ha pHucyHke 1. Pacmpenenenust ckopocrteit
MPeCTaBICHBI B 0e3pazmMepHOM BUJIC

flv =10 =2)- .
V=1 L)

M3BecTHO, YTO MBUIEBBIE YACTUIIBI 3apsHKAOTCS
MOTOKaMH MOHOB U 3JIEKTPOHOB, KOTOPbHIE Ma/Iat0T Ha
MOBEPXHOCTh NBbUIMHOK. [lomaBmirie Ha MOBEPXHOCTh
YaCTHUIIbl, 3JEKTPOHbBl M HWOHBI, MOIVIOIAIOTCA U
PEKOMOMHHUPYIOT, @ HEUTPATbHBIE YACTHUIIBI, KOTOPHIC
MOSIBIJIUCh MPH  PEKOMOWHAIIMM  OCTAlOTCS Ha
MMOBEPXHOCTH, JUOO BO3BpaImiaroTcs B miasmy. llpu
9TOM, €CIIM YacTHUIbl OCTAlOTCS Ha MOBEPXHOCTH
MBUIMHOK, 3TO MOXET IPUBECTH K POCTy pasMmepa
MBUIEBBIX YaCTHUIl. DJIEKTPOHBI JIBUTAOTCS OBICTpEe
HOHOB, IO3TOMY TIOTOK 3JIEKTPOHOB 3HAYUTEIHHO
Ooipllle, YeM  HMOHOB, YTO  MPHBOAUT K
OTpULIATEIBHOMY  3apsily  NBUICBOM  YacTHIIBL.
OTpunaTenbHbIil  3apsii BBI3BIBACT OTTAJKUBAHUE
JIEKTPOHOB U IIPUTSHKEHUE HOHOB.

0.5 T T T
—@
= = (2) mpu k=2

04 / A © o+ (2)npu k=3

/ — = (2) npu k=5
] (2) mpu k=10
! (2) npu k=100

fIv']

02} / \

01} /7 =

0.0 ET= 1 1 1 v

Pucynok 1 — 3aBucumMocTh MakcBeLIOBCKOTO,
obe3pa3mepeHHoOe BhIpaxkeHue (1), i kamma-
pacmpezeneHuii, 00e3pazMepeHHoe BeIpakeHue (2), oT
CKOPOCTH NPH PA3HBIX 3HAYCHUSX K

[ uccnenoBanus pouecca 3apsSAaKd IbUIEBBIX
YaCTHIl B TUIOTHON CIaOOMOHM3UPOBAHHOW IIIa3Me,

TakOH, Kak KOCMHYeCKas  IUla3Ma,  4acTo
UCTIOJIb3YETCS npeiigoBo-nuddy3nonnoe
npuOmmKeHne. JTO  NPHOMIKEHWE  YIUTHIBAeT
BIIMSIHUE CTOJNKHOBEHHH 4YaCTHI] IUIA3Mbl MEXIY

coboii. Takum 00pa3oM, OHO TIO3BOJISIET JIydIle
HOHHMMATh, KaK SIEKTPOHBI u HOHBI
B3aMMOJICUCTBYIOT ~C  TBUICBHIMH  YacCTHIAMH,
dopmupys WX 3apsj, KOTOPBI pacTeT, MOKa He
JOCTHTHET PpaBHOBECHOTO YPOBHS, IIOCIE Yero
OCTaeTcsi TPHUMEPHO IIOCTOSHHBIM, ITOABEPIascCh
TUIIE HeOONMBIUM QIyKTyarusM. Vcronbs3ys qaHHoe
MPUOJIKCHHE U yYUTHIBAS chepuueckyro
CHMMETPHIO pacCMaTPUBAEMOIl CHCTEMBI, MOCIe
WHTETPUPOBAHUSI YPAaBHEHUsT HEPa3phIBHOCTH JIJIs

IUIOTHOCTH HMOHOB  (3JIEKTPOHOB) () MOTy4aeTcst
[21]:

Ny , BNy dp iy

= -,
dr Ty, dr 4zD,r

A3)

e Tie» Digys lie TeMrieparypa (3Heprus),

ko3 puureHT nupdy3uu U MOTOK Ha MOBEPXHOCTD
MBUICBBIX YacTull (ITOCTOSHHAsT HMHTETPHPOBAHMS),
COOTBETCTBEHHO; () — DJIEKTPUYECKUN TOTCHIUAI.

VYuuteiBas, 4To 3apsj omnpenensercs u3 OanaHca
IIOTOKOB MOHA U 271eKTpoHa |, = I, oOuiee perieHue

ypaBHEHUS (3) 3aMMUCHIBACTCS CIICAYIOIINM 00pa3oM:
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ep

eq(r,) +

i exp ie(ﬂ(r) d_r

Nie) (r)=exp $T_

i(e)

Mgy (o) EXp| £

IZIE I, > a — MPOM3BOJIBHBIN paguyc. OOBIMHO r; — 3TO

paauyc, Ha KOTOPOM 3a/1al0TCsI TPAHUYHBIE YCIOBUSL.
Ecnu |, <« a, To ruipoquHaMuyeckoe NpUOIKeHe

CIIPaBEIMBO BILUIOTH JIO MOBEPXHOCTU MbLIEBBIX
YaCTHIL M IPHHSATO CYUTATH, 4TO I, =a u N, (@) =0.

BOnu3n masneHbpKoil mbuIeBOW wacTuibl (& << A )

uMeeTca o00macTe r<r, THe

IPEHEOPEeKUMO  MaJlo, a IOTEHIHMAT MOXKHO
aNMpPOKCHMHUPOBATh KYJIOHOBCKOU (hOpMOii BUA!

OKpaHHUPOBAHUC

ez,

o(r) ;—T+(pc, (5)

e —eZ,—

YacCcTHULBI, ¢, — HCKOTOPasl KOHCTAHTA, BO3HUKAIOLIAsL

OTpULIATENbHBIA  3apsii MBUICBOU

3a cYeT IJIa3MEHHOT0 dKpaHUPOBAHMSA 3apsiia MbUIH,
B BaKyyMe JaHHas KOHCTaHTa paBHa HyI0, ¢, =0.

Hnst  obmacreil: a<r<r um a<r,<r u3
ypaBHeHus (5) momydyaercs:
I, 11 I
n(r)=|n(r,)-————|exp|-zra| ——= | [+ ——,
4rrazrD, , r)| 4mazeD,
(6)
| 11 |
n(r)=|n(r,)+———1exp|za| ——= || -——
4razD, b )| 4razD,
(7
me 2=€Z, /(Tea) — Oe3pa3MepHbId  3apsin
OBUIMHOK M 7 =T,/T, — OTHOIICHHE TEMIIepaTyp

3NEKTPOHOB K HoHaM. M3 ypaBHenuii (6) u (7) BUaHO,

YTO M3-32 SKCIOHEHIMAJIbHON 3aBUCUMOCTH OT I
BenmuuHa  Nj)  OBICTPO NPHUOMMKAETCS K TIOYTH

MNOCTOAAHHOMY 3HA4YCHUIO, KOTOPOC OYCHb c1abo
3aBUCUT OT I paauyca. Hx CICeOayeT CBA3aThb C
IJIOTHOCTBIO HeBOBMyu[eHHOﬁ niIa3Mel N, , 9TO JacT

CIIEIYIOITNE BRIPAXKCHHUS:

l; zra I
n (ro) =Ny~ : ex : » (8)
| 4razrD, r 4razzrD;
i za |
N () =| Ny + : EXp| —— |- “—. ()
4razD, r, | 4razD,
VYcnoBusi, TpU  KOTOPBIX HMOHHAs (DIEKTPOHHAs)

IJIOTHOCTh Hj(¢) IPUOMKACTCS K HEBO3MYIIICHHOMY
YPOBHIO H.
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T.

7 | 4)
i(e) 4D, Ti(e) r

€)

CrieIyIomyM IMaroM SBISIETCS OIpeesieHue o U

HaxOXJICHHUE CBSI3H MEXIY |i(e) " ni(e) (I’O) R
h=r;=a+|l, m11 woHoB mu r,=r, =a+l,
JNMIEKTPOHOB Takxke kak B pabore [20]. B
OECCTOIKHOBUTEIBHOM clI0€ a<rI <[, BOKpYyr

NBUIMHKH TPEJIIoNIaraeTcsl MOTEHINA KyJIOHOBCKON
dopwmsl (5), I, <.

I[BI/I)KGHI/IC HOHOB u OJICKTPOHOB B
0CCCTONKHOBHTEIIEHOM CJI0€ ONpECaCIACTCA
3aKOHaMM COXpPaHCHHUA OHEPrud W  UMITYJIbCA.

Paccrosinue HauOOoJbIIEro MPUOIKEHUS AIEKTPOHA
MOHA K MBUTMHKE I, MOXHO PacCcuuTarh 1o Gopmyne

2

2 2
I . ez, e’ 2
L sinfg=1+| =L -4 |— (10)
r r, r, Jmo

IJe m — mMacca MOHa (DIEKTPOHA), v — CKOPOCTh

voHa (PIEKTpoHA) mpu I = Iy, @ Yroil Mexny
BEKTOpPaMU V U FO WoHBI 1 311€KTPOHBI MOIVIOMIA0TCS

NBUICBBIMH YaCTULIAMMU TIPHU YCIIOBUHU [, <a. 9r1o

YCIIOBHE OTpeAeNseT MaKCHMaJbHbIe IMPHUIIETbHBIC
napaMeTpbl HOHOB (JIEKTPOHOB) COOTBETCTBYIOILIETO
CEUeHMs TMOIIOUICHUS, KOTOpPhIE HMEIOT BUA JUIA
MOHOB U 3JIEKTPOHOB, COOTBETCTBEHHO:

2 *
Ty, DL,

2¢°Z.|.
+—)0>,
mo’ar,

(11)

* 1

ra*(l

O,v<u,

2e°Z.| .
— ; de),U>Ue
mo’ar,

ra’(l ’ (12)

e

*

2e°Z,a
—’Ue —
I’T]i rOi (rOi + a)

[ToToKM MOHOB (2JIEKTPOHOB) HA IMBUIEBYIO YACTHILY
OTIPEETISIOTCS MMyTEM UHTETPUPOBAHHUS TOITYIEHHBIX
CEYEHUH TMONIOIIEHUS [0  COOTBETCTBYIOIIUM
GYHKUMSIM pacipeaeieHus:

i Tic
(ro)jUGC'(e) () fiey (0)d W, o, = (&)

— (13)
M)

i) = e
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U3 (13) c yaetom (11-12) 1 ¢ yaeToM MaKCBEJIEBCKOTO

pactipeneneHus (1) TOTOK MOHOB W 3JIEKTPOHOB, 7|

COOTBETCTBEHHO 3anuchiBaeTcs [20]: I, =8zn,(r,, o, a*|exp| ——= ||. (15)
) I'-Oe

l; =87n; (1 )ur,

2
ira
2
Foi _Ii(a+ l'gi)EXp[—r a+tr )]]a (14) Ho B cllydae ydeTa Kallla- PacIpeneNieHHsi MOTOK
o O HMOHOB Y 3JICKTPOHOB UMECT BUA!

—x+1

I(x+1) K‘—g Jra?
| =87n,(1 oy 1 e —l@+r)| 1+ 5 , (16)
F(K_jK(K_l) rOi(a—'_rOi)(K_j
2 2
3 —Kk+1
F(KH-)‘?K_E .
o =87n, (1, )oy, 1 14— e 5 _ (17
I'lk—— -1 r _-
(- tfete-n)|  nfx-d)
YuuThIBas JUI HOHOB U 1EKTPOHOB ypaHenus (8) u (9) u D, = o I @
4rn,zraD,exp [Z:a}
li= s , (18)
J2rzzal, rozi —l(a+r;)exp A +exp zra -1
i (@+1;) loi
I, = | 4rn,zab, ’ (19)
27 e zet + exp(zaj -1
a rOe
4razrDyn, exp{ Zra}
li = oi (20)
- —Kk+1 -1 !
\/ZHaZTDiF(K—l K(K—l) ,
2 2 zra zra
i —lL@+r) 1+ 3 +exp[r}—1
UTiF(K+1) K_g rOi(a+r0i)(K_2j oi
4rn,zab, exp[—:aJ
e = 1 = @1
| r[l('—z)l((l(—l)
NITES —a —exp(—zaJﬂ
a rOe
3 zl
r 1 i [ R S
(x+ )‘;K 5|1t ( 3]
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PesyabTathl u 00cyKaeHue

[Tpu aTom BeIpaxkenus (18) u (19) momywens: s
MakcBemnoBckoro, a (20) m (21) nmns  kamma-
pacnpeneneaus. M mpu CHEKTpalbHOM HHICKCE,
cTpemsimeMcs K  OCCKOHEYHOCTH, BBIPaXKEHUS,
MOJTyYeHHBIE Ha OCHOBE Kallla-pacripeacicHus,
JOJDKHBI CTPEMHUTBCS K BBIPOKCHUSM Ha OCHOBE
MakcBeJITIOBCKOTO PACTIPENIEIICHUS], YTO ¥ BHJIHO Ha
pucynke 2. Ha pmaHHOM pHCYHKe mpeicTaBieHa
3aBHCHMOCTh TIOTOKAa 3JICKTPOHOB OT TapameTpa
JUTMHBI  CBOOOTHOTO TIpoOera WOHOB, KOTOPBIH
SIBIISIETCS] OTHOIIIEHWEM JJIMHBI CBOOOMHOTO TIpodera
HMOHOB U pajnyca IbLIeBOM yacTuipl. Kak BUIHO U3
pUCYHKa 2, C YyBEIUYCHHEM JaHHOIO MapaMeTpa
YBEIUYMBACTCS TIOTOK 3JICKTPOHOB JI0 TEX MOp, MOKa,
JUIMHa CBOOOAHOTO TMpoOera CTaHOBUTCS TMOpPSIKa
paauyca TbLIMHKW. Jlanmee, 3HaueHHWE TOTOKA
SNIEKTPOHOB He MeHsieTcsl. [Ipr 3TOM ¢ yMEHBIIICHUEM
napameTrpa CHEKTPAIBHOIO HHJACKCA 3HAYCHUE
MMOTOKa MEHBIIIE, YTO MOXKET OBITh OOBSICHEHO TEM,
YTO  BBICOKO3HEPTMYHBIC DICKTPOHBI, 0Omanas
BBICOKOM CKOPOCTBhIO, MOTYT WMETh JOCTATOYHYIO
KHHETHYCCKYI0  JHEPIUl0, UTOOBI  MPEOONETh
IIOTCHIIMAJIbBHBIC Gapbepbl, CO3/1aBa€MbIC IIbIJICBBIMU
YaCTHUIAMH.

0.5

1/,

—(19)

- = 2)mpuk=2
- 2)mpuk =3
= =2 mpuk=5
01 (21) npu x = 100

0.1 1 10 100 1000

n=l/a

Pucynok 2 — 3aBHCHMOCTB TIOTOKA 3JIEKTPOHOB OT
napameTpa JJIUHBI CBOOOIHOTO mpobdera noHoB: (19)
BBIp@XKEHHE JUISI IOTOKA JIICKTPOHOB, IOJy4€HHOE Ha

OCHOBE MaKCBeJJIOBCKOTO pacrpezaeierus, (21)
BBIpaXKEHHE JIsI TOTOKA JIICKTPOHOB, ITOJy4€HHOE Ha
OCHOBE Karllla pactpeesICHHs

Takvie  DICKTPOHBI  MOTYT  OBITh  HACTOJIBKO
OBICTPBIMH, YTO HE YCIEBAIOT OBITh 3aXBaYCHHBIMU
MBUICBBIMA YACTUI[AMU B TPOIIECCE CTOJNKHOBEHWUS,
YTO TPUBOAWT K TOMY, UYTO TPH Karma-
pacrpeeNIeHIH 3apsil MbUICBBIX YACTUI] MEHBIIIE YeM
B ciryyae MakcBeJIIOBCKOTO paclpe/ieliCHHS.

B paboTe ucrnoan3yeTcs BRIpaKeHUE TS TIOTOKA
HOHOB, MOJAy4YeHHOE  TOJBKO € Y4eTOM
MakcBennoBCKOro pacrnpeeneHus. Baxwno
OTMETHTh, YTO TIPU CTPEMIICHHU MapameTpa JJTHHEI
CBOOOZHOTrO TmpoOera HWOHOB K OECKOHCUYHOCTH

£ >0, CTOJIKHOBCHHUS

a

OTCYTCTBYIOT WM SIBJSIFOTCA KpaiiHe cialbIMuy,
BBIpaXXCHHUA JIA IIOTOKOB JJICKTPOHOB W HMOHOB,
YUUTHIBAIOIUE Kak MakcBenIoBcKoe
pacnpenenenue (19), Tak u pacmpenerneHue ¢
napameTrpoM Karma (21), ctpemsarcss K Qopmynam,
HOJIy4eHHBIM B paboTe [7] amst MakCBeLIOBCKOTO
pachpenesieHus U B Hallel npeapiayieii padore [6]
JUTSL pactipesiefieHns ¢ mapamerpomM kamma (19) —
(22), (21) = (23):

Korjga IIPAKTUYCCKU

|, =fBra’n,y,, exp(-2), (22)

Ix+D)(x- g)’“'l
|, =8ra’ny;, 2

. (23)
Ik - ;)K(K -D((x - 2) +2)<*

[anHple BbIpakeHUs] ObUTM HONTYyY€HBl HA OCHOBE
npubmrkerns OML, B KOTOpOM CTOJKHOBEHHS
YaCTHII TUIa3Mbl HE YUUTBIBAIOTCS.

Kak yxe BbllIe ObIJIO YIOMSIHYTO, U3 PaBEHCTBA
IIOTOKOB JJIEKTPOHOB M HOHOB |, =1,, MOXHO
ONpeAeNIUTh NapameTp 3apsaa. JanHslil mapameTp B
ciayyae MakCBEIIIOBCKOTO paclpeieieHus YacTHIL

moJTy4eH B padore [20] 1 uMeeT Ciemyronuii BUI;

-1

T 2 T

v, To, Jlexp(z)=exp| ——— [K(1+7n) —=n(2+n)exp| —————

( g Te) p(z)=exp 1+7n (L+m)" =n(2-+m)exp (1+7)(2+7)
(24)

D.
+; l-exp T —7—| exp LI |
afZ/Z'ZT?] 1+77 De 1+ L?]
N3 paBenctBa |, =1,, TO ecTb Hpu paBeHCTBE MakcBelmaa  MOKHO  IOJNYYHTh  CIEIYIOIIEe
ITOTOKA AJICKTPOHOB Ha OCHOBE Kalllla pacrpeaciicHus  BPIPAKCHHE!

U TIOTOKa HWOHOB Ha OCHOBC pPacCHpCACICHUA
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—expl ——— || (1 —n(2 N 25
P\~ | () (2 m)exp L n)(2+7) @3)
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exp| — exp| — |—exp| ———— |+ —(exp| ——— |-},
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L=-% — oTHOweHWEe MIUHBI CBOOOAHOTO

npobera 3MeKTpoHa K JUIMHE CBOOOAHOTO mpodera
anekTpoHa. W3 Bepaxkenus (25) MOXHO JIETKO
3aBUCHMOCTB TIapaMeTpa 3apsja oT
mpobera

MOTY4UTh
napaMerpa cBOOOTHOTO
MIPEACTABICHHOE HAa PUCYHKE 3.

HOHa,

T
25
111 II
20
N
N 1.5 -‘\‘\\
NN
ANERN -
T SN /S (24) 1
AN Ls
NN 7 - =25 mpux=2
NN (‘; © (25 mpuk =3
0.5 \.:\"_’:'/ — (25 mpuk=5
(25) npu « = 100
1 1
1 10 100 1000
n=li/a

PucyHok 3 — 3aBUCHMOCTH mapaMeTp 3apsja z oT

I
napaMeTpa JJIMHbl CBOOOJHOIO Npobera HOHOB 77 = —-:
a

(24) BbIpakeHHE MOIYYCHO HA OCHOBE pacIpeeNIeHNs
Makcgeina, (25) BeIpakeHHE ITOJIy4eHO Ha OCHOBE
pacIpezieneHus Kamnma

[Ipn GodbIIMX 3HAUYEHHUAX AJTHHBI CBOOOIHOIO
npobera noHoB |, (I-06aacTh) 3apsy cTpeMuTCs K

3HaueHnio OML: B 0eccTONKHOBUTENEHOM pEXUME
MMOTOK DJIIEKTPOHOB HA TIOBEPXHOCTh MBUICBOU
YacTHIIbI OOJIBIIE, 33 CYET YEero, 3apsj IMbUIEBBIX
YacTHIl I0 aOCOOTHOM BelnduHe Ooibire. Ho,
YMEHBIIEHUE UTMHBI CBOOOJHOrO mpobera HOHOB |,

(mo Tex mop moka [; > Ap), COOTBETCTBEHHO,
YBEIUYCHHE TIOTOKA WOHOB TIPHBOAWT K Ooliee
BBICOKOMY MOHHOMY TOKY U K YMCHBIIICHUIO 3apsjia
MBUIEBOM YaCTHIIBI IO A0COFOTHOW BETUYHHE, 3apsil
TajaeT 3HAYUTEIILHO HIDKE 3HaYeHUS 3apsaa mo OML
(II-o6smacte). [lanbHeilliee yMEHBIICHUE AJIMHBI
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cBOOOIHOTO MpoOera NOHOB, KOTJla OHA CTAHOBUTHCS
MeHbIe Je0acBCKOTO paauyca, 3apsj JOCTUracT
MUHUMYMa, TO €CTh, IIPOMCXOIUT TEPEXOd C
HCCTOJIKHOBHUTCIIBHOI'O B CTOHKHOBI/ITCJ'H)HI)II\/'I
(ruppomuHammueckuil) pexxkum (III-o6macth). B
FI/IIlpOILI/IHaMI/I‘ICCKOM pe)KI/IMC C YMGHLHIGHI/ICM
JUIAHBI CBOOOIHOIO npobera HOHOB I,

I
COOTBETCTBEHHO, C YBEJIMYEHHEM KOHIICHTpPALUH
MOHOB, 3aps] TNbUIEBbIX YacTHIBI BHOBb HAYMHAET
YBEJIMYMBATHCS, TOCKOJIBKY TIOABMKHOCTH HOHOB
YMEHBILIACTCH.

3aKioueHue

B pabore wuccnemoBaH U chenaH aHaIHM3
mpolecca 3apsaKd TbUICBBIX YacTUIl Ha OCHOBE
Metona aperdoro-auddy3noHHOTO NPHOIHKESHHMS,
ypaBHEHHUS KOTOPOTO pENIaiuCh Ha OCHOBE Karma-
pacnpeneneHus. BimsHue Kkanma-pacnpeneicHus
aHAJM3UPYETCS C MOMOIIIBIO CIIEKTPAILHOIO HHIEKCa
kamma. JlaHHas paboTta SBISETCS MPOMOIDKCHHEM
MPEIBIIYIUX paboT MO HWCCIEIOBAHUIO 3apsIKU
MBUICBBIX YaCTHI[ B OCCCTOJKHOBUTEILHOM PEXKHME
Ha OCHOBE METO/la OPOMTAIILHOTO OrPaHUYCHHOTO
JIBIKCHHS, TAE HWCCIENOBaHWE TIpoIlecca 3apsiKd
MBUICBBIX YaCTHI[ OBUIO BBIMOJIHEHO C YYETOM
Pa3sHOOOPA3HBIX MEXAaHU3MOB 3aPSIIKH.

B Hacrosmieir pabore 3aps  HEOONBINOH
OTIIETIbHOM TMBUIEBOM 4YacTUIBl B HEPaBHOBECHOM
mIa3me HCCIIE0BAH Ha OCHOBE Karra-
pacrpeieNieHusl B CTOJIKHOBHTEIBHOM pexume. [Ipu
9TOM, MCTOYHUKH IIIa3MBl U CTOKH ILIa3Mbl BOJIM3U
MbLUICBOM YaCTHIIbI MPEHEOPErarTcs, MOBEPXHOCTh
3epHa  SBJISETCS  IOJHOCTHIO  IOIVIOIIAEMOW.
[Momyuensr MPHUOJIKECHHBIE anredpanyeckue
ypaBHEHHUS I IOTOKOB MOHOB M JJIEKTPOHOB Ha
MMOBEPXHOCTH MBUIMHOK ¢ MPUOIMKEHUEM UYTO, UTHHA
cBOOOMHOTO TIpoOera MOHOB U 3JICKTPOHOB, TaKXKe
paanyc MBUIMHOK MEHbIe YeM A EeKTUBHAS JJTHHA
MJIa3MEHHOTO dKpaHupoBaHUs. [Ipu momydeHnn 3Tux
BEIPKCHHIA, 00BEINHEHO paccMoTpeHue
OCCCTOIKHOBUTEILHOE  PACCMOTPEHUE BOIHU3U



3apAgKa MMKPOYacTUL, NNA3Mbl MOTOKAaMM SNEKTPOHOB M MOHOB C Kanmna-pacnpeaeneHHMEM...

MBUTMHOK H 32 TIpeAeiaMu JaHHOH o0nactu B
THAPOAMHAMUYECKOM NpuoOmmkeHuu. llomydenHsie
BEIPQXCHHUS [UISI TIOTOKOB OJIEKTPOHOB ¥ HOHOB,
IJIOTHOCTHU M MapaMeTpa 3apsijia MbUICBBIX YaCTHUIl Ha
OCHOBE Kalllla-pacupeaesieHnss ObUIH CpaBHEHBI C
pesynpTaTaMu  APYTUX ~ aBTOPOB, TIAe  OBLIO
KCIIONIb30BAHO  KJIaccuueckoe  MaKcBeIOBCKOE
pacmpenencuue. [lokazano, yTo mpu CHEKTPAIBHOM
WHAEKCE, CTpeMsIeMcs K OECKOHEYHOCTH, 3TH
(hopMyITBI TIEPEXONAT B BRIPAXKEHUS, MTOTydeHHBIE Ha
OCHOBE MaKCBEJITIOBCKOTO pacipeeICHHsI.

B pabote mokazaHo, 4To mapameTp 3apsaa npu
Majiol IUIMHE CBOOOMHOTO MpoOera MOHOB MEHBIIE
Npd MaiblX Kalma W 4YTO, YBEIUYCHHE JTHHBI
CcBOOOAHOTO mpo0era MPUBOAUT K TOMY, UYTO 3apsij
MBUTMHOK CTPEMUTCS K 3HAYCHUSIM, TIOJYYCHHBIM B
pamkax OML teopum.

BbaarogapHocTh

Pabota Opia BeITONTHEHA B paMkax Ipanrta No
AP19679536 MuHucTEepCTBa BBICIIETO 00pa30BaHUs
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TbIFbI3 A3FbIHOANFAH NNASMALAFbI MOHOAHY NOTEHLMAJ/IbIHBIH,
TOMEHAEYIH ECKEPETIH MOHAOAHY TENME - TEHAIN

Kasipri 3amaHfbl Naasmanblk 3epTreynepae, acipece MOHAAHY NOTEHUMANbIHbIH, TEMEHAEYIH eckepe
OTbIPbIN, Tbifbl3 a3fblHAAAFAH NAA3Ma KafdalblHAA WMOHAAHY Tene-TeHAriH 3epTTeyre epekle Haslap
ayaapblnaapsl. byn *KymbicTa ThiFbi3 Naa3MaHblH KYMiH aHbIKTaNTbIH HETi3ri 3aHAbl/IbIKTap MeH MexaHM3Maepai
aHbIKTay MaKCaTbiHAA OCbl KYDbINbICTbI 3€pTTeY MYPri3ingi. 3epTTeyaiH, MakcaTbl - MOHAAHY MNOTEHUMaNbIHbIH,
TOMEHEVYiHiH, Tbifbl3 a3fblHAA/IFaH Naa3Maaasbl MOHAAHY Tene-TeHairiHe acepiH Tangay. bi3z 6yn KyobiibICTbl
cunaTTayablH *aHa TaciniH [lebait xkaHe Tomac-Pepmu akpaHaany y3blHAbIKTapbiH €CKEPY apKbl/ibl YCbIHAMbI3.
Byn XKYMbICTbIH, Fbl/IbIMM XaHE NPaKTUKa/blK MaHi Ae 6ap. FbinbiMW TypFblAaH anfaHaa, oOn 3KCTPeMasabl
Wafaannapaa naasma pusmKacel Typasbl TYCIHIriMi3ai keHenTeni, by pusMKaHbiH 9pTYPI CaflanapbiHa, COHbIH,
iwiHae acTpodusmMKa MeH fla3epAik NAa3MoAMHaAMUKara MaHbI3Abl acep eTefi. [MpaKTUKanblkK TypFblaaH
anfaHaa, 3epTrTey HaTMXKenepi MHepUMANbIK TEPMOAAPO/IbIK CUHTE3 XKaHEe TepMOAAPObIK TyTaHy CUAKTbI
PTYPAI TEXHONOTMANBIK KONaHbanapaa Naasmasblk npouectepi 6ackapyabiH KaHa aficTepiH a3ipaey yiliH
nangansl 00/ybl MYMKiH. 3epTTey oaicTemeci MOHAaHy MNOTEeHUMasbiHbIH, TemeHaeyiH eckepeTiH Caxa
TeHaeynepiHe HerizgenreH maTeMaTUKaNbIK MoaenbAey MEeH CaHAblK ecenTeynepai Kamtuabl. "KyMbICTbIH,
Herisri HaTuXenepi MoHAaHy MNOTEeHUMaNbIHbIH, TOMeHAeyi Tbifbl3 Maa3mMagafbl MOHAAHY Tene-TeHAriHiH,
anTapnblKTalM  e3repyiHe oKeneTiHiH KepceTedi. Mannbl anfaHga, KyprisinreH 3epTrey  MOHAAHY
NOTEHUMANbIHbIH, TOMEHAEeYiH ecKkepe OTbIpbIM, Thifbl3 a3fblHAaNfaH MAa3MaHbliH, 9PEKeTi Typasbl XKaHa binim
H6epy apKblaibl Naasma GU3MKachkl canacbiHa alMTap/biKTal yaec Kocaapl.

TyliH ce3nep: xMMmnanbik noTeHuman, debalt skpaHaany y3biHAbIFbl, ToMac-Oepmu sKpaHaany y3biHApbIFbI,
Caxa TeHAeyi, noHAaHy Tene-TeHAairi.
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UccnenosaHne MOHM3aUMOHHbBIA PaBHOBECUS C YHETOM CHUMKEHWUA
noTeHLMana MoHM3aLUMM B NIOTHOM BbIPOXKAEHHOW Naasme

B coBpemeHHbIX MccaenoBaHmMAX naasmbl 0coboe BHUMaHWe yAensaeTca U3y4eHWto MOHM3ALUMOHHOro
pPaBHOBECMA B YC/A0BMAX MJOTHOM BbIPOXKAEHHOW MAa3Mbl, OCODEHHO C YYETOM CHMMXKEHMA MNOTEHLMANa
noHm3aumm. B gaHHoM paboTe npoBedeHO MCCAeaoBaHME 3TOro ABMEHUA C LENblo BbIABAEHMA OCHOBHbIX
3aKOHOMEPHOCTEN U MEXaHW3MOB, ONpeAensolWmx COCTOsHMEe MAOTHOM nnasmbl. Lenb unccnepgosaHumA
3aK/OYAETCA B aHa/NM3e BAMAHWUA CHUMKEHWS MNOTeHUMana MOHM3auMM Ha MOHM3AUMOHHOE paBHOBecue B
NAOTHOM BbIPOXKAEHHOM nnasme. Mbl npeasiaraeM HOBbIM MNOAX0A4 K OMMCAHMIO 3TOrO ABMEHUA, KOTOPLIN
YUYMTbIBAET KaKk ASIMHY 3KpaHMpoBaHua Jeban, Tak n ANMHY 3KkpaHMpoBaHMa Tomaca-Pepmu. [laHHan paboTa
MMeeT KaK HayyHylo, TaK M NPaKTUYEeCKytd 3HaYMMOCTb. C Hay4YHOM TOUKM 3pPEeHMA, OHa pacluMpAeT Halle
NOHUMaHWEe OU3MKKU Ma3Mbl B IKCTPEMA/IbHbIX YCAOBMAX, UTO MMEET BarKHOE 3HayeHue AN Pas/IMYHbIX
obnacteit GU3NKK, BKAOYAA acTPOPU3UKY U Nas3epHYo NaasMoanHaMmKy. C NMpakTUUYECKOW TOUKKU 3peHus,
pe3ynbTaTbl MCCNEA0BAHMA MOTYT ObITb NOAE3HbIMKU AN Pa3PabOTKM HOBbIX METOA0B KOHTPOAA NAa3MEHHbIX
NPOLECCOB B Pa3/IMYHbIX TEXHONOTMYECKUX MPUIOKEHUAX, TAKMX KaK MHEPLMANbHBIN TEPMOAAEPHbBIN CUHTES
M TepmoaaepHoe 3axkuraHuve. MeToAonorMA  UCCNeoBaHMA  BKAOYaeT B ceba  maTemaTuyeckoe
MOAENNPOBAHNE M YUCAEHHbIE PACYeTbl, OCHOBAHHble Ha ypaBHeHMAX Caxa, YYMTbIBAOLUMX CHUNKEHWE
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noTeHumana noHnsaumm. OCHOBHbIE pe3y/bTaTbl PpaboTbl MO3BOAAIOT YTBEPHKAATh, UTO CHUMKEHME NOTeHLMaNa
NOHM3ALUMM NPUBOAUT K 3HAYUTENbHBIM U3MEHEHWUAM B MOHM3ALMOHHOM PaBHOBECMM B MJIOTHOM naa3me. B
Le/sIoM, MpoBeAeHHOe UCCel0BaHNe BHOCUT CyLLLECTBEHHbIM BKAa, B 061aCTb GU3MKM M1a3Mbl, NPeaoCcTaBasa
HOBblE 3HaHMA O NOBEAEHUN MNAOTHOM BbIPOMXKAEHHOWM MAA3Mbl C Y4ETOM CHUMKEHWA NOTEHLUMANA MOHW3ALMN.

KnloueBble €noBa: XMMMWYECKMIA MOTEHUMan, AAMHA 3KpaHMpoBaHMA [ebasd, AAMHA 3KPAHMPOBaAHUA
Tomaca-®epmu, ypasHeHne Caxa, MIOHU3ALMOHHOE paBHOBECKE.
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Study of ionization equilibrium taking into account
the depression of ionization potential in a dense degenerate plasma

In modern plasma research, special attention is paid to the study of ionization equilibrium under
conditions of dense degenerate plasma, especially taking into account the depression of ionization potential.
In this work, we conducted a study of this phenomenon in order to identify the main patterns and mechanisms
that determine the state of dense plasma. The goal of the study is to analyze the effect of depression of
jonization potential on the ionization equilibrium in a dense degenerate plasma. We propose a new approach
to describe this phenomenon that takes into account both the Debye and Thomas-Fermi screening lengths.
This work has both scientific and practical significance. From a scientific point of view, it expands our
understanding of plasma physics under extreme conditions, which has important implications for various fields
of physics, including astrophysics and laser plasmadynamics. From a practical point of view, the results of the
study can be useful for the development of new methods for controlling plasma processes in various
technological applications, such as inertial thermonuclear fusion and thermonuclear ignition. The research
methodology includes mathematical modeling and numerical calculations based on the Saha equations, which
take into account the depression of ionization potential. The main results of the work suggest that the
depression of ionization potential leads to significant changes in the ionization equilibrium in a dense plasma.
Overall, this study makes a significant contribution to the field of plasma physics by providing new knowledge
about the behavior of dense degenerate plasmas taking into account the depression of ionization potential.

Keywords: chemical potential, Debye screening length, Thomas-Fermi screening length, Saha equation,
ionization equilibrium.

Kipicne

Wueprti raznap mna3zma GuU3NKackIH/IA XKYHEeHIH
kaOBbIK KaOBIFBI CHSKTHI KapamailbIM dJIEKTPOHJIbI
KYpbUIbIMFa  OaifJlaHBICTBl KEHIHEH 3epTTeiemi.
[Ima3maHBIH ocepi MEH KyH TeHaeyi, acipece KaTThl
KBI3ZIBIPY JKOHE KBICY JKaFJaibIHJIA, KAl (H3HKA
TYPFBICHIHAH aiftapibIKTait KBI3BIFYIIBLUTBIK
TyIBIpajbl, COHBIMEH Karap acTpou3uKa, ajbll
IiaHeTanap (QU3MKacel KOHE  OHEPTeTHKAJIAFbI
MEePCHEeKTHBANBl KOJNJaHOamap YIIH TPaKTHKAIBIK
KBI3BIFYIIBUIBIK TyAbIpansl [1]. ['a3 sxoHe CyHBIK
KCEHOHHBIH KYH TeHJeyl MeH JJIEKTPOTKI3TilTIriH
eJIey VIIIH OpTYpJi OKCHEPUMEHTTEp MEH
TEOPUSUIBIK ~ MOJeJbaeylep  kyprizimmi  [2-9].
KceHOHHBIH ynbTpa JKOFapbl KBICHIMIA 9CEpiH
3epTTEy YIIiH OPTYPIIi MOAETBICP A€ KOJTAHBUIIEL
Meicaisl, 0 K ke3iHzeri KbIChIM-KoJIeM N30TePMAaChIH
€CenTey YLIIH 3JIEeKTPOHMABI KOJAaK TEOPHSICHIHBIH
KEHEHTIITeH JKa3bIK TOIKBIH 9/1ici Koimaneuiasl [10].

COKKBI JICPEKTEPIMEH CaJIBICTBIPY YIIIH COKKBI
CBIFBIMJIAY KHCBHIFBIH €CENTey VIIH aTOMapalbIK
MOTEHIIUAN/IBl TTalallaHATBIH CYWUBIKTHIK TEOPHUSICHI
Konnaueiael [10], am MoHZaHYy KypaMbIH aHBIKTAY
VIIIH XUMVSUTBIK  MOJeNb  maimananeuiaer  [11].
[lna3manplH HMOHAAaHY KypaMblHA EpEKIIe KOHLI
OesiHeni, eUTKEHI Oy OHBIH TEPMOIMHAMHUKAIIBIK,
TPAHCIIOPTTHIK  JKOHE  ONTHKAIBIK  KaCHETTEpPiH
ecenTeyre Heri3 Oonaapl. KCeHOH ra3pIHBIH JKOFaphl
TBHIFBI3ABIKTAFbl XUMUSIBIK Mozeai [11] aToMuisik
YKOHE MOHIBIK TYPJIEP MEH 3JICKTPOHIAP apachIHIarbl
OpTYpJi e3apa opeKeTTecyyeplli eCKepreHiMeH,
opTypni  OenImeKTepIiH e3apa opeKeTTeCyiHEeH
TybIHJaFaH HWOHJAHY SHEPIHACBIHBIH TOMEHICYIH
TY3eTy OYJI MOJIeTIb/Ie KapacThIphLIMaraH.

Actpodmsuka MeH TulazMa  (pU3MKachIHIA
WOHJAITy TEMe-TCHIIr IUIa3Manarel aToMaap MeH
WOHJAP/AbIH  WOHJAHy  JKOHE  PEKOMOMHAIHS
nporiectepi  [12]  apaceiHmarbl  Teme-TEHIKTI

Oinmipeni. [lmazma MOHM3AMISICBIHBIH, TOPEKECT OCHI
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nporecrep apachbIHAAFbI Tene-TeHIIKIeH
aHbBIKTaNanbl, Oy e3 Ke3eriHae IIa3MaHbIH
TEeMITepaTypachlHa, THIFBI3ABIFBIHA JKOHE KypaMbIHA
0aliIaHBICTHI. Teire13 miasMazaa WOHJaHY
MTOTCHITHANBIMEH KaOBUITAHATHIH THIMII  DJIEKTP
OpICIH TOMEH/IETETIH KOPFAHBIC 3CEPIH TYIBIPATHIH
Oacka 3apsaranran  OenmiekTepAiH  OoiyblHa
OaiimanpicThl TeMmeHAeWni. bymn ocep wuonmany
MMOTEHIINANBIHBIH TOMEHJEyl peTiHae Oenrim jkoHe
OHBI TUTA3MAJaFbl  3apsAATAFaH  OOJMIEKTEePHiH
OpEeKEeTIH CHNATTAHUTBIH MOJENb OOJBIN TaObUIATHIH
Jebaii- XtoKKeIb TEOPHSICHIMEH CHUITaTTayFa OOIaIbI.
Jebaii-X1oKKenb TEOpUsCHl MOHIAHY ITOTEHIIHAIBI
Ij1asMaHbIH TBIFBI3AbBIFBI MCEH TEMIICPATypaCblHA
OalylaHbICHI  TOMEHAEHIl Aen Ooipkaiael. TeMeH
TeMIiepatypaiga dSKpaHAaldy ocepi oJci3 KoHe
WMOHJIaHy TOTCHIMAJbI IIaMajibl FaHa TOMEHICHII.
Bipak >xoFapbl TBHIFBI3NBIK IIEH TeMIIepaTypaja
SKpaHIaIyIbIH acepi 0ackiM 0ONaabl KoHE HOHIAHY

MTOTEHIINATBIH OipHerre PETTIK JIeHTeiTe
TOMEHIETYyTre 00Jabl.

Ilnazma OeJimeKTepiHiH acepJiecy
NOTeHIHAIIAPHI

TeIFBI3 TIa3Maarsl OONIIEKTEPIiH Scepiecy
MOJICTIIH JKacay, OJapiblH HETI3IHJE aTOMJBIK

OalimaHpICKaH KYWJIEepAi  aHBIKTAy, COKTBIFBICY
porueccTepin 3epTIey APKBUIBI KYHEHIH
KUHETHKAJIBIK, TEPMOAMHAMHKAIIBIK, ONTHUKAIBIK,

CIEKTPOCKOMHUSIIBIK JKOHE T.0. KACUETTEPIiH 3epaeiey
TBIFBI3 TUIA3MaMEH OalNIaHBICTBI  TEXHOJOTHsIAP
YIIIH MaHBI3JBl JKOHE YIKeH (yHIaMEHTAIIbI
KBI3BIFYIIBUTBIKKA He. [lnma3manarel OenmiekTepiH
acepJiecyiHiy 3¢ dexTUBTI MTOTCHIIUAJIBIH
aHBIKTAyABIH €Ki ofici Oap. bipiHmi omic OolibiHIIA
(hazanbIK KeHICTiKTeri Tapany (QyHKIUsIIaphl YIIiH
xannbuiama boneiman-Ilyaccon Tenzeyi menrinesi.

Exinmn  omic guanekTpimik yH Katy (OTKIIHK)
($yHKUMSCBIHA HET13eTeH.

Bakyympmarel  3apsaTaiiFaH  OeJIIEKTEpIiH
Kynmon moTeHImansiMeH oceplieceTiHi  Oenrii.
JlereHMeH  THIFBI3  IDIa3Maja  3apsij  OpPICiHIH
SKpaHIaIYbI, acepJieceTiH OeJIIeKTepIiH

TOJIKBIHIBIK KACHETTEPIHIH KYIICH01, COHBIMEH KaTap
Oacka ma addexrinepain OalikanaThIHIBIFBIHAH,
OHJIAFBI 3aps/iTap 9cepiiecyiH curarray yuiH Kymon
MOTEHIMANBIH  KOJJIaHa  alMaiMbI3. Aubic
KalIBIKTBIKTapAaFbl SKpaHJanyibl eCKepeTiH Oenriii
Heb6aii-Xrokkens (DH) moTeHmuanelH 5@ THIFBI3
TuTa3Majiarbl  OOJIIEKTEP/IiH dCepiecyiH CHIaTTay
yinH KojamaHy tuimcis. Ce0eOi ThIFBI3 IUTa3Ma
afiMarbl YIIiH 3JICKTPOHIAPIbIH a3FbIHIIATY dcepiepi
Kymeiie Tycemi, an Jlebaii-X1oKkeah MOTEHITAAIBI
[13-16] xmaccuKaiBIK TUIa3Ma YIIiH FaHa KapaMIbl:
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Doy (1) =Z5 B ), 1)

2

mynnarsl K2 =kZ +k? =r;? — kepi Jleait pammychr,

2 2
k52247znee 7 i2=47rnie . n weme 0 -
kg T KgT
SJICKTPOHAAP MCH MOHAApAbIH KOHIICHTPAIUACHI, T-
TUIa3MaHblH TeMIepaTypacel, I — OemeKkTepain

apaKambIKTRIFRL. JleOaii — XFOKKeNb ITOTCHITHAIIBI
YJIKeH apakallbIKTBIKTa OKpaHJalyra, ain a3
apakalbIKThIKTa KynoH moTeHnuanbsiHa YMTBUIAAbL.
Eckepe kereriHi, Imma3Mamarsl OeIIIEK OPICiHIH
9KpaHIAITYbl 3apsIITapAbIH TYpaKTaJIFaH
CTaTUCTHKAJBIK Tapanybl yuriH [Tyaccon-Bombuman
TeHJCYiHEH alblHFaH dKpaHmanraH [lebaii paguycsr
apKpUIBl  cumarananbl. bipak, Oy KybIKTayiap
uaeanpl HeMece KBa3UKIACCUKAIBIK I1a3Ma OOJFaH
Karaanaa OpBIH/IATAIbI. Erep azMa
THIFBI3BIFBIHBIH ~ a3FbIHOANFAH IJIa3Mara HeMece
KBAaHTTBIK IUIa3Mara COMKEC KEJICTIH THIFBI3bIKTapFa
JIeiiH ecce, OHa IKpaHAaTy Y3bIHABIFE Je0ail sxoHe
Tomac-Depmu KIKTETyIepiHig apachIHa
MHTEPIOJILMSIIaHATHIH 3NIEKTPOHIIBIK Kepi
SKpaHJIaTy PaauyChlHA TEH €CKEPY KAXKETTIrl Tyabl.
[17] sxymbicTa sKpaHmany y3bIHIbIFEI JleOail sxoHe
Tomac-depMu  €CKEpeTiH  TACLT  YCHIHBUIFAH.
Oxpannany y3eIHABIFE [lebail xone Tomac-Depmu
KeJleciiel )Ka3blUIa Ibl:

k, >k :%szF %1y, (), )

Vs, _ [Ak

MyHIaFbl K =— = Tomac-Oepmu

— IH1a3MalJibIK

KUK,

Depmu

JKBITIAMIBIFI,

V. =—F
Fom

k. =@Bz°n )", 6 -
napameTtpi. Onna Jlebait sxone Tomac-Oepmu (DTF)
9KpaHAaly Y3bIHABIFBIH eckeperiH (1) [lebaii-
XIOKKeITh TIOTCHITUAIIBI KeJIeCiIel yKa3blia Ibl:

IJ1a3MaHbIH  a3tbIHAATY

2

D, (1) =Z%Exp(—kDr), (3)

mysnarsl K2 =k2 +k?=r".

DIIeKTPOH-HOHIBIK dCepiIeCy YIIiH aHBIKTaIFaH
(3) mnorenumanmeiH rpadukrepi 1-2-cyperrepie
KOpPCETIITEeH. On MOTEHIIHAIT 9KpaHAATY
addexTinepin €CKePETIHAIKTCH YIIKEH
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apaKaIlbIKTRIKTAp/Ia HOJTe Te3ipeK YMThutaapl. 1 —
cyperTeri Tpad MK THIFBI3IBIK TApaMeTPiHIH TYPaKTHI
MOHIHZETI a3FBIHAAly TapaMeTpiHiH ap Typil
MOHIEpl YIIiH anblHFaH, ajl 2-cyperTeri rpaduk
a3FBIHAANY TapaMeTpiHiH TYpPaKThl MOHIHAETI 9p
TYpJIi  THIFBI3ABIK TapaMeTpi VIOiH  ajbIHFaH.
THIFBI3ABIK TApAMETPi OCKEH CalbIH 3JICKTPOH — HOH
ocepiiecyi YUIIH MOTEHIMANAp eIdyip TOMeHAereHi
OaifKarraH.

3-4 cyperrepie (1) JKOHE 3)
MOTEHIHANIAPBIHBIH Tpa(uKTepi KENTipiireH, OCHI
CypeTTeplieH  KOpiHIm  TypraHAail  THIFBI3/BIK
rmapaMeTpi apTKaH CaWblH MOTCHITMAIIBIH abCOIIOT
MOHI TOMEH/CHTIHTIHI KepeMi3, aj apaKallbIKTHIFbI
aszaiiranma (1) moreHimansl (3) NOTEHIMATIBIHA
JKaKbIH KeJIel.

) Y — —r—trrrEereny
05 T §
—=0f e e (1)}
s-15f # i (2
& =20t 5 i
-2.5 3
_3.()4_14 P J
0.0 0.5 1.0 1.5 2.0 2.5 3.0
R [a.u.]

(1)- =05,(2)- 6=1.0,(3) - 0 =1.5monzepi
yirin DTF notennuan (3) Heri3iHae anbplHFaH.

Cypert 1 — CyTeri mia3macsl YIIiH aJbIHFaH
IEKTPOH — MOHABIK dcepliecy MOTeHINAIapbl

r =25
0.0: ERRRARRRRRABIPrT . Ll e
-0.5f T
] P 2 /7 l)
—=10f g e ‘
s -15 ¢ st (2)
-2.5} 3
-3.0t-1 ; i
0.0 05 1.0 1.5 2.0 25 3.0
R [a.u.]

1)-r,=25,(2)-r,=5,(3) - r,=10 mougepi
yuria DTF norennman (3) Heri3iHae albIHFaH.

Cypet 2 — Cyreri 1u1a3Machl YIIIiH aJbIHFaH
3IEKTPOH — HOHJIBIK 9CepiIeCy MOTCHIUAIAaPHI
0=05

Y
~0.1} e
-0.2
-03} %
~04F .
-0.5
-0.6
0

Lo |

R po

R [a.u.]

(1) - DTF notenmnuan (3) HeriziHie ajbIHFaH,
ki +k?; (2) - DH motenmman (1) Herisinze anbinFa,
k2 +k?.

Cyper 3 — Cyreri 11a3machl YIIIiH ajJbIHFaH

ANIEKTPOH — HOHJIBIK dCepliecy MOTCHIHAIIaphl.

0=05,r,=4
0.0 T
-Gag. 1
_()‘2;‘.. (2)
=03} }
T 04} % |
~0.5) e
-0.6
60 1 2 3 4 5

R [a.u.]

(1) - DTF notenuuman (3) HeriziHae ajbIHFaH,
ki +k?; (2) - DH motennman (1) Herisinme anbinFaH,
k2 +k?.

Cypert 4 — Cyreri mia3macsl YIIiH aJbIHFaH

ANIEKTPOH — HOHJIBIK dCepiiecy MOTSHIHAIIaphl.
6=0.5,r,=8.

I/IOH)IaHy MOTCHIHAJBIHBIH T(-)MeH[[eyi JKOHE
HOHAAJITFaH KCCHOH IJIasMaCbIHbIH KYPaMbl

WNonnmanran Tuta3MaHBIH KYPaMbIH = aHBIKTAY
VIIH [J1a3Ma dJIEKTPOHIApAaH, HOHIApIaH >KOHE
aToMJapJaH  TYpPaTblH  XUMHUSUIBIK  MOJENbII
koamanansl [31, 32]. OcblHIail XUMUSIIBIK MOJICITBI1
TBIFbI3 MOHAJIFAaH KCEHOH IIa3Maia Kejleci HOHIaHy
MIPOLIECTEPI JKYPEIi:

Xe & Xe™ +e Xe") & Xe® +e;... (4)
TepMoauHAMUKAJIBIK ~ TeMe  —  TEHIIKTErl
XUMUSJIBIK ~ peakiusiaap  Kyheci  XMMHSUIBIK

MOTEHIUANIAD [, KOMETIMEH XUMISUIBIK Terle —
TEHIIIKTIH COMKEC IMapTTapbIMEH CUIIATTANIa IbI;

37



TbIfbl3 a3fblHAANFaH NAa3MaAafbl MOHAAHY NMOTEHLMA/bIHBIH TOMEHAEYIH eCKepeTiH MOHAaHY Tene - TeHAr

My = By +,Lle + Eil(()n (k =1.. kmax) (5)

MakcuManpl MOHJAHY €CeliriMeH KCEHOH
MJIa3MachIHBIH KypaMbIH ecenteyre apHanraH Caxa
TeHeyJep Kyheci:

Ny =&/1—3Exp l,—Al
0 2 kT
N :%ﬂ—aExp I, - Al
nzn'™ g, 2 kg T , (6)
nf(;l — gk—l ﬁEXp[ Ik+ _AI j
nin™ g, 2 ko T

MYHJaFbl N,, — JKeKe HMOHJAIFaH Xe HOHIAPbIHBIH

KOHIIEHTpalusChl, N — Goc 3JIeKTPOHIAPIBIH

KOHIIEHTPAITUICHI, G _ Oemy GyHKIUSACHT OOIBIT
k

TaOBUIAIEI.

Caxa TeHzeynep KYHeCiH IIenry YIIiH sapoap
CaHBIHBIH CAKTAJIybIH JKOHE XYHEIETi 3apsaTap/IbiH
OeliTapanThIFbIH KApacThIPY KepeK:

>, +n, =const,--- > kn, =n,. (7
k=1

k=1

Kytieneri Ooc smeKTpoHZap, HOHZAD JKSHE
aToMJap CaHbIHBIH 71; + Ny SAAPOIAPBIHBIH >KaJIIIb

CaHbIHA KaTBIHACHI perinne WOHJIAJIFaH
KO3 (OUITUEHTTI €HTi3y KaXeT:
n
_ k
A, = (8)
(n,+n)

[lma3ma KOMITAaHEHTTEPiHIH KOHIICHTPAIHSICHI
apachIHIarbl OalIaHBICTHI KEJIECIIeTiIcH cunarrayra
Oomab:

_ _Xe
Oye =
ntot
1+
1+ nXe
Uy = 9
Nt (9)
k+
k+ _ nXe
aXe -
tot

H;[pOJIap CAHBbIHBIH CaKTaJly 3aHbI:

_ 1+ 2+ k+
N = Nye + Ny + N30+ Ny (10)
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JKyiieneri TONBIK 3apsaTapblH CaKTaITy 3aHbI:

N =n;, +2n% +3n3 +...+knk. (11)

KceHoH mia3MachIHBIH KypaMbl CaHIBIK 911iCTep
apKpUIBI  anmbIHABL.  Ecemrey  HoTmKenepi  5-7
cyperrepae kepceTinreH. KceHOH muia3machbIHIAFbI
e3apa OpeKeTTeCy MOTCHIUAIBIHBIH TeMeHaeyi (6-
11) Temmeymepi Herizinge memimi. JKammer
TBIFBI3ABIK KCEHOHIBI KYPaMBIH  aHBIKTAyJaFrbl
OacTankbl  TBIFBI3JBIFBI  PETiHAC  KaOBUIIAHIBL
bacrankpinarer Temmneparypa 33000 K mramaceiaa
esrepai. TemmepaTypa  JKOFapbUIaraH  CaWbIH
JKYHeseri 31eKTpoHAap KOHICHTPAIMsIChl apTThl. 5
CyperTe KepceTuIreHae JKaNIbl  THIFBI3JBIK,

n=1.24 x10°cm™ nen ecenTemini.

Cyper 5— n=1.24 x10°cm™ kesinzeri Xe
IIa3MACBhIHBIH KYpaMbl: TYTac ChI3bIKTap - [18]
JKYMBIC HOTHIKEIIEPi, Y3iK ChI3BIKTap — Oi311iH
HOTHOKEJNEep

wt * w

(1) - DTF notennuan (3) HeriziHae ajbIHFaH,
ki +k?; (2) - DH motennman (1) Herisinme anbiHFaH,
k2 +k?.

Cypert 6 — TemnepatypaHblH (GYHKUMSICH PETIHIE
p =12/ cm® TYpaKTHI THIFBI3ABIKTAFRI OPTYPII
HOHAAaHY Ke3eHAepiHeri Xe mia3MachIHbIH KYpaMbl



E.O. laneHoB »aHe T.6.

MOTEHITUATBIHBIH TOMEHJICYiH eckepe oThIphIn, Caxa
teHaeyl meminmi. JKylemeri  GemmiekTepaiH
OpeKeTTeCyiHeH TybIHJaFaH JJIGKTPOHAAp MEH
HOHJIAPIbIH HOHJIaHY MOTCHITUAIIAPBIHBIH
TOMEH/IEYi TUTa3MaHbIH XUMHSIIBIK MOJIENTI HeTi3iHae
ecernreiai. XUMUSIIBIK MOJENb IMeHOepiHae opTypaIi
ANIEMEHTTEPIH MOHJAaHy Tele-TeHAIrT MEH Iuia3Ma
KYpaMBbl 3epTTEIJIi. KCCHOH IIa3MallapblHBIH KYpaMbl
Caxa TeHzeyl apKbUIbl HOHIAHY MOTEHIIMATBIHBIH
TeMeNIeyiH ecKepe OTBIPHIN ecenTeni. by xymMeicTa
: €CENTEeITCH EKTPOHIAp MEH MOHIAPABIH UOHIAHY
10 10 1 MOTEHITUATBIHBIH TOMEH/IEYl HOH/IaHYy TeTe-TeHIIriH

LK CHpETiIreH I1a3MaMeH CalBICTHIPFaHIa
HOHJIaHY/IbIH JKOFAPhI TOPEKEIEPIHE KbUTKBITATHIHBI
KepceTiireH. byJl Mmia3MaliblK OpTaHBIH OCEPiHECH

(1) - DTF notenuuman (3) HeriziHae ajblHFaH,
k +k?; (2) - DH motenmman (1) Herisine aibHFaH,

s o OaiinaHbBICKaH KYHIepaiH SHEPTEeTUKAIIBIK,
ks +ki. JIeHrelepiniy nedopMalusuianyblHa OalIaHbICTHI,
Cyper 7 — Xe mua3MachIHbIH Kypamsl p = lo/ca® COHBIH HOTHIKECIHJIC aTOM/IbI TOMEHTI SHEeprusiiapaa
TYPaKThI THIFBI3JIBIKTA HOHIAHY JOPEKECIH WOHJaHbIpyFa  Oonmaapl. JKyMmbic — GapbIChIHAA
KOPCETETIH TeMIlepaTypara ToyeIAUTiK rpaduri aNbIHFAH  HOTWXKelep  Oackama  FaJibIMIapbIH
KYMBICTAPBIMEH CaJIbICTBIPBLII/IEIL.
KopbIThiHABI
AJIFbIC
[Tna3zma OeJIIIeKTepiHiH acepiecy
MOTEHIIUANIAPHI JKalIbl 3ePTTENiH/Il, CON OOMBIHINA Byn 3eprreyni Kaszakcran Pecmybnmkace
rpadukTep AJTBIH]TBI. WNonnanran cyreri  Foutbim xone JKorapel bBimiMm  MUHHCTpIIITIHIH

IUIa3MachlHBIH ~ Kypambl ecentenai. byn ymin  Feueim Komureri Kapxkbutanasipasl (I'pant Hemepi
KYWeHiH  3apsaranraH — OemmekrepiniH  e3apa  AP19676689).
opeKeTTecyiHeH TYBIH/IaFaH HOH/IaHY
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ELECTROCHEMICAL SYNTHESIS AND FUNCTIONAL PROPERTIES OF METAL
AND ALLOY-BASED COMPOSITION COATINGS

This work presents a comprehensive review on the electrochemical synthesis and functional properties
of metal and alloy-based composition coatings. Nowadays, electrochemical synthesis is considered a versatile
and widely used technique for producing metal and alloy coatings with precisely controlled composition,
thickness, and microstructure. These coatings offer a variety of functional properties that can enhance the
performance and durability of various substrates. It typically involves immersing a substrate (cathode) in an
electrolytic solution containing dissolved metal ions. A current is applied between the cathode and an anode,
causing the metal ions to be reduced and deposited onto the cathode surface as a coating. The specific
properties of the coating, such as composition, thickness, and morphology, can be controlled by various
parameters, including electrolyte composition, current density and potential, temperature and pH as well as
substrate material and pretreatment. The utilization of electrochemical methods in coating fabrication has
gained significant attention due to their efficiency, precision, and environmental friendliness. As such, the
focus of this review is on the synthesis processes, structural characterization, and functional properties of
coatings comprising various metals and alloys to help understand electrochemical deposition techniques for
tailored coatings with enhanced properties for diverse applications by summarizing previous studies.

Kew words: electrochemical synthesis, composition coatings, electrolyte composition, substrate material,
synthesis processes.
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DNEKTPOXMMUYECKUIN CUHTES U GYHKLMOHAIbHBIE CBOMCTBA KOMMNO3ULMOHHBIX NOKPLITUN
Ha OCHOBE METa/I/IOB U CNNaBOB

B naHHoWM paboTe npeacTasaeH KOMMAEKCHbIN 0630p 31EKTPOXMMMUYECKOTO CUHTE3a N QYHKLMOHANbHbIX
CBOMCTB KOMMO3WUMOHHbIX MNOKPbITUA Ha OCHOBE METa/NoOB W CMAaBoOB. B HacToAwee Bpems
SNEKTPOXMMUYECKMIN CUHTE3 CYMUTAETCA YHMBEPCA/bHBIM M LUMPOKO WMCMO/b3yEMbIM METOLOM MOJyYeHUA
NOKPbITUIA U3 METAIOB U CNAABOB C TOYHO KOHTPOIMPYEMbBIM COCTaBOM, TOALWMHOM U MUKPOCTPYKTYPOW. 3TU
NOKPbITUA 0613 4a0T MHOXECTBOM QYHKLIMOHANbHbBIX CBOMCTB, KOTOPbIE MOTYT YAYYLWMNTb SKCMIyaTalMOHHble
XapPaKTEPUCTMKM U AONTOBEYHOCTb PA3/IMYHbIX NOBEPXHOCTEN. OBbIYHO 3TO BKAKOYAET NOTPYKEHUE NOANOKKM
(KaTo4a) B SNEKTPOAUTUHECKMIA PACTBOP, COAEPKALLMIA PACTBOPEHHbIE MOHbI METaNN0B. Mexay KaToaom u
aHOZOM NOAAETCA TOK, B pe3y/ibTaTe Yero MoHbl MeTa/l1a BOCCTaHAB/IMBAKOTCA M OCaXKAAKOTCA Ha NOBEPXHOCTH
KaToda B BMAE MOKPbLITUA. KOHKpETHble CBOWMCTBA MOKPbITUA, TakKMe KaK COCTaB, TO/LMHA M Mopdoaorus,
MOYHO KOHTPO/MPOBATb C MOMOLLIO Pa3/IMYHbIX MAapaMeTPOB, BKIOYAA COCTAB 3/1IEKTPOINTA, MAOTHOCTb U
noTeHUMan TOKa, TemnepaTypy WM pH, a TakKe maTtepuan NOANOMKM M npeasaputesnbHyto o0bpaboTky.
Mcnonb3oBaHWe 31eKTPOXMMNYECKMX METOA0B M3rOTOB/IEHMS MOKPbITUI NPUBEKIO 3HAYUTENBHOE BHUMaHWE
6narogapa mx apOeKTUBHOCTM, TOYHOCTU M IKONOTMYHOCTU. TakMM 0Opa3om, OCHOBHOE BHMMaHMWE B 3TOM
o0b630pe yaenseTca NpoLeccam CUHTE3a, CTPYKTYPHbIM XapaKTepucTUMKaM M GYHKUMOHA/bHbIM CBOMCTBAM
MOKPbITUIA, COAEPIKALLMX PA3MYHbIE METa/Ibl U CMaBbl, YTOObI MOMOYb MOHATL METOAbI 3NEKTPOXMMUYECKOTO
OoCaXKAeHUsA AN UHAMBUAYANbHbIX MOKPbLITUA C YAYYLWEHHbIMW CBOMCTBAMM AAA PA3/IMYHbIX NMPUMEHEHWUI
nyTém 0600LEeHNs NpeablayLnX NCCaea0BaHNNA.

KntoueBble C€N10Ba: 3/1EKTPOXMMMUYECKUI CUHTE3, KOMMO3MLMOHHbIE TMOKPbLITUS, COCTaB 3/1EKTPO/UT],
mMaTtepuan NnoasoXKM, NPOLLECChl CMHTE3a.
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Electrochemical synthesis and functional properties of metal and alloy-based composition coatings

OsHnen M. 3enene*, Manroxata PyTKoBcKa-lop4ymua
Bpous1as FbiabiM KaHe TexHonorma yHmsepcuteTi, Coast Wyspianski 27, Monblwa, Bpounas K.
*e-mail: danielmekonnenz@gmail.com

MeTtangap MeH KopbITnanap HeridiHae KOMNO3UTTIK KabblHAAPAbIH,
3NEKTPOXUMMUANDIK CUHTE3I KaHe GYHKLMOHANABIK KAacUTeTTepi

By *KyMbICTa METANN }KaHE KOPbITNasbl KOMMO3ULMANBIK *KabblHAAPAbIH SN1EKTPOXUMMUANBIK CUHTE3] MeH
bYHKUMOHANAbIK KacMeTTepiHe KaH-KaKTbl oAy »Kacanapl. Kasipri yakbiTTa 3/1eKTPOXMMUANbLIK CUHTE3
KYPambl, KanblHObIFbl KOHE MUKPOKYPbIAbIMbI A2/ GaKblaHaTblH MeTanaap MeH KopbiTnanapaaH KabblH
anyapiH ambeban KoHe KeHiHeH KOoAJaHblnaTbiH aici 6oabin caHanaabl. byn »kabbiHAap apTypAi beTrepaiH,
eHIMAiNiri meH BepiKTiriH akcapTaTblH KenTereH GyHKUMOHANAbIK KacneTTepre ne. byn agetre cybcTpaTtThl
(kaToaTbl) epireH meTann MoHAapbl Hap aNEeKTPOAUTTIK epiTiHAaire 6aTblpyabl KamTuabl. Katoa neH aHop,
apacblH/a TOK bepineni *aHe HITUKECIHAE MeTanN MOHAAPbI TOTbIKCbI3AaHbIM, KaToa, beTiHe KabblH TypiHAe
TyHOara Tyceai. Komnosmuma, KanbiHAbIK KaHe Mopdonorna cuakTbl KabblHHbIH epeKlle KacueTTepiH
3NEKTPOANT KyPaMmbl, TOKTbIH, ThIfbI3blfbl MEH MOTEHLMANbI, TEMNepaTypa MeH pH, cybcTpaT maTepmanbl XKaHe
aNfiblH ana eHAaey CUAKTblI SPTYPAI NapameTpaep apKpiabl Hackapyfa 6onaabl. MabblHAapabl KacayabiH,
3NEKTPOXMMMUANBIK DAICTEPIH KONAAHY ONapAblH, TUIMAINITIHE, ASNAINIHE XKaHe TypaKTblablFbiHA 6aNaHbICTbI
alTap/blKTai Hasap ayaapabl. Ocbinaniia, 6yn Wonyaa anfbliHebl 3epTTeynepdi Kannbinay apKblibl apTypAi
KongaHbanap VIWiH KaKcapTblifaH KacueTTepi 6ap Keke KabblHAAP YWiH 3NEKTPOXUMMUANBIK TYHAbIPY
JAICTepiH TYCiHYyre KemekTecy VLiH apTypai MeTanaap MeH KopbiTnanapAaH TypaTbiH »abblHAapAblH, CUHTE3
npoLuecTepiHe, KYPbINbIMAbIK CMNaTTamanapbiHa KaHe GYHKUMOHANAbIK KacMeTTepiHe Ha3ap ayaapbliadbl.

TyliH ce3aep: 3N1EKTPOXUMUANBIK CUHTE3, KOMMO3ULMANBIK *KabblHaap, 3NeKTPOAMT Kypambl, cybcTpaT
maTepmanbl, CUHTE3 npouecTepi.

electrochemical  synthesis.  Electrochemical
synthesis is a technique that uses electric current

Introduction

A key component of engineering technology
is materials and the surface is where the
electrochemical, thermal, and mechanical
interactions between the materials start. But
material surfaces are always vulnerable to
deterioration and corrosion, which causes
enormous losses in the industrial sector.
Therefore, it is now inevitable to apply surface
improvement technology to stop or lessen the
loss. Significant advances in metallurgy and
materials science have taken place in the
previous few decades, leading to the
development of novel engineered materials with
improved qualities. It is difficult to develop
appropriate processing to manufacture desired
materials; this involves changing the materials'
intrinsic qualities. The broader economic
perspective and its effects on the environment are
taken into account.

Innovation is fueled by the search for
materials with precisely regulated qualities in a
variety of industries. An effective tool for
creating metal and alloy coatings with specific
functional properties in this endeavor is

42

to deposit metal or alloy layers on a substrate. It
is based on the principle that a layer of coating is
formed as a result of the electrode - electrolyte
electrochemical reactions occurring leading to
electrodeposition of ions contained in electrolyte.
The composition of the coating can be controlled
by varying the electrolyte composition, the
applied voltage, the current density, the
deposition time, and other parameters.
Electrochemical synthesis can produce coatings
with different functional properties, such as
corrosion resistance, wear resistance, catalytic
activity, optical reflectivity, and electrical
conductivity. One electrochemical method for
altering the surface structure is electrodeposition.
According to certain theories, the use of
electrodeposition in surface engineering dates
back almost 200 years. Its development of
electrodeposition can be traced back to the early 19th
century, with significant contributions from various
scientists and researchers [1]. The invention of the
galvanic cell in the early 1800s made it possible to
employ electric current as a more economical method
of producing coatings. The first large-scale industrial
plant for electrodeposition was built in the 19th
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century for the deposition of gold, silver and copper
for  decorative applications. Since  then,
electrodeposition has rapidly grown and it has been
applied for the deposition of metals, alloys and
composites with complex shapes (i.e. coatings,
micropillars, nanowires) and to produce dense
nanostructures and amorphous coatings with
increased mechanical, corrosion, electrical and
magnetic properties. Thanks to this progress, today,
electrodeposition is a widely employed technique for
the production of coatings ranging from decorative to
technological applications [2]. There are various
reasons why the electrodeposition process is superior
to other coating procedures [3, 4]:

e lts initial investment is low combined with
high production rate.

e It can be used with a wide variety of shapes
and sizes of substrates.

e [Ease of producing economically viable
guantities of nanocomposite materials, with grain
sizes as small as 10 nm.

e Products of electrodeposition require no
further processing and can be used right away.

o Easy reproducibility in labs and industry with
little difficulty owing to technological limitations.

e Electrodeposited coatings have exhibited
better physical properties.

A wide range of coatings can be produced by
incorporating particles into an electrodeposit and
many materials can be combined in composite
coatings applied by electrodeposition.
Electrodeposition of composite coatings offer the
benefits of good control over deposition rate (hence
thickness), coating composition and deposit
properties [5]. Electrochemical synthesis methods
include direct current electrodeposition, pulse current
electrodeposition and jet electrodeposition.

Coatings made of metal and alloys have several
benefits, in fields such as energy, electronics,
biomedicine, and engineering, such as better wear and
abrasion resistance, greater corrosion resistance, and
special electrical and catalytic qualities. But attaining
the intended capabilities frequently calls for close
attention to composition, microstructure, and
morphology[6]. A new platform for attaining this
kind of control is offered by electrochemical
synthesis, which makes it possible to precisely
deposit metals, alloys, and even composites with the
appropriate properties.

The present work focuses on understanding the
intricate  relationship  between electrochemical
synthesis parameters, coating composition, and
resulting functional properties since electrochemical
synthesis and functional properties of metal and
alloy-based composition coatings are a significant
area of research due to their potential applications in

various fields, including energy storage, corrosion
protection, and surface engineering. Through a
combination of experimental investigation and
theoretical analysis, it aims to shed light on the
underlying mechanisms governing the formation and
properties of these coatings. In summary, recent
advancements in the electrochemical synthesis of
metal and alloy-based composition coatings have
demonstrated the potential for creating materials with
improved corrosion resistance and functional
properties, which are crucial for various industrial
applications. This review explores the synthesis and
functional characteristics of composition coatings
made by electrochemical techniques, providing an in-
depth look at this fascinating field.

Electrodeposition

Electrodeposition is a widely employed versatile
and ecofriendly technique for coating fabrication. The
electrochemical analysis deals with chemical
reactions of samples or solutions with the applied
electrical potential. The rate of redox reactions is
analyzed and controlled by a potentiostat, connected
to electrodes submerged in an electrolyte [7]. It is an
electrochemical process applied for surface structure
modification and is considered as an easy and cost-
effective technique for preparation of alloy coating.
Electrodeposition processes are usually performed
with aqueous-based electrolytes, at ambient pressure,
and low operating temperatures (i.e. lower than 100
owing to an increased understanding of the
electrodeposition fundamentals, with a proper control
of the deposition parameters, it is possible to fine-tune
the material characteristics (e.g. composition and
microstructure) and consequently the material
properties. The deposition process involves the
reduction of metal ions onto a conductive substrate,
leading to the formation of a coherent coating. This
deposition technique is mostly used to deposit thin
films of material to the surface of an object to change
its external properties such as to increase corrosion
protection, increase abrasion resistance, improve
decorative quality, or simply to deposit a layer which
is part of a more complicated device. In this technique
three electrodes are used which are working,
reference, and counter (sometimes secondary)
electrodes, respectively. The electrodes are connected
to a potentiostat which is the instrument which
controls the deposition process. These electrodes
were kept within a container containing a liquid
which has ionic species dissolved within it, such as
copper ions dissolved in water [8]. Schematic of
electrodeposition is shown in Figure 1.
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Potentiostat

‘3 WE: Working Electrode
I R: Reference Electrode

i C: Counter Electrode

Figure 1 — Schematic of electrodeposition method.
Adapted from [8]

Pulse Current Electrodeposition

Over the years, pulse electrodeposition (PED)
has been used in metal-alloy composition coatings
with a particular interest for the synthesis of
anticorrosive coatings with controlled morphology
and composition [10]. In PED, The properties of the
coatings are affected by three fundamental
parameters: peak current (Ipeax), pulse imposition time
(ON-time, Ton) and switch off time (OFF-time, Torr).
Mathematically, these parameters can be related to
evaluate pulse frequency (Eq.1), duty cycle (Eq.2)
and average current density (Eq.3) [11]
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where y is the duty cycle, f is the frequency, lpeax is the
peak current density, and lae IS the average current
density.

In pulse electrodeposition, current density has a
significant effect on structure, mechanical,
tribological, and corrosion properties of composite
coatings [12] and it showed several advantages over
DC electrodeposition, such as improved wear
resistance and hardness, particle distribution,
structure, morphological structure and the ability to
control the grain sizes of the deposits [13].

Jet Electrodeposition

In this type of electrodeposition, a jet of plating
solution is directed at the cathode surface directly.
There exists an electrical field between the anode
(located in the nozzle) and cathode (substrate). The
following Figure 2 demonstrate a setup of schematic
representation of jet electrodeposition technique.

P Servo

/ motor

-

Numerical

control device

pump

Thermostatic
apparatus

Pulse power
source

Figure 2 — Schematic of electrodeposition method. Adapted from [14]
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As the plating solution flows, electric current is
transferred along the stream of fluid to the substrate
surface. This enables deposition to occur on the
cathode surface where the jet flows over [15]. Jet
electrodeposition is a high-speed electroplating
technique that provides a wide range of advantages
over other coating techniques including: high
deposition rate and more efficient grain size refining
effect [16].

Electrodeposition parameters for metal and
alloy-based composition coatings

The effects of deposition parameters such as
current density, bath composition, electrolyte, pH,
and temperature on the coating properties are can be
thoroughly investigated. By adjusting the electrolyte
composition and polarization mode (static or pulse,
reverse  current  or  potential decrease),
electrochemical synthesis technique offers the
flexibility to alter component concentration, rate of
deposition, and surface condition. In [17], composite
coatings of Fe-W-WO2 and Fe-Mo-MoO2 were
deposited on cast iron substrate by different
electrolysis modes from citrate Fe(lll)-based bath.
The hardening phase of refractory metal oxides is
formed directly in the cathode process and is included
in the alloy matrix, which helps to increase the
uniformity of the distribution of components over the
thickness of the coating and its surface. The use of
pulse current electrolysis allows obtaining more
uniform coatings enriched with alloying components
with a smaller amount of adsorbed nonmetallic
impurities. Composite Fe-Mo-MoO2 has a higher
corrosion resistance due to the chemical stability of
molybdenum and its oxides in environments of
various aggressiveness including chloride-containing
solutions. The physic-mechanical properties such as
microhardness, friction coefficient, and wear
resistance of Fe-W-WO2 composites surpass not only
the base material but also the molybdenum-
containing coatings. Combination of higher strength
characteristics and increased corrosion resistance of
composite coatings Fe-W-WQO2 and Fe-Mo-Mo0O2 in
comparison with cast iron allowed to consider them
as promising materials in the technology of surface
hardening and restoration of worn surfaces of parts.

As indicated in [18], by adjusting the
concentration ratios of iron(lll) sulfate and sodium
molybdate (tungstate), uniformly brilliant and
lustrous deposits of binary Fe-Mo and ternary Fe-Mo-
W alloys can be generated from the citrate electrolyte
(pH 3-4) in both dc and pulsed mode with current
efficiency of 65.0-85.0%. Ternary galvanic alloys of
cobalt with molybdenum and zirconium of different
composition and morphology are obtained from
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polyligand citrate-pyrophosphate electrolyte in a
pulsed mode by varying the current density and
duration of pulse and pause. It is shown that coatings
with micro-globular morphology with low level of
stress and cracks are formed at a current density of 4—
6Adm—2 and polarization on/off time 2/10 ms [19].
When ternary Fe-Co-W alloys with micro globular
surface of different composition were deposited by
direct and pulse current from citrate Fe (llI)
electrolyte, current density and time parameters of
pulse electrolysis are shown to be effective tools to
control the refractory metals content and electrolysis
efficiency, providing increased tungsten content [20].
Electrodeposition of binary and ternary coatings Co-
Mo, Co-W and Co-Mo-W from bi-ligand citrate
pyrophosphate electrolyte has been investigated in
[21] with determination of the effect of both current
density amplitude and pulse on/off time on quality,
composition and surface morphology of the galvanic
alloys resulting in improved physical and mechanical
properties of deposits as well as high corrosion
resistance.

Functional Properties

Functional properties of metal and alloy-based
composition coatings such as corrosion resistance,
mechanical properties (coating hardness, adhesion,
and wear resistance) as well as electrical and thermal
conductivity depend on various factors, including
composition, microstructure, and surface
morphology. Studies have focused on tailoring these
properties to meet specific application requirements.

According to [22], the advantage of coatings
with alloys in comparison with individual metals, as
well as the realization of synergism during the
electrolytic alloy formation, manifest themselves in a
change in the microhardness of materials depending
on their composition and structure. In a study
conducted to analyze influence of the compositions of
Fe—Co-Mo, Fe-Co-W, and Co—Mo-W coatings on
the corrosion resistance in media with different
acidities, it is demonstrated that molybdenum (and
tungsten) significantly boosts the coatings' chemical
resistance when compared to the substrate material.
Simultaneously, an increase in solution pH and the
addition of refractory components to the alloy reduce
the rate of corrosion [23]. Moreover, in the process of
deposition of composite electrolytic coatings, two
kinds of adsorption were discovered playing an
essential role in the formation of these coatings,
namely, the adsorption of dispersed particles on the
cathode and the adsorption on the surfaces of these
particles in the process of their introduction in the
electrolyte. It is also indicated in [24, 25] that when
ternary Fe-Co-Mo(W) alloys with micro-globular
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surface of different composition were deposited by
direct and pulse current from citrate Fe(lll) based
electrolyte, the current density and time parameters of
pulse electrolysis have been shown to be effective
tools to control the refractory metals content. Here,
the micro-globular surface of the Fe-Co-Mo(W)
alloys is caused by refractory metals incorporation.
The amorphous-crystalline structure of deposits with
coherent-scattering region sizes of the amorphous
part of 2—8 nm has been found and the microhardness
of the ternary Fe-Co-Mo(W) alloys is about 4-5 times
that of the mild steel substrate and has been shown to
increase with tungsten incorporation. Moreover, the
magnetic characteristics of the amorphous Fe-Co-
Mo(W) coatings were measured in dependence of
thickness and deposition time supposedly proving
that the content of magnetic phase in upper layers of
coating is greater than in the bottom ones. In a study
where nano-composite electrolytic coatings (nano-
CEC) has been applied on steel, corrosion resistance
of the substrate was found to be increased
substantially [26].

For the creation of mixed oxide systems with
varying dopant contents, the composition of citrate-
pyrophosphate electrolytes with the inclusion of iron
triad metal sulfates was put fort [27, 28]. The
formation and properties of oxide films on titanium
using plasma electrolytic oxidation with the addition
of iron triad metals such as iron, cobalt, and nickel is
discussed and explored that composition of citrate-
pyrophosphate electrolytes with dopants to create
mixed oxide systems focusing on voltage formation
of the oxide systems, the corrosion resistance of the
coatings, surface development, and catalytic activity
of the mixed oxide coatings. The obtained mixed
oxide coatings can potentially be used in catalytic
purification systems.

Important consumer properties like corrosion
resistance, wear resistance, hardness, and other
functional properties of coatings of iron (cobalt)-
tungsten alloys in environments of different acidity
depends on the content of the refractory component,
and the increase in corrosion resistance in an acidic

environment is due to the formation of acidic tungsten
oxide on the surface [29, 30]. According to the deep
corrosion index coatings with Co(Fe)-W alloys with
a tungsten content of 20-40 mas. % belong to the
group of very resistant, which allows them to be used
as protective coatings in corrosive environments,
especially weakly acidic. Here, the microhardness of
tungsten electrolytic alloys with iron (cobalt) depends
on its content and exceeds the characteristics of
coatings with individual metals, which allows us to
recommend such materials as an alternative to hard
chromium coatings. One of the reasons for the
increased corrosion resistance and microhardness of
coatings with alloys was found to be the formation of
a fine-crystalline, and sometimes, X-ray amorphous
structure of the surface layers when using non-
stationary modes of electrodeposition.

Conclusion

This review has considered electrochemical
synthesis and functional properties of metal and
alloy-based composition coatings. The concept of
electrodeposition as a versatile, cost-effective and
widely used environmentally friendly technique for
producing metal and alloy coatings is discussed. It is
reviewed how this technique can be used to enhance
desired properties of substrates such as corrosion
resistance, surface hardness and morphology as well
as other technical properties. Types of
electrodeposition techniques along with their
comparative advantages and drawbacks is discussed.
Besides, parameters for metal and alloy-based
composition coatings such as bath concentration, pH,
temperature and electrolyte are reviewed. Finally, the
kind of functional properties most widely considered
to perform electrochemical synthesis techniques on
various substrates are reviewed. Researches indicated
that electrodeposition techniques have a lot to offer
when it comes to enhancing desired physical and
chemical properties of various substrates under
controlled parameters.
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N3YYEHUE BIMAHUA PASMEPHbIX 3PDEKTOB B xSizN4 — (1-x)ZrO2; KEPAMUKAX,
MONYYEHHbBIX TBEPOOPA3HBIM METOAOM HA NMPOYHOCTHbBIE XAPAKTEPUCTUKU

[JaHHoe wuccnenoBaHue MOCBAWEHO U3YYEHUIO BAMAHMA BapMaLMM  KOHLUEHTPaUMUM  KOMMOHEHT
KOMMNO3MUMOHHbIX KepamuK Tuna xSisNs — (1-x)ZrO; 1 ycnoBuii MEXaHOXMMMUYECKOTo MNepemasblBaHMa Ha
YMNPOYHEHME KEPAMUK MPU UX U3rOTOBAEHMU. B pesyabTaTe NpoBeAeHHbIX UCCAeA0BaHMIA Oblna oTpaboTaHa
TEXHONOMMA MOJYYEHMS KOMMO3ULMOHHbLIX KepamuKk Tuna XxSisNs — (1-x)ZrO; ¢ npumeHeHWeM MeToAa
MeXaHOXMMMNYECKOTo TBepA0dasHOro cnHTesa. MonyyeHne Kepammk HbII0 OCYLLECTBAEHO C NMPUMEHEHNEM
MeTOo4a MEeXaHOAKTMBALMKM UCXOAHbIX KOMMOHEHT HUTPUAA KPeMHUA U OKCMAA UMPKOHWUA, MNyTEM
MeXaHWYeCcKoro nepemasnbiBaHMA C Lenblo AOCTUMKEHUA OAHOPOAHOW CMecW, KOTopad B NOCAeacTsue
OTXMranacb B KMCioOpodocofepsKallel cpene. lNpyu 3TOM BapuauMa PasIMYHbIMKW Pa3Mepamu 3epeH,
M3MEHEeHMe KOTOPbIX CBA3AHO He TO/IbKO C U3MEHEHUAMM YCAOBUIA NepemasblBaHMA, HO U KOHLEHTpaumei
COOTHOLIEHUA UCXOAHbIX KOMMOHEHT. C MPUMEHEHNeM METO0B OLEHKM NMPOYHOCTHbIX MapamMeTpoB (MeToaa
WHIOEHTUMPOBAHMA) OblNO OnNpedeneHo BAUAHWE YCAOBWUIA MepemasblBaHUA Ha WM3MEHEHWe pPa3MepHbIX
bakTopoB, a Takke 3PpPeKTUBHOCTb yNpoyHeHUA. OCHOBLIBAACL Ha MPOBEAEHHbIX UCCNEeA0BAaHUAX MOMKHO
caenatb BbIBOA O TOM, YTO WMCMO/b30BaHME MEXaHOXMMMUYECKOro TBepAoda3HOro nepemasbiBaHWA nyTem
BapbMPOBAHUSA CKOPOCTM TMepemasnbiBaHua  (M3MEeNbYyeHUs) TMPUMBOAMT K BO3MOMKHOCTM  yNpaB/ieHUs
pasmepHbIMK 3GdEKTAMM NPU NOSYYEHUN KOMNO3ULMOHHbIX XSisNa — (1-x)ZrO, kKepamuK. Mpun 3TOM Bapbupys
YCN0BMSA NepemasibiBaHNA (CKOPOCTb MOMONA), @ TaKKe KOHLEHTPALMIO UCXOAHbBIX KOMMOHEHT B cocTaBe XSisNa
— (1-x)ZrO; KepamMmMK MOMKHO MOMYYUTb BbICOKOMPOYHbIE KEPaMMKKM, KoTopble 06/1a4atoT  BbICOKOM
YCTOMYMBOCTBIO K BHELIHWUM BO3EMCTBUAM.
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MEXaHOXMMMNYECKNI CUHTES.
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Study of the influence of size effects in xSizN4 - (1-x)ZrO; ceramics
obtained by solid-phase method on strength characteristics

This research is focused on studying the influence of variation of component concentration of xSisN,4 - (1-
X)ZrO;, type composite ceramics and conditions of mechanical-chemical grinding on the hardening of ceramics
during their fabrication. As a result of the conducted research, the technology of obtaining composite
ceramics of xSisN4 - (1-x)ZrO; type using the method of mechanical-chemical solid-phase synthesis was worked
out. Obtaining ceramics was implemented using the method of mechanical activation of the initial components
of silicon nitride and zirconium oxide, by mechanical grinding to achieve a homogeneous mixture, which was
subsequently annealed in an oxygen-containing environment. In this case, the variation by different grain sizes,
the change of which is associated not only with changes in the grinding conditions, but also the concentration
of the ratio of the initial components. Using the methods of strength parameter estimation (indentation
method), the influence of grinding conditions on the variation of dimensional factors, as well as the
effectiveness of hardening was determined. Based on the conducted studies, it can be concluded that the use
of mechanical-chemical solid-phase grinding by varying the speed of grinding (milling) leads to the control of
dimensional effects in obtaining composite xSisN4 - (1-x)ZrO, ceramics. By varying the grinding conditions
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(grinding speed), as well as the concentration of initial components in the composition of xSisN4 - (1-x)ZrO,
ceramics, it is possible to obtain high-strength ceramics, which have high resistance to external influences.
Keywords: inert matrices, dispersed nuclear fuel, ceramics, hardening, mechanochemical synthesis.

W.E. Kerkunat®, AN Kosnosckuin®?, AY. ToneHosa*
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KaTTbl dasansik agicneH anbiHfaH XSisNa — (1-x)ZrO2 KepaMuKacbiHAAFbI
e/lWemaik acepnepain, 6epikTik cunaTtramanapbiHa acepiH 3epTTey

Byn 3epTTey xSisNg — (1-X)ZrO; TUNTI KOMNO3ULMABIK KEPAMMKA KOMMOHEHTTEPIHIH, KOHLEHTPALMACHIHbIH
©3repyiHiH, *KaHe 0N1apabl Kacay Ke3iHAe KepaMMKaHbl KaTalnTyFa MexaHOXMMMUAbIK YHTAKTaY KaFaannapbiHbiH,
9CepiH 3epTTeyre apHanfaH. HKyprizinreH 3epTreynep HaTMKECIHAE MEXAHOXMMMUANBIK KaTTbl da3anbl CMHTE3
a4jiciH KonaaHa oTblpbIin, XSisNa — (1-x)ZrO; TUNTI KOMNO3MUMALIK KEPamMKa any TEXHOOTUACHI MbICbIKTaAAb!.
KepamuKa any KPeMHUIM HUTPUAIHIH, KoHE LMPKOHWA OKCUAIHIH, BacTanKbl KOMMNOHEHTTEPIH MeXaHMKabIK
benceHaipy sficiH Ko/sgaHa OTbIPbIN, HITUXKECIHAE KypambiHAa oTTeri 6ap opTaga KynaipinreH 6ipTekTi
KOCnafa KO/ KETKi3y YLiH MexaHWKablK YHTaKTay apKbl/bl Xy3ere acblpblaabl. byn »Kafdanaa AsHAepAiH
SPTYPAI MOJLLIEPIHIH, e3repyi, onapAblH ©3repyi TeK YHTaKTay KaflalnapbiHbiH ©3repyimeH faHa emec,
COHbIMEH KaTap 6acTamnKkbl KOMMOHEHTTEP/iH apaKaTblHACbIHbIH, KOHLEHTpauMAcbiIMeH Ae 6alnaHbICTbI.
BepikTik NnapameTpnepiH baranay aaicTepiH (MHAEKCTeY 24ici) KoMaaHa OTbIPbIN, YHTAKTay afaaninapbliHbiH,
enwem GaKkTopAapbIHbIH ©3repyiHe acepi, CoOHAal-akK KaTato TMIMAINIr aHbikTanasl. MyprisinreH septreynepre
CyMeHe oOTbIpbIn, YHTaKTay (YCaKTay) »KblAAAaMAbIFbIH ©3repTy apKblibl MEXaHOXMMUANBIK KaTTbl dasabl
YHTaKTayAbl KONAaHy KOMNo3numanbiK xSisNg — (1-x)ZrO, KepamuKacbiH any KesiHae enwemaik apdekTinepai
Hackapy MyMKiHAiriHe aKeneaj AereH KOpbITbiHAbI KacayFa 6onaabl. COHbIMEH KaTap, YHTAKTay »KafaannapbiH
(yHTaKTay Kblndamaplebl), coHAam-ak xSisNa — (1-x)ZrO; KepaMwWKacbiHbIH, KypambiHAaFbl HacTankpl
KOMMOHEHTTEPAIH, KOHLEHTPALUMACLIH ©3repTe OTbIPbIN, ChIPTKbI acepsiepre »ofapbl TO3iMAiNiri bap woFfapsbl
HepikTiri 6ap Kepamuka anyfa 6onaapl.

TyiiH ce3gep: MHePTTI maTpuuanap, AMCNepcTi AAPOAbIK OTbIH, KEPaMMKa, KaTalTy, MEXaHOXUMUANbBIK,
CUHTES3.

BBenenue

OgHuM U3 MPEUMYILIECTB  HUCIOJIb30BAHUS
JIUCTIEPCHOTO  SIIGPHOTO TOIUIMBA C WHEPTHBIMU
KepaMHYECKIMH MAaTPUIIAMU SIBJISIETCSI BO3MOXKHOCTh
MOBBIIICHUS CTETIEHU BBITOPAHUS SEPHOIO TOILINBA,
a TaKXKe YBEJIMUYEHUE TEMIIepaTypbl aKTUBHOM 30HBI
[1,2]. Ilpu »TOM, KOHUENIMS pPa3BUTHS SAEPHO-
SHEPreTUYECKUX YCTAHOBOK B TMOCJIEIHUE TOJbI
HallpaBj€Ha Ha MOMCK TEXHOJOIMYECKUX DPELICHUH,
CBSI3aHHBIX C TIEPEXO0JIOM OT TpaaunuoHHbIX TB3Jlo
Ha JIMCIIEPCHOE SIFIEPHOE TOIJIMBO C BO3MO>KHOCTHIO
KCIIONIb30BaHUsl JMOKCHUA ypaHa WM IUTyTOHHS B
KadyecTBe Jeisnieroca Mmarepuana. lIpeumyiiectBa
HCIOJIb30BaHUS JIUCIIEPCHOTO AJIEPHOIO TOIUIMBA, B
KOTOPOM JIEIISIINICS MaTepuan (AHOKCH ypaHa WIIn

TUTYTOHUS) PpaBHOMEPHO pa3MeLIeHbI B
KEpPaMUYECKOW MHEPTHON MaTpulle, 3aKJII0YatOTCs B
CIIEIYIOLLEM. Bo-niepBsix, paBHOMEpPHOE

pacrnpeziefieHHe NeNSIero MaTepuaia B MaTPHIS
mo3BoJisieT 6ojice 3¢ (HEKTUBHO OTBOAUTH TEILIO, YTO
CITIOCOOCTBYET YBEITUICHHUIO 3¢ GEeKTUBHOCTH
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TEmI000MeHa, a TaKKe IMOBBIIIEHUIO TEPMUYECKOM
CcTaOUIBPHOCTH aKTHBHOW 30HHEI [3,4]. Bo-BTOpBHIX,
BO3MOXKHOCTH W3MEHEHUS KOHIIEHTPAIUN
JIEJISIIIErocs: AEPHOT0 MaTepuaia Ipy pa3MelieHnN
€ro B JHUCIEPCHON MaTpulle TO3BOJSET JydIlle
KOHTPOJIUPOBAaTh M PEryJIMpoOBaTb  MOIIHOCTb
peakTopa, a TakXKe YIpaBIIATh NPOLECCaMU AETICHMUSL.
B-tpeTbux, B OOJIBIINHCTBE Clly4yaeB
TEXHOJIOTHUECKUE  pEelIeHMUS, CBSA3aHHBIC c
M3rOTOBJIIEHNEM HHEPTHBIX MAaTPHUIL AJIs JUCTIEPCHOTO
SJIEPHOTO TOIUTNBA, TPEOYIOT 3HAYNUTEIHHO MEHBIIE
9HEpro- W pecypco3arpar, UYeM B Ciydae
W3rOTOBJIEHUS  TpagunuoHHbIX  TB3JloB, uyTO
CHI)Ka€T CTOMMOCTh M3TOTOBJIEHHS, a TaKkxke
MOBBIIIIAET  AKOHOMHYECKYIO  IIeJIecO00pa3HOCTh
WCIIONIb30BaHUsl Takux wmatepuanoB [5,6]. Taxxe
CTOUT OTMETUTb, YTO TMEPEXOJ Ha JUCIEPCHOE
SJIepHOE TOTUTUBO MTO3BOJIIET MTOBBICUTH
0e30macHOCT, ~ AaKTUBHOM  30HBI, a  TakKxke
MpPEeIOTBPAaTUTh PUCK aBapuil B cllyyae Ieperpena
WIA MEXaHWYECKOTO [ABJIEHHS 3a CYET BBICOKOH
MPOYHOCTH M XOPOIIMX  TEIUTO(U3NIECKIX


mailto:kenzhina@physics.kz

W.E. KeHXunHa 1 ap.

napameTpoB UCTIOJIb3YEeMBbIX KEepaMU4eCKUX
MaTepHaoB B Ka4eCTBE HHEPTHBIX MaTpwiI [ 7].

Omnako, HeCMOTps Ha OONBIIOE KOIHYECTBO
MPEUMYIIECTB  HCIOJB30BAaHUSI  KEPaMUYECKUX
MaTepraioB B KadecTBE HHEPTHBIX MAaTPHIl IS
CO3/IaHUs AUCTIEPCHOTO SIEPHOTO TOTUTNBA, OCTAETCS
P HEpelIeHHBIX BONPOCOB, HAa YCTpaHEHHUE
KOTOPBIX  HampaBieHO  OOJNBIIOE  KOJHYECTBO
HAy4YHBIX HCCIIEIOBAaHMI BO BCEM MHUPE.

B mepByro ouepens, mpu BeIOOpE MaTepHaOB
JUIL  CO3[aHWSl MHEPTHBIX MaTpull HeoOXOAMMO
YUATHIBATH ~ OONBIIOE  KONWYECTBO  (haKTOPOB,
KacalomuXcsd  HCIOJb3yeMbIX  MaTephalioB, B
YaCTHOCTH, OKCHJHBIX, Kap6I/IIlHI)IX HJIN HUTPUAHBIX
KEepaMHK, KOTOpble B OOJNBIIMHCTBE CIIy4YacB
00JalaloT BBICOKOM TMPOYHOCTHIO, HO TPH HTOM
HU3KOW  TEIUIOMPOBOMHOCTBIO,  YTO  Tpedyer
JOTIOJTHUTENILHOTO ~ y4eTa TMpH POSKTHPOBAHUH
mucriepcHoro TtorumBa [8-10]. Bo-BTopeix, mpwm
W3TOTOBJIICHWH WHEPTHBIX MATPHIl, B MOCIEIHNC
HECKOJIBKO JIET YIOp AeJiaeTcsl Ha MOUCK Haubolee
3¢ (}EeKTUBHBIX  KOMMO3HWIWN,  MPEICTABISIONINX
co00i COBMEIIEHHE OKCHIHBIX, KApOWIHBIX WIN
HUTPUAHBIX KOMIIOHCHT, a TaKXE pa3JInYHbIX
Bapuanuii. Vcroyb30BaHue Moj00HBIX COBMEIICHUN
Pa3IMYHBIX  KOMIIOHEHT IIO3BOJIAET  TIONYyYaTh
KOMITIO3UIITMOHHBIC KEpaMHKH C BBICOKMMHU
IIokKaszareiisiMnu TBEPAOCTH, IMPOYHOCTH u
YCTOHYMBOCTH K TPEIIMHOOOPA30BaHUIO, a TaKXKe
JOCTaTOYHO  TIEPCIIEKTUBHBIMHA  TOKAa3aTeIsIMU
TerionpoBoAanmx xapakrtepuctuk [11,12]. B-
TPEThHUX, MPU COBMEIICHUM BapUalluil pa3IMIHBIX
KOMITOHEHT OOJIbIIIOE BHUMAHHE CIEAYyeT YIeNATh
paJUallMOHHON CTOMKOCTH WMHEPTHON MaTpHIlbl, OT
MoKazaresnel KOTOPBIX 3aBHCUT CPOK 3KCILTyaTalluH
JUCTIEPCHOTO TOIUIMBA, a TAK)KE BCETO TOILTUBHOTO
UK.

MartepuaJibl 1 METOABI HCCJIETOBAHUS
CuHTE3 BBICOKOIPOYHBIX KOMITO3HITHOHHBIX

KepaMHK Ha OCHOBE COEIMHEHHH HUTPHIA KPEMHHUS
(SisNs) wu guokcuma 1nwmpkonust (ZrOz)  ObuT

IIPOU3BEACH C IIPUMCHCHUEM METOoaAa
MEXaHOXHUMUYECKOTO TBepa0(a3HOro
nepeMalibiBaHUsl B [UTAHETAPHON  MENbHUIIC

PULVERISETTE 6 classic line (Fritsch, Berlin,
Germany). Bapmarus cocTtaBa KOMITO3HUITHOHHBIX
kepamuk THna XSisNs — (1-X)ZrOz, npoBoamiacs B
muanazone ot x=0.1 go x=0.5. TIlocne
MEXaHOXHUMHUYECKOTO nepeMajibIBaHus npu
paznuuHbix ycinoBusx XSisNs — (1-X)ZrO; kepaMuku
OBUTH TIOABEPTHYTHl TEPMHUUYECKOMY CICKAaHUIO B
mydenproit meun SNOL-term (SNOL, Tver, Russia)
mpu Temneparype 1500°C B TedeHme 5 9acoB mpu
ckopoctu HarpeBa 20°C/mun. Ilocie BBIIEpKKH

00pa3LoB MpH 3aJaHHOM PEXHUME TEPMUUYECKOTO
criekaHusi 00pas3Ibl OCTHIBAIM BMECTE C IEYBI0 0
JIOCTKEHHUS KOMHATHOHN TeMIepaTypsl B TedeHue 24
yacoB. [laHHbie ycioBUSI ObUTH BBIOpAHBI C LEJIBIO
n30eraHusi  TIPOIECCOB  OBICTPOM  3aKajdkh |
pacTpeckuBaHuS  00pasloB, KOTOPBIE  MOTYT
BO3HHKHYTH TpPU PE3KOM BBHIHUMAHMHM Ha BO3AYX
pas3orpeThx 00pasLoB.

Beibop  kommonentel  SisNs  00ycioBieH
BBICOKMMH TIOKa3aTeJsIMHU MTPOYHOCTH JaHHOTO THIIA
KepaMUK, KOTOpbIe HCIONB3YIOTCA B KadecTBe
OHOTO W3 TEPCIEKTHBHBIX  BBICOKOMPOYHBIX
MaTepraioB B SAEPHON IHEPTEeTHUKE, B YACTHOCTH, B
Ka4decTBE MaTEpUANOB JJIsl IEPBBIX CTEHOK SAEPHOTO
peakTopa WIM K€ MaTepHajoB  TOIUIMBHBIX
AIIEMEHTOB, CIIOCOOHBIX CAEPKUBATH OOJBIION MTOTOK
paguanuu. Beioop xommoHeHThl ZrO; 00yCIIOBICH
BO3MOKHOCTBIO MOy YCHUS BBICOKOITPOYHBIX
KepaMUK, O0JIaJafoIiX BBICOKOW YCTOHYHNBOCTHIO K
TEPMHUYECKOMY PACHIHPEHHIO H KOPPO3HMOHHOU
CTOMKOCTH, a TaKXe BBICOKOM COBMECTUMOCTBHIO
MUOKCHIAa  [HPKOHWS C  JPYyTHMHA  THIIAMHU
KOHCTPYKITHOHHBIX MAaTEepHaJOB, YTO IO3BOJISET
WCIIOJIB30BaTh €T0 B KAUECTBE MAaTepHUAIOB HHEPTHBIX
MaTpHIl JUCIIEPCHOTO SACPHOTO TormBa. J{is
MOITyYeHUS OJTHOPOJTHBIX o COCTaBy
KOMITO3UIIMOHHBIX KEPaMUK, a TaKKe BO3MOXKHOCTH
WU3MEHEHUS] pa3MepOB 3epeH, MOIy4aeMbIX KepaMuK,
YCIIOBUSI ~ MEXaHOXMMHYECKOTO  IepeMallbIBaHUS
BapbupoBasichk 0T 200 10 600 060POT/MUH C mIArOM
100 060poT/MUH, BpeMs IEPEMaJIbIBAHUS COCTABIISIIO
4 yaca. Ilpu »53TOM B XOA€ NPOBEIECHUS
MEXaHOXHMHUYECKOTO TepEeMaIbIBAHUS TPOBOIHIICS
KOHTPOJIb 32 TEMIIEPaTypOil B MEJIOIIEM CTaKaHe, C

LETIbIO n30eranus IIPOLIECCOB XOJIOJTHOT O
CBapUBaHHS  O0pa3lloB  KepaMHK, a  TaKke
VHHLMAIU3al1 MPOLIECCOB (hazoBBIX
TpaHchopmanui, BBI3BAHHBIX MEXaHUYECKUM

BO3JICUCTBUEM M TEPMHUYECKUM pa3orpeBoM. B
OCHOBE THUIIOTE3bl, CBS3aHHOM C HW3MEHEHUSIMU
pa3MepoB 3€PEH MPU BapHUallii U3MEHEHUH YCIOBUI
MEXaHOXHMHYECKOTO TepeMallbIBaHus  (CKOPOCTH
MOMOJIa) JIKUT TPEANONIOKEHHE O TOM, YTO TpPHU

YBEIUYCHUH WHTEHCHBHOCTHU BO3JICHCTBHUS
MENIONIMX TeJ Ha TIOPOIIKH TIPOIECCHl  UX
pazapobneHus OynyT MIPOTEKATh Oonee

WHTEHCUBHEH, NMPH 3TOM CaMmoO APOOJIEHHE MOXKET
MIPUBECTH K YMEHBIIICHUIO pa3MepoB 3epeH (BILIOTH
JI0 HAHOPA3MEPHBIX MacIITa0OB).

st onpeneneHus cpelHEro pasmepa 3epeH B
pe3yibTaTe MEXaHOAKTHBAIIMM B 3aBUCHMOCTH OT
BapuaIiK YCJIOBHH TepeMasbiBaHHs ObLT MPUMEHEH
METOA  ONTHYECKOM  Ja3epHOH  audpakuuy,
UCTIOJIB3YIOILEHCS ISl YCTAaHOBICHUS TUHAMUYECKUX
mapaMeTpoB  pasmMepoB  u  (opmbl  3epeH,
JUCTIEPTUPOBAHHBIX B BOAHOM pacTBope. Jlis
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NPOBEACHUS ~ W3MEPEHU  OBUI  WCIOJNB30BaH
ananmm3atop gactuil ANALYSETTE 22 NeXT Nano
(Fritsch, bepmun, I'epmanus).

OreHKa BETMYMHBI 00BEMHOTO BKJIA/Ia TPAHUIL
sepen (f), xapakrepusyromieii BIUSHHAS Pa3MEPHBIX
(GakTOpOB Ha YNPOYHEHHWE MPOM3BOJMIACH C
ucnonb3oBaHueM Gopmysl (1)

PREICE
D3 '

rae { — BeNMYMHA TpaHMIBI pasMepa 3epHa, D —

pasmep 3epHa.

Hdns HU3MEPEHUN KCIIOJIb30BANIC
mukporBepaomep Duroline M1 (Metkon, Bypca,
Typuusi), B KadecTBE HHACHTEpa HCIIOJIL30BATIACH
arMasHas nupamuna Bukkepca, Harpyska Ha
uHgentep coctaBmsuia 100 H.  KommuectBo
W3MEpPEHH Ha Ka)XI0M 00pasIie COCTaBIIsIIO MOPsAKa
25 — 30 MHOCHTUPOBAHUH, KOTOpPBIE MPOBOJUIUCEH
COrJJaCHO CTAaHAAPTHOM METOAMKE: «HACTPOMKa
BBICOTHI 00pa3iia — Harpyska oOpasiia HHICHTEPOM
B TedeHUEe 15 cek — wu3MepeHHe IMOIyYeHHOTO
OTIIeYaTKa M OIpEleSiCHHE 3HAUYCHWH TBEPAOCTH.
[Ipu >TOM wu3MepeHUs NPOBOIWINCH C YYETOM
(akTopa HEIOMYINCHUS TEPEKPHITUS OTIEYATKOB
WHJIEHTEepa, 4YTOObl M30eKaTh BIHMSHUS oOJacTei
pacTpecKUBaHUs BOJIM3HU WHJIEHTEpa Ha
MocJeyoe U3MepeHHS.

Pe3yabTaThl 1 00cy:xKI€HUE

Ha pucynke 1 mpencraBieHbl pe3yJibTaThl
W3MEHEHUI CpeHEro pa3Mepa 3epeH HCCIeIyEeMbIX
KOMITO3HUITHOHHBIX XSisNs — (1-X)ZrO, kepamuk mpu
BapHaluu yCIIOBUI MEXaHOXHUMHUYECKOTO
MepeMasIbIBaHus.

Kak BumHO U3 TIpeACTaBICHHBIX IaHHBIX,
BapHalys yCJIOBUI MOMOJia MPUBOIUT K JIBYM THITaM
namenennii B XSisNs — (1-X)ZrO. kepamukax B
3aBUCHMOCTH  OT  KOHIICHTPAllMd  BBIOPAHHBIX
KOMIIOHEHT B cocTaBe. [lepBblii TuUIl H3MEHEHUU
CBS3aH C YMEHBIIEHHEM pa3MEPOB 3EpeH IIpH
yBEeIUYEeHUH CcKopocTtu mnomona ¢ 200 mo 400
00OpOT/MHH, YTO TPHBOAUT K HE3HAYUTEILHOMY
CHIKEHUIO pa3MepoB 3epeH (He 6omee 10 — 15 %) mst
BCEX MCCIEAYyEeMbIX KOHLeHTpauui. Ilpm stom
HauOoyiee BBIPAKCHHBIC JIAHHBIE W3MEHCHHS B
pasMmepax 3epeH HaOmIomaroTcs s o0pas3IoB, B
KOTOpBIX KOHIeHTpamus SisNs4 mpessiiiaer 0Oosee
0.3 M. B arom crmyuae CHIKEHHE pa3MepOB 3epeH
MOXKET OBITh OOBSCHEHO TmporeccaMu (Ha30BbIX
TpaHchOopMaLnii KOTOPbIE TIPOUCXOJAT P BHICOKHX
koHnenTparmax SisNs. Bropo#t THm u3MeHEHHH B
pasMepax 3epeH HaOMogacTCs TNpPU  YBEIUMYCHHH
ckopoctu romoja ¢ 400 go 500 — 600 obopoT/MuH,
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Ipd KOTOPHIX HaONIOJaeTCsi pPE3Koe CHIDKEHHUE
CpemHero 3HaueHUs pa3MepoB 3epeH ¢ 330 — 350 uam
10 200 — 250 uM mpu KoHeHTpausax SisNa4 paBHOI
0.0 - 0.25 M u pe3koro yMeHbIICHHUS Pa3MEPOB 3epEeH
go 100 — 150 HM pgas oOpasioB KepaMHK C
koutentparmeit SisNs Beire 0.25 M. B atom ciydae
YMEHBIICHUE CpPEeTHETO pa3Mepa 3epeH MPOUCXOIUT
3a CueT JBYX pPAaBHOBEPOATHBIX J(dekToB: 1)
YBEJIMYEHHE CKOPOCTH IIOMOJA, NPHUBOASILIEMY K
Oosee BBIPAKEHHON NECTPYKLMM KPYIHBIX 3€pEH U
X JpoONEeHUI0 W 2) YyBENWYCHHUE KOHUCHTPALUH
SizNs mpuBoaMT K 6OJIee MHTEHCHBHBIM IIPOLIECCAM
(a30BBIX W CTPYKTYpPHBIX TpaHchOpMaIii mpu
BBICOKOCKOPOCTHOM MEXaHUYECKOM BO3JICHCTBUHU.
IIpu 3TOM aHaNU3UPysl BIUSHUE U3MEHEHUN YCIOBUMI
nepeMalblBaHus B CiIydae 00pa3LoB ¢ pa3IMYHBIMU
KoHIeHTparmsaMi  SisN2 B KOMIIO3HMITHOHHBIX
KepaMUKax MOXKHO CIIeJIaTh BBIBOJ O TOM, YTO TPH
W3MEHEHUH YCIOBUM IepeMaibiBaHus (B YaCTHOCTH,
CKOPOCTHM  HU3MENBYEHHUs)  MEXaHOXUMHYECKOE
TBepao(dazHoe BO3JECHCTBHE MENIOMIMX IIApOB
MPHUBOINT K ipobneruto 3epeH ¢ 350 go 100 - 200umM,
Opd O5TOM HauOosiee BBIPAKCHHBIE HM3MEHEHHS
pa3MepoB 3epeH HaOIIONAIOTCS PU KOHIICHTPAIHAX
SisNs Beimie 0.25 M mpu  BBICOKHX CKOPOCTSX
IIOMOJIa, YTO B CBOIO OYEpelb aeT BO3MOKHOCTb
MOJYYEHUS] yIbTPAMEIKOJUCIIEPCHBIX KEPaMHK C
MaJbIMU pa3Mmepamiu 3epeH (D), uto B ganmpHeiimem
MOJET 00eCeUnTh YIIPOUHEHHUE 3a CUET pa3MEepPHBIX
(akTOPOB U BEICOKOW JANCIIOKAIIMOHHON TIOTHOCTH.

350 ; i i i
. : : :
I
— 300 - ? i #
a
3 1
S 250 - 7 7
g Yy
@
a
i Ty
§ 200 4
g ® 200 o6opoT/MuH
8— ® 300 obopoT/MUH
1504 4 400 060poT/MUH
v 500 o6opot/MuH
600 o6opoT/MUH
100 :

T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

KoHueHTpaums Si;N,, M

Pucynox 1 — Pe3ynbTaThl OIeHKH CpETHETO
pa3mepa 3eper XSizNs — (1-X)ZrO; kepamuk B
3aBUCUMOCTH OT BapHalliy YCIOBHMA
MEXaHOXUMHYECKOTO TIePEMaTBIBAHUS

Kak wu3BecTHO, yMEHBIUIEHHE pa3MEpPOB 3EPEH,
IMIPUBOAMUT K YBECIIMUCHUIO KOJIMYCCTBA I'PAHULL 3€PEH,
a TaKkKe JHUCIOKAIMOHHOHN IIOTHOCTU (J), KOTOpas
oOpaTHa nponopuuoHanbHa Benuuune D?. U3 uero
cleayeT, 4YTO YMEHBIICHHE pPa3MEPOB  3€peH
NPUBOAUT K  YBEJIMYCHUIO  JUCIOKAI[MOHHON
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IUIOTHOCTH,  W3MCHEHWE  KOTOpOM  Haubouee
MIPOSBIIAETCS IS MEIKOIUCIIEPCHBIX KepaMHuK. Ha
pHCyHKE 2 MpEICTaBJICHBI PE3yJbTAThl M3MEHEHHSI
aucaokaimonHoi tmotHocTH XSisNa — (1-X)ZrO;
KepaMHuK B 3aBUCUMOCTH oT YCIIOBHIA
mepeManblBaHiusd W M3MEHEHHMH  KOHIEHTPAI[HH
KOMIIOHEHT B COCTaBE.
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Pucynox 2 — Pe3ynbrarel U3MEHEHUS
IUCIOKAIMOHHOM mIoTHOCTH XSizNg — (1-X)ZrO;
KE€paMUK B 3aBUCUMOCTHU OT Bapualiuiu yCJ'IOBI/Iﬁ
I1OJIy4YEHHUS

OOmmii  BHJ  TNPEICTAaBICHHBIX  JaHHBIX
W3MEHEHUH JUCIOKAMOHHOM IUIOTHOCTH HMEET
XOpOoIIee COoTJIache C JaHHBIMU H3MEHEHHS pa3MEpPOB
3epeH, a TaKkKe Hanbojee BhIpaKEHHBIE M3MEHEHHUS
IUCTIOKAIIMOHHON TUIOTHOCTH HAOJIOAAIOTCS  JUIs
o6pasioB XSizsN4 — (1-X)ZrO, kepaMuK, MOJyIEHHBIX
npu ckopoctd momona 600 o0OpoT/MHH, IS
KOTOpBIX mpu KoHIeHTparwsax SisNs Beime 0.25 M
HabJronaeTcs pe3sKkoe yMEHbIIEHHE Pa3MepPOB 3epEeH U
KaK CJEJICTBHE YyBEIMYCHHUE JIHCIOKAIIMOHHOM
IJIOTHOCTHU Oojiee yeM B 2.5 — 4 paza 1o CpaBHEHHUIO
¢ ZrO; kepamukamu 0e3 g00aBieHus SizNa.

Ha pucynke 3 mnpencraBneHbl pe3yibTaThl
OILICHKM HM3MEHEHHs BEJIMYMHBI OOBEMHOTO BKJIAJA
rpanun; 3epen (f), BenmumHa KOTOpOrO sBIAETCS
OJTHHMM U3 BaKHBIX (PAKTOPOB B YIIPOUHEHUN KEPAMUK
HapaBHE C JIMCJIIOKAIIMOHHOW IIOTHOCTBIO, TaK KaK B
ciiyyae OOJIBIIIOTO KOJIMYECTBAa TPAHUI] 3€peH, WX
BKJIaJI MOXET OKa3aTh YHNPOUHSIOIMUH 3Q¢eKT npu
BHEITHUX BO3/ICUCTBUAX Ha o0Opa3e (MEXaHMYECKHUX,
panuaIMoOHHbIX, KOPPO3UOHHBIX).

Kak BuzHO #3 TpeACTaBIEHHBIX JAaHHBIX,
n3MeHeHus BenuuuHbl (f) nmeer cxoxkuit xapakrep,
YTO W HW3MEHCHHE BEIHYHMHBI JIUCIOKAIIMOHHOM
IUIOTHOCTU B 3aBUCHMOCTH OT YCJIOBUH BapHallUH
nepeMaiblBaHUsl  KePaMUK, W KOHICHTPaLUH
KOMIIOHEHT, 4YTO CBUICTEIBCTBYET O TOM, 4TO

JaHHBIE (PAaKTOPBl MOTYT OKa3aTh PAaBHOBEPOSTHOE
BIIMSHAE HA W3MEHEHHE YIPOYHCHHS KEPaMHUK IpU
MEXaHUYECKUX BO3JIEHCTBUSIX. IIpu 3TOM
HauOoubiiee u3MeHeHue BenuuuHbl (f), kak U B
CIy4ae HM3MEHEHMH JAHCIOKALMOHHOM IIJIOTHOCTH
HaOJMomaeTcss TPH  MAaKCHUMAJIBHOM  CKOPOCTH
nepemansiBanust (600 00OpPOT/MHH) TpPH BBICOKHX
koHueHTpaimsx SisNs (6onee 0.25 M).
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Pucynok 3 — Pe3ynbraThl H3MEHEHUS BETUYHHbI
obbemHOTO BKIIaaa rpanuil 3epeH (f) B 3aBucumocTn
OT U3MEHEHUS yCIOBUI IIOJIyYECHHUS
XSizNs — (1-X)ZrO, xepamuk

KiaroueBbIMM  BaKHBIMM XapaKTCpuCTUKaMu,
OIpEeACIAIOINMN IIOTCHIIMAJI IMPUMCHCHU A
KEepaMHUYCCKUX MaTCpuajioB B Ka4dCCTBEC
KOHCTPYKIMOHHBIX  MaTCpUaIOB, ABJIAIOTCA HUX

MPOYHOCTHBIC CBOMCTBAa. Kak W3BECTHO, MHUOKCHI
UPKOHUS U HUTPHJ KPEMHHUSI 00JIaJal0T OTHUMH U3
Hauboyiee BBICOKMX 3HAYCHHH TBEPAOCTH Cpeln
OKCHUJIHBIX U HUTPUIHBIX KEPaAMUK, a TAKKE BBICOKOM

YCTOMUYUBOCTBIO K PacTpeCKUBAHUIO npu
MEXaHUYECKOM  BO3JICHCTBHHM, YTO  ITO3BOJIICT
HUCIIOJIB30BATh nux B Ka4yeCTBC OCHOBBI JUJIA
TyFOHHaBKI/IX MaTepI/IaJIOB, KOTOpBIe
SKCIUIyaTHUPYIOTCS B YCIJIOBHSX  IIOBBIIIEHHBIX
MEXaHUYECKUX Harpy3oK, a TakKe BHEUIHUX
BO3JE€HICTBUH.

Ha pucynke 4 mnpexacraBieHbl pe3yibTaThl
OILICHKU H3MEHECHUS 3HAYCHUH TBEPAOCTHU

KOMITO3UITHOHHBIX  XSizNa (1-x)ZrO; kepamuk
U3MEPEHHBIC METO/IOM MH/ICHTUPOBAHHSI.

Kak BWIHO W3 TPEACTAaBICHHBIX JaHHBIX,
U3MEHCHHE TBEPIOCTH XapaKTePU3yeTCs JBYMs
THUIAMH  HM3MEHEHUH, KOTOpbhIe CBs3aHbI Kak C
Bapuanmeir coctaBa XSisNs — (1-X)ZrO, kepamuk
(Tpy M3MEHEHNH KOHIIEHTPALMH KOMIIOHEHT), TaK U
U3MEHCHMSIMH ~ CKOPOCTH  TOMoJia  (Bapuamms
KOTOpOW, Kak OBUIO TIOKa3aHO Ha pucyHke 3.1
NPUBOAUT K U3MEHEHUIO pa3MepoB 3epeH). [1pu aTom,
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MN3yyeHne BANAHUA pa3mepHbix 3¢dekToB B XSisNg — (1-x)ZrO2 Kepamukax...

B ciny4yae HcxoAHbIX ZrO; KepamHK, H3MEHEHHUE
TBepAOCTH cocTaBisieT mopsinka 10—-20 % mpum
BapHaIii CKOPOCTH MomoJia (M3MEHEHHsI pa3MepoB
3epeH) o00yclOBIEHO pa3MepHbBIMU 3ddexTamu
(M3MEHEHHUSIMU  TUCIIOKAITMOHHOW  IJIOTHOCTH |
00BEMHOH MTOJIM TPaHUI] 3ePEH), TaK KaK B JAHHOM
cillyyae W3MEHCHHWH, CBS3aHHBIX C BapHallUeH
KOMIIOHEHT WM (a30BbIX TpaHcPopMaluii HET.

CornmacHO TIONyYEHHBIM JaHHBIM BHJIHO, YTO
yBeiqudyeHne KoHieHtpammu SisNsa B cocraBe
KepaMHK, BHE  3aBUCUMOCTU OT  CKOPOCTH
repeMaIbIBaHMs HaOJIr01aeTCs YBEIHYCHHE

3HaYeHWH TBEPAOCTH, YTO OOYCJIOBIEHO Ooee
BBICOKMMH 3Ha4eHUsIMHU TBepaocTu SisNs kepammuk
(mopsinxa 800 — 900 HV). [dannsiii 3pdexr Moxker
OBITh OOBSCHEH HaTMYHMEM MeX(a3HbIX TPAHUI] TIPH
CIICKaHUU JABYXKOMITOHCHTHBIX KEpaMUK,
(dopMHpOBaHHE KOTOPHIX HapaBHE C Pa3MEPHBIMH
a¢(hekTaMu OKa3BIBAIOT MOJIOKUTENBHEIHN 3D ekt Ha
YIIPOYHEHUE KEPAMUK.
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PucyHnok 4 — Pe3ynbTaTel H3MEHEHUs TBEPAOCTH B
3aBUCUMOCTH OT YCJIOBUI BapHalUY ITOITYYEHUS
XSisNg — (1-X)ZrO; xepamuk

Ha ocHoBe u3MeHeHHII 3HAYEHUN TBEPAOCTU
XSisNg — (1-X)ZrO, kepamMHK B CpaBHEHHH CO
3HAUCHUSIMH TBEPAOCTH, TMOMy4YeHHbIMU st ZrO;
KepaMUK, MEePEMOJIOTHIX W OTOXKECHHBIX TIPU TEX Ke
ycinoBmsix (B cimydae korma x=0 M), Obum
paccunTaHbl 3HaUeHUS ) (HEKTUBHOCTH YIIPOYHEHUS
KepaMUK, BeJIMYMHA KOTOPOW IIpe/CTaBieHa Ha
pHUCYHKE 5.

Kak BuAHO W3 TMpEACTAaBICHHBIX IaHHBIX,
MakcumanbHoe yrpouHeHue B XSisNi — (1-X)ZrO;
KepaMUKax JIOCTUTAETCS IPH COBOKYITHOCTH JBYX
(baxTopoB: npu OoNbIIMX KOHUEHTparmsax SisNa, a
TaKXe MPH M3MEHEHHH CKOPOCTH IepeMabIBaHMS.
Ilpy >TOM BIWSHHME CKOPOCTH HEpPEeMaJIbIBAHHS
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HauboJiee MPOSBISAETCS TONBKO B CIIy4ae BBICOKHX
ckopocreir (500 — 600 obopoT/mMHUH), a TaKKe MPH
6onpmmx KoHeHTpanusax SisN4 (6omee 0.25 M). Ilpu

3TOM  MaKCUMallbHasi  BEJIUYMHA  YIPOYHCHUS
cocrapmsier mopsinka 50 — 70 %, 9TO
CBUJICTENILCTBYET O  JOCTaTOYHO  BBICOKHX

M3MEHEHUSX MPOYHOCTHBIX XapaKTEPUCTUK KEPAMUK,
KOTOpBIC HaWOoOJiee BBIPAKEHBI I OOJBIIUX
KoHIeHTparmid  SisN4, 9TO TOMHMO pa3MepHBIX
3¢ pexToB MPUBOANT K (POPMUPOBAHUIO MEK(DA3HBIX

rpanul], HaJIAM4YHUC KOTOPBIX TAaKKE€ IMNPHUBOAUT K
YIPOYHEHHUIO.
704 = 200 o6opoT/MUH
® 300 obopoT/mMuH z
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Pucynoxk 5 — Pe3ysbrarsl ynipouyHeHHs! KEPaMUK B
3aBHCHMOCTH OT YCJIOBHIA BapUALIUH TTOTYUCHUSI
XSi3Ng — (1-X)ZrO, xepamuk

OmHMMHU M3 KIFOUEBBIX (DAaKTOPOB, BIIUSFOIIMX
Ha ynpouneHue XSisNs— (1-X)ZrO;  kepamuk,
MOTYYEeHHBIX npu Pa3INIHBIX YCIIOBUSX
nepeManbIBaHNs, N3MEHEHHE KOTOPBIX NMPHUBOIHUT K
BapHaluK pa3MepoB 3epeH, MOTYT UrpaTh dPPEKTHI,
CBSI3aHHBIE C JUCIOKAIAOHHON TUIOTHOCTHIO H
00BEMHBIM BKJIAJIOM TpaHUWI] 3epeH, W3MEHEHUE
KOTOPBIX HAalpPAMYIO CBSI3aHO C HW3MEHEHUSIMH
pasMepoB Tonydaembix 3epeH. Ha pucynke 6
NPEJICTABICHBl  PEe3yJbTaThl  ONEHKH  BIUSHUS
pasMepHbIX (HaKTOPOB (IMCIOKALMOHHON INIOTHOCTH
1 00BbEMHOI0 BKJIaJla TPaHUI] 3epeH) Ha YIIPOYHEHHE
noydeHHbIX XSizNs — (1-X)ZrO; kepamuk.

Kak BHIHO W3 NpeACTaBIEHHBIX JIaHHBIX, 00a
¢akTopa (IUCIOKaMOHHAs TNIOTHOCTh U OOBEMHBIN
BKIIQJl TpaHMIl 3€pPEeH) HMEIOT pPaBHOBEPOSTHOE
BIMSHUE HA YIPOYHEHHE, IPH JTOM Haubolee
BBIpa)KEHBI JaHHBIE M3MEHEHHS HaOJIIONAIOTCS MPH
W3MEHEHUH KOHIIEHTPAIIMY KOMIIOHEHT KEPaMHUK, YTO
NPUBOANT TaKXKe K (OPMHUPOBAHMIO MEK(pa3HBIX
TPaHUI], HAJIWYUC KOTOPBIX TaKKe MPUBOAUT K
VOPOYHEHUIO W YBEIUYEHHIO YCTOWYMBOCTH K
BHEIITHUM BO3JIEHCTBHUSIM (MEXaHUICCKUM ).
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a) 3aBHCHMOCTb U3MEHEHUS CTEIEHU
YOPOYHEHUS! OT JHUCIOKAIlOHHOM TOTHOCTH; 0)
3aBUCUMOCTb WM3MEHEHHUS CTEIEHHM YINPOYHEHHS OT
BEJIMYMHBI 00BEMHOTO BKJIaa FPAaHHILL 3€PEH.

Pucynok 6 — Pe3ynbTaTsl OLIEHKH BIUSHHUS
pa3MepHbIX (AaKTOPOB (IUCIOKALMOHHON MIIOTHOCTH
1 00BEMHOTO BKJIaJIa TPAaHUII 3€PEH) Ha YIPOUHEHHE

OCHOBBIBAsICh HA TIPOBEJICHHBIX MCCIIEI0BAHUSIX
MOJHO CJIeNlaTh BBIBOJ O TOM, YTO HCIOJb30BAHHUEC
MEXaHOXHUMHUYECKOTO TBepa0ha3HOro
MepeMaibIBaHis [IyTeM BapbUPOBAaHHUS CKOPOCTH
nepeManbiBaHus  (M3MENbUCHHS)  MPHUBOIUT K
BO3MOYKHOCTH YIIPABJIEHUS pa3MepHbIMH 3 dekTamu
MpH  TIONYyYEHWH KOMITO3MIMOHHBEIX  XSisNas— (1-
X)ZrO; xkepamuik. IIpu 3TOM BapbUpys YCIOBHS
nepeMalbiBaHusl  (CKOPOCTh TIOMOJa), a TaKKe
KOHIIEHTPAIIMIO KCXOAHBIX KOMITIOHEHT B COCTaBe

XSisNs — (1-X)ZrO; kepaMHUK MOXHO TIOJYYHTh
BBICOKOIIPOYHBIE KEPAMUKH, KOTOpbIe 001agaroT
BBICOKO YCTOMYUBOCTBIO K BHEILIHUM
BO3JICHCTBUSM.

3akiir0yeHue

B xome uccnenoBaHMi,  CBSI3aHHBIX — C

0TpabOTKOM PEXKUMOB MOITYIEHHS KOMITO3UIINOHHBIX
XSi3N4 — (1-X)ZrO; kepaMuK ¢ IIpUMEHEHHEM METOIA
MEXaHOXHUMHUYECKOTO TBepao(dazHOro
HepeMalbIBaHus M TIOCIEAYIOIETO0 TEPMHUIECKOTO
CIEKaHWs TIPU BapHALMA YCIOBHH IOJyYCHUS
(M3MeHEeHMHd ~ CKOpOCTH  TepeMajblBaHHi |
KOHIICHTpAIlMK  KOMIIOHEHT) OBLIM  TOJYYEHBI
CIIeTyIoIHe pe3yinbTaThl. [Ipy n3MeHeHHN CKOPOCTH
nepeMalbiBaHus ObUIO YCTaHOBJICHO, YTO Hambolee
BBIDQKEHHBIE ~ HM3MEHEHUS  MOP(OIOTHUECKUX
ocobennocreii  XSisNs  —  (1-X)ZrO,  kepamuk
HaOIIOJAIOTCS TIPHU CKOPOCTSX NepemManbiBanmst 500 —
600 o0opoT/MHH, Il KOTOPBIX HaOJrOaeTcs OoJiee
yeM 1.5-2.5 — kpaTHOE yMEHBIIIEHHE Pa3MEPOB 3€pEH,
KOTOpOE MPHUBOJINUT K YBEIMUCHHIO ANUCIOKATHOHHON
TUIOTHOCTH ¥ OOBEMHOHM JONMU TpaHul] 3epeH. [Ipu
3TOM HamOoJjiee BBIpaKCHHBIE pa3MepHbIe dPQeKThI
(yMeHbIIIEHHE Pa3MepOB 3€peH) HAOIIOJArOTCS IS
XSizNs — (1-x)ZrO; kepamuk ¢ KoHIeHTpanuei SisN4
paBHoii 0.25 — 0.5 M. B xome wu3MepeHui
NPOYHOCTHBIX XapaKTEPHCTHK OBUIO YCTaHOBIEHO,
YTO KJIOYEBYIO pOJb B YIPOYHEHUH HIPAIOT
pa3Mepubie 3p(eKThl (M3MEHEHHE TUCITIOKAIIMOHHON
IUIOTHOCTH M KOHIIGHTpaMH OOBEMHOr0 BKJIAJA
TPaHUIl 3€pPEH), yBEINYECHHE KOTOPHIX MPUBOAMT K
Oonee yem 1.5 — KpaTHOMY YBEIMYEHUIO 3HAYCHUI
TBEPJOCTH 00pa3ioB KepaMuK. Takke Ha U3MEHEHUE
tBepaoctd XSisNs — (1-X)ZrO, kepaMHUK OKa3bIBaeT
BIIMSHAE HM3MEHEHHE COOTHOIICHWE KOHILEHTpPAIMH

KOMIIOHEHT, COTJIacCHO KOTOpPhIM  yBEJIMYEHHE
BecoBOro Bkiaga SisNs NMPUBOANT K YBEIMYCHHIO
VOPOYHEHUS]  KepaMHK,  KOoTopoe  Haumbonee

MIPOSIBIIEHO TIPH BBICOKHX KOHIEHTpAImsx SizNa.

BaaronaprocTs

Hannast pabGotra BBIIONIHEHA B  paMKax
MPOTPaMMHO-IIETIEBOTO (UHAHCUPOBaHUS
(mporpamma No. BR21882237 «Pa3paborka wu

UCCJIEIOBAHNE TIEPCIEKTUBHBIX KOMITIO3UIMOHHBIX
MaTepUasoB I SHEPTETHKH W TOTUTMBHOTO ITUKJIIA)
npu nojgaepxxke Komurera Haykn MuHucCTepcTBa
HayKH ¥ Bblcuiero oopaszoBanus PK.
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IN SITU PAMAHOBCKMIN AHATIN3 SNEKTPOXUMUYECKWUX ABTEHNN
B YINIEPOAHbBIX HAHOCTEHKAX

YrnepofaHble  HaHocTeHbl  (YHC) npeactaBnatoT  cobol  BepTMKaZbHO  OPUEHTMPOBaHHbIE
B3aMMOCBSA3aHHble rpadeHoBble AncTbl. OHWM MpuUBAEKaloT BCe OO0/bWNN UHTEpec And MPUMEHEHMA B
3NEKTPOXMMMNYECKNX CEHCOPHBIX YCTPOMCTBax Haarogapa CBOEW BbICOKOW 3/1E€KTPO- M TEena0onpoBOAHOCTH,
OT/IMYHOWN 3NEKTPOKATA/IMTUYECKON aKTMBHOCTM, OOJIbLWION MAOWAAM YyAE/bHOM MOBEPXHOCTU U BbICOKOWN
YyBCTBUTE/NIbHOCTU K Pa3MYHbIM aHanntam. B gaHHon pabote YHC 6biin CMHTE3MPOBaAHbI Ha MOAJ/I0MKaX
TI\SIO,\Si MEeToA0M MIa3MEHHO-XMMMUYECKOTO OCaKAEHUS U3 ra3oBon ¢asbl C MHXeKumen pagukanos (RI-
PECVD). CTpyKTypHble U MOpPdOAOTMYecKMe CBOMCTBA MoyYeHHbIX YHC 6blin mMccieaoBaHbl C MOMOLLLbIO
CMEKTPOCKOMUM KOMOMHALMOHHOTO paccesHus CBeTa (pamMaHOBCKasi CMEeKTPOCKOMMS) M CKaHWpyloLLen
3N1EKTPOHHOM MMKpOCKONuK. [1nAa aHanmsa 3NeKTPOXMMMYECKMX cBOMCTB YHC MCNoab3oBanmM UMKANYECKYHO
BO/IbTAMMEPOMETPUID U XPOHOAMMNEPOMETPUIO. DNEKTPoxXMmmMYeckme ceoinctea YHC Obinn mccnenoBaHbl B
COYETaHUM C PaMaHOBCKOWM CNEeKTPOCKONMeN in situ. PamaHOBCKas cnekTpocKkonua in situ aaeT MHbopmMaumio o
BO3MOXHbIX MOBPEXAEHMAX, HAPYLLUEHUAX CUMMETPUM N CTPYKTYPHbBIX MU3MEHEHUAX B MaTepunae 1 ABAAETCA
3bbEKTMBHBIM METOAOM ANS M3y4eHUa Ga30oBbiX NEPEXOA0B, BbI3BAHHbLIX TEMNEPATYPOW, AaBNEHUEM WK
3NEKTPOXMMMYECKON peakumen. KOoHTpoNMpyemoe NPUAOKEHWE Pa3HbIX 3HAYEHWUN HaMNPAKEHMA Ha
anekTpode YHC no3BOAMAO 3aNyCTUTb 31EKTPOXMMMYECKME PeaKLMN, KOTOPbIe OTCAEXMBAIUCE C MOMOLLBIO in
Situ  pPaMaHOBCKOW CMEKTPOCKOMWUM. Peakumm HOCUMAM 4YaCTUYHO obpaTuMMmbIi  XapakTep, O 4Yem
CBMAETENbCTBOBAN0 YBeANUYEHNE/YMEHbLLEHWE COOTHOLLIEHNA MHTEHCMBHOCTEN NUKOB (lp/lg) B paMaHOBCKMX
cnekTpax YHC anekTpoaa.

Kniouesble CnoBa: yriepoAHble HAHOCTEHbI, PAMaHOBCKaa cnekTpockonua in  situ, RI-PECVD,
3/1EKTPOXMMMYECKAA peaKLmA.
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KemipTeKTi HaHOKabblpFanapAafbl INEKTPOXUMUANBIK KYObINbICTapAbIH, in Situ PamaH Tanaaybl

KemipTekTi HaHOKabblpFanap - TiriHeH bafrbiTTaNfaH KaHe e3apa balnaHbICTbl rpadeH napakTapbl. Onap
YOFaPbl 2/IEKTP KIHE Kby OTKI3TILWTIr, Tamalla 31eKTpoKaTaUTMKabIK benceHainiri, yakeH 6eTiHiH ayaaHbl
YKOHE »KOFapbl Ce3iMTanaplFbl aPKACbIHAA SNEKTPOXMMUANBIK CEHCOP/bIK KYPbINFblIapAa KONLAHYFa apHaafaH
maTtepuan peTiHae benceHi Kbl3bIFyLbIbIK TaHbITyaAa. bya symbicTa KemipTeri HaHokabbipranapbl Ti\SiO\Si
cybcTpaTTapbiHAa paamMKanibl MHMKEKLUMANbI ra3ablk dasanaH naas3masnbik XMMUAAbIK TyHablipy (RI-PECVD)
d4iciMmeH cuHTe3aenai. ANblHFAH KemipTeri HaHOKabblpFanapbliHbIH, KYPbIbIMABIK XaHe MOPdONOrUANbIK,
KacMeTTepi apblKTblH KOMOWHAUMANBIK LWalblpay CNEKTPOCKOMMACHI KaHe CKaHepaeyli 31eKTPOHAbI
MUKPOCKONKA KemeriMeH 3epTTendi. KemipTeri HaHOKaOblpFanapbiHbIH, 3NEKTPOXUMUANBIK KACUMETTepiH
Tangay  yWwiH - UMKAGIK  BONbTAaMMETPUMA  MEH  XPOHOAaMMEepOMETpMA  KOMAaHbinAbl.  KemipTeri
HaHOKaObIpFanapbIHbIH, 3N1EKTPOXMMUANBIK KacneTTepi in situ PamaH cnekTpockonuacbiMeH bipre 3epTTens,.
PamaH CneKkTPOCKOMUACHI in Situ MaTepuaniblH, bIKTUMAN 3aKbIMAAHYbIO CUMMMETPUAHBIH, Dy3blaybl XaHe
KypblAbIMAbIK, e3rericTepi Typanbl aknapaT 6epeai. On coHaal-ak TemnepaTypa MeH KbICbIM Hemece
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In situ paMaHOBCKMﬁ dHaNN3 INEKTPOXUMUNYECKNX ABNEHWNI B yrnepoaHbliX HAHOCTEHKaAX

INEKTPOXMMMANBIK Peakumanap CUAKTbl alHbiManbliapdaH TyblHAaFaH ¢asanbik aybiCynapabl 3epTTeyain,
TUMIMAI Kypanbl peTiHae KondaHblnaabl. KemipTeKTi HaHOKabbIpFa 3/1eKTPOAbIHAA SPTYP/i KepHey MaHaepiH
KOJIAaHY apKbl/ibl, in Situ PamaH CnekTPOCKOMMACHI apKbl/ibl BaKbliaraH 31eKTPOXMMUABIK peakumanapabl icke

KOCyFa MYMKIiHAIK 6epai. Peakumanap iwiHapa KauTbimabl 6onabl, 6yn  (lap/le)  KaTbiHACbIHbIK
YKOFfapblnay/TemeHaeyimeH aanenaeHai.
TylhiH ce3pmep: KemipTekTi HaHokabblpfanapbl, in situ PamaH cnektpockonusacel, RI-PECVD,

SNNIEKTPOXNMUANBIK PEAKLNA
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IN SITU Raman analysis of electrochemical phenomena in carbon nanowalls

Carbon nanowalls (CNWs) are vertically oriented and interconnected graphene sheets. They are
attracting growing interest as a new material for application in electrochemical sensing devices due to their
high electrical and thermal conductivity, excellent electrocatalytic activity, large specific surface area and high
sensitivity to various analytes. In this work, CNWs were synthesized on Ti\Si0,\Si substrates by radical-injection
plasma-enhanced chemical vapor deposition (RI-PECVD). The structural and morphological properties of the
obtained CNWs were investigated by Raman spectroscopy and scanning electron microscopy. Cyclic
voltammetry and chronoamperometry were used to analyze the electrochemical properties of the CNWs. The
electrochemical properties of the CNWSs were investigated in conjunction with in situ Raman spectroscopy. /n
situ Raman spectroscopy provides information on possible damage or disorder in the material and is an
effective method to study phase transitions induced by temperature, pressure, or electrochemical reaction.
The intentional applying of different values of voltages on the CNWs electrode allowed us to trigger
electrochemical reactions, which we monitored with in situ Raman spectroscopy. The reactions were partially
reversible, as indicated by the increase/decrease of the peak intensity ratio (l20/l).

Keywords: carbon nanowalls, in situ Raman spectroscopy, RI-PECVD, electrochemical reaction.

BBeaenne

B nmocnemHue Tombl  Oonblioe  BHHMaHHE
MIPUBIIEKAIOT METOJBI OMPEIENIEHUS] XapaKTEePUCTUK
in-situ c pa3IMYHBIMU MPOCTPAaHCTBEHHO-
BPEMEHHBIMH MacIITabamMH, KOTOpbIE PUMEHSIOTCS
JUISL WCCIIEIOBaHUSl MEXaHW3Ma 3apsja/paspsga u

B3aUMOCBSI3H CTPYKTYPBI u AKTHUBHOCTH
3IEKTPOIHBIX MaTepUalIoB. PamanoBckas
CHEKTPOCKONMUS — WJCaNbHBIA HMHCTPYMEHT IS

OTIpE/IETICHHSI XapaKTePUCTHK, O0IaA0INiA TAKUMHU
JOCTOMHCTBAMH, Kak OBICTpPOTa, Hepa3pyLIarOLIUi
KOHTPOJIb U BbIcOKOe paspemieHue [1-3]. B 2006
rojy ObUI BIiepBbIE OOHAPYKEH PAMAHOBCKUH CIIEKTP
rpagena, a PamaHOBCKas CHEKTpOCKOMHUSI B
MOCIAEACTBUN  CTaJla  KJIACCHYECKUM  METOAOM
OTIpE/IETICHHSI XapPaKTEPUCTHK HEYMOPSIIOYEHHBIX U
aMop(dHBIX yrieposoB [4], rpadeHa, HAHOTPYOOK H
yrieponubix HaHocteH (YHC) [5-8].

VYrnepogasie Hanoctenbl (YHC) sBisroTcs
OJTHOM M3 AJIOTPOIHBIX MOAU(HUKAIIMN yriepojaa u
NPeACTaBIsIOT  co0OM  TpexXMepHBIE CeTH U3
BEPTUKAIBHO  OPHUEHTHPOBAaHHBIX  Ipad)eHOBBIX
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nucTtoB [9]. baarogapst cBOGOIHBIM CBS3SIM Ha Kpasix
BEPTUKAIBHO OPHEHTHUPOBAHHBIX HEOOJBILINX JIUCTOB
rpadena, YHC siBisieTcsl yHUKaIbHBIM 3J1EKTPOAHBIM
MaTepHaJIoM JUISl DJIEKTPOXUMHUYECKOTO JIETEKTHPO-
BaHMs, B LEJSIX CO3IAHUS XUMHYECKHX CEHCODOB,
MOCKOJIBKY JIETKO BCTYMAET B XUMHUECKUE PEAKIIUH C
aHAUTaMH, TPH KOTOPOM MEHSIET DIIEKTPUYECKOe
CONIPOTHBIICHWE W  TO3BOJSIET  JIETEKTHPOBATH
QHAJMTHI IPH MaJbIX KoHeHTpausx [10-13].
PamaHoBCKasi crieKTpockomnus in Situ mose3Ha
TEM, YTO MMO3BOJISIET YPPEKTUBHO BU3YATU3UPOBATH 1
KOHTPOJIMPOBaTh  OOLIYI0  3JIEKTPOXHMHYECKYIO
PEaKIMI0 B pPEeXHME peasbHOro BpemeHu [14-18].
[Mockosbky KojeOaTenbHbIE TOJOCH CBSI3aHBI C
HaJIMYMEM CBS3€Hl WM KOHKPETHOTO COEIUHEHUS,
MOSABJICHUE TAaKUX IIOJIOC TPH  MPUIOKEHHBIX
MOTEHIIAANAX MOXKET JIaTh MPEJICTABICHUE O TOYHOM
NPUYMHE  YJIYYIICHUS  AJIEKTPOKATATTUTUYCCKUX
xapakrepuctk [19]. Kpome Toro, cMmemeHue mukoB
YacTO YyKa3blBaeT Ha W3MEHEHHE XUMHYCCKHX
COCIMHEHUH B pe3yjbTaTe 3IEKTPOXUMUYIECKUX
peakuuid, 4To AaeT NpEACTaBICHHE O MEXaHU3Me
B3aumozeiicTBus. Takum  oOpa3oMm, mM0OOOHBIE
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CIEKTPOCKOMUYECCKAE  JAHHBIE ~ MOTYT  OBITh
WCTIONB30BaHbl JIJISl TIONYYCHHS Pa3JIMYHBIX THIIOB
nHpOpMaIU 00 DSIEKTPOXUMHUUYECKON pPEaKIThH,
TaKuX Kak CTPYKTYPHBIC MePeXOabl
AJIEKTPOKATAIN3ATOPOB, Mex(pa3HbIe XHMHUYCCKUE
COCJIMHEHMS HAa TOBEPXHOCTH M JIOKAIH30BaHHBIC
COCJIMHEHHS B 3JICKTPOJHMTE B OONACTH JBOWHOTO
anexTpudeckoro cios [20].

B nmocnemHue TOmBI  AKTUBHO H3ydaroTcs
AJIEKTPOXUMHUECKHE CBOWCTBA HAHOMATEPUANIOB HA
OCHOBe rpadeHa B coyeTanuu ¢ in Situ PamanoBckoit
cexkrpockonueii [21-23]. Hampumep, Bousa u mp.
hcciaenoBamd  okcua TpadeHa W TpadeHOBHIC
HAHOIUIACTUHKHA C IOMOILGIO iN Situ PamanoBckoi
CIICKTPOSJICKTPOXUMHUU BO BpPEMA BOJbLTaAMIICPO-

METPUIECKOTO [UKJIUPOBAHHS, a TaKKe
MOTEHIIMOCTATHYECKOTO 3apsizia KaK pu
BOCCTAaHOBUTEIHLHOM, TaK W  0OpuU  ciabo-

OKHCIUTENBbHBIX IoTeHnnanax [21]. B mokmane Choi
W Jp. TPOBEIM PaMaHOBCKHE H3MEpEeHHs in-Situ
MHUKpOMOCTa 13 rpadena Ha momioxkax SiO,/Si Ha
BO3JyXe MpPH TUIOTHOCTH JJIEKTPHUYECKOTO TOKa IO
2,58x108 A/em? [22]. Kpome Toro, B pabote Binder n
ap. [23], aBTOpBI CMOTJIM BBI3BaTh XEMOCOPOIIHUIO
BojopoJa Ha oOpa3ie IBYCIOWHOro rpadeHa,
HaMEPEeHHO TI0JaBas BBICOKOE HANpsHKEHWE Ha
3atBop. [Iporecc xemocopOIM ObUT MCCIIEIOBaH C
MOMOIIIBI0 PaMaHOBCKO# crieKTpockomuu in  Situ,
HaOmoas nosieiienue mox Si-H u C-H u yBenuuenne
WHTEHCHBHOCTH D-momocel B cmektpax. llporecc
ObUI  YacTU4YHO OOpaTMM TIpU  TPUIOKEHHH
OTpUIIATEIHHBIX 3HAYCHNUN HAIIPSHKEHUS Ha 3aTBOPE.
Takum obpa3zom, W3MEHSIS MIPHIIOKEHHOE
HampspDKeHHEe Ha  3aTBOpE, aBTOPBI  MOJNYYHIIH
JNIEKTPUYECKUN  TepeKIiovaTellb  XeMOocopOIun
Bojopoaa Ha rpadeHe. OmHAKO, HECMOTPS HA 3TH
JNOCTHKEHUS, B CYIIECTBYIOIEH JIMTEpaType HET
WHpOpPMAIUK 00 WCCIEOBAHUH DJIEKTPOXHMHUYEC-
kux cBoictB YHC ¢ mnomompio paMaHOBCKOH
CTIEeKTpOCKOMuUH in Situ.

B npencrasnenHoit padore uccnenoBans YHC
C MOMOII[bI0 PAMAHOBCKOM CIIEKTPOCKOMUH iN Situ Bo
BpeMs BOJBTAMIIEPOMETPHYECKOTO LIMKJA, a TaKKe
MOTEHIIHOCTATHYECKOTO 3apsia Kak npu
BOCCTAaHOBUTEIBHOM, TaK M TIPU OKHCIUTEIHHOM
noreHuuanax. [lomyueHHble pe3ynbTaThl B AajbHEH-
oIeM TPEeACTaBISIOT MHTEpec Uil [OHUMAHUS
(yHIaMEHTaNbHBIX BOMPOCOB CTPYKTYPHBIX HU3Me-
HeHuil YHC npu anekTpoXuMHYECKHX Mporeccax.

JKCepUMEHT

Cunre3 YHC mposenen metomom RI-PECVD.
OKCIepUMeHTaIbHAS YCTAaHOBKA, MPOIIECCH CHHTE3a
mo;po0OHO omucaHsl B paborax [24-26]. B kauecTBe
noasiokek A BeipamuBanus Y HC ucnons3oBanuck

Ti\SIO\Si pasmepom 4x4 cm, rae TommuHa Ti u SiO;
cocrapmsuia o 200 HM cooTBeTCTBEHHO. B Kamepy
BBOmMiack cMecb CHa ¢ pacxomom 100 scem, Hz ¢
pacxogom 50 sccm, a ofmee AaBleHHE Trasza
noanepxuBaioch Ha ypoBHe 3 Ila. MomHocTh
MHKpPOBOJIHOBOTO ~ HcTouyHmka SWP  (mrma3ma
MOBEPXHOCTHBIX BOJIH) ¥ MOITHOCTh cTouHNKa VHF
(ouenr Boicokass uactora), CCP (eMKocTHO-
cBsi3aHHAas ~ Iurasma)  coctaBmia 400 Br.
Temmnepatypa HarpeBaTens Ui HarpeBa 00pasLoB BO
Bpems pocta YHC mnonnepxuBanack Ha YpOBHE
800 °C. Bpemsi cuHTe3a OBIIIO yCTAaHOBJICHO HA 5 MUH,
a TtommuHa momydeHHoro ciost YHC cocraBumma
oKo0J10 350 HM.

Mopdonorus  nosepxHoctu  YHC  Obiia
UCCIIEIOBaHA  C  TIOMOINBI0  CKAaHUPYIOLIETO
aNeKTpoHHOTo MHKpockona (COM) S-4800, (Hitachi-
High Technologies). PamanoBckasi crieKTpoCKOIHsI
(NT-MDT Solver Spectrum Raman spectrometer)
ObUTa HCMONB30BaHA ISl U3YYCHHS CTPYKTYPHBIX
W3MEHEHUI 00pa3oB B [UaNa30He MOTEHINAJIOB OT -
1,2 B o 1,2 B npu 31€KTpOXUMUYECKUX U3MEPEHUSIX
B 3JICKTPOJMTE C HCIOJIB30BaHHEM IMOTEHIHOCTATa
(Metrohm, puStat-i 400) mnpu IMHE BOJHBI
B030Y)aeHUs 473 HM.

Hukmuaeckas Bombrammnepomerpusi (CV) u
aMIIepOMETPUYECKUE HW3MEPEHHS TPOBOAMINCH C

WCIIOJIb30BAaHUEM  TPEXIIEKTPOIHOM CHCTEMBI,
cocrosimiert 3 obpasna YHC B kauecTBe pabodero
anextpona, Ag/AgCl B KadecTBE 3JIEKTpPoOAa

CpPaBHEHHSA W IUIATUHOBOM MPOBOJIOKH B KadecTBE
MPOTHUBOYJIEKTPOIAa Ui OIEHKH 3(PPEeKTUBHOCTH
oopasuoB YHC. Usmepenuss CV npoBoannuchk B
Jrana3oHe moTteHmuanoB ot -1,2 go 1,2 B mpu
ckopocTu ckanupoBanus 20 MB/c. B kauectse
MOAJICP>KUBAIOIIEIO  3JIEKTPOJIUTA HCIOIb30BAJICs
0,5MN3.2804.

Pe3yabTathl u 00cy:xIeHue

Ha pucynke 1 mokazansr COM wuzobpaxeHus
wieHok YHC nHa nomnoxke Ti\SiO2\Si, Bug cBepxy
(puc.1a) u B monepeuHoM ceueHuu (puc.10). Beicora
YHC cocraBmsma okomo 350 mam. U3 pucynka 1
MOJKHO 3aMeTuTh, 4To YHC, cuHTe3npoBaHHBIE TIPU
BpPEMEHH pOCTa 5 MUH, UMEIOT TaOUPUHTONOA0OHYIO
CTPYKTYpY.

Ha pucynke 2 mpexacraBieHa IHMKIAYECKast
BonsTammepomerpus (CV) YHC B nnanasone -1,2 B
n 1,2 B npu pasnuyHBIX CKOPOCTAX CKAaHHPOBAHUSA
(20 mB/c — 80 wmB/c). Bo Bpems pa3BepTku
MOTEHIMala Ha [UKIMYECKON BOJbTaMIEpOrpaMMe
IpY peakuun paboyero 31eKTPoAa ¢ IEKTPOIUTOM
BO3HMKAET TUKOBBIM TOK B OIIPEICIICHHOM IUala30He
[IOTEHIIMAIOB, B KOTOPOM IpoOTeKaeT peakuus. Bo
BpeMsl pa3BepTKU MOTEHIHMajJa Ha LUKINYECKO
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BOJIETaMIIEpOTpaMMe, KOrJa pabOouyuil 3IIEKTPo] W
AIEKTPOIIUT BCTYIAIOT B PEAKIIHIO, B ONPEACICHHOM
JMana30He TOTEHIINAJIOB, T IPOUCXOAUT PEaKITHs,
BO3HHMKAeT MHKOBBIM TOK. B ciayuae HymneBoro
MOTEHITNANA  TOJOKHUTCIBRHBIA  IHKOBBIA  TOK
03HAYaeT PEaKIHMI0 OKHCICHHA, B TO BpEeMs Kak
OTPULIATETIFHBI MHUKOBBIM TOK YKa3bIlBacT Ha
PEaKIINI0 BOCCTAHOBIICHUSL.

0)

Pucynok 1 — COM uzobpakeHue
cuHTe3upoBaHHbx YHC

T

A5 40 405 00 05 10 15
E (V vs. Ag/AgCl)
Pucynok 2 — [{uknudeckas BoibTaMIeporpaMma
YHC npu pa3audHbIX CKOPOCTSIX
ckanupoBanus B pactBope NaSO4
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OJEKTPOXUMUYECKHUE H3MEPEHHsT HE MOTYT
MPEAOCTABUTh ACTANICH, MOATBEPKAAOIIUX TOYHBIN
MEXaHU3M pEaKLuH, IO03TOMY Ul IIOJIyYeHHs
yOeauTeNbHBIX apryMeHTOB UCTIONB3YeTCs
paMaHOBCKasi CIIEKTPOCKOITHSI iN Situ.

Ha pucynke 3 noka3ansl PaMaHOBCKHE CIIEKTPHI
VYHC B auamazone noTeHiuanoB ot -1,2 B no 1,2 B ¢
miarom 0,2 B mpH 3eKTpOXUMHUECKUX U3MEPEHUSIX
B anektponute. B Pamanosckux YHC mabmronatorcs
maku D, G, D', G 2D) u G + D [7]. Ilux D
XapakTepeH [y 0o0pasloB ¢ JaeeKTamMu B Sp’-
cTpykrypax. Hannune nuka G ykas3blBaeT Ha CUHTE3
rpadurnzupoannoro yriepona. Iluk D' B dopme
Tieya BO3HUKAeT W3-3a KpaeB, a Takke Ae(eKTos
pemeTkn rpadeHOBOM CTPYKTYPHl M YKa3blBaeT Ha
HEYTIOPSIOUYEHHOCTD B SP°-KPHCTAUIUTAX KOHEYHBIX
pasmepoB. llosernenue mnuka 2D yka3wsiBaeT Ha
JAIBHUIA TOpsTOK B cTpyKType. IIuk G+D siBnsercs
KOMOWHHPOBaHHOU MOJIOH, BBI3BaHHOU
HEYIOPSAT0YCHHOCTBIO CTPYKTYphl [27,28].  Tlpu
YBEIUYEHHUH 10JIaBAEMOTO0 ToTeHuana ot -1,2 B mo
1,2 B npu nepexone B MOJOXKHUTEIbHYIO 00JacTh B
CIIEKTpax MposBIsETCs MK B obmacta 980 cmt
XapakTepHblii  cynbpar-mony (SOZ7)  [29,30].
JlaHHOE sIBIEHHME CBS3aHO C MPOLECCOM Pa3I0KEHUS
Na.SO; npu okucnennn YHC Ha TONOKHUTEIEHOM
HOTEHIINAJIE.
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Pucynok 3 — Pamanosckue ciektpsl YHC B
JIManas3oHe norenuuaion otr -1,2 Bno 1,2 B¢
marom 0,2 B nipy 31€KTpOXUMHYECKUX
HU3MEPEHUSX B DJIEKTPOIHUTE

Amnanus CIIEKTPOB KOMOHMHAIMOHHOTO
paccesHUsT JEMOHCTPHPYET pa3JIMuHOE BIHMSIHUE
EKTPOXUMHUUECKOI0 LIUKINPOBAaHUSA Ha CTPYKTYpPY
YHC. CootHouenue uHTeHcUBHOCTEHN NMKkoB G u D
(le/lp) B YHC mnpakTH4YecKH HE H3MEHSCTCS MPU
Pa3HBIX MPHIOKECHHBIX MOTEHIMANax (PUCYHOK 4a).
[Jannoe SIBJICHHE CBUJIETEIILCTBYET 0
npeobnanaromeii  paze co  cTaOWiIbHOH  SpP?
ruOpuguzanueii  yriaepoga B crpykrype YHC.
Onnako, cootHomenne mukoB (lop/lg) ymeHbIaeTes
¢ 0,59 mo 0,35 mpu MOJMOKWUTENEHOM MOTEHIIHANEe
(puc. 46).  Ymenbmenune o/l cBsi3aHo ¢
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OKHUCIIUTENBHOU XUMHYECKON peakueit B 3akao4eHue
rpadgeHoBrlx smcTax YHC mpu TMOJIOKUTEIHEHOM
HaIpPSOKEHUH, YTO MPUBOIUT K MOSIBICHUIO YTIEPOI- Takum 00pa3om, ObUTH H3Y4E€HBI OCOOCHHOCTH
KHCIJIOPOJIHOM CBsI3H, T.€. OKcHIy rpadena [31-33]. nosefenuss YHC B mporecce 3IeKTPOXHUMUYECKUX
12 H3MEpeHuin c TIOMOIIIBIO PamanoBckoit
1o | creKTpocKonuy in Situ. CrekTpsl KOMOMHAIIHOHHOTO
paccesHus MOKa3aj, 4TO COOTHOILICHHE
EM‘ e G ' narencuHocteil mukoB G u D (lg/lp) B YHC He
=084 CHJIPHO W3MEHSETCS TPU Pa3HBIX MPHUIOKEHHBIX
5

morernuanax. OmHako, coorHomenne mukoB (l2p/lc)

044 ymenbinaercs ¢ 0,59 mo 0,35 mpu MonoXKUTEIHHOM

02 ' MOTEHIIHae, 9YTO OOBSACHSIETCA OKHCIUTEIHHOU
peakuueil Ha TOBEpXHOCTH Marepuana. [lonydyeHHnsie

S n o en B3 18 15 pe3yibTaThl B JAbHEUIIIEM MPEACTABISIOT HHTEPEC

uv) Ui TIOHMMaHus (QyHJAMEHTAIBHBIX  BOIPOCOB

a) 3aBUCUMOCTh COOTHOIICHHUS MUKOB | 1 Ip CTPYKTYPHBIX M3MCHCHHU YHC npu

07 SJICKTPOXUMHNYCCKHUX IIpOoLcccax.

08 oo Baarogapuocrn
| e -
—— )
Q .
= St S Beipaxkxaem  OmarogapHocTs  mpodeccopy
e | ] Macapy Xopu wu3 yHuBepcurera Haros 3a

NPEOCTABICHHYI0 ~ BO3MOXKHOCTH  IPOBEJICHHS
IKCIEpUMEHTANBHBIX pabor mo cuHTtesy YHC B
71a00paToOpUN HaAyK O HU3KOTEMIIepaTypHOIl I1a3Me.

v e e e s g S Jannoe HCCIIEN0BaHUE (uHAHCHpYeTCS

UV Komurterom Haykn MuHHCTEpCTBA HAYKH U BBICIIIETO

0) 3aBHCHMOCTBH COOTHOIIEHUS THKOB l2p 1 Ig OT oOpasoBanus PecnyOmuku Kasaxcran, rpant No
MIPUIOKEHHOTO HAIPSIKESHUS AP19676443.

PucyHnok 4 — Ananu3 paMaHOBCKHX CIIEKTPOB
o0pasuoB YHC npu pa3nuyHbIX HAPSKEHUAX
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ONPEAENEHME B/IMAHWUA O30BOW 3ABUCUMOCTU PAOUALIMOHHbBIX MOBPEXAEHNA HA
N3MEHEHWE TENTOPU3INYECKUX NAPAMETPOB OKCUAHbBIX KEPAMUK — MATEPVUANIOB
NHEPTHbIX MATPUL, ANCNEPCHOIO AAEPHOIO TOM/IUBA

NHTepec K HanpaBieHUIO WCCAeAOBaHWM, CBA3AHHOMY C WM3YyYEHMEM MEXAHW3MOB pPaAMaLLMOHbIX
noBpexKaeHWin obycnosneH B NepBytd ovyepelb BO3MONKHOCTAMW MOJYYEHUA HOBbIX [AAHHbBIX O BAMAHMM
06/1y4eHUA TAMKENbIX MOHOB HAa COXPAaHEHWE YCTOMYMBOCTM KEPaMWK K MOBPENKAEHMAM M YXYALIEHWUIO
TENNOPU3NYECKMX CBOMCTB, @ TaKKe YCTAHOB/EHMIO Hanbonee NepcrneKkTUBHbIX MaTepManoB A8 MHEPTHbIX
MaTpuL, ABAAIOLLMXCA OOHUMM M3 BapMaHTOB Mepexoia K HOBbIM TUNam A4epHOro TONMBa, UCNO/Ib30BaHMeE
KOTOPOro No3BOJ/IUT MOBbICUTL SOPEKTMBHOCTb IKCMAyaTaUMWU ALEPHbIX PEAKTOPOB HOBOTO MOKOAEHMA. B
KayecTBe OOBEKTOB ANA UCCAeL0BaHWMA OblIM MCNOABb30BaHbI TPW TWUMA TYrOMAaBKMX KepaMmK Ha OCHOBE
oKCMAaa marHua, Bosbdpama v LMPKOHMA. B xoae npoBeAeHHbIX MCCNeaoBaHW Bbl10 YCTaHOBAEHO, YTO Ha
CHUXeHMe TennodU3nMYecKMx NapameTpoB MCCAeyeMbIX OKCUHbIX KEPaMMK OKa3blBaeT BAMAHME BEIMYMNHA
HaKOMIEHHbIX CTPYKTYPHbIX UCKaXKEHWI, CBA3aHHbIX C 06pa3oBaHMEM SIOKaNbHO — M30/MPOBAHHbBIX AePEeKTHbIX
BK/IIOYEHUI B NOBPEKAEHHOM C/10€, HAaKOMeHWe KOTOPbIX NPK yBeandYeHun datoeHca 0baydeHmna npusoamT K
YacTUYyHOM amopdum3aummn 1M pasynopaaoYeHNto NoBpexaeHHoro cnod. Mpu atom ana ZrO,, HaKkonneHwe
CTPYKTYPHbIX WCKaXKeHMI, npuBogsulee K MNOAMMOPOHbIM TpaHCHOPMaLMAM, MNPUBOAMT K M3IMEHEHUIO
CKOPOCTU CHUXEHMA TENI0OU3NYECKMX MapaMeTPOoB, CBA3aHHbIX C Ga30BbIMU N3MEHEHUAMM (MOAMMOPOHbIMM
npespalleHnamm Tuna m—2ZrO; = ¢ —Zr0,). B ciiyyae nsmeHeHua TMna MoHoB Npu 0baydeHnn (Npu nepexoae
oT MoHoB Kr'®* k noHam Xe?**) Habnogaerca yBenmyeHne CHUXKEHMA TennodU3nMyYecknx napameTpos npu
BbICOKOAO3HOM 006/1y4eHUM, KOTOpoe B CBOK ovepefdb 0OycnosneHo 3bdekTtamm Honee BbiparKeEHHbIX
CTPYKTYpPHbIX AedopmaLmii, 3a CHET YBEMYEHMA MOHU3ALMOHHbIX NOTEPb B MaTepuasne.

Kniouesble cnosa: TenaonpoBOAHOCTb, PaAMALMOHHbIE NOBPEXAEHUA, ANCNEPCHOE AAepHOe TOM/MBO,
aNbTEPHATUBHbIE MCTOYHMKM SHEPTUM, ALEPHAA SHEPreT1Ka, CTPYKTYPHOe pa3ynopagoyeHme.
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AucnepcTi A4pONbIK OTbIHHLIH MHEPTTI MaTpMUanapbiHbiH, MaTeprangapbl — OKCUATI KepaMUKaHbIH,
Tepmodu3nKablK NapaMeTp/epiHiH, e3repyiHe paguaumanbik 3aKbiIMAaHybIHbIH A03afa TIYeN4iNiriHiH,
9CepiH aHbIKTay

PagmaumanbiK  3aKkbIMAAHY MeXaHW3MAepiH 3epTTeyre 6HalnaHbICTbl 3epTTey OafbiTbiHa  AereH
KbI3bIFYLUbIIbIK, €H, aNAbIMEH, ayblp WOHLAPAbIH, CIyNeNeHYiHiH KepaMWUKaHbIH 3akbiMAaHyFa Te3imainiriH
CaKTayfa XKoHe Xbly-QU3MKaNbIK KacWeTTepiHiH, HawapaayblHa acepi Typanbl KaHa MafimMeTTep any
MYMKIHAINIMEH, COHAaW-aK A4POMbIK OTbIHHbIH, KaHa Typ/epiHe KewyaiH Kelbip HycKanapbl 60/bin
TabblNaTblH  MHEPTTI  maTpuuanap YLWiH aHafypablM NepcnekTuBaibl  MaTepuangapapl  benrineymen
HarnaHbICTbl. OHbl NaldanaHy XaHa OyblH A4POAbLIK PeakTopAapblH NanganaHy TWIMAINITIH apTTbipyFa
MYMKIHAIK Bepefi. 3epTTey HbiCaHbl peTiHAe MarHui, Boibdpam aHe LMPKOHUN TOTbIFbl HerisiHaeri oTKa
Te3iMAj KepamMKaHbIH YL Typi NanganaHbinabl. 3epTreynep 6apbicbiHAa 3epTTeNETiH OKCUATI KepaMMKaHbIH,
TepModUM3MKabIK KOPCETKIWTEPIHIH, TOMEHAeyiHe 3aKpiMAanfaH KabaTTa MeprifikTi oKlaynaHfaH akay/bl
KOCbIHAbINAPAbIH, Ty3inyiMmeH GalnaHbICTbl KMHAKTaNFaH KypblabiMAbIK BypmanaHynapapiH menwepi acep
eTeTiHi aHbIKTanAbl, 0NapAblH *KUHAKTaNYbl, CayneneHy GAt0eHCIHIH, KoFapbliaybiIMeH 3aKbiMAanfaH KabaTTbiH,
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iwiHapa amopdusaumacel MeH peTcizaeHaipyiHe oakenedi. CoHbimeH Katap ZrO; ywiH noammopdTbl
TYpAeHAipyre aKeneTiH KypblibIMAbIK OypmanaynapapiH *KWMHaKTanybl Gpasasnblk e3repictepre 6annaHbICTbI
TepMmoduM3MKanbiK NapameTpaepaiH TOMeHaey *KblNdaMablFbiHbIH, e3repyiHe akenedi (m — ZrO; = ¢ — ZrO,
TYpAEr nonumopdThl TypaeHaipynep). CayneneHy KesiHAe WMOHAAPObIH, Typi e3repreH afgangpa (Kri>*
noHaapbiHaH Xe?®* noHaapblHa aybiCKaHaa) KOofapbl [03ada Cay/lefeHaipy KesiHae TepModu3MKaibiK
KepceTKiWTepAiH, TemeHaeyiHiH, Kofapblnaybl 6aikanagbl, Gyn e3 KeseriHae MaTepuangarbl MOHAAHY
WbIFbIHAAPbIHbIH, apTyblHA OaMNaHbICTbl HEFYPAbIM aMKblH KypblAbIMAbIK AedopMaumanapablH, acepiHeH
bonaabl.

TyliH ce3nep: Kby OTKI3MWTIK, paanaumsablk 3aKkbiM, AUCNEPCTi SA4POSbIK OTbIH, Banamansl sHeprmsa
Ke3Zepi, AAPONbIK IHEPTUA, KYPbINbIMAbIK PETCI3AEeHAIPY.

D.B. Kadyrzhanov'*, Sh.G. Giniyatova!, M.V. Zdorovets ', D.I. Shlimas?
IL.N. Gumilyov Eurasian National University, Kazakhstan, Astana
2Institute of Nuclear Physics, Kazakhstan, Almaty
*e-mail: kadyrzhanov.d@gmail.com

Determination of the influence of the dose dependence of radiation damage on changes
in the thermophysical parameters of oxide ceramics - materials of inert matrices
of dispersed nuclear fuel

Interest in the direction of research related to the study of the mechanisms of radiation damage is
primarily due to the possibility of obtaining new data on the effect of irradiation of heavy ions on maintaining
the resistance of ceramics to damage and deterioration of thermophysical properties, as well as the
establishment of the most promising materials for inert matrices, which are one of the options for transition
to new types of nuclear fuel, the use of which will improve the operating efficiency of new generation nuclear
reactors. Three types of refractory ceramics based on magnesium, tungsten and zirconium oxide were used
as objects for research. During the studies, it was found that the reduction in the thermophysical parameters
of the studied oxide ceramics is influenced by the amount of accumulated structural distortions associated
with the formation of locally isolated defective inclusions in the damaged layer, the accumulation of which,
with increasing irradiation fluence, leads to partial amorphization and disordering of the damaged layer. At
the same time, for ZrO,, the accumulation of structural distortions, leading to polymorphic transformations,
leads to a change in the rate of decrease in thermophysical parameters associated with phase changes
(polymorphic transformations of the m — Z2rO, = ¢ — ZrO, type). In the case of a change in the type of ions
during irradiation (during the transition from Kr'** ions to Xe?* ions), an increase in the decrease in
thermophysical parameters is observed during high-dose irradiation, which in turn is due to the effects of
more pronounced structural deformations due to an increase in ionization losses in the material.

Key words: thermal conductivity, radiation damage, dispersed nuclear fuel, alternative energy sources,
nuclear power, structural disorder.

BBenenne JOCTAaTOYHO BBICOKHMMH IIOoKa3aTCIsIMH
TeHJ’IO(l)I/BI/ILICCKI/IX napameTpoB, IJid OKCHUIHBIX

WuTepec K W3ydeHHIO TEIUIOPH3MYECKMX  TYroIIABKMX KEpPaMUK JIaHHbIE T1apaMeTphl Ha

napaMeTpoB OKCHUIHBIX KepaMIIK,
paccMaTpUBAIOMIMXCS B KAa4yeCTBE KaHIHUJATHBIX
MaTepUajoB MpH pa3pabOTKe HMHEPTHBIX MAaTPHIL
JTUCTIEPCHOTO SIICPHOTO TOIUIMBA, OOYCJIOBIICH B
MEPBYI0  odepelb HEOOXOIUMOCThIO  KOHTPOJIIS
W3MEHEHUII  MEXaHM3MOB  TEIUIONIEpeHoca U
TEIJI000MeHa, CBSI3aHHBIX C BHEITHUMHA
BO3JCHCTBHUIMHU, BKJTIOYAst pajualuoHHOE
Bosaeiicteue [1,2]. Tlpu oTOoM, B oOTIHYHME OT
KJIACCHYECKUX KOHCTPYKIIMOHHBIX MaTepuajoB, B
YaCTHOCTH, CTaJled M CIUIaBOB, O0OJaJaroIux

HECKOJIBKO TOPSIKOB HIKE, YTO B CBOIO OuYepeidb
HaK/IaJbIBAaeT ONpEACICHHBIE OrpaHUYEHHs Ha
MOBCEMECTHOE KCITONb30BaHUE JaHHBIX KEepPaMHK, a
Takke TpeOyeT HeTalbHOTO W3YYEeHUS BIUSHUS
BHEIIHUX (akTopoB Ha Mx u3MmeHenwe [3,4]. Ilpu
HayaJIbHBIX HU3KUX 3HAYEHHUSIX TEIUIONPOBOJHOCTH,
1000€ yMEHBIIIEHUE, CBA3aHHOE C BOSHUKHOBEHUEM
CTPYKTYpHBIX HCK&KCHHH WM Je(OpPMaLUOHHBIX
HanpsDKEHUH, MOMET HEraTUBHO CKa3aThCsl Ha
cKopocTH (OHOHHOHM Tepemayd Teria, 3a CYeT
BO3HUKHOBECHHUS JIONOJIHUTENBHBIX PAcCEHBAIOIINX
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LIEHTPOB, YTO B CBOIO OYEPE/Ib IIPUBEICT K CHUKCHUIO
o0Imeii TeIIonpoOBOAHOCTH Kepamuku [5]. B stom
cllyyae, yMEHbBIIEHHE CKOPOCTH TeIUIoNepeaaun
MOXET TMPHUBECTH K BO3HUKHOBCHHUIO JIOKAJIBHBIX
obyiacTell TmieperpeBa, KOTOPbIE B COBOKYITHOCTH C
s dhexkTaMn pagUaMOHHBIX MMOBPEXACHUH MOTYT
CIPOBOLMPOBATH YCKOPEHUE MPOLECCOB JECTPYKIUH
MOBPEXK/ICHHBIX CJIOEB, CICICTBUEM YEMYy MOMKET
OBITh OXpYIYMBaHKE, CHIDKCHHE IPOYHOCTHBIX
napamMeTpoB, BO3HUKHOBCHHUE MHKPOTPEIIMH U T.J.
Takke B CcWIy JUDJICKTPUYECKOH  MPUPOJIBI
OOJIBIIIMHCTBA TYTOIUIABKUX OKCHUIHBIX KEpPaMHK,
paccMaTpUBAIOIIUXCS B Ka4eCTBE MEPCHEKTHBHBIX
MaTepuaoB Il MHEPTHBIX MATPHIl JHCICPCHOTO
SJICPHOTO  TOIUIMBA, HWOHM3AI[MOHHBIE  MOTEPH
HAJICTAIOMMUX  OCKOJIKOB  JICJICHUS  CIIOCOOHBI
MPUBECTH K VHUIHATN3AIAN MPOIIECCOB
AQHHU30TPOITHOTO U3MCHCHUS ANEKTPOHHOM
TUIOTHOCTH, U3MEHEHHE KOTOPOH B COBOKYITHOCTH C
aTepMUYECKHUMHA addexramu, BBI3BaHHBIMU
WOHHM3aIleld MOXET CIOCOOCTBOBATh YCKOPEHHIO
JECTPYKTHBHOTO Pa3pyIICHUS MMOBPEKICHHOTO CIIOS
B Kepamukax [6,7].

Cpean MHOTOOOpa3sWsi OKCHAHBIX KEpaMHK
MOJKHO BBIJCITUTH TpH THMA: okcua Maruus (MgO),
okcua Bosbpama (WOs), okena mupkonus (ZrOy),
oOnagaronux Hanbosee OOJBIIMMH TEPCIIEKTHBAMHE
IpU KCIOJIb30BaHMHM HMX B KadeCTBE MarTephajioB
WHEPTHBIX MATPHIL JUCIEPCHOTO SACPHOTO TOTLTHBA
[8-10]. Boibop maHHBIX THUIIOB KEPAMHUK B Ka4eCTBE
MaTepuaioB HWHEPTHBIX MAaTpHUIl OOYCJIOBICH B
MEPBYD OuYepe/lb HX BBICOKUMH TOKA3aTEIAMU
Temrieparypsl toiaBnenust (st MgO Temmepatypa
rnasieHust (Tmeliing) coctasiser mopsaka 2800 °C,
st ZrO2 Tetting ~ 2700°C, st WO3 Tretting ~ 1470
°C), YTO TIO3BOJIET CYIICCTBEHHO MOBBICUTH
TeMIeparypy  akTHBHOW  30HBI  0e3  pucka
TEPMHYECKOTO PACIIUPEHUS HHEPTHBIX MAaTPHUI] M UX
nocjeayronel TecTpykiuuu. [Ipu 3ToM cpeau Tpex
paccMaTpuBaeMbIX THIIOB KEPAaMHK OKCHJ MarHus
o0iamaer HanOOJILIIUMU [oKa3aTeJIsIMU
TerionpoBoaHocTH (ropsiaka 25 — 30 W/mxK), B To
Bpems kak st ZrO; m WOs naHHas Benn4mHA
cocrasisger He Ooiee 1.5 — 2.5 W/mxK, uro Ha
nopsiJiok Hwke. Takke BBIOOpP JaHHBIX KEPaMHK,
NOMHMO  HMX  TEIUNIOQU3MYECKHX  I[apaMeTpOB,
OOyCIOBJIEH WX  BBICOKMMH  IOKa3aTeIsIMHU
YCTOWYMBOCTH TPOYHOCTHBIX XapPaKTEPUCTHK, HYTO
Jie7IaeT UX OTHMMH U3 MEPCIIEKTHBHBIX MaTEPHAJIOB B
o0JacT! CO3[aHUsI OTHEYNOPHBIX MaTepuajoB, a
TaKkKe B Ka4eCTBE KOHCTPYKIIMOHHBIM MaTEPHAJIOB,
IKCIUTYaTUPYIOIIUXCSA B YCIOBHSAX IMOBBIIICHHBIX
MEXaHUYECKHX Harpy3ok. Takxke, COIJIacCHO psiIy
UCCJICIOBAaHUI, JaHHbIE MaTepHalbl 00JagaroT
JOCTaTOYHO BBICOKUMH MoKa3aTessiMu
YCTOWYMBOCTH K paJMAMOHHOMY BO3JCHCTBHIO,
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omHako B ciydae ZrO; kepaMHK o0OJIy4eHHe
TSOKETIBIMH ~ MOHAMH ~ MOXKET  NPHBECTH K
WHUIUATU3AIAN MPOIIECCOB MOTMMOPGHBIX
TpaHchOpMalLuii, KOTOpble B CBOIO  Ouepeldb
OKa3bIBAIOT BIHSHAE HA CHUKCHHE CTCICHH
palalMOHHBIX TOBPESKACHUN W Jerpajalu Tpu
yBenuueHnH QuiroeHca oomyyenus [11-14]. Ipu stom
HE CMOTpSl Ha JOCTaToO4yHO OOJbIIOe BHUMAaHUE
pPA3VUYHBIX HAYYHBIX TPYII K HCCIEIOBAHUIO
JIAHHBIX THIIOB MaTEePHUAJIOB, B OOJBITHHCTBE CIIyYac
U3yYCHHIO Termmo(GpU3nIECKUX napameTpoB
yIeNsIeTcsl MaJlo BHHUMAaHUS, HECMOTpsI Ha TO, 4TO
JITAaHHBIC TAPAMETPBI SBISIOTCS OJTHUMH M3 KITFOUEBBIX
B ONpENeNCHUH TUIIA MAaTepUaNIOB JUIS MHEPTHBIX
MaTpHII.

Ilenpl0  JaHHOTO  HCCICAOBAHHS  SBISETCS
W3YYCHUE BIIMSHUSA HAKOIUICHUS pPaJUalldOHHBIX
MOBPEKACHUI Ha HW3MEHEHHE Tero(hU3NIeCKUX
napamMeTpoB B TMOBPESKACHHOM CJIOC OKCHHBIX
TYroIIaBKuX Kepamuk Ha ocHoBe MgO, WOz, ZrO,,
paccMaTpuBacMbIX B KadyeCTBE IEPCICKTHBHBIX
MaTepHajoB JUIS CO3JaHUS WHEPTHBIX MAaTPHII
JUCTIEPCHOTO SI/IEpHOTO TorunBa. [Ipu 3TOM BBIOOD
nonos Kr'® u Xe?** mna obmyuenus obycioBieH

BO3MOYKHOCTSIMU MOCIIUPOBAHUS MIPOIIECCOB
paIMallMOHHBIX  TOBPEXACHWH, CpPaBHUMBIX B
BO3JICHCTBUEM TPOAYKTOB JICJICHHS  SACPHOTO

TOIUIMBA, YTO B CBOKO OUEPENb IT03BOJUT YCTAHOBUTh
HE TOJBKO MEXAaHHU3MBl CTPYKTYPHBIX H3MEHEHMH,
BBI3BaHHBIX O0JIy4Y€HHEM, HO M YCTAaHOBUTDH Hauboee
MIEPCIEKTUBHbIE KEpaMHKH, oOnanarorye
HauOoJbIIell yCTOWYMBOCTBIO K PagMAllMOHHO-
MHIYLIUPOBAaHHOMY CHIDKEHHIO TeIIO(QU3NIECKUX
[apaMeTpOB, U3MEHEHHE KOTOPBIX HUIPAET BEChbMa
BLXKHYHDO  pOJIb B ONPEHEICHUM  YCIOBUHI
SKCIUTyaTallUd KepaMHK B KadecTBE WHEPTHBIX
MaTpHULl JUCTIEPCHOTO SIEPHOTO TOMINBa. B maHHOM
Clly4yae, CHUOKEHHE TEIUIONPOBOJIHOCTH KEPaMUK IIPU
HaKOIUICHWU B HUX paJUallMOHHBIX MMOBPEKICHUN B
00J1acTH  CONPUKOCHOBEHHUSI PUIIOBEPXHOCTHOTO
CJIOSI  W30JUPYIOLIEH  HMHEPTHOM  MaTpuupl C
JACIIMIUMCA AACPHBIM TOIIMBOM MOKET IIPUBECTH HE
TOJIBKO K JECTPYKTUBHOMY H3MEHEHUIO MaTepuala,

HO Y BO3HUKHOBEHHIO 3((deKTa JIOKaIbHOIr0
TEIUIOBOTO TIeperpeBa MOBPEXACHHOTO MaTrepuaa,
32 CYET YBEJNWYECHHUS TEIUIOBBIX MOTEPh B

noBpexxaeHHoM cioe. [logo6nsie 3¢ dexTs B cityyae
ux BO3HUKHOBCHHUA B COBOKYITHOCTHU C
JECTPYKTUBHBIM H3MEHEHHEM IPHUIIOBEPXHOCTHOTO
CJIOSI, CBSI3aHHOTO C pa3ylnpoOYHEHHEM (CHIKEHHEM
MPOYHOCTHBIX ITApaMeTPOB) MOXKET TPHUBECTH K

JleCTa0MIM3aIiil  SIICPHOTO  TOIUTMBA 32 CUET
meperpeBa, 4To0 B IOCIEJACTBUE  MOXKET
WHUIIMAPOBATh  HEKOHTPOJHPYEMBIE  IMIPOLECCHI
JICTICHHUA.
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MarepuaJjibl 1 METOABI HCCJICTOBAHMIA

B xadecTBe OOBEKTOB HCCIENOBAHUS ObLIH
BBIOpaHbl TPH THIA HAHOCTPYKTYPUPOBAHHBIX
kepamuk okcuaoB Maraust (MgO), Bucmyta (WO3) u
IIUPKOHMS (ZrOy), HOJyYeHHBIC  METOOM
MEXaHOXMMHYECKOTO CHUHTE3a C IEbI0 MOTy4CHHS
3epeH HAaHOMETPOBBIX pa3MepoB (mopsaka 150 — 200
aM). Ilocme ~ MeXaHOXMMHYECKOTO  CHHTE3a
MoNlydeHHble  00pa3mbl  OBUTM  TIOABEPTHYTHI
TepMHUECKOMY OTXUTY IpHu Temneparype 1000°C B
Tederne 10 4acoB C HENbIO CHATHA MEXaHHYECKHX
neOpMAIMOHHBIX ~ HANPSDKEHWH,  BBI3BaHHBIX
MEXaHUYECKHM MTOMOJIOM a TUTaHETAPHOI MENbHUIIE.

JInst  mpoBENCHUST  OKCIIEPUMEHTOB IO
OONMy4eHHI0O KepaMHK, a Takke MOClexyoneit
OLIEHKE M3MCHEHHH TEeTO(QU3NIECKUX TMapaMeTpoB
o0pasipl KepaMUK ObLIM 3alpeCcCOBaHBI B TAOJETKU
auamerpoM 10 MM 1 TommuHOM 20 MKM, TIOCTIE YEro
00pas3ipl OBEPrauch MOJUPOBKE M NUTH(OBKE C
LENBIO MOMYYEeHUSI KEPAMHUK C JOCTaTOYHO TIaJKOi
MOBEPXHOCTBIO.

Ouenka (ha30BOro cocraBa CHHTE3MPOBAHHBIX
HAHOCTPYKTYPHPOBAHHBIX KEpaMHK ObLIa TIPOBEICHA
C IPUMEHEHUEM METOJIa PEHTreHO(ha30BOT0 aHAN3a,
pEaTn30BaHHOTO C IIOMOLIBIO  PEHTTEHOBCKOTO
muppakromerpa D8 Advance ECO (Bruker,
Germany). B xome TpOBEICHHBIX H3MEPEHUI
UCCIIeyeMbIX 00pa3loB KepaMHUK OKCH/A MarHusi u
BUCMyTa OBUIO YCTAaHOBJICHO OTCYTCTBHE KaKHX —
mbo  monuMopdHBIX  TpaHcopMmanmMii WM
u3MeHeHni  (a3oBoro cocraBa B oOpaslax,
WHHAIMAIA3AIM ~ KOTOPHIX ~ BO3MOXKHAa  IpH
HAKOIUICHUH  TIOCICJACTBHI  OT  aTepMHYECKUX
3¢ (hekToB, CBSI3aHHBIX ¢ O0IyueHHEM oOpa3ioB. B
ciydae oOpa3noB ZrO; ObUIO YCTaHOBJIEHO, YTO
00y4eHue TSHKEIBIMU MOHAMU C (DIIFOCHCAMU BBIIIIE
10¥®  wow/cM?> TPUBOAMT K  BO3HUKHOBEHHIO
nonmmMop(HBIX TpaHchopmarwii Tuma M — Zr0,; — ¢
— ZrO,, npoucxoasmux npu (iaroeHcax o0xydeHus
10 -10" wom/cM?, mosBIEHHME KOTOPHIX HMMEET
XOpoIo oOwsicHeHue B psge pador [12,13], a camu
JaHHBIC noIMMOp(dHBIE TpaHchopmauu
00yCIIOBJIEHBI JIe(OPMAIIMOHHO-UHTYTUPOBAHHBIMHU
MpPOIIECCAMH, BHI3BAHHBIMU 00Ty4YCHHEM.

OOmyueHue 00pa3loB OBUIO BHITIOJIHEHO Ha
yckoputene JII[-60 B AcTtaHuHCKOM (uinane
Wucturyra sneproit  ¢usuku  (UAD, Acrana,
Kazaxcran). B kauecTBe HOHOB OBUIN BBIOPaHBI HOHBI
Kr'®* ¢ sueprueii 150 MaB u nonsl Xe?** ¢ sueprueit
230 MsB u ¢moencamu obmydenns 1010 - 10
non/cm?. Ha pucyHke 1 mpencTaBieHbl pacdeTHBIE
JaHHBIC  BEIMYMH  HMOHU3AIMOHHBIX  IOTEPh
Haneraromux HoHoB Kri® u Xe?*, BpInonHeHHbIE ¢
MpUMEHeHHeM nporpaMmuoro koga SRIM Pro 2013
[15]. CornacHo mpeacTaBICHHBIM pacyeTaM BHIHO,

YTO MaKCHUMallbHas JJIMHA MpoOera WOHOB, W Kak
CIEICTBUE  TONIIMHA  MOBPEXKJACHHOTO  CJOSA
cocTapisieT mopsaka 12-15 MM mpu oOIXy4eHHH
vonamu Kr'®* u 15 — 17 MxM ipu 0611y9eHUM HOHAMU
X623+.
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Pucynok 1 — Pe3ynbraTsl MOOEIHPOBAHUS
HMOHU3ALMOHHBIX OTEPh HAIETAIOINX HOHOB B
KepaMHKaX, BBIMIOJIHEHHBIX B IPOTPAaMMHOM KOJIe

SRIM Pro 2013

Pasnuune B gnmHax mpobera HWOHOB IPH
0o0mydeHNH KepaMHK OOYyCIIOBJICHBI HaYaJIbHON
SHEPrueil HOHOB, yBEIMUYCHUE KOTOPOW NPUBOJUT HE
TOJIBKO K BO3PACTaHMIO BEJIMYMH HOHH3ALMOHHBIX
MoTeph, HO M B TIEPBYIO OUYEpelb YBEIHMUYCHHIO

TIyOMHBI TPOHUKHOBEHHS HOHOB B MaTepuall
npunoBepxHoctHoro cnuosi. [lpu »sTom craemyer
orMeTuTh, u4To Jiai1  WOs; kepamuK IiyOMHA
MPOHUKHOBEHUS  MOHOB  MaKCUMaJlbHAa,  4TO
00yCIIOBIIGHO  CTPYKTYpHBIMH  OCOOEHHOCTSIMHU
JaHHoro Tuma kepamuk. OreHKa  BETHYHUH
WOHU3AIMOHHBIX TIOTEPh TIPH  B3aUMOJCHCTBUU

MOHOB C AJIEKTPOHHBIMU 000109KaMu (AE/dXelectron) 1
sapamu  (JE/dXnuclear) TOKa3asa, 4YTO B Cily4ae
o6nyuenuss wonamu Kr'®  jnaHHBIe  BeIMUMHBI
coctaBistoT mopsiaka 13-15 kaB/aM u 0.4-0.7 k»B/aHM
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COOTBETCTBEHHO, a i HOHOB XeX*' BenuuuHbI
dE/dXelectron ¥ AE/AXnyclear cOCTaBIISIOT TIOpsiKA 20 —
25 x3B/am u 0.6 — 1.2 x»3B/am (B Makcumywme). U3
4ero CJIeyeT, YTO HauOOJNBIIMIA BKIaJl B M3MCHCHHC
CBOWMCTB KE€paMUK OKa3bIBaIOT B3aMMOJICHCTBUS
HAJIETAIONINX MOHOB C JJIEKTPOHHBIMH 00OJIOYKAMH,
YTO B CBOKO OYepe]b MPUBOJUT K BO3SHUKHOBEHUIO
3¢ (HEeKTOB HMOHU3AIMKM, a TaKKE BO3HHUKHOBEHUIO
AHM30TPOITHOTO U3MEHEHWSI JIEKTPOHHON IIJIOTHOCTH

BJIOJb  TPACKTOPHW  JIBIDKEHHS  WOHOB B
MOBPEXKJICHHOM CJIOC.
Usmepenne  TemnopU3MYECKUX  MapaMeTpOB

OBUIM TPOBEICHBI MyTeM H3MEPEHHS MPEACITBHOTO
TEIUIOBOT'O MTOTOKA € HCNoIb30BaHueM nprbdopa KUT
— 800 (Temnodon, Poccus). B ocHoBe maHHOTrO
METOAAa JICKUT H3MEPECHHE H3MEHEHHHA 3HaYeHUH
TEIUIONPOBOTHOCTH Marepuana ¢ 00OMX CTOPOH
oOpaslia MpH TMOMOIIM TEPMOIap, MO3BOJISIOIINX
OLICHUTh MEXaHU3Mbl TEIUIONEepeaaun, W Kak
CIIC/ICTBUEC  OMNPENCITUTh KHHETHKY  HM3MCHCHHS
TCHJIO(bI/I?:I/I‘ICCKI/IX napamMeTpoB HCCIICAYCMBIX
KepaMUK TMOJBEPKECHHBIX 00nydeHuto. [lpu 3Tom
MOJTyYCHHBIC 3aBHCUMOCTH W3MEHEHUS
K03 (UITUCHTA TEIIONPOBOJHOCTH OBUIA CPABHEHBI
C pe3yJbTaTaMy HaKOIUIEHHUs JeQeKTHOM (ppakiuu B
o0Opa3ax KepaMWK MPU WX OOIYYeHHH B CITydae
yBenuueHus (iroeHca 00IyueHusl.

Pe3yabTaThl 1 00cy:KI€HUE

Ha pucyHke 2a mpeicTaBie€HBl pPe3yJbTaThl
UCCIIeJOBaHUI M3MEHCHUS BEJINYUH
TEIIO(U3MYECKUX MAPaMETPOB OKCHIHBIX KEpaMHK
B 3aBHCUMOCTH OT (proeHca oOJIyueHHs TSHKEIBIMH
nonamu Kr'®* orpaxaromue 1030Bble 3aBUCHMOCTH
M3MEHEHHUS TeIUIO(PHU3NIECKIX TTAPAMETPOB KEPAMHUK,
TOJBEPTHYTHIX 00JTy4EeHUIO. OO0mmit BUJT
NPE/ICTABICHHBIX  3aBUCHMOCTEH  XapaKTepH3yeT
U3MEHeHHe  KOY(P(PHUIMEHTa  TEIUIONPOBOIHOCTH
KEepaMHK IpH yBelIWYeHHH (IItoeHca OOIydeHHs,
KOTOpoe CBsi3aHO C J(deKkraMu HaKOTUICHUS
CTPYKTYPHBIX H3MEHCHH1, BBI3BAHHBIX O0JTy4CHUEM.

Kak BUIHO ©3 MpPEACTaBICHHBIX JaHHBIX
WU3MEHECHHUS TETIONPOBOTHOCTH, OCHOBHBIC
M3MEHEHHSI HMMEIOT pPsIl XapaKTePHBIX YYacTKOB,

CBS3aHHBIX C  HAKOIUIEHUEM  paJUallMOHHO-
paguauOHHBIX MOBPEXKICHUH, BBI3BaHHBIX
00JIydeHHEeM TsDKEJNbIMH HoHaMu. OOmudA BHI
MPEACTABICHHBIX JIAaHHBIX HW3MEHEHM
koadpuiueHTa TEIJIONMPOBOIHOCTH

CBUACTCILCTBYET O TOM, UYTO OCHOBHOH BKJIaJl B
U3MCHCHHUC TCIUIOIIPOBOIAIINX CBOICTB KEpaMHUK
OKa3bIBAIOT CTPYKTYpHBbIC H3MEHCHHS, BBHI3BAaHHBIC
HAKOIJICHUEM  PaJUallMOHHBIX MOBPEKICHUH B
cIydae JOMHUHHPOBaHUS J¢¢deKTa IMepeKpPHITHI
nedexTHhIX obnacteit. [Ipu 3TOM, Kak M3BECTHO, Ha
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CHI)KEHHE TEIJIONMPOBOJHOCTH TIPH HAKOIICHHU
paJIMAlMOHHBIX TIOBPEXKICHHH MOTYT OKa3bIBaTh
BIMSIHUE TakKWe TIPOIECCHl Kak  00pa3oBaHHE
TOYEYHBIX Je(PEKTOB, amMopdu3alms HWIA TaBoe
pacnyxanwue [16,17].
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PucyHok 2 — Pe3yibTaThl OLEHKH W3MEHEHUS
BEMYMHBI KO3 rIeHTa TeronpoBoIHOCTH
HACCIIEAYEMBIX OKCHJIHBIX KEPAMUK B 3aBUCHMOCTH
ot ¢urroeHca 00TyYeHus

B ciydae paaManMoOHHBIX — TOBPEXICHHH,
CBsI3aHHBIX C 06p2130BaHI/IeM TOYCYHBIX ZIC(i)CKTOB
TaKMX KakK BaKaHCHH, MEXKI0Yy3elIbHbIC aTOMBEI,
JMUCIIOKAIIUN,  JaHHble  JeEeKThl  SBISIOTCA
MpEensSTCBUEM i1 mepemadd  (OHOHOB — —
KBa3snu4acCTHI, ABJIAIOIMUXCA OCHOBHBIMH HOCHUTCIIIMA
TeIUIa B TBEPJIbIX BemecTBax. [Ipu 3ToM nepBEIii aTamn
U3MEHEHUIN Teropu3nIecKux IapamMeTpoB
xapakTepeH Juisi QuroeHcos oomydenns 101 — 1012
MOH/cM? M XapaKTepu3yeTrcs  OTCYTCTBUEM
U3MeHeHuil ko3 duimeHTa  TErIONPOBOJIHOCTH.
OTCyTCTBHE M3MCHEHUH TCIUIO(PU3NICCKUX CBOWMCTB
KepaMUK TpU JAHHBIX YCIOBUSIX  OOJy4eHUS
CBUJICTEIBCTBYET O BBICOKOW YCTOWYMBOCTH K
JECTPYKTUBHOMY W3MEHEHUIO CTPYKTYPHBIX
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XapaKTepUCTUK B pe3yJbTaTe  HAKOIUICHHS
paIMaIOHHBIX TOBPEXKICHUH B IIPUIIOBEPXHOCTHOM
cmoe kepamuk. [Ipm 3TOM CTOMUT OTMETHTH, YTO C
YUETOM pacUeTHBIX AAaHHBIX pPa3MEpOB TUAMETPOB
CTPYKTYPHO-M3MEHEHHBIX 00J7acTel, BO3HUKAIOIINX
BIIOJIb TPACKTOPHH JBIKEHHS MOHOB B MaTepuale, a
TaKKEe HMX B3aUMOJCHCTBUM C KPHCTATMYECKON
CTPYKTYpOi, mist QoeHcoB obmydenus 102 — 1012
MOH/CM?, JaHHBIE O0JACTH MMEIOT M30JMPOBaHHKIN
xapakrep [18,19]. Takum o0Opa3om, OTCYTCTBHE
spdexTa mepekpeiTUs  AedeKTHBIX — objacTteit
INPUBOANUT K OTCYTCTBHIO BIIMSHUS PaJHAlMOHHBIX
MOBPEXJICHUH ¥  HM30JMPOBAHHBIX CTPYKTYPHO-
W3MEHEHHBIX obnacteit Ha CHIDKCHHE
TEIUIONPOBOASIIMX CBOWCTB. M3 dero cuepyer
crematb BBIBOX O TOM, UYTO pPaJHAIlIOHHO-
WHAYNUPOBAaHHbIC  IOBPEXKJICHUS,  BBHI3BAHHEIC
WOHW3AIIMOHHBIMH TOTEPSIMH M CBSI3aHHBIMH  C
U3MECHEHHEM AIIEKTPOHHON TUIOTHOCTH B
MOBPEXKJICHHOM CIIO€, B CIIydae MaJIbIX (DIFOCHCOB
o0JyueHHsT HE OKa3bIBAIOT OOJBIIOTO BIUSHUS Ha
W3MEHEHHE TeIUIOU3NIECKINX CBOWCTB. B »TOM

Clydae CIeAyeT OTMETHUTb, 4YTO HW3MECHEHHE
3JIEKTPOHHOM IJIOTHOCTH B CIIy4ae H30JUPOBAHHOCTH
CTPYKTYPHO - W3MEHEHHBIX o0nacreH,

BO3HUKAIONIUX BJIOJb TPACKTOPHH JBHMKECHHUS HOHOB
B MaTepuale, He OKa3bIBAIOT BJIMSHUE HA MEXAHU3MBbI
(pOHOHHOTO TeMmIONEPEHOCa B KEPAMHUKAX.

IIpu maneix ¢umoeHcax obmydenus 100 — 102
WOH/CM?, B CWJIy M30JMPOBAHHOCTH CTPYKTYPHO-
M3MEHEHHBIX ~ 00JacTel, BO3HMKAIOMIMX  BJOJb
TPAEeKTOPHM JIBWKEHHS 3apSUKEHHBIX YacTHIl B
Marepuaje, pasMep KOTOPhIX COCTABJIAET Hopsaka 3
— 5 HM, BpeMs KM3HH 00Opa3yroluxcs Ie(eKToB
cocrapiser menee 102 — 10! ¢, npuuem Gonbias
4acTh 0OPa3yIOMIMXCA TOYEYHBIX M BAKAHCHOHHBIX
ne(peKToB AHHUTHIIHPYET B pesynbTare
peNaKcalMOHHBIX MPOLECCOB MPH B3aUMOJEHCTBUM
JIPYT ¢ JPYTOM WM ¢ Ae(eKTaMu KpUCTaIMIecKoi
CTPYKTypbl. B pesysibTare dero CTPyKTypHBIE
M3MEHEHMS, BOSHMKAIOLIUE B JaHHBIX 00NACTAX MPH
MasbIX  (DIFOEHCAX, MPEICTABIAKT Co00M Maible
1e(OPMUPOBAHHBIE BKJIFOYEHHS, HE OKA3bIBAIOIIME
CYILIECTBEHHOE BIMSHHE HA MACCHBHBIA MaTepual
MPU TPOIIECCax TEII00OMeHa.

Kak BHIHO M3 NPEICTABICHHBIX JAHHBIX,
OCHOBHBIE M3MEHEHHUSI ko3 dumenTa
TEIIONPOBOJHOCTH HAOIIOAAOTCS PU JOCTHKEHUH
Benvunnbl  Qmoenca 10 wow/cM® u  BBHIE, a

HaONloJJTaeMble  M3MEHEHUS  TeIUIONPOBOIHOCTH
CBSI3aHBI C €€ YMEHBIIICHUEM, YTO KaK CIIEACTBHE,
00yCIIOBIIEHO yXyAIIeHHEM MIPOIIECCOB

TEIUIONEPEHOCa B TOBPEXIEHHOM cioe. B atom
cillyyae yXy[IIIEHHE TeIUIONPOBOASIIMX CBOICTB
MOJKET OBITH 00yCJIOBJIEHO HECKOJIBbKHUMU
¢dakTopamu. Bo-iepBbIX, pu yBenuueHNH (IroeHca

obyuenus 10 10'° mon/cM? u BbIIE, HAGMIOAAETCS
obOpazoBanme 3P deKTa MepeKpPLITH H30IUPOBAHHBIX
CTPYKTYpHO-U3MEHEHHBIX obmacreit (pagmyc
KOTOPBIX COCTaBIsieT 3 —5 HM), YTO NPUBOAMUT K
00pa30BaHMIO HE TOJILKO TOYCYHBIX Ne(PEKTOB, U U
KOMIUIEKCHBIX ~ Je(eKTOB, CIIOCOOHBIX  OKa3aTh
CYLIECTBEHHO BIIMSIHAE HA U3MEHEHNE YCTOMUYNBOCTH
KepaMHUK K HaKOIUICHUIO panuanoOHHBIX
NOBpeXAeHUA. B 3ToM ciyyae  HakoIUieHUE
TOUYCYHBIX JneQeKToB, BaKaHCH Win
WHTEPCTULHATBHBIX ~ JeQEeKTOB B  CTPYKType
MOBPEKJCHHOTO  CJOSl  MOXET  TIPUBECTH K
HApyMEHUIO TMEPUOJUYHOCTH  KPHCTAIUTNICCKOM
pEIIEeTKH, a TaKxKe BO3HHKHOBEHHIO
Je(hOpMaIMOHHBIX BKJIIOUCHMH, CHIDKAIOIINX
CKOpPOCTh  TeIIooOMeHa. Bo-BTOpBIX, B cllydae
BBICOKOJIO3HOTO o0TyueHHs, HaKOIUJICHUE
PaaUalMOHHBIX IOBPEXKIECHUH M CTPYKTYPHO-
WU3MEHECHHBIX ~ 00JacTeil MOXET TMpPHUBECTH K
(hopMUPOBaHUIO B CTPYKTYpe obmnacreit
PazynopsaI0ueHUS WIn aMophHOMOA00HBIX
BKITIOUCHUH, a BBICOKAsI KOHIICHTpAIHS
BaKaHCHOHHBIX JIe(EKTOB MOXKET TIPUBECTH K
OTKJIOHEHHIO OT CTEXHOMETPHH, CBSI3aHHOH C
nepepacnpeicieHieM DIEMEHTOB U H3MEHEHHEM
anekTpoHHOM TwotHocTH [20,21]. B-Tperhux, mpu
BBICOKOJO3HOM 06Hy‘IeHI/H/I HaAKOIIJICHUEC OCTAaTOYHBIX
MEXaHHUYECKMX HAIPSDKEHUH B MOBPEXKJCHHOM CIIOE
MOXET TMPHBECTH K BO3HUKHOBEHHIO 3((eKToB
MUKPOCTPYKTYPHBIX  3()(EKTOB, CBas3aHHBIX C
npoleccaMy PEKPUCTAILTH3AIINY, TPOOJICHUN 3epeH,
a TaKkKe M3MECHECHHEM HMX OPHEHTAIlMH, YTO B CBOKO
ouepesib TMPHUBOJAMT K YBEIMYCHUIO KOJIMYECTBA
MEK3EPEHHBIX TpaHHII, CO3JIAIOIINX
JIOTIOJTHUTENIEHOE ~ COTNPOTUBIIEHHE  (DOHOHHOMY
MexaHu3My nepenadu temia [22]. B atom ciydae
OounpIas KOHIICHTpAIUs Je(pOpPMUPOBAHHO-
WCK)KEHHBIX BKJIIFOUEHHI B COCTABE MOBPEXKICHHOTO
COS  CO3[@aeT MPENATCTBUSA, TPUBOJAIIKE K
YBEITUYEHHIO paccesHus (hoHOHOB npu
TCIUIONECPEHOCE, TEM CaMBIM YBCJIMYMUBas TCIIJIOBBIC
norepu B Marepuaiie. Co3IaHHBIE CTETICHH CBOOOIBI
npd paccesHUM (OHOHOB Ha J1e(OpPMHPOBAHHO-
HNCKaXXCHHBIX BKIIIOUCHUAX, a TaKXKC O6p330BaHI/Ie
(hOHOHHBIX JIOKAJIBHBIX MO B CiydYae JIOKAJIU3aluu
(OHOHOB TpU B3aMMoJeicTBUM C Aedekramu,
NPUBOIUT K moTepe 3()(PEeKTUBHOCTH TEIIO0OMEHa,
YTO B CBOKO O4Yepeb MOXET MPUBECTH K
00pa30BaHUI0 B CTPYKTYpE IOBPEXKICHHOTO CIIOS
oOmnacreii neperpesa. B cBoto ouepenp, oOpazoBaHue
JIOKaJIbHBIX MOJ, a TaKXC HN3MCHCHUC CIICKTpa
(hOHOHOB MOXKET MPHUBECTH K CHUKEHHUIO TPYIIIOBON
CKOpOCTH TMepefaydl Terjia 3a CUeT YBEeIUYCHHS

cpemHero  cBobomHOro mpobera  (GOHOHOB B
MOBPEKJICHHOM  Marephaie, 4YTo YBEIHYUBACT
TEIUIOBBIE  IOTEPH, a  TaKKe  yMEHBIIAeT
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TEIUIONPOBOAHOCTE.  [lpy  3TOM  aHanM3upys
MpeJCTaBICHHbIC JAHHBIE HA PHCYHKE 238 MOXKHO
c/IeNath BBIBOJ O TOM, YTO HanboJiee Mo IBePIKEHHBIM
K  CHIDKCHUIO  TCIUIONPOBOJHOCTH  SIBIISIOTCS
kepamukd MgO u WOs;, m1st KOTOPBIX CHHKCHHE
Kod(puIMeHTa TEIIONPOBOAHOCTH TIpH (PIIroeHCax
seimie 10%° non/cm? cocrasnser Gonee 25-30 % npu
MaKCUMaJIbHOM (QuroeHce 00IydeHHs], B TO BpeMs KaK
s obpasuoB  ZrO; KepaMHK MaKCHMAalbHOE
CHIDKCHHE  KOX(p(HUIMEHTa  TEIIOMPOBOIHOCTH
coctaBisieT He 6oiiee 12 % (cM. naHHBIC Ha puc. 3).
B ciyuae oOnydeHUs TSDKENBIME MOHAMH, Kak
W3BECTHO, OJIHY U3 BXKHBIX POJICH UTPAIOT BEITHYMHBI
HWOHU3AIWOHHBIX IOTCPh HAJICTAIOUINX HOHOB IIPpHU
B3aUMOJICUCTBUM C DJJEKTPOHHOM W  SAJE€pHOM
CTPYKTYpOU 00JTy4aeMbIX MaTEpUAIIOB, OT KOTOPBIX
HaTpsIMYI0 3aBHCHT CTEHNEHb MOBPEKAAEMOCTH
CTPYKTypbl Marepuaia. [Ipu yBelIMYEeHUH 3HEPruu
WOHOB,  BCJIWYHMHBI  WOHHU3AIMOHHBIX  MOTEPh
BO3PaCTalOT, 4YTO MPHUBOAUT K TOMY, 4TO
KOHIIGHTpanyst Je(EeKTOB B TOBPEXKACHHOM CJIOE
CTAHOBHTCS 3HAUUTENBHO Oonbiie. Pe3ympTatom
TaKWX BO3JCUCTBUI sBisieTcs Ooyiee BHIpaKCHHBIC
HU3MCHCHUA TPOYHOCTHBIX U TCHJ’IO(I)I/I?)I/ILICCKI/IX
napamMeTpoB KEPaMUK, MOJBEPKEHHBIX 00YUEHHIO, a
TAKXKE MPOSBICHUS CHIKCHUS XapaKTEPHCTHUK TPH
MEHbIIMX  (roeHcax ~ OOJIydeHus,  KOTOpoe
00yCJIOBIIGHO B TMEPBYIO OdYepellb, pa3Mepamu
MOBPEXKJICHHBIX 00JIaCTEH, a TAKIKE UX MEPEKPHITHEM.
Ha pucyHke 20 mpencTaBieHbl —pPE3yJbTaTh
U3MCHCHUA TCILIONPOBOAAIINX CBOWCTB
HCCIIEyeMbIX KepaMUK B 3aBUCHMOCTHU OT (ItoeHCa

OOJy4YeHHS TSDKEIBIMH HOHAMHU Xe?®* ¢ SHEeprueu
230 M»aB.

OOmui BUJ TPEJICTABICHHOW 3aBUCUMOCTH
NMeEeT aHAJIOTHYHBIN TpEeH[ CHIDKCHMUS

TEIIIOPU3MYECKUX TapaMeTpoB, YTO W B Cllydae
o6nyuenust monamu Kr® ¢ smeprueit 150 MbB,
OJTHAaKO Oonee BBIpa)KEHHBIC MU3MEHEHUS
MPOSIBIISIIOTCS. IPU OONBIINX (IIroeHCcax O0IydeHHs
(Beime 10 won/cM?), YTO CBHETENLCTBYET O
OOJIBIIMX U3MEHEHUS TEIIOPUINIECKUX MTapaMeTPOB
kepamuk. Takxke s BceX TpeX THIIOB KEPaMHK,
HA4alo M3MEHEHWH Teriopu3nyeckux mapaMeTpoB
HaGmonaercs npu Quroencax 102 won/cm?, B TO
BpeMs1 Kak Juisl 00pa31oB 00TydyeHHbIX noHamu Kr®
noJ00HbIe U3MEHEHHsI HaOIro1aIuch pH (IrroeHcax
5%10% wuon/cM?* wm Beime. Takoe pasnuuue B
W3MEHEHUSIX MOXXET ObITh 00BsIcCHEeHO 3(ddexTamu
Oonee BBIPQKEHHBIX CTPYKTYPHBIX HMCKaKCHUI,
BBI3BAaHHBIX 0ONydeHueM HMoHamu Xe>*, a Tarke
pasMepamu MOBPEXKICHHBIX 00JIacTel (JinameTpamu,
TaK Ha3bIBAEMbIX JIATCHTHBIX TPEKOB), BOSHUKAIOIIHX
BIOJIb TPAaCKTOPHH IBHKCHHS HOHOB B MaTepHale
[23,24]. TIpu oTOM CcieayeT OTMETHTh, YTO B CIydae
00JTy4eHHs TSHKEIBIMU HOHaMH HauOOJIbITHI BKJIaJ B
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CTPYKTYPHBIC HCKAXCHUA BHOCAT SJICKTPOHHBIC
HOHHU3alUOHHBIE ITOTCPHU HAJICTAIOUIUNX HMOHOB IIPpU
B3aHMOJCUCTBHH C OJICKTPOHHBIMU 000IT0YKaAMH

CTPYKTYphl ~ KepaMHWK,  4YTO  NPUBOAUT K
BO3HUKHOBCHHMIO aHU30TPOIHBIX HCKWKEHUH B
JJIEKTPOHHOM IUIOTHOCTH, KOTOpOE€ B Cllydae

JMJICKTPUUECKUX KepaMUK Haubosee MpOsIBICHO
IPU BBICOKOJI03HOM 00yueHHu. CleyeT OTMETUTb,
TaKKe YTO NMpH 0bIydeHnr noHaMu Xe2**, Takxke Kak
u B ciydae obmydenns nonamu Kr®*, manGonbime
U3MCHCHUS TETIO(PU3UIECKUX napaMeTpoB
HaOmromarotest gt WO3  kepaMuk, yXyJIIIeHUE
KOTOpHBIX cocTaBisiet Oonee 40 %, B TO BpeMst Kak st
o0nyuenus monamu Kr'® momoGHoe u3MeHeHME
cocraBisuio He Oonee 30 %. Takoe paznuuue B
Jerpaganin TETIOQU3UICCKHUX napamMeTpoB
00YCIIOBJICHO B IIEPBYIO OYePe/Ib 00JIee BRIPAKEHHOM
JICCTPYKIUCH MOBPEKICHHOTO CIIOS KEPaMHK IpH
00NyueHMH TsKenbIMH HoOHamMu Xe>?*| a Ttaxxke
BO3HHKHOBCHHEM aMOP(HBIX BKIIOUCHHH IpU
BBICOKOJO3HOM O6Hy‘ICHI/II/I TSAXKEJIBIMU HOHAMHU.

Ha pucynke 3 mnpencraBieHbl pe3ybTaThl
CPaBHHUTEIILHOIO aHAIIM3a MAKCUMAIIbHOW BETHYHHBI
CHIDKCHHSI TEIIO(QU3MUCCKUX MapaMEeTPOB KepaMuK
pd MakcuMallbHOM (hiroeHce 0O0JIydYeHUs] MOHAMU
Kri® u Xe?**. Pe3ynbTaThl CpaBHUTEIHLHOTO aHAIN3a
CBUJICTEIILCTBYIOT 00 YXYAIIEHUH TEIUIO(PU3NICCKUX
napaMeTpoB HUCCIICAYEMBIX KEpaMHK, MpH 3TOM
XapakTep [JaHHBIX W3MCHCHHH HWMeEeT SBHbIC
pasiuYusi B 3aBHCHMOCTH OT THIIA HCCICAYEMbIX
OKCHJIHBIX KEPaMHK.
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Pucynok 3 — Pe3ynbraTsl motepb
TETUIONPOBOTHOCTH OKCHIHBIX KEPAMUK MPH
MaKCUMaTbHOM (uroeHce 00myderus 10 non/cm?

Kaxk BUJHO U3 TMPCACTABJICHHBIX JaHHBIX
HSMeHeHHﬁ, MaKCHUMAJIbHOEC CHMKCHHEC
TEIUIONPOBOIHOCTU (T.€. BOBHUKHOBCHHE TETIJIOBBIX
MOTEePh B PE3YNIbTAaTe HAKOIUICHHUS PaJUalliOHHBIX
noBpexaeHui ) Hadmomaercs mist WO3 kepamuk, ai1s
KOTOPBIX 00JIydeHHe TskelnbiMu HoHamu Kri%* u
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Xe?* ¢ MakCMMaJabHBIM  (JIIOEHCOM  OOIydEHHs
NPUBOAAT K CHIDKEHHIO TEIUIONPOBOMHOCTH Ooiee
geM Ha 30-40 %. Uyrte MeHee BBIpaKEHHBIC
M3MCHEHHUS TEIUIONPOBOIHOCTH TPH MaKCUMAaJIbHOM
¢mroeHce obyyuyeHHs  TSDKEJIBIMU HOHAMHU
Xe?**mabmoparorcss s MgO kepaMuK, M3MEHEHHE
KOTOPBIX cocTaBisieT mopsaka 24 —25% u 37— 38 %
npu  obmydenun  moHamm  Kr'®*  m XeZ*
COOTBETCBEHHO. CambiMu YCTOHYUBBIMH
KepaMHKaMH K CHIDKCHHIO TEIIONPOBOTHOCTU IIPU
00JTy4eHHH TSKEIbIMU noHaMu Xe2%* apystores ZrO;
KEepPaMHKH, CHIDKEHHE TEIUIONPOBOAHOCTH  JUIS
KOTOPBIX COCTaBWIIO HE Ooiee 15 % oT HawambHOTO
3HaueHus. [lpy  3TOM  JaHHBIE  W3MCHCHHS
TEIJIONPOBOIAIINX XaPAKTEPUCTHK MPU OOTyICHHH
TSOKENBIME HOHaMu Xe?* umeroT xopomree coracue
C JAHHBIMH H3MCHCHHMSMH TEIIONPOBOTIHOCTH
00pa3sioB OOIYyYEHHBIX TSHKENbIMH HoHamu Kri®*
OJIHAKO M3MEHEHHs IpU 00JTyd4eHUH HoHamu Xe>*
npubnuzuTensHo Ha S — 10 % BbIie, YTO MOXKET OBITH
0OBSCHEHO CICAYIOIUMHU (pakTOpaMHu.

Bo-niepBbIX, IpH 00Ty4SHNUH TSHKETBIMA HOHAMHI
Xe?*  pasmeppl  NOBPEXACHHBIX  0OIacTei
(CTpYKTYpHO-U3MEHEHHBIX), BO3HUKAIONIUX BJIOJb
TPacKTOpUHM  JBIKCHUsI HOHOB B  Marepuale
HECKOJBbKO Oosblie (IO pacyeTHBIM JaHHBIM
npumepHo Ha 20 — 30 %), yem mpu oOIydeHUH
TsoKenbiMu nonamu Kr*, uro mpuBoaut k Tomy, 4o
TUIOTHOCTBH JIe(PEKTHBIX BKJIIOYECHHH, BO3HUKAIOIINX
IPU BBICOKOJIO3HOM OOJyYeHHH BBIIE B 0Opa3nax
00JIy4eHHBIX TsKEIBIMH MOHaMu XeX*. 06 sTom
TaKke CBHUICTENBCTBYET TO, YTO HM3MEHEHUS
TEIJIONPOBOTHOCTH  UCCIEAYEMBIX KEpaMHK IIpH
OOJIyUEeHMH TsHKEIBIMH HOHAMK X2 mposBistoTes
MPU MEHBIIUX (UIIOCHCAX, YeM B CiIydae OOIydeHHs
TSOKENBIME MoHamMu K™,

Bo-BTOpBIX, OOJIce BBIpaKEHHBIE W3MEHCHUS
TEIUIOPHU3MYECKUX XaPAKTEPUCTUK IS OO0TYyYSHHBIX
o0pa3loB KepaMUK TpH OOIYyYeHUH TSHKEIBIMU
noHamMu Xe%' CBUIETENLCTBYET O TOM, 4TO B
MPHUIIOBEPXHOCTHOM CJIO€ KOHIIEHTpaIus 1e(eKToB
3HAYUTENILHO BBIIIE, YTO CO3/IACT JOTOTHUTEIbHBIC
npensaTcTBusi npu (OHOHHOHM mepenadm Tema, 3a
CUeT YBEJIMYCHUS KOJIMYECTBA PACCEHUBAIOIIMX
HEHTPOB B BHJE JAe(DEKTHBIX WM aMOpP(QHBIX
BKJIFOUCHUH, KOHLICHTPAIMsl KOTOPHIX MaKCHMallbHa
IPU BBICOKOIO3HOM OOJTy4EHUH.

B-Tpetbux, BbICOKas ycTtoiuuBOCTH ZrO;
KepaMHK K  CHIDKCHUIO  TeIIo(pHU3nIecKux
apaMeTpoB o0ycioBiieHa IIPOLECCAMHU
MOTMMOP(HBIX Tparchopmanui, KOTOpbIE

HAOJIIOJIAIOTCS IS JTAHHOTO THIA KEpaMHUK IIpu
BBICOKOJIO3HOM OOJYYCHHH TSKEIBIMH HOHAMH (C
sHepruer Bbime 100 M»dB), wHMIMaNM3ausa
KOTOPBIX TPHUBOAUT K HW3MEHECHUIO IUIOTHOCTH
KepaMUK, M KakK CICJICTBUE, CHIDKCHUIO CKOPOCTHU

HAaKOIUICHUSI  CTPYKTYPHBIX
HPUITIOBEPXHOCTHOM CJIO€.
M3MeHeHne TeIuIoNpOBOIHOCTH KEpaMHK HpPH
yBenuueHnn ¢uroeHca o0aydeHus oOyclOBICHO B
nmepByro  ouepenp (popmmpoBaHHeM aeeKTHOU
(bpakmuy B HOBPEXKICHHOM CIIO€ M TIOCIIETYIOIEM e
HaKOIUICHWH, YTO TPHUBOAMT K  CO3JAHHIO
JIOTIOJTHUTENBHBIX MPEeMSTCTBUI (dhoHOHHOMY
MEXaHuW3My Ieperadd Temia. B cBoio ouepens
BBICOKasi yCTOHYMBOCTH KEpPaMHK Ha OCHOBE
JUOKCH/Ia WHUPKOHMS K TIpoLlecCaM HaKOTUICHHS
pPaOMalOHHBIX ~ TOBPEXICHUH  00yCIaBIMBacT
MEHBIIINE TEIUIOBBIE MOTEPH W Mayloe YyXyIIICHHEe
TeIonpoBogHOCTH. Ha pucynke 4 mpeacTaBieHBI
pe3yibTaThl OICHKH HM3MEHEHHMs KOHIEHTPALUH
nedexkTHOW (¢pakmuu B o0pasiax KepaMHK B
3aBUCHMOCTH OT (piroeHca 0OIydeHUs U TUIA HOHOB.
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0) pu 00JTy4EHNHN TSHKENBIME HOHAaMu X2

PucyHok 4 — Pe3ynbTaThl OIIEHKH KOHIICHTPAIHH
JneeKTHOM (PPaKIUU B COCTABE MOBPEXKICHHOTO
CJI0sl KEPaMHUK B 3aBUCUMOCTH OT (pIroeHca
00y4yeHus (IyHKTUPHBIMY JIMHUSMH BBICIIEHA
00J1aCTbh, COTJIACHO TEOPETUIECKUM pacueTam,
KOTOpasi XapakTepHa JuIst (POPMHPOBAHHUSI
MIEPEKPBITHS TPACKTOPHII HOHOB B MaTepHalie B
ciIydae OOTyUeHUS TSHKEIBIMU HOHAMH)
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OrneHka KOHIIGHTpauu JeQeKTHOU (pakiuu
ObUTa TpoW3BeNeHA MyTEM H3MEPEHHH H3MEHEHHUS
MapaMeTpoB KPUCTAIUTHYECKON PEIeTKH, a TaKKe ee
oobemMa B pesynbrare oOmydeHus. Cremyer
OTMETHUTH, YTO XapaKTep M3MEHEHNH KOHIIEHTPAIUN
nedeKTHOW (Gpakiud B 3aBUCHMOCTH OT (QIIFoeHca
o0JydeHHs Jii OOOWMX THUIOB HWOHOB HMEET
OJIMHAKOBBIM TpEHJ W3MEHEHUM, HUMEIOLIHUN SBHO
BBIpOKCHHBIN A(DPeKT HakomieHus npu (roeHcax
seime 10 mon/cm?. TIpu 5TOM XapakTep U3MEHEHHI
KOHIIGHTPAIIMOHHBIX 3aBUCHMOCTEH OT (uroeHca
o0JydeHHs s OOOWX THUIOB WOHOB HMeEET
OJIMHAKOBBIM  TPEHN, Ppa3IMYaAONIUNACI  TOJBKO
U3MCHCHUEM BCJIINYHH KOHUOCHTpanuun npu
W3MEHEHUH THUIAa MOHOB (IIpU OOMYYEHWH HOHAMH
Xe?*  u3MeHeHHMEe ~ KOHIEHTpauuM  Ae(eKTHOH
¢dpakunu OoJiee BBIPasKEHEI).

Kaxk BUAHO U3 TMPCACTABJICHHBIX JaHHBLIX, B
ciaydae o0mydenus gpmoencamu 10 — 102 mon/cm?,
HM3MEHEHUI rnapaMeTpoB KPUCTAJUTMYECKOU
CTPYKTYpbl, W KakK CIEACTBUE  HAaKOIUJICHUS
nedexTHOW (pakimuu B TOBPEKICHHOM CJIO€ HE
HaOmomaeTca. OTCyTCTBHE U3MEHEHH MOXKET OBITh
OOBSICHEHO CIEAYIOMUMHU (pakTopaMu. Bo-mepBbix,
mpu MajiblX (IroeHcax OO0JydeHHUs, CTPYKTYpHO-
W3MEHEHHBIE  OOJIACTH, BO3HHKAIOIIAE  BJOJb
TPaeKTOPUH JIBKEHHUS] MOHOB B MOBPEKICHHOM CJI0€
OCTAalOTCsl M30JHUPOBAHHBIMU APYr OT Apyra, 4ro
MPUBOJUT K TOMY, YTO OOJbIas 4acTh Ae(PeKToB
oOpa3yromuxcss B pe3ylbTaTe B3anMOJCHUCTBUS
MOXET AaHHUTHIIMPOBATh 3a BeChbMa KOPOTKHE
MMPOMEXYTKA BpeMeHH. B 3ToM cirydae, coriiacHO
TEOPETUYECKUM  OIIEHKaM,  pa3Mepbl  JaHHBIX
obmacteld cocraBisitoT He Oomee 5—10 HM B
JUaMETPE, OCHOBHBIC CTPYKTYPHBIE H3MEHEHHUS
CBs3aHBI C JeOPMAIMOHHBIMA  UCKKCHHUSAMH,
BO3HUKAIOIIMMU B JAaHHBIX  JIOKAIBHO  —
H30JIMPOBAHHBIX O6HaCTHX, a B BHUAY HUX MaJlbIX
pa3MepoB W BBICOKOH YCTOWYMBOCTH KEpaMUK,
KOHIICHTpAIUS JTAHHBIX BKJIFOUEHUI HE OKa3bIBaeT
CYIIECTBEHHBIX M3MEHEHHWW Ha CBOWCTBA KEpPaMUK.
ITpu sTOM, B CHITy TOTO, YTO IOMUHUPYIOIILYIO POJIb B
mporeccax B3aMMOJAEHCTBUSL HIPAIOT  MPOLECCH
BSaHMOHeﬁCTBHH HaJIeTaromux HOHOB C
DJIEKTPOHHBIMU 000JIOYKAMH, B JaHHBIX 00JIACTAX
¢dbopMHpYIOTCST  HM30JIMpPOBaHHbIE  00JacTH ¢
HW3MEHEHHON TUIOTHOCTBIO pacripenenenus
AJIEKTPOHOB, KOTOPHIE B OOJBITHHCTBE CBOEM UMEIOT
HeoOpaTHMBI XapakTep B CHIYy AMIJICKTPUYECKON
MPUPOJIBI KepaMuK. B JTaHHOM Citydae Maiblii BKJIa]l
OT SAACPHBIX IOTEPH, HpI/IBOJ];SIH_H/Iﬁ K aTOMHBIM
CMEIICHUSM B cirydae H30JINPOBAHHOCTH
MOBPEKJCHHBIX 00JIaCTed HE CHOCOOEH OKa3aTh
CYLIECTBEHHOE BIHUSIHIE Ha CTPYKTYPHBIE N3MEHEHUS
B CWIy Majoro TMOBpPEXAEHHOTO  0o0beMa
OTHOCHUTETILHO 0011ero 00beMa KepaMuK.
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Bo-BTOpBIX, CTPYKTYpHBIC H3MCHEHHS B TAHHBIX
JIOKAJIFHO — M30JIMPOBAHHBIX 00JIACTSAX, B OCHOBHOM
CBSI3aHBI c s dexramu MOHU3AIINH,
00yCJIOBICHHBIMH  OONBUIMMH  HOHU3AUOHHBIMH
HOTEPSIMU HAJICTAIOIINX HWOHOB BJOJb TPACKTOPHU
JBIDKCHUS, 4 TaK)Ke JOMHHHPOBAHWEM Ha OOJbIIEH
YacTH JUIMHBL Tpo0era HOHOB  3JIEKTPOHHBIX
B3aUMOJICHCTBUH, YTO NPUBOAUT K BO3HUKHOBEHHIO
AQHM3O0TPONMHU PACIpENCNICHNsT 3apsiia HE TOJBKO
BJIOJIb TPACKTOPUH JBIKEHHS HOHOB TI0 ITyOHHE, HO
M B pagdalbHOM HalpaBJICHWU OT LEHTpa
TpaekTopun. Ilpm sTOM, cormacHo psmy pador
[25,26], mamHas 3apsmoBas aHHU3OTPOIHUS MOMKET
MUMETh TOpa3zo OOJbIINE pa3Mepshl, YeM OLICHOYHEIE
BEJIMYHMHBI JUAMETPOB CTPYKTYPHO — H3MEHEHHBIX
obnacteld, CBA3aHHBIX ¢  JedOpMAIOHHBIM
HCK)KEHUEM KPUCTAITMUECKON CTPYKTYphl. OIHAKO
B Cily4ae MalblXx (IIIOCHCOB, JaXKe C Y4YETOM
paznuuuii B pasMepax oOnacTeidl  3apsmoBOM
AQHU30TPOTINU " CTPYKTYPHO-H3MEHEHHBIX
neOpMUPOBAHHBIX O0JIaCTel, HIaHHBIE 00JacTH
OCTAlOTCSl W30JHMPOBAHHBIMA M HE CIIOCOOHBIMHU
OKa3aTh CyMIECTBEHHOTO 3¢ (deKkTa Ha H3MEHEHHE
KOHIIEHTpauu Ae(heKTHOH PpaKiuH.

B o6nactu ¢moencos 102 — 10 uon/cm?
HabmogaeTcs GOPMUPOBAHUE MAJIOW KOHIIEHTPALIUN
nedextHo  (pakuuu, — MOSABICHHE  KOTOPOWM
00yCJIOBJIEHO BO — TEPBBIX, 3PPEKTOM MEPEKPHITHS
JOKAIPHO — W30JHMPOBAHHBIX  CTPYKTYPHO —
MU3MEHEHHBIX JIe(EeKTHBIX 00JacTeid, a BO — BTOPBIX
yBEIMUEHHEM BKJIaZia HOHHM3AIMOHHBIX TIOTEPh B
U3MEHEHUS pacnpeneneHus ANEKTPOHHOM
wioTHOCTU. [lpu 3TOM Ui pPa3IMYHBIX THUIIOB
KepaMUK, W3MEHEHHE KOHIEHTpaluu JedeKTHOMI
¢dpakiu B JaHHOM JMama3oHe  (IIFOCHCOB
oOirydenust pasnuueH. Tak, HanOosiee BBHIPAKCHHBIC
M3MEHEeHUS! KOHLEHTpAlMu Je()eKTHOH (pakunu B
JaHHOM Juana3oHe HaOmogarorcs st WOz
KepaMUK, B TO BpeMs Kak s kepamuk ZrO; u MgO
BKJIa1 JepEeKTHOM (pakuuy B COCTAaBE KEPaMHUK
MHMHUMAaJIbHBIH.

[Ipu yBenmuenuu ¢iroeHca oOMy4YEHHS BHIIIE
10 won/cM? wHabmOMAETCS  AKCIOHEHIMATBHOES
yBeJTMYEHNE KOHIIEHTPAINH 1e(EKTHBIX BKIIOUCHHH,
KOTOpOe  XapakTepHO s J1eOpMaIMOHHBIX
WCKKEHHUH, CBA3aHHBIX C 3((eKToM MepeKphITHs
CTPYKTYpPHO — HW3MEHEHHBIX oOnacreid,
BO3HHKAOIIUX BJIOJIb TPACKTOPHUH JBHKEHHSI HOHOB
B TOBpexaeHHOM cnoe. [Ipm 3ToM B ciydae

00JyueHHs TsKENbIMH HOHamu  Xe€%*  naHHbIE
W3MEHEHHs OoJiee BBIPAKEHBI, YE€M B CJIydae
o6nyuenuss woHamu Kr'®, uro Moxker ObITh
00BSCHEHO 0ONICE BBHIPAKEHHBIMU CTPYKTYPHBIMU

W3MEHEHUSIMH, CBS3aHHBIMH C  pasHUIEH B
BEJIMYMHAX HMOHW3ALMOHHBIX TOTEPh HAIETAIONINX
MoHOB (B ciydae MoHOB Xe%'  BelMYMHBI
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WOHW3AIMOHHBIX MOTEPh OOJbIIE), U KaK CIEACTBUE,
YBEIMYEHHIO DPa3MEPOB MOBPEKICHHBIX o0iacTeit
BIOJb TPAEGKTOPUM IBIKCHHA HOHOB. OmHUM Wu3
00bsICHEHHI U3MEHEHUS TerToQpU3nIECKUX
[apaMeTpoB KEPaMHUK B PE3YJIbTaTe HAKOIUICHUS
pazualMoOHHBIX MOBPEXICHUNH NPH BBICOKOIO3HOM
OOJIyUYeHHH MOJKET SIBIATHCS M3MEHEHHE HE TOJBKO
KOHIIEHTpauu AeQeKTHOH (pakUuu, HO U CTEICHH
CTPYKTYPHOTO YIOPSIOYCHHS, BEIMYMHA KOTOPOM
XapakTepU3yeT COBEPLICHCTBO KPHUCTAJUINYECKOM
CTPYKTYpB, a TakXe HaKOIUIeHHe aMOp(HBIX
BKITFOUEHUI TIPU BBICOKOIO3HOM 00IydeHnn. B aToM
Cllyyae YBEJIMYEHHE KOHLEHTpauuu Ae(EeKTHBIX
BKITIOYCHUI B CTPYKType MOBPEKICHHOTO CIIOA, a
TAaK)XXC HM3MCHCHUC HUX IINIOTHOCTH MTPUBOJUT K
(hopMHpOBaHUIO obOjacTeli  pa3ymopsaoveHuUs
(amopdHBIX BKIIOUYEHHI). B ciydae mampHeiero
yBennueHus (IroeHca, HaOIOAaeTcsl yBEIMYeHHUE

KOHLEHTpAallMd  aMOpP(HBIX  BKIIOYCHHH B
MOBPEXKJICHHOM CJIO€, YTO CBSI3aHO C YBEIHYCHHEM
KOHLOCHTpalunuu HaAKOIUVICHHBIX CTPYKTYPHBIX
UCKXEHUH, a Takke JPPexkToM TIyOOKOro

MEPEeKpPBITHS NeQEeKTHBIX 00JacTedd, XapaKTepHOTrO
JUIS1 BEICOKO/I03HOT'O OOJTydEHHS.

3akiIoueHue

B 3aK/1I04€HUH MOKHO C/IENIATh PAJL CIELYIOMIUX
BBIBOJIOB, MOJBOJASIIMX WTOTH  HPOBEIEHHBIX
uccieaoBaHuit. Bo — mepsbIX, OGbLIO yCTaHOBIEHO,
4TO IpH MabIX (iroeHcax o6ayuenus (mopsaka 1010
— 10%? non/cM?) M3MEHEHHS TEIUIONPOBOJIHOCTH HE
YCTaHOBJIEHE, u3 qero crejyer, 91O

M30JIMPOBAHHOCTL  CTPYKTYPHBIX  M3MEHEHHIA,
BO3HHMKAOIIUX BJOJb TPAEKTOPHH JBMKCHHS HOHOB
B TOBPEKJICHHOM  CJIOE€  HE  OKa3bIBAIOT
CYIIECTBEHHOTO  BJIUSHUS  Ha  yXy/IIEHUE
Teronepenadn.  TakKe  Ha  BO3HUKAKOIIUE
M3MEHEHHS SJIEKTPOHHOM MIIOTHOCTH NPH 00Ty 9€HUN
npu Maibix (QIIOEHCAX HE OKAa3bIBAIOT BIMSHHE Ha
CHIKEHHE TEIIONPOBOAHOCTH. OCHOBHOE BIIHSHHE
Ha CHWKEHHE TeINO(QU3HYECKHX  apaMeTPOB
OKa3bIBAET HAKOMHUTENBHBIN A(PPEKT CTPYKTYPHBIX
WCK&KEHMH W 1e(GOpPMAalMOHHBIX  BKJIHOYEHHIA,
BO3HMKAIOIIMHA B  PE3ylbTaTe€ HAKOIUTEILHOTO
sddexrta mpu yBenuueHWH (iroeHca OOIyUIEeHHS.
HpI/I OTOM, Ha4yaJI0O CHHIXCHHA TCIUIOIIPOBOAHOCTU
HMECT SABHO BBIPAXKXCHHYIO 3aBUCUMOCTbL OT THUIIA
MOHOB NP 00y4YeHNH (U KaK CIEICTBUE, OT YJHEPTUU
MOHOB), KOTOPOE BBIPAKAETCSA B TOM, 4TO B CIIydae
00yuenus HOHAMU Xe?¥ CHIDKEHHE
TEIUIONPOBOJHOCTH HAYUHAETCS TpH  (IIFOEHCAX
nopszaka 102 non/cm?, B To Bpems Kak [UIs 00pasLoB
00nyuennbix moHamu Kr® momoGnble M3MeHeHMs
HaOIoAaIUCh Iy puroeHcax 5% 10 mon/cm?.

BaaropapHocTs
JNannast pabota BBIOJHEHA B  paMKax
TPaHTOBOI'O (uHaHCUpOBaHUS AP13068156

«/3yueHue BIMSHUSA PaAUuallMUOHHBIX MOBPEXKICHUI
Ha TEIUIO(pU3NIECKHE CBOWCTBA WHEPTHBIX MAaTpPHIL
Ha OCHOBE OKCHJIOB TSI TETIOBBIACIISIONINX COOPOK»
npu nojyepxke Komurera Haykm MuHHCTEpCTBa
HayKH | BbIcmiero oopasosanus PK.
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TENAOMPOBOAHOCTb NO/IbIX MUKPOC®HEP C NEP®OPUPOBAHHBIMW CTEHKAMMW

OHMM M3 OCHOBHbIX HanpaBAeHNn Hay4YHbIX UCCNeaoBaHUA B 061aCTV MaTepmnanos ABAAETCA U3yYeHue
TENNOPU3MYECKMX CBOMCTB KOMMO3ULIMOHHBIX MaTepuanos M HEOAHOPOAHbIX cUCTEM. [TOHMMaHWe 3TUX
CBOWCTB 1 pa3paboTKa aHa/IMTUYECKMX METOA0B MPOrHO3MPOBaHUA HEOBXOAMMbI 4151 CO34aHNA MaTepuanos
C TpebyembiMuM CBOWCTBaMM. Bnepsble uMcCiedyeTcs  TenjaonpoBOAHOCTb  MOJbIX  MUKpochep C
nepdopMpPOBaHHLIMM CTEHKAMM KaK HEOBXOAMMOro KOMMNOHEHTA MepPCrekTUBHbIX HOBbIX KOMMO3UTOB. Lienbio
OaHHOM paboTbl SABAAETCS OLEHKA BO3MOMHOCTM aHanusa 3QGEeKTMBHOM TenaonpoBoAHOCTM  MOJbIX
nepbopmpoBaHHbIX MUKpochep eLlé Ha 3Tane ux pa3paboTku. MoydeHbl COOTHOLLEHWA A48 aHANUTUHECKOK
OUEHKM (pacyéTa/nporHosa) spPpeKTMBHOM TENI0NPOBOAHOCTH NObIX MUKPOCHEP C PasIMYHbIM MaTepPUaiom
CTEHOK, BMAAMM rasa B nopax (Bosayxa WM WHbIX ra3oB) M OTHOCUTENbHOW njolaam nepdopaumm CTEHOK
nosbIx MUKpocdhep. [na pacyéta TenaonpoBOAHOCTM OBbEKTa MCMO/b3YITCA MOAEAN M METOAbl TEOPUU
0606LIeHHON NPOBOAMMOCTH. 1peAcTas/eHbl Pe3y/bTaTbl aHaIMTUYECKOrO pacyeTa 3Ha4eHnn 3GpGEKTUBHOMN
TenaonpoBoaHocT mukpochep u3 ALOs, ZrO,, AWSTUANONMCUAOKCAHA, HAMOHEHHbIX BO34YyXOM, B
3aBUCMMOCTU OT OTHOCUTENBHOM TOALMHbLI CTEHKN MUKpOcdepbl M OTHOCUTENbHOM naowaan nepdopaln
CTEHOK MpU GUKCUMPOBAHHbIX 3HAYEHUAX TemnepaTyp. PesynbTaTbl paboTbl MOryT BbiTb MCMNONL30BaHbLI AR
NPOrHO3MPOBAHMA CBOMCTB HOBbIX KOMMO3ULMOHHbLIX MaTepuvanoB B 3apaHee 3aJaHHOM AuanasoHe
Temnepartyp.

Kniouesble cnoBa: nosble mukpocdepbl, nepdopupoBaHHbie CTEHKM, TennonpoBOAHOCTb, Teopun
0606LLEHHOM NPOBOANMOCTU, KOMMO3ULMOHHbIE MaTEPUabI.

E.B. Anekcees™?*, 10.MN.3apuuHsak?, C.A. benereHosa?, B.MN.XoayHkos3
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MNepdopaumanarfaH KabbipFanapbl 6ap KybiC MUKpocdepanapabiH, Xblay OTKI3riwTiri

MaTepunanaap canacbiHAarbl FblAbIMW 3epTTeynepaiH, Herisri HafblTTapbiHbIH, Bipi KOMMNO3ULUMANLIK,
MaTepuangap MeH reTeporeHai )xymenepain, *oiny-Gusmkanbik Kacuetrepid sepTtrey 60abin Tabbliaabl. Ocbl
KacueTTepai TYCiHY XXaHe aHaNUTUKaNbIK BoxKay aAicTepiH a3ipaey KaxeTTi KacueTTepi bap matepuanaapapl
’Kacay YWiH eTe MaHbi3abl. MepdopaumanaHfaH Kabblpranapbl 6ap Kybic MUKpochepanapabliH, Kblay
OTKI3TiWTIri NepcnexkTneanbl XaHa Komno3nTTepaiH KaxKeTTi Kypamaac beniri peTiHae anfall pet 3epTrenyae.
By KYMBICTbIH, MaKCaTbl-KybiC NepdopalmanaHraH MUKpochepanapablH, TUIMAI Kblay ©TKI3riWTiriH onapapl
23ipney KeseHiHAe Ae Tangay MyMKiHAiriH Gafanay. KabbipfanapablH, apTypAai maTepuangapbl 6ap Kybic
MUKpOChepanapabiH TUIMAI Kbly STKI3MWTIriH, KeyekTepaeri ras Typ/iepiH (aya Hemece HacKka rasgap) »aHe
KyblC MUKpochepanap KabblpranapbiHbiH NepPopaLmACbIHbIH, CafbICTbIPMabl ayAaHblH  aHANUTUKAbIK
baranay (ecentey/6onxay) ViiH KaTbiHacTap anbiHAbl. O6BEKTIHIH blay OTKI3rilTiriH ecentey YLWiH
annblnaHfFaH OTKI3MWTIK  TEOPUMACLIHbIH,  MOAeNbAepi MeH aicTepi  KondaHblnaabl.  Mukpochepa
KabblpFacblHbIH, CaNbICTbIPManbl KajblHAbIFbIHA KaHe OekiTinreH TemnepaTypa MaHAepiHaeri Kabbipfa
nepdopaumACbIHbIH,  CanbICTbipManbl aydaHblHAa  HalnaHbICTbl  ayameH ToATblipbiaFaH  Al203, ZrO2,
ONSTUNNONNCUNOKCAHHAH  afiblHFAH  MUMKpochepanapablH,  TUIMAI  Kblay — OTKI3riWTiriHiH, -~ MaHAepiH
aHaNMTUKaNbIK ecenTey HaTUXKeNepi KenTipinreH. ymMbIC HITUXKeNePiH anapiH ana benrineHreH Temnepatypa
[OManasoHbIHAA *KaHa KOMMNO3UUMANBIK MaTepuangapablH KacneTTepiH 6oKay yWiH nanganaHyfa 6onaapl.
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Thermal conductivity of hollow microspheres with perforated walls

One of the main directions of scientific research in the field of materials is the study of the thermophysical
properties of composite materials and heterogeneous systems. Understanding these properties and
developing analytical forecasting methods are necessary to create materials with the required properties. For
the first time, the thermal conductivity of hollow microspheres with perforated walls is investigated as a
necessary component of promising new composites. The purpose of this work is to evaluate the possibility of
analyzing the effective thermal conductivity of hollow perforated microspheres at the stage of their
development. The relations for the analytical evaluation (calculation/forecast) of the effective thermal
conductivity of hollow microspheres with different wall materials, types of gas in the pores (air or other gases)
and the relative perforation area of the walls of hollow microspheres are obtained. To calculate the thermal
conductivity of an object, models and methods of the theory of generalized conductivity are used. The results
of the analytical calculation of the values of the effective thermal conductivity of microspheres made of Al203,
Zr02, diethylpolysiloxane filled with air, depending on the relative thickness of the microsphere wall and the
relative perforation area of the walls at fixed temperatures are presented. The results of the work can be used
to predict the properties of new composite materials in a predetermined temperature range.

Keywords: hollow microspheres, perforated walls, thermal conductivity, theory of generalized
conductivity, composite materials.

BBeaenne

HeobxonumocTs u3y4eHus: TemIo()U3NIECKUX
CBOWCTB  KOMIIO3WIIMOHHBIX  MaTepHalioB |
HEOJTHOPOJIHBIX CHUCTEM, B TOM YHCIe H pa3paboTka
AHATMTUYECKUX METOAOB MIPOTHO3UPOBAHUS,
SIBJISIETCSI  BaXXHOM 4YacTbl0 KPYIHOH Hay4dHO-
TEXHUYECKOW TPOOIEMBbI CO3JaHUSI MaTepUallOB C
3apaHee 3aJlaHHBIMU (TpeOyeMbIMU) CBOHCTBAMH.

OOBEeKTOM HCCIEeIOBaHUS SIBIISIOTCS IIOJIBIE
MUKpocdepsl ¢ meppOopupOBaHHBIMH CTEHKAMU
(mopuctele MUKpocdepsl), MpeACTaBICHHBIE Ha

pucynake 1 [1]. IlepdopupoBanHbie chepsl UMEIOT
nmuameTp oT 10 Mmxm 110 250 MKM, TONIITMHY CTEHOK OT
1-2 mkMm (TorkoctenHsle) 10 0.7-0.8 pamuyca chepbl
(TOJICTOCTEHHBIC) U pa3Mep OTBEPCTHI B CTEHKaX OT
5 o 60 MxM, ¢ mopuctocthio 30-75%.

Muxkpochepst XapaKTepPU3yITCS Mayon
IJIOTHOCTBIO B COUETAHUU C BHICOKOW MEXaHUUECKOM
MPOYHOCTHIO U TBEPAOCTHIO, OTHOCUTEIBHO HU3KOU
TETUIONMPOBOIHOCTEI0, XOPOIIEH TEKy4eCThi0 MIpH
cBOOOHOM 3aChITIKE, a TaKKe
3JIEKTPOU3O0JIAIIHOHHBIMHA CBOMCTBAMHU.

Pucynok 1— DnektponHsie ¢poTorpaduu peanbHbIX MOJIBIX MUKpOCchep
¢ eppopHUPOBaHHBIMK CTEHKaMHU [1]
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[lopucteie  mMukpocdepsl B MeAMLMHE
UCCIIEAYIOTCS sl TOCTaBKU  JiekapcTBa  [2],
CTBOJIOBBIX KIETOK [3,4], TKaHeBo# umKkeHepun [5].
Taroke MOPHUCTHIC MHUKPOYACTHLIBI ObLIH
WCCIIEJIOBAHbl  JJIsi  NPUMEHEHUST B KavecTBe
CBA3YIONIET0 3BEHA MEXJY AacCUMETPHYHBIMH
MeMOpaHaMH CO CIIOMCTOW CTpyKTypoit [6], B
CYNEepKOHIEHCATOpax JJsl MOBBIMICHHUS HANPSDKEHUS
M IUIOTHOCTH DHEPTUH [/] M B KauyecTBE aHOIHBIX
MaTepHalIoB VIS JTUTHH-HOHHBIX aKKyMyJITOpOB [8].

B CTPOUTEIBLHOU HHIYCTpUU u
TEIUIOIHEPTETHUKE TIOJIbIe MUKPOChEpsl ¢ IETbHBIMU
WA TIepPOPUPOBAHHBIMA CTEHKAMH HCIOJB3YIOTCS
KakK KOMITIOHEHTHI KOHCTPYKIMOHHBIX u
TEIUTOM30JIAIIMOHHEIX MaTepuaioB. B pabore [9], roe
MPOBOJIUTCS aHAITU3 CTPYKTYPHI 30JIbHBIX MUKpOChHEp
C [eJIbHBIMH U TEep(POPUPOBAHHBIMU CTEHKAMH,
YKa3bIBaCTCA, YTO TCIUVIONPOBOAHOCTE KOMITIO3UTOB C
nepOpHUPOBAHHBIMU CTEHKAMH MHKpOC(ep HUKe,

4eM y MarepualoB ¢  HenephopupOBaHHBIMU
CTeHKaMH MUKpochep
Hawubosee 9acTo HCIIOJIb3YEMbIMHU

MaTepHajJaMy AJISl TIOPUCTBIX MHUKpOchep SBISIOTCS
HEOpraHMYecKHe MaTepualibl, TaKue Kak KapOoHat
kanpius (CaCO3), docdarer, GOpaTsl, CHUIUKATEHI,
ME30MOPUCTHINA KpeMHe3eM, Tuapokcuanatut [10-12]

B pabore [13] npomsBoauTcs  pacyer
TEIUIONPOBOTHOCTH KOMITO3UTa W3 MOJMMEPHBIX
KPacoK M CTEKJITHHBIX MUKpPOc(hep MO KIaCCHUECKIM
MOJIEJISIM TEIUIONEpEeHoca B IMOPHUCTHIX Cpelax —
MPUOIIMKEHUST B3aUMOIPOHUKAIONIMX KOHTHHYYMOB
Ha OCHOBE MOJEIH IUIACTHH, OPHEHTHUPOBAHHBIX
napajieqbHO W TEPHEeHAMUKYJSIPHO  TEIUIOBOMY
MOTOKY COOTBETCTBEHHO. [Ipy HCHOIB30BaHUH
MOKPBITUSL JIOCTUTAETCS yYMEHBIIIEHHE TETUIOBOTO
notoka Ha 30—40 % npu ToNIUHE TOKPBITHS 2—3 MM
U CHIDKEHHE TeMIIepaTyphl IIOBEPXHOCTU TPYObl Ha
20 °C. DmueprocOeperaroiiyue CBOHCTBA TaKOIro
KOMITO3UIIMOHHOTO MaTepHuajla MEPCIEeKTHUBHbBI MPH
€ro HaHECEHUH Ha MOBEPXHOCTh OOBEKTOB C HU3KUM
TEIUIOBBIM COTPOTHBIICHUEM.

B pabote [14] skcriepuMEHTAIbHO MOKA3aHO,
9r0  A00aBJ€HME  TOJNBIX  BaKyyMHPOBaHHBIX
MuKpocdep u3 okcuaa kpeMHus SiO2, MOKPBITHIX
HaTPUENBOI U3BECTHIO, B IOJUYPETAHOBYIO MaTPUILY
CHMIKAeT TEIIONPOBOTHOCTD 3TOTO
TEIJION30JIALIMOHHOT O MaTepuaa mpuMepHo Ha 27%.
I[lpy 5TOM 3aMeTHOrO W3MEHEHHs TEIUIOBBIX
XapaKTePUCTUK HE MPOSIBIACTCS U Yepe3 TPH Mecsla
9KCIUTyaTallud, TO3BOJISISL  MPEONONIOKUTh, YTO
MUKpOC(epsl MOTYT TOMJIEPKUBATH BHYTPCHHUI
BaKyyM B TE€UEHHE JITUTEIHHOTO MIEPHOJIa BPEMEHH.

B cyxoM CcOCTOSHMM  TEMJIONPOBOIHOCTD
KOMIIO3UTOB, HaIOJIHEHHbIX TOHOCTEHHBIMHU
CTEKJITHHBIMU IOJIBIMH MUKpOC(EpaMH, COCTABIISET
— A4 = 0,117 Bt/(Mm'K), Hano’HEHHBIX BCIYy4YE€HHBIM
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BEPMUKYIUTOBBIM mieckoM — A = 0,141 Br/(mK),
HATIOJTHEHHBIX BCITYY€HHBIM ITEPIIUTOBBIM ITECKOM — A
= 0,156 Bt/(Mm'K),, HaroOJMHEHHBIX 30JbHBIMU
mukpocpepamu — A = 0,172 Br/(m'K) [15].
[IpuBenenHbIe B cTaThe MaHHBIC JOKa3bIBAIOT Ooyee
BBICOKYIO 3((PEeKTHBHOCTh MPUMEHEHHUS IOJIBIX
CTCKJITHHBIX MHUKpOcep B TEIUIOM30IALUOHHBIX
HITYKaTypHBIX PacTBOpax.

OOBIYHO AKCIIEPUMEHTAFHBIC HCCIIEOBAHUS
(M3MYIECKUX CBOWCTB MaTEpUAIOB MPOBOISATCS YKE
nocJe ux cozganus. Ho 3agactyio peanbHble YCIOBHS
TpeOyIOT  OLIEHKH  BO3MOXKHOCTH  CO3JAaHHSA
KOMITO3UIIMOHHOT'O MaTepuaa ¢ 3apaHee 3alaHHBIMU
CBOMCTBaMH eIé Ha dTare pa3paboTKu TpeOOBaHUit

Oyaymmnx noTpeduTeNe K HOBBIM
KOHCTPYKITUOHHBIM u TETUIOU30JISIIIMOHHBIM
MaTtepuajgaM. OTO JenaeT aKTyaJbHOH 3ajauy

pa3paboTKH Mojenell BO3MOXHBIX CTPYKTYp H
METOAOB AHAJIUTUYECKOW OLEHKH BO3MOKHOCTH
CO3JaHMsS  KOMIIO3ULMOHHBIX  MAaTe€pHaloB  C
TpeOyEeMBIMU CBOMCTBAMHU.

Lenpro maHHOW pabOTHl SBISIETCS OIICHKA
BO3MOXKHOCTH aHaim3a a¢dhexkTuBHOM
TEIUIONPOBOTHOCTH ~ TIONBIX  Nep(OPUPOBAHHBIX
MHUKpocdep emé Ha dTarne ux pa3paboTKu, TaK KaK HU
B OJHOM U3 H3BECTHBIX HAaM HCTOYHUKOB HE
UCCIIETyeTCs TETUIONPOBOJAHOCT ATUX OOBEKTOB Kak
HeOGXO}II/IMOFO KOMIIOHCHTA NEPCICKTUBHBIX HOBBIX
KOMITO3UTOB.

MaTepuanbl U METOAbI

Hdns  pacuéra TemJIONPOBOAHOCTH OOBEKTa
UCTIONBE3YIOTCS ~ MOJENW HW  METOABl  TEOpHH
0000mieHHoit npoBogumoctu  [16-18]. OcuoBHas
uzes TEOPUH 3aKII0YAeTCs B TOM, YTO 3((PEKTUBHbIE
KO3 OUITUESHTHI 0000111eHHOIT MTPOBOIUMOCTH
CHCTEM C XAaOTUYECKOM WM  YIOPSAOYECHHOMN
CTPYKTYpOH MOXXHO CUUTATh PAaBHBIMH, €CIH ITH
CTPYKTYpBI aJC€KBATHBI M CBOMCTBA COCTABISIOIINX
KOMITOHEHT COXPaHSOTCSL.

[Ipownssenem 3aMeHy MUKpochepbl
MIPOM3BOJIBHOM (POPMBI HA KyObI paBHOTO UM 00beMa,
MOPUCTOCTH u OTHOCHUTEILHOMN TUTOIIA/IN
nepdopamnuu creHok. (Pucynok 2a). Tak kak mis
pacuerta 3((eKTUBHOM TEIUIONPOBOAHOCTH BaXKHO HE
camMoO Haiuuue neppopauud B CTCHKax, a
COOTHOIIICHHE TUTOMA/IeH MepPOpPHUPOBAHHOMN JTOTH
CTEGHOK K CIUIOIIHOM (OTHOCHTENbHAsl IUIOMIAIb
nepdopaumn), TO MOXKHO NPOJODKUTh AaHAIM3
npoiiecca TepeHoca Teria Ha MOJIeH Ky0a ¢ OJIHUM
OTBepCTHEM (PHCYHOK 20), OTHOCHTEIbHAS IJIOIA/lb
nepdopanuu U TOPUCTOCTh KOTOPOro OyAeT paBHA
OTHOCHUTENPHOM IuIomaau nepdopanuy CTEHOK U
MOPUCTOCTH KyDa C MHOXKECTBOM OTBEPCTHH B
CTCHKaX, OKa3aHHOT'O Ha PUCYHKE 2a.
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0)
Pucynok 2 — DieMeHTapHbIe SUeHKU
CTPYKTYpPHI B BHJIE KyOOB

IlepBoHayanbHO MPOBEIEM pazouenue
3JIEMEHTAPHOM SUeNKU a7MabaTHICCKUMHU
IJIOCKOCTSIMH,  NapajuIelIbHbIMM  HaIpaBJIECHUIO

MOTOKa Tela, Ha XapakTepHble Yy4YacTKu 1-7,
Mmoka3zaHHele Ha pucyHke 3. Kaxnaeiii ywacTox
XapaKTepPU3yeTcsi  TEIUIOBBIM  CONPOTHUBIICHHEM,
CcXeMa COeJMHEeHHUS KOTOPBIX TAKXKe IPEJICTABICHA Ha
pucynke. Ilo dopmyne mis tmockoit crenku (1)
BBIUKCJISIEM TEIUIOBbIC compoTuBieHuss Ri— Rz as
y4acTkoB 1-7:

|
R=57' @)

rae | — ronmuaa CTeHKH, S — TIOMIaAb MONEPEYHOTO
CEYCHUS CTCHKH, A — TCIUIONPOBOAHOCTh CTCHKHU.

R, = A ,
(L-2-ay-1}) -4
QA
L LA
n__ L-2:A
Po(L-2-A) 4,
L-1,
R, = 2 ,
(LZ—(L—2~A)2)~21
L-L,
_ 2
MRV
R, = L ,
(|_2—4-|_1-A—(L—2-A)2)-z1
R, = L ,

((L—z-A)2 +4-L1~A)-ﬂ?

rae A1 — TeIUIONPOBOIHOCTh MaTepHasa CTeHOK, A2 —
TEIIONPOBOTHOCTD T'a3a WM KUJIKOCTH B TOJIOCTH
Ky0a WM B Mopax B CTEHKax, L — JUIMHA CTOPOHBI
Ky0a, L1 — AaMHa CTOPOHBI OTBEpCTHA, A — TONIIMHA
CTEHKH Ky0a.

0) B)

PﬂcyHOK 3 — Pa3buenue MOACIN a}lI/Ia6aTI/I‘ICCKI/IMI/I MJIOCKOCTAMM IMapaUICIIbHBIMU HAIIPABJIICHUIO IMTOTOKA
TCILIa Q " CXeMa COCAMHCHUS TCIIIIOBBIX COHpOTI/IBJ'IeHI/Iﬁ OTACJIbHBIX YIYaCTKOB MOJCIIN
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B cooTBercTBMM CO CXEMOW COCIUHCHHUS CymmapHasi TPOBOAMMOCTh  DJIEMEHTapHOM
TEIUIOBBIX CONPOTHUBIICHUN y4acTKOB 1-7 HA pUCYHKE  SYEUKU:
3B BBIpa3UM TIOJIHOE TEIJIOBOE COMPOTHBIICHHE 1 1 1 @)
Momenu Ry, mpu pasOueHnu ¢€ aanadaTHYeCKUMU ) .
A sq0. 1P P A R.o 2'R,+R, 2-R;+Ry
IUIOCKOCTSIMM, ~ TApAJUICIBHBIMA ~ HANPaBJICHUIO
TEIJIOBOTO TIOTOKA: Ho TermyioBoe CONPOTUBICHHE MOJCIA MOXHO
BBIYUCIIMTH CUMTAsl, YTO BECh 00BEM KyOa 3amoiHeH
1 1 1 ONHOPOJHBIM  BemecTBOM ¢ 3pdexTuBHON
— =4, .
R, R R, TEIIONPOBOIHOCTBIO A, 5
11 R~ — =T — @
— =4, L '/latjzd).ab. L'/laq')tﬁ.ad.
45 R4 R5
[IpupaBuuBass (2) oOparHoe wu (3), BbEIBeaeM
1 1 1 OKOHYATENIbHYI0  (QOpPMYyNly Al BBIYMCIICHHS
R zg"'ﬁ 3¢ PEKTUBHON TEIUIONPOBOTHOCTH TMPH pa3OHEeHUH
o7 ! annabaTHIECKUMU TIOCKOCTSIMH:
1
/13(1741.110. = S 1 +
2 2 2 +
((1—5) -3 )-4+s 2, (1-6)-4
(4)
1
J’_

1-S
+

S 1

(1—(1—5)2)-,11+(1—5)2 i (1—2'3-5—(1—5)2)-11+((1—5)2+2-s-5)-/12

rae O =2A/L— oTHOCHMTeNbHAs TONIIMHA CTEHKH,

2 2
S=L / L° — oTHOcUTeNbHAS MIIOMAAb TIeppOpan.
Beipa3uM TemoBbie CONPOTHUBIICHHS Y4aCTKOB!

A

Rl: 2 2 !
(U-1)4

R A

C L

L-2-A-L

R, = 2 ,

’ (Lz—(L—Z-A))-ﬂl
L-2-A-L,

- 2

fo(L-2.A) -4,

R, = L ,
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R = L
6 2 :
(L-2-aY +4-1,-4)- 4,
3Hast cXeMmy COCIMHEHHUS TEIUIOBBIX
CONPOTUBIICHUI:
1 1 1
_ + —,
R, R R
1 1 1
—_— =t
R34 RS R4
1 1 1
— =
Re R Ry
[Homyunm CyMMapHoe TEIUIOBOE
COIIPOTHBIICHHE npu pasoueHnn MOJIeITH
WU30TEPMUYECKUMU TIOCKOCTSIMH:
1
RZmom. :2 R12 +2 R34 + R56 =
L : ﬂ’adx[).mom.
(5)
U3  dopmynsr  (5) BoipaxkaeM 3(QQEKTHBHYIO
TEIUIONPOBOIHOCTH:
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a1

o 1-6-S
2 2 + 2 2 +
(1-8%)4+S" 4 (1-(1-0)') 2+ (1-5) -4,
/13(174)#307". = S (6)
+ 2 2
(1-25-6-(1-6)) A +((1-6) +2:5-5)- 4,
UzBectHo [14-16] uyro pa3dueHue Mouenu Pe3yabTathl 1 00cy:KI€HUE
annabaTUUECKUMH  TUIOCKOCTSIMH — MapajjiebHBIMH
MOTOKY Temua JaéT HECKOJIbKO 3aHIKEHHOE @®opmyna (7) TpPOXOmUT  TPOBEPKY HAa
3HAYCHHE 3¢ heKkTUBHOIA TEIUIONPOBOJHOCTH.  MpPEJEbHbIE Iepexoipl: mpu 6 —>0 A, =4,.

Pazbuenune Moaenu H30TEPMUYECKUMH TTIOCKOCTSIMU
HePIEeHANKYSIPHBIMHU ITOTOKY TEIUIA JaéT HECKOJIBKO
3aBBIIIICHHOE 3HAaYEHHE a¢hekTuBHOM
tertonpoBogHocTH.ITosTOMY B KadecTBe mydIiero
MPUOIIVKEHUST PEKOMEHITyeTCsl HCIONb30BaTh HX
cpenHeapru(pMeTHIecKoe 3HaYCHHUE

A + A
/1 — 2pe.ao. S¢heh.uzsom. . (7)

S6peh 2

OHO Oyzer OTMMYAThCA OT WCTHHHOTO He Ooiee
MOJIOBMHBI MX pa3HocTH [16-18].

lpu 6=1 4,,,=4.

Jns  TpOTHO3HBIX pacdeToB 3P QPEeKTHBHON
TEIJIONPOBOIHOCTHU TIOJIBIX Mukpochep C
nep$hopUpOBaHHBIMU CTEHKAMHU B BO3AYLIHON cpene
motoOpaHpl MaTepraiibl MUKPOChEp C CYIIeCTBEHHO
Pa3IMYHON TEIJIOMPOBOJIHOCTBIO CTEHOK OT A1 = 1,4
no A1=28 Bt/(M-K). B monoctu Mukpocdep u B
nopax nepopanuy CTCHOK HaXOAUTCS BO3IYX.

Hwmxe mpencraBmeHsl Tpapukyd 3HAYCHHHA
3¢ (HeKTUBHON TETTOTPOBOIHOCTH B 3aBUCUMOCTH OT
OTHOCUTENIFHON TOJNIIMHBI CTEHKH MHUKpOchepsl H
OTHOCUTENBHOH IUIOLaau nepPopaul CTEHOK MpH
(UKCHPOBaHHOM 3HAYCHUU TEMIIEPATYPBL.

- 1 1o ‘o
= — = 3
T T

-
T

Ibdexnmran reiionposoiocts (Brw*K)
s

|

opatndS)

o

OrmocHTepins oW iepl

0.27

0l

033 036 039

OrioCHTCILHAR TOMLIHA CTeHku(d)

Pucynok 6 — 3aBucumocts 3()()eKTUBHOH TEIUIONPOBOIHOCTH U OTHOCHTENBHON ITOMIAaIN
nepdopannu OT OTHOCUTENILHON ToMHBI cTeHKd 1pH T = 400 K u atmocdeprom naBieHnn. MaTtepuan
Al;03 41 = 28 B1/(Mm-K), B mopax Bo3ayx 42=0,052 B1/(m-K)
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DoGexmunns reionporoasocss ( Br/x®K)

027

03

OPIUIM(S )

W e

IS oI

\
{
|
|
Ornmonie

.33 .36 039 04

D42

Omocsrmeniiens Tomuma crekn(d)

Pucynoxk 7 — Matepuan ZrO2 1,=1,4 B1/(m-K), B mopax Bo3myx, mpu T = 400 K

013~
0.12 -

Br'n*K)

ol -
000 -
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006 -
005 -
0.
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DOCERTIBIES TEILICIEPOBNIHOCTS {

0.01 -

0= -
.18 021

015

024 D27

ni

7S

paunm(S)

i e

O 1THOCHTCIILHNS U0

o

S S ‘| na
036 019

033 045

OTHOCHTEARHAR TORUIHA CTEHEN(S)

PucyHnok 8 — Matepuan quatwinonucunokcad A1 = 0,13 B/(m-K), B mopax Bo3ayx npu t = 20°C

CpaBHEHHE  TEOPETHUECKMX  pE3yJbTaTOB, NPOM3BOACTBO U JalbHEHIINE MNEPCHEKTHBBI HX
MOJYYEeHHBIX [0  JaHHOH METO/IUKE, C  HCIIONB30BAHUS B Ka4eCTBE KOHCTPYKLHOHHBIX WM
AKCTIEPUMEHTAIILHBIMY JAHHBIMHU TPOBOJIWIIOCH JIUISl,  TEIUIOM3OJALUOHHBIX ~ MarepuaioB.  MeTogamMu
Hanpumep, KOMIIO3UIIMOHHBIX ~ TEOpUU OOOOIIEHHONW NPOBOIUMOCTH MOIY4EHBI
IIOMOCTEKIIOINIACTUKOB, U OTKJIIOHEHHE COCTaBWJIO  COOTHOIIEHHMSI  JUIS ~ aHAINTHYECKOHW  OLIEHKH
npumepao 10% [19], dYro MoxHO cumuTaTh (pacyéra/mMporHo3a) 3 PEKTHBHOM
MPUEMIIEMBIM ~ PE3YJIFTATOM  JIJIsl  TPOTHO3HBIX  TEIUIONPOBOJHOCTH IOJIBIX MUKpOChEp ¢ pa3sTuuHbIM
pacuéTos. MaTepHajoM CTEHOK, BHJa raza B mopax (Bo3myxa

WIN WHBIX Ta30B) W OTHOCHTEIHHON ILIOMIATH
3akiouenne nephopaliuy CTeHOK MOJbIX MUKpocdep. Pe3ynbrarh
paboTel  MOryT  OBITh  WCHOJB30BAaHBI  JUIS

B pabote npoussenen cOop AaHHBIX 00 001aCTH  MPOrHO3UPOBAHUS CBOICTB HOBBIX
MPUMEHCHUS TIOJIBIX nepOpUPOBAHHBIX  KOMIIO3UIIMOHHBIX MAaTEepUaJOB B HEOOXOIUMOM
MHUKpocdepax, u3ydeHa ux CTPYKTypa, JHama3oHe TeMIepaTyp.
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(BHEceHHbI BKNAL LaHHOM paboTbl B COOTBETCTBYIOLLYIO 061aCTb 3HaHWI). TpaKTUYecKoe 3HaYeHe UTOroB
paboThbl.

Kntouesble cioBa: 3-7 KAtOYEBbIX C/10B.
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AHHOTauUMsa Kypbinbimbl keneci MIHAETTI TapMakTapabl KamTuapsl: 3epTTey TaKkblpblbbl 6oMbIHLIA Kipicne
ce3. foinbiMK 3epTTeyaiH MakcaTbl, Herisri HafbITTapbl MeH naeanapbl. HKYMbICTbIH, FblIbIMU-MPAKTUKAbIK,
MaHbI34bINbIFbIHA KbICKALLA CMNATTama. 3epTTey S4iCTEMECIHIH, KbICKaLla CMNaTTaMachl. 3epTTey XYMbICbIHbIH,
Herisri HaTUKeNepi MeH Tanaaynapbl, KOPbITbIHAbIAAPLI. 3ePTTEYAIH, KYHAbINbIFLI (YN *KYMbICTbIH, CaKec Binim
canacbiHa KOCKaH yneci). ymbIC HITUMKEeNEPiHIH NPaKTUKaNbIK MaHblI3bl.
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Introduction

These guidelines, written in the style of a submission to Recent Contributions to Physics, show the best
layout for your paper using Microsoft Word. If you don’t wish to use the Word template provided, please use
the following page setup measurements.

Margin A4 ONLY - do not use us letter. Top, Bottom, Left, Right —2.0 cm

It is vital that you do not add any headers, footers or page humbers to your paper; these will be added
during the production process at publishing (this is why the Header and Footer margins are set to 0 cm in table
1).

Introduction should be concise and describe the nature of the problem under investigation and its
background. It should also set your work in the context of previous research, citing relevant references.

It is necessary to make a good literary review of your problem. References should include an average of
20 modern literature, especially over the past 5 years. Introductions should expand on highly specialized terms
and abbreviations used in the article to make it accessible for readers.

Please follow these instructions as carefully as possible so all articles have the same style to the title page.

Materials and methods

This section should provide sufficient details of the experiment, simulation, statistical test or analysis
carried out to generate the results such that the method can be repeated by another researcher and the results
reproduced.

Results and Discussion
The results section should detail the main findings and outcomes of your study. And this should discuss
the significance of the results and compare them with previous work using relevant references.

Figures

Each figure should have a brief caption describing it and, if necessary, a key to interpret the various lines
and symbols on the figure. Authors should try to make economical use of the space on the page; for example:

o avoid excessively large white space borders around your graphics;

e try to design illustrations that make good use of the available space—avoid unnecessarily large
amounts of white space within the graphic.

Wherever possible try to ensure that the size of the text in your figures (apart from superscripts/subscripts)
is approximately the same size as the main text (11 points).

You are free to use colour illustrations for our Journal, because it is only online version. Individual figures
should normally be centred but place two figures side-by-side if they will fit comfortably like this as it saves
space. Place the figure as close as possible after the point where it is first referenced in the text. Figures should
never appear within or after the reference list.

Captions should be below the figure and separated from it by a distance of 6 points—although to save
space it is acceptable to put the caption next to the figure. Figures should be numbered sequentially through
the text—‘Figure 1°, ‘Figure 2’ and so forth and should be referenced in the text as ‘figure 1°, ‘figure 2’,...
and not ‘fig. 1°, “fig. 2°, .... Examples. The following example show how to format figure.
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g(n)

0.4 4s

0.2

0.0 . ? T . :
0 1 2 3

Figure 2. These two figures have been placed side-by-side to save space. Justify the caption



Equations and mathematics

Make sure that your Equation Editor or MathType fonts, including sizes, are set up to match the text of
your document. Equations may be numbered sequentially throughout the text (i.e., (1), (2), (3),...) or numbered
by section (i.e., (1.1), (1.2), (2.1),...) depending on the author’s personal preference. Examples
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5t:E; B—>B+6ta; pk—>pk+6ta—rk. (2)

Conclusion
This section should be used to highlight the novelty and significance of the work, and any plans for
future relevant work.
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