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Preface 3

Dear authors and readers!
Dear colleagues!

Traditionally, we inform our authors and readers about the most important results. In July 2023, an
expert assessment was carried out by a special commission, the results of which established that the
“Eurasian phys. tech. j." is included in the updated List of publications recommended by the Committee for
Quality Assurance in Science and Higher Education of the Science and Higher Education Ministry of the
Kazakhstan Republic for publication of scientific activities main results in the scientific fields: Physics,
Energy, Materials Science (Addendum 1, July 25, 2023 to Order No. 52).

In this issue, in the “Materials Science” section, new results on the study of the properties of various
materials are presented. For example, in an article of Orenburg scientists, a study was conducted of “a model
of the quasi-equilibrium conformational structure of the units of a Gaussian chain of a polyelectrolyte
adsorbed on a nanosphere with a relatively low electrical conductivity” (i.e., an undoped semiconductor),
polarized in an external harmonically varying quasi-static electric field with a frequency significantly lower
plasma frequency of the nanoparticle material. The next article shows that corrosion of aluminum products
in seawater occurs due to “incomplete oxidation of aluminum cells on the surface of products due to
insufficient energy for chemical interaction with aluminum atoms of the orthorhombic subsystem of the
cubic face-centered cell of aluminum.” The work of Astana scientists determined the spectral properties of
carbon-containing nanocomposite polymer films based on polystyrene with C60 fullerene nanoadditives. It
has been shown that “with an increase in the concentration of the carbon additive, the optical density of the
samples increases, the absorption coefficient increases, and the band gap decreases.” Joint studies scientists
from of Uzbekistan, Russia, Bulgaria and Vietham on the processes of defect formation in diffusely doped
and proton-irradiated silicon using the impedance spectroscopy method showed that their relatively high
resistance to radiation exposure is due to a higher concentration of ion impurities (platinum) in the volume.

The article in the “Energy” section examines the effect of the injection rate of liquid fuel into the
combustion chamber. As a result of a numerical experiment using KIVA-II software, the optimal range of
heptane injection speed was determined, which ensures increased efficiency of the combustion chamber and
reduced negative impact on the environment.

The authors of the articles in the “Engineering” section offer solutions to current problems of modern
production and electronic communication systems. For example, in the work of an international team of
authors from Egypt, China and the Russian Federation, it was proposed to use the thermoelectric control
method to determine the thermophysical parameters of the thermal interface. It is shown that this method
allows you to clearly see the heat transfer process with the introduction of thermal resistance, temperature
fluctuations and the resulting thermos-EMF. In the work of the Almaty scientists, the viability of prepregs
based on epoxy resin with an aromatic hardener, which is of great practical importance in the industrial
production of carbon fiber plastic products, was studied. In an article of the E.A.Buketov Karaganda
University researches, a microcontroller device has been developed for reproducing audio information in the
presence of a person. 17 operational devices for reproducing audio information have been installed and are
successfully operating on the territory of the university complex.

The article in the “Physics and Astronomy” section presents the results of an analysis of changes in the
fractal, statistical and kinetic parameters of particles. It is shown that a decrease in fractal dimension during
heteroannihilation of particles is accompanied by a decrease in asymmetry and an increase in kurtosis, which
characterize the shape and degree of symmetry of the distribution of interacting particles.

We hope that the presented research results will be of interest and will be useful for scientists, teachers,
researchers, doctoral students and undergraduates. We will be glad to see you among our readers and authors
of the next issues, where it is planned to publish custom-made review articles by leading scientists on topical
and priority areas of modern physics and technology.
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Exactly 20 years have passed since the day when, in accordance with the decision of the Academic
Council of E.A. Buketov Karaganda University, the Rector’s Order No. 165 of September 15, 2003 was
signed on the founding of the scientific journal “Eurasian Physical Technical Journal”. The first journal issue
in English was prepared in 2004. Until now, it is published as a peer-reviewed international scientific journal
of open access, publishing original research results on topical problems of technical physics.

To work on the editorial board, the first chief editor, doctor of technical sciences, academics, professor
Akylbaev Zh.S. invited leading scientists in the field of technical physics from Kazakhstan scientific centers,
as well as Russia, Uzbekistan, Kyrgyzstan, etc. Unfortunately, some of them, like the first editor-in-chief of
the journal, have died suddenly, but their contribution to the formation and development of the journal has
been is very valuable and important until now. We try write about important biographical facts and
anniversaries of wonderful scientists - our respected editors in issues of the Eurasian Physical Technical
Journal, will certainly continue this tradition in the future.

In this issue we welcome Corresponding Member of the Russian Academy of Sciences, Doctor of
Physical and Mathematical Sciences, Professor of the Institute of Thermophysics named after S.S.
Kutateladze SB RAS Nikolai Alekseevich Pribaturin, who has been working on the editorial board since its
founding.

It is impossible to list all the scientific achievements of the hero of the day, let note the highlights of his
biography and the most important scientific achievements.

Professor Nikolai Alekseevich Pribaturin is widely known as a highly qualified specialist in the field of
thermophysical modeling of coolant dynamics in nuclear reactor plants. Since 2007, professor Pribaturin
NL.A. is the director of the Novosibirsk branch of the Institute of Nuclear Safety of the Russian Academy of
Sciences (IBRAE RAS). With his direct participation, priority data on local hydrodynamics and heat transfer
of coolants in modern reactor plants, including promising reactor plants with lead and water coolants, were
obtained. The results obtained became the basis for design decisions that help reduce the risks of emergency
events and contribute to filling the verification matrices of calculation codes. Comprehensive research has
been carried out to develop the safety of nuclear reactors and design advanced energy complexes with heavy
liquid metal coolant. For the first time in the world, with the participation of Professor Pribaturin N.A.
detailed data were obtained establishing the efficiency of coolant mixing in the channels of reactor plants, on
the interphase interaction of two-phase flows, determining the conditions and ways to improve the designs of
fuel assemblies.

Professor Pribaturin N.A. constantly carries out work on training scientific and technical personnel on
thermophysical problems of modern nuclear power plants, supervises the work of graduate students. He is a
member of the Academic Council and Dissertation Council of the Institute of Thermophysics named after.
S.S. Kutateladze SB RAS and the Institute for the Safe Development of Nuclear Energy of the Russian
Academy of Sciences, the National Committee on Heat Transfer, the Russian Acoustic Society, member of
the organizing committees of international conferences and editorial boards of journals. Despite his high
position as a leader and the authority of a scientist, in life Nikolai Alekseevich is an open, simple and modest
person and a reliable comrade. We are proud to cooperate with you. You can always advise us on many
issues and give valuable recommendations.

Dear Nikolai Alekseevich, please accept heartfelt congratulations on your 70th anniversary and best
wishes from the editorial board, authors and readers of the Eurasian Physical Technical Journal and from all
Kazakhstani colleagues. We wish you Siberian health, inexhaustible perseverance and creative success in
achieving your goals, happiness and prosperity to you and your family and friends!

We hope that cooperation with you will continue in the future, and we will see you, your colleagues and
students among the article’s authors of future issues.

With wishes of health and prosperity to all our authors, editors and readers,
Editor-in-chief,

Professor Sakipova S.E.

September, 2023
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CONFORMATIONAL STRUCTURE OF AN ADSORBED
POLYELECTROLYTE ON A NANOPARTICLE WITH LOW
CONDUCTIVITY IN AN ALTERNATING ELECTRIC FIELD

Kucherenko M.G., Kruchinin N.Yu.*

Center of Laser and Informational Biophysics, Orenburg State University, Orenburg, Russian Federation,
kruchinin_56@mail.ru

An analytical form of the model of the quasi-equilibrium conformational structure of the units of the
Gaussian chain of a polyelectrolyte adsorbed on a nanospheroid with a relatively low electrical conductivity
(undoped semiconductor) polarized in an external harmonically varying quasi-static electric field with a
frequency significantly lower than the plasma frequency of the nanoparticle material is proposed. Variants of the
model are discussed that go beyond the scope of the quasi-static approximation, i.e., take into account the effects
of delay, the manifestation of which will be noticeable in the case of sufficiently extended nanostructures.
Electrically induced conformational changes of generally neutral polyampholytic polypeptides on the surface of a
spherical germanium nanopatrticle in a static or alternating external electric field have been studied by molecular
dynamics. In a static electric field, in the case of a small distance between the charged units in the polyampholyte,
a large number of macrochain loops were formed, elongated in the direction of the polarization axis of the
nanoparticle. If the distance between the oppositely charged amino acid residues of the polypeptide exceeded the
diameter of the nanoparticle, the charged units were mainly localized in the oppositely charged subpolar regions
of the polarized germanium nanoparticle. In an alternating electric field, a girdle polyampholyte edge was formed
in the equatorial region of the nanoparticle, the macrochain links of which were desorbed from the surface with
an increase in the amplitude of the polarizing alternating electric field.

Keywords: semiconductor nanoparticle, macromolecule, conjugates, conformations, molecular dynamics.
1. Introduction

Conjugates of quantum dots with macromolecular chains are widely used as biological nanoprobes, as
well as in the elements of various chemical sensors based on the use of the Forster energy transfer between
nanoobjects connected by a macrochain [1-9]. In this aspect, of great interest is the control of the
characteristics of such functional nanosystems by the action of an external electric field [10-13]. To this end,
both generally neutral polyampholytic macromolecules and charged polyelectrolyte macrochains can be
located on the surface of a nanoobject, the conformational structure of which can change under the influence
of electric charges distributed over the surface of the nanoparticle.

Previously, in [14-21], conformational changes in polyampholytic polypeptides adsorbed on the surface
of gold nanoparticles of various shapes (spherical, cylindrical, and spheroidal) were studied under the
influence of both a static and an alternating microwave electric field. It was shown that the shape of a metal
nanoobject significantly affects the conformations of adsorbed polyampholytes.

The nature of adsorption of macromolecules on the surface of a nanoobject is also greatly influenced by
its chemical composition and structure, which is especially important when considering quantum dots of
various chemical compositions. In addition, when semiconductor quantum dots are placed in an external
electric field, the values of the surface density of induced charges will be lower than for metal nanoparticles
[22]. This is especially important when considering complexes consisting of semiconductor and metal
nanoparticles with polyelectrolyte macromolecules adsorbed on them.

It was previously noted in [21] that the frequency dependence of the dipole polarizability of metal
nanoparticles located in a microwave (in the traditional technical classification, but at the same time, low-
frequency compared to the infrared frequency range) electric field practically does not manifest itself.
However, it becomes noticeable in the case of nanoparticles made from materials with a sufficiently low
specific conductivity, for example, from pure or lightly doped semiconductors such as germanium.
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Therefore, the purpose of this work is a more detailed study of changes in the conformations of
polyampholytic macromolecules adsorbed on the surface of semiconductor spheroidal nanoparticles in an
alternating microwave electric field. As well as the generalization of the mathematical model of the
formation of a quasi-equilibrium macrochain layer [21] to the case of the dispersion dependence of the
permittivity of the material of a conducting nanoparticle of a more general form, including the presence of a
real part. In particular, the construction of a new version of the theoretical model with going beyond the
guasi-static approximation, that is, taking into account the effects of delay, the manifestation of which will be
the more noticeable, the more extended the considered structures are on the scale of electromagnetic
wavelengths.

2. General mathematical model of the macrochain layer of a nanospheroid in an
external low-frequency field

2.1 Formation of a quasi-equilibrium conformational structure of polyelectrolyte chain links
adsorbed on a nanospheroid with low electrical conductivity polarized in an external harmonically
variable electric field at a frequency significantly lower than the plasma frequency of the material
(undoped semiconductor) of the nanoparticle.

A polyelectrolyte macrochain adsorbed on the surface of a spheroidal nanoparticle in the simplest
approximation can be considered as an ideal Gaussian chain [19] interacting with an electrically neutral
adsorbent particle through van der Waals forces, and in the case of a charged or polarized nanoparticle,
Coulomb forces, or forces of the “charge- dipole” [19].

The conformational function (r), which depends on the radius vector r of a chain link and takes into

account the entropy factor for the formation of the bulk structure of a macromolecule, can be calculated on
the basis of a specialized differential equation [23], which was previously done in the case of a short-range
adsorbing potential [17, 19]. When applying an external, harmonically changing electric field E,exp(—iot),

at a sufficiently small value of the frequency w, it is possible to use the quasi-stationary approximation. It is

obvious that the frequency w, in this case, should be less than the frequency of the characteristic rose mode

of the macrochain. Under such conditions, it is reasonable to consider quasi-equilibrium conformations of a
polymer molecule adsorbed on a nanoparticle in an external field. In a simple approach, taking into account
the interaction of macrochain links with the field of a charged and polarized nanoparticle reduces to
introducing the Boltzmann factor W [19, 21].

When a spheroidal nanoparticle is placed in a quasi-stationary uniform electric field of strength Eo, an
additional field of a polarized particle arises. To describe the field of charged and/or polarized ellipsoids of

revolution (half axes a=Db # ), spheroidal coordinates &= (r +r)*/4-a’, n=(r -r)"/4-a", p [22] are
usually used. If the vector Ey is oriented along the c-axis of the spheroid, the potential ®(&,7) of the external
field Eor, together with the potentials ¢,($) and ¢,(&,7) fields of the charged and polarized spheroid, can
be written as [21]

D(&, 1) =-Er+9,(&)+9,(51) . (1)

With a harmonic change in the quasi-stationary field with a frequency w, the semiconductor material of
the nanoparticle is characterized by a complex-valued permittivity &(@). The potential

¢”(&,n) =-E,r+o,(£n) of the resulting field in space outside a conducting uncharged spheroid polarized

in an alternating external uniform field parallel to its symmetry axis z can be written in the following form
(without the phase factor exp(-iwt)) [21]
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: [6(w) - " ]a’c dg’
@£ ) = , 1- 2
@ (&n) %(f m) {g(e) +[&(w) —g(e)]n(”} J (§,+ 2 )3/2 (§r+ az) ( )
e cC —a

The constant ¢ in (2) is the permittivity of the solvent.
Far from the surface of an uncharged spheroid, the potential of the resulting field includes the

characteristic field of an induced electric dipole with polarizability o' ()

P (N =-Er+a” (@)Erir’. 4)

The dipole dynamic polarizability a(”(a)) of a spheroid is a tensor of the second rank, which in the
system of its principal axes takes the form
a_zc e(w)—&®

3 &9+ [g(a)) - ] n”

j=xy,z. 5)

a(J') ((0) —

Here, in (5) n” are the depolarization coefficients of the spheroid, and n® =n" = l[l_ n“’]. The
2

frequency dependence of the permittivity ¢(w) of the semiconductor material of the nanoparticle is
represented by the generalized Drude-Lorenz model [24]

o’
ew)y=¢,-————, (6)

2 -
o +ioy

where @y - plasma frequency and frequency of collisions of conduction electrons, respectively; ¢ -
constant high-frequency part of the permittivity, introduced in connection with the need to take into account
interband transitions in a semiconductor. As noted in [21], at frequencies , much lower than the plasma
frequency, the polarizability factor

[e(w) - ]a’c

{g(e) +[e(w) — " }

standing in front of the integral on the right side of (2), weakly depends on the frequency. For a more
detailed analysis of this dependence in the region of "conformational resonance” of the macrochain, i.e., for
frequencies of the order of 10°-10'° Hz, we use the formula for the limiting transition from the permittivity
(6) to an expression containing the specific conductivity o = const of the semiconductor ¢ = const without
taking into account its frequency dispersion [22]

. Aro
g(@)—>e+i—. 8)
w<<w, a
Note that this expression follows from the Maxwell equation in the absence of dispersion (o = const, ¢ =
const)

4 E
otH= ——E+ZZE, 9)
c c ot

with a harmonic change in the electric and magnetic fields
E(t) = E, exp(—iwt) , H(t) =H_ exp(-iot) .

Then, taking into account (8), and if the frequencies are such that « << y , we obtain for the conductivity
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2
@

oc=—>-. (10)
4y

2.2 Spherical nanopatrticle

The depolarization coefficients of a spherical nanoparticle n”’ =1/3 are the same for all three values of
J, and then for the dipole dynamic electric polarizability «,(w) of a conducting spherical particle of radius R

for subplasma frequencies o << w, we obtain

e(w)—¢&® R? i47z0'—a)(g(e) —g)

R, (12)

a (o) =
e(w)+ 26" i47z0+a)(25(e) +5)

In this case, the real and imaginary parts of the dipole polarizability can be written as

B (47c)’ -0’ (£ — )26 +¢) R?

(47o)’ + 0" (26 +¢)’

, (12)

1270w e® .

(47c) + @° (26 + &)’

(13)

a;(@) =

It follows from (12) that the sign of the polarization of the nanoparticle switches at the frequency o=,
and then for the characteristic switching frequency «, we obtain the expression

w, = (4ﬂ/\/(8(e) —£)(2e™ +¢) )o- .

In the limit of very low frequencies @ — 0, from (12) and (13) the following expressions follow:

3 (e) 2 (e)
lima! (@) = | 1- 2 Z_*€) o g, (14)
w50 (47o)’
(e)
lima” () = 45 “R. (15)
w—0 o

It should also be noted that the parameter ¢ = const is not present at all in formula (15) for the imaginary
part of the polarizability; therefore, the result (15) coincides with the corresponding expression obtained in
[21] for metal nanoparticles.

From (12) it follows that all possible values «. (w)/R® of the real part of the polarizability belong to the
interval [-b, 1], where the constant b is determined by the expression

_"-e) (16)
(26" +¢)

An imaginary part o () of the polarizability determines not only the dissipation of the energy of the
external electromagnetic field in the nanoparticle [21], but also the amplitude of oscillations of the cross part
of the induced dipole moment «!(w)E, exp(—iwt +iz/2). In this case, the oscillations of the corresponding
dipole component of the field themselves are shifted in phase by an amount z/2 relative to the oscillations of
the external field E, exp(—iwt) . Oscillations of the real part of the polarizability «.(w)E, exp(-ieot) will be in-

phase with the external seed field, as well as the oscillations of the secondary in-phase field corresponding to
it, that is, the field of the in-phase oscillating induced dipole moment.
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Note that expressions (11) and (12-13) can be obtained not only by using the limit transition (8), but
also by solving the equations for the field inside and outside the conducting nanoparticle, followed by
matching the obtained solutions on the boundary sphere of radius R.

2.3 Spheroidal nanoparticle
In the case of a spheroidal nanoparticle, for the components of the diagonalized polarizability tensor
a (w), from (5) and (8) we obtain
abc 470 — (e —¢)

)
a(w)=— ,
3 we" +[i47ra—a)(g(s) —g)] n”

. J=XY.Z. a7

For the corresponding (17) real and imaginary parts of the spheroid polarizability tensor oV (@), we
can write

abc (4zo)’n” — @’ (£ - &) [5(5) (1-n") +gn“)]

a’(])(a)) = — . 3 . - > (18)

3 [aron” [+’ [s”@-n")4en"]
: b 4rowe"

an(]) (a)) — E — Towe - — . (19)
3 [47on” | 4+’ [£”@-0")+en® ]

Then the real part of the potential (2) of the resulting field outside the nanoparticle

Re o' (&,7;1) = ¢,(&,77) x cos ot

(470)'n? - & (6 — &) £”@-n") +en? 27)

X

]azcj 0z’
[47mn(” ]2 + o’ [g(” 1-n")+en? ]2 (5’ +c’ )3/2 (5' + az)
¢

The oscillations of the corresponding dipole component of the field, shifted in phase by an amount 7/2
relative to the oscillations of the external field E exp(-iwt), are determined by the imaginary part of the

potential (2) and, accordingly, the imaginary part of the polarizability «"(w)

Im @™ (&,7;1) = @, (£, 77) - sin wt x

y 4rowea’c J de’ : (27)
[47wn“) ]2 +o° [g“” 1-n")+¢ent? T (5' +c’ )3/2 (5’ + az)

5

For the frequency w, of polarization sign switching in this case, it follows from (18) that

)
o, =4no (20)

(g(e) —¢) l:gm (1—n(“)+gn“’:| '

whence at n'” =1/3 follows the previously obtained value of the frequency @, of switching the polarization

sign for the ball «, = 47;0/\/(5(9) —&)(2e" +¢) .
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"“(w)/(a’c) in the frequency range of “conformational

The numerical estimates of o (»)/R* and «
resonance” carried out in [21], i.e., ~ 10°-10° Hz, performed at £=0 for spherical or spheroidal nanoparticles
of metals such as Ag or Au (47c ~10" +10" Hz) showed that the specific polarizabilities are close to 1. The
frequency dependences of the polarizabilities «, (w) and «'”(w) pure or lightly doped semiconductors of

the Ge type are more noticeable , since their conductivity is 4zc ~10° +10° Hz, i.e. of the same order as the
frequencies w of the external field.
In the case of an excess charge Q on the spheroid in the outer region outside it, an additional quasi-

static field with a potential ¢, (&) arises [21, 22], and then the interaction energy of the resulting electric
field with a group of polyelectrolyte units bearing a characteristic charge q' takes the form:

V, (&m) =d'p () + 97 (&7) - (21)

Then the probability of detecting a polymer link at a point with coordinates &,7 above the nanoparticle

surface in the equilibrium configuration of polyelectrolyte macrochains at temperature T is determined by the
Boltzmann factor W (&,7) based on the potential (21)

W (&) = exp |- S—T[¢Q(§)+¢‘e)(§,n)] . (22)

The Boltzmann factor (22) contains all the information about the interaction of a polymer with an
electric field. Upon adsorption of a macrochain on an elongated or compressed spheroidal nanoparticle
polarized in an external field, the formation of edge layer conformations within the model of unbound units
was studied in [21]. In this case, the contribution of the quasi-stationary field (21) to the appearance of
equilibrium conformations of the macromolecule is taken into account by means of the Boltzmann factor.
The final spatial distribution of the density n(&,7r) of units of a polyelectrolyte macrochain adsorbed by a

polarized nanospheroid takes the form

V (&,
NG = v (En) exp[—%} (23)

Thus, the equilibrium density distribution of chain links (23) contains two factors: entropy w*(&,7), which
contains the memory of the linear structure of the macrochain and details of the surface relief of the
adsorbing nanoparticle [21], and Boltzmann W (&,7) . The conformational functions y*(&,7) for the entropy
factor on the surface of an oblate spheroid were calculated earlier.

2.4 Accounting for the delay effect

Consideration of delay effects becomes necessary when the major semiaxis of the prolate spheroid
becomes commensurate in magnitude with the wavelength of the alternating field, i.e. the spheroid becomes
sufficiently extended. At the same time, going beyond the quasi-stationary approximation to determine the
characteristics of an alternating electric field, that is, taking into account the delay effect due to the finiteness
of the speed of light, is associated with the need to solve the Helmholtz equation instead of the Laplace
equation. Obviously, even for the case of a spherical particle, the analytical solution of the problem is
associated with significant difficulties. Such a problem for a ball has already been solved earlier in the theory
of diffraction and is known as the Mie solution [24]. A harmonically changing electromagnetic field can be
either a standing or traveling wave. Mi's solution is written for the latter.

If a plane linearly polarized electromagnetic wave propagates along the polar z-axis of a spherical
coordinate system (SCS) r,0,¢, the electric field is directed along the x-axis, and the magnetic field is

directed along the y-axis, then the Cartesian components of the strengths of these fields

o g0 . _ . _ - n T
E! = H! = exp(ikz) = exp(ikr cos 6) = D (2n +1)i", /IJM/Z(kr)
n=0 r

as well as the components in the SSC, written in terms of the U, U’ Borgnies potentials
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The boundary conditions on the surface of the ball have the form

0 0 klu ~ Ku
—(ru,) =—(ru), —=—"+
or or )73 M,

, r=R.
0 0

_(rvz) =_(rvl)’ 'l'll 1 =/u2V2

or or

2

eno  drno uow

k= ———+i—"—
c c

The functions u=U/r, v=U/r of the Borgnis potentials U, U’ are defined by the expressions [25]

- d
>a [y/"(klr) +angn(1)(k1r)][—£ P (cos H)Jcos $, r>R
U — n=0

iAﬂy/n(kzr)[—;—e P (cos 0)}05;15 , <R

n=0

Here the constant coefficients
2n+1 i (k> 1) (KR)Y, (K,R) = (k / 1,)w (K,R)¥ (K R)
- g = ,

n

o+l k A
A k[, (KR)ZE (KR) -, (kR (kR) ]

n ﬂlA
are specified on the surface of a spherical nanoparticle, and the functions

d T () 7w
\Pn (X) :_[X.l//n(x)]’ l//n(x) = _Jn+1/2(x)’ gn (X) = _Hn+1/2(x) !
dx \/ 2X V 2X

1 d 1 kz 1 kz 1
z90)=—[x¢¥(0], A=-22" &Ry, (KR) =¥ (kR)s”(KR).
dx He #y

are based on the well-known Bessel functions J (x) and Hankel functions of the first kind H® (x) of a

n+1/2 n+1/2
half-integer index. The expressions for the coefficients s and B, that define the function v=U"/r have a
similar form [25]. The numerical implementation of the model even for spherical nanoparticles is very
laborious, but it may become necessary if the field quasi-stationarity condition is violated.
To form a conformation map of the polyelectrolyte chain, information is required on the radial-angular
dependences of the components of the electric field vector E(r): E (r,0,¢), E,(r.6,4), E,(r,0.4). The

n

azimuthal component of the field E,(r), which was absent in the quasi-stationary approximation and the
corresponding axially symmetric field, appears due to the magnetic components H,(r) and reflects their
inclusion in the general case of the electromagnetic field. The potential energy of interaction of
polyelectrolyte units E(r) with the field instead of formula (21) will then be determined by the expression

V. (1) = q’(pQ(r)—q'j E(r)-dr . (24)



12 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2023, V0l.20, No.3 (45)

In the case of polyampholyte, with an electric dipole moment p of the link, this energy takes the form
V., (r) = pVe, (r)—pE(r) . The spatial distribution of the unit density n(s,,) of a polyelectrolyte macrochain

adsorbed by a polarized nanospheroid, taking into account the delay effects, will be given, as before, by
formula (23), but with the interaction energy v_(r) defined by formula (24).

3. Molecular dynamics simulation

Molecular dynamics (MD) simulation of polyampholytic polypeptides on the surface of a spherical
germanium nanoparticle was performed using the NAMD 2.14 software package [26]. A model of a
germanium nanoparticle was obtained by cutting a ball with a radius of 2.4 nm from a germanium crystal,
and its atoms remained fixed during the simulation. Three generally neutral polyampholytic polypeptides
have been considered:

1) P1 polypeptide consisting of 400 amino acid residues with 320 Ala units with evenly distributed 40
Asp units (D, charge -1¢) and 40 Arg units (R, charge +1e) — (A:DAsRA?)40;

2) P2 polypeptide — (AsR2A3D2A4)20;

3) P3 polypeptide — As(AsD2A16R2A8)11As.

For polypeptides, the CHARMM36 force field was used [27-28]. Non-covalent interactions with a
germanium nanoparticle were described by the Lennard-Jones potential parameterized in the UFF force field
[29]. This force field is widely used in the study of various molecular systems by the MD, including the
study of the adsorption of molecules on various solid surfaces [30-31]. The van der Waals potential was cut
off at a distance of 1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions
were calculated directly at a distance of 1.2 nm, and at a larger distance, the Ewald particle-grid method
(PME) [32] was used with a grid step of 0.11 nm. The entire nanosystem was placed in a cube with 22 nm
edges filled with TIP3P water molecules [33].

First, modeling of polyampholytic polypeptides was carried out on the surface of a non-polarized
germanium nanoparticle. The resulting conformational structures of polypeptides were used as starting points
for modeling on the surface of a germanium nanoparticle polarized in an external static or alternating electric
field. In total, three starting conformations were obtained for each considered polypeptide. In an external
uniform electric field on the surface of a spherical semiconductor nanoparticle, charges are distributed with
surface density o, proportional to the cosine of the angle 6 between the direction of the electric field vector E
and the normal to the nanoparticle surface [22, 34]:

3p
o, - cosé , (25)
where p is the dipole moment of the ball and r is its radius.

Therefore, the polarization of a germanium nanoparticle was specified through a change in the partial
charges of atoms on its surface according to the cosine law of the orientation angle of the normal [35]. The
following peak values of the induced dipole moment of a spherical germanium nanoparticle were considered:
p1~3.7, p2~7.4 u p3 ~14.8 kD. In this case, at the positively charged pole of the nanoparticle, the atoms
acquired partial charges induced by the electric field equal approximately to +0.1e, +0.2e, and +0.4e. In the
case of static polarization of a germanium nanoparticle, MD simulation was performed at a constant
temperature (Berendsen thermostat) at 900 K followed by a decrease to 300 K. This made it possible to reach
deeper minima of the conformational energy of the macrochain, including in a shorter section of the
trajectory [14, 17-18, 19-20]. At the same time, to control the obtaining of equilibrium conformations, the
change in the mean square distance between polypeptide atoms in different conformations (RMSD) was
monitored.

In addition, we considered the case when, in the course of MD simulation, the densities of induced
charges on the surface of a germanium nanoparticle periodically changed in time according to the sine law
with an oscillation period T = 2.4 ns during 4 oscillation periods. Each oscillation period was divided into 8
equal time segments of 0.3 ns each, during which the field did not change, and the value of the dipole
moment of the nanoparticle in the selected segment was set by averaging it over the entire length of the
segment. The dipole moment of the nanoparticle changed in the following sequence, starting from the
starting conformation of the polypeptide: +0.69p (mean value in the range of oscillations from n/8 to 37/8 ),
+0.97p (from 3x/8 to 57/8), +0.69p (from 57/8 to 7n/8 ), 0 (from 7x/8 to 9n/8), -0.69p (from 97/8 to 117/8), -
0.97p (from 117/8 to 137/8) , -0.69p (from 137/8 to 157/8), 0 (from 157/8 to 177/8). MD simulation with a
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periodic change in the polarity of a germanium nanoparticle was performed at constant temperatures of 300
and 900 K [15-16, 20].

Based on the simulation results, the resulting conformations were used to calculate the radial
distributions of the density of polypeptide atoms and the distributions of the linear density of polypeptide
atoms along the polarization axis. The angular distributions of polypeptide atoms were also calculated.

4. Results of MD simulation

4.1 Rearrangement of the conformational structure of polyampholytic polypeptides upon static
polarization of a germanium spherical nanoparticle

Figure 1a shows the conformation of the P1 polypeptide on the surface of a germanium spherical
nanoparticle, obtained from the results of MD simulation on the surface of a non-polarized nanoparticle.
Both the P1 polypeptide macromolecule (Fig. 1a) and the P2 and P3 polypeptides completely envelop the
non-polarized germanium nanoparticle. These conformations of polypeptides were used as starting points in
modeling on the surface of a polarized germanium nanoparticle, including with a periodic change in its
polarity. Figure 2a shows the curves of radial distributions of the average density of atoms of the P1
polypeptide with differentiation according to the types of units. They have a peak at the surface of a
nanoparticle, which is characteristic of the adsorption of macromolecules on the neutral surface of solid
adsorbents of various shapes [14, 18]. Figure 3a shows the distributions of the average linear density of P1
polypeptide atoms on the surface of a non-polarized germanium nanoparticle. It can be seen that, on the
whole, the atoms of the macrochain are distributed uniformly along the z axis (coinciding with the
polarization axis of the nanoparticle upon further consideration).

. &5
X

Fig.1 The conformational structure of polypeptides P1 (b) and P3 (c) at the end of MD simulation on the surface of a
polarized germanium nanoparticle (the dipole moment is directed from bottom to top), as well as the starting
conformation of the polypeptide P1 (a) on the surface of a non-polarized nanoparticle (blue tube - Ala units, Asp units
are shown in red, Arg units are shown in white, germanium nanoparticles are shown in gray).

As the dipole moment of the germanium spherical nanoparticle increased, the conformational structure
of the adsorbed polyampholyte changed due to the shift of charged amino acid residues to oppositely charged
subpolar regions of the nanoparticle (Figs. 1b and 1c). For polypeptides P1 (Fig. 1b) and P2, in which the
number of neutral units between the charged ones was less than that of the P3 polypeptide, the formation of a
significant number of macrochain loops was observed on the surface of the polarized nanoparticle. They
were stretched along the polarization axis of the nanoparticle, which led to the stretching of the
macromolecular fringe. Such rearrangement began to occur from the value of the dipole moment equal to p;
and higher. For the P3 polypeptide, the number of macrochain loops extended along the polarization axis
from the surface of the nanoparticle was small. In this case, the charged amino acid residues Arg and Asp
adsorbed at the poles of the polarized nanoparticle were linked by a fragment consisting of neutral Ala units
located in the central region of the nanoparticle (Fig. 1c).
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Previously, in [14], during MD simulation on the surface of a polarized spherical gold nanoparticle, a
similar pattern of rearrangement of polyampholytic polypeptides with the same sequence of links was
observed. However, in contrast to the germanium nanoparticle, such conformational changes began to occur
at a surface charge density at the poles much higher than for the germanium nanoparticle: the charge of
atoms at the pole on the gold nanoparticle was 0.5e, while on the germanium nanoparticle it was only 0.2e.
This is due to the fact that the considered Lennard-Jones potential, which describes van der Waals
interactions, was lower for germanium than for gold. In addition, the radius of the gold nanoparticle was
smaller (1.5 nm), but the dipole moments of the nanoparticles were approximately the same: 5.5 kD for gold
and 7.4 kD for germanium nanoparticles.

Such a rearrangement of the conformational structure of polyampholytic polypeptides on the surface of
a polarized spherical germanium nanoparticle led to a change in the radial distributions of the average
density of macrochain atoms (Fig. 2b). It can be seen that, compared with the distribution on a non-polarized
nanoparticle (Fig. 2a), there was a decrease and broadening of the profile of the radial distribution over all
atoms of the polypeptide. In this case, the charged units of Arg and Asp are mainly concentrated near the
surface of the nanoparticle (Fig. 2b), which is associated with their adsorption at the poles of the germanium
nanoparticle, while the neutral units of Ala are far from the surface. On the whole, the radial distributions of
the mean atomic density of polyampholyte polypeptides on the surface of a polarized germanium
nanoparticle turned out to be similar to the radial distributions of the atomic density of polyampholytes
obtained for a polarized gold nanoparticle.

3 -
p, kDa/nm —a—1q P, kDa/nm’

Fig.2 Radial dependences of the average density of atoms of the P1 polypeptide with differentiation according to the
types of links in the starting conformation on the surface of a non-polarized spherical nanoparticle (a), as well as at the
end of MD simulation on the surface of a germanium nanoparticle polarized with a dipole moment ps (b) (1 - for all
atoms of the polypeptide; 2, 3 and 4 - for Ala, Arg and Asp links, respectively).
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Fig.3 Distributions of the average linear density of atoms of the P1 polypeptide in the starting conformation (a), as well
as of the polypeptides P1 (b) and P3 (c) at the end of the MD simulation on the surface of a spherical germanium
nanoparticle polarized with a dipole moment ps (1 — over all atoms of the polypeptide; 2, 3 and 4 - for links Ala, Arg
and Asp, respectively).
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The distributions of the average linear density of polypeptide atoms along the nanoparticle polarization
axis were also plotted (Fig. 3). On the surface of non-polarized spherical germanium nanoparticle, the links
were generally distributed uniformly along the z axis of the nanoparticle directed along the polarization axis
(Fig. 3a). On the surface of the polarized nanoparticle for polypeptides P1 (Fig. 3b) and P2, there was a
significant change in the distribution profile of the average linear density of macrochain atoms with the
appearance of peaks near the poles of the nanoparticle. This indicates a shift of the macrochain links to the
subpolar regions of the nanoparticle. For the P3 polypeptide (Fig. 3c), mainly charged units were
concentrated at the poles of the polarized germanium nanoparticle. At the same time, neutral amino acid
residues Ala connected them, being located mainly in the central region of the nanoparticle (Fig. 1c).

4.2 Rearrangement of the conformational structure of polyampholytic polypeptides upon
periodic change in the polarity of a germanium spherical nanoparticle

In the MD simulation of polyampholytic polypeptides on the surface of a germanium nanoparticle with
a periodic change in its polarity over time at a temperature of 300 K and the peak value of the p, nanoparticle
dipole moment, the macrochain units shifted to the equatorial region of the nanoparticle (Fig. 4). This is due
to the fact that, upon polarization reversal of the nanoparticle, charged units of the polyampholyte are
displaced from like-charged poles of the nanoparticle to the weakly charged equatorial region of the
nanoparticle. They remain there due to the weak local electric field near the equator, held by the van der
Waals attraction of the macrochain to the surface. Over time, after several periods of change in the polarity
of the nanoparticle, all units of the polyampholyte shifted to its equatorial region.

N
y B 5 N

—

a

Fig.4 Conformational structures of polypeptides P3 (a) and P1 (b) at the end of MD modeling at a temperature of

300 K with a periodic change in the polarity of the germanium nanoparticle at the peak value of the dipole moment of
the nanoparticle equal to p, (blue tube - Ala units, Asp units are shown in red, and white — Arg).

Figure 5a shows the dependences of the angular distributions of atoms over all atoms of the P3
polypeptide and over its charged Arg units. The calculation of the angular distribution was carried out with a
step of 10 degrees. The lower (Fig. 1 and Fig. 4) pole corresponds to an angle of 180 degrees, the equatorial
region - an angle of 90 degrees, and the upper pole - an angle of 0 degrees. The dependences of the angular
distributions of atoms of the adsorbed macrochain were normalized to the amplitude values of the
concentration of atoms in the equatorial region, taking into account differences in the surface area of
spherical belts bounded by circles of different radii: N(&,&)=n(6&,6)S(80,90)/S(6:,6), where S(80,90) -
area of a spherical belt bounded by angles of 80 and 90 degrees, N(&, &) - normalized number of macrochain
atoms in a spherical belt, n(&.,6) - the number of macrochain atoms in the spherical belt, and S(&,, &) area of
a spherical belt bounded by angles 6 and 6.

It can be seen that, compared with the initial conformational structure (Fig. 5a, curve 1) on the surface
of an non-polarized nanoparticle, after modeling with a periodic change in the polarity of the nanoparticle,
the angular distribution profile of the P3 polypeptide atoms narrowed and is located in the equatorial region
(Fig. 5a, curve 2). It can also be seen that at the time when the dipole moment of the nanoparticle is
maximum (Fig. 5a, curve 3), the dependence of the angular distribution of the P3 polypeptide atoms almost
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did not change. This suggests that, upon repolarization of the nanoparticle, the macrochain remains near the
equator.

Figure 5b shows that the profile of the radial distribution of the P2 polypeptide atomic density at the
end of the MD simulation with a periodic change in polarity at 300 K and p; significantly decreased (curve
2) compared to the initial distribution (curve 1) and almost does not change during the last oscillation period
(curve 3). This is due to the displacement of the polyampholyte to the equatorial region of the germanium
nanoparticle. This character of the conformational rearrangement of polyampholyte polypeptides turned out
to be similar to the conformational changes of polyampholytes on the surface of a gold nanoparticle in a
microwave electric field [15].
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Fig.5 Dependences of the angular distributions of atoms of the polypeptide P3 (a) and the radial distributions of the
density of atoms of the polypeptide P2 (b) in the starting conformation (1), at the end of MD simulation (2) with a
periodic change in the polarity of the germanium nanoparticle (peak dipole moment p-) at a temperature of 300 K , as
well as at the last simulation period at the time when the dipole moment of the nanoparticle is maximum (3).

In the case of MD simulation of all considered polypeptides on the surface of a germanium nanoparticle
with a periodic change in time of its polarity at twice the peak value of the dipole moment of the nanoparticle
ps and a temperature of 300 K, most of the polyampholyte units were desorbed during the considered time
interval. In this case, a small part of the units of the macromolecule remained adsorbed in the equatorial
region of the nanoparticle. This was due to the fact that at a higher peak value of the dipole moment of the
nanoparticle, stronger changes in the local electric field occurred in its equatorial region, which led to an
increase in the displacement amplitude of the charged units. In this case, the forces of attraction of the
macrochain to the nanoparticle in the equatorial region were overcome, and most of the amino acid residues
of the polyampholyte polypeptide were desorbed.

When modeling at a temperature of 900 K at the peak values of the dipole moment of the p, and ps
nanoparticles, periodic changes in the conformational structure of the adsorbed polyampholytic polypeptide
occurred following a change in the polarity of the germanium nanoparticle over time. In this case, potential
barriers preventing changes in the conformation of the macrochain were easily overcome due to the high
modeling temperature, and the conformational structure of the polyampholyte changed depending on the
instantaneous value and direction of the dipole moment of the nanoparticle. Therefore, at the time moments
when the dipole moment of the nanoparticle was maximum, the macromolecular fringe assumed an
elongated shape, similar to the simulation for static polarization of the nanoparticle (Figs. 1b and 1c).

And at the end of the MD simulation sections, when the dipole moment of the nanoparticle was equal to
zero, the polyampholyte shell acquired a shape enveloping the nanoparticle, similar to that shown in Figure
la. At the same time, both radial and linear distributions of the density of polypeptide atoms at different time
points were also similar to the distributions on the surface of a non-polarized (Figs. 2a and 3a) and polarized
nanoparticles (Figs. 2b and 3b-c). And the profiles of distributions of the linear density of polypeptide atoms
along the polarization axis along the charged amino acid residues Arg and Asp mirrored relative to the
equator when the polarity of the nanoparticle was reversed (Figs. 3b and 3c).
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4. Conclusion

Thus, a generalization was made of the mathematical model of the formation of a quasi-equilibrium
macrochain layer for nanoparticles with low electrical conductivity, which are in an external harmonically
varying electric field with a frequency significantly lower than the plasma frequency of the nanoparticle
material. With this approach, the permittivity and electrical conductivity of the particle material are
simultaneously introduced into consideration. The frequency dependences of the dipole polarizabilities of a
sphere and a spheroid manifest themselves most noticeably in the case of semiconductor nanoparticles with
an electrical conductivity o of the order of 10%-10% Hz, i.e. of the same order of magnitude with the
frequencies of the external field. Conductivity of this order is typical for pure or lightly doped
semiconductors like Ge. Within the framework of the proposed model, the effect of switching the sign of the
nanoparticle polarization upon reaching a certain characteristic frequency of the field, which depends on the
conductivity o of the nanoparticle material, its permittivity, and the depolarization coefficients of the
spheroid, was found. It has been shown that adsorption of polymers on lightly doped semiconductor
nanoparticles gives rise to the possibility of a more flexible control action on conformational transitions in
the macrochain fringe by an alternating electric field of an arbitrarily varied frequency in the range of 10°-
10'° Hz. A new version of the theoretical model has been constructed with going beyond the quasi-static
approximation, that is, taking into account the delay effects, the manifestation of which is more noticeable
for extended nanostructures. The use of this version of the model leads to the appearance of an azimuthal
component of the electric field strength, which was absent in the implementation of the quasi-static
approximation. This complicates the structure of the resulting field for spheroids with a large long semiaxis.

The performed MD simulation showed that on the surface of a spherical germanium nanoparticle in an
external static or alternating electric field of the microwave range, the nature of conformational changes in
generally neutral polyampholyte polypeptides with different distribution laws of charged units turned out to
be similar to the rearrangement of polyampholyte conformations on the surface of a spherical gold
nanoparticle [14-15]. On the surface of a spherical germanium nanoparticle, with an increase in its dipole
moment, such a rearrangement of the conformational structure of the polyampholyte occurred, in which part
of its charged units shifted to strongly charged subpolar regions. If the distance between oppositely charged
units was small compared to the diameter of the nanoparticle, then a large number of macrochain loops were
formed, which were extended along the polarization axis of the nanoparticle. And when the distance between
the oppositely charged units exceeded the diameter of the nanoparticle, then most of the charged units of the
polypeptide were concentrated on the oppositely charged poles of the nanoparticle. In the case of MD
simulation, on the surface of a germanium nanoparticle with a periodic change in its polarity in time at a
small amplitude of the polarizing alternating electric field, an encircling annular polyampholytic fringe was
formed in its equatorial region. With an increase in the amplitude of the polarizing alternating electric field,
desorption of most of the polyampholyte units from the surface of the nanoparticle occurred.

Germanium nanoparticles with a macromolecular shell, the shape of which is sensitive to the action of
an external electric field, can be used to create hybrid nanosystems with the possibility of field control of its
plasmonic properties. Changes in the conformations of molecules of the surface layer of the polymer affect
the effective value of the edge layer, and thus, the characteristics of the field outside the nanoparticle
associated with its plasmonic properties. Such hybrid nanosystems with plasmon characteristics controlled
by an electric field can find wide application in the creation of various chemical sensors, as well as
nanoprobes in biomedicine.
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In this paper, the cause of corrosion of aluminium products in sea water is proposed. Corrosion is caused by
incomplete oxidation of aluminum cells on the surface of products. Incomplete oxidation of aluminium cells
occurs due to lack of energy in oxygen molecules. It is necessary to significantly increase the energy of oxygen
molecules for oxidation the rhombic subsystem of a cubic face-centered aluminum cell. It is shown a significant
decrease in the rate of the chemical reaction for the treated aluminium foil interacted with iodine in alcohol
solution. The foil was in contact with oxygen heated to 450 °C and subjected to ultraviolet irradiation at the same
time. It was pretreated for 12 hours. It is assumed that 12 hours of contact the foil with reactive oxygen species,
most of the aluminium cells on the surface of the foil samples have been completely oxidised. This foil doesn’t
react chemically with halogens.

Keywords: Quantum-chemical calculations, aluminium, alumina, cubic subsystem, oxidation, halogens.
1. Introduction

Due to the fact that the development of new alloys with given properties is a time-consuming and
expensive process, the use of techniques that allow to exclude obviously inefficient areas of research is a
very relevant task [1-6]. One of the most promising methods for such a choice is quantum-chemical
calculation methods. However, when using these methods, the question of confidence in them very often
arises. In order to find out the degree of such trust, it is possible to carry out verification calculations of
known objects and to determine the degree of correspondence of the results of such calculations to reality. If
the results of the calculations coincide with experimental data, these types of calculations can already be
used to predict the properties of newly developed alloys [2, 5].

On the other hand, to conduct quantum chemical calculations require large computing power, while the
amount of time used depends on the number of electrons in the electron shell of the atoms of the investigated
metals. The number of electrons in the electron shell increases too with increasing order number of metal in
the periodic table. It dramatically increases the complexity and time of quantum-chemical calculations. In
this regard, it was decided to test possibility to calculate the crystal structure of metals. The calculation is
carried out on the example of light metal atoms, located in the first 3 rows of the periodic system of
Mendeleev. For such calculations semi-empirical parametric method 3 can be used which allows calculating
parameters of atoms having electrons on s- and p- electron shells in atoms [7].

In addition, this parametric method 3 was originally designed to calculate compounds containing
elements such as aluminium, oxygen and all halogens [8].

Therefore, the metal aluminium, which is widely used in production and whose properties are fairly
well known, is the most suitable object for the verification calculations.

2. Materials and experimental details

The structure of aluminium and its oxidised forms was calculated using the parametric method 3, which
was specially developed for calculations of compounds containing aluminium and halogen atoms [8]. In the
aluminium unit cell model 14 atoms were present for the calculations. When modeling the oxidation process
of the cubic subsystem of the face-centered cubic lattice of aluminium, 12 atoms of oxygen were added. To
determine the effect of oxygen simultaneously on the cubic and rhombic subsystems of the aluminium
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lattice, 13 to 21 oxygen atoms were used. Models in which there was a gradual increase in the number of
oxygen atoms in the rhombic subsystem of the aluminium lattice with a fully oxidised cubic subsystem were
used. The presence of even one oxygen atom in the rhombic subsystem completely stops the chemical
interaction of the oxidised aluminium cell with halogen ions and a further increase in the number of oxygen
atoms in the rhombic subsystem also blocks the chemical interaction with halogens.

Up to 4 halogen ions were used to evaluate the nature of the interaction of negative halogen ions with
the lattice models of oxidised aluminium. Four different halogens (chlorine, bromine, iodine, fluorine) were
used.

Experiments with different samples of untreated and treated aluminium were performed to verify the
results of the calculations. Untreated aluminium foil samples, corundum (aluminium oxide, with a share of
aluminium oxide more than 99 % wt.) and treated aluminium foil samples were used. All these samples were
placed in an alcohol solution containing 5 % wt. of iodine. The mass of the samples before and after placing
them in the solution was measured on a RADWAG AS 60/220.R2 electronic scale. The measurements were
carried out with an accuracy of up to ten thousandths of a gram.

Untreated aluminium foil samples with a share of aluminium not less than 99,5 % were used for the
experiment. Treated samples were obtained by heat treatment and treatment under an ultraviolet lamp of the
air entering the surface of the samples. The aluminium foil samples and the air entering these samples were
heated to a temperature of 450 °C with simultaneous irradiation of the incoming heated air by the ultraviolet
radiation of the DRT-400 lamp. The DRT-400 lamp produces broadband ultraviolet radiation in the range
from 220 nm to 340 nm.

3. Results and discussion

First of all, the parametric method 3 was used to calculate the structure of a single aluminium cell which
can be represented as a rhombus within a cube, i.e. as a face-centered cubic lattice [9]. In such lattices each
side of the cube has an aluminium atom in its centre - 8 aluminium atoms are in the nodes of the cubic
subsystem (atoms 7-10 and 11-14) and 6 aluminium atoms are in the rhombic subsystem of the face-centered
cubic lattice (the aluminium atoms of the rhombic subsystem are in the centre of the cube sides (atoms 1, 2,
3,4, 5, 6), Figure 1. There are no atoms in the centre of the aluminium lattice, which makes aluminium well
malleable. The numbering of aluminium atoms is the same in all the presented figures, Figures 1-5.

Calculation shows that on aluminium atoms of cubic subsystem of the cell positive charges are localised
(from +0.1 the value of the electron charge (electron) to +0.2 electron), and on aluminium atoms of rhombic
structure negative charges are localised (from -0.2 electron to -0.25 electron). This type of charge
configuration gives more stability to the aluminium cell (each of the positively charged aluminium atoms in
any of the faces is attracted to a negatively charged aluminium atom located in the centre of the face). At the
same time localisation of enough big negative charges in the centre of aluminium cell faces stabilises
geometry of aluminium cell (aluminium cell cannot collapse) because of electrostatic repulsion of negative
charges located in the centre of every face from each other. The cell of pure aluminium can also be
represented as a system consisting of three planes: the central negatively charged plane (atoms 3, 4, 5, 6) is
attracted to the two positively charged outer planes, the upper (atoms 7, 8, 9, 10) and the lower (11, 12, 13,
14). Atoms 1, 2 have negative charges localised on them, Figure 1.

Further calculations were carried out for a partially oxidised aluminum cell. It is known that when
interacting with oxygen, the surface of aluminium is covered with a strong, chemically inactive aluminium
oxide film 30 A or thicker [10]. This film protects pure aluminium from the aggressive effects of the external
environment. The oxidation of the aluminium cell was calculated. Variants of the interaction of the
aluminium cell with a varying number of oxygen atoms from one atom to twelve atoms were calculated (the
variant in which complete oxidation of the face-centered cubic aluminium cell structure), Figure 2.

Calculations have shown that the oxygen atoms form covalent bonds with the aluminium atoms in the
cubic lattice of the aluminium unit cell.

The general symmetry of the aluminium cell at full oxidation of the cubic subsystem practically does
not change. Preservation of symmetry to a certain extent proves the correctness of the calculation, because
under severe strain in the cells of oxidised aluminium a film of aluminium oxide, poorly adhering to the
surface of pure aluminium and poorly protecting the surface of pure aluminium from chemical interactions,
should arise. An example of this type of oxide film weakly adhering to the metal surface is the rust that
forms on the surface of iron products during iron oxidation [11]. However, it is known that the oxide film on



22 I1SSN 1811-1165 (Print); 24132179 (Online) Eurasian Physical Technical Joumal, 2023, Vol.20, No.3 (45)

the surface of aluminium is very strongly bonded to the mass of pure aluminium underneath the film. During
oxidation of cubic subsystem of aluminium cell the distribution of charges in the cell changes - on all
oxidised aluminium atoms of cubic subsystem positive charges (+0.18 electron, +0.22 electron) are localised:
on aluminium atoms number 1, 2, 4, 6 of rhombic subsystem very significant positive charges +0.7 electron
are localised.
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Fig.1. Schematic diagram of the pure aluminum crystal Fig.2. Face-centered cubic lattice of an oxidised
lattice. aluminum cell. Only the cubic subsystem of the face-
centered lattice is oxidised. Oxygen atoms are red
circles.

Negative charges are localised on all oxygen atoms and aluminium atoms number 3, 5, Figure 2. Thus,
around an aluminium cell with oxidised cubic subsystem an electrostatic field is established which allows
chemical interaction of negative ions with an aluminium cell only if the negative ions are in close proximity
to aluminium atom 1, Figure 2.

Nevertheless, some atoms can pass through the oxide aluminium film as it is known. For example, that
the thickness of oxide layer on the surface of aluminium can be significantly increased when aluminium is
heated up to 450 °C. The increase in thickness of oxide layer on aluminium surface indicates that this oxide
layer is permeable to oxygen molecules or atoms. It is also known that seawater degrades aluminium
products over time [12]. The degradation of the mass of pure aluminium under the aluminium oxide film can
occur either from the destruction of the oxide film (unlikely as aluminium oxide is a chemically strong
compound) or from the penetration of chemically active elements (such as halogen ions) under the oxide film
[12].

In order to clarify the mechanism of aluminium surface destruction in seawater, calculations have been
made for the interaction of aluminium cells with fully oxidised cubic lattice subsystems with halogen ions
(chlorine, bromine, iodine, fluorine) present in large quantities in seawater [13]. Calculations have shown
that there is no chemical interaction of negatively charged halogen ions with aluminium atoms located in
oxidised cubic sublattices of aluminium cells. Any one of the aluminium atoms in the cubic sublattice is
chemically bonded to the three nearest oxygen atoms, together forming an oxidised aluminium film, Figure
3. Thus, the negatively charged halogen ions present in seawater cannot destroy the structure consisting of
oxidised aluminium atoms (the halogen ions are in physical interaction with the cubic lattice subsystem of
aluminium, forming an ion- halogen shell around the aluminium surface).

However, it is known from experience that products made of aluminium in seawater corrode and cause
damage to these products. Taking into account abovementioned facts we can draw conclusion that corrosion
of aluminium ware in sea water occurs because of destruction of rhombic sublattice of aluminium cells (fully
oxidised cubic sublattice of aluminium is chemically inert): halogen ions can cooperate only with aluminium
atom located in the centre of outer surface of aluminium cell (in this atom is designated as atom number 1,
this atom is a part of rhombic sublattice), Figure 1. Calculations showed a very strong interaction of
negatively charged halogen ions with aluminium atom number 1 in the aluminium cell. In fact, the halogen
ions tore this aluminium atom out of the cell structure aluminium, Figure 4.

Calculations showed that bromine and fluorine ions interact most strongly with the central atom of the
aluminium surface. It was shown that bromine or fluorine ion interacts with the central aluminium atom
number 1 of the outer plane of the oxidised aluminium cell, the bond length between the aluminium atoms
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number 1 and number 2 increases considerably and the aluminium atom number 1 extends beyond the
aluminium cell, Figure 4. The bond length between aluminium atom number 1 and number 2 increases by
0.9 A when interacting with the bromine ion (and by 1.3 A when interacting with the fluorine ion), Figure 4.
Actually, it corresponds to the tearing out of the structure of the non-oxidised cubic subsystem of the
aluminium cell by aluminium atom number 1. When interacting with iodine and chlorine ions, the bond
length increases by no more than 0.6 A, i.e. the ions of these halogens also produce the destruction of the
aluminium surface, but at a slower rate than the fluorine and bromine ions.
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Fig.3. Scheme of the interaction of halogen ions with Fig.4. Interaction of the fluorine ion with the central
the oxidised cubic sublattice of aluminum cells. atom of the aluminum cell.

In order to determine whether under normal conditions the oxidation of aluminium atoms in a rhombic
subsystem was possible, we calculated the possible interaction of halogen ions with the oxidised aluminium
cell taking into account that the oxygen atom localised in the centre of the aluminium cell with the formation
of a covalent bond with the aluminium atom number 1 (this aluminium atom is in the centre of the
aluminium cell outer plane) and aluminium atom number 2 (this aluminium atom is in the centre of the
aluminium cell lower plane), Figure 4. It was assumed that the rhombic subsystem was a covalent bond with
the aluminium atom number 1. All aluminium atoms (7, 8, 9, 10, 11, 12, 13, 14) of the cubic subsystem of
the face-centered structure of the aluminium cell are covalently connected with oxygen atoms, Figure 5. That
is, the whole cubic subsystem of the aluminium cell is oxidised, and in the rhombic subsystem aluminium
atoms number 1 and number 2 are partially oxidised.

Fig.5. The interaction of the fluorine ion with the aluminum atom number 1. This aluminum atom is in a chemical bond
with an oxygen atom that has penetrated into the center of the cell.

Calculations have shown that in the oxidised aluminium cell during the interaction of the aluminium
atom number 1 with a negative fluorine ion (iodine, chlorine, bromine) the distance increased by 0.3 A
between the oxygen atom in centre of the cell and aluminium atom number 1, i.e. the distance is practically
unchanged, Figure 5. This means that there is no tearing of aluminium atom number 1 from aluminium cell
(no chemical reaction between negative halogen ion and aluminium atom number 1), Figure 5. There is no
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damage to the structure of aluminium cell. The variants of calculation of interaction of halogen ions with an
aluminium cell with various degrees of oxidation of rhombic subsystem up to full oxidation of rhombic
subsystem (with fully oxidised cubic subsystem) also revealed complete absence of chemical interaction of
negative halogen ions with the central atom of the upper plane of the aluminium cell (aluminium atom
number 1). If aluminium cells under normal conditions is fully oxidised both subsystems - cubic and rhombic
(such system is known as corundum), it is known from practice that in seawater containing halogen ions
(chlorine, iodine, bromine, fluorine) the destruction of aluminium products still occurs.

Further comparison of calculation results with known facts about corrosion of aluminium surface in sea
water was made [12]. Thus, in normal conditions (medium temperature 20 °C, pressure 10° Pa., oxygen 21
vol. % in atmosphere oxidation of aluminium atoms (numbers 1, 3, 4, 5, 6, 2,) of rhombic subsystem of face-
centered cubic lattice of aluminium cell does not occur Figure 2, 4 [14, 15].

It is due to the fact that under normal conditions the rhombic cell structure of aluminium products is not
oxidised and corrosion of aluminium products in sea water occurs. This allows us to conclude that the
destruction of the surface of oxidised aluminium in seawater begins at the central aluminium atom (atom 1 of
aluminium) of the face (this square consists of atoms numbers 7, 8, 9, 10, 1) of the face-centered cubic lattice
bordering sea water, Figure 4. All other aluminium atoms (numbers 7, 8, 9, 10) at the surface bordering
seawater are in an oxidised state (chemically inert), Figure 3.

To verify the results of the calculations, experiments were carried out with different aluminium
samples:

1) Untreated aluminium foil was placed for 24 hours in 5 % wt. of iodine in alcohol solution at 20 °C.
The given aluminium foil sample has almost completely dissolved in iodine solution, which corresponds to
the literature data [16]. It does not contradict results of the calculations according to which aluminium film in
which cubic subsystem is completely oxidised, but rhombic subsystem is not, is destroyed through
interaction of negative halogen ions with the central atom of the outer side of the oxidised aluminium cell.

2) A fully oxidised aluminium (corundum) grade plate was also placed at the alcohol solution of iodine.
The mass of the corundum plate did not change during this period of time. The measurements were taken
with an accuracy of ten thousandth of a gram on electronic brand scales. Corundum was used in the
experiment as a fully oxidised form of aluminium in which both the cubic and rhombic subsystems were
completely oxidised in all cells. The absence of change in the mass of the corundum plate is consistent with
the calculation results that there is no chemical interaction with halogen ions in the aluminium cell with fully
oxidised cubic and rhombic subsystems, Figure 5. That is, the experimental results showed a very strong
interaction of the halogens with the aluminium surface where there are no fully oxidised aluminium cells. It
also showed a complete lack of chemical interaction with the surface where all the aluminium cells are fully
oxidised.

It was assumed, that the time of dissolution of common aluminium foil in iodine solution would
increase, if a certain number of cells on the surface of the aluminium foil were completely oxidised: It was
supposed that the more aluminium cells were completely oxidised, the longer would be the dissolution time
of the aluminium foil. In order to develop a technique to create conditions for the complete oxidation of
aluminium cells on the aluminium surface it was assumed that under normal conditions for the oxidation of
the rhombic subsystem of the aluminium cell oxygen molecules do not have enough energy (vibrational and
electronic energy of oxygen molecules) to overcome the potential barriers around the aluminium atoms of
the rhombic subsystem. If the energy of oxygen molecules increases more than some value, aluminium
atoms of rhombic subsystem will start to oxidise in aluminium cells bordering with the atmosphere
containing oxygen.

In order to increase vibrational and electronic energy of oxygen molecules the samples of aluminium
foil and incoming air were heated up to 450 °C with the simultaneous irradiation of incoming heated air by
ultraviolet radiation (DRT-400 lamp). Heating the air to 450 °C increased the vibrational energy of oxygen
molecules. Broad-band ultraviolet radiation (220 nm — 340 nm) generates ozone Oz formation and transfers
oxygen molecules from the basic chemically inactive triplet state 30,, to the excited singlet state ‘O, (the
singlet state energy 1O, is 0.98 electron volt higher than the basic triplet state 0,) [17]. Ozone O3 and singlet
oxygen O3 have a significantly higher chemical activity than oxygen molecules in the ground triplet state
[18]. Samples of aluminium foil were exposed to reactive oxygen species at 4 and 12 hours. The treated
aluminium samples were then placed for 24 hours in containers with the alcohol solution of iodine. As a
result, it was found that the aluminium sample placed under ultraviolet radiation at 450 °C for 4 hours lost
during 24 hours in the alcohol solution of iodine ~ 70 % of its weight (the weight of the aluminium sample
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before placing it into the iodine solution was 0.0287 grams, after 24 hours the sample weight was 0.0088
grams, but it remained intact, unlike the sample of the same aluminium foil which has not undergone any
treatment.

The aluminium foil sample that was placed under ultraviolet radiation at 450 °C for 12 hours lost only ~
5 % of its weight in a 5 % wt. alcohol solution of iodine during one day (the weight of the foil sample before
placing it into the iodine solution was 0.0367 grams, while after one day, the sample weighed 0.0350 grams).
A protective layer has formed on the surface of the aluminium foil sample subjected to the 12-hour
treatment. This protective layer doesn’t react chemically with halogen ions. The fact that the sample of
aluminium subjected to the 4-hour treatment isn’t completely dissolved in a solution of iodine. It indicates
that in this sample such a protective layer was also formed, but this protective layer didn’t cover the entire
surface of the sample. That is not in all cells of the aluminium on the surface of the aluminium foil occurred
complete oxidation (Table 1).

Table 1. Weight loss of aluminium samples after being in an alcoholic solution of iodine, the surface of which
was or wasn’t subjected to surface treatment with reactive oxygen species.

Aluminium sample Aluminium sample Corundum (100

Qn_treated after 4 hours after 12 hours of % oxidized
aluminium sample : . L
processing processing aluminium)
Weight loss of 100 % 70 % 5.5 % 0%

aluminium samples %

Thus, experimentally, a dependence of the magnitude of the protective effect of exposure to halogens
on the time of exposure to ultraviolet radiation on the surface of aluminium products at 450 °C was found.
The protective effect is due to the complete oxidation of a large number of aluminium cells on the surface of
the products - the longer the time of exposure to oxygen active forms on the aluminium samples, the more
completely oxidised aluminium cells are formed on the surface of the products, the lower the corrosion rate
of the aluminium products. If all cells on the surface of aluminium products are completely oxidised (this
condition is called corundum), corrosion of the aluminium product in halogen solution stops completely.

4. Conclusions

Thus, it is advisable to create a layer of fully oxidised aluminium cells on the surface of these products
for increasing the wear-life of aluminium products in seawater.

1) It has been shown that parametric method 3 of the quantum-chemical calculation can be used to
calculate the metals belonging to the first three periods of the Mendeleev table.

2) It has been shown by calculation and experiment that the failure of aluminium products is caused by
incomplete oxidation of the surface aluminium cell structure (under normal conditions the rhombic
subsystem of the aluminium cells is not oxidised, under fully oxidised cubic sub-system). Insufficient
oxidation of aluminum cells leads to destruction of the rhombic subsystem of the cells by negative halogen
ions, which are contained in large quantities in seawater. Destruction of rhombic subsystem of aluminium
cells occurs because of chemical interaction of negatively charged halogen ions with aluminium atoms of
rhombic subsystem: aluminium atoms of fully oxidised cubic subsystem do not enter into chemical
interaction with halogen ions. The incomplete oxidation of aluminium cells is due to the lack of energy of
oxygen molecules under normal conditions.

3) In order to increase the life span of aluminium products in seawater, it is recommended to create a
monolithic corundum layer on the surface of these products (a layer in which all aluminium cells have a fully
oxidised rhombic and cubic subsystem): the surface of aluminium products treated with ultraviolet
irradiation and heated to 450 °C should be treated for at least 12 hours. It is necessary to create a monolithic
layer of fully oxidised aluminium cells at least 1 cell thick on the surface of an aluminium product for
achievement a protective effect.



26 ISSN 1811-1165 (Print); 24132179 (Online) Eurasian Physical Technical Joumal, 2023, Vol.20, No.3 (45)

Acknowledgments
This scientific article was published as part of the implementation of the scientific program of program-targeted funding
for 2021-2023 IRN Ne BR1090150221 «Development of technology for protective coatings of surfaces of weapons and
military equipment to protect against aggressive environmental factors and operating conditions»
(Study is funded by the Science Committee of the Ministry of Education and science of the Republic of Kazakhstan).
REFERENCES

1 Fotovvati B., Namdari N., Dehghanghadikolaei A. On Coating Techniques for Surface Protection: A Review.
J. Manufac. Mat. Proc, 2019. VVol.3, No.1, pp.28 (1-22). doi:10.3390/jmmp3010028

2 Zolotorevskiy V.S. Experience of develiping and introduction in industry new primary and secondary Al-alloys
with given properties for shape casting. Proceeding of the 13-th Intern.Cnference on aluminum alloys. Canada, 2013,
pp. 343-348. doi: 10.1007/978-3-319-48761-8 53

3 Miracle D.B., Senkov O.N. A critical review of high entropy alloys and related concepts. Acta Mat., 2017.
Vol.122, pp.448-511. doi: 10.1016/j.actamat.2016.08.081

4 Aboulkhair N.T., Simonelli M., Parry L., et al. 3D printing of Aluminium alloys: Additive Manufacturing of
Aluminium alloys using selective laser melting. Prog. Mat. Sci.,, 2019, Vol. 103, pp. 100578(1-45).
d0i:10.1016/j.pmatsci.2019.100578

5 Kulagin I., Li M., Laitinen V., et al. Review of MSM Actuators: Applications, Challenges, and Potential. IEEE
Access, 2022. VVol.10, pp. 83841-83850. doi: 10.1109/ACCESS.2022.3197278

6 George E.P., Curtin W.A., Tasan C.C. High entropy alloys: A focused review of mechanical properties and
deformation mechanisms. Acta Mat., 2020. Vol.188, pp. 100578(1-45). doi:10.1016/j.actamat.2019.12.015

7  Tubert-Brohman I., Guimaraes C.R.W., Repasky M.P., et al. Extension of the PDDG/PM3 and PDDG/MNDO
semiempirical molecular orbital methods to the halogens. J. Comp. Chem., 2004, Vol.25. No.l, pp.138-150. doi:
10.1002/jcc.10356

8 Stewaet J.P. Optimization of parameters for semiempirical methods 2. Applications. J. Comp. Chem., 1989.
Vol.10, No.2, pp.221-264. doi:10.1002/jcc.540100209

9 Bokiya G.B. Crystallochemistry. USSR Academy of Sciences, Institute of Radio Engineering and Electronics.
Moscow, 1971, 400 p. [in Russian]

10 Tikhonov V.N. Analytical Chemistry of Aluminium. Series Analytical Chemistry of Elements. Moscow, 1971,
266 p. [in Russian]

11 Holleman A.F., Wiberg E. Inorganic Chemistry. Academic Press, San Diego, 2001, 1884 p.

12 Gerasimov V.V. Corrosion of aluminium and its alloys. Metallurgy, Moscow, 1967, 115 p. [in Russian]

13 Parker K.M., Mitch W.A. Halogen radicals contribute to photooxidation in coastal and estuarine waters. Proc.
Nat. Acad. Scien., 2016, Vol.113, No.21, pp.5868. doi: 10.1073/pnas.1602595113

14 Encrenaz T., Bibring J.-P., Blanc M., Barucci M.-A., Roques F., Zarka P. The Solar System. Springer Science
& Business Media, Berlin, 2004, 514 p.

15 Saha K. The Earth's Atmosphere: Its Physics and Dynamics. Springer Science & Business Media, Berlin,
2008, 374 p.

16 Watt G.W., Hall J.L., Taylor W.L., Kleinberg J. Aluminum lodide. Synth., 1953. VVol.4. pp. 117-119.

17 Pyzhyanova E.A., Zamyslovsky V.A., Remennikova M.V. Study of singlet oxygen formation in distilled water
under the influence of laser radiation with a wavelength of 1.24 u. J. Comp. Chem., 2018. Vol.5, No.4, pp.297-309. [in
Russian]

18 Kaotelnikov S.N. Main mechanisms of interaction of ozone with living systems and peculiarities of the surface
layer problem for Russia. Proceedings of the Institute of General Physics named after A.M. Prokhorov. Russian
Academy of Sciences. 2015. Vol.71, No.4, pp.10-41. [in Russian]

Article accepted for publication 25.05.2023



Materials science 27

DOI 10.31489/2023N03/27-34
UDC 535.341; 535. 343

OPTICAL PROPERTIES OF CARBON CONTAINING NANOCOMPOSITE
FILMS BASED ON THE POLYSTYRENE-FULLERENE Ce SYSTEM
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Carbon-based nanocomposites have attracted significant attention due to their unique properties and
potential for use in various technological applications. In this study, experimental investigations were conducted
to determine the spectral properties of carbon-containing nanocomposite polymer films based on polystyrene (PS)
with fullerene Cgo nanoadditives. The results indicate that the incorporation of fullerene nanoparticles into the PS
matrix enhances the optical properties of the material. Specifically, the optical density of the samples increases,
the absorption coefficient increases, and the width of the bandgap decreases with an increase in carbon additive
concentration. These findings suggest that fullerene-based nanocomposites are promising materials for
optoelectronic and nanotechnological applications. The results of this work contribute to the growing body of
research on carbon-based nanocomposites and their potential for use in a range of fields, including electronics,
energy storage, and sensing applications. The enhanced optical properties of fullerene-based nanocomposites
suggest that they may be particularly useful for developing novel optoelectronic devices and sensors. Overall, this
study highlights the potential of fullerene-based nanocomposites as a versatile and promising material platform
for various technological applications.

Keywords: nanocomposite polymer films, carbon nanoparticles, fullerene, polystyrene.
1. Introduction

Fullerene-based materials have recently garnered significant attention from researchers due to their
extraordinary properties, which make them an intriguing subject for both fundamental research and practical
applications [1-10]. These materials have a broad range of potential applications, including hydrogen storage
based on fullerenes in the field of energy [11-13]. Furthermore, fullerene-containing materials have the
potential to be utilized for converting solar energy, as well as in drug delivery for medicine [14-17].
Fullerenes' distinctive optical and electrical properties may also make them suitable for creating a
foundational basis for microelectronics [18-21].

The considerable interest in carbon nanoparticle-modified polymers stems from the fact that such
modifications significantly enhance their physical-chemical properties, including optical, mechanical, and
catalytic, while also enabling the acquisition of novel properties such as biological activity [22-24]. These
novel nanocomposite polymeric materials with improved physicochemical and operational properties are
often adopted to complement or replace conventional materials. Of the various high molecular weight
compounds, PS exhibits significant non-covalent binding capacity for fullerene [25-28]. Furthermore,
styrene and divinylbenzene copolymers serve as raw materials for producing cationites industrially.
Consequently, sorption-active carbon nanoparticle-modified composites based on polystyrene can
substantially expand the scope of sorbents while also offering new carbon-containing nanocomposite
polymeric materials (films) [29-32]. The objective of this research is to investigate how the inclusion of
carbon fullerene Cgo nanoadditives affects the optical characteristics of the PS-Ceo matrix.

2. Experimental part. Materials and Research Methods

As is known atactic PS is a stiff amorphous polymer with high optical transparency, low mechanical
strength, and low density (1060 kg/m?®). It exhibits dielectric characteristics and is a thermoplastic substance
that does not crystallize under external factors [33-35]. However, by introducing various foreign impurities
of different activity levels, the structure and physical characteristics can be regulated over a wide range. At
present, nanocarbon materials, such as fullerenes and their derivatives, are utilized as modifying additives.
The research utilized PS grade 143 E (GOST 20282-743) powder and fullerene Cgo carbon additives, made in
Russia, as the study materials. PS and Cgo were dissolved in toluene at 20°C, after which a Ceo solution was
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added to the PS solution at a specific volume fraction to create a polymer solution blend with fullerene
concentrations of C=0, 1, 3, 5, and 10% by weight.

The optical properties of the samples were measured on Cary 60 UV-Vis spectrophotometer (Agilent
Technologies), scanning in the wavelength range of 190-1100 nm. An impulse xenon lamp with a dual-beam
optical scheme and a Cherni-Turner monochromator is used as the source. Two silicon photodiodes serve as
detectors for simultaneous measurement of the light beam of the sample and the reference [36,37].

3. Results and discussion

In this work, the experimental investigation results of the optical properties of the PS-Cgo System are
presented. The absorption spectra A of polymer nanocomposites with fullerene carbon additives at different
concentrations of Ceo were measured and analyzed (Fig.1). The absorption spectra A of the investigated
samples were characterized by significant absorption in the short-wavelength region, which decreased
rapidly with increasing wavelength at first and then much more slowly for all samples. The presence of
fullerene additives Ceo in PS led to a significant increase in absorption (curves 2-5, Fig.1), and the absorption
further increased with increasing Ceo concentration up to 10%. The transmittance T of PS was found to be
50-62% (curve 1, Fig. 2) and decreased with increasing fullerene concentration from 1 to 10% (Fig. 2).
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Fig.1. Absorption spectra of PS-Cgo samples: 1) PS; 2) PS+1% Ceo; 3) PS+3% Ceo; 4) PS+5% Cep; 5) PS+10% Ceo.
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Fig.2. Transmission spectra of PS-Cgy samples:
1) PS; 2) PS+1% Ceo; 3) PS+3% Cqo; 4) PS+5% Ceo; 5) PS+10% Ceo.
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The dependencies of the reflection spectra R on the wavelength A for the PS-Cgo system, presented in
Fig. 3, show similar trends to the transmittance spectra T of these samples (Fig. 2), which corresponds to the
correlation between the transmittance and reflection of the samples. The value of R for the pure sample is 65-
66%, and decreases with increasing concentration of fullerene Ceo.

704

0 b——dt

200 300 400 500 600 700 800 900 1000 1100

wavelength, nm
Fig.3. Reflection spectra of PS-Ceo: 1) PS; 2) PS+1% Ceo; 3) PS+3% Ceo; 4) PS+5% Ceo; 5) PS+10% Ceo.

Absorption is characterized by the absorption coefficient a, which was calculated using formula:
a=2303-% 1)

where A — absorbtion, [ — thickness of the film.

The dependencies of « on the photon energy hv at different concentrations are presented in Fig. 4. The
value of o gradually increases with increasing photon energy for the pure sample up to energies of 3.56 eV,
and then sharply increases. With the addition of Ceo fullerene to PS, an increase in the absorption coefficient
is observed already at energies of approximately 1.13 eV, followed by a region of slight increase in « at
energies from 2.02 to 2.11 eV, and at energies of 3.03 eV, a small peak is observed for all Ceo concentrations
(curves 2-5, Fig. 4).
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Fig.4. Dependence of the absorption coefficient « on the photon energy hv for the PS-Cgo system at different
concentrations of Ceo: 1) PS; 2) PS+1% Cego; 3) PS+3% Ceo; 4) PS+5% Ceo; 5) PS+10% Ceo.
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This indicates a change in the optical properties of the investigated samples with increasing photon
energy hv and depending on the concentration of fullerene Ceo. The optical conductivity oo 0f the PS-Ceo
system was also calculated:

anc
o =

opt
“ 4r )
where c is the speed of light, n — refractive index.

The graphs of the dependencies of aop are shown in Fig. 5. For the PS (curve 1, Fig. 5), the optical
conductivity oope hardly changes with the increase in hv energy. However, the addition of fullerene
nanoadditives leads to an increase in oopt With the increase in photon energy even at low concentrations of
Ceo from (0.524 - 6.696) x 10° s, A sharp increase in optical conductivity is observed with an increase in the
fraction of fullerene (10%) in the PS matrix (curve 5, Fig. 5). This indicates that the addition of fullerene to
the PS matrix promotes the enhancement of the optical properties of the PS matrix, namely the optical
conductivity.

4 -

Oop X10° (sec™)

0 T T T T
1,2 1.4 16 18 2,0 22 24

hv (eV)
Fig.5. Dependencies of optical conductivity aop: 0N the photon energy hv for the PS-Cgo System at different
concentrations of Ceo: 1) PS; 2) PS+1% Ceo; 3) PS+3% Ceo; 4) PS+5% Ceo; 5) PS+10% Ceo.

To assess the influence of fullerene Cgo additives on changes in the optical properties of the PS matrix,
the absorption edges were determined by extrapolating the steep portions of the curves for the absorption
coefficient a (Fig. 6) to the intersection with the x-axis at a certain point. The position of the intersection
point gives the value of the optical band edge.
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Fig.6. Extrapolation of the dependencies of the absorption coefficient o on the photon energy hv:
a): 1) PS; b): 2) PS+1% Ceo; 3) PS+3% Ceo; 4) PS+5% Ceo; 5) PS+10% Ceo.
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The addition of Cg fullerene nanoparticles to the PS matrix causes a redshift in the absorption edge,
which means that the absorption of light shifts towards longer wavelengths. The intersection points of the
curves with the x-axis (as shown in Fig. 6) indicate the position of the absorption edge, which was found to
shift towards longer wavelengths with increasing concentration of Cgo in the PS matrix. The shift in the
absorption edge was found to increase from 358 nm for the pure PS sample to 526 nm for the PS+10% Cgo
sample. Material's optical energy band gap Ejy is related to its absorption coefficient « and the energy of the
incident photon hy according to the following equation:

(ahv)™ = B(hv — Eg) (3)

where h is the Planck constant, v is the frequency of the incident radiation, and B and m are constants.
The value of m depends on the type of transition between the valence band and the conduction band of the
material. The constant m takes on values of 2, 3, 1/2, or 3/2 for allowed direct, forbidden direct, allowed
indirect, or forbidden indirect transitions, respectively. Analysis of the absorption spectra of the investigated
samples showed that the PS-Cgo system allows for allowed direct transitions, so the value of m=2 was used in
formula (3) to determine the width of the optical band gap Eg. The values of Eq for pure PS and PS with Ceo
fullerene additives at concentrations of 1%, 3%, 5%, and 10% were obtained by extrapolating the linear
portions of the (ahv)? curves to the hv axis until they intersect with the x-axis. The point of intersection of the
curve with the x-axis allows for the determination of Eq (Fig. 7).
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Fig.7. Dependence of («hv)? on hv for the studied samples:
1) PS; 2) PS+1% Cqo; 3) PS+3% Ceo; 4) PS+5% Ceo; 5) PS+10% Ceo.
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For clarity, all graphs for pure PS and PS with different concentrations of Cgo fullerene are presented
separately in Fig. 7. The trend of decreasing Eq with increasing percentage of Ceo fullerene in the PS-Cgo
matrix is clearly visible in Fig. 8, and the addition of just 1% Ceo leads to a sharp decrease in Eq from 3.972
eV to 1.854 eV (Fig. 8). In other words, increasing the concentration of Cgo fullerene in the PS matrix leads
to a decrease in the width of the optical band gap, which is consistent with the values for the absorption edge
wavelength presented in Table 2, where an increase in wavelength is observed with increasing concentration
of Ceo in PS.
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Fig. 8. Dependence of the width of band gap energy Eg on the concentration of fullerene Ceo in the PS matrix.

Table 2. Values of the optical band gap energy (Eg) for different PS-Ceo samples, determined from the wavelength
of the absorption edge.

Sample Wavelength of the absorption edge, nm Eg eV
PS 358 3.972
PS+1% Ceo 461 2.092
PS+3% Ceo 477 2.039
PS+5% Ceo 481 3.028
PS+10% Ceo 526 1.854

The decrease in E4 value in PS indicates that the incorporation of Ce nanoparticles in PS leads to a
weakening of its dielectric properties and acquisition of semiconductor properties by the matrix. This
phenomenon may also be related to the formation of defects in the polymer matrix, which can lead to the
creation of localized sub-levels in the optical band gap and, as a result, to a decrease in the energy width of
the band gap.

4. Conclusion

The work has shown that the incorporation of carbon-containing nanocomposite additives of fullerene
Ceo at different concentrations into the polystyrene matrix leads to changes in the optical properties of the
matrix. The main optical parameters of the PS polymer films doped with fullerene Ceo were determined. The
values of the optical energy band gap (Eg) of the prepared PS-Cso polymer films demonstrate a tendency to
decrease with increasing fullerene concentration.

The obtained research results allow suggesting that fullerene Cgo nanoaditives, as promising modifying
additives improving the physical and mechanical properties of composite materials, when introduced into
polymer materials, allow giving them unique properties and making it possible to create new demanded
materials. Such materials can be used in the field of improving the operational characteristics of various
materials based on them, in solar elements, as well as for the development of components of new electronic
devices.
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In this work, we studied the effect of technological regimes and proton implantation on the processes of
defect formation in single-crystal n-type silicon (n-Si) doped with platinum using the method of impedance
spectroscopy. It has been established that radiation-induced changes in the electrical conductivity of silicon
depend significantly on the technological regimes of doping with impurities in silicon. Hodographs show that
doping with platinum leads to a decrease in the electrical resistance of silicon samples. Irradiation with 2 MeV
protons at a dose of 5.1 x 10** particles / cm? leads to a significant (2-3 times) increase in the electrical
resistance of the silicon samples under study. It is concluded that the relatively high resistance to radiation
exposure (resistance change of no more than 16%. from 55 kQ to 65 kQ as a result of ion implantation) of
samples doped at 1200°C is presumably due to a higher concentration of impurity ions (platinum) in the samples
volume compared to 1100°C.

Keywords: silicon, platinum, doping, high-temperature diffusion, proton irradiation.

1. Introduction

Modeling, synthesis and research of new functional materials are among the most urgent scientific
problems of our time. The microstructure and isovalent impurities determine the functional properties of
materials of this class. That is why the study of the electrical properties of semiconductors and
semiconductor structures, taking into account their real microstructure, is an important and urgent task [1-4].
New materials based on silicon, in particular, those containing platinum (n-Si<Pt>) as a dopant (n-type
conductivity), have not been studied enough and are of interest for fundamental science and practical
applications.

Modification of the properties of semiconductor materials by beams of light ions, in particular, protons,
is one of the most promising and actively developing physical and technological methods in recent years
[5,6]. Interest in the implantation of protons in silicon crystals is due to a wide and controllable range of
processed depths (from 0.1 um to 1 mm) and the absence of complex radiation complexes with a high
annealing temperature after irradiation. The main three factors affecting the change in the properties of
semiconductors after proton irradiation are: a change in the electrical properties of semiconductors, radiation
defect formation, and the accumulation of hydrogen atoms [7,8].

The purpose of this work is to study the effect of technological regimes and proton implantation on the
processes of defect formation in single-crystal n-Si<Pt> using impedance spectroscopy.

Electrochemical impedance spectroscopy (EIS) is one of the most informative methods for the
electrochemical study of materials due to its unique ability to separate the kinetics of various stages
occurring in electrochemical processes. Impedance measurements are performed over a wide frequency
range (about nine decades), which makes it possible to observe processes with a large difference in time
constants. EIS can be used to isolate and evaluate electronic and ionic conductivities, fast electrochemical
kinetics, diffusion and other transport restrictions, as well as the formation and development of new phases

[9].
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2. Materials and methods

The objects under study were n-type silicon wafers 1.5 x 6 x 13 mm in size with a resistivity of 40 Q
cm (KEF-40 grade). The wafers were cut from silicon ingots grown by the Czochralski method. Diffusion
doping of silicon with platinum was carried out from a layer of metallic Pt deposited on the silicon surface in
evacuated quartz ampoules at temperatures of 1100 and 1200 °C for 2 hours. Subsequent cooling of the
samples was carried out using the thermal regimes given in [10-12]. The phosphorus dopant concentration in
the initial n-Si samples was 4.2 x 10 at/cm?,

After thorough cleaning of the surface, the doped samples were irradiated with protons with an energy
of 2 MeV, at a current of 0.5 pA to obtain a dose of 5.1 x 10 particles / cm? using an electrostatic
accelerator "EG-5" in the Laboratory of Neutron Physics of the Joint Institute for Nuclear Research (FLNP
JINR).

The study of the EIS of silicon samples was carried out at room temperature (300°K) on an
impedancemeter "Sp-200 BioLogic" in the frequency range of 1 Hz + 1 MHz at an excitation signal voltage
of 10 mV. Overhead electrodes were made of copper foil, the clamping was carried out using a foam sponge.
In our representation of a contour with distributed parameters, these parameters were calculated according to
the expression:

= RiP1, 14 = (R)Y(2Werd) @

The optical properties of the surface of the samples were studied using an ELLIPS-1991 spectroscopic
ellipsometer at room temperature. The measurements were carried out in the wavelength range 350 + 1000
nm with a step of 2 nm, the angle of incidence of the light beam was 70°. The elemental composition of
silicon samples was determined by X-ray spectral microanalysis using a scanning electron microscope
(SEM).

3. Results and discussion

On figure 1 shows the impedance hodographs of an undoped n-Si sample before and after irradiation
(hereinafter referred to as “initial”).

ax10°
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Fig.1. Hodographs of the original n-Si sample. before (1) and after (2) irradiation.

The impedance spectrum (Fig. 1, 1-curve) is in the resistance range 93Q+ 128.7 kQ and has the shape
of an arc of a circle, which is typical for the electrode reaction. The section of the diagram in the range from
0 + 93 Q along the X axis corresponds to the resistance of the electrolyte [13,14].

The impedance spectrum of the irradiated sample (Fig. 1, curve 2) has a similar shape and is in the
range 248 Q + 673 kQ. It can be seen that irradiation in this case led to an increase (by almost a factor of 5)
in the resistance of the sample, presumably due to the formation of defects in the crystal lattice [15,16].

On figure 2 shows the impedance curves of the n-Si samples doped with Pt at a temperature of 1100°C
for 2 hours before and after irradiation. A curve in the form of an arc of a circle is observed in the range of
ohmic resistance values up to 99.42 kQ. Irradiation leads to an increase in ohmic resistance at least 4 times
(up to 422 kQ, Fig. 2. 2-curve).

The hodograph of fig.2, as in the case of fig.1, can be described by one equivalent electrical circuit
(fig.3). It should be noted that the scatter of points in the low-frequency region is relatively small, compared
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to the unirradiated sample, which indicates a relatively high homogeneity of the conduction channels after
irradiation, which is in good agreement with the literature data [17]. The most significant factor of radiation
exposure is radiation defect formation, in particular, the formation of vacancies. Among such defects, one
should first of all include oxygen vacancies Oi - vacancy V (A-center), divacancies (V-V) and the boron
complex Ps (at the site) - vacancy V (E-center).
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-ImZ, Ohm

1.5x10°%

1.0x10°

0.5x10°

o B

5 s s s s
1x10 2x10 3x10 4x10 Rez, OthX1O

Fig. 2. Hodographs of the I-batch of n-Si samples doped with Pt before (1) and after (2) irradiation.
Tair=1100 °C, tgirr =2 hours.

CPE1 J
—H1 Wl
Fig.3. Equivalent electrical circuit, where R is active resistance; CPE - constant phase element; Ws; is the “final”
Warburg element characterizing the diffusion properties of the sample.

On figure 4 shows the impedance hodographs of the n-Si sample doped with platinum (tgitr = 2 h, Taitr =
1200°C) before and after irradiation. On fig. 4 (curve 1) there is a semicircle with a limiting ohmic resistance
of 55 kQ. Consequently, doping led to a decrease in the ohmic resistance of the sample by almost 2 times. It
can be seen (Fig. 4, curve 2) that irradiation with protons leads to an increase in the resistance value from 55
kQ to 65 kQ.
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Fig. 4. Hodographs Il - batch of samples of n-Si doped with Pt before (1) and after (2) irradiation.
Tairr=1200°C, tgitr. =2 hours.

Analysis of the obtained results showed that the slope of the hodograph (Fig. 4, curve 1) of the
unirradiated sample at high frequencies is 39°, i.e. a linear diffusion process occurs in a homogeneous layer
with a slight deviation from Fick's second law [18]. After irradiation of the samples (Fig. 4, 2-line), the slope
increases to 65.45°, i.e. diffusion limitations appear, which are probably associated with a violation of the
homogeneity of the material. The obtained results showed that irradiation of n-Si<Pt> samples by protons
with an energy of 2 MeV with a dose of 5.1 x 10 particles / cm? leads to a significant increase (2-3 times)
in the electrical resistance of the silicon samples under study. Moreover, the observed effect largely depends
on the doping temperature (Table 1).
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Table 1. Limiting values of ohmic resistance of Si samples doped with Pt at 1100°C and 1200°C before and after
proton irradiation.

Sample resistance [kQ]
n-Si n-Si<Pt> n-Si<Pt>
1100 °C 1200 °C
Before irradiation 129 99 55
After irradiation 673 422 65

The results of measurements of the impedance of the studied samples showed that there is a linear
decrease in electrical resistance, starting from a frequency of 1000 Hz. Up to a frequency of 1000 Hz, the
electrical resistance remains almost unchanged. Table 2 below shows the values of the active resistance of
the equivalent circuit described by the Rendlis circuit [19]. These values also undergo changes after doping
and irradiation, in particular, after doping - decreases, after irradiation - increases (Table 2).

The frequency dependence of the Randlis contour can be expressed in terms of two time constants for
the Faraday (1) and diffusion (t4) processes [19]:

= RuCa, 1= (Re)2/(2Ws?) )

The relatively high resistance to radiation exposure (resistance change of no more than 16%: from 55
kQ to 65 kQ as a result of ion implantation) of samples doped at 1200°C is presumably due to a higher
concentration of impurity ions (platinum) in the sample volume compared to 1100°C (the coefficient of
diffusion of platinum at 1200°C is almost 3 times higher than at 1100°C) [20,21].

Table 2. Summary table for the variant of EEC approximation by the Randlis contour with distributed parameters.

Options n-Si n-Si n-Si<Pt> ?118(;;?(? n-Si<Pt> (anS(I);F;tg
(irradiated) (1100 °C) irradiated) (1200 °C) irradiated)
R1 1.0414x10° 4.6704x10° 98320 4.3122x10° 22513 25789
P1 2.8859x101° 4.6399%101° 1.4253x1010 1.9715x10%0 4.143%x10°%° 3.7722x101°
N1 0.9345 0.88054 0.94156 0.91684 0.71875 0.90322
Wsrl 1.3446x10° 1.8216x107 5.7689x108 9.8787x10° 4.5293x108 9.5534x10°
Wscl 0.016903 0.0084157 0.00015914 1.2457x1010 0.0051843 0.0030387
=R1'P1, ¢ 3.0x10° 2.2x10* 1.4x10° 8.5x10° 9.3x10° 9.7x10%
™, C 3.0x103 3.3x10* 1.4x10* 9.5x10* 1.2x10° 3.6x10°

The presence of platinum in single crystals is confirmed by X-ray spectral analysis (Fig. 5), and is 3.04
at. % or 8.74 wt.%. for samples doped at 1100°C (Fig. 5a) and 7.38 at. % or 15.48 wt.%. for samples doped
at 1200°C (Fig. 5b).
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Fig. 5. Energy-dispersive spectra of silicon samples doped with platinum at 1100 °C (a) and 1200 °C (b).




Materials science 39

The energy-dispersive spectra presented in Figure 5 indicate the presence in the composition of the
studied samples, in addition to platinum, oxygen and carbon atoms in a small percentage concentration.
Additional experiments were carried out using ellipsometric spectroscopy and the optical parameters of
various layers formed on the surface of doped samples were determined. Ellipsometry measures the change
in polarization when light is reflected or transmitted from a material structure. The change in polarization is
represented as the ratio of the amplitudes ¥ and the phase difference A. The measured response depends on
the optical properties and thickness of the individual materials. Figure 6 shows the ¥- and A-spectra of the
initial, doped and irradiated samples.

o 5i
o SiPt-1100 180
< SHF-1200

best fit

Deta

wawvelenght (nm}

Fig.6. W-spectra (a) and A-spectra (b) of samples: 1 - original, 2 - doped with platinum at 1100 °C and 3 - doped with
platinum at 1200 °C. the black line is the best fit curve.

It was found that only an oxide layer with a thickness of 5.37 nm was observed in the initial samples
(Table 3). After doping with platinum atoms at 1100°C, in addition to the oxide layer, a diffusion layer 21
nm thick appears on the surface of the samples, and the thickness of the oxide layer increased to 10.86 nm.
Doping with platinum at a temperature of 1200°C leads to the appearance of a diffusion layer 30.4 nm thick
and a decrease in the oxide layer by 8.98 nm (Table 3).

Table. 3. Parameters of oxide and diffusion layers on the surface of silicon samples.

Thickness (hm)
No Samples - - T
Native oxide layer Diffusion layer
1 Si 5.3772 0
2 Si-Pt-1100° 10.86 21
3 Si-Pt-1200° 8.9791 30.4

It is known that a natural oxide layer is formed on the surface of semiconductor materials in an oxygen
atmosphere [22]. Therefore, in the three-layer model used to explain the results of ellipsometric spectroscopy
measurements, the natural oxide layer is always taken into account. A three-layer model was used in the
calculations, including a natural oxide layer, a diffusion layer, and a crystalline silicon substrate [23]. For the
natural oxide layer, the dispersion model of Cauchy and Urbach was used (Fig. 7), and for the diffusion layer
of the samples, the parametric Si model was used (Fig. 8).

The dispersion models of Cauchy and Urbach give the following dependence of the refractive index
n(L) and the extinction coefficient k(L) on the light wavelength A(nm), respectively [24]:

n() =A+ 5+ o+ )
k() = aeﬁ<1240(%_‘l')> 4

where A, B, C are the Cauchy coefficients, o is the amplitude of the extinction coefficient, B is the
exponential factor, and vy is the band edge.
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Fig.7. Optical constant spectra of Cauchy and Urbach: a - refractive index n(A); b - extinction coefficient k().
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Fig.8. Optical constant spectra for the diffusion layer of Si samples.
a is the refractive index n(}); b - extinction coefficient k().

4. Conclusion

Thus, by the method of electrochemical impedance spectroscopy, it was established that doping of n-Si
samples with Pt impurity at different temperature conditions contributes to a significant (2-3 times) increase
in their electrical conductivity (Table 1). It is shown that the higher the concentration of electroactive
platinum atoms, the lower the concentration of radiation defects, and this, in turn, leads to a decrease in the
electrical resistance of silicon samples.

It has been found that doping samples at 1200°C increases the radiation resistance of silicon samples.
Increasing the doping temperature to 1200°C leads to the appearance of a linear diffusion process in the
sample in a homogeneous layer with a slight deviation from Fick's second law.

The mechanism of radiation defect formation is presumably associated with the formation of complexes
of radiation defects in the crystal lattice, which change the geometry of the electrical conductivity channels
and create reactivity.

Using ellipsometric spectroscopy, the presence of diffusion and oxide layers on the surface of the
original and doped samples was established. It has been established that, in the initial samples, implantation
leads to the appearance of only an oxide layer 5.37 nm thick. After doping, in addition to the oxide layer,
diffusion layers also appear. The thickness of diffusion layers in silicon doped at 1200°C is 1.5 times greater
than in silicon samples doped at 1100°C.
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INVESTIGATION OF THE INFLUENCE OF LIQUID FUEL INJECTION
RATE ON THE COMBUSTION PROCESS USING KIVA-I1 SOFTWARE
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In this work, the ignition of liquid fuel was studied at various rates of fuel injection into the combustion
chamber. The studied processes are described by the following equations: continuity, momentum, energy, k-¢
turbulence model and others. The computational experiment was carried out using the KIVA-II software. The
numerical method is efficient and takes into account various factors such as multistage chemical chain reactions,
transfer of momentum, heat and mass by convection, radiation, turbulence, etc. In order to select the optimal
parameters of the organization of these processes influence of the heptane injection rate into the combustion
chamber on the process of combustion and self-ignition of heptane was studied. The injection rate of heptane
varied from 160 m/s to 400 m/s an interval of 30 m/s. The size and temperature distributions of heptane droplets
before evaporation, the concentration fields of carbon dioxide, and the temperature fields in the combustion
chamber depending on the rate of fuel injection through the injector into the combustion chamber were obtained.
The optimal range of heptane injection speed was determined, which is 250 m/s - 280 m/s, in order to increase the
efficiency of the combustion chamber and reduce the negative impact on the environment.

Keywords: numerical methods, computer simulation, chemical kinetics, liquid fuel combustion, heptane, turbulent
heat and mass transfer, injection, combustion chamber

1. Introduction

Combustion processes have been present throughout the history of mankind and surround our daily
lives, from heavy industry to the simplest domestic use, passing through all modes of transport, sea, land, air
and even spatial. Currently, obtaining energy by burning fuel is essential. Consequently, both in the current
geopolitical framework and in the coming years, when fossil fuels become an increasingly scarce resource,
its optimal use becomes more and more important every time. But that's not the only thing that matters.
Harmful emissions of chemical compounds released during fuel combustion and polluting the environment
are the main cause of global environmental problems, especially with the current climate change, as well as
the source of many health problems for people living in polluted areas, such as densely populated cities. This
means that there is a clear need to optimize fuel combustion processes in order to produce more energy for
less, as well as an interest in reducing pollutant emissions resulting from combustion.

These goals can be achieved by studying and improving modern combustion processes present in both
domestic and industrial applications such as internal combustion engines or gas turbines. For this, CFD
(Computational Fluid Dynamics) modeling can be a very powerful and useful tool. The complexity of
numerical modeling lies in the mathematical description of multi-stage processes and physical phenomena
such as the evaporation of fuel droplets, the turbulence of the droplet flow.

2. Analysis of the process of turbulent combustion of liquid fuels

Combustion is a complex physical process in which various chemical compounds react exothermically,
creating new compounds and heat. The conditions under which combustion occurs (flow rate, turbulence,
mixture composition, temperature, etc.) determine the amount of energy and products released during
combustion. Let us consider the features of the process of combustion of liquid fuels.

The method of combustion of liquid fuel in the atomized state has the greatest practical application. The
process of burning liquid fuels can be divided into the following stages: atomization of fuels using nozzles;
evaporation and thermal decomposition of fuel; mixing the resulting products with air; ignition of the
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mixture; and combustion itself. Atomization of liquid fuel significantly accelerates its combustion and makes
it possible to obtain high thermal stresses in the volumes of combustion chambers by increasing the area of
the transition boundary between phases. After entering the heated volume of air, a drop of liquid partially
evaporates, while the temperature of the heated air is higher than the self-ignition temperature. Due to the
strong radiation of the burning torch, the droplets evaporate very quickly and undergo thermal
decomposition. When fuel vapors are mixed with air, a vapor-air mixture is formed. Combustion of liquid
fuel occurs in the gas phase. It is the vapors, and not the liquid of liquid fuels, that are flammable, so the
liquid only ignites at a certain temperature. Combustion is then maintained spontaneously due to the heat
received by the drop from the combustion of the combustible mixture. [1].

Favorable conditions for the rapid heating of fuel droplets are created due to the suspended state in
which they are located. Droplet sizes depend on the time of their evaporation and become smaller with time.
Also, as a result of assuming a small relative motion due to the viscosity of the gas, the shape of the small
droplets becomes close to a sphere. The self-ignition temperature of liquid fuels is always higher than their
boiling point, because of this, the combustion of liquid fuels is possible only in the vapor state in the
presence of an oxidizing agent [2]. The burning rate depends on the nature of the movement of gases. With
turbulent combustion, the mixing of the components occurs more intensively, which significantly increases
the combustion rate [3].

3. Basic equations of the mathematical model of the problem of atomization and
combustion of liquid fuel

The following are the main equations of the mathematical model of the problem of atomization and
combustion of liquid fuel, which includes the equations of continuity, motion, internal energy and k-e
turbulence models.

The unit vectors x,y u z in the directions are denoted as 7, u k respectively. The radius vector is
defined as ¥ = xU + yJ + zk. The vector gradient operator is expressed as follows:

= -0 -0 =0
V—la-l-]a-l'ka—z,

while the fluid velocity vector has the form: @ = u(x,y,z, t)T + v(x,y,z t)] + w(x,y, z, t)E.

1) The fluid continuity equation is presented in general form, taking into account the chemical term and
injection:

d m — _ — — m . .

% 1V (pmid) = V [pDV (22)] + 05 + 56, (1)

where p - the density of the mixture, p,, - the partial density of the m-th component, u = (u, v, w) - the fluid
velocity components, D - the diffusion coefficient, pS,- the chemical source term, pS- source term due to
injection, &,,1- Kronecker symbol for the m -th component.

2) The equation of motion for the liquid phase, taking into account droplet evaporation:

a ‘)) = ——. 1= = (2 = - r=r4 -

%+ V(puu)=—;|7p—A0|7(§pk)+|70+FS+pg, #))
where p — fluid pressure, a — a dimensionless quantity used in the PGS method, which improves efficiency at
low Mach number flows where the pressure is uniform; A,- intermittency coefficient (equal to O for laminar
flow and 1 for turbulent), k- kinetic energy of turbulence, F*- speed of impulse return per unit volume due
to injection, g — free fall acceleration.

In this case, the viscous stress tensor is found by the formula:

=, =, T o A 4

o=Uu [Vu + (Vu) ] + AVul, 3)

where u — the dynamic viscosity of the fluid, A - the viscosity coefficient, I - the specific internal energy.

3) Internal energy equation:
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a(pf) +V(pul) = —pVi + (1 — Ag)3VH — V] + Agpe + 0° + QF, (4)

where ] = —kVT — pD Z hpV (me) — the heat flux, T - the liquid temperature, h,,- the enthalpy of the m
m

component, e- the turbulence energy dissipation, Q°- the source term due to interaction taking into account
the release of heat per unit of time due to spraying, Q¢- the source term due to chemical reactions.

4) The standard k-¢ turbulence model equation consists of 2 equations:

a) the equation for the kinetic energy of turbulence:

apk +7 - (puk) = ——pk A+ 6:Vi+7- [((Per) ﬁk)] — pe+WS; 5)

b) equation for the dissipation rate of turbulence energy:

apg +7 - (piie) = — (gc‘El - c£2)p£|7 U+ T [(( )] [cgla Vi —ce, ps+cSWS] (6)

Pre

The expression Gcfl — cgz)peﬁﬁ takes into account the length of scale changes when there is

velocity propagation, and the value WS arises due to interaction with the atomizer. Table 1 shows the
standard values of the constants ¢, , c.,, cs, P, Py for the k-e turbulence model.

Table 1. Values of constants k-e of the turbulence model.

Constants Numerical value
Ce, 1.44
Ce, 1.92
Cs 1.5
Pr 1.0
Pry 1.3

In equations (5) — (6) is:
O_')_V)'lj = 0jjeij, where 0jj = 2ue — %uekké‘ij. @)

The transfer coefficients can be written as follows:
3

k? AT2
1= (1,0 - Ap)pVo + Hair + Aopcy— "

. — _“Cp
s"uair_(T+A) A=Azp; K = D=

psc- (8)
Additional terms in equations (1) — (6), which appear due to interfacial exchange and due to chemical
reaction, are given in [4].

4. Geometric and physical models of energy fuel combustion

For the computational experiment, a model of a cylindrical combustion chamber with a height h = 15
cm and a base radius r = 2 cm was used. The computational grid consists of 600 cells. The injector was
located at the bottom of the chamber in the center, and heptane was injected through it into a preheated
oxidizer. The injection occurs unto a stationary medium. The combustion chamber is filled with air. For
practical calculations, it is assumed that air consists of 21% oxygen and 79% nitrogen. The injection time of
fuel droplets is 1,4 ms. After injection, the fuel rapidly evaporates, and its combustion is carried out in the
gas phase. The initial radius of the injected drops is 3 um. Droplet injection angle is 10°. The pressure in the
combustion chamber is 4 - 10° Pa. The area of the injector is 2 - 10~*cm?
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The general view of the model under consideration is shown in Figure 1. The initial temperature inside
the combustion chamber was set to 900 K, the temperature of the chamber walls was 353 K. For the study,
heptane was taken as a liquid fuel (chemical formulaC-His), since it is a mobile and flammable liquid and is
used as a reagent and reference fuel in determining the octane numbers of automobile and aviation gasolines.

Mass of injected heptane m = 7 mg. The chemical kinetics of heptane is: C,;H,,+110, = 7C0, +
8H,0. A numerical experiment was carried out using the KIVA-II software with k-¢ turbulence model. The
injection speed was varied from 160 m/s to 400 m/s with an interval of 30 m/s. Combustion occurs during
the transition from the liquid phase to the gas phase and takes approximately 4 ms in time, while the
evaporation of fuel droplets takes approximately the first 2 ms [5].

Fig.1. General view of the combustion chamber.

Solving the problem of liquid drops and their interaction with gas phase is an extremely difficult
problem. In order to calculate the mass, angular momentum and heat exchange between the evaporating
droplet and the gas, it is necessary take into account the distribution of droplets by size, velocity and
temperature. In many flows, when calculating sprayed liquids, it is necessary take into account drop
vibrations, distortions and discontinuities. For engine calculation, it is also very important to take into
account the collisions of drops between themselves and their association into larger drops.

A mathematical model that can explain these complex physical processes, is reduces to the formulation
of the evaporation equation. From this the equation is the distribution of the probability density function f,
having ten independent variables in addiction to time: three x positions of the droplet, three components of
velocity v, radius r, temperature Tq (assumed to be the same within the drop), the deviation from the sphere y
and the change in co deflection time dy/dt= y. The dimensionless quantity y is proportional to the
displacement of the surface drop from its equilibrium position to the drop radius r.

Physical meaning function f is defined in such a wayf(x,v,r, Ty, v,y,t)dvdrdT, dydy- probable
number of drops per unit volume with coordinate x and time t, velocities in the interval (v, v + dv), radius in
the interval (r, r + dr), temperatures in the interval (T4, T¢ + dTq) and displacement parameters in the
intervals (y, y + dy) and (y, y + dy).

5. Results of a computer experiment of heptane combustion

Below are the results of numerical simulation of the process of burning liquid fuel in the combustion
chamber using a stochastic mathematical model, which makes it possible to simulate the effect of the
collision of evaporating liquid droplets with aerodynamic discontinuities.

Figure 2 shows plots of fuel droplet size distribution for some injection rates at 2 ms. A qualitative
analysis of the graphs revealed that at initial velocities in the range between 160 m/s and 190 m/s, the
maximum droplet distribution height of 2.2 cm was recorded, and with a quantitative analysis, at a speed of
250 m/s and above, the droplets spread to a larger volume. Upon reaching 220 m/s and with a subsequent
increase in speed to 280 m/s, a sharp drop in height is observed to 1.1 cm, while the number of drops
decreases significantly. This is followed by a smooth growth in height up to 1.4 cm. The maximum droplet
size was noted at a speed of 220 m/s (fig.2).
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Fig. 2. Droplet size distribution (rad, pm) in the space of the combustion chamber at time t =2 ms,
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Changes in droplet temperature at a time of 0.4 ms with an increase in injection rate are shown in Fig. 3.
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Fig. 3. Graph of droplet temperature change (T, K) at time t =4 - 10~*c,
at injection speed: a) 190 m/s; b) 220 m/s; ¢) 250 m/s; d) 280 m/s; €) 310 m/s; f) 340 m/s.

After 0.4 ms, the temperature of the drops decreases to the boiling point of heptane - 371 K. Quantitative
analysis revealed that at the lowest velocities of 160-190 m/s, a huge number of drops are observed with a
temperature of approximately 450 K to 485 K. At velocities above 220 m/s droplets have a temperature of
490 K and above. After that, the temperature decreases at 340 m/s to 465 K and below. The highest droplet
temperatures were found in the velocity range from 220 m/s to 340 m/s. This means that in this speed range
the fuel droplets warm up much faster.
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All obtained maximum values of droplet sizes and temperatures at different injection rates are listed in
Table 2. Using these data, illustrative line graphs are compiled to track changes in droplet sizes and
temperatures at different injection rates of liquid fuel into the combustion chamber, presented in Figure 4.

Table 2. Maximum values of the radius and temperature of heptane droplets at different injection speeds

No. Vinjection, M/S R max, um T max, K
L 160 9.57 508.23
2. 190 9.42 506.69
3. 220 10.81 499.11
4, 250 9.98 512.79
5. 280 10.45 505.87
6. 310 9.85 496.26
7. 340 9.91 497.46
8. 370 8.44 464.09
E 10 et S0
= ”
é\ 9,5 g 49
= —
o 9 430
160 190 330 %0 280 310 340 370 400 v 130 160 190 220 250 280 310 340 370 400
Vinjectiom m/s Vinjectiam m/s
a) b)

Fig. 4. Line plot of injection speed (V, m/s):
a) on the size distribution of heptane droplets (R, um) in the space of the combustion chamber;
b) on the temperature distribution of heptane droplets (T, K) in the space of the combustion chamber.

It can be concluded that in the range from 220 m/s to 280 m/s, the droplet sizes increase during mixing,
while the number of droplets is much smaller. And, also the distribution of droplets along the height is much
lower, in contrast to the data at the initial and final values of the injection speed. The highest droplet
temperatures were found in the velocity range from 160 m/s to 280 m/s. This means that in this range of
speeds, fuel droplets warm up much faster, respectively, evaporate and ignite faster.

The value stands out strongly on the graph at a speed of 370 m / s, which indicates the need to check
these calculations for a miss. The misses were calculated by the Dixon test with a small number of

measurements (n<10): ~2=2= > 7, where Z, =0,47, at a significance level g =0.05 for n=8. The known
1

Xn—

values are listed in Table 3. And below, calculations are made according to the Dixon criterion.

Table 3. Values used for calculations according to the Dixon criterion.

Vinjection! m/s Tmaxa K Rmax: um T,maxy K

X4 355 500.484 10.5786 2187.75
Xn-1 365 500.953 9.80386 2194.84
Xn 370 464.091 8.44117 2190.81

a) Checking the value of the maximum temperature of heptane droplets at a speed of 370 m/s:
Ts—T, 464.091—-500.953 —36.862
= = = 1.0129 > 0.47.

Ts — T, 464.091—500.484 —36.393
b) Checking the value of the maximum radius of heptane droplets at a speed of 370 m/s:
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Rs —R, 844117 —9.80386 —1.36269

Rs—R, 844117 —10.5786 —2.13743

= 0.6375 > 0.47

¢) Checking the value of the maximum radius of heptane droplets at a speed of 370 m/s:

T's—T', 2190.81—2192.94 —2.13
T's —T';  2190.81 —2191.75 —0.94

= 2.2659 > 0.47.

Since the resulting values are greater than the Z, value, the results for 370 m/s in this case are a gross

error and are not taken into account in the analysis.

The maximum values of the temperature in the chamber and the concentration of combustion product
carbon dioxide at various speeds are listed in Table 4. It can be noted that the maximum concentrations of
reactants and combustion products released during heptane self-ignition have not practically changed, since
the concentration of reactants and combustion products depends on the mass of the injected fuel and the
chemical properties of this fuel. In this study, the mass of heptane remained constant for all experiments. The
maximum concentrations of nitrogen, oxygen and hydrogen hydroxide at all studied speeds are the same and
respectively equal n(N,) = 0.75 g/g, n(0,) = 0.1875 g/g, n(H,0) = 0.06 g/g.

Table 4. Maximum chamber temperatures and concentrations of carbon dioxide for various heptane injection

rates.

No. Vinjection, M/s mm/m/s T’(max), K n(CO,), 9/g
1. 160 2166.63 0.1273

2. 190 2163.34 0.1280

3. 220 2167.47 0.1279
4. 250 2181.91 0.1284

5. 280 2181.16 0.1284

6. 310 2180.59 0.1279

7. 340 2188.19 0.1279

8. 370 2190.81 0.1282

The temperature field distributions for each investigated speed are shown in Figure 5 at 4 ms, when the
mixture of heptane droplets with air ignites spontaneously.
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Fig.5. Temperature fields in the space of the combustion chamber at time t = 4 ms, at different speeds.
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It can be noted that in the speed range from 250 m/s to 280 m/s, the ignition zone is the largest in area
and has the highest temperature. This means that the heptane combustion process is faster and more intense.
At lower velocities up to 250 m/s and higher velocities of 280 m/s, self-ignition occurs more slowly and less
intensively.
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Fig.6. Fields of carbon dioxide (CO,) concentrations in the space of the combustion chamber at time t = 4 ms, at
different speeds.

The figure 6 shows the fields of carbon dioxide concentrations at time t = 4 ms, at different speeds. The
largest amount of carbon dioxide was noted at speed in the interval 220 m/s - 280 m/s, but the amount of
carbon dioxide released is within the maximum allowable value. This means that at speeds of 220 - 280 m/s,
the process of burning liquid fuel proceeds more intensively.

The mathematical model used in numerical modeling in KIVA-I1I is the basis of the KIVA-3V software.
The following authors compared the experiment and numerical modeling, in which the dependence of the
torch length on temperature was studied [6]. Figure 7 shows the dependence of the flame length on
temperature, on the basis of which it is possible to confirm the agreement between the results of the
numerical experiment and the experimental data. Consequently, based on the conclusions of the authors,
KIVA-II adequately describes real processes and can be used for research purposes.
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Fig.7. Dependence of the flame length on temperature: 1 - full-scale experiment (Sandia National Laboratories), 2
- numerical experiment (KIVA-3V) [7]
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6. Conclusion

In this work, in the course of the study, the distributions of heptane droplets by size and temperature
before evaporation, the distributions of the concentration fields of carbon dioxide, and the temperature fields
depending on the rate of fuel injection into the combustion chamber were obtained.

As a result of the study, it was revealed that in the range of injection speeds from 250 m/s to 280 m/s,
fuel droplets warm up much faster, respectively, evaporate and ignite faster. Consequently, the process of
fuel combustion is faster, more intense and more efficient with low fuel consumption.

Research allows choosing conditions for more optimal combustion of heptane, under which the
maximum thermal effect of the reaction and small emissions of harmful substances into the environment are
observed. The results obtained will not only reduce the negative impact on the environment, but expand the
scientific understanding of thermal physics, physics of reactants, thermal power engineering, aircraft and
rocket science.
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The article proposes to apply the method of thermoelectric testing to determine the thermophysical
parameters of the thermal interface. A thermal interface is located between metal surfaces, between which,
thermoelectromotive force occurs during heating at any stage of the device operation. The obtained graphs of the
temperature difference dependence on the heating time, measured by thermocouples, and measured using
thermoelectromotive force confirm the accuracy of the thermoelectric method of testing. Graphs visualize the heat
transfer process with thermal resistance variation, temperature fluctuations and the resulting
thermoelectromotive force. The proposed method makes it possible to monitor thermal resistance with an error of
less than 8 %.

Keywords: thermal interface, thermal resistance, thermoEMF, Seebeck effect, thermoelectric monitoring.

1. Introduction

In modern electronic technology, heat-conducting paste is widely used to ensure good thermal contact
(low thermal resistance) between the body of a powerful semiconductor element and a heat sink. It functions
as a thermal interface, which improves the quality of heat transfer from a heating element to a heat sink [1-
5]. Defects that appear after applying the heat-conducting paste to the heat sink can lead to negative
consequences, such as reduced performance and service life of the conductor element, false operation of
overheating protection circuits, etc. Therefore, well-timed monitoring of thermal contact makes it possible to
avoid a decrease in the reliability of the device and the system as a whole, as well as its premature failure.

At present, monitoring of the thermophysical parameters of a thermal interface after its application to a
heat sink surface is carried out manually [6] or by indirect methods [7], and available methods only offer
casual inspection or random testing. Inspection of the thermophysical parameters of the thermal interface is
possible in some cases, but for its implementation, the device under study must have a temperature-
dependent parameter, however, it should be borne in mind that the data obtained also depend on the indirect
parameters of the product, for example, on the heat capacity of the product. Available monitoring methods
do not provide ability to inspect thermal contact after installing a heat-generating element on a heat sink with
a thermal interface in automatic mode, and neither do they provide ability to exclude the influence of other
factors of the thermal circuit of the device under study.

As widely used thermal interfaces, heat-conducting gaskets, pastes, and adhesives can be distinguished
[8-10]. The silicone heat-conducting paste (SHCP-8) is a particular example of a thermal interface material,
which is widely used in Russia to improve thermal conductivity between thermocoductive elements and is
locally produced in accordance with the requirements of standard technological regulations GOST 19783-74
[11] and typically recommended for use in in the temperature range from - 60 °C to + 180 °C. Among foreign
modeling systems, we can specify HK-part HY880, ARCTIC MX-4, etc.

In modern industries, attempts are made to minimize the volume of electronic devices as much as
possible, while maintaining its specific power; therefore, heat sinks for cooling transistors are in such a size
that the temperature of the transistor chip at rated load does not exceed the normal operating conditions
specified in the technical specifications, i.e. about 150°C.
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2. Problem statement

The main thermophysical characteristic of a thermal interface, which characterizes its quality, is thermal
resistance. The contribution of thermal resistance of the thermal interface to the total thermal resistance of
the device thermal circuit Rics is from 20 % to 65 %, therefore the thermal interface must completely fill the
air gap between the heat element body and the heat sink, and the thickness of the thermal interface layer
must be at an optimal value, because a very thin layer may not provide high-quality heat transfer due to
incomplete filling of air cavities (Figure 1) [12-18].

thcs T

—
Layer thickness

Minimum Maximum

Fig.1. The dependence of the thermal resistance between the heat generating element and the heat sink on the
thickness of the thermal interface layer [6]

The presence of air cavities in the gap between the body of the heating element and the cooling heat
sink or poor thermophysical characteristics of the thermal interface due to improper application of the
thermal interface, with prolonged use of the device, can lead to overheating of the device and ultimately a
failure or, at best, reduction in the service life of the product. Therefore, manufacturers of semiconductor
devices give recommendations on choosing a heat sink and choosing the right heat-conducting compound.
This is especially important for field effect transistors. the open state resistance directly depends on the
temperature of the chip, and the open state resistance, in turn, affects the efficiency of voltage converters.

Some companies supply their devices to consumers with a thermal interface already applied, which
increases the cost of the device compared to other alternatives. However, this measure does not exclude the
possibility of integrity violation of the thermal interface during transportation or installation of the heat-
generating device on a heat sink without additional visual inspection before installation. Currently, there are
several methods for providing the thermal resistance when installing a heating unit on a heat sink.

Weighing on precision scales is a method that does not guarantee the required thermal resistance, since
it depends not only on the amount of heat-conducting compound, but also on its distribution between the heat
sink and the body of the device. With uneven distribution of the thermal interface, local overheating of the
element is possible [6].

Using a stencil is another method, where the required thermal resistance is provided by using the
optimal amount of thermal interface. Its amount depends on the thickness of the stencil, the area of the holes
and the distance between the holes and is calculated by the formula [7]:

VTIS = Shol. 'hst.’ 1)

where Vs is the volume of the thermal interface, Shol. is the total area of all holes in the stencil, and hg is the
stencil thickness.

This method does not allow for monitoring the thermal resistance of the system (heat element - thermal
interface — heat sink) after the system is assembled.

Simple comb-type Mechanical Thickness Gauges are widely used to provide the required thermal
resistance (Figure 2). The thickness gauge is installed on the surface to be checked with a thermal interface
with base teeth, and moves parallel to the surface under study, leaning on the base teeth. Because the
measuring teeth are at a known distance from the base teeth, the mark left by them on the thermal interface
layer indicates the thickness of the thermal interface.



54 1SSN 1811-1165 (Print); 2413 - 2179 (Online) Eurasian Physical Technical Joumnal, 2023, Vol.20, No.3 (45)

prongs

Measuring prongs

Fig.2. Comb Type Mechanical Thickness Gauge [6]

The disadvantage of this method is the damage to the layer in the inspection zone and the mandatory
visual check after each measurement.

Monitoring the thermophysical characteristics of a thermal interface using a transfer circuit is a method
that is implemented in many manufactured devices, which have a so-called temperature-dependent
parameter. The total thermal resistance “chip-to-case” or "chip-to-environment” Rrjx of semiconductor
devices is given by:

R Lo

Tix Ppn
where T; — semiconductor chip temperature; Tx — housing or ambient temperature; Pp, — heat dissipation
power of the device [19].

The method of monitoring standard thermal resistance requires the thermal resistance of the system
(heat-generating element body - thermal interface - cooling heat sink) to be determined through the values of
previously known thermal resistances and capacitances of the thermal circuit elements:

Cthz — I:)heat t ’ _— TSC(t) TSC(O) , (3)

TSC. (t) _TSC, (O) Pheat
where Preat — device power dissipation value; Tsc(t) — initial temperature of the device chip, Cuyz — heat
capacity, Rus — thermal resistance [20].

When determining the transfer function, it is necessary to maintain the temperature of the body of the
object constant, which complicates the control process and the scheme of the measuring installation as a
whole.

The modulation method for monitoring the thermophysical parameters of a thermal interface [21] has a
sequence of current pulses with a duration timp, Which is applied to the object under study, and can be
expressed by the formula:

tinp = Loy (14K -sin 2At), 4)

where ta — average pulse duration; k — modulation factor; f — pulse frequency [22].

In this case, the average heating power Phea(t) will be determined by the expression:

P..(t)=P, +P, -k-sin2zt, (5)
where P4, — average delivered power; Pya— peak-to-peak amplitude of the variable component of the
supplied power [23].

A non-linear change in the heating power affects the change in the chip temperature with some time
shift (temperature phase shift). The temperature phase shift is determined:

)

@ = arctg % ) (6)

where A(f) — imaginary component and B(f) — material component.
Functions A(f) and B(f) are defined through the discrete Fourier transform by the expressions:
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A(f) = %gTSC (t)-cos 27r(%),

2 & . i )
B(f)= WiZ:l:TSC () -sin Zﬂ(ﬁ).
Thermal impedance module |Zr(f)| defined as:
zT(f)=\/A2(f1,+Bz(f)- ©®)

The analysis performed showed that, at present, there is no non-destructive method for monitoring the
thermal resistance of the system with a heat-generating unit - thermal interface - heat sink in the assembled
state.

3. Mathematical Modeling

The main thermophysical characteristic of a thermal interface is its thermal resistance, which in the

steady state is determined by the formula:
AT

R, = (9)
where AT — temperature difference; P — thermal power flow passing through the thermal interface.

To measure the temperature difference at the boundaries of the thermal interface layer, it is necessary to
install two temperature sensors so that one of them has thermal contact only with the body of the
semiconductor element as close as possible to the thermal interface and does not have thermal contact with
the heat sink, and the second has thermal contact with the heat sink and does not have thermal contact with
the body of the semiconductor element. Installing temperature sensors in this way complicates the
verification process and introduces an error in determining the thermal resistance, because part of the heat is
dissipated in the body of the semiconductor device up to the temperature sensor [24].

When two metals of different chemical nature come into contact, due to the difference in charge carriers
at the external level, thermoEMF appears between dissimilar metals [25-28]. Due to the influence of
temperature on the concentration of charge carriers at the external level, the value of the electromotive force
in this case will directly depend on temperature:

E:(Tz _T1)E|n&’ (10)
e n
where T, —hot junction temperature; T; — cold junction temperature; k - Boltzmann's constant; e — electron
charge; n, — carrier concentration of heatsink material (alloys of WCu or MoCu); n; — body material carrier
concentration (alloys of Al or Cu).
Value:

k. n

_|n_21 (11)
e n

is a constant for two metals and is called the thermopower coefficient or the Seebeck coefficient and is

denoted by a. Formula (10) is shortened to the form:

E=(T,-T) «. (12)
Expressing AT from the formula (11) (AT=7>-T1) and substituting into the formula (9), we get:
E
R, =——. 13
ST 4P (13)

To determine the dependence of heat distribution in the object under study over time, as well as on
thermal resistance, we will build a mathematical model in which two cylinders with a radius R and a height
L, and L, are interconnected (Figure 3.a). The lower part of the cylinder with height L; at points A and D
heats up instantly to 100°C, which corresponds to placing the cylinder in boiling water. Heat is transferred to
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a cylinder with a height L,, and its upper part is cooled by air with a temperature corresponding to normal
climatic conditions. At the contact point of the cylinders, there is a heat-conducting layer with a thickness of
Is (distance B1B; in Figure 3.a).

100

B
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;80 -

60
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L b
» L
Temperature, °C
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|
| 40-
I
|

A 20 — T T T
R, 0 004 008 012 016 02
Height of clamped cylinders, mm
(@) (b)
Fig.3. Object under study; (a) Schematic representation, (b) temperature-time dependence
of heat distribution in the cylinder

The mathematical model assumes that the contact between the cylinders is ideal, the thermal
conductivity coefficients of substances are constant and do not depend on temperature, the temperature of
boiling water is constant and equal to 100°C, and the thermal resistance in the contact zone of two cylinders
is completely described by the effective thermal resistance of the contact layer.

By setting the parameters of the cylinders R=25 mm, AC=20 cm, AB;=19.5 cm, AE=19 cm,
AD=9.5 cm, the properties of the material of the cylinders correspond to the properties of the aluminum alloy
material (for example: AMg6, AW-5056, AW-Al, Mg5Cr, etc.), the properties of the material of the heat-
conducting layer correspond to the properties of the silicone heat-conducting paste SHCP-8 with a thickness
of 0.05 mm, according to the results of calculations, we obtain a temperature slice (Fig. 3.b) of heat
propagation in cylinders with lengths L1 and L, connected through a thermal interface layer.

As can be seen from the obtained temperature distribution, the effective heat distribution in the region
of 0.18 mm (Fig. 3.b) is deteriorated due to the low thermal resistance of the thermal interface compared to
the thermal resistance of the cylinders. This picture clearly shows the effect of thermal resistance of the
thermal interface on heat dissipation. When the specific thermal conductivity of the thermal interface and its
thickness change, the transition process establishment time and the maximum temperature change (Fig. 4).

50
} a
40
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o 30+
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3 i
20
b
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0 — T T T T 0 T T ‘ T T
0 100 200 300 400 0 0,2 0,4
Time, s Thermal interface thickness, mm
(@) (b)

Fig.4. Dependence of the temperature difference between two cylinders on: (a) time and on (b) the thickness of
the thermal paste, curve a - thermal conductivity of the thermal paste is 10 times less than the nomin value; curve b -
nominal specific thermal conductivity; curve c - thermal conductivity of thermal paste is 10 times higher than the
nominal



Engineering. 57

Comparing the curves in Fig. 4, we can conclude that after the rapid heating of the first cylinder, the
heating of the second cylinder occurs with some delay due to the finite value of the heat flux through the
contact boundary of the two cylinders. Due to the different heating rates of the cylinders, an extremum
appears on the graph. As the temperature of the second cylinder rises, the difference between the
temperatures of the first and second cylinders decreases and tends to a steady value. For different thermal
conductivity of the thermal interface, the steady-state value will be different, the higher the thermal
conductivity, the smaller the temperature difference between the cylinders. The value of the extremum also
depends on the thermal conductivity, the higher the thermal conductivity, the lower the value of the
extremum. The graphs in Fig. 5 show the results of a theoretical study of the influence of the thermal
interface thickness on the thermoEMF, whose value depends on temperature difference of the cylinders.
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Fig.5. Dependence of thermoEMF on the thickness of the thermal interface layer; (a) transient mode, (b) steady state

The change in thermoEMF in the transient mode is almost 4 times greater than in the steady state,
however, the nature of the dependence in the transient mode is nonlinear, and in the steady state it is linear,
which makes this mode more preferable for monitoring conditions.

The housings of power semiconductor devices are made of different materials (alloys of WCu or
MoCu), and in addition, they can be coated with nickel, tin, silver or gold, which have different Seebeck
coefficients. The influence of various coatings of the heat-generating unit on the thermoEMF is shown in

Fig.6.
400 —
300/
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Fig.6. Dependence of thermoEMF on time with a thermal interface of 0.1 mm thickness between aluminum and copper
coated with: a) nickel, b) tin, c) silver, d) gold, e) uncoated

Figure 6 shows that with respect to copper, nickel has the highest thermoEMEF. This is due to its large
value of the Seebeck coefficient compared to other materials [29]. Tin coating relative to copper gives the
smallest value of thermoEMF due to its small Seebeck coefficient, with a maximum value was 3.2 mV. The
remaining coatings give similar results due to the similar value of the Seebeck coefficient.
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4. Model Verification

To verify the proposed model, experimental studies were carried out, and samples similar to the
mathematical model were used as the object of study. The scheme of the experimental setup is shown in

Figure 7 [30-32].
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Fig.7. Schematic of the experimental setup

To measure the temperature difference at the boundaries of the thermal interface layer, two platinum
rhodium-platinum rhodium thermocouples DT1 and DT2 (manufactured by Elemer R&D company, Russia)
connected according to a differential circuit were used [33, 34]. The connection was carried out in such a
way that the distance from the thermocouple to the boundary of contact between the body of the power
semiconductor device and the heat sink was minimal. In addition, a high-accuracy millivoltmeter was
connected to both cylinders to measure thermoEMF. The silicone heat-conducting paste was placed in the
gap between the cylinders. The recalculated value of the temperature difference from thermoEMF and the
value of the temperature difference measured using thermocouples is shown in Figure 8. Figure 8 shows that
the deviation of the two dependences does not exceed 6 %, and the temperature difference caused by the high
thermal resistance of the thermal interface, even in steady state, exceeds the heat loss in the environment.
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Fig.8. Dependence of the temperature difference at the boundary of the thermal interface of two samples on time, (solid
line - measured by thermocouples, dotted line - measured using thermoEMF)

Further research was carried out using a cooling radiator made of AISi12 silumin alloy, SHCP-8
thermal paste, and a KT808 semiconductor transistor in a TO-220 electronic package. The TO-220 package
is widely used in the production of power semiconductor technology. Electronic package material is copper,
while package coating material is tin. Platinum rhodium-platinum rhodium thermocouples DT1 and DT2
were attached to the body of the TO-220 power element and to the heat sink through a heat-conducting glue,
connected in a differential circuit [35]. The connection was carried out in such a way that the distance from
the thermocouple to the boundary of contact between the body of the power device and the cooling heat sink
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was minimal. The dependences of the temperature difference between the body of the power device and the
heat sink, obtained by using thermocouples and by recalculating the thermoEMF are shown in Figure 9.

AL °C

Time, s Time, s
() (b)
Fig.9. Dependences of the temperature difference between the body of the power device and the cooling heat sink on
time; (a) obtained by using thermocouples, (b) obtained by recalculating thermos EMF, curve 1 - without a thermal
interface; curve 2 - with partially applied thermal interface (50 %); curve 3 - with applied thermal interface

The results of experimental studies of the dependence of thermoEMF on the area of coverage of the
body of the power element with a thermal interface show an almost linear dependence; with an increase in
the area of coverage, the thermoEMF linearly decreases (Fig. 10). Confidence interval does not exceed 8 %.
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Fig.10. Dependence of thermoEMF on: (a) percentage of thermal interface application, and on (b) on the thermal
interface coverage area of the body of the power semiconductor element

The obtained linear dependence of thermoEMF on the area of coverage of the body of the power
element with a thermal interface makes it possible to use the thermoelectric method to monitor the thermal
resistance of the system of the body of the power semiconductor element - thermal interface - cooling
radiator. The result of the theoretical calculation of the thermal resistance Rs, using formula (13) is shown in
Fig. 11, where the obtained values of the thermal resistance were obtained using linear filtering.

Variations in thermal resistance are characterized by a random error caused by temperature fluctuations
during the experiment. The measured average thermal resistance of the thermal interface is
(0.002721+0.0002) K/W, while the calculated value is 0.0025429 K/W, which implies that the difference
between the calculated and experimental values does not exceed 8%.

When using heat sinks or devices in electronic housings made of other materials, it is necessary to first
determine the calibration dependence of thermoEMF on the area covered by the thermal interface of the
power element housing. It should be noted that the thermoelectric monitoring method can be used directly
during the operation of electronic equipment.
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Fig.11. Thermal resistance of the thermal interface in steady state
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5. Conclusion

The thermoelectric method is proposed, for the purpose of non-destructive testing of the thermal
resistance of the system (electronic package of power semiconductor element - thermal interface - cooling
radiator). This method, in comparison with the method of measuring the temperature difference using
temperature sensors, gives a more reliable result due to the absence of the influence of the thermal resistance
of thermal sensors when installed on the body of the power semiconductor device and the cooling heat sink,
as well as the absence of thermal inertia of the temperature sensors. The proposed method makes it possible
to monitor thermal resistance with an error of less than 8 %.

Laboratory tests in the application of the proposed method confirmed the correctness of the construction
of the mathematical model and the theoretical justification of the method. The practical operation of the
developed method for monitoring the thermophysical characteristics of the thermal interface showed that the
developed monitoring system has high accuracy and repeatability.
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Today, there is a steady trend in the use of carbon fiber-reinforced plastics in the aerospace and defense
industries, mainly based on using pre-impregnated semi-finished products - prepregs. Producing carbon fiber
parts from prepregs often requires a long manufacturing time, during which the prepreg must maintain its
performance properties. Therefore, one of the main characteristics of prepreg is its viability. This work developed
a suitable resin composition with optimized properties and a methodology for studying the viability of prepreg
samples, based on determining the stickiness and degree of curing of the prepreg depending on storage time. The
influence of prepreg storage time on the strength characteristics of cured laminates was studied. Prepreg samples
with long-term viability of up to 60 days were obtained. The experimental data obtained are of practical
significance in the industrial production of carbon fiber products, as they establish a connection between the
performance properties of the prepreg and storage time.

Keywords: polymeric composite material, prepregs, resin, hardener, polymeric matrix, carbon fiber, viability.
1. Introduction

The use of carbon fiber materials is growing more urgent in the aviation and aerospace industries.
Compared to conventional structural materials in the form of metal alloys, carbon fiber-reinforced plastics
provide the high-strength/weight ratio. The specific strength of carbon fiber reinforced plastic reaches up to
53-112 km, aluminum alloys up to 21 km, steels up to 27 km, titanium alloys up to 28 km [1-5].

The present-day production of aerospace products from carbon fiber-reinforced plastics is mainly based
on prepreg technology. The core of this technology is to obtain a pre-impregnated reinforcement fiber by the
system of thermally-reactive matrices- prepreg. The use of prepreg provides an opportunity to obtain the
large-sized parts and guarantees a stable and good quality of product. However, this technology results in
long production cycles. The manufacture of composite parts from prepregs often requires time for laying and
preparation over several days or even weeks, during which the chemical reactions after completion of which
the prepreg loses all of its performance properties take place in the prepreg, that adversely affect the strength
properties of the final prepreg product. Therefore, one of the main characteristics of prepreg is its viability.

The viability of prepreg is the preservation of its technological properties (adhesiveness, drapability)
during storage until processing (from several days to several months) [6-8]. As evidenced by analysis of
scientific publications and patents, viability of the prepreg directly depends on the type of hardeners used.
The use of anhydride hardeners makes it possible to obtain prepregs with viability of up to 5 days, hardeners,
binders with aromatic amine hardeners diaminodiphenylsulfone and dicyandiamide have the greatest
viability of up to 360 days [9-12].

In this study, a resin composition suitable for prepregs with optimized properties for prepreg production
was developed. It is expected that change in the adhesiveness of prepreg due to aging will be its main
disadvantage, which directly affects the quality of manufacture and the final mechanical properties. The
works [13-17] contains the studies of the effect of prepreg storage time on physical properties, such as
adhesiveness, degree of cure, volatile matter content, jelling time, viscosity, establish a good correlation
between storage aging time when stored and conversion in curing, which indicates a decrease in the
generated reaction heat, fluidity, and increase in the degree of curing, viscosity. However, the prepreg
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composition is often not reported, that is crucial for a substantial understanding of the prepreg properties
dependence on storage time.

Furthermore, most references indicate a change in adhesiveness, but there is still insufficient data on the
effect on laminate quality [18-20], there is no generalizing disadvantage of changing prepreg properties in
the literature. In that regard, the study of mechanical properties and quality of laminates depending on
viability is of high research interest.

The purpose of work is a study of prepregs viability based on epoxy resin with aromatic amine hardener
to assess manufacturability and determination the dependence of adhesiveness, degree of cure and
mechanical properties on the prepreg storage time.

2. Experimental procedure

The prepregs used in the study have been obtained by impregnating a one-directional carbon woven
reinforcing filler 12K-300-230 with an epoxy binder with the following composition: 100 weight parts
modified epoxy-diane resin; 20 weight parts aromatic amine hardener 4,4'- diamino diphenyl sulfone, 10
weight parts plasticizer tricresyl phosphate [21-24].

The epoxy resin and hardener were loaded into a 300 ml beaker and combined under intensive stirring
at 500 rpm and 100 °C in a magnetic stirrer for 30 minutes, then a plasticizer was added to reduce the
viscosity. The components were mixed until a homogeneous mass was obtained.

The prepreg impregnation was performed on a laboratory prepreg preparation unit (Figurel), by passing
the carbon fabric through the binder bath heated to a temperature of 60 °C while pulling the fabric at a speed
of 0.5 m/min. The prepreg samples with a fabric/resin ratio of 65/35 have been obtained (Figure 2).
Ingredient control the mass ratio of fabric to resin in the prepreg is adjusted by changing the thickness of the
gap between the squeeze rollers to remove excess resin from the impregnated fabric. Fabric wetting width
300 mm. The ratio 65/35 was obtained with a gap thickness of 0.3 mm.

b)

Fig.2. Roll of experimental prepreg sample (a), experimental prepreg sample (b)
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There is no standard method for determining the viability of prepregs, therefore, this article discusses
various methods widely used in the global industry. The viability of prepreg samples has been determined by
evaluating its adhesiveness, degree of cure, and strength characteristics of cured prepreg laminates. The
samples were stored at room temperature 25 + 1 °C. The prepreg samples have been aged under ambient
conditions and tested periodically. The adhesiveness s is an important feasture of prepreg, the loss of which
indicates the expiry of its viability time.

The sounding method was used to measure adhesiveness. The adhesive capacity of the material to the
surface of the probe was determined under the ASTM D2979 standard [25]. The sample tests for
adhesiveness have been performed on a texture/mechanical properties analyzer with TA. XTplus Stable
Micro Systems sensitive force sensor. A diagram of measuring is shown in Figure 3.

Form

Compression Contact
V=2 mm/s t=30s
F=10N
Force, N

“Time, s

Fig.3. Scheme of measuring the adhesiveness of prepreg samples

The principle of this method is measuring the adhesiveness of adhesive-like materials, which include
epoxy prepregs using a probe that separates under driving force the prepreg (adhesive) from the cylinder
(substrate). The adhesiveness was measured as follows. The test sample was placed on a cylinder with a
hole. A weight was placed on top of the sample for contact pressure. The testing machine drives the probe
and returns the probe to its original position after contact with the sample, measuring the force required to
separate (detach) the probe from the prepreg. The adhesiveness is expressed as the maximum value of this
force. One of the indicators for assessing the viability, in addition to the adhesiveness of the prepreg, is its
degree of cure. Since it is important to have data on the degree to which prepregs cure and lose its
adhesiveness and draping properties [26].

The degree of cure of the tested (partially cured) prepreg is determined by the ratio of its heat of
reaction to the total heat of reaction of the uncured prepreg. Knowing the heat of reaction of 100% unreacted
material, it is possible to calculate the degree of curing of the sample using the following equation:

a=(1-2)+100 @

Hr

where Hs — total heat of reaction of the tested (partially cured) prepreg J/g; Hr — total heat of reaction of
uncured prepreg J/g [27].

The thermal effect of the curing process was studied on a DSC131 EVO Setaram differential scanning
calorimeter in the temperature range of 25-175 °C with the heating rate of 10 °C/min.



Engineering. 65

To study the effect of prepreg storage time on the strength characteristics of cured laminates, samples of
carbon fiber reinforced plastic have been obtained from 8 layers of prepreg in the form of plates. For
obtaining the prepreg laminates, a hand-molding method with subsequent vacuum treatment evacuation was
employed. From the obtained carbon fiber laminates, the samples for tensile tests (GOST 32656-2014) with
dimensions 250 x 25 x 2 mm and compression (GOST 33519-2015)] with dimensions 150 x 15 X 2 mm were
prepared. The samples were tested on RMG-100MG4 electromechanical testing machine.

3. Results and discussion

The dependence of the degree of cure on the storage time of prepreg was studied. To calculate the
degree of cure of the testing samples, the total heat of reaction of the uncured prepreg was determined
(Figure 4). As shown by the Figure 4, the total reaction heat of the uncured prepreg was Hr=1024 J/g. The
heat release reaction of the sample starts on the fifth minute, the duration of the exothermic reaction is about
80 minutes.

3504 ~ Exo
300 Heat : 1,024.938 (uV-s/mg)
& T:171.69 and 17338 (°C)
t: 4.8 and 86.6 (min)
250+ Peak Maximum - 175.518 ("C) /6.233 (min)
Peak Height : -130.146 (V)
2004 Onset: | /1
= Offset: 174.014 ("C) /12.942 (min)
= 1504 Baseline Type : Spline
=l Mass Used : 68.1 mg (initial)
3 :
= 100+
S 5o
= /
04 1
-504
-1004
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Time (min)
Fig.4. Total reaction heat of the uncured prepreg
Next, the heat of the curing reaction of prepreg samples after storage for up to 60 days was determined.

By way of example, the figures show the heat of reaction of prepreg samples after storage for 30 (figure 5)
and 60 days (Figure 6).
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Fig.5. Heat of reaction of the prepreg samples after 30 days storage
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Fig.6. Heat of reaction of the prepreg samples after 60 days storage

According to the experimental results, the total heat of reaction of the prepreg sample after 30 days of
storage was Hsi = 687 J/g, and the heat of reaction of the prepreg sample after 60 days of storage was Hss =
305 J/g. According to test results, it was found that the peak exotherm decreases with increasing storage time
of prepreg samples, this trend is the result of gradual partial curing of the matrix and phase separation during
shelf aging. The degree of cure of the partially cured prepreg samples was determined by the ratio of its
reaction heat H; to the total reaction heat of uncured prepreg Hr. The degree of cure o % was calculated
according to the formula (1).

The adhesiveness of the prepreg was investigated depending on the storage time at room temperature.

The prepreg samples were tested until they lost all of its adhesiveness. The results of the study of the degree
of cure and adhesiveness are shown in Figure 7.
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Fig.7. Dependencies of the degree of cure and adhesion of the prepreg samples on storage time

According to results of the study, the prepreg samples have retained its adhesiveness up to 60 days, and
the degree of cure of this sample was 63 %. When working with prepregs having a very high adhesiveness of
4.2 N/cm?, resin distribution and fiber orientation are severely disrupted or clots of reinforcing material are
formed. The ratio of components turns out to be inconsistent since the removal of separating foil or substrate
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from the prepreg always removes an indefinite amount of resin. A maximum adhesiveness depending on the
degree of cure is generated at a conversion of 43 % on day 40 of storage. With further storage a gradual
decrease in adhesiveness is observed, such prepreg performance is associated with an increased degree of
cure and increased viscosity of the prepreg matrix. After 61 days of storage, the prepreg samples completely
lose its adhesiveness with 70 % degree of cure. If the prepregs have no adhesiveness, it means that its
preparation has reached too high a stage and their shelf life has expired. Such materials can no longer cure
properly.

Therefore, the viability of prepreg samples was determined, which was up to 60 days. This long-term
viability achieved with the 4.4-Diaminodiphenylsulfone hardener is caused by availability of amine groups
with an aromatic ring; such amines slowly cure epoxide resines at room temperature. At room temperature,
the curing practically stops at the reaction with primary amine.

The average shelf life of commercially available prepregs at room temperature is about 30-42 days [28].
In the research work [29], the authors obtained prepregs with a pot life of 4 to 20 days. The authors of [30]
report that epoxy prepreg samples containing a cycloaliphatic amine can be stored at room temperature for at
least 50 days. In work [31], epoxy prepregs were obtained with the presence of protective polymers in the
curing system, which prevented the interaction of the hardener with the resin under storage conditions,
allowing the viability of prepregs to be increased to 10 days.

In order to establish the optimal limits of the adhesion indicators, a degree of prepreg samples cure and
to identify the relationship between these indicators and strength characteristics of the prepreg laminates,
dependence of its strength on storage time have been studied (Figure 8).
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Fig.8. Effect of the prepreg storage time on the strength characteristics of the laminate

The analysis of the results obtained, has demonstrated that within 25 days, the strength has increased by
19 %, with adhesion and curing values were 2.7 N/cm? and 25 %, therefore, these parameters can be taken as
optimal for prepreg based on epoxy resin with aromatic amine hardener. With further increase in storage
time of more than 35 days, strength factor decreases significantly. The reduction of laminates strength is
probably due to the fact that when the prepreg degree of cure is increased, the chemical activity of the matrix
decreases, which results in decrease in the interlayers hardness between layers at the matrix-matrix interface.
This trend of strength reduction after one month of prepreg storage is also observed in the studies [32-34],
the authors attribute this to decrease in fluidity and growth of viscosity and degree of cure of the binder in
the prepreg.

There are not many similar studies on the effect of storage time on tensile and compressive strength
indicators. In [35], prepreg laminates with a tensile strength of 921 MPa were obtained; storing the prepreg
for 60 days leads to a decrease in tensile strength by 33 %. As given in [18], based on the results of tensile
tests, it can be noted that there are no significant changes in strength after storage time after 60 days, a
decrease in strength from 1780 MPa to 1750 MPa.



68 ISSN 1811-1165 (Print); 2413 - 2179 (Online) Eurasian Physical Technical Joumal, 2023, V0l.20, No.3 (45)

As a result of the data obtained, the dependences of processibility and mechanical properties on prepreg
storage time have been established. The degree of cure is constantly increasing throughout the storage time
which is associated with a continuous continuation of the cross-linking reaction of the matrix. After 40 days,
the adhesiveness gradually decreases, after 45 days there is a significant decrease in adhesivenes, and the
degree of cure at this time is about 50 %. This is probably due to the fact that, as in all prepregs with
tthermally-reactive matrix with degree of cure 50-60 % resin reaches the gelatinous state (jellification),
where the resin behaves as a semi-solid gelling agent, and the adhesiveness reduces [36]. With a degree of
cure of a > 60 %, the resin gradually transforms into a solid state and the prepreg completely loses its
adhesiveness and the running ability to drape.

4. Conclusions

The viability of prepregs based on epoxy resin with diaminodiphenylsulfone hardener was studied using
a method to evaluate the adhesiveness, degree of cure, strength of cured laminates as a function of storage
time at room temperature. The prepreg samples with viability up to 60 days were obtained. It has been
established that an increase in the prepreg curing rate >40 % negatively affects the strength characteristics of
the prepreg laminates obtained by reducing the chemical activity of the matrix, which results in decrease in
the interlayer hardness between the layers at the matrix-matrix interface. The highest strength values of
laminates were obtained from prepreg samples with adhesiveness 2,7 N/cm? and degree of cure 25 %, after
25 days of storage. As a result of the data obtained, the dependences of processibility and mechanical
properties on prepreg storage time have been established.
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The paper presents the results of the design, development and manufacture of a microcontroller device for
reproducing sound information in the presence of a person. The description of the concept of a microcontroller
device and the architecture of the system are given. The technical specification for the manufacture of the device
and its software has been compiled. A prototype of the audio information playback device based on Arduino-UNO
was made. In order to reduce the cost of one product, the device was upgraded and the ATtinyl3A-SU
microcontroller was selected as the microcontroller. An electrical principal scheme, a printed circuit board of the
device and software for it have been developed. 17 operating audio information playback devices have been
manufactured. A technical solution for further improvement of the microcontroller device is proposed.

Keywords: audio bench, microcontroller device, printed circuit board, Arduino-UNO, ATtiny13A-SU, audio
information.

1. Introduction

The development of various fields of electronics, computer technology, data collection and
communications has created a favorable environment for the development of various areas of technic and
technology [1-3]. It is expected that the modern concept of designing and using electronic devices will
profoundly change our lives, allowing us to create ubiquitous, distributed, high-performance, high-speed
systems that can surprisingly change the way which we interact with the world [2, 3]. There are many
commercial, industrial, educational and cultural opportunities for the use of various electronic devices [4-7].

Intelligent electronic control systems can be designed in different ways, but it is reasonable to expect
that sensors, actuators and control units will be present in most applications. To do this, embedded hardware
platforms can be used to implement these elements, and there are many options available on the market.
Among the various platform options, open source platforms are gaining the most popularity among
developers. There are currently several good open source platforms. The presence of many research and
industrial projects developed using various platforms is a good indicator of which platforms are the most
popular. Such platforms include RaspberryPi, BeagleBoard, Arduino, etc.

Compared to other platforms, the Arduino platform has a number of advantages, representing a built-in
breadboard designed for projects in the field of electronics, but not necessarily working as a computer.
Arduino is used for automation and electronic projects that require repeated execution of certain tasks, and
therefore the software and hardware resources of this platform are more limited compared to other platforms.

Most Arduino models are developed using a microcontroller manufactured by Atmel (hereinafter,
Microchip), and most of them belong to the ATmega family (8-bit). In addition, this characteristic has two
practical meanings: firstly, the Arduino board is usually cheaper; and secondly, it has less computing power
than a conventional RaspberryPi or BeagleBoard [8, 9]. Special IDE (IDE - integrated development
environment) software developed by the Arduino manufacturer is used for software development.

Nevertheless, the simplicity of Arduino finds its place in many automation and control projects and
facilitates the manufacturing process of microcontroller devices. Arduino microcontroller devices are also
widely used in the educational process [10], for use in the mining industry [11], for use in smart cities [12],
etc. A good example of improving the quality of the infrastructure of Karaganda Buketov University is the
development of a device for reproducing a musical composition in the presence of a person. The
microcontroller device is equipped with a human detection sensor in a given geometric space for this. The
specified musical composition is played, when a person is detected.
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Despite the abundance of various electronic devices on such sites as Aliexpress, Ebay, etc., it is
impossible to buy an electronic device on these sites that performs all the necessary functions described
above. It is not possible to buy a device to play audio information at a certain scheduled time or when the
necessary condition or conditions are met.

Today it is impossible to imagine a modern city without recreation areas and benches. Modern
technologies make it possible to increase the comfort and standard of living of people. Interactive benches
("talking", "smart", "musical") are becoming popular objects with which residents of the city actively interact
[13] and thanks to the reproduced information and cultural aspect have become widespread in Russia
(Moscow, Tula, Nizhny Novgorod, etc.) [14, 15] and in far abroad (Great Britain, Sweden, USA, etc.) [16-
18].

A number of technical solutions for musical benches with a device for reproducing sound information
or sound are shown in Table 1. Thus, despite the widespread use of this idea, in each case the benches have a
different design, the reproduced information and schematic execution differ. The difference and novelty of
our technical solution is the automatic reproduction of sound information in the presence of a person,
increased attention to the vandal-proof characteristics of an electronic device and the possibility of

installing this device on any bench.

Table 1. Technical characteristics of a number of sound benches

Brief description of the The main technical characteristics, Cost
product, location Features of this solution
Solar Audio  Bench, | Activated by two buttons the electronics. Electronic kit -
National ~ Library  of | Programmable via supplied USB Programming Dongle 599 — 767 GBP
Wales [16] Audio Output: 1W into 8Q Speaker.
Frequency Range: 75Hz — 20KHz.
Audiorama’s sound | Custom-made bench for sound art in the public space. -
bench, Lund Stockholm, | 4 columns on a bench.
Sweden [17] The project is under development.

Touchme sound bench | Measures intensity of touch between people and turns it into sound. -
[18]

Play panca sound bench, | Big passive amplifier for enhancing voice from smartphones. Sound  bench-
Munich, Germany [19] Smartphones can put in the long end of the bank and listen to their | 31000 Euros
amplified music.

Microcontroller  device | Activation of the melody when an object is located at a distance of 1 | 50-75 dollars for
for reproducing audio | meter from the distance sensor. Vandal-proof housing, high moisture | kit

information, Karaganda, | protection
Kazakhstan

In this regard, the purpose of this work is to create a microcontroller device for reproducing audio
information with the ability to configure various functions performed. The main function of this device is to
play a musical melody when a person is detected in a given geometric space. Depending on the function
performed, the device can be supplemented with the necessary sensors, a real-time clock, additional non-
volatile power, etc.

The areas of use are not limited to the above functions. The information playback device can also be
used in a number of other applications, for example, accompanying visual information (painting, sculpture,
etc.) with additional information in various languages, reproducing information about a person being in a
prohibited area with a loud sound message, etc.

All of the above devices can be implemented on a single platform based on a single microprocessor
device.

2. Desing of microcontroller device

Initially, work was carried out to develop the concept of a microcontroller device. The device must
perform a number of functions:

1. Register the presence of a person in a certain place of space;

2. Reproduction audio information at the required volume;
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3. Repeat the execution of functions 1 and 2 in the presence of a person a specified number of times.

To speed up the manufacturing process of a microcontroller device, it was decided to create this device
using a number of functional modules:

1. A human presence sensor in a certain place of space;

2. MP3 player for reproduction audio information;

3. Audio frequency amplifier;

4. Microcontroller to coordinate the operation of all other functional elements of the circuit;

5. Necessary power supplies + 12V, +5V.

The JSN-SRO4T sensor was chosen as a sensor for detecting the presence of a person in a given space.
The ultrasonic element that allows you to send and receive ultrasonic pulses is designed for use at a distance
of 20 cm to 450 cm with an accuracy of 2 mm. The measured angle is 75 °. In our case, the operating
response distance was chosen to be 1 m.

A simple operation algorithm is selected for the operation of the device. The ultrasonic module, on
command from the microcontroller, sends a packet of 7 pulses to determine the distance to the object.
Information about the distance to the obstacle comes from the sensor with a delay. The information is
embedded in the duration of the pulse coming from the distance sensor. After determining the distance, the
microcontroller gives an impulse to start the MP3 player at a distance less than the specified one. After the
delay performed on the microcontroller and equal to the playback time of the melody, the cycle repeats.

In accordance with the component base and the algorithm of operation, an electrical functional circuit
of a microcontroller device for reproducing audio information was developed. In the first version, the
function of the microcontroller was performed by the Arduino Uno board (Fig. 1, a). Work was carried out
on it to launch a microcontroller device and check the coordinated operation of the main elements of the
circuit.

DFPlayer DFPlayer
JSN-SRO4T MP3-TF-16P JSN-SRO4T MP3-TF-16P
Ultrasonic sensor Ultrasonic sensor —
| |
J | J |
—— ~—Arduino Amplifier
Arduino Uno TDA2030A Nano TpAzRns
a b
) JSN-SRO4T
DFPlayer Ultrasonic sensor
JSN-SRO4T MP3-TF-16P
Lo Censor —L STM8S003F3P6
i Amplifier Amplifier
lé\/t\l”% TD\F)’OXO\ DFPlayer | | P
I A= aerate MP3-TF-16P TDA2030A
c d

Fig.1. Stages of work on the functional scheme of a microcontroller device for reproducing audio information

The sound quality of this system is determined by the frequency range of the audio frequency amplifier
(TDA2030A Audio Power Amplifier Module) of the speaker used for playback (VT-412, 60 W) and MP3
player used for sound reproduction (MP3-TF-16P or DY-SV17F).

The TDA2030A Audio Power Amplifier Module allows you to amplify the audio signal in the entire
audio range from 10 Hz to 20 kHz. It has low rates of intermodulation distortion [20]. The sound speaker has
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an operating range from 80 Hz to 20 kHz with a nominal operating power of 30 watts. Therefore, the
developed system allows you to get high-quality sound.

The prototype of the audio information playback device is made on the basis of the Arduino platform
using the Arduino-UNO microcontroller board. This prototype was installed in a gazebo located near
Building No. 2 (Faculty of Physics and Technology, 28A Universitetskaya Str., Karaganda) in the period
from early April to mid-June 2023.

To reduce the mass of the device, its dimensions and its cost, it was decided to replace the Arduino Uno
microcontroller with an Arduino Nano (Fig. 1, b). This concept showed the futility of its development and a
number of technical difficulties in implementing the device.

To implement the above algorithm and control the operation of all elements of the device, it is enough
to have a microcontroller with 2 pins, a minimum set of functions and the ability to control the operation of
external devices in the range from microseconds to seconds. Table 2 shows microcontrollers of various series
that meet the requirements for microcontrollers.

Table 2 shows microcontrollers with reprogrammable program memory. Comparing the data and
evaluating the advantages and disadvantages allowed us to choose ATtinyl3 as the main microcontroller.
The choice of this microcontroller was led by the presence of such parameters as high reliability of the
microcontroller, availability of technical support from the manufacturer, minimal and sufficient availability
of all necessary components, average price and availability of purchase compared to other series of
microcontrollers. Therefore, it was decided to replace the Arduino Nano with the ATtiny13A-SU
microcontroller, a family of eight-bit microcontrollers from Microchip [21]. A technical specification for the
manufacture of the device and software was compiled for the device based on ATtiny13A-SU.

Table 2. Technical characteristics of the main series's of 8-bit microcontrollers

Series/ main | Main Features Dignities Cost
types

PIC10/ RISC-microprocessor; - good continuity of different families; $0,8-
PIC10F200, 8-Bit Microcontroller; - a single free development environment MPLAB 1,6
PIC10F202, 6/8-Pin Flash-Based, IDE;

PIC10F204, Clock frequency — 4 MHz; - compatibility by pins, peripherals, supply
PIC10F206 Number of pins — 6; voltages, development tools, libraries and stacks

Program memory — 256, 512 Bytes | Of the most popular communication protocols;
- a wide range of different controllers with all

possible variations of peripherals, memory,
number of pins, performance, power and
temperature ranges, etc.

Auvr attiny/ RISC-microprocessor; - high performance/power consumption; $1,03 -
ATtiny13, Core — avr; - convenient programming modes; 2,5
ATtiny25, Data bus width — 8-bit; - wide range of products;
ATtiny45, Clock frequency — 20 MHz; - availability of hardware and software support;
ATtiny85 Number of pins — 8; - high load capacity of the outputs.

Program memory — 1/2/4/8 kByte
STM8/ RISC-microprocessor; - increased reliability; $2
STM8S103F3P6 | Core —stm8; - flexibility of work;

8-Bit Microcontroller; - stability of parameters;

Clock frequency — 16 MHz; - advanced options;

Number of pins — 16; - price/functionality ratio;

Program memory — 8 kByte - performance;

- a promising platform.

PADAUK/ RISC-microprocessor; - lowcost $ 0,066

PFC161-S08B 8-Bit Microcontroller;
Clock frequency — 16 MHz;
Number of pins — 6;
Program memory — 1 kByte
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3. Hardware implementation

The technical specification for the manufacture of an electronic board includes the following
requirements for the development of a printed circuit board. The overall dimensions of the printed circuit
board being developed together with the A325 power supply unit should be placed in a box of the KSC 11-
304 brand (distribution box o/n 125*125*50). The board has two holes with a diameter of 3 mm for attaching
the board to the KSC 11-304 box. The board is two-layer, with one-sided placement of components. The
second surface of the board is a polygon (grounded). The material is FR4. The minimum distance between
the conductors is 1 mm, the minimum width of the conductors is 0.5 mm. In narrow places, smaller distances
are allowed (it is possible to use jumpers for wiring tracks, no more than 5). The thickness of the copper foil
is 35 microns.

The scheme should contain the following components:

- JSN-SRO4T ultrasonic distance sensor with serial data transmission;

- DY-SV17F audio module mini mp3 player or DF Player mini;

- Hi-Fi sound amplifier, 18 W on a TDA2030A chip;

- ATtiny13A-SU microcontroller with one indicator LED connected to the ATtiny13A-SU 7 pin,
microcontroller restart button and power protection capacitors;

- Voltage stabilizer 5 V, brand 78M05 with input and output capacitors;

- Terminal contacts for connection to the +12V power supply circuit;

- By bringing the grounding to the circuit.

Climatic conditions of use of the device: moisture protection according to the IP43 standard, minimum
temperature not less than -10 ° C, maximum temperature 70 ° C.

The functional diagram of the device is shown in Fig. 1, b. The electrical schematic diagram is shown in
Figure 2. The main components of the circuit are:

- DY-SV17F audio module mini mp3 player (DD2, Figure. 2);

- ultrasonic distance sensor with serial data transmission JSSN-SRO4T;

- ATtiny13A-SU microcontroller (DDL1, Figure 2);

- converter and voltage stabilizer for 5V based on the 78MO05 chip (VT1, Figure 2);

- power supply (12 V, 2 A);

- speaker (60 W).

4. Software implementation

The technical specification for the software includes the following requirements for software
development. The program is a code in the C programming language for the AVR microcontroller. The
program implements the control of an ultrasonic distance sensor and playback of audio files using an MP3
player. The purpose of the program: the implementation of distance monitoring using an ultrasonic sensor
and the playback of audio files using DF Player mini at a given time. General requirements for the program
include: the program must be designed for an AVR microcontroller with a specified clock frequency F_CPU
9 kHz; the corresponding pins of the microcontroller must be connected and configured to work with an
ultrasonic sensor (TRIG_PIN and ECHO_PIN), DF Player mini (ADKEY_PIN) and LED (LED_PIN).

The functional requirements for software development are as follows:

- When the ping_ultra_sonic() function is called, the distance is measured using an ultrasonic sensor.

- When the enable_dht_player() function is called, DF Player mini is activated.

- The led_init() function initializes the pin of the LED.

Non-functional requirements for software development are as follows:

- Performance requirements such as delays (_delay us () and _delay ms ()) and distance
(G_DISTANCE) must be defined and configured according to the project requirements.

- The number of repeated triggers (G_MAX_TRIG) must be limited to a certain value.

- The requirements for the maximum delay of music playback (G_MUSIC_DELAY) must be defined.

The architecture of the system is as follows:

- The program is designed for an AVR microcontroller using I/O (input/output) ports for connecting and
controlling components.

- Implemented functions for working with an ultrasonic sensor, MP3 player and LED.
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Fig. 2. Electrical principal scheme of a microcontroller device for reproducing audio information

Initially, the software for controlling the operation of the device and the layout of the printed
circuit board of the information playback device with ATtiny13A-SU was written. The operation of
the electronic device and this software showed poor noise immunity. The main interference, leading
to false operation, was associated with the use of a switching power supply used to convert 220 V
A.C.to12V D.C.

Also, interference was observed from switching power supplies of LED lamps placed on the
alley located between the 2nd building of the University (Karaganda, Universitetskaya Str., 28A)
and the dormitories of the university (Karaganda, Universitetskaya Str., 28/4). The ground plane
was left on the reverse side of the PCB to increase noise immunity. Other methods to reduce the
effect of interference on the operation of the electrical circuit have also been used. The algorithm of
work was changed and the software for ATtinyl3A-SU was also changed to reduce false positives
of the device. It has been proposed to trigger sound information when reacquiring information about
a distance less than a threshold distance (G_MAX_TRIG= 3 or G_MAX_TRIG= 5, Fig. 3). The
algorithm of the program is shown in Figure 3. An application for an author's certificate has been
submitted for the software [22].

A printed circuit board of a microcontroller device for reproducing audio information and a
program for the ATtiny13A-SU microcontroller have been developed. The printed circuit board is
made using photoresist and chemical etching in a mixture of hydrogen peroxide and citric acid. The
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Sprint Layout 6 program was used to create and lay out printed circuit boards. The program has a
simple, intuitive interface and allows you to quickly produce non-complex printed circuit boards.
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Fig. 3. The algorithm of the program of the audio information playback device (All designations given in the algorithm
fully correspond to the designations given in the technical specification for the software)

5. Results and discussions

To transfer the drawing to the foil-clad paper-based laminate and fix the photoresist under the
action of ultraviolet light, inverting of Fig. 4, a was carried out. The inverted figure is shown in Fig.
4, b. The connection diagram of the 78MO05 converter for 5V voltage stabilizer based is shown in
[23]. The appearance of the printed circuit board (PCB) is shown in Fig. 5. To control the elements
in the diagram, software has been developed in the C programming language in the Microchip
Studio development environment for the ATtinyl3A-SU microcontroller. Microchip Studio is an
integrated development environment (IDE) for developing and debugging applications of AVR and
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SAM microcontrollers. Taking into account the analysis of characteristic malfunctions in the
operation of this scheme, the software was upgraded.

a) b)
Fig. 5. Appearance of the printed circuit board: a) view of the board from below b) view of the finished
board from above

Based on the results of work on the microcontroller device, 17 devices were manufactured, placed on
benches on the alley located between the 2nd building of the University (Karaganda, Universitetskaya Str.,
28A) and the dormitories of the university (Karaganda, Universitetskaya Str., 28/4) (Fig. 6).

Fig. 6. The appearance of the alley (a) and the place of attachment of the device on the bench (b)
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The location of the ultrasonic sensor in Figure 6, b is shown by the number 1, the location of the
electronic module with the speaker in the vandal-proof box is shown by the number 2. Sound output from the
sound column is made from the bottom of the vandal-proof box. This is done to eliminate the possibility of
water getting into the electrical part of the circuit. The top and sides are sealed and don’t allow water to enter
the box. The quality of sound information reproduction is high, which confirmed the operating time of the
devices. The devices in the sound alley were connected on May 15, 2023. At the time of submitting the
article for publication on September 1, 2023, 17 devices had been operating for 3.5 months 24 hours, 7 days
a week without turning off the power. To further improve the microcontroller device, it is proposed to use
the resources of the STM8S003F3P6 microcontroller, which is part of the JSN-SR0T4-2.0 ultrasonic
distance sensor. In this case, the functional diagram of the microcontroller device will have the form shown
in Figure 1, d. The use of this solution reduces the number of components used, reduces the cost of
manufacturing and increases the functionality of a microcontroller device for reproducing audio information
(the memory capacity of the STM8S003F3P6 program is 8 kilobytes instead of 1 kilobyte for ATtiny13A-
SU).

6. Conclusions

1. Work has been carried out to develop the concept of a microcontroller device for reproducing audio
information in the presence of a person. The device must perform a number of functions, the main of which
are the registration of the presence of a person in a certain place of space and the reproduction of sound
information with the necessary volume.

2. Initially, prototyping of a microcontroller device for reproducing audio information based on an
Arduino Uno board was carried out. The results of prototyping showed the operability of the chosen
technical solution and the possibility of its use in further work.

3. The work went from using the Arduino Uno board to the Arduino Nano board. Then it was decided
to develop a microcontroller device for reproducing audio information based on the ATtinyl13A-SU
microcontroller. The technical specification for the manufacture of the device and the software of this device
has been compiled.

4 An electrical principal scheme and a printed circuit board of a microcontroller device for reproducing
audio information for the ATtiny13A-SU microcontroller have been developed. The printed circuit board is
made using photoresist and chemical etching in a mixture of hydrogen peroxide and citric acid. Software has
been developed to control the operation of the audio information playback device. Based on the results of
testing the operation of the device, changes were made to the software. 17 devices were manufactured,
placed on benches located in the alley on the territory of the E.A. Buketov Karaganda University. At the time
the article was submitted to the journal, 17 devices had worked for 3.5 months without breakdowns.

5. Work is underway to improve the microcontroller device for reproducing audio information, aimed at
increasing the functionality of the device and reducing its production cost.
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To investigate the mechanisms of interaction of particles on structurally inhomogeneous surfaces, the
influence of surface morphology, distribution of interacting particles and their mobility on the mechanisms of
ongoing processes, various modeling approaches are widely used. The paper presents the results of comparison of
kinetic, statistical and fractal parameters changing in the process of heteroannihilation of particles distributed
chaotically and multifractally on a simulated structurally inhomogeneous surface. To simulate the complex
behavior of particles in time and space during heteroannihilation with changes in their mobility across the
surface and various interaction probabilities, a class IV probabilistic cellular automaton method was applied.
Based on the simuation results, it is shown that the interaction probability, initial distribution, and mobility of
interacting particles influence the formation of kinetic modes at different iterations of the heteroannihilation
process. It was found that a decrease in the mobility of interacting particles leads to a longer preservation of
spatial heterogeneity in the system. An increase in the mobility of interacting particles and the probability of their
interaction increases the rate of change in the fractal dimensionality and the rate coefficients of
heteroannihilation kinetics. Decrease of fractal dimensionality during heteroannihilation is accompanied by
decrease of asymmetry and increase of excess characterizing shape and degree of symmetry of distribution of
interacting particles. At the same time, large values of asymmetry and excess indicate a significant deviation from
the normal distribution of interacting particles on the surface.

Keywords:heteroannihilation, fractal kinetics, fractal dimensionality, structurally inhomogeneous surface,
multifractal analysis, interaction probability.

1. Introduction

To investigate the interaction mechanisms of particles distributed on structurally inhomogeneous
surfaces, various modeling approaches can be used to take into account the distribution of molecules, the
interaction radius, the rates of running processes, the surface morphology, thermodynamic and statistical
characteristics of the system. Such approaches include methods of fractal and multifractal analysis, which
can be used to describe numerically the evolution of complex systems, the mechanisms of processes
occurring in them, to identify the factors affecting the behavior of structurally inhomogeneous systems, to
establish empirical relationships between fractal parameters and experimentally determined microstructural
characteristics, to describe the inhomogeneous fractal object by means of the spectrum of fractal dimensions,
to establish connection between geometrical, statistical and kinetic parameters of the system, to identify the
type and number of interacting particles in the considered system [1-3]. In addition, fractal and multifractal
analysis are widely used in the study of luminescence kinetics and electron excitation energy transfer
processes in various media and on surfaces with different topologies [2,4-8], fermentative processes [9], the
dynamics of intracellular reactions [10-12], and others.

2. Theory and research methods
Various experimental studies have shown that the kinetics of processes in structurally inhomogeneous

media cannot be explained by the law of acting masses because of the anomalous, time-dependent behavior
of the rate constant [7]. The key factor in this special behavior is the reaction probability.
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For example, according to the approach proposed by Kopelman to describe the kinetics of all diffusion-
controlled reactions (reaction order > 2) in inhomogeneous media, the dependence of the rate coefficient on
time is described by the equation [7]:

k(t) =ky-t™" (1)

where ko is the rate constant in classical kinetics, t is time (t > 0), h is a fractal parameter or measure of
system dimensionality (0 < h <1). The fractal parameter h in the Kopelman equation increases with
increasing concentration of obstacles and particles that undergo transformations in the interaction. In this
case, the individual influence of the concentrations of obstacles and interacting particles is cumulative with
time. Schnell and Turner, who consider fractal kinetics, the rate coefficient of which follows the Zipf-
Mandelbrot distribution, propose another dependence of the rate coefficient on time:

_ _ko
k() = 5 0<h<1 )

In equation (2), the parameters ko and h have the same value as in equation (1), and r is a positive
constant that represents the time after which the reaction is affected by inhomogeneities in the distribution of
molecules, such as clusters of molecules [13]. In addition, a number of works have found that the diffusion
anomaly and fractality of kinetics increase with increasing medium density, decreasing the mobility and size
of interacting particles or obstacles [14-17]. In accordance with this, in this paper, we compare and contrast
the kinetic, statistical and fractal parameters of the processes occurring on the simulated structurally
inhomogeneous surface with chaotically and multifractally distributed interacting particles on it. The method
used in this work allows to standardize the description of the loss kinetics of interacting particles on surfaces
of different structure and morphology.

In this work we consider a model of a surface with inhomogeneously distributed interacting particles of
two varieties (4 u B) on it, which form disordered structures of different topology at the initial moment of
time and as a result of heteroannihilation. The interest in this kind of systems is related to the need to
understand the most general regularities in the behavior of complex nonlinear dynamical systems that reveal
a self-consistent tendency towards critical regimes [4-10,18].

Disordered structures on the surface were modeled by introducing the probability of filling the surface
nodes with molecules of each variety. The modeled surface and the particles of the two varieties distributed
on it were used to simulate the heteroannihilation process described by the equation of the form 4+B—0.
The particles considered in the simulation are analogs of donors and acceptors of electron excitation
energy.In modeling the heteroannihilation process, it was assumed that all particles are mobile. Particle
mobility was modeled as diffusion motion in a randomly chosen direction. To change the mobility of the
particles, the temperature of the simulated surface was varied in the range 193-281K. When distributing the
particles over the surface and modeling their mobility, it was taken into account that two particles cannot
occupy the same position on the surface at the same time. To simulate the complex behavior of interacting
particles on a simulated surface in time and space at a given probability of interaction in the considered
temperature interval and to reproduce the processes of heteroannihilation, the method of probabilistic cellular
automata of class 1V was used [5, 6]. A cellular automaton is a discrete dynamic system whose behavior is
completely determined by a set of local rules. The dynamics of cellular automata of class 1V depends on the
peculiarities of the initial distribution of interacting particles. Some initial distributions may lead to
degeneration of the automaton, others to the emergence of a cyclic sequence of states, others to continuously
changing activity patterns of interacting particles. In the process, various spatiotemporal structures may
emerge, change shape, and die. In the same environment qualitatively different processes with different
direction of evolution may arise. Application of cellular automata allows to describe nonlinear processes
observed in the system under consideration in discrete language, considering that the measured quantity itself
can take a finite set of values. The using of IV class probabilistic cellular automaton method for modeling
heteroannihilation processes between particles of different varieties at any iterative step results in
simultaneous changes in the state of the whole system. This allowed in the present paper to take into account
the connection between the state of the system at the microlevel and changes at the macrolevel during
computer modeling. The lattice model was used to simulate random wandering of particles involved in the
process of heteroannihilation, energy migration along the donor subsystem and its annihilation in the donor-
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acceptor pair when two particles of different varieties approach to a distance equal to the interaction radius.
The structure of the modeled surface was specified by the number of nodes and lattice dimension. The
dynamics of heteroannihilation processes on the modeled surface depended on the temperature of the system
under consideration, the activation energy, the initial concentration of particles of each variety, and the
nature of their initial distribution on the surface.

An iteration time (N), was chosen as the time step for modeling the processes of annihilation occurring
on the surface, representing the act of moving a particle to a neighboring free node on the surface and
interacting with a particle of a different sort located in the neighboring node of the simulated surface
(interaction radius) with a given probability. The position of interacting particles at each step of iteration was
varied synchronously with the number of free nodes in the nearest neighboring cells. After that the number
of remaining particles of each kind was counted.The analysis of the modeled system at different iterations
was performed using the multifractal analysis (MFA) method, which allows estimating the fractal parameters
of the matrix, such as the generalized Renyi fractal dimensions Dg, the ordering parameter 4, the
heterogeneity parameter h, and the entropy of the systemS. The heteroannihilation process was modeled at
different interaction probabilities (from 20% to 100%). An interaction probability equal to 100% corresponds
to the instantaneous annicc yjb6hilation of a pair of particles of different species located at a distance of the
interaction radius, while a decrease in the interaction probability allows the modeling of longer-lived pairs.
The interaction probability between particles at a distance greater than the interaction radius was assumed to
be 0%. All modeling results presented in this work included 3000 iterations on a 500x500 knot lattice. The
degree of surface coverage by particles of the two varieties was 40%. The ratio of particles of different types
was varied in the ratios 1:1, 1:2, and 1:5. No additional kinetic modes were observed at iterations greater
than 3000 for the selected lattice size and degree of surface coverage by the particles under consideration.
The program used for simulation was written in C++.

3. Results and discussion

A system representing inhomogeneously distributed particles on a structurally inhomogeneous surface
can be considered as a multifractal set consisting of subsets with different fractal dimensionality
characterizing the degree of spatial filling of the multifractal set. A change in the filling probability of fractal
subsets leads to a change in the kinetic dependences and characteristics of the processes occurring in such
systems. Taking this into account, when considering the kinetics of heteroannihilation on a structurally
inhomogeneous surface, several fractal subsets with different distribution patterns can be distinguished.The
total number of such subsets will be considered equal toK, and the fraction of particles of sort 4, distributed
over such subsets will be considered equal toAi, Az, As,..,Ak. For different fractal subsets the following
distributions of particles A and B relative to each other are possible: 1) particles of kind A have no particles
of kind B in the nearest coordination spheres.This case will correspond to the longest decay time (z), 2) the
number of particles of kind 4 <the number of particles of kind B that are at a distance of the interaction
radius (the first coordination sphere). This case corresponds to the shortest decay time (). All other types of
distributions in which the interaction zone of particle A contains several particles of kind B will be
intermediate, the decay time for which (z) corresponds to the conditiont; < t; < T,.This approach allows
us to approximate the kinetic dependence by the sum of exponents in the form:

10 = T, Ae7/m ©

In this case, if the distance between A and B is greater than the interaction radius, the exponent in
formula (3) must contain a value that depends on the medium dimensionality, the concentration of the
interacting molecules, and the interaction radius. This approach can also be used to study the processes of
remote radiation-free energy transfer, contact quenching of luminescence, reversible capture of charge
carriers by traps, and others [2].

Taking into account the presence of different kinetic modes in the fractal subsets of the system being
modeled, the fractal, statistical and kinetic parameters at different iterations that characterize the change in
the distribution of interacting particles during heteroannihilation were calculated. The fractal dimension d,
was chosen as a fractal parameter, asymmetry and excess were used as statistical parameters, and the
velocity coefficient kwas used as a kinetic parameter. Fractal dimension, or Hausdorff dimension, is a
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guantitative characteristic of a set of points in n-dimensional space, showing how densely points fill a
subspace when their number becomes very large. Excess and asymmetry have been used to describe the
shape and degree of symmetry of the distribution of interacting particles. Calculations of fractal
dimensionality, excess and asymmetry were performed using the Gwyddion software [19].

In determining the fractal dimensionality we considered the set of points Fembedded in the Euclidean
space Eqof dimension n> 1. n=1,23,...,.an arbitrary arbitrarily small number &> 0, defining an n-
dimensionale-cube in the space En. The minimum number ofn-dimensional &-cubes covering the set of points
F with the accuracy ¢denote Nn(¢g).Then, the expression for the fractal dimension of the set F will be [18]:

d¢ = dg[F] = ~lim =0’ )

From formula (4) we see that for Euclidean space E, the fractal dimension dr = n. In the general case

ds=n. Negative values ofd; characterize the degree of emptiness of the set. The limit in formula (4) exists if

the set F has the property of self-similarity or scale invariance.lf the number of points in an n-dimensional &

cube with number iis denoted by ni(e), then we can determine the probability that a randomly taken point
from the set is in an n-dimensional e-cube with numberi by the formula:

— iy D)
p,(e) ané?l o (5)

Accordingly, p;(e)in formula (5) characterizes the relative population of n-dimensional &-cubes in the
spaceEn. If the distribution of points in the cells is unequal, then the fractal is inhomogeneous, i.e. it is a
multifractal. In general case, multifractal is characterized by some nonlinear function [20]:

InZ(q,€)
Ine

1(q) = lim ,where — o0 < q < +x, (6)

e—0

determining the behavior of the statistical sum Z(q, €)for € — 0:

Z(qag): Zi(f) p?(g)ng(Q) (7)

Taking this into account, surfaces with multifractal and chaotic initial distributions of interacting
particles were modeled and the process of heteroannihilation was simulated using the probabilistic cellular
automaton of class 1VV. When modeling a surface with an initial chaotic distribution of interacting particles,
the Randomize random number generator was used to select the coordinates of particles on a planar lattice.
The change in the entropy of the system was chosen as a criterion for multifractal formation, the decrease of
which indicated the formation of surface structures differing from each other by statistical parameters such as
homogeneity and ordering. The change in the statistical characteristics of the particle distribution over the
modeled surface as a result of heteroannihilation can be estimated using the function f(a), which describes
the Hausdorff dimension spectrum of homogeneous subsets of the original set, which is a multifractal:

f(a) = qa — ©(q), where a = d;—(;’). The homogeneous subsets that give the largest contribution to the

statistical sum (7) for a given q are taken into account. The spectrum of generalized fractal dimensions of
Renyi D,, —o0 < q < +oo, whose calculation methodology is described in detail in [5, 21, 22, 23], can be
used to analyze changes in the fractal parameters of the particle distribution during heteroannihilation of
particles on the modeled structurally inhomogeneous surface. The values of the parameter g determine the
contribution to the statistical sum (7) of cells with different particle densities: from cells with the lowest
particle density and low probability of their filling (q—-) to cells with the highest particle density and high
probability of detection of such cells (q—). The function D,(gq) is monotonically increasing with
increasing q. Thus, for a homogeneous fractal all generalized fractal Renyi dimensions will coincide. The
parameters Dy, D; were the most informative for the purposes of this paper. D, is calculated at g=0 and
represents a constant value, which can be considered as a rough parameter for a multifractal. The calculated
value of the fractal dimension D, at g=1 characterizes the rate of increase in the amount of information with
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decreasing scale of the investigated structure. The numerical values of the parameters D,, D, did not exceed
2.36.

The examples of simulated surfaces with initial chaotic and multifractal distributions of interacting
particles at temperature T=273K and interaction probabilities of 100% and 20% in different iterations
(N=100 and N=2000) are presented in figure 1.

Fig.1. Changes in the distribution of interacting particles on the modeled surface at the temperature T=273K and
interaction probabilities of 100% (a, b, e, f) and 20% (c, d): a), ¢), €) - number of iterations N=100, b), d), f) - number of
iterations N=2000. Initial distribution of interacting particles is chaotic (a, b, ¢, d) and multifractal (e, f)

The normalized kinetic curves for the simulated heteroannihilation process at temperatures T=193K,
237K and 273K and interaction probabilities equal to 20% and 100% are shown in Figure 2 for the cases
with initial chaotic and initial multifractal distributions of interacting particles.
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Fig.2. Normalized kinetic curves for the simulated heteroannihilation process with initial chaotic (curves 1',2',3") and
initial multifractal (curves 1,2,3) distributions of interacting particles at temperatures 193K (curves 1 and 1"), 237K
(curves 2 and 2", 273K (curves 3 and 3") and interaction probabilities 20% (a) and 100% (b)
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In Figure 2 the initial number of particles of kind A on the modeled surface is Co, C=C(N) s the number
of particles of kind A for each N-th iteration of the simulated heteroannihilation process As can be seen from
Figures 1 and 2, the interaction probability, the initial distribution of interacting particles, and the
temperature-dependent mobility of interacting particles affect the formation of kinetic modes at different
iterations of the heteroannihilation process.

Figure 2 shows that the influence of the initial distribution of interacting particles is most pronounced at
lower temperatures (193K and 237K) and lower values of interaction probability (20%). This may be due to
the anomalous nature of diffusion of interacting particles over the simulated surface and dependence of the
"diffusion coefficient” K(r) of a particle on the distance r between its current and starting positions: K(r) =
r’, where @ is the index of anomalous straying on the modeled surface [24].This is confirmed by the
observed dependence of fractal dimensions on the number of iterations (Figure 3). The decrease in dsin
Figure 3 is associated with an effective decrease in the number of space points available to the diffunding
particle.
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Number of iterations, N

0 500 1000 1500 2000 2500 3000
Number of iterations, N

Fig.3. Changes in fractal dimension of the simulated system during heteroannihilation for the initial chaotic
(curves 1',2',3,4") and multifractal (curves 1,2,3,4") distributions at 20% (curves 1,1',3,3") and 100% (curves 2,2',4,4")
interaction probabilities and 193K (curves 1,1',2,2") and 273K (curves 3,3',4,4") temperatures. Inset: change in fractal

dimensionality during heteroannihilation for the initial chaotic (curve 2') and multifractal (curve 2) distributions at
100% interaction probability and 193K temperature

The values of fractal dimensions at 193K remain higher at 20% and 100% probabilities compared with
the same data for 273K. This indicates that in the distribution of interacting particles at low temperatures the
spatial heterogeneity persists longer. At the same time, as seen in the inset to Figure 3, the values of fractal
dimensions at low temperatures for the initial chaotic distribution remain lower than for the initial
multifractal distribution over the whole considered time interval. Thus, an increase in the mobility of
interacting particles, interaction probability, and changes in the free volume available to interacting particles
leads to a sharper change in the fractal dimensionality, and, consequently, to a change in the fractality of
heteroannihilation kinetics. This conclusion is consistent with the results of other works, e.g. [9, 25].

Similar trends are observed in the changes in asymmetry and excess during heteroannihilation (Figure
4). Large values of asymmetry and excess indicate a significant deviation from the normal distribution of
interacting particles over the surface. A positive excess means that the outliers in the data are more intense
than for the normal distribution. A distribution with significant negative asymmetry has a long tail to the left
of the mathematical expectation. At the same time, comparison of the dependencies presented in Figures 3
and 4 shows that decrease of fractal dimension as a result of heteroannihilation leads to decrease of
asymmetry and increase of excess. Analysis of the kinetic dependences of the modeled heteroannihilation
process showed the existence of two different velocity regimes at different time intervals: the short-term
interval (N<1500) and the long-term interval (N>1500). The calculations showed that the values of the
velocity coefficients at both the short- and long-time intervals depend on the initial distribution of interacting
particles, their mobility, and the interaction probability.As the mobility of particles increases, the velocity
coefficient for the short-range interval increases for both multifractal and chaotic initial distributions. The
only exception is the case with the multifractal initial distribution at the interaction probability of 20%, for
which the decrease of the rate coefficient with the increase of mobility of interacting particles was observed.
This can be due to anomalous diffusion of interacting particles, caused by formation of local stable structures
on the surface, limiting rapprochement of particles.
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Fig.4. Changes in asymmetry (a) and excess (b) of the simulated system during heteroannihilation for the initial chaotic
(curvesl',2',3',4" and multifractal (curves 1, 2,3,4") distributions at interaction probabilities of 20% (curves 1,1',3,3") and
100% (curves 2,2',4,4" and temperatures of 193K (curves 1,1',2,2") and 273K (curves 3,3',4,4")

For the long-time interval for both the chaotic and multifractal distributions, regardless of the
interaction probability, the velocity coefficient decreased as the particle mobility increased. The ratio of
velocity coefficients for the short- and long-time intervals increased as the mobility of particles increased,
irrespective of the interaction probability. The observed trends in simulations of interaction processes of
particles on a structurally heterogeneous surface indicate the fractal nature of the kinetics with different
degrees of fractality depending on the particle mobility, interaction probability and initial distribution of
interacting molecules, which is in agreement with the results of other works [9, 26, 27].

4. Conclusion

In this paper the process of heteroannihilation in a system representing a structurally inhomogeneous
surface with chaotically and multifractally distributed on it particles of two kinds at the initial moment of
time is modeled by the method of probabilistic cellular automata of class V. Comparison of Kinetic,
statistical and fractal parameters calculated for the considered system has shown their dependence on
interaction probability, mobility of interacting particles and character of initial distribution of interacting
particles throughout the considered iteration interval. The analysis of fractal dimensions at different
iterations of the heteroannihilation process allowed to establish that the distribution of interacting particles at
low temperatures retains spatial inhomogeneity longer, which is associated with a change in the fractality of
the kinetics of this process.

The effect of the initial distribution of interacting particles is most pronounced at lower temperatures
(193K and 237K) and lower values of the interaction probability (20%). This may be due to the anomalous
diffusion character of the interacting particles, caused by the formation of local stable structures on the
surface, limiting the convergence of the particles. In this case, the values of fractal dimensions at low
temperatures for the initial chaotic distribution remain lower than for the initial multifractal distribution
throughout the considered iteration interval. An increase in the mobility of interacting particles, interaction
probability, and changes in the free volume available for interacting particles leads to a sharper change in the
fractal dimensionality and, consequently, to a change in the fractality of the heteroannihilation kinetics.
Analysis of the kinetics of heteroannihilation showed the existence of two different rate regimes at different
iteration intervals. Thus, the method used in this work allows us to standardize the description of the loss
kinetics of interacting particles on surfaces of different structure and morphology.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUA

Kyuepenkxo M.I'., Kpyuunun H.IO.

AWHBIMAJTBI IEKTp opicinge OTKI3rimTiri ToMeH HaHOOO/IIEKTeri aacopOUUsJIAHFAH MOJHIIEKTPOJIUTTIH
KOH(GOPMALUSAIBIK KYPbLIBIMBbI

Hano0enmex mMaTepuanbHBIH IDIa3MaJIBIK KHUUIITIHEH €I0yip TOMEH JKHITIKTETi CBHIPTKBI TapMOHHKAIBIK ©3TepeTiH
KBa3HCTATHKAIBIK JJIEKTP OPiCiHAE MOIAPH3ANMAIAHATEIH CaJbICTEIPMANBI TYPIE TOMEH AJIEKTP OTKI3TIIITIKKE He
(;mermpyieHOeTeH JKapThUIAM OTKI3riImI) HAaHOC(EpOUATa aICOpOLMSIIAHFAH IIOJIMAJICKTPOJIUTTIH Traycc Ti3oeri
TYHIHJEPIHIH KBa3U-Tene-TeHMIKTI KOH()OPMALMSIIBIK KYPbUIBIMBI MOJICIIHIH aHAJIUTHKAIBIK (POPMAachl YCHIHBIIFaH.
KBasucraTukaiblK KybIKTay/laH THIC INBIFATBIH MOJEIb HYCKajJapbl TAJKbLIAHABI, SFHH JKETKUIKTI CO3BLIBIHKBI
HAHOKYPBUIBIMJIAp JKardaiblHAa OalKanaThlH KeIry ocepiiepiH eckepiieni. Mosekynanblk JTUHaMHKa 9JliCiMeH
CTaTHKaJBIK HEMece aiHBIMalbl CBIPTKBI 3JIEKTP OpICiHJe OpHaNacKaH cgepayblk TepMaHUi HAHOOOIIIETiHIH
OeriHzmeri >xammel Oedtapanm TOMHAM(OIUTTI HOJHMIIENTHATEPAIH SIIEKTPIIK WHIYKIVJIAHFAH KOH()OPMAITHSITBIK
e3repicrepi 3eprrenai. CTaTHKANBIK AJIEKTP opiciHAe NomnaM(pOINTTE 3apsaaTaiFaH OaillaHBICTap apachIHAAFH KBICKA
KAIIBIKTBIK JKaFMalibIHAa HAHOOOIIIEKTIH IONApH3alus oOci OaFbITBIHOA CO3BUIFAH MAaKpOTI30EKTiH KeITereH
inMexTepi madmga Oosmpl. Erep monmumentuaTiH KapaMma-Kapchl 3apsIITaNFaH aMUHKBIIKBUIAAPBIHBIH KaJABIKTAPEI
apachIHAAFBl apa-KAIIBIKTHIK HAHOOGIIIIEKTIH IHAaMETPIHEH apTHIK OoJica, OHIA 3apsATafaH TYWIHAEp HeTi3iHeH
MOJApU3ALMsIIAHFaH  TepMaHWi  HAHOOGNIIETIHIH  KapaMa-Kapchl —3apsAATajfaH  HOJSIPIBIK  aiiMaKTapblHZIA
JIOKaNn3alusUIaHFalH. AMHBIMAIBI 3JIEKTP ©piciHAe HaHOOOIIIEKTIH IKBATOPIIBIK aiiMarbiHAa Oenaeyli moauaMpoIuT
KMeri maiina Oonbl, OHBIH Makpo Ti30eKTepiHiH TYHiHIAepl NOoJSpU3aLMsUIaHATHIH alHBIMANbl AJIEKTP OPICiHIH
aMIUTUTYAAChl apTKaH Ke3/ie OSTTeH 1ecopOLnsIIaHIbI.

Kinm ce30epi: JapTbuiaii oTKi3rill HaHOO®JIIIIEK, MAKPOMOJIEKYJIa, KOHBIOraTTap, KOH(MOpMAIHsIap, MOICKYJIaIbIK
JMHAMHUKA.

Kyuepenxo M.I'., Kpyuunun H.IO.

KondopmanuonHasi cTpykrypa aacopOMpPOBAHHOIO MOJIMAIJIEKTPOJIUTA HA HAHOYACTHLE C HEBBICOKOM
MPOBOJUMOCTHIO B IEPeMEHHOM JJIeKTPHYECKOM MoJjie

[MpeanoxxeHa aHanuTH4YecKas GpopMa MOJEIH KBa3UPaBHOBECHOH KOH()OPMAIMOHHOI CTPYKTYPHI 3BEHBEB I'ayCCOBOU
LEeNU MOJMAJICKTPOINTA, aNcOpOMPOBAaHHOTO Ha HaHOC(HEpPOMAE C OTHOCHTENBHO HHU3KOH JIEKTPHIECKOH
MIPOBOJMMOCTBIO  (HEJNIETUPOBAHHBIM  MONYMPOBOAHMK), MOJAPU3YIOUIEMCS BO  BHEIIHEM  TapMOHHMYECKU
M3MEHSIOIMIEMCS] KBa3HCTaTHYECKOM 3JIEKTPUYECKOM II0JI€ C YaCTOTOM, CYyIIECTBEHHO MEHbIIEH ITa3MEHHOI 9acTOTHI
marepuajla HaHOYaCTHIIbI. O6Cy)I(I[aIOTCH BapUaHTbl MOJCIIK, BBIXOAAIIHUE 3a pPaMKH KBa3UCTATHYCCKOT'O
NPUOJIMKEHUS, TO €CTh Y4MThIBatoUue 3QQeKThl 3ana3ablBaHus, MPOSBICHHE KOTOPHIX OyAET 3aMETHBIM B Cilydae
J0CTAaTOYHO TMPOTSHKECHHBIX HAHOCTPYKTYP. MeTOI[OM MOHeKyHHpHOﬁ JAAHAMHUKN HUCCJICAOBAHBI JBJICKTPUYCCKU
UHAYIAPOBAHHBIC KOH(I)OpMaHI/IOHHLIe U3MCHCHHA B IICJIOM HeﬁTpaJ'ILHLIX HOHI/Ian)OJ'II/ITHI)IX TIOJIMIICIITUAOB Ha
TIOBEPXHOCTH chpeprueckoil repMaHNeBO HAHOUACTHUIIBI, HAXOASIIEHCS B CTATHYECKOM WIIM B IEPEMEHHOM BHEIIHEM
JIEKTPUUECKOM T10JIe. B cTaTHyeckoM 3JIeKTpHUYECKOM T0JI€ B CiTydae HeOOJBIIOTO PacCTOSHUS MEXLy 3apsKEHHBIMH
3BEHBbSIMH B MOJIHaM(OIINTE 00pa30BHIBANIOCH OOJIBIIOE KOJIWYECTBO METETb MAKPOIEH, BEITSHYTHIX B HAIPaBICHUH
ocHM TONApHM3allMM HaHOYacTUIBl. B ciydae, ecim paccTOSHME MEXIy MPOTHBOIOIOXKHO —3apsHKEHHBIMH
AMHWHOKHCIIOTHBIMH OCTAaTKaMH MOJIMNENTH/IA MPEBBIIIAT0 JUaMeTp HAHOYACTHUIIB, 3apPsDKEHHBIC 3BEHBSI B OCHOBHOM
ObUTH JIOKAJIM30BaHBl B IPOTHUBOIIOJOXKHO 3apsDKEHHBIX TPHUIOISAPHBIX 00JAcTAX IMOJISIPHU30BAaHHOW TIepMaHHEBOH
HAaHOYACTHUIIBI. B IepeMeHHOM 3JIEKTPUYECKOM I0Jie 00pa30BBIBANIACH OMOSACHIBAIOIIAS MONIHAMQOIUTHAS OIMYyIIKa B
9KBATOPHAIBHONM 00JIACTH HAHOYACTHUIIBI, 3B€HBSI MAKPOIIENTH KOTOPOM MPH YBEIMUECHUU aMIUIUTY bl TIOJISPU3YIOIIETO
MEPEMEHHOT0 AIIEKTPHUYECKOTr0 MO 1eCOPOMPOBAIUCH C TOBEPXHOCTH.

Knioueswte cnosa: nonynpoBOJHUKOBAas HAHOYACTUIA, MAKPOMOJIEKYJIa, KOHBIOTAThl, KOH(YOPMaNUH, MOJIEKyJIIpHas
JWHAMMKA.

bepoivexoe A.T., Xanenos O.C., 3unosves J1.A, laypunac B. 4., I'pysun B.B., /lona A.B.

AJIIOMHHMI OHIMIEPiHiH TeHi3 CybIHIAFbI KOPPO3USICHIHBIH cefedi.

¥ CBIHBUIFAH JKYMBICTa ATIOMHHUN OHIMACPIHIH TEHI3 CYBIHJAFbl KOPPO3HSACHI OHIMICPIiH OeTiHAeri aToMUHHIA
YAIIBIKTAPBIHBIH TOJBIK TOTHIKIAYBIHBIH CajJlapblHaH OoJajbl Jern OoJpKaHabl. AJTIOMUHHMN YSIIBIKTAPBIHBIH TOJIBIK
ToTeIKnaysl 450°C-ka nelinri temnepaTypajanapia TeKile OeTTIK OpTalbIKTaH/IBIPbUIFaH ATIOMUHUIN YSIIBIFBIHBIH
POMOTHI IIIKI JKYHECiHIH aJIOMUHHA aTOMIApbIMEH XHMUSUIBIK OPEKETTeCy YIIIH OTTEeri MOJICKYJaIapbIHBIH
SHEPTHUSCHIHBIH JKETKUTIKCI3IriHeH O0Jajbl. Honrer 5% CIUPTTIK epiTiHAiciHiH OeTi angeiH anma 450°C neiiin
KBI3IBIPBUIFaH OTTETIMEH OaiimanpicTa OOJIFaH KOHE YIBTPAKYITiH COyJIeNeHyTe YIIbIparaH alfOMUHUN (obramex 12
caraT OpEKeTTeCKEHIEe XUMHUSAJIBIK PEAKINS KbUIIaMIBIFBIHBIH alTapIIbIKTal TOMEHICHTIHAIr KepceTinreH. OTTeriHig
XUMHUSAJIBIK JKOFapbl OenceHni TypiepiMeH |2 caraTTBIK jKaHacy HOTWXKeciHAe ¢oJybra yirinepiHin OeTiHzaeri
QIOMHHHUHA  YSNIBIKTAPbIHBIH KOIIIUIrT TOJIBIFBIMEH TOTBIFAJIbl JKOHE IIBIH MOHIHJE TaJOreHJePMEH XHMHSUIBIK
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opekeTTecyre TYCHEHTIH KOPYH/IKa aifHaa bl gen O0KaHaIbl.
KinTri ce3aep: KBaHTTHIK-XMMUSUIBIK €cENTeyjiep, IIOMHHUI, aTlOMHHUH OKCHAl, KYOTBHIK Killl Xyiie, TOTBIFY,
rajoressep.

Bepouoexoe A.T., Xanenoe O.C., 3unosves JI.A, laypunac B. Y., I'pyzun B.B., /lona A.B.

IIpuynHa KOppo3uM U3euil U3 AJIOMMHUS B MOPCKOIi Bojie.

B mpencraBieHHON paboTe CHETAHO MPEAIIONOKEHHE, YTO KOPPO3WS ANIOMHHHEBBIX H3IEIHA B MOPCKOH Boae
BO3HMKACT HM3-32 HEMOJHOIO OKHCIICHUS S4eCK aTIOMUHMS HA MOBEPXHOCTH m3aenui. HemomHoe okucieHme sdeek
QTIOMHHUS POUCXOTUT II0 NMPHIWHE TOTO, YTO y MOJIEKYJ KHCIOpoAa mpu Temmeparypax mo 450 °C He xBartaer
SHEPruM Uil XUMHYECKOro B3aMMOJCWCTBHS C aTrOMaMH aJIOMHUHHS DPOMOHMYECKOHW ITOJCHCTEMBI KyOH4YecKOit
IpaHEeLIEHTPUPOBaHHON sueilku amomuHud. Iloka3aHo, YTO NIPOMCXOAUT 3HAUUTENBHOE YMEHBIIEHUE CKOPOCTH
XMMHUYECKOH peakIMu Mpu B3auMOAEHCTBUHU 5% CIUPTOBOTO pacTBOpa Hoja ¢ aIFOMHHHUEBOH (OJIBroil IOBEpXHOCTD
KOTOpOM MpenBapUTeNbHO B Te4eHUH 12 YacoB KOHTaKTHpoOBajla € KHUCIOpoaoM, HarpeteiM 1o 450 °C u
TIOJIBEPTHYTHIM yibTpaduoieroBoMy o0iyueHuto. [Ipenmnonaraercsi, 4ro B pe3ynbTare 12 4acoBOro KOHTAaKTa C
XMMHUYECKH BBHICOKOAKTHBHBIMHU (POPMaMH KHCJIOpoJa OOJbIIast 4acTh S9EEK AMIOMHHHS HAa TOBEPXHOCTH 0Opas3LoB
(ompru ObLIA MONTHOCTHIO OKHCIICHA, (PAKTUYECKH NMPEBPATHBIINCH B KOPYHA, KOTOPBIH HE BCTYMAeT B XUMHIECKOE
B3aUMOJCHCTBHUE C rajJoreHaMH.

KnioueBble c10Ba: KBAaHTOBO-XMMHYECKHE DAacueThl, ANTIOMHHWI, OKCHI aTIOMHUHHA, KyOWYecKas IIOJICHCTEMA,
OKHCIJICHHE, TaJIOTCHBI

Camaeea I'.E., bapamoea A.A., Cakunoe K.E., 960izanap A.A., Illapugoe /I.M.

Coo mosucTupoJi-yiepen xyiieci Herizinaeri kemipreri 6ap HAHOKOMIO3UTTIK Ka0bIKIIAIAP/IBIH ONTUHKAJIBIK,
KacuerTepi

KeMmipTek HeriziHaeri HAHOKOMIIO3UTTEP ©31iHIH Oipereil KacueTTepiHe JKOHE dPTYPJIi TEXHOJIOTHSIIBIK KOJIIanOamapaa
naiiianany MyMKIiHIIriHe OalIaHbICThI YIIKCH Ha3ap ayaapisl. bepinren skymbicta Ceo QysiepeH HaHOKOCTIANIApFa e
MOJIMCTHPOJT HEri3iHAeri kemipreri 6ap HAHOKOMIO3WTTIK MHONMMEPIi KaOBIKIIAJIApIbIH CHEKTPIIK KacHeTTepiH
aHBIKTAy YLIIH OKCIEPUMEHTTIK 3epTTeyliep JKypriziami. HoTmxkenep rmumctupon warpunacsiHa —QyJsuiepeH
HaHOO®JIIEKTEPiH KOCY MaTepUalIbIH ONTHKAJIBIK KaCHETTEPIiH XKAKCAPTAThIHBIH KOPCETTi. ATan aliTKaHaa, KeMipTeri
KOCTIaCHIHBIH KOHIIGHTPALMSICHIHBIH JKOFApPbUIAYBIMEH YITUICPAIH ONTHKAJIBIK THIFBI3ABIFBI  apTajbl, JKYTBLILY
ko3¢ (HUIIMEHTI apThIN, al THIABIM CallbIHFAH aiMak eHi a3asapl. bepinreH HoTwxkenep (QyJUiepeH HeTi3iHaeTi
HAaHOKOMIIO3UTTEP ONTO3NEKTPOHIB! KOHE HAHOTEXHOJIOTHSUIBIK KOJNJaHOanap YIIH IEpCHeKTHBTI MaTepHangap
OONBIT TAaOBUIATHIHBIH KepceTeli. Byl J>KYMBICTBIH HOTIDKENepl KeMipTeri Heri3iHAeri HaHOKOMITO3HTTED JKOHE
OJIAp/IBIH JJIEKTPOHUKA, SHEPTUSHBI CaKTay >KOHE CEHCOPJIBIK KOCBIMILNAJIApAbl Koca ayiFaHjaa Oipkarap cajianapia
nmaiianany oneyeri OOWMbIHIIA 3epTTEyJep CaHBIHBIH apTyblHA bIKMad eTemi. DyuiepeH  HeriiHaeri
HAaHOKOMIIO3UTTEPAIH JKaKCapThUIFaH ONTHKAIBIK KAaCHETTEPi OJapIblH JKaHa ONTO3JIEKTPOHIbI KYPBUIFBLIAD MEH
CeHCOpJIapAbl Kacay YIIiH ocipece maiinanbl 0OJybl MYMKIH €KEHiH Kepcereli. AJBIHFaH HOTHXenep QyJuiepeH
HeTi3iH/eri HAaHOKOMIIO3UTTEPl SPTYpJi TEXHOJOTHSIJIBIK KOJJAHy YLIIH JKaH-)KaKThl JKOHE MaHBI3[bl Marepual
peTiHae maiiiaganyablH KeH MYMKIHIIKTePiH KepceTei.

Kiar ce3nepi: HAHOKOMITO3UTTIK MTOTUMEPITi KaOBIKIIaIap, KOMipTeri HAaHOOOIIMEeKTepi, QyiuiepeH, TOTHUCTHPOIL.

Camaeesa I .E., bapamoea A.A., Caxunoe K.E., Aoouzanap A.A., Lllapugpoe /I.M.

OnrTnyeckue CBOMCTBA YIJIePOACOAePKAIINX HAHOKOMIO3UTHBIX IJIEHOK HA OCHOBE CHCTEMbI MOJIHCTHPOJI -
¢dyanaepen Ceo.

HaHOKOMIO3UTEI Ha OCHOBE YIJIEpOAa MPHUBICKAIOT 3HAYWTEIbHOE BHUMAaHHE Oylarojapsi CBOMM YHHKAJIBHBIM
CBOMCTBAM M BO3MOXXKHOCTSIM HX HCIIOJNB30BAaHUS B PAa3IMYHBIX TEXHOJOTHYECKUX NMPHIOKCHHUAX. B maHHOU pabote
MIPOBEICHB! SKCIIEPUMEHTAJIbHBIE HCCICIOBAHUSA II0 OINPENENIEHHI0 CHEKTPAIBHBIX CBOWCTB YTIIEPOJCOAEPIKAIINX
HAHOKOMIIO3UTHBIX MOJIMMEPHBIX IJICHOK Ha OCHOBE IMOJHCTHpOia ¢ HaHojgoOaBkamu ¢yiuiepeHa Ceo. PesynbraTh
MTOKa3BIBAIOT, YTO BKJIIOYCHHWE HAaHOYACTHI] (yUIepeHa B MaTPUIy IUIMCTHPOJA YIyUIIAIOT ONTHYECKHE CBOHCTBA
MaTepuaia. B wacTHOCTH, ¢ yBEIHMYCHMEM KOHIEHTPAIMH YTIEPOAHOM JOOABKM YBEIWYHBAETCS ONTHYECKAs
IUIOTHOCTH 00pa3IOB, YBEIWIHBAETCS KO3(PPHUIINEHT MOTIIOMICHNS U YMEHBIIAETCS [IIUPHHA 3aPEIIeHHON 30HbI. JTH
pe3yJIbTaThl MO3BOJISIOT MPEANOI0XKNUTh, YTO HAHOKOMIIO3UTHI Ha OCHOBE (PyJUIEPEHOB SIBIISIOTCS MEPCHEKTUBHBIMU
MaTepuallaMM JUIS ONTO3JEKTPOHHBIX W HAHOTEXHOJOTMYECKHX MpHIOKeHHH. Pesynprarbl 3T0i  paboThI
CHOCOOCTBYIOT pacTylieMy oObeMy HCCIeI0OBaHMH HAaHOKOMIIO3UTOB Ha OCHOBE YIJIepoJa M WX BO3MOXKHOCTEH s
UCIIONB30BAaHUA B psAne oOjacTed, BKiIIOYas SJIEKTPOHHMKY, XPaHEHHWE OJHEPIHMHU W CCHCOPHBIE IPHUIIOKEHHMS.
VYiry4nieHHbIe ONTHYECKHE CBOHCTBA HAHOKOMITO3UTOB Ha OCHOBE (DYJIIIEPEHOB IO3BOJISIIOT HPEANOI0XKHUTD, YTO OHH
MOTYT OBITH OCOOCHHO MOJIE3HBI JJIS pa3pabOTKH HOBBIX ONTOAIEKTPOHHBIX YCTPOHCTB M JAaTINKOB. [lorydeHHBIE
pe3yabTaThl TOKA3bIBAIOT IIMPOKHE IEPCHEKTUBBI HCIOIB30BAHMSA HAHOKOMIIO3MTOB Ha OCHOBE (yJUIepeHa Kak
YHHUBEPCAIBHON M MHOTO00EIIAIONTIA MaTepHal Ul Pa3INYHBIX TEXHOIOTHIECKUX TPHIMEHEHHH.

KiroueBble cj10Ba: HAHOKOMIIO3UTHBIE TTOJIMMEPHBIE TUICHKH, YTIEPOAHbIE HAHOYACTHUIIBI, (PyIIIepeH, TOIUCTHPOI.
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Ymamypaooea 1LILb., /lanues L. X., Paxmanos /1. A., Jlopowmkeeuu A.C., I'enoe¢ U.I'., Tyan II.JI., Kupunnoe A.K.
IInatunamen A QPy3uAIBIK-TerNpIeHIeH KoHe NPOTOHAAPMEH CcJyJeJieHreH KpeMHHiiaeri akay Ty3imy
npouecrepi.

Bepinren KyMbIcTa UMITEIAHC CIIEKTPOCKOIISCH 9/IiCiH KOJIIaHa OTHIPHIN, TUIATHHAMEH JierupieHrer N-tuma (N-Si)
MOHOKPHCTANIABl KPEMHHUHUIETI akayJplH Maiga Ooiy TMpoIecTepiHe TEXHONOTHSUIBIK PEKUMICPAIH JKOHE
HPOTOHAAPAbLl MMIUIAHTALMsAIAyAbIH (no3abic 5x10% Gemmex / cm?) ocepi seprrenumi. Kpemuuiinin siaextp
OTKI3TIMTITIHIH ~ pajWalisUIBIK — WHAYKLOMSUIAHFAH —~— e3repicTepi  KPeMHHWIAEri  KocmajlapMeH — JICTHPIICYIiH
TEXHOJIOTHSUTBIK, peXKUMACpIHE aNTapIbIKTal TOyenIi eKeHZIri aHpIKTanfad. [omorpadrap IuiaTHHaMEH JeTHpIEY
KPEMHHUii YITiNepiHiH 3J1eKTp KelepriciHiH TeMeHjeyiHe oKeneTiHiH kepceTti. 5,110 Genmextep / cMm? noszama 2
M5B sHeprusisl IPOTOHJAPMEH CAYJICNICHY 3€PTTENETIH KPEMHHUH YIrIepiHiH JIEeKTp KeAepriCiHiH aiTapibIKTai (2-
3 ece) aprybiHa okeneni. 1200°C temmepartypana JETHpJICHITEH YITUIEPAIH PaAHalMsIIbIK dCEpre CalbICTHIPMAIb
TYpJE XKOFaphl TO3IMIUTITI (KeaepriHiH e3repyi 16% - naH acmaiiibl: HOHIBIK UMIUTAHTAIMS HOTHXKECiHAe 55 KOM-1aH
65 kOm-ra npeiiin) 1100°C-nieH canbICTBIpFaHa KejeM/ie HOH (TIaTHHA) KOCIAJIapbIHbIH KOFapbl KOHIIEHTPALUsIChIHA
LIapTTajFaH JereH KOPBITHIHABIFA KEJIi.

KinT ce3nepi: kpeMHUI, IaTrHa, JierupIey, )Korapsl Temieparypaibsl 1uddy3us, IPOTOHABIK CoyJIeIeHY.

Ymamypaooea 1LL.b., /lanues LL.X., Paxmanos /1.A., Jlopomkesuu A.C., I'enoe U.I'., Tyan I1.1., Kupunnoe A.K.
Ipoueccsl nedexTo0OpazoBaHusi B KpPEeMHUHM, AU(PPY3MOHHO-JIETHPOBAHHOM IUIATHHOH U 00JIyYeHHOM
MPOTOHAMH

B HacTosmiel paboTe U3yueHO BIMSHUE TEXHOJIOTHIECKMX PEKUMOB M MMIUTAHTAIIMH TIPOTOHOB (1032 5%10™ wacTury /
cMm?) Ha nponecchl Ae(eKToo0pa30BaHus] B MOHOKPHCTAIMYECKOM KpeMHKH N-Tuna (N-Si), 1erupoBaHHOM IIaTHHOM
C HCTOJB30BaHHEM METOJIa HMIIEJaHCHOM CIEKTPOCKONUHU. YCTaHOBJIECHO, YTO paJAHaIlMOHHO-MHIyIHPOBaHHBIE
HW3MEHEHHs D3JIEKTPONPOBOJHOCTH KPEMHHMS CYIIECTBEHHO 3aBUCAT OT TEXHOJOIHMYECKHX PEKHUMOB JIETHPOBAHUS
npuUMecsMH B KpeMHUHU. [omorpadbl MOKa3bIBAIOT, YTO JIETMPOBAaHUE IUIATUHON NPHBOAWUT K CHHKECHHIO
3IEKTPOCONPOTUBJIEHNs 00pa3loB kpemuus. OOIydeHre IpoToHaMu ¢ dHeprueii 2 MaB B nosze 5,1-10%* wacTuiy/cm?
NPUBOJMT K 3HAUUTEIbHOMY (B 2-3 pa3a) yBEIMYEHHIO JJIEKTPUUECKOTO COMPOTHBIICHUS HCCIIEAYyEeMBIX 00pa3loB
KkpeMHHA. CrenaH BBIBOJ, YTO OTHOCHTEIBHO BBICOKAs CTOMKOCTh K PAaIMAIlMOHHOMY BO3JCHCTBHIO (M3MEHEHHE
comportuBieHus He Oomee 16 %: or 55 kOm mo 65 kOM B pesynbTaTe HOHHOW HMMIDTAHTAIMH) OOpa3IoB,
nerupoBaHHbIX mpu 1200°C, mpennonoXuTeNnsHo 00yclioBlieHa Ooliee BBHICOKOH KOHIICHTpalHeH IpuMeceld WOHOB
(mmatuabl) B 00BeMe 1o cpaBHeHHIO ¢ 1100°C. 00pa3mbl KpeMHHS.

KaioueBble ci10Ba: KpeMHHUH, IUIATHHA, JISTHPOBAHUE, BRICOKOTEMITEpaTypHas Au(Gy3us, IPOTOHHOE 0OIydeHHE.

bepesosckaa U.3., Tacmyxanosa A.9., Poicnaesa M.7K., Ocnanosa I11.C.

Cy#bIK OTBIHHBIH OYPKY KbLIIaM/IBIFBIHBIH KaHY NPoOIEciHe dcepiH caHABIK JIicIeH 3epTTey.

ByJt sxyMbIcTa CYHBIK OTHIHHBIH JKaHy KaMepachblHa OTBIH aiayAblH SpPTYPJi KbUIAAMIBIFBIHIA KaHYbl 3€pTTENI.
3epTTeneTin mpouectep Kejeci TeHAeyIep apKbUIbl CHIIATTAIAIBL: Y3IIKCI3iK, UMITYIIbC, SHEPTHs, K-£ TypOyIeHTTimiK
Mmojeni xoHe T.0. Ecentey akcnepumenti KIVA-II 6arnapnamanbik KypasiblH KOJIaHy apKbUibl xyprizinai. CaHabiK
9IiC THIMJII XKOHE OPTYPIi (pakTopIapabl €CKepe/li, MBICANIbI, KOII CAThLIBI XMMUSJIBIK TI30CKTI peakIusiiap, KbUly MEH
MACCaHbIH KOHBEKIIHS, COyJIeNIeHY, TYPOYJICHTTLTIK apKbLIbl Oepinyi sxoHe T.0. HBEKIHS KbUTIaMIbIFBIHBIH OHTAMIIBI
napaMeTpiiepiH aHbIKTay YLIIH TIeNnTaHIbl jKaHy KaMmepacblHa aiiiay J>KbUIIaMIBIFBIHBIH TENTaHHBIH JKaHy >KOHE
©3/IriHEeH TYTaHy MpoleciHe acepi 3epTrenai. ['enTanasr eHri3y KeumamMabsFsl 30 m/c apamsikieH 160-tan m/c 400-Te
M/c peitin esrepni. ['emran OemmiekTepiHiH OyiaHy aJABIHOAFBl ONIIEMJIEpPI MEH TEMIIEpaTypalblK Tapalyiapsl,
peareHTTep MEH XaHy OHIMIEPiHIH KOHIEHTpAIHs epicTepi, COHBIMEH KaTap *KaHy KaMepachIHAAFbl TEMIIEPaTyPabIK
epicTep >KaHapMalJbIH canTaMa apKbUIbl )KaHy KamMepachlHa aijjally bUIZaMAbIFbIHa OaiimaHeicThl anblHABL JKaHy
KaMepachlHbIH THIMAITITIH apTTHIPy >KoHE KOpIIaraH OpTara Kepi ocepiH a3alTy MakcaThlHAA TeNTaHabl aijay
JKBUIIAMIBIFBIHBIH OHTAMIBI Auana3oHsl 250 M/c — 280 M/c OOJIBITT aHBIKTAJIIEL.

KinTrik ce3aep: caHIpIK sicTep, KOMIIBIOTEPIIIK MOAECIBCY, XUMUSJIBIK KHHETHKA, CYHbIK OTBIHHBIH JKaHYbl, T€NTaH,
TypOYJIEHTTI KBUTY J)KOHE Macca ajMacy, aiinay, )kaHy KaMepachl.

bepesosckaa U.3., Tacmyxanoea A.A., Pvicnaesa M.JK., Ocnanosa I1I.C.

HcciienoBanue BIANSHUS CKOPOCTH BIPBICKA KM/KOI0 TOIJIMBA HA MPOLECC CTOPAHUS YHCIEHHBIM METO/I0M .

B nanHol paboTte ncciae0BaIoCch BOCIUIAMEHEHHE )KHUAKOTO TOIIMBA NPU PA3IMYHBIX CKOPOCTSIX BIPHICKA TOILUIMBA B
KaMmepy cropanusi. Mccienyemsle MpoLecchl ONMUCHIBAIOTCS CIEAYIOMIMMY YPABHEHUSIMU: HEPA3pPBIBHOCTH, UMITYJIbCa,
9HEpruH, k-€ MoJeny TypOyJIEHTHOCTH U IPYTUMH. BBIYHCIMTENBHBIN SKCIIEPUMEHT IPOBOJMIICS C HCIIOJIb30BAHHEM
nporpammuoro obecnedenust KIVA-II. Uucnennstit Mmeton 3h(heKTHBEH U YUNTHIBAET pa3yinuHble (PAaKTOPbI, TAKHE KaK
MHOTOCTYIIEHUAThIE XUMHUECKUE LIEMHBIE PEAKIMH, IEPEHOC KOIMYECTBA TEIIa U MacChl KOHBEKLUEH, H3TydeHUEM,
TypOyJEHTHOCTBIO U T. 1. MI3y4eHo BIMsSHUE CKOPOCTH BIPBICKA TENTaHA B KaMepy CrOpaHus Ha MpOIecC TOPeHUs U
CaMOBOCILIaMEHEHHsI TeNTaHa JUIs ONpeAeNeHHs ONTUMAbHBIX IapaMeTPOB CKOPOCTH BIpbIcka. CKOPOCTh BCHpPBICKA
renTaHa BappupoBaiack oT 160 m/c no 400 m/c ¢ unrepBanom B 30 m/c. [TonmydeHs! pacripeneneHus 1Mo pasmMepam u
TeMIepaType YacTHIl TelTaHa Iepe]l NCIapeHHueM, Mol KOHIICHTPAMK PEareHTOB M MPOIYKTOB CTOPAHMS, a TAKKe
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TEMIIEpaTypHBIC TIOJII B KaMepe CropaHusi B 3aBUCUMOCTH OT CKOPOCTH BIIPBICKA TOILIMBA Yepe3 POPCYHKY B KaMepy
cropanusi. OrnpeziesieH ONTHMaNbHBIN JAMana3oH CKOPOCTH BIPBICKAa remnrtaHa, cocTtasistroumi 250 m/c — 280 m/c, ¢
LENIbI0 TMOBBIMEHUS 3((GEKTUBHOCTH pabOThl KaMepbl CrOpaHHs W CHIDKCHHS HEraTUBHOTO BO3JCHCTBHS Ha
OKPYKAIOLIYIO CPEmy.

KnroueBble cj10Ba: 4iCICHHBIE METOIbBI, KOMIBIOTEPHOE MOAEINPOBAHUE, XUMUUECKAs KHHETHKA, TOPEHHE KHUIKOTO
TOIUINBA, TENTaH, TypOYJICHTHBIH TEIUIOMACCOIIEPEHOC, BIPHICK, KAMEPa CrOPaHHS.

Abouellail A.A., Chang J., Conoamoe A.H., Conoamoes A.A., Kocmuna M.A., Bacunvee H.M.
Kopnyc-TepmounTepdeiic-paguaTop xKyieciHin sKbly Keaepricin TepMo3jieKTpaik aKpLiay.

Makanana TepMOMHTEP(EHCIHIH KbUTyPH3UKAIBIK NapaMeTpliepiH aHbIKTay YLIIH TEPMO3JIEKTpPJIK Oakpuiay SaiciH
KOJIJJaHy YCHIHBUIAABI. TepMouHTepdeiic MeTail OCTTepHiH apachblHIa OpHAJACKAH, KYPBUIFBI >KYMBICHIHBIH Ke3
KeIreH Ke3eHIHIEe KbI3ABIPY Ke3iHme omapabiH apacbiHma TepMoOKK maiima Oonanmbl. XKeLTyaJIeKTpIIik omicTiH
JYPBICTBIFBIH PACTalTBHIH TEPMOXKYNTapMeH eofieHreH xoHe TepMoOKK keMeriMeH eJlieHTeH TemIeparypa
afBIPMAIIBUIBIFBIHBIH KBI3IBIPY YaKbITBIHAH TpauKTepi KentipinreH. I'padukTep Kblly KeACPriciH, TeMIIepaTypaHbIH
(IYKTyaIusChIH XoHE HOTIKECiHAe makna 6onran TepMoOKK eHri3y kesiHfe KbpuTy Oepy MpOIECiH KOpHEKI TypIe
Kepyre MYMKIiHAIK Oepeli. ¥CBIHBUIFAH OfiC TePMESUIBIK KeaepriHi 8% - maH a3 KaTeliKneH 0ackapyra MYMKIHAIK
Oepei.

Kinr ce3nepi: TepmonnTepdeiic, sxputy keneprici, TepMoIKK, 3ecOek adekTici, TepMOITCKTPIIiK OaKbLUIay.

Abouellail A.A., Chang J., Conoamoe A.H., Conoamoe A.A., Kocmuna M.A., Bacunvee U.M.
TepmodieKTpHUYEKHA KOHTPOJIb TEIUVIOBOT0 CONPOTHBJIEHUSI CUCTEMBI KOpIyC-TepMOUHTepdeiic-paguaTop

B craTthe MpemsioKeHO MPUMEHATh CIIOCOO TEPMOIICKTPHUCCKOTO KOHTPOJS UL ONPEACICHUS TEIIo()U3NICCKUX
napameTpoB TepmounTepdeiica. Tepmountepdeiic pacmogokKeH MEKAy METAUIMYCCKUMU TOBEPXHOCTSIMU, MEXKITY
KOTOPBIMH TIpH HarpeBe Bo3HukaeT TepmMoDJIC, Ha m000M 3Tame 3Kciutyatauuu npubopa. [IpuBeneHbl rpaduku
pa3HHUIBI TeMIIepaTyp OT BPEMEHU HarpeBa, M3MEPEHHOTro TepMOoIapaMH, U U3MEpeHHble ¢ momollsio TepMoI/C,
MTOITBEPKNAIOIINE MIPABHIBHOCTh TEPMOIJICKTPUUESCKOT0 MeToa. I'padvky MO3BOJSIIOT HAMIAAHO YBHICTH MPOIIECC
TEIUIOTIEPEelaud TIPU BBEICHHH TEILIOBOTO CONPOTHBICHUS, (IYKTyallMd TeMIEpaTypbl H Pe3yIbTHPYIOMEH
tepmodJIC. IlpenmaraeMblii METOX IMO3BOJSAET KOHTPOIUPOBATh TEPMHUYECKOE COMPOTHBIICHHE C TIOTPEITHOCTHIO
MeHee 8 %.

KuroueBble cjioBa: TepMoHHTEpdEiic, TerioBoe conpoTtusicHue, TepMoIJC, apdekT 3eebeka, TepMOITESKTPUICCKHMA
KOHTPOITb.

baiicepuxoe b.M, Epmaxanoea A.M., Hcmaunoe M.b., Kenoswcezynoe A.K., Kensrcanuee b.K.

ApoOMATThl aMUH KATAHTKBIIBI 6ap IMOKCUITI MABIP Heri3inaeri npenperrepain eMipueHairia 3eprrey.
Kasipri yakpiTTa aBHAIMsIIBIK-FAPBIIITHIK XKOHE KOPFaHBIC OHEPKACIOiHIe KOMIPTEKT] IMIACTUKTEP/i NaiaanaHyIbIH
TYpakThl YypHici Oaiikaiajabl, OJ HEri3iHEH alJblH aja CIHIIpUIreH jxapThulaii (abpukatrap - mpenperrepai
naiijananyra HeriszgenreH. [IpenperTik KeMipTeKTI IUIACTHUKAIBIK OeJIeKTeplai eHIlpy KeOiHece y3aK OHIIPICTIK
YaKbITThl KaXET eTelli, OHbIH OapbIChIH/a aJlIbIH-alla NaiJjalany KacueTTepiH cakray kepek. COHJBIKTaH MpenperTiy
HETI3Ti CHITaTTaMaJIapbIHBIH Oipi — OHBIH eMIpIICHIIT1. Byl )kyMbIcTa OHTalIaHABIPBUIFAH KacHETTepi Oap maibIp by
KOJIAMJIbl Kypambl JXQHE CaKTay YakKbIThIHA OaiJIaHBICTBI TPENPErTiH >XaOBICKAKTBIFBI MEH KaTalo J9peXkeciH
aHBIKTayFa HETI3JeNTeH Mperper YITUIepiHiH eMIpIISHIITIH 3epTTey 9Mici jKacalmbl. AJIBIH-alla CaKTay YaKbITHIHBIH
OHJICNITCH JTAMUHATTApIBIH OCpIKTIK CHIATTaManapblHa acepi 3epTreini. 60 KyHTe HeiiH y3aK eMipmieHmiri Oap
TIpeTper YATiJepi anbHIbL. AJBIHFAH 3KCIIEPHUMEHTTIK MOIIMETTep KOMIPTEKTI IUTACTHUKTECH JKacalFaH OyHbIMIapabl
OHEPKACINTIK OHIIPYAe MPaKTUKAJIBIK MaHBI3Fa ue, ce0ebi onap anaplH-aa JaifbIHIay IbIH NaiJanaHy KacHeTTepi MeH
cakray Mep3iM/epi apachiHaa OaliIaHbIC OpHATAIBI.

Tyiinoi ce3dep: monMMeEpJl KOMIIO3MLMSUIBIK —MaTepHal, Npenpertep, Wadblp, KaTaWTKbII, I[TOJUMEpII
0alITaHBICTRIPFBINI, KOMIPTEKT] TAJIIBIK, O©MIpPIICHIIK.

baiicepuxoe b.M, Epmaxanoea A.M., Hcmaunoe M.b., Kenoscezynoe A.K., Kenscanues b.K.

HccaenoBaHue KU3HECNOCOOHOCTH NMPeNperoB Ha OCHOBE IMOKCHAHOW CMOJIBI ¢ apOMATHYECKHMM aMHHHBIM
OTBepAuTeIeM

Hacrostmee BpeMst HaOmromaeTcst yCTOHYMBAsh TCHICHIMS HCIONB30BaHUS YIJICIUIACTHKOB B ABUAIIMOHHO-
KOCMHYECKON X 00OPOHHOW MPOMBIIIIEHHOCTH, OCHOBaHHASI IIPEUMYIIIECTBCHHO Ha MCIIOJIF30BAHHUHU MPEIBAPHUTEIEHO
MIPONHUTAHHBIX MONy(padpukaToB - mpenperoB. [IpOW3BOACTBO YITNEIUIACTUKOBBIX JIETaledl W3 MPENperoB 4acto
TpeOyeT UIUTENHPHOTO MPOU3BOJCTBEHHOTO BPEMCHH, B TEYEHHE KOTOPOTO TIPENper IODKEH COXPAHATh CBOHM
JKCIUTyaTallMOHHbIE CBOMCTBa. I[l03TOMYy OJHOW W3 OCHOBHBIX XapaKTEPUCTUK TIPENpera SBISIETCS  €ro
JKU3HECTIOCOOHOCTh. B nmaHHOW paboTe paspaboTaHa TOIXOASIMIAs KOMITO3UIUS CMOJBI C ONTHMH3HUPOBAHHBIMU
CBOMCTBAMH M METOJAWKA HCCIIEAOBAHMS >KH3HECIOCOOHOCTH O0pasIoB Tpemnpera, OCHOBAHHAS Ha OIPEACIICHUH
JIMTIIKOCTH M CTEIICHH OTBEPI)KICHMs MNpEnpera B 3aBUCHMOCTH OT BPEMEHH XpaHeHHs. V3ydyeHO BIMSHHE BPEMEHH
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XpaHeHHsl IIperpera Ha NPOYHOCTHHIE XapaKTEPUCTHUKH OTBEP)KICHHBIX JIAMMHATOB. BbUIM moiydeHbl 00pasibl
npenpera ¢ JUIMTEIBHOW XH3HECOCOOHOCThI0 N0 60 nHeid. IlomyueHHBIE DKCIIEPUMEHTAJbHBIE JAaHHBIE HMEIOT
MIPAaKTHYECKOE 3HAYEeHHUE MPH MPOMBIIUICHHOM ITPOM3BOJCTBE M3JEIUH M3 YIJIEIUIACTUKOB, TaK KaK yCTaHaBIMBAIOT
CBSI3b MEX[Y 3KCIUTyaTallMOHHBIMH CBOMCTBaMH IPETIPEra U CPOKAMHU XPAaHEHUSL.

Kniouegvie cnoga: mNONMMEPHBIA KOMIIO3MIMOHHBIH MaTepual, MpPENperd, CMONa, OTBEPIUTENb, ITOJMMEPHOE
CBSI3YIOIIEE, YIIIEPOIHOE BOJIOKHO, )KHU3HECTIOCOOHOCTB.

Tycynoexosa A.K., Aganacves /.A., Cenvorwzaee O.b., Kapabacoe B.A., Annvicosa I.K., Abvikenos A.T.,
ILleiinmauep 3.B.

JBIOBICTBIK aKNAPATTHI OPbIHAY/IbIH MUKPOKOHTPOJIJIEPJIIK KYPBLIFBICHIH 33ipJiey.

JXKymbIcTa agaMHbBIH KaThICybIMEH ABIOBICTHIK aKMapaTThl OMHATHIN OPBIHAAYIBIH MUKPOKOHTPOJUIEPIIK KYPBUIFBICHIH
xobamay, a3ipiiey  JKoHE  JabIHAAYy  HOTWOKEJepl  KenTipiireH.  MUKpPOKOHTpOJUIEp  KYPBUIFBICHIHBIH
TYKBIPBIMJIAMACHIHBIH CHUIIATTaMachl, )KYHEHIH apXuTeKTypachl OepiiareH. KypbUFbl MEH OHBIH OarnapiamMaiiblk
»KacaKTaMachlH jKacayFa TeXHHUKAJBIK TarcbipMma xacanabl. Arduino-UNO Herizinzae JbIOBICTHIK aKNapaTThl OpbIHIAY
KYPBUIFBICHIHBIH IPOTOTHITI kacalabl. bip eHIMHIH KYHBIH TOMEHAETY MaKCaThIHAA KYPBUIFBIHBI XKaHAPTY XKYpPri3iiii
xoHe Attinyl3A-SU MukpokoHTpoisiepi 0ackapy MHKPOKOHTPOJUIEpI pETiHIAE TaHAagbl. OJEKTp Cyi1dachl,
KYPBUIFBIHBIH 0acma IulaTacel JKOHE OfFaH OaFrmapiaManblK KaMTaMachl3 eTy o3ipieHni. JIpIOBICTBIK aKmapaTThl
oifHaTybIH 17 KOJIaHBICTaFrbl KYPBUIFBICH Kacaiabl. MHKPOKOHTPOJUIED KYPBUIFBICBIH OJAaH opi JKETUIIpYyIiH
TEXHHUKAJIBIK IETIIMi YChIHBIIIBI.

Tyiiinai ce3ep: My3bIKaIbIK OPBIH/IBIK, MUKPOKOHTPOJUIEPIIK KYpbUIFbI, Oacma miaracel, Arduino-UNO, Attiny13A-
SU, OpIOBICTHIK aKmmapar.

Tycynoexosa A.K., Aganacves /J.A., Cenvorwzaee¢ O.b., Kapabacoe B.A., Annwvicosa I.K., Abvikenos A.T.,
Hleiunmauep 3.B.

Pa3pa0oTka MUKPOKOHTPOJIJIEPHOTO YCTPOIiCTBA BOCIPOU3BE/IeHUsI 3BYKOBOIl HHpOpMauu

B paboTte npuBeneHb! pe3yIbTaThl IPOSKTHPOBAHUS, Pa3pabOTKU U U3TOTOBJICHUS MUKPOKOHTPOJIEPHOTO yCTPOWCTBA
BOCIIPOM3BEICHUSI 3BYKOBOW WH(OpManMyd B NPUCYTCTBUHM uelioBeKa. [IpuBENEHBl ONHMCaHHE KOHIICHIINU
MHUKpPOKOHTPOJUIEPHOTO YCTPOMCTBA, apXUTEKTypa CHCTeMbl. COCTaBIECHO TEXHWYECKOE 33aJaHHE HA W3TOTOBIICHHE
ycTpoiicTBa M €ro mporpaMMHoro oOecriedeHns. V3roTOBIEH HMPOTOTHII YCTPOHCTBA BOCIIPOM3BEACHUS 3BYKOBOH
nHpopMmanmu Ha Oaze Arduino-UNO. C memslo yMEHBIICHHS CTOMMOCTH OJHOTO W3Jeius Oblla TpoBeIeHa
MOJICpHH3AIMA YCTPOHCTBA M B Ka4dECTBE YIIPABIAIONIETO MUKPOKOHTpOJUIEpa ObLI BHIOPaH MHKPOKOHTPOJLIEP
Attiny13A-SU. Pa3paboranbl s5eKTprdecKasi MPUHIMITHATIBHAS CXeMa, NeYaTHas [iaTa yCTPOHCTBA U MPOrpaMMHOE
obecnieueHne Kk Hemy. M3rotoBineHo 17 neHCTBYIOMIMX YCTPOMCTB BOCHPOHM3BEICHHS 3BYKOBOH WH(OPMALIUU.
[pennoxkeHo TEXHUUECKOE PEeLIeHUE AaTbHEHIIEer0 YCOBEPIIEHCTBOBAHMS MUKPOKOHTPOJUIEPHOTO YCTPOICTBA.
KaioueBble ciioBa: My3bIKalibHasi CKaMbs, MHUKPOKOHTPOJUIEPHOE YCTpoiicTBO, mneuarHas ruara, Arduino-UNO,
Attiny13A-SU, 3BykoBast nH(opMaIms.

Kapcmuna C.I'., Mapkoea M.I1., Monoanazaposa y.

KypslibiMbl  OipTekTi emec OeTTepae MojejbAeHIeH Oe6JIIEKTepAiH TreTepOAHHUTMIALUACHI Ke3iHaeri
(paxkTanabIK, CTATHCTUKAJBIK KIHEe KMHETHKAJBIK NapaMeTpJepAiH e3repicine tanaay.

KypbutelMbl  GipTeKTI eMec jkKas3bIK OeTTepiaeri OemIIeKTepIiH e3apa JcepiepiH KapacThIpFaHIa, *a3blK OCTTiH
MOP(hOIIOTHSCH], dCEepIeCeTiH OONIMEeKTepAiH Tapalybl JKOHE OJIApABIH IIPOLECC KE3iHIeri  KO3FaNbICH JpTYpdi
MOJIENIIK 9MicTepAe KeHIHEH KOJJaHBUIIaNbl. BYJ JKYMBICTa KYPBUIBIMBI OipTEKTI €Mec JKa3blK OeTTe XaoCTHI JKOHE
MyIbTH(QpAKTANARl TapalfaH  OeNIIeKTepAiH TeTePOAHHHUTHIIAIUS TPOIeci Ke3iHIeri e3repeTiH KHHETHKAJbBIK,
CTaTHUCTHUKAIIBIK JXKOHE (pakTalabl TNapaMeTpiepiHiH CalbICTBIPY HOTHXKENepl KenTipinreH. IerepoaHHUTHIISAINSA
npotreci Ke3iHzeri OeumiekTepAiH OSTTIK KO3FaIbICBl MEH OpPTYpJl e3apascepiiecy bIKTUMAaJJIBIKTApbIH ©3repreHeri
OJIAp/IBIH YaKbIT JKOHE KEHICTIK OOMBIHINA ©3repeTiH KacueTTepiH UMUTaLusIay YiriH [V KnacTel bIKTUMAJIABIK YSIbI
aBTOMaT ofici KoimaHeUIAbl. OChUIAHIIBI MOJENBACY HOTIDKECIHIE TEeTePOAHHUTHIIAIMA NPOLECIHIH opTypii
UTEPANMACH KE3iHAE ocepieceTiH OONEKTEPAiH 9Ccepiiecy BIKTUMANBIFEL, OacTamKbl Tapalybl XoHE KO3Faly
epKIHZITT KHHETHKAJIBIK PEeXXUMICPIIH KYPhUTYybIHA 9cep eTeTiHIeri KopceTiai. OcepieceTiH OemeKTepAiH KO3Fary
epKIHJITIH TOMEHIETY apKbUIBI XYHeae KeHICTIKTIK OIpTeKTUTIKTIH 00MaybIH y3aFbIpak yaKbITKa caKTayFa OOJaThIHbI
KepceTini. ©OcepieceTiH OeJImeKTepiH KO3Fally EpKiHIINT MEH acepiieCy bIKTUMAJABIFBIH apTThIPY apKbUIbI
¢dpakTanapl ©JMIEMHIH ©3repy O KbUIIAMIBIFBIH JKOHE TI'eTEPOaHHUTWISAIMS KHHETHKACBIHBIH  KBUIAAMJIBIK
K03(h(pUIMEHTIH JKOFapbuIaTyFa OOJaThIHBI KepceTiai. [ eTepoaHHUTmIsIINs Ke3iHae GpakTanibl eJmemM/li TOMEHIETY
apKbIIBI ©3apa acepJieceTiH OeNImeKTepiH Tapaly CHUMMETPHSCHIHBIH JAEHreili MeH (OpPMachIHBIH CHIIaTTaMackhl
OoJbIll TAOBIIATBIH aCHMMETPUSHBI a3aiiTyFa »KOHE SKCIECCaHbl apTThIpyFa OONATTHIHABIFBI OaliKanabl. JlereHMeH,
aCHMMETpHUSI MEH DKCIECCaHBIH YJKEH MOHJEpl e3apa aceplieceTiH OelmIeKTepAiH KaJbIIThl OETTIK TapalyblHaH
AYBITKUTBIHBIH KOPCETEII.

Tyiiinai ce3nep: rerepoanHUTWIALNS, (ppakTangsl KHHETHKA, (PAKTAIABl NIIEMIUTIK, KYPBUIBIMBI OIpTEKTI emec
0eT, MyJIbTH(QPAKTAIIBIK TANIAY, 6232 OPEKETTECY BIKTUMAIIBIFbI.




SUMMARIES 93

Kapcmuna C.I'., Maprosa M.I1., Monoanasaposa V.

AHaTU3 W3MeHeHHs (PAKTAIBHBIX, CTATHCTHYECKAX U KHHETHYECKUX MapaMeTPOB NPH reTePOAHHHT HIISIIAN
YACTHII HA CMOIeJTNPOBAHHOI CTPYKTYPHO-HEOTHOPOTHOI MOBEPXHOCTH

IMpu w3ydeHHH MEXaHU3MOB B3aMMOJCHWCTBHS YACTUI[ HA CTPYKTYPHO-HEOJHOPOJAHBIX MOBEPXHOCTSX, BIHSIHUS
MOpP(OJIOTHH TOBEPXHOCTH, PACIPEICIICHNUs] B3aUMOACHCTBYIOIIMX YaCTHI[ M WX MOJBIKHOCTH HAa MEXaHH3MBI
MPOTEKAIONUX TPOIECCOB INMUPOKO MPUMEHSIOTCS Pa3IH4YHbIe MOJEJIbHBIE MOIXOAbl. B paboTe mpeacTaBieHbI
pe3yibTaThl CpPaBHEHHS U COIOCTABJICHHS KHHETHYECKHX, CTATUCTUYECKUX U (pPaKTaIbHBIX [MapaMeTpoB,
H3MEHSIIOIINXCS B MPOILECCEe TEeTEPOAHHUTHILSIIIMU YaCTHI[, PACTIPEACICHHBIX XAaO0THYCCKH U MYJIbTU(PPAKTAIBHO Ha
CMOJICIIUPOBAHHON CTPYKTYpPHO-HEOHOPOJHOM MOBEpXHOCTH. [IJii MMHUTAIMU CIOKHOTO TMOBEACHHUS YaCTHI[ BO
BPEMCHHU U B MPOCTPAHCTBE B MPOIECCE METCPOAHHHUTHIISAIUK MPH M3MCHECHUHM WX TOJBMXKHOCTH TI0 MOBEPXHOCTH U
PA3JIMYHBIX BEPOSTHOCTAX B3aUMOJICHCTBUS, MPUMEHSUICS METOJ BEPOSITHOCTHOTO KICTOYHOrO aBToMata IV kiacca.
Ha ocHOBaHMH pe3yNbTaTOB MOJCIHMPOBAHHS IIOKA3aHO, 4YTO BEPOSTHOCTh B3aMMOJCHCTBHS, HAYaIbHOC
pacrpeneieHue ¥ TMOJABIXKHOCTh B3aMMOJCHCTBYIOIIMX YACTHII OKAa3bIBAIOT BIUSHHE Ha (HOPMHPOBAHUE
KHHETHYCCKUX PEKUMOB Ha PA3HBIX HUTEpAlUAX NPOIecca TeTCPOAHHUTHISIMU. YCTAHOBICHO, YTO TOHWKCHUC
MOJIBIKHOCTH ~ B3aUMOJICHCTBYIOIIMX YaCTHIl  NPHUBOOUT K Oojiee [UIMTEIBHOMY COXPAHEHHIO B CHCTEME
MPOCTPAaHCTBEHHOW HEOAHOPOAHOCTH. YBEIHUYCHHE MOABUKHOCTH B3aHMMOJCHCTBYIOIUX YaCTHI[ U BEPOSITHOCTH UX
B3aUMOJICHCTBUSI YBEIUYUBAET CKOPOCTh H3MEHECHHUSI (PAKTaIbHOUW Pa3MEPHOCTH U CKOPOCTHbBIE KO3((HUIMEHTHI
KUHETUKHU TeTEPOAHHUTHISIIIMK. Y MEHbIIIEHHE (DPAKTAIBHON PA3MEPHOCTH MPH FETEPOAHHUTHIISILIUN COTPOBOKIACTCS
YMEHBILICHAEM aCHMMETPUHM M YBEIHUYCHHEM IJKCIECCa, XapaKTepU3yrmuMu (HOpMY U CTENEeHb CHMMETPUYHOCTH
pacrpezeneHus B3auMo ieiicTByomux qactuil. [Ipu 3ToM, Gosbline 3Ha4eHHsT aCHMMETPUH U JKCIecCa YKa3bIBAIOT Ha
3HAYHUTEILHOE OTKIIOHEHUE OT HOPMAJILHOTO PaCHpPEICTICHUS B3aUMOICHCTBYONIUX YACTHII IO TIOBEPXHOCTH.
KiroueBble cj10Ba: TeTepOAHHUTWIANUA, (paKTajdbHas KHHETHKA, (QpakTaibHas pPa3MEPHOCTb, CTPYKTYPHO-
HEOTHOPO/IHAS TIOBEPXHOCTh, MYJIbTH(PAKTATHHBIN aHAIN3, BEPOSTHOCTh B3aUMOICHCTBUS.
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