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Abstract. We reformulate finite field-dependent BRST transformations as
quantum canonical flows in the Batalin--Vilkovisky field-antifield formalism. The
starting point is not an ansatz for the Jacobian but a path between two gauge-fixing
fermions. The change of gauge is represented by a one-parameter family of BV Lagran-
gian submanifolds, while a field-dependent BRST transformation is identified with
the field-space projection of a canonical flow generated by the gauge-fixed BV master
action. This leads to a gauge-fermion transgression equation in which the Jacobian
and the variation of the gauge-fixing fermion are two components of one quantum
canonical transport law.

For an anomaly-free theory satisfying the quantum master equation, we show
that the partition function is independent of the chosen gauge-fixing path. We then
apply the construction to non-Abelian Yang-Mills theory and to the reducible Abelian
rank-two antisymmetric tensor theory. In the latter case, the complete ghost and ghost-
of-ghost hierarchy is incorporated naturally in the BV master action. Covariant/Lorentz
and axial gauges appear as two endpoints of a single BV path. We derive a compact
compensation condition for finite field-dependent transformations and identify the
precise role of the BV Laplacian in the Jacobian. The resulting framework clarifies the
relation between FFBRST transformations, gauge-fixing canonical transformations, and
the quantum master equation. It also shows why a local Jacobian cannot be assumed
in general: locality is a property of the chosen generator and regularization, not of
finite field dependence by itself.
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Introduction

Gauge theories provide the fundamental framework for describing electromagnetic, weak, and strong in-
teractions, with the non-Abelian gauge structure of the Standard Model formulated within Yang-Mills (YM) theory
[1]. A characteristic feature of gauge theories is the redundancy in their description of physical configurations,
which necessitates an appropriate treatment of gauge symmetry during quantization. Gauge fixing is therefore an
essential step in constructing a well-defined quantum theory. Among the various possible choices, Lorentz-type
and axial-type gauges are particularly important. Lorentz-type gauges preserve manifest covariance and provide a
convenient framework for perturbative calculations and the construction of Feynman rules [2]; however, their quan-
tization generally involves a nontrivial Faddeev-Popov ghost sector, which may increase the complexity of practical
calculations [3]. Axial-type gauges provide an alternative formulation in which the ghost contribution can become
trivial under suitable conditions, thereby simplifying the unphysical sector [4]. Understanding the relation between
different gauge-fixed formulations is consequently an important problem in gauge theory. The issue becomes more
subtle in reducible gauge systems, such as the Abelian antisymmetric rank-two tensor theory [5,6], where the gauge
transformations themselves possess redundancies. A consistent quantization of such systems requires additional
ghost fields, including ghosts of ghosts. Antisymmetric tensor and higher-form gauge fields are also of considerable
physical interest because of their appearance in string theory [6], fluid dynamics [7,8], dual formulations of Higgs
models [9,10], supergravity [11], and superstring theories [12,13].

The Batalin-Vilkovisky (BV) field-antifield formalism provides a systematic and unified framework for the
quantization of gauge theories with both irreducible and reducible gauge symmetries [14-17]. In the BV formula-
tion, gauge fields, ghosts, ghosts of ghosts, auxiliary fields, and their corresponding antifields are incorporated into
an extended field-antifield space, while the complete gauge structure of the theory is encoded in the BV master
action. The consistency of the gauge symmetry is governed by the master equation, while its quantum extension
incorporates the contribution of the functional measure through the quantum master equation. One of the essential
features of the BV formalism is that gauge fixing is formulated through the choice of a gauge-fixing fermion, which
specifies a Lagrangian submanifold in the extended field-antifield space. Consequently, different gauge choices can
be viewed as different gauge-fixing realizations of the same underlying BV theory rather than as distinct theories.
This provides a particularly natural description of reducible systems, since the complete hierarchy of ghosts and
higher-generation ghosts is incorporated into the same master-action framework. The BRST symmetry, discovered
independently by Becchi, Rouet and Stora [18] and Tyutin [19], is naturally embedded in the BV construction and
provides an important tool for the analysis of renormalization, unitarity, and the physical sector of gauge theories
[14,15,18,19]. Thus, the BV formalism establishes a direct connection between gauge symmetry, gauge fixing, BRST
symmetry, reducibility, and the quantum measure.

The finite field-dependent BRST (FFBRST) transformation, originally introduced by Joglekar and Mandal
[20], provides a powerful extension of the conventional BRST framework. In an FFBRST transformation, the BRST
parameter is promoted from an infinitesimal constant quantity to a finite field-dependent functional. Such a trans-
formation generally modifies the functional measure and produces a nontrivial Jacobian in the path integral. Under
appropriate conditions, this Jacobian can be represented by an additional contribution to the effective action and
can establish a connection between different gauge-fixed formulations. The FFBRST method has subsequently
been applied to a wide variety of gauge theories and related systems [21-33], while alternative formulations of
field-dependent BRST transformations have also been developed [34,35]. Finite BRST-anti-BRST transformations
provide a further generalization and have been extensively studied in Yang-Mills and more general gauge theories
[36-39]. In the conventional FFBRST approach, the finite transformation is usually constructed first, and its Jacobian
is subsequently evaluated in order to determine the corresponding change in the effective action. The BV formalism
suggests a complementary and more geometric organization of this procedure. Since a gauge choice is characterized
by a gauge-fixing fermion, a finite transformation between two gauges can be regarded as a deformation between
the corresponding gauge-fixing structures in the field-antifield space. A continuous family of gauge-fixing fermions
therefore defines a path through the space of gauge choices, and the associated deformation of the BV Lagrangian
submanifold can be interpreted as a canonical flow. Its projection onto the original field space naturally gives a
field-dependent BRST transformation, while the associated change of the functional measure is governed by the
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quantum structure of the BV formalism.

In the present work, we develop this BV-based interpretation of finite field-dependent BRST transformations
by taking the gauge-fixing fermion as the primary object defining the transformation between two gauge choices.
Rather than treating the functional Jacobian as an independent quantity to be reconstructed after specifying the
transformation, we formulate the finite field-dependent transformation as the field-space projection of a quantum
canonical flow connecting two BV gauge-fixing structures. This provides a unified description of gauge fixing, BRST
symmetry, finite field dependence, and quantum measure effects within the field-antifield formalism. The construc-
tion is first applied to Yang-Mills theory to establish the relation between Lorentz-type and axial-type gauges. It is
then extended to the Abelian antisymmetric rank-two tensor theory, where the reducible gauge structure provides
a nontrivial test of the formulation and where the ghost and ghost-of-ghost sectors are incorporated simultaneously
through the BV master action. In this framework, the change of gauge is understood as a continuous deformation
in gauge-fixing space, while the corresponding FFBRST transformation represents its projection onto the original
field space. The quantum master equation provides the consistency condition for the associated measure transfor-
mation, and the locality of a compensating Jacobian is treated as a property that must be established for the chosen
transformation and regularization rather than assumed a priori. This formulation therefore provides a geometrical
perspective on FFBRST transformations as finite gauge-fixing flows in the BV field-antifield space and offers a sys-
tematic framework for studying finite changes of gauge in both irreducible and reducible gauge theories.

BV geometry and gauge-fixing paths
Fields, antifields and the antibracket
Let the complete set of fields be denoted by

0",

(1)
and introduce an antifield ¢A for every field. The Grassmann parity satisfies
* A
e(¢A) = s(d) ) + 1(mod2)
(2)
The BV antibracket is 8F 8G  8F 8G
(F,.G)=—Z++ — 7+ -7
507 864 84 80
(3)

It is an odd Poisson bracket and obeys graded antisymmetry, the graded Jacobi identity and the graded
Leibniz rule.
The classical BV master action S obeys

(S,5) = 0. @

At the quantum level, with h restored, the master action W satisfies the quantum master equation

1 .
E (W, W) —ih AW = 0, (5)

where the BV Laplacian is formally
5 5

A= (_1)8A 6¢A 6¢;1 (6)

The precise definition of A requires a regularization prescription. This point will be important below.
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Gauge fixing as a Lagrangian submanifold
A gauge-fixing fermion W[¢] has ghost number —1 and odd Grassmann parity. Gauge fixing is implemented
through
B

0, = 5o (7)
The gauge-fixed quantum action is the restriction
* [ 34
Wolo] =W [6.¢° = 3|
LI’[q)] d) ¢ 56 (8)

For a classical solution of the master equation, the induced BRST differential is
Sq/F = (F, W\p) 9

in the standard reduced notation.
The key geometric fact is that changing ¥ changes the Lagrangian submanifold rather than the underlying

BV theory. Let

P =P+ [, di' Py (10)
Then aw
W =3 (11

is a gauge-fixing deformation. In an anomaly-free theory, its contribution to the vacuum functional is BRST/

BV exact.

Gauge-space path
For two gauges labelled by 0 and 1 define

Y, = (1—K)¥, + k¥, (12)

Then
¥, =¥, - ¥, (13)

The present proposal is to regard (12) as the primary input. The finite field-dependent transformation is
constructed so that its endpoint is the field-space projection of this BV transport.

Quantum canonical FFBRST flow
From BRST flow to BV flow
The ordinary FFBRST flow is

d¢” () 4
0 = 5 (1) Ok[9], (14)
where Oy is Grassmann odd. In the BV space, introduce a generator

Gy = W Oy. (15)

When O« depends only on fields and the chosen sign convention is used, the field projection of the antica-

nonical flow generated by G, contains

%4 = 9", Gy) = (6", W) O,. (16)
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Thus the ordinary field-dependent BRST flow appears as a projection of a canonical BV flow.

Equation (16) is not by itself the complete quantum transformation. A field-dependent canonical transfor-
mation changes the measure as well. The BV Laplacian supplies the quantum correction required to describe this

change consistently.
Quantum canonical transformation

For an odd generator G, define the infinitesimal quantum canonical action on a functional F by

= = (F,Ge) — ih AG,. (17)

The second term is the measure contribution. In a regulated formulation, it is understood as the corre-
sponding regulated BV divergence.

For the path integral
Z, = fgx D¢ exp (% W), (18)

the combined variation of the integration Lagrangian submanifold and the measure is controlled by the
quantum canonical flow. The fundamental compensation relation can be written schematically as

Ttk = Wy, G) — ih AG (19)

The precise sign of the A term follows the convention for the BV measure and the quantum canonical
transformation.

For a pure gauge-fixing deformation generated by ¥, , the corresponding quantum canonical variation
reduces to the standard BV gauge-independence identity. In an anomaly-free regularization,

Az,

=0. (20)
dk

BV transgression formula

The central result can be expressed in endpoint form. Let J,. denote the Jacobian associated with the pro-
jected field-dependent transformation. Then

d id
—-Ing,e = 2 (We, — Wep, ), 21)

provided the quantum master equation is satisfied, and the same measure prescription is used along the
path. Hence

i 22
Ing; = é(W\yl — We,)- (22)
Equivalently,

J1 = exp [% (le - W\PO)]. (23)

This equation should be understood as a compensation identity, not as a universal statement that every

field-dependent transformation has a local Jacobian. The right-hand side is local only when the chosen gauge-fixing
deformation and the regulated BV divergence admit a local representation.

Why the gauge-fixing fermion is the natural variable

In the Faddeev-Popov formulation, two gauges appear as two different effective actions. In BV they are two
restrictions of the same master action:

Wy, =Wlg,, We, =Wlg, . (24)
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Therefore, the problem of connecting gauges is geometrically the problem of transporting one Lagrangian
submanifold into another. FFBRST becomes the field-space shadow of this transport.
This is the principal conceptual reorganization of the method.

Yang-Mills theory
Minimal BV master action
For Yang-Mills fields Aﬁ and ghosts Ca, the minimal BV master action is

Smin = Sym + [ d*x [A;ﬂDEBCB —%c;f“ﬁycﬁc”], (25)
where
1
Sy = =2 [ d*x B, 26
The master equation
(Smins Smin) =0 (27)

llows from the closure of the Yang-Mills gauge algebra and the Jacobi identity of the structure constants.
For a practical gauge-fixed path integral one introduces the non-minimal pair (€%, B¥) and their antifields.
A convenient non-minimal contribution is

Spm = | d*x ¢,B®. (28)
The complete proper solution is
S = Smin t Sam- (29)
Lorentz gauge
Choose the gauge-fixing fermion
— 4. =a (Au g A pa
W, = [ d*x o (94A% +2B%). 30)
The antifield elimination gives
Al = ok, (31)
~ _ augna i Apa
Co =20 Au"’EB , (32)
c, =0, (33)
. A_
Ba = ECa. (34)

The resulting gauge-fixed action is equivalent, up to convention-dependent signs, to n#
A _
S, = Sym + [ d*x [B“ or A% +2(B9)? — ¢ oupg* cﬁ]. (35)

Axial gauge and BV interpolation
Let be afixed constant vector and choose

¥, = [ d*x @ (n“Aff + %B“). (36)
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The interpolation is

(37)
Y. =1 —-1)¥, + k¥,
or
38
¥, = [ d*xc® [G,? +§B“], (38)
with
GE = (1 — k) AL + KknHAL. (39)
The tangent vector in gauge space is
¥, = [ d*x c*(nHAL — 0FAD). (40)

FFBRST parameter from the BV path
The field-space projection of the BV transport suggests the finite field-dependent parameter

Opa =1 [ dic [ d*x c%(amA% — nhAT), (41)

with the overall sign changed if the opposite convention is adopted for the BRST differential.
The projected FFBRST transformation is

§AL =D cP O, (42)
Sc® = _%faﬁycﬁcy OLa (43)
6¢* = B%0p,, (44)

5B =0 (45)

The essential point is that the parameter is not guessed independently: its field content is read directly from
the difference of the endpoint gauge-fixing fermions.

Endpoint relation
The BV transgression identity gives

i
Ingpa = ;(SA —SL), (46)
where S, is obtained by restricting the same master action to %y, .Hence

JLaeXp (%SL) = exp (%SA). (47)
Therefore,
ZL = fD(I) eiSL/h — fD(I)’eiSA/h = ZA (48)
In the axial endpoint,

Sa=Sym + [ d*x [B“r]”Aff +%(B”‘)2 — E“n”D;fﬁcﬁ]. (49)
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The ghost sector is particularly simple in the usual axial setting, subject to the well-known qualifications

concerning residual gauge freedom and spurious poles.

Reducible Abelian two-form theory

Classical gauge structure

Consider an Abelian antisymmetric tensor field B, with curvature
Hyyp = 0yByp + 0yByy + 0By, (50)

and classical action

So = = [ d*x HyypHHP. (51)
The gauge transformation is
5By = 9y, — By, (52)
It is reducible because
Ay = 0,0 (53)

produces a vanishing transformation of B, ,. Therefore, a complete BV description necessarily contains a

ghost-for-ghost.

Minimal BV master action
Introduce the vector ghost Px and scalar ghost-for-ghost . Their antifields are B**?, p™* and 0", A min-

imal proper solution is

@

min

=So + [ d*x[B**(8,p, — yp,) + p* 0], (54)

up to conventional factors of i and signs associated with the ghost grading. The classical master equation,

(S ) =0, (55)
encodes both gauge invariance and reducibility.
Non-minimal sector
For a gauge-fixed formulation, one introduces the non-minimal fields
Bw B, G0, (9.0, (56)

together with the corresponding antifields. The non-minimal BV action can be written schematically as

SO = [ d*x[pHB, + 67+ 0'x], (57)

with convention-dependent factors of i.
The complete proper solution is
S(Z) = S(z)

min

+52, (58)

Lorentz-type gauge fermion
A convenient gauge-fixing fermion reproducing the usual Lorentz-type Faddeev-Popov action is

16
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@) _ ~ 2 - Ao -
WP = [ d*x[p, (9,B" ~ 0" + 7BY) + (" = ZX) (59)
Substitution of the antifields determined by

_ s (60)

E3
P4 SDA

produces the gauge-fixed action
S = [ d*x[ < HuypH™P —i9,p,(0"p" — 8"p") + 0,6 oo

+B,(0,B* + 1,BY — V) — iF 9,p*
_i)((auﬁ# - /12)?)].

(61)

where the normalization of the auxiliary terms can be shifted by a redefinition of /11, /12 .

Axial-type gauge fermion
Replace the gauge-fixing derivative by the fixed vector

2 ~ A ~ Ay ~
WP = [ dbx [p, (n,B* + %0 +2B) + 6 (nup" —2X). (62)
The interpolating fermion is

¥ = (1 - w® + 9@, (63)

K

Its tangent is

~ A ~ Ay o 64
WD = [ dx [By (1,8 + "0 +2BY) + 5 (nupt — 2 7)) ©9

BV-induced finite parameter
The corresponding field-dependent parameter is chosen as the integrated gauge-space tangent:

0% = —2 [ dic [ d*x [5,(0,B* — B — "9 —1"p)  (65)
+6(0up" —nup™)],

again with conventional factors of i depending on the definition of the BRST differential.
The FFBRST projection of the BV flow is

8By = —(0upy — 0yp,)0%, (66)
sp, =—id,00%3), (67)
6py =1y Ggq)' (68)
56 =-70%), (69)
sp =-x0%, (70)
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with the remaining BRST variations vanishing in the chosen convention.

Endpoint action
The BV transgression relation gives

@ _i[c@ _ @ 71)
g = +[s§? - s?].
Therefore,
J&)eisf)/h _ eisf)/h_ (72)

The axial endpoint is

ngz) — f d4x[ %H#vaﬂvp + iﬁvnﬂ(aupv —dVpH) — 5'7];1 oMo
+By (M B*Y + LY +1V9) — ¥ nup* (73)
—ix(up* = 27)1,

which is the axial-type gauge-fixed theory in the convention of the starting action.
Consequently,

. (2) )
7P = [ Do et /- [ D' eiSa /h =7, 74)
The important BV observation is that the ghost and ghost-of-ghost contributions have not been appended

independently to the FFBRST construction. They arise simultaneously from the single gauge-fixing fermion and its
corresponding Lagrangian submanifold.

General -form and reducible theories
The two-form example illustrates a general mechanism. For an Abelian p-form field A[p] ,

§Ap) = dAp-1, (75)
there is a reducibility chain
Ap-1): Ap-1) + dApp—z): -+, (76)

The BV master action contains the complete tower of ghosts and ghosts-for-ghosts. Let Wy and W; be two
admissible gauge-fixing fermions containing all levels of this hierarchy. Define

l‘I‘JK = (1 - K)lpo + Kl'pl. (77)

Then
liJK_- = l'pl - l'po, (78)

and the associated finite field-dependent parameter is obtained by projecting the corresponding BV ca-
nonical flow.

The endpoint identity remains ;
InJo; = E(Wllll - Wwo)- (79)
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Thus the complexity of the reducibility tower is moved from a sequence of independent Jacobian calcula-
tions into one BV master action.

This is particularly useful for higher-form theories, supergravity sectors and other reducible systems in
which the Faddeev-Popov description requires several generations of auxiliary and ghost fields.

Locality, anomalies and obstructions

Locality is not automatic

A central advantage of the BV formulation is that it makes the limitation of a local Jacobian explicit. The
formal expression

AG (80)

contains coincident functional derivatives and is therefore regulator-dependent. A finite field-dependent
transformation admits a local compensating action only if the regulated quantum divergence can be expressed as
the functional derivative of a local functional.

Therefore,

fielddependence s localJacobian. (81)

Locality must be demonstrated for the specific theory, measure and transformation.

Nonlocality and physical observables

The possible nonlocality of the compensating Jacobian does not by itself imply a nonlocality of physical
observables in Yang-Mills theory. The Jacobian characterizes the change of the functional measure associated with
a particular field-dependent transformation and may depend on the chosen representation, generator, and regulari-
zation prescription. Physical observables are instead identified through the BRST/BV cohomology and are required
to be insensitive to admissible changes of gauge fixing. Consequently, as long as the quantum master equation is
preserved and the interpolation remains within the admissible gauge-fixing domain, the gauge-independent physical
sector is unchanged even when the intermediate compensating functional or its Jacobian does not admit a local
representation. In this sense, nonlocality is a property of the intermediate gauge-transport description rather than,
by itself, an indication of nonlocal physical observables.

Quantum master equation
If the quantum master equation is violated,

~(W, W) — ihAW # 0, (82)

the gauge-independence argument fails. The obstruction is precisely a quantum anomaly in the BV language.
Hence the present construction provides a natural diagnostic: the existence of a consistent gauge-space transport
requires the quantum master equation to hold in the chosen regularization.

Path dependence

For two admissible gauge-fixing fermions and, the partition function is expected to be path independent
provided the entire path remains in the same admissible region of gauge-fixing space. Different paths can never-
theless give different parameterizations of the finite transformation. The endpoint physics is unchanged, while the
intermediate FFBRST flow is generally not unique.

This non-uniqueness is not a defect. It reflects the freedom to choose different coordinates on the space of
gauge-fixing paths.

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193( 1 56)/ 2026 19
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



S. Upadhyay

Gribov regions

The construction is local in gauge-fixing space. If an interpolation crosses a Gribov horizon or encounters
a singular gauge condition, the naive continuous flow may cease to be globally valid. In such cases, the relevant
integration domain and the BV measure must be restricted or modified.

Consequently, an FFBRST transformation should not be interpreted as an automatic proof of equivalence
between arbitrary nonperturbative gauge domains. It proves equivalence only under the assumptions used in de-
fining the path integral and the admissible gauge-fixing family.

Relation to conventional FFBRST and BRST-anti-BRST methods
The present construction is closely connected with the standard FFBRST formalism. The ordinary FFBRST
method introduces a continuous parameter ¥, computes

@ _ 83
—- =500, (83)

and evaluates the corresponding functional Jacobian. The present method keeps the same continuous-flow
idea but changes the starting point: the gauge-fixing fermion path is specified first.

The resulting hierarchy is

Y, > ¥, > Y (84)
in gauge-fixing space,
Ll{JO 4 LLpK il LLpl (85)
in BV space, and
$(0) = &(x) > (1) (86)

in field space.

The Jacobian is then the quantum measure contribution associated with this transport.

The construction is also distinct from finite BRST-anti-BRST transformations. BRST-anti-BRST methods
introduce two nilpotent generators and can accommodate a richer parameter dependence. Here there is one BRST
generator, while the antifield sector supplies the geometric information needed to describe changes of gauge.

The distinction can be summarized as:

Table 1. Summary of primary objects and gauge changes across different formulations

Framework Primary object Gauge change

BRST nilpotent differential BRST-exact deformation
FFBRST field-dependent parameter Jacobian-induced action change
BRST-anti-BRST two generators extended canonical structure
BV-flow formulation gauge-fixing fermion path quantum canonical transport

The new viewpoint is therefore not a new replacement for BV quantization. Rather, it is a reorganization of
finite field-dependent gauge changes inside the BV geometry.

Further consequences and extensions

Background-field gauges

The same formalism can connect ordinary and background-field gauges. The background dependence is
incorporated into the gauge-fixing fermion, and the path in can be chosen to preserve background covariance at
every intermediate value of .

20 I\Q’))(l 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



Finite Field-Dependent BRST Transformations as Quantum Canonical Flows in the Batalin-Vilkovisky Formalism

Higher-spin and higher-form systems
For higher-form theories, the BV complex automatically contains the complete reducibility tower. This sug-
gests that the gauge-space flow may be more efficient than direct component-by-component FFBRST calculations.

Nonlinear gauges
Nothing in the construction requires a linear gauge condition. For

Go[d] and Gi[d] (87)

nonlinear in the fields, one may define
Y, =WY[G,], (88)

provided the resulting family remains admissible. The corresponding field-dependent parameter is then
determined by the nonlinear gauge-space tangent.

BV and canonical geometry
The formulation suggests a geometric interpretation of FFBRST:

FFBRST = field — space projection of a quantum canonical BV flow. (89)

Under this interpretation, the familiar Jacobian is not an independent mystery but the quantum divergence
associated with the canonical transport.

This relation may also provide a useful bridge between FFBRST and the broader theory of canonical trans-
formations in odd symplectic geometry.

Conclusions

We have developed a BV-based reformulation of finite field-dependent BRST transformations in which the
gauge-fixing fermion is treated as the primary variable defining the transformation path. The finite transformation
is interpreted as the field-space projection of a quantum canonical flow in the BV field-antifield space.

The principal result is the transgression relation

Ingos = (W, = Wep,), (90)

valid under the assumptions of an anomaly-free quantum master equation, consistent measure regulariza-
tion, and an admissible interpolation between the two gauge-fixing fermions.

For Yang-Mills theory, the construction connects Lorentz and axial gauges. For the reducible Abelian rank-
two antisymmetric tensor theory, it incorporates the ghost and ghost-of-ghost sectors into a single BV master action
and connects covariant and axial-type gauges through one gauge-fixing path.

The main conceptual advantage is that the gauge choice, FFBRST parameter, canonical BV flow, and measure
Jacobian are no longer independent pieces of the calculation. They are different projections of the same quantum
transport problem.

At the same time, the BV formulation makes an important limitation explicit: a finite field-dependent trans-
formation does not guarantee a local Jacobian. Locality depends on the regulated BV divergence and on the specific
generator. This distinction is essential for nonperturbative applications.

Several directions deserve further study. A complete treatment of Gribov regions could formulate gauge-
space transport on restricted BV submanifolds. The relation with finite BRST-anti-BRST transformations may be
studied by embedding the present one-generator flow into an extended anticanonical geometry. Finally, the method
can be applied to interacting higher-form systems, supergravity and theories with open or reducible gauge algebras.

The author acknowledges useful developments in BRST, FFBRST and BV quantization that motivate the
present reformulation.
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The present framework may also be relevant to astrophysical and cosmological applications in which
gauge fixing and the treatment of unphysical degrees of freedom play an important role. In particular, the BV-based
description of finite gauge changes may provide a systematic tool for studying gauge dependence in perturbative
quantum gravity, cosmological perturbation theory, and effective field-theory models involving gravitational and
higher-form gauge sectors. The explicit separation between gauge-fixing dependence, BRST symmetry, and the quan-
tum measure may be useful when comparing different gauge choices in gravitational and cosmological calculations.
A detailed application of the present construction to gravitational and cosmological gauge systems is therefore a
natural direction for future work.
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Anpartna. )KyMbicTa epicTepre Tayeazi napameTpi 6ap akpipabl BRST-typaengipynep batanun-
BU/IbKOBCKUIIiH 8picTep-aHTUepicTep KEHICTIriHAeri KBaHTTbIK KAHOH/IbIK aFbIHAAP TYPFbIChIHAH KapacThIpbLIa/bl.
BacTankp! KypblLabIM peTiHe Iko6uaH yuIiH aH3al eMec, Kaaubpai 6ekiTyiH eki pepMUOHABIK QYHKIUSCHIHBIH,
apachIHAAFhI XK0J1 asblHaAbl. Kanubpaiy esrepyi BV JlarpanxbIK ilki kenTikTepiHiH 6ip napamMmeTpJii TYKbIM/IacChI
apKbLJIbI CUIIATTaJabl, ajl epicTepre Tayesai napamerpi 6ap BRST-Typsienaipy 6ekitinren kanubpaeri BV
MacTep-9peKeTi TyAblpaTblH KaHOH/bIK aFbIHHBIH 6PiCTep KeHiCTIiriHe NpoeKUUAChl peTiHze aHbIKTanaAbl. by
KauopJik GepMUOH/BIK GYHKIIUS YIIiH TPAHCTPECCUSIJIBIK TEHAEYTe dKeJe i, oHAa SIKo6ruaH MeH Kaubpi
6ekiTy pepMUOHABIK PYHKLUHSACBIHBIH BapHaLHUACH] 6ipTyTac KBaHTTBHIK KaHOH/IbIK TaCbIMaJ/IZiay 3aHbIHbIH, eKi
Kypam/Jac 6eJiiri peTiHje kepinefi.

AHOMaJMACHI3 )KOHE KBAHTTBIK MacTep-TeHA eyl KaHaFaTTaHAbIPaTbIH TEOPUS YIUiH CTATUCTHUKAJBIK
KOCBIH/IbIHBIH, TaHJJaJIFaH KaIuOp/i OeKiTy »KosbIHA TAyeJici3 ekeHi kepceTiyei. KoBapuaHTThIK/J/lopeHITIK koHe
aKcUaIAbIK KanubpJiep 6ipTyTac BV xosbIHBIH eKi eTKi Kyii peTiHe KapacTbIpbliaJbl. OpicTepre Tayeai napameTpi
6ap aKbIpJIbl TYPJIEHAIpYyJIep YIIiH bIKIIaM KOMIEHCALUAIBIK IapT MIbIFAPbLIbII, IKOOUAH/ bl KaJbIITaCThIPYAAFb
BV snlansiacuaHbIHbIH HAKTHI peJii aHbIKTanaibl. AnbiHFaH popmanusm FFBRST-Typaenipynep, kanubpai 6ekityai
aHbIKTAaUTbIH KAHOH/BIK, TYPJIeHAIpyJiep )X9He KBAHTTbIK MacTep-TeH/ey apacbIHAaFbl 6altJlaHbICTbl HAKThLJIAN b
CoHbIMeH KaTap, fIkoOraHHbIH JIOKaJABLIBIFBIH XKaJIIIbl XaFAai/ia al/iblH aja KabblijayFa 60/ IMalTHIHBI KepceTiiesi:
JIOKaJIABLJIBIK aKbIpJibl TYPJIEHIPYAiH epicTepre TayeiliriHig 63iMeH eMec, TaHJa/IFaH reHepaTOpPMeH XKaHe
peryssipusanuysijiay npoleAypacbiMeH aHbIKTalabl.

TyiiH ce3aep: epicTepre Toyenai napameTpi 6ap akpipsbl BRST Typienaipynepi; Batalin-Vilkovisky
dopmannsmi; kanubp/i 6eKiTy; KBaHTTHIK KaHOHABIK TypsaeHipyiaep; BRST-BV cumMeTtpusicer; Ako6uaH.
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Koneunsie BRST-npeo6pa3oBaHus C 10/1eBO3aBUCUMbIM NapaMeTPoOM
KaK KBaHTOBble KAHOHHYeCKHe NTOTOKHU B popmasin3Mme BatasimHa-BuabKOBCKOTO

AHHoTanus. B paboTe koHeuHble BRST-nipeo6pa3oBaHys € 10/1eBO3aBUCUMbIM TApaMETPOM PaCcCMaTPUBAOTCS
B TEPMHUHAX KBaHTOBbIX KAHOHUYECKUX IIOTOKOB B IPOCTPAHCTBe NoJie—-aHTunosieit ¢opmanusma baranuxa-
BuibkoBcKoro. B kayecTBe HCXOJHOH KOHCTPYKIIMH UCIIOJIb3YeTCs He aH3all J/I IKOOMaHa, a My Th MeXAy ABYMs
bepMUOHHBIMU QYHKIMAMHU GUKCALMH KalUOPOBKU. i3MeHeH e KaIMOPOBKY Npe/CTaB/IsIeTCsl O/ HOIapaMeTpUYeCKUM
CceMeMCTBOM JlarpaH»KeBbIX MOAMHOroo6pasuit BV, Torga kak npeo6pasoBanue BRST c nosieBo3aBUCHMBIM
NapaMeTpPOM OTOK/AeCTBJIAETCA C IpoeKI el Ha MPOCTPaHCTBO MoJield KAHOHUYeCKOT0 OTOKA, TOP0XKAaeMoro
MacTep-AeicTBreM BV B dukcupoBaHHOMN KaJHOpOBKe. DTO NPUBOJUT K TPAaHCIPECCUOHHOMY YPaBHEHMUIO 15
KaJMO6pOBOYHOM pepMHUOHHON QYHKILMH, B KOTOPOM sIKOOUAH U Bapualusa pepMHOHHON PyHKIUHU GUKCALUU
KaJIM6POBKH BBICTYNAIOT JIByMs COCTABJIAIOLIMMY eIMHOI'0 3aKOHA KBAHTOBOT'0 KAHOHUYECKOTI'0 NlepeHoca.

Jl1s1 cB0O6OIHOM OT aHOMAaJIMH TeopUH, Y 0BJIeTBOPsitollell KBAHTOBOMY MacTep-ypaBHEHMUI0, I0Ka3aHo,
YTO CTAaTUCTUKAJIBIK KOCBIH/IbI (CTATUCTUYECKAsl CYMMa) He 3aBUCUT OT BbIGPAaHHOTO NyTH GUKCALUU KaJlHOPOBKH.
[losrydeHHass KOHCTPYKL U IpUMeHseTcsl K HeabesieBod Teopuu FHra-MuJiica U K NprBoAMMON abesieBoH TeOpUH
aHTHCHMMETPUYHOT0 TEH30pPHOTI0 N0J1s1 BTOPOTo paHra. B nocjiefHeM ciydae noJiHas Mepapxus LyXOB U AyXOB
BBICLIETO MOPSAAKA eCTECTBEHHBIM 00pa30M BKJIIOYaeTCs B MacTep-aelcTBue BV. KoBapuanTHas/opeHIieBa
Y aKCHa/IbHasA KaJIMGPOBKU pacCMaTPUBAIOTCS KakK JiBa KOHEYHbBIX COCTOSIHUA eAuHOro BV-nmyTu. BoiBeseHo
KOMIIaKTHO€e KOMIIeHCallMOHHOE YCJI0BHUeE [IJIsI KOHeYHbIX Ipeo6bpa3oBaHUH C 10J1eBO3aBUCUMBIM IIapaMeTPOM U
omnpeziesieHa TOYHas PoJib Jlaniacada BV B popMupoBanuu siko6uaHa. [losiydeHHBIN GopMaii3M NPOSICHSET CBSA3b
Mexy npeo6pasoBaHusaMU FFBRST, kaHoOHMYeCcKHMU Tpeo6pa30oBaHUAMH, 3a4aI0LUMU QUKCALUIO KaJIHOPOBKH,
1 KBaHTOBBIM MacTep-ypaBHeHUeM. [loka3aHo Takxke, MO4eMYy JIOKaJIbHOCTb IKOOMAHa B 0611leM cjy4yae He
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MOXKET IMPeANoJIaraTbCsl alpUOPHU: JIOKAJbHOCTD SBJSETCS CBOMCTBOM BBIGPAHHOTO reHepaTopa M NpoLefyphl
pery/isipusanyy, a He caMUM GaKTOM 110J1eBOH 3aBUCUMOCTH KOHEYHOI'0 Ipeo6pa3oBaHHUs.

KimouyeBble ci1oBa: koHeyHble BRST-npeo6pa3oBaHus ¢ 110/1eBO3aBUCUMBIM IapaMeTpoM; popMannsm
BaTannHa-BuibkoBckoro; ¢pukcanusa KaaubpoBKH; KBAHTOBble KAHOHUYECKHe Tpeo6pa3oBaHusi; BRST-BV-
CUMMEeTpHS; AKOOHAH.

Information about the author:

Upadhyay S. - the corresponding author, PhD, Department of Physics, K.L.S. College, Nawada, Magadh
University, Bodh Gaya, Bihar 805110, India.

Upadhyay S. - xaT-xa6ap aBTopsl, PhD, K.L.S. konnemxi, dusuka kadeapacel, HaBasa, Marag yHuBepcuTeTi,
Bopax l'ass, Buxap 805110, YazicTaH.

Upadhyay S. - aBTOp A1 KoppecnoHAeHuu, foktop PhD, kadeapa ¢usuku, Kosnemx K.L.S., HaBaga,
YuuBepcutet Maraaxa, Boaxras, Buxap 805110, Uaus.

Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and con-
ditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/licenses/by-nc/4.0/).

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193(] 56)/ 2026 25
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



IRSTI 41.29.25, 41.29.15
Scientific article

AH. Tymnaes ateiHaarsl Eypasus yarTeik yunsepcuteTiniy XABAPIIBICHL
ISSN: 2616-6836. eISSN: 2663-1296

®U3UKA. ACTPOHOMHUSA CEPUACDHI/ PHYSICS.ASTRONOMY SERIES
CEPUA ®U3NKA.ACTPOHOMHUA

https://doi.org/10.32523/2616-6836-2026-156-3-26-40

Modified gravity models for inflation with non-minimal coupling
trace of the energy-momentum tensor of the scalar field and
the Gauss-Bonnet invariant

PYu. Tsyba** (), Zh. Oktyabrkyzy1(>, U.A. Ualikhanova? (), M.V. Simakin?

I L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Sh. Ualikhanov Kokshetau University, Kokshetau, Kazakhstan

E-mail: *tsyba_pyu@enu.kz, zhadyraoktyabrkyzy@gmail.com,
ulbossyn.ualikhanova@gmail.com, simakin_49@mail.ru

Abstract. The article studies the inflationary properties of a cosmological model
with the scalar field containing a non-minimal coupling with a modified Gauss-Bonnet
invariant Sf{G)f{(¢) and the trace of the energy-momentum tensor of the scalar field af{¢)
T in the framework of a flat, homogeneous and isotropic Friedman-Robertson-Walker
Universe. To study the inflationary properties of the model, the chaotic potential, the
natural potential, and the Starobinsky potential were selected. Within the framework
of the slow-rolling approximation and assuming the coupling constants a and £ to be
small (a1 and p<1), generalized expressions for the scalar spectral index n_and the
scalar tensor ratio r are obtained. In the work, the Cobaya cosmology shell for cos-
mological calculations together with the Polychord sampler was used to calculate the
theoretical values of the scalar spectral index and the scalar-tensor ratio and compare
them with the observables. It is shown that for the chaotic potential, only the value of
the scalar spectral index agrees with the observed data of Planck2018, and the value
of the scalar-tensor ratio r exceeds the observed value. For the natural potential and
the Starobinsky potential, both values of the inflationary parameters are consistent
with observations. It is shown that for the case f{G)=G and all types of potentials, the
coupling parameter o is marginalized in each model, and the coupling parameter 8 does
not affect the dynamics of inflationary parameters and is not constrained in any way.
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Modified gravity models for inflation with non-minimal coupling trace of the
energy-momentum tensor of the scalar field and the Gauss-Bonnet invariant

Introduction

Modern cosmology is based on Einstein’s General Theory of Relativity and assumes that on scales larger than
galaxies, the Universe is homogeneous and isotropic. This model is described by the Friedmann-Robertson-Walker
metric, in which the scale factor determines the degree of the Universe’s expansion over time. The evolution of this
factor is governed by the Friedmann equations, which relate the expansion rate to the energy density and pressure
of various components (radiation, matter, dark energy). However, the standard Big Bang model faces several fun-
damental problems. The flatness problem arises from the fact that even tiny deviations from the critical density in
the early Universe would have led to a highly curved geometry today - which we do not observe. The horizon prob-
lem stems from the observation that opposite regions of the Universe, such as those seen in the cosmic microwave
background, could not have been in causal contact - yet they exhibit the same temperature and properties. These
paradoxes are resolved by the introduction of the inflationary theory, according to which, in the first fractions of
a second after its birth, the Universe underwent a phase of exponential expansion. As a result, even very small re-
gions of space were “stretched” to cosmological scales, ensuring uniform physical conditions and smoothing out the
curvature. Thus, inflation simultaneously solves both problems: it makes the Universe appear flat and establishes
a causal connection between distant regions [1]. Inflationary cosmology also provides the initial conditions for the
formation of large-scale structures, explaining the origin of density fluctuations that later evolved into galaxies and
clusters. These quantum fluctuations, which arose during the inflationary period, became “frozen” into the fabric of
spacetime and are observed today as anisotropies in the cosmic microwave background radiation (for reviews, see,
e.g, Refs. [2, 3]). At present, inflation is considered an integral part of the standard cosmological model. However,
the exact mechanisms underlying the inflationary expansion of the Universe remain not fully understood. There are
numerous competing inflationary models, among which single-field slow-roll models attract particular interest due
to their structural simplicity and effectiveness. Nevertheless, recent data from the Planck mission in 2018 [4] have
cast doubt on the validity of some of these models. Before moving on to more complex constructions of inflationary
scenarios, the authors suggest approaching the problem from an alternative perspective.

Modern modified theories of gravity, such as f(R) gravity and its extensions, offer a promising approach to
providing a unified description of both early-time inflation and the late-time accelerated expansion of the Universe
- without the need to introduce dark energy as a separate component. Within these theories, the geometric part
of the gravitational action is modified in such a way that cosmic acceleration arises naturally from the structure of
spacetime itself. This not only allows for the reproduction of inflationary dynamics but also offers an explanation
for phenomena traditionally attributed to dark matter and dark energy. Thus, modified gravity provides an oppor-
tunity to reconsider the standard ACDM model by addressing its conceptual challenges, including the origin and
the extremely small value of the cosmological constant [5]. The ACDM model, which incorporates the cosmological
constant A, provides a successful fit to observational data and is therefore regarded as the standard model of cos-
mology. However, it does not offer a complete explanation of cosmological dynamics, as the two dominant compo-
nents—dark energy and dark matter-remain insufficiently understood. In particular, the physical or geometrical
origin of the cosmological constant A, as well as its remarkably small value, still requires clarification. By moving
beyond the assumption that the Universe is precisely described by the ACDM framework, one can consider modified
gravity theories, which are extensions of Einstein’s general relativity, to address these unresolved issues [6]. These
extensions may involve modifications to the geometrical part, the matter part, or both components of the Einstein-
Hilbert action. Numerous modified gravity models have been developed, such as f{R) gravity [7] and f{T) gravity [8],
where T denotes the torsion scalar in the teleparallel formulation. Moreover, theories with non-minimal coupling
between geometry and matter have also been explored, including f{R,L, ) gravity [9] and f(R T) gravity [10], where
L_m and T are the matter Lagrangian and the trace of the energy-momentum tensor, respectively. One of the main
motivations for considering such modifications is the possibility of naturally explaining the late-time acceleration
of the Universe without introducing a separate dark energy component [11].

Beyond late-time cosmology, modified gravity models are also relevant in the context of the early Universe,
particularly during the inflationary epoch. From a phenomenological standpoint, these theories may serve as effective
descriptions of a more fundamental, yet unknown, quantum theory of gravity below a certain energy scale. Within
this perspective, it is plausible that such modifications leave observable signatures during the inflationary phase.
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For instance, Higgs inflation is based on a non-minimal coupling to the Ricci scalar, while the Starobinsky model
[12,13] incorporates a quadratic R? term in the action and is known for its excellent agreement with observational
data when expressed in the Einstein frame. The interplay between inflation and modified gravity has been widely
discussed in the literature [14-23], with a comprehensive overview presented in [24].

In this work, we propose a novel modified gravity model, referred to as f{¢)T gravity. This theory extends
Einstein-Gauss-Bonnet gravity [25] by introducing a direct coupling between the inflaton field ¢ and the trace T of
the energy-momentum tensor. The action of f{¢)T gravity is

$=J (&4 BF@F @) + af @) + L) y=gd*x
= 8nG EMLZZ,MPI =1

Mz, Mp; =1, is the redused Planck mass and R is the Ricci scalar, T is the trace of the
energy-momentum tensor, £, is the matter Lagrangian.

where k = 8nG =

The function is a dimensionless function of the inflaton ¢ , satisfying the condition f{0)=0, ensuring the
recovery of General Relativity (GR) in the absence of the inflaton. Thus, this model represents a modification of
gravity that operates exclusively during the inflationary period. In the limit a—0, the theory reduces to standard GR.

In this work, we consider the simplest case

fe) =Vrg @
This approach generalizes the form of modified gravity
f(R,T) =R + 2kaT (3)

interpreting o as a field identified with the inflaton. Such a modification of gravity has not been explored
previously and can be motivated within certain semiclassical frameworks of quantum gravity[26, 27].

General framework
We introduce a new model of f{¢@)T- gravity, an extension of GR with a direct inflaton - trace coupling of
the energy - momentum tensor. The action of f{¢)T - gravity has the following form

S=J (Z+BFEf(@) +af ()T +Ly)J—gd'x @

We consider action (4) together Friedman-Robertson-Walker metric discribes spatal flat and homogenious
space-time ds? = dt? + a?(t)dx;dx" .Here we give notations for our action such as the Ricci scalar and the
Gauss-Bonnet invariant, mater Lagrangian and trace of the energy-momentum tensor
2

a

G =24 R =g —1p2 = 2 5)
=24——,R=6|_+— ), Ln=70¢ —V(p), T = ¢* —4V(p)

Taking into account the FRW metric, we rewrite the action, substitute R and introducing indefinite Lagrange
multiplier

S=/ dta3[% (g + Z—) + BVEF(G)p + avkoo? — 4aKoV (9) + %4;2 —V(p)
A (G — 24 “ai>] (6)
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To find the indefinite Lagrange multiplier, it is necessary to differentiate the action by G and equate the
derivative to zero, which corresponds to the extremum condition

Z_z = 0= [pVkfs(G)pa® — 1a®] = 0= 1 = BVkf(G)p @
We obtain lagrangian, after a simple transformation
L=—2aa+ pVif(6)aPp — BVifsGalp + aicp?adp — davikV (9)ap +

. o |
~¢?a® —V(p)a® — 8pVkfea’p — 8fVkfecGap

@_i(ﬂ)_o
9q  dt\aq) 8)

Aplying the Euler - Lagrange equation 34 ~ ae \,.

aL  d (Eﬂ.
aq

), for the scale factor a(t) , we obtain

2H +2H? = ~ 192 4 V(p) ~ BVRF (@) — avRPp + 4avRgV (p) + fVRfsGy
~8fVKfaH? — 165V oG GoH? — 16fVKfapHH — 165ViefopH
_ ~8BVKfe66G*H?* @ — 8BV feGH? @ — 16V fecGHHo —

16B8VKfecGH3p
9
Then we find the total energy oL a-+ a—l-'(p + oL G — L = 0, we obtain
_ da dy G
La+lp+2e-L=0,
da o9 aG

32 = 24K fopH? — 24BVKfagGH 9 — BVRF () + £ (1 + 2aR)
+V(9)(1 + 4avkp) + BVkfGo

aL d (oL
———|=)=0f
aq dt (6q> (10)

oL d faL
Aplying the Euler - Lagrange equation 2q at (a—) = O for the scalar field ¢(t), we obtain
q

<})(1 + 2avkp) + 3H¢(1 + 2avkp) — a\/Eq}Z +V'(0)(1 + 4avkp) a1
+4aVkV (@) = BVEf(G) = 0

In the below parts we consider f{G)=G. That reduction is physicaly existing case. In that case equations
(10)-(11) take the form

ZH+2H2 = =2 (1 + 2avkg) + V(9) (L + 4avkg) — 88kgH? -
168vK@H(H + H?) - ©a2)
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%HZ = —243\/@1{3 + %(1 + 2aVEp) + V(@) (1 + 4avKp)

gb(l + 2avke) + 3H¢(1 + 2avkep) — a\/Eq.)Z + V' ()(1 4+ 4avkp) + (12)
4KV (@)

—24B\KkH? (H + HZ) =0 (13)

The methodology. Slow roll approximation in the nonminimal coupling model
The slow roll approximation of the scalar field ¢ with respect to the potential V(¢) is determined by the

conditions . ; :
2 2
21, |8« 1, Y90
4 Ho Ho (14)
Applying them to equations (12)-(13), we obtain
2H? = V(p)(1 + 4avkp) — 24p\KpH® (15)
3Ho(1+ 2avke) + V' (p)(1 + 4avke) + 4aVkV (p) — 24BVkH* = 0. (16)
Then the effective potential and its derivative are determined by the following expressions
Verr =v(p)(1 + 4avke) (17)
5
yerf — V(@) (1+4avip)+4aky (9) v (p) (1+4avie)’ (18)

P 1+2avke

Let’s consider equations (15) and (16) as a system equation and assume that a<<1 and <1 and omit the
higher-order terms, we can find that

H? = ZkV (@) + ga;cfv(fp) + gﬁ’ng(@)V'(fp) +0(a®) + 0(B?) + 0(ap) (19

The Hubble slow roll parameters €, and 1, are expressed in terms of the effective potential and its deriva-
tives Veff, V;’f’r and V;q’;’f

H €EH

EH - _E, nH - _HEH (20)

Next, the slow roll parameters (20) are used to calculate the spectral index of scalar perturbations n, and
the tensor-to-scalar ratio r, whose values can be compared with observational data

ng=1-—2ey —ny,r = 16€y (21)
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In the f{¢)T modified gravity, substituting the potential into (15) and (16), we get the slow roll parameters

1 (v’ 2 4y’ v’ vV V'3 ,
e =§( (<p)) _l_%( (<p)_¢( (<p)) )+ /3 @V _VEQ) _ @)

V(p) V(p) V(p) V(p) V2(p)
(22)
Ny = 1v"(@) _(4V’(<p) _ V(o) ) 4t ,6’ V2@V (@) | 453 () _V'(pV"(@) _
H™ xvip) " ve\ vip) V(p) V'(¢) V2(p) V(p)
, 1% v
2V () + 4xc (V' () + —(“;),(m“"))> 23
The number of e-folds is
Pend H
N = j —d§0
@* ()

(14 2avko) <KV(<0) + darzoV (9) + %ﬁK%V(w)V’Gp))

Pond V’(go)(l + 4avkep) + 4a\/EV(go) — 24BKH? — BRH? do

= [ g + 2o (03555~ 2my) + o (552 + 3 o

(24)
We omit the higher-order terms in @ and £ in the last expression. With the field value evaluated at the horizon
crossing using (24), one can calculate the observables n_and r using (21).

Findings and discussion. Application to inflationary models

1. Chaotic inflation
We consider first the chaotic inflation model [26], where the potential is of the power-law form

vV = AME, (Mpl)n (25)

In the f{¢)T modified gravity, substituting the potential into (17) and (18), we get the slow roll parameters

nz an 4 2 l -3 4 E -1
€y = — @4 —-n (——n KzAQP"™° — —nkzAp" ) 26
H= 2t T g AW B (3 @ S nKeAp (26)
_ — 32 8 2 11 n-3 _ 8 3 11 n-3

"H_mp+ 2 8n-32)+8 S NoK2AQ SNoK2 AP 4
g 1 _ 8 1 _
SnKzAgn 2 —sn K2/1<p" K2/1<p" 1 +—nKZA<p” 142 Kz/lfp ——ic2/1<p )

(27)
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The spectral index and tensor-to-scalar ratio are modified accordingly to be

_q4_m _2n @ _ 2 _16_ 3 29 n-3
ng=1 o K‘P2+\/E§0(32 16n+2n)+ﬁ( S norzAQtT +
& 313 — Snkiden 2 + Sn2iadgn? 4 2iadgnt — dniidgn! —
S ¢ Sz - ¢ ~ K2 nk2¢
16 L. . 16 L. o
S KAQ™ + K2 ) (28) (28)
8n? | 16an 64 1 a3 64 3. .
= T T 4-n)+p (—?nzkz/lgon > — = nk2dg" 1) 29)

The spectral index and tensor-to-scalar ratio are calculated by (17) and their MCMC corner plot present
in Figure 1. We have three free parameters «, f and n. The other internal parameters are expressed in terms of the
free parameters. Table 1 shows the mean values of the coupling constants a and S for reconstruction with chaotic
potential.

Figure 1. The spectral index and tensor-to-scalar ratio for the chaotic inflation potential (25).
The range of is, is and is Marginalized joint 68% and 95% C.L. regions for and at from Planck 2018
data [4] are shown in blue and light blue, respectively.

Table 1. Parameter values in the confidence interval for the chaotic inflation potential (25).

a B n n r

-0.0098+0.0063 No limit 1.38+0.42 0.96295+0.00434 0.050+0.01

2. Natural inflation

Natural inflation [27] is a well-motivated inflation model, as the flatness of the inflationary potential required
by the slow-roll is guaranteed by a quasishift symmetry. In natural inflation, the inflation is an axionlike particle
and has a potential of the following form
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vV =2a% [1 + cos (?)] (30)

Within the nonminimal coupling gravity, the slow-roll parameters are

s (5 ))2_a< ssn®) es() ))2)+ [),(_(L

ZfK(1+COS($ fK§(1+COS(%)) f2K5(1+cos($ 3f

4K%A4 cos(%) sin(?) 4K% A4sin3 (?) )

(o) aps(reos(?))

€y =

(31)
sctg[% esin[%
Zcos(f) ZSinz(g) @ f +f(1+COS[£]) COS[_]
M=~ fzx(1+co£(f))+ T TS S| -
f f K(1+COS(?))
2 6A*Cos[2]sin[4] 4n*sin[%)3
44% (1 + cos[Z]) ctg[Zlesc[¥] - L L
( COS[f]) c g[f]CSC[f] f3(1+cos[%]) fg(l_l_cos[%)z
. A4(1+Cos[%])60t[%] ~ 44*sin[%)
f f
(32)

We see again that when a—0, the results of f{¢)T modified gravity go to the Einstein gravity ones. The
spectral index and tensor-to-scalar ratio in the of f{¢)T gravity can be expressed accordingly

3sin? (2) 2 cos(f) o <_ 16sin(%) N 2¢@sin? (%

fzx(1+cos(%))2 B fzzc(1+cos(%)) B fk%(1+cos(%)) fz;c%(1+cos(£)) -

SZCtgl(%)> + ﬁ (_ 8K%A4 sin(%) _ 41(%/14 cos(%) _ 4—}c2A4 cos(f)ctg(f) + 32}c2A4ctg ( )

ng=1-

P 3f2 3f 3f
161c2/14 cos(f)ctg (f) N 16K%A4 cos(%)csc(%) N BK%A“sin(%) N 16K%A4sin(%) cos(?) N
3 3 3f 3f3(1+cos(%))
SK%A4sin3 (%)
3f3(1+cos(%))2 (33)

. 8$in2(%) ))2 ‘g (_ 164sin(%) B 16¢ sinz(% )2> B (64K;A4sin($) N

fztc(1+cos($ f;ci(1+cos($)) fzx%(1+cos(%) 3f

64K%A4 cos(?) sin(?) 64;c% A*sin3 (%)

3f3(1+005(%)) * 3f2(1+cos($))2>

(34)
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The spectral index and tensor-to-scalar ratio are calculated by (21) and their corner MCMC plot present in
Figure 2. We have three free parameters «, 5. The other internal parameters are expressed in terms of the free pa-
rameters. Table 2 shows the mean values of the coupling constants @ and £ for reconstruction with natural potential.

Figure 2. The spectral index and tensor-to-scalar ratio for the natural inflation potential (30).
The range of is for, is.Marginalized joint 68% and 95% C.L. regions for and at from Planck 2018
data [4] are shown in blue and light blue, respectively.

Table 2. Parameter values in the confidence interval for the natural inflation potential (30).

a B F ng r

(-1.099+0.153)x103 No limit 4 0.96491+0.00419 0.01327+0.00036

3. Starobinsky inflation
In this subsection, we will consider the effective potential of the Starobinsky inflation [13] in Einstein frame as

2K

V=A*1-e 37 (35)

For Starobinsky inflation we also find the slow roll approximation parameters. To simplify the expression,
we will introduce some definitions such as

2e72¢ 8e~¢® 4e72¢ 8 2 4 _ 8 3 4 _
EH:ﬁ'l'a T ) —:fz +ﬂ §K2A4e 2"’—5K2A4e Y —
kK(1-e~9) K2(1—e—®) kK(1—-e~9)
1

16A*Kk2e™¢

— (36)

3(1—e~9)
34 1\22(156)/ 2026 /A.H. I'ymuaes ateiHaarsl Eypasus yATTHIK YHUBEPCUTETiHIH XABAPIIIBICHI.

Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



Modified gravity models for inflation with non-minimal coupling trace of the
energy-momentum tensor of the scalar field and the Gauss-Bonnet invariant

4e™® 16e~% 32 32 1 16 3 4 _
MH = (qe9y "%\ 2 — I tp ?K2A4_?K2A4e -
r(1=e7?) KZ(1-e=?)  KZ(1-e~9)
1

1 3

1 1 > 14 ,—3 > a4 p—2 >4 3

Z 8 = 64K2A*e 3% 32k2A%e %% 4K2A 40 =
8kzA*e™? — —k2A%e?® — — —KzA*e™?®

3 3(1—e~%) (1—e~%) t 3 3 t
3
44K2N%*e~®
3 37)

The spectral index and tensor-to-scalar ratio are modified accordingly to be

_ 4 4eT2 4e7® 32 __lee™® 8pe2¢
=1 e ke “(ﬁ(l—e-«’) ﬁ(l—e-<ﬁ>+ﬁ(1-e—<p)2)+

1
32 1 16 1 _ 1 _ g 1 64K2N*e=39
B —?K2A4 + ?K2A4e 2¢ + —8KkzA*e™® + §K2A4e‘p +—

3(1—-e~9)
3 3 3 3 4
64 = _ 4 = =z _ 28Kk2A%e~ %
—?K2A4€ 2¢ + §K2A4 + 8K2/14€ Y — T ‘
(38)
2 2 L a2 3
32e~2%¢ 128e~¢ 64@pe%®P 256K2A%e%% 128 = —
= 1oz T -5 +B —31_—_<p+7K2/14e 20—
Kk(1-e~%) K2(1—e=?) Kk2(1-e—¥)2 (1-e7%)

3
128kz2A%*e =% (39)

In this way, the spectral index of scalar perturbations and the ratio of tensor perturbations to scalar ones
are expressed. The spectral index and tensor-to-scalar ratio are calculated by (21) and their MCMC corner plot

present in Figure 3. We have three free parameters «, . The other internal parameters are expressed in terms of

the free parameters. Table 3 shows the mean values of the coupling constants a and f for reconstruction with the
Starobinsky potential.
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Figure 3. The spectral index and tensor-to-scalar ratio for the Starobinsky inflation potential (35).
The range of is, is.Marginalized joint 68% and 95% C.L. regions for and at from Planck 2018 data [4]
are shown in blue and light blue, respectively.

Table 3. Parameter values in the 16 confidence interval for the Starobinsky inflation potential (35).

a B ng r
(-3.6+£12.3)x10°® No limit 0.9650+0.00392 0.00217+0.00012

Conclusion

The article presents a study of a cosmological model with a scalar field containing a non-minimal coupling
with a modified Gauss-Bonnet invariant Sf{G)f{¢) and a trace of the energy-momentum tensor of the scalar field
af(¢)T in the framework of a flat, homogeneous and isotropic Friedman-Robertson-Walker Universe. To study
the inflationary properties of the model, the probabilities for the chaotic potential, the natural potential, and the
Starobinsky potential are calculated. For the chaotic potential a*¥*=-1.0983-10°3, **¥= nonconstrained means
that the Planck 2018 data impose restrictions on the non-minimal coupling of f”*bestfit=nonconstrained and the
absence of restrictions on the non-minimal coupling of Bf(G)f(¢). For the natural potential a?*¥*=-1.0983-10-3,
preft=nonconstrained, which corresponds to the same consequences as for the chaotic potential. For the Starobinsky
potential, a”**=-3.7510-10°, f**¥* = nonconstrained, means that the Planck2018 data does not require modification
of the equations of motion due to the introduction of a non-minimal coupling af{¢)T in the case of the Starobinsky
potential, there are no restrictions on the non-minimal coupling Sf{G)f{¢). Generalize classification of nonminimal
coupling Einstein-Gauss-Bonnet with af{¢)Tpresent in Table 4.

Table 4. Classification cosmological model

Potential o / B constrained Planck 2018 agriment
Chaotic Yes/No 3.6021-10%+1.2572-10? No
Natural Yes/No 1.3270-10%+3.6207-10* Yes
Starobinsky No/No 2.1717-103+1.2794-10* Yes
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JHeprua-uMIyJabC TEeH30PbIHbIH, i3iMeH MUHMMAaJIAbl 6al/IaHbICHI
6ap uHQISInMAFa apHAJIFaH aybIPJbIK KYIWiHIH MoguPuKanMsa/IaHFaH TeOPHUSACBIHbBIH,
MoJeJibJepi cKassAp epici xxoHe laycc-BoHH HHBapHUaHThI

Axparna. Makanaja mogudukanusianrad laycc-boHHe MHBapuaHThI koHe PpuamaH-PobepTcoH-Yokkep
Ka3blK, OIPTEKTI »KoHe U30TPOINTHI FAJIAMHBIH, 66JIiri peTiHje ckausap epiciHiH 3HepTrUsA-UMNY/IbC TEH30PbIHbIH,
i3iMeH MMHUMaJbl 6alIaHbIChI 6ap CKaJsp epici 6ap KOCMOJOTHUAIBIK MOJAebIH NHQAALMANBIK KacueTTepi
3epTresesi. Moaenb/iH MHPAALUAIBIK KACHeTTEPiH 3epTTeY YILiH XaOTHUKaJIbIK [T0TEeHIMaJ, TAOUFH NOTeHLHaJ
»koHe CTapOGHMHCKUN NOTEHLIMAJbI TaHJAN/bl. Basty *KblIKYABIH KYbIKTAYbI IIeHOepiH/e )KoHe KoHe GaiJaHbIC
KOHCTaHTaJIaphblH Killi fien caHay (»kaHe ) CKaJIAPJBIK CIIEKTPJIiK UHEKCI MeH CKaJIAPJbIK-TeH30pJIbIK KaTbIHAC
YILiH >Ka/NblJIaHFAH 6pHEKTep alblHAbI . CKaJIAPJIBIK CIEKTPJIIK UHAEKC ITeH CKa/IAPJbIK-TeH30PJIbIK KATBIHACTHIH,
TeOpPHUSJIBIK MOH/IEPIH ecenTey XoHe 6alKalFaHAapMeH CabICTIPY YIIiH KOCMOJIOTHSJIBIK YIIiH Ka6bIK KOJI1aHbI/IbL.
Cobaya cosmology ecentey Polychord cbiHaMacbiMeH 6ipre. XaoTHKaJIbIK IOTeHLMA YIlliH 6aKbliaHaThIH Planck2018
JlepeKTepiHe TeK CKaJISIPJIbIK CIEKTPJIiK UHAEKCTiH MOHI ColiKeC KeJIeTiHI KepceTinreH, a CKalspJiblK-TEH30PJIbIK,
KaTbhIHACTBIH MoHI GaKplJIaHATBIH MOHHEH achll TyceAi. CTapoOUHCKUN/IH TabUFH dJieyeTi MeH dJieyeTi yIliH
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UHOIANUAIBIK TapaMeTpJIep/liH eKi MoHi Jle 6aKblIay/IapFa colKec Kese/li. JKaFAalbl XKoHe OTeHI[UaIAap/IbIH
OapJIbIK TYypJiepi YIIiH 6aliJaHbIC TapaMeTpi ap MoJieJIb/ie MapTUHAJaHa/Ibl, a1 GaiIaHbIC TapaMeTpPi MHPJSIUSAIIBIK
napaMeTpJiepiH JUHAMHUKACbIHA 9Cep eTIel/ii )koHe leKTey KOUblIMalabl.

TyiiH ce3aep: unoasanus, [aycc-boHHe MHBapUaHThI, SHEPTUSA-UMITY/IbC TEH30PHI, 6asty JoMaJayFa
YKAKbIH/|Ay, CKJISIPJIBIK CHEKTPJIIK UHAEKC, CKaJISIPJIbIK-TEH30PJIbIK, KAaThIHAC, 6aKblIay HIEKTEY/IEPI.
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Mogenu MoaupUIMPOBAHHON TEOPpUM rPaBUTALMU AJ151 UHPISALMYA C HEMUHUMAJIbHOMN
CBSAI3BIO CO CJIeJOM TeH30pa 3HEePTrUuUu-uMIyabca
CKaJISIPHOTO M0JIA M UHBapuaHToM l'aycca-BoHHe

AHHOTauMs. B cTaTbe u3y4yaroTcs UHQASLUOHHBIE CBOMCTBA KOCMOJIOTMYECKOH MOJIE/IN CO CKAJIIPHBIM
10J1eM, cojiepKallel HeMUHUMAJbHYIO CBA3b C MOAUGUIIMPOBAHHBIM HHBapHaHTOM ['aycca-boHHe U c1ejoM TeH30pa
3HepPTUHU-UMIyJIbCa CKAJIIPHOIO M0JIsI B paMKaX IJIOCKOH, OJHOPOAHOM U u30oTponHoi BecesenHol PpuamaHa-
Po6epTcoHa-Yokkepa. [lyis1 u3yuyeHUs1 UHQJISAIIMOHHBIX CBOMCTB MO/Ie/IM ObIIM BbIOpaHbl XaOTUYECKUH OTEHI A,
NPUPOAHBIN NoTeHIMa M noTeHaa CTapobrHcKoro. B paMKax npu6/IMKeHUs Me/IJIeHHOTO CKaTbIBAaHUA U [IPU
YCJIOBUM MaJIOCTH KOHCTAHT CBSI3U U (U ) OJydeHbl 0600611ieHHbIe BbIPAXKEHU [I/151 CKaJIIPHOIO CIIEKTPaIbHOT0
MH/JIeKCa U CKaJIIPHO-TEH30PHOI0 OTHOIEeHUs . B paboTe [/1s1 BBIYMCIEHUS TEOPETUYECKUX 3HAaUeHUH CKaJISIPHOT0
CHEeKTPa/IbHOTO UH/IeKCA U CKaJIAPHO-TEH30PHOI'0 OTHOLIEHUS, a TaKXKe CpaBHEHHUS ¢ HabJ110aeMbIMU 6bly1a
npUMeHeHa 060J1049Ka [iJisl KOCMOJIOTMYeCKUX BbiuucaeHui Cobaya cosmology coBMecTHO ¢ cammiepom Polychord.
[TokasaHo, 4TO /I XaOTUYECKOro MOTEeHI[MAJa COIJIacyeTcs ¢ HabJroaaeMbIMU faHHbIMU Planck2018 Tosibko
3HaueHHe CKaJIIPHOTO CHeKTPaJbHOI'0 UH/IEKCa, a 3Ha4eHHe CKa/IIPHO-TEH30PHOT0 OTHOIIEHHUS NpeBbIllaeT
HabJitojaeMoe 3HayeHue. [l IpUpoHOro NoTeHMala U oTeHLMa a CTapo6MHCKOro 06a 3HaueHUs1 UHQJIALMOHHBIX
[apaMeTpOB COIVIACyoTCs ¢ HabutoAeHUsAMU. [lokaszaHo, YTo A5 caydyas M BCeX TUIIOB MOTEHI[UaI0B apaMeTp
CBA3M MaprUHaJIU3UPYeTCs B KAXJ0H MoJiesy, a MapaMeTp CBSA3U He BJUsET Ha JUHAMUKY UHQIALMOHHBIX
NapaMeTpPOB U HUKAK He OrpaHUYEH.

KiroueBsble cjioBa: uHOIAIMSA, MHBapUaHT [aycca-boHHe, TeH30p 3HEPTUU-UMITY/IbCA, IPUOIMKEHHE
Me/I/IEHHOT'0 CKaTbhIBaHUS, CKaJIAPHBIN CNeKTPabHbIM UHJIEKC, CKaJIIPHO-TEH30pHOE OTHOLIEeHHe, HabJItojaTe/IbHble
OTpaHUYeHHs.
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Comparative cathodoluminescence of nanostructured
AIN and AIN nanotube/Csl scintillator composites
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Abstract. The cathodoluminescence (CL) response of commercially available
aluminium nitride (AIN) powder, plasma-synthesized AIN nanoparticles, AIN nanotubes,
and AIN nanotube/cesium iodide (CsI) composites was comparatively analysed in the
80-300 K temperature range. The nanostructured material was produced by a highly
nonequilibrium direct-current arc-plasma route and contained two characteristic nano-
tube populations: hollow tubes with diameters of approximately 25-30 nm and thinner,
frequently helical tubes with diameters of 2-3 nm; both populations had lengths on
the order of 700 nm. At 80 K the commercial AIN powder exhibited a dominant band
at 3.47 eV, whereas nanoparticles emitted predominantly near 3.66 eV. The nanotube
spectrum was substantially more complex and included components near 2.2, 3.0,
and 3.5 eV, indicating a broader distribution of defect- and surface-related radiative
channels. A single-channel Mott-Seitz treatment of the temperature-dependent 3.47
eV emission yielded an apparent activation energy of about 24 meV. The absence of a
measurable peak shift or linewidth broadening, together with the small fitted energy,
indicates that the intensity loss cannot be described as conventional thermal quenching
alone and is more consistently explained by carrier migration to non-radiative surface
states. Addition of 0.25-0.50 wt.% AIN nanotubes to CsI modified the host emission
profile, particularly at 80 K, providing spectral evidence consistent with radiative
reabsorption and/or interfacial energy redistribution. The results demonstrate that
AIN morphology strongly controls the balance between intrinsic, impurity-related, and
surface-mediated recombination and underline the potential of AIN/CsI composites
for tunable ultraviolet-visible scintillation materials.

Keywords: aluminium nitride; nanotubes; nanoparticles; cathodoluminescence;
surface states; cesium iodide; scintillator composites.
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Introduction

Aluminium nitride (AIN) is a technologically important III-V compound combining a wide direct band gap
of approximately 6.2 eV with high thermal conductivity, low thermal expansion, chemical stability, piezoelectricity,
and transparency in the visible spectral range. These properties have established AIN as a platform material for
ultraviolet optoelectronics, high-power electronics, acoustic-wave devices, thermally conductive electrical insula-
tion, and radiation-resistant components [1-5]. In addition to its stable hexagonal wurtzite structure, AIN can occur
in metastable structural forms under highly nonequilibrium synthesis conditions. The electronic and vibrational
properties of such nanostructured phases may differ considerably from those of bulk crystals because of reduced
dimensions, high surface-to-volume ratio, curvature, local strain, and the enhanced contribution of surfaces and
interfaces.

The optical response of AIN is extremely sensitive to non-stoichiometry and residual impurities. Emission
well below the fundamental absorption edge is therefore normally dominated by point defects, impurity-defect
complexes, and surface states rather than by direct band-to-band recombination. Oxygen is one of the most common
residual impurities in AIN and has frequently been associated with blue and near-ultraviolet luminescence. Never-
theless, a particular spectral band should not be assigned to a single microscopic defect without complementary
structural, chemical, or first-principles evidence because aluminium vacancies, nitrogen vacancies, oxygen substi-
tuting for nitrogen, and their complexes may produce overlapping transitions. In nanostructures this ambiguity is
amplified by surface reconstruction and the large density of under-coordinated atoms.

Arc-plasma synthesis provides access to AIN nanoparticles and nanotubes under strongly nonequilibrium
conditions. Earlier structural investigations of the material considered here revealed a rare metastable cubic contri-
bution, size-dependent changes in infrared-active vibrations, and a vibrational density of states markedly different
from bulk AIN [1-5]. Scanning tunnelling and transmission electron microscopy further showed two characteristic
nanotube morphologies: large hollow tubes and much thinner coiled or helical tubes [2]. These structural distinc-
tions are expected to alter carrier localization and the competition between radiative and non-radiative relaxation.

A second motivation for studying AIN nanotubes is their possible use as an active nanoscale component in
scintillator composites. Cesium iodide (Csl) is a widely used ionic scintillator host with intense ultraviolet emission
and a large stopping power for ionizing radiation [6-8]. Incorporation of AIN nanotubes may introduce additional
absorption and emission channels, modify light scattering and reabsorption, and create interfacial states that re-
distribute excitation energy. However, the interpretation of composite luminescence requires a direct comparison
with both pristine Csl and isolated AIN nanostructures under the same excitation conditions.

The present work aimed at a systematic analysis of the morphology-dependent cathodoluminescence (CL)
of commercial AIN powder, arc-plasma-synthesized AIN nanoparticles, and AIN nanotubes. Particular attention is
paid to the temperature dependence of the 3.47 eV band and to the spectral evolution of CsI containing 0.25 and 0.50
wt.% AIN nanotubes. The purpose is not only to catalogue emission maxima but also to identify which conclusions are
directly supported by the spectra and which require additional time-resolved or excitation-selective measurements.

Materials and Methods

AIN nanotubes and nanoparticles were synthesized by a high-temperature, highly nonequilibrium direct-cur-
rent arc-plasma process described in detail in Refs. [1, 2]. The plasma route produced a broad size distribution typical
of rapid nucleation and growth from a high-temperature vapour. Electron-microscopy observations showed larger
hollow nanotubes with diameters of approximately 25-30 nm and lengths near 700 nm, together with smaller 2-3
nm tubes of comparable length. The thinner tubes frequently exhibited a helical morphology, whereas the larger
objects had a conventional hollow tubular structure. A commercial AIN powder (Aldrich, catalogue No. 24,190-3),
containing more than 98% approximately spherical particles with diameters below 10 um, was used as a bulk-like
particulate reference.

For composite measurements, AIN nanotubes were dispersed in Csl at nominal mass fractions of 0.25 and
0.50 wt.%. Pure Csl measured under the same conditions served as the host reference. In the original spectral da-
taset, the nanotube-containing composite is labelled NT03/Csl; NT03 is retained as the original sample identifier
rather than used as a scientific abbreviation.
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Cathodoluminescence spectra were recorded under electron-beam excitation with an electron energy of
9 keV and an emission current of 150 pA over the temperature interval 80-300 K. Emitted light was dispersed by
a double-prism monochromator and detected with an FEU-106 photomultiplier covering approximately 200-800
nm. The spectral energy resolution was better than 30 meV. Instrumental response was corrected using a calibrat-
ed light source. Because the displayed comparative AIN spectra are normalized, conclusions concerning absolute
photon yield cannot be drawn from those curves.

The thermal behaviour of the dominant 3.47 eV band in commercial AIN was evaluated using the conven-
tional one-channel Mott-Seitz expression:

I(T) = o / {1 + C exp[-E/(kBT)},

where I(T) is the integrated luminescence intensity at temperature T, I, is the low-temperature intensity, C
is a pre-exponential factor, E, is the apparent activation energy, and kB is the Boltzmann constant. This phenome-
nological model assumes competition between a radiative channel and a thermally activated non-radiative channel.
Its physical validity must therefore be tested against simultaneous changes in peak position, spectral width, and
line shape.

Results and Discussion

1. Morphology-dependent emission of AIN

Figure 1 compares the normalized 80 K CL spectra of the commercial AIN powder, nanoparticles, and na-
notubes. The commercial AIN powder is dominated by a relatively well-defined band centred at approximately 3.47
eV (about 357 nm). This band lies far below the 6.2 eV band gap and is therefore defect-mediated. Oxygen-related
defects are a plausible contributor because oxygen is a ubiquitous impurity in AIN and oxygen-associated blue
emission has been reported extensively [6]. At the same time, the spectrum by itself does not discriminate between
isolated oxygen substitutions and complexes involving aluminium vacancies or other native defects.

The nanoparticle spectrum is shifted to higher photon energy and is centred near 3.66 eV (approximately
339 nm). A simple quantum-confinement explanation would be inadequate because the reported particles and
nanotubes are generally much larger than the characteristic electronic length scales of AIN. More credible contribu-
tions include differences in phase content, local strain, defect charge state, stoichiometry, and surface band bending.
The higher-energy maximum may reflect a changed distribution of donor-acceptor pair separations or a different
balance between bulk-like and surface-localized recombination. The independent observation of a metastable cubic
phase and shifted vibrational modes supports this interpretation, although phase-resolved luminescence would be
required for a definitive assignment.

The nanotube spectrum has the broadest and most structured profile, with at least three components near
2.2,3.0,and 3.5 eV. The low-energy 2.2 eV band (approximately 564 nm) is characteristic of a deep recombination
channel and is likely associated with strongly localized defect states or surface-related complexes. The interme-
diate 3.0 eV component (approximately 413 nm) may originate from another family of defect complexes or from
interface-like states generated by curvature and reconstructed surfaces. The component near 3.5 eV overlaps the
spectral region of the commercial AIN powder band and may contain oxygen-related or native-defect contributions.
The coexistence of hollow and helical tubes, with diameters differing by an order of magnitude, naturally produces
a distribution of local environments and can account for the complex line shape.

Table 1 - Comparative summary of the investigated AIN-containing samples and their principal CL

features.
Sample Structural/ Main CL features Most conservative interpretation
morphological context
Commercial AIN >98% spherical particles; | Dominant band at 3.47 | Defect-mediated emission; oxygen-
powder diameter <10 um eV associated defects are plausible but
not uniquely proven
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Sample Structural/ Main CL features Most conservative interpretation
morphological context

AIN nanoparticles | Arc-plasma product; Broad maximum near | Modified defect population,
nonequilibrium phase/ 3.66 eV strain, phase content, and surface
defect structure electronic structure

AIN nanotubes 25-30 nm hollow tubes Components near 2.2, | Multiple deep, surface-related,
and 2-3 nm helical tubes; |3.0,and 3.5 eV and impurity/native-defect
length ~700 nm recombination channels

CsI+0.25 wt.% Dilute nanotube/Csl Host profile modified; | Spectral redistribution consistent

AIN nanotubes composite additional low-energy | with reabsorption and/or

contribution is visible, |interfacial energy transfer
especially at 295 K
CsI+0.50 wt.% Higher nanotube loading Broad structured Stronger contribution of nanotube/
AIN nanotubes emission at 80 K interface states; quantitative yield
not available

Figure 1. Normalized cathodoluminescence spectra of commercial AIN powder, AIN nanoparticles,
and AIN nanotubes recorded at 80 K. The commercial powder is dominated by a band near 3.47 eV,
nanoparticles emit mainly near 3.66 eV, and nanotubes show a multicomponent
spectrum with bands near 2.2, 3.0, and 3.5 eV.

2. Temperature dependence of CL

The integrated intensity and half-width of the commercial AIN powder band were analysed between 80 and
300 K. No significant temperature-induced broadening or systematic spectral shift of the 3.47 eV maximum was
observed within the resolution of the experiment. Fitting the intensity decrease with the one-channel Mott-Seitz
equation produced an apparent activation energy of approximately 24 meV. This energy is close to the thermal energy
available near room temperature and is too small to support a unique assignment to escape from a well-defined
deep defect level over the full 80-300 K interval.

More importantly, the assumptions of the simple Mott-Seitz model are not fully satisfied. Conventional
thermal depopulation of a localized emitting state often changes the relative populations of nearby states and may
be accompanied by a measurable evolution of the peak position, linewidth, or spectral shape. Their absence suggests
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that the observed intensity decrease is governed by a spatial transport process rather than by thermal emptying of
one isolated luminescence centre. Electron-hole pairs generated in the penetration volume of the electron beam
can migrate before recombination. As temperature increases, diffusion and trapping kinetics may favour migration
toward particle surfaces, where dangling bonds, adsorbates, and reconstruction-related states provide efficient
non-radiative pathways. The extracted 24 meV should therefore be regarded as an effective transport or trapping
scale, not as a definitive microscopic defect ionization energy.

The stronger room-temperature decrease observed for the nanostructured samples is consistent with this
picture. Their surface-to-volume ratio is much larger than that of the commercial micropowder, and their curved
surfaces can contain a high density of structurally inequivalent sites. Electron-phonon interactions and self-absorp-
tion may further reduce the detected emission. Separating these mechanisms would require absolute quantum-yield
measurements, temperature-resolved decay kinetics, and a controlled comparison of powders with known surface
area and oxygen content.

3. Luminescence of AIN nanotube/Csl composites

Figure 2 compares pure Csl with the composite containing 0.25 wt.% AIN nanotubes at 295 and 80 K. Pure
CsI shows a broad ultraviolet emission profile whose relative intensity and shape change on cooling. Introduction
of a small amount of AIN nanotubes modifies the spectrum rather than merely scaling the host intensity. At 295 K
the composite retains a host-related maximum in the ultraviolet but develops a more pronounced low-energy wing.
At 80 K the structured ultraviolet emission becomes stronger and the difference between the host and composite
remains observable. Since the AIN nanotubes themselves emit across approximately 2.2-3.5 eV, overlap exists be-
tween the Csl emission and absorption or defect-state excitation channels of the nanotubes.

The spectral modification is consistent with two non-exclusive mechanisms. First, photons emitted by CsI
may be absorbed by AIN nanotubes and re-emitted through nanotube defect states, representing radiative energy
transfer or luminescence reabsorption. Second, carriers or excitations generated close to a CsI/AIN interface may
relax through interface-mediated states before recombination. The available steady-state spectra demonstrate re-
distribution of the emitted intensity but do not independently establish the transfer pathway. A rigorous distinction
would require excitation spectra monitored at the nanotube bands, time-resolved measurements showing corre-
lated decay components, and comparison of absolute light yields after correction for scattering and optical density.

Figure 2. Cathodoluminescence spectra of pure Csl and Csl containing 0.25 wt.% AIN nanotubes at 295 K
and 80 K. The panels reproduce the original spectral data on common axes for direct comparison.
The composite exhibits a modified ultraviolet profile and an enhanced low-energy contribution.
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The 0.50 wt.% composite measured at 80 K (Figure 3) displays a broad, structured emission extending
from the near-ultraviolet toward the visible range. Compared with the lower-loading sample, the larger nanotube
fraction increases the probability that host emission or migrating excitations interact with an AIN surface. At the
same time, an excessive nanotube concentration may increase optical scattering, self-absorption, and the density
of non-radiative interfaces. The present dataset does not include an absolute intensity calibration between all com-
positions, so an optimum nanotube loading cannot yet be identified. The spectra should therefore be interpreted as
evidence of tunability rather than proof that 0.50 wt.% maximizes scintillation efficiency.

Figure 3. Cathodoluminescence spectrum of Csl containing 0.50 wt.% AIN nanotubes at 80 K.
The broad structured profile indicates simultaneous contributions from the Csl host, nanotube defect
states, and/or interfacial relaxation channels. Source: supplied poster dataset.

4. Implications for defect physics and scintillator design

The combined data show that morphology is not a secondary variable in AIN luminescence. Commercial
microparticles, nanoparticles, and nanotubes exhibit different emission maxima even under identical electron-beam
excitation and temperature. The observation is consistent with a redistribution of defects and charge states caused
by nonequilibrium synthesis and by the large contribution of surfaces. The coexistence of multiple nanotube diam-
eters and morphologies additionally broadens the ensemble response. Consequently, future optimization should
treat phase composition, oxygen concentration, surface passivation, and tube diameter distribution as independent
synthesis parameters.

For scintillator applications, a broad nanotube emission can be advantageous when spectral matching to
a photodetector is required, but it can also indicate a high concentration of deep traps that slow energy transport
or promote non-radiative loss. The most promising composite would therefore not necessarily be the one with the
strongest visible shoulder; it would be the composition that maximizes the number of emitted photons per unit
deposited energy while retaining an acceptable decay time and radiation stability. Measurements of radiolumi-
nescence under X-ray or gamma excitation, scintillation decay kinetics, thermally stimulated luminescence, and
dose-dependent stability are needed to establish this balance.

Conclusions

A comparative analysis of commercial AIN powder, arc-plasma-synthesized nanoparticles, and AIN nano-
tubes demonstrates a pronounced morphology dependence of cathodoluminescence. At 80 K the commercial AIN
powder is characterized by a dominant defect-related band at 3.47 eV, while nanoparticles emit mainly near 3.66 eV.
AIN nanotubes exhibit a substantially more complex spectrum with components near 2.2, 3.0, and 3.5 eV, reflecting
the combined influence of deep defects, impurities, structural nonequilibrium, and surface states. The apparent
activation energy of 24 meV obtained from a one-channel Mott-Seitz fit to the commercial AIN powder intensity
should not be interpreted as a unique defect ionization energy. The lack of measurable peak shift and linewidth
broadening supports a model in which thermally assisted carrier migration to non-radiative surface sites controls
much of the intensity loss.
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Incorporating 0.25-0.50 wt.% AIN nanotubes into Csl modifies the host CL spectrum and introduces or en-
hances lower-energy emission. These changes are consistent with radiative reabsorption and/or interfacial energy
redistribution between Csl and AIN nanotubes. However, steady-state normalized spectra alone cannot quantify
transfer efficiency or establish an optimal loading. Absolute light-yield measurements, excitation-selective spectros-
copy, decay kinetics, and controlled structural and chemical characterization are required for further development.
Within these limitations, the results identify AIN nanotubes as an effective spectral-modification component and
provide a basis for designing ultraviolet-visible scintillator composites with tunable emission.
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CpaBHUTe/IbHas KaTOA0/II0OMUHECIeHIIUA HAHOCTPYKTyprpoBaHHoro AIN
U CHUHTWIAMOHHBIX KOMIO3UTOB AIN-HaHOTpYyGKHU /CsI

AHHoOTanus. [IpoBei€éH cpaBHUTEJbHBINA aHa/IU3 KaTOLOJIIOMUHECLEHLIIMM IPOMBILIJIIEHHOTO TOPOLIKa
HuTpuza aoMunus (AIN), cHHTe3MpOBaHHbBIX AYT'OBBIM I1JIa3MEeHHBIM MEeTO/JOM HaHOYACTUL, U HAHOTPYOOK
AlN, a Takxe komno3uToB AIN-HaHOTpyOKH /moaun uesus (Csl) B guanaszone temnepatyp 80-300 K. [Tpu 80 K
npoMbliiieHHbIN AIN xapakTepusyeTcst 10/10C0H ¢ MakCUMyMoM 3,47 3B, HaHOYACTHUIBI — HU3JIyYeHHEM 0KOJIO0
3,66 3B, Tora Kak ClleKTp HaHOTPYOOK COAEeP>KUT KOMIIOHEHTHI okoJso 2,2, 3,0 u 3,5 3B. Pazsinuus cBsizaHbl €
HepaBHOBeCHOU $pa30BoM U JieHEeKTHOU CTPYKTYPOU, KpUBU3HOU M BBICOKHMM BKJIAJ[OM TOBEPXHOCTHBIX COCTOSHHUM.
®opmasnbHas allllpoOKCHMal sl TeMIIEPaTypPHOTo TylleHUs noJjockl 3,47 3B mozenbio MoTTa-3eiTLa Aa/ia 3HEPTUI0
aKTHUBaALMU 0K0JI0 24 M3B. OTCyTCTBUE 3aMeTHOTO TEMIIEPATYPHOI'O CIBUTa U YUIMPEHUS N10JI0Chl TOKA3bIBAET,
YTO CHUKEHHE UHTEHCUBHOCTH HeJIb3$ OIMCATh TOJbKO OOBIYHBIM TEPMHUYECKHUM ONYCTOLIEHHEM I[eHTpPa; 6oJiee
BeposiTHA MUTPALsl HOCUTeEJEeH K 6e3bI3/Iy4aTebHbIM IOBEPXHOCTHBIM cocTOssHUAM. [Jo6aBienue 0,25-0,50 mac.%
HaHOTpy60K AIN usmeHsieT npoduib roMuHecueHuu Csl, 4To cornacyeTcs ¢ nepeussnydyeHueM, peabcopbuueit u/
iy MexdasHbIM NepepacnpesieieHieM 3HEPTUH. [l KOJIM4eCTBEHHOTO onpe/iesieHrs 3¢ eKTHBHOCTH NepeHoca
Heo6X0/JUMbI U3MepeHUsT aGCOMIOTHOTO CBETOBBIX0/IAa U KUHETHUKH 3aTyXaHUs.

KioueBble c10Ba: HUTPU/J, aJIIOMUHUS; HAHOTPYOKY; HAHOYACTHIbI; KATOL0IOMUHECLEHLUsI; TOBEPXHOCTHbIE
COCTOSTHUSI; MOJUJ, Lle3Usl; CUUHTUJLISIMOHHbIE KOMIIO3UTHI.
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HanokypsbuibiMabl AIN koHe AIN HaHOTYTiKIIEAepi/Cs] CHUHTU/LIALMAIBIK KOMIIO3UTTEPiHIH
CaJIbICTBIPMAaJIbl KATOAOJIIOMHHECLeHIUSIChI

Anaarna. 80-300 K TemnepaTtypa apa/blfblH/Ia 6HEPKICINTIK aqtoMUHUN HUTpUAi (AIN) yHTaFbIHBIH,
JOFaJIbIK MJ1a3MaJlbIK 9fjiclieH cuHTe3esreH AIN HaHOOeJLIeKTepi MEH HAHOTYTiKIIeepiHiH, coHpai-ak AIN
HaHoTyTikenepi/ue3nit noauai (Csl) kommnosnTTepiHiH KaTOA0/IOMUHECLEHLUSICHI CAJIbICTBIPMaJIbl TYP/ e
3eprrengi. 80 K remneparypasa enepkacinTtik AIN ywiH 3,47 5B MakcuMyM/bl 2K0J1aK, HAHOOBJIIIEKTep YILiH
uramMaMeH 3,66 3B caysie wibiFapy 6aiikasibl, ajl HaHOTYTiKuesep ciekTpinge 2,2, 3,0 xxaHe 3,5 3B MaHbIHAAFbI
6ipHewIe Kypamzac 6ap. by aliblpMalIblIBIKTap Tene-TeH eMec GpasasiblK KoHe aKay/IbIK KyPbLIbIMMeH, KUCBIKThIKIIEH
»KOHe 6eTTiK KYHJep/iH KOFaphl y/aeciMeH 6aiiaHbICThI. 3,47 3B xoJIaFbIHBIH TeMIEPATYPaJIbIK COHYiH MOTT-
3eliTy MozeniMeH GopMasibl XKYbIKTAy llaMaMeH 24 M3B 6esicenzipy sHeprusicbiH 6epAi. JKosiaK OpHbI MeH eHiHiH,
alKbIH 63repMeyi HHTEHCUBTIJIKTIH TOMeH/leyiH TeK K9/iMIi TEpMUSJIBIK, COHYMEH TYCiH/ipyre 60JMalThIHbIH
»KOHe TacbIMaJIayblIap/bIH CIyJIe LILIFAPMAaUThIH 6ETTiK Kyliepre MUTpalUsiChl MAHbI3/Ibl EKeHiH KepceTes.
Csl maTpunaceina 0,25-0,50 macc.% AIN HaHOTYTiKILe/lepiH eHri3y caysie WblFapy npoduiin esrepTesi, 6yJ1 KaliTa
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Comparative cathodoluminescence of nanostructured AIN and AIN nanotube/Csl scintillator composites

XKYTBLIY K9He /HeMece Gpa3apasiblK IHEPrUsAHbIH KaiTa 6eJiHyiMeH yiliecesi. JHEPTHs TacbIMaJIbIHbIH THIMAIIIriH
CaHAbBIK 6aFasiay YLIiH abCOJIIOTTIK XKapblK LIbIFBIMBIH XKoHE 6111y KHHETHUKAChIH oJIIIey KaKeT.
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BBICOKO3HTPONMITHBbIE OKCUAHBIE KEPAMUKHU: CTPYKTYPa,
METO/Jbl CHHTE3a U 06/1aCTH NPUMEHEHUS

H. 3. )Kymamaeea*

Jlabopamopus pusuku meepdozo meaa, HHcmumym sidepHotl pusuku AeceHm-
cmea Pecny6auku Kazaxcman no amomHoli sHepeuu, Aamambsl, Kazaxcmau

E-mail: inesh.zhumatayeva@gmail.com

AHHoOTanMA. BbICOKO3HTPONUHHBIE MaTepHaJbl IPe/CTaBJIAIT CO60 HOBBIN
KJIaCC MHOT03JIeMEHTHBIX MaTepHUaJsIOB, CO3JaHHbIX [TyTeM CMeIlNBaHUs MATH WUIH
60Jsiee KOMIIOHEHTOB. Bslarosapst Bblpa)keHHbIM BbICOKOIHTPOIMUHHBIM 3 deKTaM
JlaHHble MaTepHaJbl 06J1aJJal0T YHUKAJbHBIMUA PU3UKO-XUMHUYECKUMU CBOMCTBAMHU.
B nocsiefnue roapl Ha6/10AaeTCs YCTOWYMBBIN POCT MHTepeca K BbICOKOIHTPONU M-
HBbIM MaTepHasaM, 4YTo oA TBEPXKJAeTCsl YBeJIMUEeHUEM YK CIa HAyYHbIX TyOJIUKaLUH,
NOCBALEHHBIX BBICOKOIHTPONMNHBIM CIIJIaBaM, KEpaMHUKaM M OKCUJAM.

B aHHOM 0630pHO CTaTbe CUCTEMaTU3UPOBaHbl COBpEMEHHbIe Ipe/cTaBJle-
HUS 0 BBICOKO3HTPOIUMHBIX OKCUAHBIX KepaMukax (BIOK): npescTaBieHbl JaHHbIE
JLJ11 HOHMMaHHUA OCHOBHBIX TUIIOB KPUCTAJINYECKUX CTPYKTYP — KaMeHHas COJIb,
GJI0OPUT, NEPOBCKUT, MUPOXJIOP, INKHEJb U T.II.; PACCMOTPEeHbI IPUHIUMIIBI CHHTE3a
B3OK u crioco6b1 ux npuMeHeHus1. [lokazaHa poJib BbICOKOM KOHPUTypaIlMOHHOH 3H-
TPONHHU B CTA6UIM3aLUH OAHOPA3HBIX COCTOSIHUH, BAHUSHUE XMMUYECKOH CJIOKHOCTH
Ha UCKaXKeHHe KpUCTaLJIMYeCKo pelieTKY, AU Ppy3rMoHHbIe poLecchl ¥ GopMUpO-
BaHHUe TaK Ha3bIBaeMoro «3pdeKkTa KOKTeNIsa».

B pab6oTe npejcTaBieHbl OCHOBHBIE MeTOAbI cuHTe3a BOOK: TBepodasHble,
*uKopasHble ¥ ra3opasHble METOADI, @ TAKKE UX BAUAHUE Ha Gpa30BbIi COCTAB, MUKPO-
CTPYKTYpY U CBOMcTBa MaTepuasioB. 0630p 0XBaTbIBAET COBPEMEHHbBIE UCCIe0BaHUS
MeXaHU4eCKHX, TEPMOJAMHAMHUYECKHUX, KaTaJIMTUUYECKUX U 3JIeKTPOIHEepreTHYeCKUX
XapaKTepUCTUK BbICOKOIHTPONUHHBIX OKCU0B (B30), a Takke UX IpUMeHeHUe B
KOHCTPYKLIMOHHBIX MaTepuasax U MOKPBITHAK; PACCMOTPEHbI NEPCIEKTUBHBIE 06J1aCTH
IPUMeHEeHHS BbICOKOIHTPONMNHBIX OKCUHBIX KEPAaMHK, TaKHe KaK TelJo3alUTHbIe
MOKPBITUS, KaTaJINTUYECKHE CUCTEMBI, 3JIeKTPO- U HOHONPOBO/sIIIME MAaTepHabl, a
TaKXe MaTepHuasibl JJIf IKCIJIyaTallMu B 3KCTPEeMaJIbHBIX YCIOBUAX.

[IpoBe1éHHBIN aHAIN3 03BOJIAET BBIABUTb B3aUMOCBA3HU MEX/Y CTPYKTYPOH,
MeTO/JaM1 CUHTe3a U CBOWCTBAMU BbICOKOSHTPOIMIHBIX OKCU/IOB, UTO CO3/iaeT OCHOBY
JL1s1 pa3paboTKH HOBBIX MaTepUaJIOB C 33laHHBIMU XapaKTePUCTHKAMH.

ITocrynnaa 12.02.2026. Tlocae agopabotku 12.03.2026. [Tpunara k nmeuatn 31.03.2026. AoctynHo onaaita 30.09.2026.

*aBTOP A451 KOPPECIIOHACHLIUN
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BricokosHTponuMiiHEIe OKCUAHbIE KepaMUKI: CTPYKTypPa, METOABI CMHTe3a 1 004aCTV MTPUMeHeHM

KimroueBblie cJIOBa: BLICOKOIHTPOIHIHbIE OKCH/IHbIE KEPAMHUKH, KOHPUTYpa-
[[MOHHAs SHTPOIYs], METO/bl CHHTE3a, KPUCTA/UINYECKas CTPYKTYpPa, QYHKIMOHATbHbBIE
CBOHCTBA, TEIJI03alUTHbIE NOKPbITUSI.

BBeaeHue

BbICOKO3HTpONMKHbIE MaTepHasbl — HOBbIH KJ1acc 0HO}A3HbIX MaTepHasIOB, IPUBJIEKAIOIUH BHUMaHUe
uccaesoBaTesel 61arofaps CBOMM YHHUKa/TIbHBIM XapaKTepPUCTHKAM [10 CPaBHEHUIO C TPAZUIIMOHHBIMU CUCTEMaMHU.
WHTepec k JaHHOMY KJIacCy MaTepHUaJsIoB IIpHBJIeKaeT Bce 60Jibllle BHUMaHUSA yUYeHbIX U3-3a UX CBOMCTB U Xapak-
TepUCTUK. COIIacCHO NpOBeZIeHHOMY aHaJIU3y, pe3y/bTaThbl KOTOPOTO Mpe/CTaBJeHbl Ha PUCYHKe 1, KOJIM4eCcTBO
nyG/IMKaLMH U Uccie0BaHUM B 3TOH chepe ¢ KaxKJbIM I'0JIOM YBeJIUYHNBaETCH.

PucyHok 1. /luHaMUKa KOJINYeCTBa HAYYHBIX MyG/IMKALMii 0 rojam,
rae BOM - BbICOKO3HTpoONMITHbIe MaTepuasbl, BJK - kepamuku, B30 - okcujpbi,
B3II - nepoBckuThl, BIC - cruiaBbl
[IpuMeyaHue: cOCTaBJIEHO HAa OCHOBE JJaHHBIX [1]

BbICOKO3HTpONUITHbIE MaTepHUAbl 06BIYHO COCTOSIT U3 NATH WUJIK 60Jiee 3JIEMEHTOB C 3KBUATOMHBIM HJIU
6JIM3KUM K 3KBUATOMHOMY COCTABOM, [/le COAepKaHHe KaXKJ0r0 OCHOBHOI'0 3JIeMEHTAa HaXOAUTCS B iMana3oHe
5-35 aT. %. Takoe MHOrOKOMITOHEHTHOE COYeTaHHe MPUBOJUT K MOBBIIIEHHOHN AUCIOKALMUA KPUCTAJIINYE€CKOU
pPEeléTKH U3-3a Pa3/IMYMi B aTOMHBIX paJilycax, a TakKe K GOPMHUPOBAHUIO BICOKOW SHTPONUH CMEUIEHUS U
LIMPOKOMY CHEKTPY TUIIOB 3J1eMEHTOB. ITU GaKTOPbI 00YCI0BIMBAIOT NOSIBJIEHUE XapaKTepPHbIX 3P EeKTOB BbICO-
KO3HTPONMUHHBIX MaTepuasioB: AU Py3uOHHBIX 3G EKTOB JUHAMUYECKOT0 IMCTEePe3uca, TEPMOJUHAMUYECKOT0
3ddexTa BBICOKOU 3HTPOIUH, CTPYKTYPHOTO UCKAXKEHUS PEIIETKH M TaK HAa3bIBAEMOT0 «3PdeKTa KOKTENUIS»,
KOT/ja coueTaHue 60JIbIIOro YMc/ia 3J1IeMEHTOB IPUBOAUT K CUHEPTeTUUECKUM CBOMCTBAM, HEJOCTYIHbIM TPaju-
LIMOHHBIM MaTepHuasiaM [2].

B nporecce n3yyeHust BHICOKOSHTPONUHWHBIX MATEPHUAJIOB GbLJIO BbISIBJIEHO 3HAYUTEJTbHOE KOJTHYECTBO
BBICOKO3HTPOMUIHbBIX KepaMUK (BIK) ¢ pa3/iMuHbIMU TUIAaMU KPUCTAIMYECKUX CTPYKTYP: OKCHU/IbIL, HUTPU/DI,
CUJIMLUABL, 60pUABI, KapOUAbl, Cybuzbl, docouabl. (puc. 2). AkTuBHOe pa3BuTHe BIK 06ycyioBieHO0 coueTaHHEM
CBOWCTB, XapaKTepPHbIX /15 BBICOKOSHTPONUNHBIX CIIJIABOB U KJAaCCUYECKHUX KepaMUK, BKJII0Uas BBICOKYIO TBep-
JlOCTb, BBICOKYI0 TEMIIepaTypy MJIaBJEHHUS, BbICOKYI0 KOPPO3UOHHYIO CTOMKOCTb U UCKJIIOYUTENbHYI0 TEPMUYECKYI0
CTaOUJIBbHOCTD. BbICOKast XUMHUYECKas CI0KHOCTh B COUETAHUU C YIIOPSAA0UEeHHON KPUCTA/LINYECKOHN CTPYKTYypOi
dopMupyeT YHUKaAJIbHBIA HA60P CBOMCTB, KOTOPBIK 4aCTO OMUCHIBAETCS KaK «HEYNOPSA0UeHHbIH XUMHUYeCKUN
COCTaB [IPU YNOPSL0YEHHOHN CTPYKTYpe», YTO 06eclieurBaeT MOBBIIIEHHYI0 CTAOUIBHOCTD U yJy4llleHHble PU3HU-
KO-XMMHYeCKHe XapaKTepUCTUKU MaTepuasa. biarogaps BbICOKOM TEpMUYECKOM, MEXaHUYECKOW U XMMUY€eCKOU
YCTOMYMBOCTH, a TAKXKe CeUPUIECKUM 3JIEKTPOHHBIM U CTPYKTYPHBIM 0COGEHHOCTSIM, BBICOKOIHTPOIIUHUHBIE
OKCHU/IHble KEPAMHUKHU JEMOHCTPUPYIOT 3HAYUTENbHBIN IOTEHIIMA/ IPUMEHEHUS B 06J1aCTsX, CBI3aHHBIX C BO3-
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. 3. XKymaraesa

JIeCTBHEM BBICOKHX TEMIIEPATYP U MEXaHUYECKHUX HAarpy30K, a TaKXKe B CBETOBbIX U 3JIEKTPUYECKUX MPOIIECCaX,
CUCTEeMax XpaHEeHHUs IHEPTUHU U KaTATUTHUECKUX peakusx [3].

PucyHOK 2. BuAbl BHICOKOIHTPONUITHOM KEPAMHUKH MO THIIAM KPHUCTA//INYECKOM CTPYKTYPBI

BroxHOBJIeHHBIE KOHLIENLIKMEN BBICOKOIHTPONMUHBIX MaTepUaJ/IOB U CIIJIABOB, y4eHble aKTUBHO IPUMEHSAIOT
€€ J1/1 CHHTe3a BbICOKO3HTPONUIHOM KepaMHUKH, YTO IPUBEJIO K MIOSIBJIEHHIO 11eJI0Tr0 pAJia pa3/JIMYHbIX CTPYKTYDP:
KaMeHHasl C0Jib, IEPOBCKUT, GJII0OPUT, LINHHEJb, TUPOXJI0P, OBUKCOUMUT, MYJIJIAT, pyTHJI, CUJIMKAT, aJlIOMUHAT peJ-
KO3eMeJIbHOTO 3JIEMEHTA U JIp. JTH OTKPBITHUSA CYLIeCTBEHHO PacUIMPUJIM 061acTb npuMeHeHus BOK, nonumanue
HX BO3MOXKHOCTeH U cdep NPUMEHEHMUs, a TaKKe CO3/JJa/Ii TeOPETUYECKYI0 U 3KCIIepUMeHTa/lbHY0 OCHOBY /ISl
pa3paboTKU HOBBIX QYHKIMOHAJbHBIX KepaMUUeCKHUX MaTepuaoB [4].

1. Busibl BBICOKO3HTPONIMHUHBIX OKCUAHBIX KEPAaMUK

CymecTByeT pasinyHble BUAbI BJOK, B 3aBUCMMOCTH OT CTPOEHUA KPUCTA/NTIMYECKOH pellleTKH, UX MOXKHO
pasjieIuTh Ha MOATUIBI: KAMEeHHAs COJib, PJIIOOPUT, LINHMHE/b, IEPOBCKUT, OUKCOUUT U Ap. OTINYMA B TUIIE pe-
LIETKH, BaJIeHTHBIX COCTOSHUAX KATUOHOB U CTENEHHU JIOKAJIbHbBIX UCKaXXEHUH CYLeCTBEHHO BJIUAIOT Ha CBOMCTBA
MaTepuasa ¥ 06J1acTb UX IPUMeHeHUs1. B clyyae oKCH/I0B KJII0YEBYIO POJIb UTPAET BO3MOXKHOCTb 00beJUHATD B
KPHUCTaJJINYeCKON pelléTKe HeCKOJIbKO KATHOHOB B GJIM3KUX MOJIbHBIX J0JIX, COXpaHsisl IPH 3TOM YCTOMUUBYIO
OKCUZHYI0 moJpeleTKy. Takoi MoAX0/ OTKPbIBAET MY Th K CO3/JaHUI0 MaTePUaIoOB C YHUKaJIbHbIMU KOMOUHALIUSAMU
3JIeKTPUYEeCKUX, MAarHUTHBIX, KaTaJIUTUYECKUX U TEPMUYECKUX CBOICTB. Pa3HOO6Gpa3re BO3MOXKHbBIX CTPYKTYPHBIX
BapHUaHTOB JieJlaeT BbICOKOIHTPONMIHbIE OKCH/IbI IIMPOKOM U THOKOM OCHOBOM [1JIs1 CO3/iaHMUsl HOBBIX MaTepHasloB.

1.1 CTpykTypa TUIla KAMEHHOW COJIH

OpHo¥ Hanbosee n3ydeHHbIX BIOK siBnsieTcst KepaMuKa THIIa KaMEHHOM COJIU B CUJTy CBOEH MMPOCTOTHI IIPO-
Lecca CUHTe3a M paHHeTo OTKPbITHUs. KilaccuueckuM npeficTaBUTesIEM JaHHOU cTPYKTYphlI siBasieTcss (MgCoNiCuZn)
O [6]. laHHas MOHHAs KpUCTaJJIMYeCcKast CTPYKTYpa OTHOCUTCS K TUIY AB, rzie noHbI A ¥ B 3aHUMalOT 0fJUHaKOBbIE
HNO3HLUU B I'paHelleHTPUPOBAHHON KyOHU4eCcKOH pelleTKe, IJje KK/ bl KaATHOH A OKpY>KeH LI1eCTblo aHMOHAaMH B,
006pasyst OKTasApHuecKylo KoopuHaluio. COOTHOLIeHUe PaJMyCcoB MOJOXKUTENbHbIX U OTPULATE]bHBIX HOHOB
cocTaBJsieT Npuban3nuTenbHO 0.53, YTO COOTBETCTBYET KyO6UYeCKON KPUCTAIMYECKOM CUCTEMe C TPOCTPAHCTBEH-
Ho# rpynnoi Fm-3m (puc. 3(a- al)).

1.2 CtpykTypa Tuna ¢Jarwopura

B3OK tuna ¢psroopura 06/1a5a10T Ky6HUYeCKON CUCTEMOM C MpocTpaHCTBeHHOH rpynnoi Fm-3m (puc.3(b)).
oz.s (ZrHfCe{M}) O, , u RE2TM207,
rae RE — pegkoseMesnbHble aeMeHdThl (La, Ce, Y, Yb u ap.), M — MeTasnnrbl, a TM — nepexogubie MeTasisl (Ti, Zr,

KitaccuyeckuMu npe/icTaBUTENSIMU JAHHOTO TUNA ABJsTI0OTCS Tpu BUuja: (Ce{RE})

Hf). 3HaueHue § 3aBUCUT OT 3apsi/ia KATHOHOB.

C ucnosib3oBaHUEM TBepA0daA3HBIX peaKI Ui GbIIN M0Jy4YeHbl HOBble 6-KaTUOHHbIe 0JHOda3HbIe Bbl-
COKO3HTpONUiHbIE GpJtoopUTOBBIE OKCHALI (BIPO) (Ce , Zr,, La Sm  Nd Y ) O, (CZLSNYO), nposeneno
JeTaJbHOe UCC/IeJOBAaHUE UX CTPYKTYPhI U MeXaHU4eCcKuX cBOUCTB. CZLSNYO neMoHCTpUpyeT ofHODA3HYIO
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Kyb6uiecKkyto GJII0OPUTOBYIO CTPYKTYPY C IJIaIKOH MOBEPXHOCTBIO M YETKUMH 'PAHUIIAMU 3€PEH IOCJ/Ie CreKa-
Hus npu 1400-1600 °C B TeueHue 12 yacoB. PaccunTaHHast KOHIeHTpalys Ce®* coctaBnseT 22,23% + 1,11%, §
=0,3519+0,0176, 4To COOTBETCTBYyeT HOMHUHa/NbHOMY cocTaBy 01.6481+0.0176. C noBbILIeHMEM TeMIlepaTyphl
CTIieKaHUsl CpeIHUI pa3Mep 3epHa CHavyaJla yBeJIMUUBAETCs, a 3aTEM YMeHbIIAeTCs; AMHAMHUKA TBEPJOCTH 10 Buk-
Kepcy coBIaZlaeT C U3MeHeHHeM pa3Mepa 3epeH. [1o cpaBHeHUIO ¢ 5-kaTHOHHBIMU BI®DO, 6-kaTronHble CZLSNYO,
crieueHHble npu 1500 °C, o6s1aat0T BeIcOKO#M TBepAocThio (16.32 I'lla) u BsA3kocThlo pa3pyiienus (8,07 MIla
M'/?) 61arosjaps yBesIMueHH 0 KOHQUTYPalMOHHOM SHTPOMMHU CUCTEMBI U BbICOKOM TBEPJOCTH 3/1eMeHTa Y, 9TO
peanusyeT 3P PeKT «KOKTe1s1» [9].

1.3 CTpyKTypa ThIa IepOBCKUT

[lepoBckuTHble BOOK ABAAI0OTCA 04HON U3 aKTUBHO UccaefyeMbIX rpynn BOK. 3Tu maTepuasnsl MoryT
MMeTb pa3/IMuHble KpUCTANIMYecKue MOAUPUKALIUKI: KyOUYeCKy10, TeTparoHaJbHY10, 0pPTOPOMOUYECKYIO U ['eK-
caroHasbHy10 (puc. 3(c)). CTpykTypa nepoBckuTa npejcraBieHa ¢opmysnoit ABO3, rae kaTuoH A oKpy»x€éH 12 aTo-
MaMH KUCI0pOoJia, KaTHOH B — 6 aToMaMmy, a kucaopos GopMUpyeT OKTas pbl. BO3MOXKHBI pa3/IM4HbIe BAPUAHTHI
JIerMpOBaHUsI KATHOHOB B NO3ULUAX A U B: OHM MOTYT GBITh JIETUPOBaHbI KaK OT/EJbHO, TaK U OJHOBPEMEHHO B
006eux NO3UIUAX, YTO NIPUBOAUT K 3HAUYUTENbHbIM Pa3/IUYUsAM B QU3NUECKUX U XUMUYECKUX XapaKTepPUCTUKAX.
Cy1ecTByeT /iBa OCHOBHBIX TUIA cocTaBoB: ({Sr,Ba}) ({M}) Os, rae M BkJtouaeT 6-7 pa3inyHbIX MeTasnoB, U ({RE})
({TM}) O3, B KOTOPBIX Ha MO3ULMU A HaXOAATCSA peJiKo3eMeJIbHbIe 3/1eMeHThI, a Ha NO3ULIMM B — nepexo/iHble
MeTaJLbl. COrJIacCHO paHHUM UCC/leloBaHUAM, GOPMUpPOBaHUE TIEPOBCKUTA IPOUCXOAUT NPU Ko3dPHLeHTe TO-
JiepaHTHOCTHU B Anana3oHe 0,98-1,02. OnHodasHyo CTPYKTYPy YAAETCs NONTYYUTh He BCEr/ja, Tak Kak OHa MOXKeT
paspylaThcs N0/ BAUSHUEM SHTaIbIUIHBIX 3QPeKTOB; onTUMaNbHasA TeMIlepaTypa clieKaHUd 1151 06pa30BaHUs
nepoBckuTa coctaBisieT 1423-1673 K. IlepoBckuTHble BOOK feMOHCTPpUPYIOT OT/IMYHBIE 3JIEKTPUUYECKHE, JUI-
JIEKTPUYECKHe U 3/IeKTPOXUMHUYECKHE CBONCTBA.

B pa6ore [11] 6b1/10 CIPOEKTHPOBAHO U UCCJIeJ0BAaHO KOHPOPMHOE MOKPBITHE C BBICOKOIHTPONUIHON
cTpykTypo# neposckuta PrNi ,Mn ,Co ,Fe ,Cu .0, . (PNMCFC) g/ coBpeMeHHOI0 BO3/yLUIHOIO 3JIeKTPOoAa
PrBaCo205+8. ChopMupoBaHHbIN r'H6pUAHBIN Bo3AyLHBIN aieKkTpos (PNMCFC-PBC) neMoHcTpupyeT 6osee
ObICTPYI0 KUHETHUKY IOBEPXHOCTHOT'O KHUCJI0p0o/a U 6oJiee CTabU/IbHYI0 $a30BYI0 CTPYKTYPY B BO3JyXe C BBICOKOH
BJIQXKHOCTbIO, YeM HEMOKPBITHIHN 3/1eKTPO/J, KOHGOPMHOe NOKPbITHE CMArYaeT cerperanuio Ba Ha rpanune paszena
Y yJIy4dllaeT peaKlUH, CBSI3aHHbIE C KUCJI0PO/0M, NOBbILIAs O6GLIYI0 CTAOUJIBHOCTD U 3JIEKTPOKATaJIUTHYECKHUE
XapaKTePUCTHUKH.

1.4 CTpyKTypa TUIA LIIHUHENb

lInuHenbHble BOOK o6saa0T cTpykTypoii Tuna AB204, rie KaTHOH A OKpY>KeH YeThbIpbMsI aTOMaMH KHC-
JIOPO/a, KATUOH B OKpy>KeH 11ecTblo0 aTOMaMH KUCI0POJa, aTOMbI KUCJI0poia GOpMUPYIOT KyOUUYeCKYIO II0THYIO
YHaKOBKY U OTHOCATCA K NpocTpaHcTBeHHOH rpynne Fd-3m. [TosyuyuTh oAHOPa3HbIN HINMHEIbHBIN BbICOKOIH-
TPONUNHBINA OKCHUJ, JOBOJIBHO CJI0KHO. Bo MHOTMX cocTaBax HabJ/to/jaeTcs cMech a3 — IIIHUHENb + CTPYKTypa
THUIa KaMeHHOU couu. [Ipu Temnepatypax 900-1100 °C yacTh MaTepHasoB CKJIOHHA NepexoJuThb B a3y BOOK
THIIA KAMEHHOM COJIH.

B pa6ote [12] MeTon0M MOAHPUIIUPOBAHHOTO PACTBOPHO-IOPIOYEro CHHTE3a MIPU TeMIlepaType Bbllie
623K 6b11 oJIy4YeH HAHOKPHCTA/IJINYeCKUI BICOKO3HTPONUKHBIHN okcug coctaBa (CoCrFeMnNi)s04 co mmnuHenb-
HOH CTPYKTYpPOH M NpocTpaHCcTBeHHOM rpynnoi Fd-3m. YcTaHOB/IEHO, UTO C IOBbILIEHWEM TeMIlepaTypbl CHHTe3a
pasMep KpUCTAJJIUTOB yYBeJUYUBaeTcs oT 5,3 10 43,8 HM, mapaMeTp KPUCTaI/IMYeCKOH pelleTKU yMeHbIIaeTCs
€ 8,354 110 8,287 A, a cTenenb McKaxeHUs pelleTKH CHavala CHUXKAETCs, a 3aTeM He3HaUUTeLHO BO3PACTaeT.
MarHuTHble U3MepeHUs] I0Ka3aJ/H, YTO BCe M0JIyYeHHble OPOLIKH NPOSABJAAIOT GpeppOMarHuTHOe N0BeJileHue
[IpU KOMHATHOMW TeMIepaType.

1.5 CTpyKTypa THIIa HTUPOXJIOP

CtpykTrypa BIOK Tuna nupoxsiop Takas xe, Kak U y ¢pstrooputa A2B2307, rie A - peakoseMesbHbIH aJ1e-
MEHT, a B — nepexo/iHblil MeTaslJ1, MOTYT UMeThb KaK KyOHUUIEeCKY10, TAK U OPTOPOMOUYECKYIO PELIETKY C IPOCTPaH-
crBeHHOU rpynno# Fd-3m u Imma (puc.3(d)). [Ilupoxsiop Mo>KHO paccMaTpPHUBaTh KaK Pa3HOBU/IHOCTb CTPYKTYPBI
dr00pUTa, B KOTOPOM He XBaTaeT YacTH aHUOHOB (IIpMMepHO 1/8 TeTpasApuyecKUX NO3ULMH NyCcThble), HOHBI
pacroJsioxeHbl 60Jiee ynopsiZ04eHHO.
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. 3. XKymaraesa

Pe3ysibTaThl, IpejcTaBieHHbIe B paboTax [13,14] moka3bIBalOT CYLeCTBOBAHUE TUPOXJIOPHBIX BBICOKO-
SHTPONUIHBIX OKCUJHBIX KepaMUK ¢ Byxdpa3HOH CTPyKTypoH, BK/IIOYalollel, HapuMep, ¢pasbl NUPoxa0pa U
duroopuTa. YcTaHOBJIEHO, UTO pa30Basi CTaOUIbHOCTD B TAKUX CUCTEMAaX B 3HAYUTEbHOM CTeNeHU Olpe/ieN1seTcs
COOTHOLIEHHEM UOHHBIX PaZIMyCOB KaTUOHOB Iy /Ig: IpU 1,46 < 1y /1g < 1,78 dopMuUpyeTCs NUPOXJIOPHAs CTPYKTYPa,
IpHU I'q/1p < 1,46 — ParoopuTOBaf, a IPU I, /I > 1,78 — MOHOK/IMHHAA, UTO yKa3bIBaeT Ha CJIOXHBIH MeXaHU3M
daszoobpazoBaHusl.

1.6 CTpyKTypa THUIla GUKCOUUT

B3OK Tuna 6UKcOMUT 06/1a1a10T CTPYKTYpoi Re,03, rae Re — pesiko3eMesibHble 3/1eMEHTHI € IPOCTPaH-
cTBeHHOU rpynnoil — la-3 (puc.3(e)). laHHbIN TUII KEPAMUKHU GJIM30K 10 CUMMETPUU K QJII0OPHUTY, HO C IPOMy-
IIeHHBIMU HUJIM UCKa>KEeHHBIMU T10J10KEHUSIMU aHUOHOB.

PucyHok 3. Tunbsl Kpucta/uinyeckux cTpykryp BIOK: (a m al) — Tun KaMeHHas COJib,
cxeMa MarHUTHOM CTPYKTYPBI, I/ie + CIMH BBepX, - cnvH BHU3[7]; (b) — Tun ¢punroopura [8];
(c) — Tun nepoBckuTa [10]; (d) — TUN mupoxsopa [15]; (e) — Tun 6ukcoumTa [15]

MeToAbI CHHTE3a

CtpyxTypHOe pa3Hoo6pa3ue BJOK crioco6cTByeT pa3BUTHIO pa3IMYHbIX METO/,0B CHHTE34a, KOTOPbIE BKJIIO-
4aloT B ce6s KaKk KOMOMHHUPOBaHHbIe, TaK U IPOCThIe. BbI60D Nox0AsA1Lero cnoco6a 3aBUCUT OT pacnpe/iesleHUs
3JIeMEHTOB, CTAOUIBHOCTH a3, TpebyeMoro pasMmepa U GOpMbI YaCTHI], a TAKXKe XKeJJaeMbIX CBOUCTB U 00J1aCTH
npuMeHeHUs. [Ipy 3TOM BaXKHO YYUTHIBATh U BHELIHHUE NTapaMeTphl: TeMIlepaTypy, AJUTeJbHOCTb 06paboTKH U
CJI0XKHOCTB Npolecca. KpoMe Toro, KOMGMHUPOBaHME HECKOJIbKUX METO/L0B MOXKET MOBBIIIATD 3P PEeKTUBHOCTD U
Ka4yecTBO CHUHTe3a. B 3aBUCMMOCTH OT yc10BUH MeTo/bl CHHTe3a BJO M0OXHO pa3ziesiuTh Ha TPU OCHOBHBIX THMA:
TBepAodasHbli, )xuaKodasHbIi U razodasHbliil MeTozb!. B Tabaune 1 npeacTaBieHa HHGopMaL s, oKa3blBaroLas
JIOCTOMHCTBA U HeI0CTaTKU TPeX MeTO/0B.

2.1 MeTop TBepzo# ¢pasbl

TBeprodasHbIil CHHTE3 — KJIACCUUEeCKUH MeTOo/, 0Jy4YeHHs] HOBBIX MaTepHaJoB, OCHOBAHHbIN Ha Aud-
dy3un TBep/blXx KOMIIOHEHTOB IIPU BbICOKOU TeMIlepaType ¢ 06pa3oBaHUeM HOBBIX ¢a3. B kauecTBe UCXOJHBIX
COoeIMHEHUH UCTOJIb3YI0T OKCH/Ibl, KAPOOHATHI, HUTPAThI UJIU OKCaJaThl META/JIOB; UX CMELIMBAIOT C MOMOLIbIO
LIapOBBIX MeJIbHUII, IIJITaHETApPHOT0 U3MeJIbYeHUs NN MeXaHU4eCKON aKTUBALUY, a [JIs1 ylIy4llleHUsI KOHTaKTa
4acTo NMpeccyroT B TabseTku. 06pasiibl 3aTeM NOABepraoT TepMUieckoMy BosgelctButio npu 800-1600 °C, uto
obecneuuBaeT AudPy3uto HOHOB, GopMUpOBaHUe a3, pOCT 3epeH U YIJIOTHEHHE MaTepHrasa. [Ipu He06X0IUMOCTH
MPOBOAAT NOBTOPHOE U3MeJIbYeHHEe U OTKHUT /I MOBBIIIeH!s] OAHOPOAHOCTH U 3aBepIIeHUs peaKlUH.

TBepaodasHblil CHHTE3 MOXKHO pa3/ieJIUTh Ha HECKOJIbKO TUIIOB:

e o6bIyHOe ciekanue (CS);

e KJIACCUYECKUM Harpes B [le4H, HCKPOBOe IlJIa3MeHHoe crnekaHue (SPS);

e  OBICTpOe CleKaHMe TOKOM M JlaBJIeHHeM, peaKIlMOHHOe UMNy/bcHOe cnekaHue (RFS);

e CBepXOBICTPOE CIeKaHKe BCIBINIKON peaKIiy, yJIbTPadbICTpoe BoicOKoTeMIIepaTypHoe ciekanue (UHS);

e MTHOBEHHbIH Harpes Jl0 OYeHb BbICOKOM TeMIlepaTypbl, MUKPOBOJIHOBOe ciekaHue (MWS) - HarpeB

3a CYeT MUKPOBOJIH.

B pa6ote [16] 6b11 HCCle[0BaH U CAHTE3UPOBaH BHICOKOSHTpoNuKHbIN okcup (Y Er, ), (Ti ,Zr Hf  Ge
,51,,),0,=0,01-0,05, 0,1 c ogHOda3HOM CTPYKTYpO# ¢JiroopuTa METOAOM TBEPAODa3HOTO MEXaHOXUMHUYECKOTO
cuHTe3a. 06paseln nokasaja BbICOKYI0 TepMUYecKyto cTabuabHOCTb pu 1500 °C B TeueHue 5 4, TBEPAOCTDb MO
Buxkkepcy coctaBusa 9-10 I'Tla. Biarogaps a¢pdekTy BbIcOKOH 3HTponUU K03 PUITMEHT TENJI0BOro pacliipeHus
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BricokosHTponuMiiHEIe OKCUAHbIE KepaMUKI: CTPYKTypPa, METOABI CMHTe3a 1 004aCTV MTPUMeHeHM

06pasnoB coctaBsgeT oT 12,4879 no 13,0633x10-6 K1. O6paser ¢ x = 0,03 noka3bIiBaeT HaUGOJIbIIYI0 UHTEHCUB-
HOCTb GJIyOpeCIeHIIMH U HU3KYIO TEeNJIONPOBOAHOCTD.

2.1.1 MeTopg CS

MeTop CS (06bI4HOE ClieKaHHUe) OTJIMYaeTCs] NIPOCTON annapaTypol, HU3KOH CTOUMOCTBIO U XOpOoIlIer
MPUTOAHOCTHIO [IJ11 MIPOMBIIIJIEHHOTO UCII0J1b30BaHus. Takue TpaAULITUOHHbIE METO/bI T03BOJISAIOT M0Jy4YaTh
6oJiblIMe 06'beMbl MaTepHasia IPU HU3KUX IPOU3BOACTBEHHBIX 3aTpaTaX.

B pa6ore [17] ucciegoBaHbl MarHuTHbIE U MAarHUTOKAJIOPUYECKHUE CBOMCTBA BICOKOIHTPONUUHBIX IIe-
pOBCKUTHBIX 0KcuoB ((R,,Gd ,Eu ,Dy,,Tb ) Cr03, R =Pr,Nd, Sm), cHHTe3upOBaHHble METO/0M TBepA0dpa3HOro
cnekaHusl. Bce o6pasubl uMesu ofHoda3HYI0 OPTOPOMOUYECKYI0 CTPYKTYPY, IPOSIBJISIU cJlabble aHTUPEPPOMArHUT-
Hble CBOMCTBA U IeMOHCTPUPOBAJIU IIEPEXO/] U3 aHTU(EPPOMArHUTHOI'O COCTOSIHUS B TapaMarHUTHOE IPU HU3KUX
TeMnepaTrypax. MakcuMasibHble U3MeHeHUs] MarHUTHOU aHTponuu coctaBuau 12,8, 13,1 u 13,6 x-kr1-K'1, npu
3TOM OTHOCHTEJIbHAs OXJIaXKAawlas cnocobHocTh gocturana 153,05, 143,71 u 149,15 /Ik-Kr'l COOTBETCTBEHHO.
Ananu3 auarpaMm AppoTTa NoATBEP AU HaJiudre Gpa30BbIX ePeXo0B BTOPOro Po/ia U BhIIBUJI OCOOGEHHOCTH
CIIUHOBOTO YIOPS/IOYEHHSI U MATHUTHOT'0 0OMEHHOTO B3aUMO/IeHCTBUS BOIM3H TeMIlepaTyp ¢pa3oBbIX Mepexo/ioB.

Y MeTo/a eCThb CyllleCTBEHHbIN HEIOCTATOK: AJUTENbHOE ClIEKaHUEe TPUBOAUT K POCTY KPYIHBIX 3€peH B
MaTepHaJie, YTO CHIXKAET ero MPOYHOCTh, BA3KOCTh U YXY/IIAeT CBOUCTBA.

2.1.2 MeTop SPS

MeTopn SPS - 3TO 04HA U3 caMbIX PacpOCTPaHEHHBIX TEXHOJIOTUHM YIIJIOTHEHUSI MaTepUasioB. E€ Takxke
Ha3bIBAalOT UCKPOBBIM IJIa3MEHHbBIM CIIeKaHHUEM, ClIeKaHUEeM Ha OCTOSTHHOM TOKe WJIM CIIeKaHUEM C ITOMOIIbIO
3JIeKTPUYECKOro 1noJisd. B 3ToM MeToze K NOPOLIKY 0/jaeTCsl HU3KOe HalpsXKeHKe U MMIYJIbCHbIN NOCTOSHHBIN TOK,
KOTOPBIM CO3JjaeT 04eHb OBICTPOE JIOKaJIbHOe HarpeBaHue. byiarogapsi 3ToMy cbIpoi MOPOLIOK NOYTH MTHOBEHHO
YIUIOTHSIETCS B IVIOTHBIM 00'beMHBIN 06paser [18].

C noMo1IbI0 HCKPOBOTI'O MJIa3MEHHOT0 ClIeKaHusl, 6bl1a CAHTe3UPOBaHa a//IIOMUHUICO/IeprKallasi BBICOKO-
auTponuiiHas (Ti,Ta,Nb,Zr,V Alx) (C,N) (x=0,1,2,3,4 aT.%) kap6oHUTpHUAHASA KepaMUKa. McciienoBanoch BAUsSHUE
cozepkanus Al Ha MUKPOCTPYKTYPY, MeXaHHYeCKHe CBOMCTBA M CTOMKOCTD K OKUC/IEHHUIO. ViccoiejoBaHHAs KepaMuKa
COXpaHUJIa LeHTPAJIbHO-KyOHMYEeCKUH pellleTKY C U3MeJIbieHHbBIMU 3epHAaMU U PABHOMEPHO pacnpeze/leHHbIMU
3epHamu AIN. Habuitoganoch yBesinieHe TBEPAOCTb U TPEIMHOCTOMKOCTH KEPAMUKU 3a CYeT U3MeJIbYeHUs 3epHa.
[Ipu yBesnmyenuu copepxanus Al c konnenTpanuei 0 % xo 2% TBepAocTh 10 Bukkepcy yBesunuuiacs ¢ 22,96 I'lla
Jlo 24,16 I'lla cooTBeTCTBEHHO. AHAJIOTUYHBIM 06pa30M, IPU YBEJTUYEHUHU COAepPKaHusl KoHeHTpanuu Al 1o 3 %
TPEIMHOCTOMKOCTDb YBeIM4MIach o 3,03 MIIa-M?, Tak»e yIy4dlIM/I0Ch CONPOTHUB/IEHUE BLICOKOTEMIIEPATYPHOMY
okucseHuto [19].

BricTpoe HarpeBaHue yCKOpsieT YIJIOTHEHHE U [IPY 3TOM NOJaBJISET POCT 3€peH, eC/IM IHEPTUSA aKTUBALUU
YIUIOTHEHUS Bblllle, YEM 3HEPTrUs aKTUBALIMU POCTa 3epeH. B pe3ysibTaTe MOXKHO NMOJyYUTb JIOTHBIM MaTepuall c
MeJIKOW CTPYKTYPOH, YTO yJIy4llaeT ero CBOMCTBA.

2.1.3 PeakpuoHHOe uMmnysbcHoe ciekaHue (RFS)

HoBblii Masio3aTpaTHBIM MeTO/] ClieKaHUs, IPU KOTOPOM Ha o6pasel] oAaeTcsl BHEIIHUM 3JIeKTPUYeCKU
TOK Ha OTIpe/ie/IEHHOHM CTaZiuu HarpeBa. Korjja ajieKTpuiecKoe moJie J0OCTUTAEeT HYKHOTO YPOBHS, TOK PE3KO YBeJIU-
YHBaeTcs, 00pasel; ObICTPO HAarpeBaeTcs, IVIOTHSIETCS Y IPOSIBJISIET JIIOMUHECIIeHTHbIe CBOMcTBa. TeMnepaTypa,
MPY KOTOPOU TOK HAYMHAET PE3KO PacTH, HA3bIBAETCS KPUTUUECKOM, KOTOpast HIKE, UeM IPU 0ObIYHOM CIIEKAHUU.

TakuM 06pa3oM, ri1aBHOe penmyiecTBo RFS — oueHb BbICOKast CKOPOCTb peaKLMU U HU3KO€e SHEProrno-
TpebGseHue. HarpeB uieT He OT BHELIHEH Me4y, 3a CYET TOKA BHYTPH o6pa3ua. OJlHAaKo eCTh HEJJOCTATOK: U3-3a
CJIOKHOCTEM € yIpaB/ieHUeM TEIJIOM CTPYKTYpa MaTepuasa MOXKeT ObITh HEpaBHOMEPHOM.

2.1.4 YnbTpabbicTpoe BbICOKOTeMIlepaTypHoe cniekanue (UHS)

CyTb TEXHOJIOTHH 3aKJ/II0YAETCS B TOM, YTO rpadpuTOBOE BOJIOKHO MO/ ZIEHCTBHEM 3JIEKTPUUECKOTO TOKA
BbIZIeJISIET OYeHb MHOTO Tells1a (Temio JkoyJist). ITo Temso 6bICTPO pa3orpeBaeT BCI0 CUCTEMY CIIEKAHUS 10 OUEHb
BBICOKMX TeMnepaTyp - Ao 3000 °C.

[1aBHBIE 0COGEHHOCTH JJAHHOTO METO/1a 3aKJII0YAIOTCS B 0YEHb BBICOKOU TeMIepaType, 0O4eHb ObICTPOM
HarpeBe U OXJIXK/AEeHUHY, a TaK)Ke B pABHOMEPHOM pacnpe/ieJieHUU TeMIlepaTyphbl. Bech mpo1ecc MoeT 3aHUMAaThb
Bcero 0koJio 10 ceKyH/I, YTO HAMHOI0 GbICTpee TPAAUIMOHHBIX METO/OB.
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. 3. XKymaraesa

2.1.5 MUKpOBOJIHOBOE CIIEKaHHE

MeToz, Npy KOTOPOM MaTepHuaJl HarpeBaeTCs MUKPOBOJIHAMU ONpe/ie/IeHHOM IJIMHbI BOJHBI. MUKpPOBOJI-
Hbl B3aUMOJeCTBYIOT C BHyTPeHHeMN CTPYKTYpOi MaTepHaJla, M3-3a 4ero OH Ha4YMHaeT HarpeBaThCsl U3HYTPU. B
3JIEKTPOMAarHUTHOM I10Jle MaTepHrasl TepsieT 3HEPTUIO U B pe3yJibTaTe HarpeBaeTcs [0 TeMIepPaTyphl ClIEKaHUs,
YTO NPUBOJHUT K €ro yIJOTHEHUIO. ITO OTJIMYaeTCA OT TPaAULMOHHBIX METO/I0B, I/le MaTepHuaJl HarpeBaeTcs CHa-
PYH 3a CYET KOHBEKIIUH, TENJIONPOBOJHOCTH UJIM U3J1ydeHHs. B 06bIYHOM Harpese TelJIO CHayaJa MOCTyNaeT
K IIOBEPXHOCTH, a 3aTeM MeJJIEHHO IPOHHWKaeT BHYTPb, IPOLieCC 3aHWUMaeT MHOI'O BpeMEHH, U MMOJIYIYUTb MeJIKO-
3€pHHUCTYIO CTPYKTYPY TPYAHO.

B pa6ore [20] MeTO10M MUKPOBOJIHOBOTO ClIeKaHHsl ObLJ1 CHUHTE3UPOBaH reTepoCTPYKTYPHbIN KaTaJIu3aTop
c HaHovacTUuLaMu B30 Ha HaHOJIMCTaX oKcy/ia rpadeHa. MaTepuas npoJieMOHCTPUPOBAJ BEICOKYIO KaTaIUTHYECKYIO
aKTHUBHOCTD U JI0JITOBEYHOCTD NIPH PeaKLUU BblJieJIeHUs Kucaopoa. PopMrUpoBaHHe KpUCTaNLIUYecKol ¢asbl ¢
paBHOMEPHBIM paclipesie/ieHUeM 3JIeMEHTOB U IPOYHBIM COeJJMHEHHEM C MTO/IJI0KKON 06ecneynio sdpdeKTHUB-
HOCTb KaTaJIn3aTopPa, 06yCJ0BJIEHHYIO CAaMOPETrYJIHPyeMOH 3JIeKTPOHHOM CTPYKTYPOU, BBICOKOH KOHI[eHTpaIuei
KHCJIOPOAHBIX BAKaHCUH U IOCTYITHOH 3JIEKTPOJIUTY aKTHUBHOM NNOBEPXHOCTBIO.

2.2 MeTopn xKuKOH dasbl

Baiarozaps xopouieil cmocOGHOCTH MeTa/l/INYeCKUX KATUOHOB PABHOMEPHO paclpeesaThCs B XKUJKOH
daze, MeTO bl XKUAKOPA3HOI'0 CUHTE3A IO3BOJISIOT I0J1y4YaTh BbICOKOYHCTBIE U BEICOKOKAY€eCTBEHHbIE TOPOIIKH
BBICOKO3HTPONMMUHBIX OKCU/I0B MPU OTHOCHUTEJIBHO HU3KUX TeMIlepaTypax. K xugkodpasHbIM MeTogaM OTHOCAT
MIUPOKUH CIEKTP TEXHOJOTUH, BKIOYas:

e 30Jb-TeJib MeTO/, (SG),

e  CcaMOpaCHpOCTPAHAIIUNCH pacCTBOPHBINA CUHTe3 / pacTBopHOe ropeHue (SC),

*  pacmbLIMTEJNBbHBIA Uposu3 (SP),

e asekTpocnuHHUHT (ES),

e ruaporepMaabHbii cuHTe3 (HT),

e Ko-mpenunuranusa (CP),

e  YJBTPA3BYKOBOU (coHoxuMuueckuit) metos (SB),

e  IJIJaMEeHHO-pacnbLIMTeNbHbIH nuposu3 (FSP),

e COJIbBO- U TUAPOTEpPMa/IbHbIN CHHTES.

e YacTo AJ14 ynyulieHUs1 CBOMCTB 00pa3L0B UCNOIb3YIOT HE OZUH MeTO/, 8 KOMOMHAIUIO HECKOJIbKUX

Y3 NepeyrcieHHbIX.

2.2.1 3osb-renb Mmetof (SG)

30J1b-TeJIb METOJ, OCHOBAaH Ha MpeBpallleHUH KUJKOTO KOJIJIOUJHOI'0 PAcCTBOPA (30Ji8) B TPEXMEPHYIO
CeTYaTyI0 CTPYKTYpPY (resib). ITOT YHUBEPCAJIbHBIA METO/ M03BOJIIET KOHTPOJIMPOBATh XUMUYECKUN COCTAB U
CTPYKTYpPY Ha HAHOYPOBHE, UTO JieJIaeT ero 3G PpeKTUBHBIM /JI51 CO3JJaHUS KEPAaMUKH, IIOPOIIKOB U MOKPbITUH.

2.2.2 CaMopacnpocTpaHSOIUIACA paCTBOPHBIN cHTE3 / pacTBopHOe ropenue (SC)

CamopacnpocTtpaHsiomuiics metos roperus (SC) cTas ofHUM U3 caMbIX NOMYJISIPHBIX CIIOCOG0B MOJTy4Ye-
HUS1 OKCUAHBIX OPOIIKOB, KOTOPBIN UCHOJ/Ib3YeT CUJIbHbIE TEIJIOBBIJESIONMe PeaKIlui MeX/1y MeTa/lJIaMU U
HeMeTaJUIaMH /I CHHTEe3a HaHOKepaMH4YeCKUX MaTepHuasioB.

B pa6ote [21] 6611 nosyueH (Mg, Co, Ni, Cu, Zn) O — 3T0 OKCHJ, C ISITHIO 3JIEMEHTAMU B PABHbIX J10JIAX,
MOKa3bIBAKOLIMN XOPOIINe AU3JIEKTPUIECKHE CBOMCTBA U CIOCOOHOCTH K BCTPauBaHHIO MOHOB. B JaHHOM paboTe
Ob1JI0 pelleHo 00'beIMHUTD IPEUMYILeCTBA METO/0B 30/1b-TeJb (SG) v ropenus (SC). Tak NosiBUJICS HOBBIA METOZ,
— SGSC (puc. 8). MeHss napaMeTphl (TeMIepaTypy, BpeMsi, aTMocdepy), MOXKHO TOYHO KOHTPOJIUPOBATh GopMy,
pasMep U KPUCTAUIMYECKYIO CTPYKTYPY KOHeuHoro MaTtepuaJja. OfHako y Metoaa SGSC ecTh orpaHuYeHue —
HY>XHO TIATeJbHO NOJ0MPaTh HOHBI METAJ/UIOB U KOMILJIEKCOOGPA3yollHe areHThl, HHAYe HY>KHble KOMILJIEKCHI
He 06pa3yIOTCS.
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PucyHok 4. CxemaTuuyeckoe npejcrassieHue SGSC - metoaa [22].

2.2.3 PacnbLiuTenbHbIN THposn3 (SP)

B 3aBHCHUMOCTH OT UCTOYHHMKA SIHEPTUH PA3JI0KEHUS TEXHOJIOTHS PACTIBLIMTENbHOI0 TUPOJIKM3a oApas-
JlensieTcs Ha nupoJsin3 B iiaMeHu (Flame Spray Pyrolysis, FSP) u pacnbuiuTebHbIA NUPOJIN3 ¢ HeGyIn3ayei
(Nebulized Spray Pyrolysis, NSP). PacnbiinteibHbIA MUPOJIN3 PEJCTABIISAET CO60H HEMPEPBIBHYIO U BBICOKO-
NPOU3BOAUTENBbHYIO TEXHOJOTHIO, He TPEOYIOILYI0 CBEPXBBICOKOTI0 BAKyyMa U MO3BOJISIOILYIO 32 CUET GBICTPOTO
OXJIQX/AeHHUS CTabUIN3UPOBATh MeTacTabuabHble Ppa3bl, a TakkKe 3¢ PeKTHBHO KOHTPOJUPOBATh pa3mep, opmy
Y XMMHYeCKYI0 OZJHOPOJHOCTb YaCTHUL, YTO JielaeT MeTO/, IepClIeKTUBHBIM /I IPOMBIIIJIEHHOI'0 IPUMEHEHH .
[Iupos1u3 B MJIaMeHH SIBJISIETCS LIHPOKO UCNOJIb3YEeMbIM CIIOCOG0M MOJIyYEHUS] OKCUAHBIX HAHOTIOPOILIKOB, IPU
KOTOPOM XU/JKHe NPEKYyPCOpbl U KUCJI0POJ, BBOJSATCA B 30HY IJIaMEeHU U OBICTPO pearupyroT ¢ 06pa3oBaHUEM
HaHOYACTHUI] IPOCTHIX, CJI0XKHBIX U BBICOKOIHTPONHIHBIX OKCU/IOB.

2.2.4 3nextpocnuHHUHT (Electrospinning, ES)

JJIEKTPOCIUHHUHT — 3TO 0COOBIM METOJ, NPU KOTOPOM U3 MOJIMMEPHOTrO pacTBOpaA MOJIy4aloT OYeHb
TOHKHE BOJIOKHA C IOMOLIbIO 3JIEKTPUUECKOro 10oJs. K urse c pacTBOpOM U KOJLJIEKTOpaM MOJKJII0YAI0T BbICOKOE
HanpshKeHHe. JJIeKTpocTaTHYecKas CUJla CTAaHOBUTCS CUJIbHEE, YeM IOBEPXHOCTHOE HATSKeHHE )KUJKOCTH. U3-3a
3TOrO KalJisi Ha KOHYMKE UIJIbl BLITATMBAETCS: CHauasa OHa IpeBpallaeTcsl B KOHYC, a I0TOM — B TOHKYIO CTPYIO,
CTPYs BBITATUBAETCS, CTAHOBUTCS TOHBLIE U TBep/leeT, IpeBpallasich B BOJOKHO. [03TOMY 3/1eKTPOCITUHHUHT
HNOJXOJUT JAJIsl IOJIy4eHUs] BOJTOKHUCTBIX BbICOKOSHTPONMHHBIX OKCH/IHBIX KEPAaMUK.

2.3 MeTop ra3oBoi ¢passl

Ha naHHBI MOMEHT MeTOZ0M ra30Bo# ¢a3bl MOJIyYar0T B OCHOBHOM TOHKHe IeHKH BIOK. l'a3oda3zubii
METOJ N0/ pas3yMeBaeT I0J, 0601 MeTO/], B KOTOPOM HCXOJHbIE KOMIIOHEHTBI HAX0AATCS B Fa30BOM UM TApPOBOM
dopme u fanee npu onpe/ieIeHHBIX YCI0BUAX (BICOKOTEMIIEPATyPHOM IIJIa3MEHHOM pa3psi/ie, TepMHUYECKOM
pasJIokKeHUH, 0CaKJeHUH) GopMUPYIOTCS TBepAble YaCTULbI MU IJIEHKU. OCHOBHBIE TEXHOJIOTUH — 3TO MyJIbC-JI1a-
3epHoe ocaxJeHue (s1azepHoe HanblieHUe) (PLD) 1 MarHeTpoHHOe HanblieHUe (peaKTUBHOEe MarHETPOHHOE
pacnbLieHue) (MSD).

JlazepHoe HaNblIEHHE HCTI0JIb3yeT MOLIHbIE JIa3ephl, KOTOPbIE UCTIAPSIOT, IVIABAT U HOHU3UPYIOT MaTepual
C HOBEPXHOCTH MUILEHH, CO3/iaBasi IIJIJa3MeHHOe 06J1aKk0. YacTHLbI U3 3TOr0 06/1aKa 0CAXKAAIOTCS Ha NOAJI0KKY U
$OpMHUPYIOT TOHKYIO MJIEHKY. Tako# croco6 NogX0AUT AJIs MOJyYeHUs KaK MPOCTHIX, TaK U CI0XKHBIX OKCHU/IOB C
beppoasekTpuiecKuMH, eppoOMarHUTHBIMU U JU3JIEKTPUYECKUMU CBOMCTBAMHU.

B MeTo/ie peaKTHBHOI'O MarHeTPOHHOI'O PACHblIEHUs UCIONb3YIOTCA XUMHYECKHEe PEAaKIIUU MEXAy Ya-
CTULIaMH, KOTOPbIE BBIOGUBAIOTCS C TOBEPXHOCTHU MULIEHH, U KUCTIOPO/I0M, KOTOPBIN BBOJUTCS /151 06pa30BaHUsA
OKCU/HBIX [IJIEHOK.

B ToMCcKOM yHUBepcUTETE pa3pabaThIBaIOT CIJIaBbl HA OCHOBE KapOUL0B U OKCU/0B, KOTOPbIE MOTYT NpU-
MEeHSATbCS AJ1s1 3aLUThl TEXHUKHU B aBUALlMM TP BBICOKUX TeMnepaTypax (Lo 2000 °C). MaTepuasibl IpeACTaB/ISAIOT
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C00O0M CIJIaB U3 HECKOJIBKUX 3JIEMEHTOB, HAHECEeHHbIX METOAOM MAarHeTPpOHHOI'0 HallblJIEHHA. BbL1u Mcnosib30BaHbl

OKCHbI I‘a(l)HI/IH, LOHUPKOHMUA, HEepHrud, UTTPHUA. Hcnosb3oBaHue MeToda 3HTpOHPII>'IHOI>'I CTa6I/IJII/ISaI.U/II/I IIO3BOJIAET

YJAYYIIUTh TEPMHUUYECKHE CBOMCTBA KepaMUKHU. B mocieayouemM stane 6yAyT UCNOJIb30BaHbl Kap6uabl radpHuUs,

LUPKOHMUS, LiepHs, UTTPHU, TaK KaK KapOuabl 06/1a/jal0T 60JIblIeN TEMIIEPATypPOH NJIaBJIeHUs YeM OKCH/bI, HO

MIPY 3TOM Jierdye OKUCASAIOTCA [23].

Ta6una 1. JocTOMHCTBA U HEAOCTAaTKU MeTOA0B cuHTe3a BJOK [24, 25, 26]

MeToa cuHTe3a JlocTonHCcTBa HepocraTku Ipumep IIpumeHeHUE

TeepaodasHblit -BbICOKasl XUMHUYeCKas -Heo6X0/iuMa BbICOKas (Zr, 4 HE ) 16sCe 165 Yo 105 ET, MaTepuaJssl
CTa6HIbHOCTb KOHEYHbIX TeMIlepaTypa, 165 Th0075)0; 615 W% YSZ (x=0, | s
MaTepuaJios, -//IMTE/IbHOE BpeMsl , 4,6, KocMuueckux
-BO3MOHOCTb I0JIy4E€HHUsA CHHTE3a, (Co,,Cu,,Ni Mg ,Zn )0 anmnapaToB
KpyNHOrabapMTHBIX KepaMHUye- | -OrpaHHYeHHbIA KOH- B kauecTBe
CKHX 06pasLoB, TPOJIb HaJl pa3MepOM KaToza B
-IPOCTOTA annaparypbl, YaCTHL, BO3MOXHbI HEO/I- KepaMH4ecKoM
-Xopolasi MaclTabupyeMoCTb | HOPOJAHOCTH, eC/IK CMeCh TOIJINBHOM

IJIOXO NepeMelIaHa. 3JIeMeHTe

KupakodasHbiit

-BbICOKadA rOMOI'€HHOCTb

-OpraHuyeckKue ZlO6aBKI/I )54

Sr(crO ZMHO.ZFeO ZCOD.ZNiO.Z)OB

Marepuassl gjs

pacnpejiesieHusi KATUOHOB Ha | CBAI3YIOLIME B HEKOTOPBIX (Ndo.zSmo.zGdo.szo.zYo.z)3Nb07 HOTJIOLeHUsT
CTaZilK UCXOHOTO pacTBopa MeTOo/axX TPe6YIOT MOJHO- BOJIH
-BO3MOXXHOCTb HU3KOTEMIIEPA- | IO YAAJIEeHHUs TensoBble/
TYPHOU MOJTOTOBKH UCXOJHOH | -CJI0XKHOCTb MOJJepKaHHUs 3KOJIOTMYecKue
cMecu MOCTOSIHHOT'O0 XUMHUYECKO- GapbepHbIe
-KOHTPOJIb MOP)OIOTHH U ro cocTaBa IpHU BblMaje- MOKpPBITUSA
pa3mepa yacTul, HMH OCajiKa
-BBICOKAs IPOU3BOJUTEIb- -CKJIOHHOCTb K arjiomepa-
HOCTb ¥ MacClITaGUPyeMOCTb Y | [{MU IPH NOCIeAyoLIeH
a3p030JIbHBIX METO/IOB TepMoo6paboTKe
-6bICTpasi reHepalus IOPUCTO-
ro MopoIuKa

lazodasHblit -Bbicokast ukcToTa U MJ10T- -Bricokast Temnepartypa (Al Co Cr Fe Mn Ni)O Kepamuueckue
HOCTb IJIEHOK / HOKPBITHIA MpoILecca ¥ OrpaHUYeHusI KOH/IeHCATOPBI
-Tazoo06pasHble mpeKyp- Ha IO/IJIOKKH.
COpBI MOTYT «O6TEKATb» -3aBUCUMOCTb OT CBOMCTB
MOBEPXHOCTH,06eCreqrBast MPEKypPCOPOB — JIETYYUX,
pPaBHOMEpPHOE MOKPBITHE 4acTO TOKCUYHBIX U
-YHUBepCalbHOCTb MaTePH- arpecCUBHBIX Ta30B.
aJIOB Y LIMPOKUIA AUANa30H -CJI0XKHOCTb KOHTPOJISI
OPUMEHUMOCTH. HaJl MHOTOKOMITOHEHTHBI-
-Xopolias afre3ust HOKpbITUS | MK CUCTEMaMHU.
K MOJIJIOXKKE M BbICOKasi HafIéx- | -He oueHb BbICOKast CKO-
HOCTb POCTB OCaX/JEeHUS - HU3-
-Bo3MoXHOCTB TOHKOTO Kasi IPOU3BOIUTENbHOCTD.
KOHTPOJIsI CBOUCTB: cTeXuoMe- | -Bbicokasi CTOUMOCTB 060-
TPUHU, CTPYKTYPBI, TOJIUHEI, pYZOBaHUS U IKCILIyaTa-
MOpP)OJIOTHH. [[MOHHBIX PACXO/I0B.

IIpumenenue

BricokoaHTponuiiHble okcuAabl (BI0) — 3To KepaMHUUecKre MaTepHaJibl, B KOTOPBIX Ha OJIHY KATUOHHYIO

noAgpeumeTKy BBOAAT NATH U 6oJiee Pa3JIN9YHbIX HOHOB B GJIM3KUX MOJIbHBIX A0JIAX, YTO obecre4ynBaeT BbICOKYIO

KOHQUTYypaLMOHHYI0 SHTPOIHIO U 00pa30BaHUe eIMHON TepMOAUHAMUYECKH CTaOUIbHOHN $a3bl. UX YHUKaAIb-

Hble CBOMCTBA — MOBBIIIIeHHAs (l)aBOBaH CTabHJIbLHOCTD IPH BbICOKUX TEMIIEPATYpPaAX, JIOKAJIbHbI€ HCKAXXE€HUA

peléTKY, pelieTyaTas e30pAuHaLUs U 3aMe/JIeHHas Audpdy3us aToMoB — AesaioT BOO npuBiekaTebHBIMU

JUUI pa3JIMYHBIX NPUJIOXKEHUH (Tabsmua 2). MHoroo6pasyie KaTHOHOB N103BOJISIET «TOHKO HACTPaWBaTb» 3JIEKTPO-
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XUMHUYECKUE, KaTaIUTUYeCKHUeE, TENJIOBbIEe U MeEXaHUYeCKHe XapaKTePUCTUKH, HEZOCT>KUMble B OGMHAPHBIX UJIH
TPEXKOMIIOHEHTHBIX OKcHZax [27].

BIOK feMOHCTPUPYIOT 3HAYMTENbHbIN IOTEHIIMAJ IPUMeHeHUs 6/1aroZapsl BbICOKOM TepMOXHMHUY€eCKON
Y MeXaHW4YeCKOW CTabUIbHOCTH, YCTOMYUBOCTH K KOPPO3UHU U U3HOCY, & TAK)XKe BO3MOXKHOCTH TOHKOW HAaCTPOUKHU
CBOMCTB 4yepes cocTaB. B sHepreTHke U 3JIeKTPOXHMHUHU UX UCIOJIB3YIOT AJIS 3JIEKTPOJOB U MeM6PaH B aKKyMYyJIsl-
TOpax U CyllepKOH/leHCaToPax, a TaKXe KaK epcrleKTUBHbIE TePMO3JIeKTPUYeCKUe, AU3TeKTPUYeCKHe MaTepraJbl
Y MaTepHaJbl JIJ1s TEIJIOBBIX M aTMOCPEPHBIX 6apbepoB B aBUAKOCMUYECKON TexHUKe (puc. 9).

PucyHok 5. [IpakTuyeckoe npumeHeHue BIOK

OaHaKo BMeCTe C epCneKTUBAaMU CBSI3aHbl U HAYYHO-TeXHUYeCcKHe Npo6JieMbl, @ UMEHHO: KOHTPOJIUPY-
eMoe ToJiyyeHue OJHOPOAHbIX $a3 B IPOMbILIJIEHHbBIX MaclITabaX, TOHUMAaHUeE POJIM JIOKAaJIbHOU XUMUYECKOH
HeOZHOPOAHOCTH B paboynuX MeXaHHW3Max (HapuMep, KaTaJIUTHYeCKUX UM UOHHBIX), TPYAHOCTb IPOTHO3MPOBA-
HHUA CBOMCTB: U3-3a 60JIBLIOr0 KOJIMYeCTBa 3J1eMEHTOB I0BeJleHHe MaTeprasla C10>KHO CMO/e/IMPOBaTh, a TaKxKe
JIOJITOCPOYHAs CTAOUIBHOCTD B PA6OYUX YCIOBUSX OCTAIOTCA IPeMEeTOM aKTUBHBIX HCCJIeJ0BaHUH. ITH BOIIPOCHI
TPeOyIOT COYeTaHUs IKCIIePUMEeHTaJbHOM ONTUMHU3ALMY CUHTEe3a, IPOJABUHYTOr0 CTPYKTYPHOT0, XMUMH4Y€ECKOT0
aHa/IM3a U BbIYHUCJIUTENBHOI0 MO/IETMPOBAHUS, KBAHTOBO-XUMHUYECKUX PACYETOB M MAIIMHHOTO 00y4YeHHUs .

B pa6ore [28] npeacTaB/ieH aJropUTM, KOTOPBIH 103BOJISIeT IPOTHO3UPOBATh CTPYKTYPHYIO U TepPMO-
JAUHAMUYeCKy0 cTabuabHOCTU B0 c mepoBcKUTONOL00HON CTPYKTypoi. [lyist o6ecriedeHUsI CTaGUIbHOCTU
HCIIOJIb3YIOTCS CHelMaJbHbIe PacyeThl C 3aJaHHBIM JJOMYCKOM U OKTa3JpUYecKUMU paKTOpaMu. ITOT METOZ,
MOXKeT ObITh PacLIMpPeH /JIs IPOrHO3UPOBAHUSA CTAOU/IBHOCTH Pa3JIMYHbIX BBICOKOIHTPONUMHBIX MaTepHaJoB.
B naHHOM HCCJleJoBaHUH, C TOMOIL{bI0 HOBOTO aITOPUTMHYECKOTO NMOAX0/Id, CTABUTCS LieJIb BOCIIOJHUTD Npo6es
B JIAHHBIX 10 CO€JUHEHUSIM C BBICOKOH 3HTpONHUENH U MUHUMU3UPOBATh HEOOXOJUMOCTb 3MIINPUYECKOT0 OT60pa
KOMOMHAL MK MeTaJl0B.

B cuy cBoMX CBOWMCTB: NOHM)KeHHas TeNJIONPOBOLHOCTD, BbICOKasl pa30Basi CTaOUIbHOCTD, yCTOWYUBOCTD
K CIIeKaHMIO NIPU AJMTeJbHOM HarpeBe, yCTOWYUBOCTh K KOPPO3UM U okucaeHnto BJOK game paccmaTtpuBaroT B
KayecTBe TepM06apbepHbIX, TENJIOU30/IALIUOHHbIX TOKPLITHH, 3aIlUTHbIE K U3HOCOCTOMKHE NOKPBITHUSA

B pa6orte [29] 6blJ1 CMHTE€3UPOBaH BbICOKO3SHTPONMMHBIHA nopowmok nyupkonara(La, ,Nd Y ,Yb ,Lu . ).Z

r,0, MeToJ0M IJIa3MEHHOT0 HallblIEHH: W3 pacTBOpPa-NpeKypcopa 6e3 JaBJieHus, KOTOPbIH 06/1a1aeT BbICOKOH
cheprUYHOCTBIO U PABHOMEPHBIM pacnpe/ie/ieHHeM cocTaBa. JlaHHbIM MaTepyas npeJo/araeTcs UCoJIb30BaTh
B KaYeTCBe TEPMOGAPbEPHBIX MOKPBITUH, UCIOIb3yeMble JIsl 3alUThl BBICOKOTEMIEPATYPHbIX KOMIIOHEHTOB
ra3zoBbIX TYPOUH U KOTOPbBIE AODKHBI 06J1a/1aTh HU3KOU TENJIONPOBOAHOCTbIO, YCTOWYUBOCTBIO K CIIEKAaHUIO U
BBICOKOTEMIIepAaTYPHOU cTabuibHOCTbI0. Pa30Bble CTPYKTYPBHI, TEPMUYECKHE U MEXaHUYeCKHe CBOKCTBa 06pa31ioB
HCCJIE/I0BAJIMCh C UCI0JIb30BaHHWEM PA3JIMYHbIX MeTO/I0B. Pe3y/ibTaThl MOKa3aJ/iy, YTO UCCIeyeMbIid MaTeprual
nMeeT AePeKTHYI0 JBYXPa3HYI0 CTPYKTYPY GJIH0OPUTA-NIUPOXJI0Pa U 00/1aJjlaeT HU3KOU TEIMJIONPOBOJHOCTbIO
okoJ10 1,09 Br-m-K! mpu 1400°C, ckopocTb pocTta 3epHa 3,6x10*MKM/4, a TaKXKe IEMOHCTPUPYET MPEBOCXOAHBI-
MU MeXaHW4YeCKUMH CBOMCTBAMH, BKJIIOYast BbICOKYI0 TBepAocTh (10,03 + 0,32 I'lla) u Tpemunoctoikocts (1,04
+0.17 MIla-m*/?).
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Ta6una 2. Bugbl, MeToAbI CHHTEe3a U IpuMeHeHre BJOK

O6pa3er, Kpucraiivuyeckass | MeToabl CMHHTe3a I[IpumeHeHune CcbLIKa
CTPYKTypa
(Y,,Yb,,Lu, Eu  Er  ).A- PesikozeMebHbIN AtmocdepHoe miasmenHoe | Temsno6apbepHble [30]
1.0, aJIOMUHAT HalblleHHe HOKPBITHS
Y,0,,Yb,0,, Lu,0,, Eu,0, u
Er,0,
Sr(Cr,,Mn,,Fe ,Co ,Ni ,)O, | [lepoBcKUT MoKpoXHUMHUYeCKUI MarepuaJbl ana [31]
MeTOoJ, MOTJIOIEHUS BOJIHBI
(Zr 16sHE) 165C€0 1550 185E T, daroopur MeToz TBepAoda3Horo MaTepuaJbl Aas [32]
185 L0 075) 01 g1s. WEY YSZ (x = CUHTe3a KOCMMYECKHUX aNnapaToB
0,2,46,8
La(Co,,Al ,Fe ,Mn ,Cu ,)O, | [lepoBcKuT KanenbHo- AKTUBATOD JJ11 O4YUCTKHU [33]
KaJIbL{MHALlMOHHBIA METOZ, BOJbI
(Co,,Cu,,Ni ,Mg ,Zn ,)0 KameHHas cosib TBepaodasHbIH B kauecTBe KaToza [34]
MeXaHOXMMHUYEeCKHH CUHTe3 | B KepaMH4YecKOM
TOIVINBHOM 3JIeMeHTe
Ba,,Na ,Bi ,Sr ,Ca ,Nb, [lepoBCcKUT MeTo/ UUTPaTHOIO MaTepuan aas [35]
08T10_903, ropeHus BbICOKOMOILIHBIX
[(B.io.sNao.s)0.94Bao.06]0.98La0. KOH/I€HCAaTOPOB
0,110,
(Ba,,Bi,,K,,Ln ,Na,,)TiO, [lepoBCKUT JusnekTpruyeckue [36]
HaKOIUTE/U 3HEPruu
(HfNbTaTiZr)Ox darooput WmMnysbcHOe J1a3epHOE [Mupokuit cieKTp [37]
ocaxkJieHue HpUMEHEHUS
(Bi,,Na,,Ba ,Sr ,Ca )TiO, | [lepoBckuT MeTo/[1 IEHTOYHOT'0 JIUThS Kepamuueckune [38]
(BNBSCT) KOH/IEHCAaTOPbI
(AICoCrFeMnNi)O KamenHas cosip MeTo/, UMIYJIbCHOTO Kepamuueckue [39]
JIa3epHOTro 06JIy4eHHs] KOH/IEHCAaTOPbI
(Nd,,Sm,Gd ,Yb ,Y ,),N- | [Tupoxsop 30J1b-TeJIb METO/, TenioBble/akosorudeckue | [40]
bO, Y TEXHOJIOTUS GapbepHble NOKPBITHS
BBICOKOTEMIIEPATYPHOTO
CreKaHUs
(Y,,La,,Gd,,Eu ,Er,,),0, Bukc6uut TepmoGapudeckoe OnTryeckoe npuioxenue | [41]
peccoBaHue
HaHOIOPOILIKOB
(Lu,,Y,,Gd ,Yb Er ,),0, Bukc6uuT BakyymHoe cniekaHue OnTudeckoe npuaoxenue | [42]
Laz[(TinSanGe)[l_ZX)/S(N— [Mupoxsop MeToz TBepoda3HOTO Marepuai c [43]
bGa) ]20, (x = 0.129, 0.143, CUHTe3a JHU3JIEKTPUYECKUMU
0.157,0.171) CBOWCTBAMU
(R,,Gd,,Eu, Dy, Tb )Cr0O,, | [leposckut MeTopn TBeprodasHOrO HuskotemnepaTypHbIi [17]
R =Pr,Nd and Sm CUHTE3a MarHUTHBIN
OXJIAXKAAIUIUNA MaTepral
(2r,,Ti,,Ce, ,Mn M ,)O, dnroopurt CnekaHue Py TOYHOM Ton/uBHbBIE 3JIEMEHTHI, [44]
s(M=Mg/Ca) KOHTpOJIe TeMIlepaTypbl KaTaJIu3aTophbl C
JedUIUTOM KHUCI0poaa
W KaTa/IM3aTopHl,
OCHOBaHHbIe Ha
OKHCJIUTEJIbHO-
BOCCTAHOBUTEJIbHBIX,
peakuus
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(Al, lInuHess MeTopx TBepodasHOro 06paTUMBIX [45]
,Co,,Cr,,Ni Fe .Zn )0, CHUHTEe3a MarHUTOAKTHUBHBIX
KOMITO3UTOB, TAKUX KaK

MAarHuTopeoJioruieckre

3J1aCTOMEPbI
ZerCeYEr)U_WSTiX)02_’S daropurt MeToj TBepA0dpa3HOro MaTepuasbl Aas [46]
CUHTE3a KOCMHUYECKHUX aNlapaTos.

B pa6oTe [24] c noMo1bio TBepAoda3HON peaKLUH 6blJI CHHTe3UPOBaH HEU30TPONHbBIN BbICOKOIHTPOIH K-
Hbid TuTaHar (La K, Ca ,Sr ,Ba ,)TiO,,, - MaTepuasa A TENI03al[MTHOTO IOKPLITHs. B pesysnbTaTe npose-
JIeHHbIX paboT UccielyeMbli MaTepHUas NPOLeMOHCTPUPOBAJ BBICOKUM KO3QPUIMEHT TENJI0BOr0 pacliupeHus,
paBHbIN 12,2 x 10 K1, a TakXe BbIpaykeHHbIe TEIJIOU30JISI[HOHHbIE CBOHCTBA C HU3KOH TEMIONPOBOAHOCTbIO
1,46 Br-m-K! mpu 1200 °C, 3HaYUTEIBbHYIO YIIPYTYI0 aHU30TPOIHIO U 60JIee BBICOKYI0 CTOMKOCTD K PACHIMPEHUIO
MUKPOTPEIHH 10 CPAaBHEHHUIO C OJJHOKOMIIOHEHTHBIM aHAJIOI'OM, XOPOLlIHe MeXaHU4eCKHe CBOMCTBA C TBEPAOCThIO
o Bukkepcy 11,5 I'lla.

B pa6orTe [47] 6bU1 CHHTE3WPOBaH aJlOMUHAT peJiKo3eMe/IbHOTro 3eMenTa (La ,.Sm ,.Gd ,.Ho ,)AIO,
MEeTO/I0M S3HTPONMHUHO-YIIPaBIsieMOro AN3aiiHa, KOTOPbIM NepCcneKTHUBEH JIs MCI0JIb30BaHHs B TEIJIO3AIUTHBIX
HOKPBITHAX 6/1arofaps BbICOKOH TepMUYeCKOH CTabUIbHOCTH M HU3KOM TeN0NpOBOAHOCTH. BbLu poBejeHbl
paboThI O UCCIel0BaHNIO $a30BOI0 COCTABa, MEXaHUYECKHUX U TEPMUYECKUX CBONCTB, pe3y/IbTaThl KOTOPBIX N0~
Ka3bIBaIOT, YTO MaTePHaJI 06J1a/1aeT MOBBIIIEHHOH MJIACTUYHOCTHIO ¢ MoAy/ieM caBura 114.63 I'lla u noHM>XKeHHOH
TemJIonpoBoAHOCThI0 4,11 BT-M-K! npu KoMHaTHOM TeMnepaType ¥ K03QGUIIMEHT TENJIOBOTO PaCUIMPEHHS

10,10 x 10-6 K* ot 25 °C g0 1300 °C.

3aK/ro4eHue

BbICOKOSHTpONHHHbBIE OKCUHBIE KepaMUKH CHOPMUPOBAJIMCH KaK CAaMOCTOSITE/IbHBIN U OBICTPO pa3BUBalo-
MM CS BUJ, MaTepUasioB, KOTOPbIN 6/1arofaps CO4YeTaHUI0 MHOIOKOMIIOHEHTHOI'O XUMHY€ECKOT'0 COCTaBa BbI3bIBAET
60Jb1101 MHTepec. [IpoBe/leHHbIN aHaNN3 JIUTepaTypbl IOKa3bIBAET, YTO NPUHIIUI BBICOKOH KOHGUTypallMOHHOH
3HTPOINU N103BOJISIET PACIUIMPUTD TPaAULMOHHbIE TPAHUIIbI IPOEKTUPOBAHUA OKCUAHBIX KepaMUK, 0becreuynBast
JocTtkeHne $a3oBOi CTaGUJIBHOCTH, TEPMUYECKON YCTOMYUBOCTH U GYHKIIMOHAJIbHOW HAaCTpauBaeMoCTH, YTO
HeJI0CTYIHO AJIf1 IBOWHBIX U TPONHBIX CUCTEM.

CoBpeMeHHbIe UCCJIe[J0BAaHUSA TOATBEPXKAAIOT epcreKTUBHOCTb BOOK B mMpokoM cnekTpe NprMeHeHUH
— OT KOHCTPYKIJMOHHBIX U TeEPMOOapbepHbIX MaTepHasioB 10 QYHKIMOHANbHBIX, KATAJIUTUYECKUX U SHEpreTHye-
CKHUX cucTeM. [Ipy 3ToM 0co6bIi MHTepec pe/iCTaB/IAIOT HallpaBJieHH s, CBA3aHHbIE C 3KCILIyaTalield MaTepuasoB
B 3KCTpeMaJIbHbIX YCI0BUSAX — IPH BBICOKUX TEMIIEPATYpPaX, B arPeCCUBHBIX Cpe/iaX, Mo/, AeliCTBUEM TeNJI0BbIX
yZapoB U pafiHaliMOHHOr0 061y4yeHus. Tak, BBICOKOSHTPONMKUHBIE GIIOOPUTHBIE U TUPOXJIOPHbIE OKCH/BI HA OC-
Hoge cucteM (La-Nd-Sm-Gd-Dy),Zr,0, 1eMOHCTPUPYIOT NOBBIIEHHYH pa30BYH0 CTAGUILHOCTD ¥ IOHMKEHHYI0
TEIJIONPOBOAHOCTD, YTO JieJIaeT UX NepCIeKTUBHBIMU /1/151 IPUMeHEHUs B KauecTBe TepMOOapbepHbIX TOKPbITUH
B ra30TypOHUHHBIX YCTaHOBKax [6,48]. KpoMe TOro, BbICOKOSHTPONMMHbBIE OKCH/IBI C PErYIMPYeMON KOHLeHTpaly-
el KUCJIOPOAHBIX BAKAHCUH NPOSIBJIAIT YCTOMYUBOCTD K OKHCJIUTEbHO-BOCCTAHOBUTE/IBHBIM LIMKJIaM U MOTYT
HCII0JIb30BAThCS B 3JIEKTPOXUMHUYECKUX YCTPONCTBAX, pab0OTaIOIMX IIPH MTOBBILIEHHBIX TeMIIepaTypax, BKJI0Yas
TBEP/00KCH/HbIE TOIJIMBHBIE 3JIeMEHThI U KUCJIOPOJHble MeMOpaHbI [49].

3a c4éT BapbMpPOBAHUA 3JIEMEHTHOTO COCTAaBa U KOHLEHTPALM KOMIIOHEHTOB NOABJIAETCS BO3MOKHOCTD
yIpaBJleHUsl CTPYKTYPHBIMH U 3JIeKTPOXUMHUYECKUMU CBOMCTBAaMHU, YTO ABJSAETCA OJJHOBPEMEHHO U IperuMylle-
CTBOM, Y 33jJiaueli, TpebyroLel fasibHeNIIero udydyeHus. Takxxe cjielyeT OTMETHUTbD, YTO GOJIBLIMHCTBO Mpo/e-
MOHCTPUPOBaHHBIX NpeuMyiecTB BJOK B HacTosLee BpeMs NOTBEPK/AeHO IPeUMyIeCTBEHHO B 1abopaTop-
HBIX YCJOBHUSX, TOT[A KaK BOIIPOCHI MaclITabpyeMOCTH, BOCHPOU3BOAUMOCTH U 0JTOCPOYHON CTaGUIbHOCTH
CBOKMCTB OCTAOTCS NpeJMeTOM aKTUBHbIX UCC/Iel0BaHUN. B 3TOU CBA3U AasibHelllee pa3BUTHE UCCJIeL0BaHUMN
B 06J1aCTH BBICOKOSHTPONMMHBIX OKCUJHBIX KepaMUK NpeAIoJaraeT JeTalbHOe pacCMOTpeHHe BOIIPOCOB Mac-
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. 3. XKymaraesa

TabUPOBaHUA METOJ0B CUHTE3a, BOCHIPOU3BOAUMOCTH $a30BOro COCTaBa U TEXHOJIOTMYECKOH peasu3yeMOoCTH
JIAHHBIX MaTepUaJIOB, YTO ABJISAETCSA BaXKHBIM 3TAllOM Ha IIyTH UX epexoAa oT yHAaMeHTaJbHbIX UCCIeJ0BaHUH
K IPaKTUYeCKOMY NPUMEHEHMUIO.

B nepcnekTuBe fAasbHeHIINK nporpecc B 06s1acty BOOK 6yeT Bo MHOrOM onpesiesisiThbCsl pa3BUTHEM
TeopeTHUYeCKUX Mo/ieJieH, BBICOKOITPOU3BOAUTEbHBIX METOL0B CUHTE3a U XapaKTepH3alluy, a TaKXKe UHTerpa-
LMel BbIYMCIUTEIBHOI0 MaTepUal0oBeleHUsI U MallMHHOTO 06y4yeHus /11 paljMOHaIbHOI0 T0A60pa COCTaBOB.
CucrteMaTHyecKre HCCIeL0BaHUsA JOJTOBPEMEHHOMN CTabMUIbHOCTH U noBeieHust BJOK B peasibHBIX yCa0BUAX
3KCILIyaTalluy ABJISIOTCA He06X0AUMbIM IIaroM Ha MyTH Nepexoja oT QyHAaMeHTalbHbIX UCCIeJ0BaHUN K UH-
>KEHEepPHbIM U NPOMBbILIJIEHHbIM NPUMeHEHUSIM.

ByiarogapHocTu
HccnepoBanue ¢punaHcupyetcss KomuteToM Hayku MUHUCTepCTBa 060pa3oBaHUs U HAyKU Pecny6iuku
Kazaxcran (No. BR28713281)

Bxuiaj aBTOpOB
Kymartaesa U.3. BeInloIHKIA BCe 3Tanbl IOATOTOBKU CTaThH, BKJ/I0YasA MOUCK U aHAJIU3 JINTePaTyphI,
HWHTepIpeTalyIo JaHHbIX, HAalMCaHUe U pelaKTHPOBAHHE PYKOIHCH.

3asaByieHHe 06 UCNOJIb30BaHUM reHepaTuBHOr0o UU u TexHoioruii, ucnoab3ywmux UH, B nponecce
NOATOTOBKHU PYKONMCHU

B npouecce noAroToBKU AaHHOU paboThl aBTOp(bl) ucnonb3oBaiu Chat GPT a1 co3aaHus M306parKeHUU.
[locsie ucno/Ib30BaHKs 3TOTO HHCTPYMeHTa,/cepBuca aBTop(bl) mpoBepuJi(K) U OTPeLaKTUPOBAIH COAEPKaHUE MO
Mepe HeoO6X0AUMOCTH U HEeCYT IOJIHYI0 OTBETCTBEHHOCTD 3a CO/ZlepKaHKe ONyBJIMKOBaHHOM CTaTbU.
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Kammou! deHe pusukacwl 3epmxanacsl, Kazakcman Pecny6aukacel Amom 3Hepausicol
JceHiHde2i azenmmiziniy Adposvik Ppusuka uHcmumymeol, Aamamel, Kazakcman
(E-mail: inesh.zhumatayeva@gmail.com)

’KoFrapsbl 3HTPONUAIBI OKCUATI KepaMHUKajiap:
KYPbUIBIMBI, CHHTE3 3JicTepi xKaHe KOJIZaHbLITy cajlajiapbl

Anparna. J)KoFapbl SHTPONUS/IBI MaTepuaaap 6ec HeMece OJjaH Jla Kell KOMIIOHEHTTEP/i apalacThIpy
apKbL/Ibl aJIbIHATBHIH KOI3JEMEeHTTI MaTepUaJap/blH XaHa KJacbl 60JbII TabbliaZbl. AUKBIH )KOFapbl SHTPOIHU-
SIIBIK, 9CepJiepAiH apKacblHAa 0yl MaTepuaagap 6ipereit pusmMKa-XuMHSJIBIK KacueTTepre ue. COHFbI XKbLJ1apbl
»KOFapbl SHTPONHUSAJIbI MaTepPUaIAAPFa JleTeH KbI3bIFYLIbLIBIKTBIH TYPAKThl 6Cyi 6alKana/bl, 6yJ1 )KOFapbl 3H-
TPONHUAJbI KOpbITIA/IapFa, KEpaMHUKaJlapFa >KoHe OKCU/Tepre apHaJfaH FbIJIIBIMU KapUsAJaHbIMAAP CaHbIHBIH,
apTybIMEH JdJesieHe .

By oy MakanaceiH/ia )KOFapbl 3HTPOMHUAIBI OKCUATI KepaMUKasap TypaJibl 3aMaHayH TYCiHIKTep »KyH-
eJIeHTeH, KpUCTaNIbIK KypbLIbIMAp/iblH HeTi3ri TUNITepi — Tac Ty3bl, GJIIOOPUT, NEPOBCKUT, MUPOXJIOP, IUNUHEIb
’K9He T.06. — KapacCThIPbLIFaH, COH/Ial-aK »KOFapbl SHTPOIUS/IbI OKCUATI KEpaMUKaIapAbl CAHTE3/eY NIPUHIUNITEP]
MeH oJIap/ibl KoJ1AaHy Taciijepi TanaanraH. 2KoFapbl KOHPUTYpanUsIbIK 3HTPOMUSIHBIH 6ipda3zansl Kyiaepai
TYpaKTaHAbIPYAaFbl peJli, XUMUSJIbIK KYPAEeIiliKTiH KpUCTaNIbIK TOP/bIH 6ypMasaHybIHa, AUGPY3USIBIK IPO-
LlecTepre koHe «KOKTel/b 3 deKTici» fen aTasmaThblH KyObIIBICTBIH KaJbIITACybIHA 9CEPi KOPCETINreH.

2KymbicTa xK0Fapbl 9HTPONUSJIBI OKCUATI KepaMUKalapAbl CUHTe3AeyAiH HeTi3ri afjicTepi — KaTThI
dazanbl, cyiibiK paszasibl xKaHe ras dpasasibl 94icTep — KoHe oJIap/iblH, MaTepUuaaiapblH ¢as3aiblK KypaMbIHa,
MHUKPOKYPbLIbIMBbIHA XKoHE KacueTTepiHe acepi cunarttasraH. Loy *koFapbl aHTponusibl okcuaTepaiy (2K30)
MeXaHUKaJIbIK, TEPMOJMHAMUKAJIBIK, KATAJIUTUKAJIBIK XKOHE 3JIeKTP dJHepreTUKaJ/IbIK CUIIaTTaMa/lapblHA apHaJ/IFaH
3aMaHayH 3epTTeyJiepAi, COHAAN-aK 0J1ap/iblH KOHCTPYKIUSJIbIK MaTeprajap MeH xKabbIHAApAaFbl KOJIJAHbLIYbIH
KaMTuabl. JKoFapbl SHTPONUSJIbI OKCUATI KepaMUKalap/blH epCleKTUBaJbl KOJAAaHbLIY cajajaphbl peTiHje
KbLIYFa TO3iM/li KOPFaHbIII KaObIHAAPBI, KATAJIUTHUKAJBIK XKyHeJiep, 3JIeKTP KoHe UOH OTKi3rim MaTepuasnaap,
COHJaM-aK 3KCTpeMaJsl/ibl XKafFalijlap/ia MaijajlaHy MyMKiHAIKTepi KapacThIPbLIFaH.

Kyprisinren Tangay >xofapbl SHTPONUAIBI OKCUATEPAIH KYPBIJIbIMbI, CHHTE3 3/licTepi MeH KacueTTepi
apacbIH/IaFbl ©3apa 6alIaHbICTApP/bl aHBIKTAyFa MYMKIH/ZIK 6epefii, 6y/1 6epiireH cunarramMmanapsl 6ap »kaHa
MaTepuaJiapAbl 93ipseyre Heris Kaaabl.

TyiiH ce3ep: *KoFapbl SHTPOMUSAIBI OKCU/ITI KepaMUKaiap, KOHQUTYPALUSIBbIK IHTPOIUSA, CHHTE3 d/li-
CTepi, KPUCTANJBIK KYPbLIbIM, GYHKLIIMOHAIABIK KACUETTED, XKbLIYTO3iM/li KOPFaHBILI YKaObIHAPHI.
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Abstract. High-entropy materials represent a new class of multicomponent materials formed by mixing
five or more elements. Owing to pronounced high-entropy effects, these materials exhibit unique physicochemical
properties. In recent years, there has been a steady increase in interest in high-entropy materials, as evidenced by
the growing number of scientific publications devoted to high-entropy alloys, ceramics, and oxides.

This review systematizes current knowledge on high-entropy oxide ceramics, presents data aimed at
understanding the main types of crystal structures—rock salt, fluorite, perovskite, pyrochlore, spinel, and others—and
discusses the principles of synthesis and application of high-entropy oxide ceramics. The role of high configurational
entropy in stabilizing single-phase states, as well as the influence of chemical complexity on lattice distortion,
diffusion processes, and the formation of the so-called “cocktail effect,” is demonstrated.

The paper outlines the main synthesis methods for high-entropy oxide ceramics, including solid-state, liquid-
phase, and gas-phase techniques, and analyzes their effects on phase composition, microstructure, and material
properties. The review covers recent studies on the mechanical, thermodynamic, catalytic, and electrochemical
characteristics of high-entropy oxides (HEOs), as well as their applications in structural materials and coatings.
Promising application areas of high-entropy oxide ceramics are discussed, including thermal barrier coatings,
catalytic systems, electrical and ionic conductors, and materials designed for operation under extreme conditions.

The performed analysis reveals correlations between structure, synthesis methods, and properties of high-
entropy oxides, providing a foundation for the development of new materials with tailored characteristics.

Keywords: high-entropy oxide ceramics, configurational entropy, synthesis methods, crystal structure,
functional properties, thermal barrier coatings
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AHHoOTanu. [10CKOIbKY /151 SIIEPHON U a9POKOCMHUYECKON TEXHUKU Tpe-
O6yeTcs CO3/aHHE PaJUallMOHHO-CTOMKHUX MaTEPUAJIOB, aKTyaJbHbIM SIBJISI€TCS
HccieloBaHMe paMallMOHHON CTOMKOCTH BBICOKOIHTPOMMUHBIX 60pui0B (BIB).
OHU coYyeTalOT NperuMylllecTBa AUOOPHUA0B OJHOTO MeTaJlla, TAaKHe KaK BbICOKas
TeMIlepaTypa IJIaBJIeHUs, TBEPAOCTb U XMMHUYecKasd HHEPTHOCTb, HO 06J1a/1al0T
0oJiee BBICOKOH paJJMallMOHHON CTOMKOCTBIO. B 1aHHOU paboTe NpoBeieH KpaTKUH
0630p ocobenHocTet BB 1 MeToz0B ux cuHTe3a. Mccae0BaHO BAMSIHUE 00JIyYeHUs
TSKEeJIbIMU HOHAMU KPUIITOHA Ha CTPYKTYPHO-(a30B0O€e COCTOSIHUE U MEXaHUYECKHE
ceoiictsa BIb (TiHfZrNbTa)B,, ciHTe€3MpOBaHHOI0 METO/IOM KCKPOBOTO MJIa3MEHHOTO
crniekanusi. Pacuétel MeTogoM SRIM nokazasiu, uto npu ¢utoerce ~10% cm? ypoBeHb
NOBpEeX/eHUH JocTUraeT ~2.3 cMelleHUH Ha aToM (dpa) npu riiy6rHe 0 12 MKM.

C nmomornpkto POM-3/1C npoaHanu3rpoBaHa MOp$OJIOTHS TOBEPXHOCTH BIB6 1
6uHapHbIX Ju60pu0B NbB, 1 TiB, mokasaHo, 4To 06J/iy4yeHHe He TPUBOJMT K 3HAYH-
TeJIbHbIM U3MEHEHHUAM MOPPOIOrMHU IIOBEPXHOCTH, HO B TiB, 06pa3yoTcs TpeluHbL.

C ucnoJsib30BaHMEM METO/I0B PEHTIeHOBCKOH JUPpaKIUU NOKA3aHO, YTO
napaMeTphl pellieTKH BceX 60pUJ0B YBEJUYMBAIOTCS, Te HauboJiblliee U3MeHeHHe
T0 MapaMeTpy pelieTku a o6Hapy»xenbl y BOB (0,54%), a mo napametpy ¢y NbB,
(0,61%). llogo6Has aHU30TpONHAA AedopManus pelleTKH, BEPOSITHO, CBUETEb-
CTBYeT O HAaKOIJIEHUU paJiHallMOHHO-UHAYLUPOBAaHHbIX /lepeKTOB B/I0Jb OJHOM U3
ocell pelieTKH.

HUccnenoBaHre MUKpPOTBEPAOCTH MeTO/I0M BrkKkepca nmokasaso, YTo obJiydeHre
MOHAMU KPUIITOHA IPUBOJUT K PaZMallUOHHOMY YIIPOUHEHHIO BBICOKOIHTPOIUMHOIO
m6opuaa (TiHfZrNbTa)B,, Torga kak a4 TiB, Ha6.1101aeTcA CHUXKEHHE MUKPOTBEp-

IMoctymmaa 21.05.2026. ITocae gopaGotku 1.06.2026. ITpunsra x meuatu 11.06.2026. Joctymno onaaria 30.09.2026.

*aBTOP 445 KOPPeCIOHAeHIUI
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VccaesoBanne BAVAHMS 0DAYIeHNS TAXKEABIMU MIOHAMU KPUIITOHA Ha CTPYKTYPHO-(a30BOe COCTOSHIE Y MeXaHIdeCcKue
CBOVICTBA BHICOKODHTPOIIMITHBIX 4M6opm1013

nocTy. B ciygae NbB, cymiecTBeHHbIX M3MEHEHMH MeXaHMIeCKHMX CBOMCTB B IIpe/iesiax
MOrPeLIHOCTU U3MepeHUU He BBISIBJIEHO.
[losiyyeHHbIe pe3yJIbTaThbl CBUAETEIbCTBYIOT O COXPAaHEHUU CTPYKTYpHO-da3o-
BOTO COCTOSIHUS U MeXaHUYeCKUX CBOMCTB BB B MccieJ0BaHHBIX YCJIOBUSX 00IyYeHUSI.
KitioueBble €/10Ba: BLICOKOIHTPONUUHBIN 60pua (B3B), DC-60, meTox uc-
KpOBOro ma3MeHHoro cnekaHnus (SPS), pajuanuoHHasi CTOMKOCTb, paiualluOHHOE
yIpOoYyHeHHe, KepaMUKH.

BBeaeHue

PazBuTHeE s/1epHOI IHEPTreTHKHU HOBOT'0 TIOKOJIEHH S, BKJIIOUAs peaKTophl feseHus IV nokosnenus (Gen-1V)
Y NIepCIeKTUBHbIE TEPMOsiJIepHbIE YCTAHOBKH, TPEOYeT CO3ZjaHUSI KOHCTPYKIHOHHBIX MAaTePHaJIOB, CIOCOGHBIX
COXPaHATb CTPYKTYPHYIO L[eJIOCTHOCTb B 3KCTPEMaJIbHBIX YCIAO0BUSAX 3KCIIyaTalMu. K TaKUM yCI0BUSIM OTHOCSTCS
BbICOKHE paboune TemnepaTypsl (okosi0 1000 °C B HopManbHOM pexxkrMe U 0 1500 °C B aBapuHHBIX CUTYaLUAX),
a Tak’Ke MHTEHCHUBHbBIE pa/IUallIOHHbIE T0JIS C YPOBHEM noBpexxgeHni 1o 50-200 cmemeHui Ha atoM (dpa) [1-3].
B 3TuX yc/l0BUSAX TPaJULIMOHHbIE MeTa/lJIMYECKHUE CILJIaBbl U CTAIU JJeEMOHCTPUPYIOT OTPAHUYEHHYI0 CTOMKOCTD
BCJIE/ICTBHE PAJJMALMOHHOT0 OXPYMYUBAHHUS U paclyXaHHs, YTO 06yCIaBIMBaeT HE06X0JUMOCTb IOKCKA aJIbTepHa-
TUBHBIX MaTepUasoB. B kauecTBe nepcneKTUBHBIX KAHAUJATOB pacCMaTPUBAIOTCS YAbTPAaBbICOKOTEMIIEpATYPHbIE
kepamuku (UHTC), B 4acTHOCTH AUOGOPU/bI TYTOMJIAaBKUX METAJIJIOB.

Bopuabl nepexoanbix Metamnos (TiB,, ZrB,, HfB, u gp.) 06/1aja10T yHUKaJIbHBIM COYE€TaHUEM CBOKCTB,
BKJIIOYasi BbICOKHe TeMnepaTypsl miassaeHus (>3000 °C), BbICOKYIO TBEP/IOCTb, XOPOILIYIO TEMJIOIPOBOAHOCTh
Y XMMHUYECKYI UHEPTHOCTS [4, 5]. Bsiarozapsi BbICOKOMy ceYeHHI0 3aXBaTa TeMJOBbIX HEUTPOHOB H30TONOM '°B
JlaHHble MaTepHaJbl IUPOKO IPUMEHSIOTCS B KaueCTBe HEUTPOHOIOIJIOIAOINX 3JIeMEHTOB, BK/II0Yast PEryAUpY-
I0lIMe CTEPXKHU U 3alUTHBIE SKPaHbl [6]. OHAKO UX 3KCIJIyaTal[MOHHbIE BO3MOXXHOCTH OTPAHUYEHbI XPYIKOCTHIO
U CKJIOHHOCTBIO K PaCcTPEeCKHBAaHUIO, BBI3BAHHOMY HaKOILJIEHUEM paJIuallMOHHbIX JedeKTOB U 06pa3oBaHUEM
ra3oBbIX IPOAYKTOB (re/iui) B pe3ysbTaTe siZlepHbIX peakuui [7, 8].

[lepcieKTUBHBIM HaNPaBJIeHUEM MOBBIIIEHUS PaIUALMOHHON CTOUKOCTH U MEXaHUY€eCKOH CTabUJIbHOCTU
KepaMU4yeCcKHUX MaTepHUasoB sIBJIsSETCS IPUMeHeHHe KOHLIENI[UM BbICOKOSHTPOMUNHBIX CUCTEM, OCHOBAaHHOM Ha
$opMHUpPOBaHUM MHOIOKOMIIOHEHTHBIX TBEP/bIX PACTBOPOB U3 MATH U 60Jee MeTal1JI0B B GJIM3KUX K 3KBUMO-
JIIPHBIM COOTHOILIEHUSIM B COYETAHUHU C yIJIepoioM/60poM/a3oToM/KucaopozoM [3, 9]. BeicokosHTponuiiHbIe
aubopubl (BIB), BiepBble ciHTe3WpoBaHHbIe B 2016 rofly, KpUCTANJIU3YIOTCS B reKCaroHaJIbHOU CTPYKTYpe TUIla
AlB, (pucyHoK 1), npeAcTaBasm0ILel co60 YepeloBaHUe XKEeCTKUX IBYyMEPHBIX 60PHBIX CJI0EB U METAJIMYECKON
nogpewéTku [10]. Beicokas koHPUTypanioHHasi SHTPOMNHUS CHOCOGCTBYET CHHXKEHHIO CBOOOHOH sHepruu ['m66ca
1 obecrieyrMBaeT TepMOJUHAMUYECKYIO CTaOUJIbHOCTb a3 NpU BEICOKUX TeMIlepaTypax U AaBJeHHUSIX.

PucyHok 1. Kpucrasimyeckas CTpyKTypa BbICOKOIHTPONUIAHOrO Au6opuaa Tuna AlB,
(P6/mmm) [10]
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9.4. Canap, V.A. Isanos, A.C. Ceiir0aes, b.C. Amamxyaos, ©.M. Temip

0co0bIN HHTEPEC PEICTABJSET UX MOTEHI[MAJbHO BbICOKAs paJiHallMOHHAsA CTOMKOCTb. 3HAYUTEJbHOE
HCKa)KeHHe KPUCTAJINYeCcKol pelléTkH U 3pdeKT 3aMenneHHoN auddy3suu («sluggish diffusion») dpopmupyror
CJI0’KHBIH 3HepTreTHYeCKUH JJaHAADT, 3aTPYAHSAOIIUNA MUTPALMI0 paJAUalMOHHBIX AedeKTOB U MOoAaBAAIOLIUN
MX arperanyio B KpyIHble KJIacTephl, IOPHI U rejiieBble My3bIipbky [1, 11]. B oTsinyue OT TpaAMIITUOHHBIX KEPAMUK,
JJ1s1 BOB Takke xapakTepHo nojaBjieHue aMopdusanuu U paAualioHHO-UHAYIMPOBAaHHOM cerperamnuy sjaeMeH-
TOB Ha [PaHHUIIaX 3epeH.

CTeneHb U3y4YeHHOCTU BbICOKOIHTPONMMHBIX AM60pu0B (BOB) Ha cerofHAIIHUMN IeHb MOKHO OXapaKTe-
pHU30BaTh KaK CTaANI0 aKTUBHOTO GOPMUPOBAHUS HAYYHOU 6a3bl: JOCTUTHYTHI 3HAUUTE/IbHbIE YCIIeXU B 06J1aCTH
CUHTEe3a U ONMCaHHs 6a30BbIX CBONCTB, OJJHAKO COXPAHSAIOTCS CyllleCTBeHHble Npo6esibl B IOHUMaHUU QyHAaMeH-
TaJIbHbIX MEXaHU3MOB U NOBeJleHUd 3TUX MaTepUaJIOB B IKCTpeMaJ/IbHBIX yCJI0BUAX. MHTeHCHBHOe U3ydyeHue BOb
Ha4vaJ/IoCh CPaBHUTEJIbHO HeZlaBHO — nocsie 2016 roza, oAHAKO 3a ocjieJHUe roJbl HabJI0AaeTCs CTpeMUTEeIbHbINA
pOCT yKc/a Ny6JIMKaL Ui, YTO CBU/IeTeIbCTBYET O BbICOKOM HayYHOM M IPUKJ/IaJJHOM UHTepece K JaHHbIM MaTepu-
anaM. Kak cienyeT U3 pyucyHKa 2, HabJ110aeTcst MHTEHCUBHBIN POCT NyGJIMKAIlMOHHOW aKTUBHOCTH, OTPaKakoIni
Bo3pacTaroluii uHTepec K BIb Kak nepceKTUBHBIM MaTepuasaM JJis S3KCTpeMalbHbIX yCI0BUH 3KCILTyaTanuu [10].

PucyHok 2. /luHaMUKa NyG/IMKallMOHHOM AaKTUBHOCTH N0 BbICOKO3HTPONMHHBIM
Au6opuaam 3a 2016-2026 rr. (o JaHHBIM Scopus)

Haunbosiee xopo11o u3ydeHbl METO/bl CHHTE3a U KOHCOJIHUJALUY, BKJII04asl BbBICOKO3IHEPreTUYECKUM 1apoBoi
IIOMOJI, ICKPOBOE TJIa3MeHHOe ClIeKaHHe U 60poKap60oTepMUYeCKOe BOCCTAHOBJIEHHE, TIO3BOJISIOLIME 0Iy4aTh
IJIOTHBIE 0HOa3HbIe MaTepuasbl (92-98% oT TeopeTHUeCKOH MJIOTHOCTH) [12]. IKCIIEpUMEHTaIbHO O TBEPK-
AeHo GopMHUpoBaHMe reKcaroHaJbHOU CTPYKTYpbl THNa AlB, (P6/mmm) ¢ paBHOMepHBIM pacnpe/ie/ieHUeM 3Jie-
MEHTOB U OTCyTcTBHeM cerperanuu [10]. Cpeau akciiyaTallMOHHBIX CBOMCTB HanboJiee MOAPOGHO Hccae0BaHa
OKHCJINTEJIbHASA CTOMKOCTh: BIb 1eMOHCTPUPYIOT MOBBIIEHHYIO YCTOMYUBOCTD 110 CPABHEHUIO C 6OJIBITUHCTBOM
OGMHaApHBIX OOPHUJIOB U COXPAHSIOT CTPYKTYPHYIO [IeJIOCTHOCTD Ipu TeMnepaTypax Ao 1200-1500 °C [13]. Takxke
HaKOIIJIEH 3HAYUTEJbHBIN 00bEM JaHHBIX 110 6a30BbIM MEXaHUYECKHUM XapaKTePUCTUKAM, BKJIOYas TBEPAOCTh U
Mofy.ib ynpyroctu [9]. [lna cocrasa (Hf ,Nb ,Ta,,Ti ,Zr,,)B, i3amepeHHble 3Ha4eHus TBepAocTH - 21,82+1.0 ['Tla
u moayJist lOHra - 488.57+1.7 I'lla, uTo npeBbIlIaeT 3HaUYEHU AJis ABOMHBIX 60pu0B [9]. MexaHUUecKUe XapaK-
TepucTUKU BB conmocTaBuMbI ¢ TAKUMU AUGOPHUIaMHU KaK HfBZ, rae moayb HOHra coctaBsisieT okosio 540 I'Tla, a
TBepAOCTb cocTapsAeT 29 'Ma [14] u Nsz, rzae moaynb IOHra gocturaet okoJsio 637 I'lla, a TBepA0CTb cOCTaBAsAET
20.9 I'lla.

B nociefHue rofibl akTUBHO Pa3BUBAKOTCSA UCCIeJ0BaHUA paJjualilioHHOM ycTounBocTy BIb. [lokasaHo, 4To
XUMHUYECKOe pa3ynopsZiodyeHre U UCKaXKeHHe PeIlETKY MOAABJISIIOT POCT AePeKTOB U MOTYT IPUBOAUTD K 3dPeKTy
YaCTUYHOTO BOCCTAaHOBJIEHUSI MEXaHUYECKUX CBOMCTB MPHU BbICOKUX [j03ax 00/1y4ueHus1. McciefoBaHMe, TPOBeJeHHOE
rpynno# nof, pykosozctBoM Ameya Khanolkar u ap. [9], nokasaso, uto noBesenvrie BIb npu 06/1y4yeHUH TSXKeNbIMU
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rnoHaMu Au c 3Hepruein 10 MaB cymecTBeHHO OT/IMYaeTCA OT TPAAULIMOHHBIX KEPAaMUK U XapaKTepU3yeTcd TpeMd
CTaZUsIMU: Ha4a/IbHbIM YIPOYHEHHEM [IPU MaJIbIX 03ax (pocT TBepAocTH ~10% 3a c4éT 06pa3oBaHUsA TOYEUHbIX
JIedeKToB), OCAeAYIOIUM HaChILIeHUEM WM Jlerpajialiieii CBOMCTB B 60Jiee MPOCThIX (UeTBEPTUYHbIX) CUCTEMAX
U, YTO HauboJiee BaxKHO, 3pHeKToM «camosaneuynBanus» B cocrtase (Hf ,Nb ,Ta ,Ti ,Zr ,)B,, nposBaswomumcsa B
BOCCTAHOBJIEHUH TBEPAOCTH U MOJYJISl yIPYTrOCTU NIPH BbICOKUX QJII0eHCax.

JaHHbIN 3¢ PeKT cBA3bIBaeTCA € NojaBJeHreM GOPMUPOBAHUS NPOTHKEHHBIX AedeKTHBIX CTPYKTYP,
3aKpenJieHHeM JUCA0Kal Ui TOYeYHbIMUY JepeKTaMU U 3aMeiieHHON fuddy3relt, 00yc10BIeHHON XUMUYECKUM
6ecropsa/IKOM U UCKa’KeHHEeM KPUCTA/VINYecKOH pelléTKHU. B COBOKYITHOCTH 3TO IPeNATCTBYeT Jerpajaluu CTpyK-
TYPbl U CHOCOOGCTBYET CTAOUIM3ALUY MeXaHUYeCKUX CBOUCTB [9].

TakuM 06pa3oM, NOKa3aHO, YTO MHOTOKOMIIOHEHTHOCTb COCTaBa siBJseTcsA 3G PeKTUBHBIM MEXaHU3MOM
NOBBIIIEHHS PaJMallMOHHON CTOMKOCTH, 06ecnieynBasi yHUKa/IbHYI0 ClI0CO6HOCTb BIB K YacTUYHOMY BOCCTaHOB-
JIEHUIO CBOMCTB B YCJ10BUSIX UHTEHCUBHOI'0 06JIy4€eHMUsl.

[TapassiensHo U3y4daeTca nosefeHue BAb npu skcTpeMabHBIX [jaB/IeHUAX U TeMIlepaTypax, IAe npoge-
MOHCTPHUPOBaHAa UX BbICOKas pa3oBas cTabUJIBHOCTb U HU3KasA CxxMMaeMocThb [15]. CylecTBeHHYIO poJib UI'paeT
U TeopeTuyeckoe mogenaupoBaHue (SQS Special Quasirandom Structures - crieniuajibHble KBa3UCAy4alHbIE CTPYK-
TYp®l, ab initio), mo3BoJIsIIOLIee TPOTHO3UPOBAThL CBOMCTBA, OJHAKO TaKHe MOJeJH I0Ka OrpaHUYEeHbI B YYéTe
nedekTHOU cTpykTyphI [16]. KommiekcHoe nccnenoBanue B3b (Hf,Mo,Nb,Ta,Ti)B2 5 (Hf,Mo,Nb,Ta,Zr)B2 [oKasaJsio,
4TO reKcaroHajbHas CTpyKTypa Tuna AlB, coxpaHseT cTabu/IbHOCTD IPH AaBJeHusAx A0 9,5 I'Mla u Temnepatypax
Ao 2273 K [15]. [lna cocrasa (Hf,Mo,Nb,Ta,Ti)B, skcniepuMeHTaNbHO ONpe/ieIéH 06beMHBIA MOAY/Ib YIIPYTOCTH
K, =276 I'lla, uTo corsacyercsa ¢ pacuétamu 1o mogesu SQS (Special Quasirandom Structures - cneyuanbHble
KBasucJaydaliHble cTpykTyphl) (288 I'I1a). [Ipegen TekydyecTu npu c:xaTuu gocruraet = 28 I'lla npu gaBsenuu 65
I'Ma, a suddepeHnnasbHOE HANPSDKEHHE COCTABJIsIeT 0K0JI0 8% OT MOJYJIS CABUTA, YTO YKa3bIBaeT Ha BBICOKYIO
npoyHOCTb MaTepuasa [15]. [losiyyeHHble pe3ynbTaThl AeMOHCTPUPYIOT, yTo BIB o6s1anatoT Bbicokol $pa3oBoit
CTabUJIbHOCTBHIO U HU3KOW C)KMMaeMOCTbIO B 3KCTPeMaJIbHBIX YCJIOBUAX, UTO JieJlaeT UX epCleKTUBHbIMU MaTe-
pUasiaMu /151 IPUMEHEHUs B AIePHOM U a3POKOCMHUYECKOH TEXHUKE.

YcraHoBJ/1eHO, 4TO BOB 1eMOHCTPUPYIOT CyllleCTBEHHO 60Jiee BBICOKYIO YCTOWYHMBOCTb K OKUCJIEHUIO 110
CpaBHEHMUIO C 6OJIBLIMHCTBOM OUHAPHBIX AU60puA0B. B uccinenoBanuu Giovanna T. u ap. [17] c npuMeHeHUeM
TE€PMOrpaBUMETPHUYECKOTO0 aHa/IK3a 6bLJI0 YCTaHOBJIEHO, YTO HaYa/l0 HHTEHCHBHOTO OKUC/IeHus A TiB, Ha6ro-
Jaetcs yxe npu ~450 °C, nast TaB, - Bbe 600 °C, Toraa Kak s HfB2 Y BBICOKOSHTPONMMUHOTO COCTaBA — JIMIIb
npu 1200-1300 °C [17]. [Ipu usotepmuyeckux ucnbiTanusx (1200 °C, 4-6 4) BOb xapaKTepU3yOTCs HU3KOU U
CTabUJIbHOM CKOPOCTBI0 OKMC/IEeHUA, conocTaBuMoi ¢ HIB,. [IpesioxeHHbI aBTOpaMM PAJ yCTOMYMBOCTH MMEET
Buj: TiB, < TaB, < HfBz S (Hf,Mo,Zr,Nb,Ti)B2 [17].

[ToBpIlIEHHAA apOCTOUKOCTb BOB 06 bsicHAeTCSA 3P deKTaMy MHOTOKOMIIOHEHTHOCTH — XUMHUY€eCKON
pa3ynopsa/0ueHHOCTbI0, 3aMeiieHHOH Juddy3uel u GopMUpOBaHHEM YCTONUMBBIX 3aLUTHBIX OKCU/IHBIX CI0EB.
JTO NOATBEPXK/AET epCeKTUBHOCTb BbICOKOIHTPONMNHBIX AMOG0PU0B AJI IKCIIyaTalluy B BO3AYIIHOH cpejie
npu TeMinepaTtypax cBbiie 1200 °C [17].

HecMoTps Ha JOCTUTHYTBIN NPOTrpecc, OCTAIOTCs HepelléHHbIe 33/1a4y, CBSI3aHHbIE C YyCTAHOBJIEHUEM
B3aMMOCBsI3el «COCTaB-CTPYKTYpa-CBOMCTBaA», a TaKXKe C U3yYeHUeM TellJIoQU3UYECKUX, IJIEKTPUIECKUX U BbI-
COKOTeMIIepaTypPHbIX MeXaHUYeCKHX XapaKTepPUCTUK (M0JI3y4ecTb, TPEIUHOCTOMKOCTD, YCTaN0CTh). OcO6eHHO
OrpaHUYEHHBIMH OCTAOTCS JAaHHbIE O BJWSHUM PaJiMallMOHHbBIX IOBPEXAEeHU Ha MexaHW4YecKkue cBorcTBa B3b
[9]. B yacTHOCTH, NpaKTUYECKH He HCCIe0BAaHO BO3/IeCTBUE TSAXKeJIbIX MOHOB C 3HEPTIUSMH, XapaKTepHbIMU
JLJIS1 OCKOJIKOB JleJleHusl (HanpuMep, KPUIITOHA), HA MHOTOKOMIIOHEHTHbIE 60pUHbIe CUCTEMBI, UTO ONpefesseT
aKTyaJbHOCTb HaCTOsIel paboThl.

Martepuasibl 1 METOABI

Bonpoc 06 ycTOMYHMBOCTH K paZiMaliMOHHBIM NoBpexaeHusAM BIb octaeTcs akTyanbHbIM. [IpeanosaraeTcs,
yT0 B3b nMeeT BbICOKY10 paZiualilMOHHYI0 CTOMKOCTDb U BBICOKHE MeXaHUYeCKHe XapaKTepPUCTUKH, CPaBHUMbIe UJIH
NpeBoCXoAsAIINe JUOOPU /bl OHOTO MeTaslla.
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O6pasupel BIB (TiHfZrNbTa)B, u 6unapubie gu6opuasl NbB, u TiB, 66111 10/Iy4eHbl METOAAMH TBEP/O-
¢$a3HOro cHHTE3a U HCKPOBOTO IJIa3MEHHOTO creKaHusi B TOMCKOM mosiMTexHu4eckoM yHuBepcurteTe [18]. O6pas-
Lbl IPeCTaBJIsJIU CO00M 06'beMHbIe KepaMUUiecKUe TabJIeTKU ¢ JuaMeTpoB 12,5 MM u BeicoToit 1,8-2,7 MM A
pa3IMYHbIX 06pa3LoB. JlaHHble 60pH/Abl OBIIN BBIOPAHBI U3-3a UX XKapPOCTOWKOCTH, YCTOMYUBOCTH K KOPPO3UH, a
OuHapHble JU60PHUABI GbLIY BbIGpPAHbI AJist cpaBHEHUs ¢ BB 1 n3ydeHus BJAMSHUSA BBICOKOW 3HTPONMH U GoJiee
CJIO’KHOTO COCTaBa Ha PaJIuallMOHHYI0 CTOUKOCTb.

IIpoBeieH epBUYHbIN aHa/Ku3 06pasioB BB n 6unapubix au6opuaos NbB, u TiB,, rae 66111 nccieJoBaHbl
HX CBOKMCTBA /10 06JIy4eHUs1. A TaKXKe TPOBE/IeHbl pacyeThl C TOMOIIbI0 mporpaMMbl SRIM f11s1 oLleHKH paguanu-
OHHBIX TIOBPEXEHUHU U paclpesiesieHUs UX o riyouHe [19].

Juist usydenus Mopdosioruu u iepeKToB HOBEPXHOCTH OOPHU/I0B MPOBOAUIIOCH UCCIEJOBAaHKE TIOBEPXHO-
CTH METOJIOM PacTPOBOH 3JIEKTPOHHONW MUKPOCKONMU Ha MUKpockorne Hitachi TM3030. 3ieMeHTHBIH COCTaB U
OJTHOPO/IHOCTb UCCJIe/lyeMbIX 06pa31[0B U3y4aIMCh C TOMOLIbI0 METO/I0B 9HEPTO/JUCIIEPCUOHHOM CIIEKTPOCKOTIHH
(31C) Ha JTaHHOM MUKPOCKOTIE.

AHanu3 KpUCTaNINYeCKOU CTPYKTYPhI MU $a30BOT0 COCTABA BBIIOJIHAJICS METOJOM PEHTI€HOBCKOM Aud-
paKLMU c ucnoJib3oBaHueM Audpakromerpa Bruker D8 Advance Eco npu cbémke B reometrpuu bperra-BpeHTaHo
B AiManasoHe yriioB 20. [lyisg aHa/M3a CTPyKTYpbl 06pa3ijoB UCI0JIb30Balachk nporpamma Profex [20], a aJia aHanu3a
das3oBoro cocraBa UCHoJb30Baack mporpamMma QualX c 6a3oit JanHbIx COD [21]. [TapaMeTpbl KpUCTATHYECKON
PEIIETKH ONpe/ieIAIUCh 10 MOJIOKEHUAM JU(PaKIMOHHBIX MAKCHMyMOB OCHOBHOM ¢a3bl THna AlB,. [Ipu uH-
TepnpeTanyy pe3yJbTaTOB YYUTHIBAJI0OCh BO3MOXKHOE BJIUSHUE OCTATOYHBIX HANPSKEHUH, MUKpoAedopMaL Ui
KPUCTAJJINYECKOH PEIIETKHU U MPUMECHBIX (a3 Ha MOJI0KeHHe U LIMPUHY JUPPAKINOHHBIX JIMHUH.

Jlis aHa/IM3a UCXOAHOW MUKPOTBEPAOCTH U YIIPOYHEHUS TPOBEIEHbI U3MEPEHUS C TOMOLIbI0 IMPOBOTO
MukpoTBepgoMepa (Duroline Metkon M-1) B A® UAD. OnpesneneHre TBepOCTH TPOBOAUIOCH C UCIIOIb30BAaHUEM
aJIMa3HoOro UHJEHTepa B BUe nupaMuiku Bukkepca c Harpysko# 50 H (HV 5) ass kaxzaoro o6pasna c He MeHee 5
v3MepeHuil. /laHHas Harpy3ka 6bLj1a BbI6paHa B COOTBETCTBUM IJTyOUHBI IPOHUKHOBEHUST MOHOB /IJIsl CDABHEHUS U
OIIEHKH COCTOSIHUS TBEPJOCTH IPUIIOBEPXHOCTHOTO CJI0S ITOC/Ie 06/1y4eHHUs Y UccielyeMbIX 06pa3LioB. Bo Bpems
HM3MepeHUs TBEPJOCTH UHAEHTUPOBAHHUE MPOBOJUJIOCH B 00J1ACTSX, YAAJEHHBIX OT TPEIIVH U CKOIJIEHUH Gopa.

06s1y4yeHre uccieyeMbIX 06pa3IoB MPOBOAMIOCH HA TUKJIOTPoHE /[L[-60 TsKeJbIMU HOHAMU KPUIITOHA
(Kr) c sneprue#t 147 MaB u puroeHcom o 10 cm? [22]. Ucniosib30BaHHME HOHHOTO 06JIyYeHUs TO3BOJISIET MO-
JleJTMpOBaTh paJuallMOHHbIE MOBPEX/EHUS OT OCKOJIKOB JleJIeHUs], XapaKTepHbIe ISl YCJIOBUH 3KCITyaTaluu
MaTepHaJIOB B s1/IePHOU 3HEpPreTHKe.

Pe3ysibTaThl U 0GCYXKAEeHUE

Jl1s1 O1LleHKU BeJIMYKHBI pa/iuallMOHHBIX OBPEXAEeHUHN U INTyOHUHBI UX MMUKA ObLI BHIIIOJHEH pacyeT C
ucnosb3oBanreM nporpaMmmbl SRIM/TRIM g au6opugos TiB,, NbB, u BeicokosnTponuiiHoro aubopuia (B3b)
TiZrHfNbTaB,, 06s1y4éHHbIX HOHaMHK **Kr'>* c sneprueli 147 MaB. [loslydeHHble pe3y/bTaThbl MPe/CTaB/IeHbI Ha
pucyHke 4. AHa/M3 pacnpejieseHust 3HepreTuyeckux notepb (PucyHok 4a) mokasas, YTO HAa HAYaJbHOM y4acTKe
npo6era MOHOB MPe061aAI0T IOTEPU SHEPTHUU Ha 3JIEKTPOHHOE TOPMOXKEHUE, 06yCI0BIEHHOE MTPOoIeccaMH BO3-
Oy’K/IeHUsI 3JIEKTPOHOB U HOHM3ALUY aTOMOB MaTepuaJa. [lo Mepe IPOHUKHOBEHHS BIVIyOb MULIIEHU IPOUCXOJUT
3aMe/iJIeHHe UOHOB, UTO CONPOBOXK/JAeTCsl YBeJIMUeHHeM BKJIa/a si/lepPHOT0 TOPMOXKEHUS1. YIPYrye CTOJKHOBEHHUS
HaJIeTaloLIMX MOHOB C aTOMaMHU PEIIETKH MPUBOJST K UX CMEILeHHUI0 U3 y3JI0B pelleTKH U GOPMUPOBAHUIO paJu-
alMOHHBIX epeKTOB. /lJi1 HOHOB KPUIITOHA, HaJleTaloIMX C 3Hepruen 147 MsB, npo6er nonos B TiZrHfNbTaB,
cocraBJser 12,84 MKM, B Nsz— 15,47 MkM, B TiBZ - 16,84 MKM. JJIeKTpOHHbIE IOTEPU A1 TinHbeTaB2 COCTaBJIfA-
10T 1,682"10* k3B /MKM, a s1/lepHble I0TePU 3HEPTUHK COCTaBAT 46,90 kaB/MkM. [l NbB, s/1eKTpoHHBIE TOTEpH
cocrapsAoT 1,278°10* kaB/MKM, a Ai/iepHble I0TepU 3HePruy cocTaBAAWT 31,29 kaB/mMkmM. [lna TiB, ssieKTpoHHbIE
notepu cocrapisoT 1,165710* kaB/MKM, a ijiepHble NOTEPH IHEPTUU COCTABJAIOT 24,41 k3B /MkM. Kak BUAHO U3
pucyHKa 46, Hau6oIbIINHM YPOBEHb paJMalMOHHbIX IOBPEX/JeHUM HabtoAaeTcsl B BIb, 151 koToporo Makcumasib-
HOe 3HaueHHe NOBPeXAalolel 103bl COCTaBUJIO 0K0JI0 2,3 dpa (cMeleHUH HA aTOM) Ha IyOuHe nopsiaka 12,84
MKM. /]0J11 UMIIJIAHTUPOBAHHBIX MOHOB KPUIITOHA HE3HAUYUTeJbHA U cocTaBiseT MeHee 0,016 aT.%.
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PucyHok 4. Pacnipesesienne: (a) norepu 3Hepruu HOHoB (ions) U aToMoB oTaauyM (recoils) Ha noHM-
3auum B BIB, (6) 03a paagnanHOHHBIX IOBPEKAEHU KpUnToHa B o6pasuax TiB,, CrB,, NbB,, TaB, n
TiZrHfNbTaB,, 06/ly4eHHBIX HOHAMHU KPUIITOHA.

Ha PucyHke 5 npescTaB/ieHbl pe3y/ibTaThbl UCC/Ie0BaHUS IOBEPXHOCTH 06pas3noB. [locsie HoHHOTO 061y~
4eHusd B 06pasiax He HabJII0/Ial0TCA 3HAYMTe/IbHbIE H3MEHEeHUA MOPOJIOrUH MOBEPXHOCTH, KpoMe o6pasia TiB,.
Ha nosepxnoctu TiZrHfNbTaB, npucyTcTBYIOT TEMHBIE 06/1aCTH U CKOJIbL. ITO yKa3bIBaeT Ha Nlepepacnpe/iesieH1e
60pa 0K0JIO TEMHBIX MSATEH U, BO3MOXXHO, popMHUpoBaHUe 1edeKTOB, KOTOPbIE CBSI3aHbI C MEXaHUYECKUM WJIU Pa-
JUALMOHHBIM OBpEX/JeHHeM. 3aMETHOT'0 U3MEHEHUS UJIU 3PO3UH IOBEPXHOCTHOCTH M0 CPABHEHMUIO C UCXOAHBIM
cocrosiHueM BIB He 6b110 06HapyxeHo. Mopdosiornieckue oco6eHHocTH NbB,, Takre Kak HCX0ZiHasA TIOPUCTOCTD
Y TPeLIXHbI, He IPeTePIeBaloT 3HaYUTENbHbIX U3MEHEHUH N0/l BO3/ieiicTBMeM MOHHOTO 06.1y4enus. [ TiB, B
HCXOZHOM COCTOSIHUM Ha0JII0/[a/1ach 3€pHUCTASA CTPYKTYPA OBEPXHOCTH C MEJIKUMH IIPO/[0JITOBATHIMH 3€pHAMH.
ITocsie 06s1y4enust Ha moBepxHOCTH TiB, 6b11a 06Hapy»eHa CTPYKTypa ¢ 60/1ee KPYIHbIMU 3€PHAMH U TPeLIMHaMU
MeX/1y HUMH, a TaKXKe IopaMU.

PucyHOK 5. CHUMKM HOBEPXHOCTH M COOTBETCTBYIOIIIHE MM KapThl 3/IEMEHTOB B (a-B)
HUCXOJHBIX U (r-e) 06/1y4eHHbIX MOHAMHU KPUNITOHA, NI0JIy4YeHHbIe ¢ noMobio PAM-3/1C
o6pasuax (a, r) (TiHfNbZrTa)B,, (6, a) NbB,, (8, €) TiB,.
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AHanu3 $pazoBoro cocTaBa v mapaMeTpPOB KPUCTAIMYECKOHN PeIETKY ObLI BBIIIOJHEH METOAOM PEHTI€HOB-
cko¥ audpaknuu. Ha pucyHke 6 IoKa3aHo, YTO MUKH UCXOAHOTO BICOKO3IHTponuiHoro aubopuza (TiHfZrNbTa)
B, cooTBeTCTBYI0T dase c rekcaroHaJbHOM CTPyKTypoH Thna AlB,. Ha penTreHorpaMmax Ju60puA0B NEPeX0HbIX
MeTaJI0B, Takux Kak NbB, u TiB,, o6Hapy>keHbl MMKHM IPUMECHBIX $pa3 KapOouIoB U Apyrux ¢pas 6opuaa. Kpome
Toro, B ucxogHoM TiB, npucyTcTByet dasa pytusa (TiO,), koTopas nocsie 06/y4eHns Nponajaet, HO cpopMupo-
BaJsiack pasa rpadura.

B Ta6suue 1 npuBeieHbI MapaMeTPhl PELIeTKH A0 U 0CJe 00/IyYeHHs] KPUIITOHOM C 3Heprueit 147 M3B.
[lapameTpsbl pelieTKH BceX 60PU/0B YBEJTUYHNBAIOTCS, Te HANOO0JIbllee U3MEHEHUE 110 TApaMeTPy PELIeTKH a
o6Hapy»xeHbl y BIb (0,54%), a mo napameTpy ¢y NbB, (0,61%). Crout oTMeTuTh, 4TO B BOb pocT mapameTpa pe-
IIETKH d IpeBbILIAET POCT MapaMeTpa C, UTO COTJIACyeTCsl C TPeHAaMHU AJis G0PH/I0B C reKCaroHaJlbHOH pelieTKoH
tuna TiB,. B NbB, Hao60poT yBe/inyeHHe napamMmeTpa ¢ peBbIllaeT yBeIuieHHe apaMmeTpa d.

YBesMueHUe NapaMeTPOB pelleTKH CBUAETeNbCTBYET O IPEUMYILeCTBEHHOM HAaKOIJIEHUU pajualiu-
OHHO-WH/YIIUPOBAaHHBIX Ae}eKTOB B/I0JIb OJHOHN U3 OCeX pelleTKU U aHU30TPONHOM AedopMalUi PeLIETKH.
AHWM30TPOITHOE paclIMpeHre PelleTKU XapaKTepHO /Ji reKcaroHaJbHbIX 60pu10B, TakuX Kak TiB,, v cBA3aHO ¢
TeM, YTO 60JibIlIas YacThb JePpeKTOoB, HAapUMep, JUCIO0KALMOHHBIX N1eTe/b CKAllJINBAeTCs B MJIOCKOCTU MPU3MBbI,
napaJsiieslbHOU ocH a [23]

PucyHOK 6. PentreHorpammsl: a) BIb (TiHfZrNbTa)B,, 6) NbB,, B) TiB,.

Ta6smua 1. [lapamMeTpsl peIIETKH HCXOAHBIX U 06 IyY€HHbIX HOHAMU KPUNITOHA GOPU0B.

CocTtosiHue [TapameTp NbB, TiB2 (TiHfNbZrTa)B2
pelieTKH
Heob6siyyeHHbIE a(Ad) 3.10845+0.00021 3.02499+0.00400 3.08995+0.00014
c(h) 3.26378+0.00023 3.22761+0.00430 3.34916%0.00015
a/c 0,95241 0,93722 0,92260
Kr 147 MaB, 1x10%° | a (A) 3.11843+0.00003 3.03826+0.00008 3.10658+0.00004
cm?
c(h) 3.28698+0.00005 3.24185+0.00009 3.35994+0.00005
a/c 0,94872 0,93720 0,92459
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YcTOMYUBOCTh MEXaHUYECKUX CBOWCTB 6OPH/I0B OLLeHUBAJIMCh [10 U3MEHEHHUI0 MUKPOTBepocTH. Ha pu-
CyHKe 7 I0Ka3aHO, YTO 00/Iy4yeHHe NPUBOJUT K 3¢ eKTy paZiMallMOHHOI0 YIIPOYHEeHHUs, Hanboiee BbIPAKEHHOMY
A1 B3b (mpumepHo Ha 12%). B To e Bpemsa B NbB, ynpounenune MuHuMasbHoe, a B TiB, o6Hapy»eHo yMeHb-
nieHue TBepAoCTU Ha 32% OT UCXOoAHOro0. B kauecTBe NOrpelIHOCTY 3Ha4eHUH MUKPOTBEPAOCTH HCII0JIb30BaIU
CTaH/JJapTHOE OTKJIOHEHHe, paCCYUTAHHOE 10 pe3y/ibTaTaM NSTH U3MepeHUH [ KaKoro o6pasna.

PocT TBepmocTu BIB, BeposiTHO, 06yC/I0B/IeH 06pa30oBaHUEM TOUYEUHbIX JePeKTOB U JUCAOKALMOHHbBIX
NeTeJb, IPENATCTBYOUIMX JBKEHUIO JUCTOKAIUH, UYTO COIVIacyeTcs C UCCeJOBaHUEM, IPOBEIEHHBIM I'DYII-
no# yueHbix Khanolkar [9], rae nocse o6sydenust nvonamu Au, ¢ aneprued 10 MaB, yBesnnuenue tBepgoctu B3b
(Hf, ,Nb,,Ta ,Ti ,Zr ,)B, nocrurana 10%. BeposATHo, 3TO CBA3aHO C TeM, yTO B BB u3-3a appexTa xXuMuyeckoro
pasynopslouMBaHus U 3aMeiJIeHHON Anddy3un, NpensATCTBYIOIUMHU POCTY AePeKTHBIX CTPYKTYP, MUTPALIUs
MeJIKUX JedeKTOoB nojassgercs [3]. YMeHbuieHne TBepAocTH B TiB,, BEpOATHO, CBA3aHO C BOSHUKHOBEHUEM
pactpeckuBanus TiB,, BbI3BaHHBIM aHU30TPOIHBIM H3MEHEHHEM NTapaMeTPOM pelleTKH [8].

PucyHok 7. TBEpAoCTb 06pa3L0B A0 06JIyYeHHUA U OC/Ie 06/1y4YeHusA noHamu 3+ Kr15*
c 3Heprueit 147 MaB c ¢rroercom 17105 cm2 [My6uHa MHAEHTUPOBAHUS - 0K0JI0 9-12 MM (HV5)
(o6/1acTh C MAKCMMAJ/IbHBIMU PagHAalMOHHBIMM NOBpexxaeHUusaMH (dpa)).

TakuM 06pa3oM, B HCC/IeL0BaHHBIX YCI0BUAX 061yyeHuss BB npogeMoHcTprpoBas 60Jiee BBICOKYIO YCTOM-
YUBOCTb K paZiMallMOHHO-UH/YLIUPOBAHHBIM U3MEHEHUSAM CTPYKTYPbl U MeXaHUYECKHUX CBOMCTB 110 CpaBHEHHUIO
¢ GUHAPHBIMU AUOOPHUIAMU.

3akI4eHue

BrinosiHeH 0630p METO/I0B MOJIyYEHUs U CBOMCTB BBICOKOIHTPOMUNHBIX IUOOPHUIOB, B X0/i€e KOTOPOT0
6b1J10 yCTaHOBJIEHO, 4TO BB, mosyyeHHbIH ¢ moMolibio MeToza SPS, nMeeT oHOda3HYI0 CTPYKTYPY TBEPAOT0
pacTBopa ¢ peuieTkoi Tuna AlB,.

OmnpefesieHa aKTYaJlbHOCTb PaboThl B BU/Jle cpaBHeHUs1 BAb ¢ fubopuamMu nepexoHbIX MeTasLI0B. B
pe3ysbTaTe 0630pa uccaenoBaHuit Bb 66110 BeisiBaeHO, 4TO BB nMeeT yydlieHHble MeXaHHUYeCKHe CBOMCTBA
1 YCTOWYMBOCTb K OKHUCJIEHHIO 10 CPAaBHEHHUIO ¢ GUHAPHBIMU JUG0PUAAMU MTePEXOAHBIX MeTa/I0B. Takxe onpe-
JleJleHa CTelleHb U3y4eHHOCTH MaTepuasa BIb.

B pa6oTe npoBeieHO KOMIIJIEKCHOE HCCJIeJ0BaHME BIUSHUSA 00/1y4eHUs TsHKeJbIMA MOHAMH KPUIITOHA Ha
CTPYKTYPY Y MEXaHHUYECKHE CBOMCTBA BEICOKOIHTPONMUUHBIX IU6OPUJOB.

PacuéTbl moBpexAaloliux 03 C UCI0JIb30BaHUEM MporpaMmbl SRIM nokasasy, 4To npu ¢JiroeHce nopsiaka
10'° cM? ypoBeHb paiMalMOHHBIX IOBPEXKAEHHH focTuraeT ~2.3 dpa, npu IyGrHE NOBPEXJEHHOTO CJI05I - 0KOJIO
12 MKM.
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Ananus noBepxHocty PIM-3/[C noka3saJi, 4To Ha moBepxHOCTH BB npucyTcTBYOT BhIIeIeHUs 60Pa, a B
NbB, npucyTcTBYIOT IOpbl 60pa ¥ TpeuuHbl. 06/1y4eHne He IPUBOAUT K 3HAYUTEbHOMY U3MEHEHHUI0 MOPOJIOTHH
[IOBEPXHOCTH 60pu0B, KpoMe TiB,, rie 06pasyroTcs TPEIUHBL.

YcraHoBJieHO, yTO BIb 06s1aaeT oHoda3HOM reKcaroHaJbHOK CTPYKTYpO# Tuna AlB, M 0IHOPOAHBIM
pacnpezieJieHHeM 3J1eMeHTOB. YCTaHOBJIEHO, YTO BIb coxpaHaeT oTHOCHTe/IBHYIO OJHOPOJAHOCTD paclpe/ieseHus
3JIeMeHTOB Ha [NI0BEPXHOCTH U CTPYKTYPHYIO CTAOUIBHOCTD NocJie 061y4eHus1 6e3 BbIpa>KeHHOH cerperanuu
3JIEMEHTOB.

[locne 06/1y4eHus o6HapyxeHo, 4To B BOb npeo6s1ajjaeT yBesinueHre NapaMeTpa peleTKH @ OTHOCUTENIbHO
napaMeTpa ¢, YTO BepOSTHO CB3aHO C HAKOIJIEHHeM PaiUallMOHHO-UHAYLIMPOBaHHbIX epeKTOB U aHU30TPOITHON
nedopmanueii pemérku. B NbB, nabnonaercsa o6paTHbId 3 deKT, Korja yseJrudeHre apaMeTpa ¢ npeo6safaeT
HaJi NapaMeTpoM d.

[TokazaHo, 4TO MOHHOE 06JIyYeHre TPUBOAUT K BhIpaXKeHHOMY paiMaljdoHHOMY yiipouHeHHUo BAb Ha 12%,
COTIPOBOXK/AKIIEMYCS yBeIMIeHHEeM MUKPOTBepaoCcTH. B TiB, TBepaocTh cHuxaeTcs Ha 32%.

TakuM 06pa3oM, B HCC/IeJ0BAHHBIX YCJIOBUAX 06/y4eHUs1 HoHaMu Kr ¢ aHeprueit 147 MaB B3b npoge-
MOHCTpPHUPOBaJ 60Jiee BBICOKYI0 YCTOMYHUBOCTD K paJiHallMOHHO-UH/AYLUPOBaHHbIM H3MEeHEHHSIM 10 CPaBHEHHUIO
¢ 6UHApPHBIMU aHaJIOTaMHU, YTO 06y C0BIeHO 3P deKTaMU XUMUYECKOH pa3ynopsJo04eHHOCTH U 3aMe/[JIEHHOU
Jubdy3ny, NpensATCTBYIOIKUMHU pocTy AedeKTHBIX CTPYKTYD. [lo/iydeHHbIe pe3y/1bTaThl HOATBEPK/AAI0T NepCrek-
THUBHOCTb UX IPUMeEHEHHUs B YCI0BUSAX MHTEHCHUBHOIO PaZiMallHOHHOT0 BO3/leCTBHUS.

BsiarogapHocTh

HccnepoBanue ¢uHaHcupyeTcss KomuTeToM Hayku MUHHCTepCTBa HayKu U BbICLIEro 06pa3oBaHUsA
Pecny6sivku Kazaxcran (No. AP23489645 «CTpyKTypHO-($a30Boe COCTOSIHHUE BBICOKOSHTPOMUNHBIX G0PUAHBIX
KepaMUK, 06JIydeHHbIX BbICOKO3HEPreTUYeCKUMH HOHAMHU /10 60JIbLINX TOBPEXAAIOLIUX J103%).

Bky1as aBTOpOB

9./l. Canap - aBTOp //11 KOPPECTIOHAEHIMY, TOAIO0TOBKA PYKOIMCH, C60p MaTepHaloB U 0630p JIUTePaTypPHL.

HU.A. UBaHOB - popMUpOBaHUe LieJiel UCCIeJ0BAHUSA, PYKOBOJCTBO U 06l1lee peJaKTUPOBAHUE.

A.C. CeiiT6aeB — TeopeTHUYECKOE 06CYXK/JeHHE, TOATr0TOBKA rPadUKOB, peJaKTUPOBaHKEe TEKCTOB.

B.C. AMaHXyJIOB - c60p MaTepua/oB, aHA/IU3 Pe3yJIbTaTOB, aHAJIUTHYECKHEe PACcYeThl, pelaKkTUPOBaHHe
TEKCTOB.

9.M. Temip - noAroToBKa rpapuKoB, 06CyKAeHNe, aHATU3 Pe3yJIbTaTOB.

KondaukTt nHTEpecoB
ABTOpBI 3aSIBJISIIOT, UYTO Y HUX OTCYTCTBYET KaKOU-JTM60 KOHPIUKT UHTEPECOB, CBSI3aHHBIH ¢ Ny6ANKaLhel
JAaHHOM CTaTbH.

3asaB/ieHHe 06 MCN0JIb30BaHUM reHepaTuBHoro UU u Texnosioruii, vcnosib3ywinux MU, B nponecce
NMOATOTOBKHY PYKONMUCH

B nporecce noAroToBKY JaHHOM CTaTbU aBTOPBI KCI0/1b30BaJId UHCTPYMEHThI HUCKYCCTBEHHOTO UHTeJLJIeK-
Ta, a uMeHHO ChatGPT gy ynydiieHus: CTUISA TEKCTA, a TAKXKe JIJIs TOBBIIEHUS ICHOCTH GOPMYJIUPOBOK. [Tocie
HCII0JIb30BaHUs 3TOTO CEPBHCA AaBTOPHI IPOBEPHJIM U OTPEAAKTUPOBAJIN COAepKaHUe 110 Mepe HE0OXOUMOCTH
U HeCcyT MOJIHY0 OTBETCTBEHHOCTD 3a CO/lep:KaHUe OMyOJIMKOBAHHOM CTaThH.
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'Kaszaxcman Pecny6.aukacel Amom sHepausicbl azeHmmiziniy A0poavik usuka uHCmumymeoi,
Aamameul, KazakcmaH
2J1.H. T'ymunee amoindarel Eypasus yammuoik ynueepcumemi KEAK, Acmana, Kazakcman
(E-mail: *sapar_ad_1@enu.kz, i.ivanov@inp.kz, a.seitbek@inp.kz, b.amanzhulov@inp.kz, a.temir@inp.kz)

KpUNTOHHBIH aybIp HOHAAPBIMEH COYJ/Ie/IeHAIPYAiH >KOFapbl SHTPONUSJIBIK, AUGOPUATEPAIH,
KYPBLIBIMABIK-(da3aJIbIK KYili MEH MeXaHUKaJ/IbIK, KacCUeTTepiHe dcepiH 3epTTey

AngaTna. ApobIK K9He a3pOoFapbIIIThIK TEXHOJIOTUsJIAp pajualusafa Te3iMAi MaTepraijapabl »kaca-
yAbl KQKET eTETiHAIKTEH, )KOFapbl 3HTPONUSIbIK 6opuatepaiy (PKIB) paguanusra TesiMminirin seprrey e3ekTi
601611 Tabbl1aAbl. OJ1ap XKOFAphl 6Ky TeMIEpPaTypachl, KATTHLIbIK, XK9HE XUMUSIJIBIK UHEPTTI/IiK CUSKTHI 6ip
MeTaJ/IIaH TYPaThIH AUOOPUATEPAIH apTHIKIIBLIBIKTAPbIH GipiKTipe i, 6ipak *koFapbl pagualysJIbIK TO3IM/ITiK-
Ti kepceTeai. Bys1 Makana XK3b KacueTTepiHe xaHe os1ap/ibl CUHTEe3/ey d/jicTepiHe KbICKallla LI0JY >Kacanibl.
KpunToHHbIH ayblp HOHAAPbIMEH CayJiesleHAipyAiH YIIKbIHABI IJ1a3MablK KyHAipy (SPS) apKblibl cCHHTE3/e/reH
(TiHfZrNbTa)B, }K3B-HbIH KYpBLIbIM/bIK-pa3anblK KyHiHe »oHe MexaHWKaJlbIK KacHeTTepiHe acepi 3epTTeesl.
SRIM ecenteynepi ~10% cm? dproeHcTe 12 MKM fieitiHri TepeHiKTe 3aKbIMaHy JeHreli imaMaMeH 2,3 aToMFa
bIFbICcyFa (dpa) »keTeTiHiH KepceTTi.

PIM-3/IC kemerimen XKIb xone NbB, »xone TiB, Koc An60pUATEPiHiH 6€TTIK MOP)OJIOTHACH TaNAaH/bI.
CaysiesieHzipy 6€TTiK MOP(OJIOrUsAHBI aTapJIbIKTak 63repTKeH oK, 6ipak TiB,-/ie »kapbIKTap naia 601/bl.

Pentrengik gudpakuus 6apJblK 60pUATEePAiH TOp NapaMeTpJiepiHiH apTKaHbiH kepceTTi: 2KIb yirin
€eH YJIKeH e3repic TopabiH a mapameTpinge (0,54%) >xone NbB, ymin TopaeiH ¢ napamerpinge (0,61%) 60/pb1.
TopabiH oCbIHAAN aHU30TPONTHI lePOPMAILUSCH CayJieseHAipy/leH TybIHaFaH aKay/IapAblH TOP OCbTepiHiH 6ipi
60MbIMEH XXUHaAJNYbIH KOPCETYi MyMKiH.

Bukkepc aficiMeH »KyprisijireH MUKpPOTBEPABLIBIKTHI 3epTTey KPUIITOH HOHAAPBIMEH Cay/leJIeHAIpYAiH
»KoFapbl aHTponusIbl Au6opuATiH (TiHfZrNbTa)B, paguaiysiblK KaTaroblHa 9KeJIeTiHiH KepceTTi, aa TiB, yirix
MUKPOTBEPABUIBIKTBIH TOMeHeyi 6aiikanbl. NbB, xxaFjaiiblHia eJiliey KaTesiri merinjie MexaHUKaJIbIK Kacu-
eTTep/iH eJieysi e3repicTepi aHbIKTaJFaH XOK,

AJIBIHFaH HOTHIKeJIEp 3epTTeJIreH CayJieJIeH/ipy KaFjailapblH/Ia )KOFapbl SHTPONHUIBLI AU60opuaTiH (K3
KYPbLIBIM/IbIK-(da3asibIK KyHi MEH MeXaHUKaJIbIK KaCUeTTePiHiH caKTa/laTbIHbIH KepceTei.

Ty¥iiH ce3aep: >xorapbl sHTponusiIbIK 60pug (2K3B), DC-60, yiuKpIHABI 1a3MasbIK KyHAipy (SPS), pagu-
aUMSJIBIK TO3IMIIIK, paiNalUs/IbIK OepikTeHIipy, KepaMHUKa
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VccaesoBanne BAVAHMS 0DAYIeHNS TAXKEABIMU MIOHAMU KPUIITOHA Ha CTPYKTYPHO-(a30BOe COCTOSHIE Y MeXaHIdeCcKue
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Study of the Effect of Heavy Krypton Ion Irradiation on the Structural-Phase State and Mechanical
Properties of High-Entropy Diborides

Abstract. Since nuclear and aerospace technology require the creation of radiation-resistant materials,
studying the radiation resistance of high-entropy borides (HEBs) is relevant. They combine the advantages of sin-
gle-metal diborides, such as high melting point, hardness, and chemical inertness, but exhibit superior radiation
resistance. This paper provides a brief overview of the characteristics of HEBs and their synthesis methods. The
effect of heavy krypton ion irradiation on the structural and phase state and mechanical properties of (TiHfZrNbTa)
B, HEB synthesized by spark plasma sintering is studied. SRIM calculations showed that at a fluence of ~10'* cm?,
the damage level reaches ~2.3 displacements per atom (dpa) at a depth of up to 12 pm.

Using SEM-EDS, the surface morphology of HEB and the binary diborides NbB, and TiB, was analyzed.
[rradiation did not significantly alter the surface morphology, but cracks formed in TiB,.

X-ray diffraction analysis showed that the lattice parameters of all borides increased, with the largest change
in the lattice parameter a for HEB (0,54%) and in the lattice parameter c for NbB2 (0,61%). This anisotropic lattice
deformation likely indicates the accumulation of radiation-induced defects along one of the lattice axes.

Microhardness measurements performed using the Vickers method showed that krypton ion irradiation leads
to radiation-induced hardening of the high-entropy diboride (TiHfZrNbTa)B,, whereas a decrease in microhardness
was observed for TiB,. In the case of NbB;, no significant changes in mechanical properties were detected within
the measurement uncertainty.

The obtained results demonstrate that the high-entropy diboride (HEB) maintains its structural-phase
stability and mechanical performance under the investigated irradiation conditions.

Keywords: high-entropy boride (HEB), DC-60, spark plasma sintering (SPS), radiation resistance, radiation
hardening, ceramics
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AHHoOTanuA. Pa6oTa nocpsieHa UccaeJ0BaHUIO B3aUMOIeCTBUH YacTul|
NEePBUYHOr0 KOCMHUYECKOT0 U3JIy4YeHHs], KOTOpble B HACTOsILIee BpeMs MOTYT U3Y-
YaTbCsl IPEUMYLeCTBEHHO ONIOCPE0BAHHO — My TEM COMOCTaBJIE€HUSI OTPAaHUYEHHOI'0
Habopa TpaJUIMOHHBIX XapaKTEePUCTHUK IIHUPOKUX aTMOCPePHbBIX JTUBHEH C pe3yib-
TaTaMU MOJleJIMpoBaHusl. B paboTe ucnosib3yeTcss BBICOKOTOPHBINA HOHU3ALMOHHBIN
KaJIopuMeTp «AZLpPoH-55», 06/1aja0lMi BO3MOXKHOCTbBIO PErMCTpaLu Hauboiee
MHGOPMATHBHOM BbICOKOIHEPTUYHON aZIpOHHON KOMIIOHEHTHI B CTBOJIAX IIMPOKHUX
atMochepHbIX IUBHEH, UTO obecrieuuBaeT 60Jiee IJyOOKUN YpOBeHb aHa/n3a Ipo-
LleCCOB Pa3BUTHS JIMBHEU.

C 1eJibIo NOBBILIEHUS IPOCTPAHCTBEHHOI'0 U NIPOJ0JBHOTO pa3pelLieHus
YCTaHOBKHU «AZIpOH-55» BBIIIOJIHEHO €€ yCOBepLUIEHCTBOBAHUE, 3aKJII0Yal0ILeeCs
B YCTAaHOBKE U NOJAKJIYEHHUU JONOJHUTEJSbHOI0, HUXKHETO, AeBSATOr0 psja
MOHU3allMOHHBIX KaMep. BBe/leHHe JaHHOTO U3MEPHUTEbHOTO €105 TO3BOJISAET
YTOYHHUTD NPOJ0JIbHYIO CTPYKTYPY JIUBHS U MOBBICUTH TOYHOCTb PEKOHCTPYKLUU
3HEePreTUYEeCKOro pacnpe/ieieHHUs a/[pOHOB Ha 60JIbIINX aTMOCHEPHBIX IJIyOUHAX.

Hay4Has HOBH3HA U BKJIa/j: [I0JTy4YeHbl IepBble pe3y/1bTaThl CONOCTABUTENBHOTO
aHa/IM3a SKCIIePUMEHTA/BHBIX U PACUETHBIX JAHHBIX 10 PAa6OTE YCTaHOBKH «AZPOH-55»
B HOBOHM KoHuUrypauuu. BBegeHue eBATOro riiyoUHHOTO psijia B CTPYKTYPY
MOHU3ALMOHHOI0 KaJIOpUMeTpPa 03BOJINJIO CYLieCTBEHHO TOBBICUTh MHYOPMATUBHOCTD
M3MepeHUH «XBOCTOBON» YAaCTH MPOJ0JIbHOTO Pa3BUTHS Kackasla v 06ecreYuTh 6osiee
TOYHYIO OLIeHKY BKJIa/|a TJIyGOKHUX CJI0EB CYMMapHOT0 3HEPTOBbI/le/IeHUs.

YcTaHOBJIEHO, YTO HaJIMYUeE [eBATOI0 psiZia IPUBOJUT K MOBBILIEHHIO
YCTOMYMBOCTU PEKOHCTPYKL MU MTOJTHON MOHU3ALMOHHOM 3HEPTUH U TapaMeTPOB
MPO/I0JIbHOTO pacnpe/ie/ieHUsl SHeProBbl/ie/IeHHs M0 C/I05IM, A TAKXKe K YIy4ILIeHHI0
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paszesneHus COGbITHUH 10 IIy6GHHHOMN CTPYKTYpe 3HEProBblJesieHust. CpaBHUTENbHBIN
aHa/IM3 KOHQUTypalL Ui ¢ BOCEMBIO U JIEBATHIO PAJIAMU JIeMOHCTPUPYET YMeHbLIeHHe
CHCTeMaTHYeCKUX NMOrpellHoCcTel, 06yC/I0BJeHHbIX HENIOJHBIM NOTJIOLeHUeM
aJIpOHHOTO KacKaza, U yay4lleHHe COT1aCOBAaHHOCTU 3KCIIepUMEeHTabHBIX JJaHHbBIX
C pe3yJIbTaTaMH pacyéTOB B paMKaxX COBpeMeHHBIX Mo/leJlell KaCKaJIHOTO pa3BUTHA.

[lonyyeHHbIe pe3y/IbTaThl UMEIOT TPAKTHYECKYI0 3HAUMMOCTb JJ15 oc/ieiytoleit
3KCIIJIyaTallMH U MOJlepHU3AIMH BBICOKOTOPHBIX MOHHW3ALMOHHBIX KaJIOPUMETPOB, a
Takxe J/151 opMUPOBaHHUS IKCIIEPUMEHTA/bHbIX BbIGOPOK, IPeHA3HAYEHHBIX /LIS
BaJINJALUY U YTOUYHEHUSI COBPEMEHHbBIX Mo/JeJsiel aIpOHHBIX B3aUMOJIeiCTBUH U
KaCKaJHOTO pa3BUTHSA B 06J1aCTU 3HEPTUH NEPBUYHOTO KOCMHUYECKOT0 U3JIy4eHHs,
HeJIOCTYTHBIX yCKOPUTE/IbHBIM 9KCIIepUMeHTaM. Pea/lM30BaHHBIN NOAX0/ 103BOIAET
MOBBICUTB JJOCTOBEPHOCTb PEKOHCTPYKLIMHU [TapaMeTPOB aJ[pOHHON KOMIIOHEHThI
IIUPOKHUX aTMOCHEPHBIX IUBHEH U TOYHOCTb COMOCTABJIEHUS SKCIIEPUMEHTATbHbBIX
JIAHHBIX C pe3y/JIbTaTaMU MOJeJIMPOBAHUS.

KiroueBble coBa: kocmudeckue yud (KJ1), mmmpokre atMmocdepHble IUBHU
(LIAJT), nvoHM3aLMOHHBIM KaJIOPUMETP, TepBUYHOE KocMUYecKoe usnydeHue ([1KH),
aJIpOHHBIN KacKaz,

BBegeHue

HUccnenoBanue B3auMoeicTBUM epBUYHBIX KocMUYeckux Jiydel ([1KJT) B 06J1acTH CBEPXBBICOKHX IHEPI Ui
0CTaéTcs 0AHOM U3 KJII0YeBbIX 33/la4 COBpeMeHHOH acTpOPU3UKU U GU3UKH 3/1eMeHTapHbIX yacTul,. KocMuyeckre
JIy4U ¢ 3HeprusamMu Boiute 10*-101® 3B He[0CTYNHBI /11 TPAMBIX YCKOPUTEIbHBIX 9KCIEPUMEHTOB, IO3TOMY
HabJl0/leHUs] NHPOKUX aTMOChEPHBIX JIMBHEH ABJISIOTCS OCHOBHBIM HCTOYHUKOM MHOpMaIMK 0 XapaKkTepe
a/IpOH-s1/lepHbIX B3aMMO/IeCTBUM NPHU 3KCTPeMasIbHbIX 3Heprusax. HecMoTps Ha cyliecTBeHHbIN nporpecc B
MO/ieIMPOBaHUM aTMOCPEPHBIX KACKaZ0B, PsiJ| IKCIIEpUMEHTAIbHbIX Pe3YJIbTaTOB OCTAETCS TPYAHO 00'bSICHUMbIM
B paMKax CyIl|eCTBYIOIUX TeOpeTHIECKUX NOAX0/0B.

B BBICOKOTOPHBIX 3KCIIEpUMEHTAaX NOCAeHUX AeCATUIeTHHN O6blIn 06HapyKeHbl 3QdeKThl, Tpedytolue
repecMoOTpa UM YTOYHEHHUs TPAJUIIMOHHBIX [IPe/ICTaBJAeHUH 06 aipOHHBIX B3auMoielcTBUAX. K ynciy Takux
«aHOMaJIbHBIX» fBJIEHUH OTHOCATCS 3aMe/i/IeHH e NOTJIOIeHHs aipOHOB B BellleCTBe NOrJoTUTe A [1, 2] U TeHeHIUA
K KOMIIJIAHapHOCTHU NPUX0/a HanboJiee SIHEPTUYHbBIX YacTul, B ctBoJie LIAJ [3-7].

[IpennosiaraeTcsi, 4To nepBbIi 3G PEeKT MOXKET ObITh CBSI3aH C yBeJUUYEHHEM CeYeHHUs IreHepaluu
YyapMHUPOBaHHBIX YacTul, [8-10], 4To NPUBOAUT K yBeJHYEHUIO AJUHBI Ipo6era BHICOKO3HEPTUUHbBIX aIpOHOB.
111 06'bsicHeHUs BTOpOro agdeKTa pacCMaTPUBAIOTCs HETPAAULIMOHHbIE MO/IeH, J0NyCKalolUe KOJIJIEKTHUBHbIE
WJIY KBa3W/leTePMUHUPOBaHHbIE MeXaHU3MbI reHepaluu yactul [11-15]. KoppekTHoe NoHMMaHue MPUPOJbI ITUX
deHoMeHOB UMeeT NPHUHIMIHAIbHOE 3HAaYeHHe, IOCKOJIbKY Pa3/IMYHble MUHTepIpeTaluy IPUBOAAT K CyLleCTBEHHbIM
pasjIMyusM B onpeJieJIeHUH COCTaBa IepBUYHbIX KOCMUYECKUX Jiyyel Bbiule x0,1 [13B.

Oco60e BHUMaHUE B COBpeMEHHBIX HccefoBaHusAX LIIAJ] yiensieTcss M3y4yeHUI0 HapylleHUsl CKeHJIMHTa B
JHepreTHYeCKUX CIIeKTPax BTOPUYHBIX a[poHOB. ClleHapHUy HapyllleHUsl CKeMJIMHTa, pea/lu30BaHHbIe B MOJeJIsIX
s/lepHO-3a/IpPOHHBIX KaCKa/l0B, CYlleCTBEHHO BJIUAIOT Ha pacnpe/ie/ieHe 3HepTUY BJ0JIb CTBOJIA INBHSA U Ha BXOZHbIE
napaMeTpbl peKOHCTPYKIUHU coctaBa [1KJI. AHanu3 onmy6JIMKOBaHHBIX JAHHBIX TOKA3bIBAET, YTO BapHAI[UH CTENEHU
CKEeMJIMHTOBBIX HApyIeHUH IPUBOAAT K 3aMeTHBIM PACX0K/J€HUSAM B OlleHKaX MacCOBOI'0 COCTaBa KOCMHUYECKHUX
Jlydell B 06J1aCTH 3HEPTUH OKOJIO «KOJIeHa» CIIeKTpa.

C y4yéToM yKa3aHHBIX IP06JIeM HE0OXOAUMOCTD MTOJYIEHHUS] HOBBIX BICOKOTOYHBIX IKCIIePUMEHTAIbHbBIX
JlaHHBIX CTAHOBUTCS 0COGEHHO aKTyaJbHON. BbICOKOIrOpHBINA HOHHU3aLMOHHBINA KaJlopuMeTp «AZpoH-55»,
pacnosiokeHHbIN Ha TsaAHb-1llaHbCKOM BBICOKOTOPHOM HAyYHOU CTaHLUHU, IPeCTaBAsIeT COO0M YCTAaHOBKY,
CIOCOGHYI0 PErUCTPUPOBATH IPOJ0JIbHOE PAa3BUTHE JIUBHS C BBICOKOU CTeIeHbIo JleTaau3anuu. [/isi MoBbILIeHHs
YyBCTBUTEJbHOCTH U YTOYHEHUS TapaMeTPOB NPOJ0JbHOr0 Npoduis 6blja NpoBeJieHa MOlepHU3aL M YCTAHOBKHY,
BKJIIOYAOIlas NOAKJIIOUYEeHHe JeBSTOT0 PA/ia MOHU3ALMOHHBIX KaMep. ITO N03BOJIMJIO CYLIeCTBEHHO YAY4IIUTh
MPO/I0JIbHOE pa3pelleHHe U MOJYIUTh 60Jiee TOUHYI0 HHGOPMAIHIO O pacupe/ieieHUH 3Hepruu B cTBoJie LA
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MccaepoBaHme agpOHHBIX B3aIMOAEIICTBII IIPY CBEPXBBICOKIX DHEPIVIAX Ha OCHOBE
U3YYeHNsl XapaKTepUCTHK agpoHOB B cTBoaax ITIA/1

BBICOKO3HEPTrUYHbIE COGBITHUS, B KOTOPBIX CTBOJI JIMBHS MAJJa€T HENOCPEJCTBEHHO HA KaJIOPUMETP, HECYT
YHUKaJIbHYI0 U HauboJiee NpAMYI0 HHGOPMAIIMIO 0 XapaKTepe aJ[pOHHbIX B3aUMO/IECTBHI Npy sHeprusax =10*°
3B. Takue U3MepeHHUs SIBJISIIOTCS BaXKHBIM JONOJHEHHUEM K 3KCIepUMeHTaM BoJiblioro afpoHHOro KoJsianjepa
(LHC), rie n3yyaroTcsi B3aUMO/IeHCTBUSI CYLIleCTBEHHO MEHbIINX 3HEPTUi. B 3TOM cMbIc/ie aKcepUMeHT «ApOH-55»
baKTHUeCKHU paclIupsieT SHepreTHIECKY0 06J1aCTh AOCTYIHBIX HaGJII0leHHUH, I03BOJIsIS UCCIeI0BATh MPOLECCH,
KOTOpble HEBO3MOXKHO Peaju30BaTh Ha CYIECTBYIOIINX YCKOPUTEISIX.

MeToaosiorus

PeKOHCTPYKIUA YCTAHOBKH «AJPOH-55»

Yecmanoska 9-20 psida adpoHHO20 610K UOHU3AYUOHHO20 Ka/i0pumempa

CxeMa MOHHM3AIMOHHBIA KaJIOpUMeETP «AAPOH-55» NMpejcTaBieHa HAa pucyHKe 1: Ha puc. 1a nokasaH
nomnepevHbIN pa3pes AByX YPOBHEH yCTaHOBKU (BEpXHUN YPOBEHDb — raMMa 6JI0K, HIDKHUN — aApOHHBIN 6J10K), Ha
puc. 16 npuBe/ieHa cXxeMa pacHoJoKeHUs] HOHU3AMOHHbBIX KaMep.

OCHOBHBIM YyBCTBUTEJbHBIM 3JIEMEHTOM KaJIOpUMeTpa ABJSIOTCA MeJiHble HOHWU3ALlMOHHbIE KaMepbl
MPSIMOYTOJIbHOTO cedyeHUs ¢ pasMmepaMu 300x11x6 cM3, 3an0/IHEHHbIE YUCTHIM aprOHOM MO/, IaBJeHUEM 5 aTM.
HoHu3a1MoHHbIe KaMePhl TPYNNUPYIOTCS B HECKOJBKO CJ10€B, TOJHOCTbIO epeKPhIBAIUX NOMIEPEYHYI0 IJI0-
mazAb KaJIopuMeTpa.

Kaxpas napa c/10s kaMep, c/le[yI0IIKX APYT 3a pyroM, HalpaBJjeHbl epIeHANKYIAPHO JpYT APYTY, TaK
YTO 10 UX CUTHaJIaM MO>KHO CY/AUThb O IBYMEPHOM pacnpeseeHNH IJIOTHOCTH MOHU3al[MU HAa COOTBETCTBYIOLILEH
rJ1y6uHe noraoTuTes. CpaBHEHHe CUTHAJIOB B C/105IX, CJeAYIOIINX APYT 3a APYTroM, 103BOJIsIeT BOCCTAHOBUTD
TpexXMepHYI0 CTPYKTYpPY pacnpezie/ieHHs 1o BceMy 06'beMy KaJopUMeTpa.

JleBATBIN psiJi MOHU3ALMOHHBIX KaMep OPHEeHTUPOBAH B3aUMHO NePIeHAUKYJIIPHO BoCcbMOMY pafy. OgHako
BCJIe/ICTBHE YCaZIKU TPYHTA B YIJIOBOM YaCTH KOHCTPYKLMU B JAHHOM PAAZly OTCYTCTBYIOT YeTbIpe HOHU3alMOHHbIE
kaMepbl. O01ee KOJIMYECTBO MOHM3ALMOHHBIX KaMep B IeBATOM psfy cocTasJseT 80.
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a) CxemMa yCTaHOBKH 6) CxeMma pacmnoJsioxkeHust UK
PucyHok 1. CxeMa HOHM3aLUOHHOT0 KaJIOpUMeTpa «AJAPOH-55»

Ha nepBoM ypoBHe ramma 6Ji0Ka B OCHOBHOM PErUCTPUPYETCs 3JIeKTPOHO-POTOHHAsI KOMIIOHEHTaA
KOCMUYECKUX JIy4el, B KOTOPbIHA BXO/JSAT 3/1eKTPOHBI, POTOHBI U MIOOHBL. Ha BTOpoM ypoBHe aZijpoHHOTO0 6JI0Ka B
OCHOBHOM PETUCTPUPYETCS a[pOHHAsi KOMIIOHEHTA KOCMUYECKHX JIyuel, B KOTOPbIH BXO/AT NIPOTOHBI HEUTPOHBI
Y IpyTHE TSDKeJIble YaCTHUIbl. JHEPreTUUeCKHU NOPOT perucTpaluy COObITUN HaYnHAaEeTCs ¢ 3Hepruii >10'2 3B.

OnpedesieHue UoHU3ayuu 8 UOHU3AYUOHHOU Kamepe Kaaopumempa

OmnpenesieHre MOHNU3AMY B HIOHU3ALMOHHOM KaMepe KaJlopuMeTpa 6a3upyeTcs Ha CIeIyI0IeM COOTHOILEHHH.
Curnan Ha BXoJ ycuauTens U 1oJjaeTcs C HUTH HOHW3allHOHHOM KaMepbl. [Ipy NPOX0XIeHUH 0/JHOM 3apsAKeHHOH
PEJIATUBUCTCKOH YaCTHUIIbI Yepe3 KaMepy TeopeTHuyecKas aMIIUTyla CurHala U, pacCYMTRIBAeTCs Kak:

qenoph
U = U, = Y (1)

Hcnonbsysa Tunosble napameTpsl (rae q, = 1.6 x 10"° Kin — 3apsaj anekTpoHa, n, » 90 map/cM — 4uc/10 nap
HMOHOB IIPY HOPMaJIbHBIX YCJIOBUSX, p — paboyee IaBJieHUe ra3a B kamepe, h = 6 cM — CpeJJHUH Ny Th 4acTHUIbI, C
=100 n® — eMKOCTb KaMephl), pacieTHOe 3HaYeHHE Ha BXO/le COCTaBJIseT nopsaka 3.9 MkB. Cursaj Ha BbIxo/ie
ycunuTesis ¢ koapounreHToM ycuaeHuss K=100 oT ogHOM pesITUBHUCTCKOM 4YaCTHLbI paBeH:

Ilos cyMmMapHO¥H MOHHM3alMeH N0[pasyMeBaeTCsl YUC/I0 PEJATUBUCTCKUX YacTHL N , IpouIe/juuX Yepes
Kamepy. AMILIMTY/a CirHasla U, npornopuyoHasbHa yPOBHIO CUT'Ha/Ia OT OZAHOM YaCTHIbl M YMCITY YaCTHIL: , OTKy/a
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MccaepoBaHme agpOHHBIX B3aIMOAEIICTBII IIPY CBEPXBBICOKIX DHEPIVIAX Ha OCHOBE
U3YYeHNsl XapaKTepUCTHK agpoHOB B cTBoaax ITIA/1

YuuTbiBas pa3bpoc JaBjeHUH ra3a aproa B kamepax U koapGULMEeHTOB YCU/IeHUS KaHa/IOB, HA YCTaHOBKe
peryJisipHo IPOBOAUTCS KaIM6POBKA KaHA/IOB PErUCTPALMY, KOTOPas 3alOMUHAETCS B TaMATH KOMIIbIOTepa JJ1s
Ka)k/I0I'0 KaHaJla ¥ yYUThIBaeTCsl IpU co3JaHUU basbl JaHHBIX.

KanopumeTpu4yecKkuil MeTO/,

B ycTaHOoBKe «AZIpOH-55» peasiu30BaH UOHU3ALUOHHBINA KaJIOpUMETPUYECKUI NOAX0/l, OCHOBAHHbBIN
Ha MPOCTPaHCTBEHHO-Pa3/ieJIeHHOW perucTpanuyd KOMIIOHEHT JIUBHA. YacTHIa BBICOKOW 3HEPTUH, N0oNaAas
B KQJIOPUMETP, HHUIUUPYET KACKaJ BTOPUYHBIX B3aUMO/IeCTBUH, 3HEPTHUsI KOTOPBIX NEepeIaeTcs BELIECTBY
MOTJIOTUTEJISI U U3MepsieTCs Yepe3 CyMMapHY0 HOHU3AIMI0 B KAMepax.

JByXypOBHEBasi CTPYKTypa YCTAHOBKH HaNpsMY0 06yCJIOBJIMBaET METOAUKY U3MEPEHUM:

1. BepxHuii ypogeHb (I'amma-6/10k) COAEPXKUT CJI0M CBUHIA (cyMMapHO okoJio 31 cm). M3-3a masioro
pa/iMalluOHHOTO Npo6era B CBUHIIE 3/1eCh IPOUCXOAUT ObICTPOE Pa3BUTHE U MPAKTUYECKU MOJHOE MOTJIOLeHUE
3JIEKTPOMAarHUTHBIX KaCKai0B. JTO M03BOJIsIET PETUCTPHUPOBATh 3J1EKTPOHHO-POTOHHYI0 KoMnoHeHTY (IPK) c
noporoM TaB. 3mepenHast TakuMm 06pa3oM nHTeHCHBHOCTb JPK Ha ypoBHe Taub-1llans cocrapasiert . [Ipu aTom
anmnapaTypHoO yYMTbIBAETCS U BbIUUTAETCS BKJIAJ, aZ[pOHOB, B3aUMO/IEUCTBYIOLIMX B MaTepuase [aMma-6/10ka
(oxo0s10 20% OT MOJIHOT'O CUTHAJIA).

2. HuoicHuil yposeHb (A0poHHbIU 6/10K) COCTOUT U3 YepeAYIOLHUXCS CJI0€eB XKeJie3a (C O0JbIINM S/IepHbIM
npo6eroM B3auMo/IeHCTBHUS ). ITa YaCTh YCTAHOBKU U3MePSIET IPOHUKAKOLIYIO aipoHHYI0 KoMnoHeHTY (AK). AHanu3
pacrpesiesieHUs IJIOTHOCTH MOHU3ALUHU 110 TJIYGHHE 3KeJIe3HOr0 MorJIoTuTe s (1o 9 psiiaM KaMep) M03BoJIsieT
BOCCTAaHOBUTb KPUBYIO MOTJIOIEHUS aIpOHHOT0 Kackaza. Jlyisg afpoHoB ¢ sHeprueil TaB akcnepuMeHTa/bHO
MOJIy4eHHas1 IJIMHA MOTJIOIEHUS COCTABJISET .

TakuM 06pa3oM, YUCIeHHbIE OLEHKH CTPOTO PUBS3aHbl K U3MEPUTE/IbHBIM MPOLEeAypaM B COOTBETCTBYIOLINX
6JI0Kax MOrJIOTUTEJISI KaJTOPUMETPA.

PesysibTaThl u O6CyxKaeHUe

Modeauposarue pazsumusi ILIAJI 8 ammocgpepe u pazgumusi kackadog om omadenvHbuix yacmuy LA/ e
«AdpoH-55»

BenyTcsa paboThl GopMUPOBaHUS GaHKA JaHHBIX 10 MOJieisAM pa3indHbIX LIIAJI oT MIpOTOHOB, AAep U
runoTteTuyeckux crpanryaetoB [IKU. MoaenvpoBanue passutus LIAJI npoBoAuTCsA B AiBa 3Tana: 1- pazsutus IAJ
B aTMocdepe [0 yPOBHS YCTaHOBKY; 2- mpoxoxaeHus yactuly 1A/l yepe3 MOHU3aLMOHHBIN KaslopuMeTp AApon55.
MopaenupoBanue pasutus LIAJI B aTMocdepe MpoBOJUTCS € UCIIOJIb30BaHHEeM nporpaMMHoro naketa CORSIKA
[16] u Mmogenu aapoHHBIX B3auMoaercTBui QGSJET-11-04 [17], ocHOBaHHO# Ha U/I€0JIOTUH KBapK-TJIFOOHHBIX
CTPYH U KBAHTOBOM XpOMOJWHAMUKe U OMUCHIBAIOILEN reHepaluio »KECTKUX aZ[pOHHBIX CTPYH € 60bIIUMU
MoNepeYHbIMU UMITYIbCAMHU.

MopenvpoBaHye pa3BUTHUS KACKa/[0B OT OT/e/IbHBIX YaCTHUI] B «AZIPOH-55» NPOBe/IeHO MO MaKeTy CBOGOAHO
pacnpocTpaHsieMoro nporpaMmHoro komiiekca Geant4 (Bepcuu 4.11.0 u 4.11.1.1), paspa6otranHoro B CERN guis
MO/IeJIMPOBaHUs B3aUMOJENCTBHUS YaCTHUL U U3JIy4eHHs C BEL|eCTBOM B s1/lepHO-QHU3NIECKUX YCTAHOBKAX HA OCHOBE
COBOKYITHOCTH MO/IX0/I0B TaK Ha3blBaeMoro «Metoia MoHTe-Kapso». [18]

Pe3zysabmamut modeauposanus passumusi LLIAJI e ammocgepe (a3mana 1)

B nponecce mogenvpoBanus ¢ QGSJET-11-04 B CORSIKA npoucxonaT caegyrouue sTanbl pa3sutus LHIAJI:

- [lepBuuHOe B3auMoelcTBre. KocMuyeckasi yacTuia B3auMOJIeACTBYeT ¢ sapaMu atMocdepsl, a B QGSJET-
[1-04 3TO B3auMO/IeiCTBHE ONUCHIBAETCS 00pa30BaHMEM KBapK-TJIDOHHBIX CTPYH C OC/AeAyIollel ¢parMeHTaluen.

- Kacka/i BTOpMYHBIX 4acTHII, ['€HepUpPYIOTCS BTOPUYHBIE YaCTHIbI: TUOHBI (£, T°), KaoHbI (K+), HYKJIOHBI,
U T.J. 3apsDKeHHbIE MHOHBI U KAOHBI B3aUMO/JEHCTBYIOT AaJIblIe UJIN PAcaialoTcsl, 06pa3ys MIOOHBI U HEUTPHUHO.
HelTpasibHble THOHBI OBICTPO pachnafalTcs Ha GOTOHbBI, UHUIUUPYS 3JIeKTPOMarHUTHYI0 KOMIIOHEHTY JIMBHS
(2/1eKTPOHBI U TO3UTPOHBKI).

- O6pasoBanue JDK. BropuuHbie GOTOHBI U 3JIEKTPOHBI 06PA3yIOT 3JIeKTPOMAarHUTHbIE KacKaZbl (Mapbl
e'e”, TOpMO3HOE U3JIYYEHHE U T.[.).
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- OCO6eHHOCTH paclpocTpaHeHUs yepe3 aTMochepy. YUUTBIBAETCs NOTEPS IHEPTHUU YaCTHULLAMHU TPHU
NPOXO03/IeHUH C10eB aTMocdephl (1o ray6uHe B r/cM?).

- 3aBeplleHUEe MOJIeJIMPOBAaHUs JIMBHA. MoielupoBaHue NpeKpallaeTcs NPU JOCTHKEHUU 3aJlaHHbIX
MIOPOTOB 110 S3HEPTUHU UJIM YPOBHS HAGJII0ieHUS.

JlaHHbIe 0 BTOPUYHBIX YaCTUIAX 3aNIMChIBAIOTCSA B OTAesbHble ¢aitaibl DAT000001.long, particles_1PeV.
daiisibl cofiepkaT HGOPMALUIO XapaKTEPUCTUK BCEX BTOPUYHBIX YACTHII, KOTOpble 06pa3oBaJsia nepBUYHas
YacTULA: TUI YaCTHUIbl, 3HAYEHHUsI UMITYJIbCOB O OCSIM X, Y, Z, 3Ha4eHUsI UX KOOPJJMHAT Ha YPOBHE HAOJII0/IeHH S,
a Takxke uX “*kuBoe” BpeMs. UeM Bblllle IHEPTUs IEPBUYHON YaCTHULIbI, TEM O0JIbIlEe OY/eT BTOPUYHBIX YaCTHUI] B
Kacka/ie TMBHs. @aiiJibl IUBHEN OT BbICOKO3HEPTUUHbIX YACTHI] 3aHUMAIOT MHOTO 06'beMa, pa3Mep KOTOPbIX MOXKET
JOXOJUTh 0 HECKOJbKUX I'6.

[ akTUBaL MK NakeTa Heo6xoAuM a1 ¢ Ha4aJbHBIMU apaMeTPaMHU JUBHS, K HUM OTHOCSITCH:
KOJINYECTBO 33/]aBaeMbIX JINBHEH, BeJIMUMHA 3HEPTrUM NEPBUYHOM YaCTUIbI, TUI YaCTHUI[bI, BEICOTA HIPOBOJAUMOTrO
3KCIIEPUMEHTA, 3eHUTHBIHA U a3UMYTaIbHBIH YTJIbI U T.J.

Pe3ysibTaT paboThl IPOrpaMMBl - ZiBa BEIXOAHBIX ¢aiina: 1) dpaiiys BTopuyHbIX YacTull (particles_1p_1PeV_
vert); 2) IUBEHb OT BEPTUKAJbHOI'0 NEPBUYHOTr0 MPOTOHA € 3Heprueit 10715 3B.

Pesyabmamot modenuposanus pazsumus kackados om omadenbHblx Hacmuy 8 «AOpoH-55»

BTOpbIM 3TanoM BbINOJIHAIACH CUMYJIALMSA NPOX0XKAEeHNs BTOPUYHBIX KaCKaZloB Yepes BellleCTBO MOIJI0TUTe N
HMOHU3alMOHHOI0 KaJopuMeTpa “AZpoH-55" ¢ yaueToM BCeil ero CTpyKTYphl M FeOMeTPUH, UCTI0/Ib3YsI TakeT Geant4.

Pa6ora c Geant4 cBOAMTCS K HAIMCAHUIO TPOrpaMM Ha C++, CBI3bIBAIOIMX €r0 KOMIOHEHTHI MeX/Ay CO001
oIpe/ie/IeHHbIM 06pa3oM, MOJle/IMPYIOLIMM HEKOTOPYI0 peasbHylo cucteMy. [Ipu 3ToM B Geant4— 3aHOCUTCS TpeXMepHast
MoJieJib CHCTEMBI, XapaKTEPUCTUKHU MaTePHUaJIOB, U3 KOTOPbIX OHA COCTOUT, ONMCHIBAIOTCS 3JIeKTPOMarHuTHbIE
noJis. Takxe NOAKJIIOYAIOTCA pa3/IMuHble NakeTbl GU3NYECKUX [IPOLECCOB, TaAKHe KaK TOPMO3HOE U3JIyuyeHHe U
r“oHMsanus. B npouecce pa6oTsl Geant4 paccuUThIBaeT TPAEKTOPUHU POXOXKEHUS Pa3/JIMUHBIX 3J1eMeHTapHbIX
4yacTul, B 33laHHOU cucTeMe. [losib30BaTe b AOKEH 06eCIeYUTh COXpaHEHUe JaHHBIX B yA00HOM eMy ¢opMaTe. B
pesyJibTaTe 6bLIO NOJIyYEeHO pacnpe/ieieHre MOHU3ALKHY U Ji/IMHa Tpo6era B3auMo/1efiCTBUS CTBOJIOB C BellleCTBOM
MOTJIOTUTEJIS.

Bb1/10 BBINOJIHEHO MO/IE/IMPOBAHKE MIMPOKUX aTMOCHEPHBIX IUBHEH, MHULMUPOBAHHBIX s1[paMU: P — IPOTOHA,
p-He - cmeck npoToHa v renus, He — resius, p-He-N - cmeck npoToHa, resivd u a3ota, N — a3ota, Fe-N - cmech xenesa
1 a30Ta, Fe - xkesne30. «kExperiment» — skciepuMeHTa/bHble JaHHbIE HOHU3ALIMOHHOTO KajiopuMeTpa “ApoH-55".

B pesysibTaTe skcrepruMeHTa 661710 06paboTaHo 2045 uBHEH, 3aperucTpMpoBaHHbIX 3a 863 yaca
3¢ PeKkTHBHOTO BpeMeHH paGoThl yCTaHOBKU. /lJ151 06paGOTKH GbLIIM OTOOGPAHbI INBHU C IIOJHBIM YMCJIOM YaCTHI],
N, > 10° ocu KOTOPbIX NONAJIM B KaJOpUMeTp. UHbIMM C/I0BaMH, B CTATUCTHYECKOH BbIGOPKE GbLIM PaCCMOTPEHbI
TOJIBKO T€ COOBITHS C MaKCHMa/IbHOM MJIOTHOCTBIO YaCTHI] B ITpeJiesiax 4-5 M OT IleHTpa YCTaHOBKH.

Ha pucyHke 2 npuBeJieHO CpaBHEeHHe 3KCIIepPUMeHTabHbIX U PACU€THBIX JAHHBIX — paclpe/ie/leHNus
MOHHM3aLMOHHOMN 3HepTryH N0 CJI05IM KaJIopMMeTpa AJ1s llepeyrcleHHbIX Bblllle TUTOB JTMBHeH (p, p-He, He, p-He-N,
N, Fe-N, Fe, Experiment). [1o ocu X oT/iokeH HOMep cJI0s1 KaJIOPUMETPA, 110 ocH Y - HOHU3alMoHHas aHeprus (MaB).

Bce MofieimpoBaHHble KPUBBIE IeMOHCTPUPYIOT BbIpa>KeHHbIA MAaKCHMYM NOHU3alUH B IePBBIX JBYX CI05X
KaJIoprMeTpa. ITO COOTBETCTBYET CTaZAMM pa3BUTHUSA Kacka/la, Ha KOTOPOI OCHOBHAsl YaCTh S3HEPI'HU BbICBOOOXAAeTCs
B pe3yJibTaTe B3aHMO/IeHCTBUM BTOPUYHBIX YaCTUI,. B fasbHeleM, HAaUMHas C TPEThero €051, HabJII0jaeTcs
pe3Koe yMeHbllleHHe HOHU3Al1K, YTO CBA3aHO € 3aTyXaHUeM KacKa/ia v MOIJIoLleHHeM OCTaBIIUXCS YaCTHIL

Kpubas «Experiment» pacrnoJsiaraeTcsl 6/11xe K Ipy1ie JIerKux siiep pac4éTHbIX KPUBBIX: p — IPOTOHA U
p-He - cmecu npoToHa v resus. Ocb opAuHaT (MOHM3aLMOHHAs S3HEePTHUs) Npe/cTaB/eHa B JorapudMUIeCcKOM
MaclITabe, 4YTO 03BOJIsIeT OTYETIAUBO BUJETh PACXOX/AEHHUE PacieTHbIX U 3KCIIepUMEeHTA/IbHbIX JaHHbIX Ha
pasJIMYHBIX TJIyOMHAX KaJlOpUMeTpa.
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MccaepoBaHme agpOHHBIX B3aIMOAEIICTBII IIPY CBEPXBBICOKIX DHEPIVIAX Ha OCHOBE
U3YYeHNsl XapaKTepUCTHK agpoHOB B cTBoaax ITIA/1

PucyHok 2 . PacnipeejieHue MOHU3ALMOHHOM S9HEPTUM 0 CJIOAAM KaJlOpuMeTpa
A p, p-He, He, p-He-N, N, Fe-N, Fe, «kExperiment»

HOle‘{EHbI nepBbie pe3y/bTaTbl COIIOCTABUTE/IbHOI'O dHa/IN3a 3KCIIEPUMEHTAJIbHbIX U paC‘{éTHbIX JAaHHBIX.

Posw 2ay6okux caoés (8-9)

Tlo/; «[IOBBIIIEHHEM YCTOWYMBOCTH PEKOHCTPYKLIUU» U «YJIYIILIEHHEM COTJIACHS C MOJIEISIMU» TTOHUMAKOTCs
caeaywolie U3MeprMble NapaMeTphl:

Kpumepuil kauecmea annpokcumayuu kKackadHol Kpugoli: Jisi anlIpOKCHMAIUU MPOJ0JIbHOr0 NPodUIs
3HeproBbl/ieJIeHUS UCN0JIb3YeTCsl raMMa-pacipe/iesienue Bua . [Ipu ucnosib30BaHuU 8 psiioB CpeiHee 3HAYEHUE
HOpPMHUpPOBaHHOro cocTtapJsio 1.85. /lo6aBieHue 9-ro M3MepUTENBHOTO 1051 (YBEJTMUUBAIOLIEr0 pblYar allpoK-
CMMalVH Ha TIy6HHe) M03BOJIMJIO CHU3UTD Cpe/iHee 3HaYyeHue 70 1.22, YTo CBU/IETEJbCTBYET O CylleCTBEHHOM
YJIyUYLIEHUH Coriacusi GOPMbI IKCIIEPUMEHTAJIbHOU KPUBOU C TEOPETHYECKON MOJEJIBIO.

CHudrceHue ducnepcuu 8occmaxasausaemsix napamempos: OrbkKa BOCCTaHOBJIEHUS AJIMHBI OTJIOIeHUS
afpoHHOro Kackaza (1) /i MHAMBHYyalbHbIX IMBHEH ¢ sHeprued E; > 10" 3B ymMmenbiuaach Ha 18% 3a cuet
60Jiee TOUHOM UKCcALIMU «XBOCTa» KacKaja.

TouuHa agpoHHOro 6J10Ka ¢ 8 psilaMu coCcTaBJIs/Ia 0KOJIO 5 ZJTMH po6era B3auMo/ieiicTBUsA () IpoToHa
B KeJie3e. /I aApOHOB BBICOKHX 3HEPTrUi MaKCUMYM KacKa/ia CMelljaeTcs BIJIy6Ob, YTO MPUBOJUT K 3HAYUTEIb-
HOU yTe4yKe 3HEpTUH Yepe3 JHO yCTaHOBKU. * OuieHKa yTeuku: MogenvpoBaHue B nakete Geant4 nmokasaso, 4To
JIJIsl CTBOJIOB JIMBHEM C MEPBUYHOM aHeprue nopszka 10'° 3B moJ1s1 sHEpruy, yHOCHMas 3a pefesbl 8-ro psaja,
B cpefHeM coctaBisiia 14.2 2.1%. [logkntoueHre 9-ro U3MepUTEBHOTO psija (AonosHuTeaAbHbIE 16 cM Fe, uTo
3KBUBAJIEHTHO ) MO3BOJIMJIO CHU3UTh PACYETHYIO MPOJ0JIbHYI0 yTeuKy 10 5.4 1.3%.

Cosuz sHepzemuyeckoll wkavl: BocctaHOBIEHME POAOJIBHOTO Npodus no 9 psaM NpyUBeso K CU-
CTeMaTU4eCKOMY CABUTY OLleHKH NMOJTHON MOHU3AIMOHHON 3HePTUH BBepX Ha 8.5% mo cpaBHEHUIO C 8-psiiHOU
koHbUrypauuei.

YdeT 3TOM HeJ0OLleHEHHOU paHee 3HePTUU MT03BOJIUJI CYLeCTBEHHO COKPAaTUTh CUCTeMAaTHYeCKUH CIBUT
MeX/y 9KCIIepUMEHTAIbHONU KPUBOU M pacyeTHbIMU KpuBbiMU Mozesiel (QGSJET-11-04) na PucyHke 2, noBbICUB
00LIYI0 I0CTOBEPHOCTb IHEPreTUUECKON KaJIMOPOBKU KaJlOpUMETPA.
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Paszpabomka KoMnbrHOmMepHbIX NPO2PAMM 8blde1eHUs N0OCME0.108 0m omdeibHbIX AdpoHo8 8 cocmase LIIAJT

Pa6oTa nporpaMMsl 3aK/04aeTCs B IOUCKe MHOIOYACTUYHBIX 3HEPreTHYEeCKUX U FreOMeTpHUYEeCKUX
dayKkTyanui u Koppessuil B «y3koM» KoHyce ycTaHoBKU «A/[POH-55». PazpaboTaH aaropuTm cCOpTUPOBKHY, a
TaK)Ke BU3YyaIM3aLM1 JJaHHbIX ycTaHOBKU «A/IPOH-55». [IporpamMMHoe obecrneyeHue peann3oBaHo B cpesie MATLAB,
BU3yaJM3alMsl MATPUL] UCIIOJIb3yeT QYHKIUU «surf», s criakuBaHus - «<shading interp».

JlJ1s1 ToMCKa KoppensaLyi MeXy CUTHaJlaMH, NOJIy4eHHbIMU C MOHU3aIlMOHHBIX KaMep, 6bL1 pa3paboTaH
aJITOPUTM PEKOHCTPYKIUU BbICOKOIHEPTHUHBIX COOBITHH. [Ip1 0T60pe COOBITHH KIH0UEBBIMU KPUTEPUSIMHU SIBJASIOTCS
BbICOKasl 06111asi SHePrys COOLITUSA U HAJIMYMe CUTHaJIa Ha HIDKHUX PAJlaX yCTAaHOBOK. PeKOHCTpyKUus cTpyH
OCYILleCTBJISIETCSA B 00paTHOM HallpaBJIeHUH ABHXXEHUS 4acTHUL, UCXOd U3 NIPeI0I0XKEeHHUS, YTO MaKCUMaJIbHas
3Heprus, NpulleAlIasi HA MOHU3ALMOHHYIO0 KaMepy, ¢ 60JibllIell BEPOSITHOCTBIO SIBJSIETCS TOM YKe MaKCUMaJIbHOU
3Heprueiy, npuieaned Ha MOHU3aLMOHHYIO KaMepy, HaXOAAIIY0CS Ha PAJA Bbllle. ITO 06yCJI0BJIEHO TeM, YTO
NpeuMyllecTBEHHO UJET TOUCK TsKeJIbIX aZ[pOHOB, KOTOPbIE B CBOIO 0Yepe/ib ClIOCOGHBI 6/1aro/iapsi CBoel saHepruu
He pacceuBaThCs B TOJIILE OTJIOTUTEA KajopuMeTpa. [/isi 3TOro HCKyCCTBEHHO BBOJSATCS Be IIepeMeHHble kol
Y rad, COOTBETCTBYIOLIME KOJIUYECTBY HCKOMBIX KOppeIALUH U pajuycy BbIOOPKH.

B cooTBeTcTBUHU Cc nepeMeHOM kol GopMUPYeTCs LIUKJI C 3alIUChI0 B HOBbIM MacCMB OTCOPTUPOBAHHBIX
3HaYeHUU MOHU3ALMOHHBIX KaMep C COOTBETCTBYIOIIMM UM NOPSIJKOBBIM HOMEPOM. JTO HYXKHO JJIs TOMCKa
CaMbIX CUJIbHBIX 9HEepIuH, 3aperucTpUPOBaHHbIX MOHU3ALHOHHBIMU KaMepaMU. 3aTeM, 6epsl nepeMeHHYy0 rad Kak
OCHOBY, IPOM3BOAUTCS BbIOOPKA U3 Psijia KaJIOPMMeTpa, KOTOPBIN B CBOIO OYepe/b SABJISETCS NapasliejbHbIM K
OTCOPTHUPOBAHHOMY PsIAY, TO €CTb IPU COPTHUPOBKE 5 psiJia BbIOOpKA MPOU3BOAUTCA U3 3 psAsia. [laee aHaIOTUYHBIM
o6pa3oM u3 1 pajga. B Bbi6opke IPOU3BOAUTCS OKMCK MaKCUMa/IbHOI'0 3HAaYeHUS € 3alIUCbI0 TOPSAJKOBOr0 HOMepa
MOHU3alMOHHOW KaMephl B OT/e/IbHbIN MacCUB. AJITOPUTM OCHOBBIBAeTCS Ha NTPe/I0JI0’KEHHUH, UTO MaKCUMaJbHasl
3Heprus, NpulleAlIast HA HIOHU3ALMOHHYIO KaMepy, ¢ 60JibllIell BEPOSITHOCTBIO SIBJSIETCS TOM YKe MaKCUMaJIbHOU
3Hepruey, npuieuel Ha MOHU3alMOHHYIO KaMepy, HaXOAALIY0Cs BbILIe,

JlaHHBIN aITOPUTM [103BOJIIET 0OHAPYKUBATb 3HEPreTHYeCcKre KOPPe/siUY B 3aBUCUMOCTH OT PacloJIOKeHUs
HMOHU3aIlMOHHBIX KaMep ¢ JIBYX BUI0B (BUA criepe iy, BUJ, COOKY).

Janee, ciienys paHee BbICKa3aHHOMY NPeJTIOJI0KEHHUIO0, MOXKHO 06'beJUHUTb B3aUMHO NepHeHANKYJ/IIpHble
pAAbI /151 BU3yaIM3alM1 dHepreTU4YeCKUX U reoMeTpUUYeCKUX QPJIYKTYallMH U KOPPeasiUi B TpeXMepHOM
npoctpaHcTBe. [ 3TOro JJaHHble IePBOTo psAjia (MOpsAAKOBbIA HOMep HOHHU3aLMOHHON KaMephl U ee aMILIMTY Q)
COBMeLIAIOT C JaHHBIMH BTOPOTO PsA/a, HAX0/sl TeM CaMbIM KOOPAMHATY B3aUMO/IefICTBHsSI B TPEXMEPHOM NPOCTPAHCTBeE.

Ha pucyHke 3 npe/cTaBjieHa BU3yaln3allisi SHepTUi MaTPULL JaHHBIX OT UX FTeOMEeTPUYECKOT0 PACIOJIOKEHHUs
10 BCEM YPOBHSIM KaJIOpUMeETpa.

a) MaTpuua faHHbIX 1- ypoBHA 6) MaTpuia JaHHBIX Ha BCEX YPOBHAX

PucyHok 3. BusyaM3anuu 3HEpPruii MaTpUIL JaHHbLIX 10 BCEM YPOBHAM
HOHHU3ALMOHHOr0 KaJlopuMeTpa «AZPOH-55»
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MccaepoBaHme agpOHHBIX B3aIMOAEIICTBII IIPY CBEPXBBICOKIX DHEPIVIAX Ha OCHOBE
U3YYeHNsl XapaKTepUCTHK agpoHOB B cTBoaax ITIA/1

Kpumepuu ¢popmuposaHust skchepumeHmanbHoll 8b160pKU

Onpedesernue nonadanus ocu u arzopumm: Ilonaganue ocu lIAJI B kaJjopuMeTp onpefeasoch Mo
M0JIOXKEHUIO LieHTpa TsXKeCTH SHeproBblJesieHus (MakCMMyMa MOHU3alM1) B BEPXHHUX psAAaxX aipOHHOrO 6J10Ka.
J1s1 5TOro NpuUMeHsyIcst pa3paboTaHHbIM KOMIIEKC TporpaMMHoOro o6ecredeHus Ass 2D u 3D npocTpaHCcTBEHHOH
PEKOHCTPYKI MU KJIaCTEPOB U BU3yaJIU3alMU MaTPUL, JaHHBIX. COGbITHE IPUHUMAJIOCh B 06paboTKYy, ecu
BOCCTAaHOBJIEHHAsl KOOPJMHATa OCH HAaX0AU/IaChb CTPOTO BHYTPU PUAyLHaJbHOI0 06'beMa KasiopuMeTpa. Jis
yCcTpaHeHUs KpaeBblX 3¢ deKTOB (YTeYKH 3HeprUU Yyepe3 60KOBbIE CTEHKH) U3 IJIOLIa/IU YCTAHOBKU 6Gblyla HCKJII0UeHa
KpaeBast 30Ha IMpHHOH 0.5 M 10 BceMy IlepuMeTpy.

3eHumHble yaavl u anepmypa: U3 o611ero NoToka 0TOMPANINCh JUBHU C 3eHUTHBIMU yriaMu . Onpesienenue
3€HUTHOr0 yI/Ia MPOU3BOAUIOCH [TyTEeM MTPOBeieHHS alllIPOKCUMMUPYIOIIUX JUHUM 110 cpaboTaBLUIMM KaMepaM B
TpexMepHOM IIPOCTPaHCTBEe Ha OCHOBE MeTO0/la HAUMEeHbUINX KBaApaToB. C y4eTOM yI/I0BOro 0T60pa U OrpaHuye-
HUS 10 IIo1a Ay, 3¢ deKTUBHAsI cBeTOCUIIA (aepTypa) yCTAaHOBKHU cocTaBuia okoJio 0.45

Oyenka ceomempuyeckoll agpgpekmusHocmu u cmeujeHust cocmasa: 'eometpudeckasi 3peKTUBHOCTb
perucTpanyH s JUBHEH, aJJal0lIUX B Bbl/leJIEHHYIO LIeHTPabHYI0 30HY , IpeBbiltaeT 95%. CiefyeT OTMETHUTD,
YTO KeCTKOe reoMeTpHUYecKoe OrpaHMYeHue Ha JIOKaJIM3aL 1o /ipa MO>KeT BHOCUTb He3HAYMTesbHOe (Ha ypoBHe
3-5%) cucteMaTH4ecKoe cMellleHue BbIG0pKH. KoMIaKTHbBIE CTBOJIBI OT JIETKHUX s/iep (IPOTOHOB) LIeHTPUPYIOTCS
TOYHee, yeM 6oJjiee LIMPOKHE KacKaJbl OT TSKeJIbIX ffiep (3keJsie3a), 0JHAaKO B AMaNa30He I0JIHOT0 YMCJIa YaCTHIL
N,>10°3TOT 3pPeKT HaXoAUTCA B peJiesiax 061el CTaTUCTUYECKOH NOrpelHOCTH IKCIIepUMeHTa.

B I10 npenycMOTpeHBI:

- BU3ya/IM3allM{ S3HepreTUYEeCKUX U reoMeTPUYeCKUX Koppeauui u ayKTyauuil B TpeXxMepHOM Npo-
CTPAHCTBE;

- [lepeBO/, U3 dHepreTUYECKOT0 pacnpe/e/ieHus JUBHA B reOMeTpUYeCKOe paclosioxeHe B TPeXMepHOM
HNpPOCTPAHCTBE;

- IpOBe/leHHs alIPOKCUMHUPYIOLIUX IMHUH B TPeXMePHOM NIPOCTPAHCTBE Ha OCHOBE IBYMEpPHOI'0 MeTo/a
HauMeHbIINX KBaIPaTOB;

- olpeJie/leHHe 3eHUTHBIX YIJIOB 10 alIPOKCUMHUPYIOIIMM JIMHUAM B TPEeXMEPHOM IIPOCTPAHCTBE;

— 110 MT0JIy4YeHHbIM JJAHHBIM OTKPbITa BO3MOXXHOCTb OINpe/iesIeHHs] a3UMYTaJIbHBIX YIJIOB C y4eTOM OIpe-
JleJIeHUsI BbICOTHI.

3akro4yeHue

Hcnonb30BaHKe BbICOKOTOPHOI0 MOHU3ALMOHHOT0 KallopuMeTpa «AAPpOH-55» ¢ perucTpanuei riiy6MHHOTO
X0/1a a/lpOHHOM KOMIIOHEHTBI 06eClIeYUT YHUKATbHYI0 BO3MOXKHOCTD [0JIy4eHHUs IPSMBIX, BbICOKOUHPOPMATUBHBIX
JaHHBIX O CTPYKTYpe Kackaza. Yay4dlleHne NPo0JbHOI0 pa3pellleHUs1 yCTAHOBKHU «AZIPOH-55» 1103BoOJIsIeT
CyIeCTBEHHO PACUIMPUTh HabJIt0jaTeIbHble BOSMOXXHOCTH U MOJIYYUTh HOBbIE 3KCIIepUMeHTa/IbHble Pe3y/IbTaThl,
KPUTHYECKU Ba>KHBbIe JI/I1 yTOUHEHUs MoJieJiel aipOHHBIX B3aUMO/IeHCTBUH U OBBIIEHUs TOYHOCTH PEKOHCTPYKIMH
napaMmeTtpos [IKH.

Ha BbicoTe 3340 M H.y.M. IOJIy4YeHBI HOBbIE 3KCIIEPUMEHTaJIbHble Pe3yJbTaThl UCCAeL0BAaHUI CTBOJIOB
IIIAJI c noMo11bI0 MOJIEPHU3UPOBAHHOI'0 BEICOKOTOPHOI'0 MOHM3ALMOHHOI'0 KaJlopuMeTpa AZJpoH-55 (IIoLabio
55 M?), B CTPYKTYpPY KOTOPOTO ObIJI MHTETPUPOBAH JI0MOJHUTEbHBIN 9-i H3MepUTEebHBIH psijl. YBesuueHue 3¢-
$eKTUBHOM TOLIMHBI HOTJIOTUTEJIS MO3BOJIMJIO CYLIIeCTBEHHO YTOYHUTD U JJOTIOJTHUTD Npe/iBapUTe IbHbIe JaHHbIe
0 3aMe/lJIeHUH NOIJIOLeHUsl aZ[pOHOB, Olly6/IMKOBaHHbIe HaMH paHee [19, 20].

JKCrnepuMeHTaJbHble U pacueTHble Pe3yJIbTaThl ABJIAOTCA Npe/BapUTeTbHbIMU.

ByiarogapHocTu

Pa6oTa BbInoJiHEHA NIPU NOAAEPKKe FPAHTOBOr0 GUHAHCUPOBAHUSA HAyYHO-TEXHUYECKUX TPOrpaMM U
MpOeKTOB MUHUCTEPCTBA HAYKH U BhIcLiero ob6paszoBaHus Pecny6sinku Kazaxcran, UPH AP23488396.

BoipaxkaeM IJ1y60Kyto 6J1aroJapHOCTb Hay4YHbIM KOHCYJIbTAHTaM, KoJljleraM, KOTopble He SIBJISIOTCS
aBTOpPaMU CTaTbHU, HO NIPH UX COAENUCTBUHU NIPOBOAUIIOCH UccaenoBaHue: P.M. Myxameuuny, B.U. T'ankuny, B.B.
Kykosy, XK.T. CagbikoBy, B.W. Ocenmyky, B.B. [Inckane.
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Kanrap6aesa /I.0. - pazpaboTka KOMIbIOTEPHBIX IPOTrPpaMM BU3yaJHU3aLUH JaHHBIX.
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KAH sigpoJiapbIHAa¥Fbl aAPOHABIK CHIIaTTaMaJIap /bl 3€PTTEY Heri3iHJe aca >KoFapbl SJHEpPrusjiapJarbl
aApPOHABIK 63apa apeKeTTecy/aepi 3epTrey

AHjaTna. by xKyMbIc 6acTankbl FAPbILITHIK CAYJIeepAiH 0eJlIeKTepi apacblHAAFbl 63apa 9PEKETTECY i
3epTTeyre apHaJ/IFaH, OHbI Kasipri yakpITTa HeTi3iHeH xxaHaMa TypJe 3epTTeyre 60J1aZibl - KEH ayKbIM/JbI aya
HecepJIepiHiH A49CTypJli cUIlaTTaMa/lapbIHbIH, LIEeKTeY i 2KUBIHTBIFbIH MO/Ze/1b/iey HOTHUXKeJIepiMeH Ca/lbICThIPY
apKblIbL 3epTTey/Ae KeH ayKbIM/Abl aya HecepJiepiHiH e3eKTepiH/eri eH aKnapaTThIK XX0Fapbl SHEPTUsJIbI apOH
KOMIIOHEHTIH a3yfa KabisieTTi AApoH-55 6UiKTiKTeri MOHJaHy KaJlopUMeTPi KoJIJaHbLIa/ibl, Oyl HOCEepAiH faMy
npolecTepiH TepeHipek Tanjayfa MyMKiHZik 6epei.

AnpoH-55 KOHABIPFBICHIHBIH, KEHICTIKTIK KoHe OOMJIBIK, aXKbIPAThIM/AbLIBIFBIH aPTTHIPY YLIIH KOCBIMIIA,
TOMEHT], TOFbI3bIHIIbI KaTapJaFbl MOHAAHY KaMepa/lapblH OpHATYAaH KoHe KOCyZiaH TypaThIH »KaHapTYy Xy3ere
aceIpbLIbL. By eJiliey KabaThIH KOCY HOCep/iH 60MIbIK KYPbLIbIMbIH A2J/IipeK aHbIKTAYFa )KoHe Y/IKeH aTMochepasblK,
TepeH/IiKTe a/[pOH 3HEPTUSChIHBIH TapasyblH KaJIINbIHA KEJITipyAeri A3JIAIKTI apTThIpyFa MYMKIiH/IiK 6epefi.

ByJ1 2KYMBICTBIH, FBIJIBIMU >KaHaJIbIFbl M€eH YJieci )kaHa KoHUrypauusaaarbl AZPoH-55 KOH/BIPFbIChIHAH
AJIbIHFaH TIXKipUbeJIiK )KoHe eCenTesreH JJepeKTep/li CaJbICThIPMaJIbl TAJNAAY/IbIH aJIFALIKbl HOTXKEJIEePiH/e ®KaThbIP.
WoHjay KanopUMeTpiHiH KYpbLJIbIMbIHA TOFBI3bIHIIBI TEPEH/IK KATAPbIH €HTi3y 60MJIbIK KaCKaAThI JaMbITY/[bIH
«KYHPBIK» 66JIiriHiH e/1ley/iepiHiH aKapaTTbIK Ma3MYHbIH alTapJIbIKTal apTThIP/bl XKoHE TePEeH KabaTTap/iblH
YKaUITIbl 3HEPrUs 6eJliHyiHe KOCKaH YJIeCiH Jlasripek 6arasayabl KAMTaMachi3 eTTi.

ToFBI3bIHIIBI KATAP/bIH 60JybI KaJIbl HOH/JJAHY IHEPTUSICHIH XKoHe KabaTTap OOWbIHIIA GOUIBIK 3HEPTHUs
6eJ1iHyiHiH Tapasy napaMeTpJ/epiH KalnblHa KeJITipyeri TYpaKThUIbIKTbIH apTyblHa, COHAAN-aK 3Heprus 6eiHyiHiH
TepeH KYPbLJIbIMbIHA HETi3/le/ITeH OKUFa/Iap/IblH 66/IiHYiHiH )KaKcapyblHa 9KeJIeTiHi aHbIKTa/[bl. Ceri3 )koHe TOFbI3
KaTapJibl KOHQUTYpaLUsIap/AblH CaJbICThIPMAJIbl TaJ1/1aybl aIpOH KaCKa/IbIHBIH TOJIBIK CiHipiJiMeyiHe 6aHJIaHbICTBI
KYHeslik KaTeniKTep/iH a3alifaHbIH xKoHe T KipubeJslik lepeKTep MeH 3aMaHayU KacKaAThl 93ipJiey MoJiesibjiepiHe
Heri3/le/IreH ecenTeyJiep apacblHaFbl COUKECTIKTIH, )XaKcapFaHbIH KepceTe/i.

Byn HoTHXKesiep GUiK TayJibl HOHJJAHY KaJIOpUMETpJIepiH GoJallaKTa Mak/jalany KoHe KaHFbIPTY YLIiH,
COHJal-aK aZipOH/IbIK 63apa dapeKeTTecyaepAiH aFbIM/IaFbl MOJeJIb/IePiH TEKCEPY KIHE XKeTiNAIpyre xKaHe yAeTKill
3KCIIepUMEHTTEpPiHE KOJI XKeTiM/i eMec 6acTanKbl FAPBIIITHIK CyJIeJIEP/IiH dHepTHUs AUANa30HbIH/Ia KaCKa [ Thl
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aya HecepJiepiHiH aJi[pOH KOMIIOHEHTIHIH MapaMeTpJiepiH Ka/NblHA KeJTipyAiH CeHiMALIIriH )koHe Taxipubesik
JlepeKkTepAi MoJiesib/ley HOTHXKelepiMeH calbICThIPYAbIH AJJAITIH apTThIpyFa MYMKIHJIK 6epefi.
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Satbayev University, Institute of Physics and Technology, Almaty, Kazakhstan
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tautayev@gmail.com)

Investigation of hadron interactions at ultra-high energies based
on the study of hadrons characteristics in EAS cores

Abstract. This work investigates the interactions of primary cosmic ray particles, which can currently be
studied primarily indirectly by comparing a limited set of traditional characteristics of extensive air showers with
modeling results. The study utilizes the Hadron-55 high-altitude ionization calorimeter, which is capable of recording
the most informative high-energy hadron component in the cores of extensive air showers, enabling a more in-depth
analysis of shower development processes.

To improve the spatial and longitudinal resolution of the Hadron-55 setup, an upgrade was implemented,
consisting of the installation and connection of an additional, lower, ninth row of ionization chambers. The addition
of this measuring layer allows for a more precise refinement of the shower’s longitudinal structure and an increased
accuracy in reconstructing the hadron energy distribution at great atmospheric depths.

The scientific novelty and contribution of this work lies in the initial results of a comparative analysis of
experimental and calculated data from the Hadron-55 setup in its new configuration. The introduction of a ninth
depth row into the ionization calorimeter structure significantly increased the information content of measurements
of the “tail” portion of the longitudinal cascade development and ensured a more accurate estimate of the contribution
of deep layers to the total energy release.

It was established that the presence of a ninth row leads to increased stability in the reconstruction of
the total ionization energy and the parameters of the longitudinal energy release distribution across layers, as
well as to improved event separation based on the deep structure of the energy release. A comparative analysis of
configurations with eight and nine rows demonstrates a reduction in systematic errors due to incomplete absorption
of the hadron cascade and improved consistency between experimental data and calculations based on modern
cascade development models.

These results are of practical significance for the future operation and modernization of high-altitude
ionization calorimeters, as well as for the formation of experimental samples intended for the validation and
refinement of modern models of hadron interactions and cascade development in the energy range of primary
cosmic rays inaccessible to accelerator experiments. The implemented approach allows us to increase the reliability
of reconstructing the parameters of the hadron component of extensive air showers and the accuracy of comparing
experimental data with modeling results.

Keywords: cosmic rays (CR), extensive atmospheric showers (EAS), ionization calorimeter, primary cosmic
radiation (PCR), hadron cascade.
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AHHOTanUA. AKTyaJbHBIMU SIBJSIOTCSA 3KCIIepUMEHTa/IbHble HCCIeJ0BaHUA
0 M0JIyYeHUI0 YaCTOTHBIX 3aBUCUMOCTEN AUEKTPUUECKON TPOHUL[@eMOCTH TEPMO-
MJIACTOB B MUKPOBOJIHOBOM JIMaNa30He, BBUAY UX UCII0Jb30BaHUs B KAYECTBE MATPHI]
JIMCIIepCHO-HAMOJHEHHBIX KOMITO3UTOB. LlesTbio HacTosIIIel paboThI ABJISETCS HOA00P
TEXHOJIOTHUYECKUX [TapaMeTPOB AJisl T0JIy4YeHHs] MOHOJIMTHBIX 06pa310B HEKOTOPHIX
LIMPOKO UCHOJIb3yeMBbIX TEPMOILJIACTOB Y U3MEPEHUE YAaCTOTHOU 3aBUCUMOCTH
KOMILJIEKCHOH JTU3JIEKTPUYECKOH MMPOHUIIAeEMOCTH B AuanazoHe 100 MI'n - 5 I'Tn. B
KavyecTBe 00'b€KTOB UCC/Ie0BaHUS ObLJIN UCI0Ib30BaHbl IOJUBUHUINUAEHPTOPUL,
dTopkayuyk nosu(TpudTopxI0pITUIEH-BUHUANeHPTOPU]), HOJUBUHUIOBBIA CIUPT
¥ noJaucTUpo.1. O6pasiibl U3rOTaBJIMBAIUCH METO/OM ropsiyero NpeccoBaHus Ha 3KCIle-
pPUMEHTAJbHOM CTeH/e IPU UHAUBUAYATbHO NOJ00PaHHbIX 3HAYEHUSIX TEMIIEPATYPHI
BbIJIEP>KKH, paboyero AaBjeHUsI U BpeMeHH BbIZIEPXKKH, 00eCIeUBAKOLIUX TOJIyYeHHEe
MOHOJIUTHBIX U3/ie/IUH 6e3 BU3yalbHO HA0JII0/JaeMOX MOPUCTOCTHU U BHYTPEHHUX Jie-
¢dexToB. YacTOTHbIE CIEKTPbI KOMIIJIEKCHOU IM3/IEKTPUYECKON MPOHULLAEMOCTH OBLIU
M3MepeHbl ¢ NoMolbio MeToia Hukosicona-Pocca-Bupa npu kKoMHaTHOM TeMIlepaType C
UCIO0/Ib30BaHUEM BEKTOPHOTO aHa/IM3aTopa Leneil. B xo/ie npoBe/ieHNs 3KCIIEPUMEHTOB
06HApYKEHO, YTO PEKUMBI TEPMOIPECCOBAHUS AJISl UCII0JIb3YeMbIX TEPMOILJIACTOB
CylL1leCTBEHHO pa3JinyatoTcs. [Ipu nosydyeHuu KoJiel U3 MOJMBUHUI0BOTO CIUPTA
HaG6JTI0/1aJ10Ch MTOXKEeJITeHHe 00Pa31[0B, TPEATI0JIOKHUTENbHO CBI3aHHOE C HAYaJIbHBIMU
CTaJUsIMU TEPMUYECKOU AeCTPyKLUU MaTepuaa. B fuanaszone yactor 100 MI'u-5 I'Ty,
JleCTBUTE/IbHAS YaCTh AU3JIEKTPUIECKON TIPOHUIAEMOCTH € /151 HOJIMBHUIUAEH -
Topuja cocraBunaa 2,57-3,31, aisa dpropkayuyka — 2,40-3,16, 1)1 HOJMBUHUIOBOTO
cnupTta — 3,61-4,63. B ciiydae moJsiMcTuposia 3HaueHue €' B UCC/IelyeMOM uana3oHe
cocTaBuIo 2.64. [ls151 Bcex MOJIMMEPOB KpoMe MTOJIMCTUPOJIa 0OHapyKeHa BblpaXkeHHas
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A.B. Kaasipxanos, P.JI. Hlakupssnos, K.M. Maxanos, M.B. 3aopozser;

YacTOTHas AUCIEePCUs] KOMIIJIEKCHOM JU3JIEKTPUIECKOU MPOHUIIAEMOCTH, a TaKXKe
JIU3JIeKTpUYecKue notepu B guamnasoHe 0,05-0,20. [loMmuMo 3TOro, pacCiuTaHHOE
3HaueHUe K03dPULIEeHTa OTPAKEHUSI HAa MeTa/LJINYECKOH MJIaCTUHE COCTaBJISAJIO OT
-3 10 -2,5 ab A/ TEPMOILJIACTOB C BBIPAXKEHHBIMU AU3JIEKTPUYECKUMU IOTEPSIMHU.
[TosiydeHHBIE YACTOTHbIE 3aBUCMMOCTH JONOJIHAIOT CBEEHUSA O JU3IEKTPUIECKUX
XapaKTepPUCTHUKAX PAaCIPOCTPaHEeHHbIX TEPMOILJIACTOB B MUKPOBOJIHOBOM JIMaNa3oHe
YaCTOT ¥ MOTYT OBITh HCI0JIb30BaHbI MPU Pa3pabOoTKe MOJTUMEPHBIX KOMIO3UIMOHHbIX
MaTepHaJoB C 3aJaHHbIMU JU3JIEKTPUYECKUMHU XapaKTepPUCTUKAMU JJ151 U3 eTUl
pazsnoaneKTpoHUukKH, CBU-TeXHUKHU U paMoNOIJIONIAIOLUX MaTepPUaJIOB.

KiiroueBble C/I10Ba: TEPMOILJIACTHI, AU3JIeKTpUYecKass MIPOHUIIAeMOCTb,
nosmmBuHUIMgeHPTOpUA ([1BJAD), MeTom Hukosicona-Pocca-Bupa, auasiekTpudeckue
MOTEePH, NOJIMMEPHbIE KOMIIO3ULIMOHHbIE MAaTEPHAJIBI.

BBeaeHue

KoMno3uThl Ha OCHOBE TEPMOIJIACTOB UMEKT GOJIBLIYI0 BAXKHOCTh B COBPEMEHHOM MPOMBIIJIEHHOCTH, HAayKe
Y TexHUKe. TepMonacTUYHbIe OJMMephI U3-3a CBOEH BbICOKOMOJIEKYISIPHOM IPUPO/bI 3J1aCTUYHBI, JIACTUYHBI U
Jierko GopMyeMbl. ITH CBOMCTBA AE/IAI0T UX BbICOKOTEXHOJIOTMYHBIMH M HE3aMEHUMbIMH /151 LIMPOKOTO CEKTPa
nprvMeHeHUH. TepMOIIACThI TPUBJIEKATENbHBI TAKXKE TEM, YTO UMEIOT BO3MOXXHOCTb BTOPUYHOM MepepaboTKHy,
YTO NO3BOJISIET PeLIaTh HEKOTOPbIE 3KOJIOTUYeCKHe NPOo6/IeMbl HCII0JIb30BaHUS COBPEMEHHBIX NOJUMeEPOB. Ha
OCHOBE TEPMOIIJIACTOB U3r0TABJIMBAETCS IIMPOKasi HOMEHKJ/IATypa NOJIMMEPHBIX KOMIO3UIIMOHHBIX MaTepHUaIOB
[1-3]. [TonuMepHbIe KOMIIO3UI[MOHHBIE MATEPHAJIbI HA CETOHSAIIHUN JIeHb SIBJSIOTCS JMHAMUYHO PAa3BHUBAIOIIUM-
csl KJIaCCOM MaTepHaJIOB, MMEILIHUX KaK KOHCTPYKIMOHHOE, TaK U pyHKIIMOHAIbHOEe Ha3HayeHUe. biarogaps
MpenMYyIecTBaM TePMOIJIACTOB NOJIMMEPHbIe KOMIIO3UThI HALIIM TPUMeHEeHNe B aBUAIJMOHHON U KOCMUY€eCKOH
TeXHUKE, IHEPreTUKE, 3JIEKTPOHUKE, TeJIEKOMMYHUKALMOHHBIX CUCTEMAX, PAIM0JIOKALIUY, MEJULUHCKON TEXHUKE
Y IPOU3BO/ICTBE U3JEJUH Cllel[MaJIbHOTO Ha3HavyeHus [4-6].

KoHcTpyKImoHHBIe U QYHKIMOHAJIBHBIE XaPAKTEPUCTUKY MOJMMEPHBIX KOMIIO3UI[MIOHHBIX MAaTEPUAJIOB OYAYT
onpeJesiTbCs CBOMCTBAaMU KaK MaTpHLbl (CBS3YIOIIEro), Tak U HanoJHUuTeJs [7]. Haubosiee pacnpocTpaHeHHbIH
BapHaHT UCIIOJHEHUS TOJMMEPHOT0 KOMIIO3UIIMOHHOT'0 MaTepHrasia MOXHO NPeJiCTaBUTh KaK NPOTSXKEHHYIO0 Cpey U3
MoJIMMepa C BKJIIOYEHUSIMH U3 HANIOJIHUTEJIS B BUZe cdep, 3JUTMICOU0B, YaCTHUL] TPOU3BOJIbHON GOPMBI, BOJIOKOH U
IJIaCTUH. MHOTO BHUMAHHUS y/1e/IsIeTCs TOJMMepPHbIM KOMIIO3UTaM, B KOTOPbIX B KAUeCTBE HAMOJHUTEJIS UCTIOJIb3YITCS
MHKPO- MU HAaHOYaCTHUIIbI OKCUZIOB, B TOM uuce ¢ peppoynopsgoderueM [8]. [losnMepHble KOMIO3ULIMOHHbIE
MaTepHaJIbl C HAIOJIHEHUEM U3 YaCTHI, HA3bIBAIOT U CIIEPCHO-HANOJHEHHBIMU KOMIIO3UTaMH. JlucnepcHo-
HarnoJIHEHHbIE KOMIIO3UThI MOTYT UCIOJIb30BAThCS KaK MPOMEXKYTOYHbIE MPOAYKTHI IPOU3BO/CTBA MOJUMEPHBIX
KOMII03UTOB (MTpenperu), Tak 1 Kak KOHeYHble MaTepHuaJ/ibl. BBeZileHHe MTOPOLIKOBLIX J06aBOK MOXKET YBEJTUUUBATh
HW3HOC KOMIIO3UTOB, TBEP/JOCTD, }KECTKOCTb, & TAK}KE MOBBIIIATH XUMUYECKYI0 CTAGHUIBHOCTD MPH AJUTEIbHOM
rcnosib3oBaHuu. PeppoasiekTpruieckue (CErHETO3EKTPUYECKUE) HATIOJHUTEH UCTIOIb3YIOTCA B IUCIEPCHBIX
KOMITO3WTAaxX [JIs CO3/JaHUS TMOKMX MaTepHaIoB C BBICOKUM 3HAaYeHHEM /IU3JIEKTPUUECKON TPOHUIAeMOCTH €
1 rHOKUX Nbe303JIEKTPUKOB [9]. B ciyyae ucnosib3oBaHus GeppruMarHeTUKoB (peppUTOB) MOXKHO MOIY4YaTh
MOJINMEPHbIe KOMIO3UTHBIE MAaTePUaJibl C MArHUTHBIMY CBOMCTBAMU, KOTOPbIE UCIIOJIL3YIOTCS B KAUECTBE TUOKUX
MarHuTOB WJIM paZuonoromaninux Matepranos [10]. Takke, MarHUTHbIE TOJIMMEPHbIE KOMIIO3UTHI, [/l TOJIUMED
MOXET OBbITh JIUIIb B BU/IE CBA3YIOILET0, MOTYT ObITh UCII0Jb30BaHbl B MarHUTOPE30HAHCHOM KapTUPOBAaHUH,
MarHuTo06paTUMOM KaTasu3e, ruiepTepMuy, 6uocenapanuu [11]. B HacTos1ee BpeMs HPOBOAATCS KOMILJIEKCHBIE
MCccIeJ0BaHMS GOJIBIIOT0 KOJIMYECTBA COYETAaHUHM MaTPUIL U HAlOJTHUTE IeH, YTOOb!I HAUTH MOJTMMepPHbIE KOMIIO3UTHI
C HAWIYYIIUMU QYHKIMOHATBHBIMU XapaKTepucTUKamu [12].

Oco6oe 3HaUeHHe MOJUMEPHbIE KOMIIO3UI[MOHHbIE MaTepUaJsibl IPUOGPESU KaK 4YacTU 060pyj0BaHuUs,
KOTOpOE 3KCIIyaTUPYeTCcs B AUaNa30He BbICOKUX U CBEPXBbICOKUX YaCTOT 3JIEKTPOMArHUTHOTO U3JayyeHus [13].
Pa3BuTHE COBpeMEHHBIX CHUCTEM GecnipoBOAHOM cBsi3U (4G u 5G), paiH0/I0KAMOHHBIX KOMILJIEKCOB, CPEJICTB
PaZi03JIEKTPOHHOM 60pb6bI, AHTEHHBIX YCTPOMNCTB, a TakXKe 3/ieMeHTOB CBU-2/1eKTPOHUKHU NPEeAbABISET
MOBBIIIEHHbIE TPEOOBAHUS K CTAOMIBHOCTH JU3JIEKTPUUECKUX U MEXaHUYECKUX XapaKTePUCTUK IPUMeHIeMbIX
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MaTepuasos. [Ipu pa3paboTKe TaKUX U3/IeJIUH HEO6XOAUMO YIYUTHIBATh HE TOJIbKO BEJIMYUHY 1eUCTBUTENbHON YaCTH
KOMIIJIEKCHOH M3JIeKTPUYECKOM TPOHUIIAaeMOCTH, ONpe/ie Iiollel CKOPOCTb paclpoCTpaHeHHs 3/1eKTPOMarHUTHOH
BOJIHBI B MaTepuaJle, HO U BeJIMUUHY [JU3JIeKTPUYECKUX T0Tepb, HENoCpe,CTBEHHO BIAUAIOLIMX HAa 3P PeKTUBHOCTD
nepesiayy 3HEPryuy, HarpeB MaTepyasa v sIHepreTUYeckre XapaKTepUCTUKHU YCTPOMCTB.

HecMmoTpsa Ha To, YTO BHUMaHHUe Hccaef0oBaTesed 3a4acTyl0 COCpelOTOYEeHO Ha HANOJHUTENAX
M0JINMEPHbIX KOMIIO3UIIMOHHBIX MaTepHaJloB, a UMEHHO KepaMHU4eCKUX OPOILKaX, yIJIepOJHbIX HAHOMaTepHaax,
MeTa/IJINYeCKUX YaCTUILAX UM YIJIepOAHbIX BOJIOKHAX, UMEHHO MOJIMMepHasl MaTpUIia onpeessieT 6a30Bble
CBOMCTBA KOMIO3UIIMOHHOr0 MaTepuaJsa. I3BeCcTHO, 4TO NoJMMepHas MaTpULa o6ecrieduBaeT CBA3bIBAHUE YaCTHUL]
HaIOJIHUTeEJIS], Tepefiauy MeXaHH4eCKUX Harpy3oK, opMHUpoBaHue CTPYKTYpbl KOMIIO3UTa, ONIpe/ie isieT TeXHOJIOTHIO
nepepaboTKU MaTepHasa U OKa3blBaeT CYLeCTBEHHOE BJUSIHHUE HA ero KOHCTPYKIJMOHHbIE XapaKTePHUCTUKHU.
MMeHHO CBOMCTBa MaTpHIbI ONPeZe/IAI0T BO3MOXXHOCTD ITOJIy4YeHHUsl OJHOPOAHON MUKPOCTPYKTYPBI, Ka4eCTBO
B3aMMO/IeCTBHUs BKJIIOUeHHe,/MaTPULA, TIOPUCTOCTb, BHyTPEHHUE HalPsXKeHHs], BJIaroNOIJIoleH e U CTaOUIbHOCTh
XapaKTepPHUCTHUK B IIpolLiecce sKCIIyaTayuu [1, 2].

JJIeKTpOMarHUTHbIe CBOMCTBA NMOJHMMEPHON MaTPHUIlbl OKa3bIBAlOT HENOCPEACTBEHHOE BIMAHME Ha
pe3yJIbTUPYIOLLY0 BbICOKOUYACTOTHYI0 KOMIIJIEKCHYIO AU3JIEKTPHUYECKYI0 TPOHUIIaeMOCTb KOMIIO3MIIMOHHOT O
MaTepuasa. Jlaxke Ipy UCNOIb30BaHUHK OMHAKOBOI'0 HAllOJTHUTEJISI 3aMeHa O/JHOTO MoJIMMepa Ha Ipyro# criocobHa
NPUBECTH K CylL1eCTBEHHOMY U3MEHEHHUIO KaK JAeMCTBUTEeJbHON, TAaK U MHUMOM YacTel JU3JIeKTPUIEeCKOH
NPOHUIIAEMOCTH BCJIeJICTBUE PA3/IMUMH B OJIAPHOCTH MaKpOMOJIEKYJI, MEXaHU3MaXx MOJIIPU3aLUH, TOABHUXKHOCTH
JMITOJIbHBIX TPy NN (KUHETHYECKUX eUHHIL) M 0COGEHHOCTSIX HaMOJIEKYJ/IIpHOH cTPyKTypbl. KpoMe Toro, cBoiicTBa
CaMOH MaTpHULbI ONpe/le/IAI0T XapaKTep pacnpe/ie/ieHUs 3J1eKTPOMarHUTHOTO N0J11 BHYTPYU KOMIIO3UTA U OKa3bIBAKOT
BJIMSIHYE Ha Npolecchl MexxPpaszHoM MoispUu3anuy, NpuobpeTaronye ocoboe 3Ha4eHHe IPU UCII0JIb30BAaHUH
BBICOKO/IMCIIEPCHBIX HANlOJIHUTEJIEH.

C y4yeToM BbllLIeCKa3aHHOI'0, pa3pab0oTKa HOBBIX 10JIMMEPHbIX KOMIIO3ULIMOHHbIX MaTepPUal0B HEBO3MOXKHA
6e3 npeiBapUTEbHOTI0 BCECTOPOHHET0 CC/IeJ0BAaHUS CBOMCTB MCXO/IHbIX 10JIMMepoB. [loslyuyeHNe ,0CTOBEPHBIX
JlaHHBIX O IU3JIEKTPHUYECKUX XapaKTepPUCTUKaX MOJIMMEPHBIX MaTpUI] I03BOJIsSIeT IPOTHO3UPOBATh CBOMCTBA
6y LyIIMX KOMIIO3UTOB, KOPPEKTHO BbIOMPATh THUI HALIOJHUTEJIS, PACCYUTHIBATD €I0 He06X0JUMYI0 KOHLIEHTPaL U0
Y MCII0J1b30BaTh MoJear 3pdeKTUBHOU cpe/bl /11 MPOrHO3UPOBAHUS 3JIeKTPOMArHUTHBIX NIapaMeTpoOB
koMno3uToB [14]. KpoMme Toro, uccjiejoBaHUe UCXOJHBIX 0JUMEPOB MO3BOJISIET PA3/eJUTh BKJIaJ MaTPULbl U
HaIlOJIHUTEJIS B CyMMapHble CBOMCTBA KOMIIO3ULIMOHHOT'0 MaTepHaJla, YTO CyLieCTBEHHO 06JierdyaeT HHTepIpeTalnuio
3KCIepUMeHTaJbHbIX pe3y/bTaTOB BO BpeMs HUCClIe,0BaHUM.

B naHHOU pa6oTe paccMaTpPUBAIOTCS MUKPOBOJIHOBBIE CBOMCTBA TEPMOIJIACTOB, INUPOKOAOCTYITHBIX
B BH/le IOPOUIKOB, a TaK)Ke INOUCK pexKMMOB GOpPMOBaHUSA MeTOJ0M TepMonpeccoBaHusl. Takue napamMeTpsl
KaK JiM3JIeKTpU4yecKasi IPOHUIAeMOCTb U TaHTeHC yTIJjla AU3JeKTPUYeCKHUX IOTEPb BO MHOT'OM 3aBHUCAT OT
peAbICTOPHH NOJMMEPHBIX 06pa3LoB. OT NpeAbICTOPUH OTy4YeHUS TOJUMEPHBIX U3/jeJIMH 3aBUCUT TOPUCTOCTb,
XUMHWYECKHH COCTaB, a TaKXkKe UX MUKPOCTPYKTYypa. [1o 3Tol NpruYKHe aKTya/IbHbIM fIBJISETCS UCCAel0OBaHNEe
YaCTOTHOM 3aBUCHMOCTH KOMIIJIEKCHOW JIU3/IeKTPUYECKON NPOHUL[@eMOCTH TePMOILJIACTOB METOAAMH, UCII0JIb-
3YOLMMU BEKTOPHbIN aHa u3. [losyyeHHble B paboTe 3KCIepUMeHTabHbIE JaHHble OYAYT BOCTPe6OBaHbI A1
MaTepHaJoBe/|0B, 3aHUMAaIOLIUXCA NPOEKTHPOBAaHHEM PaJHONOI/IOAIIUX MaTepHUalI0B WU NOAJIOXKEK U3 N0~
JINMEPHBIX KOMIIO3UTOB //151 CBEPXBbICOKOYACTOTHOM TeXHUKHU. [[OoMHMO 3TOro, HECMOTPS Ha TO, UYTO B HAYYHOH
JIUTEpaType uMeeTcs1 60JIbII0e KOJMYECTBO JaHHBIX 0 MUKPOBOJIHOBBIX CBOMCTBAX MOJMMEPOB, UMeeTcsl pa3bpoc
B U3MepEeHHbIX 3Ha4eHUAX KOMIIJIEKCHOM AU3JIEKTPUYECKON NPOHUILIAeMOCTH /11 NOJMBHUHHUJIOBOTO CIUPTA U
dTopcoaepxkaliero noJuBHUIKAeHGTOpUAA (U ero conoaumepoB) [14-19]. [us xnopcoaepxaiux GTOpKaydIyKoB
3HaueHHUs AU3JIEKTPUYECKOHN TPOHUIIAeMOCTH B MUKPOBOJIHOBOM /JIMalla30He B OTKPBITOH JIUTEPATYPe OTCYTCTBYIOT.
HoBu3Ha JaHHOTO HCC/leJ0BaHUS 3aKJII0YAETCs B OTPA6OTKE PEXKMMOB TEPMOIPECCOBAHUSA TEPMOILJIACTOB U
M3MepeHHUH YaCTOTHbIX 3aBUCUMOCTEeN AN3/IeKTPUYECKUX TapaMeTpoB, IpuyeM s ¢Topkayuyka CKO32 naHHble
3Ha4yeHUs ObLIM OJTy4YeHbI BIEPBbIE.
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A.B. Kaasipxanos, P.JI. Hlakupssnos, K.M. Maxanos, M.B. 3aopozser;

MeToao10rHUs

B kauecTBe Hcc/leyeMbIX TEPMOIJIACTOB ObLIM BbIGpaHbl NoMBUHUIMAeHPTOpUA ([IBAD, npousBoacTBO
Merck), nosu(BunuangeHdropu-tpudropxaopatuiieH) mapku CK®32 (npoussoactso AO asononumep),
nonuBuHUI0BBIHN ciupT (I1BC, mapka 16/1, npousBozcTBo Poccust) u nonuctrupos mapku [1C525 (npor3BoacTBO
Kuraii). Tepmoniactsel [1B/I® u [1BC ucnosib30Ba/IMCh B BUIE TIOPOIIKA € pa3MepoM Yactul 45-80 mkm. CKD32
HCI0JIb30BAJICS B BU/IE TOJICTBIX JIMCTOB, KOTOPble H3MeJIbYaJINCh JJ0 KYCOYKOB C HaM60JIbLIIMM Pa3MepoM OKOJIO 2-5
MM. [1C525 Takxke 6B UCTIOJIB30BaH B BU/e opoLika KpynHo# ¢pakuuu 200-500 mkm. [lepes ucnosib3oBaHHEM
HNOPOILIKY TEPMOIJIACTOB BbICYIIUBAJIUCh B CylIMJbHOM LiKady npu 60 °C B TedeHue 24 4. Bei6op TepMomiacToB
6b1/1 00yC/I0BJIEH PA3JUYHBIMU PU3UKO-XUMMUYECKUMH, YIIPYTUMHU U AU3JIeKTPUUYECKUMHU XapaKTepUCTUKaMHU
nosinMepoB. Kak MoxHO BuzieThb U3 Ta6suibl 1 usgenus us [1C525 u [I1BC noTeHI[MaIbHO NPUTOAHBI B TPUMEHEHUSAX,
JUIS1 KOTOPBIX TPEOYIOTCH KEeCTKUe Y JIerKue MaTepHasibl (BbICOKMI MOAYJIb YIIPYT'OCTH, HU3Kas MJIOTHOCTD).
151 TMOKUX, 3IAaCTUYHBIX U CTOMKHUX U3eJUN O0JIbLIYI0 IPUTOJAHOCTD JeMOHCTpUpYeT PpTopkayuyk CKD32.
KoMnpoMuccHbIM pelieHueM siBisieTcs: Tepmornact [IBJ®.

Ta6smmna 1. Hekotopble pusnyeckyie U AU3JIEeKTpUYeCKHe CBOMCTBA NOJIUMEPOB, pacCCMaTPpUBaeMBbIX
B pa6oTe (cnpaBoYHbIE JaHHbIE)

CrOHCTRO Tepmoniact
[IBA® CK®32 [1BC [1C525
[lnoTHOCTS (), T/cM3 1,75-1,8 1,8-1,9 1,19-1,31 1,06
TemnepaTypa niaJjieHus, °C 142-156 - 180-230 240
TemnepaTypa pasJioxkeHus, °C 350 ~400 ~200 300
TeMnepaTypa cTeksnoBaHus, °C -45 -22 85 80-113
Mopyns ynpyroctu, MIla 1340-1470 8,5-13 ~22000 2850
JJIeKTPOCOMPOTHUBJIEHHE, OM*M (0,5-9)-10% 101 107-108 102

06pasibl /151 UcCe[0BaHUS AU3/IEKTPUYECKUX XapaKTepPUCTUK U3rOTaBJIUBaINCh B BUJle TOPOUJAIbHBIX
KOJIeL PSIMOYTOJIbHOIO IOTIEPEYHOr0 CeYeHUs C BHEITHUM AuaMeTpoM 16+0,5 MM, BHYTPEHHHUM HMaMeTpPOM
7+0.5 MM ¥ TosMHON 6+0.5 MM. 3roToBJIeHHe IPOBOJUIIOCH Ha CIIellMaJIbHOM 3KCIIePUMEeHTa/IbHOM CTeH/e,
BKJIIOYAOI[eM 'MJIpaBJIMYeCKUi Ipecc, pe3uCTUBHBIN HarpeBaTe b, BEHTUISATOPSI /11 OCThIBAHHUS U BOASIHOI'O
Hacoca (pucyHok 1a). PopMoBaHHe 06pa310B OCYIECTB/IAI0Ch B pa3beMHOMN IIpecc-popMe U3 HepKaBelollel CTaly,
COCTOALLeN U3 MAaTPHULbI U [IByX MyaHCOHOB. McXoAHBIM MaTepHaJl 3arpy:ajcs B paboudylo NoJ0cTb npecc-$pop-
MBI, TI0CJIe Yero IPOU3BOAUIOCh IpeABapuUTeIbHOe npeccoBaHue (okosio 380 MIla) c uesbo yaseHus: Bo3ayxa
13 06'beMa Mpecc-3aroTOBKY U MOBBILIEHHUS MJIOTHOCTH YKJIaIKA MOPOIIMHOK. 3aTeM yCTaHaBJIMBaJIOCh pabouee

AaBJIeHHUe p BeJIMYHMHA KOTOPOI'0O KOHTPOJIMPOBaJaCb I1I0 MAHOMETPY FHﬂpaBHHqECKOﬁ CUCTEMBI. HpI/I npornecce

a6’
TepMOHpngOBaHHH JlaBJieHe N0/ lepP>KUBaJIOCh BpyuHYto onepaTopoM. Harpes npecc-gpopMbl ocyliecTBs1ICA
KOJIbI|€BBIM MHKAaHUTOBBIM 3JIEKTPOHAarpeBaTeJieM, 3aKpenJeHHbIM Ha Hapy>KHOM MMOBEPXHOCTH MaTpHULbL. Jis
NpeAoTBpalleHHUs leperpeBa Harpy»arollero LTOKa HUCI0Jb30BaJach CUCTEMA BOASHOTO OXJIaXK/LeHH, BbINOJIHEH-
Hasl B BU/Jie MeJHOM TpyOKH, HABUTON BOKPYT LITOKA. JJIeKTPONUTAHUE HarpeBaTeJisl OCYLeCTBJAI0Ch OT UCTOY-
HUKA MUTAHUS CO BCTPOEHHBIM peJIEMHBIM PeryJsTopoM TeMnepatypbl. KOHTpoJib TeMnepaTypbl npecc-GpopMbl
MPOU3BOAMJICA C TOMOLIBI0 TEPMOPE3UCTUBHOIO JAaTYMKA.

B xo/ie mpornecca TepMONpeccoBaHUs MPECC-3ar0TOBKK HarpeBaJIuCh 10 TEMIIEPATYPbl BbIAEPKKH T, 1o/

paGo4nM /laBIeHHeM P ¥ BBIIEPKUBAIHCh B TedeHHe BpeMeHH t . [loc/ie ncTevenns BpeMeHH t, mpecc-gpopma
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OCTbhIBaJIa 10/} laBJIEHUEM /10 KOMHATHOM TeMIlepaTyphl C UCI0JIb30BaHUEM BEHTHUJIATOPOB. B 3aBepiieHun
npolecca KoJibl0 BbIIPECCOBBIBAJIOCH U MIOMEIA/IOCh B NAKET C CUJIMKareseM /il UCKIIOYeHHs NoNaJaHus
BJIard B Ucc/lefyeMble 06pa3ibl. Jl1sl KaXK/10T0 UCCIelyeMOoro TepMOIIacTa 3KCIIePUMEHTaJbHO BapbUPOBaIach
TeMnepaTypa Beiepxku T, paboyee JaB/ieHye p ¥ IPO/JO/DKUTEBHOCTD BBIAEPXKKH t, C [Ie/IbIO ONpe/ie/IeHUst
TEeXHOJIOTMY€ECKUX PEeXUMOB, 06eclednBaloIMX N0JydeHe MOHOJIUTHBIX 06pa310B 6e3 BU3yaJbHO HabJ/110jaeMoH
HNOPUCTOCTH, BHYTPEHHUX TPELIUH U paccaoeHui. [1o460p pexXxMOB 0CYILeCTBIISAICA IKCIEPUMEHTANIBHO C YYeTOM
HW3BECTHBIX U3 JINTEPATypPhbl CBOMCTB TEPMOILJIACTOB (pe3y/abTaThl NpeAcTaBieHbl B Tabuule 2). [lopuctocThb
M3roTOBJIEHHBIX KOJIel] oNpe/eisiiach o popmyie

P=(1—2xn).100%, )

Preop

rJle — 9KCepUMEHTAIbHO U3MEPEHHAs IJIOTHOCT,

- TeopeTHYecKasl JIOTHOCTb TepPMOILJIacTa.

XapakTepu3anus MUKPOBOJIHOBBIX JU3JIEKTPUYECKUX CBOMUCTB TEPMOIJIACTOB OCYLIECTBJISIJIACh Yepe3
“3MepeHHe KOMIJIEKCHON U3JIEKTPUYECKON POHUIIAeMOCTH Ha Pa3HbIX YAaCTOTAaX M pacyeTa TaHreHca yria
JIU3JIEKTPUYECKHX MOTeph. COTJIaCHO O6IIMM TEOPETUYECKHUM MPeICTaBJeHUSAM, KOMILJIEKCHAs! AU3JIeKTpUYecKas
MPOHUI[AeMOCTb ONMKChIBAETCs GOPMYJION

e =& +ig", (2)

rge - AeﬁCTBHTe.)'IbHaH 4acCTb AMBHEKTpH‘{eCKOﬁ IMPOHULIa€MOCTH,
- MHUMad 4aCTb AHBHEKTpH‘{eCKOﬁ MMPOHULAEMOCTH.
TaHreHc yriia AU3JIEKTPUYECKUX ITOTEPb PACCUUTBIBAETCA KaK OTHOILLIEHHUE

tand =¢'' /€', (3)

M3MepeHue YaCTOTHBIX 3aBUCHUMOCTEHN KOMIJIEKCHON AN3JIEKTPUIECKON MPOHULLAEMOCTH TPOBOAUIOCH
NIpY KOMHATHOM TeMIlepaType C UCI0Jb30BaHUeM BeKTOpHOro aHanu3artopa tenei [IJIAHAP C1209 B suanasoHe
yacTtoT oT 100 MI'y fo 5 I'Tw. KosiblieBble 06pasiibl ycTaHABJAMBAIUCh B KOAKCHAJIBbHYIO A4eHKY, U3TOTOBJIEHHYIO
M3 HEMarHUTHOM cTau U MeAu (pucyHok 16). Jasnee siueiika NoAK/II04aJaCh K BEKTOPHOMY aHaIM3aTOpy Lienei
yepes NepexoJHUKU K IpoBoJaM ¢ pa3beMaMu N-Tuna (pucyHok 1B). [IpesBapuTesibHO epes U3MepeHUsIMHU
npoBoau/ack Kanubposka no Metoguke TRL. KoMniekcHYI0 JU3/1eKTPUYECKYI0 IPOHUIIAEMOCTb PACCUUTBIBAIN
110 U3MepEeHHbBIM K03 dulieHTaM epejjayu c UcnoJib3oBaHueM MeToza Hukosicona-Pocca-Bupa [20]. 06paboTka
3KCMEePHUMEHTAJNbHbIX JJAHHBIX BBINOJIHAIACH B IPOrPpaMMHOM o6ecredeHHH, TIOCTaB/IsIEMOM ITPOU3BOAUTEEM
M3MepUTENbHOI0 KOMIJIEKCa.
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a) 6) B)
PucyHok 1. ®ororpaduu creHja A TepMonpeccoBaHus (a), KoaKCUaJIbHOM siuelKHu (6) u
H3MepUTEebHOI0 KOMIIJIEKCA HA OCHOBE BEKTOPHOr0 aHa/Iu3aTopa nemnei (B)

J151 [OTIOIHUTEe/IbHOM OLeHKH paZioNorJIolaollel cioco6HOCTH U3TOTOBJIEHHbIX KoJlel| TepMOIJIaCTOB
HCII0JIb30BaJICSI METO/, B KOTOPOM PAaCCUUTHIBAJICSA KO3 PUIMEHT OTPAXKEHUsI HA MeTa/IJINYeCKOU MIacTHHE
R, [21]. laHHBIH KO3OUIMEHT 9acTO UCTIOIb3YETCA /I OLEHKH, HACKOJIbKO XOPOILIO MaTepyaJl MOTJIOIaeT
MHKPOBOJIHOBOE M3J/ly4yeHle B reOMeTPHUH Ha U/lea/IbHOM OTpakaTeJse (MeTalJIM4ecKoi acTuHe) B Jelubesiax.
Pacuert R mpoBojusics no ¢popmysiam, Npe/iCTaBJ€HHbIM HUXE B IPOrpaMMHOM o6ecrnedenuu MathCad

Zin = tanh[ (— )\/_ ] 4)

R, = 20logqg

Zin— 1| (5)

lnl

rje Z, - HOpMaJu30BaHHbIM BXOJHOW UMIE/IaHC Ha MIOTJIOTUTEIIE,

U — MarHUTHas IPOHUIAeMOCThb (paBHa eUHMUIIE JIJIsI TEPMOIIACTOB),
f - 4acToTa 3/1eKTpPOMarHUTHOM BOJIHBI,

d - To/IMHA PaAUONIOIJIOTUTE IS,

Pe3ysibTaThl U 06CYKJeHNE

OTpaboTKa pexXMMOB TEPMOIIPeCCOBaHUs OblJIa HE06X04MMa JJ151 TOJYyYeHHs] MOHOJUTHBIX 06Pa3LoB C
MHUHHUMaJIbHOW MOPUCTOCTHI0. BBU/Y TOr'0 YTO MCNO/Ib3yEMbIE OJMMEPbl UMEIOT Pa3/INuHY0 GU3UKO-XUMHUUYECKYIO
NpUpPOAY, TapaMeTphbl peKUMOB TEPMONPECCOBAHUS 3HAYUTEJNbHO pa3/ndaJnCch. [JlaHHble 9KCIEPUMEHTOB 10
TEpPMOINPeCCOBAHUIO NIOJUMEPHBIX KOJIeL IpUBe/ieHbl B TabJiklle 2. JKCIIepUMeHThI TI0Ka3ay, YTO epexo/ B BA3KO-
TeKy4ee COCTOsSIHUE IIPU NPeBbILIEHUH HEKOTOPOI'0 MOPOroBOro JiaBJeHHUs IPUBOAUT K 3aTeKaHUIO M0JIMMepa B
3a30pbI MeXY MyaHCOHOM U MaTpuuei (cM. «[I[pumedanue» B Tabsvie 2). BesmynHa 3a30poB Mex/y NyaHCOHAMHU
U MaTpulei coctapJsiaa ~ 0.05 muM. [Io aToit npUyYrHe He BCS UCXOAHAsA Macca MoJIMMepa Iepelijia B KOJIbIIeBOM
o6paszel. OTCyTCTBHE MOHOJUTHOCTH OIpPe/es110Ch BU3yalbHO 10 HAJIMYHIO YYACTKOB C HECIJIaBJIeHHbIMHU
MOPOIIMHKaMU. Y3 TabIMIbl BUZHO, YTO TeMIlepaTypa ciiaBaeHus nopomuHok [IBJA® cocrapaser 190 °C, B To
BpeMs Kak gJist CK®-32, [IBC, [IC525 nanHas Temnepatypa coctasisieT 140 °C, 180 °C u 130 °C cooTBETCTBEHHO.
s o6pasnos u3 [I1BC Hab0faeTcs YaCTUYHOE MOXKEJITeHHE, YTO MOXKET ObITh BI3BAHO HAYaJIOM Ipoljecca
TepMHUYeCKOH AeCTPyKLHUU. MOXXHO ceslaTh BBIBOJ, O TOM, YTO CIlJIaBJeHHe NopoinHOK [IBC BO3M0KHO TOJIBKO
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MCCAEAOBaHI/Ie ANDAEKTPUIECKMX XapaKTePpUCTUK TEPMOIIA1aCTOB

IBA®, CK®32, IIBC 1 ITC525 B MUKPOBOAHOBOM AMalla3oHe

BbIlIIE TEMIEPATYPHI AECTPYKIUHU. ITO TAKXKEe KOCBEHHO MO/[TBEPXKAAETCSA 3ePHUCTOM CTPYKTYpOU, Habr0aeMoi

moa 60JIbIIMUM yBEJIMYE€HHNEM, YTO 6y,£L8T IIOKa3aHO JaJiee. CTOUT OTMETUTD, YTO npu BbI6paHHbIX TeMIiepaTtypax

T,, ana kosten [IBA® Hab.t0jaeTcs 3HaYMTEIbHOE 3aTeKaHUe paciljlaBa Mex/ly llyaHCOHOM U MaTpHILel NIpu pa-

6o4yeM gaBaeHuu 50 MIla. OnbITEI TPOAEMOHCTPUPOBAJIH, YTO APyTrUe NoJUMephl CIIOCOOHBI BbIepKUBATh 6e3

3HAYUTEJbHOH MMOTEepU MaccChl 6oJiee BbICOKHeE JaBJieHus a0 150 MIla.

Ta6simna 2. CpaBHeHHe pe3yJibTaTa TEPMONPECCOBAHUA N0JIUMEPOB

Ne [onumep Pous MIla T, °C t , MMH [lpumevanue

1 [BA® 12 150 10 OTcyTCcTBUE MOHOJUTHOCTHU

2 BA® 12 170 10 OTcyTCcTBUE MOHOJIUTHOCTHU

3 nBA® 12 190 10 MoHOJIUTHBIN 06pa3er]

4 BA® 50 190 10 [ToTepst Macchl 06pasia

5 [BA® 70 190 10 3HauUTeNbHAsA OTEPS Macchl 06pasua

6 [NBA® 100 190 10 3HauMUTebHAsA MOTEPST MacChl 06pasIia,
3aKJIMHUBaHUe npecc-popMbl

nBA® 12 190 5 OTcyTCcTBUE MOHOJIUTHOCTHU
[NBA® 12 190 15 MOHOJIMTHBIH 06pa3el, MoTepPs MaCChl

9 [IBA® 12 190 20 MoOHOJIUTHBINA 06pa3el, 3HAYUTeIbHasI
oTepsi MacChl

10 | CK®32 90 100 10 HemoHo/IMTHBIN 06paser

11 CK®32 90 120 10 HeMoHO/IUTHBIN 06paser

12 CK®32 90 140 10 MoHOUTHBIN 06pa3el]

13 CK®32 100 140 10 MoHOJUTHBIN 06pa3el]

14 CK®32 110 140 10 MoOHOJIMTHBIN 06pa3er;

15 CK®32 120 140 10 MoOHOJIMTHBIN 06pa3er;

16 [1BC 80 180 OTcyTCcTBUE MOHOJIMTHOCTHU

17 [1BC 120 180 OTcyTCcTBUE MOHOJIMUTHOCTHU

18 | IIBC 150 180 YacTh 06pasia nmoxesrresa, MOHOJUTHBINA
obpasell, 06pa3er; MPUIHIIAET K TOBEPXHO-
CTH IIyaHCOHA

19 | IBC 150 190 5 YacTb o6pasna mnoxesiTesia, oopaser
NPUJIMIIAET K TOBEPXHOCTH MyaHCOHA

20 | IBC 150 200 5 O6pa3ser MOJHOCTBIO MOXKEJITE, 06paser]
IpUJIMIAET K TOBEPXHOCTH IIyaHCOHA

21 [1BC 150 210 5 O6pasern MOJHOCTBIO OXKeJITeJ, 06paser]
NPUJINIAET K TOBEPXHOCTU MyaHCOHA
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22 [IBC 150 180 10 O6pa3ser YaCTUYHO MOXKeEJITEJI, 00pa3sel]
NPUJIHIIAEeT K TOBEPXHOCTH MyaHCOHA

23 [IBC 150 180 15 O6pa3ser MOJHOCTBIO MOXKEJITEJ, 06paser]
NPUIUIAET K TOBEPXHOCTH MyaHCOHA

24 | 1IC525 120 70 10 OTCyTCTBHE MOHOJIMTHOCTH

25 [1C525 120 90 10 OTcyTCTBUE MOHOJIUTHOCTHU

26 | TIC525 120 110 10 OTCyTCTBUE MOHOJUTHOCTHU

27 [1C525 120 130 10 MoHOJIMTHBIN 06pa3er;

28 | IIC525 80 130 10 OTCyTCTBYE MOHOJIUTHOCTH

29 | IIC525 100 130 10 OTcyTCcTBUE MOHOJIUTHOCTHU

30 [1C525 120 130 15 MoHOJUTHBIN 06pa3el, 3HaUUTeIbHas

HoTepsi MacChl

31 [1C525 120 130 20 MoHOJUTHBIN 06pa3el, 3HAUUTeIbHAs
NOTeps MacChl

JlJ1s1 moJlydeHHBIX KoJiel] 6b1J10 0OHAPYKEHO, UTO IOCJIe Npoliecca TepMOINPeccOBaHUs reoMeTpUYecKre
IJIOTHOCTH, PaCCUUTAHHbBIE TyTEM HU3MepPeHHsI MacChl U 00'beMa KoJiell, 6bLIM GJIM3KH K TeopeTHudecKuM. O61munii
BM/| KOJIell, U3TOTOBJIEHHBIX I10 pe>XHMaM, OIMCAHHBIM B Tabyule 3, NpeAcTaB/eH Ha pucyHkKe 2. [Ipu aToM
MMOPUCTOCTD, onpesiesieHHas 1o popmye (1), coctaBisia He 60siee 5 % (Tabauna 3). MOXKHO YTBEPXKAATh, YTO
B X0/le 9KCNIEPUMEHTA/IHOTO MI0/60pa PeXKMMOB TEPMOIIPECCOBAHMUS ObIIM ONpe/esieHbl 3HaYeHusa p T u t,
KOTOPBIe MO3BOJISAIOT N10JIy4aTh BBICOKOIJIOTHBIE KOJIbIA U3 TePMONJIACTUYHbBIX IOJMMEPOB, UCCIelyeMbIX B
paboTe. 3HaUeHUs NapaMeTpPOB Ipe/icTaBjeHbl B Tabule 3. [Ipy npoBe/ieHUH AabHENIINX U3MepEHUH Ha IaH-
HBIX 00pa3lax, Takue GaKTOPbI KaK BbICOKAsi MOPUCTOCTD (6osiee 10 %) M HEOAHOPOAHOCTb MUKPOCTPYKTYPBI HE
BJIMSIJIM Ha pe3yJIbTAaThbl U3MepeHUs AN31eKTPUIeCKON MPOHULaeMOCTH. /I11 MUKPOBOJIHOBBIX M3MepeHUH ObIIH
MO/TrOTOBJIEHBI 110 5 KOJIeL| KaXK/J0r0 TepMOILJIacTa 10 pPeXUMaM, IpeJicTaBJleHHbIM B TabvLe 3.

Ta6auna 3. CpaBHeHUe reOMeTPpHU4eCKO! VIOTHOCTH ¥ HOPUCTOCTH U3rOTOBJIEHHBIX KoJIel],

leoMeTpryeckas Iopucroctsb, %
Ne [Tonumep p_, MIla T,°C t , MUH
pas B 8 IJIOTHOCTD, I'/cM?

1 MBA® 12 190 10 1,75+0,4 3
2 CK®32 90 140 10 1,71+0,3 5
3 MMBC 150 180 5 1,15+0,5 4
4 [1C525 120 130 10 1,05+0,3 1

NnBA® CK®32 [1BC [1C525

PucyHOKk 2. ®oTorpa¢puu U3roToBJIEHHBIX KOJIEL, TEPMOILIACTOB

®parMeHThI ONTUYECKUX PpoTOorpaduil moBepxXHOCTEH KoJiel mpu yBeandeHur 200X npe/cTaBaeHbl Ha
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pucyHke 3. Ha onTU4ecKMX CHUMKax PUCYHKOB 33, 36, 3T MOXXHO Ha0JII0/1aTh PAa3BUTYI0 MOPQOJIOTHIO, KOTOpas
BO3HHKJIA M3-3a [IEPOX0BATOCTH [TyaHCOHOB Ipecc-GopMbl. [Ipy aHanMM3e MUKPOCHUMKOB ObLJIO BBISIBJIEHO, UTO
MaKpOIlop Ha MOBEPXHOCTSX KoJiell He o6Hapy:xeHo. [ljis o6pasua [I1BC (pucyHok 2B) o6Hapy»KeHa 3epHUCTast

CTPYKTYypa.

a) 6)

B) r)
a) - IBA®; 6) - CK®32; B) - IIBC; r) - [1C525
PucyHok 3. ®ororpadum onTHYECKOH MUKPOCKONIUU U3rOTOBJIEHHbIX KOJIEL,

Pe3ysnbTaThl MU3MepeHHs YaCTOTHOU 3aBUCHMOCTH JIeACTBUTENbHON YaCTH IU3JIEKTPUYECKON IPOHULIAEMOCTH
B yacToTHOM AuanaszoHe 100 MI' - 5 I'Ty npuBeieHb! Ha pucyHKe 4. /IJ151 yA06CTBaA 0Ch YaCTOThI [TIOKa3aHa B JIoTa-
pudMuyeckoM Macmtabe. Kak BUAHO U3 pUCYHKA, YaCTOTHAsA 3aBUCHMOCTb JIeUCTBUTENbHOMN YaCTH AU3JIEKTpHUYe-
CKOU NPOHHULIAEMOCTH B pacCMaTpHUBaeMOM Jihana3oHe YacToT MMeeT Hebosbl1yio aucnepcuio ajs [IBAD, CKO32,
[IBC, 4TO CBSI3aHO C HAIMYKUEM MOABMKHBIX KUHETUYECKUX eJUHUI] B IJIMHHBIX MOJIEKYJISPHBIX Liensx [22]. laHHbIe
KHHeTHYeCKHe eJMHUIIbI MOKHO paCCMaTPUBATh KaK 3JIeKTPUYECKHE JUTI0JIH, KOTOpble UMEIOT CBO€e XapaKTepHoe
BpeMsi IOBOPOTA (BpeMsi peslaKCcalliy ) 0 BHELTHEMY 3JIEKTPUYECKOMY MOJII0. BpeMst peslakcaliiu AJis 3/IeKTPUIECKUX
aurnoJiet B nonuMmepax [IBA® (u ero cononumepax), [1BC, cBsi3aHHOEe ¢ TOBOPOTOM HauOOJIbIIEr0 KOJIHUYECTBA
KHHETHYECKHX eJJUHHUI], 4acTo cocTaBssieT ~ 10 cek [15, 16]. [1o sTol npuunHe Ha cnekTpax € (f) B yacToTHOM
AunanasoHe 100 MI'n - 5 [Ty He Ha6J/1t0jaeTCsl pE3KOT0 YMEHbIIEHUS 3HaUeHUH €, XapaKTepHOTO [J1s JOCTHXKeHUS
BpeMeHU peJsiakcauuu [23]. Ha u3aMepeHHbIX YaCTOTHbBIX 3aBUCUMOCTSX €' (f) MOXXHO Ha6/II0JaTh MOHOTOHHOE
yMeHbLIeHWe, CB3aHHOE C TEM, YTO HEGOJIbILIOE KOJUIECTBO JUIT0IEH elllé MOXKET TI0BOPAYUBATHCS 110 BHEIIHEMY
nosito. [IoMuMo aToro, Aucnepcrs MoKeT ObITb 00y C/IOBJIeHa I0JISIPU3alMOHHBIMU [TPOLleccaMy Ha IpaHulie pa3jesa
amopdHas ¢asza/kpuctasui, nockoabKy 06pa3ibl [IBJ® u [IBC MOTyT 6BITh NOJYKPUCTAINYECKUMU. B 06111eM, €
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yBeJIMYEHUEM YAaCTOThl KHHETUYECKHUE eJUHUIIBI [[eITH He YCIIeBAKT OPUEHTHUPOBATHCS 10 6bICTPOMEHSIOLIEMYCA
3JIEKTPUYECKOMY TI0JII0 ¥ 3HaYeHUe € yMeHbllIaeTcs. i3aMepeHus nokasasny, 4To 3HaueHus € AJs noaumepos [1B1®,
CK®32, [I1BC HaxoauauCh B AuanasoHax 2.57 - 3.31, 2.4 - 3.16, 3.61 - 4.63 cooTBeTcTBeHHO. 3MepeHHbIe 3HaYEHUS
¢ nns [1B/I® B MUKPOBOJTHOBOM AMana3oHe 6JIM3KH K 3HaYeHUSIM, U3MepPEeHHBIM Ha CIVIONIHbBIX IieHkax [1BJd
B pa6ore (2.75 Ha yactore 4 I'Tn) [17]. [lockonbky nuienku [1B/I® nosyyaroT ¢ HU3KOH HOPUCTOCTBIO GJy1arofaps
Pa3BUTHIM TEXHOJIOTUSM BBITSXKKU, MOXKHO CZ,eJIaTh BBIBO/JI, UTO MOJIYYeHHbIe B JAHHOW paboTe 06'beMHble 06pa3Iibl
[IB/1® Takke 6JM3KU MO CBOMCTBAM K 6€CIIOPUCTBIM 06pa3IaMm.

3HaudeHwUs1 AU3JIeKTpUiecKor nmpoHunaemMoctH [I1BC 3aBUCcAT oT MHOrUX GaKTOPOB, BKJIIOYasi CTENEHb
JeruapaTtanuu. C yMeHblleHUeM cTenieHU rugpatanuu [1BC 3HaueHHe 3/1eKTPONPOBOJHOCTH YMEHbIIAETCS, YTO B
CBOI0 0Yepe/ b MOXKeT 06YCJIOBJIMBATh YMEHbIIEHe 3HaYeHUH Ju3/IeKTpruieckol npoHunaemMocty [18]. 3HaueHue
JHU3JIEKTPUYECKOU MPOHUIAeMOCTH MOJMBUHUJIOBOTO ClIUpPTAa € = 2 - 2,2 noJiydasu B pa6oTax [24]. B janHOM
rccieloBaHUM 3HaueHue € Ha yactoTe 2,7 [T cocraBuiio ~3,71, B To BpeMs Kak B ipyroi pa6ote [19] nonyunau
¢ =5,5. Takue pas3uyus npexzae BCero MoryT 6bITh CBSI3aHBI CO CTeleHblo ruaposn3a [1BC, koTopast 3aBUCUT OT
yCJI0BUM IPOU3BO/ICTBA NOPOILKA.

HecMoTps Ha To 4TO KpucTaindeckux coctossHui st CKP32 panee He Ha6J/1105a/10Ch, M3-3a MATKOU
CTPYKTYPBbI 3TOT'0 COeIUHEHUS MOABWKHOCTh KUHETHYECKUX €IMHUI] TAKXKe MOXKET BhIPOXKEHHO MPOSABJISATHLCSA B
MHUKPOBOJIHOBOH 06/1aCTH. ITO 06CTOSTENBCTBO TAKXKeE IaeT BKJIA/| B IUCIEPCUIO ANIJIEKTPUUECKON TPOHUIIAEMOCTH
dTopkayuyka CKO32. U3sMepeHHOe 3HaUEHUE IUIJIEKTPUIECKON MPOHUIJaeMOCTH B MUKPOBOJIHOBOM JIHaNla3oHe
Jiss CKP32 paHee He my6/IMKOBAJIOCh B OTKPBITON MeyaTu. Mi3mepeHHble 3HaueHus €'y o6pasna CKP32 6b11n
6J113kH K 3HaYeHUsaM [IB/J®, nockosbky B ienu CK®32 npucyrcrByeT MoHOMep BUHUINAeHpTOpuA. Kak
MMOKa3bIBAlOT U3MePEHHbIe KPUBbIE €', YaCTOTHOU Auciepcuu JuiieH oopasen [IC525, MOCKOJIbKY 3TO KeCTKUM
HETOJITPHBIN MOJIMMeD C HAJIMYUeM B LielH GeHUJIbHBIX IPYII, KOTOPbIE 3aTPYAHSIOT IOBOPOT LIENH 10 BHEITHEMY
noJito. UsmepeHHoe 3HaveHue € (2.66 — 2.55) 6/IM3K0 K U3BMepEeHHBIM paHee 3HAYeHUAM 2.54 B MUKPOBOJIHOBOM
006J1aCTH 3JIeKTpOMarHuTHoro crnektpa [25]. [1o 3To# npuirHe NoJsspu3anus NOJUCTHPOJIA IPOUCXOAUT Ha BCEX
YacTOTaxX OZAMHAKOBO U 3HAYEHUeE € He yMEeHbIIAETCs C YBeJUYEHUEM YaCTOThl U3MEpPEHHUsI.

PucyHok 4. YacTOoTHas 3aBUCUMOCTbD JeiiCTBUTEJIbHON YaCTH AUIJIEKTPUYECKON MPOHULLAEMOCTHU
HU3roTOBJIEHHbIX IOJIUMEPHBIX KoJIeL,

Ha pucyHke 5 mpesicTaB/ieHbl 3aBUCUMOCTH MHUMOM YaCTH AU3JEKTPUYECKOH TPOHUIIAEMOCTH HCC/IEyEMbIX
MOJIMMEPOB. BBU/ly TOr0 4TO MOJIMMEpPHI B BLICOKOU CTENeHU paJMOoNpO3pavyHbl HA UCC/IeyeMbIX YACTOTAX,
nepefaToyHble K03QHUIIMEHTHI C TOMOIILI0 BEKTOPHOT'0 aHAJIM3ATOPA Lienel GUKCUPYIOTCS Ha pejiesie BO3MOXHOCTeH
“3MepuTeJbHOro KoMmiuiekca. [locie pacuera no metoauke Hukosicona-Pocca-Bupa omnbka nsmepeHus B
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HU3KOYaCTOTHOM 06/1aCTH MMeeT G0JIbLIYI0 BeJTMYMHY (OTMeyeHa Ha KPUBBIX M10JI0CaMU NOrpeiHocTH). TeM
He MeHee, HeCMOTPS Ha OLIMGKY 3KCIIePUMEHTa, MOXKHO C/leJIaTh oNpeseseHHble BbIBOJIbl. Kak U B ciy4ae co
cnekTpamu € g noauMmepos [1BI®, CK®32 u [1BC, HabrofaeTcs BblpaxkeHHast gucnepcusi. CorJiacHO 061iuM
NpeACTaBJeHUSAM TEOPUU B3aUMO/IeCTBUSA 3JIEKTPOMarHUTHBIX BOJIH C AU3JIeKTPUYECKON CpesioN, KOMILJIeKCHAsd
4acThb AU3JIEKTPUYECKOH IPOHUIIAeMOCTH CBSI3aHa C IOTEePSAMH 3HEePTUU BOJIHEBL. 3HaYeHHe €” CBA3aHO C aGCOTIOTHBIM
3HaueHHeM NoTepb 3Hepruu. [IocKoJIbKY KUHETHYeCKHe eJUHULbI MaKpOMOJIEKY.J IPOJ,0JKal0T TOBOPAYMBATHCS 110
M0JII0 JlaXke B MUKPOBOJIHOBOH 06J1aCTH 3JIEKTPOMarHUTHOT'O U3JIy4YeHH s, TPOUCXOAUT AUCCUIIALIMS YaCTH SHEPTHUU
3JIEKTPOMarHUTHOM BOJIHBI HA NIOBOPOT KUHETHYECKUX eJUHULL. [0 3TON NpuYMHe 3HaYeHUS AUIJIeKTPUIECKON
npoHunaemocty €” nosuMepos [1BJI®, CKP32 u [IBC uMeloT HeHyJieBble 3HaUeHUs. BBUY TOT0 YTO KUHETUYECKUE
e/JMHHULbI He YCIeBaloT I0BOPAYMBAThCS 110 IepeMEeHHOMY I10J110, 3HaY€eHUs € MOCTENEeHHO YMEHbIIAITCS C POCTOM
yacToTbl oT 0.1 g0 3 I'T'L. [l nosiMcTHpOJia U3MepeHHble 3HaYeHHUs € cocTaBiAlT MeHee 0.1, 4TO FOBOPHUT 0 ero
BBICOKOW JOGPOTHOCTH.

PucyHok 5. YacToTHas 3aBUCUMOCTb MHUMOM 4YaCTH AM3JIEKTPUYECKO NPOHNL,AeMOCTH
U3rOTOBJIEHHBIX MOJUMEPHBIX KOJIEI]

Ha pucyHke 6 npezcTaBJ/ieHbl YaCTOTHbIE 3aBUCUMOCTHU TaHIe€HCA yTJia IN3JIeKTPUYeCcKUX TOTeph tan §, pac-
cuyutaHHoro no ¢popmyute (3). B oTiure oT €” TaHreHC yriia JU3JIeKTPUYECKUX OTEPh IOKA3bIBAET OTHOCUTEBHYIO
BEeJIMYMHY OTEPU 3JIEKTPOMAarHUTHON 3HePTUH B cpefie. JlaHHbBIN OKa3aTe b Yallle UCIO0Ib3yeTCs Kak 6oJjiee
00'beKTHBHAS XapaKTEPUCTHKA YPOBHS NOTEPh B MaTepraiax. Kak BUHO U3 pUCYHKa 3, YaCTOTHAs 3aBUCUMOCThb
tan §, Tak e KakK B C/Iydae JU3JIeKTPUYeCKOH MPOHUIAeMOCTH, UMeeT AUCepCcUIo a1 noauMepos [1BP, CKD32
u [I1BC. Ba>xkHO NOAYEPKHYTh, YTO JU3JIeKTPUIECKUE IOTEPU BblllleyKa3aHHbIX I0JUMEPOB HAXOAATCS B jUana3oHe
0.05 - 0.2, 4To He XapaKTepU3yeT JJaHHbIe TOJUMEPHI KaK BBICOKOJ06POTHbIE. [/l HOJUMCTUPOJIA pacCYUTAHHbIE
3HaveHus tan 6 coctaBasAT nopsiaka ~ 0.02, yTo ropaszo Bellle 3HAYEHHUH, TOJy4YEeHHBIX B PYTUX IKCIEPUMEHTAX
[14]. IpuunHO¥ 3TOMY MOXKeET 6bITh BbICOKAsi MOTPelIHOCTb MeToa Hukosicona-Pocca-Bupa npu nusmepenunu
BBICOKO/JOOPOTHBIX MAaTEPHAJIOB, @ TAKXKe HAJIMUMe MUKPOIY3bIPbKOB € ra3oM B 00'beMe Koviblia us [1C525.
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PHCYHOK 6. YacToTHasA 3aBUCUMOCTDb TaHIeHca yrijia mnoTepb U3roTOBJICHHBIX IOJIMMEPHbIX KOJIEL|

Ha pucynke 7 npezacrtaBJieHbl 4aCTOTHbIE 3aBUCHMOCTH KO3QHUIUEHTa OTPaXKeHUs Ha MeTa/LJINYeCKOU
IJIaCTHHE [/ U3TOTOBJIEHHBIX I0JIMMePOB. 3HaYyeHHUsI KoadppuimenTa R, 66K paccyMTaHbl AJ1s TOMKH 5-10
MM [IJISl TOTO, YTOOBI ONpeieINTh BO3MOXKHbIE MTOTEPHU 3JIeKTPOMArHUTHON SHEPTUH TPU NPHUEMJIEMBIX B peasb-
HOM 3KCIUTyaTallMy TOJIIUHAX. Kak BUHO U3 YaCTOTHBIX 3aBUCHMOCTEH, OCHOBHOU MHTepdEepEeHIIMOHHBIN MUK
MOIVIOLeHHUS 3JIEKTPOMAarHUTHON BOJIHBI HaxoAUTcs npaBee 5 [T mo ocu yacToThl. [Io pacueTHBIM YaCTOTHBIM
CIEeKTpaM MOXKHO BUJIETh, YTO B 4aCTOTHOM AuanaszoHe 100 MI'n - 5 [T ucciienyeMbie moMMepbl UMEIOT HyJle-
BOU K03QPUIIMEHT OTparkeHUS Ha META/JINYEeCKOH IIacTHHe B noaauanasode 100 MI' - 1 I'T. [ly1s1 Toro 4To6b1
paccMaTpuBaTh MaTepyas Kak paJromNor/IoIalI|i, TpebyoTca 3HaueHus R Menbuie, yeMm -10 ab. lyia Tonmun
5-10 MM Bce TepMOTIIACThI OKA3bIBAIOT 3HAYEHUS R He MeHee -2.5 1B, 94TO COOTBETCTBYET 0CJIAGJEHUIO MOLITHOCTH
3JIEKTPOMarHMTHOH BOJIHBI Ha 44%. MakcuMasibHOe ociabJieHre oka3biBaeT TepMmoriacT [1BC, B To BpeMs Kak
MHUHHMaJbHOe ociabJieHue (6oublie -1 1B) o6HapyxeHo A5 [1C525. [IpoMexxyTouHOe 0c/1abieHUe HabJ11I04a10Ch
A [IBA® u CKP32. Ananusupys ypoBeHb I0TEPD, OLlEHUBAEMblli YaCTOTHBIMHM CIIEKTPaMH tan §, u cnekTpel R,
MOXXHO YTBEPXKAATh, YTO O0Jiee BbICOKHE 3HaYeHHs tan 6 B yacTOTHOM Auana3oHe 1-5 I'Tu gas [IBA®, CKO32 u
[IBC 06ycyioBAMBAIOT 60JibllIee ociabjeHre IPU FeOMETPUH NOTJIOTUTEJb Ha OTpaXkaTesie.
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B) r)
PPICYHOK 7. PacyeTHble 4YacTOTHbIE 3aBUCUMOCTH KOS(])(])I/IIH/IEHTa OTpaAXKEHHUA HA MeTa//InYecKon
IJiaCTUHE AJid MOJIMMEpPOoB
a) - IB/I®; 6) - CKP32; B) - NIBC; r) - 11C525

[IpyHMMast Bo BHUMaHUe 0JIy4eHHble pe3y/bTaThl, MOXXHO OTMETHUTD, 4YTO pTOpCcoiepaliye NoJrMephl
[MBA®, [IBA u CK®32 njesiecoob6pa3Hee MCNOb30BaTh B U3/ eJIUSX, OT KOTOPbIX TpebyeTcs MOTJIoLIeHUe
3JIeKTPOMarHUTHBIX BOJIH. HanprMep, 3T0 MOTYT 6bITH paJjMONOTJIOLIAIOLIME U PaJM03KPaHUPYOLIMe AUCIEPCHO-
HaloJIHeHHble KoMNo3UThbL [IC525 nofoigeT Kak MaTpUL, KOTopas He 6yAeT yBeJUYUBaTh AU3JIeKTPUIeCKUe
MIOTEPHU B NOJIMMEPHOM KOMIIO3UTe, UTO yKa3blBaeT Ha IPUMeHeHHe 3TON MaTpUIlbl B U3/eJIUAX /11 aHTEHH,
noasoxek CBY anektpruyeckux cxeM. OZfHaKo, MPUHHUMasi BO BHUMaHHe 0CO6EHHOCTH TEXHOJIOTHYeCKUX PEXKUMOB
TepMOIIPecCcoBaHUs, a TakKe GU3UKO-XUMHUYeCKHe, MeXaHUYeCKHe CBOHCTBA TePMOIJIACTOB, JaHHble peKOMeH/ja-
LIUU MOTYT ObITh epecMoTpeHbl. HanpuMmep, s 60/1ee TUOKUX U3Jeaui (M0J10KeK) MOXKeT ObITh UCI0JIb30BaH
NBA® nau CK®32. Ucnonb3oBanue CKP32 MoxkeT UMeTh TEXHOJIOTUYECKUE TPYAHOCTU MPU CMELIUBAHUU C
HNOPOIIKOBBIMU HAMlOJIHUTEJISIMU BBUAY TOIO, UTO 3TOT MaTepHaJsl TAXKeJI0 U3MeJbUUTD JI0 MaJoi GppaKkLHM.

3akI04yeHue

B pa6oTe rcciie1oBaHbl 0COGEHHOCTH MOJyYeHUSI MOHOJIUTHBIX 06pa3oB nosuMepos [1BI®, CK®-32, [IBC u
[1C-525 MeTo/10M TepMONPECCOBAHMUS, A TAKXKE ONpe/e/IeHbl UX BBICOKOYACTOTHbIE JU3JIEKTPUYECKUE XapaKTepUCTUKU
B fiuanasoHe yactoT 100 MI'y - 5 ['T11. YcTaHOBJ/IEHO, UTO PEXKUMBI TEPMOTNIPECCOBAHUS CYLECTBEHHO 3aBUCAT OT
$U3UKO-XMMHUYECKOH NTPUPOABI mosuMepa. [Jist KaXA0ro uccjieAyeMoro MaTeprasa GbLId 3KCIEPUMEHTAIBbHO
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noJ06paHbl UHAUBUAYATbHbIE 3HAYEHUS PEXKUMOB TEPMOIPECCOBAHHS, 00eCTedNBaIOIMe T0yYeHHEe MOHOJIUTHBIX
06pa3noB. YCTAaHOBJIEHO, YTO TPY TEPMONPECCOBAHNHU 06PA31i0B U3 MOJMBUHUJIOBOTO CIUPTA HA6II0jaeTCsl U3MEeHEHHE
OKpacKU MaTepHaJia, UYTO MOXKeT ObITh CBSI3aHO C TEPMUYECKOH JlecTpyKI el noauMepa. 3yuyeHrue KOMIJIEKCHON
JHU3JIeKTPUYECKOM MPOHUL[AEMOCTH 110Ka3asio, YTO B UCCJIeAyeMOM JIHaNa30He YacTOT AeWCTBUTENbHAsA YacThb
JIHU3JIEKTpUYeCcKoH poHunaeMoctu € s [1B[I® usmensiercs B npeaenax 2,57-3,31, gnsa CK®-32 — 2,40-3,16,
a s [IBC — 3,61-4,63. [losiyyeHHbIe pe3ybTaThl CBUJETENbCTBYIOT O CyIleCTBEHHOM BJIUSHUU XUMHUYECKOU
MPUPO/IbI MOJIMMEPHON MaTPHUILbI Ha ee 3JIeKTpoPpU3NIeCKHe XapaKTEPUCTUKH B MUKPOBOJIHOBOM JlHaNla30He.
[TomumMo atoro, a1 noaumepos [I1BI®, CK®-32 u [IBC ycTaHOB/IeHO Ha/IMYKe BhIpaXKeHHOW YaCTOTHOM AU CIIepCUr
€*, UTO yKa3bIBaeT Ha HAJIMYKMe peslaKCcaliMOHHbBIX IPoLeccoB nossipusanuu. Kpome toro, fiis Tepmoriactos [1BJ®,
CK®32 u IIBC uaMepeHb! JU3JIEeKTPpHUUIECKHE TOTePH tan § co 3HayeHUsAMHU B guanasoHe 0,05-0,20. [Ipu aToM
ocsabneHue k03pPUIMEHTA OTPAKEHUS OT METAJIMYECKOH IIAaCTUHBI B IUANa30He COCTABJIAIO OT — 3 10 -2,5 1b.
[TosilydeHHbIe 3HaUeHUS I03BOJISIIOT pacCMaTPUBATh JlaHHble MaTepUaslbl KaK epCleKTUBHbIE OJIMMEPHbIE MaTPULLbI
JUIs pa3paboTKU KOMIIO3UIIMOHHBIX MAaTEPHAJIOB C PETYJIUPYEeMbIMU 3J1eKTPOMAarHUTHBIMU XapaKTepPUCTUKAMH.
[TosiyyeHHBIE B paboTe pe3yJibTaThl PACIIUPSIOT 3KCIIePUMEHTANbHYI0 633y JJaHHBIX 110 JU3JIEKTPUYECKUM
CBOMCTBaM paclnpoCTpaHEeHHbIX IOJUMEPHbIX MaTepUaJoB B MUKPOBOJIHOBOM JIMaNla30HE YacTOT U MOTYT ObITh
HCII0/Ib30BaHbI IPU NPOEKTHPOBAHUH ITOJIMMEPHBIX KOMIIO3ULMOHHbBIX MaTepHUaJsoB JJis u3geanit CBU-TexHuky,
pPainoNpPO3pavyHbIX KOHCTPYKIMH, paAUOTOT/IOMAIIUX TOKPBITHH U IPYrUX GYHKIUOHAJIbHBIX MaTEPHUAJIOB,
3JIEKTPOMarHUTHbIE XapaKTEPUCTHUKHU KOTOPbIX ONPeJe/ISI0TCS B 3HAUUTENbHOM CTENIEHHU CBOMCTBAMU NOJIMMEpPHOMR
MaTpulbl. bosiee Toro, u3aMepeHHble 3HaUeHUs € U €’ MOTYT HCI0JIb30BAThCS B Ka4eCTBE CIIPABOYHbIX 3HAYEHUH
HCXOJHBIX TOJIUMEPHBIX MaTPUL], IPU MOJIeIMPOBAHUM 3JIEKTPOMarHUTHBIX CBOMCTB JUCIIEPCHO-HAMOJIHEHHBIX
MOJINMEPHbIX KOMIIO3UIIMOHHBIX MaTepUaJsIoB.

ByiarozapHocTH
UccnenoBanue puHaHcupyeTcsa KoMuTeToM Hayku MUHUCTEpPCTBA HAYKHU U BbICLIEr0 06pa30BaHUsA
Pecny6.uku Kasaxcran (No. AP26103519).

Bxyiaj aBTOpOB

A.b. Kaapip:kaHos, M.B. 3p0poBewn, npe/0XKU/IW JU3alH UCCeL0BaHUs, IPOBOAUIU UHTEPNPETALUI0
MOJIYYEHHbBIX PEe3YJIbTATOB M 00EeCNednIi BCce HE0OX0AMMble PeCYPChI J1s1 TPOBE/IeHUSI SKCIEPUMEHTOB 110
TEepPMOINPECCOBAHUIO U U3MEPEHUIO AUIJIEKTPUYECKUX XapaKTEePUCTUK.

A.B. Kaabip:xaHog, P.U. [llakup3siHOB NpoBeJIN 3KCIIepUMEHTAIBHYIO PabOTY 110 ONpe/ieJIeHHUI0 PeXXHMOB
TEPMOIPECCOBAHUS TEPMOIIACTOB /IS IIOJIyYEeHHSI MOHOJIUTHBIX KOJIbIIEBBIX 06Pa31[0B U BBIMTOJHUJIN PaboTy 110
MO/ rOTOBKE PYKOMUCH K MyOJIUKALUH.

P.U. llakup3anos, K.M. MaxaHOB NpOBOJWJIU U3MEPEHHUS U pacyeT JU3JeKTPUYECKUX XapaKTepUCTUK
TepMOIIJIACTOB C UCMOJIb30BaHUEM BEKTOPHOI'0 aHa/IM3aTopa Leneu.

KoHMKT nHTEepecoB
ABTOpBI 3a5IBJISIIOT, UTO y HUX OTCYTCTBYET KAKOU-JTMO0 KOHPJIUKT UHTEPECOB, CBI3aHHBIN € MyOINKaLUel
JAaHHOU CTaThbHU.

CIMCOK JINTEpPaTyphl

1. R. M. German, Particulate Composites (Springer Cham, 2016). https://doi.org/10.1007/978-3-319-
29917-4_12

2. C.]. R. Verbeek, The influence of interfacial adhesion, particle size and size distribution on the predicted
mechanical properties of particulate thermoplastic composites, Materials Letters 57, 1919 (2003). https://doi.
org/10.1016/s0167-577x(02)01105-9

3. M. H. Alaei, P. Mahajan, M. Brieu, D. Kondo, S. ]. A. Rizvi, S. Kumar, and N. Bhatnagar, Effect of particle size
on thermomechanical properties of particulate polymer composite, Iranian Polymer Journal 22, 853 (2013). https://
doi.org/10.1007/s13726-013-0184-9

110 1\(_)3(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



VccaesoBaHne AMDAEKTPUIECKUX XapaKTEPUCTUK TEPMOIIAaCcTOB
IBA®, CK®32, IIBC 1 ITC525 B MUKPOBOAHOBOM AMalla3oHe

4.].Li, Q. Huang, Y. Yin, J. Xu, Y. Jiang, and W. Du, The technology and current applications of continuous fiber-
reinforced thermoplastic composites, Polymer Composites 45, 13480 (2024). https://doi.org/10.1002 /pc.28764

5. M. Sabbrojjaman, A. Manalo, W. Ferdous, and O. Alajarmeh, Mechanical and durability Characteristics of
Particulate-Filled Recycled Thermoplastic Composites (RTCs): A Comprehensive review, Polymers 17,3161 (2025).
https://doi.org/10.3390/polym17233161

6.]. P. Reis, M. De Moura, and S. Samborski, Thermoplastic composites and their promising applications in
joining and repair composites structures: a review, Materials 13, 5832 (2020). https://doi.org/10.3390/ma13245832

7. A. A. Snarskii, M. Shamonin, and P. Yuskevich, Effective Medium Theory for the Elastic Properties of Composite
Materials with Various Percolation Thresholds, Materials 13, 1243 (2020). https://doi.org/10.3390/ma13051243

8. V. G. Kostishin, R. I. Shakirzyanov, I. M. Isaev, E. S. Savchenko, and B. M. Skibo, Analysis of the Electromag-
netic Properties of 2000NN/2000NM Composites with Ferroelectric and Polymer Matrices, Inorganic Materials 60,
118 (2024). https://doi.org/10.1134/s002016852470016x

9.R.Zhang, L. Li, S. Long, Y. Shen, H. Lou, F. Wen, H. Hong, G. Wang, and W. Wu, Linear and ferroelectric effects
of BaTiO, particle size on the energy storage performance of composite films with different polymer matrices, Ceramics
International 47, 22155 (2021). https://doi.org/10.1016/j.ceramint.2021.04.238

10. H. S and S. Sambhudevan, Ferrite-based polymer nanocomposites as shielding materials: a review, Chemical
Papers 75,3697 (2021). https://doi.org/10.1007 /s11696-021-01664-1

11. Q. Ly, K. Choij, J.-D. Nam, and H. J. Choi, Magnetic Polymer Composite Particles: Design and Magnetorhe-
ology, Polymers 13,512 (2021). https://doi.org/10.3390/polym13040512

12. M. Bukvi¢, S. Milojevi¢, S. Gajevi¢, M. Pordevi¢, and B. Stojanovi¢, Production Technologies and Application
of Polymer Composites in Engineering: A review, Polymers 17, 2187 (2025). https://doi.org/10.3390/polym17162187

13. E. Botelho, E. Nohara, and M. Rezende, Lightweight Structural Composites with Electromagnetic Applica-
tions, in Elsevier eBooks (2025), pp. 567-582. https://doi.org/10.1016/b978-0-443-28872-2.00021-8

14. A. ]. Bur, Dielectric properties of polymers at microwave frequencies: a review, Polymer 26, 963 (1985).
https://doi.org/10.1016/0032-3861(85)90216-2

15. F. A. Al-Marhaby and R. Seoudi, Interfacial polarization and plasmonic effects in PVA/AUNPS Nanocompos-
ites: structural, optical, and dielectric perspectives, Journal of Inorganic and Organometallic Polymers and Materials
(2026). https://doi.org/10.1007 /s10904-026-04227-7

16. V. Kochervinskii, I. Malyshkina, S. Bedin, A. Korlyukov, M. Buzin, and R. Shakirzyanov, Curie point and a
space charge relaxation in ferroelectric poly(vinylidene fluoride-trifluoroethylene) copolymers with different thermal
history, Journal of Applied Polymer Science 135, (2018). https://doi.org/10.1002 /app.46186

17. S. Osaki, Microwave frequency dielectric properties of poly(vinylidene fluoride) films, Journal of Polymer
Science Part B Polymer Physics 33, 685 (1995). https://doi.org/10.1002/polb.1995.090330417

18. 1. Yu. Prosanov and N. E. Uvarov, Electrical properties of dehydrated polyvinyl alcohol, Physics of the Solid
State 54, 421 (2012). https://doi.org/10.1134/s1063783412020278

19. M. P. F. Graga, K. D. A. Sabéia, F. Amaral, and L. C. Costa, Microwave dielectric properties of CCTO/PVA
composites, Advances in Materials Science and Engineering 2018, (2018). https://doi.org/10.1155/2018/6067519

20. L. S. Antyasov and A. N. Sokolov, Investigation limits of applicability of the method Nicolson-Ross-Weir to
calculate the permittivity and permeability radar absorbing material, 2016 2nd International Conference on Industrial
Engineering, Applications and Manufacturing (ICIEAM) 55, 1 (2016). https://doi.org/10.1109/icieam.2016.7911698

21. M. F. Elmahaishi, R. S. Azis, I. Ismail, and F. D. Muhammad, A review on electromagnetic microwave ab-
sorption properties: their materials and performance, Journal of Materials Research and Technology 20, 2188 (2022).
https://doi.org/10.1016/j.jmrt.2022.07.140

22. V. V. Kochervinskii, L. O. Shoranova, R. I. Shakirzyanov, A. A. Korlukov, M. 1. Buzin, and G. A. Kirakosyan,
Structure formation and electrical properties of fluorine-containing elastomer based on poly (Vinylidene difluoride),
International Journal of Pharmacy and Technology 8, 27266 (2016).

23. A. Vassilikou-Dova and 1. M. Kalogeras, Dielectric Analysis (DEA), in Thermal Analysis of Polymers, Fun-
damentals and Applications (2008), pp. 497-613. https://doi.org/10.1002/9780470423837.ch6

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193( 1 56)/ 2026 111
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



A.B. Kaasipxanos, P.JI. Hlakupssnos, K.M. Maxanos, M.B. 3aopozser;

24.S.D. Dumitruy, G. Paul, R. Octavian, and S. M. Gabriel, Complex Permittivity Evaluation for Poly(Vinyl Alco-
hol) and Poly(Methyl Methacrilate) at Microwave Frequencies by a TDR Method (1998). https://doi.org/10.1109/
antem.1998.7861764

25. K. H. Breeden and A. P. Sheppard, 4 note on the millimeter and submillimeter wave dielectric constant and
loss tangent value of some common materials, Radio Science 3, 205 (1968). https://doi.org/10.1002/rds196832205

J.B. Kaapipxkanos!, P.U. Illakupsanos ™2, K.M. Maxanos®, M.B. 3aoposen*

JLH. Tymunes amovindarst Eypasus yammoik yHusepcumemi, Acmawa, Kasakcman
20poavik pusuka uHcmumymol, Aamamol, Kazakcman
(E-mail: kadyrzhanov.d@gmail.com, *shakirzyanov_ri@enu.kz, makanov@inbox.ru, mzdorovets@gmail.com)

NBA®, CK®32, IIBC xkaHe [IC525 TepMomIacTTapbIHbIH, MUKPOTOJIKbIHABIK,
JAVana3oHJaFbl JUIJIEKTPJIK CHIIaTTaMa/IapbIH 3epTTEey

AHjaTna. /lucnepcTi TONTBIPbIIFAH KOMIO3UTTEP/IiH MAaTPULIAChl peTiH/ie KEHiHEeH KOJJaHblIybIHA 6aii-
JIaHBICTBI MUKPOTOJIKbIH/BIK JaNa30H4a TePMOIJIACTTapAbIH AU3IEKTPJIK 6TIMAIITIHIH )UIJTIKKe Taye 1 iiriH
3KCIIePUMEHTTIK TYPFbIZIaH 3epTTeY 63€eKTi 60J1bIN Ta0bLIaAbL. OChI )KYMBICTBIH, MAaKCaThl — KEHiHEH KOJI/JaHbLIATbIH
Kelbip TepMOIJIaCTTApAbIH, MOHOJIUTTI Y/ITiJIEPIH aJTy YIIiH TEXHOJIOTHUSJIBIK TapaMeTpJiepAi OHTalIaHbIPY JKoHe
onapbiy, 100 MI'y-5 T AMana3oHbIHAA KelleHAi JU3AeKTPAiK eTIMAIIriHIH )KUiliKKe ToyeIiliriH aHbIKTay.
3epTTey HbIcaHAaph! peTiHAe nonuBuHUANAeHGTOpU ] ([IBAD), monmu(TpudTopX/10p3TUIeH-BUHUANAEHOTOPUL)
Herizingeri dpTopkayuyk (CK®32), nosuBunuia cnupti ([1BC) xaHe nonuctupoa ([1C525) kongaueisl. Yoirinep
TaXipubeJsik KOHABIPFbIAA bICTBIKTAM NpecTey dJiciMeH JalblHAaAAbl. By/ peTTe ycTan Typy TeMilepaTypachl,
YKYMBIC KbICBIMBI K9HE YCTall TYPY YaKbIThI 9p6ip MaTepuaJs YIliH )XeKe TaHAaJIbII, Ko30eH 6aiKaJlaThIH KeyeK-
Ti/iKCi3 *xoHe iIIKi aKay/1iapChI3 MOHOJIUTTI GYHbIM/Iap allyFa MYMKiHZiKk 6epai. Kemenai auanekTpuiik eTiMAimiKTiH
KUIMIKTIK cnekTpJsepi 6esiMe TemnepaTypacbkiiaa Hukosicon-Pocc-Bup afici apKblibl BEKTOPJIBIK Ti30€K aHAIU-
3aTOpbIH Nalia/IaHbII 6JILIEeH/li. JKCIEPUMEHT HOTHXKeJepi KOJIJaHblIFaH TePMOILJIACTTap YIIiH TePpMOIPECTEY
peXuM/JiepiHiH alTapabIKTal epekiieseHeTiHiH KepceTTi. [IoTMBUHUJ CIUPTiHEH cCaKWHA Tapi3Ai y/arisiepai
JadbIHJay 6apbICbIH/Ia MAaTepUaJIAblH TEPMUSJIBIK 1eCTPYKIUACBIHBIH 6acTanKbl Ke3eHAepiMeH 6ailJlaHbICThI
00J1ybI MYMKiH yJIriiepAiH capFarobl 6aiKaaabl. 100 MI'u-5 ' »xuinik AuanasoHbIHAA JUJIEKTPJIK O TIMIITIKTIH
HaKThI 6eJ1iri (¢') nosuBuHUwIMAeHbTOPU YiiH 2,57-3,31, Topkaydyk yurid 2,40-3,16, HOJUBHHUI CIIUPTI
yuwid 3,61-4,63 apasiblFbiHAa 601/bl. [[oJIMCTUPOJI YILiH 3epTTeJNreH AUana3oHnaa € MaHi 2,64-Ke TeH, 60J1bl.
[MosnctuposiaH 6acka 6apJibIK oJUMepJiep/ie KelleH i AU3IEKTPIIK 0 TIMAUTIKTIH alKbIH KUK TIK UCIEPCUSCHI,
coHpam-ak 0,05-0,20 apasbIFbIHAAFBI JUIJIEKTPJIIK HIBIFBIHAADP aHBIKTaIbl. COHBIMEH KaTap, alKbIH IHJIEKTPJIIK
UIBIFBIHAAPBI 6ap TEPMOILJIACTTAP YLIiH MeTa/l/1 IJIAaCTUHAJ,aH WaFbl1y KoadPUIUEHTIiHIH ecenTe/areH MaHi —4-
TeH -2,5 fb-re neiliHri apanbIKThl Kypabl. AJIBIHFAH )KUIJIKTIK ToyeAiTiKTep MUKPOTOJIKbIH/BIK JUANa30HaFbl
KeH, Tapa/ifaH TepMOIJIaCTTap/AblH AU3JIEKTPJIIK CUllaTTaMaJlapbl TypaJbl MaJiMeTTep/l TOJABIKThIpaAbl )KoHe
paZino3/IeKTPOHUKAZQ, aca xoFapbl xkuiaikTi (AXKXK) TexHuKaa, COHAAN-aK paJuOXKYTKbILI MaTepUalJapAbl a3ipaeyae
KQKeTTi UJIEeKTPJIiK a/IZIbIH aj1a GesrijieHreH KacueTTepi 6ap mosuMepsai KOMIO3UIUAIBIK MaTepUuaIgapabl
»Kacay Ke3iHJe KOJIJaHbLIybl MYMKiH.

TyHiH ce3aep: TepMoILIacTTap, JU3JAEKTPIIK eTiMAiniK, nonuBuHuInAeHdTopug (I[IBAD), Hukosncon-
Pocc-Bup aaici, iU31eKTpIiK WBIFBIHAAD, TOJUMepPJIiK KOMIO3ULUAIBIK MaTepHuaajap.
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VccaesoBaHne AMDAEKTPUIECKUX XapaKTEPUCTUK TEPMOIIAaCcTOB
IBA®, CK®32, IIBC 1 ITC525 B MUKPOBOAHOBOM AMalla3oHe

D.B. Kadyrzhanov?, R. I. Shakirzyanov'*?, K.M. Makhanov', M.V. Zdorovets*

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
ZInstitute of Nuclear Physics, Almaty, Kazakhstan
(E-mail: kadyrzhanov.d@gmail.com, *shakirzyanov_ri@enu.kz, makanov@inbox.ru, mzdorovets@gmail.com)

Investigation of the Dielectric Properties of PVDF, SKF32, PVA, and PS525 Thermoplastics in the
Microwave Frequency Range

Abstract. Experimental studies aimed at determining the frequency dependence of the permittivity of
thermoplastics in the microwave frequency range are of considerable interest due to their use as matrices for
particle-filled polymer composites. The aim of this study was to determine the processing parameters required to
produce monolithic specimens of several widely used thermoplastics and to measure the frequency dependence of
their complex dielectric permittivity over the frequency range from 100 MHz to 5 GHz. The investigated materials
included polyvinylidene fluoride (PVDF), poly (trifluorochloroethylene-vinylidene fluoride) fluoroelastomer
(SKF32), polyvinyl alcohol (PVA), and polystyrene (PS525). The specimens were fabricated by hot pressing using
an experimental setup with individually optimized holding temperature, applied pressure, and holding time to
obtain monolithic products free from visually observable porosity and internal defects. The frequency spectra of the
complex dielectric permittivity were measured at room temperature using the Nicholson-Ross-Weir method with
a vector network analyzer. The experiments revealed that the hot-pressing conditions differed significantly among
the investigated thermoplastics. During the fabrication of polyvinyl alcohol specimens, yellowing was observed,
presumably associated with the initial stages of thermal degradation of the material. Within the frequency range of
100 MHz to 5 GHz, the real part of the dielectric permittivity (¢") ranged from 2.57 to 3.31 for polyvinylidene fluoride,
from 2.40 to 3.16 for the fluoroelastomer, and from 3.61 to 4.63 for polyvinyl alcohol. For polystyrene, the value
of ¢’ remained approximately constant at 2.64 throughout the investigated frequency range. All polymers except
polystyrene exhibited pronounced frequency dispersion of the complex dielectric permittivity as well as dielectric
losses in the range of 0.05-0.20. In addition, the calculated reflection coefficient from a metal-backed plate ranged
from -4 to -2.5 dB for thermoplastics exhibiting significant dielectric losses. The obtained frequency dependences
expand the available data on the dielectric characteristics of widely used thermoplastics in the microwave frequency
range and may be useful for the development of polymer composite materials with tailored dielectric properties for
applications in electronics, microwave engineering, and electromagnetic wave-absorbing materials.

Keywords: thermoplastics, permittivity, polyvinylidene fluoride (PVDF), Nicholson-Ross-Weir method,
dielectric losses, polymer composite materials.
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Radiation Detection with Wide- and Ultrawide-Bandgap
Semiconductors: Detector Fundamentals and Performance
Benchmarks for 4H-SiC, GaN, and 3-Ga,03

K. Nalibay* (), N. Amangeldi
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

E-mail: *kanatbekati@gmail.com, nur19792@mail.ru

Abstract. Wide - and ultrawide-bandgap semiconductor materials have been
receiving growing attention for the application in radiation detectors for nuclear
energy systems and other environments with high levels of radiation. The wide- and
ultrawide-bandgap semiconductor materials have the advantages of high breakdown
strength, low leakage current, and the ability to operate at elevated temperatures. In
this review, the state of the art in the field of radiation detectors based on 4H-SiC, GaN,
and B-Ga,0, is discussed, with particular focus on the effect of the intrinsic properties
of the semiconductor materials on the performance of the detectors. The parameters
of particular importance for the detectors are charge collection efficiency, energy
resolution, leakage current, thermal stability, and signal drift.

Among these materials, the case for 4H-SiC is the most developed, with a sig-
nificant experimental base for charged particle and neutron detection, including con-
verter-assisted detectors, as well as operation at elevated temperatures. GaN has also
been found to have significant potential, especially for Schottky and vertical detectors
for charged particle detection. However, its performance is often heavily dependent on

the quality of the interface. f-Ga,0,, as a relatively new ultrawide bandgap semiconduc-

3
tor, is seen to have significant potential for X-ray detectors and extreme environment
operation. Although many issues regarding its response to irradiation damage and its
recovery after exposure are currently under investigation.

This review aims to compare these three material systems from a common
perspective, thereby revealing their current capabilities as well as their most possible
areas of application. A comparative summary section and an outlook section have been
added to identify the main areas for future work, particularly in terms of standardized
benchmarking, defect-informed device optimization, and more reliable detectors for

nuclear and harsh-environment applications.
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Introduction

Among the most actively studied semiconductor platforms in this area are 4H-SiC, GaN, and (3-Ga,0s. Each
of these materials occupies a distinct position in the current detector landscape. 4H-SiC represents one of the most
technologically mature WBG detector materials and has demonstrated strong performance in alpha-particle and
neutron detection, including under elevated-temperature conditions. GaN has also shown promising detector be-
havior, particularly in vertical diode architectures, although its performance is often strongly influenced by surface
and interface states as well as trap-related instabilities. §-Ga,0s3, in contrast, is a less mature but rapidly develop-
ing UWBG semiconductor that has attracted considerable attention for X-ray detection and extreme-environment
sensing, where its large bandgap and high-field capability offer clear potential advantages.

Although these materials are often discussed separately in the literature, meaningful comparison requires a
common benchmarking framework. Detector performance cannot be assessed solely in terms of bandgap or nominal
device architecture; instead, it depends on the combined influence of material quality, defect and trap populations,
contact behavior, electric-field distribution, readout conditions, and thermal or irradiation history. Consequently,
metrics such as charge-collection efficiency (CCE), energy resolution, leakage current, noise, operating temperature
range, and stability under sustained exposure and bias provide a more useful basis for cross-material evaluation
than isolated material parameters alone.

This review focuses on semiconductor radiation detectors based on 4H-SiC, GaN, and (3-Ga,03, comparing
alpha/charged-particle, neutron (converter-based), and X-ray detection using unified benchmark metrics. The aim
is not only to summarize detector demonstrations reported for each material system, but also to identify the main
device-level and defect-related factors that govern performance and limit reproducibility. Particular attention is given
to how material properties, trap physics, and detector architectures jointly determine leakage, charge collection,
spectral performance, and long-term stability.

Detector fundamentals and benchmarking metrics

Signal generation and charge transport

In semiconductor radiation detectors, incident radiation deposits energy primarily through ionization and,
depending on particle type and energy, also through non-ionizing interactions capable of displacing lattice atoms.
For charged particles, such as a-particles, energy deposition is typically localized within a short penetration depth,
whereas X-rays deposit energy more diffusely through photoelectric and Compton interactions, producing second-
ary electrons that generate electron-hole pairs along their trajectories. In all cases, the measurable detector signal
arises from the collection of these carriers under an electric field, and detector performance is therefore governed
by the balance between charge generation, carrier transport, and loss channels such as trapping and recombination.

For a deposited energy E, the number of generated electron-hole pairs may be approximated as NxE/¢,
where ¢ is the mean energy required to create one pair. Wide- and ultrawide-bandgap semiconductors generally
require a higher pair-creation energy than narrow-bandgap materials, which may reduce signal amplitude for a
given deposited energy.
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Figure 1. Unified framework for radiation detector benchmarking in wide- and
ultrawide-bandgap semiconductors.

Total ionizing dose (TID) primarily introduces trapped charge in dielectrics and at interfaces, leading to
threshold-voltage shifts, increased leakage, and noise degradation. Displacement damage (DD) produces vacancies,
interstitials, and defect complexes that act as recombination centers and deep traps, reducing charge-collection
efficiency (CCE) and broadening spectral peaks. Single-event effects (SEE), typically associated with heavy ions or
highly localized energy deposition, can cause transient upsets or catastrophic failure depending on device architecture
and operating bias. The diagram links these mechanisms to detector-relevant observables (CCE, energy resolution,
leakage/noise, stability) and to commonly used characterization methods (I-V/C-V, pulse-height spectroscopy,
DLTS/EPR/PL), enabling consistent cross-material comparisons for 4H-SiC, GaN, and 3-Ga,03 detectors.

Benchmark metrics: what should be reported and compared

To compare detectors across 4H-SiC, GaN, and 3-Ga, 03 in a consistent way, the following metrics are the
most informative:

1. Charge-collection efficiency (CCE).

CCE quantifies what fraction of the generated charge is collected at the electrodes. It can be inferred from
pulse height relative to an expected full-energy peak, or from calibration with known sources.

2. Energy resolution (FWHM) and peak shape.

Energy resolution is typically expressed as the full width at half maximum (FWHM) of a spectral peak,
sometimes as an absolute energy (keV) or relative percentage.

3. Leakage current density and noise.

Leakage current increases shot noise and limits achievable resolution, especially at elevated temperatures.

4. Active volume, depletion width, and operating bias.

Because many published demonstrations use different thicknesses, doping levels, and bias points, an “ap-
ples-to-apples” comparison requires explicit reporting of device geometry and the bias used to reach the reported
performance.

5. Temperature range and stability under operating conditions.

A central motivation for SiC, GaN, and 3-Ga, 03 detectors is their potential for high-temperature operation.

6. Radiation tolerance and performance retention.

Since detector environments may include sustained irradiation, the review distinguishes between detec-
tor function (ability to measure radiation) and radiation hardness (ability to maintain performance metrics under
accumulated dose/fluence).
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Defects, traps, and polarization: why defect physics enters a detector review
In real detectors, defects and interfaces influence performance in two strongly coupled ways. First, they act

as trapping and recombination centers that reduce charge-collection efficiency and broaden spectral peaks. Second,

trap charging may distort the internal electric field over time, leading to gain changes, peak shifts, hysteresis, and

other polarization-related phenomena. These effects become more pronounced at high electric fields, elevated tem-

peratures, and after irradiation, and they are strongly dependent on both material system and processing history.

For SiC and GaN, the literature already provides relatively mature links between device degradation and

specific trap families or interface-related effects. For $-Ga,0s, such defect-metric relationships are still being es-

tablished, although recent irradiation and recovery studies already indicate that defect evolution may play a signif-

icant role in detector stability. Consequently, defect and trap physics must be treated as an integral part of detector

benchmarking rather than as a separate materials issue.

Table 1. Recommended benchmarking metrics for semiconductor radiation detectors and their

dominant limiting factors.

nonuniformity

duced broaden-
ing, dead layers

Metric (report) | How it is measured Why it matters | Typical limiting | Notes for fair

factors comparison
Charge- Pulse-height spectroscopy | Measures how Bulk traps, Always report bias,
collection vs known energy; relative much charge is recombination, thickness, doping (or
efficiency (CCE) | peak position; calibration generated and insufficient field/ | depletion width)

source collected depletion, polar-

ization
Energy FWHM of full-energy peak | Captures statis- | Leakage/shot Report shaping time,
resolution (keV or %) tical + electronic | noise, capaci- electronics chain, tem-
(FWHM) noise + collection | tance, trap-in- perature

Leakage current

[-V under reverse bias;

Strongly controls

Surface leakage,

Report device area and

density often vs temperature noise and high-T | contact leakage, | passivation; normalize
operation interface traps, to area
and generation
currents
Noise / ENC (if | Equivalent noise charge or | Allows cross-lab | Leakage, Provide preamp type,
available) baseline RMS comparison of capacitance, shaping, bandwidth
readout limita- electronics,
tions microphonics
Active volume / | C-V extraction; thickness; Determines in- Doping, Provide thickness and
depletion width | bias at operation teraction volume | breakdown limit, | C-V or estimated W(V)
and collection geometry
time
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Metric (report) | How it is measured Why it matters | Typical limiting | Notes for fair
factors comparison
Operating bias / | Reverse bias at measure- Governs drift Breakdown, field | Specify edge termina-
field ment; breakdown margin time and trap- crowding, surface | tion/field plates if used
ping probability | effects
Temperature Resolution/CCE/leakage Key advantage Leakage ac- Report stabilization
range vs T of WBG/UWBG tivation, trap time and thermal
detectors kinetics, contact | setup
stability
Stability / drift | Peak position vs time under | Indicates polar- | Trap charging, Report time scale and
bias; repeated cycles ization and long- | interface states, | bias history
term reliability space-charge
buildup
Radiation Metrics before/after dose/ | Needed for Accumulated Report radiation type/
tolerance / fluence steps nuclear/harsh traps/defects, energy/fluence, bias
retention environments contact degrada- | during irradiation
tion
Neutron detec- | Count rate vs source/flux; System-level Converter thick- | Must report converter
tion efficiency efficiency modeling metric (converter | ness, reaction material/thickness
(convert- + detector) product escape, | and geometry
er-based) interface losses

4H-SiC radiation detectors

Why 4H-SiC is a mature detector platform

4H-SiC is one of the most established wide-bandgap materials for semiconductor radiation detectors ow-
ing to its high breakdown field, good thermal conductivity, and the relatively advanced state of epitaxial growth
and device processing. For detector applications, these properties translate into the ability to sustain high electric
fields with comparatively low leakage current, thereby enabling stable charge collection and reduced electronic
noise, including under elevated-temperature conditions. As a result, 4H-SiC has been extensively investigated for
charged-particle detection, particularly a-particle spectroscopy, as well as for neutron detection using converter
layers. [1]

Device architectures used for detection in 4H-SiC

The dominant device architecture in the 4H-SiC detector literature is the reverse-biased Schottky barrier
diode fabricated on epitaxial layers, often combined with edge termination and surface passivation to suppress
premature breakdown and surface leakage. The main advantages of SBD-based detectors include relatively simple
fabrication, low capacitance, and compatibility with thick epitaxial layers that support appreciable depletion widths.
[2]

Alpha and charged-particle detection in 4H-SiC

Most 4H-SiC charged-particle detectors are implemented as reverse-biased Schottky barrier diodes on
n-type epitaxial layers. Under reverse bias, a depletion region forms beneath the Schottky contact, and incident
a-particles deposit their energy within a shallow depth near the detector surface, generating electron-hole pairs
that are collected by drift under the internal electric field. In this configuration, spectral performance is determined
primarily by two factors: the completeness and uniformity of charge collection, and the electronic noise floor, which
is strongly influenced by leakage current and detector capacitance. [3]
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Neutron detection with converter-coupled 4H-SiC detectors

Neutron detection using 4H-SiC is most commonly achieved through converter layers, such as °LiF or
19B-containing films, deposited on or coupled to the detector surface. Neutron capture reactions within the converter
generate energetic charged products that enter the SiC detector and produce ionization signals. This configuration
enables thermal neutron sensitivity while taking advantage of the high-field, low-leakage operation of 4H-SiC, in-
cluding under harsh environmental conditions. [4]

Performance-limiting factors: leakage, trapping, and stability

First, surface leakage and edge-field management strongly influence detector performance. Surface con-
duction pathways and electric-field crowding near device edges may dominate leakage current and baseline noise,
thereby limiting high-bias operation and degrading energy resolution. Passivation quality and edge termination,
therefore, play a major role in high-field detector stability.

Second, bulk trapping and charge-collection nonuniformity may limit spectral quality even in nominally
high-quality epitaxial material. Deep levels arising from native defects, irradiation-induced defects, or process-related
damage can reduce charge-collection efficiency and broaden spectral peaks. In addition, trap occupancy dynamics
may cause time-dependent behavior such as peak drift or hysteresis under sustained bias.

Third, contact and barrier non-idealities contribute significantly to leakage and its temperature dependence.
Barrier inhomogeneity, interfacial reactions, or metallurgical instability may increase leakage current and degrade
noise performance, especially under elevated-temperature operation.

GaN radiation detectors

Scope of GaN detector literature within this review

Compared with 4H-SiC, the GaN radiation-detector literature is narrower, but it includes several import-
ant demonstrations that are directly relevant for detector benchmarking. In the present review, GaN is considered
primarily as a platform for charged-particle detection, particularly a-particle detection, using diode-based device
structures. Its relevance arises from the combination of a wide bandgap and detector architectures, especially
Schottky and vertical diodes, capable of supporting depletion-based operation. [5]

Device architectures: Schottky and vertical GaN-on-GaN diodes

Most GaN detector demonstrations are based on reverse-biased Schottky barrier diodes or vertical GaN-on-
GaN diode structures. In depletion-based operation, the achievable active volume is determined mainly by doping
and layer thickness, whereas the noise floor is governed by leakage current and capacitance. Many studies empha-
size that sufficient depletion width at moderate reverse bias is essential for improving charge collection and peak
formation, particularly in a-particle detection, where the deposited energy is relatively localized but still benefits
from a uniform electric field and low trapping. [6]
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Figure 2. Vertical GaN-on-GaN SBD radiation detector: layer structure and dominant performance-lim-
iting channels.

Alpha and charged-particle detection: performance metrics and trends

GaN a-particle detectors are typically characterized through pulse-height spectra, peak identification,
and energy resolution under reverse bias. As in 4H-SiC detectors, the primary objectives are to maximize charge
collection while minimizing leakage-driven noise in order to obtain stable and narrow peaks. However, the GaN
detector literature places particular emphasis on the role of depletion width, surface quality, and interface control
in determining whether satisfactory detector performance can be achieved.

Several recurring trends may be identified across reported GaN detector demonstrations. Increasing re-
verse bias generally improves peak formation by widening the depletion region and shortening carrier transit time,
although usable bias range may be limited by breakdown risk and surface leakage. Leakage current, together with
its temperature dependence, often becomes the dominant contributor to the electronic noise floor, which makes
contact engineering and surface passivation particularly important. In addition, time-dependent changes in peak
position, peak width, or baseline level are often associated with trap charging and detrapping, especially in struc-
tures where surface and interface effects strongly affect the internal field distribution. [7]

Limiting factors: traps, surfaces, and contact stability

GaN detector performance is frequently constrained by factors that are closely linked to surfaces, interfaces,
and trap populations.

First, surface and interface states may increase surface leakage, distort local electric fields near contact
edges, and introduce slow response components that manifest as drift or hysteresis during sustained operation.

Second, bulk and buffer traps may contribute to carrier trapping and peak broadening, especially when the
depletion region extends into regions of lower structural or electronic quality. Their influence may depend strongly
on growth route, substrate choice, and epitaxial design. [7]

Third, Schottky barrier non-idealities may elevate leakage current and reduce stability, especially at higher
temperatures. Barrier inhomogeneity, contact reactions, or interfacial degradation may therefore limit the usable
bias window and degrade detector resolution through increased noise.
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B-Ga,03 radiation detectors

Why B-Ga, 05 is positioned as the UWBG X-ray opportunity

Within the WBG/UWBG detector landscape, -Ga,0s3 is generally regarded as less technologically mature
than 4H-SiC and GaN, but particularly promising for X-ray detection. In the detector literature, 4H-SiC and GaN are
more commonly associated with mature alpha-particle and neutron detector demonstrations, whereas $-Ga,0s; is
increasingly highlighted as an emerging ultrawide-bandgap platform for X-ray sensing. This distinction provides a
natural basis for the present comparison: 4H-SiC and GaN are treated as mature reference platforms, while 3-Ga,03
is evaluated mainly through the lens of X-ray detector performance, stability, and extreme-environment potential.

Device concepts used for -Ga,0; radiation detection

The B-Ga,03 detector literature is dominated primarily by two device concepts: Schottky barrier diodes
(SBDs) and metal-semiconductor-metal (MSM) structures. SBD detectors operate in a depletion-controlled regime
and are therefore naturally comparable to SiC- and GaN-based diode detectors through parameters such as leak-
age current, depletion width, bias stability, and, when available, spectroscopic performance. In contrast, MSM and
photoconductor-like devices are more frequently used in X-ray current-mode detection, where reported sensitivity
may be high but the observed response is often strongly affected by trap-related gain, contact behavior, and slow
recovery effects. Accordingly, the benchmarking metrics introduced in Section 2 should be interpreted with attention
to the operating mode of the detector, since pulse-mode and current-mode devices emphasize different aspects of
performance.

X-ray detection: performance metrics and benchmarking criteria

B-Ga,03 detector studies reported in the literature primarily emphasize X-ray sensing performance, including
sensitivity, response stability, linearity, and response time. Unlike reports on alpha particle detectors, where energy
resolution is often the dominant indicator, X-ray studies of 3-Ga, 05 often focus on the characterization of the current
regime and dose rate dependence. Accordingly, a reliable comparison of the results of studies using $-Ga,0z X-ray
detectors requires consistent information about the device structure, geometry, operating displacement, temperature,
X-ray spectrum or energy range, dose rate and the corresponding response rate. Stability-related characteristics
such as hysteresis, afterglow, baseline offset, and recovery time should be considered as important parameters for
comparative analysis, rather than as secondary observations. [8] This distinction is important because apparent
sensitivity enhancements may, in some device concepts, arise from trap-mediated gain and therefore may not di-
rectly correspond to improved detector fidelity or long-term reproducibility.

Defects, irradiation response, and stability considerations

A central issue in 3-Ga, 05 radiation detectors is the strong influence of defects and defect-related recovery
processes on device stability. Irradiation and implantation studies indicate that damage accumulation may induce
phase-related structural signatures and that recovery behavior depends sensitively on both damage level and an-
nealing temperature. These observations are important for detector interpretation because they imply that $-Ga,03
device response may depend not only on nominal device design, but also on material history, thermal cycling, and
prior exposure conditions. In practical detector terms, such effects may appear as drift, hysteresis, slow stabilization,
or changes in baseline response. For this reason, $-Ga,03 detector studies should explicitly report exposure history,
bias conditions, and recovery protocols when discussing sensitivity and long-term stability.

Cross-material comparison (4H-SiC vs GaN vs (3-Ga,03)

Comparison logic and scope

This section synthesizes detector demonstrations across 4H-SiC, GaN, and 3-Ga,03 using the unified bench-
marking metrics defined in Section 2 (Table 1). The comparison is explicitly radiation-detection-focused (signal
formation and detector performance), not a general radiation-hardness survey. Consistent with the detector-focused
framing in the literature, 4H-SiC and GaN are treated as the more mature platforms for alpha/charged-particle and
neutron (converter-based) detection, while (3-Ga,03; is evaluated primarily in the context of X-ray detection and
extreme-environment opportunities.

122 1\(_)3(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



Radiation Detection with Wide- and Ultrawide-Bandgap Semiconductors:
Detector Fundamentals and Performance Benchmarks for 4H-SiC, GaN, and p-Ga;O3

Table 2. Cross-material evidence table for WBG/UWBG radiation detectors.

Material | Radiation | Device Key condi- | Main Stability Main Reference
modality structure | tions (bias, | reported / drift limiting
tempera- metric observations | factor
ture, geom-
etry)
4H-SiC Alpha / Schottky up to 500 °C; | Energy High-tempera- | Tempera- [1]
charged barrier high-quality | resolution | ture operation | ture-driven
particles diode epitaxial worsened demonstrated; | leakage
(epitaxial) | detector; by only detailed long- | increase;
reverse ~20% from | term drift not | contact/
current from | RT to 500 reported barrier
1pA(RT)to |°C stability
10 nA (500
OC)
4H-SiC Alpha / Epitaxial operating Energy not reported Deep [2]
charged Schottky | bias -90V; | resolution levels and
particles detector large-area 0.29% for contact/
epitaxial uncollimat- topogra-
detector ed 5.48 MeV phy-related
o; leakage collection
current 3.5 losses
pA
4H-SiC Neutrons Large-area | epithermal | Neutron not reported Converter [3]
(converter- | SBD + 6LiF | neutron col- | response thickness /
based) converter | umn; neu- demonstrat- geometry
tron fluence | ed via a and and sys-
1079-10713 | triton peaks tem-level
cm™2 efficiency
definition
4H-SiC Neutrons Large-area | 1x1 mm? Thermal Tempera- Converter [4]
(converter- | SBD + 6LiF | and 5x5 neutron ture-de- choice/
based) or 10B4C | mm? diodes; | efficiency pendent a thickness;
converter | 6LiF thick- |upto5.02% | response also | diode area;
ness 26.54 | with 6LiF reported; full | leakage at
pum for best drift analysis larger area
case not reported
GaN Alpha / Bulk GaN | freestanding | Energy res- | not reported Need for [5]
charged Schottky n-type bulk | olution 2.2 large deple-
particles detector GaN; leak- +0.2% at tion depth
age current | 5.486 MeV / relatively
7.53+0.3 under 550 V high bias
nAat200V;
5.486 MeV a
source
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Material | Radiation |Device Key condi- | Main Stability Main Reference

modality structure | tions (bias, | reported / drift limiting
tempera- metric observations | factor
ture, geom-
etry)

GaN Alpha / GaN- 15 um CCE = 65% | Lower vari- Residual [6]
charged on-GaN compen- at-20V ation of CCE carrier den-
particles Schottky sated drift with bias than | sity / limit-

diode layer; =20 'V; earlier GaN ed depletion
5.48 MeV a devices width at low
source bias

GaN Alpha / Vertical 30 um drift | CCE96.7% | Improved bias | Surface/ [6]
charged GaN- layer; -300 | at-300V; robustness interface
particles on-GaN to-750V; up to 100% | reported; trapping

Schottky 548 MeVa |at-750V; detailed long- | and bias-de-
diode source spectral res- | term drift not | pendent
olution 71 | reported depletion
keV report- control
ed in the
low-voltage
detector
study

GaN Particle Schottky proton Pre-/ Leakage re- Radia- [7]
irradiation | pad / and 1 MeV post-ir- mained several | tion-in-
tolerance guard-ring | neutron ir- | radiation orders lower duced
relevantto | structures | radiationto |I-Vand than Si after defects,
detectors SLHC-type CCE used irradiation but over-

fluences to assess all, strong
radiation hardness for
hardness particle en-
vironments
B-Ga,03 | X-rays Bulk-sub- | bulk (100) Photo- not reported Dark [8]
strate B-Ga,03 to-dark current
Schottky substrate current / contact
barrier ratio >800 quality
diode in X-ray
detection
B-Gay03 | X-rays [-Ga,03:Fe | high-resis- | Sensitivity | Good short- Trap-me- [9]
sin- tivity Fe- 75.3 uC Gy_ | term stability | diated
gle-crystal | doped crys- |air*cm™ |reported inthe | dynamics
detector tal (>10”*12 | response detector paper | / material
with verti- | Q-cm) time 0.2 s; compensa-
cal Ti/Au SNR ~100 tion control
electrodes
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Summary comparison: current strengths of each material platform

4H-SiC currently provides the most balanced platform for alpha-particle detection and converter-based
neutron detection, combining strong spectroscopy-oriented performance with demonstrated operation in harsh
and elevated-temperature environments. Its main practical advantage is stable depletion-based operation together
with comparatively favorable leakage and noise characteristics under demanding conditions.

GaN represents a strong platform for charged-particle detection, particularly in vertical and GaN-on-GaN
diode architectures. However, its detector performance and long-term stability are often more strongly influenced
by surface and interface states, trap-related effects, and depletion-width control, making device processing and
passivation especially important.

B-Ga, 03 appears most promising for X-ray detection, where its ultrawide-bandgap character and high-
field capability support extreme-environment sensing concepts. At the same time, defect and trap populations, as
well as recovery and thermal history, can significantly influence drift, hysteresis, and repeatability. For this reason,
stability-related parameters should be treated as key benchmarking outputs in 3-Ga,03 detector studies.

Common gaps and reporting limitations in the literature

Despite substantial progress across all three material platforms, meaningful cross-paper comparison
is often limited by incomplete or inconsistent reporting. The most common sources of comparison uncertainty
include incomplete information on device geometry and depletion width, insufficient reporting of bias conditions
during measurement and irradiation/exposure, unclear temperature stabilization procedures, and the absence of
systematic drift or time-stability data. For neutron detectors, converter thickness and efficiency definitions are not
always reported in a directly comparable way, while in X-ray detector studies, the incident spectrum and dose-rate
calibration method may also differ significantly across publications.

Roadmap for next-generation WBG/UWBG radiation detectors

The cross-material comparison presented in Section 6 reveals that the principal barrier to progress is not
the absence of promising detector demonstrations, but rather the difficulty of comparing them reliably and trans-
lating laboratory results into reproducible device performance. The roadmap proposed here, therefore, focuses on
three concrete directions: closing measurement gaps, coupling defect characterization to detector outcomes, and
defining the experiments most likely to generate field-wide impact.

Closing measurement and reporting gaps.

The most immediate priority is the adoption of the minimum reporting set defined in Section 2 as a
community standard. At present, a significant fraction of published detector studies omit at least one parameter
— most often depletion width, bias history, or time-dependent stability data — that is necessary for meaningful
cross-paper comparison. For (3-Ga,03 X-ray detectors specifically, time-dependent response traces and recovery
protocols after irradiation should be treated as mandatory outputs rather than supplementary observations, given
the strong influence of trap-mediated dynamics on apparent sensitivity. For converter-based neutron detectors,
efficiency definitions and converter geometry must be reported consistently to enable system-level comparison
across different designs.

Defect-to-performance coupling.

Across all three platforms, the link between specific trap populations and measurable detector degradation
remains incompletely established. For 4H-SiC, the correlation between the Z, /, deep level and CCE loss under pro-
longed bias is relatively well documented, but equivalent defect-metric relationships for GaN interface traps and
B-Ga, 03 irradiation-induced defects are still emerging. Closing this gap requires that detector-level measurements
(CCE, FWHM drift, leakage evolution) be performed in parallel with defect-sensitive characterization — DLTS,
photoluminescence, or EPR where applicable — rather than as separate materials and device studies. This cou-
pling is particularly urgent for 3-Ga,03, where recovery behavior after irradiation is already known to be strongly
defect-dependent but has not yet been systematically connected to detector stability metrics.
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High-value experiments.

Four categories of experiments would provide the greatest impact for future cross-material benchmarking:

1. Modality-standardized round-robin tests — alpha-particle spectroscopy with a common #**Am source,
converter-based neutron detection at a reference thermal flux, and X-ray dose-rate response using a defined spec-
trum — performed on representative devices from each material platform under identical readout conditions. Even
a limited inter-laboratory comparison of this type would significantly reduce the ambiguity currently arising from
inconsistent measurement protocols.

2. Temperature-stability maps — systematic measurements of leakage current, CCE or sensitivity, and peak
or signal drift as a function of operating temperature under fixed bias, reported for all three platforms using equiv-
alent thermal stabilization procedures. Such data are essential for evaluating the high-temperature advantage that
motivates WBG/UWBG detector research, yet remain sparse in the current literature.

3. Bias-history and recovery protocols — controlled experiments in which pre-biasing duration, post-exposure
relaxation time, and annealing temperature are varied systematically and correlated with changes in CCE, FWHM,
and baseline current. For $-Ga,03 current-mode detectors in particular, this class of experiment is prerequisite for
distinguishing genuine sensitivity from trap-gain artifacts.

4. Radiation-sequential benchmarking — measurement of the full detector metric set (leakage, CCE, energy
resolution or sensitivity) before and after defined irradiation steps, with intermediate annealing checks, to separate
reversible trap charging from permanent displacement damage. This protocol would provide directly comparable
radiation-tolerance data across 4H-SiC, GaN, and -Ga,03 and is currently absent from most published studies.

Together, these directions would convert the benchmarking framework established in Section 2 from a re-
porting standard into an active experimental program, generating the comparative evidence base needed to guide
materials selection and device engineering for nuclear instrumentation and harsh-environment sensing applications.

Conclusion

This review has compared radiation detection based on 4H-SiC, GaN, and -Ga,03 using a unified bench-
marking framework centered on charge collection efficiency, energy resolution or sensitivity, leakage and noise,
temperature capability, and stability under sustained exposure.

Within the current state of the literature, 4H-SiC stands as the most mature platform, being the only ma-
terial system with repeated demonstrations of spectroscopy-grade alpha-particle detection and converter-based
neutron sensing under elevated-temperature conditions exceeding 300 °C. GaN provides a credible alternative for
charged-particle detection in vertical diode architectures, though its practical performance is often limited by sur-
face states, trap-related instabilities, and depletion-width control — factors that are strongly process-dependent
rather than intrinsic. $-Ga,03, while less mature, represents the most promising ultrawide-bandgap candidate for
X-ray detection and extreme-environment operation, with demonstrated sensitivity values competitive with other
semiconductor platforms; however, its dominant challenge remains stability and reproducibility under sustained
bias and irradiation.

The overarching conclusion across all three platforms is that detector performance is determined not
only by bandgap advantages, but — often more critically — by device architecture, interface quality, and defect
and trap dynamics that govern long-term stability. Thus, progress in this area will require standardized reporting
of time-dependent behavior, the development of defect-aware devices, and protocols for comparative analysis of
various materials that allow for objective comparisons under equivalent measurement conditions. These steps
are prerequisites for the transition of any of the three platforms from laboratory demonstrations to reliable use in
nuclear instruments and sensing in harsh environments.
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KeH, >)k9He aca KeH, ThIMbIM caJIbIHFaH aliMaKKa Me KapThlJIai eTKisrilrep Herisingeri coyneseHyai
aHbIKTay: 4H-SiC, GaN xk9He -Ga,0; yliH AeTeKTOpIapAblH, )KYMbIC HEeTi3Jepi MeH ca/IbICThIPMaJibl
cunmarTraMasiaphbl

AnaaTna. KeH »koHe aca KeH, ThIIbIM Caj/IbIHFaH aliMaKKa He XapThlial eTKI3ril MmaTepuanjap ApoJblK,
JHepreTHKa XyleJsiepiHe apHa/IFaH pagUalUs/ibIK JeTeKTopJaapAa XXoHe pajgruanusa AeHreui »koFapbl opTaja
KOJIZIAHbLIYbIHA OAM/IaHBICThI }KOFAPBI KbI3bIFYIIBLIBIK TYAbIpYAa. MyHJall MaTepuaaap/blH apThIKIIbLIbIKTapbIHA
YKOFaphbl 3JIEKTPJIiK OepiKTiK, TOMEH aFblIll KETY TOTHI XK9HE KOFaphl TeMIIepaTypa KaFAalbIHAa KYMBIC icTey
KabiseTi »kaTanbl. By mosnyaa 4H-SiC, GaN »xoHe [-Ga,03 HeriziHaeri pagjualusibIK JeTEKTOPJIAp calacblHAAFbI
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Kasipri 3epTTey AeHreni KapacTbIpbLIbII, XKapThlJIald 6TKI3Till MaTeprualapblH, ilKi KaCHeTTepiHiH JeTeKTop
cunaTTaMaJ/lapblHa acepiHe epeklle Ha3ap ayAapbliaajbl. JleTeKTopJiap YIiH MaHbI3/(bl IapaMeTpJiepre 3apaj,
YKUHay TUIMAiIr], sHeprus 60MbIHIIA aXXbIPATY KabieTi, aFblll KETY TOTbI, XKbIIYJIbIK, TYPAKTbLIBIK XoHe CUT'Ha/I/bIH
JApeidi xkaTaabl.

AtanraH Matepuangapzsiy iminge 4H-SiC eH xKeTiJireH MaTepyas 60JIbIN TabbLIA b, 0J1 YIIiH 3apsATalFaH
OeJillIeKTep MeH HENTPOHLap/bl TipKey, COHBIH, illliH/le KOHBepTep KOJIJaHbLIAThIH JeTeKTopJIap KaHe KOFaphbl
TeMIlepaTypa KaFAalbIHAaFbI )KYMbIC 60MbIHIIA ayKbIM/ bl 3KCIIEPUMEHTTIK 6a3a »KUHaKTasFaH. GaN MaTepuasbl Ja,
acipece lIoTTKH TUNTI »k0He BepTHKaJIb KYPbIIbIM/bI IeTEKTOpPJIAP YILiH, 3apsAATaIFaH 6e/LIeKTep/ii aHbIKTay1a
alTap/bIKTal aJieyeT kepceTe/i. Aylaiiia OHbIH KYMbIC CUNIaTTaMaslapbl Ke6iHe HHTepdelic canacblHa TayeaAi
6oJ1azbl. 3-Ga,03 canbIcThIpMaJIbl TYP/Ae XaHa aca KeH ThIMbIM Ca/IblHFaH aliMaKThl )KapThlial eTKi3rim peTiHje
peHTreHiK JleTeKTopJIap MeH 3KCTpeMaJlZibl 0pTaZia KoJIAaHy YILiH TepcreKTHBa/Ibl MaTepuas 60J1blI cCaHala bl
JlereHMeH, caysiesieHy dcepiHeH 60JIaThIH 3aKbIM/JaHy/IapFa Te3IM/iJiri xaHe cay/iesieHy[eH KelliH Ka/llblHa KeJly
KacHeTTepiHe KaTbICThbI KOIITereH Macesiesiep aJii ie 3epTTesy YCTiHze.

By.1 mosyAbIH MaKcaThbl — OCBI YII MaTepHAJIZBIK )KYHeH] 0pTaK Ke3Kapac TYPFbICbIHAH CAJIbICTBIPBII, OJ1ap/bIH
Kasipri MyMKiH/jiKTepi MeH 6oJalliaFbl 30 KOJIZJaHy cajsajapblH aHbIKTay. bosaliak 3epTTey 6aFbITTapblH Gesriiey
YILiH caJIbICThIPMaJibl KOPBITBIH/bI XKdHe JaMy NepclieKTUBAChI 6eJiM/iepi eHri3ijreH. dcipece cTaHAapTTalFaH
GeHUMapKUHT dJicTepi, akay1ap/bl eCKepe OThIPbII KYPbLIFbLIAP/Abl OHTAHIaHAbIPY XoHe APOJIBIK 9pi IKCTpeMaJIibl
opTa KaF/alJlapblHa apHaJFaH CeHiM/i leTeKTOpJIap Xacay MaceJsiesiepiHe Ha3ap ayJapblJIFaH.

Tyiin ce3aep: 4H-SiC, GaN, 3-Ga,03, KeH ThIHbIM CaJIbIHFAaH aWMaKThI KapThlJIal OTKIi3TilITED, aca KeH,
TBIMBIM CaJIBIHFaH aMaKThI KapThlJIai eTKi3rimTep.
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JleTeKTUpOBaHMe U3JIy4YeHUS C UCII0JIb30BaHHEM NOJTYNPOBOJHUKOB
C IIMPOKOM U CBEPXIIUPOKOH 3anpeléHHOM 30HOi: 0CHOBBI paGoThl AETEKTOPOB
U cpaBHUTebHbIe XapakTepuctuku 4H-SiC, GaN u f-Ga,03

AHHoTanus. [losynpoBoAHUKOBBIE MaTepHaJbl C INUPOKON U CBEPXUIMPOKOU 3aNpeléHHON 30HON
NPHBJIEKAIOT BCE 60JIbllle BHUMaHMSA /1 IPUMeHEeHUs B paZiMaliMOHHBIX IeTeKTOPaXx /151 CUCTeM s1lepHOM 9HepreTUKH
U JIPYTUX CpPeJi C BBICOKMM yPOBHEM pajuanuy. Takue MaTepHasbl 06J1aJat0T psAiOM IPEUMYIIEeCTB, BKJI0Yas BbICOKYO
3JIEKTPUYECKYIO0 IPOYHOCTb, HU3KUH TOK YTEYKH U CIOCOGHOCTD paboTaTh MPH NOBBILIEHHBIX TeMIlepaTypax. B
JJAaHHOM 0630pe paccMaTpUBaeTCs COBPeMeHHOe COCTOsTHUE HUCCIeJOBAHUM B 06J1aCTH paJiMallUOHHBIX [leTEKTOPOB
Ha ocHoBe 4H-SiC, GaN u -Ga,03 c 0cO6GBIM aKI|eHTOM Ha BJIHSHUE BHYTPEHHUX CBOMCTB MOJIYIPOBOJHUKOBBIX
MaTepuaJoB Ha XapaKTEePUCTHUKH JeTeKTopoB. Hanbosiee BaXKHBIMU IapaMeTpaMHu A1 JeTeKTOPOB ABJIAIOTCS
addekTHBHOCTD cOOpa 3aps/ia, IHEPreTUUeCcKoe pa3pellleHHe, TOK yTeYKH, TepMUYecKas CTaOUIbHOCTD U Jipeld
CUTHaJIa.

Cpezu aTUX MaTepuasoB HauboJsiee pa3BUTHIM sABAseTcsA 4H-SiC, /11 KOTOpOro HaKoNJIeHa 3HaYUTe/IbHas
3KCIlepUMeHTaJibHasl 6a3a 1o JeTeKTHPOBAaHUIO 3aPSXKEHHBIX YacTUL, 1 HEUTPOHOB, BKJ/IOYas AeTeKTOPHI C
HCII0JIb30BaHHEM KOHBEPTEPOB, a TaKKe paboTy MPH NOBBILIEHHBIX TeMIepaTypax. GaN Take JeMOHCTpUPYeT
3HAUYUTeE/bHbIN IOTEHLHAJ, 0CO6EHHO /I 1eTeKTOpoB LIIoOTTKY ¥ BepTUKaIbHBIX CTPYKTYP, IpeHa3HAYEHHbIX
JUIS1 peTUCTPaL M1 3apshKeHHbIX yacTUll, OlHaKoO ero XxapaKTepUCTHKH YacTo CyleCTBEHHO 3aBUCAT OT KayecTBa
nHTepdeiica. 3-Ga,03 Kak CpaBHUTEJbHO HOBBIM NOJIYIIPOBOJHHUK CO CBEPXIIMPOKOU 3anpeléHHON 30HOH
paccMaTpuBaeTCd Kak IepCleKTUBHbINA MaTepraJl /1 PeHTTeHOBCKHUX IeTEeKTOPOB U 3KCIIyaTalliy B 3KCTpeMasIbHbIX
ycJ0BUAX. TeM He MeHee MHOTHE BONIPOCHI, CBSI3aHHbIE C €r0 YCTOWYMBOCTbIO K PaZJMaliHOHHBIM IOBPEXAEHUAM U
BOCCTaHOBJIEHHEM II0CJIe 06/Iy4YeHM s, B HacTosllee BpeMs OCTalTcs peiMeTOM HcC/Ie[0BaHUM.
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Radiation Detection with Wide- and Ultrawide-Bandgap Semiconductors:
Detector Fundamentals and Performance Benchmarks for 4H-SiC, GaN, and p-Ga;O3

llesp jaHHOTO 0630pa — CPABHUTH 3TH TPU CUCTEMbI MAaTEpPHUAJIOB C €JUHON TOYKH 3peHUs], BbISIBUB
HX TeKyIlle BO3MOXXHOCTH, a TaKXe HanboJiee lepclieKTUBHbIE 06J1aCcTH IpUMeHeHus1. /lo6aByieHbl pasjes
CPaBHHUTEJLHOTO aHAJIM3a U pas/ie IepCleKTUB /sl ONpe/iesIeHHs KJII0YeBbIX HallpaB/AeHUH Oy I MX UCCIeJOBaHUH,
0COGEHHO B 06JIaCTH CTaHAAPTU3UPOBAHHOI0 GEHYMAPKUHTa, ONTUMHU3AIMU YCTPOUCTB € y4€ToM JedpeKToB, a
TaKKe Co3/JjlaHus1 60Jiee HaJIEHBIX JeTeKTOPOB /4 f/lepHON 3HepreTUKH U 3KCIJIyaTalluy B )KECTKUX YCI0BUAX.

KmoueBsle cinoBa: 4H-SiC; GaN; -Ga,03; LINPOKO30HHbIE MOJIYIPOBOJHUKH; CBEPXIINPOKO30HHbIE
MOJYIIPOBOJAHUKH.
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CpaBHMTE/IbHOE UCC/IeJOBAaHUE COCTaBa, COCTOSIHUA MOBEPXHOCTH
M ONITHYECKHUX CBOMCTB KOJIJIOUAHbIX HaHOIJIacTHH CdSe
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AHHoTanus. PazpaboTka noJxo/10B K yIPaBJIEHUIO TOJIIMHON, CTPYKTYP-
HOM OJJHOPOJHOCTbIO U XUMHUYECKUM COCTOsIHUEM NoBepxHOocTU CdSe-HaHOMIa-
CTHH aKTyaJbHa JJis 0Jy4YeHUsI MaTepHuasioB € 3aJJaHHbIMU U BOCIIPOU3BOJUMbBIMHU
CIEKTPOCKOMMMYECKUMH XapaKTepUCTUKaMU. B paboTe mpoBeZieHO CpaBHUTEJIBHOE
ucciaegoBanue CdSe HILJ, nosiydeHHBIX METO/IOM IMOCTENIEHHOIO HarpeBaHUs C
HUCNO0JIb30BaHUEM NpeJBapUTENbHO CHHTE3UPOBAHHOIO MUPUCTATa KaJMUs U
MEeTO/I0M ropsiuel HHXKeKLUHU ceJleHOOPraHM4ecKoro npeKypcopa B peakIiuOHHYI0
cpeay, coZiepaKalllyto aneTaT KaJMHUs U 0JIeMHOBYIO KUCA0TY. [lokasaHo, 4yTo JBa
CUHTETUYECKUX MapIIpyTa MPUBOAAT K 06pa3aM, pa3IuvaroIiuMCs 10 TOJIUHHOMY
COCTaBY, OITUYECKUM XapaKTepPUCTHKAM U COCTOSTHUIO NOBepPXHOCTU. [Ipu nocre-
MeHHOM HarpeBaHWM KOHEYHbIN NMPOAYKT NpecTaBjaeH npeumyilectBeHHo HIIJI
TosMHOM 4 MoHocs04 (ML) c HeGosbo# fo1ei 3 ML, Torja Kak npy ropsiueit uH-
*Keknuu npeo6agatot HITJI TosmuHo# 3 ML. OCHOBHBIE 0COOEHHOCTH PEHTTEHOBCKHUX
JudpakTorpaMm 060MX 06pasL0B COTIACYIOTCS cO CTPYKTYypoit CdSe Tuna IHHKOBOM
0OMaHKH, MPU 3TOM 006pasel], MoJy4eHHbI MEeTOOM IOCTEeINEHHOr0 HarpeBaHus,
XapaKTepu3yeTcs 60Jiee LINPOKUMHU U MeHee pa3pelléHHbIMU AU PaKIUOHHBIMU
ocobeHHOCTsAMU. HauboJiee cyiiecTBEHHOE pa3nyre BhISIBJIEHO B 3/IEMEHTHOM
COCTaBe OYUIIEHHBIX MPOAYKTOB: aTOMHOe oTHoueHue Cd/Se cocTaBisieT 4,9 ajs
06pasna, CHHTe3UPOBAHHOTO C UCITOJIb30BaHUEM MUPHUCTATaA KagMus, U 1,2 /s
06pa3sia, NoJy4eHHOT0 METO/,0M ropsiuyeil MHXeKLUU. 3HaUYUTeTbHbIA U30bITOK
Ka/JMUsl B IepBOM 06paslie B COBOKYNHOCTH ¢ ocob6eHHOCTssMU FTIR-cnekTpa ykasbiBaeT
Ha BEpOSATHOE MPUCYTCTBHE ocTaToyHOoro Cd-cozpeprkaliero Kap6oKCHUJIaTHOTO
koMnoHeHTa. [losiydeHHbIe pe3y/ibTaThl IOKA3bIBAIOT, YTO UCIOJIb30BaHUE IBYX
pa3/IMyaroUIMXCcsl CAHTETUYECKUX CXEM CONPOBOXKAAETCS Pa3/IMUUSAMHU B TOJLUHHOM

IMocrynmaa 30.07.2026. ITocae aopaborkm 11.09.2026. ITpunsara x neyarn 11.09.2026. docryrHo onaarin 30.09.2026.
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

COCTaBe, CHeKTPOCKOMNYECKUX CBOMCTBAX, COCTOSHUU NOBEPXHOCTH U XMMHUYECKOU
YUCTOTE KOHEYHBIX IPO/YKTOB.

KnroueBble c10Ba: HaHomIacTHHBI CdSe, KO/1IOMAHBIN CUHTE3, KapOOKCUIATHbIE
JIMTaH/bl, XUMHUA 0BepXHOCTH, MK-criekTpockonus, onTU4YecKre CBOUCTBaA.

BBegeHnue

KosiouiHble M0o/1ynpoBOAHUKOBbIE HAHOKPUCTA/I/IBI — KJIAaCC MaTepHaIoB, B KOTOPBIX ONTHKA YIPABJISAETCS
3¢ $eKTOM KBaHTOBOI'0 Pa3MepPHOT0 OrpaHUYEHHUS: MeHss pasMep U GOPMY KPUCTaJIa, MOXKHO CBUTATh IHPUHY
3anpeLiéHHON 30HbI U CIIEKTPa/bHOE TN0JI0KEHHE [TepeX0/I0B, He MeHss XUMUYeckui coctaB [1,2]. CuHTe3 ugét
B pacTBOpe, CTOUT HEeZ0POro U COBMECTUM C TMOKHMU NOAJ0KKaMHU. [1o 3TUM NpUYMHAM TaKhe MaTepHasbl
paccMaTpUBAIOT KaK MePCIEKTUBHYIO 3JIEMEHTHYI0 6a3y ONTO3/EKTPOHUKH — CBETOU3IYYAIOLIUX YCTPOUCTB,
JaucrieeB, POTOIETEKTOPOB U JIa3epHBIX cpef [2,3].

Oco6oe MecTo cpeay KOJIJIOWJHBIX HAHOKPHUCTAJLJIOB 3aHUMAIOT HaHOILJIaCTUHBI (nanoplatelets, NPLs), ux
Ke Ha3bIBaIOT KOJUIOWJHBIMU KBAaHTOBBIMU siMaMu. MopdoJiorus y HUX pe3Ko KBa3uByMepHas: ToJIIMHA 3a/a-
éTcs 11eJIbIM YMCJIOM aTOMHBIX MOHOCJIOEB, a JIaTepaJibHbIe pa3Mephl IPEeBLILIAIOT €€ Ha MOPSAA0K U 6oJee [4,5].
[Ipu Takoll reoMeTpUH KBaHTOBOE OpaHUYeHHe JeHCTBYeT NPaKTUUEeCKHU TOJIBKO BJI0JIb HOPMAJIH K IIJIOCKOCTU
IJIACTUHBI, U OTCIOZIA BhIPACTAET LieJIbld Habop XapaKTepPHbIX ONTHYECKUX CBOUCTB. [lo/10’)keHNEe 9KCHUTOHHBIX
[Iepexo/i0B OHO3HAYHO OIpe/iessieTCsl TOIIMHON U He 3aBUCHUT OT JIaTepasbHbIX Pa3MepoB; B CIEKTPax MOIJo-
LIeHUs BUJIEH XapaKTePHBIN Ay6JIeT nepexo/j0B ¢ yuacTueM noA3oH Tskénbix (HH) u nérkux (LH) aeipok [4,6].
JHeprus CBSI3W 3KCUTOHA B HaHomaacTuHax CdSe gocturaetr 130-320 MaB - npuMepHO Ha NOPSAA0K 6OJIbIIIE,
4YyeM B 00bEMHOM MaTepHaJie, — I03TOMY 3KCUTOHHbIE 3P PEeKThl yCTOWYUBHI M IPU KOMHATHOHN TeMIepaType [6].
K aToMy 106aB/ISIIOTCS UCKJIIOYUTENBHO y3Kas noJsioca GoToNIOMUHECHeHIUY (ToaylrprHa MeHee 40 MaB) u
ObICTpast, 32 eJUHULBI HAHOCEKYH/I, U3Jly4aTe/bHasl peKOMOGUHALMS, CBA3aHHAs € 3P PEKTOM I'MTaHTCKOU CHJIBI
ocnusisTopa (giant oscillator strength) [7,8]. CoueTaHue JUCKPETHO epecTpanBaeMoOr IHEPTUH IIEPEXOOB, Y3-
KOIOJIOCHOM (pOTOIIOMHUHECIIEHIIMH U BbICOKOH CKOPOCTH U3Jy4yaTeJbHON peKOMOHHALMH JieJlaeT HAaHOIIACTUHbI
CdSe nepcrneKTUBHBIMU [JJIs1 IPUMEHEHHs B Y3KOIOJIOCHBIX JIIOMUHO}OPAX, CBETOAHOaX C yIPaBJAsiEMbIM
[[BETOM H3JIyYeHUs], HU3KOTIOPOTOBbIX JIa3ePHBIX CTPYKTYPaX U O6bICTPBIX CHUHTUILIATOPAX [9]. Peasusanus aTux
NpeuMyllecTB Ha IPaKTHKe Tpe6yeT NoJyYyeHHs MaTepUuasa C BOCTIPOU3BOAUMON TO/LIMHOHN, KOHTPOJIHMPYeMOH
MopdoJiorrueii ¥ BbICOKHUM KBaHTOBBIM BBIX0JJ0M GOTOIOMUHECLEHLIHH.

[lo psiy HanpaBJsieHUH 06J1aCTh KOJIJIOUHBIX HaHoI1acTUH CdSe yxe foctura 3pesnoctyu. Pusnka
KBAHTOBOI'0 OI'PaHHUY€eHUS KOJIUYeCTBEHHO ONMKCBIBAETCS MO/e/IbI0 KBAHTOBOH sIMbI C KOHEYHBIMU NOTEHIMAIbHBIMU
6apbepami [4,6]. [IpopaboTaH U MexaHU3M JIaTEPaJTbHOIO POCTA: YCTAaHOBJIEHA BHYTPEHHSsSI HEYCTOHYUBOCTh
pocTa, BeAylias K KBa3u/ByMEPHbBIM CTPYKTypaM [10], npsiMbIMHU in situ-usMepeHUsMHU PEeHTTeHOBCKOTO pac-
CesIHUS ONPOBEPrHyT TeMIJIATHBIM MexaHu3M [11], onurcaHo cHHepreTUyecKoe AeicTBHe KOPOTKOLeNOYeYHbIX
Y JJIMHHOLIETIOYEYHbIX KapOOKCUJIATOB MPU GOPMUPOBAHUH 3peJIbIX MJIACTHH [12]. Posib TMraH/i0B Npy 3TOM
MpHU3HaHA OJHUM U3 KJII0YeBbIX PaKTOPOB U /151 MOPOJIOTUH, U JIJIs ONTUKHU MoJydaeMoro npoaykra [12,13].

W3 pnvHHOLeNoYeYHbIX KAPOOKCUIATOB B KOJIJIOUJHOM CUHTe3e HaHoMIacTUH CdSe 4acTo NpHUMeHSIOT
MUPHCTAT U 0J1eaT KaJMusl. MUPHUCTAT COAEPXUT HAChILIEHHYIO TUHEHHY0 YyTI1eBoLopoAHyo Lenb C14, Torjga Kak
oJ1eaT xapakTepusyeTcs 6oJiee JIUHHOMU 1enbio C18:1 ¢ ABOMHOM CBA3BIO B I[MC-KOHPUTYPALIMH, 00y CIaBJIHUBaIO-
KK ero usrub. [ cooTBeTCTBYIOIHMX KapBOKCUIIATOB KaMUs T0KAa3aHO, YTO NIPHUPO/ia YIJIeBOAOPOLHOHN LieNu U
Croco6 MPUrOTOBJIEHHUs IPEKypCOopa CBSA3aHbI C €ro HaZAMOJIEKYJIIPHON OpraHu3anei 1 KHHETUKON pacTBOpPEHUS;
0COGEHHO BBIpaXKeH 3TOT 3G eKT A5 oJieaTa KaAMuUs, pa3judus B CTPYKType KOTOPOTro MOTYT IPUBOAUTH
K $OpPMHUPOBAHHIO HAHOIJIACTUH Pa3HOM To/MHBI U Mopdosoruu [14]. KpoMe Toro, NJIOTHOCTb YIAKOBKHU
[OBEPXHOCTHBIX JIMTAHJI0B U BO3HUKAOLIME CTepUYECKHEe OTPAaHUYEHUS CIOCOGHBI BJIUATH Ha JIaTepaJIbHbINA POCT
Y reoMeTpHur0 HaHomtacTiH CdSe [15].

B sintepatype cunTtes HIIJI CdSe mpenMyLiecTBeHHO Npe/CTaB/IeH JByMsl OCHOBHbIMU OJX0AaMHU: METO/OM
MOCTENeHHOI0 HarpeBaHUsl peaKLIMOHHOM CMecH, coZieprKallled JJTMHHOLLENIOYeYHbIM KapboKCUIaT KaJMUs U
3JIeMeHTapHbIN CeJieH C MOCIeY0IUM 106aBIeHNeM alleTaTa KaJMusl, U METO/[OM ropsiuel HHXeKIUHU pacTBOPUMOTO
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Komknunotaes E.I'., Ksiasimbaes b.4., Ocnanosa A K., Jaypentexosa P.K., Omuposa H.I1L.,
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CeJIeHOOPTaHUYECKOTO PEKypcopa B PeaKIMOHHYI0 Cpealy, CoZeprKallyio coefuHeHus kaamus [14,16-18]. 06a
M0/AX0/la paHee UIMPOKO NPUMEHSAINUCH A5 nosydeHus HILJI pa3sinyHoOM TOJUHEI, a B psJie UCCIeJOBaHUN
HCI0J/1b30BaJIMCh TapaslyieIbHO JJIs CHHTEe3a cepyit 06pa3ioB € 3a/JaHHbIMU ONITUYECKUMU XapaKTepucTukamu [19].

B HetaBHel pa6oTe Wagnon U coaBT. 6b1JI0 CHCTEMATHYECKH UCCJIE/JOBAHO BIUSHYE TPUPOABI AJUHHOIE-
MOYeYyHOr 0 KapOboKCHIaTa Ka[MUsl ¥ Clocoba ero NnpeiBapyUTeIbHOrO MostydeHust Ha cuHTe3 CdSe-HaHOIIACTHUH
[14]. ABTOpBI CpaBHUJIM MUPUCTAT U 0JieaT KaJMUsl, IPUTOTOBJIEHHbIE HECKOJIBKHMU CI0C06aMH, U NOKa3alH,
4YTO pas3jIM4ysA B HAMOJIEKYJIAPHOM CTPYKType NPEeKypCOpPOB oNpeeaoT KHHETUKY UX PaCTBOPEHHUS U, KaK
CleACTBYeE, TOJMIHUHY U MOPOIOrHio GOPMHUPYIOLMXCSA HAHOIIACTUH. [Ipy 3TOM BO BCex CIy4asx UCI0JIb30BaJICs
OZIMH U TOT e MapupyT cuHTe3a HILJI, mosaTomy BiMsiHHE crioco6a MoJiy4eHus: Kap60oKCUIaTHOTO IpeKypcopa
paccMaTpUBaIOCh HE3aBUCHMO OT BO3MOXKHBIX Pa3JIMUUI MeXAy NPUHIUNHAJbHO Pa3HbIMU CXeMaMH BBeJleHUs
ceJjieHa ¥ GOpMUPOBAHHUS KaJIMHUEBOTO MTPEKypcopa B peaKUOHHOU Cpejie.

TakuM 06pa3oM, HECMOTpPS HAa 3HAUUTEJbHBIA 00'bEM UCCIEL0BaHUM, CUCTEMATHUYECKOE CONIOCTaBJIEHUE
MeTo/ia IOCTENEHHOI'0 HarpeBaHus C [peiBapPUTEbHO CUHTE3UPOBAaHHBIM KapOOKCHUIATOM KaZMUs U MeTo/ia
ropstieil MHXeKIUH, IPU KOTOPOM 0JIeaT KaIMUsl 06pa3yeTcst HEOCPeACTBEHHO B PEaKI[MOHHOM cpe/ie, MPOBOAMIIOCH
3HAYUTeJbHO pexxe. 0coObI UHTepeC NPeACTaBIAsIET CPABHEHHUE 3TUX MAapIUIPYTOB He TOJBKO C TOYKU 3pEeHUs
TOJIMHBI U MopdoJioruu HIIJI, Ho Takxe UX 3JIEMEHTHOTO COCTaBa, COCTOSIHHUS IOBEPXHOCTH U CIIEKTPOCKOTIMYECKUX
CBOWCTB.

B HacTos1elt paboTe cpaBHUBAIOTCS KBa3WAByMepHble HAHOCTPYKTYpb! CdSe, mosiyueHHble ABYyMsI CUH-
TeTU4eCKUMHU MapuipyTaMu. [lepBbIii 0CHOBAaH Ha NOCTENIEHHOM HarpeBaHUU CMeCH NpeiBapUTeTbHO CHHTEe3UPO-
BaHHOI'0 MHUpHUCTaTa KaZMHUsl U 3JIEMEHTApHOr 0 ceJieHa B 1-0KTaielieHe C MOC/IeAyI0IUM 100aBIeHeM aleTaTa
KagMus. Bropoii npeacTaBJisieT 0601 ropssuyro HHXKEKLUIO CeJIeHOOPraHUUeCcKoro peKypcopa B CUCTEMY alleTaT
kagMusi-osenHoBas kucaota-0ODE, B koTopoii osieaT kagMusa popMupyeTcs HElOCPeACTBEHHO B PeaKI[MOHHON
cpefie B IPUCYTCTBUM OCTATOYHOrO aljeTaTa KaJgMus.

B naHHol paboTe 0OTHECEHUE NOJIyYEeHHbIX KOI0UAHbIX CdSe-HaHOKPUCTA/LJIOB K COOTBETCTBYIOIIUM
ToMUHHBIM nonyasanuaM HIIJI ocHoBaHo Ha xapakTepHbIX noJioxkeHUax HH- u LH-skcuToHHBIX Tepexo 0B, XopoLio
ycraHoBseHHbIX i1 CdSe HIIJI B iuteparype [4,5,17,19]. [Ipu 3TOM npsiMOe MUKPOCKOIIMYECKOE ONpese/eHre
JlaTepa/ibHOM MOP$OJIOTUH UCCIeJ0BaHHBIX 06pa310B HE TPOBOJUIOC.

Llesnb paboThI 3aKJII0YAETCS B CPABHUTEJIbHOM HCCJIeJOBAHUHM COCTABA, COCTOSIHUS ITOBEPXHOCTH U
cnektpockonudeckux cBoucTB HILJI CdSe, mosry4yeHHBIX ABYMSI pa3/IMUHBIMUA CUHTETUYECKUMH MapLIpyTaMy, a
TaK»Xe B BbISIBJIEHUH XapaKTEPHbBIX Pa3/IMUMM KOHEYHBIX IPOAYKTOB. ClielyeT OTMETUTD, UTO paccMaTpUBae-
Mble CHHTeTHYeCKHe MapLIpyThl Pa3/IM4alTCsd O4HOBPEMEHHO 10 HECKOJIBKMM ITapaMeTpaM, BKJI04Yas NpUpoLy
KaJIMHeBOTO U CeJIEHOBOTO MMPeKyPCOPOB, COCTAB KapOOKCUIATHOM KOOPAMHALIMOHHOM chephl, crioco6 BBeIeHUS
cejieHa U TeMIlepaTypPHO-BpeMeHHOU pexxuM. [10aToMy HacTosllee CpaBHEHHE He HAllpaBJIEHO Ha BblJleJIeHHe
BKJIaJja KaX/j0T0 U3 3TUX GaKTOPOB IO OT/AEJbHOCTH, a pacCMaTpPUBAET COBOKYNHBIN Pe3y/AbTaT PUMeHEeHUs
JBYX Pa3/JIMYHbIX CHHTETUYECKUX CXeM.

MeToaosiorus

Peakmusesl. 1-okTagenen (ODE, 90 %), okcug kaamus (CdO, 299,99 %), aurupar areraTa KaJaMHs
(Cd(CH3C00),-2H,0, 98 %), mupucTHHOBas K1caoTa (298 %), onenHoBas kuciota (0OA, 90 %), cenen (Se, mOpouIox,
100 mesh, 99,5 %), Tpuoktuadpocdux (TOP, 90 %) 6b11u nprobpeTeHsl y KoMnaHuu Sigma-Aldrich. ekcan (xu),
renTtaH (3TaJOHHBIN), al[eTOH (0C.4), U30TPOIAHOJI (X4) ObLIN MpUoGpeTeHbl y koMmnanuu IKOC-1.

IIpuzomossenue npekypcopos. PactBop TOP-Se (1 M) roToBu/Iv pacTBOpEHHEM MOPOILIKOBOTO CeJieHa B
TpuokTUaPocuHe us pacyéra 0,079 r (1,0 mmosib) Se Ha 1,0 M TOP; pacTBopeHUe Besiu B UHEPTHOM aTMocdepe
IpY NepeMeNIMBaHKH /10 TIOJIHOTO UCYe3HOBEHHsl TEMHOTO ocazika. Mupucrat kagmusa Cd(Myr), cuHTe3upoBaiu
3apaHee, OT/Z|eJIbHO OT OCHOBHOI'O CUHTE3a, 10 MeToJHKe [19] ¢ He3HAYUTEJSbHBIMU MOAUDUKALLUSIMHU: OKCU/]
kagmus (2,56 r, 20 MMOJIb) U MUPUCTHHOBYIO KUCA0TY (11 1, 48 MMoJIB) flera3upoBasiy, 3aTeM HarpeBaJsy noJ,
WHePTHOU aTMocdepoii aproHa /10 200 °C 10 MOJTHOTO PaCTBOPEHHUS OKCH/Ia KaAMHUS U 00pa30BaHUS MPO3PAvYHOro
pacTBopa. 3aTeM peaKLIMOHHYI0 CMECh OCTYKaJIU U IPU TeMIlepaType 0kos10 96-97 °C gobassiu 10 M rentaHa
Y BBIJeP>KUBAJ/IM IPH 3TOU TeMnepaType 5 MUHYT. [locsie 3TOro peakjHOHHY0 MacCy HEMe/IJIEHHO B ropsiueM
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

BU/Ie MPOIYyCKaJIX Yepe3 GUIBTP A5 OT/AeeHHs HeIpopearupoBaBIlero okcuza KaamMus. B oTduapTpoBaHHy0
peaxknHuOoHHYI0 Maccy Jo6asssin 20 M1 u3onponano.ia npu temnepartype 80 °C ana ocaxaenus Cd(Myr), u
OTJeJISIJIN OT CylepHaTaHTa GuabTpoBaHHeM. OcaloK MHOTOKPATHO IPOMBbIBaJIM U30IIPONAHOJIOM U BbICYLIMBAIU
B 6yMaKHOM UIbTpe. BricylieHHBIN MPOAYKT U3MeJIbYaJld A0 MOPOIIKOO6PAa3HOTI0 COCTOSIHUS U UCIIOJIb30BaIU
JJ1a ganbHelero cudTesa HITJI CdSe.

Cunme3s HaHonsaacmuH CdSe no memoduke A (nocmeneHHoe HazpesaHue ¢ nocsaedyouum dobasseHuem
ayemama kadmusi). MeToAMKy CUHTe3a alallTUPOBaIM U3 paboThl [19] c HE3HAYUTEJBHBIMU MOAUDUKALUSIMHU.
Mupucrat kagmusa Cd(Myr), (340 mr, 0,60 MMoJIb), TOPOLIKOBBIH cesieH (24 mr, 0,30 MMoJib) U 25 MJ1 1-0KTaze-
LileHa 3arpy>KaJjii B TPEXTopJIy1o K016y 06'beMoM 50 MJI, ierasupoBaJ/iv IpU KOMHAaTHOHN TeMnepaType 20 MUHYT U
3aTeM NepeBOJMIIM NOA aproH. [locie aToro ycranaBauBaau TeMnepartypy Harpesa Ha 230 °C. [Ipu focTHXKeHU U
TeMnepaTypbl okosio 203-205 °C, kor/ia pacTBOp NpUoOpeTasl HAChILEHHYI0 OPAHXKEBYI0 OKPACKY, B PEAKIIMOHHYIO
Maccy 6bICTPO BBOJUJ/IM OPOLIOK AUrUApaTa aueTtaTta kagmus (110 mr, 0,41 mMouib). CMech Tpesiv IpU TeMIepa-
Type 230 °C B TedyeHue 15 MUHYT U 3aTeM oxJaxaaau. [Ipu noHmkeHuu TemMmnepaTtypsl 10 150 °C B peakIIHOHHYIO
cMech Jj06aBsiau 0,5 MJI 01eMHOBOM KU C/IOTHI /JIs1 CTabU/IM3aL MK HAHOIIJIACTHH. 3aTeM CMeCh Jablile OXJIaXKJaIu
Jl0 KOMHaTHOM TeMIepaTyphl.

Cuxme3 HaHoniacmuH CdSe no memoduke b (20psiuas uHicekyust ceseHocodepxrcaujezo npekypcopa). MeToauky
CUHTe3a aZlallTUPOBa/IU U3 paboThl [18] c He3HAUNUTENbHBIMU U3MEeHEeHUAMU. JJUuruapar anerarta kagmus (133 mr,
0,5 MMoJ1b), os1erHOBY0 KUCA0TY (80 MK, 0,25 MMoiib;) ¥ 10 Mu1 1-0KTaeleHa 3arpy»aJjid B Kooy o6'béMoM 25
MJI ¥ fierasupoBasu npu Temneparype 90 °C B TedeHue 1 yaca nof aproHoM. Peak1jMoHHy10 cMeChb HarpeBaJy [0
160 °C v BBoausu 125 mka 1 M pactBopa TOP-Se, npeaBapuTesibHO pa36aBiaeHHoro 250 Mk ODE meTo10M ObI-
CTpoi UHXKeKIUU. 3aTeM TeMinepaTypy nogHumasu fo 200 °C u Bbliep>kuBasiu B TeueHUe 1 yaca. [lo okoHUaHUU
pOCTa peaKkIMOHHYIO CMeCh OCTYKaJIM 10 KOMHAaTHOM TeMIlepaTyphl, PU 3TOM MpU TeMIepaType okoJsio 150 °C
J106aBJIs1M 1 MJI 0JIEMHOBOM KUCJ/IOTBI.

Ouucmka nosyveHHbIX 06pa3yos. [lisa obecrieyeHUs: CONOCTaBUMOCTH KOHEYHbIX MPOAYKTOB 00pasibl,
noJIydyeHHble 10 MeToMKaM A U b, ouninanu o ofMHaKoBo# npouenype. [locie 3aBepiieHus CHHTe3a U OXJ1aXJeHUA
peakIMOHHOH CMecH K Hell J06aBJIs/IM alleTOH B 06'bé MHOM COOTHOLIEHHWH peaKlMOHHAas cMech: aleToH = 1:1.
[Tony4yeHHyto cMech eHTpUdyrupoBasu npu 5000 06./MuH B TeueHUe 8 MUH. HafocaJouHY0 }KUAKOCTD YAQISAIY,
a 0caJiok peaucneprupoBaiy B 10 MmJ rekcaHa. 3aTeM K NOJIyYeHHON ucnepcuu fo6asasan 10 M areToHa U
HNOBTOPHO LleHTpUyrruposau npu 5000 06./MuH B TeueHue 8 MUH. [locie yaaneHus HaJ0CaJOYHOHN XKUJKOCTH
KOHeYHBIN 0caJlok peaucnepruposaau B 10 mu rekcana. TakuM 06pasoM, /11 060MX 06pas31i0B NIPOBOJUIIU JiBa
[0CJIeI0BaTeNbHbIX IIMKJ/IA OCAXK/IEHUS U IIeHTPUPYTUPOBaHHUS 110 OJMHAKOBOMY ITPOTOKOJIY.

Xapakmepusayus 06pasyos. CieKTpsl norsouleHus B YP-BUAUMOoH 06J1aCTH PErucTpUPOBaIU Ha IBYJIy4eBOM
cnektpodpoTomeTrpe JASCO V-770 B suanazone 300-800 uM. CnekTpsl poTontoMuHecteHuu (PJI) u Bo30yxAeHuUs
doTomomunecuenuun (BOJI) caumanu Ha ciektpoduyopuMeTpe Solar CM 2203 (cniekTpa/ibHbIM AHana3oH
200-800 uM). [Ipu perucTpanvy CIEKTPOB [10J10CA IPONYCKAaHUS MOHOXPOMATOPOB BO30YKJAeHHUA U PerucTpaluu
cocTabJisi/1a 3 HM. TOYHOCTb YCTaHOBKHU AJIMHBI BOJIHBI cOcTaBdgeT +0,4 HM, Bocnpou3BoAUMOCTb — +0,2 Hm. lllar
CKaHMpOBaHUs 6bL1 ycTaHoBeH — 0.1 HM. O6pa3iibl 6bLIM B BH/e TeKCAHOBBIX 30J1eH. U3MepeHHs NPOBOUINCh
B KBapleBbIX KIOBETaX C ONTHUYECKUM NyTéM 1 cM. 3Ha4eHHs TOJTHOH MUPUHBI [10J10C GOTOTIOMUHECIIEHIIMN Ha
noaysbicoTe (FWHM) onpeaessinu B nporpamme OriginPro nocpeAcTBOM anipoKCMMaI MK OCHOBHBIX 3KCUTOHHbBIX
nosioc pyHKMel 'aycca. BepxHow rpaHuIly [Uana30Ha CKaHUPOBaHUSA crieKTpoB BDJI BbIGMpay ¢ y4ETOM AJIMHEI
BOJIHBI perucrpanuu GoTONIOMUHECLEHIIMH, COXPAHAS CIEKTPaJbHbIN OTCTY AJs IpeJOTBpalleHuUs NoNnaAaHus
paccessHHOTO BO36Y>X/Jjaollero U3/JiyyeHUs B KaHal perucTpaluy.

PeHTreHoBckue gudpakTorpaMMsl peructpupoBaiu Ha AudpakromeTrpe D6 PHASER (Bruker AXS GmbH,
Kapuscpys, lepmaHnus) c ucnonb3doBanueM CuKa;,,-usnydenus (A = 1,5406 A) npu MowHocTH 600 BT B AHtanasoxe
26=10-80°. [lia npoBeeHUs U3MepeHU M rekcaHoBble Aucnepcuu HIIJI HaHOCKIY Ha TOAJI0KKY U BBICYIIUBAJIH [0
06pa3oBaHUs MJIEHKU. B KauecTBe 3Ta/I0HA UCN0JIb30BaIH NTOJIOXKEHUS AUPPAKIMOHHBIX pedIeKCOB 06 BEMHOIO
CdSe ky6uyeckod MoArpUKALUY THUIIA IUHKOBOM 06MaHKH coryiacHo 6a3e Powder Diffraction File, PDF No. 19-0191.

HK-cnekTpsl peructpupoBaiu Ha UK-cnekTpomeTpe ¢ npeobpazoBanueM Pypne JASCO FT/IR-4700 ¢
HCII0JIb30BaHMeM IPUCTABKU HapylleHHOro nosHoro BHyTpeHHero orpaxkeHuda ATR PRO ONE. I'ekcanoBbIe 30711
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HIIJI HenocpencTBeHHO HaHOCU/IM Ha KpucTaa ATR u Beliep>XKUBa/iv [0 HCTapeHUsl paCTBOPUTeIA, TOCJIe Yero
perucTpUpoBaIy CIeKTPbI 06pa30BaBLIMXCA MJIEHOK.

JnemeHTHbIH cocTaB HIIJI onpefensisv MeTo0M peHTTreHO(IyopecLieHTHOI'0 aHaIX3a C M0JIHbIM BHEIIHUM
otpaxeHueM (POsA [1BO, TXRF) Ha cnektpometpe S2 Picofox (Bruker, Bepsiun, ['epmanus) ¢ ucnosib3oBanveM Mo
Ka-usnydenus npu HanpspkeHUH 50 kB). 3osm HITJI HaHOCKIM Ha candypoBble NOAJI0XKKU U BBICYIIHBAJIH, OC/IE
Yyero oInpe/e/sv abCoNI0THbIE MacChl 3J1eMEHTOB B [T0JYYEHHBIX CYXUX 0OpasLax.

Pe3ynbTaThl U 06CyXKeHNE

Jns ycraHnoBJsieHUs1 ocobeHHOcTel dopmupoBanus HIIJI CdSe npu pasuyHbIX cioco6ax cCUHTe3a Gblia
HCCJIeI0BaHa 3BOJIIOIMS CIEKTPOB ONTHYECKOTO MOIJIOIeHHUs] peaKIIMOHHbBIX cMecel. B nmepByto oyepesb 661
paccMOTpEH CMHTE3 110 MeToAuKe A (puc. 1a), OCHOBaHHBIN Ha NIOCTENEHHOM HarpeBaHuu cmecu Cd(Myr), - Se
- ODE c mocneayomyM BBefileHUeM AUTrKpaTa aneTtaTa kagMusa. OT6op npob Ha pasIMYHbIX CTaAUAX PeaKL Uy
MI03BOJIMJI TPOCJIEUTh U3MEeHEHHUs ONITUYECKOTO MOIJIOIeHHs cucTeMbl B pouecce ¢opmupoBanus HIIJI CdSe.
BpeMeHHBle MeTKHM Ha pUCYHKe la OTCYATBHIBAJIMA OT MOMEHTA Hayasla HarpeBaHUs peaKIMOHHOU CMecH nocJie
3aBepuleHUs cTajuu gerazauud. Ha 13 MuHyTe HarpeBaHusi npu TeMmnepaTtype okoso 203-205 °C B peakIUOHHY0
CcMech BBOJMJIN OBICTPO AUTHAPAT aljeTaTa KaJMHusl.

Ha 12 MuHyTe peakiuy B ClIeKTpe NOABJsAETCs €/1ab0 BbIpaXKeHHas [10J10ca C MAKCUMYMOM 0K0J10 520
HM. [locie BBeieHUs aljeTaTa KagmMus Ha 15 munyTe npu 210 °C faHHas crieKTpasibHast 0COGEHHOCTh CMelllaeTcs
B IJIMHHOBOJIHOBY0 06/1aCTh, OPMHUPYS IIHPOKYIO MOJIOCY C MAKCUMYMOM oKoJio 550 HM. [Ipu ganbpHeleM
HarpeBaHUM B CIIeKTpax HAYMHAIOT NPOSBJIATHCSA 0J10Chl 0K0JI0 511 1 481 HM, XapaKkTepHble /151 3KCUTOHHBIX
nepexogoB HILJI CdSe ¢ TonmuHoi 4 ML [20]. [Tocsie fjo6aB/1eHUsI 0JIEMHOBOM KUCIOTHI 3TH M0JIOCHI CTAHOBSITCS
60Jiee MHTEHCHBHBIMY, Y3KMMHU U JIydllle pa3pelleHHbIMHY, UYTO YKa3bIBaeT Ha JajibHeline GopMUpOBaHUE U
crabunusanuio nomyasauuu HILJL.

OfHOBpeMeHHO c noJsiocamu npu 511 u 481 HM B KOHEUHOM CIIEKTPe HabJioJaeTcs c1abo BhIpaXkeHHas
0CO6EHHOCTBb 0K0JI0 463 HM, KOTOPYIO ITPeIBAPUTETBHO MOXKHO 0THecTH K HH akcuTonHOMY nepexoay HILJI CdSe
TosnuHou 3 ML [19,20]. CorsiacHO JiuTepaTypHBIM IaHHBIM, BTOPOU 3KCUTOHHBIN nepexo/ Takux HILJI nomken
pacrnoJiaraTbcs B 06/1aCTH 0K0J10 436 HM, OZJHAKO B CC/Ie/lyeMOM CIIeKTpe OH He pa3pellaeTcs, BepOSITHO, BCJIeCTBHE
HU3KOU KOHIIEHTPALWHU JAHHOU QppaKIUU U HAJI0KEHUS Ha 001U OH MOTJIOLU[eHHs.

PucyHOK 1. IBOJIIOLUSA CIEKTPOB ONTHYECKOrO NOIJIOUNEHUs B IIpoliecce CUHTE3a KOJIJIOUAHBIX
HILJI CdSe: (a) mo MeToaMKe A (MOCcTeneHHOE HarpeBaHMe C mocjeayrouum aobasaeHnem Cd(0Ac),); (6) mo
MeTo MKe b (ropsyast MHXKeKIMsI ceJieHOCo/ep Kalllero npeKypcopa)

Takum 06pa3oM, 3BOJIIONMS CIEKTPOB MOTJIOLIEHNS YKa3blBaeT Ha MHOTOCTaAMMHBIN XapaKTep GOpPMUPOBaHUSA
HILJI CdSe npu nocTeneHHOM HarpeBaHUU. Ha paHHel cTaiuy peakuy, ellé 10 BBeJeHHs aneTaTa KaJMus,
BeposITHO, 06pa3yroTcs mpoMexyTouHble CdSe-cofieprkaliye 3apo/ibIIliv UM KBa3ucpepruiecKre KBaHTOBbIE TOYKH,
MPOSABJIAIONIMECS B BUJIE CIa00U MUPOKOH 1M0JI0CkI 0K0J10 520 HM. OTHeceHHe JAHHOW 0COOEHHOCTH K KBAaHTOBBIM
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

TOYKAaM COTIJIACYeTCs C INTePaTyPHbIMU AAaHHBIMU /i KBa3ducdepudeckux CdSe- 1 Mn-gonupoBadHbix CdSe-KT,
Yy KOTOPBIX NEPBbIH 3KCUTOHHBIM MAaKCUMYM IOIJIOIeHUs1 HabJojancs B obsactu okoso 520 um [21]. [Tocne
no6assienus Cd(OAc),-2H,0 Hab/rofaeTcsa AabHEHIIMH POCT 3TUX YaCTHUL, CONPOBOXKIAIOLUIMKCA CMeLleHneM
M0J10ChI B 06J1aCTh 0K0J10 550 HM, YTO MOKET CBU/IETEJbCTBOBATH O POCTE MPOMEXKYTOYHBIX YaCcTHUL. BO3MOXXHOCTD
TAKOr'0 OTHECEHHs TaKXKe MOATBePXKAAeTcs JaHHBIMU A5 cheprudeckux CdSe-KT, y KOTOpbIX mepBbIi 3KCUTOH-
HbII MaKCHUMYM IOTJIOLeHHUsI 3aperucTpUpoBaH npu 548 um [22]. [Ipu nocneayoiieM MOBbILIEHUH TEMIIEPATYPhI
npoucxoauT ¢popMrpoBaHue AByMepHbIX HIIJI npeuMyiecTBeHHO ToMMHON 4 ML, Toraa kak HeGoJibIast 10J1s
npoaykTa npegcrassena HIJI TonmuHo# 3 ML. /lo6aByieHre 0/1eMHOBOW KUCJIOTHI, I0-BUAMMOMY, CIIOCOGCTBYET
JaJibHeHRLIeMy POCTY U KOJJIOUAHOU cTabunnszauuu chopmupoBaHHbix HILJI, 4To nposiB/sieTcss B yBeJUYeHUU
WHTEHCHUBHOCTH U yJIy4IlIeHUH pa3pelleHUs] UX 3KCUTOHHBIX [10JI0C.

IBOJIIOIMIO ONTUYECKOTO MOTJIOLIEHNS peaKIUOHHOH cMecH nipu cuHTe3e HILJI CdSe meTonoMm ropsiuei
WHXXEKIUU UCCIeloBaU N0 CleKTpaM npob, oTobpaHHbIX Yyepes 30 ¢, 1, 5 1 20 MUH nocsie BBeZileHUsI IpeKypcopa
ceJieHa, a TaKXKe MOCJle 3aBeplLIeHHs YacOBOW CTaiMM POCTa 10 U NOCJe 106aBIeH s 0JIEMHOBOW KUCJIOTHI (pHUC.
16). PactBop TOP-Se 6bicTpo BBOAMIIM npH 160 °C B cMech Cd(OAc),-2H,0 - OA - ODE, nocsie yero TemnepaTypy
nosbiany 10 200 °C v BblAepKUBAIA peaKLIMOHHYI0 CMeCh B TedeHue 1 4.

B cnekTpax npo6, oTo6paHHbIX Yyepe3 30 cekyH U 1 MUHYTBI 110C/Ie MHXKEKIUH, BbIpaXKeHHbIe 0JI0ChI
MOTJIOIIEHUSI B BUAUMOM 06J1aCTH He HAGJIIOAI0TCA. DTO MOXET YKa3bIBaTh HA HU3KYIO KOHLIEHTPAIUIO
cbopmupoBaBiuxcst CdSe-HaHOKPUCTAJLIOB JIM60 HA OTCYTCTBUE HA JaHHOM CTaAUU JOCTATOYHO OJHOPOAHOM
MOMYJISALIMM YaCTUIL] C pa3pelléHHbBIMUA 3KCUTOHHBIMHU IlepexoiaMu. Yepe3 5 MUH B CIIeKTpe MOSABJISIOTCS caabble
0c06eHHOCTH 0K0JI0 436 1 463 HM, COOTBETCTBYIOIIHE N0 JINTEPATYPHBIM JaHHBIM JIETKO-AbIpouHoMy (LH) u
Tspkéno-abipoyHoMy (HH) skcutonnbiM nepexogam HIIJT CdSe Toawuno# 3 ML [18-20].

[Tocsie BbiAep:KMBaHUS peakMoHHOU cMecu nipu 200 °C B TeueHHe 1 yaca 06e 3KCUTOHHBIE MOJIOCHI
CTAHOBSTCSI 3HAYUTEJbHO 60Jsiee BbIpaXKeHHbIMU. MakcuMyM okoJio 436 HM oTHOocuTcs K LH-mepexoay, a 6osiee
WHTEHCUBHBIA MaKCHUMYM 0K0J10 463 HM - kK HH-nepexozy. B KopoTKOBOJIHOBOM 06J1aCTH CIEKTPa TaKKe HAOJII0JAl0TCs
cnabble 0c06eHHOCTH NMpUGIKU3UTENbHO TpU 370-395 HM, KOTOpbIe MOT'YT ObITh CBSI3aHbI C IepeX0iaMH U3 CIIMH-
OpOUTANBHO paclenyiéEHHON BasieHTHOH 30HbI (SO) [18,23]. OTcyTCcTBHE BhIpaXKEHHBIX M0JIOC B 06J1aCTH OKOJIO
481 1 511 HM CBU/IeTENBLCTBYET O TOM, UTO IPU JAHHOM pexXUMe cuHTe3a GopMupyroTcs npeumyiuiectBeHHo HILJI
CdSe TonmuHoM 3 ML.

[locse mo6aBJieHUsI 0JIEMHOBOM KUCIOTHI IPU OXJIXKAEHUH T0JI0KEHUST OCHOBHBIX 9KCUTOHHBIX MaKCUMYMOB
NpPaKTUYeCKU He U3MeHsI0TCs, oAHaKo noJiockl LH 1 HH cTaHOBsTCS 60J1ee MHTEHCUBHBIMU U JIy4llle pa3peliéHHbIMU.
[ToCKOJIBKY 0JIEMHOBYIO KMCJIOTY BBOAUJIN YoKe MOCJIe 3aBeplIeHUs Y4aCOBOW CTaZ UM POCTa, 3TU U3MEHEHHUH],
BepOsiITHee BCEro, CBSI3aHbI C AOTOJHUTENBHON NacCUBaLed U KOJUIOUJHOU cTabuIn3aneld NoBepXHOCTH
cbopmupoBaHHbIx HIIJL

TakuM 06pa3oM, B yCIOBUAX ropsiuye HHXKeKIuU GopMUpyeTCcs MpeuMylecTBeHHO nonyssuus HI1JI
CdSe TonuuHo# 3 ML, Torjja Kak npu CUHTe3e 0 MeTo/[UKe A HabJ/I0iaeTcst OAHOBpeMeHHOe o6pa3zoBaHue HIIJI
TosiuHOM 3 U 4 ML ¢ npeo6safjaHueM 6oJiee TOJCTBIX MJIACTUHOK. ITH PA3/IUYUS MOTYT OBITh 00y CA0BIEHBI
COBOKYTIHBIM BJIMSIHHEM CII0C00a BBe/I€HHsI CEJIEHOBOIO TPEKYpPCopa, TEMIEPATypPHO-BPEMEHHOT0 PeXKMMa U CocTaBa
Kap6OKCUIaTHON KOOpAMHAMOHHOH cdepbl kagmus. O61el 0c06eHHOCTbI0 060MX METO/I0B SABJISIETCS IPUCYTCTBUE
aneraTta Kagmus: B MeToauke A Cd(OAc),-2H,0 BBOAAT HENOCpeCTBEHHO B POllecce HarpeBaHUs PeaKIMOHHOM
CMecH, TOTJa KaK U ropsiuedl HHXKeKIUU ero 3arpyarT B peaKI[MOHHY0 K0JI0y 10 Hayasa cuHTe3a. [Ipu aTom
BO BTOPOM CJIy4yae aleTaT KaJ[MUs UCIOJIb3YETCsS B MOJIbHOM U36bITKE OTHOCUTEJNBHO 0JIEMHOBOU KUCIOTHL [lo-
CKOJIBKY KOJTUYECTBO 0JIEMHOBOM KHCJIOTHI HEOCTATOYHO /1151 IOJIHOTO [peBpallieHusl BCero npeKypcopa Kaamus
B AiM0JieaT KaJMHs, B PEaKLIMOHHOU cpeJie, BepOSATHO, OJHOBPEMEHHO IPUCYTCTBYIOT OJleaTHbIE U alleTaTHbIe
$bOopMBbI Ka/IMHUs, @ TAKXKE CMEIIaHHBIE alleTaT-0JIeaTHbIe KOMILIEKChL. COrJIacHO JIMTePAaTyPHBIM JJAHHBIM, COUeTaHHE
JJIMHHO- ¥ KOPOTKOLIENOYeYHbIX KAPOOKCUJIATOB SIBJSIETCS BaXXHBIM KUHETHUUYECKUM paKTOpoM GOopMUPOBaAHUS
HILJI CdSe: anjeTaTHbIe TUraH/bl U3MEHSIOT PEAKIMOHHYIO CIIOCOGHOCTD NPeKypcopa KaJiMHUs U COBMECTHO C
JJIMHHOLIENIOYeYHbIMU KapbOKCUIATAMM CIIOCOGCTBYIOT POoCcTy 60K0BBIX rpaHei HIIJI [10-12]. BmecTe ¢ TeM
pasJsinyue B pacnpejieleHUM KOHEYHbIX IPOAYKTOB 10 TOJILIMHE, BEPOSTHO, ONIpeAesisieTcsl He 0JHUM GaKTOpOM,
a COBMECTHBIM BJIMSTHUEM NIPUPO/IbI JIMHHOLENIOYEYHOI'0 Kap6oKCHUIaTa, COOTHOIIEHUS KapOOKCUIaTHBIX GOpPM
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KaZiMus, crioco6a nojiayy peKkypcopa cesjieHa v TeEMIepaTypHOro peXKMMa CHHTe3a. BolsiBJIeHHbIe pa3inyus fajiee
paccMOTpeHbl Ha OCHOBAaHHUU HENTOCPeACTBEHHOTO CONOCTaBJIEHUS CIIEKTPOB ONTUYECKOI0 MOTJIOIeHUS KOHEYHbIX
MPOAYKTOB, NOJIy4eHHbIX IBYMSI MeTOJaMHU (pucC. 2).

[ 06pasia, moJIy4eHHOT'0 METO/I0OM ropsiuel HHXKeKnuu (MeToauka b), Ha6bJt01al0TCcs IBe UHTEHCUBHbBIE
Y XOPOIIO pa3peléHHbIe noJiockl Ipu 435 u 463 HM, cooTBeTcTBYOUMe LH- 1 HH-nepexonam 3 ML HILJIL B cnektpe
006pasla, CHHTe3UPOBAHHOTO 110 METOJUKe A, OCHOBHBIMU SIBJSIIOTCS MoJiochl Tpy 481 1 511 HM, XapaKTepHble
s 4 ML HIJI, Torga Kak cia6ast 0cOGeHHOCTb 0K0JIo 463 HM yKa3bIBaeT HAa MPUCYTCTBHE HEGOJIBIION 40U 3
ML nmiactuHok. CiejoBaTe/bHO, CIIEKTPbI KOHEYHBIX NPOAYKTOB MO/TBEPK/JAIOT O0Jiee Y3Koe paclpesesieHue
10 TOJILMHE JJis 06pa3ia ropsiueil MHXKeKIUU U 60Jjiee BhIpaXKeHHY0 HEOJHOPOAHOCTb 06pa3La, N0oJy4YeHHOr0
MeTO/0M II0CTeNeHHOTo HarpeBaHus. [Ipy 3TOM aHa/1M3 BpeMeHHOH 3BOJIIOLMY CIIEKTPOB MOKa3bIBAET pa3jnyne
nyTeil GopMUpoOBaHUs NPOJYKTA: B METOIUKE A NOSIBJIEHUIO 3KCUTOHHBIX 1oJioc HIIJI mpeamecTByeT o6pa3oBaHue
npeznoaraeMbix KBasuchepuyeckux HaHoKpucTawioB CdSe, yacTb KOTOPBIX, HO-BUAMMOMY, HE IOABEPraeTcs
[IOJITHOMY PacTBOPEHHUIO UJIH IlepepaboTKe B Mpoliecce AalbHeHNIIero pocTa U MOXeT COXPaHATbCA B peaKIMOHHOU
CMecCH [J10 3aBeplieHUd cuHTe3a. [Ipy nocienyoueil 04MCTKe Takve YacTUIbI, BEpOATHO, oTAensAwTcs oT HILJI B
xo/ie [eHTpUPYTUPOBaHUS U YAAISAIOTCS BMECTe C HaZocalouHoU ¢ppakiueil. B ciydae ropsiueit HHXXeKLUU IepBble
pa3peléHHbIe CIEKTPaTbHble 0COGEHHOCTHU Cpasy cooTBeTcTBYIOT 3 ML HILJI, 6e3 Ha6/110/jaeMOi TPOMEXKYTOYHOM
CTaIuM HAaKOIUJIEHUS] KBa3uchepruiecKux 4acTull.

PucyHoKk 2. CneKTpbl ONTUYECKOro MO0 eHUsI KOHEeYHbIX NpoAyKToB cuHTe3a HILJI CdSe,
N0JIy4YEeHHBIX METOJ0M NOCTENIEHHOT0 HarpeBaHus (MeToAUKa A) ¥ MeTO/0M ropsAayeil MHXKeKIHHU
TOP-Se (meToguka B).

[IprMeyaHue: NyHKTUPHBIMU JIUHUAMU OTMeYeHbI N0J10KeHHUsI XapaKTePHbIX 9KCUTOHHBIX NIEPEX0/I0B
cooTBeTcTBYOLWUX nonyasnuit HILJT CdSe.

s ycTaHoBJIeHUS $a30BOT0 COCTABA U BbISBJIEHHUS BO3MOXKHBIX PA3JIMUUN B KPUCTA/VINYECKOH CTPYKTYpe
o6pasubl CdSe-A u CdSe-b 66111 Hcciej0BaHbI METOJ,0M PEHTTeHOBCKOM Audpakiuu. [lonyyeHHbIE AUPPAKTOrPaMMBbI
BMeECTE C 3TaJIOHHBIMH MOJIOXKEHUSAMU pediekcoB 06bEMHOTO CdSe KyO6uieckor MoanUKAIUY THUTIA IUHKOBOH
06MaHKH NpeJiCTaB/eHbl Ha puC. 3.
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

PucyHok 3. PeHTreHoBckue gudpakrorpammsel o6pasnoB HILJI CdSe.
[IpuMeyaHue: BepTUKaJIbHBIMU LITPUXaMHU MIOKa3aHbI MoJ0XKeHUs pediekcoB 06 béMHoro CdSe co
cTpyKTypoi# zinc blende corsiacio ICDD PDF No. 19-0191.

Jns 060ux 06pas10B HAGIIOAATCS WHUPOKKUE JUPPAKIMOHHbIE MAKCUMYMBbI, XapaKTepHbIe JAJIs
HaHOKPUCTA/LJIMYECKUX MAaTepHAJIOB C BEIDAXKEHHON aHU30TpoNHel pa3MepoB. HanboJsiee MHTEHCUBHBIN MaKCUMYM B
obJiactu 20~24-25° cooTBeTCcTBYeT oTpakeHuto (111), a MakcuMyM okoJio 41° oTHOCUTCS K oTpaxeHuto (220) CdSe
C KyOM4YecKoW CTPYKTYpOU TUIla IUHKOBOX 060MaHKU. B BbICOKOYTJI0OBOH 06J1aCTU HAGJII0JAI0TCSl 3HAYUTENbHO bosiee
cabble 0c06eHHOCTH BO/IM3U Nos1oxkeHUH pediekcoB (311), (400), (331) u (422). TakuM 06pa3oM, COBOKYITHOCTb
OCHOBHBIX JUPpaKLMOHHBIX 0cO6eHHOCTeH o6pasna CdSe-b cornacyercsi c popmupoBanuem CdSe co cTpyKTypoi
THUIA UUHKOBOM 06MaHKU. [JJudpakTorpamMmma CdSe-A xapaKTepHusyeTcs CylLeCTBEHHO 60Jiee LIMPOKUMHU U MeHee
pa3peléHHBIMU 0COGEHHOCTAMY, a TAKXKe 3aMeTHO 60Jiee HU3KMM OTHOLIEHUEM CUTHaJ/yM. B cBsi3U ¢ aTUM
HaJéxHas ueHTUPUKALUA c1abbIX BBICOKOYIJIOBBIX pedJIeKCOB /Il JaHHOT0 00pasLa 3aTpyJHeHa, U UX 110JI0-
»KEHHEe U UHTEHCUBHOCTb He UCI0JIb30BaJIMCh AJI AeTaJbHOU CTPYKTYPHOH MHTepIpeTanuy. B HU3KoyT/10BOK
yactu gudpaktorpamMmmbl CdSe-A HabOAaeTCSa MUPOKas CJI0XKHASA M0JI0Ca B 06J1aCTH NPUOJIU3UTENBbHO 18-27°,
TOrJla KaK 0CO6eHHOCTb 0KOJIO N0JI0KeHUs oTpaykeHUd (220) BeIpaykeHa 3HaUYUTebHO c1abee, yeM ansa CdSe-b.
Bojee mnpokast popma gudpakmoHHbIX ocobeHHOcTel CdSe-A kauecTBEHHO coryacyeTcs ¢ 60JblIel HEOAHO-
POJHOCTBIO JAaHHOTO 06pa31ia, BbISIB/IsIEMOM M0 ONTHUYECKUM CIIEKTPaM, OJHAKO C y4ETOM HU3KOI'0 OTHOUIEHUS
CUTHaJI/IIyM peHTTeHOAUPPAKLMOHHbIE JaHHbIE CAMU 110 ce6e He I03BOJIAI0T KOJIMYeCTBEHHO OLleHUTh CTelleHb
3TOH HEOJHOPOAHOCTH.

CiienyeT OTMETHUTD, UTO MOJIOXKEHHS 3KCIIEPUMEHTAJIbHbIX MAKCUMYMOB He IIOJTHOCTBIO COBNAAAIOT C
3Ta/JIOHHBIMHU 10JI0XKEHUAMU pedJiekcoB 06béMHOro CdSe. [Ipu 3TOM pa3MepHoOe ylIMpeHUe, XapaKTepHoe JJIs
HaHOKPUCTALJIMYECKHUX MAaTEPHAJIOB, IPEXK /e BCETO ONpeeiseT LUPUHY JUPPAKLMOHHBIX MAKCUMYMOB U CaMO
o cebe He ABJISETCH JOCTAaTOUYHBIM 00bICHEHHEM HUX CUCTEMAaTHYECKOTO cMellleHus. HabrojaeMoe OTKJIOHEeHHe
M0JIOKEHUHM MaKCHMYyMOB MOXET ObITh CBA3aHO € fedpopManyuel KpUCTaIJIM4eCKOH pelléTKH, T0BEPXHOCTHBIMU
HaIpsDKEHUSMH U APYTUMH 0COGEHHOCTSMH HAaHOKPUCTAIMYECKOTO COCTOSIHUS, @ TAKXKE C CHCTEMaTHYeCKUMU
dbakTOopaMu 3KCIIepUMEHTAIbHOH peructpanyu. OHaKo 3HAYUTEIbHOE VIIUPEHHe U TepeKpbITHE JUPAKIIMOHHBIX
ocob6eHHOCTeH, oco6eHHO 151 CdSe-A, He T03BOJIAIOT HA OCHOBAaHUHM UMEIOLUXCS JAaHHbBIX HaZIE&XKHO ONpeie/IUTh
napamMeTphl U CHMMETPUIO BO3MOXKHOTO UCKaXKeHUs peluéTku. [103ToMy B HacTos1el paboTe HabJI0jaeMble CMe-
IIleHHs He PacCCMaTPHBAIOTCS KaK CaMOCTOSITEIbHOE I0Ka3aTeJbCTBO 06pa30BaHus ONpeie/IEHHON UCKaXKEHHOU
Mmoaudukanuu CdSe.

JlonoHUTeIbHASA LHPOKasi 0COOEHHOCTh Hab10aeTcst B 06s1acTu 20 = 20-21°. B iutepatype g5 CdSe
HIIJI 06¢cy»#/1a/10Ch MOSIBJIEHHME HHTEHCUBHOCTH B IAHHOM 06/1aCTH, B TOM YHCJIe B CBA3U C GOPMaJIbHO 3alpelj€HHbIM

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193(] 56)/ 2026 137
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



Komknunotaes E.I'., Ksiasimbaes b.4., Ocnanosa A K., Jaypentexosa P.K., Omuposa H.I1L.,
Kanpravicos K.b., Jaypentexos J.X.

JUIs1 uJleaibHOM KyOu4yecKo pelléTKkH oTpaxkeHueM (110) npu HapyLuIeHUU CUMMETPUH CTPYKTYphI [24]. OfHaKo
B MCCJIeJOBaHHbIX HAMU AupaKTorpaMMax 3Ta 0CO6eHHOCTD fABJISAETCS IIUPOKON U YaCTUYHO epeKpbIBaeTCs C
06/1aCThI0 0CHOBHOTO oTpaxkeHUs (111), a guiss CdSe-A eé aHa/IU3 JONOJTHUTENBHO OCJI0XKHSIETCS HU3KUM OTHOILIe-
HUeM curHas/uyM. [loaToMy eé ofHO3HaYHOE MH/IEKCUPOBaHUe Kak oTpakeHUs (110) Ha 0CHOBaHMHU UMEIOIUXCS
JIAHHBIX [1pe/ICTaBAETCS HeZLOCTaTOYHO 060CHOBaHHBIM. COOTBETCTBEHHO, JaHHAsl 0CO6eHHOCTD He HCI0JIb3YeTCs
HaMM B KayeCTBe JJ0Ka3aTe/JbCTBa TeTParoHaJbHOI0 HCKa)KeHUsl cTPyKTyphI CdSe.

3HayMTeNbHOE YIIMpeHHe OCHOBHBIX peJIeKCOB MO0 CPaBHEHUIO ¢ 06 bEMHBIM CdSe ABJIAETCS 0XKUAAEMbIM
JUIS1 HAHOKPUCTAIJIMYECKOr0 MaTepuasia C MaJbIMU pa3MepaMH KOrepeHTHO paccerBawIUX obacTel. Jisa
KBa3u/IByMepHbIX HAHOKPUCTaJLJIOB popMa U IMPHHA pedJIeKCOB JOMOJHUTENbHO MOTYT 3aBUCETh OT BbIPa’KEHHOH
aHU30TPONUH Pa3MepPOB U NPEUMYIIeCTBEHHON OpHeHTalUM YacTUL] B BhICylLlIeHHOH M1éHKe [24]. OqHako
pasjesieHue BKJIAZ0B pasMepHOro a¢pdeKTa, TEKCTYphI U JepopMaliiy pelléTKYU 0Tpe6oBaso Obl 60J1ee AeTaJlbHOT0
CTPYKTYPHOTO aHa/IM3a U He IPOBO/JMJIOCh B paMKax HacTosi1leil paboThl.

KpoMe ocHOBHBIX AU paKIIMOHHBIX 0cobeHHOCTel CdSe, AJ1s1 060MX 06pa3L0B HAGIIOAAETCS IUPOKUM
HU3KOYTJIOBOU cUrHas B o6s1actu 20 = 9-11°, Hanbosiee BoipaxkeHHbIN J/151 CdSe-A. [laHHast 0c0GEHHOCTD He COOTBET-
CTBYeT pa3pelléHHbIM pediiekcaM 06béMHOM pewiéTku CdSe. l1st nnénok CdSe HILJI B iuTepaType onrcaHo NOsIBJIEHUE
MaJIOyTJIOBBIX pedJIeKCOB, CBI3aHHOE C PeryJsipHON YKJIaJKOH MJIaCTUHOK U MePUOAUYHOCTBIO, ONpe/iesisieMon
TOJIIIMHON HEOPraHWYeCcKOro /1051 ¥ JIMraHAHOM 060/104KH [25]. BMecTe ¢ TeM Xopo1o ynopsio4eHHbIe CTONKH
0OBIYHO XapaKTepHU3YIOTCs 0C1eJ0BaTeIbHOCTbI0 FApMOHHUYECKHX Ma/IOYTJIOBbIX OTpaxkeHUH. B ncciei0BaHHBIX
HaMU 00pa3iax HabJItoJaeTcsl TOJbKO O[HA IIUPOKast 0COGEHHOCTh 6€3 OTUETJIMBOM CEpUU TapMOHUK, II03TOMY €€
HeJIb3$1 CYUTATb OJJHO3HAYHBIM CBU/IETEJIbCTBOM PEry/IIpHON CTONOYHOH yIaKOBKU. JlaHHBIA CUTHAJ MOXKET ObITh
CBsI3aH C GJIMPKHUM MeXX4aCTUYHbIM UJIM JIMTaHAHBIM NOPSIIKOM, OZJHAKO /1J1s1 YCTAaHOBJIEHUS er0 NPOUCXOXKAEHUS
Heo6X0AUMBI ClleliMaIbHble MaJIOYTJIOBble PEHTTEHOBCKHE UCCIe0BaHUS.

Taxum 06pa3oM, OCHOBHbIE 0COGEHHOCTH PEHTTeHOBCKUX JUpaKTOrpaMM 060MX 06pas1ioB COrJIacyr0TCs
co cTpyktypo# CdSe Tuna nuukoBoit ooMaHku. [Juist CdSe-B ocHoBHBIE pedJieKchbl BbIpaXKeHbl 3HAYUTEBHO 60Jiee
OTYETINBO, TOr/Aa Kak AudpakrorpamMmma CdSe-A xapakTepusyeTcs 60Jjiee IUPOKUMHU 0COGEHHOCTSMHU U Cyliie-
CTBEHHO MeHbLIMM OTHOLIEHHeM curHas/myM. HabstogaeMble cMellleHUs: U JONOJHUTE/IbHble HU3KOYTJIOBbIE
0COOGEHHOCTH CBU/ETEBLCTBYIOT O TOM, UTO CTPYKTYpa M OpraHu3alys UCCJeJOBaHHbIX HAHOKPHUCTA/ITTIMYECKUX
00pa3l0B OTJIUYAKTCSA OT HeaqbHOTro 06 béMHOro CdSe, ogHako umerouivecsa XRD-aHHbIe HEJOCTATOYHBI AJIs
OJIHO3HAYHOT'0 YCTAHOBJIEHUA XapaKTepa U CHMMETPHUH BO3MOXKHOI'0 UCKaKeHHsI KPUCTANLINYECKON pelIéTKHY.

BrisiBJIeHHBle pa3/u4us B TOJILMHE U CTPYKTYPHOH ogHopogHOocTH HILJI A0mKHBI OTpaXKaThCsA Ha UX
H3JIyYaTeJIbHbIX CBOMCTBax. B cBsA3u ¢ aTuM A1 06pa3noB CdSe-A u CdSe-b 66114 3aperucTpupoBaHbl CIEKTPHI
doToNIOMHUHECLIEHIIUY U BO30Yk/AeHUA POTOIOMUHECLIEHIIMY, IPeJICTaBJeHHble Ha pHUC. 4.

BrisiBsieHHBbIe pa3anuus B ToiuHe HIIJI oTpaxkaloTcst Ha UX M3JydaTesbHbIX cCBolcTBax. Ha puc. 4a
npeJiCTaBJIeHbI CIEKTPHI GoToNOMUHecHeHIIMU 06pa3ioB CdSe-A u CdSe-B, 3apeructpupoBaHHbIe PU BO30OYXK/e-
HUH B o6s1acTy LH-nepexoaa. [l CdSe-A MakcuMyM $OTOIIOMUHECIIEHIIMY PACIIONOXKeH NTpu 513 HM, a 3HaYeHHe
FWHM, coctaBasiet 11,1 HM. [lnsa CdSe-b makcumyM Habronaetcs npu 465 HM npu FWHM 9,5 um. [losryyeHHble
3Ha4YeHUs XapaKTepu3yT 06a 06pa3la JOCTaTOYHO Y3KUMHU 3KCUTOHHBIMU 110JI0CaMU GOTOTIOMUHECLEHIIUY,
npu 3ToM HebGoJibLioe pa3iniyve FWHM He paccMaTpuBaeTcs Kak okasaTesb 60Jbllel 0AHOPOJAHOCTH OJJHOTO
06pasia [0 CpaBHEHHUIO C JPYTHM.

CnekTp ¢poTontomMuHecreHnu CdSe-b xapakTepusyeTcs y3KOH U MOYTH CHMMETPHUYHON 3KCUTOHHOH I10-
JIOCOH 6€e3 BhIpaXKEHHOT'0 JIIMHHOBOJIHOBOTO BKJIa/a. B cnektpe CdSe-A, Hapsay ¢ oCHOBHOM noJiocol npu 513 HM,
HabJ1oaeTcs cjaboe LHUPOKOe U3/IydeHHe B 06/1acTH NPU6/n3uTebHO 560-630 HM. OHO MOXKET ObITh CBSI3aHO C
peKoMOUHaL el yepe3 MOBEPXHOCTHbBIE UM JiepeKTHbIe COCTOSIHHSA, OZJHAKO ero 0ZJHO3HAYHast IPUPOZA HE MOXKET
ObITb YCTAHOBJIEHA TOJIBKO 10 CTAllMOHAPHOMY CIIeKTPY GOTOIOMUHECIEHIIMH.
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U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

PucyHok 4. CieKTpsl ¢pOTOIIOMUHECHeHIUM (a) ¥ BO36YKAeHUs GOTO/IIOMMHECeHIIMHU
(6) HILJI CdSe-A u CdSe-B.
[IpuMedaHue: cieKTpbl GOTONIOMUHECIIEHI[UH 3aPETUCTPUPOBAHBI TPH BO30YK/€HHUU B 06/1aCTH epexo/ia
c ydactueM JErkux Abipok (LH), a cnekTpsl Bo36yx/1eHNs GOTOTIOMUHECIEHIIUY — TP JIJIMHAX BOJIH PerucTpanuu
513 um gu1s1 CdSe-A u 465 um guisa CdSe-b.

CnekTpbl BO36yxKAeHHs1 GOTOJMIOMUHECIEHIINY TPeCTaBIeHbl Ha puc. 46. [l o6pasna CdSe-A npu pe-
rucTpayuu GoToMIOMUHECLIEHLIMY Ha IJIMHE BOJIHBI 513 HM B clieKTpe Bo30yK/AeHUs HAa6JII0Jal0TCs MaKCUMYMbI
npu 417, 442 u 481 HM, a TakXKe cabasgt 0CO6eHHOCTh 0K0JI0 460 HM. MakcumyM 1pu 481 HM COOTBETCTBYET
LH-nepexoay npeo6aagatouiux HIIJI Tonuuuo# 4 ML. BoJsiee Bricoko3HepreTuueckasi noJioca npu 417 HM MOXeT
ObITb CBsi3aHa ¢ SO-3KCUTOHHBIM nepexofoM. /s 4 ML CdSe HIIJI paHee 66110 IOKAa3aHO, YTO 3HEPreTHYECKOE
pacmemiernue Mmexay HH- u SO-skcuTonamu coctaBJisieT okosio 0,48 3B u csia6o 3aBucHT oT TotmuHbl HITJI,
YTO COOTBETCTBYET MOJIOKeHUI0 SO-Mepexo/ia mpuMepHO B 06s1acTy 427-428 um npu HH-nepexone okosio 513
HM [23]. HabusronaeMoe cMmelieHre M0J10Ckl 0 417 HM MOXeT ObITh CBSI3aHO C 0COGEHHOCTSIMU UCCIEAYEMOr0
o6pasra UM NepeKpbITHEM HECKOJIBKUX BbICOKO3HEPreTUYeCKUX 1ePEX0/I0B, T03TOMY JaHHOE OTHECEHUE CJIe/[yeT
paccMaTpUBaTh KakK BEPOSTHOE.

Ocob6eHHocTH nipu 442 u 460 HM HaxonsaTcsa B6sinu3u LH- 1 HH-nepexooB, xapakTepHbIx AJs HITJI
ToNUHOUN 3 ML, HeGoJibIIas 0151 KOTOPBIX TAK)Ke BBISIBJISETCS MO CIIEKTPY NorJoieHus. OHaKo nosiBjaeHne
3THX CUTHAJIOB B CIIEKTpPE BO36YKJeHHs1 GOTOMIOMUHECLEHI[UY, perucTpupyemMoi Ha nosnoce 4 ML HITJI npu 513
HM, He N03BOJISIET YCTAaHOBUTD, 00YC/I0BJIEHBI JIU OHU NlepeJjaueil aHepruu Mexay otaeabHbiMU HI1JI pazinuHoit
TOJILIMHBI UJIM HaJIMYMeM JIOKaJIbHbIX Y4aCTKOB pa3/IMYHOM TOJIIIMHEI B [IpeJesax OJHUX JIaCTUHOK. OfHOro
CTAlMOHAPHOTO CIIeKTpa BO36yxAeHNs GOTONIOMUHECIEHIINN HEAOCTATOYHO /Jisl Pa3rpaHUYeHNs] ITUX BAPUAHTOB.
HemnocpeacTBeHHasi IpoBepkKa BO3MOXHOM BHYTPUILJIACTUHYATON HEOJHOPOAHOCTH NOTpe6oBasia 6bl MpUMeEHEHUs
JIOKaJIbHBIX CTPYKTYPHBIX METO/I0B, IPeX/Jie BCero NpocBeYrnBalollel 3JIeKTPOHHOM MUKPOCKONIMH BbICOKOTO
paspelieHNs UK CKaHUPYIOLed IPOCBeYrNBaOL el 3J1eKTPOHHON MUKPOCKOIIUY C aTOMHBIM pa3pelleHueM, TorAa
KaK yCTaHOBJIEHHUE NTepeHO0ca 3IHEPTUU NOTPEOOBAJIO Obl JONIOJHUTENbHO BpEMEeHHO-pa3pelIéHHON CIIEKTPOCKONIUU.

Hapsapy co cneKTpocKonM4ecKMMHU pasJIndUAMHU NPUHIIMIIMAIBHO BaXKHBIM fABJIETCA BONPOC 0 XMMHUYECKOM
COCTaBe U YUCTOTEe KOHEUHBIX IPOAYKTOB, IOCKOJBKY Ba CUHTETUUECKUX MapIlIpyTa CylleCTBEHHO pa3/Iu4alTcs
MPUPOAOH UCOb3YEMBIX KaAMUN-KapO6okcuaaTHbIX popM. B cBsi3u ¢ atum FTIR u TXRF ucnonbszosanu ajs
CONOCTaBJIEHUS COCTOSIHUSI OPraHUYeCKOM 060/I0YKH U BBISIBJIEHUS] BO3MOXKHBIX OCTaTO4YHbIX Cd-cozepkainx
KOMIIOHEHTOB.

B criekTpax 0601x 06pa3L0B HAaGJIIOAAIOTCSA [0JIOCHI B 06/1aCTU BaJIEHTHBIX KOJIe6aHUM anndaTHyecKrux
IPYII AJIUHHBIX YTJIE€BOAOPOAHBIX Lenel (puc. 5). [losockl okosio 2954, 2925 1 2854 cM™ 6blJIM OTHECEHDI
COOTBETCTBEHHO K aCHMMETPHUYHBIM BaJIEHTHBIM KoJsie6aHuAM CH,, aCHMMeTpUYHbIM BaJIeHTHBIM KOJIe6aHUAM
CH, ¥ cMMMeTpUYHBIM BaJIeHTHbIM KoJie6aHusAM CH,, B COOTBETCTBUHM C Ha3HAYEHUSAMM, IPUBEEHHBIMU B pa6o-
Te [26]. Hannyre 3TUX MoJIoC MOATBEPK/AaeT NPUCYTCTBUE JAJTUHHOLENIOYEYHbIX OPraHU4YeCKUX KOMIIOHEHTOB B
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060uX 06pasIax.

[Tosioca okosio 3005 cM! cooTBeTCTBYeT BajleHTHbIM KoJie6aHUsM cBs3u =C-H HeHacblleHHOH
yIJIEBOJIOPO/IHOM Llenu. AHaJIornyHas moJioca 6bly1a uJeHTUpUIMpoBaHa aBTopamu [18] B cnekTpax oJsieat-
[IaCCMBUPOBAHHBIX HAHOKpUCTa/LI0B CdSe ¥ OTHeceHa K 0JleaTHBIM JIMTaH/aM. B vccieoBaHHBIX 06pa3iax oHa
0oTUYETINBO HaboaeTcs A CdSe-b u nposiBiisieTcsl Kak MeHee BblpaXKeHHast 0CO6eHHOCTh A5 CdSe-A, uTo
KaueCTBEHHO MO/TBEPXK/|aeT MPUCYTCTBUE 0JIeaTHbIX GparMeHTOB B 060MX 06pasax.

B o6./1acTH Kosle6aHU M Kap6OKCUIATHBIX TPy HAa6JII0Jal0TCsl MoJ10Ckl 0KoJ1o 1573 1 1537 cM!, koTopbie
ObLJIM OTHECEHBI K aCHMMETPUYHbIM BaJleHTHBIM KoJie6anusam COO~. CxoHast nosioca okosio 1537 cm! paHee 6blia
naeHTUGUIIMPOBaHA B paboTe [18] s osieaT-nacCHBUPOBaHHBIX HAHOKpHUCTa/IOB CdSe Kak acMHMMeTpUYHOE
BaJIeHTHOe KoJiebaHue Kap6oKCcuIaTHOH rpynnbl. @opMa 3TOU CieKTpaJbHOU 06JIaCTU pa3indaeTcsd JJisl ABYX
06pasnoB: B ciekTpe CdSe-A JOMOJHUTENBHO MPOSIBJASETCS KOMIOHEHT okoJio 1573 cm, Torga kak auist CdSe-b
OCHOBHOW MHUHUMYM pacmnoJioxkeH okosio 1537 cm. [losiB/ieHHE JIOTOJIHUTEBLHOTO KOMIIOHEeHTA TpU 1573 cM! B
cnektpe CdSe-A yka3pIBaeT Ha HaJIMYMe OTJIMYAIOIEr0Ccs JOKaJbHOT0 OKPYKeHHUsI KapOOKCHUIATHBIX TPy ITO
MOXeT ObITb CBSI3aHO C COCYIIleCTBOBAHNEM HECKOJIbKHX CII0COO0B KOOPJUHAIIMN KApOOKCHIIATOB C IOBEPXHOCTHBIMU
aToMaMM KaJMUs JIMGO C MPUCYTCTBUEM JIOMOJHUTENBHOI0 Ka/IMUH-Kap6OKCUIAaTHOTO KoMIoHeHTa. OiHAKO
NPUPOJY IMOJIOCHI 0K0JsI0 1573 cM™ HEBO3MOXXHO O/JHO3HAYHO YCTAHOBUTD TOJIBKO 10 AaHHbIM FTIR.

PucyHok 5. UK-®ypbe-cneKTpbl HaHOILIacTHH CdSe

[Tosioca okos1o 1411 cm?! 6b1/1a OTHECEHA K CHMMETPHUYHBIM BaJIeHTHBIM KoJsiebaHusiM COO~. CoBMecTHOe
MPUCYTCTBUE MOJIOC ACUMMETPUYHBIX Kosieb6aHui COO~ okosio 1573-1537 cM! U CHUMMeTPUYHOTO KoJieGaHUs
okoJio 1411 cM™ nmoATBepK/AaeT HAJIMYUE JeNPOTOHUPOBAHHBIX KAP6OKCUIATHBIX TPYII, KOOPAUHHUPOBAHHBIX C
aTOMaMHM KaZiMHs1 Ha TOBEPXHOCTH HAHOIJIACTUHOK JIM00 BXOASIIMX B COCTAB OCTATOYHBIX KaZIMUH-KapOOKCUIATHBIX
coeZJUHEHHUH.

Takum o6paszom, FTIR-cneKTphl KaueCTBEHHO MOATBEPXKAAIOT MPUCYTCTBUE AJUHHOLIENOYEYHbIX
Kap6OKCU/IAaTHBIX KOMIIOHEHTOB M 0JIeaTHbIX GparMeHTOB B 060UX o6pa3nax. Pazinuus B popme obactu
acUMMeTpUYHbIX Kosie6aHui COO™ CBUETENbCTBYIOT O Pa3/IMYHOM JIOKQJIbHOM OKPY>KeHUU KapOOKCUIATHBIX IPYIII,
YTO COTJIacyeTcs C pa3JUYUAMU CUHTETHYECKUX MapIIpyTOB U UCII0Jb30BaHHBIX Ka/IMHUEBBIX IPEeKypcopoB. s
CdSe-A nosiBjieHHe ZIOMOJHUTEILHOTO KOMIIOHEHTa 0K0J10 1573 cM! COBMeCTHMO C IPUCYTCTBHEM MUPHUCTATHBIX
JIMTAHZI0B Y, BO3MOXHO, J0NOJIHUTE/bHOT'0 KaJAMUI-MHUPUCTATHOTO KOMIIOHeHTa. OlHAKO caMo 1o cebe OHO He
[lOKa3bIBaeT HaJU4YKe oTAeabHOK dasbl Cd(Myr),.
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

FTIR-cnekTpockonus BbisiBUJIa B 06pasie CdSe-A nosiockl BaJleHTHbBIX KOJie6aHUH anudaTHIecKUX TPy
CH, u CH,, a TaK»Ke CHMMETPUYHbIX U aCHMMETPUYHBIX KoJie6aHUH Kap6oKcuaaTHbIX rpynn COO, xapaKTepHbIX
JU1s1 KapOOKCUIaTHBIX coefuHeHUH. OnHako FTIR He no3BoJisieT 0JHO3HAYHO ONpeJeJUThb, OTHOCATCS JIM 3TH
CHTHaJIbl TOJIBKO K IOBEPXHOCTHBIM JIUTAH/aM MJIM TaKXKe K CBOGOJHOMY MUPHUCTATY KaJ{MHsI JIMGO APYyroMy
KaZIMUI-KapOOKCHUIAaTHOMY KOMILIEKCY. JlJ1sl OLleHKH BO3MOKHOT'0 IPUCYTCTBUSA Takol npumecu MmetogoM TXRF
omnpezesUIU coflepKaHue KaZMUsl U cesieHa B obpa3iax CdSe-A u CdSe-b u paccurTanu aToMHble OTHOLIEHUS
Cd/Se (Tabauma 1).

Ta6auna 1. Pesysibratsl TXRF-ananu3sa o6pasnoB CdSe-A u CdSe-B: a6co/110THbIe MacChbl M KOJIMYe-
cTBa BelecTtBa Cd u Se, a TakKe paccuMTaHHbIe aTOMHbIe OTHOIIeHusA Cd/Se.

Oo6pazer m(Cd), ur m(Se), HT n(Cd), amoJb n(Se), HMoJIb Cd/Se
CdSe-A 665,4 95,2 59 1,2 4,9
CdSe-b 599,1 351,0 53 4,4 1,2

Jns o6pasua CdSe-b orHomenue Cd/Se coctaBuJio 1,2. [lo JaHHBIM CIEKTPOCKONUY MOTJIOLIEHUS 3TOT
o6paser cooTBeTcTByeT CdSe-HaHOMIACTHHAM TOIIMHON 3 ML, 1151 KOTOPBIX TeOpeTHYECKOe 3HaUeHHEe COCTABJIsSIET
1,33. [losryyeHHBIH pe3ybTaT B 11eJIOM GJIM30K K 0’KHJJaeMOH CTEXMOMeTPUH, a He60JIbIlIoe OTKIOHEHHEe MOXKeT
OBbITb CBSA3aHO C NOTPELIHOCTHIO aHA/IN3a, HEOJHOPOAHOCTHIO HAHECEHUS NPOOBI U1K 0COOEHHOCTAMU NOBEPXHOCTH
HaHOIJIACTHH.

Jnst o6pasna CdSe-A orHomenue Cd/Se gocturiio 4,9, 3Ha4UTEIBLHO MPEBbINIAsA TeOPETHIECKHE 3HAUYEHUS AJIs
CdSe-HaHom/1acTUH ToKMHOM 3 U 4 ML. Takoil U3OLITOK KaZiMUs1 He MOXET ObITh 00YC/I0BJIEH TOJBKO CTEXHOMETpUEN
HILJI u cBUAeTeNbCTBYET O NPUCYTCTBUM KaJMUKcoep:xalieid npuMecu. C y4éTOM CUHTEeTUYEeCKOr0 MaplIpyTa
HauboJiee BePOATHO, YTO 3Ta IPUMeCh [IPeJICTaBseT CO60M 0CTaTOYHbIA MUPUCTAT KaJAMHs WK GJMU3KUH 110 COCTaBY
MUPUCTATCOAepKaIUN KOMIIJIEKC, KOTOPbIM MOT COXpaHUTbLCS BCAe[CTBHE ero OrpaHUYeHHON pacTBOPUMOCTH
B HCIT0JIb3YEMBIX IIPU OYMCTKE aHTUPACTBOPUTEJISAX U COBMECTHOTO OCAX/AEHHS C HAHOIJIaCTUHAMHU. [I0CKOJIbKY
06a o6pa3ia nojBeprajrucb OAMHAKOBOMH MIpole/lype OYMCTKH, BbIIBJIEHHOE pa3/IMuie aTOMHbBIX OTHOLIEHUH
Cd/Se He MOXeT OBbITh CBA3aHO C Pa3/IMYUAMU B YUCJIe UKJIOB OYUCTKH, CKOPOCTH UJIX PO 0K TEbHOCTH
nentpudyruponanus. [lockonbky TXRF onpegesisieT cymMapHoe co/iep>KaHre 3JIEMEHTOB, HO He UX XUMHUYeCKOoe
COCTOsIHME, JaHHas UJIeHTUPUKALUA 0CTAaéTCsl KOCBEHHOH,

3akI0o4yeHue

B pa6oTe nokasaHo, YTO CUHTETHYECKHUH MapuIpyT nojaydeHus CdSe-HaHON/IACTHH clefiyeT pacCMaTpPUBaTh
KaK COBOKYITHOCTb B3aUMOCBSI3aHHbIX XUMHUY€ECKUX U KUHETHYECKUX (paKTOPOB, BKIIOYAIOLIHX IPUPOLY IPEKYPCOPOB,
cocTaB KapbOKCHUIaTHON KOOPAMHALMOHHOU cdephl, cnocob BBeAEHUs ceJleHa U TeMIIepaTypHO-BpeMEeHHOU
pexxuM peakuuu. U3MeHeHHe 3TOM COBOKYNHOCTH YCJOBUH OTpaXkaeTcs He TOJbKO Ha CHeKTPOCKONMUYEeCKUX
XapaKTepUCTUKaX GOPMHUPYIOIINXCSA HAHOMJIACTHH, HO U HA XMMHYECKOM COCTaBEe U COCTOSIHUU MOBEPXHOCTHU
KOHEYHOTr0 MPOAYKTA.

[TosryyeHHbIe pe3ybTaThl TaKXe I0Ka3blBAIOT, YTO ClIeKTpa/ibHble IPU3HAKKU GOPMHUPOBAHHUS HAHOIJIACTUH
CaM¥ 110 cebe He SIBASI0TCS JOCTATOUHBIM KpUTepUeM KadecTBa cuHTe3a. CyliecTBeHHOe 3HaYeHHEe UMeeT XMMUYecKast
YUCTOTA BbIAEJIEHHOTO MPOAYKTA U COXPaHEHHE OCTATOYHBIX KOMIIOHEHTOB NTPEKYPCOPOB 10ocCJie CTaAUU OYUCTKH.
B 4acTHOCTH, MCIIO/Ib30BaHKe NIpeBapUTEIbHO CHHTE3UPOBAHHBIX KaIMUI-KapOOKCHUIaTHBIX IPEKYPCOPOB MOXKET
CONPOBOXKAATHCSI COBMECTHBIM BblJiesieHHeM Cd-coziepKaliux OpraHnyecKUx KOMIOHEHTOB C HAHOMJIACTUHAMH,
49TO HeOﬁXOﬂI/IMO YYUTBIBATD IIPU UHTEPIIPpETAUNH UX TIOBEPXHOCTHBIX U 3JIEMEHTHBIX XapaKTEPUCTHUK.

Takum o6pa3oM, onTuMU3sanus ciHTe3a CdSe-HaHOMIACTUH A0/KHA ObITh HallpaBjeHa He TOJIbKO Ha
MoJIydyeHHe 3aJaHHOr0 TOJIIIMHHOTO COCTaBa U TpebyeMbIX ONTHYECKHUX XapaKTEPUCTHK, HO U Ha KOHTPOJIb
XUMHUYECKOI'o COCTOAHHA NOBEPXHOCTH U 3(1)(l)eKTI/IBHOCTI/I yAa/slIeHHUd OCTAaTOYHbIX MPEKYPCOPOB. KoMmiekcHoe
coyeTaHHUe ONTHUYECKHUX U XMMUKO-aHA/IUTHYECKUX MeTO/I0B Ipe/iCTaB/IseTCs] He06X0AMMBIM JI/Is1 KOPPEKTHOU
OLIeHKH KayecTBa nosyyaeMblx CdSe-HaHOMIAaCTUH U BOCHPOU3BOAUMOCTH PA3JIUYHBIX CHHTETUYECKUX OJXO0/I0B.

[Ipu 3TOM HCC/Ie0BaHHbIe CHHTETUYEeCKHEe MapLIPyThl OJJHOBPEMEHHO Pa3/IM4alTCs [0 HECKOJbKUM
napameTpam, N03TOMY BKJIaJ KaXA0r0 U3 HUX 110 OT/,e/IbHOCTH Ha OCHOBAaHUU HACTOSAILEr0 CPAaBHEHUS He MOXKET
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ObITh YCTaHOBJIEH. [losTy4eHHbIe pe3yJIbTaThl CIeAyeT pacCMaTPUBATh KaK XapaKTEPUCTUKY JABYX KOMIIJIEKCHBIX
CUHTETHUYeCKHUX CUCTEM U KaK OCHOBY /I Ja/IbHEHIINX UCCIeJOBaHUH, B KOTOPBIX BJIHsSHUE OT/le/IbHBIX TapaMeTpOB
CUHTe3a MOXeT ObITb pa3/iesIeHO 3KCIIePUMeHTabHO.
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CuHre3 djiciHiH CdSe KO/LTOUATHI HAaHOIIACTUHAIAPBIHBIH, TY31/1y epeKiieslikTepiHe, 6eTTik KyiliHe
’K9He ONTHUKAJIBIK KacueTTepiHe acepi

AHaaTna. CdSe HaHOIJIACTUHA/MAPBIHBIH, KaJIbIHABIFbIH, KYPbLIBIMABIK, OipTeKTiJIiriH *koHe 6eTiHiH
XUMUSIBIK KYHiH 6acKapy TaciiepiH a3ipsey KaxkeTTi api KalTaslaHbIM/Ibl CIIEKTPOCKOMUSIJIBIK CUIIaTTaMaapbl
6ap MaTepuaAapAbl ajy YIIiH 63eKTi 60JIbIN TabbLIaAbl. Byl )KyMbICTa a/iAbIH ajla CHHTE3/leJITeH KaJMUU
MHUPHUCTATBIH NalalaHbI GipTiHAEN KbI3bIPY 9iciMeEH XKoHe KYpaMbIH/a Ka/IMU alleTaThbl MeH 0JIEUH KbIIIKbLJIbI
6ap peaKLUsJIbIK OpTaFa ceJleHOPraHUKaJ/bIK IPEKYPCOPAbI bICTBIK UHXXeKLUsIay diciMeH anbiHFaH CdSe
HaHOIJIaCTMHAJIapbIHA CaJIbICTBIPMaJibl 3epTTeY XKyprisinai. Eki cuHTe3AiK MapuIpyTThIH KaJbIHAbIK G0HUbIHILA
KypaMbl, O TUKAJIBIK CUIIAaTTaMasaphl )k9He 6eT KYHi apTypJi yarinepi TysinyiHe akeneTini kepcetinai. bipringen
KbI3/IbIpY Ke3iH/le COHFbI 6HIM Heri3iHeH KaJlblHAbIFbI 4 MOHOKA6aT (4 ML) 60/1aThIH HAaHOIJIACTUHAJIAP/IAH XKIHE
3 ML HaHOMJIaCTUHAJIApAbIH a3 MeJlllepJii yJeciHeH Typajbl, ajl bICTbIK MHXXEKL U d/iCiMeH aJbIHFaH 6HIM/e
KaJbIHABIFBI 3 ML HaHOI/IacTHHAJIAp 6ackIM 60J1abl. EXi Y/ITiHIH 1e peHTreH/iK AudpaKTorpaMMasiapblHbIH HETi3ri
epekiesiktepi CdSe-HiH cdaneput (zinc-blende) TunTi KypblibIMbIHA COUKeC KeJleli, 6yJ1 peTTe 6ipTiHAEN KbI3AbIPY
dJliciMeH a/IbIHFaH YJri KeHipeK »KaHe Hallap aXXbIpaThLIAThIH AUGPaKLUSJIBbIK epeKIleNTiKTepMeH CUNaTTalaAbl.
EH esieysi aliblpMalllbl/IbIK Ta3apThLIFAaH OHIM/ep/liH 3/1eMeHTTIK KypaMbIHaH aHbIKTaJl/bl: Ka/IMUHA MUPHUCTATbIH
MmaijjanaHbll cuHTe3enreH yari ymin Cd/Se aToM/bIK KaTbIHACKI 4,9, aJl bICTBIK, UHXXEKLUS 9/jiciMeH ajibIHFaH
yari yuin 1,2 Kypaiael Bipinui yarigeri kagMuigig enayip apTeik Meaepi FTIR-cnekTpiniH epekiuenikTepiMeH
6ipre Kangbik Cd-Kypam/ibl KApGOKCHUIATTHIK KOMIIOHEHTTIH, 60J1ybl BIKTUMaJl eKeHiH KepceTe/li. AJIbIHFaH
HITHKeJIep eKi TypJi CUHTe3/liK cxeMaHbl KOJIJIaHY COHFbI 6HIMep/iH KaJbIHAbIK O0MbIHILIA KYPaMbIHAAFbI,
CIEeKTPOCKOMUSAIBIK KACUETTepiH/eri, 6eT KYHiHer] )KkoHe XUMUSJIbIK Ta3a/IbIFbIHAAFbI alblpMalIbLIBIKTapMeH
KaTap »YpeTiHiH KepceTei.

TyiiiH ce3gep: CdSe HaHOMIACTHHAMAPI, KOJJIOUATBIK CUHTE3, KAPOOKCUIATTHIK JIUTaHATAp, 6T XUMUSICHI,
UK-cnekTpockonus, ONTUKAJbIK KACUETTEP.
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Effect of the Synthesis Method on the Formation, Surface State, and Optical Properties
of Colloidal CdSe Nanoplatelets

Abstract. The development of approaches to control the thickness, structural uniformity, and surface
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CpaBHI/ITeAI)HOE nccaeao0BaHMe coCcraBa, COCTOSHIA ITOBEPXHOCTU
U OTITUYECKMX CBOMICTB KOAAOMAHBIX HAHOIIAaCTUH CdSe

chemical state of CdSe nanoplatelets is important for obtaining materials with tailored and reproducible spectroscopic
characteristics. In this work, a comparative study was carried out on CdSe nanoplatelets synthesized by gradual
heating using pre-synthesized cadmium myristate and by hot injection of an organoselenium precursor into a
reaction medium containing cadmium acetate and oleic acid. The two synthetic routes were shown to yield samples
differing in thickness distribution, optical characteristics, and surface state. Under gradual heating, the final product
consists predominantly of 4-monolayer (4 ML) nanoplatelets with a minor fraction of 3 ML species, whereas 3 ML
nanoplatelets predominate in the product obtained by hot injection. The main features of the X-ray diffraction
patterns of both samples are consistent with the zinc-blende structure of CdSe, while the sample obtained by gradual
heating exhibits broader and less well-resolved diffraction features. The most pronounced difference was found in
the elemental composition of the purified products: the atomic Cd/Se ratio is 4.9 for the sample synthesized using
cadmium myristate and 1.2 for the sample obtained by hot injection. The substantial excess of cadmium in the former
sample, together with the features observed in its FTIR spectrum, indicates the probable presence of a residual
Cd-containing carboxylate component. The results demonstrate that the use of two distinct synthetic schemes is
accompanied by differences in thickness distribution, spectroscopic properties, surface state, and chemical purity
of the final products.

Keywords: CdSe nanoplatelets, colloidal synthesis, carboxylate ligands, surface chemistry, FTIR spectroscopy,
optical properties.
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Pa3pa6oTKa TEXHOJIOTUH MOJIYyYE€HHUA BbICOKOIIJIOTHOM KepaMUKH
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AHHoTanuA. B nanHO# pa6oTe pa3paboTaHa TeXHOJIOTUS MOJAYYeHUs
BBICOKOIIOTHOH KepaMHKH Ha 0CHoBe HaHo4acTuL Zr . (Y, Ce, Ca, Mg), .0, HanpaBiieH-
Hasl Ha OrpaHUYeHHe UHTEHCUBHOI'0 POCTa 3epeH NP ClleKaHUHU U pOpMHUPOBaHHUE MeJl-
KO3epHHUCTOH CTPYKTYpbI. Ucc/ieloBaHO BIMsHYE TeMIIepaTyPHO-BpEMEHHBIX PEKUMOB
CIeKaHHUs Ha yIJIoTHeHHUe, $pa30BbIi cocTaB U pOPMUPOBAHUE MUKPOCTPYKTYPBhI
KepaMHKHU. YCTAHOBJIEHO, YTO CTaHJapTHOE clieKaHue npu TemmepaTtype 1500 °C
CONPOBOXK/JAETCs yBeJIMdeHreM cpefiHero pasMepa sepeH 0 1,0-1,2 MKM u nosiBJleHHuEM
OT/le/IbHbIX aHOMAJIbHO KPYNHBIX 3epeH pasMepoM 5-10 MxM. Takue usMeHeHUs
CBU/ETEJbCTBYIOT 06 UHTEHCUBHOM NPOTEKAaHUU NPOLIECCOB PEKPHUCTALIIN3ALUU
Y CYIleCTBEHHOU NoTepe UCXOAHOW HaHOCTPYKTYphbl MaTepHuaJa. B To xke BpeMs
NIpMMeHeHMe JJIMTeJbHOTO HU3KOTeMIlepaTypHOro crnekanus npu 1100-1200 °C
M03B0JIsIET 060eCNeYUTh YIIJIOTHEHHE TPEeUMYILeCTBEHHO 3a cueT AudPy3uu no
rpaHyLiaM 3epeH U 0JHOBPEMEHHO OIPaHUYUTh UX pocT. B pesysibTaTe popMupyeTcs
OZJHOPO/HAsA BbICOKOIJIOTHAsA KepaMHKa C HU3KOU MOBEPXHOCTHOW MOPUCTOCTHIO,
COCTaBJIAOLIEN 0K0JI0 2-7 % 10 JAHHBIM CKaHUPYIOIeH 3JIeKTPOHHON MUKPOCKONINHY, U
BBICOKOM JJ0JIell HAHOpPa3MePHBIX 3epeH, AocTUrarlel 64 %. [loyydeHHbIe pe3y/IbTaThl
MOKa3bIBAIOT, YTO CHU>KEHUE TeMIlepaTypbl IPU COOTBETCTBYIOLIEM YBeJUYEHUU
NPO/IO/KUTENbHOCTH CIeKaHUsI ABJIseTCs 3P PEeKTUBHBIM NOJAX0/I0M K YIIPABJIEHUIO
MUKPOCTPYKTYPOH MHOTOKOMIIOHEHTHO CTaOUIM3MPOBAaHHOM LIUPKOHMEBOH KepaMUKH.
PaspaboTaHHbBIN pe>XHMM M03BOJISIeT COYeTaTh BbICOKYIO CTENeHb YIJIOTHEHMUS C
YaCTUYHBIM COXpaHEHHEM HAaHOCTPYKTYphbl MaTepHaJa.

Knrouyersle c10Ba: My IbTH/ONUPOBaHHbIH Zr0,, [IByXCTaiMiHOE CIeKaHUe,
XRD, kepaMUKH, 3epHOrpaHU4Hast AudPysusl.

IMocrynmaa 8.07.2026. Ilocae gopadotku 14.08.2026. Ilpunsara k neuatn 14.08. 2026. AocrynHo oHaaitn 30.09.2026.
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10.A. Tapanun, A.J1. anmac, M.E. Kaaneknepos, b.A. bapadan

BBegeHue

Jnokcup uupkonus (Zr0,), 6y1aroapsa CTOUKOCTH K paJiMalliOHHOMY BO3/IeHCTBHIO, BbICOKOW TBEP/OCTH,
HM3HOCOCTOMKOCTH, TPELIMHOCTONKOCTH U POYHOCTH Ha U3TUO, a TaKKe XUMUYEeCKONH UHEPTHOCTH NTPH BbICOKUX
TeMIlepaTypax U MaJioM Ce4eHUH 3aXBaTa TeIJIOBbIX HEUTPOHOB, SIBJISIETCS NePCHEKTUBHBIM KOHCTPYKIIMOHHBIM
MaTepuasioM B A/lepHol sHepreTuke [1-3]. Mexay Tem nosiumopdusm ZrO,, CBA3aHHbIN C U3MEHEHUEM KpH-
CTa/IJINYECKOM CTPYKTYpPhI B 3aBUCMMOCTH OT TeMIIepaTypbl, OTpaHUYMBAET NPUMeHeHHe JaHHOI'0 MaTepHaJa.
B nuamna3zoHe TeMnepaTyp OT KOMHAaTHOH 10 ~1170 °C guoKcu UMPKOHUS 06/1a/JaeT MOHOKJIUMHHON CTPYKTYPOU
(m-Zr0,), koTopas Npy JajbHenIeM Harpese BIVIOTh 10 2370 °C nepexoAuT B TeTparoHaabHyIo CTPYKTypy (t-ZrO,)
[4]. YBennyenue TemnepaTyphbl cBepx 2370 °C npuBOAUT K GOPMUPOBAHHUIO KyO6HUYECKO# CTpYKTyphI (c-Zr0,) [5].
Heo6xoA1MMO 0OTMETHUTB, yTO $pa3oBas TpaHCcPOpMalMs U3 MOHOKJIMHHOM B TETPAaroHaJbHY0 K 06paTHO CONPOBO-
*kJaeTcs 00beMHbIM paclinpeHreM (~4%), YTo MPUBOAUT K PacTPeCKUBAHUIO, a UHOT/AA U pa3pylleHUI0 MaTepHaJioB
Ha UX ocHOBe. KpoMe TOT0, BHICOKUMHU MeXaHM4YeCKUMH CBOMCTBaMH 06J1aJal0T UMEHHO t ¥ ¢-Zr0, dasbL.

Jis1 cTabuin3anuy BICOKOTeMIIEPATYPHBIX ¢pa3 MpU KOMHATHOW TeMIlepaType UCIOIb3YI0T HECKOJIBKO
MO/IX0/I0B, IJIaBHBIM M3 KOTOPBIX fABJISIETCA BBeJleHHe Pa3/IMYHbIX JOMAHTOB B BH/le OKCU/IOB MeTaJlJIOB. BBeleHHne
JONMPYOIUX 3JIEMEHTOB CIIOCO6CTBYET CTabUIM3allMK BEICOKOTEMIIEpAaTYpHbIX a3 Zr0, 3a cueT o6pasoBaHus
KHCJIOPOJHBIX BAKaHCHUH, BOSHUKAIOLIMX MPY 3aMeleHUH UOHOB IIMPKOHUS KATUOHAMU UHOU BaJIEHTHOCTH,
a TaKXKe BCJI€/ICTBHE JIOKAJIbHBIX UCKaXKeHUH KPUCTAI/INYeCKON pellleTKH, BbI3BaHHBIX pa3/IMuMeM MOHHBIX
pazunycoB [6]. COBOKYITHOCTb 3TUX GAKTOPOB CHUXKAEeT CBOOO/IHYIO S9HEPTUI0 TETPAroHaAbHOMN U Kyoudeckoil ¢pas,
MPeMnsTCTBYS UX IpeBpallleHHI0 B MOHOKJIMHHYI0 CTPYKTYpy. OJlHAKO UCII0JIb30BaHKE O/IHO3JIEMEHTHBIX CUCTEM
MMeeT PsAJ| HeJ0CTaTKOB. Tak, IpH MCMOJIb30BaHUHU B KayecTBe JionaHTa okcuza uttpus (Y,0,) B BOgHOM cpese
HabJo/jaeTcsl HU3KOoTeMIepaTypHas ferpajgauus (HT/), Belpakarouasacs B CHOHTaHHOM $pa30BOM Iepexo/ie U3
TeTparoHajbHOH pa3bl B MOHOKJIUHHYIO [7]. C Apyroi CTOPOHBI, UCII0/1b30BaHUE B KAYECTBE JJONaHTa JUOKCUA
uepus (Ce0,) HT/l He TpOMCXOAUT, HO TaKHe MaTepHaJibl 06/1aal0T HUSKMMH MeXaHHYeCKUMH CBOMCTBaMHu [8]. B
TO € BpeMA B psAJie paboT 6blJI0 [I0KA3aHO, YTO UCII0/Ib30BaHKE MYJIbTUAONUPOBaHUs Zr0, N03BOJIAET YIy4IIUTh
CBOMCTBA MaTepHaJIOB Ha UX OCHOBE. bblJI0 TOKa3aHO, YTO COBMECTHOE UCI0JIb30BAaHUE AUCIIPO3US, LiepHsl, UTTPUS

0.05Y0.080zr0.8401.945
TEIJIOBOT0 pacluIMPEeHHUsl [0 CPaBHEHHIO CO CTaHJapTHOM Zr0, KepaMUKOM, CTabUIM3UPOBAHHON UTTPUEM [9].

v amomunusd (Dy, .Ce ) M03BOJIAET YAYYIIUTb COMPOTUBJISIEMOCTD POCTY 3€pPeH U KO3PPULUEHT
Cucrtema Lu-Sc-Tb-Dy-Y-ZrO2 nMeeT moxoxyo B cpaBHeHUH € 8YSZ MOHHYIO IPOBOJUMOCTb, HO C IIOBBIIIEHHON
CONPOTHUBJIIEMOCTBIO JlerpaZaliuy XapaKTEPUCTUK Ipu TeMneparypax 800 u 1000 °C [10].

Mex /iy TeM HauGoJiee 4acTO UCMOJIb3yeMbIE CUCTEMBI, COCTOSIIIME U3 KOMOUHAIUKA OKCH/IOB PEJIKO3EMEJIbHBIX
MeTaJlJIOB, 06J1aZJal0T BBICOKOU CTOMMOCTBI0. B mpeabiay et paboTe [11] HaMu 6b1JI0 TOKA3aHO, YTO UCIIOJIb30BAHUE
B Ka4eCTBe JIOMaHTOB YeThIPEX3JIEMEHTHON CUCTEMBbI, COCTOSIeN U3 UTTPHS, [lepHs], MarHus U KaJIbLUs B
3KBUMOJIIPHOM COOTHOILIEHUU MO3BOJISIET MOJIYYUTh CTA6GUIBHYIO CUCTEMY C YJIY4IIEHHBIMH CBOMCTBaMHU U 6oJsiee
HU3KOU ce6eCTOMMOCTBIO, CBSI3aHHOM C HCII0/Ib30BaHWEM MarHus U KaJabius. OJHAKO UCIOJb30BaHUE CTAaHAAPTHOTO
0ss(Y, Ce, Ca, Mg), .
$opMHpPOBaHUIO MOPUCTON CTPYKTYPhI C HEPAaBHOMEPHBIM pacnpe/ie/ieHueM 3epeH 1o pa3Mepam. 3BecTHO, uTo,

pexuMa crniekaHus npu temnepartype 1500 °C B TedeHue 5 4acoB B cucTeMe Zr O, IpUBOJUT K
MpUMeHsIsI TAKKMe MEeTO/Ibl, KaK UCKPOBOeE IJIa3MeHHOe ClleKaHHe, MUKPOBOJIHOBOE ClIeKaHHe UJIU U30CTaTHYeCKOe
IpeccoBaHKe, MOXKHO M0JIy4aTh BbICOKOIIJIOTHbIE KEPAMUKU Ha OCHOBE OKCH/IA IIMPKOHHUS C HU3KOU Jiuciiepcrent
pacnpe/iesieHus1 pa3MepoB 3epeH [12-14]. HecMoTpst Ha NpeuMyIIeCTBA JaHHBIX METO/|0B, UX TIOBCEMECTHOE
NpUMeHeHHe OTPAaHUYEHO TEXHOJIOTMYECKON CJIOKHOCTBIO0 060pY/J0BaHMs, HEBO3MOXKHOCTBIO II0JIyYeH s JeTanel
C10’KHOY POPMBI ¥ BBICOKOH CTOMMOCTBIO.

YeHr u BaHr BniepBble MPOJEMOHCTPUPOBAJIU BO3MOXKHOCTD MOJy4€eHHUsI HAHOCTPYKTYPHBIX BbICOKOIJIOTHBIX
KepaMUK IyTeM ClleKaHUs IPU NOHMKEHHbIX TEMIIEpaTypax ¢ A0JIrod BeliepxKoi [15]. [Ipu npaBuibHOM Ioa6Gope
TEMIIePATyp yAAETCs aKTUBUPOBATD ABIKEHHE ITOP U 00€CIeYUTh YIJIOTHEHHE MaTepuaJsa nyteM Auddy3uu no
rpaHuUIlaM 3epeH 6e3 Ype3MepHOTro yBenueHusl pa3mepoB 3epeH. OHako B paboTax [16,17] 6bL/10 TOKa3aHO, YTO
noA60p TeMIepaTyp, NPU KOTOPBIX peasu3yeTcss MEXaHU3M YIJIOTHeHUs nyTeM JUddy3uu o rpaHULiaM 3epeH
WHAVBUAYAJEH [ KOKJOT0 TUIIA MaTepruanoB. TaKMM 06pa3oM IieJibio JaHHOHM paboThl SABJISETCS pa3paboTKa
TEXHOJIOTMH N0JIyYeHHUsI BbICOKOIJIOTHOM MyJIbTHAONMPOBAaHHON KePaMUKH Ha OCHOBe HaHo4acTu Zr, . (Y, Ce,

Ca, Mg) C IpUMeHeHHeM MeTOJ0B HU3KOTEMIIEpaTYPHOTO ClIeKaHHUS.

0,1502

148 1\(_)3(1 56)/ 2026 /A.H. I'ymuaes ateiHaarsl Eypasus yATTHIK YHUBEPCUTETiHIH XABAPIIIBICHI.
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



Pa3paboTKa TeXHOAOTMY OAYYEHS BBICOKOILAOTHON KepaMIKI Ha OCHOBE HAHOYACTHI]
ZrO/SS(Y, Ce, Ca, Mg)OIlSO2 C BBICOKOI1 40.€e11 HaHOPa3MepPHBIX 3epeH

MeToaosiorus

MynpTHAONMpPOBaHHbIE UTTPUEM, [lepUeM, MarHHueM U KaJibllieM HaHOYaCTHIbl OKCUJA LIMPKOHUSA C
KOHLieHTpauunen fonanTos 0,15 MoabHbIX fostei (Zr (Y, Ce, Ca, Mg), ,.0,) 66111 MOIy4eHbI METOLOM THAPOTEP-
MaJIbHOTO CUHTEe3a B CTaJbHOM aBTOKJIaBe ¢ TedpJIOHOBBIM BKJIaAbIeM py TeMnepartype 130 °C ¢ Bbliep>KKOH
B TeyeHue 12 yacoB. B kauecTBe NpeKypcopoB UCI0JIb30BAIMCh OKCUXJIOPUA TuApaT uupkonus (ZrOCl,'8H,0),
nutpat uTTpu (I1I) rexcaruapat (Y(NO,),"6H,0), nutpat uepus (III) rekcaruapar (Ce(NO,),'6H,0), autpar mar-
Hud rexcaruapat (Mg(NO,),'6H,0) u xnopuz kanbuus (CaCl,). [Ipexypcopbl pacTBOPAIUCH B AUCTH/IMPOBaHHOM
BoJie ¢ 061iel KoHIleHTpanuel pactsopa 0,1 Mosib/J1. B kauecTBe MUHepa/M3aTopa UCIOJIb30BaJICA 1 MOJb/J
pactBop rugpokcuja kanusa (KOH). MuHepasiusaTop BBOAUJICSA B PacCTBOP NPEKYPCOPOB A0 AocTxeHUss pH 9.
[Tocsie mporecca ruipoTepMasbHOTO CHHTE3a YaCTHUIbI OTJEJISIJIUCh OT KU KOCTH My TeM LIeHTPUPYTrupoBaHHUs CO
ckopocTbio 5000 06/MUH. B TeueHHe 5 MUHYT /IO TI0JIHOTO BbIMbIBaHUS OCTAaTOYHBIX IPOJYKTOB CUHTe3a. HaHo-

dacruuet Zr (Y, Ce, Ca, Mg) .0, mogBeprannch kpucraanusanuu B MydesbHoi newn SNOL (SNOL 1300, Jlursa)

0,85
npu TeMnepatype 650 °C ¢ BeiiepkKoi B TeueHue 30 MUHYT U CKOpoCThio Harpesa 10 °C/MuH.
CuHTEe3MpOBaHHbIe HAHOYACTUIIBI KOMIIOHOBAINCh B QOpMe AUCKOB MeTO/I0M CTaHJaPTHON KepaMUiecKoH
TEXHOJIOTMU C BADbUPOBAaHUEM TEXHOJIOTHYECKUX lTapaMeTpoB. B nepsoM ciy4ae HaHo4yacTHUIbl Zr . (Y, Ce,
Ca, Mg)y;s

IpeccoBaHUA COCTABJIAJIO 400 MIla. Bo BTOPOM Iiepea npeCcCoBaHMEM B COCTAaB BBOJWJIACh OpraHrU4YeCKasd CBA3Ka B

0, mpeccoBaJ/IMCh B CTa/lIbHOM mpecc-gpopMe ¢ HCNoIb30BaHHEM I'M/paBJUYecKoro npecca. JapieHue

BU/le nosiuBUHKI0Boro ciiupTa (I[1BC) B kostmuecTBe 5 Mac. %. BBegenue [1BC mpoBoAu/10ch NyTeM ero pacTBOpEHHUs
B JIUCTUJJINPOBAHHOMU BO/Jie C MOC/EAYIOIUM BBeleHHeM HaHOYaCTHUIL U BbIIIapUBAaHUEM MOJYYEHHOW CMeCcH Ha
MarHUTHOH MellajiKe ¢ QyHKLMeH HarpeBa. B TpeTbeM c/1yyae IPUMEHS/I0Ch COBMECTHOE UCII0/1b30BaHUE MATKOTO
nmomMoJia B miaHetapHoi mapoBoit MesbHULle PULVIRESETTE 7 premium line (FRITCH, l'epmanus) co ckopocTbio
500 06/MuH. B TeueHHe 5 4acoB U BBefieHHe 5 Mac. % [1BC. [losiyuyeHHbIe NTpecc-3aroTOBKY M0/BEPrajuch TEPMHU-
yeckoi 06paboTke B mydenbHOU neuu Nabertherm LHT04/18 (Nabertherm, l'epmanus) npu Temneparype 500
°C B TeueHue 1 yaca co ckopocTbio HarpeBa 0,5 °C/MuH. ¢ Lesbto yaanenus us cocrana [IBC. OTpaboTka Temne-
pPaTYypHBIX PEXKUMOB U CUHTE3 06'beMHBIX KepaMHYeCKUX 06pa31ioB NpoBoucs B MydesbHol neun Nabertherm
LHT04/18 (Nabertherm, l'epmanus). Bei6op onTHMaNbHBIX TEMIIEPATYP CIEKAHUS OCYIECTBIISIICS COTJIACHO
3akoHy Xusuiepra [18]:

o
dep

rae CV - ko3dduiveHT BapUalii pa3MepoB 3epeH;

0 - CpeJiJHeKBaipaTUYHOE OTKJIOHEHHE;

dcp— CcpelHU pa3Mep 3epHa.

[Ipu BeImOJIHEHUH YcaoBUsA CV<0,354 peannsyeTcs MeXaHU3M ClleKaHUs yTeM Juddy3UH 10 rpaHUIlaM
3epeH, KOTOPbIH XapaKTepu3yeTcst HOpMa/bHbIM pocToM 3epeH. [Ipu npeBbllieHuy nopora CV<0,354 MexaHu3M
creKaHus ¢ 3epHorpaHu4YHou AuddPy3um nepexouT K 06 beMHON AndPy3UH, YTO CONPOBOKIAETCSA aHOMATbHBIM
pOCTOM 3€epeH.

O1eHKa NOPUCTOCTH NPecCc-3aroTOBOK OCYILECTBJIsIACh TyTeM CPaBHEHHMsI SKCIIepUMEHTa/lbHO YCTaHOBJIEHHON
Y TeOpeTUYeCcKH PaCCYUTaHHON PeHTTeHOBCKOM MJIOTHOCTH:

pE)KCl'Ie .

p=[1-2) 100% )
Preoper.

rZie p— HOPUCTOCTD;

paxcnep_ JKCIIEpUMEHTaJIbHAA IJIOTHOCTD, ollpe/ieJIeHHAad NIyTeM U3MEPEHUA reOMeTPUIEeCKHNX PA3MEPOB U
Macchbl 06pasLoB, paccydTaHHas 1o Gpopmyiie:
Pskcnep. =
P m 3)
rae V- 06beM 06pasia, m - Macca 06pasia;
Pmeopem~ TEOPETHUECKAS PEHTIEHOBCKAsl IVIOTHOCTD.
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10.A. Tapanun, A.J1. anmac, M.E. Kaaneknepos, b.A. bapadan

OnpepeseHre TOPUCTOCTHU KepaMUYeCKHUX 06pa3I[0B 3aKJ/I04Yalach B OlleHKe TOBEPXHOCTH ClIeYeHHbIX
06pa3s1ioB C UCII0/1b30BaHUEM IPOrpaMMHOro naketa ImageJ. AHau3 npoBoau/cs Ha ocHoBe COM-n306paxeHu
NIOBEPXHOCTH 006pa3L0B NyTeM KOJIUYeCTBEHHOTO CONOCTABIeHU MJI0Ia/leH, COOTBETCTBYIOIUX NTopaM (06s1acTH
C IOHMXEHHOU IPKOCTHI0) U IJIOTHOM MaTpHLe (06J1aCTH C MOBBILIEHHOM IPKOCTHIO).

HccnenoBaHue NOBEPXHOCTH IIPecCc-3aroTOBOK M KepaMHUUeCKHUX 06pas31ioB OCYLLeCTBIISAI0Ch METOL0M
CKaHUPYIOLIeH 3JIeKTPOHHON MUKPOCKOIIMU Ha CKAaHUPYIOILEM 3/IeKTPOHHOM MUKpockone (COM) Phenom ProX
G6 (Thermo Fisher Scientific, Hugepsnauapr) u Helios 5 CX (Thermo Fisher Scientific, Hugepsianaer). Pacuer
pacnpejiesieHUs 3epeH 110 pa3MepaM NPOBOJMJICS € IPUMeHeHHeM NIporpaMMHOro naketa Image].

PeHTreHoda30oBbIil U pEHTTeHOCTPYKTYPHbIN aHa/IM3 OblJ1 OCYILeCTBJIEH MEeTOJOM PEHTIeHOBCKOH
Audpakiuy Ha peHTreHOBCKOM AudpakToMeTpe Rigaku SmartLab (Rigaku, Anonus) c CuKa nsnyyenuem B reo-
MeTpuu bperra-BpenTano. /Iy onpegesneHus $pa3zoBOro coctaBa UCHOJb30Basack 6a3a JaHHbIX PDF-2 (Powder
Diffraction File). PeHTreHOCTpYKTYypHBIN aHA/INU3 ObLJI BBIIOJIHEH C UCII0JIb30BaHUEM MeT0/la TOATOHKY AudpaKiu-
OHHOM KapTHHBI nopouikoB (whole powder pattern fitting -WPPF, meToz PuTBesibza) ¢ HOMOLIbI0 TPOrpaMMHOT0O
obecneyeHus Rigaku SmartLab. Pasmep o6J1acTy KorepeHTHOI0 paccesstHUsl pacCYUThIBAJICS C UCNOJIb30BAaHUEM
ypaBHeHus llleppepa:

d __ 0,94
XRD ™ Bcose’ (4)

rzae B - wupuHa Ha noayBbicoTe (FWHM) pia kaxzaoro us pedJiekcos;
0,9 - k03 PUIHEHT, YIUTBIBAIOLUNA GOPMY YACTHIL,

Pe3y/nbTaThl U 06CYXK/IeHHE

Ha pucynke 1 npescrasiena MUKpodoTorpadust IOBEpXHOCTH NPeCC-3aroToBKU obpasua Zr, . (Y, Ce,
Ca, Mg),,;0,, nos1yueHHo# 6e3 HCHOJIb30BaHUs IIACTUUKATOPA. BbICOKas! y/e/IbHAs IJI0IA /b TOBEPXHOCTH
HaHOYaCTHUIl, 00ecleYuBarLas Kore3uto, No3BoJjisieT GopMoBaTh MaTepuas B UCXOAHOM COCTOSIHUH. OJHaKO U3
npe/CcTaBJeHHbIX Pe3Y/JIbTaTOB MOXHO 3aMEeTHUTb, YTO IOBEPXHOCTb IPECC-3arOTOBKU COCTOUT U3 KPYIHBIX KOH-
[JIOMepPaTOB HaHOYaCTHL, padMepoM oT 1 1o 30 MKM, KOTOpble NPUBOAAT K BbICOKOH nopuctoctu (56 %). Kpome
TOr0, HA HOBEPXHOCTH MPECC-3aTOTOBKH NPUCYTCTBYIOT TPELIMHBI, KOTOPble BO3HUKAIOT NPH BBINPECCOBBIBAHUU
MaTtepuasa u3 MaTpuLbl. [IpucyTcTBHe KPYyIHBIX KOHIJIOMEPATOB, BBICOKAsA NOPUCTOCTb U MUKPOCTPYKTYpHas
HEOJJHOPOJHOCTD B IIPOLECCe CIIEKaHHs NPUBOAUT K 3aTPYAHEHHIO NpoLeccoB JUdPpPy3UH U, KaK CIe[CTBUE,

CTMOCOGCTBYeT 3aKpelJeHUIO 0P U NPeNATCTBYeT UX 3aKPbITHIO.
R e A :

PucyHok 1. COM-mMukpodoTtorpadusa n1oBepXHOCTHU Npecc-3aroTOBKH,
NOoJIyYeHHOM U3 NCXOAHbIX HaHovacTul Zr . (Y, Ce, Ca, Mg) .0,

Mexay TeM U3BeCTHO, YTO BBeJleHHe IJIacTUPUKaTOpoB B BUJe opraHudeckux cBs3ok (I1BC, Bock u
T.[l.) CIOCOGCTBYeT 60Jiee paBHOMEPHOH YIIaKOBKE MOPOIIKOBBIX YACTUL, IPH NPECCOBAaHUH, YTO MOBBIILIAET
3¢ GeKTUBHOCTD NOC/IEAYIOILEr0 YIJIOTHEHUS TP clieKaHUU. Ha pucyHke 2a u 26 npuBeieHbl MUKpodoTOorpadpuu
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Pa3paboTKa TeXHOAOTMY OAYYEHS BBICOKOILAOTHON KepaMIKI Ha OCHOBE HAHOYACTHI]
Zrolss(Y, Ce, Ca, Mg)OlISO2 C BBICOKOI1 40.€e11 HaHOPa3MepPHBIX 3epeH

MMOBEPXHOCTH NMPECC-3arOTOBKU U YaCTUYHO CIIEUEHHOTO TeJIa MOoJIYYeHHBIX C BBeZleHHueM 5 mac. % [1BC. U3
npe/CcTaB/eHHbIX JAHHBIX MOXKHO 3aMeTUTh, YTO 6e3 JJ0MOJHUTEbHOM Jle3arjioMepany HaHOYacTHI, B IpolLecce
npeccoBaHUs GOPMUPYIOTCS IPeCcc-3ar0TOBKU € BbICOKOM nopuctocThio (51 %) U BeipaxkeHHON MopdosioruyecKoi
HEO/JHOPOAHOCThIO. [l0BepXHOCTh XapaKTepU3yeTcs HaJWYMeM arJoMepaToB HENPaBUJIbHONU GOPMBI pa3MepPOM
OT HECKOJIBKUX JI0 J1eCITKOB MUKpoMeTpoB. Takue fedeKTbl 061ajal0T HU3KOH CIIOCOGHOCTBIO K peJslakcalluy B
npoliecce CieKaHUs U, Kak cJle[ICTBUe, COXpaHATCcs nocie yaaneHus [1BC. TakuM o6pa3oM BBeZileHHe OpraHUuecKoi
CBSI3KU He MPUBOJUT K 3HAYUTETbHOMY CHUKEHHUIO IOPHUCTOCTH U AepeKTHOCTH Npecc-3aroToBKU. B To ke BpeMs
COBMECTHOE UCI0JIb30BaHKe Npe/IBapUTeNbHOT0 MATKOTI0 NOMOJIA C LieJIbI0 ie3arJioMepalii HAaHOYACTHIL U BBeJleHHe
OpraHU4ecKOoM CBSI3KHM [103B0JIsIeT 3HAYUTEJbHbIM 06pa30M YJIYYIIUTb MUKPOCTPYKTYPY IIPecc-3aroTOBOK (pUCYHOK
2B). /lesarsioMepalnvsi HAHO4aCTHUI] IPU MSICKOM IOMoJIe B coyeTaHUH ¢ BBeJieHHeM [1BC oGecneunBaeT 6osiee
IJIOTHY!0 YIAKOBKY NOPOILKa pY IIpeccoBaHUHU. B pe3sy/ibTaTe GopMUPYIOTCS NTpecc-3ar0TOBKY C TOHHKEHHOH
nopucTtocTbio (48 %) U 0fHOPOJHON MUKPOCTPYKTYPOH, B KOTOpPO# nopkl pasMmepoM 0,5-2 MKM pacnpezeieHbl
paBHOMepHO. [locsie yaaneHus CBA3KY (PUCYHOK 2T) MOPGOJIOTHSA MOBEPXHOCTH NPAKTUYECKH He U3MEHsIeTCH,
COXpaHsIs BBICOKYIO CTelleHb OJJHOPOJJHOCTH U OTCYTCTBUE BbIPAXKEHHOH JleeKTHOCTH.

PucyHok 2. COM-MuxkpodoTtorpadpuy noBepxHOCTH NpPecc-3aroTOBOK

M YaCTUYHO CIIeYEeHHBIX TeJI COCTaBa Zro,ss(Y, Ce, Ca, Mg)0_1502,
NMoJIy4YeHHbIX a-6) ¢ fo6aBaenueM I[IBC u B-r) c nomosioM 1 goGaBaenueM [IBC

MukpodoTorpadpuy noBepxHOCTH YaCTH4HO ciederHoro Tesa Zr . (Y, Ce, Ca, Mg), .0,

MIOMOJIOM HUCXOZHOI0 OPOLIKA, ToJy4eHHble MeToA0M COM BbICOKOr0 paspelieHus (PUCYHOK 3), JeMOHCTPUPYIOT

cnpeABapHUTEJIbHbIM

IJIOTHYIO YIAKOBKY C HAJIMYMeM HaHOpPa3MepPHBIX 0P B CTPYKType U CpeHUM pa3Mep dyacTul, 1944 HM ¢ HU3KOHN
JHcCIlepcuel pacnpejeeHus.
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PucyHok 3. COM-MuxkpodoTorpadus BHICOKOro paspelieHuss YaCTUYHO CIeYeHHOro Tejia
Zro_ss(Y, Ce, Ca, Mg)mSOz‘ MOJIYy4eHHOT0 C IOMOJIOM U Jo6aBsieHueM I1BC.
BcraBKa - rucrorpamMma pacnpejeJ/jieHus YacTHI, 10 pasMepaM.

Ha nepBoM aTare vcc/iejoBaHUs YaCTHYHO CrieYeHHble 06pasiibl cocTasa Zr . (Y, Ce, Ca, Mg) MOJ{BEPIJIH

0,1502
CIeKaHHIO 10 CTAaHJAPTHOH TEXHOJIOIMH IIPU TeMIIepaType, COOTBETCTBYOLeH ~0,6 OT TeMIepaTyphl J1aBJeHUs
Zr0, [19], BappHpya CKOPOCTH HarpeBa  oxyaxaeHus (tabauna 1). Tako#i nogxos no3Bojn/ OUEHUThb BIAUAHUE
napaMeTpOB ClleKaHUs Ha IPOLeCChl MacCcoNepeHoca, KWHETUKY YIIOTHEHHs, pocTa 3epeH U ¢opMupoBaHue $paszo-
BOro cocraBa. Kpome Toro, conocrapjieHHe pa3/IM4HbIX PEXXKUMOB CIIEKaHUS [103B0OJIMJIO YCTAHOBUTb B3aHMOCBA3b
MeX/y YCJIOBUSIMU CIIEKaHUS1, IBOIOLMER MUKPOCTPYKTYPbl U MEXaHU3MaMH, ONpeie/ISIIOUIMMHU JIOTHOCTD U

CTPYKTYPHYIO OJTHOPOJHOCTb MOJIy4aeMOl KepaMHUKH.

Ta6aupa 1. TemnepaTtypHbie (T) u BpeMeHHbIe (t, - BpeMs Harpesa, t, - BpeMs BbIAEPKKM U t, -
BpeMA OXJIaKAeHUA) NapaMeTphl CTAaHAAPTHOIO ClIEKaHWA KepaMU4YeCKUX 06pasnos cocraia Zr, . (Y, Ce,

Ca, Mg),,.0,
Ne pexxuma T, °C t,d t, t,d
I 15 15
Il 1500 15
II 2,5

Ha pucynke 4a npescraB/ieHo H306paxeHHe IOBEPXHOCTH Kepamuku cocrasa Zr . (Y, Ce, Ca, Mg), .0, nocie
crnekaHus 1o pexxumy I. CorstacHo COM-MukpodoTorpadusam, o6pasel MMeeT pa3BUTYIO HOPUCTOCTb U COCTOUT U3
KOHrJIoMepaToB 3epeH pa3MmepoM 300-400 HM, a TaKXKe OTZe/IbHBIX 3epeH HellpaBUJIbHOU GopMbl pasmMepoM 5-10
MKM. CpeHUM pasMep 3epeH cocTasieT 1,2+0,6 MkM. PopMupoBaHUe TaKOH CTPYKTYPhl, BEPOSITHO, CBA3aHO C
JJIMTeJbHBIM IpebblBaHMEM MaTepHaJia IPU BbICOKUX TeMIlepaTypax, YTO CIOCOGCTBYeT aKTUBALMH 06'beMHON
I dys3nn U ycKopeHHOMY pocTy 3epeH. [lo Mepe uX yKpyIHeHHsI 4acThb NI0p OKa3bIBaeTCs U30JIMPOBAaHHON BHYTPH
06beMa 3epeH, YTO 3aTPYyHAET UX yaJleHre Ha 3aK/II0YUTeNbHOMN CTaZiuu crieKaHusl. B pesyabTaTe o6pasyeTcs
CTPYKTYypa C KPYTHBIMH 3epPHAMHU U BBICOKOH OCTAaTOYHOM MOPUCTOCTBIO.

[Ipu ucnosib3oBaHuH pexxuma Il (prucyHOK 46) MUKPOCTPYKTYpa CTAHOBUTCS 60J1ee 0JHOPOJHOU. OCHOBHOM
00beM MaTepHaJia npeacTaBieH 3epHaMu pazmepoM 500-600 HM, ToTZa KaK pa3Mepbl KPYIHbIX 3€PEH He
npeBbIIAOT 1-5 MKM npHU cpeHeM pa3Mmepe 1,2+0,6 MkM. BoJsiee 6bIcTpoe ox/1ax/JjeHue cOKpallaeT BpeMs
Nnpe6bIBaHUA IPU MaKCHUMaJIbHOU TeMIepaType, OrpaHUYUBasi POCT 3epeH 6e3 CylleCTBEHHOT0 CHUKeHHUSs
WHTEHCHUBHOCTH YIIJIOTHEHHS. ITO Cloco6CcTBYeT 6oJiee 3pPeKTUBHON MUTPALMU [TOP BA0JIb I'PAHUIL] 3€PEH K UX
CTbIKaM W IOBEPXHOCTH, I'le IPOUCXOJUT UX Ucue3HOBeHUe. B pesy/ibTaTe popMUpyeTcs MeHee IOPUCTas CTPYKTypa
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Pa3paboTKa TeXHOAOTMY OAYYEHS BBICOKOILAOTHON KepaMIKI Ha OCHOBE HAHOYACTHI]
ZrO/SS(Y, Ce, Ca, Mg)OIISO2 C BBICOKOI1 40.€e11 HaHOPa3MepPHBIX 3epeH

C pa3MepaMH Mop NpernMyliecTBeHHO 2-5 MKM. [Ipu ucnosbzoBaHuu pexuma Il (prucyHok 4B) HabrogaeTcs
yBeJIMYeHHe TOPUCTOCTHU U HEOJHOPOAHOCTH MUKPOCTPYKTYphL. Pa3Mep 3epeH usMeHseTcs B npejesax 0,25-4,25
MKM IIpU cpegHeM 3HadyeHUM 1,0£0,6 MKM. Bricokasi CKOpoCTb HarpeBa orpaHUYMBaeT BpeMsi, He06X0AUMoe JJ1s
$opMHUpOBaHUS MEXYAaCTUYHBIX KOHTAKTOB M HA4aJIbHOT'O YIJIOTHEHHS], BCJIE/ICTBHE Yero 4acTb OP U30JUPYeTCs
y’Ke Ha paHHUX CTaJuAX crekaHusA. OJHOBpeMeHHO HepaBHOMepHas akTUBaLUA JUPPY3UOHHBIX NIPOLECCOB
NPUBOAUT K JIOKaJIbHOMY YKPYIHEHUI0 3epeH. COBOKYITHOCTb 3THUX GaKTOPOB 00yCJI0BIMBaeT 60Jiee BICOKYIO
MOPHUCTOCTD U AePEKTHOCTDb MaTepuasia o CpaBHEHHUIO ¢ pexxumoM IL.

a) 6)

B)
PucyHok 4. COM-MmukpodoTorpaduu noBepxHOCTH KepaMUYeCKUX 00pa3LnoB
Zr (Y, Ce, Ca, Mg)  ,.0,, cnevyeHHbIX CTAHAAPTHBIM METO/OM N0 pexxumy a) I, 6) 11, 8) IIL

PenTtreHno¢asosblii aHanus o6pasios Zr, . (Y, Ce, Ca, Mg) ,.0,, ClleYyeHHbIX 10 TPEM Pa3JIMYHbIM peXKUMaM

0,85
(pucyHOK 5), BBISIBUJI CYLIeCTBEHHOE BJIMsSIHHE YCJIOBUHM crieKaHUs Ha $a30BbIM cOCTaB KepaMUKU. [is pexxuma
[ xapakTepHO Ha/IM4YKMe CMeNIaHHON Ky61U4ecKoi M MOHOKJIMHHOH CTPYyKTypbl. [IpyarHol o6pasoBanusa m-Zr0,
dasbl MOXKeT ABJIATHCS AJUTENbHOE NpebblBaHWEe MaTepuaJsla IpY BBICOKOH TeMIlepaType, YTO CONPOBOXKAAETCS
WHTEeHCUBHOM 06'beMHOU Auddy3rel U nepepacnpesiesieHUEeM CTaOUIN3UPYIOLNX KATUOHOB. B nmporecce
aHOMaJ/IbHOT'O POCTa 3epeH NPOUCXOAUT UX cerperanus Ha rpaHULiax U B TPOHHBIX CThIKAX, BCJIEJCTBHE Yero
BHYTPHU OT/eJIbHBIX 3epeH GOPMUPYIOTCS JIOKAJBHO 00e/JHEHHbIE JoNIaHTaMHU 061acTH. CHUXKeHH e KOHLeHTpaluu
JIOTIAaHTOB B TaKHUX 3€pHaX IPUBOJUT K MIOTepe YCTOMYNBOCTH BBICOKOTEMIIEPATYPHBIX $pa3 U 06pa30BaHUIO
MOHOKJIMHHOH CTPYKTYpHL [Ipy vcnonb3osanuu pexxuma Il gons m-Zr0O, gpasel cymecTBeHHO yMeHbaeTcd (5
%) mpu coxpaHeHHuHU A0OMUHUPOBaHus ¢-Zr0, ¢pasnl (95 %). Bosiee BbicOKast CKOPOCTD OX/IXKAEHUA OTPAaHUIHNBAET
BpeMs, HeobxoauMoe 1151 AudPy3MoHHOrO Nepepacnpe/ie/ieH s A0MaHTOB, YTO CHUKAeT CTelleHb UX Cerperalyyu 1
obecneyrBaeT 60Jiee 0JHOPOAHOE pacnpesiesieHue 10 060 beMy MaTepuasa. B pesy/ibTaTe BepoTHOCTb 06pa30BaHuUsA
JIOKaJIbHO 06e/IHeHHbIX 06J1aCTel yMEeHbINAeTCs, CIIOCO6CTBYsI COXPaHEHHUI0 CTabUIM3UPOBaHHOM c-Zr0, dpasbl.
Jna pexxuma Il xapakTepHo cocymectBoBanue c-ZrO, u t-ZrO, ¢pa3 6e3 npu3HaKoB 06pa3oBaHHsA MOHOK/JIMHHOM
CTPYKTYpBL. BpICTphIN HarpeB orpaHUYMBaeT pa3BUuTHe AUPPY3MOHHBIX IPOLECCOB, COXPaHsIsA 60Jiee paBHOMEPHOE
pacnpejiesieHHe JONUPYIOIIUX 3/1eMeHTOB. OJHOBpEMEHHO B MUKPOCTPYKTYpe BO3pacTaeT A0Jis1 CYOMUKPOHHBIX
3epeH, YTO JONOJHUTEIbHO CIOCOOCTBYET cTabunu3anuu t-Z2r0, dpasnpl. BMecTe ¢ TeM o6beMHas o4 6osee
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KPYTHBIX 3€peH 0CTaeTcs npeobJajaoniel, BciecTBre yero c-Zr0, ¢pasa coxpaHseT JOMMHHUPYIOLIee MOJI0XKeH e
B 0011eM $pa30BOM COCTABE.

PucyHok 5. CooTHoeHHe ¢pa3 KepaMHUieCKHX 06pa3uos Zr, . (Y, Ce, Ca, Mg), .0,

B 3aBUCHUMOCTH OT yCJIOBPIﬁ ClIeKaHuA

C nesibio BbIOOpA ONTUMAJNBHOR TeMIepaTyphl ABYXCTaJUHHOIO ClIeKaHUS [Ipecc-3ar0TOBKHU COCTaBa
Zr (Y, Ce, Ca, Mg), .0, moaBeprau oTxury B TedeHre 1 4 npu Temneparypax 1100-1400 °C. Corsnacto CIM-
MukpodoTorpadusaM (pUCyHOK 6), MOBBILIEHHE TeMIIEPATYPbI COIPOBOXKJAETCSH YIJIOTHEHUEM MaTepuasia U
yBeJIMueHreM cpeHero pasmepa 3epeH. [Ipu 1100 °C cpeguuii pasmep 3epeH cocrasiasieT 110437 um (CV=0,332), uto
COOTBETCTBYET HOPMaJIbHOMY POCTY 3epeH corJilacHo KpuTeputo XusiepTa (CV<0,354). HecMoTpsi Ha coxpaHeHUe
HaHOCTPYKTYPBHI, JAHHBINA PeXXUM He 06ecriedMBaeT JOCTaTOYHOI0 YIIJIOTHEHHUS], 0 YeM CBU/IETEJIbCTBYET BbICOKAs
0CTaTO4YHasA MOPUCTOCTD. [loBrIIeHHe TeMnepaTypsl 40 1200 °C IpUBOAXT K yBeJIMYEHUIO CPeIHET0 pa3Mepa 3epeH
o 157457 M u pocTy koaddunmenTa Bapuanuu o CV=0,365, 4To yKkasblBaeT Ha Ha4aI0 OTKJIOHEHUS OT peKUMa
HopMasibHOTO pocTa. [Tpu 1300 1 1400 °C koaddunueHT Bapuanuu Bo3pacraet 10 0,477 u 0,728, COOTBETCTBEHHO,
CBHU/IETEIbCTBYA O pa3BUTUY aHOMA/IbHOT'0 POCTA 3epeH U CyILIleCTBEHHOM paclllMpPeHUH paciipe/ie/ieHUsl UX pa3MepoB.

B r

PucyHok 6. COM-u306pakeHus NOBEPXHOCTH KEpaMUYECKHX 06pa3L 0B cOCTaBa
Zr, (Y, Ce, Ca, Mg), .0, cneyeHHBIX NpH TeMIepaTypax a) 1100 °C; 6)1200 °C; 8) 1300 °Cur) 1400 °C
C BbIJ€P>KKOM B TedeHue 1 yaca
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Pa3paboTKa TeXHOAOTMY OAYYEHS BBICOKOILAOTHON KepaMIKI Ha OCHOBE HAHOYACTHI]
ZrO/SS(Y, Ce, Ca, Mg)OIISO2 C BBICOKOI1 40.€e11 HaHOPa3MepPHBIX 3epeH

HecMoTpsa Ha npeBbilieHue KpuTHuyeckoro 3HadyeHus CV npu 1200-1300 °C, MUKPOCTPYKTYypa OCTaeTCs
JIOCTAaTOYHO MJIOTHOM U oiHOpoAHOM. [Tocsie cnekanus npu 1300 °C okosio 29 % 3epeH cOXpaHsSIOT pa3Mepbl MeHee
200 HM, YTO MO3BOJISIET IPEATIOJIOKUTD IpeobJiajjaHre MexaHU3Ma YIJIOTHEHUS], KOHTPOJIMPYEeMOr0 3epHOTpaHUYHON
auddysueil. [Ipu ganbHelIeM NOBBIIIEHUH TeMIepaTypbl o 1400 °C HauMHaeT JOMUHUPOBATh MUTPALIUS
rpaHul] 3epeH, CONPOBOXK/AI0IAACA UX UHTEHCUBHBIM YKPYITHEHUEM U pa3BUTHUEM aHOMaJIbHOTO pocTa. TakuM
o6pa3oM, TemnepaTypsl Boiiie 1300 °C HelLlesieco06pa3HO HUCII0JIb30BaTh B KaUeCTBe MEPBOU UJIU BTOPOM CTa U1
JIBYXCTaJUMHOTO criekaHus. [lolyueHHbIe BbIBO/IbI IO TBEPKJAIOTCS pe3yIbTaTaMU peHTreHoda30Boro aHaM3a
(pHCyHOK 7a), KOTODbIH CBU/ETENBLCTBYET O IOCTENEHHOM YMEHbLIeHUHU A0JH t-Zr0, dasbl. [Tocsie ciekanus npu
1300 °C pa3Mephbl 06s1aCTEN KOrEPEHTHOI'0 paccessHUs MPaKTUYeCKH YA BaUBaOTCS, YTO XOPOLIO COrJIacyeTcs C
pocToM K03 duipeHTa Bapuauu (pucyHok 76). YBenndeHue pasmepoB OKP KocBEHHO CBUETEBCTBYET O IIEPEXoie
OT MeXaHH3Ma YIJIOTHEHUs], KOHTPOJIMPYyEMOro 3epHOTPaHUYHOU 1 dy3relt, K MEXaHU3MY, OTIpeie/IIeMOMY
MUTpaL el TpaHUl] 3epeH.

PucyHok 7. 'padpuku 3aBUCHMOCTHU
a) cojepkaHuA TeTparoHajabHo| ¢a3nl; 6) pa3mepa OKP (d) u koapPunuenra Bapuanuu (CV)

OT TeMIepaTyphl CIeKaHUS KepaMHYeCcKUX 06pa3noB cocraBa Zr, . (Y, Ce, Ca, Mg)

0,85 0,1502'

Juis peannsanyu IBYXCTaJUMHOTO CIIEKAHUS B Ka4YeCTBe NepBOM CTaAuM Oblyia BbibpaHa TeMIepaTypa
1250 °C c Be1Aepkkoi 10 MUH, o6ecnieurBalollas UHTEHCUBHOE YIIJIOTHEHHE MaTepuaJia IPpU MUHUMaJbHOM pOCTe
3epeH. Bropas crtagus npoBoauaacek npu 1200 °C c Beigepxkkoit 40 4, 4TO MO3BOJISLJIO IPOJOIKUTh YIIJIOTHEHHUE
npu 60/1ee HU3KOH CKOPOCTHU pocTa 3epeH. COM-aHain3 06pasLoB Noc/e ABYXCTaJUHHOro criekaHus (PUCYHOK
8a) nokasas ¢opMHUpOBaHHE MUKPOCTPYKTYPHI CO CPeJHUM pazMepoM 3epeH 159+93 HM npu KosddurmenTe
Bapuanuu CV=0,585. [losis1 3epeH pa3mepom MeHee 100 HM cocTtaBuia 39 %, 4YTO CBU/IETENbCTBYET O YACTUUHOM
COXpaHEeHUH HAaHOCTPYKTYPHOTO COCTOSIHUSA. BMecTe ¢ TEM B OT/AEIbHBIX 06/1aCTAX HAOJII0AaeTCsl MHTEHCUBHOE
YKpyIHeHHUe 3epeH (pUcyHOK 86), yKa3bIBawollee Ha aKTUBALUIO X POCTA BCJIeCTBHE MUTPALIUY I'PaHUL] 3epeH.
[Toro6Hast HEOHOPOAHOCTb MOXKET OTPUILIATEIbHO BIUSATh KaK Ha MexaHM4YeCKHe CBOMCTBa MaTepHrasa, TaK U Ha
YCTOWYHUBOCTB K HU3KOTEMIIEPaTypPHOH JerpaZjalivy 3a CueT JIOKaJIbHOM KOHI|eHTPpal My Hallps>)KeHU M U YCKOPEHUS
¢dazoBbIx npeBpalieHui. TakuM 06pa3oM, IpYMeHeHHe JJByXCTaAUMHOrO ClleKaHHUs A1 UcCIeyeMOH KepaMUKHU
OTpaHUYMBaeTCs aKTUBaLUel ABKEHUs TPaHUL] 3epeH y>Ke Ha CTaZMM UHTEHCUBHOTO YIIJIOTHEHHUS.
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B r

PucyHok 8. CM-MukpodoTorpadpuy noBepxHoCTH KepaMUYeCKUX 06pa30B cOCTaBa
Zr . (Y, Ce, Ca, Mg), ,.0,, cHeYeHHbIX B CJIeAYIOLIUX PeXXUMaAX:

a) AByxcTaauiiHoe cnekaHue npu temneparype 1250 °C B reueHue 10 MuHyT M Temnepartype 1200 °C
B TeueHHe 40 yacoB; 6) 06/1aCTh JIOKAJIbHOT0 YKPYNIHEHHS 3€PeH NPHU JBYXCTaAUIHOM ClIeKaHUHU NIPU
TemnepaTtype 1250 °C B TedyeHue 10 muHyT 1 Temnepatype 1200 °C B TeyeHue 40 4acos;

B) OAHOCTaJAMITHOe cieKaHe npu TeMmnepartype 1200 °C B reyenue 40 4acos;

r) ogJHOCTaJMIiTHOe cieKaHue npu TeMneparype 1100 °C B reuenue 40 yacos

[ToCKOJIbKY CHUKEHUE TeMIIePaTyphl IePBOH CTaANHU He 06eclieYrBaeT HE06X0AUMON MUKPOCTPYKTYPHOU
OJIHOPOJAHOCTH, OblJIa HCC/IeJ0BaHA BO3MOXKHOCTD JIJIMTEbHOTO OJHOCTaAUHHOTO ClIeKaHUS NIPYU MOHMKEHHOU
TeMnepaType. Ha pucynkax 8B v 8r npeacrasiensl COM-MukpodoTorpadpuu NoBepXxHOCTH 06pa3IioB, Bblep:KaHHbIX
B TeyeHure 40 4 npu 1200 1 1100 °C cooTBeTcTBeHHO. CHUKeHHUE TeMnepaTypbl ¢ 1200 1o 1100 °C npuBOUT K
yMeHbILeHHUI0 cpeJiHero pa3Mepa 3epeH ¢ 158 0 110 HM, a 10151 HAHOpPa3MepPHBIX 3epeH Bo3pacTaeT ¢ 3 10 64 %.
BMecTe c TeM NoBepxHOCTHAsA NOPUCTOCTb YBeJUYHUBaAETCA € ~ 2 10 ~ 7%. CieflyeT OTMeTUTb, YTO pUBeJieHHble
3HauyeHUs XapaKTepU3yIOT CTPYKTYPY Ha IOBEPXHOCTH CKOJIOB 06pa3LioB. 3MepeHue 06beMHOM NJIOTHOCTH
Ccrie4YeHHOH KepaMHUKH CTaHAapTHBIM reOMeTPUYeCKUM MeTOA0M WU MeTOA0M ApxuMe/ia OblJI0 3aTPyAHEHO,
MIOCKOJIbKY B IIpOLiecce U3roTOBJIEHUS 06pa3Li0B JUCKOBbIE [TPecc-3aroTOBKU GparMeHTHPOBAJINCh Ha HECKOJIbKO
yacTel, a oJiy4yeHHble clleYeHHble OCKOJIKM UMeJIM MaJible pa3Mepbl U HellpaBuJIbHy0 ¢opMy. TeM He MeHee,
KayeCTBEHHBIH 1 KoindecTBeHHbIN aHanu3 COM-MukpodoTorpaduii 1o3BoJisieT AOCTOBEPHO OLLEHUTD JIOKAIbHYIO
MOPUCTOCTb MAaTPHUILbl U 0011yI0 KHHETHUKY cliekaHUs. KpoMe Toro, npu TeMmnepatype 1100 °C pacnpefeneHue
pa3MepoB 3epeH ocTaeTcs 60Jiee Y3KUM, a MUKPOCTPYKTYpa XapaKTepu3yeTcsl MeHbllleH CTeNeHbI0 JIOKaJbHOI0
YKPYIIHEHUS], YTO CBUJIETENbCTBYET 06 3P PeKTHBHOM NOJIaBJE€HUHY aHOMA/JbHOT'0 POCTA 3€pPEH.

Ha6st0jaeMble pa3/inuust 06yc/10BIeHbl KOHKYpeHIMel polleccoB ynaoTHEHUS U pocTa 3epeH. [Tpu 1200 °C
6oJiee BbICOKasA 11U Py3rOHHAs MOABMKHOCTD 06ecredyrnBaeT 3G PpeKTHBHBIN TEPEHOC BELeCTBa, YCKOPSIS MPOIECChI
HCYe3HOBEHHUA NOp U yBeJIM4eHHe JIOTHOCTH MaTepHana. OJHaKO 0JHOBPEMEHHO BO3pacTaeT CKOPOCTb MUTPALIUU
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rPaHUIL 3ePeH, YTO MPUBOAUT K UX YKPYITHEHHUIO U YMEHbIIEHUIO J]0JIM HAHOCTPYKTYPHOH cocTaBJistoue. [Ipu
1100 °C 3epHorpanuyHas Judpdy3us ocTaeTcsi JOCTATOYHOH JJ/151 TOCTENEHHOTr0 YIJIOTHEHUSI MaTepHuasa, 0JHAKo
ee UHTEHCUBHOCTb y>Ke HeJJOCTAaTOYHa JIJis TOJTHOTO YCTPaHEeHMUs op 3a BbIGpaHHOEe BpeMs BbIIEPKKHU. BMecTe ¢
TeM OrpaHUYeHHas MOABKHOCTb 'PAHUI] 3epeH CYLeCTBEHHO 3aMeIJIIeT UX POCT, 6J1aroZjapsi YeMy COXpaHseTCs
3HAUMUTEJbHASA []0JI1 HAHOpPa3MepHBIX 3epeH U 6oJiee OHOPOJHOE pacnpe/esieHre Ux pa3MepoB. [losydeHHbIe
pe3yJibTaThl CBU/IETEJbCTBYIOT, YTO CHYDKEHUE TEMIIEPATYPhI ClIeKaHUS MO3BOJIAeT 3G PEKTUBHO COXPAHATD
HAHOCTPYKTYPY, OJHAKO COMMPOBOXK/IAETCS YBeJUUEHUEM OCTATOYHON MOPUCTOCTU. HanpoTHUB, moBhILIEHHE
TEMIIePATypPhI CIOCOOCTBYET JJOCTUKEHHUIO 60JIee BBICOKOH MJIOTHOCTH MaTeprasa, HO IPUBOJUT K YCKOPEHHOMY
POCTY 3ep€eH M YaCTUYHOU yTpaTe HAHOCTPYKTYPHOI0 cocTOsIHUSA. CJie/JoBaTe/bHO, BEIGOP TEMIIEPATypPhbl CIEKAHUS
JIOJDKEeH OCHOBBIBATHCS HA MOMCKE KOMITPOMMCCA MEX/1y MaKCUMaJIbHbIM YIJIOTHEHHEM MaTepHuaia U COXpaHEeHUEM
HaHOCTPYKTYPBI, ONIpe/iesIsoniel 9KCIJIyaTallMOHHbIE CBOUCTBA KEPAaMUKH.

3akJ/IloueHue
B x0/1e BbINTOJIHEHUST IAHHOU paboThI ObLJIO YCTAHOBJIEHO, UTO MOJyYeHHE IPecC-3aroTOBKU C TOHMKeHHOU
MOPUCTOCTHIO [0 CPABHEHHIO C APYTUMHU UCCJIEJOBAHHBIMU BapruaHTaMu (~ 48%) , a TakKe HU3KOU J1epeKTHOCThIO

NOBEPXHOCTH M3 HaHo4dacTul, Zr, .. (Y, Ce, Ca, Mg) BO3MOHO TOJIBKO IIPU COBMECTHOM MCII0JIb30BaHUU

0,1502
MSITKOT0 IToMoJ1a co ckopocTbio 500 06/MuH. ¥ BBeZieHUs1 5 Mac.% opraHudeckoil cBsi3ku B Bue [1BC. [IpumeHeHue
JIBYXCTaAUHHOIO CIIEKaHUs JIJIsl JAHHOTO THIa MaTepraJia OTPaHUYEHO BbICOKOU UPDY3UOHHOU aKTUBHOCTHIO
BCJIE/ICTBHE YEr0 yKe Ha CTaJUM UHTEHCUBHOTO YIJIOTHEHUSI aKTUBUPYETCS MUTPALYs IPaHUL] 3epeH, TPUBO/sAIIAst
K JIOKQJIbHOMY YKPYITHEHHIO 3epeH U GOPMUPOBAHHUIO 06J1acTel C MOBBILIEHHOW KOHIIEHTpalMel nop.

B To >ke BpeMsi IpUMeHeHHE OJJHOCTaAUHHOr0 HU3KOTEMIIEPATYPHOTO CIIEKAHUS C JJOJITOU BbIZIEPKKOU
M03BOJISIET MIO/JABUTh aHOMAJIbHBIN POCT 3epeH ¥ CGOPMHUPOBATH IJIOTHYIO MATPUILYy C MUHUMAaIbHOM ITOBEPXHOCTHOM
nopucrtoctbio (~ 7 % u ~ 2 % npu temnepartypax 1100 u 1200 °C cooTBETCTBEHHO) ITPU COXPAaHEHWUH 3HAYUTETBbHON
JI0JIM HAHOCTPYKTYPUPOBAHHbBIX 3epeH. [loJlydeHHbIe pe3ybTaThl CBUAETEJNbCTBYIOT O TOM, YTO YIpaBJIeHUE
COOTHOIIIEHHEM MTPOLIECCOB 3ePHOTPAaHUYHOH AP PY3UH U MUTPAL[MU TPAHULL 3ePEH SABJISETCS KIH4YeBbIM GaKTOPOM
$opMHUpOBaHUS MJIOTHONH HAHOCTPYKTYPHOU KEPAMHUKH HA OCHOBE MYJIbTH/IONMPOBAHHOTO OKCH/IA [IUPKOHMUSI.
[TpeasioxKeHHbIH MOAXO0/| TO3BOJISIET CYLIECTBEHHO OrPAaHUYUTh POCT 3epeH 6e3 KPUTUYECKOTO CHUKEHH S CTENEHU
YIUIOTHEHHSI MaTepHasia MU MOXKeT ObITh UCII0JIb30BaH MPH pa3paboTKe TeEXHOJIOTHUH MOJy4eHHI BBICOKOTTPOUYHOH
1 $a30BO-CTAOUIBHON IIUPKOHUEBOU KEPAMUKHU.
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Hanesmmemai TydipuikTepais, yieci sxxorapsl Zr . (Y, Ce, Ca, Mg) .0, HaHOGe IIEKTepiHe Herizae/reH
»KOFaphbl ThIFbI3ABIKTarbl KEpAaMHUKa ajly TEXHOJIOTUACHIH 33ipjey

Anparna. Ocslxymbicta Zr . (Y, Ce, Ca, Mg), .0, HaHOGe ek Tepi HeTi3iH/e XOFaPbl ThIFbI3ABIKTI KEPAMHKA
aJly TeXHOJIOTHUACHI d3ipJieHl. By TexHOIOrKA )XeHTeKTey Ke3iH/e TyHipliKTepAiH KapKbIH/bI 6CYiH IIeKTeyre
»KOHe yCaK TYHipUIiKTi KYpbLIbIM KQJIbIITACTBIPYFa OaFbITTaIFaH. YKeHTeKTeyiH TeMIepaTypasblK-yYaKbITThIK
peXXUMepiHiH KepaMUKaHbIH ThIFbI3/1a/1ybIHA, Ppa3aiblK KypaMblHa K9HE MUKPOKYPbIIbIMbIHBIH KAJIbIIITACybIHA
acepi 3eptTengi. 1500 °C TeMnepaTypaja CTaHAAPTThI XKEHTEKTEY TYHipIlikTepAin opTama MeJepiniy 1,0-1,2
MKM-Te JIeHiH yJIFalobIMeH *KoHe MeJiiepi 5-10 MKM 60J1aThIH KeKeJlereH aHoMaJIbJbl ipi TYHipIiKkTepAiH nana
60JIybIMEH KaTap KypeTiHi aHbIKTaabl. MyH/1all e3repicTep KaiTa KpyUcTanAaHy yAepicTepiHiH KapKbIH/bI XKYPYiH
’K9HE MaTepUa/IbIH 6acTanKbl HAHOKYPBLJIBIMBIHBIH, €/19yip *KoFanyblH KepceTeai. CoHbiMeH KaTap 1100-1200 °C
TeMIepaTypaja y3aK Mep3iM/i ToOMeH TeMIepaTypaJibl )KeHTeKTey/li KoJIJaHy Heri3iHeH TyHipiuik mekapaiapbl
60ibIMeH KYypeTiH Auddy3us ecebiHeH THIFbI3JaNyAbl KAMTAMAacChI3 €Till, 0JIap/blH 6CYiH LIeKTeyre MyMKiHAiK
6epeni. HoTmxecinzae ckaHepJieyii 3JIeKTPOH/IBIK MUKPOCKOINNS JiepeKTepi 60MbIHIIA G6ETTiK KeyeKTiiri maMaMeH
2-7 % 6oJ1aThIH GipTEKTI )KOFAPhI ThIFbI3/IBIKTHI KEPAaMUKa Ka/bINTACa/Ibl, aJ1 HAHOOJIeM/li TYHipIIiKTepAiH yieci
64 %-Fa JieliiH xKeTe/i. ATbIHFaH HOTIKeJIEP XKeHTEKTEY Y3aKThIFbIH COMKeECIHIIEe apTThIpa OThIPbII, TeMIIepaTypaHbI
TOMeH/IeTy KOIIKOMIIOHEHTTI TYpaKTaHAbIPbLIFaH [UPKOHUHN JUOKCU/I KepaMHUKaCbIHbIH MUKPOKYPBIJIBIMbIH
6acKapyZblH THIM/Ii TociJi eKeHiH KepceTe/[i. O3ipJIeHreH peXUM KOFaphl ThIFbI3AATY A9PEXKeCiH MaTepuasI/iblH
HaHOKYPbUIBbIMBIH illliHapa caKTayMeH YiiecTipyre MyMKiHZik 6epeni.

Tyiiin ce3aep: ken serupJsenren ZrO,, eki caTelibl Kyiaipy, XRD, kepaMuKa, TYHIpIIiK LeKapasapbl
6olibiMeH Auddy3us

Yu.A. Garanin*?, D.I. Shimas'?, M.E. Kaliyekperov'?, B.A. Baraban?
1L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2Astana branch of the Institute of Nuclear Physics, Astana, Kazakhstan

(E-mail: *garanin_yua_1@enu.kz, shlimas_di_2@enu.kz, kaliekperov_mye_2@enu.kz, barabanbogdan1@gmail.com)

Development of technology for producing high-density ceramics based on Zr (Y, Ce, Ca, Mg)
nanoparticles with a high proportion of nanosized grains

0.1502

Abstract. In this work, a processing route was developed for producing high-density ceramics based on
Zr,4:(Y, Ce, Ca, Mg) .0, nanoparticles. The proposed approach is aimed at suppressing intensive grain growth
and forming a fine-grained microstructure during sintering. The effects of the sintering temperature and holding
time on densification, phase composition, and microstructure evolution were investigated. It was established that
conventional sintering at 1500 °C increases the average grain size to 1.0-1.2 pm and results in the formation of
individual abnormally large grains measuring 5-10 um. These changes indicate intensive recrystallization and a
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substantial loss of the initial nanostructure of the material. In contrast, prolonged low-temperature sintering at
1100-1200 °C promotes densification predominantly through grain-boundary diffusion while simultaneously
limiting grain growth. As a result, a homogeneous, high-density ceramic material is formed with a low surface po-
rosity of approximately 2-7%, according to scanning electron microscopy, and a high fraction of nanosized grains
reaching 64%. The results demonstrate that decreasing the sintering temperature while correspondingly increasing
the holding time is an effective approach for controlling the microstructure of multicomponent-stabilized zirconia
ceramics. The developed sintering regime combines a high degree of densification with the partial preservation of
the material’s nanostructure.
Keywords: multi-doped ZrO,, two-step sintering, XRD, ceramics, grain-boundary diffusion
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AHHoOTanMs. B pa6oTe npe/icTaB/ieHbl pe3y/bTaThl UCCAe0BaHUS GUOKOM-
NO3UIMOHHBIX IOKPBITUH Ha 0CHOBe ruipokcranatuta (HAp) v THTaHa, Mo1y4yeHHBIX
METO/ZI0M JeTOHALMOHHOTO HallblJIEHUA C MCNIOJb30BaHUeM ycTaHoBKHA CCDS-2000.
Lle/1b10 UCC/Ie[0BaHNs ABANOCh YCTAHOBJIEHUE BAUAHUA COOTHOIeHUsA rasos C,H,/
O, mpu AeTOHAIlMOHHOM HaNblIJIEHUH Ha CTPYKTYPY, pasoBblii COCTAB, MEXaHUYECKHUE
CBOMCTBA U a/ir€3UOHHYI0 IPOYHOCTh GUOKOMIIO3ULIMOHHBIX MOKpbITU HAp/Ti. B
KayecTBe M0/JI0XKEK HCI0JIb30BaJICs TUTaHOBbIN ciiaB Til3Nb13Zr, npesBapuTenbHO
N0/ BEPrHY ThIH BO3/yLIHO-a6pa3uBHOM 06paboTKe [/1s1 OBBIILEHHS aJire31H OKPbITHS.

[IpoBesieHbI KOMIIJIEKCHbBIE HCCIeJ0BAHUS NOKPBITUI MeTOJaMH PeHTIreHo-
¢dazoBoro aHanuza (XRD), ckanupyo1ei 371eKTpoHHOM MUKpockonuu (SEM), anep-
ropucnepcuoHHoro aHaausa (EDS), HaHOMH/IeHTUPOBAHHUS U CKPETY-TECTUPOBAHHUSI.
YcTaHOBJIEHO, YTO U3MEHEeHHe PeXXUMOB JIeTOHAIIMOHHOI'0 HallblJIEHUSI OKa3bIBaeT
CyllleCTBEHHOE BJIMsIHME Ha TOJIIMHY, PABHOMEPHOCTb pacipe/eseHus a3 u Mexa-
HUYeCKHe XxapaKTepHUCTUKU NOKpbITUH. HanboJiee n10THas U 0JHOPOJiHAsA CTPYKTYpa
dbopMupoBaiach py ONTHMU3UPOBAHHBIX peXMMax HallblJIeHUs, UYTO 06ecleyrBasio
MOBBIIIEHHE HAHOTBEPJOCTH, KOTe3UMOHHOW NPOYHOCTH Y aiTe3MOHHOU CTOMKOCTH
MOKPBITUH.

Pe3ynbTaThl 3/1eMEHTHOI0 KApTUPOBaHUSA NOATBepAUIN GOpMUPOBaHUe rpaju-
€HTHOH CTPYKTypbl MOKpbITHH Ti/HAp ¢ mocTeneHHbIM Iepexo/joM OT MeTaJINYeCKUX
c/10€B K KaJabLui-¢pochaTHeIM Ppa3aM. PeHTreHopa30BbIH aHAIM3 OKa3a/l HAJTUUHE
npeumyinecteeHHO ¢pa3 CaO u TiO, ¢ coxpaHeHHeM KOMIIOHEHTOB I'MIpOKCcHanaT1Ta
nocJie npolLecca HanblieHUs. MakcuMa/ibHble 3Ha4eHUs aJile3MOHHOM IPOYHOCTH U
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Bansnane coorHomenns razos C2H2/O2 Ha crpyKTypy, MexaHI4YecKye CBOJICTBa 1 a4Te3MIOHHYIO IIPOYHOCTh GMIOKOMIIO-
aurmoHHbIX MOKpeITUit HAp/Ti, moAy4eHHBIX METOAOM A€TOHAIIVIOHHOTO HaIIBLAEHNS

CTabUJIBHOCTHU NOKPBITHS OBbIIM MOJTYYEHbI [J1s1 06pa31oB, CGOPMUPOBAHHBIX IPH
ONTHUMaJbHOM COOTHOUIEeHUH rasos C,H,/0,.

[Tony4eHHbIe pe3yJbTaThl CBU/IETENbCTBYIOT O BICOKOW NEPCIEKTUBHOCTH
JIeTOHAI[MOHHOT'0 HaIbIJIEHUS [/l CO3/JaHKs 6OCOBMECTUMbBIX QYHKIIMOHAIBHO-TPa-
JUEHTHBIX MOKPBITUH, TpeJHa3HaYE€HHBIX AJIs MeIUIIMHCKHUX UMIJIAHTATOB U 3a/1a4
OMOMH)XXeHepUH KOCTHOM TKaHU.

KiiroyeBble €/10Ba: IeTOHAI[MOHHOE HallblJIEHUE, THIPOKCHANIATUT, GOKOM-
N03UIMOHHbIE TOKpPbITUA HAp/Ti, cooTHomenue rasos C,H,/0,, MUKpOCTpYKTypa,
MexaHUYeCcKHe CBONCTBA, airTe3M0HHAst IPOYHOCTb.

BBeaeHue

I'mppokcuanatut (HAp) sABisieTcss OJHMM U3 HauboJiee NepCIeKTUBHBIX 6MOaKTUBHBIX MaTepHUaJioB,
MPUMeEeHsIEMBIX AJ1s1 GOPMUPOBAHUSA MOKPBITUH MEJUIIMHCKUX UMILJIAHTATOB 6J1aroapsi BbICOKOH 6M0COBMe-
CTUMOCTH, 6HOAaKTUBHOCTH U CIIOCOGHOCTH CTUMY/IMPOBATh NpoLecchl OCTeOMHTerpanuu [1-6]. OgHako HU3Kas
MexaHUYecKasl IPOYHOCTb TMAPOKCHANATHTa OTPAHUYUBAET ero CaMOCTOsITe/IbHOE UCI0JIb30BaHUE B KaueCTBe
KOHCTPYKLIMOHHOTO MaTepuaJia, YTo 00yCI0BIMBAET HEO6X0LUMOCTb CO3/JaHUs1 KOMIO3UIIMOHHBIX TOKPBITHN Ha
MeTa/UTHYeCKUX MOAJIONKKaX [2].

TuTaH U ero cnjaBbl LIUPOKO UCMOJIb3YOTCA B 6MOMeJUIIMHCKOM OTpac/u 6J1aro/japsi BbICOKOM KOPPO3H-
OHHOM CTOMKOCTH, MEXaHUUECKOU MTPOYHOCTH U Xopolei 6uocoBMecTuMocTH [3]. KoMGHHUpOBaHME THAPOKCHA-
HaTHUTa C TUTAHOM [103BOJISIET [TOJIYYHUTh IOKPBITHS, COYeTalolIe 6M0aKTHBHbIe CBOWCTBA KalbLUH-PochaTHBIX
coeIMHEHUH U BbICOKME MeXaHWYeCKHe XapaKTepHUCTUKU MeTaJlJIn4eCKoi 0CHOBBI [2,3].

OnHuM U3 3pPeKTUBHBIX CIOCO60B GOPMHUPOBAHHUSA TAKUX TOKPBITHUH SABJISETCS e TOHALMOHHOE HallbLIe-
HUe, o6ecreyrBarolee BbICOKYI0 CKOPOCTb YaCTHL, HU3KYIO IOPUCTOCTb M IPOYHOE CLelJIeHHe TOKPBITHS C TO/-
JIOKKOH [4]. B npouecce leTOHaLMOHHOTO HaMblJIEHUsI BO3MOXHO M0JIy4eHHUe MJIOTHbIX MHOTOCIOMHBIX CTPYKTYP
C KOHTPOJIUPYEMOH TOJILMHON U rpaJJUEHTHBIM pacnpe/ie/ieHueM KOMIIOHEHTOB MOKPBITHSA [4].

MononuuTenbHoe BBeAeHue Ti0, crioco6¢TBYeT NOBbILIEHUI0 GHOCOBMECTUMOCTH, KOPPO3UOHHOU CTOMKO-
CTH U MeXaHU4YeCKOW CTaOU/IbHOCTHY NOKPBITUN. KpoMe Toro, oKcu/ TUTaHa COCO6GEeH yy4dllaTh aJire31io KJeTOK
1 $opMHUPOBaHUE KOCTHON TKaHU Ha MOBEPXHOCTH UMILJIAHTATOB [2,5].

[le/1bt0 HacTOsAIIEH PabOThI ABJIAETCA UCC/IEJOBaHUE BIAUAHUA COOTHOIeHus ra3os C,H,/0, npu geToHa-
LIMOHHOM HallblJIEHWH Ha MUKPOCTPYKTYPY, $a30BbIf COCTaB, MeXaHUYeCKUe CBOMCTBA U aiT€3MOHHYI0 IPOYHOCTh
6MOKOMNO3UIIMOHHBIX TOKpbITHH HAp/Ti, HaHeceHHbIX Ha ciiaB Til3Nb13Zr.

Pe3ysnbTaThl U3MepeHUs TBEPAOCTH U MOAYJISl YIPYTOCTH NOKPBITUH (PUCYHOK 4), TOJIy4eHHBIX METO0M
JleTOHALMOHHOT0 HallblJIEHUS, COTVIACYIOTCS C IUTePaTyPHBIMU JAHHBIMU /151 KOMIIO3WLIMOHHBIX TOKPBITUH Ha
OCHOBE 'H/IpOKCHANaTUTa U TUTaHA [2,4]. YCTaHOBJIEHO, YTO U3MEHEeHHe TapaMeTPOB ra30BOM CMeCH OKa3bIBaeT
CyllleCTBEHHOE BJIMSIHME Ha MeXaHU4YeCKHe XapaKTepUCTHUKHU NNOKPBITUH BC/le[CTBUE U3MEHEHUs IIJIOTHOCTH
CTPYKTYDBI, CTelIeHU paciljlaBJeHUs YacTUL, U 0co6eHHOCTell popMUpoBaHus Mexkpa3HbIX rpaHuL [2,4].

B xo/ie paboThI AONOJHUTENBHO ObLIN POBEAEHbI UCIBITAHUS TOKPBITUHM Ha aATE3UOHHYIO0 IPOYHOCTh
C LleJIbI0 OLIEHKH Ka4yecTBa CLelJeHUsl HOKPBITUSA C NOAJI0XKKOH [2-4]. [losyueHHbIe pe3ybTaThl I0Ka3aaH, YTO
yBesnndenue cootHoumenus C,H,/0, cnoco6¢cTByeT GopMUpOBaHHUIO 60JIee MJIOTHOU CTPYKTYPbl IOKPLITHA U
yJIydIleHHI0 MexXPa3HOro B3aUMOAEHCTBUS MEX/1y MOKPBITHEM U MOJJI0XKKOH, UTO MOJIOKUTEJIBHO BIMAET Ha
aJiIre3MOHHYI0 IPOYHOCTbD.

AHa/1M3 MUKPOCTPYKTYpbI TOKa3aja GopMHUpPOBaHHE MHOI'OCJIOMHOM JIaMeJIJISIPHON CTPYKTYPBI, XapakK-
TEPHOH /J11 ra30TepMUYECKHUX METO/I0B HaHEeCEHUS MTOKPBITUH [2,4]. Pe3ynbTaThl 3/1eMEHTHOTO KapTHPOBAHUS
NO/ATBEPAUIM PaBHOMEPHOE paciipe/ie/ieHie OCHOBHBIX 371eMEeHTOB OKPBITHS U COXpaHeHue KaabLui-pocdaTHOH
Y TUTaHOBOM a3 nocjie npoiecca AeTOHALMOHHOTO HaNblieHus [2,4].

Ha penTreHorpamMmax HabJIl0/Ial0TCsA MHTEHCUBHBIE IMKH, COOTBeTCTBYomue pasam CaO u TiO,, yTo corsa-
CyeTcsl C paHee ONy6/IMKOBaHHBIMU pe3y/bTaTaMU UCCIeJOBaHUH I'MIpOKCHaNaTUT-TUTAHOBBIX NOKPBLITUH [2,4,5].
®opMHpoBaHUe OKCUAHBIX $pa3 CBA3aHO C BBICOKOTEMIIepaTyPHbIM BO3/leCTBHEM JleTOHALMOHHOI0 Ipoliecca U
YacTUYHOU TpaHcpopManuel ruipoKcHanaTUTa B Ipolecce HanbLIeHus [4,5].
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A.Bb. Kenecoekos, A. Cepik0Oaiikpisbl, /. baixan , A.K. CeiitxaHosa, A. Mypaa

MeToaosiorus

B kauyecTBe MoAJI0’KEK UCIOIBb30Ba/IM 06pa3iibl M3 TUTaHOBOro citaBa Til3Nb13Zr paamepoM 4 x 4 x 3 MM.
[lepes HaHeceHHeM NOKPBITUI BCe 06pa3libl N0/ BEPrauch Ipe/iBapuTebHON MexaHUYeCKoH 06paboTKe, BKJIIO-
yarouie nMdoBaHre TOBEPXHOCTH 10 JOCTHKeHUsI TpebyeMbIX IapaMeTPOB LIEPOXOBATOCTH. [JJONOJTHUTENTBHO
nepe/; MpoLeccoM HalblIeHUS MOAJ0XKKH TPOXOAUIN BO3YIIHO-abpa3uBHY0 06paboTKY 3JIeKTPOKOPYHJOM C
pasMmepoM yactul, 100-200 MkM npu JaBjieHUH ckaToro Bosayxa 0,4-0,5 MIla, uTo obecrneynBasio NOBbILIEHUE
ajre3vu GopMUpPyeMOro NOKPHITUS K IOBEPXHOCTHU OCHOBBI.

Jnsi opMHpoOBaHUS NOKPBITHH UCHOJIb30BAIN YCTAaHOBKY JleTOHAlMOHHOr0 HanblieHuss CCDS-2000
C CUCTeMOM KOMIbIOTEPHOI'0 yIIpaBJIeHUs TEXHOJIOTHYECKHUM NpoleccoM. /leToHallMOHHAs NMylLIKa YCTaHOBKU
OCHallleHa CTBOJIOM JJINHOM 450 MM U BHYTPEHHUM JHaMeTpoM 26 MM. B kauecTBe roproyero raza npuMeHsJics
auerused (C,H,), a B poJin OKMCIMTEJIA MUCII0/Ib30BAJICA KUCI0PO/. [a3006pasHbIi a30T MPUMEHAIH KaK /s
NPOJYyBKHU CUCTEMBI Ilepe/i KaXK/AbIM IJUKJIOM BBICTPEJIa, TAK U B KayeCTBe TPaHCIOPTUPYIOLIero rasa npu nojayde
MOPOIIKOBOT0 MaTepHaJja yepes NOPOLIKOBLIA MUTATeb.

Cxema ycrtanoBku CCDS-2000 npeacTaB/ieHa Ha pucyHke 1. BHyTpeHHUI KaHaJs CTBOJIA JeTOHALLUOHHOU
MYyLKH 1 3aN0/IHsAETCA ra30BOM CMeCh0 IOCPe/ICTBOM ra3opacnpe/ie/IMTeJIbHON cUCcTeMbl 2, QYHKIIMOHMPOBAaHUE
KOTOPOM KOHTPOJIUPYeTCS KOMIIbIOTEPHOW CUCTEMOM ynpaBieHud. Ha HayabHOM 3Tamne B CTBOJI NOAAETCA ra3-Ho-
CUTeJIb, B KaueCcTBe KOTOPOro MOTyT MCI0JIb30BaThCS BO3/IyX, a30T JIM60 aproH. [loc/ie aToro B kaHa/l BBOAUTCS
CTpOTO /103MpOBaHHAas OPLMs roproyell cMecH, BCe/CTBUE Yero BHYTPH CTBoJIa GOpMHUpYeTCs CTPaTUPULUPO-
BaHHas rasoBas Cpesia, COCToALasA U3 3aps/a B3pbIBYaTOM cMecH 3 U cJ10d ra3a-HocuTed 4. [logada nopomkoBoro
MaTepHaJja OCyIeCTBJISeTCA Yepe3 clleljiaJbHOe OTBepCTHE NPY NOMOILHY aBTOMaTU3UPOBAHHOTO YCTPOKCTBA
Mo/la4M MOPOILKA 5 C UCN0JIb30BaHUEM II0TOKA ra3a-HoCUTe . B pe3ysnbTaTe B 06'beMe cTBOJIA GOpMUpPYeETCS
MOpOLIKOBOe 06J1ako 6. PasinanbHast cxeMa [o/iauy MOPOIIKA B KaHaJI CTBOJIA CIOCOOCTBYET yAyUYLIEHUIO CBONCTB
bopMupyeMbIX IOKPBITUH U MT03BOJISET CHU3UTD IOTEPH MOPOIIKOBOr0 MaTeprasia 10 CPaBHEHUIO C TpaJULU-
OHHOM oceBOM nojavyei. /lucTaHIMA HalblJIeHUsI OIpeJie/iseTcsl Kak pacCTOsIHUeE OT AY/JbHOI0 cpesa cTBoJa 1 0
MNOBEPXHOCTH MOJJIOXKKH 7.

PucyHok 1. CxeMa ¥ BU/J, yCTAaHOBKH AE€TOHALMOHHOro HanbLieHusa CCDS2000:
a) 06U BU/J, IKCIEPUMEHTA/IbHOH YCTaHOBKY; 6) NPUHIMNUAIbHAA CXeMa paGoThl AeTOHALUOHHOM
ropeJjiKi 4 HanpaBJIeHUA CTPYU YaCTHLL,
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Bansnane coorHomenns razos C2H2/O2 Ha crpyKTypy, MexaHI4YecKye CBOJICTBa 1 a4Te3MIOHHYIO IIPOYHOCTh GMIOKOMIIO-
aurmoHHbIX MOKpeITUit HAp/Ti, moAy4eHHBIX METOAOM A€TOHAIIVIOHHOTO HaIIBLAEHNS

Penmeenogazoenlii aHanus.

OzHMM 13 HauboJiee paclpoCTPaHEHHBIX METO/0B HCCIe[,0BaHUs CTPYKTYPbl METa/VINYECKUX MaTepHaJioB
Y IOKPBITUH ABJISIETCS PEHTTeHOCTPYKTYPHbIHN aHau3 (PCA). s u3yyeHus1 $pa3oBOro U CTPYKTYPHOTO COCTaBa
MOKPBITUHM HCII0JIb30BaJIU peHTreHoBCcKUM AudpakToMeTp X PertPRO nmpousBoacTBa koMmnaHuu «PANalytical»
(Hupepnanasl) c npuMenenueM CuKa-usnyyeHnus.

CbéMKa AUPpaKTOrpaMM BbINOJIHAIACH IPH CJIeYIOLIUX peXKMMax paboThl: HAaNpsXKeHHe PeHTIeHOBCKON
Tpy6KHU coctaJsiio 40 kB, cuia Toka — 30 MA, BpeMs 3kcno3uuu — 1 ¢, mar ckanupoBaHus — 0,02°, a guama3oH
HccneayeMblx YIJI0B 20 Haxoawscs B pefesiax oT 20° 1o 90°. PacuindpoBka nosydeHHbIX AUGPAKTOrPaMM IIPo-
BOJMJIACh C UCIOJb30BaHUEM MporpaMMHoro obecnedeHus: HighScore u 6a3bl fanabix PDF-4. KonnyecTBeHHbIN
¢$a30BbIN aHAIM3 OCYILECTBIAJICA IPU TOMOILHU Clleljajau3upoBaHHol nporpaMmbl PowderCell.

CxaHupytowas 31eKkmpoHHast Mukpockonus u 3/JC-aHaaus.

HccnenoBaHre MUKPOCTPYKTYPBI ONePeYHbIX CeYeHUH TOKPBITUH, a TaK)Ke aHaJIM3 I0BEPXHOCTH NocJie
NpoBeJieHUsI TPUOO0JIOTHYECKUX U a/iT€3UOHHbBIX UCIIBITAHUH BbINOJIHAINCH METO[OM CKaHUPYIOLIEeH 3/IEKTPOHHOU
mukpockonuu (SEM). /lns uccnenoBanuii ucnosib3oBaau Mukpockon Vega4 (Tescan, Uexust), ocHaIEHHBIN CUCTe-
MoM 3HeprojucnepcuoHHoro Mukpoanasnusa Xplore 30 («Oxford Instruments», Bennko6puranus).

JHeproAUCIepCUOHHBIN aHaAIM3 BbINOJIHSAJICS JUHEHHBIM METOJ0M Ha ONEPEYHOM CEYEHHUH.

HanouHdenmuposaHue.

W3mepeHHss MUKPOTBEPAOCTH, MOAY/IS YIPYTOCTH U XapaKTePHUCTHK [10J13y4eCTH OKPbITHUIH POBOJUINCH
MEeTO/IOM MHCTPYMEHTAJbHOTO HAHOUH/EHTHPOBaHUs Ha ycTaHoBKe Fischerscope HM2000, mpejHa3HaueHHOU
JLJ1s1 BBICOKOTOYHBIX MEXaHUYEeCKHX UCIBITAHUM MaTeprasioB. B mpolecce ucnbITaHUH K TOBEPXHOCTH o6pa3na
npukIagbiBasack Harpyska F = 150,000 MH c gnutenbHocThio Harpyxkenus 15 c. [Tocse JocTKeHUs] MaKCUMaJlb-
HOW Harpy3KH OCYILeCTBJISIJIach BbIJIep>KKa B TeUeHHe 5 ¢ IPU MOCTOSTHHOM Harpyske JJisi OLleHKH M0JI3y4eCTH
MaTepHasa, xapakTepu3ylollel U3MeHeHHe [JIyOGUHbI OTIIeYyaTKa BO BpeMeHH N0/ lecTBUeM HeU3MeHHOH CUJbI.

OnpesesieHne MOAYJIs yIPYTOCTH NPOBOAUIOCH [0 yYACTKY Pa3rpy3KU KpUBOM «Harpyska-nepeMelieHue,
YTO [03BOJISIJIO OLIEHUTh CONPOTUBJIEHUE MaTepHasa yIpyrou fepopMaLiiu ¥ ero }KECTKOCThb. MicnbITaHUS BBINOJ-
HSUJIMCh B lanasoHe Harpy3ok ot 0,1 o 500 MH npu ckopocTu nepeMeleHUs HHJeHTOpa 2 MKM/c. Paspernaroias
CIIOCOGHOCTD CUCTEMBI 110 NlepeMellleHUI0 cocTabJsiia 0,1 HM, a NOrpeluHoCTb U3MepPeHUs1 MUKPOTBEPJ0CTH He
npesbliana 2 % oT MoJyYeHHOIr0o 3HaueHHUs. B kauecTBe HHAEHTOpPA UCN0JIb30Baach aMa3Has nupamMmu/a Buk-
Kepca TeTpasgpuyeckoil GOpMBI C YIJIOM MeX/y IPOTHBOIOJIOKHBIMY I'paHsiMHU 136°. OnpeeneHre MeXaHUYeCKUX
apaMeTpOB MPOBOJUIOCE B COOTBETCTBUU co cTaHgapToM DIN EN ISO 14577-3.

Ckpemuy-mecmupogaHue (Memod usmepumessbHo20 YapanaHusi).

WcnelTaHUA a/ire3MOHHON NPOYHOCTH MOKPBITUH BBINOJIHAJINCh METOA0M CKPeTY-TeCTUPOBAHUA Ha
npu6ope Anton Paar RST 300 (S/N: 1000197707) B pexxuMe JTMHEHHOTO NPOTPeCcCUBHOrO IjapanaHus. B xoze
3KCIlepUMeHTa Harpyska, NpuKaaAbiBaeMast K uHAeHTopy Rockwell (asiMasHbIi KoHYC ¢ pagnycoM BepiiuHbI 200
MKM, cepuiHbIi HOMep BE-211), muHeiiHo yBennuuBasacek ot 0,5 1o 50 H Ha npoTs»KeHUH TPaeKTOPUU JJIUHOU
3 MM NP CKOPOCTH NepeMelleHus 6 MM/MHUH.

CkopoCTb yBeJIMYeHHs Harpy3ku coctasJsiaa 99 H/muH, uto cooTBeTcTByeT 1 H/c. KoHTakTHas Harpyska
6bLi1a ycTaHoBsieHa Ha ypoBHe 0,5 H. CkopocTb Harpy»xeHus coctasJisiia 1 H/c, ckopocTb oTBoAa HHJeHTOpA — 5
H/c, ckopocTb npubamxenus - 4 %/c, a ckanupytouas Harpyska — 0,5 H. [lapamMeTpbl npe/iBapyUTeJbHOTO CKa-
HUPOBAHUS U 06PATHOI0 NMPOX0/ia COCTABJISAAN 6 MM/MHUH. UyBCTBUTEIBHOCTD KaHasla aKyCTUYeCKON 3MUCCHUU
yCTaHaBJIMBaJ/lIach Ha 5 YPOBEHb.

Bo BpeMs McIbITaHUH OCYLeCTBJIAJICS HeNPEPbIBHbIM KOHTPOJIb aKyCTUKO-3MHUCCUOHHOI'O CUTHAJIA, a
TaK»ke BU3yaJibHOe HabJ/Ito/eHue 32 GopMUpOBaHUEM cie/ia LiapanaHus. Ha ocHoBaHUM MOJIy4YeHHbIX JaHHbBIX
omnpe/iesIIMCh KpUTHYECKUe Harpysku Le,-Lc,, cooTBeTcTByI0LIME Hayaly pa3pyllleHUs TIOKPbITHS, BOSHUKHO-
BEHHMIO YaCTUYHOTO OTCJAaUBaHUSA U OJHOMY Pa3pylleHHI0 UM OTPbIBY MOKPBITHUS OT NOJJI0XKH.

Mamepuasbl u cocmas nopowkos.

JJ11 noJlyyeHUs MOKPBITUH 6bLI BbIOpaH NOPOILIOK ruApokcuanaTtuTa (HA), noctaBiseMblil KoMmnaHHeH
Medicoat (IlIBeiinapus). [lopomiok ruApoKcHanaTUTa UMeeT CpeJHUIN pasMep YyacTul, okoJio 37,5 MKM U XapakTe-
pu3yeTcs NpernMylecTBEHHO chepuiyeckoit Mopdosioruei yactuu. Chepudeckas ¢popma 4acTHUL, CHOCOOCTBYET UX

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193(] 56)/ 2026 165
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



A.Bb. Kenecoekos, A. Cepik0Oaiikpisbl, /. baixan , A.K. CeiitxaHosa, A. Mypaa

pPaBHOMEPHOMY pacnpe/ieJIeHUI0 U IJIOTHOHW yIaKoBKe Ha NOBEPXHOCTH MO/JIOKKH B ITPOIecce HalblJIEHUS, YTO
BaXKHO /11 pOPMHUPOBAHHSA IPOYHOTO U OHOPOJHOIO MOKPBITHS.

B kauecTBe BTOpOU apMupytoleit ¢passbl AJis rUApoOKCUanaTUTA UCI0Ib30Baics chepudecKUil TUTAaHOBbIM
nopoiuok (CL42Ti) (Concept Laser, Lichtenfels, Tepmanus) c auamMmeTpom 4acTuly B AuanasoHe 15-45 MKM.

Pe3ynbTaThl U 06CYXKAEHUE

[ GopMUpPOBaHUS MOKPBITHN NPUMEHAIACh KOMIIBIOTEPU3UPOBAHHAs eTOHALIMOHHAsA YCTAaHOBKA
CCDS-2000, o60pyaoBaHHas ABYMsI aBTOMAaTU3UPOBAHHBIMU JI03UPYIOLIMMH YCTPOUCTBAMH AJ151 TO/Ja4H TOPOLIKOB
TUAPOKCHANATUTA U TUTaHa (pucyHok 1). Mcrnosib30BaHUE aBTOMAaTUYECKON CUCTEMBI YIIpaBJIeHUs TO3BOJISIIO
MOAAEPXKUBATh CTAOUIBHOCTb TEXHOJIOTHYECKHX lTapaMeTPOB Mpoliecca HaNbLJIeHHs, YTO UMeET 0C0060€e 3HaUeHHe
MPH NMOJIYYEHUH IPAZJMEHTHBIX TOKPBITUH C KOHTPOJIMPYEMOH CTPYKTYPOH U TPpeOYEMbIMHU 3KCILIyaTal[HOHHBIMHU
XapaKTepUCTUKAMMU.

B npouecce feTOHALMOHHOTO HAaNlblJIEHUs B KAMeEPY CropaHus Mo/ilaBajach ra3oBasi CMeChb, COCTOSIIAs
u3 aneruiena (C,H,) B kauecTBe TomnBa, U Kucjaopoza (0,) B KauecTBe OKUCAUTE s, BocriaMeHeHHe ra30Boi
CMEeCH OCYIIEeCTBJISIJIOCH IOCPECTBOM 3JIEKTPHUUECKOTO UCKPOBOT'O pa3psiia, YTO MPHUBOJUJIO K 06pa3oBaHUI0
JEeTOHALMOHHOU BoJHBL [loJ] BO3/1eHicTBHMEM JaHHOM BOJIHBI YaCTUL bl IOPOLIKOBOTO MaTepuasia pa3roHsaJUCh A0
CBEPX3BYKOBBIX CKOPOCTEN U C BBICOKON KUHETUYECKOU 3Hepruel ocaXJaluch Ha NOBEPXHOCTb NOAJI0XKHU. ITO
€croco6¢cTBOBaI0 GOPMUPOBAHUIO IJIOTHBIX MOKPBITUN C HUI3KUM YPOBHEM MTOPUCTOCTU U BBICOKOH CTENEHbIO Clie-
IJIeHUs C 0CHOBOM. OZJHOBpeMEHHO TEMIIEpPATypa MOJJIOKKH B Mpolecce 06paboTKH 0CTaBaach CPABHUTEJNBHO
HEBBICOKOH, 6s1arofjapsi Y4eMy MCKJII04YaJ10Ch BOSHUKHOBEHHE TEPMHUUYECKUX JlehOpMaluil U CTPYKTYPHbBIX U3MEeHEeHUH
MaTepuaJia 0CHOBbI, YTO 0COGEHHO BaXKHO PU HAHECEHUU MOKPBITUM Ha U3/e1s C BbBICOKUMU TPeOOBaHUSIMHU K
TOYHOCTH Pa3MepOB U CTAOUJIBHOCTH CTPYKTYPHI.

Hanbuienve HAp+TiO, TOKpBITUI IPOBOJUJIOCH C UCIIOJIb30BaHUEM CTBOJIA J€TOHAIIMOHHOH MYIIKH C
reoMeTpu4ecKUMHU napameTrpamu 26x450x20x150 mm. JluctaHius HanblieHus coctasisiia 100 mm. [Togayua
MOPOLIKOBOT'0 MaTepHUaJsia OCyLLeCTBJISAIACh JO3UPOBAHHO, IPU 3TOM KOJMYECTBO NOPOILKA Ha O4UH BbICTPEJI CO-
CTaBJISLJIO 2 MKM. B paMKax uccieZJoBaHUs 6bIJIM PACCMOTPEHBI Pa3JINYHbIE PEXXUMbI HAllbLJIEHUS, OTIMYAIOLHeCs
COOTHOIIEHUEM Kucaopoa U atetusneHa (0/C), napamMeTpbl KOTOPBIX IPe/CTaB/eHbI B TabauLe 1.

Taﬁjmua 1. Pexxumbl ¢ Pa3/IMYHBIM COOTHOLIEHHEM KHC/IOPpOJa U alleTUJ/IeHa

O6paszer CooTHoOLIEHME Tra30B 3anosiHeHUe KosnyectBo PaccTositHue HanblieHud,
CH,/0,, CTBOJIA BBICTPEJIOB MM

DS_1 2.6 77% 10 100

DS_2 3

DS_3 3.3

DS_4 3.7

Bri60p pasnnyuHbix cooTHoueHu# 0/C 06ycioBeH HE06X0JUMOCTbIO UCC/Iel0BaHMs BAUSHUS 3HEPreTH-
YeCKHX XapaKTepHUCTHK JIeTOHALMOHHOTO0 Ipoliecca Ha MUKPOCTPYKTYPY, $pa3oBbIi cOCTaB U aJire3uIo MOKPbITUSA
Y3 rHApPOKCHanaTUTA.

Ha pucyHke 2 npeacTaB/ieHbl MUKPOCTPYKTYPhI IONEPEYHBbIX CEUEHUW NOKPBITUH, TOJTYYEeHHBIX IPU
pas3/IMYHBIX PeKUMax JeTOHALMOHHOTI0 HalblIeHUsI TUIPOKCHANaTATa. BUHO, 4TO BCe NOKPBITUA UMEIOT ILJIOT-
HY10, MHOTOCJIOMHYIO CTPYKTYPY C BbIp@XKEHHON 30HaJIbHOCTBIO, XapaKTepHOM [iJIs IPOLeCCOB leTOHALMOHHOT0
HanblieHUs. ToJMHA IOKPBbITUM BapbUpyeTcs 0T 86 0 220 MKM B 3aBUCHUMOCTHU OT COOTHOIIEHUS KOMIIOHEHTOB
raszoBo# cMecu (0O/C) u cTeneHu 3an0JHEHUS CTBOJIA. [Ipu pexkuMax ¢ 60sbIIMM cooTHomeHreM (DS_3 u DS_4)
dopMupyroTcs 60Jiee ToJCTble U paBHOMepHbIe 10U (128-220 MKM), Tor/ia Kak NIpyY yMeHbIIeHUHU COOTHOLLeHUS
ras3oB (DS_1 u DS_2) Ha6.tojaeTcst YaCTUYHOE YIIJIOTHEHHE U CHXKEHHE TOJILIUHBI TOKPBITHA o 85-120 MKM 3a
CYET MHTEHCUBHOTO IIJIaBJeHUs U PeKpUCTANIM3alMY YacTULl. MexxdasHas rpaHuLia Mex /1y NOKPbITHEM U NOJ-
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Bansnane coorHomenns razos C2H2/O2 Ha crpyKTypy, MexaHI4YecKye CBOJICTBa 1 a4Te3MIOHHYIO IIPOYHOCTh GMIOKOMIIO-
aurmoHHbIX MOKpeITUit HAp/Ti, moAy4eHHBIX METOAOM A€TOHAIIVIOHHOTO HaIIBLAEHNS

JIOXKKOH 4éTKas, 6e3 IpU3HaKOB JedeKTOB, UTO yKa3blBaeT Ha XOPOILYI0 aJre3uio U IPoYHoe clelsienue. B iesom,
yBesimyeHHe napameTtpa 0/C NpUBOAUT K yMEHBIIEHUIO TIOPUCTOCTH U TOJILIUHBI IOKPBITHSA IPY OJHOBPEMEHHOM
YJIY4IIEHUH ero IJI0THOCTH U MUKPOCTPYKTYPHOH 0ZHOPOAHOCTH. U3 JaHHBIX 3JIEKTPOHHO-MUKPOCKOIIUYECKUX
uccie0BaHui BUJHO, 9TO ¢ yBesindenueM C,H, /0, Hab/roaeTcss poCcT MOPUCTOCTH MOKPLITUA DS_2 1 cHmxe-
HHe KOre3MOHHOH NPOYHOCTH NMOKPBITUH ¢ 06pa3oBaHHeM TpelLuH NoKpbiTHe DS_3. 3To MoXeT GbITh CBA3AHO C
KepaMHUY€eCKUM COCTaBOM MOKPBLITUH. Clie/lyeT OTMETHUTD, YTO yBesnyeHue cootHowenus C,H, /O, npuBoguT He

TOJIbKO K BbICOKOM CTENeHH IJIaBJIEHUs IMMOPOIIKOB, HO U K YBEJIMYEHUIO IUHAMHW4Y€CKOTI'0 BOB,E[GI:ICTBPIH IPpOAYKTOB
AE€TOHALMKU Ha HallblJIA€MbI€ YaCTHUIbI.

PucyHoK 2. MUKpPOCTPYKTYPHI IONIepevyHoro ceyeHus: nokpoitu (a) DS_1, (6) DS_2, (8) DS_3, (r) DS_4

Ha pucyHke 3 npesacTaB/ieHbl pe3y/bTaThl JUHEHHOTO 3HeproAucnepcuoHHoro aHaausa (EDS) nonepeu-
HBIX CEYEHUM MOKPBITUH, MOJIyYeHHbIX METO/0M JIETOHAI[MOHHOI'0 HAaMbJIEHUS TIPU PA3IMYHBIX COOTHOIIEHHUSAX
razosoii cmecu C,H,/0,: (a) DS_1-2,6; (6) DS_2 - 3,0; (B) DS_3 - 3,3. AHa/1n3 BBINOJIHEH B/I0JIb BbIGPAHHOW JINHUU

CKaHUPOBaHUs, NPOXO/slllel Yepes3 TONLMHY NOKPBITHS, YTO O3BOJIMJIO OLEHUTh paclipesie/ileHue OCHOBHbBIX
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XUMUYECKHX 3JIEMEHTOB U 0CO6EHHOCTH GOPMHUPOBAHUS IPaJJUEHTHOH CTPYKTYpPhIL. B 06pa3ie DS_1 HabomaeTcs
paBHOMEpPHOE paclnpe/ieseHre Kaabuus U ¢pochopa, xapaKTepHoOe AJIs1 TUAPOKCHANATHTA, TPH YETKOM paseJie-
HUU MOKPBITUS U MOAJIOXKKHY TUuTaHa. [yis DS_2 oTMeuaeTcs 60Jiee HEOJHOPO/HOE paclpesie/ieHUe 3JIeMEHTOB U
JIOKaJIbHbIE 30HBI C TOBBIIIEHHBIM COZepKaHUEeM Kalblus U $pocdopa, YTO CBSI3aHO C U3SMEHEeHHEM IMapaMeTPOB
ra3oBo# cMecH. B o6pasue DS_3 dopmupyeTcs ni0THas CTPYKTypa MOKPBITHUS C BBIPAXKEHHBIM IpaJIueHTOM KHUC-
JIOPO/Ia ¥ KaJIbIIMAYKa3bIBAMOIUM HAa 06pa30BaHUe CI0XKHOU OKCHU/IHO-TUAPOKCHANIATUTHON $a3bl.

PucyHok 3. Ilonepe4yHoe cedyeHue NOKPBITHHA 06pa310B JeTOHALMOHHOI0 HaNblJICHUS
C pe3y/IbTaTOM 3JIEMEHTHOro KaptupoBanus: (a) DS_1; (6) DS_2; (8) DS_3, (r) DS_4

AHan3 MUKpPOCTPYKTYPBI NOKa3aa GOpPMUPOBAaHHE MHOT'OCJOMHBIX HOKPBITUH C XapaKTepHOH JIaMeJlIsIp-
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Bansnane coorHomenns razos C2H2/O2 Ha crpyKTypy, MexaHI4YecKye CBOJICTBa 1 a4Te3MIOHHYIO IIPOYHOCTh GMIOKOMIIO-
aurmoHHbIX MOKpeITUit HAp/Ti, moAy4eHHBIX METOAOM A€TOHAIIVIOHHOTO HaIIBLAEHNS

HOM CTPYKTYPOU, TUIUYHOH [Jisl Fa30TEPMHUYECKUX METOLOB HAaHECEHUS].

Pe3ysibTaThl M3MepeHUst TBEPAOCTU U MO/YJIsSl YIIPYTOCTH MOKPBITUH (PUCYHOK 4), OJIy4YeHHBIX METOA0M
JeTOHAIlMOHHOTrO HamnblieHUs. [1s o6pasua DS_1 3HaueHue HaHOTBEpAocTHU cocTaBisieT 390 HV npu moayne
ynpyrocty okosio 9 I'lla; gsis DS_2 - 360 HV u 14 I'lla; g DS_3 - 610 HV u 8 I'lla; gsis1 DS_4 - 490 HV u 10 I'Mla. C
M3MeHEeHHEM NapaMeTPOB ra30BOM cMecH HAGJIIO/IaeTCsl U3MEHEHHE MeXaHUUeCKHUX XapaKTEPUCTUK NOKPBITHH,
CBsI3aHHOE C 0CO6EHHOCTSIMU POPMUPOBAHUS MUKPOCTPYKTYPbI U MJIOTHOCTU HANIBLIEHHOTO CJIOS.

HawubGosibiiee 3HaYeHNE HAHOTBEPAOCTH 3aQUKCUPOBAHO [1Jis 06pasna DS_3, 4To MOXeT GbITh 00YCI0BIEHO
¢dopMupoBaHueM 6oJiee IOTHON CTPYKTYPbI HOKPBITHS U CHIXKEHHEM KOJINYECTBA CTPYKTYPHBIX AedeKToB. [Ipu
3ToM JJis1 o6pasna DS_2 Ha6/10AaeTCss MaKCUMalbHBIA MOAY/Ib YIPYTOCTH, CBUETENbCTBYIOLIMN 0 60J1e€e BBICOKOM
YKECTKOCTU NMOKpPbITHUA [7]. s 06pasnoB DS_1 u DS_4 3HaueHUsI HAHOTBEPAOCTU U MOAYJISI YIIPYTOCTU UMEIOT
MPOMEKYTOYHBIN XapaKTep, UYTO CBSI3aHO C U3MEHEeHHEeM YCI0BUN GOPMHUPOBAHUS MMOKPBITHUS MPU PA3JIMYHbBIX
cooTHomeHusax rasos C,H,/0,.

[TosiyyeHHbIe pe3ynbTaThl IOKA3bIBAIOT, YTO NapaMeTphbl JeTOHAMOHHOI0 HaNlblJIEHUSI 0Ka3bIBAIOT Cyllle-
CTBEHHOE BJIMsSIHUE Ha MexaHUYeCKre CBOMCTBA NOKPLITUN. ONTUMa/lbHOE COYeTaHUE BbICOKON HAHOTBEPAO0CTH U
JlOCTaTOYHOT0 MOAYJISl YIIPYTOCTH HabJtofaeTcs y 06pasnoB DS_2 u DS_3, uTo cBUAeTeNbCTBYET 0 GOPMUPOBAHUU
60Jiee OJHOPOAHOMN U YIIPOYHEHHOU CTPYKTYPhI MOKPBITHS MPH JaHHBIX peXKUMax HalblJIeHHUS.

PucyHok 4. HanorBépaocts (a) u Mmoayas ynpyroctH (6) nokpeituii HAp/Ti,
NMOJIy4YeHHbIX METOAOM JAeTOHALUOHHOTO HaNlblJIeHUs

H3MepeHUs 11€pOXOBATOCTH IPOBOAUJIUCH C IOMOLIbI0 KOHTaKTHOTO npodunioMeTrpa SSR300 (pucyHok 5).
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PucyHok 5. [Ipo¢uiib mepoxoBaTocTy noKpbiTHii: (a) DS_1, (6) DS_2, (8) DS_3, (r) DS_4.
B Tabusinne 2 npeacTaByieHbl CpeHUE Pe3yJIbTaThl U3MEPEHHUS IIePOXOBATOCTH MOKPBITUH, MOTYYEHHbIX
METO/IOM JIeTOHAI[MOHHOT0 HalblIEHHUs.

Ta6mmua 2. Pe3ybTaThl U3MEPEHUs LIEPOX0BATOCTH MOKPBITHHA

Ne o6pasna Ra, MkM Rz, MkM Rt, MKM
1 0.547 3.269 5.348
2 0.669 4,171 7.498
3 0.604 3.849 7.019
4 0.657 3.965 6.511

[TosryyeHHBIE pe3yJIbTAThI IOKA3bIBAIOT, YTO MOKPBITHS, CGOPMUPOBAHHBIE METO/IOM JIETOHALIHOHHOTO
HaNbLJIEHUs], XapaKTePU3YIOTCsS HU3KOU 111epOX0BaTOCThI0 NOBepxHOCTHU (Ra < 1 MKM), YTO CBU/IETENILCTBYET O
BBICOKOH MJIOTHOCTH MOKPBITUSA ¥ 3G PEKTUBHOM YIVIOTHEHUH YaCTHL] B Iporiecce GOPMUPOBAHUS CJIOS.

Heboubmo#t nuanasod nsmeHneHus napameTtpa Ra (ot 0.547 go 0.669 MKM) yKa3bIBaeT Ha CTaOMJIbHOCTb
TEXHOJIOTUYECKOTO MPOLeCcca U XOPOIIYI0 BOCIPOXU3BOANMOCTD XapaKTepPUCTUK MOKPLITUHA. Haubosbiiiee 3HaueHne
nepoxoBaToCcTU 3adpuKcupoBaHo AJs o6pasna DS_2 (Ra = 0.669 MKM), YTO MOXKeT 6bITh CBI3aHO C 0COOEHHOCTS-
MU peXHUMa JeTOHAIMOHHOTO HalblJIeHHSs, BJUSIOIINMHY Ha CTENeHb PaCIJIaBJeHUs U JedopMaLyi YacTUL] IPH
OCXK/IEHUH.

B xo/1e paboThI AOMOJHUTENBHO ObLIY TPOBEEHBI UCIIBITAHUS MOKPBITUN HA aiT€3UOHHYI0 MPOYHOCTD C
1[eJIbI0 OI[€eHKH UX CLIeIJIEHU € oA 10%kKoH [8-10]. Ha 6) 3.0; (B) 3.3; (r) 3.7. Ha rpadukax mokasaHbl 3aBUCUMOCTH
cuiibl oTcaoeHus (Ft) u oTHocuTenbHOU fledopManyu (Ae) OT AJIMHBI IepeMelleHUs UHAEHTOopa. YCTaHOBJIEHO,
9TO NIPY yBeJudeHnu cooTHomenus C,H, /0, cuia oTpeiBa MOKPBITHA BO3PACTaET, YTO yKa3bIBAET Ha yJIydlIeHHe
aJiIre3MOHHBIX CBOWCTB U NMOBBIIEHHE NTPOYHOCTH COeMHEHUS IIOKPBITHS C NOJJI0KKOM. |11 06pa3ioB, moJry4yeH-
HBIX IPU HU3KUX COOTHOLIEHUsX (2.6-3.0), XapaKTepHO HAJIMYHUE JIOKAJbHBIX 30H OTCJIAUBAHUsI U CKAYKOO6Pa3HBIX
n3MeHeHUH Ft, cBUAETE/IbCTBYIOLUX O MeHee MPOYHOU CBA3U. B TO BpeMs Kak NpU MOBbILIEHHbIX 3HAYEHUAX
(3.3-3.7) nabsroaeTcs 6osiee paBHOMEPHOE pacnpe/iesieHHue HaNps>KeHUH U MJIaBHBIA POCT CUJIbI OTCJIOEHUS, 9TO
yKa3bIBaeT Ha GOPMUPOBAHME JIOTHOT'O EPEXOTHOTO CJI0S U TIOBBIIIEHHEe KOT€3UOHHOHN POYHOCTH MOKPBITHSI.
TakuM 06pa3oM, yBesIM4eHNE COZlEePKaHUS KUCI0PO/a B ra30BOM CMeCH CIOCOOCTBYET YJIyULIEHUI0 afre3ruHy 3a
CYET ONTUMHU3ALNH CTPYKTYPhI IOKPBITHSA U YKPeEIJIeHUs1 Mex$a3zHOTro B3aUMOeUCTBHUS C MOZJI0KKOM.
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PucyHok 6. OnTHYecKue U306pakeHus CJIeA0B aire3ud NOKPbITUH,
MOJIy4eHHBIX PU Pa3JTUYHbIX cooTHOMmEeHusax C,H,/0.,.
HUso6paxenus (a) C,H,/0,=2.6, (6) C,H,/0,=3.0u (8B) C,H,/0,=3.3 (r) C,H,/0,=3.7

Jlns o6pasua a nepBble IPU3HAKK Pa3pyLIEHHUs TOKPBITUA, COOTBETCTBYIOLIME KPUTHYECKOM Harpyske Lc,
= 1,48 H, nposBAI0TCA B BUJE JIOKAJTbHBIX MUKPOTPEILMH U He3HAYNUTeJIbHBIX HAapyLIeHU I NOBEPXHOCTH MOKPBI-
Tus. [Ipu goctrkenuu Le, = 3,2 H Ha6JrojaeTca Hagas10 JIOKaJAbHOIO OTC/IaMBaHHUA OKPBITHA, CONMPOBOXKIaeMoe
yBeJIMYEeHHEeM CHIHaJ/Ia aKyCTUIeCKOH amuccuu. 3nadenue Le, = 5,1 H cooTBeTCTByeT pasBUTHIO 60J1ee BhIPaXKEH-
HOT0 pa3pylLleHHs NOKPbITHA U YBeJUYeHHUIo cU/bl TpeHHuA Ft. [losiHoe paspylieHre NOKPBITHUS U MHTEHCUBHOE
OTcCJlauBaHUe GUKCUPYEeTCsl IPU KpUTUIeCKOH Harpyske Lc, = 8,3 H. [losiy4eHHbIe pe3y/ibTaThbl CBUETENbCTBYIOT
0 CPaBHUTEJIBHO HEBbICOKOM air€3MOHHOM NIPOYHOCTH NOKPBITHUS.

Jna obpasua 6 KpuTuyeckas Harpyska Lc, = 1,45 H cooTBeTCTByeT OABJIEHHIO IEPBBIX MUKpOJedeK-
TOB Ha MIOBEPXHOCTH MOKPLITHs. [IpH yBesinueHnu Harpysku o Lc, = 2,66 H Hab1t0a10TCsA JIOKabHbIE y9aCTKH
paspylleHHs U Hadalo OTCIauBaHMsA NOKPbITUA. 3HadeHue L, = 4,8 H xapakTepusyeT pasBuTHe HECTaOHIBHOTO
paspylLIeHHs NOKPBITHA C POCTOM CUJIBI TpeHHUA Ft U ckadykaMu akycTh4Yeckod aMuccuu Ae. [loHoe HapylieHue
11€JIOCTHOCTH MTOKPBITHS U er0 MHTEHCUBHOE OTC/IauBaHUe IPOUCXOAT npH Le, = 6,97 H. Ilo cpaBHeHuIo ¢ 06pas-
LOM g JJaHHbIN 06pa3el xapaKTepru3yeTcs 60Jiee paHHUM pa3pyLIeHHeM TOKPbITHS.
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Jl1s TTIOKPBITHA 6 3HAYeHHe KPUTHYeCKOH Harpy3kH L, = 1,51 H cBA3aH0 ¢ moAB/IeHHUEM NIepBbIX MUKPOTpe-
IMH M JIOKaJbHbIX OBPEX/IeHUH NOKpbITHs. [Ipn gocTmxkennu Le, = 2,27 H pukcupyeTcs Havya10 4aCTUYHOTO
OTC/IauBaHUA MOKPBITHA OT MOJJI0KKU. KpuThdeckasa Harpyska Lc, = 5,19 H cooTBeTCTByeT pasBUTHIO MHTEH-
CHBHOTO pa3pylleHUs NOKPBITHA, COIPOBOX/JAeMOr0 YBeJIMUeHUeM CUTHaJIAa aKyCTH4YeCKor aMmuccuu. [lonHoe
paspyuieHue IOKpbITUA HabJogaeTcs npu Le, = 6,67 H. HecmoTps Ha 60J1ee BbICOKOe 3HaYeHKe Lc,, paspylieHue
MOKPBITHS [TOCJIe Haya/la OTCJauBaHUsA IPOUCXOAUT AOCTAaTOYHO UHTEHCUBHO.

Jlns o6pasna 2 KpuTuyeckas Harpyska Le, = 1,55 H cooTBeTcTByeT Hayaly 06pa3oBaHUA MUKPOTPEIUH B
nokpbiTuu. [Ipu Harpyske Lc, = 2,17 H nosBisitoTCA nepBble JIOKaIbHbIe 30HbI OTC/IaMBAHUSA MOKPBITHSA. 3HAYEeHHEe
Lc, = 4,05 H xapakTepusyeT pasBUTHE NPOLECCOB pa3pylieHHs U HapylleHe CIVIOUIHOCTH NOKPbITHA. [losiHoe
OTC/IauBaHHWe OKPBITHSA U pa3pyllleHHe KOHTaKTHOM 30HbI HabJII0jal0TCcA IPH KPUTHYECKOH Harpyske Lc, = 7,75 H.
JlaHHBIH 06pasel; 1eMOHCTPUPYeT 60oJiee CTAaOUIbHOE T0BeJleHHe TOKPBITUS Ha HadyaJIbHbIX CTAAUAX pa3pyLIeHus
Y CPaBHUTEJIbHO BbICOKYIO CTOMKOCTD K IIOJIHOMY OTPBIBY NOKPBITHS.

HauboJiee BbICOKYIO aiT€3MOHHYI0 TPOYHOCTb NPOJIEMOHCTPUPOBAJ 06pasel| a, AJ11 KOTOporo 3adpuKcH-
pOBaHbl MaKCUMaJ/IbHble 3HAYEHHsI KPUTHYECKUX Harpysok Lc, = 8,3 H, 4To cBuzieTebcTBYeT 0 60/1ee IPOYHOM
CLelJIeHUU MTOKPBITUA C MOAJI0KKON U GOPMUPOBAHUM YCTOMYHMBOTO NepexoHOro c10s. 06pasibl 8 U 2 TaKxKe
[0Ka3aJ/IM CTabU/IbHOE NIOBeJleHUe PU Harpy3Ke U CPaBHUTEJIbHO BBICOKYIO CTOMKOCTD K paspyueHuio. [s 06-
pasua 6 HabJtoan0Cch 60J1ee paHHee pa3BUTHeE NIPOLLECCOB OTC/IAUBAHHUS U pa3pylLIeHHs, YTO YKa3blBaeT Ha MeHee
YCTOMUYUBYIO CTPYKTYPY NOKPBITHS.

Ananus kpusbix Ft (H) u Ae (%) noaTBepAuI, YTO MOBbILIEHHUE CTAOUIBHOCTU CUJIbl TPEHUS U YMEHbIlIeHHe
PEe3KHX CKaYKOB aKyCTH4eCKOH 3MUCCUH CBsI3aHbI ¢ GOPMUPOBAHUEM GoJiee IJIOTHON U OHOPOJHOM CTPYKTYPbI
NOKpbITUSA. TaKHM 06pa3oM, pe3y/IbTaThl UCCJIeL0BaHMsI IOKa3bIBaIOT, YTO ONITUMHU3ALUs TapaMeTPOB JeTOHalU-
OHHOTO HallblJIEHHUS OKa3bIBaeT CylLleCTBEHHOE BJIMSAHME Ha a/IFe3UOHHbIE CBOMCTBA, KOT€3MOHHYI0 IPOYHOCTD U
MeXaHWYeCKYI0 YCTOWYUBOCTb GUOKOMIO3ULMOHHBIX TOKPLITHH.

J1s1 peHTreHodasoBoro aHaau3a (XRD) uccieoBaHre TPOBOJUJIOCH TOJBKO /J1s1 IOKPBITHS, TOJIy4€eHHOTO
npu pexxume 4 (C,H,/0, = 3,7), noCKoJIbKy AaHHBIA 06paser NpOAEMOHCTPUPOBa/ Hauaydure GU3HKO-MeXaHHU-
YecKHe XapaKTePUCTUKH Cpeiu BCeX UCCe/J0BaHHBIX.

Ha pucyHke 7 nokasaHa audpaxkTorpaMmma nokpbITis Ha ocHoe HAp+Ti0,, moJiy4eHHOro MeToJj0M JIeTO-
HallMOHHOI'0 HalblieHUs1. Ha peHTreHOorpaMMe Ha6J10jal0TCs MHTEHCUBHBIE MUKHY, COOTBeTCTBYOLMe pazam Ca0
1 TiO,, 4TO MoATBEPXk/JaeT NPUCYTCTBUE B COCTABE MOKPBITUA OKCU/IOB Ka/lbliUsA U TUTaHa. Takxe GUKCUPYHOTCA
cyabble OTpaXkeHHMsl, OTHOcAIKeca K ¢pasam Si0, u Fe,0,, KOTOpble MOTYT 6bITh CBA3aHbI C IPUMECAMH T10/JI0MKKH.
OcHOBHbIE MTUKHU B 06J1acTH 260 * 25-35° yKa3bIBalOT Ha HAJIMUKE KPUCTA/TUIECKOU CTPYKTYPhI, XapaKTePHOU 15
U POKCHANaTHTa ¢ YaCTUYHOU JekoMno3unuei o Ca0. TakuM 06pa3oM, NoJiydeHHble pe3ybTaThl peHTIeHO-
¢$azoBoro aHa/M3a NoATBepKAAOT GopMUpPOBaHHE MHOTO(A3HOM CTPYKTYpPbI OKPLITUSA, COCTOSALLEN NperMyIle-
CTBEHHO U3 OKCH/IOB Ka/Ibl[Us U TUTAHA C HE3HAUYUTEJbHBIM CO/lep>KaHUEM NOCTOPOHHUX ¢as.

CneKTpbl KOMOMHALMOHHOI'O PaccesiHUA AJIA I'paiMeHTHBIX NOKpbITUH Ti/HAp, nosiyyeHHbIX MeTO0M
JEeTOHALMOHHOI0 HanblleHUs pu pexxuMax Ne 1 u N2 2, npe/cTaB/ieHbl Ha pUCYHKe 7.
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PucyHok 7. lu¢ppakrorpaMmma HanblJI€eHHbIX NOKpbITHIA (a) C,H,/0,=3, (6) C,H,/0,=3.7

Ha npe/icTaB/eHHBIX peHTTeHOrpaMMax HabJIIAAI0TCA XapaKTepHble AUpaKIMOHHbIE TUKH, COOTBET-
creyromue dpasam Cao, Si0, u Fe,0,. OCHOBHAsA HHTEHCUBHOCTb OTPaXKEHUH NPUXOAUTCA Ha o6s1acThb 26 ~ 30-33°,
YTO CBU/IETEJLCTBYET O NPe0bIaZlaHUU KaJbLUICOAepKaIUX COeJTUHEHUH B COCTABE UCCIEAYEMOT0 MaTepUasa.
Hau6os1ee UHTEHCUBHBIE MUKH COOTBETCTBYIOT pa3ze Cal, 4To yKa3bIiBaeT HA €€ JOMUHHUPYIOIEee CoJlepKaHUe B
ob6pa3smax.

Iuku dasbi Si0, CBUAETENLCTBYIOT O HA/IMYMH KPEMHE3EeMUCTOM COCTaBIA0LIEH, KOTOpas MOXKET HaX0UThCs
KaK B KpUCTaJJIMYECKOM, TaK ¥ YaCTUYHO aMOPPU3MPOBaHHOM COCTOAHUH. OTpaxenus ¢pasbl Si0, Habmoa0TCA
B 06J1acTsX okoJsio 25-27°, 35-37°, 44-45°, a Tak:Ke TP BBICOKHUX yriax 26 ~ 85-88°.

HesHauuTe/IbHbIE IMKH, IPUHAZIEXAT OKCHY xeJsie3a Fe,0,. UX cpaBHUTE/IbHO HU3KasA HHTEHCUBHOCTD
yKasbIBaeT Ha HEOOJIbIIIOE COZIEPKaHUe KeJIe30CoAepKalliuX COeJUHEHUN B CTPYKType MaTepuasa. Hanuyue
JlaHHOU (a3bl MOXKET OBITh CBSA3aHO C IPUMECSIMU UCXOHOTO ChIPbSI.

Jliisi nepBoro o6pasia xapakTepHa 60Jiee BbICOKasi UHTEHCUBHOCTD U 00JIbLIasi BEIPAXKEHHOCTD U paKIu-
OHHBIX MAKCUMYMOB, 0COOEHHO B iuana3oHe 45-55°, 4To cBUeTEILCTBYET 0 60Jiee BEICOKOU CTEIIEHH KPUCTAJI-
JINYHOCTH CTPYKTYpbl. KpoMe TOro, NuKu ABJIAIOTCA 60Jiee Y3KUMHU U YETKUMH, YTO YKa3bIBaeT Ha popMUpOBaHUE
XOPOLIO YNOPSAA0YEHHBIX KPUCTALJIMYECKUX 00J1aCTEeN.

Pe3ysnbTaThl peHTreH0$a30BOro aHaM3a MOKAa3aJid, YTO UCCie[yeMble 06pa3Ibl COCTOAT MPEUMYIIeCTBEHHO
U3 KajbLuicogepxaien ¢pasel Cal ¢ npucytcTeuem das SiO, u Fe,0,.

3ak4eHue

B pa6oTe uccienoBaHbl GMOKOMIIO3UI[MOHHbIE TIOKPBITHSA HA OCHOBE IM/IPOKCUANATUTA U AUOKCH/IA TH-
TaHa, HAaHeCEéHHbIe Ha TUTAaHOBBIH ciiaB Til3Nb13Zr MeTO10M A€ TOHALIMOHHOTO HAIbLJIEHHS C UCII0JIb30BaHHUEM
ycranoBKu CCDS-2000. YcTaHOBJIEHO, YTO M3MeHeHHe cooTHomeHus ra3os C,H,/0, okasbiBaeT CyliecTBEHHOE
BJIMsIHUE HAa GOPMHUPOBAHKeE CTPYKTYPBI, pacnpeiesieHrne XUMHUIECKUX 3JIEMEHTOB, MEXaHUYeCKHe CBOUCTBA U
a/Ire3MOHHYI0 NIPOYHOCTDb MOKPBITHH.

MUKpOCTPYKTYPHBIY aHa/IN3 0Ka3aa GopMUPOBaHHE NJIOTHBIX MHOT'OCJIOMHBIX TOKPBITUH C XapaKTepHOU
JlaMeJIJIIPHOM CTPYKTYPOU U YETKOM rpaHuLiel pa3zesa Mex Ay NOKPbITUEM U OJJI0KKOH. Pe3y/ibTaThl IMHENHOTO
EDS-aHanu3a noATBepAUIN Halndre GYHKLIMOHATBbHO-TPaJJMEHTHON CTPYKTYPHI C pacnpe/ieJleHueM TUTaHCO-
Jlep>Kalux U Kaabluii-pocdaTHbIX obsacTel 1o To/IMHe MOKpbITUA. Hanbosiee ofHOPOJHOE paciipesiesieHue
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3JIeMeHTOB HabJrofanock npu cootHomenuu C,H, /0, = 3,3.

HccnepoBaHre MexaHW4YeCKUX CBOMCTB II0KA3aJI0, YTO MaKCUMaJ/IbHasA HAHOTBEP/OCTb NOKPBITHUSI COCTAB-
jasiet 610 HV u gocruraetcs g5 ob6pasua DS_3, Torga kak HauboJibliee 3HaueHUe MoAyJis ynpyroctu (14 I'la)
xXapakTepHo 151 o6pasna DS_2. [losryyeHHble pe3yabTaThbl CBU/ETENbCTBYIOT O 3HAYUTEbHOM BJIHUSHUM Napa-
MeTpOB /IeTOHALIMOHHOI0 HallblJIeHUS Ha IPOLEeCChl YIJIOTHEHUS TOKPbITUA U GOPMUPOBAHUE €ro CTPYKTYPHI.

M3MepeHHs 11epOX0OBATOCTH MOKA3aJ/H, YTO BCe NOKPBITHS XapaKTepPU3yOTCS HU3KMMHU 3HaYeHUSAMU
napameTpa Ra (0,547-0,669 MKM), 4TO CBH/I€TEJbCTBYET O BbICOKOW MJIOTHOCTH CPOPMUPOBAHHBIX CJI0EB U
XopolleM KayecTBe NOBEPXHOCTH. AHA/IU3 a/iIre3MOHHBIX CBOMCTB I0Ka3aJl, YTO HanboJee BBICOKYI0 CTOMKOCTh
K pa3pylLleHHI0 leMOHCTpUpyeT obpaser; DS_1, 115 KoToporo 3apUKCHPOBaHO MaKCMMaJlbHOE 3HaueHUe KPUTH-
Jyeckoi Harpysku Lc, = 8,3 H.

PenTrenodasoBbli aHa/IN3 ycTaHOBUJ popMUpOBaHKMe MHOT0$a3HOM CTPYKTYpbl IOKPBLITHS, COCTOALILEH
npeuMyiecTBeHHo u3 ¢pas CaO u TiO, c mpucyTCTBHMEM He3HAYUTeNbHOro KosindecTsa Si0, u Fe,0,. [losyyeHHble
pe3yJabTaThl CBUETENBCTBYIOT 0 YaCTUYHON TpaHCOpPMaALMKM THAPOKCHANATUTA B ITpoliecce eTOHALLMOHHOT0
HalblJIeHUsl DY COXpaHEHUHU KaIbLUICOepKallUX COeJMHEHUH B CTPYKType NMOKPBITHS.

TaknM 06pa3oM, TOKa3aHo, YTO METO/, IeTOHALMOHHOTO HallblJIeHUsI 06ecrneyrBaeT noJay4eHue 61ocoBMe-
CTUMBIX IOKPBITHUH C BHICOKUMH MeXaHUYeCKMMHU XapaKTepUCTHKAMU U XOpollel afre3vel K NoJJ10XKKe U3 CIJlaBa
Ti13Nb13Zr. Hau6oJee cbataHcHpoBaHHOE cOYeTaHUeE CTPYKTYPHBIX U 3KCILJIyaTallMOHHBIX CBOWCTB HabJII0/JaeTCs
npu cooTHomenuu razos C,H,/0, B auanasone 3,3-3,7, 4TO N03BOJIAET pPacCCMaTPUBATh JaHHbIE PEXXUMbI KaK
nepcrneKTUBHbIE /151 QOPMUPOBAHUS NOKPBITUHM MEAUIIMHCKOI'0 HA3HAaYEeHU Ha UMIJIAHTAllUOHHBIX MaTepHaax.

BiarogapHocT
JlaHHoe uccieoBaHMe npodruHaHcupoBaHo KoMuTeToM Hayku MUHHCTEpPCTBA HAyKHU U BhICIIEro o6pa-
3oBaHus Pecy6simku Kasaxcras (rpanT Ne BR24992862).

Bkunag aBTopos

A.B. KeHec6GeKOB - KOHLIeNL M UCCIe[lOBaHMA, peLleH3MpOBaHue U peJJaKTUPOBaHUe PYKOIIUCH, YTBEPXK-
JleHVe OKOHYaTe/IbHOr0 BapMaHTa CTaTbH 14 y6JIUKaluu

A. Cepik6aMKbI3bI — aHAJIN3 UM UHTEPIIPeTaLUs pe3y/bTaTOB PaboThl, IOATOTOBKA IEPBOHAYAIbHOTO
BapHaHTa PyKONHCH

. BaitxkaH - opMasibHbIN aHaNIU3 JaHHbIX

A. CeiiTxaHOBA - BU3ya/JU3alUs JaHHBIX

A. Mypan - npoBe/ieHHe UcCIeJOBaHUN

KoHUKT uHTEpecoB
ABTOpBI 3asIBJISIOT, YTO ¥ HUX OTCYTCTBYET KaKOH-1M60 KOHQJIUKT UHTEPECOB, CBI3aHHBIHN € MyOIMKanuen
JAaHHOU CTaThbHU.

3aaB/ieHMe 06 MCII0JIb30BaHUM reHepaTuBHOro MU u TexHo10rui, ucnosib3yromux UY, B npounecce
NOATOTOBKYU PYKONMCHU

[Ipu noAroToBKe pyKoNnucH aBTopaMu ucnosib3oBascs ChatGPT (OpenAl) HCKJIIOUUTENBHO B Ka4ecTBe
BCIIOMOTaTeJIbHOT'0 MHCTPYMEHTA /1 I3bIKOBOTO ¥ CTUJIMCTUYECKOT0 PeJaKTHPOBaHUsA OTAe/bHbIX pparMeHTOB
TEKCTAa, BKJII0Yas yAydyllleHue TPaMMaTHUKH, SICHOCTH U3JI0KEeHHS] U YUTAaeMOCTH. ICKyCCTBEHHBIM HHTEJIIEKT He
HCI0J1b30BaJICA JJI1 Pa3paboTKH KOHLIENLIMH UCCIel0BaHUS, TPOBe/IeHHs SKCIIEPUMEHTOB, IOJIyYeHHS U aHaIu3a
3KCIepUMEeHTA/NbHbIX JAHHBIX, UHTEPIPeTALUH pe3y/lbTaToB UK GOpMyJIMPOBaHUSA HAy4YHbIX BbIBOJOB. Bee Hayd-
HOe CoZlepKaHUe CTAaThbH, IKCIEPUMEHTA/IbHbIE Pe3YJIbTAThI U BBIBOJbI IBJISIOTCS pe3y/JIbTaTOM PaGoThl aBTOPOB.
Bce dparMeHThI TEKCTA, NPU PEAAKTUPOBAHUN KOTOPbIX TPUMEHSJICS HHCTPYMEHT UCKYCCTBEHHOTO HHTEJIJIEKTA,
ObLJIY JJOTIOJIHUTEbHO IPOBEPEHbI U IIPH HEOOXOANMOCTH CKOPPEKTUPOBAHBI aBTOPaMU. ABTOPBI HECYT [OJIHYIO
OTBETCTBEHHOCTD 32 COZleprKaHHe PYKOIHCH.
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JeToHanuaAbIK 6YPKY apKbL/ibl ajablHFaH HAp/Ti 6MOKOMNO3UTTIK »KaO0bIHAAPABIH, KYPbLIBIMBIHA,
MexaHMKaJIbIK KaCHeTTepiHe kaHe aJre3us 6epikririne C,H,/0, ra3 KaTbIHaCbIHBIH, 3CePi

AnaaTtna. bys makanaza CCDS-2000 xy#ecid naii/jasiaHbll JeTOHALUSIBIK OYPKY apKbLIbl aJlbIHFaH T'U-
JApokcruanatuT (HAp) »xoHe TUTaH Heri3iH/eri 6MOKOMIO3UTTIK XKaObIHAAPABI 3€PTTEY HOTHXKeJIepi YChIHbIIFaH.
Bypky npoueciiy napameTtpJiepiHin, atan adtkanga C,H,/0, ra3 KaTbIHaCbIHbIH )abblH MUKPOKYPbIJIbIMbIHBIH,
¢dazanblK KypaMbIHbIH, MeXaHUKAJIbIK, )K9He a/ire3UsJIblK KacueTTepiHiH KaJbllTacyblHa acepi 3epTTeji. KabbiH
aAre3usChIH KYLIEeHTYy YIIiH aya abpa3uBTepiMeH aaabiH ana eHfenreH Til3Nb13Zr TuTaH KopbITackl Heri3
peTiHje naifasaHblIbL.

Pentrenpik gudpaxnus (XRD), ckanepJieyiii asieKTpoHAbl MUKpockonus (SEM), sHeprusiHbl IUCIEePCUSIIBIK,
peHTreHaik fudpaxuus (EDS), HaHOMH/eHLIMSA XIHe ChI3aT TYCipy ChIHAFbl apKbLIbl KellleH/ i xa0bblH 3epTTey/iepi
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A.Bb. Kenecoekos, A. Cepik0Oaiikpisbl, /. baixan , A.K. CeiitxaHosa, A. Mypaa

XKYprisingi. OpTypJi AeToHaUUAIBIK OYPKY KaFganiiapbl )Ka0bbIH KaJIbIHAbIFbIHA, PpazasblK Tapasy Gipkeskijairine
’KOHe MeXaHUKaJbIK KacueTTepiHe alTap/bIKTal acep eTeTiHi aHbIKTaAbl. EH ThIFbI3 xoHe 6GipKeJKi KypblIbIM
OHTaNJIaHABIPbIIFaH OYPKY KaFAaiJapblH/a KaJlblITacThbl, 6yJ1 )KabblHap/blH HAHOKATThIIbIFbIHbBIH, KOTe€3Us
OepiKTiriHiH koHe a/Ire3usA/IBIK TO3IMAIIriHIH apTybIH KAMTaMachI3 eTTi.

JnemeHTTiK KapTara Tycipy Ti/HAp xabblH1apblH/|a FPAAUEHTTIK KYPbLIBIMHBIH aija 60JIybIH pacTa/ibl,
MeTaJlJl KabaTTapblHaH Kaablui pocdaTsl pazanapbiHa 6ipTiHAen aybicagbl. PeHTreHAiK AU paKIUSIBIK TalAay
Herisinen Ca0 xane Ti0, pasanapbiHbIH 6ap eKeHiH KOPCeTTi, TMPOKCHanaTUT KOMIOHEHTTepi 6YPKy npoleciHeH
KeHiH caKTa/FaHbl aHbIKTanbl OHTaiibl C,H,/0, ra3 KaTbiHachl Ke3iH/e nai/ia 60/1FaH yIrijep yiliH )abbICKaK
6epiKTik NeH »kabblH TYPaKTbLIbIFbIHBIH, €H, *KOFapbl MaH/epi a/IbIH/bI.

Bys HoTHXKeslep MeJULIIMHAJIBIK UMIJIAHTATTap MeH CyHeK TiHJepiHiH GMOUHKeHepHUs KoJiaHbalapblHa
apHaJIFaH 6uoyiieciMai GyHKIMOHANABI TYpAe 6aFa/laHFaH XabblHAPAbI Xacay YILIiH JleTOHALUAIBIK 6YPKY/IiH
YKOFaphbl dJIeyeTiH KepceTesi.

TyiiiH ce3aep: feToHALUAIBIK 6YPKY, GMOKOMIIO3UTTIK )KabbIHAAD, ruApokcuanaTtut, Ti/HAp rpagueHTTi
*abblHJAp, aAre3us 6epiKTiri, xabbIHHbIH MUKPOKYPbIJIBIMBL.
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The influence of the C,H, /0, gas ratio on the structure, mechanical properties
and adhesive strength of HAp/Ti biocomposite coatings obtained by detonation spraying

Abstract. This paper presents the results of a study of biocomposite coatings based on hydroxyapatite
(HAp) and titanium, produced by detonation spraying using a CCDS-2000 system. The influence of spraying process
parameters, in particular the C,H,/0, gas ratio, on the formation of the coating microstructure, phase composition,
and mechanical and adhesive properties was investigated. Titanium alloy Ti13Nb13Zr, pre-treated with air abrasives
to enhance coating adhesion, was used as a substrate.

Comprehensive coating studies were conducted using X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray diffraction (EDS), nanoindentation, and scratch testing. It was found that varying
detonation spraying conditions significantly affect the coating thickness, phase distribution uniformity, and
mechanical properties. The densest and most uniform structure was formed under optimized spraying conditions,
which ensured increased nanohardness, cohesive strength, and adhesive resistance of the coatings.

Elemental mapping confirmed the formation of a gradient structure in the Ti/HAp coatings, with a gradual
transition from metallic layers to calcium phosphate phases. X-ray diffraction analysis revealed the presence of
predominantly CaO and TiO, phases, with the hydroxyapatite components retained after the spraying process.
The highest values of adhesive strength and coating stability were obtained for samples formed under the optimal
C,H,/0, gas ratio.

These results demonstrate the high potential of detonation spraying for the creation of biocompatible
functionally graded coatings intended for medical implants and bone tissue bioengineering applications.

Keywords: detonation spraying, biocomposite coatings, hydroxyapatite, Ti/HAp gradient coatings, adhesive
strength, coating microstructure.
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Biausinue gonupoBanus MgO u Nd,O; Ha CTpyKTypHbIe
xapakTtepuctuku pepputa Hukesas NiFe,0,
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AHHOTanMs. B janHoM pa6oTe uccie0BaHO BAUsHUE JonupoBaHus MgO u
Nd,Oz Ha cTpyKTypHble xapakTepucTUKU pepputa HuKens NiFe,0, co cTpykTypo#
UIMUHEJW, CHHTE3UPOBAaHHbIX MeTO/OM 30JIb-T'eJIb CaM0OB0O3ropaHusa. CHHTe3Upo-
BaHHbIe 00pa3Libl IO/ BEPrajuCh TEPMUYECKON 06paboTke npu TeMnepatype 1000
°C, nocse yero ux $¢pa3oBbIi COCTaB U NapaMeTpPbl KPUCTAIINYECKOH pelieTKH 6bLIH
M3y4YeHbl METO/IOM PeHTreH0($a30BOro aHAIHU3A.

[TokaszaHo, uTo BBefeHue Mg0 B auana3oHe KoHleHTpauui 0,05-0,15 M
MPUBOAUT K CHHXKEHHIO coJlep>kaHus npuMecHbIX ¢pa3 Fe,0; u FeO u npu koHIeH-
Tpanusax 0,10-0,15 M conpoBoxaaeTcsa GopMUPOBaHHEM HOBOH OPTOPOMOUYECKOM
¢dasbl Mg, Fe, 05, xapakTepusytoleiics OBbILIEHHBIM CTPYKTYPHbBIM YIIOPSJ0UeHUEM.
JonupoBanue Nd,03 o6ecrieduBaeT MOJHOE MOAABJIEHUE TPUMECHBIX OKCUAHBIX Ppa3
KeJie3a M1 THULUupyeT o6pasoBanue ¢pasbl FeNdO3, cnoco6CTByO1EH MOBBILIEHUIO
TEPMUYECKON U XUMUYECKON CTaOUJIbHOCTU IINUHEJIbHON MaTPULbl. YCTAHOBJIEHO,
4yTOo coBMecTHOe BBegieHre MgO 1 Nd,03 mpuBOJUT K U3MEHEHHUIO ITapaMeTPOB 3Jie-
MEeHTapHOU s4eliku ocHOBHOU ¢a3bl NiFe,0,, 06yci0BJIeHHOMY IpoIieccaMy KaTH-
OHHOTO 3aMelleHus U Nlepepaciipe/iesieHreM epeKTOB, a TAKXKe K YIOPsL0YeHHUI0
MpUMeCHBIX pa3 B cOCTaBe HAHOKOMIIO3UTOB.

[TosiydeHHbIe pe3yabTaThl NOATBEPXKIAIOT BO3MOXKHOCTb LieJieHanpaBJleH-
HOTO yIpaBJieHUs1 $a30BbIM COCTABOM U CTPYKTYPHOM CTaGUJIBHOCTHIO pepprTa
HUKeJISl CO CTPYKTYPOH IUINKHEJH, YTO CO34aéT NPeANOChIIKY AJis1 ONTUMHU3AL AU UX
GYHKLIMOHA/NBHBIX CBOMCTB U KCIOJIb30BaHUS B IPOLECCAX aCOPOLIMOHHON OUUCTKU
BO/IHBIX CpeJ.

KiroueBble c/10Ba: HUKe/IeBbIH GpeppUT, LINUHEb, 30J1b-T'eJIb METO/, J0-
MUPOBaHUE, OKCUJ, MarHusi U1 HeOJUMa, peHTreHo(a30BbIN aHANU3, CTPYKTypHasi
CTaOUJIbHOCTb.

IMocrynmaa 11.02.2026. ITocae gopaborknu 15.08.2026. [Tpuusrta k meyatn 21.08.2026. AocrynHo oHaaitH 30.09.2026.
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Bansuane gonmposannst MgO u Nd,O; Ha cTpyKTypHBIe xapakrepuctuku ¢peppura Hukeast NiFe,Oy

BBegeHue

B nocsiesHee BpeMs GeppUThI CO CTPYKTYPOH LINKUHENH, B YacTHOCTH eppuT Hukess NiFe,0,4, npescras-
JisieT co60i Bce 6OJIbIIMN UHTEpeC, HOCKOJIbKY 06/1a/jaeT BbICOKOM XUMUYECKON U TepMUYECKOUN CTaOUJIbHOCTBIO,
pPa3BUTOH y/leIbHON OBEPXHOCTHI0, PepPOMArHUTHBIMH U KaTATUTUYECKUMHU cBoMcTBaMu [1]. Baarogaps gaH-
HBbIM CBOHCTBaM QpeppuUThl HAXOAAT LIMPOKOe IPUMEHEeHUe B MarHUTHOM 3anucH [2], CEHCOPHBIX yCTPOKUCTBaX
[3], 6BuoMenMLIMHCKUX TEXHOJIOTUSAX [4-5] 1 anekTpoHuke [6]. Takxke HaHOpa3MepHble GepPPUTHI CO CTPYKTYPOU
HIMUHENH 06J1aIaI0T MOTEeHI[MaIOM 1S 3P PEeKTUBHOIO UCI0JIb30BAHUSA B Ipoleccax KaTajau3a u agcopbiuu [7-8].
B psifie pa6oT nokasaHa 3¢ peKTHBHOCTb NpUMeHeHH s WnuHeau ¢epputa HUKess NiFe,04 17151 0O4MCTKH CTOYHBIX
BOJI OT TAKUX 3aTPASHUTEJIeH, KaK HOHBI TSXENbIX MeTasoB (Pb%*, Cd?*, Cu?*, Cré*) [9], opranM4ecKue KpacuTe 1
(MeTHIEHOBBIM CHHUH, METHUJIOBBINA opaHkeBblH, pogaMuH B) [10 - 11], deHo/NbHBIE coeiHEHMS, papMaLeBTH-
YyecKHe U NeCTULM/HbIe 3arpsa3HuTent [12].

OzHaKo cylecTBeHHOM po6JieMoi npruMeHeHUs1 pepprUTOB CO CTPYKTYPOM LINHUHEH SIBJISAETCS arperanus
YacTUIL, MPUBOJALAS K YMEHbIIEHUIO Y/leJIbHOM MOBEPXHOCTU U CHIKEHHIO KOJINYeCTBA JOCTYIHbIX aKTUBHBIX
LIEHTPOB, a TAKXe JAerpafanus oKCUAHON ¢as3bl, CONPOBOXK/A0IIASACT H3MEHEHHEM CTeXHOMEeTPUYECKOT0 COCTaBa
06pasia, BcleACTBHe Yero HabJ1i0jaeTcsl CHUXKeHUe KaTaIuTU4eCKON aKkTUBHOCTH, MarHUTHBIX CBOMCTB U cOp6-
LIMOHHOH crtoco6HOCTH [9]. OAHMUM U3 CIOCOGOB yAyUlLIEeHUS SIBJISETCS CO3/JaHHe NPUMECHBIX (a3, MOBbILIAIIINX
YCTOMYHUBOCTD U CTAOUIBHOCTD LINUHENH 33 CYeT BBeleHHE B CTPYKTYPY JPYTUX HEMarHUTHBIX cCOeAMHEHUH. Pan
paboT nokasas [13 - 14], yTo npu JONUPOBaHMUM MarH¥eM NPOUCXOAUT CTAOUIM3alMs KPUCTANLINYECKOHN pellleTKH
Y yropsi/j0ueHKe MINUHeJbHOM CTPYKTYPhI 3a cYeT H30MopdHOro 3aMeleHus uona Ni2* nonom Mg?* (Mg?* —
Ni*, 0,72 A — 0,69 A), He paspymaromero cTpyKTypy mnuHesu. B pa6ore [15] ycTaHOB/IEHO, YTO NPH BBEJEHHH
Mg (Ni0,96Mg0,04Fe,0,- §) NpOUCXOAUT yMeHblLIEHUE CPEJHET0 Pa3Mepa KPUCTAJUIUTOB Ha 4,2 HM Y ITapaMeTpa
sa4yeriku Ha 0,00081HM, o cpaBHEHUIO C UCXOAHBIMU 3HAYEHUSMU, @ TaKXKe YBEJIMUEHHUE Y eJIbHOU NJIOaAN
MOBEPXHOCTH U CKOPOCTH KaTaJUTHUIECKOHN peaKIUH 3a CYeT yBeJIMYeHHs YMC/Ia aKTUBHBIX [IeHTPOB Ha NT0OBepX-
HocTH deppuTa. B ciydae gonuposanus vonamu Nd**, B oriinaue ot Mg?*, Ha6.1101aeTcs yBesIMueHre napaMmeTpa
3J1IeMeHTapHO# AYeiiKH, 06yCI0BIeHHOe GOTbIIMM HOHHBIM paguycom Nd* (0,99 A) u ero 3ameleHreM KaTHOHOB
Fe®* B okTasapuueckux (B-) N03UIHAX LINHHENBHOMN CTPYKTYpbl. OZIHOBPEMEHHO yMEHbIIAETCs pa3Mep 3épPeH, 4TO
yKa3blBaeT Ha N0JlaB/ieHHe POCTa KPUCTA/JIUTOB U GopMUpOBaHHUe Gosiee fedeKTHON CTPYKTYPhl. YBeJudeHne
copeprxanus Nd3* conpoBoaeTcss pocTOM HaMarHUYEHHOCTH HACBIIEHHs ¥ YJIydlIeHUeM YIOPSA04eHHOCTH
KPHUCTaJUIMYECKOH pelieTKH, uTo gesaeT Nd>*-gonvpoBaHye nepcneKTUBHBIM CIOCO60M MOAMbUKAIMK CBONUCTE
HUKesleBbIX GeppUuTOB [16]. [Ipy 3TOM KOHLIEHTpal M BBOAUMBIX JONIAHTOB SIBJSETCS KJI0YEBbIM TapaMeTpPOM,
onpeJie/IIIOLINM CTelleHb Mo UKALMU CTPYKTYPhl U GYHKIMOHAJIBHBIX CBOMCTB peppuTa. Bpi6op KOHLIeHTpanuii
MgO u Nd,0; B unTepsase (0,05; 0,10 u 0,15) 06yc10BIeH HEO6XOJUMOCTbIO CTA6UIN3UPOBATh KPUCTANIUIECKYIO
peléTKY ¥ YBeJIMYUTDb YMCJI0 aKTUBHBIX [IEHTPOB 6e3 Cyl|eCTBeHHOr0 HapyllleHus $a30BOro cocTaBa LINUHEH,
YTO BaXKHO /ISl COXPaHEHUSI MarHUTHBIX U KaTaJIUTUYECKUX CBOMCTB MaTepHaJa.

Llesbt0 JAHHOI'O MCCJ/IeLOBAHUSA SIBJISETCSA U3yYeHHe BIUSAHUSA BBeJleHUS CTaOUIU3UPYIOIIHX JJONIaHTOB
MgO u Nd,03 B koHLeHTpanusx 0,05; 0,10 1 0,15 Ha CTpyKTypHbIe TapaMeTphl LinuHeau ¢epputa HuKess NiFe,0,,
orieHKa $a30BOT0 COCTaBaA U CTENEHU CTPYKTYPHOTO YIIOPSAA0YEHHUS, a TaKKe BbISIBJIEHHE B3aUMOCBA3U MEXy
KOHLleHTpauuel JonaHnToB ¥ $opMUpOBaHUeM NpUMecHbIX ¢pas. [losrydeHHbIe pe3yabTaThl I03BOJIAT ONTUMU3U-
pOBaTh COCTAB HAHOMATEPHaAJIOB /I/15 MOBBIIIEHUA UX GYHKIMOHAIbHbBIX CBOMCTB M IePCNeKTUBHOI0 IPUMeHeHUs
B CUCTEMaX OYMCTKU CTOYHBIX BO/J,

Martepuasibl 1 METOABI

B kauecTBe HCXOAHBIX MaTepPHUaJOB UCIO0JIb30Ba/IH CIeAylolie peareHThl: HUKeJb (1) a30THOKUCIBIN
mwectuBoAHbIA NINO,'6H,0 (1) FTOCT 4055-70; xeseso (1) asoTHOKHMCI0€ 9-BogHOE Fe(NO,),-9 H20 (4), TOCT
4111-74; numonnas kucnora C.H,0,*H,0 (4ga) 'OCT 3652-69; sTHIeHAMaMUHTEeTpayKCycHas kucaoTta (ITHA),
(Sigma-Aldrich); pactBop amMoHus (Sigma-Aldrich); okcug Maruus u okcuz, HeoguMma (Sigma-Aldrich).

Hanovactuupl NiFe,0, cMHTe3upOBa/IM 30J1b-TeJIb METOOM CaMOBO3ropaHust. Jljis1 3Toro crexuome-
TpU4ecKue KosnvecTBa HUTpaTa HUKesda Ni(NO,),-6H,0 u Hutpara xenesa Fe(NO,),-9H,0 6b111 pacTBOpeHbI B

JleMOHU3UPOBAHHOM BOJle U IIepeMelIrBa/li Ha MarHUTHOHM Melllasike Ipu TeMnepatype 60 °C B TeueHue 15 mu-
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HYT /10 06pa30oBaHUsl TOMOreHHOro pacTBopa (pactBop A). PacTBop, cogepxamuii 0.3 MoJib IHMOHHOM KHC/IOTHI,
MOCTENEHHO BBOAWJIM B PaCTBOP A P MOCTOSIHHOM IepeMelIMBaHuu (pacTBop B). 3aTeM no kanisam J06aBJIsIn
onpejieJleHHOE KOJIMYeCTBO KOHLEHTPUPOBAHHOr0 pacTBOpPa aMMHaKa 1o AoCcTUXKeHust 3HaueHus pH = 7. [locne
atoro B cuctemy BBoAuau 0.3 Mmosib 3/ITA, npegBaprTebHO paCTBOPEHHOHN B HEGOJIBIIOM 00 bEMe JeMOHU3UPO-
BaHHOMU BOJbl, aHAJOTM4YHO peryanpys pH pacTtBopoM aMMuaka. [losiydeHHbIN pacTBOp epeMelIMBa/Iv B Te4eEHUE
30 MUHYT AJig o6eclieyeHUs IOJTHON TOMOreHU3all U .

Ha cienytomem sTarne cCMHTe3a NpU IOCTOSIHHOM TepeMellNBaHU M [TOCTENEeHHO MOBBIILIAJN TEMIIEPATYPY
HarpeBa Jjo 100°C B TeyeHMe HECKOJIbKUX YaCOB, IOKa BA3KOCTD U IIBET pacTBOpPa He U3MeHUJIMCh. [lo Mepe ucna-
peHus BOJbl U3 CMeCH NOCTENeHHO 06pa3oBaJics rejib. [lepeMelinBaHue peKpallaid U TeMIepaTypy MeJIeHHO
noBsimany 7o 200 °C. B pesyabTaTe 06pa3oBaBIIUNACS reJib CAMONPOU3BOJIbHO BOCIJIAMEHSJICS U IPOropaJl B
TeYeHHe HECKOJIbKUX YacoB, 00pa3ys phIXJbIH nopouok. [loc/ie ox/axkaeHus 0 KOMHATHOM TeMIepaTyphbl 10-
JIy4eHHbIN 06pa3el TPUKbl IPOMbIBAJIU I€EHMOHU3UPOBAaHHOM BOJOU U BBICYLIMBAIM B HU3KOTEMIIEPATYPHOU
JlabopaTopHo# neyu npu 80 °C B TeueHUe 6 yacoB. [losrydyeHHbIN 06pa3el; akKypaTHO pacTHpau B araToBoH
CTYIKe [0 N0Jy4YeHHUs OJHOPOAHOI0 MeJKOAUCIIEPCHOTO NOPOILKA.

JlobaBieHue CTaOUIU3UPYIOLUX JONAHTOB OCYLEeCTBJISJIOCh HA 3TAlle MOJYYeHUs MOPOIIKa METOA0M
30JIb-TeJisl, TPeCTaBJISIONEero co60il HaHOpa3MepHbIe YaCTULbl CMECH KeJle30coepKaliux ¢as, BKIoyas
OCHOBHY10 Ky6u4eckyio ¢pasy NiFe,0, (PDF-00-054-0964) u BK/II0YeHHUA B BU/e YacTHll MarremuTa (y-Fe,0,)
(PDF-00-039-1346), popMupoBaHHe KOTOPBIX IPOUCXOAUT B CIydae MEPECHIEHUS CTPYKTYPbl KUCI0POA0M.
s atoro pepput NiFe,0, nepeTupasnu B araTOBOH CTyIKe C Jo6aB/IeHHEM HEGOJIBIIOT0 KOJIMYeCTBa CIUPTA B
MPHUCYTCTBUU COOTBETCTBYIOIINX OKCHU/IOB B MOJIbHBIX A0Jisix 0,05, 0,10 1 0,15 mo oTHOLIEHUIO K NiFe204. Breinos-
HUWJIYM TPU BapuaHTa MoAuUKALUU: OZHOKOMIIOHEHTHOE AJonrupoBaHue Mg0O, 0lHOKOMIIOHEHTHOE I0NTUPOBaHUE
Nd,O3 u coBMecTHOe fonupoBanue MgO + Nd,03, 4TO 03BOJIUJIO OL[EHUTH BJIUSHUE KOXKAO0T0 TUIA JOTAaHTa Ha
CTPYKTYpHbIe U pYHKIMOHA/bHbIE CBOMCTBA deppHUTa.

[Tocne fo6aBJieHUs CTAOUIU3UPYIOLUX JONAHTOB B COCTAaB HAHOKOMIIO3UTOB MOJIyYeHHbIE CMECH MO/ -
Beprajvcb TepMuueckoil o6paboTke npu temnepatype 1000 °C B mydenbHo#t neun Nabertherm LHT 04/18
(Nabertherm GmbH, JlunueHTtanb, [epMaHusi) B TeueHUe 5 4acoB, MOC/Ie Yero 06pa3iibl OCThIBAJIU BMECTE C IIEYbI0
Jl0 CTaINU JOCTXKEHUSI KOMHATHOU TeMnepaTypbl. Pa30BbIi COCTAB M KPUCTAIOXUMUYECKUE TApaMETPbl CHHTe-
3MpPOBAaHHBIX 06PA31I0B HCCIe0BaIM METOL0M PEHTIeHOBCKOM AU paKLMH € UCII0/Ib30BAHUEM PEHTIEHOBCKOTO
nudpakromerpa ECO D8 ADVANCED (Bruker, Kapsicpys, lepmanus).

Pe3ysibTaThl U 06CYXKAeHUA

Ha pucyHnke 1 npuBezieHbI pe3y/ibTaThl peHTTeH0(a30BOro aHaIM3a UCCIelyeMbIX 06pa3ioB GpeppuTa HU-
keJist NiFe,0,4, mosydyeHHbIX ¢ fo6aBeHHeM MgO B pa3/IMuHbIX KOHLEHTpaLUsX, B TabJvie 1 mpuBeeHbI JaHHbIE
CTPYKTYPHBIX MTapaMeTPOB BCEX YCTAHOBJIEHHBIX pa3 B cOCTaBe HAHOKOMIO3UTOB. OIpe/ie/ieHre BECOBBIX BKJIA/IOB
OCYILIECTBJISIJIOCH Iy TEM COIIOCTABJIEHUS IIOMAel NUPPAKLMOHHBIX pedIeKCOB [JIs KOK/[0H U3 YCTAaHOBJIEHHBIX
das c nocaenyoUMM ollpesie/ieHHeM UX BECOBBIX J0Jiel B 0611el miouaau AudpakTorpaMmsl. st yToOUHEHUs
¢$a3 ucnosib30BaJMCh KOPPYHAOBBIE YUCIIA.
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Bansuane gonmposannst MgO u Nd,O; Ha cTpyKTypHBIe xapakrepuctuku ¢peppura Hukeast NiFe,Oy

PucyHok 1. Pe3yabsTaTsl peHTreHoda3oBoro aHau3a NiFe,0, npu go6aBiaennu MgO
c koHneHTpanueu 0,05M; 0,10M; 0,15M.

06wt BuA fudpaKTorpaMm, NpUBeeHHbIX HAa PUCYHKe 1, CBU/IETEJIbCTBYET O Mpolieccax $pa30BbIX TPAHC-
¢dopmanuii, BbI3BaHHbIX KaK TEPMUYECKUM BO3/IeliCTBUEM (B CJIy4yae, KOT/Ia UCXO/HbIN 06pa3el HAHOKOMII03UTa
[0JiBEPTAETCS TEPMHUYECKOMY OTXKUTY), TaK U yBeJUYeHHeM KOHLEHTPaluH JJ0ONIaHTa B COCTaBe HAHOKOMII03UTOB,
Jlo6GaBJIeHHE KOTOPBIX NPHUBOJUT K U3MEHEHHUIO CTPYKTYPHBIX 0COOEHHOCTEH MoTy4aeMbIxX 06pa3noB. Judpak-
TorpaMmma UcxoZHoro o6pasua peppurta Hukess NiFe,0, xapakTepu3yeTcss HU3KOH UHTEHCHBHOCTBIO U CJ1a60M
BBIPYKEHHOCTDBIO JUPPAKIMOHHBIX IMKOB, YTO yKa3bIBAeT HA IPeUMYLIeCTBEHHO aMopdHOe UIH C1aboKpUCTA-
Jnnyeckoe coctosiHue. Habutogaemoe auddysHoe paccessHuE U OTAebHbIE ITUPOKHE pedieKChl CBU/IETETbCTBYIOT
06 OTCYyTCTBUH CPOPMUPOBAHHON KPUCTAINYECKON da3bl 10 TepMUuecKor 06paboTku. [locae oxkura npu 1000
°C Ha gudpaxkTorpaMmMe GOPMHUPYIOTCHA YETKO BbIpaKEHHbIE Y3KHe pedJieKChbl, COOTBETCTBYIOIINE OCHOBHOM Ky-
6udeckol mnuHesbHOH daze peppurta Hukens NiFe,0, (mpocTpaHcTBeHHas rpynna Fd-3m), 4To NOATBEPKAAET
3aBeplleHKe NPOLECCOB KPUCTANLIN3ALMU U pa3oobpaszoBaHus. Hapsay c 3TuM ¢pukcupyroTcs ciabble pedJieKcsl,
OTHOCAIMECH K BTOPUYHbIM ¢pasam rematuta (Fe,0.) n Broctuta (FeO), nosaBieHre KOTOPBIX CBA3aHO C $a30BbIMU
TpaHchOpMaLUSIMU OKCH/A XKeJle3a B pe3yJibTaTe TepMUUeckoil 06paboTku [17 - 18]. [Ipu aTOM o11eHKa BECOBBIX
BKJIQ/IOB JIJaHHbBIX BKJIIOYEHUH CBU/IETE/LCTBYET O TOM, YTO UX COZIEPKaHUe B CTPYKTYpe cocTaBJisieT He GoJsiee 10
Bec. % oT o61ero coctaBa. TakuM 06pa30oM, MOXKHO CZEJIATh BBIBOJ, O TOM, YTO TEPMHUYECKasd 06paboTKa CUHTe-
3MPOBAHHBIX C IPUMEHEHUEM METO/1a 30J1b-TeJisi HAHOKOMIIO3UTOB M03BOJISIET CTPYKTYPUPOBATh UX KPUCTAJLIHU-
YECKYI0 CTPYKTYPY, OIHAKO U30aBUTHCSI OT BCEX TPHMeECeH B COCTaBe IYyTEM TEPMUYECKOI0 OTXKHUTA He YAAEeTCs.

[Ipu f06GaBJIeHUU B COCTAaB HAHOKOMIIO3UTOB OKCH/IAa MarHUs ¢ KoHIleHTpanuei 0.05 M Bk/ItoYeHUH B
BU/ie ¢pa3bl BIOCTHUTA He HAOJIIO/IaeTCsl B COCTaBe KepaMUK, a BECOBOH BKJIa/, pa3bl reMaTHUTa Pe3KO CHUKAETCS U
coctaBJisieT MeHee 4 Bec. % (cM. Tabuuiy 1). [Ipu aToM Apyrux npuMecHbIx $pas B COCTaBe HAHOKOMIIO3UTOB He
yCTaHOBJIEHO. B ciyyae yBesmueHus KoHLeHTpauuu gomnaHta MgO g0 0.10 M B cocTaBe KepaMHUK HabJ/110/1aeTCs
dopmuposanue dpasbr Mg,Fe,0, c OpTOPOMOHUYECKUM THIIOM KpUCTaNLIMYeCKor cTpyKTyphl (PDF-01-083-6361).
®opMupoBaHUE AAHHOU (pa3bl NPOUCKXOAUT MyTeM KATUOHHOIO 3aMellleHHs] HUKeJisl MarHueM C NoC/eAyIoLUUM
BbITECHEHHEM BKJIIOUEHHUH B BU/ie HOBOM da3bl B cocTaBe da3bl LINUHe . BecoBoil BK1az $pa3bl reMaTHUTa TaKkKe
cHWXKaeTcs [0 2-3 Bec. %. [Ipu koHeHTpanuu gonanTta MgO, paBHo# 0.15 M, BecoBo# BkJ1az ¢pa3bl Mg,Fe, O, yBe-
JnuuBaetcs ¢ 4 10 9 Bec. %, Npy 3TOM HaGJII0IAeTCs 06lee YBeJUYEHUE CTPYKTYPHOTO YIIOPSIA0YEHUS B COCTaBe
HaHOKOMIIO3UTOB.
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Ta6smmna 1. Pe3ysibTaThl OLeHKH CTPYKTYpPHBIX napameTpoB NiFe,0, ronuposanHoro MgO.

®daza KoHueHTpauus gonanta, M
UcxomaHbIi 0.05 0.10 0.15
NiFe,0, a=8.3482 A, a=8.3613 A, a=8.3547 A, a=8.3564 A, V=583.51
V=581.80 A3 V=584.54 A3 V=583.17 A3 Az
Fe,0, - reMaTuT a=5.01432 A, a=5.0159 A, a=4.9824 A, a=4.9864 A, c=13.7016
c=13.7286 A, c=13.7016 A, c=13.6315 4, A, v=295.03 A®
V=298.91 A3 V=298.55 A3 V=293.06 A3
FeO - BrocTuT a=4.3302 A, - -
V=81.20 A3
Mg, Fe,0, - - a=2.8747 A, a=2.8804 A, b=9.6729
b=9.6614 4, A, c=12.5055 A,
c=12.4612 4, V=348.43 A3
V=346.10 A®

Ha pucyHke 2 nprBeJieHbl pe3y/IbTaThl OLleHKH peHTreHopa30Boro aHaM3a UcCIelyeMblX HAQHOKOMIIO3U-
TOB, MoguduuupoBanHbix Nd,O, ¢ pasjiMYHON KOHLEHTPalMeH, U3MEeHEeHHe KOTOPOH, COIJIaCHO 061el KapTuHe
NpUBeJIeHHbIX JUpaKTOrpaMM, IPUBOAUT K MHUIMAIM3AL MU [TpoLieccoB Gpa30oBbIX TpaHCHOPMALU, CBA3AHHBIX
C BbITECHEHHEM NPUMeCHBIX pa3 OKCU/Ja KeJle3a — reMaTUTa U BIOCTUTA, YTO yKa3bIBaeT Ha $a30BYI0 CTaOUIH-
3anuio cucteMsl. [Ipu yBesrmyeHnn koHueHTpanuu Nd, 03 Ha ArudpaKkTorpaMMax HOSIBISAIOTCS JONOJTHUTEbHbBIE
pedJieKchl, COOTBETCTBYIOLIME OpTOpoMbEryecKoi pase FeNdO, (PDF-00-025-1149).

Pe3ysibTaThbl OIleHKH H3MeHEeHUs1 CTPYKTYPHBIX IapaMeTpPOB B COCTaBe HAHOKOMIIO3UTOB NIpH j06aBJle-
nuu Nd, O, ¢ pasnMYHON KOHIlEeHTPalMet, TpUBeeHHbIe B TabJIHUIE 2, CBUIETENbCTBYIOT O TOM, YTO YBEIUYEHHE
KOHLeHTPALMHU I0IIaHTa IPUBOAUT K ycuJIeHHI0 3¢ deKTa KAaTHOHHOTO 3aMellleHHs], YTO B CBOIO oYepe/ib, TIOMUMO
yBeJIMYEeHHUS BECOBOTO BKJIajla HOBOM pasnl FeNdO, B cocTaBe KepaMuK, TaK)Ke IPUBOAUT K POCTY CTPYKTYPHBIX
napaMeTpoB OCHOBHOH ¢a3bl mmuHesnu NiFe,0,, n3MeHeHHe TapaMeTpOB KOTOPOH 06yC/IOBJIEHO Pa3InIveM B
HMOHHBIX paZiuycax IpA KATUOHHOM 3aMellleHUH HUKeJIsl HeOAUMOM. ITO IPUBOAUT K JIOKAJbHBIM UCKaKEHUAM
pelIéTKY U e€ pacliMPeHHI0, YTO COIJIaCyeTCsl C INTepaTyPHbIMU JaHHBIMU /1J151 peIKO3eMeJIbHOTO JONTUPOBaHUs
$eppuTOB co CTPYKTypoU mwnuHesu [19]. [Ipu 3TOM clielyeT OTMETHUTD, UYTO UCIOJIb30BaHKE B KAYECTBE CTaOUIU-
supytouei fo6asku Nd,O, ¢ pa3/iM4HON KOHLEHTpaLen O3BOJIAET MOJHOCTbIO YCTPAHUTh NIPUMeECHbBIE dasbl
OKCH/IOB KeJie3a BO BCEM MCCJIe[yeMOM Auala3oHe KOHLeHTPaL Ui, 4TO CBHU/IeTeJbCTBYeT O BbICOKOM 3pdeKTUB-
HOCTH JJaHHOTO JIOTIaHTa C TOYKY 3peHus $pa30Boi cTabuinzannu cucteMbl. O/HAKO NP YBEJUYEHUH KOHILEHTpa-
IIMH JIOTIAaHTa B COCTaBe MPoucxoauT Gpopmuposanue dpasbl FeNdO,, mosB/ieHre KOTOPOH MOXKET COCO6CTBOBATD
yBeJIMUEHUI0 YCTOMYMBOCTH HAHOKOMIIO3UTOB K BHEIIIHUM BO3/,eHCTBUSM 3a CueT 60J/iee BbICOKUX [TI0Ka3aTesel
YCTOMYMBOCTH NPHUMeCHOU a3k, a TaKKe HaMUIusl MexK(pa3HbIX I'PaHHUL, B COCTaBe HAHOKOMIIO3UTOB. Hannune
rpaHul, a TaKXe BbICOKasi XUMHUYecKas U TepMUyeckas ycroiuuBocTb pasbl FeNdO3; MoryT crioco6¢cTBOBaTh I10-
BBIILIEHHIO CTPYKTYPHOM CTaGMJIbHOCTH HAHOKOMIIO3UTOB M UX YCTOMYHMBOCTH K BHEILIHUM BO3/eUCTBUAM, UTO
SBJISIETCS MOTEHI[MaJbHO BaXKHBIM GaKTOPOM /IJ151 X MPAKTHYECKOT0 IPUMEHEHHUs.
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Bansuane gonmposannst MgO u Nd,O; Ha cTpyKTypHBIe xapakrepuctuku ¢peppura Hukeast NiFe,Oy

PucyHok 2. PesynbraThl peHTreHodpasosoro anaimsa NiFe,0, npu fo6asienun Nd,0,
c koHeHTpanuei 0,05M; 0,10M; 0,15M.

Ta6mmua 2. PesysibTaThl OLEHKM CTPYKTYpHbIX TapameTpos NiFe,0, fonuposanuoro Nd, 0,

daza KonnenTpanus gomnaHta, M
WcxopHbii 0.05 0.10 0.15
NiFe,0, a=8.3482 A, a=8.3287 A, a=8.3350 4, a=8.3434 A,
V=581.80 A3 V=577.73 A3 V=579.06 A3 V=580.80 A3
Fe,0, - reMaTut a=5.01432 A, - - -
c=13.7286 A,
V=298.91 A3
FeO - BIOCTUT a=4.3302 A, v=81.20 |- - -
A?,
FeNdO, - a=5.5882 4, a=5.5875 A, a=5.5732 4,
b=7.7616 A, b=7.7738 A, b=7.7433 4,
c=5.4369 A, c=5.4552 A, c=5.4412 A,
V=235.82 A3 V=236.95 A3 V=234.81 A3

Ha pucynke 3 npuBefieHbl pe3y/bTaThl peHTTeH0($a30BOro aHalM3a UCCIelyeMbIX HAHOKOMIIO3UTOB, CHH-
Te3UPOBAaHHbIX IPH COBMECTHOM BBeJleHUH ABYX JonaHToB MgO u Nd,03 B pa3nyHoi KoHLeHTpanuu. CorsiacHo
oneHKe $a30BbIX U3MEHEHUH TPOUCXOJUT BhITECHEHV E BK/IIOUEHUH B BU/Ie OKCUHBIX a3 - reMaTUTa U BIOCTHUTA
c yBesmyeHueM ¢pas sonanTa, ogHako ¢popmupyrorca dpasnbl FeNdO, u Mg,Fe,0,, npu coxpaHeHUH LINMUHEIbHOM
cTpykTypbl NiFe,04 Kak 0CHOBHOM ¢a3bl, YTO MOATBEPKAAETCSI HAGOPOM HHTEHCUBHBIX pedJIeKCOB U pe3y/bTaTaMu
YTOYHEHHUS CTPYKTYPHBIX TapaMeTpoB (Tab6J1. 3). OueHKa CTPYKTYPHBIX TapaMeTpoB, IpUBeleHHas B TabJvie 3,
CBU/JETEJIbCTBYET 0 ABYX 3¢ deKTax, IPOTeKaIIMX B HAHOKOMIIO3UTAX IPY U3MeHEeHUH KOHIIeHTpaluy JJ0NaHTOB
B cocTase. [lepBriil 3 PeKT cBsA3aH c npoueccaMyd KaTHOHHOTO 3aMelleHus], IPUBOASALIETO K POCTY IapaMeTpPOB
ocHoBHo#1 a3zl NiFe,0,, 06yc/10BIeHHOMY pa3JIH4KMAMHU B HOHHBIX pasuycax Mg?*, Nd**, Ni** u Fe®*. Bropoit apdpekr
CBSI3aH CO CTPYKTYPHBIM yNOpsiloueHeM BTOPUYHBIX (a3, 06pasyoLMxcs B Ipoliecce CHHTe3a [IPY U3MEeHEeHUH
KOHLEHTpaL MU LonaHTOB. C pOCTOM KOJIMYECTBA 0NaHTA CTENEeHb UX YIOPsIA04eHHOCTH BO3pacTaeT, YTO MPOsiB-
JISIETCS B U3MEHEHWH UHTEHCUBHOCTH, LIMPUHBI U NT0JI0XKEHHUS pedJieKcoB Ha AudpaKTorpaMMax. JTH IPUMeCHbIe

Cl)a3bl MOTYT OKa3bIBaTb BTOPUYHO€ BJIUAHUE HA 061L[y10 CTPYKTYpPy KOMIIO3UTAa, BO3,Z[€I>'ICTBYH Ha Hal'IpH)KéHHOE
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COCTOsIHUE HIMUHEJbHOU MaTPHIbl U CIOCOOCTBYS Iepepacipee/ieHuIo 1epeKToB.

Takum o6pa3oM, KoMOUHUpPOBaHHOe gonupoBaHue MgO u Nd,03 o6ecnedyrBaeT He TOJBKO $a30BYI0
cTabUIM3alMI0 HAHOKOMIIO3UTOB, HO U GOpMUPOBaHUe 60Jiee CTPYKTYPHO YCTORYMBOM MHOTOKOMITOHEHTHOH
cucteMbl. [losiydyeHHble JaHHbIE CBU/IETENbCTBYIOT O CTAOUJIBHOCTH IIMUHENbHON MaTPHUILbl TPU KOMGUHHUPO-
BaHHOM JIONUPOBAHUU U OTCYTCTBUM €€ JlerpaZiallii Bo BCEM HUCCJIe[yeEMOM Jiana3oHe KOHIeHTpaluid. JlaHHbIe
pe3y/bTaThl MOTYT GbITh UCII0JIb30BaHbl B KAYeCTBE OCHOBBI /IJIs1 JasibHEH el OMTUMHU3AIMH QYHKI[MOHAIbHbIX

CBOMCTB MaTepuasia U pacliupeHust 06JyacTel ero npakTUYeCKoro NpuMeHeHHsl.

PucyHok 3. PeaysibTaThl peHTreHogpasororo anaausa NiFe, 0, npu fo6asiennn MgO u Nd, O,
¢ KoHIleHTpauuei 0,05M; 0,10M; 0,15M.

Ta6smmua 3. PesysibTaThl OLEHKM CTPYKTYpHBIX TapameTpos NiFe,0, ronuposanHoro Mg0O u Nd,0..

®daza Kounentpauusa gonanrta, M
WcxoaHbIi 0.05 0.10 0.15
NiFe,0, a=8.3482 A, a=8.3463 A, a=8.3396 A, a=8.3429 A,
V=581.80 A3 V=581.41 A3 V=580.02 A3 V=580.71 A3
Fe, 0, - reMaTut a=5.01432 A, - - -
c=13.7286 4,
V=298.91 A3
FeO - BrocTUT a=4.3302 A, - - -
V=81.20 A3
FeNdoO, - a=5.5961 4, a=5.6006 A, a=5.5993 A,
b=7.7691 A, b=7.7829 A, b=7.7492 A,
c=5.4444 A, c=5.4198 4, c=5.4402 A,
V=236.71 A3 V=235.64 A3 V=236.05 A3
Mg, Fe,0, - a=2.8685 A, a=2.8702 A, a=2.8641 A,
b=9.7394 A, b=9.7069 A, b=9.6746 A,
c=12.5375 A, c=12.5558 4, c=12.5588 4,
V=350.27 A3 V=349.82 A3 V=347.98 A3
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Bansuane gonmposannst MgO u Nd,O; Ha cTpyKTypHBIe xapakrepuctuku ¢peppura Hukeast NiFe,Oy

3aki4eHue

B pa6oTe ucciefoBaHo BiausaHMe fjonrpoanus MgO n Nd,03; Ha ¢pa3oBbIi COCTaB U CTPYKTYPHBIE XapaKTe-
pucTtuku HuKeseoro ¢pepputa NiFe,0,, CMHTE3MPOBAaHHOTO METO/0M 30./1b-T'€JIb CAMOBO3IOPAHHSI C IOC/AeYIOLINM
omxkuroMm npu 1000 °C. PeHTreHoda3oBbIf aHAIM3 TOKa3aJl, YTO BBeJIEHHE JOMIAHTOB OKa3bIBaeT CyIleCTBEHHOE
BJIMSIHME Ha KaTHOHHOE paclpe/ieJieHHe U CTPYKTYPHOe YyIopsi/joyeHe OCHOBHOM MINHUHeNbHOH dasbl.

[TokasaHo, 4TO TepMUUecKast 06paboTKa obecieyrBaeT GpOPMUPOBAHUE OCHOBHOM IINUHENbHOU da3bl
NiFe,0,4, oAHaKO He MPUBOJAUT K [TOJIHOMY YCTPaHEHUIO IPUMECHBIX OKCUAHBIX da3 xkese3a. JlonupoBanue MgO
CHWXKaeT coZieprkaHre npuMecHbIX ¢pa3 Fe,03 u FeO, a npu koHnenTpanusx 0,10-0,15 M dopmupyeTcs HoBasi op-
TopoMbuueckas ¢asza Mg,Fe,05 c moBbIlLIEHHBIM CTPYKTYPHBIM ynopsgodyeHnueM. Beegenue Nd,03 o6ecrieurBaeT
yCTpaHeHUe npuMecei U HHUIMUpyeT ¢popmupoBanue pasbl FeNdO3, moBbImIaOIel TepMUUECKYI0 U XUMHYe-
CKYI0 CTabU/IbHOCTb MaTepuasa. CoBMmecTHoe gonupoBanue MgO u Nd,O3; NpUBOAUT K H3MEHEHUIO NapaMeTpOB
OCHOBHOH 1nuHesbHOU dasbl NiFe, 0,4, KOTOpOE CONPOBOXK/AAETCA HE3HAYUTENIbHBIM YMeHblLIIEHHEM NTapaMeTpa
aJleMeHTapHoM Ayeiiku ¢ 8.3482 A 10 8.3429 A 3a cuéT KaTHOHHOrO 3aMelleHNs U YlaleHUs IPUMeCHBIX $as, 4To
M0JIOKUTEJIbHO CKa3bIBAETCS HA CTPYKTYPHOH CTabU/IbHOCTH MaTepuaJa.

[Tony4yeHHble pe3yabTaThl IOATBEPXK/AIOT BO3MOXKHOCTb Ile/leHaNnpaB/eHHOr0 yIpaBjeHus $pa3oBbIM CO-
CTaBOM U CTPYKTYPHOH CTabUIbHOCTBIO HUKeJIeBOro pepprTa MyTEM NoA60pa THIA U KOHLEHTPALUU JI0TIaHTOB,
KOTOpbIe JieJIaloT AaHHble MaTepuaJ/ibl IepCleKTUBHBIMU /11 IPUMEHEHHU B Ipolleccax KaTajlu3a U aZicopoLu-
OHHOM OYMCTKH BOJHBIX CpeJ,.
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Bansuane gonmposannst MgO u Nd,O; Ha cTpyKTypHBIe xapakrepuctuku ¢peppura Hukeast NiFe,Oy

Angatna. Ocbl )XyMbICTA 30/1b—TeJIbJiK 63/iriHEH XaHY 9/liCiMEeH CUHTE3/le/ITeH INHUHEeAb KYPblJIbIM/bI
NiFe,0, HuKenb GeppUTiHiH KypbLIBIMABIK cunaTTaMmanapbiHa MgO xxaHe Nd,03 KocnasapblMeH A0NUpPJIEYAiH
acepi 3eptTengi. Cuntesgenren yurijsep 1000 °C TemnepaTypajZia TepMUSIIBIK 6HAEY/eH 6TKi3ini, oaH KeliH
oJ1apZblH QasasblK KypaMbl MEH KPUCTaIIbIK TOp NapaMeTpJepi peHTreHdasasblK Taajay 9iciMeH aHbIKTa /bl

MgO kocnaceinbiH 0,05-0,15 M koHIIeHTpanusIap apajablFbIHAA eHridinyi Fe, 03 xxone FeO Kocnianbik, dpa-
3aJIapblHbIH MeJIIepiHiH ToMeHeyiHe akeseTiHi, an 0,10-0,15 M KoHIleHTpalusIapbliHJa KYPbLIbIMABIK peTTenyi
YKOFaphI )KaHa 0pTOpoMOUsIbIK Mg,Fe,05 dazaceiHbIH Ty3i/yiMeH KaTap xKypeTiHi kepceTtinai. Nd,O0s-neH gonupJiey
TeMipAiH KOCabIK OKCU/TIK $pa3asapblHbIH TOJBIK 6AChLIYbIH KAMTAMacChI3 eTe/li )KoHe LIINMHHeIb MaTPUIIAChI-
HbIH TEPMUSJIBIK, 9Pl XUMUSJIBIK TYPAKTbLIBIFbIH apTThIpYFa biKnaj eTeTiH FeNdO3; ¢pasackiHbIH TYy3inyiHe bIKOAT
eteni. Mg0 xoHe Nd,03 KocniasapbiH GipJiecin eHri3y KaTHOH/BIK OPBIHOACY NMpoLiecTepi MeH aKayiapAblH KalTa
TapasnybiHa 6ainanbicThl NiFe,0,4 Heri3ri pa3aceiHbIH 3/1€eMEHTap YALIBIK TapaMeTpJiepiHiH e3repyiHe, COH1ai-aK
HaHOKOMIIO3UTTeP KypaMbIHAFbI KOCNA/bIK da3anapAblH KYPbLJIbIMAbIK PEeTTE/IYiHe ajlblll KeJeTiHi aHbIKTa/bl.

AJNbIHFaH HOTHKeJlep LINUHEb KYPbLIBIM/bI HUKeb GeppUTiHiH PpazasblK KypaMbIH XKoHe KYPbIIbIM/bIK,
TYPaKThUIBIFBIH MAaKCaTThI TYpAe 6acKapy MyMKIH/IriH pacTai/ibl, 6y oJ1apAblH, GYHKIUOHANIBIK KACUETTEePiH
OHTalIaHJbIPYFa XKoHe Cy OpTajapblH aCOPOLUSIIBIK Ta3aiay nNpoLecTepiHe KolJaHyFa aJfblIapTTap XKacaupl.

Ty¥iH ce3aep: HUKeb GEPPUTI, IITUHEb, 30JIb-TeJb dJiCl, JONUPJIeY, MarHUHM XK9He HEOAUM OKCU/TEDI,
peHTreHdasanbIK Taaay, KYpblJIbIM/bIK TYPAKThUIbIK,

A.S. Zagrebova'?, M.V. Zdorovets*

Engineering Profile Laboratory, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Laboratory of Solid State Physics, Institute of Nuclear Physics of the Agency of the Republic of Kazakhstan for
Atomic Energy, Almaty, Kazakhstan
(E-mail: *azagrebova@gmail.com, mzdorovets@gmail.com)

Effect of MgO and Nd,O; doping on the structural characteristics of nickel ferrite NiFe,0,

Abstract. In this work, the effect of MgO and Nd,03; doping on the structural characteristics of spinel-structured
nickel ferrite NiFe,0, synthesized by the sol-gel auto-combustion method was investigated. The synthesized samples
were subjected to thermal treatment at 1000 °C, after which their phase composition and crystal lattice parameters
were examined using X-ray diffraction analysis.

It was shown that the introduction of MgO in the concentration range of 0.05-0.15 M leads to a decrease
in the content of impurity phases Fe,03 and FeO and, at concentrations of 0.10-0.15 M, is accompanied by the
formation of a new orthorhombic Mg,Fe,05 phase characterized by enhanced structural ordering. Doping with
Nd,O3 ensures complete suppression of impurity iron oxide phases and initiates the formation of the FeNdO;
phase, which contributes to increased thermal and chemical stability of the spinel matrix. It was established that
the combined introduction of MgO and Nd,O3 results in changes in the unit cell parameters of the main NiFe,0,
phase due to cation substitution processes and defect redistribution, as well as structural ordering of impurity
phases within the nanocomposites.

The obtained results confirm the possibility of targeted control over the phase composition and structural
stability of spinel-structured nickel ferrite, creating prerequisites for optimizing its functional properties and
application in adsorption-based water purification processes.

Keywords: nickel ferrite, spinel, sol-gel method, doping, magnesium and neodymium oxides, X-ray diffraction
analysis, structural stability.
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Radiation Detection with Wide- and Ultrawide-Bandgap
Semiconductors: Detector Fundamentals and Performance
Benchmarks for 4H-SiC, GaN, and 3-Ga,03
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Abstract. Carbon nanowall (CNW) films were synthesized by capacitively
coupled plasma-enhanced chemical vapor deposition and evaluated as active layers
for resistive humidity sensing. SEM observations confirmed the formation of vertically
oriented CNW sheets, while Raman analysis showed typical defect-related and graphitic
carbon bands, confirming the formation of a petal-like carbon nanowall network. Hu-
midity-sensing performance was studied over a relative humidity range of 10-100%
at 27,50, and 75 °C. The fabricated sensors exhibited repeatable electrical responses
over short cycling tests and a clear temperature dependence. At 27 °C, the sensor
showed the highest sensitivity, reaching 2.27% at 100% RH, with response and recovery
times of 87 and 97 s, respectively. Increasing the operating temperature reduced the
sensitivity to 0.49% at 50 °C and 0.22% at 75 °C, which can be attributed to enhanced
desorption of water molecules from the CNW surface. Good short-term repeatability
was observed at 27 and 50 °C over five consecutive humidity cycles, whereas a gradual
signal drift appeared at 75 °C. The sensor response was approximately linear over the
investigated RH range at 27 °C, while increasing nonlinearity at higher humidity levels
was observed at elevated temperatures. These findings indicate that transferred CNW
films can be considered as simple and inexpensive platforms for humidity monitoring.

Keywords: carbon nanowalls, humidity sensors, CCP-PECVD, relative humidity,
resistive sensing.
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Introduction

Accurate control of relative humidity is important for environmental monitoring, food storage, agricultural
production, and industrial processes [1]. Humidity sensors operate by converting the interaction between water
vapor and a sensitive material into an electrical or optical signal [2]. In resistive devices, this interaction usually
changes the charge transport properties of the sensing layer. Conventional humidity sensors are commonly fabricated
using polymeric, oxide-based, or porous materials. Their response is usually governed by water adsorption, which
changes resistance, capacitance, or other electrical parameters [3,4]. For practical use, a humidity sensor should
combine sufficient sensitivity with stable operation, reproducible response, and acceptable response/recovery
times. To meet these performance requirements, sensors based on various nanomaterials have been proposed for
use as highly efficient humidity sensors [5]. Among these, sensors based on nanotubes and related carbon compos-
ites have attracted attention due to their low cost, high sensitivity over a wide range of relative humidity (RH), and
fast response or recovery times [6]. For decades, carbon nanomaterials have been investigated as ideal candidates
for humidity sensors. Graphene and related carbon nanomaterials are considered promising candidates for sensor
fabrication because of their high surface area, electrical conductivity, and adsorption-sensitive surface properties [7].

Carbon nanowalls represent a three-dimensional graphene-like architecture composed of vertically standing
nanosheets [8]. Such an open structure provides exposed edges and accessible surface sites, which may facilitate
the adsorption of water molecules and influence the resistance of the film.

This study investigates the potential of CNW films synthesized by the CCP-PECVD method as active layers
for resistive humidity sensing. The morphological and structural characteristics of the resulting CNW films were
investigated using scanning electron microscopy (SEM) and Raman spectroscopy. The humidity sensitivity of the
CNW-based sensor was studied over a wide range of relative humidity from 10% to 100% at various temperatures
(27 °C, 50 °C, and 75 °C). A maximum sensitivity of 2.27% was achieved at 100% relative humidity and a device
temperature of 27°C. The sensor showed good short-term repeatability at 27 and 50 °C over five consecutive hu-
midity cycles, whereas a gradual drift in the response was observed at 75 °C.

Experimental section

1. CNW synthesis

CNWs were grown using a CCP-PECVD system. Copper foil with a size of 2 x 2 cm?® was used as the growth
substrate. Before deposition, the Cu substrates were ultrasonically cleaned for 10 min in each solvent, including
deionized water, acetone, and ethanol, and then dried in air. After cleaning, the substrates were placed on the lower
grounded electrode equipped with a vacuum-flange heater containing a ceramic-coated NiCr filament (Thermic
Edge Ltd., United Kingdom). The electrode assembly was mounted inside a cylindrical vacuum chamber with a
water-cooling system, which ensured stable operation and chamber sealing at elevated temperatures. The upper
electrode, acting as the powered electrode, was connected to a 13.56 MHz radio-frequency (RF) power supply through
an automatic matching unit (CESAR 1310, China) [9]. The synthesis process consisted of several stages. First, CNW
nucleation was performed at a plasma power of 30 W for 10 min under an Ar flow of 25 sccm. Then, the treatment
was continued in an Ar/H, atmosphere with flow rates of 8 and 20 sccm, respectively. The main CNW growth step
was conducted at 35 W for 90 min using an Ar/CH, gas mixture with flow rates of 15 and 12 sccm, respectively,
together with an additional H, flow of 5 sccm. After the growth stage, the heater was turned off, and the chamber
was allowed to cool naturally under a constant Ar flow of 10 sccm. This cooling step was used to minimize thermal
stress, prevent oxidation, and preserve the morphology of the synthesized CNW films.

2. Humidity sensor fabrication

The humidity sensor was fabricated using a lift-off and transfer approach, as illustrated in Figure 1. CNW
films synthesized on copper foil were immersed in an aqueous ferric chloride (FeCls) solution prepared by dissolving
8.3 g of anhydrous FeCl; in 50 mL of deionized water, corresponding to an FeCl; concentration of approximately
1.02 M, in order to selectively etch the copper substrate. After complete dissolution of the copper foil, the remaining
CNW film was thoroughly rinsed with deionized water to remove residual FeCls. The freestanding CNW film was
then transferred onto a clean quartz substrate. Finally, silver paste was applied to the edges of the film to ensure
reliable electrical contact and to reduce contact resistance during electrical measurements.
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Figure 1. Schematic illustration of the fabrication process of the CNW-based humidity sensor.

3. Humidity-sensing measurements

Humidity measurements were performed in a closed test chamber equipped with temperature and humidity
control. The CNW/quartz sensor was connected to the Nextron-based electrical measurement system, and the cur-
rent signal was recorded at a constant bias of 0.5 V using a Keithley 2401 source meter. The operating temperature
was regulated by the MPS controller, while the relative humidity was adjusted using the HCS-2M humidity control
system. The sensing performance of the fabricated device was evaluated at RH values ranging from 10% to 100%
and at operating temperatures from room temperature (27 °C) to 75 °C. The selected temperature range provides a
systematic assessment of the sensor response under near-ambient and elevated-temperature conditions and facil-
itates evaluation of the role of thermally enhanced desorption in determining the overall sensing performance. To
evaluate device-to-device reproducibility, four independently fabricated CNW-based humidity sensors were tested
under identical experimental conditions. The reported sensitivity and resistance values represent the mean values
obtained from four devices (n = 4), and the error bars indicate the corresponding standard deviation.

4. Material characterization

The surface morphology of the transferred CNW films was examined by scanning electron microscopy
(SEM, Quanta 200i 3D (FEI Company, USA)). Raman spectroscopy (NT-MDT Solver Spectrum) was used to evaluate
the graphitic structure and defect-related features of the CNW films. The Raman spectra were recorded at a laser
excitation wavelength of 473 nm.

Results and discussion

Morphological and structural characterization

Figure 2(a) shows SEM images of the CNW films transferred onto quartz substrates. The SEM image shows
that the transferred film consists of densely distributed vertical carbon nanosheets. This confirms the preservation
of the CNW morphology after the wet-transfer process [10]. Such a morphology provides a large accessible surface
area and numerous exposed edge sites, both of which are beneficial for adsorption-based sensing applications.
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b)

Figure 2. SEM image of the CNW film (a). Raman spectra of the CNW film (b).

The Raman spectrum of the CNW film is presented in Figure 2(b). The Raman spectrum contains the typical
carbon-related D, G, D', 2D, and D+G bands. The presence of an intense D band indicates a considerable amount of
disorder and edge defects, while the G band confirms the graphitic sp? carbon framework [11]. The 2D and D+G
features further support the formation of graphene-like carbon sheets in the CNW film [12]. Overall, the Raman
results confirm the formation of a graphitic nanocarbon structure with a noticeable level of structural disorder,
which may enhance interaction with water molecules during humidity sensing.

The current-voltage (I-V) characteristics of the CNW-based humidity sensor are shown in Figure 3. Within
the voltage range under study (+0.5 V), the current-voltage relationship is linear, indicating the formation of ohmic
contacts between the silver conductive paste and the CNW film [13]. Analysis of the [-V curve shows that the on-re-
sistance of the CNW-based humidity sensor is approximately 2.2 kQ.

Figure 3. I-V characteristic of the CN\Ws humidity sensor.
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Response and Recovery Performance

a) b) c)

Figure 4. Dynamic response and recovery curves of the CNW-based humidity sensor at
50% RH measured at (a) 27 °C, (b) 50 °C, and (c) 75 °C.

The dynamic characteristics of the sensor were evaluated from its response and recovery behavior under
alternating dry and humid air conditions. Figure 4 presents the dynamic response of the CNW sensor at room tem-
perature, 50 °C, and 75 °C at 50% RH. In these experiments, the sensor was initially exposed to dry air for 5 min,
then to humid air at 50% RH for 5 min, and finally again to dry air for 5 min.

At room temperature, the response and recovery times were 87 and 97 s, respectively. When the operating
temperature was increased to 50 and 75 °C, the response time decreased to 36 and 37 s, respectively, while the
recovery time was 103 and 90 s. The shorter response time at elevated temperatures may be associated with faster
adsorption/desorption dynamics and faster equilibration of water molecules on the sensor surface. In contrast, the
recovery process remained relatively slow, which is typical for humidity sensors and is usually associated with the
time required for desorption of adsorbed water molecules [14].

Sensor Responses Repeatability

a) b) c)

Figure 5. Repeatability of the CNW-based humidity sensor during five cycles between 10%
and 90% RH at (a) 27 °C, (b) 50 °C, and (c) 75 °C.

The repeatability of the sensor response is shown in Figure 5. To verify the repeatability of the devices, the
resistance responses of the CNW sensors were measured at room temperature (27 °C), as well as at 50 °C and 75
°C, over 5 cycles while exposed to 10% and 90% humidity. At room temperature, 10% humidity was applied for 30
seconds at the start, followed by 90% humidity for 80 seconds. At 50 °C, 10% humidity was applied for 80 seconds
at the start, followed by 90% humidity for 80 seconds. At 75 °C, the duration of each humidity level was 100 seconds,
which was necessary to achieve signal stabilization. More time was required for stabilization.

The results obtained show that at 27 °C and 50 °C, the resistance response curves exhibit good repeatability
and stable cycling behavior over the five measured cycles. In the 75 °C graph, a gradual decrease in resistance level
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and a reduction in the severity of the cyclic response are observed. This may be due to the intensification of water
desorption processes [15].

Figure 6 shows the relationship between sensitivity and relative humidity (10-100%) at three different
temperatures (RT, 50 °C, and 75 °C). As can be seen from the graphs, the sensor’s sensitivity increases as relative
humidity rises. At room temperature, the sensor sensitivity shows an approximately linear dependence on relative
humidity over the investigated range. At 50 °C, the response remains close to linear up to about 90% RH, whereas at
75 °C, noticeable deviation from linearity appears above approximately 60% RH, indicating a stronger contribution
of thermally activated desorption at elevated temperature. At elevated temperatures, the enhanced competition
between adsorption and desorption becomes more pronounced, which may limit the accumulation of adsorbed
water molecules on the CNW surface at high relative humidity and consequently result in a deviation from the
linear sensitivity response[16].

a) b) c)

Figure 6. Sensitivity of the CNW-based humidity sensor as a function of relative humidity at
(@) 27 °C, (b) 50 °C, and (c) 75 °C.

The sensitivity (S) of the fabricated humidity sensors was calculated as the relative change in sensor resist-
ance when transitioning from dry air (R ) to humid air (R,,) using the equation (1) [17]:

(1)

The maximum sensitivity (2.27%) is achieved at room temperature, indicating that the adsorption mech-
anism plays a dominant role in the moisture detection process [18]. When the temperature is raised to 50°C, the
sensitivity decreases to 0.49%, and at 75°C, to 0.22%. This decrease in sensitivity at elevated temperatures may be
associated with an intensification of water molecule desorption processes.

Figure 7. Dynamic resistance response of the CNW-based humidity sensor at relative humidity levels from
10% to 100% RH at different operating temperatures (a). Dependence of sensor resistance on relative
humidity at different operating temperatures (b).
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Figure 7(a) presents the resistance behavior of the CNW-based sensor under different relative humidity
levels and operating temperatures. During the measurements, the sensor was exposed to each relative humidity
level for 80 seconds at a fixed temperature. After each humidity exposure step, the test chamber was purged with
dry air for 50 seconds to restore the baseline signal. At room temperature, only slight changes in resistance were
observed when the relative humidity was increased up to 30%. A more distinguishable response appeared when
the relative humidity reached 40%. With further increase in relative humidity, the resistance variation became more
pronounced. This trend can be explained by the increased adsorption of water molecules on the CNW surface at
higher humidity levels. As more water molecules interact with the sensing layer, the charge transport through the
CNW network is affected more strongly, resulting in an improved sensor response.

Figure 7(b) presents the variation of sensor resistance with relative humidity at different operating tem-
peratures. The solid curves correspond to the humidification stage, during which water molecules are adsorbed
on the CNW surface. At room temperature and 50 °C, the sensor resistance changes almost linearly as the relative
humidity increases. This indicates that, under these conditions, water adsorption on the CNW surface produces a
relatively uniform change in charge transport through the sensing layer. However, at 75 °C, the resistance-humidity
dependence deviates from linear behavior, especially at higher RH values. This nonlinearity can be attributed to
enhanced thermal desorption of water molecules and a shorter residence time of adsorbed species on the CNW
surface. As a result, thermally activated desorption increasingly competes with adsorption, limiting the surface
coverage of water molecules and producing a weaker and nonlinear resistance response.

Table 1. Comparison of humidity-sensing performance of carbon-based sensors reported in the
literature.

Materials Operating | Measure- Sensitivity Response Recovery References
tempera- ment range time (s) time (s)
ture
CNT@CPM RT 30-100% RH | 56.7-111.1% 10-40 10-40 [19]
PVA/graphene 60°C 10-80% RH | 66.4% 11 35 [20]
30°C 38.2% 22 50
rGO/PU RT 10-70% RH | 9% 3.5 7 [21]
SDC RT 0-90% RH 50% 0.14 1.7 [22]
GQDs prepared | 25°C 40-90% RH | N/A 15 55 [23]
from waste
CNWs RT 10-100% RH | 2.27% 87 97 This work

The performance characteristics of the CNW-based humidity sensor were compared with data obtained
by other researchers, as shown in Table 1. Compared with other carbon-based humidity sensors reported in the
literature, the CNW-based sensor developed in this work demonstrates a measurable humidity response, although
its sensitivity and response/recovery characteristics remain lower than those of several optimized carbon-based
humidity sensors. It should also be noted that humidity-sensing studies based specifically on carbon nanowall films
are still very limited. Therefore, the present work provides additional experimental data and contributes to a better
understanding of the potential of CNWs as active materials for humidity sensor applications.

Conclusion

A resistive humidity sensor based on transferred CNW films was fabricated and evaluated under different
RH and temperature conditions. The CNW film exhibited a petal-like morphology and Raman features consistent
with graphitic nanocarbon containing structural disorder. The fabricated sensor showed humidity-dependent elec-
trical response over the range of 10-100% RH. The highest sensitivity of 2.27% was obtained at 27 °C, whereas the
sensitivity decreased to 0.49% and 0.22% at 50 °C and 75 °C, respectively, which is consistent with an increasing
contribution of water desorption at elevated temperatures. The response time was 87 s at 27 °C and decreased to

/A.H. I'ymunaes atoiaarsl Eypasus yatTeik yausepcurteTinig XABAPIIBICHIL. \193( 1 56)/ 2026 195
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



B.N. Dembergenov, B.A. Kyrykbay, R.Ye. Zhumadilov, Ye. Yerlanuly, M.T. Gabdullin

36-37 s at higher temperatures, while the recovery time ranged from 90 to 103 s. Good short-term repeatability
was observed at 27 and 50 °C, whereas gradual drift became apparent at 75 °C during the five-cycle test. At 27 °C,
the response was close to linear over the studied RH range, while at higher temperatures, increasing nonlinearity
was observed at high RH. The obtained results show that CNW films can be used as simple conductive layers for
humidity detection, although further optimization is required to improve sensitivity and long-term stability.
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AnpaTna. KemipTekTi HaHOKa6bIpFaslapAaH TYPaThIH KaObIKIIAJap ChIMbIMABIIBIKTI 6ailJIaHbICKAH
IJIa3MasbIK-XUMUSIIBIK 0y $ha3acblHaH TYH/BIPY 9/liCiMeH CUHTE3/1elill, pe3UCTUBTI bLJIFAJIABLIBIK CEHCOPJIAPBIHBIH
6esicenzi KabaThl peTiHze 3epTTenai. CkaHepJieyli 31eKTPOHAbIK MUKPOCKOIIKS HOTHXKeJlepi TiriHeH 6aFbITTa/NFaH
KeMipTeKTi HAaHOKaObIpFa KabaTTapbIHbIH TY31/lreHiH KepceTTi. PaMaH crieKTpocKonusichl akaylapFa 6ailsiaHbICTbI
»KoHe IpadUTTIK KeMipTeKKe ToH KOJIaKTap/lbl aHBIKTAII, JKallbIpaKIlla Tapi3/li KeMipTeKTi HaHOKaObIpFaJiap
TOPBIHBIH, KaJIbINITAaCKaHbIH pacTazbl. bliuranapuiblKThl ce3y KacueTTepi 10-100% casblcThlpMalibl bUIFAIAbLIBIK,
apasbIFbIHAA, 27, 50 2x0He 75 °C TeMnepaTypasiapza 3epTTesi. JlailbIHAa FaH ceHCopJiap KbICKA IUKJIIiK ChIHAKTap
Ke3iH/e KalTa/laHaThIH 3JIEKTPJIIK XKayall KepCeTTi )KoHe TeMIlepaTypaFa alKbIH TayeaAitik 6aikangsl. 27 °C
TeMIlepaTypaZa CEHCOP €H OoFaphl ce3iMTanablK kepceTTi, 100% cayibICTblpMasbl bIIFAAABLIBIKTA 0J1 2,27%-
ra keTTi. XKayan Gepy >koHe KaJlllbIHA KeJy YaKbITTaphl coliKeciHle 87 xaHe 97 ceKyHAThI Kypa/bl. 2KyMbIc
TeMIlepaTypaChIHbIH )KOFapbLIaybl ce3iMTangbIKThIH 50 °C-Ta 0,49%-Fa xxaHe 75 °C-Ta 0,22%-Fa feiliH TeMeH/ieyiHe
akeszi, 6y KHK GeTiHeH cy MoJiekynaiapblHbIH J1eCOpOLUSAChIHbIH KYlleloiMeH TyCiHAipiayi MyMKiH. 27 xaHe 50
°C TeMnepaTypasap/ia bIIFaJI/bLIBIKTBIH 6eC [9HeKTi I[UKJIi Ke3iH/e *KaKChl KbICKA Mep3iM/1i KalTa/laHbIM/bLIbIK,
GaiiKanapel, an 75 °C-ta curHaabIH 6ipTiHAen Apeidi 6akiKanabl. 27 °C TeMnepaTypajia CEHCOP KayaObl 3epTTe/reH
CaJIbICTBIPMAaJIbl bUIFA/IIBLIBIK AHAa30HbIH/|A LIaMaMeH ChI3bIKTBIK CUIIATTa 60JI/bL, aJ1 3KOFaphbl TeMIepaTypaiapia
BUIFAJIIBIBIKTBIH, )KOFApbl MOH/Iepi allMaFbIH/1a 6€HUChI3BIKTHIKTBIH KYIIeli 6alKaaibl. AJIbBIHFaH HOTHXKEJIEP
TacbIMaJIZJaHFaH KeMipTeKTi HAHOKaGbIpFa KabbIKIIaapblH blIFA/I/IbLIBIKThI OaKblIayFa apHaJIFaH KapanaibiM
9pi ap3aH miaTdopma peTiH/e KoslJaHyFa 60J1aThIHbIH KepceTei.

Ty#iH ce3aep: KeMipTeKTi HaHOKa6bIpFaiap, blIFANAABIIBIK ceHcopaapbl, CCP-PECVD, canbicThipMasibl
bUIFAJI/IbIIBIK, PE3UCTUBTI CEHCOPUKA.
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CeHCOpHEBIe CBOMCTBA IIJIEHOK YIVIEPOAHBIX HAHOCTEHOK, CAHTe3HPOBAaHHBIX METOJL0M
CCP-PECVD, npu AeTeKTUPOBAaHUH BJIAXKHOCTH

AnHoTtanus. [1nénku yrnepoanbix HaHocTeH (YHC) 6b1/1M CHHTE3MPOBaHbI METO/0M I1JIa3MOXUMHUYECKOTO
ocaXk/ieHus 13 ra3oBoit ¢pasbl B EMKOCTHO-CBSI3aHHOM IJ1a3Me U UCC/Ie[0BaHbl B KaueCTBE aKTUBHBIX CJI0EB /11
PE3UCTUBHOTO JIeTEKTUPOBAHUSA BJAAKHOCTU. HabJr0/JeHUs C TOMOIbI0 CKAHUPYIOIIEeH 3/IeKTPOHHON MUKPOCKOTINH
noATBepAuIn GOPMHUPOBaHHE BEPTHKAJIbHO OpHEeHTUPOBaHHbIX JTUCTOB YHC, Torga kak PamaH-aHanu3 nokasasn
XapaKTepHble N0JI0ChI, CBsI3aHHbIe ¢ AedeKTaMu U TpadUTU3UPOBAHHBIM YIJIEPOZOM, YTO IOATBEPKJAET 06pa3oBaHUeE
JIeTIeCTKOIOA00HOM CeTH yIyIepoAHbIX HaHOCTeH. CeHCOpHBIe CBOMCTBA M0 OTHOIEHHIO K BJIAXKHOCTH U3YYaUCh
B ZiMana3oHe OTHOCHUTeIbHOU BJaaKHOCTH 10-100% npu Temneparypax 27, 50 u 75 °C. U3roToBJ/IeHHbIE CEHCOPBI
IPOEMOHCTPUPOBAJIM BOCIIPOU3BOJUMBIH 3JIEKTPUYECKU I OTK/IMK NIPU KPATKOBPEMEHHBIX IUKINYEeCKUX UCIbITAHUSX,
a TaKKe BbIpaXKEHHYI0 TEMIIEPATYPHYI0 3aBUCUMOCTb. [Ipu 27 °C ceHCcop noKa3a/l HAauBbICUIYIO YYBCTBUTENbHOCTb,
JocturaBuyto 2,27% npu 100% oTHOCUTEIbHON BJIQXKHOCTH, CO BpeMeHeM OTKJIMKa U BOCCTaHOBJIeHUd 87 1 97
C COOTBETCTBEHHO. [loBhIlIeHUE paboyel TeMIepaTypbl IPUBOAUIO K CHIXKEHUIO YyBCTBUTENbHOCTH 10 0,49%
mpu 50 °C 1 0,22% mpu 75 °C, 4TO MOXKHO O6BSICHUTD YCUJIEHHOU ZiecopOIrel MoJIeKyJ/I BOJbI ¢ moBepxHOoCcTH YHC.
Xopouiasi KpaTKOBpeEMeHHasi BOCIIPOU3BOAUMOCTb HabJ1oganack npu 27 u 50 °C B TeueHHe MATH N0C/Ie[0BATENbHbIX
LMKJIOB U3MEHEHUS BJIAXKHOCTH, TOTJa Kak npu 75 °C oTMeyvaJsicst nocTeneHHbIH fpeitd curHana. [Ipu 27 °C oTKIUK
ceHcopa ObLJI NPUBJIU3UTENBHO JIMHEUHBIM BO BCEM HCCJIeIOBAaHHOM JiMaNna30He OTHOCUTEIbHON BJIAXKHOCTH, TOT/A
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KaK [P NOBBIIIEHHBIX TEMIIEPATYPAX HAOIIOAI0Ch YCUJIeHHEe HEJTMHEHHOCTH B 06JIaCTH BBICOKUX 3HAYEeHUH
BJaXHOCTHU. [loslydyeHHbIe pe3yJIbTaThl NOKa3bIBAIOT, YTO epeHeCcéHHbIe MJIEHKU YIJIEPOAHbIX HAHOCTEH MOTYT
paccMaTpUBaThCS KaK IPOCTble U HEAO0POTrUe MmaaTGOPMbl AJ1sI MOHUTOPUHTA BJIAXKHOCTHU.

Kiio4yeBble c10Ba: yriiepoJHble HAHOCTEHBI, AaTYMKHU BaaxHOCTH, CCP-PECVD, oTHOCHTe/IbHAsA BJAAXKHOCTD,
pPEe3UCTHBHOE IeTeKTUPOBaHMUE.
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Phase composition and microstructural heterogeneity of ancient
ceramics from east Kazakhstan: raman spectroscopy, x-ray
microtomography and scanning electron microscopy
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Abstract. This study presents the results of a comprehensive investigation
of ceramic fragments from the Shagantogay archaeological site (Makanchi District,
Abay region, Republic of Kazakhstan) using modern combined analytical techniques:
Raman spectroscopy, X-ray microtomography, and scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDS). Raman spectroscopy revealed a
heterogeneous mineral composition of the ceramics, comprising quartz, anatase, feld-
spars, and carbonate phases. X-ray tomographic examination demonstrated significant
differences in the internal structure of the ceramic samples, ranging from dense and
homogeneous to highly porous with inclusions of organic origin. SEM-EDS data con-
firmed the variability of elemental composition, which correlates with the identified
mineral phases. Applying these techniques together allowed the ceramic material to
be studied at several levels — phase composition, internal structure, and elemental
distribution — with minimal impact on the artifacts. The data obtained describe the
composition of the clay matrix and the structural features of the Shagantogay archae-
ological site and may be useful for further comparative work on ceramic assemblages
in Eastern Kazakhstan.

Keywords: Ancient pottery; microstructure of ceramics; X-ray microtomog-
raphy; Scanning electron microscopy (SEM); Raman spectroscopy; Shagantogay
archaeological site.
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Humidity sensing properties of carbon nanowall films synthesized by CCP-PECVD

Introduction

The Shagantogay archaeological site is located 14 km northwest of the village of Karabulak in the Makanchi
District of the Abay Region of the Republic of Kazakhstan (at the foot of the Barlyk Mountains, in the Alakol Basin).
The site is a multilayered complex comprising various types of archaeological structures. A distinctive feature of
this site is its location within a sand dune massif characterized by high aeolian activity. Winds shift sand masses,
causing the site’s surface to deflate and accumulate. This leads to the periodic exposure of archaeological features
and cultural layers, followed by their subsequent re-covering with sand. As a result, the site’s modern microtopogra-
phy is significantly altered, making it difficult to determine the original positions of artifacts. Therefore, systematic
monitoring, regular photographic recording, and the use of high-precision spatial documentation methods are re-
quired. During the 2023 field season, the Tarbagatai Archaeological Expedition (led by R.S. Zhumatayev) conducted
reconnaissance work at this archaeological complex. During the survey, excavated material was collected, consisting
of fragments of ceramic artifacts dating back to various historical periods. A preliminary analysis of the ceramic
material recovered from the Shagantogay archaeological site suggests a high population density in this area. The
local population’s main economic activities included livestock breeding, agriculture, and fishing. Furthermore, the
typological and technological diversity of the ceramic assemblage indicates extensive trade, economic, and cultural
contacts between the site’s population and border regions. Structural features may provide much-needed data for
developing historical hypotheses about the methods and techniques of pottery production, clarifying ideas about
trade networks, and cultural interactions between different civilizations [1].

For structural studies, samples of ceramic material from the archaeological finds from Shagantogay were
selected and systematically examined using scanning electron microscopy (SEM), X-ray microtomography, and Raman
spectroscopy. SEM allows for high-resolution imaging of ceramic surfaces, revealing microstructural features, particle
morphology, and textural heterogeneities in the ceramic materials [2]. When combined with energy-dispersive X-ray
spectroscopy (EDS), SEM provides localized data on elemental composition, facilitating the identification of raw
materials, additives, and surface treatments. Furthermore, SEM analysis of grain boundaries and microstructural
features can provide important information on production methods and firing conditions [3].

X-ray microtomography allows visualization of internal cracks, layers, and other physical features inaccessible
using conventional techniques, making it particularly valuable for studying fragile objects that cannot be subjected
to destructive analysis [4-6]. This technique has become indispensable for assessing production methods and the
state of preservation of archaeological ceramics [7]. Raman spectroscopy offers unique possibilities for the chemical
characterization of ceramic materials. The method’s sensitivity to both crystalline and amorphous phases makes it
particularly useful for the study of ancient ceramic materials [8].

This paper presents a comprehensive quantitative correlation between phase composition, microstructural
porosity and elemental heterogeneity in Shagantogay ceramics using Raman spectroscopy, X-ray microtomography
and SEM-EDS.

Materials and methods

Sample Descriptions

For structural analysis, we selected six ceramic fragments from the Shagantogay complex. The ceramic
samples were designated S-1, S-2, S-3, S-4, S-5, and S-6 (Figure 1).
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Figure 1. The photos from two sides of the ceramic fragments. The scale bar is shown 2 cm.

Raman Spectroscopy

Raman spectroscopy was used for the preliminary characterization of the phase composition of the ceramic
samples. The measurements were carried out using a Confotec Duo confocal Raman spectrometer (SOL Instruments
GmbH, Augsburg, Germany) equipped with an optical microscope. Spectral excitation was provided by laser operating
at a wavelength of 532 nm. Raman spectra were acquired under confocal conditions using a x20 microscope objective.
Measurements were performed at several representative points on the surface of the investigated samples in the
spectral range of 50-2000 cm-1, with an acquisition time of 2-4 min per point. Phase identification was achieved
by comparing the obtained Raman features with reference spectra reported in the literature [9].

X-Ray microtomography

X-ray microtomography, performed on an IMAX (PRODIS Compact) system [10], was employed to investigate
the internal structure of the ceramic fragments. This technique enables the acquisition of three-dimensional images
of an object without causing its destruction, allowing for the detection of internal defects (voids, inclusions, and
cracks), the examination of fastener geometry, and the identification of pathways for the ingress of corrosion and
contaminants into the archaeological objects under study. The X-ray microtomograph operates with a maximum
spatial resolution of up to 1 um. For the analysis of the ceramic artifacts, the X-ray tube parameters were set to 70
kV and 50 pA. The dimensions of the reconstructed voxels were 80 x 60 x 60 pm3. Visualization, processing, and
quantitative analysis of the resulting three-dimensional data were performed using VGStudio MAX 2.2 software
(Volume Graphics).

Scanning electron microscopy (SEM).

Fragments of ceramic samples were examined using a TESCAN VEGA 3 scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) detector [11]. The SEM-EDS experiments were
conducted at the Laboratory of Radiation Biology, Joint Institute for Nuclear Research (JINR), Dubna, Russia. The
instrument enables elemental composition analysis by means of energy dispersive X-ray spectrometers capable
of detecting elements with atomic numbers of 5 and above, beginning with boron. The method allows elemental
analysis of the ceramic body, identifying such elements as aluminium (Al), silicon (Si), calcium (Ca), sodium (Na),
iron (Fe), magnesium (Mg), potassium (K), and others [12]. For SEM-EDS analysis, a small fragment was cut from
each ceramic sample to a diameter of 10 mm using a diamond saw. The technical parameters of the SEM-EDS system
are provided (Table 1).
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Table 1. Technical characteristics of the TESCAN VEGA 3 microscope during measurement

Name Spectrum
Processing time 5s
Accelerating voltage 15.00 kV
Working distance 15.0 mm
Take-off angle (degrees) 33.7°
Azimuth (degrees) 0.0°
Number of channels 2048
Energy range (keV) 20 keV
Energy per channel (eV) 10.0 eV
Detector ID 26
Detector type X-Act
Window type SATW
Sum peak correction Successfully completed
Primary detector serial number 75042
Dwell time 5us

Results and discussion

Raman spectroscopy

Raman spectroscopy enables characterisation of the mineral composition of inclusions on the surface of
ceramic material from the Shagantogay historical complex. Representative Raman spectra corresponding to differ-
ent mineral components identified in the ceramic samples under study (Figure 2). Comparative spectral analysis
allowed identification of the following mineral phases: quartz (Si0,), anatase (Ti0,), feldspars and minor components
including carbon, calcite, and hematite (Fe,0,) (Table 2). Quartz, detected in all samples examined, displays char-
acteristic peaks at 127, 205, 357 and 464 cm-1 [13]. Feldspars were identified by characteristic bands at 290, 478,
and 513 cm-1 in samples S-3, S-4, S-5, and S-6 [14]. The presence of anatase (TiO,) is confirmed by a well-defined
peak at 146 cm-1, with a notably stronger signal observed in samples S-1, S-2, S-3, and S-5.

Of particular interest is the detection of hematite (Fe,0,) in sample S-6, evidenced by characteristic bands
at 226, 295,412, 612, and 1322 cm-1 [15], indicating oxidising firing conditions for this ceramic fragment [16].
Carbon or soot phases identified in samples S-3, S-4, S-5 and S-6 are likely associated with the use of organic temper
materials - such as straw, plant stems, or grog — incorporated during ceramic manufacture [17,18]. These organic
additives are consumed during the firing of ceramic vessels.

The firing temperature of ceramic vessels can be estimated from the positions of the Raman D and G bands
of the carbon doublet at ~1340 and ~1570 cm-1, respectively, using the HD/HG intensity ratio [17]. Sample S-3
(HD/HG = 0.65) corresponds to a relatively low firing temperature (~700 °C), whereas samples S-5 and S-6 (HD/HG
~ 0.80-0.81) indicate intermediate firing temperatures (~800-850 °C). The highest ratio was recorded for sample
S-4 (HD/HG = 0.86), suggesting a firing temperature approaching 900 °C (Figure 3). It should be noted that the
detection of anatase in the majority of samples indicates a firing temperature below ~850 °C [19]. It can therefore
be inferred that the ceramic fragments under study were fired at moderate temperatures in the range of ~700-900
°C. However, the localised presence of anatase, hematite, or carbon phases may reflect minor variations in firing
conditions or ceramic manufacturing practices across individual vessels.
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Table 2. Distribution of mineral phases in ceramic samples based on Raman spectroscopy results.
The symbol “*” indicates reliable phase identification.

Sample Phase composition
Quartz Anatase Feldspar Carbon Calcite Hematite
S-1 * *
S-2 * *
S-3 * * * %
S_4 * * * *
S_S * * * *
S-6 * * * * *

Figure 2. Characteristic Raman spectra of mineral additives identified in the investigated ceramic frag-
ments. The positions of the Raman lines and the identified mineral components are presented.

Figure 3. An example of the analysis of the positions of the carbon HD/HG doublet in a Raman spectrum.
Estimation of the annealing temperatures of the investigated ceramic material—recovered from archaeo-
logical excavations at Shagantogay—based on the ratio of the HD/HG Raman peaks.
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X-ray microtomography

The X-ray microtomography experiment was performed under the following conditions: an X-ray tube voltage
of 70-80 kV, a current of 50 pA, an image pixel size of 35-45 um, and a voxel size after reconstruction of 35 x 35
um?. A 150 um-thick copper filter was used to suppress the low-energy component of the spectrum. Tomographic
data were acquired in the step-by-step sample rotation mode, with up to 900 projections recorded at an angular
step of 0.4°, averaging 5 frames per projection, and an exposure time of 100-400 ps.

The spatial distribution of internal pores and mineral inclusions in six archaeological ceramic samples from
the Shagantogay complex was investigated using X-ray tomography. Three-dimensional (3D) models of the studied
fragments, reconstructed from the tomography data (Figure 4).

The reconstructed tomographic data of the studied ceramics was used to segment the internal components
(Figure 4) [20]. The tomographic reconstruction of sample S-1 reveals a medium proportion of internal inclusions
(~11.25%, Table 3) and a moderately porous internal structure without large elongated voids, which indicates
relatively stable firing conditions. Sample S-2 demonstrates the highest proportion of internal inclusions among all
the studied ceramics samples, approximately 17.96%, which indicates an extremely heterogeneous internal struc-
ture (Table 3). The reconstructed data of sample S-3 revealed spiral voids and a large volume of internal pores, and
the calculated relative volume of inclusions reaches values of up to ~15.86%. The complex shape of the internal
voids in sample S-3 indicates the possible use of organic additives (leaners), such as chopped straw or grass, which
completely burn out during the firing of ceramic products. Organic and mineral impurities compensated for the
natural shrinkage of clay during drying and firing, which reduced the likelihood of deformation and cracking of the
products [21]. Tomographic reconstruction revealed a moderate volume fraction of internal inclusions (~9.50%),
dispersed pores and several internal cracks in the ceramic matrix. Compared to samples S-2 and S-3, the structure
of this sample appears relatively denser and less heterogeneous, indicating a comparatively higher firing intensity.
Sample S-5 demonstrates a relatively compact internal structure with a moderate volume fraction of internal inclu-
sions (~7.56%) and only slight development of large pores in tomographic sections (Figure 4, b).

The ceramic matrix appears relatively homogeneous, although it still contains small dispersed voids and
minor structural heterogeneities. On the other hand, ceramic sample S-6 is distinguished by a more homogeneous
structure and the lowest volume of inclusions - 6.52%.

The observed technological variability is consistent with previously described characteristics of the steppe
ceramic traditions of Eastern Kazakhstan [18,22], where moderate firing temperatures, heterogeneous mineral
inclusions and organic additives were widely used in small-scale ceramic production systems.

Table 3. Calculated data on the volume of components of the studied ceramic fragments from com-
puted tomography analysis.

Sample Total Volume, voxels Impurities Volume, Proportion of Impurities, %
voxels

S-1 205039 305 23070 464 11.25%

S-2 250416 949 44982776 17.96%

S-3 186 385988 29568613 15.86%

S-4 172203072 16 356 915 9.50%

S-5 304 843 484 23063917 7.56%

S-6 210874051 13740851 6.52%
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Figure 4. 3D models (a) created after tomographic reconstruction and several longitudinal slices (c) of
studied ceramic fragments. Rainbow coloring shows the degree of X-ray absorption from low (blue) to
high (red). The highlighted internal inclusions inside ceramic fragment volumes (b).

Scanning electron microscopy (SEM)

Scanning electron microscopy combined with energy-dispersive spectroscopy was used to study the mor-
phology, microstructure, and chemical composition of ceramic samples S-1, S-2, S-3, S-4, S-5, and S-6. The analysis
was performed at multiple surface points (from 16 to 55 measurements depending on the sample), which made it
possible to evaluate both the average values of the elemental composition and its spatial variability. The average
values of the percentage content of elements for all measured points (table 4). In all studied samples, the main
elements are oxygen (0), silicon (Si), and aluminum (Al), indicating the dominance of the aluminosilicate matrix
characteristic of clay materials. The content of these elements varies within relatively narrow limits, indicating the
overall stability of the basic composition and the homogeneity of the clay base.

Element mass fraction distribution diagrams for all studied samples (Figure 5). This type of visualization
allows for the simultaneous evaluation of median values, interquartile ranges, ranges of variation, and outliers re-
flecting extreme values. In almost all samples, the elements O, Si, and Al are characterized by narrow interquartile
ranges, stable median values, and minimal outliers. This confirms that they form the main matrix of the material.
In contrast, the elements Ca, Fe, and Ti exhibit a wide range of values, extensive variations, and numerous outliers.
This pattern indicates the presence of localized mineral inclusions that differ in composition from the main matrix.
Extreme values for individual elements are associated with the electron beam hitting individual mineral grains,
process additives, or impurities.
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Table 4. Average values of elemental composition (wt%) of ceramic samples according to SEM-EDS data

Element S-1(n=28) S-2 (n=48) S-3(n=16)

Average, wt.% +SD Average, wt.% +SD Average, wt.% +SD
0 58.97 4.92 55.02 6.50 56.23 6.18
Na 1.37 1.42 1.42 1.17 1.25 1.47
Mg 2.05 1.44 1.85 1.65 1.39 1.25
Al 6.89 1.99 8.93 3.47 8.35 391
Si 18.20 4.76 20.36 6.93 18.68 7.41
0.92 0.83 0.42 0.31 0.35 0.11

S 0.45 0.30 0.32 0.12 — —
K 191 1.24 2.26 1.25 2.29 1.14
Ca 5.64 5.49 3.86 7.86 2.87 4.63
Ti 0.30 0.09 1.70 6.74 3.22 7.50
Mn 0.43 0.10 1.04 0.03 1.14 0.73
Fe 3.53 1.92 5.61 7.36 7.11 9.41

Element S-4 (n=23) S-5 (n=54) S-6 (n=27)

Average, wt.% +SD Average, wt.% +SD Average, wt.% +SD
0 58.77 5.77 55.60 391 60.42 3.77
Na 0.64 0.26 242 2.44 1.31 1.86
Mg 1.67 0.59 1.10 0.49 1.33 0.44
Al 9.48 10.43 9.09 3.36 7.86 2.49
Si 16.32 7.09 23.29 6.26 20.31 3.99
3.16 571 0.26 0.08 2.10 2.45

S 0.38 0.13 0.45 0.17 — —
K 1.68 0.66 211 1.12 1.67 0.85
Ca 7.61 8.94 4.38 6.68 2.78 2.78
Ti 1.19 3.08 0.53 0.85 0.58 1.08
Mn 0.37 0.00 — — 0.44 0.00
Fe 3.85 5.06 2.89 1.78 3.17 2.40

Note: “—” means the element was not detected in this sample; SD means standard deviation.

In sample S-1, the base is an aluminosilicate matrix (O ~45-65%, Si ~10-23%, Al ~5-10%) with a stable
presence of Na, K, and Mg reflecting the admixture of feldspar material. A characteristic feature of the sample is the
variability of the Ca content: in most points 3-8%, but in some points it increases to ~15-22% in combination with
S ~0.5-1.2%, which indicates the presence of calcium sulfate phases (gypsum CaSO,*2H,0 or anhydrite CaSO0,),
associated with post-depositional alteration or with the use of lime lean agent. Iron (Fe) is present at a moderate
level (1-8%) without significant outliers. Sample S-2 is characterized by the most homogeneous aluminosilicate
composition among the studied samples: median values of Si (~21%) and Al (~9%) are stable, and the interquartile
range for the major elements is minimal.
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Figure 5. Scatter of elemental mass fractions (wt.%) in the investigated ceramic samples, based on SEM-
EDS data, presented as a boxplot. Outliers are indicated by open white circles. The inset panels illustrate
the distribution of elements with low concentrations (0-10 wt.%).

Anomalous elemental concentrations were recorded at isolated points in sample S-2. One spectrum showed
a high Fe content (~40%) accompanied by low Si and Al concentrations, which is consistent with the presence of an
Fe-rich oxide phase, possibly corresponding to magnetite (Fe,0,) or hematite (Fe,0,). Another spectrum showed a
high Ti content (~37%), with an elemental composition close to that expected for a TiO,-rich phase, possibly rutile.
The Fe- and Ti-rich inclusions are interpreted as accessory mineral components. The identification of hematite
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and anatase by Raman spectroscopy provides independent mineralogical evidence for the occurrence of Fe- and
Ti-bearing phases in the studied ceramics. The high Ca content (~37.46%) combined with elevated O (~50%) and
the absence of P and negligible S identifies this spectrum as a calcite (CaCO,) inclusion, most likely derived from
limestone temper or a calcareous clay raw material.

Sample S-3 contains individual microinclusions enriched in Fe and Ti (Figure 5). The most interesting
measurement is Spectrum 81 (Figure 6), with a high concentration of both elements in equal proportions: Ti ~
26%, Fe ~ 25%, while Si ~ 3% and Al ~ 1% are low. This elemental composition is consistent with an Fe-Ti-rich
oxide phase and is possibly compatible with ilmenite (FeTiO,). However, because SEM-EDS alone does not provide
definitive crystallographic phase identification, this assignment should be considered tentative. The next meas-
urement point (Figure 6), with a lower Ti content of ~11.4% and a high Fe content of ~31.3%, is consistent with
an Fe-rich oxide phase, possibly hematite (Fe,0,) with a minor Ti contribution (no Si). The presence of hematite is
independently supported by the Raman spectroscopy results for the studied ceramic assemblage. At one point in
ceramic sample S-4, the elemental composition is characterized by the dominance of aluminum (55.08%) with a high
oxygen content (43.21%) and minor amounts of silicon (1.40%) and calcium (0.30%). This elemental composition
is consistent with an Al-rich oxide phase, with a composition approaching Al,0,. The same sample also exhibits
localized calcium content maxima (up to ~35%), which correlate with the presence of carbonate or calcium silicate
phases. Furthermore, at individual points in samples S-4 and S-5, areas enriched in calcium and phosphorus (up
to ~15%) were identified, indicating the presence of microphases interpreted as calcium phosphate compounds
similar in composition to apatite.

Figure 6. SEM images for sample S-3. (CnekTp-Spectrum).

S-5 is also characterized by a pronounced multicomponent structure and a high degree of chemical het-
erogeneity. A distinctive feature of this sample is the presence of the rare earth elements La (~0.7-4.8%) and Ce
(~1.8-9.0%), the distribution of which is discrete and associated with individual mineral inclusions. Minor elements
with low relative concentrations: Na, K, Mg, P, Cr, Ni, and others. Of particular interest is sample S-6, which recorded
values of Cr = 14.6% and Ni = 7.8%, which may indicate the presence of rare minerals (e.g., spinels), or that these
minerals are part of the contaminants (Figure 5). Sample S-6 exhibits the highest degree of chemical heterogeneity of
all the samples studied. The matrix is also composed of an aluminosilicate (0 ~50-65%, Si ~15-30%, Al ~5-14%),
but the element distribution is characterized by extreme values. In particular, the Fe content varies from ~1% to
~60%, and Ti from a fraction of a percent to ~70%, indicating the presence of individual iron-bearing phases and
titanium-bearing minerals (Figure 5, S-6).

It should also be taken into account that local analytical effects (the influence of surface topography and the
electron beam interaction volume) are possible during SEM-EDS analysis, which can introduce certain uncertainties
in determining the concentrations of individual elements.
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As an example, the authors conducted EDS mapping of sample S-1 (Figure 7). The dominant elements O, Si,
and Al exhibit a relatively uniform distribution over the entire surface of the fragment, while Ca and Fe are concen-
trated in localized areas, indicating the heterogeneous nature of the inclusions.

Figure 7. Microphotographs of ceramic sample S-1. The multilayer map displays the distribution
of these elements, where color intensity corresponds to the mass fraction of the element in various
regions of the sample (Cnexktp-Spectrum).

A detailed analysis of eight selected points (Spectra 32-39, Table5) allows us to clarify the nature of this
heterogeneity. Six of the eight points (Spectra 32-34, 37-39) reflect the typical composition of an aluminosilicate
matrix: O ~55-59%, Si ~15-20%, Al ~7-8%, K ~2-3%, Fe ~4-7%, which corresponds to the clayey base of the
sample.

Table 5. Results of elemental analysis of sample S-1 from different selected points of the microscopic
image (Figure 7).

Element | 32 33 34 35
Wt.,% 0,% Wt., % 0,% Wt % 0,% Wt % 0,%
0 57.9 0.2 59.1 0.2 58.5 0.2 65.3 0.2
Na 0.3 0.1 0.7 0.1 0.8 0.1
Mg 6.6 0.1 1.9 0.1 1.7 0.1 0.8 0.0
Al 5.6 0.1 7.9 0.1 7.3 0.1 2.3 0.1
Si 16.3 0.1 19.1 0.1 19.5 0.1 6.1 0.1
P 0.3 0.0 0.9 0.0 0.2 0.0
0.2 0.0 0.3 0.0 0.2 0.0 0.9 0.0
K 1.4 0.1 2.2 0.1 2.3 0.1 0.7 0.0
Ca 4.1 0.1 3.4 0.1 4.3 0.1 22.3 0.2
Ti 0.3 0.1 0.3 0.1 0.3 0.1
Mn
Fe 7.2 0.2 49 0.2 4.2 0.1 1.5 0.1
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Element | 36 37 38 39

Wt.,% 0,% Wt., % 0,% Wt.,% 0,% Wt.,% 0,%
0 66.0 0.2 57.5 0.2 55.4 0.2 57.3 0.2
Na 0.3 0.1 0.9 0.1 1.1 0.1 08 0.1
Mg 0.9 0.1 2.1 0.1 2.1 0.1 1.6 0.1
Al 3.1 0.1 8.3 0.1 8.3 0.1 7.0 0.1
Si 7.9 0.1 19.2 0.1 19.5 0.1 15.4 0.1
P 0.2 0.0 0.4 0.0 1.3 0.1 3.2 0.1

1.1 0.0 0.3 0.0 0.3 0.0 0.3 0.0
K 0.8 0.1 2.7 0.1 34 0.1 2.0 0.1
Ca 17.8 0.1 3.1 0.1 3.7 0.1 7.8 0.1
Ti 0.4 0.1 0.3 0.1 0.4 0.1
Mn 0.3 0.1
Fe 1.9 0.1 4.8 0.2 4.5 0.2 4.2 0.2

High concentrations of calcium, especially at some points (Spectra 35, 36), as well as its weak correlation
with other elements (r < 0.3) according to the Pearson correlation coefficient (Table 6), may indicate the presence of
limestone mineral admixtures (gypsum or anhydrite). It is noteworthy that Ti is not detected in spectra 35 and 36,
whereas it is consistently present at levels of ~0.3-0.4 wt% in the other locations, further confirming the distinct
mineralogical nature of these regions. Phosphorus (P) is recorded at low concentrations (0.2-1.3%) at several lo-
cations, reaching a maximum in spectrum 39 (3.2%), which is consistent with the presence of dispersed phosphate
micro inclusions also found in other samples of the complex.

Table 6. A correlation matrix is presented showing the relationship between the chemical elements
of ceramic samples. Pearson correlation coefficient (r) values range from -1 to 1, with positive values indi-
cating a direct relationship and negative values indicating an inverse relationship.

Element ¢} Na Mg Al Si K Ca Ti Fe

0] 1.00 0.66 -0.89 -0.56 -0.64 | -0.98 0.72 0.80 -0.19
Na 0.66 1.00 -0.92 0.03 0.06 -0.72 0.04 0.96 0.48
Mg -0.89 -0.92 1.00 0.20 0.24 0.92 -0.34 -0.96 -0.25
Al -0.56 0.03 0.20 1.00 0.84 0.53 -0.94 -0.23 0.83
Si -0.64 0.06 0.24 0.84 1.00 0.52 -0.95 -0.15 0.86
Ti 0.80 0.96 -0.96 -0.23 -0.15 - - 1.00 -

The strongest positive correlation was demonstrated by Ti and Na (r = 0.96), which may indicate a similar
geochemical origin. Meanwhile, Si and Ca showed a strong negative correlation (r = -0.95), indicating possible dif-
ferences in phase composition.

Statistical analysis of elemental composition data

The obtained SEM-EDS data and their comprehensive analysis in combination with multivariate Principal
Component Analysis (PCA and k-means clustering) statistics allow for a detailed statistical analysis of the results
[23]. Before applying PCA, the data are often centered (mean subtracted) and normalized so that the features have
the same scale (mean 0, variance 1). Normalization:

(1)

where average value for each feature, o - standard deviation.
Principal component analysis (PCA) of SEM-EDS point spectra (n = 196) obtained from six ceramic fragments
(Figure 8) showed that the first (PC1, 24.5%) and second (PC2, 19.6%) principal components jointly explained
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44.1% of the total variance in the chemical composition. The remaining 55.9% of the variance is distributed among
higher-order principal components and reflects additional compositional variability that is not represented in
the two-dimensional PC1-PC2 projection. Therefore, the PC1-PC2 biplot is used primarily to visualize the major
compositional trends and the principal compositional groups, rather than to represent the complete variance of
the dataset. The interpretation of the compositional groups was additionally supported by k-means clustering (k
= 3). K-means clustering (k = 3; value optimized using the elbow method and silhouette coefficient) allowed us to
distinguish three distinct geochemical groups. Cluster 2, which covers the majority of the spectra, represents an
aluminosilicate clay matrix (Si-Al-K), characteristic of all samples and indicative of a single clay source. Cluster
1 reflects inclusions enriched in Ca and P, corresponding to carbonate and phosphate phases; Cluster 3, in turn,
corresponds to oxide minerals of Fe and Ti (ilmenite, iron oxides), present as accessory inclusions. The distribution
pattern of individual samples on the PCA biplot in particular, the overlap of samples S-1, S-2, and S-5 within Cluster
2 - indicates technological similarities in the selection of the source material; sample S-4, however, demonstrates a
more pronounced affinity with Cluster 1, which is consistent with the elevated Ca content recorded in the average
chemical composition data for this sample.

All ceramic samples (Table 7) share a similar aluminosilicate clay matrix (Cluster 2, 78-90% of the spectra),
which suggests the use of compositionally similar raw materials. However, the present SEM-EDS, Raman spectros-
copy, and micro-CT data are insufficient to conclusively establish a common clay source. The main clay matrix is
characterized by a stable positive correlation between Si and Al, confirming the preservation of the aluminosilicate
structure. Differences between the samples reflect varying proportions of secondary mineral inclusions: sample
S-4 has a higher content of carbonate and phosphate inclusions (Cluster 1: 17.4%), while samples S-3 and S-6 are
characterized by a higher proportion of Fe-Ti oxide grains (Cluster 3: 12.5% and 11.1%, respectively). No Fe-Ti
phases were detected in samples S-1 and S-4. The Fe-Ti-enriched cluster identified by PCA corresponds well to the
hematite and anatase phases detected by Raman spectroscopy, particularly in samples S-3 and S-6, indicating oxi-
dative annealing conditions and the presence of accessory iron and titanium minerals. Similarly, the Ca-P-enriched
cluster correlates with calcite-containing regions observed in Raman spectra and calcium-rich inclusions detected
by SEM-EDS, particularly in sample S-4.
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Figure 8. Principal Component Analysis (PCA) biplot of SEM-EDS point spectra (n = 196) from six archae-
ological ceramic fragments (S-1-S-6). Each marker represents a single EDS spectrum; marker shape
denotes the sample. Dashed ellipses represent 95% confidence regions of three compositional groups
identified by k-means clustering (k = 3): Cluster 1 - Ca, P-enriched spectra (carbonate and phosphate in-
clusions); Cluster 2 - Si, Al, K-dominant aluminosilicate matrix; Cluster 3 - Fe, Ti-enriched spectra (oxide
mineral inclusions). Cluster 1 - Ca, P-enriched spectra (carbonate and phosphate inclusions); Cluster 2 -
Si, Al, K-dominant aluminosilicate matrix; Cluster 3 - Fe, Ti-enriched spectra (oxide mineral inclusions).

Table 7. Distribution of SEM-EDS spectra across three k-means compositional clusters for each ce-
ramic sample (S-1, S-2, S-3, S-4, S-5, S-6), expressed as percentage of total spectra per sample.

Sample n total Cluster 1 (Ca, P) Cluster 2 (Si, Al, K) Cluster 3 (Fe, Ti)
S-1 28 14.3% (4) 85.7% (24) -
S-2 48 6.2% (3) 89.6% (43) 4.2% (2)
S-3 16 6.2% (1) 81.2% (13) 12.5% (2)
S-4 23 17.4% (4) 82.6% (19) -
S-5 54 13% (7) 79.6% (43) 7.4% (4)
S-6 27 11.1% (3) 77.8% (21) 11.1% (3)
Conclusion

This paper presents a comprehensive study of Shagantogay ceramics using Raman spectroscopy, X-ray mi-
crotomography, SEM-EDS elemental mapping, and multivariate statistical analysis to reconstruct ceramic production
technology in Eastern Kazakhstan. The analytical methods show good agreement. Raman spectroscopy identified
quartz, feldspar, anatase, hematite, calcite, and carbonaceous phases, while SEM-EDS confirmed Si-Al, Ti, Fe, and Ca
enrichment. Tomography revealed differences in porosity and internal structural heterogeneity. The preservation
of calcite in sample S-4 indicates firing below the CaCO, decomposition threshold, whereas hematite in sample S-6
suggests oxidizing conditions and higher firing intensity. Raman carbon band intensity ratios (HD/HG) indicate fir-
ing temperatures of approximately 700-900°C. Samples with higher carbonate or organic inclusion contents show
greater pore connectivity and heterogeneity, while denser aluminosilicate matrices correspond to the dominant
Si-Al-K PCA cluster. PCA and k-means clustering confirm that mineralogical differences are reflected in ceramic
composition. Overall, the results indicate that technological factors, including temper addition, homogenization, and
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temperature control, play an important role in determining the structural variability of the ceramics. The observed
similarity of the aluminosilicate matrices may suggest the use of compositionally similar raw materials; however,
the available data do not allow a definitive assessment of differences or similarities in clay provenance.
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MYMKiHAiK 6epfi. AnbiHFaH JiepekTep LllaraHToFall apXeoI0TUSI/IBIK eCKePKEePTKIlliHiH KepaMUKaChIHbIH, Ca3/bl
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$a30BbIid COCTAaB U MUKPOCTPYKTYPHasi HEOAHOPOAHOCTh JpeBHel KepaMHKH U3 BOCTOYHOTO
KaszaxcraHa: paMaHOBCKasi CHEKTPOCKOMNUS, PEHTTeHOBCKasi MUKpOoToMorpadus M CKaHUpyoLas
3JIEKTPOHHAs MUKPOCKOMUS

AHHoOTanms. /laHHOe Hcc/efloBaHMe NIPeACTaBJ/IseT pe3yIbTaThl KOMILJIEKCHOI'0 U3yyeHHusl pparMeHTOB
KEpaMUKHU C apxeoJioruieckoro namsTHuka lllarantorait (MakaHIIMHCKUHN palioH, obyacTb Abait, Pecniy6/rka
KazaxcTaH) ¢ ucro/ib30BaHUEM COBPEMEHHbIX HEpa3pylIaoIMX aHAJUTHYEeCKUX METO/I0B: paMaHOBCKOH
CIIEKTPOCKONHUHY, PEeHTIeHOBCKOH MUKpPOTOMOIrpadUuH M CKaHUPYOUlel 3J1eKTPOHHOW MUKPOCKONHUHU C
3HEeproAucIepCcCUoOHHON peHTreHOBCKOoU cnekTpockonueit (CIM-3/]C). PaMaHOBCKasi CHEKTPOCKOMHS BbIsIBUJIA
reTeporeHHbIM MUHePaTbHbIA COCTAB KePAaMHUKH, BKJIIOYAIHUM KBapL], aHATas3, 10JIeBbIe LINAaThl U KAp6OHATHBIE
¢asbl. PenTreHoToMorpaduyeckoe uccaeoBaHue NpoJeMOHCTPUPOBAJIO 3HAUUTEIbHbIE Pa3/IMYUs BO BHYTPEeHHEH
CTPYKType 00pa3Lj0B KepaMUKHU — OT IJIOTHOM U OJJHOPO/AHOH /10 BbICOKOIIOPHCTOM C BKJIIOUEHUSIMU OpPraHU4eCKOro
npoucxoxeHus. lanabie COM-3/IC noATBep UM BApUATUBHOCTb 3JIEMEHTHOI'0 COCTaBa, KOTOPasi KOPPeJIHUPYET C
BbISIBJIEHHbIMU MUHepalbHbIMU Qpa3aMu. [IppuMeHeHNe 3ITUX MeTO/I0B B KOMILIEKCe 103BOJIMJI0 U3YYUTh KepaMUyeCcKUH
MaTepHraJl Ha HeCKOJIbKUX YPOBHAX — Qa30Bblii COCTaB, BHyTPeHHEee CTPOeHMe U paclpesie/ieHHe 3JIeMeHTOB —
IpY MUHUMaJIbHOM BO3/ieHcTBUHY Ha apTedakThl. [lo1ydeHHbIe JaHHbIE ONMCBIBAIOT COCTAB [MIMHUCTON OCHOBBI U
CTPYKTYpHbIE 0COOEHHOCTH KepaMUKH apxeo/IorH4eckoro naMAaTHUKa lllaranTorast ¥ MOTr'yT ObITb [10JI€3HbI A5
JlaJibHel1Iell CPaBHUTE/NbHON paboThl C KepaMHUYeCKUMU KoMIlJlekcaMu BocTouHoro KasaxcraHa.
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Abstract. We investigate the motion of massive test particles close to the
equatorial plane of a weakly deformed gq-metric spacetime. Working to first order
in the dimensionless quadrupole parameter q, we derive the orbital angular velocity
and the vertical epicyclic frequency for equatorial circular orbits while keeping the
physical monopole mass fixed. The Schwarzschild limit is recovered at q = 0, whereas
a nonzero quadrupole removes the degeneracy between the vertical and azimuthal
frequencies already at 0(q).

A small phenomenological damping term is then introduced into the linearized
vertical equation to describe the gradual approach of a perturbed orbit toward the
equatorial plane. In the conservative case, the particle continues to oscillate about
this plane without any decrease in amplitude. With damping, the amplitude decays
exponentially. The quadrupolar deformation changes the vertical oscillation frequency
and, consequently, the number of cycles completed before a specified settling thresh-
old is reached. It does not, however, set the decay timescale, which follows from the
adopted damping prescription. Since the coordinate-time damping coefficient is kept
fixed in our numerical examples, the trajectories share the same exponential envelope
but oscillate at different frequencies.

The comparison with the exact g-metric also provides a direct check of the
first-order approximation. Over the sampled domain |q| < 0.1 and 6 < r/M < 20, the
relative error in the vertical frequency remains below 0.34%, while the corresponding
frequency ratio is reproduced to better than 0.10%. These results show explicitly how
the quadrupolar geometry modifies vertical orbital dynamics within a model in which
dissipative settling is introduced independently.

Keywords: g-metric; quadrupole deformation; circular geodesics; vertical
epicyclic frequency; dissipative settling.
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

Introduction

The Schwarzschild solution provides the standard reference geometry for a static spherical source. Owing
to spherical symmetry, all orbital planes are equivalent, and the vertical epicyclic frequency of a circular orbit coin-
cides with its azimuthal frequency. A static quadrupolar deformation breaks this degeneracy without introducing
frame dragging. It therefore provides a useful setting in which the effects of nonsphericity can be separated from
those associated with rotation.

The g-metric, also known as the Zipoy-Voorhees or y-metric, is an exact static and axisymmetric vacuum
solution [1, 2]. In the convention adopted here, g=0 gives the Schwarzschild spacetime, whereas g#0 introduces
a mass quadrupole together with a modified higher-multipole structure [3, 4]. Its singularity structure, geodesic
motion, and circular-orbit properties have been studied in several contexts [5-9].

Epicyclic frequencies characterize the response of a circular geodesic to small radial or vertical perturba-
tions. They also enter particle-based models of oscillations in accretion discs and slender tori [10-17]. Beyond the
test-particle description, deformations of the central source can modify both the equilibrium structure of surrounding
relativistic fluids and the properties of thin accretion discs [18, 19]. More general relations between the spacetime
geometry, its multipole moments, and the epicyclic frequencies are known for broad classes of axisymmetric space-
times [20-22]. Geodesic observables have also been expressed directly in terms of multipole moments in extended
theories of gravity [23].

Exact orbital and epicyclic frequencies in the y-metric, together with their expansions around the Schwarzschild
limit, have already been obtained in Ref. [24]. We therefore do not claim a new derivation of the complete ex-
act-frequency structure. The contribution of the present work is instead fourfold. First, the linear corrections are
reformulated at fixed physical monopole mass M, rather than at fixed metric parameter m, thereby separating the
quadrupolar deformation from a simultaneous change in the monopole scale. Second, the ratio ./ is used as a
dimensionless and scale-independent measure of the quadrupole-induced splitting between the vertical and az-
imuthal frequencies. Third, the O(q) expressions are compared directly with the exact q-metric results, allowing
the accuracy domain of the linear approximation to be quantified for |q|<0.1 and 6<r/M<20. Finally, the resulting
vertical frequency is incorporated into a minimal weak-damping model that separates the geometrical modification
of the oscillation phase from the dissipative timescale governing the decay of the amplitude.

We assume |g|<«1 and retain terms through first order in g. The line element is

ds? = (1-2)[1+ qin(1-2)| ar?

r

—r? [1 —qln (1 — sz)] sin?0dg?

2m 2m |, m? . 5
—[1+QZT1(1—T)—ZCIlTl(].—T-Fr—ZS'lTl 9)] (1)
dr?
X |—zm +12d6%| + 0(q*)
T
We use the signature (+ — — —) and geometrized units G=c=1. Setting q=0 removes all deformation terms

and recovers the Schwarzschild line element in standard spherical coordinates. Throughout the paper, physical
shifts are measured relative to this spherical baseline. The exact g-metric is employed only to assess the truncation
error of the O(q) approximation.

A stable vertical perturbation does not by itself produce irreversible settling. In a conservative spacetime, a
particle displaced from the equatorial plane continues to oscillate about it. A gradual decrease in inclination requires
an additional interaction, such as drag from surrounding matter or radiation. To keep this dissipative input separate
from the geometric restoring force, we introduce a weak linear damping term rather than specifying a microscopic
mechanism. The g-metric then determines the vertical oscillation frequency, while the adopted damping coefficient
sets the decay timescale. More detailed covariant descriptions of radiation forces and drag are available [25, 26],
but require additional assumptions about the surrounding medium, radiation field, and relative motion that are
outside the scope of the present local analysis.
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Research Methodology

Weakly deformed q-metric

First-order metric and multipole moments
We use the short notation

2
f@) =1-=2,H(r,0) = f(r) + T sin0 @
To first order in g, the nonzero metric components are
gie = fA+qlnf) )
gw=—%(1+qlnf—2qlnH) (4)
Joog = —1*(A1+qinf —2qInH) (5)
9pp = —T*sin?0(1 —qlnf) (6)

Every product is understood consistently through O(q). Thus, after an intermediate calculation, all terms
proportional to g or higher must be discarded.
For the standard g-metric convention used in Refs. [3, 4], the first two nonzero mass moments are:

3
Mo =m(1+q),M; =="-q(L + )2 +q) ()
Their linearized forms are:

M=M,=m(+q)+0(q?,M, :—§m3q+0(q2) (8)

Thus g controls the leading departure from spherical symmetry, although it also changes the monopole
mass if the metric parameter m is held fixed.

Some papers use §=1+q or an opposite sign for the deformation parameter. We keep the convention in Eq.
(7) throughout.

The approximation is not uniform arbitrarily close to r=2m. Although qmay be small, terms such as q In f
grow when f—0. A practical condition is therefore:

lginf (")l < 1,lglnH (r,0)] <K 1 (9)

All plots and numerical examples must be restricted to a radial interval where these inequalities are satisfied.
This limitation is more informative than the statement |q|<1 alone.

Schwarzschild limit and physical mass
Setting in Egs. (3)-(6) gives

ds? = fdt? — dTrz —12d0?% — r?sin0dp> (10)
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

which is the Schwarzschild line element with mass parameter m. This check is also useful for finding missing
angular factors or inconsistent signs.

There are two possible comparisons. The first keeps mfixed and varies q. It is algebraically simple and will
be used for the derivations below. In that comparison, however, the physical mass M=m(1+q) changes along with
the quadrupole. The second comparison keeps M fixed. Then:

- M _ _ 2
m=r-=M1-q+0(q) (11)
Substituting Eq. (11) into a result obtained at fixed mseparates the deformation from a simple change of
the monopole scale. Numerical comparisons will therefore be presented in terms of r/M and M(Q,.

Equatorial circular geodesics
Conserved quantities
The particle Lagrangian is:

2L = gwx”x" (12)

where a dot denotes differentiation with respect to proper time 7. For a massive particle, 2L=1. Stationarity
and axial symmetry give two constants of motion,

E=gut,L =~y (13)

Here E and L are the specific energy and specific azimuthal angular momentum. Consequently,

M R
9ee’ ¢ Yoo (14)
On the equatorial plane, .
2
4 m
0 =73 Heq(r) = (1 B 7) (15)

Reflection symmetry ensures that an orbit initially tangent to this plane remains in it. For a circular orbit
at r=r,, we additionally impose r’=r"=0.
On the equatorial plane we define the positive functions:

AG) = gt (1.5),€0) = =g,y (r2) (16)

Then the normalization condition becomes
AtZ—C(p2 =1 (17)

Angular velocity
The radial geodesic equation for a circular orbit gives

A t?—Crp*=0 (18)

The angular velocity measured with respect to the coordinate time is therefore

2
d A
02 = (_‘P) —Ar _ _ Gur (19)
dt Cr Goor 0=1/2
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The four-velocity and the constants of motion can be written without first expanding in :
¢ 1

RNy wrrr (20)
A
E= A-Cn? (21)
L =2 (22)
VA-cn?

These expressions also state the timelike-existence condition

A—C0R*>0 (23)
First-order quadrupole corrections
For the metric in Eq. (1),

A=f(l+qlnf),C=r*(1—qlnf) (24)

Substitution into Eq. (19), followed by a consistent first-order expansion, gives

> =2{1+q[1+2mf+ 2|} +0(g» (25)
Equivalently,
0 =\/%{1+%[1+2lnf+r_"21m]}+0(q2) (26)

The correction contains logarithmic and rational terms. Far from the source it vanishes only after the
physical mass normalization is handled consistently. Indeed, at fixed physical mass one must use Eq. (11) before

interpreting the large-r limit.
The energy and angular momentum can be expanded just as directly. With u=m/r, one obtains

_ 1-2u q _ u(1-u) 2
E= m{1+2[ln(1 2u) + (1_2u)(1_3u)]}+0(q) 27)
N fy La[iu o 2 (28)
L _.JT:§E{1-+2[1_3u In(1 2u)]}+—0(q )

Both expressions reduce to their Schwarzschild values when g=0. They are also consistent with the timelike
condition in Eq. (23); the circular orbit becomes null when its denominator approaches zero.
Equations (25)-(28) were written at fixed m. For the comparison at fixed physical mass M, Eq. (11) gives,

to the same order,
2 M M 2 _ 2M
0 _;ﬁ+qPMF+:ﬁB+om)F_1—T- 29)

The constant term present in Eq. (25) disappears. This is the expected result: at large distance the leading

Keplerian frequency is governed by the same physical monopole mass for all curves.

Vertical epicyclic motion
Linearized vertical equation
Consider a small displacement from an equatorial circular orbit,

77.'
r=15,0=2+n(),InlK1 (30)
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

At linear order we neglect coupling to a radial perturbation. This is the standard vertical epicyclic approx-
imation; it describes the initial response of a nearly equatorial orbit, not an arbitrary large-inclination trajectory.
The 0 Euler-Lagrange equation is

d ' 1 R (31)
= — = L —
= <9999) S Guv,exHx" =0
Reflection symmetry gives
guv,eln/Z =0
Expanding Eq. (31) to first order in gives
n+win=0 (32)
where the proper-time vertical frequency is
2 _ 1
Wy = ——\ Gt eet t 9y, 99<P (33)
To,7T/2

In the present metric g, is independent of 6, so only the azimuthal term contributes. Dividing by (u‘)? gives
the coordinate-time frequency:

02 = _ 99000 2 (34)
6 2900 To,7T/2
For Egs. (5) and (6),
Ipposl,, =2r*(1—qlinf) (35)
whereas
9606l /, = —r2[1+qinf —2qln Heq] (36)
It follows that
0% =0° [1 + 2q ln( )] + 0(q?) (37)
Using H€q=(1—m/r)2, the ratio becomes
1-
=1+4+2qln [(1 ;n/;) ] + 0(q?) (38)
Taking the positive root, 1
——1+qln[(1 ;n/;)]+0(q2) (39)

This compact expression is the main analytical result of the conservative part of the paper.
Combining Egs. (25) and (37) gives:

NG = {1 +q [1 +2InHeq +- ]} +0(q? (40)

At fixed physical mass, the corresponding expression is:

2
2 _ M ( _ M) 2 (41)
o5 =21+ qlam(1-4) + 2N+ o)
Vertical stability condition
The circular orbit is vertically stable when:
23(r0,q) > 0 (42)
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Within the first-order treatment this condition must be used together with Eq. (9). A formal sign change
obtained where the correction is as large as the zeroth-order term would lie outside the controlled perturbative
regime and should not be interpreted as a reliable instability boundary.

Forr>2m:

1- 2 2 43
(1-m/r)? _ L (43)

1-2m/r r(r-2m)

he logarithm in Eq. (39) is therefore positive. At fixed m and within the valid weak-deformation domain,
positive gincreases (0 /), while negative g decreases it. This statement concerns the ratio of frequencies and is not
affected by an overall rescaling of the mass.

Vertical stability is not the only requirement for a long-lived circular orbit. Radial stability must also be
checked. Since the present article focuses on vertical motion, we restrict the numerical examples to radii safely
outside the Schwarzschild marginally stable value and away from any perturbatively shifted radial boundary.

We therefore use r,=8M for the settling examples. The frequency curves begin at r=6M only to display the
radial trend; no claim about radial stability at every point of those curves is made here.

Quadrupole-induced frequency splitting
In Schwarzschild spacetime, spherical symmetry gives:

.Qg == .Q (4’4)

The q-deformation removes this degeneracy. Defining:

Ng—12
dg == (45)
we find:
_ (1-m/r)? 2 (46)
A@—qln[1 Zmr ]+O(q )
The related vertical-precession frequency may be defined as:
.va =0 -1y (47)
so that 0 (1—m/r)
““vp m/r 2
X0} —4 n[l 2m/r]+0(q ) (48)

There is no frame dragging in this static spacetime. The splitting in Eq. (48) is therefore caused by the
quadrupolar departure from spherical symmetry rather than by rotation.

In [M] _"™ . (m_3) (49)

1-2m/r T2 r3

At large radius,

and the relative splitting decays as gm?/r?. It is consequently a strong-field correction, although the first-or-
der metric must not be pushed too close to r=2m .

Validity of the first-order approximation

The Schwarzschild case g=0 remains the physical baseline for the frequency shift. The unexpanded q-metric
is introduced here only as an internal validation tool: it measures the error made by dropping 0(q?) and higher
terms without requiring an orbit integration.

For the exact g-metric, the equatorial components relevant here are

= f1+q; Cox = T.Zf—q (50)
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

Equation (19) then gives

2 m(1+q) 2 r—2m
'Qex - f q

r3 r—(24+q)m (51)
The exact vertical-to-orbital ratio is
2+
03 ex — [(1—"1/7”)2]61( e (52)
0Nz, 1-2m/r

Expanding Eqgs. (51) and (52) around g=0reproduces Egs. (25) and (38). The exact expressions will only be
used to estimate the truncation error,
(53)

ex(r,q ,X € {.(2,.(29 %}

) — |X0(q)_Xex
Xex

This comparison does not change the perturbative character of the model, it simply shows where the
first-order formulas remain accurate.

For the numerical error estimates, the physical monopole mass M is held fixed. Accordingly, the metric
parameter entering the exact g-metric expressions is set to m=M/(1+q). The exact orbital frequency is evaluated
from Eq. (51), while the exact vertical frequency is obtained by combining Egs. (51) and (52). The first-order values
are calculated from the fixed-M expressions derived above. The tabulated percentage error is

g
X € {”9'3}

Table 1 reports this quantity for q=+0.10 at r/M=6,8, and 10. All digits displayed in the table are obtained
from the unrounded frequency values; rounding is applied only to the final percentages.

Xowy — X
€™ (r,q) = 100 I%

ex

Dissipative settling

Phenomenological damping model

The geodesic equation (32) conserves the vertical oscillation amplitude. To model weak energy loss, we
introduce a linear damping coefficient in proper time,

n+2rn+win=0,I >0 (>4)

This equation is phenomenological. It represents the local linear response of an unspecified dilute medium
or weak collisional process.

The displacement 11 is dimensionless, whereas I" has the dimension of inverse proper time. In geometrized
units, it therefore has the dimension of inverse length or inverse mass, and I'M is dimensionless. The coefficient
I' measures the local fractional decay rate of the oscillation amplitude per unit proper time. It is introduced inde-
pendently of the vacuum g-metric and is not derived from a specific microscopic interaction. The model may rep-
resent the leading linear response of a dilute medium, weak collisions, or a sufficiently weak radiation-drag force.
It is not intended as a complete model of an accretion disc.

The damping term can also be written using coordinate time when the background circular orbit is fixed.
Since , with constant at the reference orbit, Eq. (54) becomes

dt2 + 2]/ dt +Q977 - 0,)/ Tyt

The coordinate-time coefficient y has the dimension of inverse coordinate time, so that yM is dimensionless.
Equation (55) also distinguishes two physically different comparison prescriptions. If T is held fixed, all configu-
rations have the same decay envelope in proper time, A (t)=A, e, while the corresponding coordinate-time rate
y=I'/u'(r,q) varies with the gravitational redshift and therefore generally depends on r and q. If y is held fixed instead,

all trajectories have the same coordinate-time envelope, A__(t)=A, e™, but the associated proper-time coefficient

env
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I'=u'(r,q)y is not identical for different values of q. The numerical trajectories presented below use the second pre-
scription because they are compared at the same orbital radius in the observer’s coordinate time.

Analytical solution
For weak damping,
0<T <wg (56)

Mathematically, >0 and y=0. Oscillatory settling requires the underdamped conditions I'<w, and, equiva-
lently, y<Q,. The weak-damping regime considered here is more restrictive, I'/w,«<1, or y/Q,«1. In the numerical
examples, yM=0.002, while M€, ~0.043-0.045, giving y/,~0.044-0.046. The adopted value therefore lies safely
within the underdamped regime and produces several oscillation cycles before the amplitude reaches the specified
settling threshold.

The proper-time solution is

T](T) = Aoe—rfcos(a)d’[ + 50),0)d = /wg -T2 (57)

(58)

In coordinate time,

n(t) = Age " cos(Qqt + 69), 24 = |0F —¥?

The Schwarzschild conservative limit is recovered by setting g=0 and I'=0. Setting only I'=0 gives persistent
g-dependent vertical oscillations.

For completeness, critical damping occurs at I'=w,, while I'>w, gives overdamped motion. Those regimes
are not the main focus here because the assumed physical situation is weak dissipation over several orbital cycles.

Settling diagnostics
The phrase “settling time” needs a specified threshold. We apply that threshold to the oscillation envelope,
not to an instantaneous equatorial crossing. Thus, the particle is considered settled when

Aeny (1) = Aoe_rr <7y, 0< Ny < Ay (59)
The proper settling time is then
1 A
Tset = 71N (ﬁ) (60)

For a constant [ this time has no explicit q dependence. The result follows from the chosen damping law: I'
fixes the decay envelope, whereas the geometry fixes the oscillation frequency inside that envelope.
The quadrupole affects the number of vertical cycles completed before the threshold is reached. In the

weak-damping limit, N~ OaTser _ @4 4o
set 2m 2nr - \ny (61)
It is also useful to measure settling in orbital periods,
0t 0 A
N, =~ set — 2 1, (_o) (62)
21 2wy ng
The ratio Nset . 26
Norp N (63)
directly carries the quadrupole correction in Eq. (39).
Another simple diagnostic is the linearized vertical energy,
1. 5,1 92 5 (64)
Eg =-n" +Zwpn
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

Equation (54) gives . )
d—f =-2I'n?<0 (65)

Thus w, (1,q) sets the restoring part of the motion, while I accounts for the irreversible loss of vertical energy.

Research Results

Numerical illustrations

Only a small set of plots is needed because the central results are analytical. We use the physical mass M as
the unit of length and time and take the symmetric weak-deformation sample

q € {—0.10,-0.05,0,0.05,0.10} (66)

over the interval 6 < r/M < 20. In this domain both logarithmic corrections in Eq. (9) remain small. The lower
boundary is not used as a claim about the perturbed ISCO, it only marks the beginning of the illustrative interval.
The damped trajectories below are evaluated at r,=8M , safely away from that boundary.

All numerical illustrations are obtained by direct evaluation of the analytical expressions; no numerical
integration of the geodesic or damped-oscillator equations is required. The physical monopole mass M is used as
the unit of length and time. In expressions that are already multiplied by q, m may consistently be replaced by M,
because the difference m-M=0(q) would contribute only at 0(q?). For comparisons with the exact g-metric, however,
we use the exact relation m=M/(1+q). Figures 1 and 2 are evaluated for q={-0.10,-0.05,0,0.05,0.10}, 6<r/M<20.

Figures 3 and 4 use the analytical solution (58) at r,=8M, with A0=0.05, 80=0, and yM=0.002, over 0<t/
M<1250. Figure 4 is constructed from the same trajectories using the analytically differentiated velocity dn/dt,
normalized by Q,(0)=£,(r,,q=0). The calculations and plotting were performed in Wolfram Mathematica using
machine-precision arithmetic.

The plotting routine used adaptive sampling of the closed analytical functions, with additional recursive
refinement in regions of appreciable curvature.

Figure 1 shows

Q¢

Z=1+qln[

a-m/r)? (67)
1-2m/r
as a function of r/M. It isolates the loss of spherical degeneracy without being dominated by the overall
Keplerian decrease of both frequencies.

Figure 1. Ratio as a function of for the weak-deformation sample in Eq. (66). The Schwarzschild curve is
the spherical baseline; positive and negative shift the ratio to opposite sides of unity.
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The second panel shows the normalized vertical-precession frequency £, /Q. We then compare 1(t) for
several values of qat fixed o= A0=0.05, 80=0, and yM=0.002. Here vy, rather than T, is deliberately heldfixed. All
trajectories therefore share the same coordinate-time envelope, while their accumulated phases differ. The final
panel shows the corresponding phase portrait.

Figure 2. Normalized vertical-precession frequency Q_vp/Q=(Q-Q,)/Q.
The splitting vanishes for q=0 and approaches zero at large radius.

Figure 3. Damped vertical displacement at r,=8M for yM=0.002, A =0.05,
and § =0. Holding y fixed gives the same exponential envelope for every g,
the deformation changes the phase accumulated inside that envelope.
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Vertical epicyclic stability and dissipative settling in a weakly deformed gq-metric spacetime

Figure 4. Phase portrait for the trajectories in Fig. 3. The vertical velocity is normalized by
Q,©=Q, (r,q=0) . The inward spirals show the loss of vertical energy in the
phenomenological damping model.

Table 1 compares the first-order and exact formulas at the ends of the chosen deformation interval. The
largest error in £, is about 0.33% and occurs for g=-0.1 at r=6M. The ratio /€, which is the main frequency diag-
nostic, is more accurate and differs from the exact value by less than 0.10% in the same sample.

Table 1. Relative error of the first-order expressions with respect to the exact q-metric at fixed
physical mass . Errors are given in percent.

q r/M €0, €Eng/n
-0.10 6 0.332 0.095
-0.10 8 0.247 0.044
-0.10 10 0.193 0.025
0.10 0.284 0.067
0.10 0.208 0.032
0.10 10 0.162 0.019

For the fixed-vy illustration, the envelope reaches nf:0.00S att_=1151.29M. This time is common to all
curves because their coordinate-time decay law is the same. The number of vertical cycles is not: it decreases from
8.237 at g=-0.10 to 7.939 at q = 0.10. This small difference is the accumulated effect of the quadrupole-induced
frequency shift.

Table 2. Frequency and settling diagnostics at r =8M for yM=0.002, 4 =0.05, and 1~=0.005.

q MQ MQ, N,
-0.10 0.045088 0.044999 8.237
-0.05 0.044643 0.044598 8.164
0 0.044194 0.044194 8.090
0.05 0.043740 0.043786 8.015
0.10 0.043282 0.043375 7.939
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Discussion and conclusions

We have examined vertical motion near equatorial circular orbits in the g-metric, working to first order
in the deformation parameter. The spherical case q=0 serves as the physical reference throughout, while the exact
g-metric is used to assess the accuracy of the linear approximation. The main conservative result is Eq. (39), which
describes the 0(q) splitting between the vertical epicyclic and orbital frequencies at fixed physical monopole mass.

With the convention adopted here, the sign of the shift is determined by the logarithmic term in Eq. (39).
This term is positive for r > 2Zm , so that positive q increases (2 /, while negative q decreases it. In the far-field
limit, the splitting falls off as gm?/r? and becomes small. The first-order expansion is not reliable arbitrarily close to
r = 2m, however, because the logarithmic corrections cease to be perturbative there.

A stable vertical perturbation remains oscillatory in the conservative system; the quadrupolar geometry
alone does not cause the orbit to settle onto the equatorial plane. Irreversible decay appears only after the phe-
nomenological damping term is added. For a constant proper-time damping coefficient, the amplitude decays at
the corresponding proper-time rate. In the numerical examples, we instead hold the coordinate-time coefficient y
fixed. The resulting trajectories therefore have the same coordinate-time decay envelope, although their oscillation
frequencies differ.

The deformation consequently changes the phase accumulation and the number of vertical cycles complet-
ed before a prescribed near-equatorial threshold is reached. It does not alter the imposed exponential envelope at
fixed y. This distinction is important: the g-metric supplies the restoring frequency, whereas dissipation enters as
a separate physical assumption.

The analysis is deliberately local and has several limitations. The damping law is phenomenological, radial
motion is frozen at linear order, and the exterior g-metric is not matched to a particular material source. The model
therefore does not describe the formation of an accretion disc or a self-gravitating ring. In a more realistic setting, the
drag coefficient would depend on the properties of the surrounding medium and on the particle’s relative velocity.
Allowing simultaneous radial drift would also make the vertical frequency evolve along the trajectory, changing
both the decay history and the accumulated phase.

A medium-specific drag law would generally replace the constant coefficient by a function such asI'=I'(,q,p,v,,...),
where p and vrel characterize the local medium and the particle’s motion relative to it. The decay envelope would
then be determined by A_ (1)=A, e'®@%, and the settling condition would become J; I'(X)dr = In(4a/1y). Consequently,
the settling time could acquire an additional dependence on q through the gravitational redshift, the orbital velocity,
the properties of the surrounding medium, or a simultaneous radial drift. Such model-dependent effects are inten-
tionally excluded from the present minimal treatment, in which the geometrical frequency shift is isolated from the
independently prescribed damping rate.

General curvature-based relations for epicyclic frequencies are already known [20, 21], and exact frequency
expressions for the y-metric have been reported previously. The present calculation adds a fixed-physical-mass
form of the weak-deformation frequency shift, identifies ,/Q as a scale-independent measure of the splitting, and
tests the accuracy of the O(q)approximation directly against the exact g-metric. It also shows how this conservative
shift enters the settling diagnostics of Egs. (61)-(63). At the points sampled in Table 1, the differences between the
linear and exact results remain within the reported bounds.

These first-order expressions provide a useful reference for weakly deformed g-metric configurations.
A natural extension would be to replace the constant damping coefficient by a drag law derived from a specified
matter or radiation environment and to evolve the radial and vertical motions simultaneously.
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9JICi3 AedpopMalUs/IaHFaH -MeTPHKa KEHiCTiK-yaKbIThIHAAFbl BEpTUKAJIb 3MUIMKIAIK
OPHBIKTBLIBIK, )K9HEe JUCCUIIATUBTIK OPHBIFY

Anjparna. bi3 aJici3 fepopmanusianFaH q-MeTpUKa KeHiCTiK-yaKbIThIHBIH 3KBATOPJIBIK, )Ka3bIKThIFbIHA
»KaKbIH allMaKTa¥Fbl Maccasibl CbIHAK OeJILIeKTePiHiH KO3FaIbIChIH 3epTTeNMi3. OJi1eMci3 KBaJpynoJib apaMeTpi
6oMbIHILIA GipiHILI PeTTIK XKybIKTayZa )KYMbIC iCTEN OTBIPbIN XoHe GU3UKaIbIK MOHONOJIb/AIK MacCaHbl TYPAKThI
caKTal OTBIPBII, 3KBATOPJIBIK [IeH6ePJIiK opOUTaIap YIIiH OpOUTAJIBIK 6YPHIITHIK KbLIJaMbIK [TIeH BEPTHKAJb
SMULUKILIK XKUIIIKTI KOPBITHII WIbIFapaMbl3. Ke3iHge llIBapuniab weri KajanblHa Kesefi, ajl HeJl[eH e3relie
KBa/IpyIoJib BEPTUKaJb XK9HEe a3UMYTThIK KUIJIIKTep apacblHAAFbl leTeHepaldsHbl JleHreHiHiH 63iH/e X0 /bl.
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KoHcepBaTHBTIK aFan/ja 66JIIIeK 0ChI )Ka3bIKTBIKThIH MaHbIH/Ia AMIJIUTY/AChl KeMiMel Tep6esTyiH KalFacThIpajbl.
JeMndupsiey 60FaH Ke3/je aMIJIMTY/Ia IKCIOHEHIMANIbI TYpAe KeMui. KBaapynosb/ik fedopManys BepTHKaIb
TepO6eJlic XKUIJIITiH 2KoHe COHBIH, ca/llapblHAaH 6episireH OpHBIFY lIeriHe XKeTKeHTe AeliH OpbIHAAMATbIH UKIIAED
CaHbBIH e3repTe/i. Asaii/ia 0J1 COHY/IiH YaKbIT MaclITaObIH aHbIKTAMaW/Ibl, M TKEeHi OYJ MaciTab KaOblIJaHFaH
JeMroupJiey TaCIiHeH TybIHAAUABL. Bi3aiH caHbIK MblcasJapbIMbI3/la KOOPAUHATAJBIK YaKbIT 6OUBIHIIA
Jemndupiaey Ko3poUUeHTi TYpaKThl CaKTaJFaHAbIKTaH, TPAeKTOPUIAP/bIH 3KCIIOHEHI[UAJIIbIK, OpayIIbIChI
6ipzel, 6ipak osapAblH Tepbeic )uinikTepi apTypJi 601351

Ja1 q-MeTpHUKaMeH casbICThIPY GipiHLII PETTIiK XKybIKTay/ibl TiKeJIel TeKcepyTe /e MyMKiH/IiK Gepei.
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AHHOTanus. B 1aHHO# pa6oTe uccieyeTcs JBUXKEHHE MACCUBHBIX POOGHBIX YACTHI] BOJIM3U 9KBATOPUAILHON
MJIOCKOCTH IPOCTPAHCTBA-BpeMeHH cJ1a6o epopMUPOBAHHON (-MeTPUKH. B npubImxeHUn mepBoTo NopsiZiKa no
6e3pa3MepHOMY KBapyIOJbHOMY TapaMeTpy , IPU COXpaHeHUH GUKCUPOBAHHON GHU3NYeCKON MOHOMOJIBHOM MacChl,
BBIBOZSITCS OpOUTA/IbHASA YIVIOBAsi CKOPOCTh M BepTUKaJIbHAs AMUIMKJINYeCcKas 4acTOTa /Il 3KBaTOPHUa/IbHbBIX
KpyroBbIX op6uUT. [Ipu BoccTaHaBiuBaeTcs npejest llIBapuimnib/ia, Toria Kak HeHyJIeBOW KBaApyIOJib yCTPaHSeT
BBIPOXKEHHE MEX/y BepTUKAJIbHON U a3UMYTaJbHOU 4YaCTOTAMU YKe B OPSJKE .

3aTeM B JIMHeap1U30BaHHOE ypaBHEHUE BEPTUKAJIbLHOTO JABUXKEHUS BBOAUTCS MaJIblii peHOMEHOJIOTMYeCKUi
YJIEeH 3aTyXaHHUs, IpelHa3HAaYeHHBIN AJIs1 ONMHUCAHUS IOCTEINEHHOTO MPUOJIMKEHHUS BO3MYIIEHHOU OPOUTHI K
3KBAaTOPHAbHOM MJIOCKOCTH. B KOHCEPBATHBHOM C/lyyae 4acTHUIA IPO/[0/HKAET COBEPIIATh KOJIeOaHUS OTHOCUTEBHO
3TOU MJIOCKOCTU 6€3 YMEHbIIeHUs] aMIIUTY/bL. [[py HAIMYKHY 3aTyXaHUS aMILIUTY/[a YMEHbIIAETCs 3KCIOHEHIIMAIbHO.
KBazpynosibHas fepopManusi U3MeHsieT YaCTOTY BEPTHUKAJIbHbBIX KOJIe6aHUHN U, C/Ie0BAaTENbHO, KOJTHYECTBO
IIMKJIOB, COBEPIaeMbIX [0 JOCTHKEHHS 3aJIaHHOTO Mopora ocelaHusa. OTHAKO OHA He ompejiesisieT BpeMeHHOU
MacuTab 3aTyxaHuUsl, KOTOPbIN 33JJaéTCs MPUHATOU MO/ieJbio ieMnipupoBaHus. [I0CKOJIbKY B YHUC/IEHHBIX TPUMEPAX
K03 dUIMEeHT AeMIIGUPOBAHUSA 10 KOOPAUHATHOMY BpeMEHHU COXPAHSAETCA MOCTOSIHHBIM, TPAEKTOPHUU UMEIOT
0/IMHAKOBYIO 3KCIIOHEHIIMAJbHYI0 OTH6A0LIYI0, HO KOJIEGII0TCS C PAa3JIMYHBIMU YaCTOTAMHU.

CpaBHeHHe C TOUHOU (-MeTPUKOH TaKKe 06ecredruBaeT HENOCPEACTBEHHYIO NPOBEPKY MPUOIHUKEHUS
nepBOro nopsifika. B uccjsieoBaHHOM 06J1aCTH U OTHOCUTEJIbHASA MOTPEIIHOCTb BEPTUKAIBbHON YaCTOThI OCTAET-
cs1 Huke 0.34%, Torza Kak COOTBETCTBYIOILlee OTHOIIEHHEe YaCTOT BOCIIPOU3BOAUTCSA € TOUHOCTBIO Jiydlie 0.10%.
[ToslyueHHbIe pe3yJIbTaThl HAIVISA/HO MOKA3bIBAIOT, KAKUM 00pa30M KBa/IpyNoJibHasl FeOMeTPHsI U3MEHSIET BepTH-
KaJIbHYI0 OPOUTA/IBHYI0 AUHAMUKY B paMKaX MOJIEJIH, B KOTOPOU JUCCUTIATUBHOE OCeJlaHKe BBOJUTCS HE3aBUCUMO.
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AnaaTtna. XuTo3aH Herizinze rpadeH okcujiMmeH (GO) MoguduKauusiaHFaH
OUOBIABIPANTHIH KOMIIO3UTTIK TPEKTiK MeMOpaHasap AaubiHfanzabl. SRIM apici
apKblJbl ayblp MOHJAApMeH cayJieseHAIpyAiH KaXeTTi napaMmeTpJ/epi aHbIKTal/bl.
OJiaH KelliH XMMUSIBIK 6HJ ey XKaFAaljapblH OHTaWJIaHAbIPY WAapTTapbl TaHAAJIbIII,
TOJIBIK, OTETIH KEYEeKTi KYPbUJIbIM KaJbINTACThIPbLAAbL. KalbliITacThIpbLIFAaH MeM-
OpaHasapblH KYpbLIBIMbI MEH KypaMbIH 3epTTey yiniH P®3C xoHe CIM azicTepi
KOJIAAHbUIABI, ajl 0JIapJblH, TEPMUSJIbIK KAaCUETTepi TepMOTrpaBUMETPUSJIBIK TaJjl-
Jlay apKblJbl 3epTTe/ii. 3epTTey HOTHXKelepi MeMOpaHalapAblH rpadeH oKcU/jiMeH
MaKChl MOJUPUKALMAIaHFAHbIH, TPDEKTIK KeyeKTep/iH TY3iJreHiH }KoHe KOMIO3UT-
TepAiH TEePMUSJIBbIK, TYPaKTbUIbIFbIHBIH, apTKaHbIH pacTajbl. buoyilaeciMmainikTi
3epTTey HaTwXKeciHAe 1,0 Mr/mMJj KOHIleHTpanusaZa MeMOpaHa 3KCTPAKTTAPbIHbIH,
»KacyliajapFa JereH Kepi acepi 6alKa/iMajbl. JJIEKTPOXUMHUSIBIK UMIIEIAaHCTHIK
CHEeKTPOCKONUS 3epTTeyiHe calikec, rpadeH OKCUZiH KOCy MeMOpaHaHbIH KeJieMiK
KeJlepriciH TeMeHZeTill, MOHABIK OTKI3TIIUTIriH apTThIpFaHbl aHbIKTaAJbl. OHBIH
eH xofapfbl MaHi GO mesmepi 0,5 macc.%. 6osiFaH Ke3ze GaiiKanabl. 3epTTey 6a-
pbICBIH/IAa MeMOpaHalapAbl JalblHAay, oJIapJblH, KYpPbUIbIMBIH CUNATTay, OGHUOYH-
JleciMZiiriH G6aFrasiay *KoHe 3JIEKTPOXUMHUSJIBIK, KaCUETTepiH aHbIKTay Ke3eHJAepi
6ipi3zi Typame xyprisingi. Bysn 3epTTey MeM6paHanapAblH, 9pTYpJi KacueTTepiH
JKyHeJli TypAe cunaTTayFa MyMKiHJiK 6epgi. JlalibiHjanFaH MeM6paHaiapibl TOJIbIK

Kibepiaai 24.08.2026. Osrepriaai 9.09.2026. Kabrraganasr 10.09.2026. Onaaita ko4 xetimai 30.09.2026.
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Kymabaes A.M., Pakumesa C.P. , Ecenraanesa H.b. , babenosa A.M. , Korimsioariksiast T. , Visanos 1A, , Illokaes A.M.

KaTThl KYHJeri cynepKkoH/jeHcaTopJiapFa apHa/IFaH TeJsb-MI0JUMepPJi 3JIeKTPOJINT-
TepAiH MaTpuLaJapbl peTiHJe KOJJaHYbIH KeJelleri 30p.

TyiiH ce3gep: Tpek MeMbpaHasapbl; XUTO03aH; rpadeH okcuji; 6UOyH-
JIeCIMAI/IK; Tesib-ToJIMMepJIi 3/IeKTPOJIUT; TOJBIK KaTThl KYHJeri cyllepKOHAeHca-
TOpJIap.

Kipicne

TacbiManzpl 3J1IeKTPOHABI KYPbUIFbIIAPAbIH, UIITILT cCeHCOpJIap MeH UMILJIaHTallusJIaHaTbIlH MeJULHA-
JIBIK, KYPBLJIFbLIapAbIH KaPKbIH/ bl JaMybl SHEPTUSHbI >KMHAKTAyFa apHaJIFaH )KUHAKBI, Kayillci3 )koHe MeXaHUKa-
JIBIK TYPFbI/IaH UIJTILI )KyHesepre ereH CYpaHbICThI apTThIpy/ia. EH nepcnekTyBabl eliMaepiH 6ipi petTinge
»KOFapbl MEHIUIKTI KyaTbIMeH, XbLI/JlaM 3apsAATaJybIMeH, Y3aK KbI3MeT €Ty Mep3iMiMeH XaHe CYHbIK 3J1eKTPOo-
JIUTTIH 60/IMayblHA 6alIaHbICThI )KOFaphI Kayilci3/ik AeHreiliMeH cunaTTasaThbIH TOJBIK KaTThl Kyiigeri cynep-
KOHJIeHcaTopJ1ap KapacTheipblLiyzaa [1,2]. MyHail KypbeUIFblIapblH MaHbI3/bl 66J1ikTepiHiH 6ipi — MOHAAPABIH
TachIMaJIZIaHybIH, KYPbLJIFbI 6epiKTIriHiH caKTalybIH XX9HEe 3JIEKTPOATAPABIH 6ip-6ipiHeH GeJiHyiH KaTap KaMTa-
MacbI3 eTeTiH rejib-moJMMepJii 31EKTPOJUTTED.

Tabufru OUOBIABIPAUTHIH TMOJUMeEPJIEDP Teb-NIOJUMEpPJi 3JeKTPOJUTTEPAIH, MaTpUllaJapbl peTiHAe
GapFaH CaWblH YJIKeH KbI3bIFYIIBLIBIK TYABIPYAa. XUT03aH GHOYHIeCciMAiIriMeH XoHe YAip Ty3y KabiseTtiMeH
>K9HE YBITChI3bIFbIMEH epeKieseHe/ji. COHbIMEeH KaTap OHbIH KypaMbIH/a XUMUSJIBIK MOgUPUKALUS XKYPri3y-
re MyMKiH/IiK 6epeTiH aMHUH >KoHe I'UJIPOKCUJI TONTAPbI KO 60JIFAHBIKTAH, IepCIeKTUBAIbI MaTepUaIgap/blH
6ipi 6osbin caHasnaAbl[3]. JlereHMeH, XUTO3aHHBIH, iCiHy1 )KOFaphl, MEXaHUKAJIBIK OEPIiKTIri TOMeH >koHe MOHABIK,
OTKI3riIITIri canbicThipMalbl TypZAe a3. bys KacueTTepi OHbIH NMPaKTHUKAbIK KOJJAHbIChIH LIeKTenai. OcblFaH
6allJIaHBICThI XUTO3aH HeTi3iH/eri KOMIO3UTTIK MaTepUaZapAbl »KacayFa KbI3bIFYIIbIIbIK apThII OTHIP [4].

XuTo3aH/bl MOAUPUKALMAIAYIbIH THIMAI TacinaepiHiH 6ipi — MeHIIIKTI OeTiHiH ayZaHbl XKOFaphI KOHE
KypaMblHZa OTTeri 6ap yHKUMOHANABIK TonTaphl kel rpadeH okcuzin (GO) enrisy [5,6].0cbl KacueTTepiHiH
apkacbiHga GO-Hbl XMT03aH KypaMblHa €Hri3y NoJMMep apacblHJaFbl ©3apa 9peKeTTecy/li KylenTin, MaTepuas-
JIbIH MeXaHHUKaJIbIK KaCHeTTepiH KaKcapTyFa KoHe MOHJAap/bIH KO3FaJIbIChIH YKEHJIIeTyre MYMKIHAIK Oepefi.
CoHbIMEH KaTap, TPEeKTiK 6HJiey d/iCiH KOJIJaHy apKblibl MeMOPaHa/ia peTTeJIreH KeyeKTep TY3ill, OHbIH Tachl-
MaJsIZiay KacueTTepiH jkaKcapTyFa 6oJiaabl. By ajiic KeyekTepiHiH eJilieMi MeH THIFbI3bIFbl OaKblJIAHATHIH MEM-
OpaHaJsapZpl alyFa MYMKiHZIK O6epefi [7]. XuTo3aH-rpadeHzii KOMIO3UTTEPTe JlereH KbI3bIFYLIBLIBIK, KOFapbl
60JIFaHBIMEH, 0J1apJaH TPEKTIK MeMOpaHasiap any 60UbIHIIA 3epTTEYJIep dJ1i e as.

OchIFaH 6aiJIaHBICTBI OYJI )KYMBICTBIH, MaKCaThl - TpadeH OKCHUAIMeH MogupHKalMsIaHFaH XUTO3aH He-
risinzieri 6MOBIABIPANTHIH KOMIIO3UTTIK TPEKTiK MeM6paHaniap/ibl 93ipJey, oyap/bl KaJbINITACTBIPY XKaFAaiia-
PBbIH OHTaWJIaH/bIPy, COHJIal-aK, KYPbLJIbIMbIH, TEPMUSJIBIK TYPaKThUIbIFbIH, OMOYHIeciM/iNiri MeH TacbiManjay
KacueTTepiH KelleH/i 3epTTell, reJib-II0JMMepJli 3J1eKTPOJIUTTEePAIH MaTpuLialaphl peTiHje KoJa4aHy MYMKiHAI-
riH 6arasay.

Jdjaicreme

3epTTey GapbICbIHAA MoJieKyJaaablK Maccacel 150-350 k/la 6osateiH xuTo3aH (Ch) (Sisco Research
Laboratories Pvt. Ltd, Yuaictan), 2-5 ka6atTsl rpaden okcugi (GO) (Nanografi, Typkus), confiaii-ak Sigma Aldrich
(Fepmanus) eHAipiciHzeri cipke KbIIIKbLIbI, MOYEBHUHA XKoHE HATPUH TUAPOKCUAI KOJJAHbLIAbI. Bap/bIK epiTiH-
JinepAi fjaiiblHay YIUiH JeMoHJalFaH Cy nanjalaHblIAb.

XumosaH Hezizinde TM any

Yapipaepai gadbeiHgay yiuriH Maccackl 0,5 © 6acTankbl XUTO3aH YHTAFbl 2%-/bIK CipKe KbIIIKbIJIBIHbBIH,
25 M cynel epiTiHgicinge epitingi. Kocna nosnmep Tosblk epirenre fgeiiin 40 °C Temneparypaja medkepze 12
cafaT 60Mibl ycTanAbl. AJIbIHFAH epiTiHAl LIbIHBI cy6cTpaTKa Kyibliabin, TMAX-MS-ZN320B »xalblIFbIILI MalllHA-
ChIHBIH, KOMeTiIMeH KaXKeTTi KaJbIHJbIKKA JeliH aublibl. Keltin yirisnep 6esMe TeMnepaTtypacbiHaa 24 carat
OOUBI KENTipii.

KomnosutTik yarinepzi gaibiHjay KesiHJe 6acTamkbl XUTO3aH epiTiHAiciHe epiTiHAl KypaMbIHJaFbl
GO 0,1 macc.%, 0,2 macc.%, 0,5 macc.%, 1 macc.% GosaTeiHAAN Mesepae rpadeH oKcuAi Kocbliabl. GO KOH-
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I'paden okcngimen moanduxanslaHFaH XUTO3aH HeTisiHAeri OnoyiiaeciMAi KOMIIO3UTTIK TpeK MeMOpaHaAapbIH
AalibIHAAY >KoHe 01apAbIH KYPBLABIMBIH, OMOYyiiaeciMaiiri MeH TackiMaajay KacueTTepiH KellleHAi 3epTTey

neHTpanusacbiabiy (0,1-1,0 Macc.%) Auana3oHbI 9/ie6UeT AepeKTepi MeH aJiblH ajia XyprisiireH Taxipubenep
6oibIHIIA TaHAaAbl. Bys Tapganran apanblk GO-TiH wWamMajaH ThIC arJloMepanUsaJaHyblH 60JAbIpMai, OHbIH
XUTO3aH MaTPUIAChIH/IA TapalyblH 6aFasayFa MyMKiHJiK 6epeai. KocaHbIH roMOreHAiMiriH apTThIpy YLUiH gal-
bIHJIQJIFaH epiTiHAinep melikepae 5 Tay/1ik 60MbI apasacThIpblAAbl, 6Y/ XUTO3aHHbIH, epiTiHAile TONBIK rujpa-
TalusaHybIHa )k9He GO GesekTepiHiH GipKeJsKi TapasyblHa KaFal xacazpl. ApanacteipyaaH keitiH GO Ha-
HOGeJIIEeKTePiHIH AUCIIepCUSIChIH KaKCcapTy YUIIH epiTiHAilepre KocbIMILIA YIbTPAAblObICTBIK 6HEY XKYPrisinai.

SRIM ecenTeysepiHniy (1-kecTe) HOTHKeJIepiH ecKepe OThIPBIN, KaJbIHABIFbI 15-20 MKM 60J1aThIH XUTO-
3aH ynazipJsepi JU-60 yaerkiminge ayblp HoOHJapMeH cayneneHAipiaai. Yaaipaep 1,75 MaB/HyKJI0oH 3Hepruscel
6ap yaetiared *KrlS* noHAapbIHbIH IIOFBIPLIMEH CayJIEAEHAIPIII, al coysenenaipy ¢utoenci 1,5x107 - 5,0x107
HOH/cM? apasbIFbIH/Ia ©3TePTiII.

CoysneneHzipyZieH KeHiHri KeyeKTep/iH ThIFbI3/bIFbl Marker 6arnapiamaceiHblH keMeriMeH [13TO He-
risinzeri 6akpLiay yazipJsepid naiijasaHy apKblibl aHbIKTaAbl. Tangay 6apbicbiH/ia cay/le/ieHipiareH 6aKpliay
y/rijiepiHiH eHi MeH y3bIH/BIFbI 60MbIHIIA KeMiHAe 5 yiari KapacTeipbLiabl. HaTmxkecinge I'TI9 TM-geri keyek-
TepAiH ThIFbI3AbIFbI 4,12x107 mop/cM? Kypabl.

CoynenenpipinreH yaaipiaepai XuMusablK eHJey MoueBuHa (Urea) MeH HaTpu ruzipokcuai Herizingeri
epitinaizge xyprisinai [8,9]. XumusablK eHJey epiTiHAICIHAeri KOMIIOHEHTTEP/iH KaTbIHACKI KeJieCi apajbIKTa
e3reprinin oreipabl: NaOH:Urea, M= 2:1; 2:1,5; 1:1. OHey TemnepaTtypacsl -15-Ten 0 °C-Ka fieitin e3reprinai. Xu-
MUSLIBIK 6HJleyleH KeliH yaaipaepaid pH MaHi 6eifTapan geHreiire xxeTKeHre JieiliH feHoHAa/IFaH CyMeH GipHe-
11e peT XKybLablI KeiliH 20 °C TeMnepaTypa/Zia BaKyyM/bIK KenTipy mikadbiHa 12 caraT 60ibl kenTipingi. 3epT-
TeJsleTiH MeMOpaHaslap/iblH Keyek eJilieMi XareHa-Ilyaseilsib TeHAeyiH (1) maljaaHa OThIPbII, MAHOMETPHUSJIBIK
dJliclieH aHbIKTaJIJbl. OpOip y/ri yilliH KeMiH/e yiII TayesIci3 eJley )yprisinai.

8T [n-r?

_ (1)
6MRT [Ap - U

Q

MYH/JIaFbl, Ap — KypaJZiaFbl KbicbIMAap aiibipMachkl, MIla; M - ra3/iblH, MoJIeKyJIa/bIK Maccachl, JUHXCM%;
R - aM6e6an raz TypakThichl, 3pr/(Moisb K); n - MeM6paHaHbiH 1 cM? aynaHbIH/jaFbl KEYEKTEP/IiH ThIFbI3AbIFbI,
Keyek/; | - MeMOpaHaHbIH KaJabIHABIFEL, cM; T - TeMnepaTtypa, K.

TM KypblabiMbl MEH KYypaAMbIH maaday

BeT Mopdosorusicel MeH KeyeKTep KYPbLJIBIMBIH 3epTTey YUIiH CKaHepJIeyLli 3JIEKTPOH/IbIK MUKPOCKO-
nus (CIM) aaici konganbLbl. COM keckingepi Phenom ProX ycres ycTi ckaHepsieyii 3/1eKTPOH/IbIK MUKPOCKO-
nbiHbIH (Thermo Scientific, Maccauycrec, AKIIl) kemeriMmeH yaeTkim kepHeyi 15 k3B 6osiranja >xaHe 1000 ece
YAFaUTy/ia aJbIH/BbI.

XUMUSIIBIK, KypaM peHTreH/iH $oTo3eKTpoHAbIK ciekTpockonus (PPIC) apiciven Thermo Scientific
K-Alpha (YonTeMm, Maccauycetc, AKII) Al Ka (1486,6 3B) MOHOXpOMaTThIK CayJiesieHy Ke3iH Nai/jalaHa OThIPbII
3eprTeai. XKaansl 1oy cieKTpJiepi MeH XKOFaphl aXKbIPaThIM/bLIbIKTaFbI CIeKTpJiep calikeciHie 200 xxaHe 30
3B eTki3y sHeprugaceiHga 1,0 xxaHe 0,1 3B KagammeH Tipkesgi. Ouweynep 100 Mc skcno3unusa yakbITbiHAa, 90°
110J1y 6yphIibiHAa, < 2 x 10 Top KbickIMbIHAA kaHe 400 MKM JjaK eJileMiH/ie Xypri3iajii.

TM 6uos0zusiavik yiiiecimoinizin 3epmmey

JKCIIepUMEHTTIK yJrisiep eki xarblHaH 30 MUHYTTaH yJAbTPAKYJITiH CyJIeMeH CTepUJbJeHAIpiaLl. JKc-
TpaKTTap/bl aay yiIiH y/rizep capbicycbida DMEM opTaceigga (200 mr/mi) 37°C TemnepaTypaja 24 caraT 60MbI
HHKyGanusiaugpl. llentpudyranaygan keitin (20 000 g, 40 MuH) cynepHaTaHTKA COHFbI KOHLeHTpauuschl 10%
6osiaThIHAAM PeTanbai 6yka capbicybl (FBS) Kocbuigbl. XKymbic epiTinginepi maTepuanzbiy 1,0 xane 5,0 mr/ma
KOHIleHTpalusiapblH/AA AalbIH AN /bI.

3eprreyzae NIH3T3 (CRL-1658, ATCC) ThiuikaH ¢pubpo6IacTTapbIHbIH, XKaCYIAIBIK, XKeJTici mai/jalaHbLI-
Abl. XKacymanap Kypambinga 10% FBS xene 1% neHunuinuH/crpentoMmunud 6ap DMEM (Gibco) KopekTik op-

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193(] 56)/ 2026 237
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



Kymabaes A.M., Pakumesa C.P. , Ecenraanesa H.b. , babenosa A.M. , Korimsioariksiast T. , Visanos 1A, , Illokaes A.M.

TaceiHza 37°C TeMnepaTypaja xaHe 5% CO, aTmMochepacbiHa ecipiaji.

Kacywanapowiy emipwendizi manaday.

XKacymanapgpiy emipiiesairi Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) agicimen 6aranangabl. NIH3T3
acyuaaapbl 96 yambIKThl ManmeTTepre (1 x 10* skacyma/yambIK) cebisin, yriiepin skcTpakTTapbiMeH 24
caraT 60¥bl MHKyGanusaaHabl. OfaH KeiliH apbip yambiKKa 10 Mk CCK-8 peareHTi Kocblibln, 1 caraT 60l
nHKy6auusaanabl. Cogan coH Synergy Hybrid H1 mukponnanmeTTik pugepinge (BioTek, AKII) 450 HM TOJKbIH
Y3BIH/IBIFBIH/A ONTUKAJIBIK ThIFbI3/bIK eJineH i, XKacymanapabiy emipmernairi 100% gen Kabbu1gaHFaH 6aKbl-
Jlay YJITiCiHe KaTbICThI ecenTeJ/].

Bap/blK aKciepUMeHTTeD Yl Tayesci3 KailTananeiMAa (n = 3) xyprisingi. HoTuxenep oprama MaH *
CTaHJAPTThI aybITKY (M * SD) TypiHZe YChIHBUIABL. AWBIPMALIBLIBIKTAPAbIH CTATHCTUKAJIBIK MAHbBI3bLIBIFBI P <
0,05 ke3inge CThIOJIEHTTIiH ToyeJICi3 TaHAAyIapFa apHaIFaH t-KpUTepUii apKblyibl GaFaaaH/bl.

Isekmpoxumusiivlk maaday

Bapabik enmeynep 6esme TemneparypacbkiHga VersaSTAT 3 moteHuuoctatbinblH, (AMETEK Scientific
Instruments, AKIII) keMerimMeH »Kypriziiii.

JJIeKTPOXUMHUSIJIBIK UMIIeAHCTHIK criekTpockonus (IVC) 3apsj TacbiMalJaHYbIHbIH KeJleMJiK KeJep-
ricin () 6arasnay >koHe reJib-IIOJMMepJIi 3JEKTPOJUTTEP/iH MEeHIIIKTI MOHABIK OTKIi3riwTirin () ecenTey yIuiH
KonpaubLabl. JUC enweynepi 100 kI'y-ten 0,1 ['i-Ke gediHri XKUiNIK AUana30HbIHAA KYPrisinai. O yiiH KaTThl
KY#zeri esieynep Ke3iH/e ThIFbI3 )KaHACy/lbl KAMTaMachl3 eTeTiH TOT 6acnalThIH 60J1aTTaH Kaca/iFaH apHaibl
€Ki 3JIEKTPO/ThI YAIIBIK-YCTAFbIII Mal/[alaHbLI/IbL.

JunaMeTpi 16 MM GoJsiaThIH JUCKiJiep TypiHJie KecCill aJbIHFaH Y/ATUIEPAiH, HOHABIK oTKisrimTiri (2) dop-
MyJia 60MbIHIIA aHBIKTA/bI:

L
o=—— (2)
AXR
MYH/aFbl, L — yaip KaablHAbIFLI (cM); A — aHacy ayAaHbl (cM?); MOH/BIK 6TKISTIITIKTI ecenTey yiliH
R=R, — HaliKBUCT luarpaMMachiHaH aHbIKTaJaThIH K&JIEM/IIK Kelepri KoJ1aHblIa/ibl.

HoaTu:Keiep MeH TaJIKbLj1ay

1. Ch_0G TM any xcaHe o1apdel XuMusiiblK 6H0eydiH oHmatiabl wiapmmapbslH AHbIKMAay.

KocbiMiia aknapat gaisibiaa yebiHbLIFaH SRIM ecentey HoTHKelepiH Tanaay rpadeH OKCU/iIHIH XUTO-
3aH MaTpUIACbIH/AFbl MeJIIIepiHiH e3Tepyi yJeTi/ireH ayblp KPUITOH MOHAAPbIHBIH MaTepHa/MeH e3apa ape-
KeKeTTeCy CUIIAaThbIHA ic )Ky3iHJe acep eTnelTiHiH kepceTTi. GO Memwepi 0-geH 1,0 Mmacc.% feliH apTKaH Ke3ze
3JIEKTPOH/IBIK 3Heprus mbIFbIHAAPbIHBIH (dE/dX) MoHi a3 FaHa e3repeni: 147 MaB aHeprus kesidze os 57,08-
57,03 k3B/MKM apasiblFbIH Kypai/bl, al iIpoJibIK Texey/iH yiaeci mamamen 0,11 kaB/MkM feHreitinje cakrana-
Abl. ByJs1 1aTeHTTI TpeKTep/iH Ty3i1y npoleci Heri3iHeH 3JIeKTPOH/BIK TeXeJlyMeH aHbIKTa/IaThIHbIH JXKoHe Ipa-
¢deH TONTHIPFBIIBIHBIH, a3 MeJIIIepiH/ie ic XKy3iH/e Tayes/i eMecTiriH kepceTe/i. YKcac 3aH/bLIbIK HOHAAPABIH,
KaJIIbl XKYPY KAlUbIKTBIFBI YIIiH Ae 6aiikanaabl: 147 MaB sHeprus kesinge 6yi kepcetkiw 24,80 mkM-zaeH 24,57
MKM-Te JleiliH FaHa e3repe/i. 'padeH okcui MeJepiHiH apTybIHA 6alIaHbBICTbI MOHAAPABIH )KYPY KAIUbIKThIFbI-
HBIH, COH/AM-aK, XKYpri3ijiren ecenteysnep 6apbiCbiH/ia GOMUJIBIK KoHe KeJIJleHeH CTPIrTJIMHT MaH/epiHiH a3jan
TeMeHJeyi 6aliKanabl. MyHbl KOMIO3UT KypaMbiHa GO eHrisisiyiHe 6aiylaHbICTbI MaTepUas/iblH, OpTalla ThIFbI-
3 bIFBIHBIH, [IaMaJIbl 6CyiMeH GalJlaHbICTBIpyFa 60J1a/bl. [lereHMeH, aTaiFaH e3repicTepiH wamMacs! 1-2%-/aH
acrmai/ibl, COHABIKTaH 0J1ap JATeHTTi TpeKTepiH Ty3inyiHe alTapablKTal biKnas eTiel/i. OcblFaH 6ai1aHbICThI
GO MeuiepiHiH 63repyi KoAaHbLIATBIH Cay/IeJeHAipY KaFjaillapblH KaliTa KapayAbl KaXKeT eTei/i >xaHe 6ap-
JIBIK, 3€PTTeJITeH YJITiep/i 6ipielt mapamMeTpJiepze coyieseHipyre MyMKiH/iK 6epefi.

SRIM 6afmap/iaMacbeIH/A XKYPri3ifreH ecentey HOTHXKeJIEepiHiH HeTi3iH/le KeliHTi TpeKTik MeM6paHaap-
JIbl KaJIbIMTacThIpy yitiH 1,75 MaB/uykJion (147 MaB) aHeprusicel 6ap #Kr'>* nonaapsl TaHAa Akl By aHeprus
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HOHAAPABIH IIaMaMeH 25 MKM TOJIBIK, KYPY KalIbIKTBIFBIH KaMTaMachki3 eTe/li. OCbl KepCeTKilllKe CoOlKec MeM-
OpaHasapAbIH KaJbIHJbIFbI 15-20 MKM 60JIaThIH YJipJep AalbIHAANABL, OYJ1 ayblp HOHAAPABIH MaTepUa/blH
OYKiJ1 KaJIbIHABIFbI apKbL/Ibl 6TYiHE K9He OTIeJli JIATeHTTI TPeKTep/iH Ty3i/yiHe KoJlaiibl )KaFail xkacailjbl.

XUTO3aHHBIH CLITi epiTiHAiNepAiH 6ackiM 6esirinzeri xofapsbl epirimriri 6ykin nmoauMepJik MaTpu-
L[aHbIH, Te3 OY3bLIybIHA dKeJie/li, COHbIH Ca/lapblHAH JIATEHTTi TPEKTep/li CeJIEKTUBTI Typ/e eHJEY ic XKy3iH/e
MYMKiH 60/1Maiifibl. OcbiFaH 6alIaHbICTbl XUTO3aH HeTi3iH/eri TpeKTik MeMOpaHalap/ibl ajlyFa apHaJifaH 3epT-
TeyJIep/liH CaHbl dJIi e 6Te MEKTeY/i 60JIbIN OThIP. O/eOUeT AepeKTepiH Taajay Heridinae HaTPpUM rupOKCUAI]
MeH MoueBuHara (NaOH/Urea) Heri3genreH eHaey xxyieci Tanganabl [8,9], 6y xyiie moJnMep MaTPULIACBIHbBIH,
»KaJlbl epyiH GasysnaTa OTBIPBIN, pajualUs/bIK 3aKbIMJJaHFAH allMaKTapZbl eHJeyre MyMKiHJik 6epefi. Xu-
MUSJIBIK, OHJ ey KaF[aislapblH aHbIKTay Ke3iHge NaOH neH Mo4yeBHHaHBbIH, KaTbIHAChI, epiTiHAI TeMIepaTypa-
Chbl 2K0He 6HJIeYy YaKbIThl Heri3ri earepmeJii napameTpJiep peTiHAe KapacToIpblibl. Ocbl napaMeTpJ/ep/iH Keyek
TY3iJ1y npoueciHe acepi 3epTTei. (1) TeHaey 60MbIHIIA eceNlTe/NreH KeyeKTepAiH opTalla JuaMeTpiHiH e3repy
HOTHXeJepi 1-cypeTTe KepceTiireH.

(a) (0)
1-cypet. Ch_OG TM keyekTepiHiH guameTpiniH, NaOH:Urea eHAey epiTiHJici KOMIOHEHTTEPiHIH,
apakaTbIHAaCbIHA TIyeaAiiri (Temneparypa -18,0 °C, XMMUAJIBIK, 6HJAeY VaKbIThI - 4 caFaT)
(a) »x9He XUMUSJIBIK 6HJeY TeMIlepaTypachiHa 6al/IaHBICThI
(NaOH:Urea = 1,5:1 KaTbiHacbIiHAa) (6)

la-cypeTTeH eH/ey epiTiH/ici KOMIOHEHTTEPIHIH apaKaTbIHAChI KEYeKTePAiH Ka/bINITACY KbLJIAaM/AbIFbI-
Ha TikeJsied acep eTeTiHi 6aiikanaael. NaOH:Urea = 2:1 KaTbIHaCbIHAA 6HJEY €H, dKOFapbl XKbLIZAM/BIKIEH XYPe/i.
Bec caraTThIK 6HJley/leH KelliH KeyeKTep/liH opTalla AuaMeTpi wiamaMeH 600 HM-re JeliiH yaralirad. COHbIMEH
6ipre, 6yJ1 XKaFaiiga epiTiH/i Tek cayJiesieHy HOTIDKECiH/le ©3repreH aiMaKTapFa FaHa eMec, YAMip/iH, KaJIbl
GeTiHe e GesceHai acep ereni. COHABIKTAaH 6HJEYAIH TaHJaMaJsblIbIFbl TOMEH/EN, XUT03aH MaTPHULAChIHbBIH
apThIK epy Kaylli xofapbliai/ibl. KoMnoHeHTTepAiH apakaTbiHackl 1:1 GosiFaH Ke3Je, KepiciHlle, Keyek Ty3iay
npoleci 6agynaibl. OHJey 5 caFaTKa CO3bLIFAHHBIH 63iHZe oJsap/blH AuaMeTpi 200 HM mamMacblHaH acmau-
ZAbl. MyH1all kaFiall JIJaTeHTTI TpeKTepAi KaXKeTTi ieHreiie aly ylIiH eHJey KapKbIHAbLIBIFbIHBIH, XKeTKIJIIKCi3
ekeHiH kepceTefi. OxTaiabl HoTHxKe NaOH:Urea=1,5:1 kaTbiHacbiHAA 6aliKa/Abl, MYH/A [TOJUMEpP MaTPULAChI-
HBIH epy Nnpoleci KypT xKeZefieMeli, KeyeKTep AuaMeTpiHiH 6aKblIaHATBIH TYp/e Y/IFalobl KaMTaMachl3 eTijlesi.
MyH/iali HOTHXKeCi caysiesieHy Ke3iH/ie 6Y3blJIFaH alMaKTapAblH CIITI/IIK THAPOJIM3i MEH MOYEeBUHAHBIH XU TO3aH
MaTpHUIaCcblHa TUTi3eTiH acepiHiH e3apa yiJecyiMeH TyciHAaipyre 6oJanbl. AFHY, eHJeY KaFAalaapbl JaTeHTTI
TpeKTepAiH allbLIyblHA KeTKITIKTI 60/FaHbIMEH, KOpIlaFaH NOJUMep/iH LaMaJilad ThIC epyiHe »koJ 6epMeii.
Ochbl HOTHIKeJIEP/i eCKepe OThIPHII, KeJieci Toxkipubesepae NaOH:Urea = 1,5:1 KaTbIHaChl KOJIAAHBLUIABL ATaJIFaH
KypaM KeyeK eJIlIeMiH KaXXeTTi LIeKTe 6ipTiH/eN e3repTyre XKoHe 6HJley HOTIKelePiHiH TYPaKThLJIbIFbIH KAMTa-
MachI3 eTyre MYMKiHJiK 6Gep/i.

OHJley TeMIepaTypachIHbIH KOFapbLIaybl TUAPOKCH/-UOHAAPBIHBIH ANGQY3UACHIH KIHEe XUTO3aH Ma-
TPHULIACBIHBIH, CAyJ/Ie/IeHy acepiHeH JleCTpYKLUUsIaHFaH alMaKTapblHAAFb! -(1—4)-ruKo3uATIK 6ailiaHbIcTap-
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JbIH CIJITIJIIK TUAPOUSIH KefenseTei. bys 1aTeHTTI TpeKTep/iH CeJIeKTUBTI epy Kbl1JaM/IbIFbIHbIH apTYbIHA,
COHBIH HOTHXKeCiH/le KeyeKTep/AiH opTalla JuaMeTpiHiH 3aHAbl TYpAe yJFaobiHa akeseai [10,11].

2. Ch_GO TM KypbL1biMbl MEH XUMUSLIBIK KYPAMbBIH maaday

93ipsienreH Ch_GO TM TpekTik MeM6paHanapbiHblH (TM) 6eTTik Ka6aTbIHBIH 3J1€EMEHTTIK KypaMbIH
YK9He OHJIaFbl 3JIeMEeHTTEepAIH XUMMUSIbIK KyHiH aHbIKTay MaKcaTbIH/A peHTreH/iH GOT03/1eKTPOHABIK CIEKTPO-
cxkonust (P®IC) xyprizingi. Loy cnekTpiHeH xuTo3aHfa ToH keMipTtek (C), orTek (O) xaHe azoT (N) asieMeHT-
Tepi aHbIKTanAbl. CIEKTPAE KOChIMUIA TPEKTEP/I KaJbINTACThIPY XoHe KeWiHTi eHJley Ke3eHJepiHEH COH MeM-
OpaHaHbIH alTapJbIKTal e3repMereHiH KepceTe/i.

N1s cnekTpiHZie aMUH/[IK, aMU/ITIK koHe IPOTOH/Ja/IFAaH aMUH TONTapblHA COMKeC KeJleTiH KOMIIOHEHT-
Tep aHbIKTaAAbl. byan MogudukanusgaH KeliH XWTO3aHHBIH QYHKIMOHAIJBIK TONTAPBIHBIH CaKTaJFaHbIH
pactaiigpl. Ols cnekTpinge ruApokcus, 3¢Up, KApOOHUJ KoHe KapOOKCUJ TONTapblHA KAaTaTbIH OTTEK TYp-
Jiepi aHbIKTa/NAbl. ATa/IFaH TONTAPAbIH 60Jybl XUTO3aH KypaMbiMeH KaTap, GO eHrisinrenin ge kepcerezi. C1ls
cnektpinge C-C/C-H, C-N/C-0 xoane O-C=0 GaiysiaHbICTapblHA COMKeC KeJieTiH KOMIOHEHTTep aHbIKTaJIIbI.
By xuT03aH MaTpuLackl MeH rpadeH OKCU/i apacblH/ia MoJIeKy/laapasiblK e3apa apeKeTTecy/lep/iH Ty3iIreHin
Janenfeii. AJIbIHFaH HOTHXKeJiep d3ipJieHreH TPeKTiK MeMbpaHaJsiap 6eTiHiH rpadeH okcuzimMmeH caTTi Mogudu-
KallMAaJIaHFaHbIH KepceTe/|.

(a) (6)

(8) (r)
2-cypet. Ch_GO (0,2 macc.% GO) yaricinin, XPS mouy cnekrpi, onaa C, N >koHe O ajieMeHTTEepiHe TOH
WLIHAAP KepceTiireH. Kipicripme moJsyga ckanepJiey HOTHXKeCiHAe ecenTe/IreH 6eTTiK aToOMAap/bIH,
KOHLeHTpanusapsl (a), congai-ak Ch_GO TM yuiH C 1s (6), O 1s (B) :x9He N 1s (r) aiimaKTapbIHarbl
»KOFapbl AXKbIPAThIMbLIBIKTAFbI CIEKTPJIEP KeJITipijireH.

XUMUSAIBIK OHJIeY HOTKeCiHe MeMOpaHa/ia KeyeKTi KypblJIbIMHBIH ai/ja 60JIFaHbIH aHbIKTAY YIUiH YJI-
riziepre ckaHepJieyiui aJeKTpoHABIK MUKpockonus (CIM) apkplibl Tanzay xKyprisinai (3-cypet). 3epTTey 6apbl-
cbIH/a rpadeH OKCU/AI KOCBIIFAH XMUTO3aH MeMOpaHa/lapblHbIH 3JIEKTPOH/IbIK LIOKKA ce3iMTaJl eKeHi aHbIKTal/ibl.
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3-cypert. Ch_OG (GO 0,2 macc.%) TM GeTiHiH, (@) >koHe KeJ/IieHeH, CbIHFAaH KMMaCbhIHbIH,
(6) as1eKTpoHbIK MUKpOdoTOoCcypeTTepi, GO Mmesimepine 6aitsianbicTsl Ch TM
TepMoOrpaBuMeTpUsIBIK Taaaay (TTA) KucblKTaps! (B).

JJIeKTPOH/IbIK MIOKThIH, KAPKBIHABLIBIFEl OApbIHIIA TOMEH OOJIFAH XKaFAaija Jia yiri 6eTiHze caysese-
Hyre 06alIaHbICThI alKbIH ©3repicTep OpbIH aajbl. ATan alTKaH/a, KeKeJjiereH allMaKTap/blH OY3bl1ybl XKIHE
6acTtankbl MOpGOJIOTUSIBIK, KYPhIJIBIMHBIH, 63repyi 6alikanabl. Ocbl epekllesik »KoFaphl YIKeHTyqe MeMOpaHa
OeTiHiH TOJBIK MOPGOJIOTUSAJIBIK CHIATTAMACBIH ajlyFa MYMKiH/IiK 6epMe/i. COHJbIKTaH KeyeKTepAiH KypbLIbl-
MbIH KaKCbIpakK KepceTy yiliH COM KeckiHAepiHe KocbIMIlA YIAKEUTIreH ailMakTap eHrisingi (3a-cypert, inset).
Byn ¢parMeHTTEp 37EKTPOHABIK, LIOKTBIH 9CEpiHEH Y/Ti KYpbUIBIMBIHBIH, alTapJ/blKTall e3repyiHci3 Keyek-
TEPAiH OpHAJIACYbIH KoHe OJIap/blH MillliHiH aHBIK Kepyre MyMKiHZik 6epezi.

Ch_GO TM mepmusi/iblk mypakmblablFblH 3epmmey

3B-cypeTTe 6acTankKbl XUTO3aH MeMOpaHachIHbIH, (Ch) xaHe Kypambinga 0,1 macc.%; 0,2 macc.% xoHe 0,5
Macc.% rpaden okcuzi 6ap Ch_GO koMno3UTTiK MeM6paHaIapbIHbIH TEPMOTPABUMETPUSIIBIK, KHCBIKTApbI Kep-
ceTinreH. 3epTTesreH 6apJblK y/rijep yiiiH Macca }K0ofalybIHbIH €Ki CaThl/Ibl CUIIAThI 6aiiKasiaibl. AJIFAllKbI 63-
repic 50-120 °C apa/bIFbIHAA XKYPEAi KIHe YJITi KypaMbIHIaFbl QU3UKaAJBIK 6alJlaHbICKAH 9pi aficopOLUUsAIaHFaH
cyablH GesyiMmeH 6ainanbicThl. Ofan kedinri 250-400 °C apasibIFbIHZA TipKeseTiH Heri3ri Macca KoFasIybl XUTO-
3aHHBIH, [TOJIUMEPJIIK Ti36eKTepiHiH TepMUSIJIBIK blAbIpaybIMEH CUNIATTAIa/bl.

3epTTesireH KOHLEeHTpauusaap guanaszonsiHga (0,1-0,5 macc.%) rpadeH oKcUAIH eHTi3y TEePpMUSJIBIK,
bI/IbIpay CUNIAThIHA XXoHe HeTi3ri TeMnepaTypasblK ayblCyJap/blH OpHaJacyblHa eseyi acep etneii. COHbIMeH
Karap, 6apJiblk Ch_GO koMmo3uTTik MeM6GpaHasjapbl 6acTankbl XUTO3aH MeMOpaHacbIMeH CaJIbICThIpFaHa
KOMIPTEKTi Ka/JbIKThIH, KOFaphbl HIbIFBIMbIMEH CHUNATTANA/bl. Byl o/lapAblH, TepMUSJIbIK TYPaKThLIbIFbIHBIH
apTkaHblH Kepceteai. Kypambiaga 0,1 xoHe 0,2 macc.% GO 6ap yJjrisep yuiiH eH yKcac TepMOrpaBUMeTpH-
SIIBIK, KUCBIKTap 6alKanabl. An rpadeH okcufiHig Mesuepin 0,5 Macc.% geliH xoHe oaH dpi apTThIPy KOM-
MO3UTTEPAIH TepMOTrpaBUMEeTPHUAIBIK MiHe3-KYJIKbIH/Ja aUKbIH e3repicTepre aKeJaMeii. AJbIHFaH HOTHXeJep
a/iebueT nmepekTepiMeH coiikec kesezi. Osapra cail xuTo3aH-TpadeH OKCH/Ii KOMIO3UTTEPiHiH TEPMUSJIBIK
TYPaKTbLIbIFbIHBIH, KOFapbLIaybl pa3apasblK CyTeKTiK O6ailJlaHbICTApAbIH TY3iayiMeH, mosMMep Ti36eKTepiHiH,
KO3FaJIFbILUTBIFbIHBIH, LIEKTeNYiMeH KoHe TEePMUSJIBIK [AeCTPYKLUA 6HIMJEpiHiH YIIKbIII KOMIIOHEHTTEPIiHIH
nndoysusicbiHA KelepTi KeJlTipeTiH rpadeH OKCU/IiHIH TOCKAybUIABIK dcepiMeH TyciHaipineni [12,13].

3. Ch TM 6uosozusnblk yilaecimoiniziH 3epmmey

JaieiHaanras 6uonosrMepsi TM cyza kakcbl epUTiH 6OJIFAH/ABIKTAH K9HE KYJIbTYPaJblK OPTaMeH Ka-
HAaCKaH Ke3/le KYPbUIbIM/IBIK TYTACTBIFbIH OipTiHZEMN XKOFAJTAThIH/ABIKTaH, LUTOYbITTBIIBIKTHI TiKeJIel KaHacy
dJliciMeH 6arasaybl XXyprisy KalTasail ajaThiH XKaFAalaapAbl KaMTaMachkl3 eTyre MyMKiHZik 6epmenai. [SO
10993-5 xoHe ISO 10993-12 TaysanTapblHa COMKeC, MYH/Iall MaTepuaiAap YIIiH OChl 3epTTeYAe MaTepHUAIbIH
3KCTPAKTTapbIH aJ/JblH aja aay koHe KelliHHeH OHBI XKacyllla KyJbTypacblHa dcepiHe Heri3JesreH 3KCTpaKLU-
SUIBIK 9Zic KomaHbLAbl [14,15].
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Yarinepaiy 6uoJsiorusnblk, yiaeciMainirin 6aranay MakcaTbiHzAa NIH3T3 »xacymanapblHbIH KyJAbTy-
pachIH/J|a IUTOYBITTBLIBIK ChIHAKTAphI XKYypridingi. 3eprrey KypambiHga 0,1-1,0 macc.% GO 6ap Ch_0G TM yu-
rijiepiHiH aKcTpaKTTapbIH MaijanaHa oThipsii, 1,0 xkaHe 5,0 Mr/MJ1 KOHIleHTpauusaapblHAa )kyprisingi. NIH3T3
»KacyllaJapbIHbIH KyJbTypacblHAA XYPrisijireH 3epTtey HaTHKeciHAe 1,0 MIr/MJ1 KOHLILEHTPALUSACBIHAA GapJIbIK,
Y/ITi TONTApbIHBIH LUTOYBITTHI dCEp KOpCETNeNTiHi aHbIKTanabl (4-cypet). Mogudukanusiano6aran Ch TM
(120%) xaHe Ch_GO (GO 0,5 mMacc.%) TobbiHAA (124,6%) »xacylanapblH eMiplleH/iriHig xKoFapbliayblHa 2KaJl-
bl TEHJEHIMSA 6alKaabl. Aaiiia, 6aKbliay TOOBIMEH Ca/lbICThIPFaHAAFbl OYJ1 albIpMALIbLIbIK, CTATUCTHUKAJIBIK,
TYPFbIIaH MaHbI3AbI 60/1Mazbl (p-value >0.05).

4-cypet. Ch_GO TM skcTpaKTTapbIHbIH, 24 caraTThIK dcepiHeH Keiinri NIH3T3
$uGpo6IaACTTAPBIHBIH, OMipIIEHAIr.

Ochbl HOTUKeJlepre CyilieHe OThIPbIN, aJbIHFAaH KOMIO3UTTIK TpeKTik MeMb6paHanapAbly 1,0 Mr/mMJ KoH-
LeHTpaLUaaFbl 3KCTPAKTHI XKacyllajJapMeH »KaKcbl YisleciMAiNiK KepceTKeHiH aiiTyFa 60J1aZpl. AJl 3KCTPaKT
KOHLleHTpauusAchiH 5,0 Mr/mi-re fAeiiH apTThIpFaH Ke3/ie »KacyllaJap/blH eMiplieHAiri TeMeHereH. by HaTu-
K€ GUOBIABIPAUTBIH MaTepUaafap/blH MeJULMHAJIBIK KOJJaHbl1y MYMKIHAITIH 6aFanay 6apbICbIHJA 0JIapAbIH,
3KCTPaKTTapbIHbIH KOHLEHTPALUACHIH eCKePYAIH MaHbI3AblIbIFbIH KOpCETe/l.

4. Ch_GO TM a.1eKmpoxXumMusiAblK UMNEOaHCMblK CNeKMPOCKONUACHL

HaiikBucT fuarpaMMasapbiH Taiagay (5a-cypet) 6actankpb! TyTac xuTo3aH yagipiHig (Ch film) en »xora-
pbl KeJIeMAiK KeJlepriciMeH cunaTTaJaThlHbIH KepceTei. TpeKTiK KypblIbIM KasblITaCKAaHHAH KeHliH Kejepri
TeMeHJ el i. Bys1 MeMOpaHa apKpl/ibl HOH/JapbIHbIH, THIM/IipeK TacbIMaJaHyblH KaMTaMachl3 eTeTiH eTHeJi Ke-
yeKTep KyHeciHiH Ty3isnyiMeH 6ailaHbICThI 60J1ybI MYMKiH [16].

(@ (6)
5-cypet. Ch_GO TM Herisinaeri I'll3 ymin HaiilkBucT guarpammasapsi (a)
»k9He GO mesmepiHiy 'Y TM noHABIK eTKisrimririne acepi (6).

TpekTik MeM6paHasap/ibl rpadeH okcuziMeH MoauduKauusiiay KeJeMAiK KeJepridig ofaH api TeMeH-
AeyiMeH KaTap *ypeai. R, MaHiHIH eH TeMeH kepceTkimi Kypambinga 0,5 macc.% GO 6ap yurige 6aiKanzbl, 6y
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3epTTesreH MeMOpaHaiap apachIlHAaFbl MOH/BIK OTKI3TiIITIKTIH €H »XOFapbl MoHiHe COWKec KeJsieAi. AJIbIHFaH
acep, MYMKIH, JaMbIfaH KeyeKTi KypblibIM MeH rpadeH OKCUAIHIH KypaMblHAa oTTeri 6ap QyHKIHOHANBIK TOII-
TapbIHbIH 6GipJiecKeH acepiMeH 6ailJaHbICTBL. Bys1 TonTap nojuMep MaTpULACBIHAAFBI HOH/APbIHbIH, TacbIMaJl-
JlaHYbIH XKeHingeTyi MyMKiH [17]. GO memmepin 1,0 Mmacc.% feltiH ofaH api apTThIpFaH Ke3je KeJeM/JiK Kejep-
rinig 6ipiuama kofapbliaybl 6aiKaaazbl. bonkaM 60ibIHIIG, 6y )KOFapbl KOHLEHTPaLUsAIapAa TOJAThIPFBILITHIH,
MaTpula illiHje Tapa/yblHblH ©3repyiMeH 6alJIaHbICThl, COHbIH, HOTH)XeCiH/ie NOHAAap/blH MUTPALMUACHI YIIiH
KOJIaWJIbl XKaFAanIap HalapJaanzasl.

O3ipJieHreH TOJBIKTAl KaTThl KyiAeri 3J1eKTpoJIMT allblK JepeKKe3/jep/e YChIHbUIFaH 6H0N0IMMepJIiK
aHaJIoTTapMeH CaJbICThIpFaH/ia 6aceKere KabijeTTi cunaTTaManapbl kepceTefi, acipece 6y/aHyFa KoaHe aFbll
KeTyre 6ediM cyHbIK M1acTudUKaTopIapAblH 60/1MayblH eckepresze (1-kecre).

1-kecre. XutosaH meH GO Heri3siHgeri I'II3-HiH MOHABIK 6TKI3rilITIriH ca/IbICTBIPMAaJIbl GaFaiay

JJIEKTPOJIUT KypaMbl HoHawIK eTki3rimTik, CM/cM Jepekkes
Ch_GO TeMs (GO 0.5%) 6,15x10° Ocbl 3epTTEY
Ch-CL ~3.50x10° [18]

PEO/GO (1 wt %) 1.54x10° Cm/cm [19]
PEO/GO-IL (1%) 1.80x10°5 Cm/cm [20]
PEO-LiCl04/0.3%GO0 4.01x10° Cm/cm [21]
PEO/PVA/FGO(2) 5.20x10°5 Cm/cm [22]

KOpBITBIHABI

3epTTey GaphICBIHA XUTO3aH MeH IrpadeH OKCH/Ii HeTi3iHe KeyeK eJIeMiH 6aKbliayFfa 60J1aTbIH OUObI-
JAbIpalThIH KOMIO3UTTIK TPEeKTiK MeMOpaHasiap aJblHAblL. Ayblp UOHZAPMEH cayJ/iejieHJipreHHeH KelliH XUMHU-
SLIBIK, OHA,EY 9/ ici apKbLIbI 0J1ap/ibl KAJBIITACTBIPYAbIH, OHTANIBI IAPTTaphl aHbIKTaNbl. POIC, CIM xaHe Tep-
MOTPaBUMETPHSIBIK TalJay HOTHXKeJiepi rpadeH OKCHIHIH XUTO3aH MAaTPHUIAChIHA €HTi3i/IreHiH, XUMHSIJIBIK,
OHJleyleH KeliH KeyeKTi KYpbLIbIMHBIH TY3iJIeHiH jKoHe KOMIO3UTTEPAiH, TepMUsJIbIK CUIATTaMaJapblHbIH
»KaKcapFaHbIH KepceTTi. Buosiorusiblk yineciMainikTi 3eprrey HaTkesepi 1,0 Mr/mMJ1 KOHLIEHTPALUACBIHAA
3KCTPaKTTap/blH IUTOYBITTHI 9CEPiHiH XKOK eKEeHIH KOPCETTI. JJIEKTPOXUMHUSJIbIK UMIIeJAHCTbIK, CIEKTPOCKONHUS
HaTWXKes1epi 60obIHIIA rpadeH OKCUAIH eHTi3y KeJieM/iK KeJlepriHiH TeMeH/eyiHe >koHe UOH/IbIK 6TKI3TiIUTIKTIiH
»KOFaphbliayblHa 9Kesi. MOHABIK eTKi3rilTiKTiH eH xkofapbl MaHi GO mesuepi 0,5 macc.% 6osaTbiH MeM6pa-
HasjapAbl 6alKa/IAbl. AJIBIHFAH HOTHXKeJiepre cyiieHe oThIphIin, Ch_GO TpeKTik MeMOpaHaapblH TOJIBIK KATThI
KYUJeri aJIeKTpOXUMHUSJIBIK KYPbLIFbLIAp/a KoJJaHyFa apHaJIFaH reJib-MoJUMepJIi 3/1IeKTPOJUTTepP YUIiH Heri3
peTiHe maijanaHy/iblIH MyMKIiH/ITi 6ap Aen KapacTbIpyFa 60Jabl.

KocbsiMIIa MaTepHaJi: KocbiMIlla 6epiiireH ¢paiifa yCbIHbLIFaH.
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Myaaesiep KaKTBIFbIChI
ABTOpJIap MyAzesiep KaKThIFbICbIHbIH, YKOKTBIFbIH MaJIiMEH 1.

Ko.nxa36ansl gaiibiHaay npounecinge reHepaTtuBTi KU xkoHe KU naiiga/iaHaThIH TEXHOJIOTUSJIAP-
Abl Nafijana”y TypaJjbl MaJliMaeMe

Ochl Ko/Ka36aHbl JalbIHAAY 6apbIChIH/A aBTOPJIap KA3aK )KoHe aFblILIbIH TinAepiHAeri MoTiHHIH rpaM-
MaTHKAaCbIH TeKcepy, TiNAIK paciMeyiH xKaKcapTy KoHe JepeKTepAi Taniay, HoTHxKeNAepi HHTeppeTanysaay
»K9He KOPBITBIHbLIAPAbl TY>KbIPbIM/IAy *KYMbICTAphl TOJIbIFBIMEH aBTOpJIap TapalblHaH OPbIHAANAbL. ATalfaH
Kypasaap/ibl aialaHFaHHAH KeliH aBTOpJiap aJiblHFaH MOTiHJI MYKHUST TeKCepil, OKbLJIbIMAbLIbIFbIH apT-
ThIpy MakKcaTblHZa Grammarly >xaoHe ChatGPT-40 kypasijapblH naijanaHabl. MaKajaHblH FBIJIBIMU Ma3MYHBI,
JlepeKTepAi Taaay HoTHKeJlepi HHTepIpeTanusaiay )XoHe KOPbITbIHAbLIAP/Abl TY>KbIpbIM/IAy *KYMbICTAaphI TO-
JIBIFbIMEH aBTOPJIAp TapanblHaH OPbIHAAIABL. ATalFaH KypaJjaap/bl NaiijlalaHFaHHaH KeliH aBTOpJiap ajIbIHFaH
MOTiHAI MYKUSAT TeKcepil TY3eTTi XoHEe 0ChI )KapUsIJIaHbIMHbBIH, Ma3MYHbIHA TOJIBIK YKayanThl 601a/5bI .
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Kymabaes A.M., Pakumesa C.P. , Ecenraanesa H.b. , babenosa A.M. , Korimsioariksiast T. , Visanos 1A, , Illokaes A.M.

AHHoTanms. Pazpa6oTaHbl 6MopasiaraeMble KOMIIO3UTHbIE TPeKOBble MeMOpPaHbl HA OCHOBE XUTO3aHa,
MoAubULIIPOBAaHHOTO OKcuAoM rpadeHa. Metogom SRIM onpezesieHbl MapaMeTpbl 06/1y4eHUs TSKeAbIMU HOHA-
MM, a ONITUMU3aLUs YCIOBUN XMMUUECKOT0 TpaBJaeHUs1 obecneunsa GopMUpOBaHUE CKBO3HOUM MOPUCTOM CTPYK-
Typbl. J1s1 Ucc/ieJoBaHUS CTPYKTYPbl U cOCTaBa cPOPMUPOBAHHBIX MEMOPAH MeMOpaH UCIO0JIb30BaHbl METO/bI
P®3C u C3M, a TepMuYecKre CBOKMCTBA MCC/AeJ0BaHbl METOOM TepMOTpaBUMeTpUUYeCKOro aHaau3a. [losyyen-
Hble pe3yJbTaThl NOATBEPAUIIN YCIEUIHY0 MoAuduKaLnuo MeMOpaH OKCH0M rpadeHa, opMUpOBaHUE TPEKO-
BBIX IIOpP U MOBBIIIEHHWE TEPMUYECKOW CTaOUJIbHOCTH KOMIT03UTOB. MccienoBaHre 6MOCOBMECTHMOCTH MOKa3a-
JIO OTCYTCTBHE LIUTOTOKCUYECKOTO JIEUCTBUS IKCTPAKTOB MeMOpaH npu KoHueHTpauuu 1,0 Mr/mi. [lo fjaHHBIM
3JIEKTPOXMMUYECKON MMIIeJJaHCHON CIEKTPOCKONUU BBeJleHUe OKCUJa rpadeHa CIocoOCTBOBAIO CHUXKEHUIO
06bEMHOI0 CONPOTUBJIEHUS U YBEJWYEHUI0 HOHHOU NMPOBOAMMOCTH, MaKCUMaJbHOHM npu cozepkanuu GO 0,5
Mac.%. Pazpa6oTaHHble MeMOpaHbI ePCIEKTUBHBI B KaYeCTBE MATPUI] I'eJIb-IOJUMEPHBIX 3JEKTPOJTUTOB AJIS
MOJIHOCTBIO TBEPAOTEbHBIX CYNIEPKOHAEHCATOPOB. B X0/1e McciefoBaHUs NOC/IeI0BATENbHO IPOBEAEHbI 3TAIbI
MoJIy4eHHs] MeMOpaH, UCCAeJ0BaHUSI UX CTPYKTYpPBHI, OIleHKH GMOCOBMECTHMOCTH U ONpeJe/eHUs 3JIeKTPOXH-
MUY€ECKUX CBOUCTB. JTO MO3BOJINJIO CUCTEMATHYECKHU 0XapaKTEPU30BaTh Pa3/IMuHbIE CBOMCTBA pa3paboTaHHBIX
KOMIIO3UTHBIX MeEMOPAH U NOATBEPAUTD PE3YJIbTAThl IPOBEJEHHbIX UCCIeJOBAHUML.

KiioueBrble cj10Ba: TpeKoBble MeMOpPaHbl; XUTO3aH; OKCH/J, IrpadeHa; 6M0COBMECTUMOCTD; I'eJb-TI0JIH-
MepPHBIN 3JIEKTPOJIUT; NOJIHOCTbIO TBEPAOTE/IbHbIE CYyIIEPKOHAEHCATOPHI.
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Development of Biocompatible Composite Track-Etched Membranes Based
on Graphene Oxide-Modified Chitosan and Comprehensive Investigation of Their Structure,
Biocompatibility, and Transport Properties

Abstract. Biodegradable composite track membranes based on chitosan modified with graphene
oxide (GO) were developed. The parameters of heavy-ion irradiation were determined using the SRIM method,
and optimization of the chemical etching conditions ensured the formation of a through porous structure. The
structure and composition of the developed membranes were studied using XPS and SEM, while their thermal
properties were investigated by thermogravimetric analysis. XPS, SEM, and thermogravimetric analysis confirmed
the successful modification of the membranes with graphene oxide, the formation of track pores, and an increase
in the thermal stability of the composites. Biocompatibility studies showed no cytotoxic effect of membrane
extracts at a concentration of 1.0 mg/mL. According to electrochemical impedance spectroscopy, the introduction
of graphene oxide contributed to a decrease in volume resistance and an increase in ionic conductivity, which
was maximal at a GO content of 0.5 wt.%. The developed membranes are promising as matrices for gel-polymer
electrolytes for fully solid-state supercapacitors.

Keywords: track-etched membranes; chitosan; graphene oxide; biocompatibility; gel polymer electrolyte;
all-solid-state supercapacitors.

ABTOpJIap TypaJibl MaJIiMeT:
Kymab6aeB A. M. - xaT-xabap aBTopsl, Kazakcran Pecriy6yinkacbl ATOM 3Heprusichbl XKeHiH/Ieri areHTTi-
riHig AaposbiK dusrka uHCTUTYThI, U6parumoB keiueci, 1, 050032, Anmarsl, KazakcraH.

246 1\(_)3(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296


mailto:aibek.shokayev@gmail.com

I'paden okcngimen moanduxanslaHFaH XUTO3aH HeTisiHAeri OnoyiiaeciMAi KOMIIO3UTTIK TpeK MeMOpaHaAapbIH
AalibIHAAY >KoHe 01apAbIH KYPBLABIMBIH, OMOYyiiaeciMaiiri MeH TackiMaajay KacueTTepiH KellleHAi 3epTTey

PakumesBa C.P. - PhD, Kazakctan Pecniy6/1MKachl ATOM 9HeprUschl )KeHiHAer] areHTTiriHiH A 1pobiK dpu-
3uKa UHCTUTYTHI, UO6parumoB keueci, 1, 050032, Anmatsl, KazakcraH.

EcenranueBa H.B. - KazakctaH Pecniy6/1mkacbl ATOM 3HePrUsiChl )KOHiHAer] areHTTiriHiy Aapoblk du-
3WKa UHCTUTYThI, UO6parumoB keieci, 1, 050032, Anmarsl, KazakcraH.

Ba6eHoBa A.M. - KazakcraH Pecniy6/inkacel ATOM 3Heprusichl XKeOHiHAETi areHTTiriHiH Aposbik dprsnka
uHCTUTYyThI, U6parumos keiueci, 1, 050032, Anmarsl, KazakcraH.

Koitmpbi6aikpi3sbl T. - JI. H. [ymMuseB ateinAars! Eypasus yATThIK YHUBepcUTeTi, AcTaHa, KasakcTaH.

UBaHoB U.A. - Kazakcran Pecny6imkacel ATOM 3HEPrHsChI KeHiH/eri areHTTiriHiy faposbik ¢rsnka
uHCTUTYyThI, U6parumos keiueci, 1, 050032, Anmarsl, KazakcraH.

IllokaeB A.M. - JI. H. 'ymuneB aTbiHAaFbl Eypasus yiaTTeiK yHUBepcuTeTi, CaT6aeB keiueci, 1, 050032,
AcraHa, KazakcraH.

Kymab6aeB A. M. - aBTOp A5 KoppecnoHAeHINH, MHcTUTYT sifepHoit dusuku APKAD, yi. U6parnmoBa,
1, 050032, AnmaTtsl, KasaxcraH.

PakumeBa C.P. - PhD, UHcTtutyT spepHoit ¢usuku APKAD, yn. Ubparumona, 1, 050032, AinmMathl,
KazaxcraH.

EcenramueBa H.B. - UHctutyT sigepHod ¢usuku APKA3J, yn. U6parumona, 1, 050032, Asnmathl,
KaszaxcraH.

BaGenoBa A.M. - UHCcTUTYT sinepHoit ¢usuku APKAJ, yi. U6parumoBa, 1, 050032, Anmatel, Kazaxcras.

Koitmbi6aiikpi3sbl T. - yauBepcuteT uM. JI. H. 'ymunesa, yi. Catnaesa, 1, 050032, Actana, KazaxcraH.

HBaHoB U.A. - UHcTuTyT sigepHoii ¢usuku APKAJ, yi. U6parumoBa, 1, 050032, Anmatel, KazaxcTaH.

IllokaeB A.M. - yuuBepcurteT uM. JI. H. T'ymuiesa, yi. Catnaesa, 1, 050032, Acrana, KazaxcraH.

Zhumabaev A. M. - the corresponding author, The Institute of Nuclear Physics of the ARKAE, 1 Ibragimov
str,, 050032, Almaty, Kazakhstan.

Rakisheva S. R. - PhD, The Institute of Nuclear Physics of the ARKAE, 1 Ibragimov str.,, 050032, Almaty,
Kazakhstan.

Esengalieva N. B. - The Institute of Nuclear Physics of the ARKAE, 1 Ibragimov str.,, 050032, Almaty,
Kazakhstan.

Babenova A. M. - The Institute of Nuclear Physics of the ARKAE, 1 Ibragimov str, 050032, Almaty,
Kazakhstan.

Koishybaikyzy T. - The L. N. Gumilyov Eurasian National University, Astana, Kazakhstan.

Ivanov LA. - The Institute of Nuclear Physics of the ARKAE, 1 Ibragimov str,, 050032, Almaty, Kazakhstan.

Shokayev A.M. - The L. N. Gumilyov Eurasian National University, Satpayev street, 1, 050032, Astana,
Kazakhstan.

Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and
conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/licenses/by-
nc/4.0/).

/A.H. I'ymunaes atoiaarsl Eypasus yatTeik yausepcurteTinig XABAPIIBICHIL. \193( 1 56)/ 2026 247
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

AH. Tymnaes ateiHaarsl Eypasus yarTeik yunsepcuteTiniy XABAPIIBICHL
ISSN: 2616-6836. eISSN: 2663-1296

®U3UKA. ACTPOHOMHUSA CEPUACDHI/ PHYSICS.ASTRONOMY SERIES
CEPUA ®U3NKA.ACTPOHOMHUA

MPHTH 29.19.19 https://doi.org/10.32523/2616-6836-2026-156-3-248-257
HayyHas cTaTbsa

CTpyKTypa M 3JIEKTPOXUMHYECKHe CBOMCTBA
KaToAHbIX MaTepuaaoB NasFez2(P04)3 u NasFez(P04)3/Cx
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AHHOTanusA. B cTaTbe jJaHa cpaBHUTeJ/IbHAsA OLeHKa CTPYKTYP U 3JIeKTPOXH-
MHYECKUX CBOMCTB NoJMKpHcTawios a-Na,Fe (PO,), u a-Na,Fe,(PO,),/C , mosy4eHHbIX
TBepAoda3HbIM METO/JOM CHHTe3a. Lles1bio paboThI ABJISIETCSA OBBIIIEHHE Y/ieJbHbIX
eMKOCTe# KaToHbIX MaTepuasos Na,Fe,(PO,), myTeM onMpoBaHUs aTOMaMH yIjiepo-
Jla. AKTyaJIbHOCTb paboThI CBsI3aHa C TOMCKOM 3QPEKTHUBHBIX KATOAHBIX MaTepHUaIoB
JUIS HATPUH-UOHHBIX akKyMyssaTopoB (HUA). [lis onpeiesieHUs yae bHbIX eMKOCTEH
KaToZiHbIX MaTepuasos Na,Fe,(PO,), u Na,Fe,(PO,),/C npoBoguiu c noMouibio opra-
HUYECKHUX 3JIeKTPOJIUTOB B [IBYX3JIEKTPOAHOH suelike Tumna «T-cell». YcraHoBsieHo, 4TO
B pe3yJsibTaTe AONHUPOBAaHUs YIVIEPOAOM CTPYKTYPhI TBEp/bIX PACTBOPOB BHEIPEHUSA
a-Na,Fe,(PO,),/C M3MeHAOT CHMMETPHIO U lIapaMeTphbl 3JIeMEHTAPHbIX 4eeK OTHO-
CHUTEJIbHO CTPYKTYphI a-Na_Fe (PO,).. [lokasaHo, 4To yAe/ibHbIe EMKOCTH TBEPbIX
pacrBopos a-Na,Fe,(PO,),/C 3ameTHo Bbiiue, yeM a-Na,Fe,(PO,).. [Ipuyem, ¢ noBbI-
IeHHeM KOHLEHTPaLM1 aTOMOB yTJiepo/ia B KaTOAHBIX MaTepHasax a-Na,Fe,(PO,),/
C,_Bo3pacraet yziesibHasg eMKoCTb HUA, XOTS IPH 3TOM CHUXKAETCs UX CTPYKTYpHast
CTaGU/IbHOCTD K LIUKJIMPOBAHUIO.

3aKJ/II0UeHO, YTO ONTUMAJbHBIMU KaTOAHBIMU MaTepHalaMH [l UCI0JIb-
soBanus B HUA aBnatoTca cocraBel a-Na,Fe,(PO,),/C (0<x<0.5), TK. JonMpOBaHH1e B
He6OoJIbLIMX KOHLEHTPALUAX aTOMOB YIJIEPO/ia MOXKET NOBBILIATH €0 y/1e/IbHYI0 €eMKOCTb
Y MOXKeT Ha [IpMeMJIeMOM YPOBHE COXPaHATb ero yCTOMUYUBOCTD K IpoLieccaM LUKJIU-
posanus. [losTomy cocrasel a-Na,Fe,(PO,),/C (0<x<0.5) MOTyT 6bITh HCII0/Ib30BaHBbI
B KauecTBe KaToAHbIX MaTepuasoB B HUA, T.k. yaesbHasA eMKOCTb 6aTapey Ipy 3TOM
yJly4dllaeTcs], a CTPYKTYpHasi CTabUJIbHOCTb KaTOA0B Oy/ieT o6ecrieduBaThCs Ha IPU-
eMJIEMOM YpPOBHE.

IMocrymmaa 8.08.2026. ITocae gopabotku 31.08.2026. ITpunsra x meuatn 31.08. 2026. AoctymHo onaarin 30.09.2026.
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CTpyKTypa 1 DAeKTpOXUMIIeCKIe CBOYICTBa KaToAHBIX MaTepnaaoB NaszFe;(PO,)s u NaszFey(POy)s/Cx

KioueBble c/10Ba: MOJIMKPUCTAJLIBI, JIETHPOBaHUE, TBEPA0PA3HBIN CHHTES,
MPOBOJUMOCTD, Y/leIbHasl EMKOCTb.

BBegeHnue

B HacTos1ee BpeMs JIUTUH-HOHHBIE aKKyMyasTopbl (JIMA) Hcnoib3yl0Tcs B KauecTBe Nepe3apsKaeMblX
6aTapeil: B 3J1eKTPOMOOUJIAX, B a/IbTEPHATUBHBIX MCTOYHMKAX TOKA (KaK HAaKONUTeJIU 9Hepruu) U T.4. Boctpe6o-
BaHHbIe, HO Zloporue no croumocty JIMA B 6/mxaiiiiell nepcneKTHBe MOTYT O6bITh 3aMeHeHbI 6oJiee JieleBbIMU
HaTpUU-UOHHBIMU akkyMmysasTopamu (HHUA). OgHako 6oJiee HU3kue aHeproeMkoctd HUA, yem B JIUA, TpebytoT
MOBBIIIEHUS UX SHEePTreTHYeCKUX apaMeTpoB[1-3]. B nepcnekTHBe KOHKYpPEHTHO-crioco6HoCcTh HUA MoxeT
MOBBICUTBCA 6J1aroZapsi OrPOMHOM JIOCTYITHOCTH HATPHs, eC/IM 6YAyT paspaboTanbl 3ppekTuBHble HUA C Gosee
BBICOKHMMH y/leJIbHbIMU eMKOCTAMH [2-5]. Cpesu opTo-$pocdaToB ¢ KapKacHOH CTPYKTYPOI H3BECTHBI KaTOHbIE
marepuaibl Na,V,(PO,), u Na,Fe,(PO,), asia HUA [6, 7]. 06a maTepuasia OTHOCATCA K CTpyKTypHOMy Tuiy NASICON,
006J1a1a101IUX OGIIMPHBIMU [TOJOCTSAMHU, 06Pa3yOLIMX TPeXMePHbIe KaHalbl IPOBOAUMOCTH. JTH KaTOAHbIE Ma-
Tepuasibl 06J1aJal0T XOPOLIeX CTPYKTYPHON YCTOMIMBOCTbIO IpH uKanpoBanuu B HUA. Xota Na,V,(PO,), o6.a-
JAI0T 60/IbUIMMHU y/ieIbHbIMU eMKOCTAMHU B HUA, yem Na,Fe,(PO,),, HO oHU cozepxaT B cocTaBe 60Jiee J0pOroH
MaTepHas BaHaZui. HecMOTpsA Ha CTPYKTYPHYIO yCTOMYMBOCTE KaTOAHBIX MaTepHanoB Ha ocHoBse Na,Fe, (PO,),
npy nuKAUpoBaHuy, B HUA 6bliM ycTaHOBJIEHBI HEBBICOKHE YAe/bHble eMKOCTH B 3JIEKTPOXMMHUECKUX CUCTEMax
[8]. [Ipr4rHOM HEGOIBIIUX yAEIbHBIX EMKOCTEH KaTo 0B Ha ocHoBe Na,Fe, (PO, ), AB/seTca ero HU3Kas NpoBOJU-
MOCTb B HU3KOTEMIIepaTypHO! a-dase U3-3a MOHOKJMHHOTO UCKXKEHUSI pOMO03/IpUYECKOTr0 KPUCTAINYECKOT O
kapkaca [9]. [IosToMy Heo6X0AMMBI pa3paboTKH HOBBIX TEXHOJIOTUH, CHOCOGHBIX OBBICUTD 3JIEKTPOXUMHUYECKH e
ceoiicTBaNa,Fe,(PO,)..

Mockosnbky Na,V,(PO,),06.1amaeT Xopoueid HOHHON IPOBOJUMOCTBIO, HO OTCYTCTBHUEM 3JIEKTPOHHOH
NPOBOAMMOCTH, TO [I/Ifl IOBbIIIEHUA 3HeproeMmkoctu HUA BmecTo kaTosHoro marepuania Na,V,(PO,), 6buin
CHHTe3UupoBaHbl KoMNo3uThI Na,V,(PO,),/C nyTem gonuposanus yriepoga [10 - 12]. g co3faHusa MaTepraioB
M006HOTO0 TUIA, TOTPEOYIOTCS 3HAHUS CTPYKTYPHI, @ TAK)KE MeXaHU3Mbl [eHepaliuy IepeHoca HOCUTEIed B 3TUX
MaTepuasax. Haubosiee UPOKO MCIOJIb3yeMbIM 3/1€KTPONPOBO/ALIMM HAMOJHUTENEM JJI CO3JaHHUs 3JIeKTPO-
MPOBOJSIUX KOMIIO3UTOB sIBJIsSIETCA caXka (TeXHU4YecKU yriepos). Kpucranindeckas peleTka rpaduTa COCTOUT
13 Habopa MJI0CKOCTeH, B KaXKJ,01 U3 KOTOPBIX YIJIEPOJHbIE ATOMbI 06PA3yIOT CETKY NPAaBUJIbHBIX LIECTUYT0JIb-
HHMKOB. U3BECTHO, 4TO rpaduT 0613712 T BLICOKUMH 3JIEKTPOHHBIMU MPOBOJUMOCTSIMH B IIJIOCKOCTH CJIOEB O, U
Aocruraet BesmuuHbl 10* Om'em™ [13, 14]. [IpoBogumocts Na,Fe,(PO,), Toxe HOCUT UCKJIHOYHUTENbHO HOHHBIH
XapakKTep. YYUTbIBas BLICOKYIO 3JIEKTPOHHYIO0 MPOBOAUMOCTD Ir'padrTa, MOXKHO OXKH/ATh MOBBIIIEHHS IPOBOJHU-
MOCTH KOMIIO3UTHbIX MaTepuasos Na,Fe,(PO,),/C . OfiHaKo UCIIbITAHUSA 3/IEKTPOXMMHUYECKUX CBOUCTB KaTO/0B,
cbopMUpOBaHHBIX Ha OCHOBe cocTaBos Na,Fe,(PO,),/C He npoBoguIHUCh.

llenpto faHHOM PabOTHI SABJISIETCS CPABHUTEIbHOE HCC/IeZJOBaHUE CTPYKTYPhI U yleJbHbIX eMKOCTeH
KaTogHbIX MaTepuanosNa,Fe,(PO, ) u Na,Fe,(PO,),/C (x=0.5; x=1.5), A/ oLleHKM KpUTepreB 3GPEKTUBHOCTH UX
NpYMeHeHHUs.

MeToaosi0orus

CTpyKTypHbIe UccefioBanusa noaukpucraanos Na,Fe, (PO ), u Na,Fe,(PO,),/C 6bl1u ocyiiecTBieHbl ¢
nomompbio audpakTomerpa 8D(Cuk - usnydyenue) (upmor Bruker).

JJIEKTPOXUMHUYECKHE HCCe/loBaHusA nonvkpuctamios Na,Fe,(PO,),u Na,Fe,(PO,),/C npoBoau.u B opra-
HUYECKUX 3JIEKTPOJIUTAX, B IBYX3JIEKTPOAHOU siuelike Tuna «T-cell». MeTaninuyecKkui HATPUH CJIYKUJI B KA4eCTBe
aHo/a, UccJie/lyeMbli MaTepHas B kadecTBe Katoga. 1M NaClO, B cmecu pactsoputeiei EC:DMC (1:1) ucnosibso-
BaJICSl B KAYeCTBE 3JIEKTPOJINTA, B KaueCcTBe MeMOpaHbl HCIOIb30Ba/u KoMMepdeckuit cenaparop Celgard 2500.
CpefHss Macca akKTUBHOI'0 MaTepuaJsia Ha U3TOTOBJIEHHOM 3JIeKTPO/ie BapbUpoBasiach OT 2 A0 4 Mr. [Ipu cpenHeit
Macce aKTUBHOI'0 MaTepuaJa 2-4 MI U TeOpeTU4YeCKON eMKOCTH paBHOH CTeop =105 MAu/r. Tok nmpu ckopoctu 0,1
C coctaBasieT 21 YA - 42 pA. lna KaxJ0ro 3JIeKTpoJa TOK PacCYMThIBAJICA UHAUBUAYATbHO, B 3aBUCUMOCTHU OT
ero akTUBHOM Macchbl. JJIEKTPOXUMHUYECKHE U3MepPeHHUs TPOBOAUIUCH IPU KOMHATHOM TeMIepaType, KaTOAHbIHI
MaTepHras roToBUIU yTeM cMelnBaHus 80 Mac.% cuHTe3MpoBaHHOro Matepuasa, 10 mac.% yraepoga Timical
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C45 B kauecTBe NpoBoAdaLlero nopouka 1 10 mac.% pactBopa 3 Macc% noausuHuaugeHdropuga (PVdF) B
H-MeTuanupoJangone (NMP), ucnosb3yolerocsi B KauecTBe CBA3yOLero. B kayecTBe NOAJI0KKU AJ11 KATOJ0OB
rcnoJib3oBajiu rpadutoByto ¢osbry (thingraphfoil). Hukianyeckas BoasTamnepometpus (LIBA) npoBoguiuce ¢
MOMOIIbI0 TOTeHI[MocTaTa/rasibBaHocTaTa BioLogic CP-300. Bce u3aMepeHus1 NpOBOJUINCH OTHOCUTEJBHO XJIOP-
cepebpsHOro 3/1eKTPO/ia CPAaBHEHUS.

Pe3ysbTaThl M 06CYyXKAeHUE

[Tosnmkpucranibt Na,Fe,(PO,), u Na,Fe,(PO,),/C (x=0.5; x=1.5) moJiy4eHbl myTeM TBep0pasHOro MeToa
CUHTe3a. B kauecTBe UCXOAHBIX PeaKTUBOB ObLJIU UCII0/b30BaHbI NaZCO3, Fe203,NH4H2PO4Bce Mapku OCY u TexHuU-
yecKU# yriepos (uu caxka). [lepes; CHHTe30M MCXOAHYIO LIMXTY MOJBeprajy TepMuiyeckoil o6paborke npu T=350
°C B TedyeHHe 2 4acoB. 3aTeM MOJIy4ald MPEKYyPCop MyTeM MOMOJIa TEPMOOPAOGOTAaHHON UIUXThI, IPECCOBAHUS B
TabJsieTKy ¥ 06xura npu T=600 °C B TeyeHue 7 9acos. [l nosydenus noaukpucranios Na,Fe,(PO,), npekypcop
CHOBa MOJIOJIH, TPECCOBAJIM B TabJIeTKy ¥ OBTOPHO o6xuraau npu T=750 °C. lnsa nonyyenus Na,Fe, (PO,)./C B
NpeKypcop 106aBJIAIM TEXHUIECKUH yIiepoA B kosrdecTBe X=0.5 u x=1.5 ot MosieKyisspHo# maccel Na,Fe,(PO,),
Y HECKOJILKO KalleJib XKU/IKOTO rninepuHa. [locie nomMoJia cMecd peKypcopa ¢ TEXHUYECKUM YIJIepOooM U TJIrle-
PHMHOM, IPECCOBaHUA UX B TabJeTKU U 06xura npu T=750 °C B Teyenue 7 yacos nosyvaau Na,Fe,(PO,),/C (x=0.5
n x=1.5). OTMeTHuM, YTO B poLecCe CHHTE3a TEPMO06Pa60oTKa 06pa3l[0B MPOUCXOUIa B MydebHbIX IeYax B
cpejie aproHa.

Ha puc. 1 npeacraBieHbl JudpaKTOrpaMMbl CHHTE3UPOBAHHBIX 06Pa31l0B, HAa KOTOPBIX UMEIOTCS YeTKHE
MUKU IPH COOTBETCTBYIOIIMX yTiiax. Pa30BbId COCTAB MOJIyYeHHBIX MATEPHUAJIOB ONPEEISIIH METOA0M PEHTre-
HOBCKOM U paKLUU.

PucyHok 1. luppaxrorpammsl noiukpucrawion:1) a-Na,Fe,(PO,), u
a-Na,Fe,(PO,),/C ; 2) x= 0.5; 3) x=1.5.

B nesiom nuku Ha gudpakrorpammax Na,Fe,(PO,),/C , cOOTBETCTBYyOLIME NMKaM MOJUKPUCTALIOB
Na,Fe,(PO,),, coBnazjarnT, HO NOABJEHHE AOTOJHUTE/IbHbIX IMKOB Ha yIyax 42° U 44'yKa3blBaeT Ha UX paclie-
nJieHue. BeposiTHO, paciiensieHre MUKOB Ha yriiax 44° MoXeT ObITh CBSI3aHO BHEJPEHUEM YTJIEPO/ia B CTPYKTYPY
nosmkpucrasios Na,Fe,(PO,),, npuBoasmero k. MoauduKaluu CTPYKTYPHBIX UCKaXkeHH#H (mip. rp. C2). C momo-
1I1bI0 IPOrPaMMbl OPU/IXKHMH IPOBEIEHO HHAUIIMPOBAaHUE JUPPAKTOrPaMM NOJIy4YeHHbIX 06pa3lioB, a pacyeTHbIe
JlaHHbIe pUBe/ieHbl B Tabaune 1.
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CTpyKTypa 1 DAeKTpOXUMIIeCKIe CBOYICTBa KaToAHBIX MaTepnaaoB NaszFe;(PO,)s u NaszFey(POy)s/Cx

Ta6mue 1. [lapaMeTpsl CTPYKTYPbI NoIMKpUcTa/LIoB a-Na Fe,(PO,), u a-Na, Fe,(PO,),/C (x=0.5u
x=1.5)

CocTtaBbl 06pa3LoB Ip. [lapaMeTphbI 3/IeMeHTapHOU sTUeH KK 06pa3IoB
rp. p 2 2

Na,Fe,(PO,), a, A b, A c A al B0 Y°

a-Na,Fe,(PO,), 15.1230 8.7168 21.5963 90.00 90.37 90.00

a-Na,Fe,(PO,),/C 15.1664 8.7152 21.6102 90.00 89.77 90.00

x,=0.5C

a-Na,Fe,(PO,),/C 15.1327 8.7238 21.5707 90.00 90.11 90.00

x,=15C

TpaHchopmanusa cAMMeTpUH MOHOK/JIMHHOTO HCKaxkeHus a-Na,Fe (PO,),/C cmp. rp. Ha CUMMe-

TPUIO  ,a TaKXe U3MEHEeHHE NapaMeTPOB 3JIeMEHTAPHBIX T4YeeK MOXKET ObIThb CBSI3aHO C JOIMPOBAaHUEM aTOMOB

yriepoja B kpuctasuinTel a-Na,Fe,(PO,),/C..

Iaekmpoxumuueckue ceolicmea kamodos Ha 0cHoge noaukpucmanos Na,Fe,(PO,),

Bce nusmepenus 3apsiHO-pa3psaHbIX FalbBAHOCTAaTHYECKUX KPUBBIX C HEBOJAHBIMU 3J1eKTPOJIUTAMH IPO-
BOJIUJIUCH B T4€iiKe C HATPUEBLIM aHO/IOM M KaTO/Zl0M Ha OCHOBe MoJIMKpucTanios a-Na,Fe,(PO,),u a-Na,Fe, (PO, )./
C, (x=0.5;x=1.5) B mep4aTO4HOM 60KCe C MHEPTHOM aTMocdepoii (Ar) ¢ copepxanreM Kucaopoaa u Bozbl 0.01 ppm.

Ha pucyHke 2 npuBe/ieHbl 3aps1AHO-pa3psAAHble FajJbBaHOCTaTHYeCKH e KPUBBIe, T0JIy4eHHbIe B i4eliKe C
HaTpHUeBbIM aHOAOM U KaTOJOM Ha OCHOBe 06pa3IioB

a-Na,Fe,(PO,), u a-Na,Fe,(PO,),/C (x=0.5;x=1.5)

120

C.mAh'g

PucyHok 2. 3apsHo-pa3psiiHble raJibBAHOCTaTUYeCKHEe KPUBbI€ B HEBOJHOM 3JIEKTPOJIUTE KATOAHBIX
MaTepuasoB Ha ocHose a-Na, Fe,(PO,) ,ua-Na,Fe,(PO,),/C (x=0.5;x=1.5), no/iy4eHHbIX TBepAodpa3HbIM
meToAoM (KpuBble 1 u 4 a5 06pasuos a-Na,Fe,(PO,),), u a-Na,Fe,(PO,),/C (xpuBble 2, 5 a/151 06pa3uoB
x=0.5; kpuBbIe 3, 6 /151 06pa3uoB x=1.5).

Ha puc. 3 npuBe/ieHBI 3apsA/IHO-pa3pA/JHbIe XapaKTEPUCTHKH yeabHOU eMKkocT (mAh-g™!)) B 3aBucH-
MOCTH OT YHCJIa [[UKJIOB IIPU UCTIBITAHUHU B HEBOJHOM 3JIEKTPOJIUTE KaTO/JHbIX MaTEPUA/IOB Ha OCHOBE 06pa3I[0B
Na,Fe,(PO,),u a-Na,Fe,(PO,),/C :
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Pucynok 3. Kpusble 3apsija/paspsaja yaeabHoi eMKocTd (mAh-g™1)
B 3aBHCUMOCTH OT YU CJ/Ia UKJ/IOB IPHU UCNILITAHUY B HEBOAHOM 3JIEKTPOJINTE KaTOAHbIX MATEPUAJIOB:
1- KpuBbIe 3apsa/pa3psaja yAeJIbHOH eMKOCTH KaTOAHbIX MaTePHAJIOB
Ha ocHoge a-Na,Fe,(PO,),; KpuBas 3apajaa/paspsaja yAeJbHON eMKOCTH KaTOAHBIX
MaTepuasioB Ha ocHoBe a-Na,Fe,(PO,),/C (2 - x=0.5); 3 -x=1.5) COOTBETCTBEHHO.

U3 3apsagHO-pa3psAAHbIX raJbBAHOCTATUUECKHUX KPUBBIX, IPEJCTABJIEHHBIX HA PUC. 2 BUAHO, UTO Y/ eJlb-
Hbl€ eMKOCTH (KaTOJHBIX MaTepHaJIoB s cocTaBoB a-Na,Fe,(PO,),/C (2 -x=0.5; 3 -x=1.5) 3aMeTHO BbIllIe, YeM
Aua nonukpuctaanos Na,Fe,(PO,),. OaHaxo Ha puc. 3 MoKasaHo, YTO 110 Mepe POCTa YUCJ/Ia UKJIOB y/iebHble
€MKOCTH KaTOJJHbIX MaTepHaJIoB JJisa coctaBoB a-Na,Fe,(PO,),/C (xpusble 2 - x=0.5 1 kpuBble 3 - x=1.5) 3aMeTHO
CHIDKAIOTCS, YTO YKA3bIBAET Ha UX CTPYKTYPHYIO HEYCTOMYMBOCTD K IPOIleccaM K MpoleccaM UKJIUPOBAHUSI.
[TpuyeMm, ¢ MOBBIIEHUEM KOHIIEHTPALUU JOTIAHTOB Jlerpajaliusi CTPYKTYP KaTOAHbIX MaTEPHAJIOB YBEJIUYHUBAETCS.
Ecsiu cHvkeHMe yieIbHOM eMKOCTH KaTOJJHbIX MaTepHuaJsioB As coctasa a-Na,Fe,(PO,),/C (x=0.5) cocrasssia 10
%, TO PY YBEJIMYEHUU KOHLIEHTPALIMH I0NIAaHTOB/I0 X=1.5 yBeJIMYMBaET CTPYKTYPHYIO IeTpajaliyio MaTepuana o 25
%. Bosiee ycTOWYMBBIM K polieccaM LUKIUpoBaHusa asasgerca Na Fe (PO,),, T.K. cHIKeHHe yleJIbHOH eMKOCTH
coctaBJiseT He 6oJiee 5 %.

Ha ocHOBe noJiy4eHHbIX Pe3y/IbTATOB MOXKHO C/IeJIaTh BBIBOJ, YTO JJONUPOBAaHNE B HEGOJIBILNX KOHI[EHTPALU-
X aTOMOB YI/Iepo/ia (NPX X MeHblIe WK paBHOM (.5) IPUBOAUT K MOJy4EHHMIO KaTOJHBIX MaTepHasios a-Na,Fe,(PO,),/
C,, KOTOpbIE MOTYT IOBBIIATD Y/EJIbHYI0 eMKOCTh HUA 1 cOXpaHATb NpreM/IeMyI0 YCTOWYUBOCTD K NpoLeccaMm
LUKJIUPOBAHUS.

TakuM 06pa3oM, MOXKHO 3aKJIIOYUTh, YTO ONTUMAIbHBIMU KaTOAHBIMU MaTepUaIaMH J1Jisl UCTI0JIb30BaHUS
B HUA aBastoTca coctasbl a-Na,Fe,(PO,),/C (0<x<0.5), T.K. JoNMMpoBaHKE B HE6OJIbIINX KOHLEHTPALUAX aTOMOB yIJie-
PO/ia MOXKET MOBBILIATD €ro YAeJbHYI0 EMKOCTh, HO MOXET Ha PUEMJIEMOM YPOBHE COXPAHSTh €ro YCTOMYHMBOCTh
K IpoLeccaM [UKJIUPOBAHHUS.

[lepeHoc 3apsi/ia B pacCMaTpHUBaeMOU 3JIEKTPOXHUMHUYECKOH CUCTEME MOXKET ObITh ONHMCAH ypaBHEHUEM
HepHcTa, KOTOPBIH CBSI3bIBAET MOTEHI[MAJ OKUCIUTENbHO-BOCCTAHOBUTEBHOTO npolecca (E) co cTaHAapTHBIM
BOCCTAaHOBUTEJIbHBIM NMoTeHIHaN0oM (E’) u torapudpMoM Ko3dpdHUILMeHTa peaKLUH, BHIPAXKEHHOI'0 aKTUBHOCTSIMHU
BOBJIEYEHHBIX YaCTHI], T.e. KATUOHOB xeJe3a [13].

E = FO 40y, Gre™t ()
F aFeZ+

rje R - yHuBepcasbHas ra3oBasi noctosiHHasg; T - aGCOIIOTHASA T

emnepatypa; F - ynucio ®apages; a, **u a,? - K03 PUIMEHTHI peaKI[MK, OTpaXkarollke akTUBHOCTb Ka-
THOHOB KeJle3a B OKUCJIEHHOW U BOCCTAHOBJIEHHOU mpoireccax. [IpuyeM, cTaHJapTHBINA BOCCTaHOBUTEJIbHbBIN
noteHnuals (E) onpefesnsietTcs conpsikeHHOU napoi Ox U Red «OKUC/IUTENb-BOCCTAHOBUTEJIbY, T.€. 3Ta BEJIMYMHA
onpezesseTcs Tak:
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CTpyKTypa 1 DAeKTpOXUMIIeCKIe CBOYICTBa KaToAHBIX MaTepnaaoB NaszFe;(PO,)s u NaszFey(POy)s/Cx

vOx + ne— — v'Red (2)

rJie V, NV>-3apsjbl 10 U N0C/Ie PeAKIIMU OKUCJIEHUSI-BOCCTAHOBJIEHHST; 1N - YHCJIO 3JIEKTPOHOB.

[To 3Ha4YeHusAM yaenbHOM eMKocTH 06pasios Na,Fe,(PO,), na-Na,Fe,(PO,),/C (2 - x=0.5); 3 - x=1.5, npuse-
JIEHHBIX Ha PUC. 2 MOXKHO PACCUMTATh KOJHYECTBO HOCHUTe el 3apsi/ja (n), y4aCTBOBABUIMX B 3JIEKTPOXUMHUYECKUX
nmpoleccax 3apsja/paspsja no popmye:

n=-—— 3)

rze C - 3HaYeHHs eMKOCTH 3JIEKTPOXUMHUYECKOH ssuelKy; M - MosisipHast Macca KaToLHOTo MaTepuasna; F-
ancno Gapajed._/[aHHbIE 10 3J€KTPOXMMUYECKMM HCNIbITaHUAM 06pasios Na,Fe,(P0O,), u pacyeTam napamerpa
n npuBefeHbl B Tabuule 3. [locse AMUTENbHBIX HCIIBITAaHUH GbLIM NOJIy4YeHbl 3apsAJHO-pa3psAAHble KpUBbIe U
MOCYUTAHBI CPeJHUE EMKOCTH 3apsifa/paspsza (Tab.. 3).

Ta6mua 2. /laHHbIE N0 3JIEKTPOXMMHUYECKUM UCNbITAHUAM NoJuKpucra/uios Na,Fe,(PO,),
u a-Na,Fe,(PO,),/C

Tunsl 06pasnoB CpenHue 3HayeHua | KosnvectBo Yucsio 31eKTPOHOB
eMKOCTH 3apsfa/ HOCHUTeJlel HNpPOBOJAMMOCTH
paspsga MAY/T 3aps/ja B nponeccax | (n)

3apsaa/pa3psga (n)

Monukpucrant Na,Fe,(PO,), 64 556 0
a-Na,Fe, (PO,),/C (x=0.5) 80 695 139
a-Na,Fe,(PO,),/C (x=1.5) 95 825 269

JnexktpoeMkocTb HUA 06ycioBieHa YMCI0M HOCHTeJIeN 3apsA/i0B KaTOAHBIX MaTepHaJoB, KOTOpbIe y4a-
CTBYIOT B IIpolieccax 3apaja-paspsaja.

3akio4yeHue

1. CrpykTtypa nosmkpucranios Na,Fe,(PO,), u a-Na,Fe,(PO,),/C , cuHTe3upoBaHHbIX TBEP0(hA3HBIM METO-
JIOM, OTJIMYAIOTCSI MEX/y CO60H CUMMEeTPHEN MOHOK/JIMHHOTO UCKaXKeH s KPUCTA/UTMYECKOT0 KapKaca v apaMeTpaMHu
3/IeMeHTapHBIX siyeek (CM. Ta61.1), YTo MOXKeT ObITh CBSI3aHO C YAaCTUYHBIM BHEIpEHNEM aTOMOB YIVIEPO/ia B KPUCTAJ/LIUTHI
TBep/bIX PaCTBOPOB.

2. Katogipl, U3roTOBJIEHHbIE Ha OCHOBE cocTaBoB a-Na,Fe,(PO,),/C , mokasbIBaroT 60J1ee BbICOKUE yie/IbHbIe
emKocty B HUA, yeM npu UCTIo/Ib30BaHNK KaTOZIOB, cCpopMHpoBaHHbIX U3 Na,Fe, (PO, ).. BepoaTHo, foMHHUpYyIOmas
poJib B NOBBIIIEHUH yAieIbHOM eMmKocTH HUA c katogamu Ha ocHose a-Na,Fe,(PO,),/C npuHaAJeXuT 31€eKTpOHaM,
BXOJSIIIEM B COCTAB aTOMOB YIJIEPO/Ia.

3.Kartozpel Ha ocHoBe nosinkpucTasLios Na,Fe, (PO, ), xapakTepHu3yrOTCs XOpoIe# CTabUIbHOCTBIO 3apA/-
HO-pa3pA/HbIX XapaKTePUCTHUK NpH Ux pabote. Coctasbl a-Na,Fe,(PO,),/C (0<x<0.5) MOryT 6bITh UCMOJIb30BAHbI B
KavyeCTBe KaTOAHBIX MaTepuasoB B HUA, T.k. jonupoBaHye B HEOOJIBIINX KOHIIEHTPALIMSX aTOMOB YIJIEPO/IA TOBBIIIAET
yAeJIbHYI0 eMKOCTb aKKyMyJ/IITOPA U CIIOCOGHBI COXPAHATh CBOIO yCTOMYUBOCTD K MPOIeccaM LUKJIUPOBaHUS Ha
MpHeMJIEMOM YPOBHE.

OJIHAKO ONTHUMaJIbHBIMU KaTOJHBIMU MaTepuasaMHu JJis ucnosb3oBaHusa B HUA saBisiroTcs cocTaBbl
a-Na,Fe,(PO,),/C (0<x<0.5), T.K. JonmMpoBaHHe B HEGO/IbIINX KOHIIEHTPALUAX aTOMOB YIJIEPO/ia OBBIIIAET UX Y/1€IbHY 0
€MKOCTb, I03BOJISIS HA IPHEMJIEMOM YPOBHE COXPAHATh YCTOWYMBOCTD K IPOIECCaM LUKJINPOBAHUS.
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CTpyKTypa 1 DAeKTpOXUMIIeCKIe CBOYICTBa KaToAHBIX MaTepnaaoB NaszFe;(PO,)s u NaszFey(POy)s/Cx

A.A. Horaii', 3.A. Horaii*, /I. /1. Alikeim6aeBa®, A.C. Horaii', ILI. Tatkeesa**, H.®. 3ukpuiiaes?,
A.B. Yterynos*, H.E. Typaibi6exoB*

1Caken Ceiighyanun amoiHoarst Kasak azpomexHuKkansik 3epmmey yHusepcumemiHiy
IHepezemuka uHcmumymeol, AcmaHa, Kazakcman
2 Ucaam Kapumos amoindarst TawkeHm memaeKemmik mexHUKAaablK yHUgepcumemiHiy
3/1eKMPOHUKA dHcaHe asmomamuka pakyrsmemi, Tawkenm, O36exkcmau
(E-mail: artur.n00@mail.ru, ep-55@mail.ru, darkhan_s05@mail.ru, as.nogay@gmail.com, *tetkeeva@mail.ru,
zikrillaevnurulla@gmail.com, utegulov76 @mail.ru, M84315@kazatu.edu.kz)

Na,Fe,(PO,),x9He Na,Fe,(PO,),/C KaTOATbI MaTepHAIAAPABIH KYPbLIbIMbI
MEH 3JIEKTPOXUMHUSIBIK KacCHeTTepi

Adparna. Makaiaja KaTTbl Gpasasibl CHHTE3 apKbl/bl albiHFaH a-Na,, 2re2(PO,),/C_ 1m0-

JIMKPpUCTAJIJapbIHbIH, KYPbUJIBIMAAPbI MEH 3JIEKTPOXUMUAJIBIK KaCI/IETTepiHiH CaJIBICTbIPpMaJlbl Garachl 6epinreH.

(PO,), xoHe a-Na

HymbicThIH MaKcaThl - a-Na,, ,(PO,).kaToJ MaTepra/japblHbIH MEHIUIKTI ChIMBIMABIIBIKTapPbIH KOMIPTEK aTOM/a-

3Fe2
PBIMEH JIETUPJIeY apKbLIbl apTThIPY. JKYMBICTBIH 63€KTiliri HATpU-uoH bl 6aTapesiiap (SIB) yuwin TuiMmzai kaTog,
MaTepHa/JapbiH i3feyMeH 6ainanbIicThl. a-Na,, (PO, ), xoaHe a-Na,, ,(PO,),/C kaTox MaTepura/iJapbIHbIH MEHLIIKTI
CBIMBIM/IBLIBIKTAPbIH aHBIKTAY YLIiH 6i3 eKi 3/1eKTpoAThl T-yAIBIKTaFbl OpraHUKaIbIK 3J1IeKTPOJUTTEPAI Maija-

JIaHbIT eJieysiep Kyprisaik. Kemiprekri ierupiey a-Na,, . (PO,),KypbUIbIMbIHA KATBICTBI GIPJIiK YAIIBIKTap/AbIH

3Fe2
CHMMETPHACHI MeH IlapaMeTpJiepiH e3repTy apkbuibl Na,, (PO,),/C HMHTepCcTUIMAAbl KATThI €PiTiHAlIepiHiH
KYPBIJIBIMBIH ©3repTeTiHi aHbIKTaaabl a-Na, . (PO,),/C KaTTbl epiTiHAiepiHiH MEHLIIKTI CHIMBIM/bLIBIKTapbI
a-Na,, ,(PO,),-Ke KaparaH/Ja alTapJbIKTal *OoFapbl eKeHi kepceTinreH. ConbiMeH Karap, Na,, ,(PO,),/C_kartoa
MaTepUaaAapbIHaFbl KOMipTEeK aTOMAAPbIHbIH, KOHLIEHTPALUAChIHBIH, apTybiMeH NIB-HiH MeHIIIKTi CbIHbIM-
JBLIBIFBI apTa/ibl, 6ipaK oJ1ap/blH LUKJTe KyPblIbIM/bIK TYPaKThLIbIFbI TOMeHeH . NIB-/e KosiaHyFa apHaIFaH

OHTaMJIbl KaTo MaTepuangapbl a-Na,, ,(PO,),/C (0<x<0.5) Kypamaapbl 60J1bII TabblIa/ibl ET€H KOPbIThIH/[bI

3Fe2
»acasiipl, ce6e6i KeMipTek aTOMAAPbIHbIH a3 KOHLIeHTpaLUsapblHAA JIETUPJIeY OHbIH MEHLIIKT] CbIABIM/bLIBIFbIH
apTThIpa aja/ibl >KoHe LIUKJIAIK NpolecTepre TYPaKThIJbIFbIH KOJIAMJbI JleHrele cakTal anagbl. COHABIKTaH
a-Na,, ,(PO,),/C (0<x<0.5) kypamzaapein NIB-ze kaToa MaTepuasapbl peTiHje naigananyra 6os1a/pl, ce6eoi
6aTapesiHbIH MEHUIIKTI ChIMBIM/IbI/IBIFBI 2KaKcapa/ibl )KoHe KaTOATapAblH KYPbIIbIM/bIK TYPAKTbLIBIFbI KOJaNJIbI
JeHreuie KaMTaMachI3 eTijesi.

Ty#iH ce3aep: noyMKpHcTanAap, JerupJey, KaTTblleHeCUHTEe3i, BTKi3TilITiK, 3JIEKTDP ChIAbIM/bLIBIFbL.
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N. F. Zikrillaev?, A.B. Utegulov*, N. E. Turlybekov®
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2 Faculty of Electronics and Automation, Islam Karimov Tashkent State Technical University,
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Structure and electrochemical properties of the cathode materials
Na3Fe2(P04)3andNa3Fe2(P04)3/C

Abstract. This paper presents a comparative assessment of the structures and electrochemical properties of
polycrystalline a-Na, ,(PO,), and a-Na,, ,(PO,),/C synthesized via a solid-state method. The study aims to enhance

the specific capacities of a-Na,_,(PO,),cathode materials through carbon doping. The work is motivated by the

3Fe2
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A.A. Horait, D.A. Horaii, A.4. Arikumb6aesa, A.C. Horaii, I.I". Tatkeesa, H.®.3ukpnaaaes,
A.B. Yteryaos, H.E. Typani6exos

need to identify effective cathode materials for sodium-ion batteries (SIBs). Specific capacities for a-Na,_,(PO,),
and a-Na,, ,(PO,),/C cathode materials were determined using organic electrolytes in a two-electrode “T-cell”
configuration. It was found that carbon doping alters the symmetry and unit cell parameters of the a-Na,_ .(PO,),/
C interstitial solid solutions compared to the a-Na,. ,(PO,) structure. The results demonstrate that the specific
s5e2(PO,) ;- Furthermore,
4r2(PO,),/C_cathodes boosts the SIB's specific capacity, albeit at the

cost of reduced structural stability during cycling. It is concluded that a-Na

3Fe2

capacities of a-Na,, ,(PO,),/C solid solutions are significantly higher than those of a-Na

3Fe2
increasing the carbon concentration in a-Na
2re2(P0O,),/C compositions (where 0 <x <
0.5) are optimal cathode materials for SIBs, as low-level carbon doping enhances specific capacity while maintaining
cycling stability at an acceptable level. Therefore, a-Na,, ,(PO,),/C compositions (0 < x < 0.5) are suitable for use as
cathode materials in SIBs. In this case, the specific capacity of the battery improves, while the structural stability of
the cathodes is maintained at an acceptable level.

Keywords: polycrystals, doping, solid-state synthesis, conductivity, electrical capacity.

CBeaeHus 06 aBTOpax:

A.A. Horaii - soxtop PhD, crapuuit npenogaBaTesib ['OIl asiekTpocHa6xeHUs], JHEPTETUUECKUN UHCTUTYT
Kazaxckoro arpoTexHU4eCcKoro UCCIe0BaTebCKOro yHuBepcuTeTa UM. CakeHa CeldysnrHa, Actana, KasaxcTaH.

J.A. Horaii - Marucrp, MJaJIIUA HAyYHbIH COTPYAHUK, JHepreTUuecKUi MHCTUTYT Kasaxckoro arpo-
TEeXHUYECKOT0 UCCIe[0BaTebCKOTo YHUBepcUuTeTa UM. CakeHa Celipyninna, ActaHa, KasaxcraH.

A.JA. Aiikum6aeBa - PhD gokTopaHT, JHepreTU4eCKU HHCTUTYT Ka3axCKOro arpoTexHU4YecKoro uccue-
JloBaTeJIbCKOT0 yHUBepcuTeTa UM. CakeHa CeiidysinHa, AcraHa, KazaxcraH.

A.C. Horaii - g.¢.-M.H., npodeccop 'OIl pauoTeXHUKH, 3/IEKTPOHUKHU U TEJIeKOMMYHUKaLUU, JHEPTeTHU-
YyeCcKUH UHCTUTYT Ka3axcKoro arpoTeXHU4YeCKoro MCcae0BaTeNbCKOro yHUBepcuTeTa UM. CakeHa CelidyirHa,
ActaHa, KasaxcTtaH.

LI. TaTkeeBa - aBTOp AJid KoppecnoHgeHuy, Akagemuk HAH PK., n.T.H. nouenT I'OIl asiekTpocHabxe-
HUs, JHEPTeTHYeCKUH HHCTUTYT Ka3axcKoro arpoTexHU4eCcKOT0 UCCIe/I0BaTeNbCKOT0 yHUBepcUuTeTa UM. CakeHa
CerdynnuHa, ActaHa, KazaxcraH.

H.®. 3ukpusiaes - 1.¢.-M.H., npodeccop kadepbl 3IEKTPOHUKU U TPUGOpOCTpoeHUs1, PaKkyabTeT 3/1eK-
TPOHUKH Y aBTOMATHUKHU TallIKeHTCKOI'0 TOCYAapCTBEHHOTO TEXHUYECKOro yHUBepcuTeTa UM. Mciama KaprMoBa,
TamkeHT, Y36eKucTaH

A.B. YTerynos - K.T.H., acc. npodeccop ['OIl asiekTpocHabkeHus, JHEpreTUYeCKU HHCTUTYT Kazaxckoro
arpoTeXHUYECKOI0 UCCIeI0BATEeNbCKOr0o yHUBepcuTeTa UM. CakeHa CelidynninHa, ActaHa, KazaxcraH.

H.E. Typab16eKoB - maructpaHT 2 Kypca ['Oll paguoTeXHUKH, 3JIEKTPOHUKU U TeJIeKOMMYHUKAIHH,
JHepreTU4ecKUM HHCTUTYT KazaxcKoro arpoTexHU4YeCKOro UCCAeN0BaTelbCKOro YyHUBepcuTeTa UM. CakeHa
CeitpynnnHa, ActaHa, KazaxcraH.

A.A. Horaii - PhD fokTopbI, aFa OKbITYILbI, JJEKTPMEH KabJbIKTay MeMJIEKETTIK 6ij1iM 6epy MeKkeMeci,
JHepreTuka UHCTUTYTHI, CokeH CelidysinH aThiHAaFbl Ka3ak arpoTeXHUKaJbIK 3epTTey YHUBEpCUTETi, ACTaHa,
KazakcraH.

E.A. Horaii - Marucrp Japexeci, Killi FbLJIbIMM KbI3MeTKep, JHepreTUKa UHCTUTYThI, CokeH Celtdynnnun
ateIHAaFbl Kasak arpoTexHUKaJbIK 3epTTey YHUBepcUTeTi, AcTaHa, KasakcTaH.

A.J. Aiikum6aeBa - PhD fokTopaHT, JHepreTrka HHCTUTYTHI, CokeH CelidynuH aTeiHAaFbl Kazak arpo-
TeXHUKaJIbIK 3epTTey YHUBepcUTeTi, AcTaHa, KaszakcTaH.

A.C. Horai - pusuka-MaTeMaTHKa FBLIBIMAAPbIHBIH JOKTOPHI, Tpodeccop, PagruoTexHUKa, 3/1IeKTPOHHKA
’9He TeJIeKOMMYHUKaLUa MeMJIeKeTTiK 6is1iM 6epy MekeMeci, JHepreTUKa UHCTUTYThI, CokeH CeHyJIIMH aTbIH-
Jafbl Kasak arpoTexHuKasblK 3epTTey YyHUBepcuTeTi, AcTaHa, KazakcTaH.

LI. TaTKkeeBa - XxaT-xabap aBTOPHI, MHXKEHEPJIiK FhIJIBIMJAPbIHbIH JJOKTOPHI, OLEHT, JJIeKTPMeH >KabbIKTay
MeMJIeKeTTiK 6i1iM 6epy MekeMeci, JHepreTHKa MHCTUTYTbI, CokeH CelidyiuH aTbIHAaFbI Ka3aK arpoTexXHUKaJIbIK,
3epTTey yHUBepcuTeTi, Actana, KasakcraH.

256 1\(_)3(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



CTpyKTypa 1 DAeKTpOXUMIIeCKIe CBOYICTBa KaToAHBIX MaTepnaaoB NaszFe;(PO,)s u NaszFey(POy)s/Cx

H.®. 3ukpuiiaes - ¢prsnKa-MaTeMaTUKa FbLIBIM/IAPbIHBIH JOKTOPI, 3JIEKTPOHUKA YKJHE aclarl acay
kadepacbIHbIH Ipodeccopsl, JJIeKTPMEH Kab/|bIKTay MeMJIeKeTTiK 6i1iM 6epy MekeMeci, DJIeKTPOHHKA KoHe
aBToMaTHKa pakynbTeTi, Uciam KapuMoB aTbiHaFbl TallKeHT MeMJIEKETTIK TEXHUKAJIbIK YHUBepcUTeTi, Tam-
KeHT, ©30eKcTaH.

A.B. OTery0B - TexHUKa FbLJIBIMJJAPbIHbIH KaHU/AThI, JJIEKTPMEH Kab/JbIKTay MeMJIEKeTTiK 6ijliM Gepy
MekeMeciHiH goueHTi, CokeH Celdy/nH aTbiHAaFbl Ka3ak arpoTeXHUKaJbIK 3epTTey YHUBEpCUTETiHIH JHepre-
THKa UHCTUTYTHI, AcTaHa, KazakcTaH.

H.E. Typ/1b16€eKO0B — Pa/ili0TEXHUKA, 3/IEKTPOHUKA KOHE TeJIeKOMMYHHKAI[UsI MeMJIEKETTIK 6ijliM Gepy
MeKeMeciHiH ekiHi Kypc MaructpaHThl, CokeH Celdy/inH aThIHJaFbl Kaszak arpoTeXxHUKaJbIK 3epTTey YHUBEP-
CUTETIiHIH JHepreTUKa MHCTUTYTHI, AcTaHa, KasakcTaH.

A.A. Nogay - PhD, Senior Lecturer, Power Supply Department, Energy Institute, Saken Seifullin Kazakh
Agrotechnical Research University, Astana, Kazakhstan.

E.A. Nogay - Master’s degree holder, Junior Researcher, Energy Institute, Saken Seifullin Kazakh Agrotechnical
Research University, Astana, Kazakhstan.

D.D. Aikimbayeva - 3rd-year PhD student, Energy Institute, Saken Seifullin Kazakh Agrotechnical Research
University, Astana, Kazakhstan.

A.S. Nogay - Doctor of Physical and Mathematical Sciences, Professor, Radio Engineering, Electronics, and
Telecommunications Department, Energy Institute, Saken Seifullin Kazakh Agrotechnical Research University,
Astana, Kazakhstan.

G.G. Tatkeyeva - the corresponding author, Doctor of Technical Sciences, Associate Professor, Power Supply
Department, Energy Institute, Saken Seifullin Kazakh Agrotechnical Research University, Astana, Kazakhstan.

N.F. Zikrillaev - Doctor of Physical and Mathematical Sciences, Professor, Electronics and Instrumentation
Department, Faculty of Electronics and Automation, Islam Karimov Tashkent State Technical University, Tashkent,
Uzbekistan.

A.B. Utegulov - Candidate of Technical Sciences, Assistant Professor, Power Supply Department, Energy
Institute, Saken Seifullin Kazakh Agrotechnical Research University, Astana, Kazakhstan.

N.E. Turlybekov - 2nd-year Master’s student, Radio Engineering, Electronics, and Telecommunications
Department, Energy Institute, Saken Seifullin Kazakh Agrotechnical Research University, Astana, Kazakhstan.

Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and
conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/licenses/by-
nc/4.0/).

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193(] 56)/ 2026 257
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296



AH. Tymnaes ateiHaarsl Eypasus yarTeik yunsepcuteTiniy XABAPIIBICHL
ISSN: 2616-6836. eISSN: 2663-1296

®U3UKA. ACTPOHOMHUSA CEPUACDHI/ PHYSICS.ASTRONOMY SERIES
CEPUA ®U3NKA.ACTPOHOMHUA

MPHTH 29.31.23 https://doi.org/10.32523/2616-6836-2026-156-3-258-272
HayyHas cTaTbsa

[IpuMecHas JIIOMUHECL,eHIUSA U CeJIEKTUBHOE
BaKyyMHO-Y/IbTPadu0IeTOBOE BO30Yy K/ eHue HOMUHA/IbHO
HeJIerupoBaHHOro Kpucrasuia YAIO;

M. Tokaweesa (), A. bakbimKkbi3sl (), K. Kapun6aeg* (1),
I Bay6ekoea (), A.2KyHyc6ekoe (), A. Kakumoe

Eepa3ulickuill HayuoHaabHblll yHusepcumem um. JLH. ['ymunaesa, e. Acmana, Kazaxcmau

tokasevamiramgul@gmail.com; aizat.bakytkyzy.1@gmail.com; karipbayev_zht_1@enu.kz;
*baubekova_gm@enu.kz; zhunusbekov_am@enu.kz; kakimov_ab_3@enu.kz

AHHOTauMs. VccnenoBaHbl CIEKTP U3/Iy4YeHUS HOMUHAJIbHO HeJleTMPOBaH-
HOT0 MOHOKpUCTaJlJ1a ajtoMuHaTa UTTpus YAlO; npu aHepruu Bo3o6yxaeHus 7,75
3B U cieKTpbl BO36yK/1eHUs 1eBATH 3MUCCUOHHBIX KaHasioB npu 300 K. OcHoBHBbIE
HM3MepeHUs BbINOJIHEHBI Ha KaHa/le P66 MCTOYHMKA CHHXPOTPOHHOTO U3JIyYeHHUs
PETRA III (DESY). CoBMecCTHBIH aHa/IU3 UCXOJHbIX CUTHA/JI0B, HOPMUPOBaHHbBIX
3aBUCHMOCTEMN U MeXKaHaJIbHbIX OTHOIIEHHUH BBISIBUJI JIB€ I'PYIIIbI BO30YK/AeHHUS.
Jns kananos 352,6, 465, 523,6 u 794,6 HM XapaKTepeH 06LUIUH MaKCUMYM OKOJIO
7,85 3B, KOTOpbIH UHTEPIPETUPYETCS KaK 06/1acTb 3PpPEKTUBHOI0O MEK3IOHHOTO
B030yxkaeHus MaTpullbl YAIO; ¢ mocsieyronieit nepejayeid 3Hepruy Ha cae/loBble
npuMecHble IleHTpbl. Takass UHTepIpeTalnus CorJacyeTcs ¢ ONy6JIMKOBAaHHbBIM IS
YAP npu KOMHaTHOW TeMIlepaType 3HaueHUeM NPSAMOU 3anpeliéHHONH 30Hbl 0KOJIO
7,63 3B, ogHaKO NoJIOXKEHHE U aMIJIMTY/la MAaKCUMyMa He UCIO0JIb3YI0TCS [J1d KO-
JINYeCTBEHHOTO ollpe/ieJIeHUs IUPHUHBI 3allpelléHHOHN 30HbI WM 3P PEeKTHBHOCTH
nepeHoca 3Hepruu 6e3 He3aBUCUMOM IPOBEPKH KOPPEKLIUU Ha CIeKTPaJIbHbIN TOTOK.
Kanasnbl 724,4 v 749,4 HM npenMyleCTBEHHO BO36YXKAAIOTCA B 06J1acTH 6,8-6,9 3B
¥ UMeIoT K03gduuueHT koppeasauuu 0,982, Jly6aet 722,7/725,0 HM oTHecéH k Cr3?,
a nocJjieoBaTeNbHOCTDb JIMHUM 875,5, 884,4 1 891,9 M u ciabas rpynna 915-916
HM COIJIaCYIOTCs CO LITapKOBCKOM cTpykTypoit Nd3*. [Tosiy4eHHbIe pe3ynbTaThl 110-
Ka3bIBalOT 3pPeKTUBHOCTb BYP-CMHXPOTPOHHOH CIEKTPOCKONUY /11 BbISABJIEHUS
C/1el0BbIX HeNpeJHaMepeHHbIX IpUMeceH.

KimoueBsble caoBa: YAlO3; mprMecHasi TIOMUHECLEHITUS; BAKYYMHBIN y/IbTpa-
dHOsIeT; CHHXPOTPOHHOE U3JIyYeHHe; CIEKTPhI Bo3byxaenus; Cri*; Nd3*.

IMocryrmaa 8.09.2026. ITocae gopabotku 14.09.2026. ITpunsra x meuatn 14.09.2026. doctymmo onaaita 30.09.2026.
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

BBegeHue

AmomuHat utTpus YAIO, (YAP) npezcTaB/isieT MHTEpeC Kak IIMPOKO30HHAA ONTUYeCKasd MaTPUIIA, B
KOTOpOH 0iHOBPEMEHHO NPOSIBJASIOTCSA COOCTBEHHbIEe leeKThbl U IPUMeCHbIe LieHTphl. B opToroHanibHoOM nepos-
CKUTHOU CTPYKTYpE peKo3eMe/IbHble HOHBI MOTYT 3aMelaTh Y3*, Torja Kak nepexoHble METaJJbI CIOCOGHBI
dbopMUpOBaTh LIEHTPBI B KATHOHHOMH NOApeléTKe U B KOMILJIeKcax ¢ JedekTaMu. BakyyMHo-ynbTpaduoieToBoe
(BY®) Bo36y:x/ieHHe N03BOJIsIeT 3ace/IATh BbICOKOJIeXalllhe COCTOSIHUSA, TPaKTUYeCKH HeI0CTYIHbIe IPH 06bIYHOM
BU/IUMOM WJIH O6/1KHeM Y P-B036Yk/I€HUH, U TEM CaMbIM HCC/Ie/0BaTh He TOJIbKO BHYTPULEHTPOBBIE IEPEXO/Ib], HO
Y [IpoLiecChl 3aps1A0BOro nepeHoca, $OTOMOHU3AL MY U NlepeJayl SHEPTUU OT MATPUILbI K IPUMeCHBIM HOHaM [1].

JlJ151 OITUYeCKHU aKTUBHBIX IPUMecel IIOMUHeCL,eHTHasA CIeKTPOCKONHS OTHOCUTCS K HauboJiee 4yBCTBU-
TeJIbHbIM MeTO/IaM JJUarHOCTHUKH TBEPABIX TeJl. [l KpUCcTalIn4ecKuX AeQeKToB U MpUMecel npejies o6GHapyKeHHs
10 XapaKTepHOMY CBeYEHHIO YaCTO HAaX0AUTCs HMKe 1 ppm, a B ClellMa/IN3UPOBAHHBIX ONITHYECKUX SKCIIepUMeHTax
BO3MOJKHA perucTpalys 3HauuTeJIbHO MeEHbLIMX KOHIleHTpauui [2, 3]. 9To NpUHLUNNAIBHO OT/INYAET JIOMUHEeC-
[[eHTHY0 IMarHOCTUKY OT METO/[0B, OPUEHTUPOBAHHBIX HA OCHOBHOM XMMHUYECKUH UK $pa30BbIl cocTab. Tak, [Jis
SEM-EDS npakTu4yeckui npejies o0OHapy>KeHUsI MHOTUX 3JIEMEHTOB 00bIYHO nMeeT nopsgok 0,1 mac.% (oxoso
103 ppm) [4], Torza kak XRD npex/ie Bcero xapakTepusyeT KpUcTa/indeckue $Gpasbl U CTPYKTYPY, a He CJIeJIoBOe
cofiepKaHNe OTAe/bHBIX ONITUYECKHU aKTUBHBIX HOHOB. [loaToMy oTcyTcTBUe npuMecu B EDS uiu oTcyTcTBre
oTfebHON a3kl Ha JudpaKTOrpaMMe He HCKIIOYaeT eé CIeKTPOCKOIMYECKOro NPosBIeHUS.

TepMHH «HOMHUHAJILHO HeJIETMPOBAaHHbBIN» 03HayaeT JIMLIb OTCYyTCTBUE NIpeJHaMepeHHOr0 BBe/IeHUs
aKTHBATOpa U He 3KBMBAJIEHTEH XMMHUYECKON YUCTOTE HAa ppm-ypoBHe. OCOGEHHO BaXKHbI pe/JKO3eMesIbHbIe
IpHYMecH, KOTOpble MOT'YT COIIPOBOX/AAaTh UCXO/IHble COeJUHEHUsI UTTPUSA BCIeACTBHE GJIM30CTH XUMHUUYECKUX
CBOMCTB 3JIEMEHTOB Pe/JIKO3eMeJIbHOTO Ps/ia; onpe/esieHue ciefloBbix RE-npumecei B BbICOKOYUCTOM Y,0, camo 110
cebe ABJIAETCS OTAEe/JbHON aHATUTHYECKOU 3ajauei [5]. /i MaTepuasioB Ha OCHOBE UTTPHUS MIOKA3aHO, YTO JAaKe
KOMMep4eCcKH BbICOKOUHCTbIe 06pasLibl MOTYT COZlepKaTh ONTHUYECKU perucTpupyemsle ciaefoble RE-nonsl [3].
AHa/Ioru4Ho, NpUMecH NepexoAHbIX MeTaJ/lJI0B, IOCTYNaole C UCXOAHBIMU KOMIIOHEHTAMU U TEXHOJIOTHYeCKON
OCHACTKOM, MOTYT 06pa30BbIBATh ONTHUYECKU aKTUBHBIE LIeHTPhI. B YAP skcnieprMeHTaIbHO M3y4eHbl Mn-cofepika-
IIMe IEeHTPBI U UX J03UMeTpHUiecKas JIOMUHeceHnus [6-8], a pacuétsl g Ti**/Ti?* moka3bIBalOT BO3MOXXHOCTh
dopMHpOBaHUs JIOKATM30BAaHHBIX IPUMECHBIX YPOBHEH B 3aNpellléHHOU 30He npu 3aMeneHuu Al3* [9].

HenpennamepeHHbIE MPUMECH yKe HAOTIOAQINCh HETOCPEACTBEHHO B HOMUHAJIBHO HeJlerupoBaHHOM YAP:
B JIUTEpAType onucaHbl JUHUHU Cr¥* u Sm?*, a TakKe MHUPOKHE KOMIIOHEHTHI, CBSI3aHHBIE C lepeKTaMH PelETKY
[10]; s YAP yctanoBJsieHb! noJiockl F* u F-ieHTpoB [11]. CiiegoBaTesibHO, OTHECEHHE CIIEKTPA K OJHOMY «CO6-
CTBEHHOMY» MEXaHU3MY TOJIbKO Ha OCHOBAaHHH NAaCHOPTHOTO COCTaBa HEJOCTATOYHO. MaeHTHUKaLMA JOKHA
ONUPATHCA HA COBOKYITHOCTDb IIPU3HAKOB: MYJIbTUIJIETHYIO WIH IITAPKOBCKYIO CTPYKTYPY, XapaKTepHbIH Ay6JieT,
CIEeKTp BO36Yx/1eHUs BbIOpaHHOM JIMHUU U COIVIaCOBAaHHOCTD C 3HepreTUYeCKON CXeMOH.

JJ1s1 OKCUJHBIX MaTepHaioB 0c06eHHO MHPOPMaTHBHBI BbICOKOIHEpPreTHYeCKH e CIEKTPbI BO30YKIeHUS.
[IpsiMble BHyTpHLleHTpOBble 4f-4f vun d-d nepexoZibl MOI'yT UMETb CPABHHUTEJIBHO MaJlyI0 CHJIY OCLUUJLIATOPA,
TOT/la KaK [10J10ChI lepeHoca 3aps/ia OT JIMTaH/ia K MeTaJL1y, Iepexo/ibl IPUMeCh-30Ha U MEXX30HHOE BO30Y K /AeHue
MaTpHIbI CTOCOGHBI GOPMUPOBATh 3HAYUTENbHO 60s1ee 3¢ eKTUBHBIE KaHAJBI C IOCAeAYIOL el JoKaau3anen
HOCHUTeJIed WM Nlepe/iadeil aHepruu Ha npuMecHbid neHTp [12]. g YAIO; ony6snkoBanHble BY®-anHble npu
KOMHATHOH TeMIlepaType AAlT NPsSMYI0 IIUPUHY 3aNpeléHHOM 30HbI okoJio 7,63 3B [13]. [TosToMy ciefioBble
MPUMECH MOT'YT HauboJjiee KOHTPACTHO MPOSIBASTHCA NPU BO30YKJEeHUH B 06J1acTH PyHAaMEHTAJIBHOTO MOIJI0-
IleHUs MaTpULb, I/le 06pa30BaHHbIE 3/1eKTPOHHO-bIPOYHbIe BO36YKJeHNUS U HOCUTEU 3Hepruu 3P PpeKTUBHO
NepesialoTCsA Ha JIOKaJIbHble IPUMECHBIE LIeHTpPHI.

Tako¥ noAxo/; MOATBEPXKAAETCS HAIIMMU NPebIAYIIMMUA CHHXPOTPOHHBIMH HCCI€J0BaHUSAMU LIHMPO-
KO30HHBIX IU31eKTPUKOB. /st YAG:Eu 1 YAG:Cr 66111 BBISIBJIEHBI CYLIeCTBEHHO pasJyinyawirecs BY®-kaHasnsbl,
BKJIIOYalolljMe TpUuMecHble cocTossHUSA, Eu-O 3aps0BbIii TepeHOC U MeX30HHbIe Ipolecchl MaTpulibl [14]. B
BaMgF, cMHXpOTpOHHOE BO36Y:K/jeHNe Pa3/e/Iu/I0 KpaeBble MeX30HHbIe/3KCUTOHHbBIE U IeQeKTHbIE KaHaJlbl
[15]. B YAG:Nd BY®-cnieKTphbl 103BOJIM/IM CONTOCTaBUTh BO36yxqeHue Nd3*-u3iydyeHus u AepeKTHhIX noJioc [16],
a ana Gd,Ga 0, mepexofi 0T KpaeBOTro BO36YKEHHUA K BO36Y M /€HHIO Yepe3 [epeKTHbIM XBOCT OblJI TIOKa3aH MpH
HaKOIJIEHUM pafiMaliMOHHBIX fedeKToB [17]. ITH pe3ynbTaThel OPMUPYIOT HENTOCPEACTBEHHYI0 METOAUYECKYIO
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M. Tokamesa, A. bakbITKbI3bI, JK. Kapnun6aes®, I'. baybexosa, A JKynycoekos, A. Kakumos

OCHOBY HacToOsI1le paboThI: CHIEKTP U3JIy4YeHHUs] HOMHUHAIbHO 4icTOro YAP paccMaTpuBaeTcsi COBMECTHO €O CIIeK-
TpaMH BO30YK/IeHHUs OTAEJIbHbIX SMUCCHOHHBIX KAHAJIOB, @ HE KaK Ha60p N30/ IMPOBAHHBIX MAaKCUMYMOB.

Lles1b HaCTOSIIEr0 UCCIEA0BAHUS COCTOUT B CIEKTPOCKONUYECKON UeHTUGUKALIMY ONITUYECKU aKTHUB-
HBIX HellpeJlHaMepeHHbIX TpUMecel B HOMUHA/IbHO HeJIerHPOBaHHOM MOHOKpucTasie YAIO3 ¥ ycTaHOBJIEHUH
pa3/IMYui Mex/ly KaHaJIlaMH1 UX Bo30yxAeHus1. 0co60e BHUMaHUe y/leJIeHO IPOBepKe runoTe3bl 06 3G peKTUBHOM
BO30Y>XJleHUHW YaCTU NPUMECHBIX [[EHTPOB Uuepe3 MeX30HHOe BO30YK/jeHrne MaTpUllbl B 06/1acTU okoJio 7,85 3B,
aHa/IM3y CeJIeKTUBHOTO BO36yxAeHus Cri*-cBA3aHHbIX KpaCHbIX KaHaJI0B 0K0JI0 6,8-6,9 3B U conocTaB/eHuUI0
BO3MOXHOCTeH JlabopaTopHoro cnektpodryopumerpa CM 2203 ¢ BY®-cunxporponHo# crannueit P66 PETRA 111

MaTepuasibl 1 METOABI

UccnenoBaH HOMUHAJNIBHO HEJIETMPOBAaHHBIA MOHOKpUCTaLInYeckui oopaser YAlO; (YAP), nosiydeHHBbIN
ot Kinheng International Holding Co., Ltd. (llanxaii, Kutait), c opuenTanueit (100) u pasmepamu 10x5x0,5 Mmm.

OCHOBHBIE CIIEKTPBI IIOMHUHECIIEHIUH U BO30YKeHus n3MepeHbl npu 300 K Ha kaHane P66 cMHXpOTpOH-
Horo ucroyHuka PETRA III B DESY (I'am6ypr, 'epmanust). P66 o6ecieurBaeT nepectpanBaeMoe Bo36yK/IeHHE B
JauanasoHe 3,7-40 3B; ony61MKOBaHHBIN I0TOK Ha o6pasie gocturaet 4x10%% ¢poron/c npu 7,75 3B (160 um) [18].
J1s1 1abopaTOPHOIo CONOCTABJIEHUS TOT e o6pasel] uccaes0Baau Ha ciekTpodryopuMerpe SOLAR CM 2203
C KCEHOHOBBIM HCTOYHUKOM. CIeKTpa/bHbIN ANana3oH Npubopa B pexxrMe CeKTpodiyopuMeTpa HaYMHAeTCs
npuMepHo ¢ 220 HM [19], YTO COOTBETCTBYeT MaKCHMaJbHOW 3HEPTUU BO30OYxJarouuxX GOTOHOB 0Ko0JIO 5,64
3B ¥ npuHUMNHUAIBHO He NM03BOJISEeT HEIOCPeACTBEHHO BO30YK/AaTh GyHIaMeHTa/IbHYI0 06sacTh YAIO3 0K0J10
7,6-7,9 3B. B focTynHOM jMana3oHe U IPY UCII0Jb30BaHHON reOMeTPHUU U3MePEeHUH JIIOMUHeCLIeHIMsI JaHHOT 0
HOMHHaJIbHO HeJIerMPOBaHHOI0 06pasLia He Obljla HaJ,EXHO 3aperuCTPpMpPOBaHa Bblllle YPOBHS IIyMa; COBOKYITHOM
CHEeKTpaJbHOM IPKOCTH KCEHOHOBOI'0 UCTOYHUKA [T0C/Ie MOHOXPOMATOpa M YyBCTBUTEJIBbHOCTH J1a60PAaTOPHOIO
KaHaJ/la perucTpaliy 0Ka3aloCh HeJOCTaTOYHO JJIl yBepeHHOr 0o HabJII0leHUs CJ1abbIxX CJ1e[J0BbIX IleHTpoB. B CM
2203 peructpanus B pexxuMme crekTpodsiyopumeTpa BoinosHseTcss @IY Hamamatsu R928 [19], Toraa kak Ha
P66 noctynuel CCD Newton 920 u cnenuanusupoBanHbie @Y Hamamatsu R6358/R3809U-50 [18]. [TockosibKy
JUIs1 KOHKpeTHOU KoHpurypaunu CM 2203 He npuBe/I€H KaJIM6POBaHHBIN IOTOK POTOHOB HENOCPE/[CTBEHHO Ha
06pas3lie, KoJMYecTBeHHOe oTHolIeHue NoTokoB CM 2203 /P66 He paccUUThIBaNIOCh.

CnekTp JIIOMUHECLIEHIIMH aHaJIU3UPOBaJICs 6e3 CrIaKUBaHUS, FayCccoBa Pa3/IoXKEHUS U JJOTIOJHUTENbHO-
ro BolyMTaHUsA QoHa. [los10’keHUs BbIpaXKeHHbIX MAaKCUMYMOB ONpe/le/IsINCh 110 UCXOAHBIM OTCYéTaM; cjaabble
0COOGEHHOCTH He 06'bABJISAINChH CAMOCTOSITE/IbHBIMU JINHUAMU TOJIBKO 10 HAJIMYHIO JIOKaJbHOI'0 MakcuMyMa. Jis
cpaBHeHHUS GOPM KaXKABIN CIIEKTP HA 00Iel ceTKe e/IUJICS Ha COOCTBEHHBIA MaKCUMYM:

S;(E)
max S;(E)

HopmupoBka (1) usaMeHsIeT To/IbKO MacuITab opAarHaThl. OHA He YCTPAHSIET CIeKTPaJbHYI0 3aBUCUMOCTD

Pi(E) = (1)

na/lalolero MOTOKa U He MEPEBOAUT UCXOIHbIE 3HAYEHUs B aGCOJIIOTHBIN KBaHTOBbIN BbIXo. Ha P66 1151 KOppek-
[[UH CIIEKTPOB BO30YXK/I€HUS HUCI0JIb3YeTCS 3TAJIOHHBIN CIEKTP canuiuiaTa Hatpus [18]. B HacTosiel paboTte
aHaJIU3 BITNIOJIHEH M0 3KCIIOPTUPOBAaHHBIM OTHOCHUTEJIbHBIM CUTHA/IaM; He3aBUCHMas paJiioMeTpUYecKas MpoBepKa
MPUMEHEHHOU IPU 3KCIIOPTE KOPPEKIIUK Ha MOTOK He MPOBOAMIACH. [[03TOMY MOJIOKEHHUST O6IIMX MaKCUMYMOB
06CYy?al0TCsA COBMECTHO C HE3aBUCHMbIMU JINTEPATYPHBIMH JJAHHBIMH 0 GyHJaMeHTaJlbHOM morvioieHuu YAIO;,
a He UCITO0JIb3YIOTCS KaK CaMOCTOsITe/IbHOE U3MepeHHe UPUHbI 3anpeliéHHOH 30HBbI.

Jli1st IBHOTO pas/iesieHHs] U3MepsIEMOTr0 CUTHaJIa ¥ OTKJIMKA 06pasiia UCIo/1b30BaHa MOJIeNb

rae G; 06bejuHsAET NOCTOSHHBIE /I JAHHOT0 KaHasla MHOXUTeu peructpanuu, ®(E) - o6muit cnek-
TpaJibHbIHM npoduib najarouiero notoka, Lj(E) - apdexkTrBHBIN 1IoMUHECLeHTHBIHN OTKIUK, Bj(E) - aaguTHBHBIN
¢doH. /lonosHUTEIbHAS METPUKA — IBOWHOE MeXKaHaJIbHOe OTHOIlIeHHe OTHOCUTEJIbHO KaHasia 465 HM:
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

SiE) .
SisB) g _ o

SE) + 0Tt

5465(E0)

[Ipy npeHe6pexKUMO MaJoM UM KOPPEKTHO BBIYTEHHOM $OHE, CTAaOUJIbHBIX HACTPOUKAX U OJMHAKOBOM

Dj/465(E) =

npodusie IOTOKA B MMOCJeI0BATENbHBIX CKaHaX BbIpaskeHHe (3) cokpaiaeT oomuil MHOkUTe b O (E) u mocTosH-
Hble MacuITabbl KAHAJIOB. JTO YCJOBHBIN CIOCO6 CpaBHEHUS CIEKTPAJIbHOUM CeJIeKTUBHOCTH, a He 3aMeHa pajiu-
OMeTpHUYeCcKOH KaJnbpoBKHU. BeruncieHsl Takxke koadppuireHTh Koppeasnuu [IupcoHa Ha yyacTke 6-12,4 3B u
OTHOIIlEHHEe MaKCUMYMOB R,g B 0kHax A = 6,4-7,45 3B u B = 7,5-8,6 3B. KoppesiLuu ABJIAIOTCA ONUCATENbHBIMU:
He3aBHUCHMbIe MOBTOPHI U OI|eHKH BOCIPOU3BOJUMOCTH OTCYTCTBYIOT.

Pe3ynbTaThl U 06CyXKeHNE

1. CeKTp JIIOMUHECLIEHIIUY U IPUMECHBIE LIeHTPbI

1.1. O6was CTpyKTypa CneKTpa

B cnekTpe (pucyHok 1) BbleJIAI0TCS MHTEHCUBHAsA yabTpaduosieToBas rpynna 351,6/354,4 HM, cioxHas
CUHSIS 06J1acTh 455-476 HM ¢ MakcuMyMoM 465,1 HM, 3eJ1éHble KOMITOHEHTHI 522,5/526,6 HM u 6oJiee c/1abast KpacHast
cTpykKTypa. bamxkHas nHdpakpacHas 06J1aCTh COLEPKUT IMHUPOKYIO CTPYKTYPUPOBAHHYIO cocTaBsomyo 730-825
HM U y3KHe JMHUY nocsie 865 HM. Takoe coyeTaHue He ONMCbIBAETCs OAHOH IIMPOKOH AedpeKTHOH nosiocoi. BMecTe
C TeM pacrpejiejieHre BbICOT MaKCUMYMOB Ha PUCYHKe He fIBJISIeTCS pacnpeseseHHeM KOHILeHTpaL Ui [eHTPOB:
OTCYTCTBYIOT HEOOX0OAUMbIe KO3)PHUIHEHThI CIEKTPaJbHON YYBCTBUTEIBHOCTH U 3G PEKTUBHOCTH BO30YK/I€HHUS.

PucyHok 1. CneKTp JIlOMHUHECI,eHIIUY HOMUHAJIbHO HeJleripoBaHHoOro YAP
NpU SHepruM Bo36yxaeHus 7.75 3B npu 300 K

Pabouue cneKTpOCKONUYEeCKHEe OTHECEHHUS CBeleHbl B TabuLy 1. «Bricokasi» yBepeHHOCTb O3HA4YaeT
COIVIaCOBAaHHOCTb XapaKTepPHOU CTPYKTYPbI C U3BECTHOM crieKTpockonuel YAP, HO He o/{MeHsIeT He3aBUCHMOe
XMMHUYeCKoe olpe/iesieHue IpUMecH. JlJ1s1 mepeKpblBaloIIUXCsl 06J1acTell nepeyuncyieHbl aJbTepHaTUBbL. OCO6eHHO
BaKHO YYUTHIBATh, YTO BYD-B036yKeHHE MOXKEeT MEHATDH HA60P HAaceJIEHHBIX BEPXHUX YPOBHEH 110 CPAaBHEHUIO
¢ 06b1yHBIM Y ®-B036Yx)AeHueM [1, 20, 21].
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TaﬁJmua 1. Pa6ouas ﬂAeHTH(l)HKaI(Hﬂ OCHOBHBIX MU CCHUOHHBIX I'pyIIl U CTEIIE€Hb 060CHOBAHHOCTH

OTHeCeHUuM
Hon/
A, HM [lepexon wiu dpusnYecKast HHTEPIpeTaIUs CTaTyc ¥ HCTOUHHUKHU
LEHTP
Kaungunatel Tm3*: 1D, - 3Hg; B iuTepartype
351,6;3544 | Tm® ARAGTRL 27 Mo patyp [11,20,21]
Takxke “Ig = °F,
386.8 Nd* Kangugar: 2G(2)e/2 = cMemanHble 2G(1)o/, + | BepoATHO; 0Ha JIUHUA He
’ 2Dy/,; pacuéTHOe coBnajeHue 386,80 HM UCKI04aeT uHbIx RE3Y; [1]
06J1acTb MepPeKPbIBAIOLIUXCST BICOKOJIEMKAIIUX
24 . . | He upentudunuponano; [1,
398,3 RE 4f-4f nepexo/10B; TOYHbIN UOH U NTapa YpOBHeN 21]
He YCTaHOBJIEHBI
a4 OCHOBHO#M KaHAUJAT: 1D, — 3F,; caoxHas
455-465; 465,1 | Tm [IpenBapuTenbHo; [20, 21]
[ITaPKOBCKasi /IepeKphIBaIOIasiCsl CTPYKTypa
Tm3+
471-476 B / Tm3*: *G, - *He; Er®* npu BY®: *P3/, - *1;,/, | [lepexpnitue; [1, 20, 21]
r
BeposiTHBIN KaHAWAAT,
522,5;526,6 Er3* 2H,4/2 > *145/2 60 BY®-BeTBb 2P/, = *Io/, | BepXHUIl ypOBEHb He
ycTaHoBJIeH; [1]
Sm3+ / 3+, 4 6 3+, 4 6 2
573-578 Dy3+ Sm®*: *Gs/, = °Hs/2; Dy°*: “Fg/2 = °Hys/> Cnabsblit curnad; [10, 22]
y
Tm3+ / 3+, 1 3 3+, 4 4 3+
638-665; 649,8; Erd* / Tm>*: *G4 = °F4 Er°*: *Fg/, = *l15/2; Sm~™: Pa3jesieHue BKIa0B He
r
658,2 S+ *Gs/2 = ®Ho /2 BBINOJIHEHO; [1, 10, 20, 21]
m
2E - *A,: R, /R;-ay6ueT voHa Cr3* B mosunuu
722,7,7250 | Cr¥* A 2/Ra-ay B Bhicokast yBepeHHoCTb; [10]
. . [Mopep>xaHo coBMeCTHBIM PL/
34 B03MOXHbIH GOHOHHBIH CITyTHHUK .
okoJio 750 Cr 4 PLE-aHanu3oM; nedeKTHBIN
R-u3ny4yeHus; cABUT 0K0JIO 462 cM B
BKJIaJl He UCKJIIOUEH; [10, 223]
Tm Tm?3*: 3H, — 3Hg — KaHUJaT; BOSMOXKHbI JPY-
m>*;
785-820; 795,2 rue RE-nepexozbl ¥ BKJIa AUPPAKIIMOHHBIX [IpeaBapuTenbHo; [1, 21, 18]
rue
APy MOPSIZIKOB
*F3/2 = *1g/,: IITapKOBCKas
875,5; 884,4; 24 3/2 o/2 p Bricokasi yBepeHHOCTh 110
Nd oCJieI0BaTeJNbHOCTh; 0K0JI0 866 HM

891,9;915-916

BO3MO>XHa BETBb BepPXHET0 NOAYPOBHS.

rpynme; [1]

1.2. Kpacnwlii dy6aem Cr®* u ero cBA3b € M0J10COM 0K0J10 750 HM

Ha pucyHke 2 nokasaHa KpacHasl ¥ O6JIKHss MHGpaKpacHas 4yacTh cnekTpa. Makcumymbl 722,7202 u

724,9814 uM 06pasyioT xapakTepHbii 415 Cré* B YAP qy6s1eT, Ha6J101aBIIMiCs TaK¥e B HOMUHAIbHO HeJIerupo-

BaHHBIX o6pasiax [10]. Ero oTHeceHue k nepexony 2E—*A, sHaunTeIbHO HafiéxHee UAeHTUPUKALMU OUHOYHOMI

I.LIPIpOKOﬁ MoJiochl. PA3HOCTH BOJIHOBBIX YHCE MAaKCHUMYMOB COCTaBJIAET 43,2 cM™ L. 3HaUeHHUs OTHOCATCA K MaK-

CMMYyMaM 3aperuCTPUPOBAaHHOMN CTPYKTYPHI U He ABJIAITCA pe3yJbTaTOM MIOATOHKH allllapaTHO-pa3peléHHbIX

6eCcHOHOHHBIX JIUHHUH.
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

PucyHok 2. KpacHas u 6/1KHAS MHPpaKpacHas 06J1acTH cCIeKTpa

CBA3b nos10Cchl 0K0J10 750 HM ¢ Cr3* nmpoBepsieTcs faee 10 BO36yK/AeHHI0. Jl0NOJHUTENbHbIH apryMeHT
JAET e€ sHepreTUYeCKOoe pacCTosHue OT Ry-1MHUU:

1 1
Av = 107 — — ) ~ 4618 cm™1 (4)
R1 S
3necb ARy = 724,9814 uM, As = 750,0957 HM; /151 caMUX KaHAJOB peructpauuu 724,4 u 749,4 HM pa3HOCTb
paBHa 460,5 cM™*. Jlns YAIO; usBecTHBI KoJiebaTelbHbIE MO B 3TOM 06J1aCTH, a COBpeMeHHOe UCC/Ie,0BaHUe
BUOPALMOHHOMN CIIEKTPOCKONMH IIOATBEPA/AET HaM4Ke MOAbI nopsaaka 460 cm~* [23]. Takoe sHepreTUyeckoe
COIVIaCOBaHMeE JieJIaeT BUGPOHHYIO MHTEPIPETALUIO IPAB/0NOA00HOM, HO HE /J0KAa3bIBAET yYyacTHe eJUHCTBEHHOU
$OHOHHOM MO/Ibl M He UCKJIIOYAET MepeKphIBAIOLIErocs JepeKTHOro U3yIeHHUs .
1.3. lllTapkoBcKas noc/aeo0BaTebHOCTb Nd3*
HesaBucuMoOe CBUIETENBCTBO IPUMECHOU JIDMUHECIIEHIIUY JAéT rpynna nocsie 865 HM. [yish HIXKHEro
IITapKOBCKOTO MoAypoBHs *F3/, c sHeprueit okoso 11425 cM™* u moayposHeit *1g/,, pacnosnoxennbix npu 0, 117,
215,501 u 673 cM™*, iuTepatypHble AaHHble YAP:Nd®* [1] garoT pacyéTHbIe AJMHbI BOJH 110 BHIPAYKEHHUIO

/1if = (5)

I/le yPOBHHM 3a/IaHbl B CM ™

, @ pe3ysbTaT — B HM. CoOnocTaBjieHUE He COAEPKUT CBOGOHBIX TAPaMeTPOB
MOATOHKH (Tabsuua 2, pucyHok 3). CoBnajieHue NepBbIX TPEX JUHUM U HaJW4Me C1aboy rpymninbl B 0KUAaeMOU
o6s1actu 915-916 HM NoAJepPKUBalOT oTHeceHue k Nd3*. OTcyTcTBHe B MacCHUBe 0XXUJlaeMOW JIMHUU 0KoJ10 930

HM He IPOTHMBOPEYUT 3TOMY: U3MepeHHe 3aKaHYMBaeTcA Ha 927,71 HM.

Ta6.1una 2. lIposepka otHecenus k Nd3*: mepexoanl ¢ ypoBHs 11425 cm™* Ha noayposHu *Io/, [1]

HmxHUM ypoBeHb, cmt sace HM e HM )\am - Apacq, HM
0 875,27 875,47 +0,20
117 884,33 884,44 +0,11
215 892,06 891,92 -0,14
501 915,2 ciabas rpymnmna 915-916 He omnpejieJIeHO
673 930,06 BHe JAuana3oHa -
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PucyHok 3. Bavxusasa HK-o61actb ciektpa YAP u pac4éTHble nosioxenus JuHui Nd3* [1]

Pacxoxpenus nopsizka 0,1-0,2 HM conocTaBUMBI € LIAroM LUQPOBOM PErUCTPALUY; TOYHOE UX 06CYyKIeHHEe
TpebyeT cBeieHUH 0 KaJMGPOBKe U MPUHATOH IIKaJie AJUH BoJIH. JINHUSA 0Kos10 866,0 HM cor/iacyeTcs C IepexoioM

Cc BepxHero noaypoBHs *F3/, okoso 11552 cm™*

, HO He UCIMO0JIb3yeTcs KaKk TepMOMeTpHUYeCKU IoKa3aTeb. Kpome
TOro, ypoBeHb *G(2)o/2 npu 46718 cM™* ¥ cMelIaHHbIA HMAKHUE ypoBeHb okoso 20865 cm™ [1] garoT 386,80 HM,
MpaKTUYeCKU coBNazas ¢ MakcuMyMoM 386,84 HM. [loaToMy UMeHHO 3Ty Y P-THHUIO Hesb3s CYHUTATh OJHO3HAYHBIM
JokasaTenbcTBoM Th3*: BbIcoKo/IexkaIMii mepexoy yxe o6HapyxeHHoro Nd** npeacTaBasieT cofepaTe/bHyI0
aJIbTepHATHUBY.

1.4. HeodHo3Ha4Hble pedko3emebHble U dedheKmHble cocmassiioujue

CoBMeCTHOe PUCYTCTBUE rpymn okoso 350,460 u 795 HM coBMecTUMO ¢ BKiaagoM Tm3* [20, 21], ogHako
Takasi KOMOUHAIMs He 3aMeHsIeT CeJIeKTUBHOM cieKTpockonuu. B yactHocty, s YP-nosioc Tm:YAP B nuTepa-
Type 06CY>X/IaI0TCSl pa3Hble BEPXHUE COCTOSIHUSA, a INUPOKast NMOJJI0KKa 0K0JIO 355 HM MOXKeT nepeKpbIBaThCS C
F*-uznydenuem [11, 20, 21]. [To ofHOMY CIIEKTpPY 3/ieCb HEBO3MOXKHO Ha/IEMKHO Pa3/IeJIUTh 3JIEKTPOHHbIE MePEX0/bl
U AepeKTHBIA KOHTUHYYM.

Jlns1 3enéHbIxX MMHU Er3* apnseTca 060CHOBaHHBIM KaHAM/ATOM, HO 0GbIYHOE OTHEeCeHHUe BCel MPyNbl K
2Hy1/2 = *115/- He eauHCTBEHHO. B BY®-yc/10BUAX HEO6X0AMMO NPOBEPHUTD BETBb 2P3/, = *1o/,. U3 ony6.1MKoBaH-
HbIX ypoBHel 31585, 31449 u 12446 cmt [1] cnepytoT 522,49 u 526,23 HM; oHU GJIM3KU HabJ0aeMbIM 522,54
u 526,60 HM. 3TO pacyéTHas NpOBePKa aJIbTEPHATUBEI, A He /J0KA3aTeJIbCTBO BELIOPAHHOTO BEPXHETO COCTOSTHHS.
OTcrofia TakKe CJIe/IyeT, UTO OTHOLIEHHE JIBYX 3eJIEHBIX IMHUHN HeJIb3s aBTOMAaTHUYECKHU UCII0JIb30BaTh AJIsl 60JIb-
LIMaHOBCKOW TEPMOMETPHUHU 10 YCTAHOBJIEHUS UX TPOUCXOMXKAEHUS.

Hasuue cna6oi rpynnsl 573-578 uM gonyckaeT Sm* uiu Dy3* [10, 22]. OgHako oxugaeMas s Sm>*
corysiacoBaHHasi cepusi okos10 600-618 HM B HacTOsIIeM MacCHUBE He BblIZessieTcsl yoequTeabHo Ha doHoM. [1oa-
ToMy Sm?*, paBHO Kak Dy** u Tb**, He Bk/ItoUaeTcs B lepevyeHb YBEPEHHO UJIeHTUDUIIMPOBAHHBIX TpUMeceH. Y3Kast
CTPYKTypa 0KoJio 523 HM caMa 110 ce6Ge He SIBJISIETCS XapaKTEePHbBIM [0Ka3aTeJbCTBOM IUPOKOM Mn2*-moJiochl.

2. CreKTpbl BO3OY/AeHHNA: 00111e U ceJleKTUBHbIe KaHaJIbl

2.1. CpaBHeHMe UCXOAHBIX U HOPMUPOBAHHbIX 3aBUCUMOCTEN

Ha pucyHke 4 coxpaHeHa UCXO/iHasi OTHOCHTeJ/IbHASA LIKa/la CUrHanoB. Hanbosblive 3HaueHUs UMEIOT
KaHaJbl 352,6 1 465 HM, 0iHAKO 6e3 eUHON KaJIMOPOBKU YYBCTBUTENbHOCTH U YCJA0BUIN HAKOIJIEHUS] UX BBICO-
ThI HeJIb3s1 HENOCPEe/JCTBEHHO COMOCTABIATh KaK 3¢ PeKTUBHOCTH pa3HbIX LleHTpoB. HopMUpoBKa Ha MaKCHUMyM
(pucyHok 5) BbIsIBIsAET pasndre GopM, KOTOpoe NPaKTUYECKH CKPBITO IIPU COBMECTHOM OTOOpaXKEHUH CJIa0bIX
Y CUJIbHBIX KPUBBIX. [I0aTOMY 06€e popMbI Ipe/icTaBIeHNs JONOJHSAIOT, @ He 3aMeHsI0T ApyT Jpyra.
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

PucyHok 4. CneKTpbl BO30YKAEeHUA HA pa3HbIX 0JI0CaX JIOMUHECLHeHIIUU
npu 300 K B MCXOAHOI OTHOCUTE/JbHOM IIKajIe

PucyHoK 5. CHeKTpbI BO36YKAeHHUsI, HOPMHPOBAaHHbIE HA HHAUBUAYA/IbHBIA MAKCUMYM
Ha o61en ceTke 4,13-12,4 3B

s kanasoB 352,6, 465, 523,6 1 794,6 HM JOMUHUPYET 001U MaKCUMyM oKoJio 7,85 3B. Ux koppensuuu
€ KaHaJIOM 465 HM cOCTaBJ/IAI0T cooTBeTcTBeHHO 0,992, 1,000, 0,997 1 0,998, a oTHOLIEeHHEe MaKCUMYMOB R,g J1e-
KUT B y3koM uHTepBase 0,346-0,448. [losioxkeHUe 06LIero MakCUMyMa nonazaeT B 06J1acTb GyHIaMeHTaJIbHOTO
norsoieHust YAlO3: no He3aBUCHMBbIM BY®-13mMepeHussM Npy KOMHAaTHOU TeMiiepaType A5 YAP nosydeH npsimoit
Eg~ 7,63 3B [13]. [loaToMy A1 3TOH rpyniel HauboJsiee GU3NUeCKH NOCIe0BATENbHOU SIB/ISIETCS HHTEPIpeTalus
Yyepes BO30YK/AeHUe 3JIEKTPOHOB U3 BaJIeHTHOU 30HbI B 30HY NPOBOJMMOCTH C IOCIeAyIollel pejlakcalel U me-
pefilaueil sHEPrUY Ha HellpeJHaMepeHHbIe TPpUMecHbIe LieHTphI. [Ipu aToM coBnazeHue popM He ycTaHABJIMBAET
XUMUYEeCKH TOX/AECTBEHHbIN LJEeHTP, a aMIJIMTYZa U TOYHOE M0JI0)KeHHe MaKCHUMyMa He pacCMaTpHBAIOTCA Kak
KoJIM4YecTBeHHasl Mepa 3peKTUBHOCTU NepeHOoca IHePTrUr 6e3 He3aBUCUMOU paZjuOMeTPUUECKON KaJTUOPOBKHU.

Kanasnbl 724,4 1 749,4 HM BeayT cebsl MHAUe: UX TJIaBHble MAKCUMYMbI HaX0AATCS 0KoJio 6,81 1 6,89 3B,
a R,g paBHbI 1,873 1 1,421. B fuanasoHe 6-12,4 3B k03 dULMeHT KoppeJsiLiMK 3TUX ABYX KpPUBbIX paBeH 0,982,
TOTJla KaK ¢ KaHasioM 465 HM nosyvatotcs —0,224 v -0,043. [locniefHue 3HaUYeHUS] ONUCBIBAIOT pasindve Gopm
Ha BBIOPAHHOM MHTEpPBaJie U He 03HAYal0T OTPUIATEbHON BEPOSITHOCTH llepeHoca sHepruu. Takoe pa3/iesieHue
KpacHo# 1 Y®-BUAMMOH rpynn npecTaBseT 60Jiee CylleCTBEHHbIN pe3yJbTaT, YeM BU3yaJibHast OOLHOCTD BbI-
COKO3HepreTuyeckoro ¢poHa.
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Taﬁnnua 3. YucseHHble XdPAKTEPUCTHUKH AEBATHU CIEKTPOB B036Y)KA6HPIH Ha 06]].(6171 CEeTKe

A HM EA, 3B EB, 3B Rag rc465 1M D;j/465(6.889 3B)
352,6 6,89 7,85 0,346 0,992 0,862
388,6 7,38 7,85 0,694 0,876 1,385
465 6,81 7,85 0,401 1,000 1,000
523,6 6,89 7,85 0,448 0,997 1,118
573,9 7,13 7,85 1,026 0,648 1,930
649,3 6,97 7,95 0,657 0,922 1,624
724,4 6,81 7,75 1,873 -0,224 4,683
749,4 6,89 7,85 1,421 -0,043 3,543
794,6 6,81 7,85 0,413 0,998 1,027

[Ipumeuyanue k Tabuune 3. EA u EB - nosioxkeHust HAaMOOJIbILIET0 OTCYETA BHYTPU OKOH A = 6,4-7,453B n
B = 7,5-8,6 3B; Ry = max(A)/max(B). 3nauenue EA = 7,38 3B as14 388,6 HM COOTBETCTBYeT POCTY K CJleAylollei
006J1aCTH ¥ He 00'bSIBJISIETCS CAMOCTOSITE/IbHOM pa3peléHHOH moJiocoi. Koppessiuu BeIYUCIEHB] HA YYacTKe
6-12,4 3B. [locsiegHUM cTOI6EI pACCYUTAH O BhIpaXkeHHUIO (3) Npyu GUKCUPOBAHHBIX 3HePrusx 6,889 u 7,848 3B
Y He TOX/IeCTBeH OTHOLIEHHI0 MaKCUMYMOB Rg.

Kananer 388,6,573,9 1 649,3 HM 3aHUMAIOT IPOMEKYTOYHOE ToJioKeHHe. JI1s1 573,9 HM 3HaueHUsl B OKHaX
A n B 6sm13ky, Ry = 1,026, a koppesanud ¢ 465 HM Huxe, 1 = 0,648. [lna 649,3 HM nosty4deHsl R, = 0,657 ur = 0,922,
ITO COBMECTHMO C IEPEKPBITHEM HECKOJBKHX BKJIaZ0B MO0 C UHOM OTHOCUTENbHON 3QPEKTUBHOCTBIO Iy TeH
BO30YK/IeHHsI, HO He M03BOJISeT BbIOPATh OJIMH U3 3TUX MEXaHU3MOB. B OTCYTCTBUE KUHETUKHU U CeJIEKTUBHBIX
CHEKTPOB pasyioKeHHe KaXK/101 KPpUBOH Ha HAGOP « MOHHBIX rayCCUaH» ObLIO Obl HEJJOCTATOYHO 060CHOBAHHBIM.

2.2. MexckaHa/bHble OMHOWEHUS U hu3uyveckas uHmepnpemayusi

JIBoliHbIe OTHOIIEHUS (PUCYHOK 6) YCHJIMBAIOT pa3jinuvie HU3K03HEePTeTHIeCKOro OTKIUKa. [Ipu 6,889
3B D724.4/465 = 4,683 ¥ D749.4/ 465 = 3,543. [l11 6IU3KOM K CUHElN rpyIine noJockl 794,6 HM COOTBETCTBYIOIAs
BesiMYMHa paBHa 1,027. UHbIMU c/10BaMu, pu nepexoze ot 7,848 k 6,889 3B kpacHble kaHaJbl yCUJIUBAKOTCS OT-
HOCUTEJIbHO 465 HM B HECKOJIBKO pa3, TOTAA KaK OTHOCHUTEJIbHBIN OTKJIUK 794,6 HM IIOYTH He U3MEHsEeTCHA. ITO
He poCT abCOoJIIOTHOTO KBAHTOBOTO BbIX0/ia B 4,7 pa3a, a U3MeHeHHe OTHOLIeHUs 3aperuCTPUPOBAaHHBIX KaHA/IOB
[IPY YKa3aHHbIX NIpeJIoI0XKeHUIX MojeH (3).

PuUCyHOK 6. /IBOIiHbIE OTHOLIEHMSI BHIGPAHHBIX CIEKTPOB OTHOCUTE/IbLHO KaHaJia 465 HM,
npuseaéHHble K eguHune npu E, = 7,84 3B
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

CBs3b KaHaIOB 724,4 1 749,4 HM 110 opMe BO36YK/IeHUsI BMECTe C XapaKTepHbIM R-Ay6/1eTOM U C/1BU-
rOM 0K0J10 462 cM ™' mojiep)KMBaeT ruIoTesy o BKJaaje BU6POHHOro uaaydenus Cr3* B o6sacts 750 HM. Bosee
cnaboe cX0ACTBO KaHasa 794,6 HM ¢ KpacHOHM Mapoi, HAIPOTUB, He NMOALePKUBAET OTHECEHUE BCET0 JAHaNa3oHa
730-825 HM K 0/{HO# Hen3MeHHOM Cri*-koMmoHeHTe. 3eCb BO3MOXKHbI IEPEKPBITHUSA, U J/Is TPOBEPKU HEOBXO0/HU-
MbI CpaBHeHHUe BpeMé&H 3aTyxaHUusA R-1MHUH U osiockl 750 HM, a TaKkKe CIIEKTPbI U3JIy4YeHUS NIPU CeJIeKTUBHOM
BO30OYyXJ,eHUH 0KoJio 6,9 1 7,85 3B.

dusnyeckas HUHTepIpeTalMs BBICOKO3HEPreTHYEeCKON IPyNIbl TPeOyeT pa3/iesieHus ABYyX BONPOCOB:
NPOUCXOXK/eHUs BO36YK/JeHUs U popMbl 3aperucTpupoBaHHOrO cnekTpa. HesaBrucruMble BY®-n3Mmepenus npu
KOMHATHOM TeMIlepaType AatoT AJist YAP npsiMyto IIMpUHY 3anpeniéHHOM 30HbI 0K0J10 7,63 3B [13], moaToMy o61muit
OTKJIMK KaHanoB 352,6, 465, 523,6 u 794,6 HM okoJio 7,85 3B MbI cCBSI3bIBaEM C MeXX30HHBIM BO30YKJA€HUEM MaTPHU-
bl U OCJIeAytollell nepesjayeil aHepryuy Ha JIOKaJbHble IPUMeCHbIe [JeHTPbl. OlHOBpeMEeHHO XapaKTepUCTHKa
P66 nokasbiBaeT MakCUMYM I10TOKa nopsagka 4x10%% poton/c B6/1m3u 7,75 3B [18]. TakuM 06pa3oM, MexK30HHas
HMHTepIIpeTalusl OCHOBaHA Ha COIVIACOBAHMUHU C HE3aBUCUMbIMHU IaHHBIMU 0 pyHAaMeHTalbHOM noroiieHuu YAIOs,
Torja Kak kojqndyecTBeHHas popma PLE coxpaHsieTcss B OTHOCUTE/IbHBIX €JHHUIAX.

3. ConocmassieHue ¢ 1a6opamopHoll KceHOH080l chekmpockonuetl

ComnocTaBJ/ieHHEe U3MEPUTENbHBIX BO3MOXKHOCTEN N10Ka3bIBAET, HOUeMYy cjabast MpuMecHasi JIOMUHEC-
LeHIMs Obl1a 06HapykeHa Ha P66, HO He 3apeructprupoBaHa Ha CM 2203. JlaGopaTopHbIH CIEKTPODIyOPUMETD
paboTaeT B YO-BUAMMOM Auana3oHe, Ha4yMHas npuMepHo ¢ 220 HM (*5,64 3B), 1 103TOMY He JOCTUraeT 06J1acTH
MeXX30HHOTO0 Bo36yxaeHus YAlIOz okouio 7,6-7,9 3B [19, 13]. P66 oxBaTbiBaeT 3,7-40 3B u ipu 7,75 3B o6ecneyu-
BaeT NOTOK 0K0J10 4x10%* ¢poToH/c HemocpeACcTBeHHO Ha o6pasie [18]. B Hamem onbiTe Bo36yxeHne YAP Ha
CM 2203 B OCTYIHOM Auana3oHe He AaJI0 HaZ&KHO PerucTpUpyeMoro CUTHala OT CJI1e0BbIX IPUMeceil: nocje
MPOXOXKAEHHNSA U3JIydeHHs] KCEHOHOBOM JIaMIIbl Yepe3 MOHOXPOMATOp ClleKTpasibHas IJIOTHOCTDb BO3OYXK/AEHHUS U
YyBCTBUTEJbHOCTD JIAOOPATOPHOr'0 KaHa/la perucTpaluy okasaluch HeJOCTaTOYHBbI AJ1s JAHHOTO €/1a60ro cur-
Hasla. [losToMy npernmMyiecTBo P66 onpeiesisieTcs He IPOCTO 60JIbIIeH «MOIHOCTbIO MCTOUHUKAY, & COUeTaHUEM
Joctyna K BY®-06/1acTH, BICOKOH CIIEKTPaIbHOM NMJIOTHOCTU GOTOHOB Ha 06paslie U CrelaTu3upOBaHHOM Bbl-
COKO4YBCTBUTEJBHOM CUCTEMOM perucTpalnyy. AGCOIOTHOE YHCIeHHOe OTHOLIeHHe OTOKOB /IBYX YCTAHOBOK He
HNPUBOAUTCS, TOCKOJIBKY JIJIsl UCT0JIb30BaHHOM KoHurypauuu CM 2203 oTcyTCTByeT KaIMOPOBaHHOE 3HAYeHUE
MOTOKAa Ha 06pasIie.

Ta61uua 4. CpaBHeHue Bo3MoxkHOcTeld CM 2203 u P66 a1s ucciie0BaHUS HOMUHAJIbHO HeJleru-
poBaHHoro YAP

IIapameTp

CM 2203

P66 PETRAIII

JlnanasoH BO36YXeHUs

~220-820 uM; E<5,64 3B

3,7-40 3B

HWcToyHUK

WMnysbcHasg KCeHOHOBas JlaMIa
FX-4401

CUHXPOTPOHHOE U3JIyYEHHE OT
bending magnet

Peructpanus

®2Y Hamamatsu R928

CCD Newton 920; ®3Y Hamamatsu
R6358/R3809U-50

[NoTok npu 7,75 3B

06Js1acTb HEJJOCTYIHA; MOTOK HA
obpaslie He OnpeieséH

~4x102 poToH/c Ha o6pasLe

PesysbTat ass gandoro YAP

HapéxHas JIIoMUHECeHIUS He
3aperucTpupoBaHa

[IpumecHbie PL/PLE-curxasnsl
3aperucTpUpOBaHbI

KitoueBoe npenmy1ecTBo

Y®-BuarMas mabopaTopHas

Joctyn k Mexx30HHOMY BY®-
BO30YKJEHUIO + BBICOKU I

CIIEKTPOCKOIIHNA IOTOK + CrienraJIu3upPOBaHHAA
perucrpanusa
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4. /lromuHecyeHmMHas uazHOCmMuKa c/1edoeblx hpumecell 8 HOMUHA/ILHO Yucmom YAP

[loslyyeHHBIN pe3ynbTaT UMeeT 60Jiee 06IINI aHATUTHYEeCKUH CMbICIL. JIOMUHECLEHTHBINA CHEKTD B JAHHOM
cJlydae BbICTyNaeT KaK BbICOKOYYBCTBUTE/IbHBIM «OTIEYaTOK» ONTHUYECKU aKTUBHBIX IpUMeceli: XapaKTepHble
JIMHUM MOTYT HabJII0IaThCA TPU KOHIIEHTPALUAX, JIEXKAIIUX HUKe BO3MOKHOCTel o6b1yHOro SEM-EDS 1 He npu-
BOJSIUX K MOsSIBJIeHUI0 oTAeabHOU ¢a3el B XRD [2, 4]. [Ipu aToM JIIOMUHECHEHIIUS He SIBJISIeTCS NPSIMbIM KOJIU-
YeCTBEHHbIM aHAJIOTOM MacC-CIEKTPOMETPUHU: UHTEHCUBHOCTDb ONPe/eisieTCsl He TOJIbKO KOHI|eHTpalel, Ho U
ceyeHHeM BO30YK/AeHHs, BEPOSTHOCTBIO IEpeH0Cca SHEPTHUH, TyLIEHHEM, ONTHYECKOU reoMeTpUeH U CIEKTPabHOM
YyYBCTBUTEJBHOCTBIO peructpanuu. [103ToMy no HacTOALMM JaHHBIM KOPPEKTHO YCTaHaBJAUBAaTh NPUCYTCTBUE
1 MeXaHHU3M BO30YyXKJeHUsI [eHTPa, HO He aOCOJ/IIOTHYIO0 KOHI[EeHTpallMI0 B ppm 6e3 KaIM6pOBaHHBIX CTAHAAPTOB.

11 YAP 3T0 0coGeHHO Cyl1leCTBEHHO, TIOCKOJIbKY HenpeiHaMepeHHble RE-MOHBI MOT'YT Hac1e0BaThCs OT
UTTPUICOJiepKaLIEero Chipbs, a IepexofHble MeTaJ/L/Ibl - OT aJIIOMUHUICOZepKaluX KOMIOHEHTOB U TEXHOJIOTUYe-
CKUX UCTOYHUKOB. Pa60oThl o YAP:Mn eMOHCTPUPYIOT, YTO Mn-1jeHTpbI AAI0T COOGCTBEHHBIE IIOMUHECIIEHTHbIE U
JlO3UMeTpUYeCcKHe OTKJIUKY [6-8], a pacuéTsl Ti-nonupoBanHoro YAP noATBepK /40T MOSIBJIEHUE JIOKAJIU30BaHHBIX
YPOBHEH BHYTpH 3ampeliéHHoN 30HbI [9]. TakuM 06pa3oM, «kHOMUHAIBHO YUCThIN» YAP cienyeTt paccMaTpUuBaTh
He KakK ujeanbHyto cucteMy Y-Al-0, a Kak IIMPOKO30HHY0 MaTpHULY, CHIOCOOHYIO0 CIEKTPOCKOMUYECKU BbISIBASATH
MPUCYTCTBUE CJIeJJ0OBbIX [IEHTPOB.

B oKCHAHBIX MaTpHUIaX TAKOU CIIEKTPOCKONHWYECKUH KOHTPACT YaCTO BO3HUKAET UMEHHO B 00J1aCTAX
3apA10BOro nepeHoca U GpyHAaMeHTalbHOro Bo36yxaenus. [locsre 0" —>npuMeck nepeHoca 3apsaa, GOTOMOHU3A-
LMY WM MEXK30HHOT0 BO36Y>K/JeHUs BaJleHTHasi 30Ha—>30Ha MPOBOAUMOCTH CO3/JaHHbIE 3JIEKTPOHHO-/IbIPOYHbIE
BO30YKAEeHHUsI MOTYT JIOKaJIN30BaThCsI HA IPUMECHBIX [IeHTPax WM epeJjaBaTh UM 3Hepruto [12]. Hamwu BY®-pa-
60T1b! Ha YAG:Eu/Cr, YAG:Nd 1 GGG nokasbIBaloT, UTO IPUMeECHbIe, KpaeBble U edeKTHO-0M0CpeJOBaHHbIE KAHAJIbI
paszessiTCs B ClieKTpaxX Bo30ykaeHus [14, 16, 17]; cxogHas posib MeXX30HHOTO U 1ePEeKTHOT0 BO30OYKAEeHUS
Hab6Juroganacs B BaMgF, [15]. B HacTosimem YAP o61asi BbIcOKO3HepreTuieckasi CTpyKTypa KaHasioB 352,6, 465,
523,6 1 794,6 HM cornacyeTcs ¢ 3¢deKTUBHBIM BO30YKAEHUEM Yepe3 MeX30HHbIH Nepexo/i MaTpUIbl 0KoJ0 7,85
3B ¥ nocneayroumei nepejayeil 3Hepruu Ha cief0Bble IleHTPbI, TorAa Kak Cri*-cBsisaHHble KaHanbl 724,4 1 749,4
HM JIEMOHCTPUPYIOT BbIpaXKEHHYI0 CeJIEKTUBHOCTB 0K0J10 6,8-6,9 3B. IMeHHO coBMecTHOe paccMoTpeHue PL u PLE
M03BOJISIET OTJIMUUTD CJIeJOBOM NPUMECHBIN LIEHTP OT CJAy4alHOTO CIEKTPAJIbHOTO COBNA/[eHH .

3aK/ro4yeHue

CoBMeCTHBIHN aHa/IN3 JIOMUHecLeHIUU Ipy 7,75 3B u eBaTU ciekTpoB Bo36yxaeHus npu 300 K BbIgABU
CJI0KHBIN TPUMECHBIN OTKJIMK KOMMep4YeCcKoro HOMHHaJIbHO HeJlernpoBaHHoro kpucrasia YAP (100). Hau6osee
y6eUTeNbHbIMU CIIEKTPOCKONMYECKMMH PU3HAKaMH ABAATCA R-ny6aer Cr3* pu 722,7/725,0 HM U LITapKOB-
cKas nocjefoBatenbHocTb Nd3* okoso 875,5, 884,4, 891,9 1 915-916 HM. [IpepiaraeMble OTHECEHUS OCTAJIbHBIX
Y®-, BuaMMbIX U 61KHUX UK-rpynn uMeroT pa3/iMyHyIo cTeleHb HEOJHO3HAYHOCTH; IPUCYTCTBUE GOJIbLIOTO
YyCJla Pa3JIMYHbIX IPUMECHBIX HOHOB 10 0JHOMY Ha6opy AaHHBIX He yTBEPXKAAeTCsl.

HopMupoBaHHbIe CIEKTPHI pa3/iesitoT 6Ju3Kyto o ¢opme rpynny 352,6/465/523,6/794,6 HM U KpacHyO
napy 724,4/749,4 HM, npeuMy1eCTBEHHO BO30YXJaeMyto pu 6,8-6,9 3B. [l nocyiegHel noydeHa KOppessius
0,982. /IBoiiHble oTHOLIEHUS TPpH 6,889 3B oTHOcKTebHO 7,848 3B mocturatot 4,68 u 3,54, 4TO XapakTepusyeT
BbIPOKEHHYI0 MEKKaHAIbHY0 CeJIEKTUBHOCTb. CXO/CTBO KPACHBIX CIIEKTPOB U CABUT 0KOJI0 462 cM ™! coryiacyiot-
sl ¢ BO3MOXHBIM Cr**-cBsI3aHHBIM BUGPOHHBIM BKJIaZIOM 0K0J10 750 HM, OZIHAKO HE UCKJIK0YAIOT CIIEKTPaJbHbIX
NepeKPbITHM.

Jns kananoB 352,6, 465, 523,6 u 794,6 HM 061U MaKCUMyM OKoJio 7,85 3B uHTepnpeTUupyeTcs Kak
06J1acTh 3¢ PEeKTUBHOI0 MEeXX30HHOT0 BO36yKqeHus1 MaTpullbl YAIO3; ¢ mocienyrolei nepegadeil sSHEprum Ha
HellpeZiHaMepeHHble IPUMeCHbIe LIeHTPbl. ITa UHTepIpeTalys COIIacyeTcsl C ONyB6JIMKOBAaHHBIM IPY KOMHATHOH
TeMIlepaType NpAMbIM Eg % 7,63 3B [13], HO He OCHOBBIBAETCS TOJILKO Ha MOJIOXKEHUU 3KCIIEPUMEHTATbHOI'0 MaK-
cMMyMa: noTok P66 caM uMeeT MakcuMyM B6Jsin3H 7,75 3B [18], mosaToMy 6e3 He3aBUCUMOM paJuOMeTPUIECKOMN
poBepKH HeJib3sl 10 opMe PLE KosmmuecTBeHHO onpesiesisiTh LIMPUHY 3alpeliéHHOM 30HbI MM 3¢ PeKTUBHOCTD
nepeHoca aHepruu. JlabopatopHbiii CM 2203 He obecnieurBaeT Bo36yx/ieHUe B 3Toit BY®-06.1acTu (ero pabouunii
JlMana3oH HauuHaeTcs npyuMepHo ¢ 220 HM, *5,64 3B), a B ;ocTynHOM 06/1aCTH MHTEHCUBHOCTH BO30YKAEHHUS M0-
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

cJle MOHOXPOMAaTOpPa U YYBCTBUTEJNbHOCTU PETUCTPAIMOHHOTO KaHaJIa 0Ka3aJI0Ch HEJIOCTATOYHO /ISl HAJ[EKHOTO
obHapykeHHs €1a60¥ TIOMUHECLEHI[UHU JJaHHOTO 06pasua [19]. CiiegoBaTeibHO, IpenMy1ecTBO P66 onpeensieTcs
coyeTaHreM BY®-yiocTyna, BICOKOI'0 TOTOKA HA 06pa3lie U Clelalu3upoOBaHHON CUCTEMbI perucTpanuu. B nesom
paboTa nokasbIBaeT, YTO BYD-roMuHecieHTHasA CIEKTPOCKONUS SABJsAeTCSA 3G PEKTUBHBIM METOOM BhISIBJIEHUS
ONTHYECKH aKTUBHBIX CJIEZIOBBIX I[EeHTPOB B HOMHUHAJIbHO YHUCTBIX IIMPOKO30HHBIX OKCH/IAX.

bnaromapHocTb
JlaHHOe ucciefoBaHue 6bL10 TpoduHaHCHpoBaHO KoMHUTeTOM HayKH MUHUCTEPCTBA HAYKH U BBICIIETO
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IMpumMecHas AIOMMHECIIEHIIVA 1 CeAeKTUBHOE BaKyyMHO-YABTpa(puo1eToOBoe
BO30Yy>KAeHIe HOMIHAABHO HeAeIMpPOBaHHOTO Kpucraaaa YAIO;

HomuHanapl KocnnasaH6arad YAIO; KpHUCTaJIBIHBIH, KOCHAJIBIK, JTIOMUHECIEHIIUACHI )K9HE CeJIEKTUBTI
BaKyYM/JbIK-y/IbTPaKYJITiH KO3ybI

Anaartna. 300 K Temnepatypaga 7,75 3B aHeprusicbiMeH K03/ blpblJIFAaH HOMUHAJI/Ibl KOCNaJlaHOaFaH
YAlO3 MOHOKpPUCTAJIBIHBIH, CayJie IIbIFAPY CIEKTPI )K9HE TOFbI3 IMUCCHS apPHACBIHBIH KO3y CIIEKTpPJIEP] 3epTTe].
Herizri esnmeynep DESY optanbirbingarsl PETRA Il cuHxpoTpoHAbIK Ke3iHiH P66 apHackiHa xKyprizinai. 352,6,
465, 523,6 xxoHe 794,6 HM apHasapbIHa aMaMeH 7,85 3B MaHbIH/|a OpTAaK MaKCUMYyM GaiKasnazbl; o1 YAIO3
MaTpUIACBIHAAFBI THIM/Ii 30HaapasIblK, KO3y XKoHe KeHiHTi 3HeprusiHbIH i3/1iK KOoClla opTaJbIKTapblHa Oepinyi
petiHge Tycingipineni. By untepnpetauus YAP yuiiH 6ejiMe TeMIlepaTypacblHAA XKapUsilaHFaH TiKeJel ThIMbIM
caJIbIHFaH aliMak, eHi mamMaMeH 7,63 3B 6oJs1aThIH jlepekTepMeH Yilsecei, 6ipak GOTOH aFbIHbI 60MBIHIIA TAYeICi3
TEKCepI/ITeH TY3eTyCi3 MaKCUMYMHBIH OPHbI MEH aMILJIMTYAAckl E_g HeMece aHeprus 6episy THIM/IITiHIH CaHAbIK
eJiieMi peTiHZe NaljanaHblIMaiabl. 724,4 xxaHe 749,4 HM apHasap 6,8-6,9 3B alimarbiH/a 6acbIM K033/ bl XKOHE
oJlap/blH Koppeasauus koadouumenTi 0,982. 722,7/725,0 um ny6aeti Cr3* nongapeina, an 875,5, 884,4, 891,9
HM CBI3BIKTaphl 3k9He 915-916 HM aJ1ci3 To6b1 Nd3* nongapbinbig lITapk KypelIbIMbIHA caiikec kesieai. CM 2203
3epTXaHaJsbIK CIEKTPoPJIyopUMETPiH/e KolKeTiMAI KoHGUTypalusa 0Cbl HOMUHA/ZbI KOcllaJlaHOaFaH YJITiHiH
JIIOMUHECIeHIUSACBIH ceHIMAI Tipkey MYMKiH 60siMaibl. P66 apHackl CM 2203-1eH caJbICThIpFaH/ia 30HaapaJsblK,
BY®-Ko03y alimarblHa TiKeJsiel Ko/DKeTiMAiTik 6Gepei xkaHe 7,75 3B kesinfe yarize mamamen 4x 102 ¢porton/c
aFbIH/bl KaMTaMacbI3 eTe/ii. HoTmxkesnep i3aik xkocnapsiaHb6aFaH Kocnanap/bl aHbIKTayla CAHXPOTPOH/bIK BY ®-i10-
MMUHECLEHTTIK CIEKTPOCKONUSAHBIH apThIKLbLIBIFbIH KOpCETE|.

TyitiH ce3aep: YAlO3; KocniasbIK JIIOMUHECLEHLMS; BAKYYM/bBIK YJIBTPAKYJITiH; CAHXPOTPOH/IbIK CIYJ/Ie/IeHY;
K03y cnektpaepi; Cr3*; Nd3*.

M. Tokasheva, A. Bakytkyzy, Zh. Karipbayev*, G. Baubekova, A. Zhunusbekov, A. Kakimov

L. N. Gumilyov Eurasian National University, Astana, Kazakhstan
(E-mail: tokasevamiramgul@gmail.com; aizat.bakytkyzy.1@gmail.com; karipbayev_zht_1@enu.kz; *baubekova_
gm@enu.kz; zhunusbekov_am@enu.kz; kakimov_ab_3@enu.kz)

Impurity luminescence and selective vacuum-ultraviolet excitation
of a nominally undoped YAlO; crystal

Abstract. The emission spectrum of a nominally undoped YAIO3 single crystal excited at 7.75 eV and
excitation spectra monitored at nine emission wavelengths were analysed at 300 K. The main measurements were
performed at the P66 beamline of PETRA III (DESY). The 352.6, 465, 523.6 and 794.6 nm channels show a common
maximum near 7.85 eV, which is interpreted as efficient host band-to-band excitation followed by energy transfer to
trace impurity centres. This interpretation is consistent with a reported room-temperature direct band gap of about
7.63 eV for YAP, while the peak position and amplitude are not used as an independent quantitative determination
of the band gap or transfer efficiency without verified photon-flux correction. The 724.4 and 749.4 nm channels
are preferentially excited at 6.8-6.9 eV and have a Pearson correlation coefficient of 0.982. The 722.7/725.0 nm
doublet is assigned to Cr3*, whereas the 875.5, 884.4 and 891.9 nm lines together with a weak 915-916 nm group
are consistent with the Stark structure of Nd3*. Laboratory measurements with a CM 2203 spectrofluorometer did
not yield reliably detectable luminescence from this nominally undoped sample under the available configuration.
Unlike CM 2203, P66 provides direct access to the VUV band-to-band excitation region and a photon flux of about
4x10"? photons s™* at the sample at 7.75 eV. The results demonstrate the advantage of synchrotron VUV luminescence
spectroscopy for detecting weak unintentional impurity centres.

Keywords: YAlO3; impurity luminescence; vacuum ultraviolet; synchrotron radiation; excitation spectra;
Cr3*; Nd3*.

AH. Tymnaes atsinaarst Eypasus yarrsik yausepentetinisy XABAPIITBICHL \193( 1 56)/ 2026 271
Pusuka. ACTPOHOMUST CePUSICHI
ISSN: 2616-6836. eISSN: 2663-1296


mailto:baubekova_gm@enu.kz
mailto:baubekova_gm@enu.kz
mailto:zhunusbekov_am@enu.kz

M. Tokamesa, A. bakbITKbI3bI, JK. Kapnun6aes®, I'. baybexosa, A JKynycoekos, A. Kakumos

CBeaeHus 06 aBTOpax:

A. BakpITKbI3bI - HAYYHbIH COTPYIHUK HAyYHO-UCCIIE/I0BATENbCKOT0 HHCTUTYTAa GQYHKIMOHAJIbHBIX Ma-
TepuasioB, HAHOTEXHOJIOTUU U KOMIIbIOTEPHOT'0 MOJie/IMpoBaHus, EBpasuiickuil HaljMOHa/JIbHBIA YHUBEPCUTET
nMmenu JL.H. 'ymunésa, yi. KaxbeimykaHa, 13, Acrana 010008, KazaxcTaH.

M. TokamieBa - JOKTOpaHT 3-ro Kypca o cnenuanbHocTH «8D05323-Texuuueckas ¢pusukar, EBpasuiickuii
HallMOHa/bHbIN YHUBepcUuTeT uMenu JI.H.I'ymunesa, ya.Kaxxsimykana, 13, Actana, 010000, KazaxcTaH.

K. Kapuno6aes - aBTop a5 KoppecnoHaeHuy, PhD, acconuupoBanHbli npodeccop kKadpeapbl TEXHUYE-
cko¥ ¢usuky, EBpasuiickuii HanvoHa bHbIN yHUBepcuTeT uMenu JL.H. T'ymuneBa, yi. Acrtana, Kaxxbimykana, 13,
010000, KazaxcraH.

I. Bay6ekoBa - PhD, accouuupoBaHHbIi mpodeccop kadepbl TexHUYeCKON Pusnky, EBpasuiickuit Hanu-
OHa/IbHBIN yHUBepcuTeT MMeHU JL.H.I'ymunesa, yn.Actana, KaxxeiMykana, 13, 010000, KazaxcTtaH.

A. )KyHyc6eKoOB - accollMpoBaHHbIN npodeccop kadeapbl TexHUYecKOM ¢u3uky, EBpasuiickuil Hauuo-
HaJIbHbIM YHUBepcuTeT uMeHu JL.H.I'ymuneBa, yn.Actana, Kaxxbimykana, 13, 010000, KazaxcraH.

A. Kakumos - PhD, npenogaBaTesb kKadeapol TexHUUeCKOH PU3UKH, EBpa3uiickuil Hal[MOHAJNbHBIN YHU-
BepcuteT uMeHnu JL.LH.I'ymuneBa, yn.Acrana, Kaxxpimykana, 13, 010000, Kasaxcras.

A. Bakytkyzy - Research Institute of Functional Materials, Nanotechnologies and Computer Modeling, L.N.
Gumilyov Eurasian National University, Kazhymukan Str. 13, Astana 010008, Kazakhstan.

M. Tokasheva - PhD student, L.N. Gumilyov Eurasian National University, Astana, 010000, Kazakhstan.

Zh. Karipbayev - the corresponding author, PhD, Associate Professor, L.N. Gumilyov Eurasian National
University, Astana, 010000, Kazakhstan.

G. Baubekova - PhD, Associate Professor, L.N. Gumilyov Eurasian National University, Astana, 010000,
Kazakhstan.

A. Zhunusbekov - PhD, Associate Professor, L.N. Gumilyov Eurasian National University, Astana, 010000,
Kazakhstan.

A. Kakimov - PhD, Teacher, L.N. Gumilyov Eurasian National University, Astana, 010000, Kazakhstan.

A. BakbITKbI3bI - OYHKIMOHAN/IBIK MaTepHa/IZap, HAHOTEXHOJIOTUsIAP XKIHE KOMIIbIOTEPJIIK MOJIe/Ib/iey
FBLIIBIMU-3€PTTey UHCTUTYTBIHBIH FBIIBIMU KbI3MeTKeDi, JI.H. ['ymunes atbingare! Eypasusa yaTTBIK yHUBEPCUTETI,
KaxbiMyKaH kelueci, 13, Acrana 010008, KazakcraH.

M. Toxkamesa - «TexHUKabIK GU3NKa» KadegpacbIHbIH 3-11i Kypc AokTopaHThl, JI.H. ['yMuieB aTbIHAAFbI
Eypasus yaTThIK yHUBepcuTeTi, ActaHa, KaxbiMykas, 13, 010000, KazaxcTtaH.

K. Kapun6aes - xaT-xabap aBTopbl, «TexHUKaJIbIK pU3rKa» KadeJpacbIHbIH KaybIMJACThIPbIIFAH podec-
copsl, PhD, J.H. l'ymuneB atbiHarbl Eypa3us yaTTeIK yHUBepcuTeTi, Actana, KaxbpiMykan 13,010000, KaszaxcraH.

I. Bay6ekoBa - PhD, «TexHukasblK ¢pusuka» kadeapacblHbIH KaybIMIACThIPbLIFaH npodeccopsl, JI.H.
I'ymuneB aTeiHAarbl Eypasus yaTThIK yHUBepcuTeTi, ActaHa, KaxkbiMyKas 13, 010000, Kasaxcras.

A. Kynyc6ekoB - PhD, «Texuuka/blK pusrka» kadeapacblHbIH KaybIMacThIpbLIFaH npodeccopsl, JI.H.
I'ymuneB aTbiHAaFbl Eypasus yaTTeIK yHUBepcuTeTi, AcTaHa, KaxbpiMykaH 13, 010000, KazaxcTaH.

A.KakumoB - PhD, «TexHukasnblK, ¢usrka» kapegpacbiHblH OKbITYIbICH], JI.H. [yMuieB aTeinAarb! Eypasus
VJITTBIK yHUBepcUuTeTi, Actana, Kaxkpimykan 13, 010000, KazaxcTaH.

Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and
conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/licenses/by-

nc/4.0/).

272 1\(_)3(1 56)/ 2026 AH. Tymuaes arsingarst Eypasus yarreik yuusepenrerinis XABAPIIIBICEHL
Pusnka. ACTpPOHOMUS CePUACH
ISSN: 2616-6836. eISSN: 2663-1296



bac peaaxropsr: K.III. J)Kymaanaos
Komnriotepae Gerreren: /. Adynarickas

ABTOpAapra apHaAfaH HYCKayABIKTap,
>KapVsiAaHBIM 9TUKACH XKypHa caifTeiHAa Oepiaren: http://bulphysast.enu.kz
/A.H. Tymnaes ateiagarsl Eypasus yATTBIK YHUBEpPCUTETiHIH XaOapIIbICHL.

Pusmka. ACTpOHOMMST CePUSICHL.
No3(156)/2026 — Acrana: EYY. - 272 6.
Hlaptrer 6.1. — 11,18. TapaasiMbl — cy paHBIC OOIBIHIIIA
bacyra xoa xorbraanr: 30.09.2026 x.
AIITBIK KOAA4AHBICTAFbl DAEKTPOHABI HycKa: https://bulphysast.enu.kz

MasmyHsbIHa THIIOTpad I XKayar bepMeriai

Pesakiuist MeKeH->Kaiibl:

010008, Kasakcran, Acrana K., Kaxxpimykan Mynanrnacos ket., 13, 1.H. I'ymnaes atbiHaa¥rn!
Eypasus yarteik yausepcuteti, Oky kopiycsr - LIVICU sumapartsr, 300 sxene 301 keHce.
Tea: +77172709500 (immki 33-303 (Oac peaaxrop), 33-318 (>kayalThl >KoHe TEXHMKAABIK XaTIIIb)).
E-mail: vest_phys@enu.kz. BeG-carit: www.bulphysast.enu.kz/

A.H. I'ymnaes arsiHgars! Eypasns yATTHIK yHUBepcuTeTiHIH OacriacsiHaa 6acblaAbl.


http://bulphysast.enu.kz
https://bulphysast.enu.kz
http://www.bulphysast.enu.kz/

	_hojxaagh8z27
	_lj7h01gzl170
	_wuc3ysokj79t
	_btgb1s32mjeq
	_nbs2jcl5hsp
	_Hlk221625058
	_Hlk238156617
	_headingh.l5d6fpdkfywg
	_Hlk240494715
	_GoBack

	Кнопка 85: 
	Кнопка 86: 
	Кнопка 87: 
	Кнопка 88: 
	Кнопка 89: 
	Кнопка 90: 
	Кнопка 91: 
	Кнопка 92: 
	Кнопка 93: 
	Кнопка 94: 
	Кнопка 95: 
	Кнопка 96: 
	Кнопка 97: 
	Кнопка 98: 
	Кнопка 99: 
	Кнопка 100: 
	Кнопка 101: 
	Кнопка 102: 
	Кнопка 103: 
	Кнопка 104: 
	Кнопка 105: 
	Кнопка 106: 
	Кнопка 107: 
	Кнопка 108: 
	Кнопка 109: 
	Кнопка 110: 
	Кнопка 111: 
	Кнопка 115: 
	Кнопка 116: 
	Кнопка 112: 
	Кнопка 113: 
	Кнопка 117: 
	Кнопка 114: 
	Кнопка 118: 
	Кнопка 119: 
	Кнопка 120: 
	Кнопка 121: 
	Кнопка 122: 
	Кнопка 123: 
	Кнопка 124: 
	Кнопка 125: 
	Кнопка 126: 
	Кнопка 127: 
	Кнопка 128: 
	Кнопка 130: 
	Кнопка 131: 
	Кнопка 132: 
	Кнопка 133: 
	Кнопка 129: 
	Кнопка 135: 
	Кнопка 136: 
	Кнопка 137: 
	Кнопка 138: 
	Кнопка 139: 
	Кнопка 140: 
	Кнопка 141: 
	Кнопка 134: 
	Кнопка 144: 
	Кнопка 143: 
	Кнопка 145: 
	Кнопка 142: 
	Кнопка 146: 
	Кнопка 147: 
	Кнопка 148: 
	Кнопка 149: 
	Кнопка 150: 
	Кнопка 151: 
	Кнопка 152: 
	Кнопка 153: 
	Кнопка 154: 
	Кнопка 155: 
	Кнопка 156: 
	Кнопка 157: 
	Кнопка 158: 
	Кнопка 159: 
	Кнопка 160: 
	Кнопка 161: 
	Кнопка 163: 
	Кнопка 165: 
	Кнопка 162: 
	Кнопка 164: 
	Кнопка 166: 


