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Dear authors and readers!
Dear Colleagues!

The formation of the "Eurasian Physical Technical Journal" as an international scientific publication
with a non-zero impact factor, indexed in the Scopus database, continues to strengthen. Due to data as of
June 4, 2021 the Cite Score 2020 index “Eurasian phys. tech. j." equal to 0.5 with a maximum percentile of
23% in Energy; SJR 2020 = 0.194; SNIP 2020 = 0.182 () (in 2019 the Cite Score was 0.2). At the moment,
the Cite Score of 2021 is 0.6.

This confirmation of international recognition was achieved thanks to the “Eurasian phys. tech. j."
authors who submitted for publication the results of scientific research on the most pressing problems of
modern physics and technology, the high-quality work of the members of the editorial board and reviewers
and the financial support of our university.

At the same time, due to the pandemic, 2020 brought a lot of changes in almost all areas of human
activity: educational institutions and research centers switched to distance form, some production facilities
were forced to suspend their work. There were many losses among colleagues, friends and relatives.

In 2020 professor Daribekov S.D. and his wife died. They made a great contribution to the methodology
of teaching physics of our faculty. In May, Academician KM Aryngazin, the first dean of the Faculty of
Physics and Technology, would have turned 85 years old, who has trained more than one generation of
physicists, teachers, engineers and scientists.

Recently, we received information about the death of Doctor of Physical and Mathematical Sciences,
Professor S.E. Kumekov, who worked at the Kazakh National Technical University named after K. Satpayev
(Almaty). Full member of the Academy of Sciences of the Higher School and the Academy of Natural
Sciences of the Republic of Kazakhstan, professor S.E. Kumekov successfully combined scientific and
pedagogical work with organizational work. Almost from the very foundation of “Eurasian phys. tech. j. "
was a member of the editorial board, colleagues remember his valuable advice and recommendations aimed
at improving the quality of articles.

More than a year in quarantine conditions led us to a reassessment of everything around. There are an
understanding of the value of each day of life and communication with loved ones and colleagues even
remotely, the need to talk about warm relationships and wishes for good health and well-being. By tradition,
we congratulate the birthday - editors and experts.

We congratulate the doctor of physical and mathematical sciences, professor of the Kazakh National
University named after Al-Farabi named after al-Farabi Turmukhambetov Akylbek Zhursunovich on the
75th anniversary passed at February 2021! Professor A.Zh. Turmukhambetov is known as a representative of
the Kazakh scientific school of thermal physics. He worked at the our Faculty of the E.A. Buketov
Karaganda University for more than 30 years, having gone through the path of education from a teacher,
associate professor, head of the department and dean. Author of over 200 publications, including
monographs, textbooks and articles in prestigious publications. Hi is well known as an erudite professional,
an experienced teacher and a principled leader who has brought up more than one generation of teachers,
engineering and scientific personnel. Akylbek Zhursunovich has been an expert in the editorial board of
“Eurasian phys. tech. j.”, works in joint scientific projects.

On May 4, 2021 member of the editorial board of “Eurasian phys. tech. j.”, professor Alexander
Alekseevich Potapov celebrated his 70th birthday. Professor A.A. Potapov is a Chief Researcher at the
Institute of Radio Engineering and Electronics named after V.A. Kotelnikov RAS, Moscow, Academician of
the Russian Academy of Natural Sciences since 2007, Academician of the A. Prokhorov Academy of
Engineering Sciences since 2008, President of the Chinese-Russian Laboratory of Information Technologies
and Fractal Signal Processing, Guangzhou, China since 2011. A.A. Potapov was awarded 18 medals for
outstanding achievements in the field of engineering sciences in the creation of fundamentally new fractal
information technologies, awarded the title of Honorary Radio Operator of the Russian Federation (2006).
He is author of fundamental research in the field of fractal and textural approaches to the problems of radio
physics, radio engineering, radar and a wide range of related scientific and technological areas.
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Professor A.A. Potapov is an initiator of pioneering research and development in the field of application
of the theory of fractals in radiophysics, large-scale effects and fractal operators in radio systems in Russia.
Currently, under the leadership of Potapov A.A. a unique scientific school of fractal methods was created,
where he and his students formed a new fundamental direction "Fractal radiophysics and fractal radio
electronics: construction of fractal radio systems". He published in over 1150 scientific papers, including
over 45 monographs, 2 patents and 9 textbooks, according to the results of scientific works on fractal and
texture processing of information in the presence of intense noise, on fractal radio systems and fractal
radioelements, etc.

We sincerely wish our anniversaries good health, prosperity, great creative successes and achievements.
We hope that in the future your work as a member of the editorial board will contribute to strengthening
international cooperation and improving the quality of “Eurasian phys. tech. j."

This issue presents original scientific articles devoted to solving urgent problems of modern technical
physics. The use of modern research methods allows authors to find new properties. For example, the
possibility of obtaining macroscopic mesoporous structures with noticeably reduced values of the Curie
temperature has been established. The description of the pore morphology was carried out using the methods
of fractal geometry. In another work, modeling on the basis of a nonlinear fractal model of the relationship
between the distance to the observed galaxy and its coordinate made it possible to determine the value of the
global Hubble parameter from astrophysical observations without using the ACDM model.

Researchers at the Institute of Molecular Nanophotonics have succeeded in obtaining carbon quantum
dots using the method of microwave synthesis using modern instrumental equipment. Another study showed
that the addition of silver nanoparticles to porous alumina films leads to an increase in the absorption cross
section and an increase in the quantum yield of dye fluorescence in porous alumina films. The results of a
nanoscale study of the kinetics of radiation damage to heat-conducting, insulating and mechanical properties
in polycrystalline ceramics based on aluminum nitride under irradiation with helium and hydrogen ions have
interesting application in future.

The results of studying the electrical transfer in ceramic samples of Li — Ti ferrites sintered under
radiation-thermal conditions; the influence of preliminary annealing of films of zinc acetate solution on the
morphology, structure, optical properties of the formed ZnO films and also on the photovoltaic properties of
polymer solar cells, etc. have an important practical application. The developed thermoacoustic converter of
heat into mechanical vibrations, which are then converted into electric current, is very interesting from a
practical point of view. The proposed methods of reducing the flammability of polymers by adding a matrix
of special substances with the properties of blocking the combustion process are important for practice.

Our authors used modern instrumental and industrial equipment in their studies, for example, processing
on an industrial pulsed accelerator in air, scanning electron microscopy, X-ray phase analysis and differential
scanning calorimetry, etc. Modeling of macro and micro phenomena was carried out using modern numerical
methods, and the use of computer analysis made it possible to create an effective energy analyzer of charged
particle beams based on multipole electrode systems and to develop an algorithm for processing satellite
data.

We hope that the proposed scientific works will interest our readers, as well as the materials of the next
issues.

Respectfully,
Chief Editor, Saule E. Sakipova
Kazakhstan, June, 2021
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ON THE TRANSITION BETWEEN FERROMAGNETIC
AND PARAMAGNETIC STATES IN MESOPOROUS MATERIALS
WITH FRACTAL MORPHOLOGY

Shishulin A.V."", Potapov A.A.%3%, Shishulina A.V.45

1G.A. Razuvaev institute of organometallic chemistry, Russian Academy of sciences, Nizhny Novgorod, Russia,
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2\ A. Kotel'nikov institute of radio engineering and electronics, Russian Academy of sciences, Moscow, Russia
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“R.E. Alekseev Nizhny Novgorod State technical University, Nizhny Novgorod, Russia
5N.I. Lobachevsky Nizhny Novgorod State University, Nizhny Novgorod, Russia

In this paper, we have shown how the presence of pores and pore morphology influence on magnetic phase
transition temperatures in mesoporous ferromagnetic materials. Model calculations have demonstrated the
possibility to obtain macroscopic mesoporous samples with notably reduced Curie temperatures which is also
further depressed in the case the pore morphology is more complicated. The results have been obtained on the
basis of the experimentally verified correlation between the Curie temperature and cohesive energy of the
material and illustrated using the examples of pure mesoporous iron, nickel and cobalt while pore morphology
has been determined by the methods of fractal geometry. Several practical applications of mesoporous materials
with tuned values of the Curie temperature have also been discussed in the final section.

Keywords: mesoporous materials, second-order phase transition, ferromagnetism, Curie temperature,
cohesive energy.

Introduction

Nanostructured ferromagnetic materials are objects of a considerable interest among researchers [1].
Tremendous attention is being attracted to such materials in recent years due to a wide range of their
technological applications including high-density information storage devices [2], magneto-optical sensors
[3], spintronics devices [4], biomedical technologies [5] etc, as well as a set of phenomena of fundamental
interest such as superparamagnetism [6], giant magnetoresistance [7, 8], complicated dynamics of magnetic
skyrmions [9] or magnetic catalysis [10]. One of the main and vital parameters which determine the behavior
of ferromagnetic materials is the Curie temperature (temperature of a second-order phase transition when
magnetic ordering disappears and ferromagnetic materials become paramagnetic). It is well-known that
nanoscale particles or grains of a ferromagnetic material exhibit a lower Curie temperature [11-20] which is
(as well as some other parameters, e.g. the saturation magnetization [16], characteristics of hysteresis loops
[20] or magnetic anisotropy constants [21]) size- [11-20] and shape-dependent [14,15,20]. Such size- and
shape effects in nanoparticles are commonly related to an increase in the surface-to-volume ratio with
decreasing the size of a nanoparticle and “complicating” its shape which causes an increase in the fraction of
lower coordinated atoms near the surface edge with magnetic characteristics (e.g. magnetic moments,
exchange integrals etc. [19]) different from the bulk ones. Such regularities could be described using various
approaches including models based on the spin-spin correlation length mechanism [11], on the bond order-
length-strength correlation combined with the Ising preposition [12],on Monte-Carlo [19,20] and molecular-
statics simulations on the Ising model [20] or on the size- and shape-dependent cohesive energy of
nanostructures [14-16].

Note that high surface-to-volume ratios and fractions of surface atoms could be obtained not only in
nanopowders or in nanocomposites containing nanoparticles distributed in a matrix, but also in microporous
and mesoporous materials, while porous samples of such materials can be macroscopic-sized [22-24].
Formation of such structures is possible, for example, during the early stages of spark plasma sintering [25],
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laser sintering [26] of nanopowders (a review of synthesis methods of nanosized powders has been presented
by M.K. Berner et al [27]) as well as using a variety of other techniques, e.g. [28].

1. A cohesive energy-based model for magnetic phase transitions in mesoporous
media.

The object of simulation is a mesoporous material with the given volume fraction of pores, @ .In order
to take into account possible irregular and complicated pore shapes [28], let us introduce two parameters for
their description. The first one is the effective diameter of the pore, deg, which is equal to the diameter of a
spherical pore of the same volume, and the second one could be, for example, the pore shape coefficient, £.
The shape coefficient is the ratio between the surface area of the pore under consideration, 4, and the

surface area of the sphere of the same volume, 4, : k = A/ A4, (in details, such approach and its variants have
been described in [29-32], being applied to porous structures. In [33], some other geometry considerations
could be found). The number of pores in 1 g of a material, N, could be calculated as N, =6all g/ ( Ipd; )

where p is the material density. Factor 1 g has been introduced to match the units. The specific surface area,

A,,, could be expressed as 4, =N Dzkd// =6ak Dlg/ (,Od,/) To estimate the influence of the pore

morphology on the Curie temperature of a mesoporous material, let us use a simple expression describing the
relation between the Curie temperature of a material and its cohesive energy:

por por

T; - Ecoh ( 1 )
bulk bulk *

Tc Ecoh

Here, E!" and EC”O“,”‘ are the cohesive energies of porous and continuous materials, respectively; 7.7

and 7" are the Curie temperatures of a porous material and a material in the absence of pores, respectively.

This expression has been retrieved in Refs. [13-16] and experimentally justified by the authors of [16].
This expression is similar to the one used by G. Guisbiers, et al to describe different size-and shape-
dependent material properties [34-36] and also found to be in a good agreement with experimental data. 1g

of a porous material contains N atoms, where N =6l g/ ( dejt QD). Here, d. is the atomic diameter and w
is the lattice packing pararneter in the crystal structure. N, atoms are located on the pore walls:
=nA / lm' =6ank g/ ( od, g/f) where 77 is the surface packing parameter. So, the number of atoms at

the surface is given by

A
6Elgj ATk %
N
( u/d 2)

The estimates for the cohesive energy of a porous materlal could be obtained using the relations
suggested by F. Aqra and A. Ayyad [37]:

1
£l == BNe,.
{ 3)
B =2 (S s (v-n) |
where [ is the number of bonds per one atom in the structure and &, is the bond energy.
Therefore, from Eqgs. (1-3) we have
A
3(60 ank
Ef;f=—/:’ £, N 1——( gj TN, (4)
a/ d,,
Tpur - Tbulk 1 _é( 6 DI g jA Hl]k Ni% (5)
c c 2 *
4 w/Sde.ff
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Below, the Curie temperatures of mesoporous materials have been estimated by using Eq. 5. High
values of shape coefficient £ could be obtained, for example, in the case of porous materials where the pores
have the shapes similar to simple non-spherical geometric structures (for example, £&=1.49 for a tetrahedron,
k=1.52 for a cone, £=3.20 for a star icosahedron (an icosahedron with a tetrahedron at each face)) or
structures extended in one direction (for example, values £>2.00 correspond to oblate spheroids with aspect
ratio a/b>5 or to prolate spheroids with a/b>3). Moreover, high surface-to-volume ratios are also
characteristic for pores of complicated and irregular shapes, in order to take into account their morphology,
the notion of fractal geometry is often used [29,30,38-42]. According to the approach suggested by us in [30,
40-42], the shape of a pore can be characterized by its fractal dimension D which correlates its volume }" and

o

surface area A: A=CV , where C is a numerical coefficient.

Without any losses of generality, coefficient C, which also matches dimensions, is accepted below to be
47 for the sake of convenience. For real irregular morphologies of materials structure elements, D<3 and is
typically non-integer. The most classic examples of fractal structures are worm-like, amoeba-like, and
porcupine-like ones [30, 40-43].

D=2.89

D=2.91

—8— d.f ;=40 nm
3 —*—d.f ;=25 nm
—a—d.; ;=10 nm

2.8

2.9 3

Fig. 1. a) shape coefficient k of a pore versus its effective diameter d.; and fractal dimension D;
b) examples of “amoeba-like” and “porcupine-like” fractal structures with various D.

The correlation between shape coefficient &k (the ratio between the surface areas of the pore under
consideration and the spherical pore of the same volume), pore volume p = ;74 e—“’ﬁ. /6 and its fractal

dimension D is determined as follows: k (¥,D)=v""/(37/ 477)2/3 (see Fig. 1a). Several examples of amoeba-
like and porcupine-like structures with various fractal dimensions are presented in Fig. 2b.

T 630 [ - I T
101 1.380 o
g — s - —
620 | a0 — . 1 _ /"{’/ - /: DS
o . -
_ s e
1,020 | - o 1,360 // e
5. ~ ) 5 .
B | 7~ = 610 0 20 ///'
3] / % = A /
Vi ; v
1,000 4/ // 1,340 | //
b -5 D=2.90 6007 f [~e- D=2.90 | //f‘ r !
) ’ D:_’T] 300 . D=2.75 ;,// 8- D=2.90
o D=2.60 | | aont/ —— D=2.75
0| D=2.60 1 = | 1,320 |/
t]ml - ¥ L X . T — | —a— D=2.60
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 L -1

deys

a

deys

b

10 15 20 25 30 35 10

dess

Cc

Fig. 2. The dependences of the Curie temperatures for mesoporous Fe (a), Ni (b), Co (c) on pore geometric
characteristics (fractal dimensions D and effective diameters d.; of pores). The Curie temperatures for continuous
macroscopic samples are 1043 for Fe, 627 K for Ni,1388 K for Co.
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It is necessary to note that such parameters as shape coefficients or fractal dimensions generalize
different but equivalent variants of materials morphology: the structures which differ in their geometric
outlook but share the same values of k£ or D (see Fig. 1b in [41], for example) have the same fraction of
surface atoms and demonstrate the same behavior in the case considered in the present paper.

Specific surface areas in micro- and mesoporous materials can reach extremely high values (from
500m>/g [22] to 1000 m*/g [23] or even several thousands of m?/g [24]). In the present paper, however, we
limit ourselves to considering materials with not very high specific surface areas (in comparison with the
values obtained in [22-24]), mostly below 200-300 m3/g (a=0.85). The dependences of the Curie temperature
on pore size and shape for mesoporous iron (a), nickel (b) and cobalt (¢) are plotted in Fig. 2. For these
metals, material densities and atomic diameters are accepted in our estimates to be 7.874 g/cm? and 252 pm,
respectively, for Fe; 8.902 g/cm? and 248 pm, respectively, for Ni; 8.900 g/cm? and 250 pm, respectively, for
Co. The structure of nickel is fcc within the entire temperature range up to the melting point. At the same
time, cobalt has two stable polymorphic modifications: -Co with a fcc crystal lattice which is equilibrium in
the considered temperature range and low-temperature hexagonal a-Co (the temperature of the a<f
polymorph transition is about 700 K). At the temperatures under consideration, the structure of Fe is bcc (-
Fe), iron exhibits the a«>y polymorph transition between bcc and fcc modifications at about 1190 K. Packing
parameters are w=0.74, n = 0.91 for fcc structures [37,44] and w=0.68, = 0.83 for bcc ones [44].

Fig. 2 shows that reducing the effective pore diameter, d.s, and increase the shape coefficient, &, (an
increase in the specific surface area of a material) are accompanied with a decrease in the Curie temperature.
Note that in the case of pores filled with a substance, such estimates are to be corrected, for example, by
modifying the approach suggested by C. Ling-fei et al. [14] for embedded nanoparticles. Increasing the
specific surface area of porous materials up to the values obtained experimentally by the authors of [22-24]
allows expecting much more significant shifts of the magnetic transition temperatures similar to the ones
obtained in [19] for free-standing nanoparticles.

Conclusion

It is also worth noting that micro- and mesoporous materials (with functionalized pore walls [45],
maybe) have a wide range of technological applications e.g. nanoreactor matrices [46]. For multiple
applications, a great interest is attracted by magnetocaloric effects in ferromagnetic nanostructures, for
example, heating ferromagnetic nanoparticles - invasive agents in alternating magnetic fields (magnetic
hyperthermia treatment for cancer) due to hysteresis losses, losses for re-orientation of the magnetization
vector etc. and maintaining their temperature near the Curie point [5, 47]. In the case considered in this
paper, the possibility to tune the Curie temperature of materials by preparing the samples with different pore
morphologies and specific surface areas shows possibilities to obtain mesoporous materials/nanoreactors
with self-imposed limits of raising the temperature in alternating magnetic fields and the possibility of
autonomous temperature control. The considered ferromagnetic materials have also high catalytic activity in
a variety of commonly used chemical reactions [36]; meanwhile, materials with a higher specific surface
area of pores (up to the ones from [24]) allow expecting a more significant decrease in the Curie
temperatures down to the values demonstrated in [19].

Acknowledgments
The research has been performed in the framework of the state task for IOMC RAS.

REFERENCES

1 Binns C. (ed.) Nanomagnetism: fundamentals and applications. Newnes, Front. nanosc. 2014, 328 p.

2 Tannous C., Comstock R.L. Magnetic information-storage materials. In: Springer handbook of electronic and
photonic materials. Cham, Springer. 2017, pp. 1185 — 1220. https://doi.org/10.1134/S1063776117010046.

3 Wang S.X., Li G.. Advances in giant magnetoresistance biosensors with magnetic nanoparticle tags: review
and outlook. [EEE trans. magn. 2008, Vol. 44, pp. 1687 — 1702. https://doi.org/10.1109/TMAG.2008.920962.

4 Lashkarev G.V., Radchenko M.V., Bugaiova M.E., et.al. Ferromagnetic nanocomposites as spintronic mater-
ials with controlled magnetic structure. Low temp. phys. 2013, Vol. 39, No. 1, pp. 66-75.
https://doi.org/10.1063/1.4776232.

5 Spirou S.V., Basini M., Lascialfari A., et al. Magnetic hyperthermia and radiationtherapy: radiobiological
principles and current practice. Nanomaterials. 2018, Vol. 8, No. 401. https://doi.org/10.3390/nano8060401.




10 ISSN 1811-1165 (Print);, 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

6 Mihaela O. Study about the possibility to control the superparamagnetism-superferromagnetism transition in
magnetic  nanoparticle systems. J. magn. magn. mater. 2013, Vol. 343, pp. 189 — 193.
https://doi.org/10.1016/j.jmmm.2013.05.011.

7 Marrows C.H., Perez M., Hickey B.J. Finite size scaling effects in giant magnetoresistance multilayers. J.
phys.: condens. matter. 2006, Vol. 18, No. 243. https://doi.org/10.1088/0953-8984/18/1/017.

8 Lobov I.D., Kirillova M.M., Romashev L.N., et al. Magnetorefractive effect and giant magnetoresistance in
Fe(t)/Cr  superlattices.  Phys.  solid  state. 2009, Vol. 51, No. 12, pp. 2337 — 2341.
https://doi.org/10.1134/S1063783409120099.

9 Temiryazev A.G., Temiryazeva M.P., Zdoroveyshchev A.V., et al. Formation of a domain structure in
multilayer CoPt films by magnetic probe of an atomic force microscope. Phys. solid state. 2018, Vol. 60,
No. 11, pp. 2200 — 2206. https://doi.org/10.1134/S1063783418110318.

10 Filev V.G., Raskov R.C. Magnetic catalysis of chiral symmetry breaking: a holographic perspective. Adv. high
energy phys. 2010, No. 473206. https://doi.org/10.1155/2010/473206.

11 Fisher M.E, Barber M.N. Scaling theory for finite-size effects in the critical region. Phys. rev. lett. 1972,
Vol. 28, pp. 1516 — 1519. https://doi.org/10.1103/PhysRevL ett.28.1516.

12 Sun C.Q., Zhong W.H., Li S., et al. Coordination imperfection suppressed phase stability of ferromagnetic,
ferroelectric, and superconductive nanosolids. J. phys.chem. B. 2004, Vol. 108, pp. 1080 — 1084.
https://doi.org/10.1021/jp0372946.

13 Yang C.C., Jiang Q. Size and interface effects on critical temperatures of ferromagnetic, ferroelectric and
superconductive nanocrystals. Acta mater. 2005, Vol. 53, pp- 3305 - 3311.
https://doi.org/10.1016/j.actamat.2005.03.039.

14 Ling-fei C., Dan X., Ming-xing G., et al. Size and shape effects on Curie temperature of ferromagnetic
nanoparticles. Trans. nonferrous met. soc. China. 2007. Vol. 17, pp. 1451 — 1455. https://doi.org/10.1016/S1003-
6326(07)60293-3.

15 Delavari H., Hosseini H.M., Simchi A. A simple model for the size- and shape-dependent Curie temperature of
freestanding Ni and Fe nanoparticles based on the average coordination number and atomic cohesive energy. J. chem.
phys. 2011, Vol. 383, pp. 1 — 5. https://doi.org/10.1016/j.chemphys.2011.03.010.

16 He X., Zhong W., Au C.-T., et al. Size dependence of the magnetic properties of Ni nanoparticles prepared by
thermal decomposition method. Nanoscale res. lett. 2013, Vol. 8, No. 446. https://doi.org/10.1186/1556-276X-8-446.

17 Nikiforov V.N., Koksharov Yu.A., Polyakov S.N., et al. Magnetism and Verwey transition in magnetite
nanoparticles in  thin polymer film. J. alloys compd. 2013, Vol. 569, pp. 58 — 6l.
https://doi.org/10.1016/j.jallcom.2013.02.059.

18 Shuai Z., Li H. Size-dependent piezoelectric coefficient and Curie temperature of nanoparticles. Nanomaterials
and energy. 2017, Vol. 6, No. 2, pp. 53 — 58. https://doi.org/10.1680/jnaen.16.00014.

19 Nikiforov V.N., Ignatenko A.N., Irkhin V.Yu. Size and surface effects on the magnetism of magnetite and
maghemite nanoparticles. J. exp. theor. phys. 2017, Vol. 124, No. 2, pp. 304 - 310.
https://doi.org/10.1134/S1063776117010046.

20 Essajai R., Benhouria Y., Rachadi A., et al. Shape-dependent structural and magnetic properties of Fe
nanoparticles studied through simulation methods. RSC adv. 2019, Vol. 9, pp. 22057 - 22063.
https://doi.org/10.1039/CO9RA03047F.

21 Stolyar S.V., Komogortsev S.V., Chekanova L.A., et al. Magnetite nanocrystals with a high magnetic
anisotropy constant due to the particle shape. Tech. phys. lett. 2019, Vol. 45, No. 9, pp. 878 — 88I.
https://doi.org/10.1134/S1063785019090116.

22 Gaev D.S., Rekhviashvili S.Sh. Kinetics of crack formation in porous silicon. Semiconductors. 2012, Vol. 46,
No. 2, pp. 137 — 140. https://doi.org/10.1134/S1063782612020108.

23 Btaszczynski T., Slosarczyk A., Morawski M. Synthesis of silica aerogel by supercritical drying method.
Procedia eng. 2013, Vol. 57, pp. 200 — 206. https://doi.org/10.1016/j.proeng.2013.04.028.

24 Chae H.K., Siberio-Pérez D.Y., Kim J., et al. A route to high surface area,porosity and incusion of large
molecules in crystals. Nature. 2004, Vol. 427, pp. 523 — 527. https://doi.org/10.1038/nature02311.

25 Chuvil’deev V.N., Nokhrin A.V., Kopylov V.1, et al. Spark plasma sintering for high-speed diffusion bonding
of the ultrafine-grained near-a Ti—5A1-2V alloy with high strength and corrosion resistance for nuclear engineering. J.
mater. sci. 2019, Vol. 54, pp. 14926 — 14949. https://doi.org/10.1007/s10853-019-03926-6.

26 Ganeriwala R., Zohdi T.I. Multiphysics modeling and simulation of selective laser sintering manufacturing
processes. Procedia CIRP. 2014, Vol. 14, pp. 299 — 304. https://doi.org/10.1016/j.procir.2014.03.015.

27 Berner M.K., Zarko V.E., Talawar M.B. Nanoparticles of energetic materials: synthesis and properties
(review). Combust., explos., shock waves. 2013, Vol. 49, pp. 625 — 647. https://doi.org/10.1134/S0010508213060014.

28 Hakamada M., Mabuchi M. Nanoporous Ni fabricated by dealloying of rolled Ni-Mn sheet. Procedia eng.
2014, Vol. 81, pp. 2159 — 2164. https://doi.org/10.1016/j.proeng.2014.10.302.

29 Zhanabaev Z.Zh., Ibraimov M.K., Sagidolda E. Electrical properties of fractal nanofilms of porous silicon.
Eurasian phys. tech. j. 2013, Vol. 10, No.1, pp. 3 —6.




Materials science. 11

30 Shishulin A.V., Fedoseev V.B. On some peculiarities of stratification of liquid solutions within pores of fractal
shape. J. mol. lig. 2019, Vol. 278, pp. 363 — 367. https://doi.org/10.1016/j.molliq.2019.01.050.

31 Shishulin A.V., Fedoseev V.B. Peculiarities of phase transformations of polymer solutions in deformable
porous matrices. Tech. phys. lett. 2019, Vol. 45, No. 7, pp. 697 — 699. https://doi.org/10.1134/S1063785019070289.

32 Shishulin A.V., Fedoseev V.B. Stratifying polymer solutions in microsized pores: phase transitions induced by
deformation of a porous material. Tech. phys. 2020, Vol. 65, No. 3, pp. 340 - 346.
https://doi.org/10.1134/S1063784220030238.

33 Magomedov M.N. Size dependence of the shape of a silicon crystal during melting. Tech. phys. lett. 2016,
Vol. 42, No. 7, pp. 761 — 764. https://doi.org/10.1134/S1063785016070245.

34 Guisbiers G., Buchaillot L. Universal size/shape-dependent law for characteristic temperatures. Phys. lett. A.
2009, Vol. 374, pp. 305 — 308. https://doi.org/10.1016/j.physleta.2009.10.054.

35 Guisbiers G. Size-dependent materials properties toward a universal equation. Nanoscale res. lett. 2010,
Vol. 5, No. 1132. https://doi.org/10.1007/s11671-010-9614-1.

36 Guisbiers G., Abudukelimu G. Influence of nanomorphology of the melting and catalytic properties of convex
polyhedral nanoparticles. J. nanopart. res. 2013, Vol. 15, No. 1431. https://doi.org/10.1007/s11051-013-1431-x.

37 Aqra F., Ayyad A. Surface free energy of alkali and transition metal nanoparticles. Appl. surf. sci. 2014,
Vol. 324, pp. 308 — 313. https://doi.org/10.1016/j.apsusc.2014.07.004.

38 Potapov A.A. On the issues of fractal radio electronics: Processing of multidimensional signals, radiolocation,
nanotechnology, radio engineering elements and sensors. Eurasian phys. tech. j. 2018, Vol. 15, No. 2, pp. 5 — 15.

39 Fedoseev V.B., Potapov A.A., Shishulin A.V., Fedoseeva E.N. Size and shape effect on the phase transitions in
a small system with fractal interphase boundaries. Eurasian phys. tech. j. 2017, Vol. 14, No.1, pp. 18 —24.

40 Shishulin A.V., Fedoseev V.B., Shishulina A.V. Melting behavior of fractal-shaped nanoparticles (the example
of Si-Ge system). Tech. phys. 2019, Vol. 64, No. 9, pp. 1343 — 1349. https://doi.org/10.1134/S1063784219090172.

41 Shishulin A.V., Fedoseev V.B. On mutual solubility in submicron-sized particles of the Pt-Au catalytic system.
Kinet. catal. 2019, Vol. 60, No. 3, pp. 315-319. https://doi.org/10.1134/S0023158419030121.

42 Shishulin A.V., Potapov A.A., Fedoseev V.B. Phase equilibria in fractal core-shell nanoparticles of
Pbs(VO4);C1  —  Pbs(PO4);Cl  system:  the  influence of  size and  shape. In: Z. Hu,
S. Petoukhov, M. He (eds.). Advances in artificial systems for medicine and education II. Cham., Springer. 2020,
pp. 405 — 413. https://doi.org/10.1007/978-3-030-12082-5 _37.

43 Fedoseev V.B., Shishulin A.V. On the size distribution of dispersed fractal particles. Tech. phys. 2021, Vol. 66,
No. 1, pp. 34 — 40. https://doi.org/10.1134/S1063784221010072.

44 Attarian Shandiz M. Effective coordination number model for the size dependency of physical properties of
nanocrystals. J. phys.: condens. matter. 2008, Vol. 20, No. 325237. https://doi.org/10.1088/0953-8984/20/32/325237.

45 Len’shina N.A., Arsenyev M.V., Shurygina M.P., et al. Photoreduction of o-benzoquinone moiety in mono-
and poly(quinone methacrylate) and on the surface of polymer matrix pores. High energy chem. 2017, Vol. 51, pp. 209
—214. https://doi.org/10.1134/S0018143917030080.

46 Bronstein L.M., Sidorov S.N., Valetskii P.M. Nanostructured polymeric systems as nanoreactors for
nanoparticle formation. Russ. chem. rev. 2004, Vol. 73, No. 5, pp. 501 — 515. https://doi.org/10.1070/RC2004v073
n0SABEH000782.

47 Villanueva A., De la Presa P., Alonso J.M., et al. Hyperthermia hela cell treatment with silica-coated
manganese oxide nanoparticles. J. phys. chem. C. 2010, Vol. 114, pp. 1976—-1981. https://doi.org/10.1021/jp907046f.

Article accepted for publication 23.04.2021




12 ISSN 1811-1165 (Print);, 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

DOI 10.31489/2021No2/12-17
UDC 535.34, 535.372, 54.05

SPECTRAL AND LUMINESCENT PROPERTIES OF CARBON QUANTUM
DOTS FUNCTIONALIZED WITH N- AND S-CONTAINING GROUPS

Ibrayev N.Kh., Dzhanabekova R.Kh., Amanzholova G.S.
Institute of molecular nanophotonics, E.A Buketov Karaganda University, Karaganda, Kazakhstan, rumiya_j@mail.ru

In the presented work, carbon quantum dots were obtained by microwave synthesis based on citric acid and
L-cysteine. The resulting particles were characterized by electron and probe microscopy, dynamic light scattering
and Fourier transform infrared spectroscopy. The spectral and luminescent properties were investigated for the
initial solution of carbon quantum dots, as well as solutions obtained as a result of dialysis of the synthesized
product. It is shown that all samples exhibit the same optical properties. At the same time, the measurement of
quantum yields showed that carbon dots that have passed through the dialysis membrane have the best fluorescent
ability.

Keywords: carbon quantum dots, microwave synthesis, fluorescence, electron microscopy, atomic force
microscopy, fluorescence quantum yield.

Introduction

Carbon quantum dots (CQDs) are nanoparticles less than 10 nm in size with a carbon structure [1, 2].
This new member of the family of carbon nanomaterials is attracting more and more attention due to its
promising properties, such as fluorescent radiation, chemical inertness, resistance to photobleaching, high
water solubility, low toxicity, biocompatibility, and relatively simple and cheap synthesis methods. All these
properties make carbon dots a promising material in such areas as photocatalysis, sensing, bioimaging, solar
energy conversion, and the creation of light-emitting diodes [1-4]. There are two main approaches to
obtaining CQDs: “top-down” and “bottom-up”. The first group includes mechanical grinding, laser ablation,
chemical oxidation, electrochemical oxidation. Methods such as microwave synthesis, hydrothermal
synthesis, and pyrolysis belong to the second approach to CQDs production. A variety of hydrocarbons,
including vegetable and food ones, can be used as raw materials [2, 3].

Despite the fact that there are quite a few synthesis methods and applications for CQDs, the question of
the source of fluorescence is still unclear. It is believed that the fluorescence of carbon quantum dots is
determined by their size and the presence of functional groups [5-7], at the same time, some studies have
revealed the contribution of molecular fluorophores to the fluorescence of carbon dots] [8-10]. For example,
Essner's group showed that fluorescent impurities are formed as by-products of the synthesis of carbon dots,
and CQDs must be sufficiently purified to obtain reliable results [10]. The aim of work is to study the
spectral and luminescent properties of carbon dots functionalized with N- and S-containing groups. To study
the effect of the carbon dots size on their optical properties, the synthesized product was purified by dialysis.
Comparative studies of the initial solution (without dialysis), the dialysate obtained on the first day, and the
solution remaining in the dialysis bag (retentate) were carried out.

1. Experimental part

Carbon quantum dots were obtained by microwave synthesis from citric acid (Sigma Aldrich) and L-
cysteine (Sigma Aldrich). An equimolar aqueous solution of the starting materials (5 ml) in a borosilicate
glass tube was placed in a Monowave 200 microwave reactor (Anton Paar) and heated at 200 °C for an hour
with vigorous stirring. Then the solution was cooled to 70 °C in a microwave reactor, and then to room
temperature in vivo. As a result of the synthesis, a dark brown solution was obtained, which, according to the
literature data [3, 5, 7], indicates the formation of carbon quantum dots. To remove large particles, the
resulting solution was centrifuged at 10,000 rpm for 30 minutes. The decantate for further purification was
dialyzed using a dialysis bag (MWCO 3.5 kDa) for 48 hours with periodic replacement of the dialysate with
pure water. The structure and sizes of carbon dots were studied using a scanning electron microscope MIRA
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3 (TESCAN) using a transmitted electron detector (STEM), an atomic force microscope JSPM-5400 (JEOL),
and dynamic light scattering on a submicron particle size analyzer Zetasiser Nano ZS (Malvern).

FTIR spectra were obtained on an FSM 1201 FT-IR spectrometer (Infraspec). Absorption spectra were
measured on a Carry 300 spectrophotometer (Agilent). Luminescence spectra and luminescence excitation
spectra were measured on an Eclips spectrofluorimeter (Agilent). The kinetics of fast fluorescence of CQDs
solutions was measured on a pulsed spectrofluorometer with picosecond resolution and recording in the
time-correlated photon counting mode (Becker & Hickl). The fluorescence of the samples was excited using
a pulsed semiconductor laser with a generation wavelength Ae.n = 375 nm. The kinetic curves were analyzed
using the SPCM-Image software (Becker & Hickl). The fluorescence quantum yield was measured by the
absolute method using an AvaSphere 30-REFL integrating sphere and an AvaSpec-ULS2048 spectrometer
(Avantes) [11, 12].

2. Results and discussion

Fig. 1 and Fig. 2 show STEM and AFM images of carbon dots from the initial solution and retentate. In
the initial solution particles with sizes from 10 nm to 400 nm are observed, the average size is 50 nm + 10
nm. Large particles are irregular, small and medium particles are rounded. The AFM image shows that the
maximum particle height is no more than 1.57 nm. STEM images of CQDs that have not passed through the
dialysis membrane show large rounded particles ranging in size from several tens of nanometers to several
micrometers and irregularly shaped particles from 10 to 70 nm, from which larger particles are possibly
formed. From the images obtained, it can be assumed that small particles are "flakes" resembling graphene
structures that can aggregate to form "disk-shaped" particles.

a b
Fig.1. STEM images of CQDs from initial solution (a) and retentate (b)
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Fig.2. AFM image (a) and surface profile (b) of CQDs from the initial solution
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The average size of carbon dots passing through the dialysis membrane was obtained by dynamic light
scattering and has a value of ~ 3.5 nm (Fig.3). It was not possible to obtain images of particles from the
dialysate on an SEM using a detector of transmitted electrons due to the insufficient resolution of the
microscope.

Size Distribution by Number
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Fig.3. Particle size distribution in dialysate.

Fig. 4 shows the FTIR spectrum of the initial product. The FTIR spectra of the synthesized CQDs agree
with the FTIR spectra obtained for the CQDs in [7, 13, 14]. The spectra show peaks at 3431 and 3179 cm™,
which refer to the absorption peaks of stretching vibrations of O-H and NH groups, a weak band at 2928 cm'!
can be caused by stretching vibrations of the C-H bond, the band at 1580 cm! is connected with vibrations of
the carbon skeleton of the aromatic ring, weak characteristic peaks in the region of 2500-2600 cm
correspond to the peaks of stretching vibrations of the SH group, the band at 1705 cm™ is caused by
stretching vibrations of the C = O bond, the peak at 1400 cm™ is associated with stretching vibrations of
bonds CN, NH and —COO [7, 13, 14].
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Fig.4. FTIR spectrum of synthesized CQDs

Fig.5. shows the absorption, luminescence, and excitation spectra of the solutions under study. The
absorption spectra of all solutions have a band with a maximum at 340-348 nm and a shoulder at 230-240 nm
and are similar to the absorption spectra of the CQDs obtained in [5, 7]. The shoulder at 230 nm is attributed
to the m-n* transition [5, 15], the absorption band at 340-350 nm is attributed to the n-n* transition caused by
carboxyl, amino and other groups [5, 7, 15].

It should be noted that the long-wavelength wing of the absorption spectra of the initial solution and
retentate extends to the near-IR region of the spectrum. This is especially noticeable for the retentate
spectrum. The fluorescence spectra obtained upon excitation at the wavelength of the absorption maximum
(A=350 nm) are located in the wavelength range of 350—650 nm with a maximum at A=430 nm. Fluorescence
excitation spectra for all solutions correlate with absorption spectra. Table 1 shows the main characteristics
of the spectra, from which it follows that the centers of absorption and luminescence in solutions have the
same nature.
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Fig.5. Spectra of absorption (1), excitation of fluorescence (2) and fluorescence (3) of the initial solution (a),
dialysate (b) and retentate (c).

Table 1. Characteristics of absorption, fluorescence and excitation spectra of aqueous solutions of CQDs

Sample Aymax Tahs ,| FWHM (abs), Aymax TfI , FWHM (f1), Aymax Tex , | FWHM (ex),
Initial solution 348 64 430 74 348 69
Dialysate 348 64 429 74 348 66
Retentate 340 - 432 79 350 63

The quantum yields obtained by the absolute method are 0.47, 0.68, and 0.03 for the initial solution,
dialysate and retentate, respectively. The fluorescence lifetimes measured by the time-correlated photon
counting method are 7.8 ns for the initial solution, 7.3 ns for dialysate, and 5.9 ns for retentate. A
characteristic feature of the CQDs is the dependence of the luminescence spectra on the excitation
wavelength. We measured the fluorescence spectra of the studied solutions under excitation in the range
from 350 to 550 nm (Fig. 6).

The maximum luminescence intensity is observed upon excitation at a wavelength of 350 nm. With
increasing excitation wavelength, the fluorescence band shifts to longer wavelengths. In this case, along with
a decrease in the luminescence intensity, broadening of the spectra is observed. The shift of the luminescence
spectra indicates different luminescence centers, as indicated in [16, 17]. Luminescence spectra with maxima
around 430-450 nm are the result of deactivation of electronic excitation inside the carbon core of quantum
dots and electron-hole recombination. Whereas the red-shifted spectra appear as a result of the capture of
electronic excitation by surface traps of different energies or functional groups. This is clearly seen in the
absorption and excitation spectra. As can be seen from Fig. 5, it is the carbon core that most intensively
absorbs the incident light in the UV region, the band at about 350 nm is less manifested. In the fluorescence
excitation spectrum, on the contrary, the band responsible for functional groups is more manifested. Thus, in
synthesized CQDs, it is the surface groups that make the greatest contribution to the total luminescence.
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Fig. 6. Normalized CQD fluorescence spectra at different excitation wavelengths:
1 —300 nm; 2 —350 nm; 3 —380 nm; 4 —400 nm; 5 — 420 nm; 6 — 440 nm

Their composition, as can be seen from the FTIR spectrum, is very diverse, which is responsible for the
shift and different intensities of the red-shifted fluorescence of the carbon dots under study.

Conclusion

Investigations of the structural and spectroscopic properties of carbon quantum dots synthesized by the
microwave method have been carried out. It was found by microscopic methods and dynamic light scattering
that the resulting particles have the shape of disks, the size of which varies from 3.5 to 400 nm.

FTIR spectra contain characteristic peaks confirming the presence of O, N and S-containing functional
groups. The positions of the electronic absorption and fluorescence bands are practically the same for the
initial solution, dialysate, and retentate. The best luminescent ability with a fluorescence quantum yield of
0.68 is possessed by dialysate carbon dots with a size of ~ 3.5 nm. With an increase in the excitation
wavelength, a long-wavelength shift of the fluorescence spectra occurs, accompanied by a broadening of the
spectra. The data obtained can be used in optical nanotechnology to create light-emitting systems based on
carbon materials.

The novelty and fundamental difference of the obtained data from similar works is the use of
microwave synthesis in the preparation of CQDs from the above-mentioned components. The resulting
carbon structures have a rather high quantum yield. This will allow them to be used in various applications,
such as laser technology, optoelectronic devices, organic and nanocomposite LEDs and photodetectors,
organic photovoltaics. It is also possible to use them as biomarkers and sensors in bioimaging and
biophysics.
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The study investigates electro-migration in Li-Ti ferrite ceramic samples sintered in radiation-thermal
mode. To reveal radiation effects, similar measurements are performed for samples sintered in thermal mode. The
effect of the state of grain boundaries and the presence of a low-melting additive on electrical properties of
sintered ferrites is studied. It is found that structural rearrangement during radiation-thermal sintering occurs in
early sintering stages, including the heating period. Study demonstrates that such behavior associated with
radiation-induced intensification of the liquid phase spreading over the array of powder grains. In addition, it
was shown that structural transformation may be caused by stimulation of intergranular slippage.

Keywords: electrical resistance, ferrites, sintering, electron beams, grain boundaries, low-melting additive.

Introduction

In terms of ceramic technology, the quality of sintering depends not only on the degree of sample
compaction, but also on microstructure parameters, grain boundaries being most critical. Therefore, it is
essential to determine the quality of grain boundaries formed in radiation-thermal (RT) sintering mode.In
addition, it is supposed that the characteristics of radiation-induced intensification of compaction in the
presence of a low-melting additive in early sintering stages (including the non-isothermal stage) differ from
those observed in later stages. It can be assumed that these differences may be due to the effect of radiation
on liquid-phase processes. To elaborate these ideas, the electrical transfer in Li—Ti ceramic ferrite samples
sintered in RT mode was investigated. Similar measurements were performed for samples sintered in thermal
(T) mode to reveal the radiation effects.

A universal requirement for the microstructure of ferrites is the maximum material density and
equigranularity of its structure [1, 2]. To meet this requirement within economically reasonable annealing
times, a number of methods have been developed to stimulate sintering processes: two-stage introduction of
components, additional ferrite burdening by the ferrite powder of the same composition, liquid phase,
accelerated sintering, the use of ultrasound [1, 3, 4-12].In recent years, the effect of ionizing radiation fluxes
has been employed in the production and modification of materials. A fundamental phenomenon of multiple
acceleration in the synthesis of multicomponent powder materials [13, 14] and sintering [15—-19] in RT mode
was discovered. Sintering processes of lithium-titanium ferrites have been most well studied under specific
combined action of high temperatures and intense electron fluxes [20, 21]. The patterns of compaction of
ferrite compacts were revealed and a multiple increase in the compaction rate of lithium-titanium ferrite
samples under RT sintering in RT mode was shown [22, 23].Almost all the studies investigated structural,
phase and mechanical properties of the materials produced in this mode, i.e. touched upon such branches of
science as physics of sintering and powder metallurgy. The ultimate goal of any ferrite production
technology is to achieve a desired level of performance properties. In this case, the main functional
characteristics of ferrimagnets are electromagnetic properties. Therefore, controlled formation of the main
electromagnetic properties can enhance the development of new technological processes. On the other hand,
magnetic reversal processes and electromigration in ferrites relate to their microstructural features.

Therefore, the patterns of changes in electromagnetic properties can be used as a source of information
on the nature of the processes occurring in sintering to provide an in-depth interpretation of the RT sintering
mechanisms. In [24], the patterns of the formation of magnetic properties (parameters of the hysteresis loop)
for ferrites sintered in thermal (T) and radiation-thermal (RT) modes are considered. However, the question
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about the electrical properties of ferrites sintered in T and PT modes remains open. Methods of studying the
electrical conductivity are widely used to investigate the properties of oxide systems, including ferrites [25].
Similar to magnetic properties, electrical conductivity is a structure-sensitive parameter. However, in
contrast to magnetic properties, the conductivity (resistance) is more sensitive to point defects and the type of
the mixed-valence ion. No doubt, experimental data on electrical conductivity are also of applied interest
since conductivity determines the level of eddy-current losses in microwave ferrites.

2. Experimental part
2.1 Materials

The study used powders of lithium-titanium ferrite synthesized from the mechanical mixture of oxides
and carbonates containing (wt%): Li,COs; — 11.2; TiO, — 18.65; ZnO — 7.6; MnCOs — 2.74; the rest was
Fe,0;. Part of the sample was produced with the addition of 10% polyvinyl alcohol solution in the amount of
12 wt. % of the synthesized mixture. All samples were prepared by cold single-action compaction. The
compacts were 13 mm in diameter and 2 mm thick.

2.2 Characterization techniques

The compaction mode used in the study was as follows: P = 130 MPa, 1 min holding time of the
material under pressure; two sintering modes: RT and T. For RT sintering, the samples were exposed to a
pulsed electron beam with energy of (1.5-2.0) MeV using an ILU-6 accelerator. The beam current in the
pulse was (0.5-0.9) A, the irradiation pulse duration was 500 us, the pulse repetition rate was (5—50) Hz, and
the heating rate of the samples was 1000 °C/min. The samples were irradiated in a lightweight chamotte box
with a wall bottom thickness of 15 mm. On the exposed side, the box was covered with a radiation-
transparent protector with a mass thickness of 0.1 g-cm™. The temperature was measured using a control
sample placed in close proximity to the sintered samples.

T sintering was carried out in a preheated electric chamber furnace to provide the heating rate
comparable to the radiation heating rate. The cell design and temperature control technique were similar to
those used for RT sintering. Sintering in both modes was performed in the air. The electrical resistivity of
ferrites was measured at a constant current based on a two-electrode scheme using pellet-shaped samples
with a deposited near-electrode layer of soft graphite. The measurement temperature changed in the interval
from (290-1300) K. The air pressure in the measuring cell did not exceed 19 Pa, and the heating rate was 10
degrees per minute. The electric field applied to the sample attained 10 V/cm.

3. Results and discussion

Figure 1 shows temperature dependences of the electrical resistivity (pv) on the reciprocal temperature
of ferrite samples after 30 min sintering at 1273 K (curves /-3). Curve 4 describes the resistance of the
samples measured during their cooling in the measuring cell and during repeated measurements of py. Thus,
curve 4 shows the resistance of vacuum heat treated samples (1> 5 min) at 1273 K. The curve is plotted
based on the results obtained in measuring p, for all samples, including those unsintered but vacuum heat
treated. Vacuum heat treated samples restore their initial resistance after short-term ([5 min) annealing in air
at 1273 K. The exception is unsintered samples, which show resistance after heating in air comparable to that
of heat sintered samples, that is, the temperature dependence corresponds to curve 2 in Fig. 1.The analysis of
pv temperature dependences shows that the resistance of ferrite samples in the low-temperature region (up to
650 K) decreases in the following order: sample sintered in heating mode — sintered in RT mode — heated
in vacuum up to 1273 K. In the high-temperature region of ([1700 K), the p, approach significantly.

The monotonically decreasing dependencies indicate a complex spectrum of activation energy for
charge carriers. In an explicit form, this spectrum can be obtained by differentiating the curves, Fig. 1:

d(/T)

The results of differentiation are shown in Fig.2. Fig.1 and Fig.2 show the sintering technique in the
presence of a low-melting additive affects the specific electrical resistance, but the activation energy
spectrum remains unchanged. In case no additive is used, py similar to the activation energy spectrum does
not depend on the sintering technique.
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Fig.1. Temperature dependences p, of Li—Ti ferrites. Solid-phase (/) and liquid-phase (2, 3) in T (/, 2) and RT (3, 4)
sintering at 1237 K for 30 min and after vacuum heating at 1237 K for 10 min (4).
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Fig.2. Activation energy spectra for electromigration in Li-Ti ferrites. Solid-phase (a) and liquid-phase (b) in T (*)
and RT (o) sintering modes.

After vacuum heating, py and electromigration activation energy exhibit the lowest values, irrespective of
the sintering technique (Fig.1, curve 4).A short heat treatment time sufficient for changes observed in
pyvindicates that the structural rearrangement of the compacted sample significant for ferrite electrical
properties occurs in early stages of sintering, including the heating period. This is confirmed by the
volumetric shrinkage dependences of samples presented in Fig. 3.

Fig. 3 clearly shows that the samples are compacted by the start of isothermal sintering, and the degree of
compaction in RT sintering mode is higher. A short heating period required for gas exchange with the
atmosphere indicates redox reactions occurring in the surface layers of the sample structural elements. To
interpret the results obtained, we consider the model of grains and inter layers and the hopping mechanism of
electromigration with the participation of Fe*" ions used for polycrystalline ferrites. In this model, the
compacted sample is considered as a set of low-resistance ferrite particles separated by high-resistance
interlayers. In the initial state, the compacted sample exhibits an undeveloped network of contacts and
contains insignificant amount of Bi,Os particles. The surfaces of powder ferrite grains are oxidized, therefore
they show high resistance due to the minimum content of Fe** ions. Electromigration occurs through a
hopping mechanism with the participation of mixed-valence ions (Fe**, Mn?", etc.).

Thus, the activation energy spectrum for electromigration is generated by barriers of intercrystalline
interlayers formed during interparticle slippage at the initial stage of powder particle sintering. The number
and cross-section of intergranular contacts (shunting effect) significantly affect p,. Interparticle contacts are
formed mainly when non-conductive oxidized surfaces of powder grains come into contact. Some of the
boundaries become more conductive due to sintering. The conductivity of boundaries determines the sample
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resistance after sintering. Heating of the sample corresponds to reduction annealing in vacuum (due to
oxygen volatility). Effective removal of oxygen from the developed network of oxidized grain boundaries
leads to Fe*" ion enrichment and sharply decreased resistance.

1.0

1 1 1 Il 1 1
0 600 1200 1800 2400 3000 3600

Fig.3. Dependences of the sample compaction on sintering time at different temperatures:
(¢) T sintering; (o) RT sintering.

Curve 4 describes the conductivity of the sample in this state (Fig. 1). Shunting of the ‘eutectic’
boundaries of higher resistance makes the contribution of the latter to electromigration insignificant at this
stage. However, additional annealing in air oxidizes looser ‘non-eutectic’ boundaries, and the sample
resistance returns to its original values.

A decrease in the py of the samples sintered in RT mode in the presence of a low-melting additive shows a
larger number of relatively low-resistance intergranular interlayers and indicates radiation-induced
interparticle slippage. This effect can be observed only in the presence of a low-melting additive; therefore,
the process can be identified with the radiation-induced intensification of liquid-phase processes, including
liquid phase spreading over the array of powder grains.

The low-temperature (up to 373 K) region in py = f(T) dependences mostly satisfies the above conditions.
In this temperature range, the number and perfection of boundaries that limit electromigration increase
during RT sintering mode in the presence of a fusible additive (Fig. 1). The absence of high-energy barriers
in the activation energy spectrum indicates the highest perfection of the boundaries (Fig. 2). A decrease in
the py indicates an increased effective area of the boundaries. In case of poor spreading of the liquid phase
over the surface of powder particles, excessively thick films of this phase may form in some of its areas. In
these conditions, the film impedes sintering of powder particles due to the repulsion effect [26]. It is
probably due to this reason that the resistance of the compacted sample in the high-temperature region (7>
580 K) obtained in T sintering mode with the addition of Bi»Os is higher compared to py of the sample
obtained by solid-phase sintering.

Conclusion

In a comparative study, the influence of radiation-thermal sintering on the ferrite ceramic
electromigration was determined. It was first shown that the structural rearrangement during radiation-
thermal sintering occurs during early stages of sintering. Herewith the scientific significance of the results is
determined by data on the reduction of electrical resistivity of samples obtained by radiation-thermalsintering
compared to thermal sintering. This effect is caused by the formation of a large number of low-resistance
intercrystalline layers, intensification of the liquid phase spreading process over the array of powder
grainsand also by the radiation-induced stimulation of the intergranular slippage process.
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The work is devoted to the study of the radiation damage kinetics to heat-conducting, insulating and
mechanical properties in polycrystalline ceramics based on aluminum nitride under irradiation of helium and
hydrogen ions, as well as the determination of critical doses that cause maximum irreversible consequences. The
choice of ions for irradiation is due to the ability to simulate the radiation damage processes during the
accumulation of helium and hydrogen ions in the structure of the near-surface layer with the subsequent
formation of gas-filled bubbles. During the studies carried out, it was found that at doses of irradiation with
helium ions above 1x10'7 ion/cm?, there is a sharp deterioration in thermal conductivity and a decrease in
ceramic resistance, which is associated with the onset of the formation of helium bubbles and partial
embrittlement of the near-surface layer. However, an increase in the radiation dose above 5x10" ion/cm’ does not
lead to significant changes in thermal conductivity and insulation characteristics, which indicates the effect of
radiation damage accumulation and a decrease in the ceramic degradation rate. In contrast to irradiation with
helium ions, irradiation with hydrogen ions to doses higher than 1-3x10'7 ion/cm’ does not lead to significant
changes in the thermal insulation characteristics, which indicates the ceramic resistance to hydrogen absorption
processes.

Keywords: aluminum nitride, ceramics, structural materials, radiation damage, helium swelling, embrittlement.

Introduction

One of the promising materials for nuclear power, in the case of creating high-temperature nuclear
reactors, are nitride ceramics such as SizN4, AIN, TiN, BN et.al. [1-5]. As is known, nitride ceramics have a
number of unique properties such as high thermal conductivity, radiation and corrosion resistance, chemical
inertia, high melting point (more than 1800-2300°C), good insulating properties [6,7]. Among all nitride
ceramics, it is worth noting separately polycrystalline aluminum nitride, which, unlike silicon nitride, has
high binding energy values, which leads to the absence of extended radiation damage along the trajectory of
ions in the material, called latent tracks [8-10]. As is known, the formation of latent tracks in a ceramics
material or dielectrics is associated with local changes in the electron density and its redistribution in the
structure. At the same time, unlike metals, in which electrons torn from their places during radiation damage
can return to their positions, for dielectrics such a return is very difficult [11-13].

The key factor determining the use and service life of ceramics as structural materials is radiation
damage resistance, as well as the preservation of insulating and mechanical characteristics under prolonged
radiation exposure [14-18]. At the same time, unlike irradiation with heavy ions and radiation damage caused
by them in the form of local areas with changed electron density, as well as deformation of the crystal lattice,
the most unstable are damage caused by irradiation of ceramics with helium or hydrogen ions [19-25]. In this
case, not only the formation of local heterogeneities and distortions of the structure is observed, but also due
to the weak solubility and high mobility of helium and hydrogen in the structure, the formation of gas-filled
inclusions is possible, leading to swelling and embrittlement of ceramics. However, the exact data of critical
radiation doses causing irreversible, catastrophic damage to the crystal structure and properties of ceramics
has not been established for aluminum nitride to date, which is the main motivation for such studies [26-30].

Based on the foregoing, the purpose of this work is to conduct research to determine the critical
radiation doses at which the maximum effect of swelling and degradation of the near-surface layer of
ceramics based on aluminum nitride is observed. Determination of the radiation damage kinetics, as well as
the subsequent evolution of gas-filled inclusions in the case of irradiation with helium and hydrogen ions,
was carried out by irradiating ceramic with helium and hydrogen ions in a wide dose range from 10! ion/cm?
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to 1x10'" ion/cm?. The choice of the upper threshold of irradiation is due to the literature data, according to
which the most pronounced swelling processes for carbide and nitride ceramics are observed at doses above
10" ion/cm?,

1. Experimental part

Polycrystalline ceramic of aluminum nitride (AIN) with a hexagonal type of crystal lattice and a density
of 3.26 g/cm’ were selected as objects of study. This type of ceramic is a commercial material used as a base
for insulating substrates, as well as a base for structural materials.

Radiation damage was simulated by two types of ions, helium and hydrogen (protons). Irradiation with
helium ions (He?") was carried out on a DC-60 heavy ion accelerator (Nur-Sultan, Kazakhstan), the ion
energy was 40 keV, the irradiation dose was 10'5 — 10'® ion/cm?. Irradiation with 1.5 MeV hydrogen ions
(protons) was carried out at the UKP-2 accelerator (Almaty, Kazakhstan), the irradiation doses were 10" —
5x10'7 ion/cm?. To avoid overheating of samples during irradiation and to initiate thermal annealing of
defects as a result of accumulated heat, the samples were placed on water-cooling targets during irradiation,
which allow the temperature of the samples to be maintained near room temperature.

Investigation of mechanical properties of ceramics before and after irradiation was carried out by
determination of value of crack resistance, bending strength and impact toughness. The study of heat-
conducting properties was carried out using a stationary method for measuring the absolute longitudinal heat
flux, followed by determining the value of the thermal conductivity coefficient using formula (1):

0
r=-A1
tcl - t(,’2
where ¢ is the heat flux density, W/m?; ¢.; and ., are the temperature constants on the hot and cold sides of
the wall, K; ¢ is the wall thickness, m; 4 is the coefficient of thermal conductivity of the wall material,
W/(m-K).

e

2. Results and discussion

Figure 1 shows the results of changing the value of the thermal conductivity coefficient depending on
the type of ions and the radiation dose. The value of thermal conductivity characterizes the properties of
materials to give off and conduct heat, which for structural materials is one of the important operating
parameters that contribute to the stable removal of heat from the reactor zone. Moreover, in the event of a
drop in this value, a decrease in thermal conductivity can lead to irreversible consequences, accompanied by
overheating of the core. The change in the value of thermal conductivity under the action of irradiation is
primarily associated with radiation damage caused by irradiation, which leads to the creation of additional
defects, as well as regions of disorder, which leads to partial amorphization of the structure.

As a rule, the critical value of the decrease in thermal conductivity is a decrease by more than 20 %
from the nominal value, which characterizes a large degradation of the material. In this case, in contrast to
mechanical damage, the change in thermal conductivity can be more pronounced, which indicates changes at
the crystalline level, as well as the formation of a large number of amorphous inclusions. As can be seen
from the data presented, in the case of irradiation with hydrogen ions, even at maximum irradiation doses,
the decrease in thermal conductivity coefficient does not exceed 10 %, which is within the permissible limits,
and indicates the resistance of ceramic to irradiation by protons.

Another variation in the thermal conductivity is observed for samples irradiated with He?" ions. The
general nature of the changes can be divided into three characteristic regions, which will be hereinafter
referred to as the I — irradiation dose region 10" — 10'7 ion/cm?, the II — irradiation dose region 10'7 - 5x10"
ion/cm?, and the III — irradiation dose region 5x10'7 — 10'® ion/cm? Region I is characterized by an
insignificant decrease in thermal conductivity, comparable to the changes under irradiation with protons.
Region II is characterized by a sharp decrease in thermal conductivity from 91 % to 74 % of the initial value,
which indicates a sharp change in the structural properties of the irradiated ceramic. Region III is
characterized by a decrease in thermal conductivity coefficient by 3-5 % in comparison with the changes
characteristic of region II. Such a change for region III indicates the effect of the radiation damage
accumulation and a decrease in the material degradation rate. In fact, according to previous studies, it has
been established that the mechanism of helium swelling at doses above 3x10!7 ion/cm? slows down, since the
radiation damage accumulation obeys an exponential law, and at high radiation doses it reaches the so-called
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saturation plateau of radiation defects [31, 32]. In turn, a sharp drop in thermal conductivity at radiation
doses of 10— 5x10'” ions/cm? indicates the formation of a cumulative effect of radiation-induced defects in
the structure of the near-surface layer, as well as the formation of helium inclusions and bubbles that can
cause partial amorphization of the near-surface layer, which leads to a decrease in heat removal and
deterioration of the insulation properties of ceramic. The obtained thermal conductivity variation
dependences indicate that this type of polycrystalline ceramic has rather high indicators of irradiation
resistance with both proton and helium beams up to doses of 3-5x10'7 ion/cm?.
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Fig.1. Graph of thermal conductivity coefficient change depending on type of ions and irradiation dose.

Important characteristics of the use of ceramics as structural materials are their mechanical and strength
properties, the change in which under the influence of radiation can affect the operational characteristics, as
well as the service life of these materials. One of these quantities characterizing the change in the materials
strength is the crack resistance of the materials, which characterizes the pressure required to create a
microcrack in the near-surface layer. Figure 2 shows a graph of the change in the crack resistance depending
on the irradiation dose, which reflects the dynamics of crack resistance of ceramic as a result of the change in
the concentration of defects formed by the irradiation. As can be seen, the change in crack resistance in the
case of proton irradiation is two-step in nature, which is characterized by small changes at irradiation doses
up to 10'7 ion/cm? and a drop in crack resistance by 7-11 % for irradiation doses 3x10'” and 5x10'7 ion/cm?,
respectively. In the case of irradiation with He*" ions, the main changes occur at doses above 3x10"
ions/cm?, and are characterized by a decrease in crack resistance by 20-30 % of the initial value. This
behavior of crack resistance changes indicates a deterioration in the strength of the ceramic and a decrease in
their cracking resistance as a result of external influences.

Deterioration of crack resistance of ceramic at high radiation doses is related to processes of
accumulation of implanted helium, which, as shown earlier in works [33-35], due to its mobility, is able to
form helium bubbles, the dimensions of which vary from 50 nm to several microns depending on the
radiation dose. According to the general theory of the helium bubbles formation [35], the mobility of helium
leads to the filling of voids formed as a result of deformation and crystal structure distortion as a result of
radiation damage, as well as the subsequent evolution of point defects in the structure of the damaged layer.
The filling of such voids with helium leads to the formation of additional stresses in the crystal lattice, which
are capable of exerting pressure on the structure, thereby squeezing the deformed volume onto the surface,
forming hillocks or gas-filled bubbles. A further increase in the concentration of implanted helium leads to
an increase in the volume of the bubbles, and, consequently, to an increase in the stress in them, which
ultimately leads to their rupture with the formation of craters or microcracks. This behavior is well described
in [33-35], where the authors studied various mechanisms of the formation of gas-filled bubbles and blisters
upon irradiation with helium ions, and their further evolution, leading to degradation of the near-surface
layer. The destruction of the near-surface layer at irradiation doses above 3x10'7 ions/cm? leads to a sharp
decrease in the ceramic strength, as well as an increase in the likelihood of cracking as a result of external
influences.
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Figure 3 shows the results of changes in bending strength and impact strength of ceramic exposed to
hydrogen and helium ions.
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Fig.3. a) Graph of bending strength change depending on irradiation dose and type of ions; b) Graph of impact
strength change depending on irradiation dose

The general appearance of the change in these values is characteristic of such changes in the crack
resistance of ceramic and indicates that, as in the case of crack resistance, irradiation with protons does not
lead to a significant decrease in strength characteristics, while irradiation with He?* ions at doses higher than
3x10"7 ions/cm? leads to a sharp deterioration in strength characteristics.

Conclusion

In conclusion, we can summarize the results of the experimental work, which are as follows. First, the
AIN polycrystalline ceramic under study showed good stability in maintaining mechanical and heat-
conducting properties in the dose range of 10'°-10'7 ion/cm? for both types of selected ions. This behavior
indicates that this type of ceramic has a high degree of resistance to radiation damage arising from the
interaction of ions and the subsequent formation of gas-filled inclusions. Secondly, in the case of irradiation
with protons, the studied ceramic in the entire dose range showed a decrease in heat-conducting and strength
characteristics within 5-10 %, which is good indicators of radiation resistance. At the same time, for samples
irradiated with He®" ions, the critical values of doses at which there is a decrease in heat-conducting and
strength properties by more than 25-30% are doses of 3-5x10'7 ions/cm? however, a further increase in
irradiation doses does not lead to significant changes in the properties of ceramic, which indicates the
radiation damage cumulative effect and a decrease in the material degradation rate.
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The results obtained can later be used to expand the theory of radiation damage to nitride ceramic, as
well as to predict and design high-temperature reactors of a new generation, based on which it is planned to
use a new class of structural materials based on ceramics.
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Ibrayev N.Kh.!, Afanasyev D.A."?, Omarova G.S.’

"Institute of Molecular Nanophotonics, E.A. Buketov Karaganda University, Karaganda, Kazakhstan,
guldenserikovna@mail.ru
2nstitute of Applied Mathematics, Karaganda, Kazakhstan

The results of the study of the spectral-luminescent properties and the generation of stimulated emission of
merocyanine dye molecules in a porous aluminum oxide films are presented. The addition of silver nanoparticles
to the porous aluminum oxide films leads to an increase in the absorption cross section and an increase in the
quantum yield of dye fluorescence in the alumina films. However, in the alumina films with silver nanoparticles,
the generation of stimulated emission of dye molecules was not detected. We also studied the effect of polymethyl
methacrylate polymer deposited on the surface of the alumina films with a dye on the spectral-luminescent
properties and generation of stimulated emission of this dye. An increase in the optical density in the absorption
band of the dye and an increase in the fluorescence intensity in samples with a deposited polymethyl methacrylate
film are observed. The generation threshold of polymethine dye is reduced by a factor of 40 in the porous
aluminum oxide sample with polymethyl methacrylate.

Keywords: porous aluminum oxide, electrochemical anodizing, merocyanine dye, stimulated emission, polymethyl
methacrylate.

Introduction

Recently, the creation of active media based on nanostructured solid-state matrices doped with dye
molecules has been a great attention. In this aspect, porous aluminum oxide (PAO) is one of the promising
materials on the basis of which laser active media can be created. The films of PAO have a high specific
surface area and thermal conductivity, and they are also optically transparent materials. The structure of the
films is a system of tightly packed ordered pores. The pores are located perpendicular to the film surface.
Diameter and distance between pores can be varied by changing the anodizing conditions [1]. If the cavities
of cylindrical resonators are filled with organic dye molecules with a high fluorescence quantum yield, then
such a system can be used as an active medium for a tunable laser. Stimulated emission has been obtained in
porous aluminum oxide films for a number of dyes. It is shown that the use of metal nanoparticles (NPs)
leads to a decrease in the generation threshold and an increase in the intensity of stimulated emission [2-4].

The aim of this work was to obtain metal-enhanced generation of a meracyanine dye in porous alumina
films. For this, the PAO films were doped with silver and gold nanoparticles. However, the addition of silver
and gold NPs didn’t lead to the generation of stimulated emission of the samples. We studied the effect of a
polymer film of polymethyl methacryolate (PMMA) applied to the surface of PAO with dye molecules. This
promoted an increase in the stimulated emission intensity and a decrease in the generation threshold for dye
molecules in PAO films with supported PMMA as compared to PAO without PMMA.

1. Experimental part

For the preparation of porous aluminum oxide, polished aluminum plates with a degree of purity
(99.99%), deionized water (purified using an AquaMax water purification system), ethanol (anhydrous) were
used. The H.SO;4 electrolyte was used for anodizing. All reagents were analytically pure and were used
without further purification. The method of preparing aluminum plates and the anodizing process are detailed
in the work [5].

Films of porous alumina were synthesized under conditions including two stages of anodization at a
voltage of U=40 V. The synthesis of PAO films was carried out in accordance with the procedure given in
the works [3, 6]. Merocyanine dye 1 was used for the investigated (Fig.1).
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Fig.1. Merocyanine dye 1

The method for preparation and purification of the dye 1 is described in the work [7]. The choice of this
dye is due a high photochemical stability, soluble in the solvents used in the work. Dye 1 also has stimulated
emission in solutions. The surface morphology of the obtained PAO films was investigated on a Tescan
Mira-3 (Tescan) scanning electron microscope (SEM). The absorption spectra of the solutions and films
under study were measured on a Cary-300 spectrophotometer (Agilent). Fluorescence spectra were measured
on a Cary Eclipse spectrofluorometer (Agilent). The lifetimes of the excited state of the dye molecules were
measured using a time-correlated photon counting pulsed spectrofluorimeter (Becker & Hikl, Germany). The
fluorescence quantum yield (¢r) of the dye was measured by the absolute method using an integrating sphere
(Avantes).

2. Discussion of results

Optical properties of PAO films doped with silver NPs and molecules of the dye 1 were studied. The
properties of stimulated emission of meracyanine 1 in PAO and the effect of silver NPs on this properties are
studied. The concentration of Ag nanoparticles in PAO films was varied concentration of the precursor of
silver NPs (silver nitrate). Precursor concentrations of 0.002 M and 0.02 M were used. The corresponding
films were designated conventionally I and II. The pore diameter is on average 15-20 nm (Fig. 2, a).

d=17.18 nm

R85 a d=1592nm

SEM HV: 18.0 kV WD: 5.99 mm MIRA3 TESCAN

View field: 1.91 pm Det: SE 500 nm
SEM MAG: 145 kx Performance in nanospace

SEM HV: 15.0 kV WD: 8.00 mm MIRA3 TESCAN|
View field: 4.95 ym Det: BSE
SEM MAG: 56.0 kx Performance in nanospace

a
Fig.2. SEM images of the surface of the PAO film (a) and a transverse chipping (b) of the sample obtained by
anodizing in sulfuric acid at 15 V.

Images of PAO films doped with silver NPs are shown in Fig. 2. Light particles on the surface and in
pores are silver NPs, which is confirmed by the results of X-ray spectral microanalysis (Fig. 3, c). The
absorption spectra of the dye in the PAO films are shown in Fig. 4. The maximum fluorescence of the dye is
at 652 nm. The fluorescence intensity depends on the concentration of NPs in the pores. The maximum
luminescence intensity is observed in films I (Fig. 4). For dye 1 in solution and in films, the fluorescence
quantum yield (¢r) was determined. In ethanol solution, the quantum yield of the dye was ¢=0.05 at C,,=107°
mol/L and ¢=0.01 at C.r =10~* mol/L. These values of the quantum yield are close to the values obtained in
the work [8]. The fluorescence quantum yield of the dye in PAO films has similar values. For example, in
PAO films without silver NPs ¢=0.003. In the presence of silver NPs, the luminescence quantum yield
increases to @=0.015 for the films I and @r= 0.004 for the films II. The decay of the luminescence of the dye
in the solution occurs exponentially with t=0.4 ns (Fig. 5, a).
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Fig.5. Kinetics of fluorescence decay of dye 1 in solution (a) and in porous films of POA (b):
1 - samples without silver NPs; 2 - sample I; 3 - sample II.

For PAO films with a dye, the kinetic fluorescence curves have a certain inflection, which is observed at
the decay of the luminescence intensity. The fluorescence lifetime of the dye in the films is 0.98 ns, 0.95 ns,
and 1.06 ns in the series of samples — without silver NPs, with NPs sample I and with NPs sample I,
respectively (Fig. 5, b). In this case, for film II, an insignificant increase in the fluorescence lifetime is
observed. An increase in the luminescence lifetime in the presence of silver NPs was also observed for an



32 ISSN 1811-1165 (Print);, 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

ethanol solution of merocyanine dye 1 and can be associated with the reverse energy transfer from NPs to the
dye molecules [9]. The spectrum of stimulated emission of the dye in ethanol with Cer = 2.5%x10* mol is
shown in Fig. 6, curve 1. The length of the active medium in the quartz cell was 1 cm. At a pump source
power density (P) below 4 MW/cm?, only spontaneous fluorescence of the dye with a half-width of the band
AM\1,=30 nm is observed. At P=5.2 MW/cm?, a narrow lasing band with AA;»=3 nm appears against the
background of the fluorescence spectrum.

The lasing spectrum has three maxima at wavelengths of 677 nm, 679.5 and 682 nm. The observed
maxima in the lasing spectrum are modes of laser radiation, since they are equidistant from each other [10].
The emission spectrum of the dye in PAO is shown in Fig. 6, curve 2. The stimulated emission spectrum has
one maximum at 667 nm. Dye radiation is generated at high values of the pump power density (~ 100
MW/cm?). The reasons for such an ineffective dye generation may be cis-trans photoisomerization of
merocyanine dye molecules [11], as well as the interaction of dye molecules with molecular oxygen [12].
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Fig.6. Spectra of stimulated emission of the dye in different media:
1 - in ethanol C=2.5-10* mol, P=5.2 MW/cm?; 2 - in PAO matrix before surface modification,
P =160 MW/cm?; 3 - in PAO matrix with a PMMA film applied to the PAO surface, P=40 MW/cm?

Dependences of the FWHM (full width at half maximum) and the intensity of stimulated emission in the
PAO on the value of P were plotted from the measured emission spectra (Fig.7). The values of generation
threshold for the samples were determined. The lasing threshold was 103 MW/cm? for PAO film with dye 1

without NPs (Fig. 7).
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Fig.7. Dependence on the pump power density of the luminescence intensity (1) and the half-width of the emission
band (2) of the dye in PAO (Agen=532 nm).

The emission spectra of PAO films doped with dye 1 and Ag NPs were measured. The measurement
results show the absence of stimulated emission in PAO films doped with Ag NPs. The generation of
stimulated emission from the dye in PAO films doped with Au NPs was also not detected. PAO films and the
technique of doping of films with gold NPs are described in the work [13]. It was proposed to deposit a
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polymer film of polymethyl methacrylate (PMMC) on the surface of the PAO for reducing number of dye
molecules nonradiatively transforming into Sy upon laser photoexcitation. It is the main polymer used for the
manufacture of active laser media with dye molecules [14]. This was the reason for the choice the PMMC.
The spectrum of stimulated emission in the modified film is shown in Fig.6, curve 3.

The addition of polymer leads to an increase in the stimulated emission intensity, a decrease in the
lasing threshold to 3 MW/cm2, and a shift of the lasing maximum to longer wavelengths to 687 nm. In this
case, the value of Q-factor has similar values for films before the application of the polymer film and after its
application (Q=57). Measurements of the absorption, fluorescence, and fluorescence excitation spectra of the
PAO films with dye 1 before and after the application of the PMMA polymer were taken. Fig. 8, a shows
that the absorption band of the dye in the PAO matrix has a maximum at a wavelength of A=610 nm.
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Fig.8. Absorption spectra (1, 2) (a), fluorescence (1, 2) and fluorescence excitation spectra (1', 2') (b) of PAO films: 1,
1'- POA+dye 1+PMMC FI; 2, 2= POA+ dye 1.

The deposition of the polymer on the surface of the PAO film does not change the shape of the
absorption spectrum of the dye, but leads to a twofold increase in the optical density D. Since the
concentration of dye molecules in the POA doesn’t change. The increase in the value of D of the dye
molecules can be associated with an increase in the extinction coefficient of the dye 1 when the PMMA
polymer is applied to the surface of the POA. Photoexcitation of the fluorescence of the dye in the samples
was carried out in the absorption band of the dye at a wavelength equal to A=640 nm. The fluorescence
spectrum and fluorescence excitation spectra show no changes in the shape of the spectra when the PMMC
polymer is applied to the surface of the PAO. The intensity of the fluorescence spectra of the dye in the
POA+PMMC films increases by a factor of 2.4 in comparison with the sample without PMMC. Thus,
measurements of the absorption and fluorescence spectra of the dye in the PAO films showed an increase in
the optical density in the absorption band of the dye and an additional increase in the fluorescence intensity
of the dye in the PAO films with the polymer PMMC deposited on their surface.

Conclusions

The photonics of the merocyanine dye 1 in POA films was investigated. Low-Q stimulated emission of
the dye is observed in the samples. The addition of silver nanoparticles to POA films leads to an increase in
the absorption cross-section and an increase in the quantum yield of dye fluorescence in POA films. In the
presence of silver and gold NPS in the pores of aluminum oxide, stimulated dye radiation wasn’t observed. It
is proposed to apply a PMMC polymer film to the surface of the POA for the reducing the influence of the
external environment on the properties of the stimulated radiation of the dye in the POA films. There is a 2-
fold increase in the optical density in the dye absorption band and a slight increase in the fluorescence
intensity in samples with a PMMC film. The generation threshold of the merocyanine dye 1 is reduced by a
factor of 40 in a POA sample with PMMC. But the Q-factor of the resonator doesnt change (Q=57).
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In this research work has been studied the effect of electron irradiation on the properties and structure of
PAG6 polyamide. The treatment was carried out with an industrial pulse accelerator in air with an irradiation dose
in the range of 100-400 kGy. The processed polymer was also studied by Fourier-transform infrared
spectroscopy, scanning electron microscopy, X-ray phase analysis and differential scanning calorimetry.
According to the results of the study was known that electron beam treatment affects the crystal structure of
polyamide-PAG6, reducing its size. Also, it was found that the radiation dose of 200 kGy is optimal for preserving
the crystal structure in comparison with 100, 300 and 400 kGy.

Keywords: polyamide, electron beam, crystal structure, polymer, surface treatment.

Introduction

As a result of the development of science and technology, polymer materials have become increasingly
important not only as electrical isolation in electrical installations but also as substitutes for traditional metal
parts. This allows obtaining modified polymers that are economically effective and have the necessary
physical and mechanical properties [1]. The method of processing polymer materials with an electron beam
(EB) has been used for the last 50 years in production [2]. EB treatment has several advantages compared to
the chemical modification method. In particular, the product does not contain any catalyst residues and by-
products the process is repeated and simple, the exact amount of energy and temperature affected can be
controlled [2-6].

Polyamide is one of the most widely used polymers in manufacturing due to its high strength, resistance
to corrosion and aggressive environment and self-lubricating properties [7, 8]. But in the process of using as
a movable particle under heavy loads at low temperatures, the friction coefficient of polyamide is large, a
high degree of wear and under the influence of polar functional groups and hydrogen bonds in the molecule,
absorbing a large amount of moisture mechanically changes to a more soft and plastic. This negatively
affects the quality of the material and reduces the practical application [9-13]. At 22 kGy using red
phosphorus with a mass fraction of 12.5% as a binding agent was found the fire resistance of PA6-polyamide
increases [ 14]. It is investigated that by processing polyamide-PA6 EB obtained without a binding agent, and
it is possible to increase the thermal properties and reduce the water-absorbing properties [15]. Making the
necessary changes in the properties of polymers due processing with high-energy electrons increases their
practical significance. This proposed that studying polymer modification using EB and its changes leading to
the polymer properties is relevant today.

It was found that the mechanism of processing the EB polymer is complex, and the possibilities of
random processes are huge [16].In this study was studied the effect of electron beam treatment at various
doses on the microstructure and morphology of the surface and the thermal properties of polyamide-PA®6.

1. Research materials and methods

The study was used the disc-shaped sample TECAMID-6 (polyamide-6, Russia) (PA6) with a thickness
of 0.1 cm, diameter 2.5 cm, carried out processing of industrial pulse accelerator (IL-10, Russia) in the air
with an energy of 1.3 MeV, a current of 12mA, conveyor speed 3.5 m/min, the dose of 100, 200, 300,
400kGy. The chemical structure of the treated PA6 with EB was studied on a Fourier-IR spectrometer
(Simex FTIR-801, Russia), the surface morphology on a scanning electron microscope (SEM) (JSM-
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6390LV), the thermal characteristic on a differential scanning calorimeter (Labsys Evo Setaram, France) in
the temperature range of 20-300C0, the heating rate in the nitrogen atmosphere +10 CO/min.

2. Results and discussion

Figure 1 is shown the IR spectrum of PA6 untreated samples and treated samples under EB with
irradiation doses of 100, 200, 300, and 400 kGy. Comparing the spectra, we see that all the absorption peaks
of the PA6 samples treated by EB are similar to untreated PA6 sample's absorption peaks and do not have a
new signal. The study was determined in the PA6 molecule at the peak of 976 cm-1 of the CO-NH group
gave a B-crystal structure, 1118 cm-1 C-C, 1168 cm-1 Ill-amide and the CO-NH group giving a-crystal
structure absorption values 928 cm-1-1260 cm-1.These values similar to previous studies [10, 16].

The symmetric and asymmetric motion of the 1640 cm-1-1530 ¢cm-1 N-H group and 2860 ¢m-1-3080
cm-1 CH2 absorption peaks are seen. And at a wavelength of 3300 cm-1, there is a signal of a very weak
variable hydrogen bond between N-H and C=0 [17].The change in the absorption intensity of the critical
peaks that provide information from changes in the chemical structure of PA6 after EB treatment is
presented in Table 1.
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Fig.1. Comparative IR spectra of PA6 not treated with EB and treated at different EB doses.

Table 1. The relative intensity of PA6 in different IR absorption regions, varying within the radiation dose range
from 0 to 400 kGy

Electron beam dose, absorption intensity change, %
kGy 3300 cm-1 1200 cm-1 976 cm-1
0 0.997 0.752 0.548
100 0.259 0.525 0.208
200 0.944 0.505 0.565
300 0.971 0.489 0.614
400 0.303 0.265 0.277

Based on the results in Table 1, we see that when the radiation dose was increased from 0 kGy to 100 kGy,
the absorption intensity of 3300 cm-1 immediately decreased from 0.997% to 0.259%. This indicates the break
of the weak hydrogen bond between N-H and C=0 after the EB irradiation [18]. We see that between 976 cm-1
and 1200 cm-1 the intensity of crystal building signals decreases from 0.548% to 0.277% and from 0.752% to
0.265%, respectively, with an increase in the radiation dose. In the process of electron absorption, the polymer
chain disintegrates, which is explained by the appearance of changes in the crystal lattice [19]. This
phenomenon is clearly seen in Figure 3 as a result of the X-ray phase analysis.
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Figure 2 shows a micrograph obtained from an electron scanning microscope (ESM) of changes in the
polyamide surface morphology before treatment with PA6 EB and after treatment with different doses. The
surface of the untreated PA6 sample with EB has a uniform spherulitic structure with minor scratches (Fig. 2a).
With an increase in the EB dose from 0 kGy to 400 kGy, a change in the surface topography of the sample and
a violation of the spherulitic structure (2b-2¢). This phenomenon is explained by the fact that under the action
of the electron flow, the surface volume of polyamide increases, and the crystal properties decrease [19].
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Fig. 2. SEM micrograph of untreated with EB and treated with EB samples PA6 in different doses:
a)-0 kGy; b)-100 kGy; ¢)-200 kGy; d)-300 kGy; ¢)-400 kGy
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Fig.3. X-ray diffractogram PAG6, not treated with EB and treated with EB in different doses

The X-ray phase analysis of PA6 sample not treated with EB and treated at different doses are shown in
Figure 3.0n the diffractogram 26 200 and 240 from all the samples, we observe two intense peaks. This is the
a~crystalline phase of polyamide-PA6 [19]. The a-crystal phase is visible at these angles is said in these studies
[20, 21]. It can be seen that as the radiation dose increases from 0 kGy to 400 kGy, the intensity of the peaks
decreases compared to 0 kGy. This phenomenon is clearly seen in the thermal result of the DSC in Figure 4 and
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Table 2.At 0 kGy, the melting point is 220°C, the melting enthalpy is 57.33 J -g”!, and with an increase in the
radiation dose to 400 kGy, the melting temperature and enthalpy respectively decreased to 215°C, 27.52 J-g!.
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Fig.4. DSC thermogram samples -PA6, not treated with EB and treated with EB in different doses.

Table 2. DSC values of polyamide-PA6 untreated and treated with EB

Radiationdose, kGy Meltingpoint, C° | Meltingenthalpy, J-g"!
0 220 57.33
100 219 57.07
200 217 56.55
300 216 27.65
400 215 27.52

During the process, the crystallinity decreases due to the inhibition of recombination and pyrolysis, the
sewing of free radicals under the action of external electrons [22].

Conclusion

Based on the results of IR, SEM X-ray diffractometer and DSC was known that during the processing of
EB, the variable hydrogen bond in the polyamide-PA6 molecule disappears, crystallization decreases, but
free radicals between the monomers bind under the action of an external electron flow. It was found that at a
radiation dose of 200 kGy, the crystal structure is preserved in comparison with 100, 300 and 400 kGy. It
was revealed that the melting point of the PA6 polymer decreases from 220°C to 215°C after EB. It was
found that after EB there is a change in the topography of the sample surface and a violation of the spherulite
structure. This phenomenon is explained by the fact that, under the action of an electron beam, the volume of
the polyamide surface increases, and the properties of the crystal deteriorate.

Acknowledgments
The work was carried out within the framework of grant funding for scientific research on 2021 year by the Science
Committee of the Ministry of Education and Science of the Republic of Kazakhstan (AP08957765).

REFERENCES

1 Raghu S., Archana K., Sharanappa C., et al. Electron beam and gamma ray irradiated polymer electrolyte
films: Dielectric properties. Journal of Radiation Research and Applied Sciences, 2016, Vol. 9, pp. 117-124.

2 Leisen C., DrummerD. Infrared welding of cross-linkable polyamide 66. eXPRESS Polymer Letters,2016,
Vol.10, No.10, pp. 849 — 859.

3 Mondal M., Gohs U., Wagenknecht U., Heinrich G. Additive free thermoplastic vulcanizates based on natural
rubber. Macromol. Chem. Phys.2013, Vol.143, pp. 360-366.



Materials science. 39

4 Boldt R., Gohs U., Wagenknecht U., Stamm M. Effect of electron-induced reactive processing on morphology
and structural properties of high-density polyethylene. Polymer 95, 2016, Vol.95, pp. 1-8.

5 Rakhadilov B.K., Sagdoldina Z.B., Ocheredko I.A., et al. Impact research of electron beam processing on the
structure and properties of PA6 polyamide. Eurasian Physical Technical Journal. 2019, Vol.16, No.2, pp. 43-47.

6 Pramanik N.K., Haldar R.S., Bhardwaj Y.K. Radiation processing of Nylon 6 by e-beam for improved
properties and performance. Radiat. Phys. Chem., 2009, Vol.78, pp.199-205.

7 Duxin Li, Ying Xie, Wen Juan Li, Yi Lan You, Xin Deng. Tribological and Mechanical Behaviors of
Polyamide 6/Glass Fiber Composite Filled with Various Solid Lubricants. The Scientific World Journal, 2013,
Vol.2013, pp. 1-9. doi: 10.1155/2013/320837.

8 Ovsik M., Stanek M., Senkerik V. Influence of electron beam irradiated on the surface properties of polyamide
measured by micro-indentation test. MATEC Web of Conferences 125,2017, Vol.125, pp. 1 — 4.

9 Meng H., SuiG. X,, Xie G. Y., Yang R. Friction and wear behavior of carbon nanotubes reinforced polyamide
6 composites under dry sliding and water lubricated condition. Composites Science and Technology, 2009, Vol. 69,
No.5, pp. 606-611.

10 Zhao R. G., Luo W. B., Xiao H. M., Wu G. Z. Water absorptivity and mechanical behaviors of PTFE/PA6 and
PTFE/PAG66 blends. Transactions of Nonferrous Metals Society of China, 2006, Vol. 16, Suppl. s2, pp. 498-503.

11 ChenZ., LiT. Yang Y., Liu X., Lv R. Mechanical and tribological properties of PA/PPS blends. Wear, 2004,
Vol. 257, No. 7-8, pp. 696-707.

12 Burillo G., Adem E., Mufioz E., Vasquez M. Electron beam irradiated polyamide-6 at different temperatures.
Radiat. Phys. Chem., 2013, Vol.84, pp.140-144.

13 Timus D.M., Cincu C., Bradley D.A., Craciun G., Mateescu E. Modification of some properties of polyamide-
6 by electron beam induced grafting. Appl. Radiat. Isot., 2000, Vol.53, pp.937-944.

14 Pramanik N.K., Haldar R.S., Bhardwaj Y.K. Radiation processing of Nylon 6 by e-beam for improved
properties and performance. Radiat. Phys. Chem., 2009, Vol.78, pp.199-205.

15 Dasgupta S., Hammond W.B., Goddard III W.A. Crystal structures and properties of nylon polymers from
theory. Journal of American Chemical Society, 1996, Vol.118, No. 49, pp. 12291-12301.

16 Kim J.Y., Kim O.S., Kim S.H., Jeon H.Y. Effects of electron beam irradiation on poly(ethylene 2,6-
naphthalate)/poly(ethylene terephthalate) blends. Polym.Eng.Sci.2004, Vol.44, pp. 395-405.

17 Pramanik N.K., Sarwar Alam M., Khanda R.K. Electron Beam Irradiation of Nylon 66: Characterization by IR
Spectroscopy and Viscosity Studies. International Journal of Innovative Research in Science. 2015, Vol. 4, Issue 1, pp.
18547-18555. doi: 10.15680/1JIRSET.2015.0401019.

18 Makuuchi K., Cheng S. Radiation Processing of Polymer Materials and Its Industrial Applications. New
Jersey, 2012, 444 p.

19 Shifeng Zhu, Meiwu Shi, Meifang Zhu. Effects of Electron-Beam Irradiation Crosslinking on PA6 Fibers.
Fibers and Polymers, 2013, Vol.14, No.4, pp. 525-529.

20 Sibilia J.P. A Guide to Material Characterization and Chemical Analysis. New York, 1996, 318 p.

21 Shailesh M.K., Kumar A. Radiation-induced grafting of vinylbenzyl trimethyl ammonium chloride onto nylon-
6 fabric. Radiat. Phys. Chem., 2007, Vol.76, pp. 901 — 906.

22 Nalwa H.S. Ferroelectric Polymers, New York, 1995, 895p.

Article accepted for publication 21.05.2021



40  ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

DOI 10.31489/2021N02/40-46
UDC 535.215; §39.23; 535.3; 538.9

INFLUENCE OF STRUCTURAL FEATURES OF ZNO FILMS
ON OPTICAL AND PHOTOELECTRIC CHARACTERISTICS
OF INVERTED POLYMER SOLAR ELEMENTS

Zeinidenov A.K.', Abisheva A.K.", llyassov B.R."?, Aimukhanov A.K.', Abilmazhinov S.E.?

'E.A Buketov Karaganda University, Research center of Nanotechnology and Functional Nanomaterials,
Karaganda, Kazakhstan
2Sh.Ualikhanov Kokshetau University, Kokshetau, Kazakhstan, a7jan@mail.ru

In this work we investigated the effect of preliminary annealing of zinc acetate solution films on the
morphology, structure, optical properties of the formed ZnO films and also on the photovoltaic properties of
polymer solar cells based on the obtained ZnO films. It was found that the pre-annealing temperature significantly
affects the morphology and structure of the obtained ZnO films. At pre-annealing temperatures below 200 °C the
films have a strongly relief morphology (wrinkled morphology), while at pre-annealing temperatures above 200°C
the surface morphology of the films is smooth. The relief of ZnO films affects the photocurrent density of solar
cells. Cells based on ZnO films with wrinkled morphology showed a higher photocurrent compared to smooth
morphology, which is due to strong light scattering and, as a result, the optical path of light in the photoactive
layer is increased due to multiple reflection of light in the wrinkled structure of ZnO. In addition, with increasing
pre-annealing temperature, the photovoltage of solar cells and the rate of recombination of charge carriers
increases, but the diffusion coefficient of charge carriers decreases, which indicates an increase in the density of
defects in the crystal lattice of ZnO. Thus, it has been shown that smooth or highly relief thin ZnO films with
controlled properties can be obtained from a zinc acetate solution.

Keywords: zinc oxide, thin films, annealing, surface morphology, absorption spectra, inverted polymer solar cells.

Introduction

In recent years, much attention has been paid to the development of organic solar cells (OSC) due to
their rapid increase in energy conversion efficiency, economy, ease of processing and flexibility. Research
has experienced a renaissance with the introduction of high-performance, low-bandgap polymer donors and
non-fullerene acceptors. Today, the energy conversion efficiency of polymer solar cells reaches 17-18% [1,
2]. In addition to innovations in the molecular aspects of OSC, it has also been found that processing
methods and buffer layers also play a key role in obtaining better performance parameters. Various oxides of
n-type metals with a wide band gap, such as TiO,, ZnO, Cs;CO; and some polyelectrolytes with a large
dipole moment, have been successfully used as interfacial electron transport layers in inverted devices [3]. In
addition, various forms of film nanostructuring, surface treatment, and processing aids have been studied to
improve the efficiency of charge collection, transport, and selectivity [4].Therefore, the current research is
focused on the study of the electron transport layer, in our case, zinc oxide (ZnO), in inverted polymer solar
cells (IPSC).

Zinc oxide is one of the most promising materials for electron transfer in IPSC due to its good
environmental resistance, high transparency in the visible and near infrared regions, and high electron
mobility. ZnO films are obtained by various methods, including the sol-gel method. The sol-gel method is a
technologically simple process that allows you to obtain better quality coatings. It should be noted that the
important crystal properties of thin ZnO films strongly depend on the growth conditions, the growth
technique, and the substrate [5]. ZnO-based materials can be used in various optoelectronic devices, sensors,
transistors, and solar cells [6]. Also, good operational stability of IPSC with ZnO was noted, due to the fact
that ZnO blocks ultraviolet light, which leads to negligible photodegradation of organic materials [7].
Previous studies have presented similar effective structures of zinc oxide for IPSC. Various names have been
given to these structures, such as nano-comb, ripple, wavy or wrinkled structure. For example, in article [4],
nano-combs were obtained, formed by a simple process of linear annealing. In work [8], the influence of the
flat and nano-ribbed morphology and thickness of the ZnO layer on the parameters of the device was studied,
thereby emphasizing the sensitivity of these devices to the active film thickness. At the same time, it was
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mentioned that there was no significant difference in performance between the structures. In a study [9], the
wrinkled structure of the surface was optimized by adding ZnO nanoparticles to a zinc acetate solution. As a
result, it was found that the productivity of a device based on wrinkled ZnO with nanoparticles was two
times higher than that of smooth thin films. Kim and others [10] found that the properties of wrinkled
structures can be tuned by changing the concentration of zinc in the precursor solution. In addition to the
uniformity and ordering of wrinkles and cavities in such surface structures, defects on them also play an
important role in the operation of the device. Therefore, there is a need for a detailed study of the properties
of thin ZnO films with a wrinkled structure.

In this regard, this work presents a method for obtaining thin ZnO films with different morphologies
and investigates the effect of preliminary annealing on their morphological, optical, and electrophysical
properties. For a complete description of morphology in detail various statistical parameters are calculated
based on the AFM images. The measurement results allow to define features of the surface topography of
ZnO films by pre-annealing.

1. Methods and materials

To carry out photoelectric measurements, OSCs were prepared, shown in figure 1a. The energy diagram
of the functional layers of a solar cell is shown in figure 1b. The device was fabricated on pre-cleaned ITO
coated glass substrates. The substrates were sonicated for 15 minutes each in acetone, deionized water, and
ethanol. After ultrasonic cleaning, the substrates were dried with a stream of nitrogen (N,) and then subjected
to ultraviolet (UV) treatment for 30 minutes.
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Fig.1. Structure of the organic solar cell (a) and the energy diagram of the cells (b).

A solution of ZnO was obtained by a sol-gel method in an aqueous solution using zinc acetate dihydrate
[Zn (CH3COO),* 2H,0], isopropyl alcohol (C3HsO), and monoethanolamine (C;H;NO) (MEA) [11]. The
concentration of zinc acetate and monoethanolamine in the solution was 0.5 M. The resulting colloidal
solution was stirred for 1 hour on a magnetic stirrer at a temperature of 60 ° C until a homogeneous and
transparent solution appeared. The film-forming ZnO solution was kept for 24 hours with constant stirring,
after which the solution was filtered through a filter with a porosity of 0.45 um. The resulting colloidal
solution was applied onto pre-cleaned glass substrates by spin-coating. The ZnO films were applied at a
centrifuge speed of 3000 rpm, and the centrifuge rotation time was 90 seconds. The obtained ZnO films were
preliminarily annealed at t = 100-300°C for 20 minutes. Then, to obtain a polycrystalline ZnO film, the final
annealing was carried out at t = 450°C for 30 minutes.

To obtain organic solar cells, a photoactive P3HT: PCBM layer (Sigma Aldrich,> 99.9%) at a
concentration of 1:0.8 was applied to the surface of the electron transport ZnO layer by spin-coating. After
that, the samples were annealed in air at a temperature of 140 ° C for 10 min, then then sprayed onto the
surface of p-type layer MoOs, then the silver electrode (Figure 2). The surface topography of the samples
was studied using a JSPM-5400 high-resolution atomic force microscope (AFM) (JEOL, Japan). A special
modular program for analyzing scanning probe microscopy data (Win SPMII Data-Processing Software) was
used to process the images obtained with AFM. Surface morphology, roughness, grain size of thin ZnO films
were analyzed from AFM images. The images of the ZnO films surface were obtained in the semicontact
scanning mode.
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Fig.2. Scheme of obtaining organic solar cells.

The registration of the absorption spectra of the samples under study was carried out on an AvaSpec-
ULS2048CL-EVO spectrometer manufactured by Avantes, which records absorption spectra in the range of
200-1100 nm and has an optical resolution of 0.4 nm. The current-voltage characteristics (CVC) of the
organic photosensitive element were measured using a P20X potentiostat-galvanostat in a linear sweep mode
at an illumination intensity of 100 mW/cm?. The values of the open circuit voltage Uoc, short circuit current
Isc, and fill factor FF were determined by the method [12]. The impedance spectra were measured using a
P45X potentiostat-galvanostat in the impedance mode using the setup described in detail in [13].

2. Results and discussion

Pictures of the surface morphology of ZnO films at a scale of 20x20 um are shown in Figure 3. As can
be seen from the AFM images, the temperature of preliminary annealing affects the surface morphology.
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Fig.3. Images of the ZnO films surface depending on preliminary annealing at different temperatures:
a-20°C,b-100°C, c - 150°C, d - 200°C, e — 300 °C, f - 450°C
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The morphology of the ZnO film with preliminary annealing at a temperature of 100°C (fig. 3b) and
150°C (fig. 3c) has branched protrusions (wrinkles). The average distance between the protrusions during
annealing at 100°C was 1213 nm, at 150°C 995 nm, the average height of the protrusions was 287 nm and
124 nm, respectively. A further increase in the preliminary annealing temperature of 200-450°C (fig. 3 d-f)
leads to a smoothing of the surface ZnO films. An analysis of the surface roughness was carried out at a scale
of 20 um*20 pum and the grain size of ZnO on an enlarged scale (1 pm*1 pum). The calculated average grain
diameter showed that a change in the pre-annealing temperature affects the grain size, that is, when the film
surface is smoothed, the grain diameter decreases from 9.3 nm to 0.8 nm. There is also a decrease in the
surface roughness of the ZnO films with increasing temperature (Table 1).

Table 1. Roughness of the film surface and the particle diameter of ZnO grains depending on the temperature of
preliminary annealing.

Pre-annealing temperature
Parameters 100°C 150°C 200°C 300°C 450°C
Roughness, Ra 78 nm 47 nm 7 nm 7 nm 3.5 nm
Grain diameter 9.3 nm 6.6 nm 1.3 nm 1.2 nm 0.8 nm

The absorption (a) and transmission (b) spectra of ZnO layers deposited at different annealing
temperatures on glass substrates are shown in figure 4. It can be seen from the figure that the morphology
and surface roughness also influenced the optical properties of the ZnO layer, such as light transmission and
absorption, which are the key factors in the use of the material in the manufacture of solar cells. ZnO layers

at a pre-annealing temperature of 200-450°C showed insignificant absorption and light transmission
efficiency of about 90% (fig. 4a, 4b).
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Fig.4. Absorption (a), transmission (b) and reflection (c) spectra of ZnO films:
1-100°C, 2 - 150°C, 3 - 175°C, 4 - 200°C, 5 — 300 °C, 6 - 450°C
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However, at low pre-annealing temperatures (100°C-150°C), the light transmission of the ZnO layer
decreased (correspondingly, the optical density increased) due to the formation of wrinkled structures, which
leads to strong diffuse scattering. The reflectance spectra are shown in Fig.4c.

The influence of ZnO layers with different surface morphology on the electrophysical properties of
solar cells is shown in figure 5. The main characteristics are shown in table 2. As can be seen from the CVC
in figure 5 and the data in the table, the dynamics of an increase in the photovoltage and the dynamics of a
decrease in the photocurrent with an increase in the pre-annealing temperature are observed. The decrease in
the photocurrent is due to a change in the relief of the film. Films with a wrinkled structure, due to strong
scattering, increase the optical path of light in the photoactive layer and thereby increase the probability of
absorption, which leads to an increase in the photocurrent.
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Fig.5. Current-voltage characteristics of inverted polymer solar cells:
1-100°C, 2 - 150°C, 3 - 175°C, 4 - 200°C, 5 — 300 °C, 6 - 450°C

Table 2. Electrophysical properties of films obtained at different annealing temperatures

Sample
(&9 U oc, (mV) Jsc, (mA/cm?) FF, (%) PCE, %
100 260 4.76 30 0.442
150 270 545 30 0.456
175 450 3.35 33 0.496
200 330 4.64 35 0.541
300 440 4.08 32 0.577
450 480 3.59 37 0.638

The photovoltage of inverted polymer solar cells is due to the energetics of the photoactive layer and
selective electrodes. In our cells, these are molybdenum oxide and zinc oxide. However, molybdenum oxide
and the photoactive layer were deposited under the same conditions, and the observed changes in the
photovoltage of the cells are due to the influence of the structure of zinc oxide. The position of the quasi-
Fermi level of electrons in ZnO determines the cell photovoltage and depends on the density and types of
lattice defects. The higher the position of the quasi-Fermi level of electrons to the bottom of the conduction
band, the higher the generated photovoltage. It is known that defects forming shallow donor levels shift the
Fermi level of electrons to the bottom of the conduction band. Thus, the observed increase in the
photovoltage of the cells with an increase in the pre-annealing temperature can be associated with an
increase in the density of defects in the ZnO crystal lattice.

For a detailed understanding of the influence of the electron transport layer of ZnO on the mechanisms
of charge carrier transport, we measured the impedance spectra of polymer solar cells. To interpret the
impedance spectra, a standard equivalent electrical circuit was used, where Ry is the low-frequency
resistance, CPE is the capacitance, and Rey is the high-frequency resistance (figure 6 a).

The spectra were simulated using the EIS-analyzer software package and the main electrical transport
properties of the films were calculated (table 3), where: D.sr is the effective diffusion coefficient of electrons,
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ket is the effective rate of electron recombination, Tt is the effective lifetime of an electron. Resistance to
electron transport in the zinc oxide film Rex, charge transfer resistance Ry associated with electron
recombination were calculated from the central arc of the impedance spectra. The charge transfer mechanism
and the transport of electrons in the IPSC are shown in figure 6b. The analysis of the impedance
measurement results was carried out according to the diffusion — recombination model. Figure 6¢ shows the
impedance spectra of the films under study. It can be seen from the figure that the hodograph diameter of a
film with a smooth surface is smaller than that of a wrinkled film. This means that the sample annealed at
450°C has a lower value of the charge transfer resistance. Table 3 shows the values of the electrophysical
parameters of the films.
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Fig.6. Equivalent electrical circuit (a), charge transfer mechanism (b) and impedance hodographs (c) of inverted
polymer solar cells: 1 - 100°C, 2 - 150°C, 3 - 175°C, 4 - 200°C, 5 — 300 °C, 6 - 450°C

Table 3. The value of the electrophysical parameters of the ZnO film.

t,°C Desr, (cm?s!) Ket, Teft, Rice, (Ohm) Rext, Con,(Ohm*cm*s™") L,
(s (ms) (Ohm) (nm)

100°C 4.67*%10°° 0.4 678 11304 57 66.6 40
150°C 5.17*%10° 0.87 318 5873 57 73.8 40
175°C 2.92%10¢ 1.21 230 3156 75 54.8 40
200°C 2.1*¥107 1.17 236 366 118 6.19 40
300°C 5.21*107 2.28 122 242 61 7.95 40
450°C 3.47*107 1.74 159 238 69 5.99 40

Using the EIS-analyzer software package, Rrc and Rex are calculated, and kesr is determined from the
maximum of the hodograph arc by the formula ®max = kesr. The thickness of the films was determined using a
scanning probe microscope. It can be seen from table 3 that with an increase in the pre-annealing
temperature, the effective diffusion coefficient Deyr decreases, as does the resistance Ryec., which
characterizes the recombination channels. This dynamic is due to an increase in the density of crystal lattice
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defects with an increase in the pre-annealing temperature. The lower the temperature, the slower the
crystallization process occurs and a less defective structure is formed, and at higher temperatures the
crystallization process is accelerated, which leads to an increase in the density of defects. The defects of the
crystal lattice serve as traps of charge carriers and centers of recombination, and with an increase in their
density, Detr and Rrec, the recombination of charge carriers is enhanced.

Conclusion

Thus, the characteristics of inverted organic solar cells based on ZnO have been investigated at different
temperatures of preliminary annealing from 150°C to 450°C. As a result of studies, it was found that
preliminary annealing leads to a change in the morphology, optical properties, and structural features of ZnO
films. The temperature of preliminary annealing of the zinc acetate solution film controls the rate of
formation of the ZnO film and also affects the relief of the film surface. With an increase in temperature, a
decrease in the surface relief and an increase in the density of ZnO lattice defects are observed. Thus,
preliminary annealing of films of zinc acetate solution at temperatures below 200°C followed by annealing at
450°C leads to the formation of a highly relief (wrinkled) morphology with a lower density of ZnO lattice
defects. Whereas the films obtained at a pre-annealing temperature above 200°C have a smooth surface, but
with a high density of defects.

Solar cells based on ZnO films with a wrinkled morphology generally have a greater value of the
photocurrent density due to the effect of light scattering, while cells with a smooth morphology have a large
photovoltage value, which is caused by a high density of defects that raise the position of the quasi-Fermi
level of electrons. Thus, this study has shown the possibility of optimizing the photovoltaic parameters of
solar cells by varying the pre-annealing temperature of ZnO films.
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The article is devoted to the numerical solution of the problem of the combustion of powder metal fuel in a
combustion chamber with swirling flow. A physico-mathematical model of the flow of an air suspension of
aluminum powder in a swirling flow in a cylindrical combustion chamber with a sudden expansion is presented.
The physical and mathematical formulation of the problem is based on the approaches of the mechanics of two-
phase reacting media. The solution was carried out using the arbitrary discontinuity decay method. The results of
a numerical parametric study of the features of the combustion of an air suspension of aluminum powder
depending on its composition, the axial flow rate of the mixture at the entrance to the combustion chamber, and
the value of the swirl speed are shown.

Keywords: powder metal fuel, flow swirling, mechanics of two-phase reacting media, aluminum combustion.

Introduction

Aluminum is one of the most popular metals currently used in powdered metallic fuels. The studies [1 -
6] propose using aluminum powder as an independent energy carrier in ramjet rocket engines. The studies
provide the results of the experimental and numerical investigation on the influence of the mixture
parameters and characteristics of the combustion chamber on the combustion of the aluminum powder-air
suspension (ALAS) in the airflow. The research [1] is devoted to the ignition, combustion and flame
stabilization processes of the aluminum-air mixture in a high-speed airflow. The study summarizes the
controlling methods of the highly dispersed aluminum combustion in the direct-flow combustion chamber.
The paper [2] presents the physical-mathematical model and the results of the numerical modelling of the
aerodynamics and combustion of the aluminum-air mixture in a swirling flow inside an axisymmetric
channel with a sudden expansion. The probability of the reverse flow formation in the chamber is shown.
The studies [3, 4] investigates the critical conditions for the ignition of an ALAS and the effect of the
turbulence on the formation of the ignition sites. The manuscript [5] provides the experimental data on the
effect of swirl flow on the length of the reverse flow zone, temperature and length of the flame. The region
of the aluminum powder stable combustion in a high-speed airflow is determined in [6]. The authors of the
study have obtained the dependence of the flame blow off velocity in the aluminum-air mixture flow on the
value of the excess air ratio.

Swirling combustion is currently one of the most important engineering problems for the combustion
physics. There is a hypothesis about an increase in the combustion efficiency of reacting gas mixtures in
combustion chambers with swirling flow [7], as well as an increase in the efficiency of the fuel combustion
devices due to swirling [8 - 11]. It is believed that swirling leads to the intensification of the heat and mass
transfer and, accordingly, to an increase in the efficiency of the gas-dispersed fuel combustion. Usually to
simulate the swirling flows, the Reynolds equations [9] or the Navier-Stokes equations [7] are used.

Our previous studies [12, 13] are dedicated to the combustion problems of the mixed solid fuels under a
change in pressure [12] and under the high-speed blowing [13]. The present study is devoted to the
combustion problem of the high-energy materials in the high-speed swirl flows. The interest of such problem
is associated with the development of new methods to improve the efficiency of the power-producing units.
In this paper we have investigated the features of the ALAS flow and its combustion in a cylindrical channel
with a sudden expansion and under the swirling conditions at the channel inlet. This problem is of practical
importance, since, depending on the parameters of the suspension and swirl flow, stagnant zones can form in
the cylindrical channel during the combustion (zones of particle accumulation or particle-free zones). In case
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of power-producing units, the irregularity of the particle distribution along the flow can significantly affect
the speed of flame propagation through the channel.

A sudden expansion of the cylindrical channel can lead to a change in the characteristics of the air
suspension flow. Gas swirling at the inlet of the channel also significantly changes the nature of the air
suspension flow. In contrast to the study [3], the formulation of the problem in the present paper is based on
the approaches of the mechanics of the two-phase reaction media [14].

1. Physics and mathematics model and solution method

The problem of the aluminum particles-air suspension flow and its combustion in a cylindrical channel
with a sudden expansion is solved. The problem formulation is based on the approaches of the mechanics of
the two-phase reaction media [14]. The initial gas tangential velocity is set to take into account the swirl of
the flow. It is assumed that the aluminum-air suspension with the given mass fraction of the aluminum
particles, particle radius 7,, velocity along the axial direction u.s, zero velocity along the radial direction and
velocity ue along the tangential direction is supplied from the inlet on the left side of the channel. The
schematic diagram of the cylindrical channel is shown in Figure 1 (the notations are: R is the radius of the
channel at the outlet, » is the radius of the channel at the inlet, 1 is the length of the narrow section of the
channel, L is the total length of the cylindrical channel). The arrows show the direction of the suspension
feeding into the channel.
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Fig.1. Scheme of the cylindrical channel with a sudden expansion/

Since the convective heat and mass transfer is much greater than the one by thermal conductivity and
diffusion, the diffusion and heat conduction processes in gas phase are neglected. There is an ignition source
with constant heat release inside the channel in the narrow section of the channel, schematically indicated by
a shaded area (Figure 1). The rate of the heat release inside the chamber is equal to Q. The suspension flows
through the chamber, heats up, and the heated aluminum particles start to ignite. The combustion mechanism
of the aluminum particles is described in detail in [15 - 17]. The aluminum particles are supposed to ignite
when they reach the ignition temperature 7,.. The rate of the heterogeneous chemical reaction on particle
surface is defined taking into account the mass transfer. It is assumed that during the combustion of an
aluminum particle, the radius of the melted aluminum in the particle r4 decreases, while as the radius of the
whole particle 7, grows due to the forming oxide layer. The thermal and dynamic interactions between
aluminum particles and gas phase are taken into account under the assumption of the model. The developed
mathematical model under the made assumption has the following form:

gas mass-conservation equation:

arpg . 6rpgug N 6rpgvg . )
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gas impulse-conservation equation:
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oxygen mass-conservation equation:
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the gas equation:
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initial conditions:
u, (x,r,O) =v, (x,r,O) =w, (x,r,O) =u, (x,r,O) =v, x,r,O) =w, (x,r,O) =0,
n, (x,r,O) =p, (x,r,O) =0, Tp (x,r,O) = Tg (x,r,O) =T, (14)

P, (%,7,0) = Byys P (%,7,0) = s, 0,5

Boundary conditions on the symmetry axis, r = 0:

(15)
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The following initial conditions (16) are set at the inlet of the channel (x = 0): the enthalpy, the gas and
particle flow rate, the axial, radial and tangential velocity of the gas and particles, the mass concentration
of the oxidizer in the gas and the number of particles.

T, (O,F,t) =T, (O,F,t) =T,, P, (O,F,t) =Py P, (O,I’,l) =4,0,,
a,, (O,r,t) = Apyy»ll, (O,r,t) =u, (O,r,t) Uy, v, (O,r,t) =v, (O,r,t) =0, (16)
_ — — — 0
W, (O,r,t) =w, (O,r,t) =u, =4, (r/R)ux,,, n,= Appgb/(Vppp).

Atmospheric pressure is assumed at the outlet of the channel (x = L).

The notations in Egs. (1) — (16): €, = pg/(y—l) +0.50, (u§ +v§ + wé) is the gas total energy,
g,=c,T.p,+0.5p, (u; +v + wf)) is the particle total energy, a, = Nupﬁg/(Z rp) — is the gas-particle heat
exchange coefficient, y = Cpe / Ce is the adiabatic exponent, 7,7, ,T , are the friction force along axial, radial
and tangential direction, respectively, p is the density, u, v, w— are the velocity components along axial,
radial and tangential direction, respectively, ¢ is the time, x, » are the coordinates, p is the pressure, 7 is the
temperature, A4:is the constant of the swirling law, A, is the particle mass fraction in the mixture, Qciis the
reaction heat effect; ap, — oxidizer mass fraction in the gas phase. Indexes: b is for the initial conditions of
the parameters; p is for the particle parameters, g — gas parameters, O, — oxygen,st — parameters at the inlet.

The current values of the aluminum radius in the particle 4 and the whole particle radius 7, are
determined as in the studies [16, 17] and are defined from the expressions:

_ M 324, b, 24,
v, =3 v, = 17
A \/[ U, " (4/3)m, 00 ) 3u, an

b

" \4mp,n, (18)

b

where Lo, [« are the molar masses of oxygen and aluminum, respectively, ,02 is the density of aluminum,

r,, is the initial radius of the aluminum particle. Deriving the Eg. (17), we have assumed that the alumina

(AL,O3) remaining on the particle surface as a spherical layer. This assumption is introduced to determine the
current value of the aluminum mass in a particle during its combustion. The aluminum particle burning rate
is defined from the experimental data [15]. Taking into account the diffusional resistance of the reaction, the
mass change rate of aluminum in the particle is written as:

k(aoz,rAl):Bm
(k(aoz,rAz) +p, )

where k(aoz,rAl) =kyag, / \Jr, 1s the combustion law of a single aluminum particle under the excess of the

G=an,p,s, (19)

oxidizer, S, =47 is the area of the unreacted aluminum surface, ko is the reaction rate constant,

B, =4, (T) NuD/(cgpgrp) is the particle mass-transfer coefficient.
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The friction force along the axial direction is determined from the expression 7, =n,F, [14, 15], where

X m

F.=CS,p, (ug —up)‘ug —up‘ /2 is the interaction force of a single particle with gas along the axial

direction, C, = 24(1 +0.15Re*" ) / Re, is the friction coefficient, Re = Zpgrp‘ug —up‘ //7 is the Reynolds

number, S, is the midsection area, | is the dynamic viscosity of the gas. The components of the friction force
along the radial and tangential directions are determined in a similar way.

The developed mathematical model has been solved numerically using the S.K. Godunov's scheme and
is based on algorithms [18, 19]. The size of the computational grid cells along the axial and radial directions
is equal to 10~m. The time step is determined from the Courant stability criteria [19]

1 1 1
[ S T

b

X r

h h . o
where At =—————=, At =———=———=, ¢, is the sound velocity in gas.

maqug‘ +cg] mavag‘ +cg]

The verification of the numerical solution for the equations system (1)-(16) and the developed
computer program for the reliability has been carried out by calculating the adiabatic combustion
temperature and controlling for the conservation laws of the mass and total energy of the gas. According to
the verification, the calculation error is about 0.03%.

2. Results and discussion

We have carried out the parametric investigation on the effect of the swirling on the establishment of
the ALAS combustion front in the channel and on the completeness of the particle combustion. The variable
parameters in the calculations are the size and mass concentration of the particles, the value of the axial and
angular velocities of the aluminum-air suspension supplied to the channel. All the calculations have been
conducted under the following thermophysical and kinetic parameters borrowed from [17]:

0 =36.6 MJ/kgko=1.11-10°m"/s, a, =0.889, Ay=0.025 W/(m:K), T,=300K, u,=27007 kg/mol,
U, =16007 kg / mol, cpg= 1065 JAkg'K), ciz=768.2J/(kg'K), c,=904J/(kgK), ,02 =2380kg / m’,
n=2'10°Pas, p,,, =0.264kg/m’, py=0.1 MPa, p, =pb/Rg7}, , T-=1400 K, r=0.02 m, R=0.1 m,

L=03m,/=0.03m.
The results of some calculations are presented in Figures 2-9. Figures 2 - 9 are plotted for the steady-
state regimes of the ALAS flow and its combustion. Figure 2 shows the stationary combustion regime for the

ALAS in the case when the swirling is implemented according to the law w, (O,r,t) =4, (r / R)ux;, , where R

is the radius of the cylindrical channel, A4; is the coefficient in the swirling law, uy is the axial feed velocity.
The calculation has been performed for the suspension with the axial feed velocity u. = 1 m/s, under the
coefficient of the angular component of the flow velocity, 4. = 75, under the mass concentration of the
particles - p= 0. 1 kg/m’, and with particle radius 7,;= 5-10°m. Figure 2a shows the gas temperature in the
channel, Figure 2b shows the mass concentration of the suspension. Under the selected swirl coefficient, the
maximum angular velocity of the air suspension is u, . =1.5m/s.

2250 1750 1250 750 250 0.10 0.08 0.05 0.03 0.00
T,K T T 1 P, kg/m T T T 1
0.06 g £0.06
<
0.02 = S 0.02
005 0.1 015 02 025 0.05 0.1 015 02 025
X, m X, m

Fig.2. Gas temperature (a), mass concentration of the suspension (b),
pps= 0.1 kg/m?, r,=5-10% m, uy=1 m/s, A. = 75.
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In this case, the maximum concentration of the particles is observed at close range from the inlet of the
channel at the height corresponding to the width of the inlet. The region of the maximum gas temperature is
straight after the channel expand at x = 0.04 m. With an increase in the particle mass concentration of the
supplied mixture (Figure 3), the maximum temperature reached in the channel rises. The shape of the flame
front remains practically unchanged. From a comparison of Figures 2a and 3a, it can be seen that the heated
gas zone stretches along the channel radius and slightly curves. Under the selected ratios of the axial and
angular components of the mixture feed velocity at the inlet, the particles enter the combustion zone, ignite
immediately at the entrance to the expanding part of the channel, and then are carried downstream by the
flow. The main mass of the particles is concentrated along the mixture feed line (Figures 2b, 3b).

Figures 4, 5 show the calculation results in the case of a decrease in the mass concentration of
aluminum particles in the supplied mixture. The coefficient of the angular component of the feed velocity in
this calculation is 4,= 50, thus the maximum value of the angle velocity is 1 m/s. Figure 4a shows the gas
temperature under the mass concentration of the aluminum particles p,»= 0.05 kg/m’, Figure 5a —p,»= 0.075
kg/m’. Figures 4b, 5b show the distributions of the mass concentration of the particles under p,, = 0.05 kg/m’
and p,» = 0.075 kg/m’. Under the chosen calculation parameters, the shape of the combustion front and the
spatial distribution of the particles change.
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Fig.3. Gas temperature (a), mass concentration of the suspension (b),
ppr=0.15 kg/m?, r,=5-10° m, up=1 m/s, A.=75.
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Fig.4. Gas temperature (a), mass concentration of the suspension (b),
ppo=0.05 kg/m?, r, = 5-10% m, up = 1 m/s, A, = 50.
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Fig. 5. Gas temperature (a), mass concentration of the suspension (b),
ppr=0.075 kg/m’, ¥,=5-10% m, up=1 m/s, A. = 50.
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In the case of the low mass concentrations of the aluminum powder and high angular velocities of the
supplied mixture at the inlet, the formation of the combustion front is observed along the axial direction of
the mixture supply. The edge of the front corresponds to the width of the input channel (Figure 6). Figure 7
shows the particle velocity vector corresponding to the case plotted in Figure 6. Due to the high feed rate and
high angular velocity component, the flame front is formed at a distance from the inlet channel at x = 0.06 m.
Qualitatively similar results had been obtained earlier in [20], where we had investigated the combustion of
the coal dust-air suspension in a channel under the swirling flow conditions. In the study, we had conducted
the numerical investigation on the influence of the flow swirling velocity on the gas temperature distribution
inside the channel without expansion and on the completeness of the coal dust combustion. It had been
shown that a particle with the low inertia is carried away by the swirling flow.
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Fig.6. Gas temperature (a), mass concentration of the suspension (b),
pps=0.075 kg/m?, r, = 5-10° m, u=3 m/s, A. = 50.
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Fig.7. Velocity vector of the particle motion, pys= 0.075 kg/m?, r, = 5:10° m, up = 3 m/s, A. = 50.
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Fig.8. Gas temperature (a) and mass concentration of the suspension (b),
pps=0.075 kg/m?®, r, = 10 m, up, = 10 m/s, 4. = 75.

To study the effect of the aluminum particle size on the shape of the flame in the channel, we have
conducted several calculation of the ALAS combustion with different particle radii ranged from 10 to 1 um.
The results of two example calculation are shown in Figures 8, 9. Figure 8 shows the gas temperature and
mass concentration of the aluminum powder along the channel during the ALAS combustion under the mass
concentration p,;= 0.075 kg/m’, particle radius 10°m, the feed velocity us= 10 m/s, and the coefficient of the
angular component 4. = 75. The intense swirl of the feed flow leads to a lifting of a certain fraction of the
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particles closer to the wall of the wide part of the channel. According to the Figure 8, the combustion front is
formed along the central part of the channel and in the area near the wall of the wide part of the channel.
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Fig.9. Gas temperature (a) and mass concentration of the suspension (b),
ppp=0.075 kg/m?, r, = 105 m, up = 5 m/s, A = 150.

m

Figure 9 shows the calculation results of the ALLAS combustion with the particle radius of 10 um, under
the particle mass concentration of 0.075 kg/m’, the feed velocity u,= 5 m/s, and the coefficient of the angular
component 4; = 150. The maximum speed along the tangential direction for Figures 8 and 9 was 150 m/s.
The particles with the radius of 10 um have a sufficiently high inertia, which leads to their lag behind the gas
and the formation of the zones of the increased particle concentration close to the channel walls. This effect
provokes the formation of a curved flame front with the temperature maximum distant from the channel
walls.

Conclusion

Thus, a physical and mathematical model has been developed for the combustion of an air suspension of
aluminum powder in a channel with a sudden expansion during swirling of the flow. The model is based on
the approaches of the mechanics of two-phase reacting media of R. I. Nigmatulin, and is written in a two-
dimensional axisymmetric approximation, taking into account the swirl of the flow along the angular
coordinate. The system of equations of the mathematical model is solved numerically by S.K. Godunov and
AN. Kraiko. Verification of the numerical solution of the system of equations showed that the laws of
conservation of mass and total energy are satisfied with an accuracy of 99.97%.

The influence of the value of the angular velocity of swirling of the flow at the entrance to the
combustion chamber, the mass concentration and size of particles in the air suspension on the shape of the
combustion front and the completeness of combustion of aluminum particles is studied numerically. The
critical values of the swirling speed, leading to the sowing of aluminum particles onto the walls of the
combustion chamber, have been determined. It is shown that, depending on the swirl rate of the air
suspension feed at the entrance to the combustion chamber, the combustion front can be formed in the
vicinity of the feed zone or be elongated along the channel axis. At high swirling speeds, part of the burning
particles is thrown behind the channel turn, which leads to the curvature of the flame front, a two-front
combustion mode arises, when the combustion fronts are formed in the center and at the periphery, between
the center and the stacks of the burner. The developed physical and mathematical model of combustion of an
air suspension of aluminum powder in a channel with a sudden expansion can be used for a preliminary
analysis of the design parameters of burners on powder metal fuel.
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This work describes the appearance of a concentration polarizing boundary layer on the membrane surface
during the separation of the H»/CO, gas mixture. Concentration polarization occurs when the rejection solution
accumulates near the surface of the membrane, forming a boundary layer. The inclusion of concentration
polarization effects in the processing of porous walls creates additional difficulties. The boundary layer formed by
concentration polarization can be considered as a type of a second porous wall with a lower permeability than the
membrane. The main difficulty in modeling this situation is to determine the appropriate boundary conditions for
the concentration on the wall, since the concentrations on the wall will constantly change, and the wall geometry
itself may change over time due to particle deposition. To account for this effect, a numerical approach was
developed, which is discussed in this work.

Keywords: membrane, gas separation, concentration polarization, boundary layer

Introduction

Biological processes of hydrogen production offer a method by which renewable energy sources, such
as biomass, can be used to generate the cleanest energy source for human use [1-2]. The processes of
production of combustible gases are promising for the efficient processing of biomass, wastewater treatment
in agriculture, public utilities and food production without the release of carbon dioxide into the atmosphere,
provided that aerobic and anaerobic bioreactors are combined in a continuous biotechnological scheme [3].

Extraction of energy from the resulting low-pressure gas mixtures is quite problematic, but can be
carried out with the help of gas separation technologies specially selected in such a way as to ensure not only
low-energy extraction of components, but also complete recirculation of CO, into the process [4-5].

Biogenic mixtures contain macro-components (methane, hydrogen, and carbon dioxide) and other
impurities. The release of energy from such mixtures involves their purification. Despite the high level of
development of gas separation technologies, the separation of biological synthesis products by standard
methods of chemical technology is economically unprofitable due to the low technical parameters of the
resulting liquid and gas mixtures [6-7]. Membrane gas separation can be assigned to the most promising
processes for the separation of gas mixtures of biogenic origin. Membrane bioreactors are highly precise,
selective, and efficient processes. They can contribute to solving the problems associated with the need to
use green and intensive technologies [8].

Concentration polarization occurs when the rejected solution accumulates near the surface of the
membrane, forming a boundary layer. This accumulation of solute causes a diffusive flow back to the source
material, which ultimately reaches a stationary state in which the flow of solute to the membrane surface
equals the solute flux through the membrane plus the diffusive flow from the membrane surface back to the
source material. The establishment of this boundary layer ensures the subsequent contamination of the
membrane layer; thus, the minimization or removal of the concentration polarization layer is the main goal of
the membrane study.

In this paper, based on the results of hydrodynamic modeling of membrane separation of gases H, / CO;
[9], an analytical method for the emergence of a concentration polarization boundary layer is described. The
basic hydrodynamic model was tested on the basis of experimental and computational data from the
literature [10], and the strategy and modeling methods typical for the problem of membrane separation were
discussed.
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1. Analytical method for determining the mass coefficient

The film theory approach for describing concentration polarization was developed by Michaels et al
[11-12]. The film theory simplifies the complex transfer problem to a one-dimensional mass transfer problem
by assuming that the axial convection of the solute near the membrane surface is insignificant. Integrating
the one-dimensional (transverse) balance of the convective-diffusion mass from the membrane surface to the
thickness of the boundary layer (film) of the final mass §, we obtain the ratio between the concentration
polarization and the permeate flow.

76“’ — G = exp (M),

where C, — the concentration on the surface of the membrane for the rejected CO», €}, and C,— volume

concentration and solute concentration, respectively, v,,is the rate of penetration of H> on the channel wall,
and D — the diffusion coefficient of the solute.

The procedure for estimating the thickness of the convective-diffusion layer in a channel with instant or
promptly reacting walls is the basis of most models of the film theory. For a fully developed laminar current
in a thin rectangular channel, the thickness of the film 1ayer is described

( ) 1. 475( )2f3 (L)lr’3
Upax ¥ 1 Q)
where x - the longitudinal coordinate, h - half the height of the channel, and wu,,,,-the maximum cross-flow
velocity at the center of the channel. Assuming a constant diffusion coefficient, the local mass transfer
coefficient is described by

D 1 3uD?
)1,13 = 0. 538( )1,13

)= 560 = 1475 2 3)

_ . . 3u .
where - the average volume velocity of the cross-flow and y,,=---the shear rate of the wall. The main

limitation of using film theory to membrane separation is the assumption that the transversal component of
convection (permeate flow) does not affect the thickness of the boundary layer, 9.

The channel-averaged mass transfer coefficient k is obtained from the integration of the local flow
V,,(x) determined by equations (2) and (3), provided that the permeate and volume concentration, as well as
the permeate and cross-flow velocities, remain constant along the length of the membrane channel, L. This
assumption is unrealistic for large-scale reverse osmosis systems, but is sensible for short membrane
channels where recovery is insignificant. The average channel transfer mass coefficient is expressed as

k=0. 807( )1»’3
“)
which is matching to the mass transfer correlation for a laminar flow in a slim channel, usually represented
as a Sherwood number,

kedy .
= —= /3
Sh= 7" = 185(ReScdy /L) -

2. Results and discussion

Figure 1 shows the dependence of the tangential voltage on the number Re at the channel input. As can
be seen from the resulting graph, the tangential voltage increases with an increase in the speed at the entry to
the channel. This confirms that a higher Reynolds number at the input corresponds to a thinner boundary
layer of concentration polarization.

By the analytical method, using the hydrodynamic results of equation (4), the average mass transfer
coefficient along the length of the channel was calculated. Knowing the average value of the mass transfer
coefficient for the corresponding Reynolds number, the Sherwood number was calculated. Figure 2 shows
the dependence of the Sherwood number on the Reynolds number. Also, in Figure 3, the change in the mass
transfer coefficient along the length of the channel was derived.
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Fig.3. Change in the mass transfer coefficient along the length of the channel.
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Fig.4. The change in the thickness of the concentration polarization boundary layer along the channel length.

As can be seen in Figure 4, the thickness of the concentration polarization layer increases along the
length of the channel. As expected, a higher Reynolds number at the input corresponds to a thinner boundary
layer of concentration polarization due to an increased shift that disrupts the boundary layer of concentration
polarization.

Conclusion

The inclusion of concentration polarization effects in the treatment of porous membrane walls creates
additional difficulties. As expected, a thinner boundary layer of concentration polarization due to an increase
in the shift that violates the boundary layer of concentration polarization.Comparison with analytical,
experimental and computational data shows that the modern approach to CFD modeling is capable of
describing flow conditions for 2D membrane channels. Good agreement is observed from the point of view
of the formation of a concentration polarization boundary layer. This gives confidence that the basic
hydrodynamic model of the membrane filtration process developed in [9] is satisfactory.
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The article deals with the issue of using a thermoacoustic engine as a low-power cogeneration source of
energy for autonomous consumer power supply capable of operating on various types of fuel and wastes subject
to combustion. The analysis of the world achievements in this field of energy has been carried out. A number of
advantages make it very promising for developing energy sources capable of complex production of electrical and
thermal energy with a greater efficiency than that of present day thermal power plants. The proposed scheme of a
thermal power plant is based on the principle of a Stirling engine, but it uses the most efficient and promising
thermoacoustic converter of heat into mechanical vibrations, which are then converted into electric current. The
article contains a mathematical apparatus that explains the basic principles of the developed thermoacoustic
engine. To determine the main parameters of the thermoacoustic engine, the methods of computer modeling in the
DeltaEC environment have been used. A layout diagram of the laboratory sample of a thermal power plant has
been proposed and the description of its design has been given. It has been proposed to use dry saturated steam as
the working fluid, which makes it possible to increase the generated power of the thermoacoustic engine.

Keywords: cogeneration, energy, thermal power plant, thermoacoustic engine, alternative source,
thermoacoustics.

Introduction

An urgent trend in the development of present day decentralized power engineering is the development
of alternative energy sources of low power for consumer power supply remote from power centers [1]. The
analysis of the literature [2-11] has shown that new designs of heat engines with external heat supply are
being developed, which can be a cogeneration source of energy with the capacity of 1 to 100 kW for self-
generation of energy at the place of its consumption without transport losses. The literature describes a
number of successful projects for developing thermal power plants using engines with external heat supply
(EEHS) for autonomous consumers capable of operating on various fuels, as well as waste prone to
combustion, their basis is various modifications of EEHS operating according to the Stirling thermal cycle
[6, 7, 8]. We can cite as an example the developments of the well-known world manufacturers, such as the
Philips, STM Inc., the DaimierBenz, the Solo, the United Stirling, the Ecopower, the WhisperGen, the
Microgen, the Lion-Powerblock, the EcoGenViessmann, etc. [1-5]. According to some economic and
technical indicators, a Stirling engine (SE) is superior to internal combustion engines (ICE) and gas turbine
plants (GTP), which makes it attractive for use in cogeneration energy sources of low power [4-11]. SE is
capable of operating in cogeneration mode producing 5-8 kW of thermal energy per 1 kW of electrical
energy depending on its design [6, 8]. At the same time, the overall efficiency of cogeneration energy
sources based on EEHS can reach up to 90 % with simultaneous production of heat and electricity [4 - 8]. It
should be noted the low cost of the produced energy and the long service life of the cogeneration source
within 20 years [6 - 8].

The aim of the work is studying a thermoacoustic engine (TAE) operating according to the Stirling
thermal cycle with the effect of a standing sound wave, as well as obtaining the dependences of acoustic and
electrical power on the working medium pressure and changing pressure of the working medium depending
on the heater temperature. Our task is to carry out studies of the thermoacoustic type EEHS [12-23] having a
more simplified design in comparison with the classic Stirling engine.

The scientific novelty lies in obtaining new dependences of the TAE parameters with structural
differences from their counterparts.
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1. Theoretical part of the studies

To calculate the parameters of TAE with a standing sound wave, which is formed when two traveling
waves are superimposed [12-23], expressions 1-3 have been used. The condition is accepted that sound
waves move towards the opposite axis along the conditional x axis, while their frequency and amplitude are
the same, =0 and ¢|_¢2=0 .

S =85, +8, =24 [doskx[dos wt = 2Acos%cos wt, (1)

2
where k = 7 is the wave number, 4 is the amplitude, A is the wave length,

S, =AEnos(a,t—kx),
S, :AE’cos(at+kx). )
In the experiments there have been used resonators with the length of 500 mm to 1200 mm; for each
resonator length, its own vibration frequency corresponds, which can be determined by the well-known
expression:

A=v/f, ©)

where A is the wave length, V is the sound speed, f is the fluctuations frequency.

The total acoustic power P of the TAE can be presented by the expression:

tot
Ptot = Qﬁl _Qal _AQﬂ

where AQ is the heat loss in heat exchangers.

The acoustic power is directly dependent on temperature gradients, namely the difference in
temperature of the working fluid in the "Heater" and "Cooler" systems. An important element of the TAE is
a resonator, in which there resonates an acoustic wave caused by the heating of the working medium in a
plate heat exchanger. The calculation of the resonator of the TAE studied can be performed by expressing its

length as L, and its diameter as d . In this case, it is necessary to take into account the pressure

res ?

fluctuation in the linear generator O,, which is the TAE load, and the speed fluctuation V,. These

fluctuations at the entrance to the resonator are related to the pressure fluctuations in the resonator & __ and

the speed V. by the following relationship:
J,, =9, cos(kL,,)~sin(kl, )4/ md* W, pv

res sou?

v, =V, cos(kL,, )-sin(kl )0 md* | 4Cpv

sou

where O is the working fluid density, V_  is the sound speed, & is the wave number.

ou

The vibration frequency of the magnet attached to the latex rubber membrane can be represented as [12,

15]:
w=./0g/m,,

where O is the coefficient depending on the membrane material properties, g is the membrane rigidity, m
is the magnet mass.

To estimate the energy parameters of TAE on a standing acoustic wave using theoretical information
[12-19], we introduce a parameter associated with generation of acoustic power W __ in the regenerator. The

res
volumetric velocity U, ,(x) is determined taking into account the second-order acoustic power W(x)

passing through the conditional point x. Let us accept the condition that the linear velocity of the longitudinal
movement of the working fluid (gas) in the volume of the regenerator V' can be represented as the
dependence:

U, =dV/dt, W(x)=w/2mpUdt =w/2¢pUd.
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As a result, we obtain a standard expression associated with averaging over time by the gas flow, at
which the work of the acoustic wave is performed [12-18]. The calculation of the thermal efficiency
indicator can be performed by the expression:

n=w./Qpu
where W is the power applied to the linear generator.

”gf = I/Vel.uut /Qﬁl’

where W,  is electrical power of the linear generator.

el.out

As a result, the efficiency of the TAE thermal Carnot cycle [3, 4] will be shorter and is determined by
the expression:

,761'.Karnut = ”ef / ,7Karnot b
VV; = 1/2Rv [5rl/res]'

3. Description of the object of study

The object of study is a TAE operating according to the Stirling thermal cycle with the effect of a
standing sound wave. A laboratory specimen of a thermal power plants (TPP) with an output electric power
of 30 W based on TAE is shown in Figure 1.

Fluid cooling system

~ Electric generator

Fluid supply
& Electric heating system

L A/ Resonator

Temperature
monitoring system

Fig.1. Laboratory TPP specimen base on TAE

Figure 2 shows a diagram of a laboratory specimen a TPP based on TAE. Heating of the working fluid
is performed in plate heat exchanger 1. Heating is performed using a 250 W electric spiral heater. In the
experiment, air was used as the working medium with adding a small amount of water (vapor-air mixture),
which provides the highest power indices of the studied laboratory TAD specimen. The gas pressure inside
the resonator housing should be at least 0.15-0.2 MPa [12-15]. The value of the initial pressure of the
working fluid in the internal cavity of the TAE affects the value of its power. When heated, the gas volume
expands and fills the entire cavity of the resonator, passes through regenerator 3, which is made of a metal
mesh with the cell diameter of about 1 mm [12-15]. Passing through, the heated gas gives up partially
accumulated heat to the metal mesh of the regenerator; for the resonator tube diameter of 25 to 50 mm, the
length of the regenerator should be 50-80 mm. The regenerator increases the thermal efficiency of the engine
by 10-15 %, and reduces its heat losses. An important parameter is the developed temperature difference at
the extreme regions of the regenerator, the greater it is, the greater its efficiency. Then, a slightly cooled
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working fluid enters the cold heat exchanger, where it is cooled and the process of its compression takes
place. During cooling and compression, the working fluid (gas) begins to move in the opposite direction
(indicated by the dotted line). Passing through the regenerator, the working fluid picks up partially
accumulated heat by the regenerator and enters the heater already preheated.

7 '
:@TE Membrane movement
==L
Qrem

-
- -

Membrane
movement Pait \ Ptot

- .& s Cooling  Heating
." T zone zone

Heating source

/A
‘.---.--

l : 4---=---- Reverse movement of the working fluid # = = ===~
———— % Direct movement of the working —mo———39

Fig.2. TAE based on the effect of a standing sound wave with an electrical and thermal circuit:
1 - hot heat exchanger, 2 - cold heat exchanger, 3 - regenerator, 4 - resonator, 5 - membrane,
6 - permanent magnet, 7 - coil with copper winding

When the working medium oscillates inside the resonator, its pressure and volume change, which
activates membranes 5, one of which is inside resonator 4. When the working medium is heated, an acoustic
wave is generated in the range of 150-180 dB, while the generation frequency depends on the length of
resonator 4 and parameters of membrane rigidity 5. The movement of gas inside the cavity of resonator 4 is
shown in Figure 2, both ends of the resonator are closed by the tube with membranes 5, which are set in
motion during the circulation of the working fluid. Permanent magnet 6 is fixed on the upper membrane,
under the weight of which the membrane is lowered to the lower position, when the working fluid is
compressed and cooled in cold heat exchanger 2, and when it expands, it rises. Magnet 6 reciprocates with
the oscillation frequency of the resonator circuit. Magnet 6 moving up and down crosses coil 7 of the copper
wire. An electrical load is connected to the output terminals of coil 7. The permanent magnet and the wound
coil develop a linear electrical alternator. The use of the water circulation system in cold heat exchanger 2
improves the process of cooling the working fluid and increases the TAE power. Hot heat exchanger 1, cold
heat exchanger 2 and regenerator 3 form the TAE working stage, the number of which can be increased to 4,
which will reduce the temperature gradient difference between the cold and hot parts of the stage up to 4
times.

2. Experimental results

There has been studied TAE with the resonator length of 1140 mm and the inner diameter of 22 mm,
operating with the use of the thermoacoustic effect of a standing acoustic wave in a heated gas. The
oscillation frequency of the acoustic wave is within 300 Hz, which is optimal for this type of the TAE
design. With decreasing the length of the resonator, increasing the oscillation frequency of the rubber
membrane is observed with decreasing the TAE power, and when using a 500 mm resonator, the oscillations
of the membrane completely stopped. The air temperature in the room where the TAE tests have been carried
out was 22-23 °C. The dependence of changing pressure of the working medium on the temperature of the
heater is shown in Figure 3. The efficiency of the TAE operation is largely affected by the temperature of the
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heater and cooler, as well as by pressure of the working medium in the resonator cavity. The working fluid
pressure of the TAE has been measured when the temperature of the working fluid changed from 150 °C to
330 °C. Increasing pressure and temperature allows increasing the power of the TAE, and reduces the time of
self-start and the starting its operation. Figure 4 shows the dependence of the acoustic and electric power on
the working fluid pressure that is the most important for estimating the TAE total efficiency.
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Fig.3. Dependence of the working fluid pressure changing on the heater temperature
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Fig.4. Dependence of the acoustic and electric power on the working fluid pressure

The design is intended for working pressure of 0.5 MPa; for operation at higher pressures in the range
of 12-15 MPa, serious changes are required, first of all, the transition from a rubber membrane to a metal one
which will also provide increasing the vibration frequency.

The DeltaEC computer program (Design Environment for Low-amplitude Thermo- Acoustic Energy
Conversation developed by Los Alamos National Laboratory, USA, free license) has been used to calculate
the parameters of the TPP laboratory specimen based on the TAE. This program is used to simulate
thermoacoustic engines and to obtain their design parameters. DeltaEC performs numerical integration based
on a low-amplitude linear approximation of the Rott equations. When comparing the results obtained
experimentally and when modeling TAE with the use of the DeltaEC program, the values of the acoustic
power of TAE were on average 30 % higher than the experimental ones, since a lot of assumptions have
been formed related to the external factors affecting the operation of TAE. The executed model in the
DeltaEC program does not allow accurate reflecting all the design features and parameters of a full-scale
specimen and has been used as a tool for preliminary calculation of the expected acoustic power.
Subsequently, corrections will be made to this model to gradually approximate its parameters to a full-scale
specimen due to the fact that the mechanism for developing heat exchangers and regenerators is
insufficiently developed. There is also idealization of heat transfer processes and structural parts of the TAE,
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on the basis of which the model has satisfactory accuracy of information of the parameters and geometry
(pressure, temperature, dimensions, operating frequency, etc.), but it does not take into account the
hydrodynamic features of the flow and transient processes in various components of the pulsation cooler
structure. Similar problems with the accuracy of modeling the software product DeltaEC are noted in works
[21, 22]. In practical experiments with the laboratory TAE specimen, a microphone and Sound Card
Oszilloscope software have been used to measure the amplitude of acoustic pressure in the resonator, which
together with a computer performed the functions of a two-channel oscilloscope with the transmission
frequency in the range from 20 to 20.000 Hz.

3. Conclusions

The performed theoretical and practical studies allow us to assert that a single-stage TAE can be used as
a low-power cogeneration energy source for power supply of autonomous consumers. TAE has a number of
advantages, which makes it very promising for the creation of autonomous multi-fuel energy sources capable
of more efficiently producing electric and thermal energy in a complex manner than modern thermal power
plants (TPPs). The presented design of a single-stage TAE, based on the effect of a standing sound wave,
ensures its launch at a temperature of about 150°, which is a rather significant indicator for a single-stage
design. The use of an additional regenerator increases the thermal efficiency of the TAE. TAE operates
according to the well-known Stirling thermal cycle, but unlike the known energy sources based on the
Stirling engine, it does not have pistons and, accordingly, problems with ensuring the reliability of the seals,
which makes it possible to increase its resource, as well as the overhaul interval. The use of the free software
product DeltaEC made it possible to calculate the TAE parameters and simulate its operation, which reduced
the time spent on its creation.

The minimum indicator of the TAE self-start temperature of 186 °C with the load of 30 W was reached
with the resonator with the inner diameter of 22 mm and the length of 1140 mm. The proposed air-vapor
mixture as a working fluid is capable of effectively operating in the resonator with the length of 1140 mm at
the minimum T = 150 °C with pressure P = 0.1 MPa and at the maximum T = 330 °C with pressure P = 0.5
MPa. Increasing the density of the working fluid is a very promising direction for increasing pressure at
average temperatures of the working fluid from 150 ° C to 330 ° C, which is not achievable when used in air
as a working fluid. This circumstance makes it possible to significantly increase the power of the TAE and
create a commercially attractive cogeneration autonomous energy source capable of operating on almost any
type of fuel, including waste that is subject to combustion, since only a heat source is needed for its
operation.
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In the work, the regularities of changes in the shear strength of the adhesive bond t and the piezoelectric
coefficient f§ in the metal systems "steel 45 - 40X", "steel 45+B-40X", "steel 45+BC-40X" were obtained during
physical modeling of the materials I-204, Wolf 10W-40, TAD-17i, Litol-24 with distinctive dynamic viscosities
using the additional equipment of the SMTs-2 friction machine. It has been established that a twofold increase in
the shear rate causes a decrease in the piezoelectric coefficient in the "steel 45+VS - 40X" system by a factor of
1.2-1.6 for Wolf 10W-40, TAD-17i, Litol-24 lubricants and its relative similarity independent of dynamic viscosity.
At the same time, a twofold increase in the shear rate in the "steel 45+B-40X" system also causes a decrease in
the piezoelectric coefficient by a factor of 1.16-1.38 for all tested lubricants and its alignments, as in the "steel
45+VS" system, does not observed. It was found that the clearly expressed regularity of the effect of the equivalent
dynamic viscosity on the strength of the adhesive bond at p = 0 MPa is not revealed, and the nature of the
manifestation is predetermined by a possible change in the mechanism of intermolecular interaction, which
depends on the structure of the molecules of lubricants. It was determined that the piezoelectric coefficient
naturally decreases with an increase in dynamic viscosity in the entire considered range of normal pressures.

Keywords: metal system, tangential strength, shear rate, piezoelectric coefficient, pressure, dynamic viscosity

Introduction

This work is a continuation of work [1], which shows the importance of having numerical values of the
parameters of adhesion properties directly for the surfaces of metals of full-scale operational friction units of
machines and mechanisms with reversible movement, ie. in which there is a shift with a certain speed of
movement, when the manifestation of the molecular (adhesive) component of the friction force has time to
manifest itself. Tribophysical assessment of the state of the near-surface layers of metals of parts working
under sliding friction with unidirectional movement is also important. This is due to the fact that when some
mechanisms are activated, one surface of the part moves relative to the other. In this case, the force
parameter of their contact interaction changes from minimum to maximum and back. Such mechanisms
include, for example, the gas distribution mechanism of an internal combustion engine (DVZ), in which the
cam displacement relative to the end of the valve or pusher at the initial moment of movement occurs with a
normal force due to the magnitude of the compression force of the valve spring when it is opened and closed.
The shift rate is predetermined by the starting crankshaft rotation speed and depends on the energy
consumption of the DVZ electric start system. In addition, each subsequent shift is carried out under
conditions of contact through lubricating formations that were previously formed under conditions of
amplitude-frequency change in the force and speed parameters of loading the contact pads of the friction
surfaces. The efficiency of the DVZ operation depends on the tribophysical state of the camshaft friction
surfaces: power, dynamics, efficiency [2, 3]. In most cases, automotive DVZs use one-piece camshaft
structures, which are made of structural medium-carbon steel with surface wear-resistant layers. Additional
hardness of finished shafts is obtained as a result of hardening: nitriding, laser treatment, bleaching, etc.
Surface modification is also possible by saturating the surfaces of the camshaft cams with boron and boron
carbide, including with subsequent laser treatment, which leads to the production of new near-surface
microstructures with predictably improved parameters of friction and wear [4, 5]. The tribological state of
the friction pair "camshaft cam - valve (pusher)" during shear is estimated by the known parameters: shear
strength of the adhesive bond 1o and piezoelectric coefficient B [5, 9], and the assessment of their
manifestation, taking into account the multifactorial influence, seems to be a significant scientific and
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technical problem in tribology. A particularly significant factor is surface modification, for example with
boron, boron carbide, of medium carbon steels and its effect on the surface energy, especially of active
centers of adsorption of lubricant molecules. And this, in general, determines the nature of the accumulation
of fatigue deformations of the contact interaction areas during multiple shears with different intensities of
force, speed loading and viscosity of intermediate lubricant formations, and as a result, wear of the cam
surface.

1. Analysis of publications

The interest in boriding process of specialists from various industries is caused by the unique ratio of
mechanical, physical, corrosive and tribological properties of the resulting coatings. During the second half
of the 20th century, scientific schools in many countries studied this process. A detailed review of the
boriding process of many metals is reflected in the dissertations [6, 7]. It is emphasized that over the decades
of application of the boriding process, various methods of saturation of products with boron have been
proposed, the mechanisms of formation of boride coatings on carbon and alloy steels, their phase
composition and properties have been studied. A common disadvantage of all boriding methods is the long
duration of diffusion saturation. To solve this problem, methods are being sought to intensify diffusion
saturation and reduce costs. The study of adhesive shear in lubricants, which can simulate the gradient
viscosity of lubricants with boundary lubrication in friction triads by their viscosity, is a fundamental result,
both from a practical and theoretical point of view. There can be three, four or more such lubricants. A
lubricant, as an element of a mechanical system, significantly affects the reliability of the entire system,
however, during operation, its properties change, therefore, establishing a resource for it is an important
problem. The main requirement for lubricants is to ensure the wear resistance of materials of friction pairs in
a wide range of loads, speeds and temperatures, therefore, the solution to this problem should be aimed at
determining the relationship between the mechanisms of aging of lubricants and wear of materials, the
formation of modified protective layers during friction. All these questions are devoted to dissertations [6-8],
which contains a list of extensive literature. At the same time, not enough attention has been paid to the
issues of assessing the effect of the viscosity of a lubricant on the shear resistance of surfaces when varying
the parameters of their modification [5, 9, 10]. This is especially important for materials that have a certain
technological heredity of surface properties acquired during the operation of real parts. Such parts include
the aforementioned camshaft, made, for example, of 45 medium-carbon structural steel with an HFC-
hardened surface layer. Moreover, such information is not only of scientific and applied interest for the
development of tribological and materials science aspects of ensuring the reliability of mechanical
engineering objects, but also is the initial data for modeling the patterns of changes in their tribological state
and control of processes in them. Simulating changes in the viscosity of lubricant formations in the
considered friction pair "camshaft cam - valve (pusher)", the basis of which, as a rule, is a mineral, semi-
synthetic, synthetic oil is very difficult due to the complexity of reproducing the viscosity of lubricating
formations from the same type of environment.

However, it is possible to simulate using lubricants other than the bases, but with known viscosities. Of
course, this approach imposes certain restrictions, but it allows, in the first approximation, to establish the
direction of the process. Thus, having the surface structures of the camshaft cam fragments modified by
boron, boron carbide and definitely selected lubricants, it seems possible to perform a model assessment of
the nature of the change in the parameters of its molecular bond with the valve (pusher) material depending
on the viscosity of the interaction medium.

2. Objective

The aim of the work is to establish the regularities of changes in the parameters of the adhesive bond in
the systems of materials "steel 45-40X", "steel 45+B-40X", "steel 45+BC-40X" in the physical modeling of
the shift between small samples in a lubricant environment viscosities using additional equipment of the
SMTs-2 friction machine.

3. Research methodology

The parameters of the adhesive bond of materials were determined using additional equipment for the
SMTs-2 friction machine in accordance with the methodology proposed in [1]. In this case, the force loading
parameter was represented by the normal pressing force of the fixed shoe (a fragment of the camshaft cam -
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steel 45) of 140N, 185N, 230N, 280N. The time of t; = 0.43 s and t, = 1 s for the angular displacement of the
shearing disk (material 40X) under the action of the lever mechanism determined the parameter of high-
speed loading - the shear rate. The displacement speed of the disk relative to the block was vi = 10.16 + 0.8
mm/s, v2 = 5.08 = 0.6 mm/s. The average linear displacement of the disk was 1 = 4.5 mm. The chemical
composition of the materials of the system under study is presented in Table 1.

Table 1. Chemical composition of steel, %

lement . .
S\te%l\ C Si Mn Ni S P Cr Cu Fe

45 042 - 0.17 - 0.5-0.8 before before before 0.035 before before ~97
0.5 0.37 0.25 0.04 0.25 0.25

40X 0.36 - 0.17 - 0.5-0.8 before before before 0.035 | 0.8 -1.1 before ~97
0.44 0.37 0.3 0.035 0.3

Boring and boron cementing of block samples was carried out in accordance with the methodology
described in [4], block samples are shown in Fig. 1. Boronated and boron-cemented surfaces with subsequent
laser treatment were not used in the presented studies.

a b
Fig. 1. View of samples for experimental research: a - cross-section of the camshaft cam divided into samples-segments
No.1-No.12; b - surface treatment scheme: A, B, C, D - plane of the sample-segment; B - boriding (boron cementation);
LO - laser processing

The lubricant was applied in a thin layer to the disk at a temperature of 25 °C. In the experiment, we
used the following lubricants:

- semi-synthetic motor oil Wolf 10W-40 API SL/SF, dynamic viscosity at 40 °C pu=0.19 Pass;

- industrial oil I-20A (GOST 20799-88), dynamic viscosity at 40 °C p = 0.027 Paes;

- transmission oil TAD-17i (GOST 23652-79), dynamic viscosity at 50 °C p=0.106 Pacs;

- Litol-24 grease (GOST 21150-2017), dynamic viscosity at 50 °C u = 8 Pass.

The indicated range of changes in the viscosity of the simulated lubricating medium is quite wide and
we think it is significant for experimental studies. At the same time, the lubricants themselves, with the
exception of engine oil, cannot be used in the LWD lubrication system. Each of them has its own functional
purpose. Motor oil 10W-40 can be used all-season if the temperatures in winter do not drop below -25 °C,
unless the car is equipped with a pre-heater, which eliminates the need to crank the crankshaft with the
starter on a cold engine. Industrial oil I-20A is used in units of industrial machines and mechanisms: rolling
mills, metal-cutting machines, fans, forging and pressing equipment, textile machines, pumps, etc. The
grease is well suited for reducing friction between surfaces with low pressure in light and medium loaded
gears, sliding and rolling guides. Oil TAD 17i is a universal all-season transmission fluid that is used to
lubricate hypoid, spiral-bevel, worm, cylindrical and bevel gears operating at high loads. The material is
suitable for automotive and electric vehicles, transport, trucks and special vehicles. The main advantage of
Litola-24 is its high mechanical stability, due to which the material is used in units operating under increased
loads. However, if we single out the most significant property for specific conditions and operating modes
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separately, then they can be equally differentiated taken into account in the contact between the cam and the
valve end (valve pusher). Those, we can talk about model reproduction of the layer-by-layer viscosity of the
forming lubricant formations with a positive gradient to the metal surface. The functionality of the latter is
manifested both with boundary and mixed lubrication of friction surfaces. The strength of the adhesive bond
at shear (shear resistance of the molecular bond) - tangential strength t was determined in accordance with
the expression:

r= M, ey
ris,’
where My, - moment of friction during shear, Nem; r is the radius of the disk, r = 25 mm; Sb - indent area, Sb
=1.5-5.5 mm?>.

4. Research results and their discussion

Graphical approximation of the averaged data in the form of linear dependencies with inverse
extrapolation of the shear resistance of displacements is shown in Figure 2.
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Fig. 2. Tangential strength of the adhesive bond in the contact of materials "40X - steel 45": a - steel 45
without treatment; b, ¢ - steel 45 + BC; d, e - steel 45 + B; 1 - without lubricant; 2 - I-20A; 3 - Wolf 10W-40; 4 -
TAD-17i; 5 - Litol-24; 6 - extrapolated values of t; b, d - shear rate 5 mm/s; a, c, d - shear rate 10 mm/s.
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At the same time, their equations and the accuracy of approximation R? are determined by the
parameters of the trend lines in Excel program, the results are shown in Table 2, 3. Analysis of the data
obtained indicates the following. In general, the following picture takes place. The saturation of the surface
of steel 45 with boron and boron carbide in almost all cases of shear in lubricating media either leads to a
decrease in the values of the piezoelectric coefficient B, or it remains unchanged: the system “steel 45 + VS -
TAD-17i - 40X” Fig. 2 c, d; system "steel 45 + VS - Litol-24 - 40X" Fig. 2, the exception is the system "steel
45 + VS - I-20A - 40X" at a shear rate v; = 10.16 + 0.8 mm/s , for which the value of B increased slightly. A
clear decrease in the piezoelectric coefficient  is manifested for the unmodified surface of steel 45 during
shear in lubricants. Moreover, a smaller value of B is typical for Litol 24 with the highest dynamic viscosity,
Fig. 2 a. An increase in the shear rate in systems with a modified surface of 45 steel causes its ambiguous
influence on the manifestation of adhesion parameters. With regard to the parameter 10, there is a tendency
to a decrease in its values for systems of materials with modified steel 45 during shear in lubricating media
up to the absence of its manifestation at normal pressure po = MPa.

Table 2. Parameters of approximation of experimental data for the system of materials "40X - steel 45 (+ B, +
BC)" without lubricants

Parameter Steel 45 Steel 45+B Steel 45+BC
Type of equation 1=0.280-10,27 1=0.230-7,5 1=0.116-1,23
- 1=0.240-3,05 1=0.170-3,53
Approximation reliability R? 0.9 0.96 0.97
- 0.96 0.84
Piezoelectric coefficient S 0.28 0.23 0.11
- 0.24 0.17
Tangential strength 7y, MPa >0 at p=36 MPa >0 at p=32 MPa >0 at p=11 MPa
- >0 at p=13 MPa >0 at p=21 MPa

Note. The upper row of values at a shear rate v; = 10.16 £+ 0.8 mm/s, the lower one at v, = 5.08 + 0.6 mm/s.

The system "steel 45 + VS - 40X" is characterized by the following manifestation of the adhesive bond
parameters, Fig. 2 ¢, d. An increase in the shear rate by a factor of two causes, firstly, a decrease in the
values of the  parameter by a factor of 1.2-1.6 for lubricants Wolf 10W-40, TAD-17i, Litol-24, second, its
alignments. Those at v; = 10.16 £ 0.8 mm/s, the values of the parameter § do not depend on the dynamic
viscosity. The exception is industrial oil 1-20A with the lowest viscosity, for which the value of the
parameter 3, on the contrary, increased by 1.8 times. The graph lines on the coordinate field are located in a
narrower corridor than the graph lines without modification of steel 45 with boron carbide. This clearly
reflects the features of the manifestation of the variable surface energy of the "steel-45 + VS" system on the
formation of adhesive bonds with steel 45 through the compacted layers of the lubricant deformed in the
interface zone. Such bonds are clearly reduced, and for reliable adhesion it is necessary to increase the
pressure in the contact zone, i.e. the tribological system in the region of low contact pressures, for example,
less than 20 MPa, becomes more reliable.

The system “steel 45 + B - 40X” is characterized by the following manifestation of the adhesive bond
parameters, Fig. 2 e, f. An increase in the shear rate by a factor of two causes, firstly, a decrease in the 8
parameter values by 1.16-1.38 times for all tested lubricants, and secondly, its alignments, as in the system
"steel 45 + BC "is not observed. Those when the shear rate is doubled, there is a proportional decrease in the
parameter . In this case, the regularity of a decrease in the parameter p with an increase in dynamic
viscosity remains. The graph lines on the coordinate field are located in a wider corridor relative to the “steel
5 + BC” system, and approximately equal to the corridor for placing graphs for unmodified steel 45.

This clearly reflects the features of the manifestation of the variable surface energy of the “steel-45 + B”
system on the formation of adhesive bonds with steel 45 through the compacted layers of the lubricant
deformed in the interface zone. Such bonds decrease somewhat less than in the “steel 45 + BC” system. Such
a decrease is less pronounced under the action of the components of the TAD-17i and Litol-24 lubricants, i.e.
their properties are manifested to provide increased stickiness in the zones of distributed contact. For this
system, the range of normal pressures at which the parameter 10> 0 is approximately two times less than in
the “steel 45 + BC” system. This indicates a positive effect of carbon on a decrease in the strength of the
adhesive bond in the considered system of materials. According to table 2, graphical dependences are built,
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Figure 3, which more clearly reflect the nature of the change in the parameters of the adhesive bond in the
studied systems of materials.
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Fig.3. Dependence of the strength of the adhesive bond 1 (a) and the piezoelectric coefficient B (b) on the
viscosity of the lubricant: 1 - system "steel 45 + BC - 40X" at v, = 5.08 £ 0.6 mm/s; 2 (1 a) - “steel 45 + B - 40X”
system at v = 5.08 £ 0.6 mm/s; 3 - “steel 45 + BC - 40X” system at v; = 10.16 £ 0.8 mm/s; 4 (2 a) - “steel 45 - 40X”
system at v; = 10.16 = 0.8 mm/s; 5 (3 a) - “steel 45 + B - 40X” system at v; = 10.16 = 0.8 mm/s; A - change in the
mechanism of intermolecular interaction

The analysis of the obtained interpretations of the experimental data indicates the following. No clearly
pronounced regularity of the influence of different-grade lubricants with increasing dynamic viscosity on the
parameter 1o was revealed. However, the following trends are visible. First, there is a decrease in the values
of the parameter 1 for unmodified boron steel 45 in two ranges of values of dynamic viscosity: from 0.027
to 0.106 Paes and from 0.19 to 8 Paes. At the same time, at points A, changes in the mechanisms of
manifestation of intermolecular interaction are possible, depending primarily on the structure of the lubricant
molecules.

Secondly, there is a decrease in the values of the parameter 1o for steel modified with boron at a shear
rate vz = 5.08 + 0.6 mm/s in the range of dynamic viscosity values from 0.106 to 8 Paes, and at v; = 10.16 +
0.8 mm/s in the range of dynamic viscosity values from 0.106 to 0.19 Paes. In this case, in the range of
dynamic viscosity values from 0 to 0.106 Pa s, the values of 1 increase, which also indicates the
manifestation of a change in the mechanism of intermolecular interaction, which depends on the structure of
the lubricant molecules. Third, for steel 45 modified with boron carbide, the values of the parameter to
practically do not appear. An exception is frictional contact in the I-20A lubricant, and even then at low
shear rates. For the adhesive bond parameter B, clearly expressed regularities of a decrease with an increase
in dynamic viscosity are established in the entire considered range. The exception is the system "steel 45 +
BC - 40X" at v, = 5.08 + 0.6 mm/s for which the piezoelectric coefficient increases in the range from 0 to
0.19 Paes, and then decreases. This also indicates the manifestation of a change in the mechanism of
intermolecular interaction, which depends on the shear rate. In this case, regardless of the nature of the
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modification of steel 45 (saturation with boron or boron carbide), at a higher shear rate, a tendency of a
regular decrease in [ values with respect to its non-modification, and an increase at lower shear rates,
appeared.

Table 3. Parameters of approximation of experimental data for the system of materials "40X - steel 45 (+ B, +
BC)" in the environment of lubricants

Parameter Steel 45 Steel 45+B Steel 45+BC
_ |3 g 5
Lubricant - = % g, - -~ % EI o -~ % 3.
Q . — ) Q 4 et ) Q . et °
~ 2 e |2 ]2 |2 s |2 |~ |2 |= |2
I =) — B =) — = =) —
= = =
Piezo coefficient 0.16 | 0.13 ] 0.13 | 0.11 | 0.18 | 0.11 | 0.13 0.1 0.17 | 0.11 0.11 0.12
- - - - 0.21 | 0.14 | 0.18 | 0.14 | 0.09 | 0.15 0.18 0.14
Tangential strength 7z, | 1.4 | 0.63 | 3.61 | 0.51 | >0at | 0.36 | 0.01 | 0.75 | >0at | >0at | >0at | >0 at
MPa p=38 p=86 | p=24 | p=26 | p=42
MPa MPa | MPa | MPa MPa
- - - - >0at | 1,36 | >0at | 0.64 | 7.88 | >0at | >0at | >0at
MPa MPa MPa | MPa | MPa

Note. The upper row of values at a shear rate v; = 10.16 = 0.8 mm/s, the lower one at v, = 5.08 = 0.6 mm/s.

The applied application of the obtained experimental data to the "camshaft cam - valve (pusher)"
friction pair indicates the following. The saturation of steel 45 with boron carbide is more significant, since
this predetermines a decrease in the strength of the adhesive bond during shear at sufficiently high normal
pressures p; > 26 MPa, and, accordingly, the intensity of the accumulation of fatigue deformations in the
near-surface layers. As a result of this contacting process, the wear of the cam material is reduced.

At the same time, the definable values of normal pressures also predetermine the requirements for the
operational state of friction surfaces, on which it is necessary to avoid the formation of micro- and submicro-
small contact areas that predetermine the normal pressures of the indicated values, Table 2. This behavior of
the tribological system "40X - steel 45" consists in the features of its surface energy. E. Rabinovich [11]
proposed the dependence of the relationship between the friction coefficient on the surface energy of solids.
According to Rabinovich, the coefficient of friction f:

f:§[1+2wabﬁtge +“_j, (2)
p pr

where S is the shear resistance of the welding bridges; p is the effective voltage on the contact; Wy is the
adhesive bond energy; 0 is the angle of inclination of a single irregularity; r is the average radius of the touch
spot.

Rabinovich noted that adhesion is especially intense, provided that the bodies have "smooth" surfaces.
In this case, the surface energy has a significant effect on the value of the friction coefficient. Taking this
into account, Rabinovich points out that the ratio of the adhesion energy and the effective contact stress is an
important factor for the selection of friction pairs. If the given expression is large, then the conditions for
sliding are bad. In the works of V.D. Kuznetsov, the friction process is considered from the energy side [12].
K. Johnson [13] defined the friction force as a combination of energy and mechanical components

F:F0+\/%S3/2\/E, 3)

where Fy is an external force; o is the specific surface energy of the material; As is the surface area where the
force is applied; E - elastic modulus of the material.
In [14], within the framework of the thermodynamic approach for the dry friction coefficient, we
obtained the following formula:
r=NOED N, 4)
AG
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where 6 is the specific surface energy of the material, S is the contact area, T is the temperature, AG? is the

Gibbs energy, N is the average number of elementary fracture carriers (proportional to the number of
defects), C is a constant.

All expressions (2) - (4) differ from each other, but with an increase in the surface energy, the friction
coefficient (adhesion energy) increases. In table 4, for steels 45 and 40X, these values are indicated at a
temperature close to the melting temperature Tm.

Table 4. Specific surface energy for steels 45 and 40X

Steel T, K o, J/m?
45 1103 0.772
40X 1143 0.800

In [15, 16], it was emphasized that when analyzing the energy picture of the surface layer, one should
proceed from the assumption that approximately 25% of the total energy is accumulated in the layer. The
remaining 75% of the energy is heat, which comes to the layer and leaves it according to other dependencies.
However, the remaining 25% of the energy creates properties that are undoubtedly among the properties that
determine the quality of the product. Roughness in combination with sub-roughness significantly affects the
surface energy. The magnitude of the surface energy changes the magnitude and nature of the layer of the
adsorbed zone, as well as the zone of oxides, etc. Under its influence, the boundary zone can take different
positions relative to the main material of the work piece or part. The energy state of the surface layer to the
greatest extent depends on the impact on it in the process of technological manufacture of the part. This
effect turns out to be very strong in the course of procurement operations, when the action of deforming
forces, heat, chemical process, etc. are combined. In [15, 16], as well as from formulas (2) - (4), it follows
that the smaller the difference in the surface energies of mating parts made of different materials and under
different technological influences, the less will be the coefficient of friction during their mutual movement,
and vice versa. This is exactly what Table 4 indicates.

Conclusion

The results obtained in the work revealed the features of the manifestation of the shear strength of the
adhesive bond and its piezoelectric coefficient in the studied metal systems. The established graphic patterns
and parameters of their mathematical approximation made it possible to determine the direction of the
processes of adhesive interaction of the surface of 45 steel modified with boron and boron carbide with 40X
steel through compacted lubricating formations with distinctive gradients of dynamic viscosity. It has been
established that boriding and boron cementation predetermines the expansion of the range of working normal
pressures in lubricating media, excluding the manifestation of the adhesion component of friction, which
leads to an increase in the reliability of the operation of friction pairs during shear. The data obtained for
Wolf 10W-40 engine oil can be used in analytical calculations for predictive assessment of the effect of the
adhesion friction component during the start of the DVZ in the drive of the valve groups of its gas
distribution mechanism. It follows from the above formulas that the smaller the difference in the surface
energies of the mating parts made of different materials and under different technological influences is, the
lower the friction coefficient during their mutual movement, and vice versa.
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The disadvantage of polymeric materials, including epoxy resins, is their increased fire hazard. Reducing the
flammability of polymeric materials is a serious problem that needs to be addressed. One of the ways to reduce
the flammability of polymers is the introduction of special additives into the polymer matrix with flame retarding
properties, which leads to a change in the nature of the processes occurring during the combustion of the
polymer, or to blocking the combustion process with non-combustible or inhibiting substances. In this work,
aluminum trihydroxide, melamine polyphosphate, and melamine poly(magnesium phosphate) were used as flame
retardants to enhance the flame-resistant properties of epoxy resin. The filler loading in the epoxy composites was
10 wt. %. The experimental studies have been carried out to determine the ignition temperature of the produced
epoxy composites. The data obtained were compared with the ignition temperature of a control sample of epoxy
resin without filler. The results indicated that the incorporation of all the flame retardants studied resulted in an
increase in the ignition temperature. The ignition temperature of the samples filled with melamine polyphosphate
and melamine poly(magnesium phosphate) increased by 28 and 11 °C, respectively. However, the best result was
obtained for a sample filled with aluminum trihydroxide. the ignition temperature of this sample was 40 °C higher
than that of the unfilled epoxy resin.

Keywords: epoxy resin, composite, flame retardant, ignition temperature.

Introduction

Epoxy resins are multipurpose oligomeric materials used for the production of compounds, composites,
as well as for pouring various surfaces and making glue and sealant. Due to the unique combination of useful
properties, epoxy resins are widely used in various areas of the national economy. From the whole variety of
epoxy resins, an epoxy resin of ED-20 type stands out as an inexpensive, high-quality product. Epoxy resin
ED-20 possesses such properties as high density, excellent hardness, good resistance to mechanical damage
and moisture, heat resistance, dielectric and anti-corrosion ability, good adhesion to plastic, metal, glass,
ceramics, wood, and many other materials, ease of use, low shrinkage. However, the flammability of epoxy
resin, as well as most polymeric materials, is a disadvantage that limits the widespread use of polymeric
materials in various industries and in everyday life [1]. The increase in the number of fires and material
damage can be correlated with the increase in the consumption of polymer materials. Reducing the
flammability and fire hazard of polymeric materials is one of the most important tasks, on the solution of
which the further development of many sectors of the national economy depends. This task can be facilitated
by the introduction of additives with flame retardant properties [2—5]. Such fillers can lead to a change in the
nature of the polymer degradation process when heating or blocking the combustion process with non-
combustible or inhibiting substances. Besides, the fillers also improve the physical, mechanical, and other
functional properties of polymeric materials; their use contributes to reduce the consumption of valuable and
often scarce raw materials. Therefore, this direction seems to be attractive from the point of view of the
economics of the production of polymer material.

A large group of substances used as flame retardants is substances that upon heating endothermically
decompose to form non-flammable products. One of such substances having flame retardant properties is
boric acid. At the heating, boric acid releases water in the endothermic process that reduces polymer
temperature and degradation. Also, nonflammable boron oxide forms on the polymer surface, which has a
barrier effect and protects the polymer from flame action [6, 7]. Aluminum trihydroxide (ATH) also belongs
to the group of substances that have flame retardant properties due to endothermic decomposition upon
heating [8—10]. It is known that the use of ATH is effective for reducing the flammability of the polymers, as
a rule, when introduced in high concentrations of ~ 50 wt. % and more, which contributes to the deterioration
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of physical, mechanical, technological, and operational properties, as well as to an increase in the cost of the
material [11]. The new generation of flame retardants with excellent flame retardant properties includes
melamine polyphosphate (MPP) and melamine poly(magnesium phosphate) (MPMgP) [12-16]. MPP
combines the advantages of phosphorus and melamine based flame retardants and is widely used in various
polymers to stimulate char formation. An important advantage of MPP is that it is environmentally friendly.
It does not contain halogens, which are harmful to the environment.

The aim of this work was a comparative study of the effect of aluminum trihydroxide, melamine
polyphosphate, and melamine polyphosphate magnesium on the ignition temperature of the epoxy
composites based on epoxy resin ED-20.

1. Experimental part
1.1 Sample preparation

To obtain epoxy composites, we used epoxy resin of grade ED-20 and polyethylene polyamine (PEPA)
as a hardener. The concentration of PEPA in the samples was 12 wt. %. Aluminum trihydroxide (ATH),
melamine polyphosphate (MPP), and melamine poly(magnesium phosphate) (MPMgP) were used as fillers.
The concentration of the fillers in the compositions was 10 wt. %. The resulting mixtures were poured into
silicone molds and cured at room temperature for 24 h. For the experiment, five samples having a mass of 3
g of unfilled cured epoxy resin (EO) were prepared, as well as five samples for each type of filler. The
samples had a cylindrical shape with the following dimensions: diameter 45 mm, height 2 mm. The images
of the filled epoxy composites are shown in Fig. 1.

a) b) ¢) d)
Fig.1. Samples of epoxy composites: a) EO, b) E/ATH, ¢) E/MPP, d) EEMPP-Mg

1.2 Characterization

The thermogravimetric analysis (TGA) of the unfilled epoxy polymer was made using STA 449C
Jupiter thermal analyzer (Netzsch). TGA curves were measured from 25 °C to 900 °C at a rate of heating 10
°C/min under air atmosphere. Test method for determining ignition temperature of the epoxy composites was
carried out according to the Russian regulatory document GOST 12.1.044-2018 “Occupational safety
standards system. Fire and explosion hazard of substances and materials. Nomenclature of indices and
methods of their determination”. The experimental method for determining the ignition temperature consists
in heating the substance, at which the evolved gases are ignited, after which the presence of ignition is
recorded at a set temperature. The tests were carried out on an installation for determining the ignition
temperature and autoignition temperature of solids and materials at a constant temperature of the reaction
furnace (Fig. 2).

The principle of operation of the installation is based on setting a constant temperature regime in a
reaction furnace (400 °C) and exposure to a burner flame. After introducing the test samples into the reaction
furnace, the temperature indicators were monitored. To calculate the ignition temperature of the investigated
substance, the arithmetic mean of two temperatures differing by no more than 10 °C was taken.

2. Results and discussion

The results of thermal analysis obtained for the unfilled epoxy sample EO are shown in Fig. 3. Thermo-
oxidative degradation of the epoxy resin was studied using the thermogravimetric method (TG), differential
thermogravimetry (DTG), and differential scanning calorimetry (DSC).The initial temperature of
degradation of the sample EO at which the mass loss is 5% was found to be 266 °C. Thermo-oxidative
degradation of the epoxy polymer occurs in three stages.
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Fig.2. Installation for determining the ignition temperature

Three exothermic peaks on the DSC curve are caused by the following processes: homolytic scission of
chemical bonds, the depolymerization of polymeric chains followed by a primary carbonaceous char
formation, and the oxidation of formed carbonaceous char [17, 18]. The values of the maximum temperature
at the first, second, and third peaks for the sample EO were 285, 428, and 522 °C, respectively. The thermo-
oxidative degradation of the unfilled epoxy polymer was finished at ~600 °C.

DTG/%/min
TG/% DSC/mWimg
300 ‘25 7 522°C | exo
250 10 110.00

200
150
100

50
0

0 0.00

-10 1-10.00

-20.00

-20
100 200 300 400 500 600 700 800 900
Temperature /°C

Fig.3. TG (1), DTG (2) and DSC (3) curves of the unfilled epoxy polymer

One of the characteristics of the flammability of materials is ignition temperature. Ignition temperature
means the lowest temperature of a substance at which, under the conditions of special tests, a substance emits
flammable vapors and gases at such a rate that, when exposed to an ignition source, ignition is observed. The
value of the ignition temperature of the test sample must be known to develop measures to ensure fire safety,
as well as to determine the degree of flammability of substances. The results of the testing for the ignition
temperature of epoxy composites are presented in Table 1. Fig. 4 shows the remains of the materials obtained
during testing.

According to the results obtained, the ignition temperature of the control sample EO was 307 °C. The
maximum ignition was obtained for the sample E/ATH and it was 40 °C higher than that of the control
sample EO0. When heated, ATH decomposes in the endothermic reaction with the release of water and the
formation of non-combustible aluminum oxide [8—10]:

2Al1 (OH); — Al>Os3 + 3H,0, AH = 298 kJ/mol.

Thus, the introduction of ATH into the polymer promotes heat removal and dilution of the formed
combustible gases during heating and combustion of the polymer. Additionally, the layer of aluminum oxide
on the polymer surface provides a physical barrier and prevents the polymer from the action of the flame.
The ignition temperature for the samples E/MPP and E/MPMgP was higher by 28 °C and 11 °C,
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correspondingly, in comparison with that of the sample E0Q. The residue after the test was the largest for the
samples E/ATH and E/MPP. The sample E/'MPMgP burned out almost completely.

Table 1. Ignition temperature of epoxy composites.

Sample T, °C
EO 307
E/ATH 347
E/MPP 335
E/MPP-Mg 318

MPP decomposes endothermically above 350 °C, acting as a heat sink and cooling the combustion zone
of the polymer. The released phosphoric acid additionally reacts with the polymer to form carbonaceous
char, preventing oxidation of the combustible polymer surface [12, 13]. At the same time, the formation of
nitrogen during the decomposition of melamine intensifies the formation of a char layer for additional
protection of the polymer.

a) b) c)
Fig.4. Samples of epoxy composites after testing for ignition temperature:
a) E/ATH, b) E/MPP, ¢) EMPP-Mg

The results obtained can be explained by the thermal stability of the unfilled epoxy polymer and used in
this study flame retardants. It is known that at the heating ATH begins to decompose at the temperature 190
°C with maximum release of water at 350 °C [10], while according to the results of thermal analysis, the
initial temperature of degradation of the unfilled epoxy polymer is 266 °C. When the epoxy polymer filled
with ATH is heated, ATH decomposes endothermically in aluminum oxide and water, absorbing heat.
Additionally, the water formed in this process dilutes the concentration of other gaseous decomposition
products and lowers the flame temperature. Upon further heating, solid residues are formed, creating a
barrier against oxygen and heat. The MPP starts to degrade at 350 °C, the temperature of 5 wt. % mass loss
for MPP is 383 °C and for MPMgP is 368 °C [13, 14]. When the epoxy polymer is heated to such values of
temperature, the epoxy polymer loses 52 and 49 % by weight, respectively. The contribution of the flame
retardants MPP and MPMgP to the flame suppression process begins at a later stage in comparison with the
epoxy polymer filled with ATH.

The obtained results can be compared with the result for determining the ignition temperature of epoxy
composites filled with boric acid (10 wt. %) and the composition of boric acid (10 wt. %) and iron
nanopowder (5 wt. %) [19]. The ignition temperature was found to be increased to 317 °C for the sample
filled with boric acid and 322 °C for the sample filled with boric acid in combination with iron nanopowder.

It should be noted that these conclusions relate to the epoxy resin of the ED-20 type investigated in this
work. Thus, among the studied flame retardants, the use of ATH leads to the greatest increase in the ignition
temperature and can be recommended for the development of polymer composite materials based on the
epoxy resin ED-20.

Conclusions

In this work, the epoxy composites were prepared by incorporation of three kinds of flame retardants in
the epoxy matrix: aluminum trihydroxide, melamine polyphosphate, and melamine poly(magnesium
phosphate). The concentration of each flame retardant in the epoxy resin was 10 wt. %. The test for
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determining the ignition temperature of the epoxy composites and unfilled epoxy resin was carried out
according to Russian regulatory document GOST 12.1.044-2018. Among the studied flame retardants, when
they were introduced into the epoxy resin to reduce flammability, aluminum trihydroxide showed the best
results: the ignition temperature was 40 °C higher than that of the unfilled epoxy resin ED-20. The use of
melamine polyphosphate and melamine poly(magnesium phosphate) as a flame retardant for other types of
epoxy resins requires clarification and more detailed studies, in particular, using thermal analysis. In our
future work, we will study the effect of aluminum trihydroxide on the characteristics of the flammability of
epoxy polymers in combination with nanodispersed fillers — metal nanoparticles. The results of this study
can be applied to study and develop polymer materials with reduced flammability.
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SCALE-INVARIANT AND WAVE NATURE OF THE HUBBLE
PARAMETER
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The value of the global Hubble parameter corresponding to astrophysical observations was determined
theoretically without using aCDM models. A nonlinear fractal model of the connection between the distance to the
observed galaxy and its coordinate is proposed. Distance is defined as a fractal measure, the measurement scale
of which, in contrast to the known fractal models, corresponds to the deviation of the desired measure itself from
its fixed value (radius of zero gravity), relative to which the scale invariance is assumed. We used the dimension
of our proposed specific anisotropic fractal, which simulates the increase in the distance to the observation point.
1t is shown that this dimension is also the maximum dimension of the strange attractor of the phase portrait of the
equation of gravitational waves and sets of galaxies from different catalogs.

Keywords: Hubble parameter, gravitational waves, fractal dimension, expansion of the universe.

Introduction

The works [1-3] present the results of determining the rate of expansion of the universe. At distances of
at least 3 million light-years (Mpc), galaxies can separate at a speedof 68 — 73 km/s. The discrepancy
between the results and their average is about 4%.

To describe the observed regularity, the expansion of the universe along with ACDM model, the
cosmological constant A is added to the Einstein gravitational field equation, the need to comprehend which
led to the unclear concept of dark energy. Recently, modified theories of gravity have been put forward as an
alternative to the dark energy hypothesis [4]. These theories are aimed at finding more complex
combinations of multidimensional space curvature invariants. It is expected that the modified theory of
gravity may be applicable to high energy physics problems. However, the presence of higher derivatives with
new additional parameters leads to new problems in the quantitative description of the observation results.
Multidimensionality, the need for additional measurements are indicated in contemporary studies on the
studied issue. One of the possibilities to take into account additional dimensions is to take into account the
fractional dimension of fractal objects, which are scale-invariant and self-similar in structure.

In works [5-7], an alternative possibility to ACDM model called the Scale Invariant Vacuum (SIV)
theory, where the cosmological constant is multiplicatively related to the theoretically introduced coefficient
of scale invariance of space, is developed. Several tests of the SIV results were carried out with cosmological
observations of the Hubble parameter, redshift, and its connection with temperature. Good agreement
between the results of theory and observations was obtained. It is concluded that observational facts can be
described without using hypotheses about dark energy and dark matter.

The scale invariance of geometric objects manifests itself in the form of fractal structures: a small part
repeats the shape of the whole. Since the works of B. Mandelbrot, the theory of fractals has been widely used
in astrophysics. However, the inconsistency of the theory with some observational facts, for example, with
spectral laws, makes it necessary to use ‘“new types of fractals” [8]. We will consider the possibilities of
using new models of fractal sets: describing the formation of pre-fractals in only one direction and a
nonlinear fractal measure (distance to galaxies), the measurement scale of which depends on the measure
itself.

The aim of this work is to determine the value of its fractal dimensions from the attractor obtained from
the equation of weak gravitational waves and use them in the equation for the distance to galaxies to
determine the global value of the Hubble parameter without using the cosmological constant and to compare
the results of theory with observations.
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1. Scale invariance of the attractor of signals of gravitational waves

Einstein's equations for the gravitational field have the form
1

where R;;is the space curvature tensor (Ricci tensor), Tj;is the energy-momentum tensor,g;; is the metric
tensor,G is the gravitational constant, and the speed of light ¢ = 1 is taken.

Let us assume that inhomogeneities in the distribution of matter cause inhomogeneities in the geometry
of space. Then, in a synchronous frame of reference, the elements of the Galilean metric tensor with small
perturbations |ha/; (R, t)| & 1 can be written in the form [8, 9]:

9o0=1 9oa =0, Gop = —a? (t)[5ag — hap(R, t)]' )

where a(t)is the scale factor of the expansion of the universe, h,p(R,t)are linear perturbations of the
curvature of space, and a, fare the components of the spatial variable X.

Taking into account conditions (2) from equation (1) in [8] the equation of gravitational waves is
obtained

@ 2Vhyp = hap + 3 () hap, 3)

where V are spatial derivatives, a dot means time derivative.
For the Fourier components with a spatial wavenumber k associated with the length of the transverse
gravitational waves A = 2ma(t)/k, we have the equation for the perturbations of single polarization h(t):

S SOR SO RUPR ”

The last term in (4) has the dimension 1 / m?, and the first two - 1 / s2, because it was assumed that the
S . . . o d a . .
speed of light is equal to unity. Let us come in (4) to the spatial derivatives by R: 5; ~ Vogg its assumed

that vy = 1 is the velocity of gravitational waves in a medium with cosmic perturbations of the density of
fields and matter:

H+3(§)h+(§)2h=0, (5)

where dots denote derivatives to the coordinateR.
The derivation of equation (5) is given in [8]. The choice of this form from the set of equations of
gravitational waves [9] can be justified only within the framework of the same used approximations,

neglecting the square of small quantities. Equation (5) describes the wave process of change h(R)at a fixed

. ..k 2m. . . .
time. By definition - = 7” is the ratio of the wavenumber to the scale factor. To clarify the meaning of3 % ,we

assume that the mass of matterM with its densityp, with the scale factor of expansion of the volumea, and
also with perturbationsdp, daare related as

B M=pad3 2M=(n— 3
M =pa’, —M=(p—dp)(a+da). (6)

Dividing these equations term by term, neglecting the squares and cubes of small quantitiesdp, da,
through the derivativesp = dp/dR,p = dp/dR, we obtain

—%:3%. (7)

For% > 0, we have damped oscillations; for% < 0 Eq. (5) describes undamped oscillations in R.
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Let us introduce the Hubble parameter H = a/aas a dynamic characteristic of the problem and write
equation (5) in the form of a system convenient for numerical analysis:

h=b, a=Ha b=—3Hb—(R%)2h, (8)

In contrast to equation (5), in the system of equations (8) the wavenumber k is represented through a
physical characteristic, the radius of zero gravityR,, since gravitational waves with a characteristic length
A = 2n(R,/a) can be realized in clusters of galaxies:

k _2ma _ a 9)

Various valueR, estimatesare accepted. More generally, R, values can be taken as the Lagrange points of
interacting stars. On the scale of galaxies, zero-gravity points lead to fluctuations in the motion of galaxies.
Before the establishment of global expansion in distance, both the repulsion and the attraction of galaxies
take place, which is observed as fluctuations and instability of their coordinates. The transition to global
expansion can be considered as a result of large-scale fluctuations in the form of a phase transition [10]. The
stability of the Lagrange points of gravitating systems is analyzed in contemporary studies [11]. Due to the
scale invariance of the studied phenomenon, regularities will be established forR, = 1, the valuesR, > 1 are
needed to analyze the role of many galaxies with different R,.

For short waves (Ri ~ % « 1), from (5) a solution for h(R)follows in the form of harmonic functions.

The shape of long waves is affected by the inhomogeneity of the cosmic background (fluctuations in the
density of matter, radiation).As an example the results of a numerical analysis of the system (8) with the
initial values hy = 0.01; by = 0.01; ay = 1.01 and parameters R, = 10, H = 10 are shown in Figure 1.

0.0T17 bttt et
H=100 0.07
AR AR A
0.011
= H=70 = 0.05
~ =
-1 5
“ 0.03
0.011 : , ~10 0.01
B 5 In 18 Z ‘
R(Mpc)
a) b)

Fig.1. Gravitational-wave shapes (a), and its basic portrait (b).

The values h(R) decrease with increasing H and the oscillations become structured chaotic.Dynamical
system (8) has phase portraits (h(R), fl(R))in the form of fractal sets for different values of the parameterH.
The correlation dimensions of attractors Dwere determined by the expression

. logc(s
D = lim 2 &)
6-0 logéd

, €& = lim =3I, 5006 - [x - x]), (10)

where §is the measurement scale,C(85) is the correlation integral, N is the number of points in the set,
[xl- - xj]is the distance between two pairs of points (i # j), 0(f)is the Heaviside function.

As the values dincrease, C(8) saturate, the corresponding maximum valueD, is observed in the interval
50 < H < 75(Fig. 2).
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Fig.2. Possibility of maximum fractal dimension of a strange attractor of a dynamical system (8).

According to the theory, we found the value of H divided by the background velocityv, = 1 kms™1.

The absolute value of the Hubble parameterH is in kms~1Mpc~lunits. The exact value of the maximum
D = D, = 1.465 corresponds to the theoretical model of the original fractal and the analysis of galaxy
catalogs, which are given in Section 4.

2. Fractal dimension of the sets of expanding galaxies

There is a geometric model of a fractal with a valuey, = D — d = 0.465, whered is the topological
dimension, Dis the fractal dimension. This fractal (Fig. 3), called anisotropic, was proposed by one of the
authors of this work to describe turbulence in the boundary layer and to create an information-efficient
fractal antenna [12, 13]. Each pre-fractal (hierarchical levels of order n) has 5 links with a relative length of
1/3. The vertical links are not pre-fractals of the next order.

1.0

n=1 n=2 n=3
1/0 127
0.41 1/3

R. . R.
00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 10

Fig.3. Anisotropic fractal with pre-fractals of ordern = 1, 2, 3.

The Hausdorff local dimension of all pre-fractals is of order n of an anisotropic fractalD = D, =
InN /In(1/8) =In5/In3 = 1.465, where N is the number of links,§ is the dimensionless measurement
scale. Other fractals are known [14] with the same dimensionD, which does not depend on the direction of
formation of pre-fractals, but their topology does not reflect the specifics of the one-sided wave expansion of
galaxies. The point is that the dimension D of the set of hierarchies of an anisotropic fractal manifests itself
only in one direction (Fig. 3). For astrophysical applications, it can be denoted through a R coordinate,
through X (R) — the distance to the galaxy.

3. Nonlinear geometric model of the expansion of the universe

Since the works of B. Mandelbrot, the theory of fractals has been used to describe the structure of the
universe on a large scale. However, for a more detailed adequate description of cosmological observations,
new concepts of fractal geometry are needed.The well-known theories of fractals imply an independent
choice of the scale of measurement of a measure (additive geometric, physical quantity) from the value of
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the measure itself. Near critical values, for example, atR = R,the measure varies greatly, it is necessary to
take into account the indicated dependence. Using the Hausdorff expression, we define the fractal length
X(R,y)in the form

KRy = R(ZE2) () < (-2

)" (1)

where AX(R,]/) = |X(R;V) - R*l:y =D-d
The Eq. (11) must be analyzed taking into account the fractality of the desired lengthX (R, y), which is
possible through discrete iteration over pointswith step i as a display:

XiaRy) = R (|1 - 20)) (12

The value of the indexi + 1 in the notation of a continuous function X;,;(R,y)corresponds to the
steady-state of the display sequence (12), regardless of the initial conditions. In terms of the cosmological
equation[8] X;, 1 (R, y)determines the possible distance to the galaxy with the coordinateR, the right side of
Eq. (12) is the scale factor a(t)multiplied by Rdepending on the coordinateX;. In what follows, we will use
the notation X(R,y)omitting the indexi + 1. Changing the measure of space depends on itself. With an
increase in the parametery, the values X(R, y)become chaotic near R = R, (Fig. 4).

The results of iterating over the valuesX (R, y) in points will differ from the results of standard computer
methods, where segment iteration is used. For clarity, Fig. 4 shows curves with a large stepAR = 1071,
When decreasingAR to 1073, the smoothed character of curve 3, obtained using the Scipy package, in
comparison with curve 2, remains at the same number of samples.

8‘ ‘ y:

] 1+ 0.2

it 2= 0465
61 J 13— o046sst

Pl 405
i
|

X.(RY)

Fig.4. Chaotization of values X (R, y)with an increase in the scaling index yatR, = 1.
The number of display iterations (12) equals 103.

If relative values of variablesX/R,.R/R, are used in Eq. (12), the form of the equation does not change.
Therefore, according to the definition of the Hubble parameter H forR, = 1, we have:

1

H = 1y (AX(RY)/BR), (13)

where AX/ ARis the rate of removal of galaxies, along the coordinate R AX = X;,; — X;, AR- coordinate
change corresponding toAX. Let us take the minimum value ARequaloy - the standard deviation of X(R, y).
A stable value oy = 0, = 0.0149 aty < y,, but y, corresponds to the global expansion of the universe.
Close values to o, are also observed for some forms of singular generalized functions (like & - the Dirac
function) when analyzing their behavior by an iterative method near the point of a burst (“explosion”).
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Fig.5. Change in standard deviation X (R, y)by yaccording to Eq. (12). g, = 0.0149,y, = 0.465
(by Figures 2, 3, and subsequent 6, 8).

It should be taken into account that the generalized functions expressed in terms of harmonic functions
give a value of g,~ 0.18 due to the well-known Gibbs phenomenon, which occurs when a jump function is
approximated by a Fourier series. Possibilities of decreasing o,in these cases are considered in contemporary
studies [15]. Close values to o, are observed for examples in the form of a power-law generalized function
since the nonlinear fractal measure X(R,y)contains a degreey. For example, for the functionf(x) =

M _ . . . . . .
Nad (m0? jterative analysis at M — oo in a change range n corresponding to the randomization of the value
xwith a positive Lyapunov exponent gives the resulto,, = 0.018.

The accuracy of determining the coordinates of galaxiesR and the parameterH are interdependent. The

root-mean-square deviations oy, gycan be estimated from the condition of violation of the coherence of the
chaotic characteristics of the gravitational wave nearR = R,:

AL Ak > 2T, (14)

where AA, Akare the moduli of wavelengthA and wavenumber fluctuationsk. Wavelength fluctuations are
proportional to changes in the geometric characteristics — coordinatesR: AA~ARWavenumber fluctuations

are inversely proportional to the change in the fractal distanceAk~A (@) By definition of the Hubble
1

X (R’y)). Consequently,Ak~AH. After that, relation (14) for

parameter, its change is proportional to AH ~A(

the relative standard deviations has the form

OR Oy = 2m, (15)

1
where o = ((AR)? — (< AR >2))z/R,, 04 = ((AH)? — (< AH >*))'/? /H, 0,
A theoretical estimate H,,,,,, = H(Y.) is possible according to equation (5).

4. Comparison of theoretical results with cosmological observations

The values of the fractal dimension of the sets of galaxies determined from catalogs differ. For example,
in [16], the values of fractal dimension D = 1.3 - 1.5 for the SDSS 16™ data release catalog were obtained by
the correlation method.To increase the accuracy of determining D, we calculated the correlation function in
Eq. (10) forrijml_n <6< LTI where Tijin® T s 2T€ the smallest and largest distance between two

points. The choiceofr; J ma is determined by the saturation of the number of pairs of points (Figure 6a.).

Indeed, the fractal dimension D = 1.465 is installed only on a certain spatial scale (Fig. 7b). Many
galaxies form a fractal correlation curve with the topological dimensiond = 1. The maximum value of the
scaling index corresponds to its theoretical value y, = D — d = 0.465.
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Fig. 6.Saturation of the number of pairs of points N by the distance between two points according to the catalog [17]
(a). Change in the correlation dimension according to the relative scale of measurement 1025 /7; jmaxaccording to

catalogs: 1- [ 17], 2- [18], 3- [19](b).

Figure 7 shows a Hubble diagram for a set of values10 < R, < 200,y = y,. The theoretical values
H,kms™*Mpc~! = 65,72,79 were obtained for iR * 102 = 1.36; 1.49; 1.65 by averaging N = 10* points.

There is no global expansion rate y < y,near the Local Group (1 < R < 3 Mpc).

*

x10°

21

0 50 100 150 200 250 300
X.(Ry)
Fig.7.An illustration of the existence of the global value for the Hubble parameter fory = y,. The average value of the

interval H = 65 — 79 (inunitskms~*Mpc™1) according to the results of observations [1-3, 20] is 72 with an error of
about 4%. The value H according to the present theory at y = 0.465, 0, = 0.0149is72,AH = 21/1.49 = 4.21%.

AX(RY)
AR
and can be both positive and negative, as in astrophysical observations [1-3,20]. The global expansion of the

universe is described by the valuey, = 0.465. Saturation of H value by the increase ofy toy, determined by
the analysis of the attractor of gravitational waves (Fig. 2) is also observed from the result of the theory of
the distance to galaxies as a nonlinear fractal measure (Fig. 8). Objects of the same luminosity, located at
different distances from the observer, will have different apparent values.

Observations [21] show that the luminosity (m-M) increases chaotically with increasing redshift zand
its behavior towards saturation can be described by the relation:

m—M = 5% (logioL+5) , (16)

The ratio of the speed of galaxies to the speed of the background varies along the coordinateR
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wherelL is the measured redshift distance to the galaxy.
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Fig.8.Changes in the Hubble parameter with increasing scaling exponent atAR = 1.49 * 1072

To compare the result (16) with the present theory, we replace L byX (R, y) fromEq. (12). We define the
AX(R’V), select the valueAR = 1.58

10~2Mpc as corresponding to H = 68 kms~Mpc~'that adopted in [21], and obtain chaotic values of the
luminosity (Fig. 9). The regular curve in this figure, as in [21], corresponds to the valuesL = z/H

redshift as the rate of change in the distance along the coordinatez =

27.54 : , : i i : .
00 02 04 06 08 10 12 14

Fig.9. Change of luminosity value by redshift, corresponding to equations (16) and (12).

Conclusion

The equation for weak perturbations of the curvature of space, following from Einstein's equations for
the gravitational field, is written in terms of the dependence of the wavenumber on the scale factor of the
expansion of the universe and the radius of zero gravity of galaxy clusters R,. The attractor of this equation
has the maximum fractal dimension D = d + ¥, = 1 + 0.465, which is reached when the Hubble parameter
is changed. The value of the scaling exponent y,corresponds to the new anisotropic fractal model, various
applications of which were previously considered by the authors, and to the correlation fractal dimension of
the distribution of galaxies in various catalogs.

The distance to the galaxy is determined through its coordinate as a nonlinear fractal measure, the
measurement scale of which, in contrast to the known fractal models, takes into account the deviation of the
desired measure itself from its value at the point of zero gravityR,(at the Lagrange points of gravitating
objects). The change in the distance along the coordinate determines the ratio of the galaxy's velocity to the
velocity of the system accompanying the gravitational wave and the corresponding Hubble parameter.
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Discrete iterative analysis of a singular nonlinear equation with a fractional power for distance gives a
scale-invariant value of the root-mean-square deviation of 0.0149 forR,= 1. Such results are typical for
examples of singular generalized functions obtained by discrete iterative analysis, taking into account the
structure of the fractal measure. The use of the established minimum measurable interval of the galactic
coordinate value is in good agreement with the latest observations of the Hubble parameter, redshift in
distance, the dependence of luminosity on redshift. Due to the self-similar wave nature, the value of the
Hubble parameter depends on the ratio of the violation of the wavelength coherence and the wavenumber of
the gravitational wave. Thus, new models of fractal measures (objects of non-Euclidean geometry) make it
possible to describe the basic observational facts of cosmology by Einstein's ideas about homogeneity and
Mandelbrot's about the scale invariance of the universe.

Acknowledgements
This research has been funded by the Science Committee of the Ministry of Education and Science
of the Republic of Kazakhstan (Grant No. AP08856419).

REFERENCES

1 Riess A. G. etal. A 2.4% determination of the local value of the Hubble constant. The Astrophysical Journal.
2016, Vol. 826, No. 1, pp. 56-61.

2 Ade P. A. R. et al. Planck 2013 results. XVI. Cosmological parameters. Astronomy & Astrophysics. 2014,
Vol. 571, pp. Al6.

3  Kuo C.Y. et al. The megamaser cosmology project. V. An angular-diameter distance to NGC 6264 at 140
Mpc. The Astrophysical Journal. 2013, Vol. 767, No. 2, pp. 155-159.

4 Nojiri S. L., Odintsov S. D. Introduction to modified gravity and gravitational alternative for dark energy.
International Journal of Geometric Methods in Modern Physics. 2007, Vol. 4, No. 01, pp. 115-145.

5 Maeder A. An alternative to the ACDM model: the case of scale invariance. The Astrophysical Journal.
2017, Vol. 834(2), pp. 194-200.

6  Maeder A. Scale-invariant Cosmology and CMB Temperatures as a Function of Redshifts. The Astrophysical
Journal. 2017, Vol. 847, No.1, pp. 65-69.

7  Maeder A., Gueorguiev V. G. Scale-invariant dynamics of galaxies, MOND, dark matter, and the dwarf
spheroidals. Monthly Notices of the Royal Astronomical Society. 2020, Vo0l.492, No.2, pp. 2698 — 2708.

8  Peebles P. J. E. The large-scale structure of the universe. Princeton university press. 1980, 440 p.

9  Landau L.D, Lifshitz E.M. Field theory. Elsevier Science, 2013, 218 p.

10 Nicolis G., Prigogine 1. Exploring complexity an introduction. 1989, 107 p.

11 Strong M. D., Crescimanno M. Lagrange point stability for a rotating host mass binary. Physical Review D.
2020, Vol.102, No. 2, pp. 024052.

12 Zhanabaev Z.Zh. Fractal model of turbulence in the jet. Proceedings of the SB Acad. of Sci. USSR. Technical
Science series. 1988, Vol.4, pp. 57 — 60. [in Russian].

13 Zhanabaev Z.Zh., et al. Electrodynamic characteristics of wire dipole antennas based on fractal curves.
Journal of Engineering Science and Technology. 2019, Vol.14, No. 1, pp. 305 — 320.

14 Feder J. Fractals. Springer Science & Business Media, 2013, 183 p.

15 ChhoaJ. F. An Adaptive Approach to Gibbs’ Phenomenon. Master's Thessis. 2020, 111 p.

16 Garcia-Farieta J. E., Casas-Miranda R. A. Effect of observational holes in fractal analysis of galaxy survey
masks. Chaos, Solitons & Fractals. 2018, Vol. 111, pp. 128-137.

17 Karachentsev I.D., ef al. A catalog of neighboring galaxies. The Astronomical Journal. 2004, Vol. 127(4),
pp- 2031.

18 Ahumada R., et al. The 16th data release of the Sloan Digital Sky Surveys: first release from the APOGEE-2
Southern Survey and full release of eBOSS Spectra. The Astrophysical Journal Supplement Series. 2020, Vol.249,
No.1, pp. 3.

19 Boller T., et al. Second ROSAT all-sky survey (2RXS) source catalogue. Astronomy & Astrophysics. 2016,
Vol. 588, pp. A103.

20 Freedman W. L., et al. Final results from the Hubble Space Telescope key project to measure the Hubble
constant The Astrophysical Journal. 2001, Vol. 553, No.1, pp. 47.

21 Elvis M., et al. Spectral energy distributions of type 1 active galactic nuclei in the COSMOS survey. I. The

XMM-COSMOS sample The Astrophysical Journal. 2012, Vol.759, No.1, pp. 6 — 13.

Article accepted for publication 23.04.2021



90 ISSN 1811-1165 (Print);, 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

DOI 10.31489/2021N02/90-95
UDC 528.88

SATELLITE DATA PROCESSING ALGORITHM IN THE PROCESS
OF FORMATION OF THE TIME SERIES OF VEGETATION INDEXES

Vitkovskaya I.S., Batyrbayeva M.Zh.

Joint-Stock Company “National Center of Space Research and Technology”, Aimaty, Kazakhstan
madina-iki@mail.ru

The diverse spectral indexes computed from the satellite images are used extensively in the world practice of
remote sensing of the Earth from space. This approach proved its validity for the satellite monitoring of the
underlying terrain, detection of ongoing changes and trends of their dynamic patters. Accumulated prodigious
amount of satellite data, the state-of-the-art methods of thematic interpretation gave rise to creation of services
providing free access to both images and to image processing results. Notwithstanding the foregoing, in the
furtherance of the local and regional scale it turns out that usage of the end products of thematic processing of
space information supplied by the known available services was not efficient on all occasions. Consequently, we
may need to generate our own archives of the long-term series of satellite indexes. The volume of files containing
the digital index matrices computed based on the MODIS satellite low resolution data subject to the complete
coverage of the territory of Kazakhstan surpasses 4 Gb. This often results in the delayed computations, and on
frequent occasions in infeasibility of computation of a full matrix when the medium specs computers are
employed. This article is focused on the satellite data processing algorithm in the process of formation of the time
series of vegetation indexes. As a consequence, the multi-year archive of vegetation indexes (over a period of
2001-2020), which provided a basis for trend analysis of the underlying terrain, determination of their future
trends and forecasting of their changes was created within the territory of the Republic.

Keywords: remote sensing, satellite images, processing algorithm, long-term data series, vegetation indexes.

Introduction

Application of the Earth remote sensing data (ERS) with the aim of location of objects of the underlying
terrain of the Earth, subsequent monitoring of these objects, forecasting of changes in their state in the
present state of the art of space technologies became a widespread practice already. Study of the multi-year
environmental changes with the aid of tools and methods of the remote sensing data represents one of the
most promising modern research areas of examination of the processes observed on the Earth's surface. The
multizone space images serve as a basis for the interpretation of the spectral characteristic of soil and
vegetation covers, water surfaces for the acquisition of reliable data [1].

The current stage of development of space technologies is characterized by the following special
patterns of use of satellite data [2]:

— A growing number of the ERS space vehicles, their spectral and spatial resolution made it possible to
perform monitoring of the high-rate processes involving detection of such processes at the early stages of
development;

— Steep increase in volume and frequency of supply of satellite data [3], which resulted in the necessity
for the development of new approaches and methods of the remote sensing data processing practices [4];

— The present-day ERS satellite system ensure acquisition of not only qualitative information but also
of accurate quantative information. In view of this, ERS data is used not only for the qualitative assessment
of a situation but also for quantitative assessments and the possibility to make predictions of development of
the diverse processes and phenomena,;

— As a result of the rising level of information accessibility, implementation of the monitoring system
has become more profitable than development of the ground-based and aerial surveillance systems;

— There is a trend towards transition from the use of the local systems of data acquisition and creation
of own archives of own space images to services of acquisition of information from the large-scale
specialized centers.

Specific traits of the present-day development of services offering the remote sensing data are the
reason why it is not advantageous to develop and support the entire data processing cycle. Many remote
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sensing systems are targeted at the acquisition of standardized, well-gaged and tailored core products with
the previously defined spatial and time formats.

The following differing levels of monitoring — local, regional, national, and global, distinct from each
other in their goals — are distinguished. The use of end products of thematic processing of space information
in performance of the local and regional tasks does not always prove its efficiency for the spatial and time
details of monitoring data. Therefore, a need for the formation of own archives of the long-term series of
satellite indexes arises. The volume of files containing the digital index matrices computed based on the
MODIS and LANDSAT satellite low resolution data subject to the complete coverage of the territory of
Kazakhstan is fairly large. The situation of this sort leads to slowing-down of computations, and in many
instances to infeasibility of computation of a full matrix when the low power computers are employed.

This article deals with the technology of generation of the long-term series of vegetation indexes on the
basis of satellite data.

1. Materials and Methods
1.1 Satellite Data

The low-resolution Terra MODIS satellite data, MOD09Q1 [5] product, forming digital matrices of the
8-day aggregates 1 and 2 of spectral channels (wavelength 0.620-0.670 um and 0.841-0.876 pm,
respectively), spatial resolution of 250 m, and sinusoidal projection are applied in this article. The data was
processed with the consideration of atmospheric correction, reduced cloud effect and shadows of clouds. The
entire territory of Kazakhstan is covered with six granules - 21v03, 21v04, 22v03, 22v04, 23v03, and 23v04
(540 Mb each), Figure 1. Further, a mosaic tile is generated using granules for every channel.

Fig. 1. Layout of granules from the MODIS satellite for the territory of Kazakhstan

1.2 Research Techniques

The vegetation index method intended to use satellite data for solution of a wide variety of specific
theoretical and applied problems in the course of monitoring of the underlying terrain has been developed in
the world practice of remote sensing of the Earth from space. The indexes are selected in an experimental
fashion based on the known peculiarities of spectral reflectance curves of soils and vegetation [6-8].

A state of objects of the underlying terrain according to satellite data shall be estimated based on
associations of their state with the spectral reflectance characteristics. This becomes most obvious when
passing from the visible band (0.4-0.74 pm) to the near infrared band (0.74-1.3 pum). Application of the
method of satellite vegetation indexes for determination of a vegetation response to environment and
anthropogenic impact is the common practice of remote sensing of the Earth from space. Existence of the
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long-time series is essential in the area of problems of impact analysis of the state of the underlying terrain.
Table 1 lists vegetation indexes applied during satellite monitoring of the vegetation cover of Kazakhstan.

Table 1. Satellite indexes used during satellite monitoring of the vegetative cover of Kazakhstan

Item name

Formula

Intended use

Normalized Difference
Vegetation Index NDVI [9]

NIR — RED
NDVI= NIR + RED

Assessment of the seasonal dynamics of
state of vegetation cover

Vegetation condition index VCI
[10]

NDVI, = NDVI,,
_NDVI,,. ~NDVI_,,

VCI

Analysis of weather effects on the state of
vegetation cover during the growing season;
weather moisture characteristic

Temperature condition index TCI

[11]

BT, - BT

BTmax - BT:nin
TCI =

Temperature environment characteristic

Vegetation health index VHI [7]

VHI = o*VCI + (1- a)*TCI

Assessment of the state of vegetation cover
taking into account both temperature
exposure and moisture conditions

Integral vegetation index VI
[12]

27
> NDVIt
IVi= ¢
t — number of a ten-day period
during the season

Analysis of interseasonal variation of the
state of vegetation

Integral vegetation condition
index IVCI [12]

I, -IvI,,

IVCI = [Vlmax - ]Vlmin

Analysis of interseasonal variations of
weather effects on the state of vegetation

The following values: NIR, RED - reflection factors in the near-infrared region (0.75-1.0 um) and in the
read region (0.55-0.75 um) of the spectrum crekrpa that are corresponding to values 2 and 1 of the channels,
respectively, are applied in the formulae. BT means a brightness temperature defined on the basis of thermal
channel data in the range of 3.660 — 14.385 pm. The a coefficient is either determined empirically or is taken
equal to 0.5. The maximum and minimum values of every index are selected in each pixel throughout the
period of monitoring.

2. Discussion of results

Usage of ready digital matrices of vegetation indexes provided by the services is not convenient in
every instance. For instance, on the U.S. Geological Survey website (USGS) [5] one can find freely available
products of the thematic processing of satellite data (NDVI, VCI index matrices) obtained from the MODIS
space vehicle (SV) with the spatial resolution of 250 m (pixel size), 16-daytime period and 20-year archive
depth. Meanwhile, Copernicus Land Monitoring Service [13] site intended for registered users of this e-
service offers open access to a number of satellite products, inter alia VCI index matrices. The spatial- time
resolution of the product is 1-4 km/pixel, 10-day period. Such spatial-time scale is too small for the tasks of
monitoring of the vegetation cover dynamics of local areas.

Generation of own archive of indexes using periodical satellite data at a processing level not below 3A
[14] is an alternative solution of this problem. This solution provides an opportunity to obtain satellite
products required for achievement of the stated goals and objectives. Authors of this article offer their own
ERS data processing algorithm to be used in the process of formation of the time series of vegetation indexes
with a computation scheme shown in Figure 2.

In the computation of VCI, IVCI indexes of the digital matrices, a preliminary calculation must be
performed in every pixel of the long-term maximum and minimum values of NDVI, IVI, respectively,
throughout the period of monitoring. NDVInin and IVInin values are most variable within the territory of
Kazakhstan occupying mainly semiarid and arid areas. This fact is attributable to frequently observed dry
weather conditions of varying intensity basically in any part of the Republic, which account for such
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suppressed state of vegetation. We should consider updating of time series of the used vegetation indexes
from two points of view:

— Computation of values of indexes for every new growing season;

— Re-computation of the entire multi-year archive of index values in the *CI format taking into account
fresh data. In the computation of *CI (VCI, IVCI, TCI) indexes, matrices of MAX, MIN extremum values
are updated in every pixel throughout the period of monitoring. Such procedure is associated with the special
aspects of computation of this group of indexes.

MODO09Q1 processing product, 1,2 channels (glovis.usgs.gov, USA)

A 4

| Granular mosaics for each channel |

v

| Calculation of the NDVI 8-day composite |

)

Long-term values of

Integral vegetation index IVI |

MAX and MIN NDVI

il Long-term values of
VCI 8 days MAX and MIN IVI

|

Integral index of
vegetation conditions IVCI

Fig.2. Computation scheme of a set of vegetation indexes based on MODIS data (8-day aggregates)

For this purpose, it is understood that if data of each new growing season is used for computation of the
NDVI and IVI values, all long-term series must be recalculated for all other indexes. This is the reason of
“weighing” of an index value in the long-term series of values. Notwithstanding the fact that this is an
automated procedure, it requires significant computation time and a vast amount of re-computed information.
For instance, the number of created files and amount of computed data during update of time series of VI
data in 2020 are presented in Table 2.

Table 2. Update of Archive of Vegetation Indexes with the Use of Data for the Year of 2020 (April — October)

Satellite data, vegetation indices Number of created files
MOD09Q1 162
NDVI 162
NDVImin 162
NDVImax 162
VCI 27
IVI 6
IVImin 6
IVImax 6
IVCI 6

It should be pointed out that the volume of files containing digital matrices of vegetation indexes subject
to the complete coverage of the territory of Kazakhstan exceeds 4 Gb, which often results in the delayed
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computations, and on frequent occasions in infeasibility of computation of a full matrix when the medium
specs computers are employed. In the furtherance of this goal, the authors of this article developed the
algorithm of generation of times series of vegetation indexes.

3. Algorithm of generation of time series of vegetation indexes

The algorithm of generation of time series of vegetation indexes stipulates for the following steps:

— Building of mosaics of channels 1 and 2 composed of granules blanketing the entire research
territory;

— Computation of matrices of NDVI (8-day) index serving as a base index in computation of other
indexes;

— An NDVI matrix filtering procedure including rejection of “outlier” values (emission values -
noise).

The further processing of the complete matrix becomes complicated due to heavy weight of files.
Consequently:

— Division of an available NDVI digital matrix into three parts with the purpose of reduction of
processing time (further procedures should be implemented separately for each part);

— Computation in every pixel of NDVInin values over this 8-day period throughout the period of
monitoring, including the new season data;

— Computation in every pixel of NDVI..« values over this 8-day period throughout the period of
monitoring, including the new season data;

— Re-computation of the 8-day VCI values for each growing season throughout the period of
monitoring with consideration to updated NDVInin/NDVInax values in every pixel for each of three parts;

— Computation of IVI matrices by summation of NDVI values in every pixel (for each of three
distinguished parts),

— Computation in every pixel of [VInin values throughout the period of monitoring, including the new
season data,

— Computation in every pixel of [VInax values throughout the period of monitoring, including the new
season data,

— Re-computation of IVCI values for every growing season throughout the period of monitoring with
consideration to updated IVInin/[VInax values in every pixel.

— “Stitching” (sewing together) of each VCI, IVI, IVCI digital matrix in the unified coverage for the
research territory.

Division of the available NDVI digital matrix into parts and subsequent separate processing of every
part are dictated by the large file size — over 4 Gb. This approach makes good sense as it allows for the
substantial reduction of the data processing time — almost twice in spite of the expanding amount of
calculation.

ENVI software developed for visualization and processing of the Earth’s remote sensing data was
applied for image processing and computation of vegetation indexes.

Conclusion

The article focuses on the algorithm of generation of the long-term series of vegetation indexes based on
the low-resolution satellite data acquired from the MODIS space vehicle. A variety of causes triggered the
necessity of generation of such algorithm:

— The digital matrices of vegetation indexes provided by the known freely available services in solving
of a number of tasks fail to meet certain spatial and time parameters;

— Generation of digital coverage of vegetation indexes within the limits of immense territory (an
aggregate of regions, Republic) is a challenge due to the large volume of processed files and processing time.

The developed algorithm was applied across the territory of Kazakhstan. As a result, the long-term
archive of vegetation indexes (2001-2020) applicable to the territory of Republic with the spatial resolution
of 250 m and 8-day rate of frequency was created for the NDVI, VCI differential indexes. The archive
provides a basis for an analysis of changes of the underlying terrain, trend determination and forecast of
these changes. The range of use of the set of indexes is quite broad: changes of state of vegetation cover,
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water bodies, ecological challenges, agricultural tasks and emergencies. Proposed algorithms are simple and
may be applied in any areas.
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One of the problems in creating systems for energy analysis of charged particles beams is to determine the
deflecting field and calculation the shape of the deflecting electrodes. This article is devoted to the study of the
possibility of creating an effective energy analyzer of charged particle beams based on multipole electrode
systems. A previously unstudied type of a multipole-cylindrical field - an electrostatic axially-symmetrical
octupole-cylindrical field was chosen as the deflecting field. The field is formed by using the superposition of an
electrostatic cylindrical field and a circular octupole of various contributions. The family of the equipotentials of
cylindrical octupoles with planes of symmetry and antisymmetry is calculated. The calculation and analysis of
equipotential portraits of the electrostatic axially-symmetric octupole-cylindrical fields with different weight
contributions of the cylindrical field and circular octupole are carried out.

Keywords: energy analyzer, deflecting field, octupole-cylindrical field, equipotential, equipotential portraits,
multipole electrode systems.

Introduction

One of the ways to improve the work of the instrumentation of energy analysis of charged particle
beams is to modify the deflecting field by changing the shape of the outer electrode of a cylindrical mirror. A
cylindrical mirror has a number of advantages, such as high energy resolution, simplicity of construction, etc.
Its work is based on the focusing and dispersing action of the field in the space between two coaxial
cylindrical electrodes on a charged particlesbeam. The theory and the possibility of practical application of a
cylindrical mirror were studied in detail by a group of scientists led by Professor V.V. Zashkvara [1].

The cylindrical mirror type energy analyzers have found wide application in the study of resonance
phenomena in gases, in spectroscopy for chemical analysis, for obtaining spectra of secondary electrons,
photoelectrons, field electrons, Auger electrons, as well as in space research, in studying the interaction of
atomic particles with the solid surface and plasma diagnostics. The cylindrical mirror analyzer has become
the basic element of electron spectrometers of various purposes, manufactured in the countries of near and
far abroad by leading instrument-making firms [2].

The new class of potential fields called multipole-cylindrical fields is first proposed and classified by
V.V. Zashkvara and N.N. Tyndyk in [3-6]. A multipole-cylindrical field is formed by using a superposition
of an electrostatic cylindrical field and a circular multipole of various contributions.

The purposes of this work are to study the possibility of creating an effective mirror energy analyzer of
charged particle beams based on an axially-symmetric electrostatic octupole-cylindrical field, to calculate
and construct equipotential portraits of the corresponding fields for various contributions of the cylindrical
field and circular octupole, and to analyze the obtained field equipotentials. Consideration and analysis of
superpositions of these fields will make it possible to predict the prospects of choosing one or another
scheme of energy analyzer for space experiments.
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1. Calculation and analysis

An electrostatic multipole-cylindrical field is formed in the space between two axially symmetric
coaxial electrodes, the inner (2) of which has a cylindrical shape (7,radius) and is at zero potential; to the
outer curvilinear electrode (3) is supplied deflecting potential. The shape of the outer deflecting electrode is
interested. The profile of the outer deflecting electrode (3) (Fig. 1) coincides with one of the equipotentials of
the cylindrical multipole. A charged particles beam can be introduced into the area of the mirror field and
removed from it through the corresponding aperture windows in the cylindrical electrode.

m m <

Topm | ITm=To(1+pm) X=Pm-pP

\ Vosindg
Ip 2

Fig.1. The electron-optical scheme of an energy analyzer based on a multipole-cylindrical field"
1- Trajectory of charged particles, 2 - cylindrical electrode, 3 - outer deflection electrode

Earlier, the corpuscular-optical schemes of mirror energy analyzers of charged particle beams based on
electrostatic multipole-cylindrical fields were studied in sufficient detail; a large number of works, for
example, [7-11], were aimed at studying their corpuscular-optical characteristics, at finding optimal schemes
with high quality focusing and energy resolution. Using the electrode system of an axially-symmetric
electrostatic decapole-cylindrical field to build energy analyzer of charged particles for space research was
proposed in [12]. It was determined from the calculations that the value of the specific dispersion in energy,
which characterizes the energy resolution of the decapole-cylindrical field, calculated for particles with an
initial angular divergence of 12°, is twice the value of the specific dispersion of the classical cylindrical
mirror analyzer. The device makes it possible to register elementary particle beams from outer space, to
obtain various spectra with high resolution.

According to [4], the g(R,¢) field of energy analyzer can be designed as a superposition of the base

field and a set of circular multipoles which coaxial with the base field. In the case of an electrostatic
deflection field, this design looks like this:

gR,§)=InR+qU (R,§)+sUs(R,§) +al,, (R, ) +dU, (R, §) +..., M

where In R is the basic cylindrical field, U ,U,U,,,U,, are circular multipoles (quadrupole, hexapole,

oct?

octupole, decapole, etc., ¢,5,d, ... are the weight coefficients of the multipoles, R = % and £ = 2 .
0 0

are the relative radial and axial coordinates, 7 is the radius of the axially circular trajectory of the analyzed

beam of charged particles (Fig. 1).

The uniqueness of the multipole-cylindrical field (1) is that circular multipoles have different effects on
the electron-optical parameters of the energy analyzer of various orders:

- the quadrupole component in (1) determines the first-order angular focusing conditions - linear energy
dispersion, magnification;

- the connection of the hexapole component affects (along with the quadrupole) the second-order
angular aberrations;
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- the connection of the octupole affects the characteristics, starting from the third-order, etc.
The potential of an octupole-cylindrical field is described in the 7, z coordinate system by the following
expression:
U(r,z)Z,ulnr+aI/m,t(r,z) 2)

where In 7 is the potential of the cylindrical field, u is the coefficient specifying the weight contribution of

the cylindrical field Inr, U, is the potential of a first type circular octupole, wis the weight contribution of
the circular octupole.
TheU ( p.& ) functions constructed according to the summation symmetry rule are below:

oct

Um(p,f):%f“ +%f2 {%[1—(1+p)1+%1n(1+p)}+

5 3)
64

rag1p) (e ) —gi(1+ ) S+ (1+0) |-

U, (p.€) =%fs +%53 {%[1 —(1+,0)2J +%ln(l+p)}+

+6—14£{(1+,0)4 +4(1+p)’ —81n(1+p)B+(1 +p)2:| _5} “)

Field (3) is called a component of a cylindrical circular octupole with a symmetry plane. For this field
u,, ( p,—¢ ) =U,, ( p,¢& ) . Field (4) is called a component of a cylindrical circular octupole with an

antisymmetry plane. This field satisfies the requirement for antisymmetry relative to the plane =0:

U (0.-€)=-U.,(p.4).
After expanding (3) and (4) into series in pand ¢ around the axial circle p =0, £ =0, and selecting the
group of terms with the least powers, we get:

U, (p.&)~ & -6&p* +p* )

’ N l 4 _n g2 2 4 o
U..(p.€) 6( 82 j ©)
Function (5) is an analogue of a planar multipole with a rectilinear axis in a symmetric representation -
an octupole, and function (6) is a component of a planar multipole with a rectilinear axis, but in an
antisymmetric representation.
A family of equipotentials of an electrostatic axially-symmetric octupole-cylindrical field is calculated.
Fig.2 shows field equipotentials U, and U, at intervals of 0.1 of the relative value of the potential. In the

oct

p0,¢ plane section, each of the fields is divided into alternating regions in which the potentials are opposite to

the sign. These areas are separated by lines of zero potential, close to straight lines and converging at the
nodal point O; (=& =0). From Fig. 2 it follows that for each type of symmetry relative to the plane £ =0,

the presented fields are formed by octupole sets of electrodes carrying an alternating potential.

Let's get an presentation of the structure of the superposition of the electrostatic octupole and the
cylindrical field. When the fields are added, the central circle of the octupole isaligned with the zero
equipotential of the logarithmic field. Series of Fig. 3 show the families of equipotentials of the superposition
of a cylindrical field and a cylindrical octupole:

U(p.&)=al,, (p.&)+uin(1+ p) (7
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Fig. 2. Family of equipotentials of a cylindrical octupole having a symmetry plane (a)
and an antisymmetry plane (b)

For a series of Fig.3 (a-f) w=-1.5,-1, 0.001, 0.005, 1, 1.5at a constant value of the contribution of the
cylindrical field f~= 1. From the figures we can trace how gradually with increasing w the weight
contribution of the circular octupole the structure of the field changes. At small values of w(Fig. 3 ¢ and d),
the structure of the field is transformed from an octupole to a field close to cylindrical, and the nodal point
O, is also eliminated. For w<0 (Fig.3a and b), the removal of vertices occurs along the p axis, which then
leads to the displacement of regions 1 and 3 (Fig. 2a).

Series of Fig. 4 (a-d) show the families of equipotentials of the superposition of a cylindrical field and a
cylindrical octupole. For this series of Fig. 4 (a-f) the values of the weight contribution of the cylindrical
field ££2,5; 1at a constant value of the weight contribution of the circular octupole w= 1. As can be seen

from the figures, the addition of a cylindrical field 1n(1+ ,0) to the circular octupoleU , (,0, f) leads to a

change in the field, namely, the approach of regions 2 and 4 to the nodal point. It was determined from the
analysis of equipotential portraits of U ( p,<& ) =al,, ( p.& ) + ,uln(l + p) field, that with a small change in the

value of the weight contribution tiof the cylindrical field does not lead to large transformations of the field.
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Fig. 3. Equipotential fields U(p, f) =al,, (,0, f) + Uln (1 + ,0) at p(—2,2) :

a) w=-15, LF1;b) w=- 1, 1=l ¢) w=0.001, 1= 1
d) w=10.005, 1= 1; eyw=1, =1; How=1.5, =1.
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Fig.4. Equipotential fields U(p, E) =al,, (p, E) + Uln (1 + ,0) :

a) 4=2.5, w=1; p(-2,2) :b)u=2.5, w=1; p(-11)
o) i1, w=1; p(=2,2) d); 1, w=1; p(-11)

Figure 5 shows an example of the image of the equipotential field U (,0, f) =al,, (,0, $ ) + ,Llln(l + ,0)

in the three-dimensional coordinate system Surface Plot with the values w=- 1.5, f&~1.

Fig.5. Equipotential field U(p, E) =al,, (p, E) + Un (1 + ,0)

in the three-dimensional coordinate system Surface Plot at w=- 1.5, 1=1



102 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.2 (36)

Conclusions

The superposition of a cylindrical field and a cylindrical octupole is interesting for the implementation
of an axially-symmetric electrostatic mirror consisting of a cylindrical electrode at zero potential and an
axially-symmetric deflecting electrode, the generatrix of which coincides with one of the equipotentialsof
U ( p,& ) =al,, ( p,& ) + ,uln(l + ,0) field. A charged particles beam can be introduced into the area of the

mirror field and removed from it through the corresponding aperture windows in the cylindrical electrode.
Thus, the profile of the outer deflecting electrode is determined from the calculation of the equipotential lines
of the octupole-cylindrical field.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIHN

Hluwynun A. B., [Tomanog A. A., Illuwynuna A. B.

DPAKTAJJAbI MOP®OJIOTUAFA UE ME3OKEYEKTI MATEPUAJIIAPAATBI ®EPPOMATHUTTIK
JKOHE ITAPAMATHUTTIK KYHJIEP APACBIHJIAFBI AYBICY TYPAJIBI

BepinreH KyMBICTa ME30KEYEKTI (EeppOMArHUTTIK MaTepHalapAarbl KEYeKTepAiH OOJNybl JKOHE OJIapJIbIH
MOP(QOJOTHACHIHBIH MAarHUTTIK ©3TepiCTepIiH TeMIepaTypachlHa ocepi KopceTiUreH. MOJAEHbIIK ecenTeyIepai
HoTIKenepineH Kropu temmeparypachlHbIH aWTapibIKTaii TOMEH MOHZIEPl Ke3lHJe MAaKpPOCKOIMSUIBIK ME30KEYEeKTi
KYPBUIBIMIAp/Abl aly MYMKIHZIT aHBIKTaJIAbl, OHBIH MeJIIIEP] KeyeK MilliHIHIH «KYpJeJIeHyIMEH» KOCBIMINA KEMUI.
Hotmxenep marepnanabin Kiopu Temneparypackl MEH OHBIH KOTE3Msl JHEPTMSCHl apachblHAArbl SKCHEPUMEHTTIK
TEKCEPUIreH KOPPEISIMACH HETI3IHIEe allbIHFaH JKOHE Ta3a ME30KEYEKTi TeMip, HHKEJb JKOHEe KOOAJIbT MBICAJIBIHAA
cypertenred. @pakTaiablK reOMETpHs 9IIICTEpiH Maiianana OTBIPHIN, KEYEKTepIiH MOP(OIOTHsIChIHBIH CUIIATTaMAaCh
xkyprizinren. Conrel Oenmimae Kriopu TemmeparypachlHBIH OacKapbUIaTBIH MOHIMEH KEYeKTI MaTepHasiapIbl
MPaKTUKAJIBIK KOJJAHYIbIH 9P TYPJIl HYCKaIaphl TAIKbIIIAHA/IBI.

Hluwynun A.B., Ilomanoe A.A., HHTuwynuna A.B.

O MNEPEXOJIE MEXKIY ®EPPOMATHUTHBIMU U TAPAMATHUTHBIMU COCTOSIHUSIMHU B
ME3OITIOPUCTBIX MATEPUAJIAX C ®PAKTAJIBHOM MOP®OJIOTUEM

B macrosmieit paboTe NPOJEMOHCTPUPOBAHO BIUSHHE IMPUCYTCTBUS MOPp M HX MOP(GOJOTHH HA TEMIEPaTyPhI
MAarHUTHBIX TMPEBpAIlCHHA B ME30IOPHCTHIX (PEPPOMATHUTHBIX Marepuanax. M3 pe3yabTaToB MOJACIBHBIX PacyeTOB
CJIeIyeT BO3MOXHOCTD MOJTyYCHHSI MAKPOCKOITMYECKUX ME30TIOPHUCTHIX CTPYKTYP C 3aMETHO CHHKCHHBIMU 3HAYCHUSIMU
TemnepaTypbl Kiopu, Beln4yrHa KOTOPO# IOMOJHUTEIFHO YMEHBIIACTCS MPH «YCI0XKESHUU» (HOpMBbI mop. Pe3yipraTs
MOJIYYCHBI HA OCHOBE SKCIICPUMEHTAIBHO BepH(PUIMPOBAHHON KOppEIsIIMyA MExX Iy TeMreparypoir Kropu maTepuana u
€ro SHepruedl KOre3Wd W MPOWUTIOCTPUPOBAHBI HA MPHUMEPE YUCTHIX ME30MOPHCTBIX JKeJe3a, HUKENIs W KOoOabTa.
Onwucanue MOPQOIOTHH MOP MPOU3BEACHO C MCHOJIB30BAHUEM METOAOB (pakTalbHOM reoMeTprn. B 3akiounTeapHOM
qacTH OOCYKIAIOTCSl pa3iiMuHble BAPHAHTHI MPAKTHYECKOTO MPUMEHEHHs MOPUCTBIX MATepUaJOB C YIPABISICMbIM
3HaueHHeM TemrepaTypsl Kiopu.

Hopaes H.X., /ricanadexosa P.X., Amansiconosa I'.C.

N-JKOHE S-TONTAPbBI BAP KOMIPTEKTI KBAHTTBIK HYKTEJIEPAIH CIIEKTPJIK 7KOHE
JIOMUHECHEHTTIK KACUETTEPI

Y CBIHBUIFAH JKYMBICTA JIMMOH KBIIIKBUIBI MEH L-IIMCTEMH HETI3iHAE MUKPOTOJKBIHABI CHHTE3 OMICIMCH KOMIPTEKTI
KBAaHTTBHIK HYKTEJIEp albIHIbL. AJIBIHFaH OOJIICKTED OJJICKTPOHABI KOHE 30HATHI MHUKPOCKOINHMS, >KAPBIKTHIH
JMUHAMUKAJBIK IHAIIbIpaybl koHe Dypbe TYpieHAiIpyi 0ap WHOPPAKBI3bLT CHCKTPOCKOIUS JIICTEPIMEH CHIIATTAJJIBL.
CHeKTpIliK-JIIOMUHECHEHTTIK KacueTrep OacTamnkbl epiTiHAI VIINiH, COHAAH-aKk CHHTE3JENreH OHIMHIH JAuaiusi
HOTW)KECIHJIE albIHFaH epiTiHaiaep YIIiH 3epTrenai. bapneik epitiHaiiep OGipmel oNTHKAIBIK KaCHETTEPIi KepceTei.
CoHBIMEH KaTap, KBaHTTHIK IIBIFBIMAAPIBI OIIIEY Ke3iHIe MUaNn3IiK MeMOpaHa apKbUTbl OTETiH KOMIPTEKTI HYKTeJepi
JKaKChl (PIIyOpeCIeHTTI KabiJeTKe e eKeHiH KOPCETTi.

Hopaes H.X., /icanadexosa P.X., Amansiconosa I'.C.

CHIEKTPAJIBHBIE U JIOMAHECHEHTHBIE CBOMCTBA YIJIEPOJIHBIX KBAHTOBBIX TOYEK,
OYHKIINOHAJIU3UPOBAHHBIX N- U S-COAEP KAIIUMU I'PYIIITAMUA

B mpencrapneHHO# paboTe MOMYYCHBI YIIICPOIHbIC KBAHTOBBIC TOYKHA METOJOM MHKPOBOJHOBOTO CHHTE3a Ha OCHOBE
JUMOHHOW KHCIOTHI M L-nucrtewHa. IlodydeHHBIE YacTUIBI OBUIM OXapaKTepPH30BaHbI METOIAMH JJICKTPOHHOW H
30H/IOBO MUKPOCKOIHH, METOJIOM TUHAMHUYECKOTO PACCESHUS CBETa W HH(PpakpacHO#l crekrpockonuu ¢ Dypee
npeodOpasoBanueM. CHEKTPaTbHO-TIOMIHECIICHTHBIC CBOMCTBA OBUIM MCCIICIOBAHBI I HCXOJHOTO PacTBOpa, a TAKKE
pPacTBOpOB, TOJYYCHHBIX B peE3yJbTaTe JAUANIN3a CHHTC3UPOBAHHOTO MpoAykTa. IlokazaHo, 4To BCe OOpa3lbI
JIEMOHCTPUPYIOT OJMHAKOBBIE ONTHYECKHE CBOMCTBA. B TO ke BpeMs M3MEpEeHHE KBAaHTOBBIX BBIXOJIOB MOKA3aJo, 4TO
nTydmieit GryopeciieHTHON cItocoOOHOCThIO 00JIaaAl0T YIJIEPOIHbBIE TOUKH, IIPOIIEAININE Yepe3 AUATU3HYI0 MeMOpaHy.

Cyporcuxos A.Il., Manviues A.B., JIvicenko E.H., Illesenesa E.A.Cmaput O., I'ntnzazoe A.C.
PAJUALIUSAJBI-TEPMUSJIBIK KAFJAWJAPIA KAKTAJIFAH KEPAMHUKAJIBIK JIUTUM-TUTAH
®EPPUTTEPIHAEI'TI DJIEKTP TACBIMAJIIAY

PaguanusuibIk—TepMUSUTBIK — JKaFgainmapna — Kakranrad — Qeppurrepnin Li-Ti  kepaMuKanblK — yiriuiepinue
ANEKTPTACBIMANIAYBIH 3ePTTEYJIepi KYPri3iireH. Paguanusuiblk ocepiepai aHbIKTay YIIiH TEPMUSUIBIK KaFaaiinapiaa
KaKTaJFaH YJATUIepiHAe yKcac eJueyiep KyprisuireH. JIoH apaliblk IieKapaiapAblH KYHi JKOHE JKCHII KOPBITHUIATHIH
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KOCIIaHbIH 0ap OOJIyBIHBIH KaKTalaThlH (EPPUTTEpAiH JJIEKTPIK KacueTTepiHe acepi 3epTrenai. Pamuanusuibik-
TEPMUSUIBIK CUHTE3/IeY Ke3iHnae (EppUTTIH AIEKTPIIK KacHeTTepi YIIiH €H MaHbI3Abl KYPBUIBIMHBIH KaHTa KYPBLTYbI
KaKTTyAbIH aJFalllKel Ke3eHAEpiHAe, OHBIH INIiHAE KbI3ABIPY Ke3eHIHIe KYPETiHi koHe CYHBIK (a3aHbIH YHTaKTap
MaccuBl OOWBIHIIA TapanyAblH paJUalsUIbIK WHTCHCU(HUKALMICHIMEH JKOHE [OHAPANBIK IIBIFBIIT  KETYIMEH
0alJIaHbBICTHI EKEHIITT AHBIKTAIIIEI.

Cyporcuxos A.Il., Manviues A.B., JIvicenko E.H., Illesenesa E.A.Cmaput O., I'ntnzazoe A.C.

JIEKTPONNEPEHOC B KEPAMMYECKUX JUTUHU-TUTAHOBBIX ®EPPUTAX, CIEYEHHBIX B
PAAUAIIMOHHO-TEPMHUUYECKHUX YCJIOBUAX

BeImoHEHBI  MCCIICOBaHMS  JJCKTpPOIiepeHOca B Kepammieckux obOpasumax Li—Ti ¢(eppuToB, CICYCHHBIX B
PaAMAIIMOHHO-TEPMUYCCKUX YCIOBUSX. [l BBIABICHHS pPAagUMalUOHHBIX AS((EKTOB aHAJIOTHYHBIC HW3MEPCHHS
MIPOBOJIMIIMCH HAa 00pa3nax, CIICYCHHBIX B TPMHUUCCKUX YCIOBUAX. M3yueHO BIMSIHUE COCTOSHHS MEXK3EPCHHBIX TPAHUI]
W HaJIMYWs JICTKOIIABKON H00aBKH Ha DJICKTPHYCCKHE CBOMCTBA CIIEKaeMbIX ()epPHUTOB. Y CTAHOBIICHO, YTO Hanbosee
CYIIECTBEHHAs] U DJICKTPUYCCKMX CBOMCTB (DeppuTa MEPEeCTPOKa CTPYKTYPhl NPH pPaJdalliOHHO-TEPMHICCKOM
CIICKaHWK TPOMCXOIMT HA PAHHHUX CTaAMAX CICKAHWs, BKIIOYAs MEPHUOJ PAa30TPEBa, M CBI3BIBACTCS C paJAHAllHOHHON
HHTCHCU(HUKAIMEH pAaCTCKaHHWsS KMAKOM (asbl MO0 MacCHBY IMOPOMIMHOK M CTHMYJISIIHACH MEX3ePEHHOIO
ITPOCKAJIb3bIBAHHSL.

Koznoeckuii A.JI.

IEJIUA )KOHE CYTEI'I HMOHJIAPBIMEH COVJIEJIEHTEH KE3JE AIN KEPAMUKAJIAP/IbIH
PAIUATIUSAIIBIK 3AKBIMJIAHYJAPBIHBIH ITEKTI JO3AJIAPBIH AHBIKTAY

JKymbIc renuit jxoHE CyTeri MOHIApBIMEH COYJIEIEHAIPY Ke3iHle allOMUHHUI HUTPHIIHE HETi3/IeNreH HOJIMKPHCTAIIBI
KepaMHKalapAarbl JKbUTy OTKI3TIIITIK, OKIIAyJay >XOHE MEXaHUKAIBIK KACHCTTCPAIH pPaJUalUsUIBIK 3aKbIMIaHY
KHHETHKACHIH 3€PTTEyre, COHAAal-aK MaKCUMAIJIbl KAUTHIMCHI3 Caapiapabl Ty IbIPaThIH CHIHU JO3aJapibl aHBIKTAyFa
apHanradH. CoyneneHaipy YIUIH MOHAApAbl TaHJay KEWiHHEH ra3 TOJTHIPBUIFAH KOMIPIIIKTEpAiH maiiia OoiybIMEeH
0eTTiK KabaThIHBIH KYPBUIBIMBIH/IA TEIMA MEH CyTeri MOHJAPBIHBIH )KHHAKTAYBl KE31HEeT1 paIuaIusuIblK 3aKbIMIaHy
HpoIecTePiH MOJENbICY MYMKIHIriMeH OaiinansicThl. JKyprisinren seprreynep Oapsichinga 1x10'7 non/cm? xorapsl
TeJIMid MOHIAPBIMEH COYJIeIeHy Jo3aaphl KEe3iHJIE JKbUTy OTKISTIMITIKTIH KYpPT TOMEHIEYl XoHe KepaMuKara
TO3IMIITIKTIH KeMyi Oalikanmaabpl, OYJI Telril KeIipluIiKTepiHiH naiga O0MybIHBIH O0acTalybIMeH JKoHe OeTTiK KaOaTThIH
iliHapa CHIHFAKTAHYBIMEH OalNaHbICTBL. Anaiifa coyieneHy no3achiHbH 5x10!7 HOH/cM2-[eH KOFapbl MOHJEPI KBLTY
OTKISTIIITIKTIH JKOHE OKlIayjlay CHIAaTTaMajlapblHBIH eJeyJi e3repicTepiHe oKeNMeial, Oyl paguanusibK
3aKbIMJIaHYJIapJIbIH JKMHAKTATy OCEpIH XKOHE KepaMHMKaHBIH TO3y >KbUINAMIBIFBIHBIH TOMEHZIEYiH kepcerexi. ['enmid
MOH/IAPBIMEH CAYJIEIEHY/IEH afbIPMAIIBLILIFEL, CyTeri nonaapbiver 1-3x10'7 mon/cm?-yien xoraphl jo3anapra Jedin
CoyJIeNeHy XKbUTy OKIIayJjay CHIaTTaMalapblHbIH alTapibIKTai e3repicTepine oKenMe i, Oy KepaMUKaHbIH THAPIICY
MPOLIECTEPiHE TYPAKTHIIBIFBIH KOPCETE .

Koznoeckuii A.JI.

OMPEJEJEHHUE KPUTHUYECKHUX 103 PAJUALIMOHHBIX MOBPEXJIEHUII ALN KEPAMHUK IIPU
OBJIYYEHUHU NOHAMMU I'EJINSA 1 BOIOPOIA

PaboTa MmocCBsiIeHa HCCICAOBAHMIO KMHETHKH PAAMAIMOHHBIX MOBPEKICHUN TEIJIONPOBOIAIINX, HU3OSAIHOHHBIX U
MEXaHHUYECKUX CBOWCTB B MOJIMKPUCTA/UINICCKUX KEPAMHUKaX HA OCHOBE HUTPHAA AFOMUHHS IPU OOIyYCHUH HOHAMU
TeIusl W BOIOPOJA, & TaKKE OINPEOCIICHHIO KPUTHYCCKHX 03, BBI3BIBAIOIIMX MAaKCHMaJbHBIC HEOOpaTHMBIC
moceCTBHsL. BrIOOp MOHOB Ui 00IydeHUs] 00YCIOBICH BO3MOXKHOCTHEO MOJICIIMPOBAHUS MPOIIECCOB PAaTUAIIMOHHBIX
MOBPEXKJICHUY MPU HAKOIUICHUH MOHOB I'eJIUS M BOJOPOJA B CTPYKTYpE MPHUIIOBEPXHOCTHOTO CIIOSI C MOCICAYIOIIUM
00pa30BaHUEM Ta30HAMOJHCHHBIX ITy3bIPHKOB. B X0J¢ NMpPOBENCHHBIX HCCICIOBAHUN YCTAHOBICHO, YTO HPHU 032X
00sy4enus noHamu reus Beime  1x10'7 non/cm? HaGmogaercs pe3koe YXyAlleHHe TEILIONPOBOAHOCTH U CHIKEHUE
COMPOTHUBJICHUSI KEPAMHUK, YTO CBS3aHO C HavyaJoM (OPMHUPOBAHUS TCIHMEBBIX IY3bIPHKOB M YaCTUYHOMY
OXPYHMUYMBAHUIO HPHUIIOBEPXHOCTHOIO c1os. ONHAKO yBeJIMdeHUe N03bl 00IydeHus Bhime 5x10!7 non/cM? He IPUBOAUT
K CYIIECTBEHHBIM H3MCHCHHSM TCILIOMPOBOTHOCTH M H3OJIAIUOHHBIX XaPaKTCPHCTHK, YTO CBUACTCIBLCTBYET 00
s¢eKTe HAKOIUICHUS PaAMalMOHHBIX MOBPCKICHUN W CHIDKCHHIO CKOPOCTH Ierpajallii KepaMHK. B oTiamuue oT
0OIydeHHsT WOHAMH TelMs, OOJydeHHE HOHAMHM BOXOpoAa 10 m03 Beime 1-3x10' won/cM?> He INPUBOIUT K
CYIIECTBEHHBIM H3MCHEHHUAM TEIIOU30IIIHOHHBIX XapaKTEPUCTHK, YTO CBUACTEIBCTBYET 00 YCTOMYMBOCTH KEPAMHK K
MIPOIECCAaM HABOIOPAKUBAHUSI.

Hopaes H.X., Apanacves /I.A., Omaposa I'.C.

AHOJIATAJIFAH AJIIOMUHUI KEYEKTEPIHJEI'] MEPAIIMAHUHAI BOAFBIIITBHIH
MOKBYPJIEHI'EH COVYJIEJIEHYIHIH EPEKIIEJIKTEPI

KeyekTi amOMHHUI OKCHIIHIH KaOBIpIIAFbIHIAFbl MEpalMaHMHAI  OOSFBIII  MOJICKYJIalapblHBIH  CIIEKTPIIiK-
JIIOMUHECLECHTTIK KACHETTEepiH JKOHE MKOYpJCHIeH cayJleJeHYiH 3epTTrey HoTwkenepi kenripiuireH. Keyekri
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AITIOMUHUIN OKCHJIHIH KaObIpIIaKTapblHA KYMIC HaHOO®JILIEKTEepAi KOCY XYThUIy KUMACBIHBIH OCYiHE oHE KeyeKTi
ATFOMHUHUN OKCHJIHIH KaOBIPIIAKTAPBIHAAFEl OOSFBIITHIH (DIYOPECICHTTIK KBAHTTHIK IIBIFYBIHBIH JKOFapbLIAybIHA
okeneni. Auaiima, Kymic HaHoOenmiekTepi Oap KeyeKTi aJlIOMUHMH OKCHIIHIH KaOBIpIIaKTapblHAA OOSFBIII
MOJIEKYJIaJIapAbIH MOKOYPIICHIeH CoyJIeNIeHyiHIH reHepanuschl TaObuFaH KoK, COHBIMEH KaTap, OOSIFBIIIBI 0ap KEYeKTi
ATIOMUHUN OKCHIIHIH KaOBIPIIAKTAPBIHBIH O€TiHEe JKaFbUIFaH TOJMMETHIMETAKPHIAT TOJUMEPiHIH CHEKTPIIiK-
JIIOMUHECIIEHTTIK KACUETTEPiHE KOHE OChI OOSFBIIITHIH MOYKOYPJICHT€H CoyJIeNeHYiHiH Makaa 00JybIHa oCepi 3ePTTEINIi.
BOSIFBILITBIH JKYTHUTY JKOJAFbIHIA ONTUKANIBIK TBHIFBI3ABIKTBIH OCYl JYXKOHE IMOJIMMETHIMETaKpUIaT KaObIpUIarbl Oap
yarinepae ¢hayopecueHIns KapKbIHABUIBIFBIHBIH )KOFaphlUIaybl Oaiikanansl. [lomuMeTrH I OOSFBIIITHIH TeHEpays IIeri
MTOJIMMETHUIIMETAKPUIIATHl 0ap KEYyEeKTi aFOMHUHUN OKCUIIHIH yiariciHae 40 ece a3asibl.

Hopaes H.X., Apanacves /I.A., Omaposa I'.C.

OCOBEHHOCTHU BBIHY KJIEHHOI'O U3JIYUYEHUSA MEPAIIUAHUHOBOI'O KPACUTEJISI B TIOPAX
AHOAUPOBAHHOI'O AIIOMUHUSA

[IpuBeneHBI pe3yNbTaThl HMCCICIOBAHUS CIICKTPATBHO-IIFOMAHECIICHTHBIX CBOWCTB W TEHEPAIMHM BBIHYXICHHOTO
M3JTyYeHHs] MOJICKYJI MEPA[HaHUHOBOT'O KPacHUTeNsl B IUIEHKAX MOPUCTOrO OKCHa anmoMuHus. Jlo0aBieHre HAaHOYACTHIL
cepeOpa B IUICHKH IOPUCTOTO OKCHAA aTIOMUHHUS PUBOMUT K POCTY CEUCHUsI MOTJIOMICHHUS M YBEIMUEHHIO KBAHTOBOTO
BBIXOZIa (pIIyOpeCUeHIMK KPaCHUTeNsl B IUICHKAX MOPHUCTOro OKcujaa amoMunus. OHAKO, B IUIEHKAX MOPHUCTOTO OKCHA
ANIOMHHUS C HAHOYACTHUIIAMH cepedpa reHepanus BhIHYKACHHOTO U3JTydeHHs MOJIEKYIT KpacuTelisi He oOHapyskeHa. Tak
e M3y4YeHO BJIMSHHE MOJMMEpPa MOJIMMETUIMETAKpHIaTa, HAHECEHHOTO Ha MOBEPXHOCTh IUICHOK MOPHUCTOTO OKCHIA
ANIOMHHHUSL C KpacHUTeNIeM, Ha CHEKTPaJbHO-TIOMUHECIICHTHBIE CBOMCTBA M TEHEPAIMIO0 BBIHYKICHHOIO H3ITyuYeHHUs
JAHHOTO KpacuTelsi. HaOmromaercs pOCT ONTHYECKOW IUIOTHOCTH B TIIOJIOCE MODJIOIICHUS KPACUTENIs U POCT
MHTCHCUBHOCTH (DIIyopecleHIMU B 00pa3liax ¢ HAHECCHHOW IUICHKOW MOJMMETHIMETakpuiaTa. [lopor renepamnuu
MOJIMMETUHOBOTO KpacuTens cHmxkaercs B 40 pa3 B o0pasie NOPHUCTOrO OKCHIA AQIOMUHHS C IOJUMETHII-
METAKPUIATOM.

Paxaounoe b.K., Axaman K., Maynem M., Kaoopaxmanosa C.K., Mazazoe H.M.

9JIEKTPOH IIOFBIPBIHBIH TOJIUAMMU/ 6 —-HBIH, ®U3UKA-XUMUAJBIK KACUETTEPIHE OCEPIH
3EPTTEY

Bepinren 3eprrey xkyMmbichiHAa PA6 monmaMuiHIH KacWeTTepi MEH KYPBUIBIMBIHA JJICKTPOH HIOFBIPBIHBIH dcepi
3eprreninred. OHney ayaaa 100-400 k['p auana3oHBIHIAFEI COYJIENIEHY T03aChIMEH OHEPKICINTIK UMITYJIBCTI YASTKIIITE
Kyprizinmi. Orgenren monumep Pypbe TYpieHAIpyi 6ap MHPPAKBI3BIT CIIEKTPOCKOIHS, CKaHEPJIEYII SJEKTPOHIBIK
MHUKpPOCKOIIMS, PEHTreH (a3ajiblK Tanmay >koHe IudQepeHuanapl CKaHepieyll KaJIOpUMETpHs daicTepiMeH
3epTTENHIeH. 3epTTey HOTIKeliepi OOMbIHIIA 3IEKTPOHIBI-COyNeNniK eHuey PA6-nonuaMuaiHiH —KPUCTAIIBI
KYPBUIBIMBIHA 9CEp €Till, OHBIH OJIILIEMIH TOMEHEeTeTiHI aHbIKTabl. Conpaii-ak, 200 k['p coyneneny nosacer 100, 300
wone 400 k[ 'p-MeH canbICTRIpFaHIa KPUCTAIUT KYPBUTBIMBIHBIH CAKTAYbI YIIIIH OHTAMIIBI €KCH/IIT aHBIKTAJJIBL.

Paxaounoe b.K., Axaman K., Maynem M., Kaoopaxmanosa C.K., Mazazoe H.M.

HCCJEJIOBAHUE BJIUSAHUA SJJEKTPOHHOI'O ITYYKA HA ®U3NKO-XUMHUYECKHAE CBOMCTBA
HOJIMAMMUJIA 6

B manHO# mccnemoBaTeNbckol paboTe OBIIIO M3YyYEHO BIMSHHUE DJIEKTPOHHOTO OOJNydeHHWs Ha CBOWCTBA M CTPYKTYPY
nosmamuga PA6. OOpaboTka TpoBOAMIACH HAa MPOMBIIIJICHHOM HMITYJIbCHOM YCKOpPHUTENIE Ha BO3IyXe C J030H
obmyuenusi B amamazone 100-400 xI'p. OOGpaboTaHHBIN TOMUMEpP TaKKe HCCIEIOBAIM C TOMOINBI0 UHPPAKPACHOMN
CHEKTPOCKOIHNH ¢ TipeodpazoBanreM Dypbe, CKaHUPYIOMEH AEKTPOHHON MUKPOCKOIIAHN, PEHTTEHO(a30BOTO aHAIN3a U
muddepeHIraIbHON CKaHUpYIoMmeH KamopuMmerpuu. 1o pe3ynbTataM HMCCICIOBaHUS BBISIBICHO, YTO 3JICKTPOHHO-
nmydyeBasi 00pabOTKa BIMSIET HA KPUCTAUTUYCCKYIO CTPYKTYpy moimamuna-PA6, ymenbmas ero pasmep. Takxke ObLIO
00HapykeHO, 4To H03a o0nyueHus 200 k['p ABJIIETCS ONTUMAIBHOMN Il COXPAHEHHS KPUCTAIUTMYECKON CTPYKTYPHI IO
cpasHenuto ¢ 100, 300 u 400 xI'p.

3eitnuoenos A.K., Aouwesa A.K., Hnvacoe b.P., Aimyxanoe A.K., Aounvmasxrcunoe C.E.

ZNO KABBIPIIAKTAPBIHBIH KY¥PbIJIBIM/IBIK EPEKIIEJIKTEPIHIH KEPI IIOJIMMEPJII KYH
SJIEMEHTTEPIHIH OIITUKAJIBIK )KOHE ®OTO3JIEKTPJIIK CUITATTAMAJIAPBIHA 9CEPI

BepinreH »KyMbICTa MBIPBIII alleTaThl €PITIHIICIH aIbIH-ala KbI3ABIPY apKbUIbI KajbinTackaH ZnO KaObIpIIaKTapbIHbIH
KYPBUIBIMIBIK, MOP(ONOTHANBIK, ONTHUKANBIK JKOHE (DOTOBOIBTAWKAIBIK CHIIATTaMalapbl IOJIMMEpPTl KYH
2JIEMEHTTEPIHIH KacHeTTepiHe ocepi 3epTTeNili. AJAbIH-ajla KbI3IbIpy Temmeparypachkl ZnO KaObIpIIaKTapbIHBIH
MOPQOIOTUsIChl MEH KYPBUIBIMBIHA alTapIIbIKTal acep eTeTinairi ansikranapl. Kpi3apipy temneparypacs 200°C Tomen
OosrraH >karzaiina, KaObIpIIaKTap »orapbl penabedTi Mopdosorusra ue 6osanasl, kepicinuie 200°C-tan >xorapsl OoJca,
KaoObIpmak Mopdostorusacsl  tericreneni. ZnO KaObIpIIAKTApBIHBIH pelnbeTUIrl KyH sjeMeHTTepiHiH ¢oToTox
TBIFBI3/IBIFbIHA ocep eTefi: Mopdosoruscsl Keaip-Oyaplp KaOblpimiakrap Teric KaOblpuiakrapra Kaparanaa () OTOTOKTBIH
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YJIKeH MaHzepiH kepcerTi. Cebebi MyH/a apbIKTHIH KAaTThl IIAIIBIpaybl OaiiKaiaasl )KOHE OChIFAH OaiIaHBICTBI KYH
AJIEMEHTTEPiHIH (OTOAKTHUBTI KaOATBIHAA JKAPBIKTBHIH ONTHKAIBIK JKOJBI apTa TYCei. AJ ONTHUKAIBIK OJJIBIH apTyhI
ZnO xenip-OyabIpiapl MOPQOTIOTHSITBIK KaOBIPIIAFBIHIAFEI KAPBIKTBIH OipHEIIe peT MIarbuTyblHa OalIaHBICTBI OOJIBIT
tabbmaapl. CoHpaii-ak, KaObIpmakTapabl KbI3ABIPY TEMIIEpaTypachlH apTThIPFaH CAaWbIH KYH DJIEMEHTTEPIHIH 3aps
TaCchIMAaJ Ay IbLIAPIbIH PEKOMOMHALIMS KbUIIAMIBIFI, KEPHEY1 apTaThIHbI, COMKECIHIE 3apsi TaChIMaIay IbLIap/IbIH
mupdysus kodhpdummeHTiHiH kKeMyi HoTmkeciHAe ZnO KpHUCTANABIK TOp NePEKTICIHIH TBHIFBI3ABIFEI apTaThIHBI
Oaifkamanel. JKanmbutama alTkaHma, OyJI Makalaja MBIPBIIT aneTaThl €PITIHMICIHEH KeIip-OYIbIpIbl KOHE TeTic
Mopdomorusiiel ZnO xyKa KaOBbIKIIAIAPBIH alyFa 00IaThIHBI KOPCETUITCH.

3eitnuoenos A.K., Aouwesa A.K., Hnvacoe b.P., Aimyxanoe A.K., Aounvmasxrcunoe C.E.

BJIUSIHUE CTPYKTYPHOM OCOBEHHOCTHU ILIEHOK ZNO HA ONTHUYECKHUE H
D®OTOIJEKTPUUYECKHUE XAPAKTEPUCTHUKH HUHBEPTUPOBAHHBIX MNOJIMUMEPHBIX
COJIHEYHBIX 3JIEMEHTOB.

B naHHOW paboTe WCCIEAOBANOCH BIUSHUE IPEIBAPUTENLHOIO OTKUIa IUICHOK pacTBopa aneTraT [MHKa Ha
MOP(QOJIOTHIO, CTPYKTYpYy, ONTHYECKHE CBOWCTBAa (opMupyembIX IUIeHOK ZnO u Takke Ha (POTOBOJbTAUIECKHE
CBOHWCTBA MOJMMEPHBIX COJHEYHBIX SYEEK HAa OCHOBE MOJIy4YeHHBIX IIeHOK ZnO. YcTaHOBJEHA, YTO TeMIieparypa
MPEABAPUTENBHOTO OTKUIAa 3HAYUTENBHO BIMSET Ha MOPQOJOTHIO W CTPYKTYpy MoOJy4eHHbIX miaeHok ZnO. Ilpu
TeMrieparypax mnpenomkura Hmwke 200 °C TUIEHKM HMMEIOT CHJIBHO penbeHyI0 MOpP(OIOTHIO (MOPIIMHUACTYIO
Mop(oIoruio), TOraa Kak mpu Temneparypax nperomkura Bbeime 200 °C, Mopdojorus MOBEPXHOCTH IICHOK
nosy4aercs riaankoit. PenbedHocTs mieHOK ZnO BAHSET HA IIOTHOCTH (POTOTOKA COMHEYHBIX SYCCK, TIYCHKH HA OCHOBE
wieHok ZnO ¢ MOpIMHUCTON Mopdoorueil mokasanu Ooblice 3HAYCHHUE (POTOTOKA IO CPABHCHHIO C TIAJKOMN
MOpP(hOJIOTHEH, YTO OOYCIIOBIICHA CHIBHBIM PACCESIHUEM CBETA U 3a CUCT 3TOTO YBEIUYHMBACTCS ONTHYCCKU ITyTh CBETA B
(hOTOAKTHBHOM CIIO€ 32 CYET MHOTOKPATHOTO OTPaKEHHs CBETa B MOPIIUHUCTON cTpykType ZnO. Kpome Toro, ¢
YBEIUYCHUECM TEMIICPATyPhl MPEAOTKUTA IUICHOK YBEIUUUBACTCS (POTOHANPSKCHUS COTHEUHBIX SIYCCK, YBEITHMIMBACTCS
CKOPOCTh PEKOMOWHAITMM HOCUTENIeH 3apsia W yMeHbImaeTcss KodpduimeHnT nuddy3ud HOCHTENCH 3apsna, dTo
YKa3bIBaeT 00 yBEJIMUEHUH TUIOTHOCTU Ne(hEeKTOB KpHcTautmueckoi pemerku ZnO. Takum oOpa3om, TIOKa3aHo, 4TO U3
pacTBOpa arerara HUHKAa MOXHO MOJy4aTh [IAIKUE WK CHIBHO perbedHble TOHKUE TIeHKH ZnO ¢ KOHTPOIUPYEMbIMU
CBOWCTBaMH.

Mouceeea K.M., Kpaiinoe A.10., Kpaitnoe /1. A.

JKOFAPBI  KBUIJAMJIBIKTBI  BYPAJIFAH  AFBIHJAFBI  AJIIOMUHUIN  YHTAFBIHBIH
ADPOXY3IHAICIHIH ’)KAHY EPEKHIEJIIKTEPI

Makana OypajiraH arblHBI Oap JXKaHy KaMepachIHAAFbl YHTAKTAJFaH METAJUl OTHIHBIHBIH JKaHY MOCENICCIH CaHJBIK
HICIIyre apHAFaH. AJIOMHHHAN YHTarblHBIH aya CYCICH3MSICHIHBIH aFbIHBIHBIH (DU3MKa-MaTeMATHKAIBIK MOJCII
KCHETTCH KeHeWeTiH OypanraH aFblHBIHA WC IMMIMHIPIIK KaHy KaMepachblHIa YCBhIHbUTFaH. MocencHiH (u3nka-
MaTeMaTHKAJIBIK TYXKBIPBIMBI €Ki (ha3ajibl OpPEKETTECETIH OPTAHBIH MEXaHUKACBIHBIH OiC-TOCUIIEpiHEe HETi3[eNreH.
[lemiM epkiH Y3iTiCTI BIIBIpAy OMICIMEH JKY3€re achIpbUIAbl. AIIIOMHHHNA YVHTAFBIHBIH aya CYCIICH3HWSCHIHBIH JKaHy
epEKINeNiKTepiHiH OHBIH KYpaMbIHA, JXaHy KaMepachblHa KipeTiH KOCHaHBIH OCBTIK IIBIFBIHBIHA KOHE Oypairy
JKBIIIAMIBIFBIHBIH, MOHIHE OaiTaHbICTBI CAaHABIK TTAPaMETPITIK 3€PTTEy HOTHIKEIIEP] KENTipiireH.

Mouceesa K.M., Kpaiinos A.1O., Kpaitnos /1. A.

OCOBEHHOCTHU T'OPEHHUSI ASPOB3BECH IOPOLIKA AJIIOMUHUSA B BBICOKOCKOPOCTHOM
3AKPYYEHHOM IIOTOKE

CraThsl TOCBAIICHA YUCICHHOMY DEIICHHUIO 3a/la4d O TOPCHHU IMOPOIIKOBOI'0 METAJLUTMYECKOrO TOIUIMBA B Kamepe
CrOpaHUs C 3aKpydYeHHBIM MOTOKOM. [IpencraBineHa (Qu3MKO-MaTeMaTHYeCKas MOJCNb TEYCHHUS BO3IYIIHOH B3BeCH
TFOMHHUEBOTO MOPOIIKA 3aKPYYCHHBIM IMOTOKOM B LIMHAPUYECKON KaMepe CrOpaHusl ¢ BHE3AITHBIM PACIIUPCHUCM.
®dusuko-MaTeMaTHUECKas MTOCTAHOBKA 3aJa4ll OCHOBAaHA HA IOJXOJAX MEXaHUKH JBYX(a3HBIX PEardpyOMUX CpPe.
Pemienre MpOBOIMIOCH METOJOM pachaja IpPOU3BOJILHOTO pa3pbiBa. [IpHBefeHBI PE3yNbTaThl UYUCICHHOTO
MapaMeTPUYECKOro HCCIIEJI0BaHUSI OCOOCHHOCTEH TOpeHHsi BO3AYIIHOH B3BECH aIOMHHHEBOTO IOPOIIKA B
3aBUCHMOCTH OT €€ COCTaBa, OCEBOTr0 PacXoja CMECH Ha BXOJIE B KaMepy CrOPaHUsl U 3HAUCHHSI CKOPOCTH 3aKPYTKH.

Manaméaee P.K., Kanacoeé H.b., Amankenoi JI.b.

KOHUEHTPALUSLIBIK-ITIOJISIPU3ALIMSA KABATBIHBIH ITAWJIA BOJIYbIH CAH/BIK 3EPTTEY
YKymeicra Ho/CO; ra3 xocnacslH Oeiy nporecinae MemMOpaHa OeTiHIeri KOHICHTPAIMSIIBIK, MOJAPU3ALUSIIBIK IIeKapa
Ka0aThIHBIH Maliaa 0oaysl cunarranrad. KOHIIEHTPAIMSUIBIK MOJIApH3anus KaObUIIaHOaFaH epiTiHal MeMOpaHa OcTiHe
JKaKBIH KUHAJBII, IIeKapa KabaThlH KypraH Ke3ze maiiaa Oonanel. Keyekrti KaObIpFanapabl OHACYTe KOHIICHTPALUSIIBIK
MOJISIPU3ALUS OCEPIH KOCY KOCBIMINIA KUBIHABIKTApP TYFbI3abl. KOHIEHTPAIMSIBIK TOISPU3AIMs HOTHKECIHIC maiina
OoJiFaH 1eKapajblK KabaTTel MeMOpaHara KaparaHja eTKI3TiITIri TOMEH eKiHIIi KeyeKTi KaObIpranblH Oip Typi perinie
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KapacTelpyFa Oonanel. Bysr karmalibpl MOIENBACYNEri HEri3ri KHUBIHIBIK KaOBIPFAJarbl IMOFBIPIIAHYJBIH THICTI
HICKapaJIBIK JKaFJailyIapbIH aHBIKTAY OOJBII TaOBLIA b, OUTKEHI KOHICHTpAIMsIIap KaObIpFaia YHEMI e3repil OThIPaIbl,
an OeJIEKTepAiH TYHBIN KeTyiHe OalIaHbICTBI KaObIpFa reOMETPHSCHIHBIH 031 YaKbIT ©Te Keie e3repyi MyMKiH. by
ocep/li ecKepy YIIiH OYJ1 )KYMBICTA TATKBUIAHATBIH CAHIBIK TICITIEP 93ipJICH .

Manaméaes P.K., Kanacoe H.b., Amankenowt JI.b.

YUCJIEHHOE HNCCIEJOBAHUE BO3HUKHOBEHUS KOHIOEHTPAIIMOHHO-
HOJAPU3ALIMOHHOTI'O CJIOs

B  pabore omnmceBaeTCS BO3HUKHOBEHHE KOHIIEHTPAIMOHHOTO TOJIIPH3AIMOHHOTO MOTPAaHMYHOTO CJOS Ha
MMOBEPXHOCTH MEMOpaHBbI B Tipoliecce cenapanuu razopoii cmecu Ho/CO,. KoHlleHTpamoHHAs MOJsIpU3aius BO3HUKACT,
KOrJla OTOPAKOBAHHBIH PACTBOP HAKAIIMBACTCS PSIOM C HOBEPXHOCTHEO MEMOpaHbI, 00pa3ysl MOrPaHUYHBIN CIIOM.
BritoueHre  KOHIICHTPALMOHHBIX — MOJSPU3ALUOHHBIX  IPQPEKTOB B 00pabOTKYy MOPHUCTBIX CTCHOK CO37aeT
JIOTIONTHUTENBHBIC TPYAHOCTH. [ paHWUYHBIA CIIOW, OOpPA30BAHHBIA KOHIICHTPAIIMOHHOW IOJISIPH3AlMCH, MOXKHO
paccMaTpuBaTh KaK pPa3HOBHIHOCTh BTOPOW IMOPHUCTONH CTCHKHM C MEHbBIICH NPOHHIACMOCTHIO, YeM MeMOpaHa.
OcHOBHasl TPYAHOCTh IIPH MOJAEIMPOBAHUHM D3TOM CHTyallMd 3aKIIOYaeTCs] B OIPEICICHHH COOTBETCTBYIOIIMX
TPaHIMYHBIX YCIOBHUI KOHIICHTPAIMK HA CTEHKE, MOCKOJIBKY KOHIIGHTPAUH OyIyT IIOCTOSTHHO U3MEHSTHCS Ha CTCHKE, a
camMa TeOMETpHsS CTCHKH MOXXET MEHSATBCS CO BPEMEHEM H3-3a OCaKAeHHUs dacTtuil. [lmg ydera storo s¢ddekra Obut
pa3paboTaH YUCICHHBIN IMOAX0/I, KOTOPBIA 00CyXIaeTcs B TaHHOW padoTe.

Mexmues A./l., Capcuxees E.JK., FOzaii B.B., Hewwuna E.I'., Anvkuna A./1.

ABTOHOM/bI T¥TBIHYWBIJIAPABI DHEPTUSIMEH KAMTAMACBI3 ETY YIIIH TOMEH KYATTbI
SHEPI'USIHBIH KOTEHEPAIIUAJIBIK KO3I PETIHAE TEPMOAKYCTHUKAJIBIK KO3FAJTKbILI
Makasaja op TYpJli OTBIH TYpPJIEpi MEH JKaFbUIaThIH KAJIIBIKTap/ia *KYMBIC iCTEH aJlaThIH TYTHIHYLIBUIAPABI aBTOHOMIBI
SHEPrUsIMEH KaMTaMachl3 €Ty YIIiH TOMEH KyaTThIH KOT€HEepalunsUIbIK Ko31 PETIHIEC TepMOaKyCTHKAIBIK KO3FaJITKBIIITHI
naiijajnany Macelieci KapacThIpbUla/ibl. JHEPTeTHKA CalachIHIAFbl JIEMAIK JKeTiCTIKTepre Tajjaay >xacanisl. OHBIH
OipKaTap apTHIKIIBUIBIKTAPEl Ka3ipri 3aMaHfbl KbUIy 3JIEKTPCTAHLMSAJIAPbIHA KaparaHqa THIMALIITL KOFapbl DJIEKTp
JKOHE JKBUTYIHEPTHSACHIH OHIIpyre KaOUIeTTi SHEprus KO3JepiH AAMBITY YIIiH oTe mepcrekTuBTi ereni. JKDO-ThIH
YCHIHBUTFaH cysibackl CTHPIMHT KO3FAJITKBIIIBIHBIH MPHHIAIIIHE HEeTi3AeNTeH, Oipak OHJa THIMJi XOHE MEePCIEKTUBTI
TEPMOAKYCTHUKAIIBIK JKbUTy TYPJICHAIPTIlIiH MEXaHWKAIBIK TepOemicrepre maimanaHaabl, cCOMaH KEWiH oyiap 3JEKTp
TOrbIHA aiiHanmanel. Makanaga o3ipJeHIeH TEepPMO-aKyCTUKAIBIK KO3FANTKBIIITHIH HEri3ri JKYMBIC MPUHIUOTEPiH
TYCIHAIpETIH MaTeMAaTHKAIBIK ammapar YChIHBUIFaH. TepMOaKyCTHKAJbIK KO3FANTKBIIITHIH HETI3Ti MapaMmeTpiiepiHn
anpiKTay ywiH DeltaEC oprackiHaa KOMIBIOTEPIIIK MOJENBACY dJicTepi KONJaHbLIIbl. JKbUTy3JaeKTpCTaHIUSCHIHBIH
3epTXaHAJIBIK YITICIHIH OpHajacy cyj10achl YChIHBUIFAH JKOHE OHBIH AM3aiiHbIHA cunarrama Oepinren. JKymbic neHeci
peTiHzie Kyprak KaHbIKKaH OyZbl MaijanaHy YChIHBIIAbI, OYJI JKbLTyaKyCTHKAIBIK KO3FaITKBILITEIH TeHEepalysiIaHFaH
KyaTbIH apTThIpyFa MYMKIHIIK Oepenti.

Mexmues A./l., Capcuxees E.JK., IOzaii B.B., Hewwuna E.I'., Anvkuna A./1.

TEPMOAKYCTHUYECKHUM JBUIATEJIb KAK KOIEHEPALIMOHHBI WCTOYHHUK DSHEPIUU
MAJIOM MOLIIHOCTH JIU151 SHEPTOOBECIIEYEHUSI ABTOHOMHBIX HIOTPEBUTEJIEN

B crathe paccmarpuBaeTcsi BONPOC HCIOIB30BAHUS TEPMOAKYCTHISCKOTO JBUTATENSI B Ka4eCTBE KOTCHEPAIIMOHHOTO
HACTOYHWUKA MaJOH MOIIHOCTH JIJIi aBTOHOMHOTO DJHEPTOCHAOKEHWsI IMOTpeOuTeNe, CIocoOHBIX paboTaTh Ha
pPa3IMUYHBIX BUAAX TOIUTMBA W CKHATAEMBIX OTXoaax. [IpoBemeH aHamW3 MHUPOBBIX JOCTH)KCHHH B JTOW 00JacTH
SHEPTETUKHU. PSJT MPEUMYIIECTB JeNIaeT €ro OYeHb MEPCIIEKTUBHBIM ISl Pa3pabOTKH UCTOYHUKOB DHEPTHH, CIIOCOOHBIX
KOMILICKCHO TIPOM3BOINTE 3JIEKTPUYECKYIO H TEILIOBYIO SHEPTHIO ¢ OoubIiel 3)()eKTHBHOCTRIO, YeM Y COBPEMEHHBIX
TEIJIOBBIX 3NeKTpocTaHuui. [Ipennaraemas cxema TOL| ocHoBana Ha mpuHuune asurarenass CtupiuHra, HO B HeH
ucnonp3yercst Hambonee S((EKTUBHBIA U TNEPCHCKTHBHBIN TEPMOAKyCTHYECKUMH mpeoOpa3oBarellb Temia B
MCXaHUYCCKUE KOJIcOaHUs, KOTOpBIC 3aTeM MPeoOpa3yrTCs B JJICKTPUYCCKUA TOK. B crathe mpejacTaBicH
MATEMATHUYCCKUI ammapar, MOSCHSIONIMKA OCHOBHBIC MPHUHIMIBI Pa0OTHl pa3pabOTaHHOTO TEPMOAKYCTHYCCKOTO
neurarens. s ompenelieHus OCHOBHBIX MapaMETPOB TEPMOAKYCTHYCCKOTO JIBUTATENS HCIOJIB30BAIKCH METOJIBI
KOMITbIoTepHOTO MoaenupoBanus B cpeae DeltaEC. TlpeamoskeHa KOMIIOHOBOYHAs cxeMa JlabopaTopHOro oOpasia
TEIJIOBOH AJIEKTPOCTAHIINK M JAaHO ONMHUCAHHE ee KOHCTPYKINU. B kadecTBe pabodero teia MpeaioKeHO UCTIONb30BaTh
CyXOH HACBHIIIEHHBIH Map, 4TO MMO3BOJISIET YBEIMYUTH TEHEPUPYEMYIO MOIITHOCTh TEPMOAKYCTHIECKOTO JIBUTATEIIS.

Kyouu B.HU., Yepnema O.I'., FOpos B.M.

«BOJIAT 45 - 40X» )KYFIECIHI[EI'I AJITE3USAJIBIK BAMJIAHBIC IIAPAMETPJIEPIHE 45 BOJIATTBIH,
BOPJIAY/JbBIH, BOPOILIEMEHTAIIUSICBIHBIH, JKOHE MAWJIAY MATEPUAJIBIHBIH
TYTKbIPJIBIF bIHBIH OCEPI

Kympicta CMII - 2 yiikenic MalIMHACBHIHBIH KOCBIMINA SKAa0IBIFbIH MMAi/ajdaHa OTBIPBIN, EPCKIIe JTUHAMHUKAIBIK
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TYTKbIpabIFbIHA e M-20A, Wolf 10W-40, TA/I-17u, JIuton-24 maiinay mMaTepHaniapbl OpTachlHAA LIAFbIH TabapuTTi
YATizep apachIHIAFbI BIFBICYABI (PH3UKANBIK MOJENbILY Ke3iHae «0omat 45-40X», «bomat 45+B-40X», «6omar 45+BC-
40X» Mertanmap >KyHelepiHaeri T aAre3usuIblK OaiJIaHBICHIHBIH BIFBICY OEpIKTITiHIH koHE [ Mbe30K0d(hOUIINEHTTIH
e3repy 3aHJBUIBIKTapbl aNbIHABL. bIFBICY KbUIAaMIBIFBIHBIH €Ki ece aptysl Wolf 10W - 40, TAJ/l-17u, Juton-24
Maliay MaTepuanaapsl yiriH «oomart 45+BC-40X» xyiiecinne nbe30xk03pdurmentrin 1,2-1,6 ece azarobiHa KoHE OHBIH
JUHAMUKAJBIK TYTKBIPJIBIKKA TOyeNli OOJIMalThIH CALICTRIPMAIIBI OipAeiIiriHe OalIaHbICThl €KEHi aHBIKTANIbL. by
ke3zne «oomat 45+B - 40Xy xyleciHne BIFBICY JKbUIIAMIBIFBIHBIH €Ki €ce apTybl OapJIbIK ChIHAK Maiiay MaTepuaiaapbl
yiiH nbe3okodpduumentrin 1,16-1,38 ece asarobiHa cebenmi Oomazpl, an «bomar 45 +BCy» xyiecinaerineil OHbIH
tericrenyi Oaiikanmaiinel. p=0 MIla ke3iHIe SKBHBAJICHTTI JMHAMHKAIBIK TYTKBIPIBIKTHIH AATC3USUIBIK OaiiaHbIC
OepikTiriHe ocep eTyIiH alKblH 3aHIBUIBIFBI AHBIKTAIMAMIBI KOHE OHBIH KOPIHY CHIIAThl Mailay MaTepHajiapbl
MOJICKYJIAJIAPBIHBIH KYPBUIBIMBIHA OailIaHBICTBI MOJICKYJaapalbIK ©3apa OPEKETTECY MEXaHU3MIiHIH MYMKIH OOJATBhIH
e3repyiMeH  aHBIKTananbl. [Ibe30KOA(QUIMEHT OapiblK KapacThIPBUIFAH KAJBINTHl KBICHIM  JHANa30HBIHIA
JTUHAMUKAJIBIK TYTKBIPJIBIKTHIH KOFaphlIaybIMEH TaOUFH TYpJe TOMEHACHTIHI aHBIKTAJIIBL.

Kyouu B.U., Yepnema O.I'., FOpoé B.M.

BJIMUSHUE BOPUPOBAHHWSA, BOPOLEMEHTAIIMU CTAJIM 45 U BA3KOCTU CMA30YHOI'O
MATEPHAJIA HA IAPAMETPBI AJIF'E3NOHHOM CBSI3U B CUCTEME «CTAJIb 45 - 40X»

B paboTe momyueHsl 3aKOHOMEPHOCTH U3MEHECHHUS CABHTOBOM IMPOYHOCTH aT€3MOHHOM CBS3U T U IMbe30K03(hduItnenTa
B B cuctemax MetauioB «ctainb 45 - 40X», «ctamp 45+B - 40X», «cranp 45+BC - 40X» mpu ¢usmueckom
MOJICTIMPOBAHNY CIIBUI'a MEKAY MajnorabapuTHBIMU 00pa3liamMu B cpeie cMa3ouHbIX Marepuanos M-20A, Wolf 10W-40,
TAA-17u, Jluton-24 ¢ OTIMYUTENLHBIMM JUHAMHUYECKUMMM BSI3KOCTSMU C HCIOJB30BAHUEM JOTOJIHUTEIHLHOTO
o0opynoBanust MauuHbl TpeHHs CMLI-2. YcTaHOBIEHO, YTO yBEIWYEHHE CKOPOCTH CIBHIa B JiBa pa3a 00yCJIaBIMBaET
yMeHbIIIeHHE Nbe30K03(dunmenta B cucteme «crtanb 45+BC - 40X» B 1,2-1,6 pasza st cMa304yHbIX MarepuaioB Wolf
10W-40, TA/I-17u, JIuton-24 1 ero OTHOCUTENBHYI OJMHAKOBOCTh HE 3aBHUCAILYI0 OT AMHAMHUYECKOH BszkocTd. Ilpu
9TOM YBEIMYEHHE CKOPOCTH CIBHTA B JiBa paza B cucTeMe «ctaib 45+B - 40X» o0ycimaBnuBaeT Takke YMEHBIICHUE
nbe3okodpdurmenTa B 1,16-1,38 pasza mis BceX HCMBITHIBAEMBIX CMa304YHBIX MAaTEpHAJIOB a €r0 BHIPABHUBAHHM, KaK B
cucteMe «ctaimp 45 +BC» He Habmomaercs. YCTaHOBIIEHO, HYTO SBHO BBIPAKCHHAS 3aKOHOMEPHOCTH BIIHMSHUS
SKBUBAJICHTHOW THWHAMUYECKON BS3KOCTH HA IMMPOYHOCTh aare3uoHHOH cBsi3u mpu p=0 Mlla He BBISABIIIETCS, M XapaKTep
MIPOSIBIICHUS TPEIONPEICACTCS BOSMOKHON CMEHON MeXaHU3Ma MEKMOJIEKYIISIPHOTO B3aMMOACHCTBHS 3aBUCSIIETO OT
CTPOGHMSI MOJIEKYJ CMa304YHBIX MaTepHaioB. [Ipm 3TOM oOmNpenesNeHo, 4YTo INbe30KOd(P UIMEHT 3aKOHOMEpPHO
YMEHBIIAETCS C YBEIMYCHHEM JUHAMUYECKOH BSI3KOCTM BO BCEM pacCMaTpPUBAEMOM JHUala3oHE HOPMAaJbHBIX
TaBJICHUM.

Amenvkosuu 10.A., Hazapenko O.b., Cmupnosa U.H., 3aoopoycnan T.A.

AHTUNIAPEHJAEPAIH SIIOKCUATI KOMIIO3UTTEPAIH TYTAHY TEMIIEPATYPACBIHA 9CEPIH
CAJIBICTBIPMAJIBI 3EPTTEY.

[TonmMepiti MaTepuagap IbIH, COHBIH IIIIHE ATMOKCHUTI MaHbIpIapablH KEeMIIIT] 0JapAbIH dKOFaphl OpT KayIli 00T
Tabbmaapl. [lomumepni MaTepruaIIapablH KaHFBIITHIFBIHBIH TOMEH/CYI MENTM/Ii KaKeT eTeTiH Kyp/em Macese O0bIT
Tabbmanpl. [lonuMepnepiH >KaHFBIIITHIFEIH TOMEHACTYMIH Oip omici - TOJIMMep MaTpHIAChlHA KAJBIH OacaThlH
KacueTTepi 0ap apHaiibl Kocmajgapisl €Hriy OoJbIl TaObUIanbl, OV IMOJMMEp JKaHFaH Ke3Je maima OoyaThiH
MIPOLIECTEP/IIH CUITATHIH ©3TepTyTre HeMece JKaHy MPOIECiH kaHOaHThIH HeMece WHTHOUTOPIIBIK 3aTTapMeH OyFaTTayra
oKenesi. bepiireH KymbicTa 3MOKCUATI MIANBIP/BIH OTKA TO3IMJII KACHETTEPIH KaKcapTy YIIIH aJIOMUHHUN THAPOKCHUII,
MenaMuH nosinpocdaThl KOHE MEIAMUH MOTU(POChaThI-MarHAN JICTCH JKAJBIHFA KAPChl 3aTTap PETIHIC KOJIAHBLIIBL.
DIOKCUITI KOMITO3UTTEPJET TONTHIPFBIITAPIBIH KOHIEHTpanusicel 10 % wmacca Oonmbl. AJIBIHFAH 3MOKCHITI
KOMIO3UTTCPAIH TYTaHy TEMIICPaTypachklH aHBIKTAY YIIIH SKCICPUMEHTTIK 3€pPTTEyJiep KYpPri3uimi. AJBIHFaH
MOJIIMETTEP TOJTHIPFBINICHI3 SMOKCHITI NIAWBIPABIH 0aKbUIAY YITICIHIH TYTaHY TEMIIEPATyPACBIMEH CANBICTHIPBUIIBL.
Hotmxkenep OapiblK 3epTTENTCH AaHTUIHPEHACPII KOJAAaHY TYTaHY TEMIIEPATypPAChIHBIH >KOFapbUIAYbIHA OKCITCHIH
kepcerTi. MenamuH monudocdarbl MEH MeTaMHH MarHuil moiaudocaTbiMeH TONTBHIPBUIFAH YITIIEPIiH TYTaHy
TeMIieparypacsl colikecinme 28 xoHe 11 °C-ka sxorapputanpl. Anaiga, allOMHHANA THAPOKCHUIIMEH TOJNTHIPBUIFAH YJT1
YIIIH JKaKChl HOTIDKE aJbIHABI: OyJl YATIHIH TYTaHy TEMIIEpPaTypachl TOJNTHIPbUIMAFaH AIOKCH] MIAWBIPHIMEH
canpicTeiprana 40 °C sxorapsl OOJIBI.

Amenvkosuu 10.A., Hazapenko O.b., Cmupnosa U.H., 3adopoycnan T.A.

CPABHUMTEJIBHOE HCCIEJOBAHUE BJIUAHUA AHTUIIMPEHOB HA TEMIIEPATYPY
3AKHUTAHUSA SITOKCUHBIX KOMITO3UTOB.

HemocTaTkoM MOJIMMEPHBIX MaTECPHATIOB, B TOM YHCJIC W DMOKCHUIHBIX CMOJI, SBJISETCS WX MOBBINICHHAS IMOXKapHAs
onacHOCTh. CHM)KEHUE TOPIOUYCCTH TMOJIMMEPHBIX MATCPUAIIOB SBJISICTCS. CEPbE3HOM MpoOIeMoil, TpeOyroIel penicHus.
OnHuM #3 COCOOOB CHIDKCHHS TOPIOYECCTH IMOJIMMEPOB SBJSICTCS BBEICHHE B MOJUMEPHYIO MATPHILY CICIHATBHBIX
100aBOK, O00JaJAIONIMX IUIAMSTACSIIAMH CBOWCTBAMM, YTO NPUBOJWT K HW3MCHCHHIO XapakTepa MpPOIECCOB,
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MPOUCXOIAIINX MPU TOPESHUH TOJIMMEpPa, WU OJIOKUPOBAHUIO MPOIIECCa TOPCHUS HETOPIOYUMH WJIH MHTUOUPYIOIIMMU
BelecTBaMu. B maHHOW paboTe Ui YAy4IICHHS OTHECTOMKMX CBOMCTB SMOKCHIHON CMOJIBI B KAYECTBE aHTHITUPCHOB
OBUIM  UCIOJIb30BaHBl THUAPOKCH] alOMUHMS, moiaudochar MeiramMuHa ©  noiudochaT-MarHuii MeJaMHHa.
KonmeHTparus HanoJHUTENEH B SMOKCHIHBIX KOMITO3UTax cocTtaBisuia 10 macc. %. [IpoBemeHs! SKCIepIMEHTAIBHBIC
HCCIICAOBAHUS IO ONPEICIICHUIO TEMIIEPaTyphl BOCIDIAMEHEHHS MTOJMyYSHHBIX 3MTOKCHIHBIX KOMIO3UTOB. Iloxy4yeHHbIe
JaHHBIE OBUTM COTIOCTABJICHBI C TEMIIEPAaTypO BOCIUIAMEHEHHS KOHTPOJIBHOTO o0pasia 3MOKCHIHOW CMOIBI 0e3
HaTIOTHATENS. Pe3ynmpTaThl TOKa3aid, YTO HCIIONB30BAaHHE BCEX M3YyUEHHBIX AHTHIIMPEHOB TPHUBENIO K IOBHIIICHUIO
TeMIepaTypbl BOCIDIAMEHEHH. TeMImeparypa BOCIDIAMEHEHHsI 00pa3IoB, HAIOJHEHHBIX MOJH(ochaToM MeIaMHHA H
nosmpochaToM-Marauii MenaMmuHa yBenmmamiack Ha 28 u 11 °C, coorBeTcTBeHHO. OJHAKO JIyYITUH pe3yabTaT ObLIT
MOJIYYCH JUTs 00pa3iia, HAMOJIHEHHOTO THAPOKCHIOM aIFOMUHUS: TEMIIEpaTypa BOCILIAMEHEHUS 3Toro o0pasiia Oblia Ha
40 °C BblLE, UEM Yy HEHANIOJHEHHON ATIOKCUIHON CMOJIBI.

Kanaoaees 3.7K., Ycinoe H .M, Xoxnos C.A.

XABBJ HAPAMETPIHIH MACHITABTBI-UHBAPUAHTTHBI ’)KOHE TOJKbBIHABIK TABUFATHI.
Actpodm3ukanblk OakplIayigapra colikeckeneTiH Xa00a mapaMmeTpiHiH MoHI TeopusiblK TYprbiman ACDM monernin
KosiiaHOail aHbIKTanFaH. bakpUlaHFaH rajakTHKa MEH OHbIH KOOPAMHATAChIHA NEHIHTT apa-KallbIKTHIKTBIH OeifChI3bIK
(dbpakTangelk Mojaelni YChIHbUIFaH. KaImbIKTBIK (paKTaIAbIK OJIIIeM pPETiHJAe aHBIKTAJIaIbl, OHBIH OJIIey MaCIITa0bI
Oenriyi  (pakTaNIbIK MOJIENBIEPIEH AaWBIPMAIIBUIBIFEL, KAKETTI OJIEMHIH ©3iHiH OeKITiMreH MoHiHeH (HOeIiK
aybIpJIBIK PagUyChl) aybITKybIHa COMKEC, OFaH KATBICTHI MAacCIITa0Thl MHBApUAHT KaObLIIAH[bI. Bi3 YCHIHFAH HAKTHI
aHWU30TPONTHl (PpaKTaIAbIH eJIIeMi MaiaalaHbUIIbl, OJ OaliKayFa JEWiHT1 KAIIBIKTHIKTBIH ©CYiH Mopaenbacimi. by
OIIIIIEM COHBIMEH KaTap op TYpJIi KaTalortapJaH alblHFaH MPAaBUTALMSIIBIK TOJKBIHIAD MCH TaJaKTHKANIAD JKUBIHTBIFBI
TEHJICYiHiH (ha3abIK MOPTPETIHIH TAHFAXKANBIN TP TKBIIIBIHBIH MAKCUMAJIIBI OJIIIeMi €KSH/IITT KOPCETIITCH.

Kanaoaees 3.7K., Ycunoe H.M, Xoxnos C.A.

MACHITABHO-UHBAPUAHTHASA 1 BOJTHOBAS ITPUPOJJA ITAPAMETPA XABBJIA

3HayeHue TII00ANLHOTO mMapaMerpa XaO0ia, COOTBETCTBYMOIICE AacTPO(U3UYCCKUM HAOIIOACHUSIM, ONPEACICHO
TeopeTndecku, 6e3 ucrosb3oBanuss ACDMwmonenn. [Ipenyioxkena HenmrHelHas QpakTaibHas MOJETH CBSI3U PACCTOSHUS
o HaOmomaeMOW TaJaKTHKH € ee KoopawHaToi. PaccTosHmMe ompenmensiercss Kak (pakTanbHas Mepa, MacimTad
U3MEpEeHUs] KOTOPOH, B OTIMYHE OT W3BECTHBIX MOjeNiel (hpaKTasoB, COOTBETCTBYET OTKJIOHEHHIO CAaMOW HMCKOMOM
Mephl OT €€ (PUKCHPOBAHHOTO 3HAUYEHHs (paguyca HYyJIEBOH TIpaBUTAlMH), OTHOCHTEIHHO KOTOPOTO MPUHUMAETCS
MaciutabHasi MHBaApHAHTHOCTh. VICHONBp30BaHa Pa3MEPHOCTH MPEATIOKEHHOTO HaMHU CHEIM()UIECKOTO aHU30TPOITHOTO
(dpakrana, KOTOPBI MOJACIUPYET POCT PACCTOSIHUS 0 HaOmoaeHus. [loka3aHo, 4TO 3Ta pa3MEPHOCTH SIBIISICTCS TAKKE
MaKCHUMaJIbHOH Pa3MEPHOCTHI0 CTPAHHOTO aTTPAaKTOpa (a3oBOrO MOPTPETa YpPaBHCHHS TPABHTAIMOHHBIX BOJH U
MHOKECTB T'aJIAKTHK T10 Pa3InYHBbIM KaTajoram.

Bumkoeckaa U.C., bamvipoaesa M.JK.

BETETAHUSJIBIK MHAEKCTEPIAIH YAKBIT KATAPJAPBIH KAJIBIIITACTBIPY KE3IHAE CEPIK
MOJIIMETTEPIH OHJAEY AJIT'OPUTMI

OJeMIi FapbllliTaH KalIbIKTBIKTAH 30HATAYIBIH OJMEMIIK TOKIPUOECIHIE CEepiK CYpeTTEepiHeH eCenTeNIreH 9p Typii
CIIEKTPJIIK KOPCETKIMTEep KEeH KOJJAHbUIamel. by Tocim TeceHimm OeTTi FapblITHIK OaKbuiayma, OJIapIbIH
JNIMHAMUKACBIHIAFBl OOJBITT JKaTKAH ©3TrepicTep MeEH TeHICHIMUIapAbl aHbIKTayla o3iH akTanmbl. JKepcepikTik
MOJIIMETTEPiHIH KHHAKTAIFAH YJIKEH KOJIeMi, TAaKbIPHINTHIK Oemudpiey oJicTepiHiH 3aMaHayn JaMybl CypeTTepre Je,
oJlapAbl OHJIEY HOTIKENIepiHe e epKiH KON KETKi3yAl YCHIHATBHIH KBI3METTEpPIiH KYpbUIybIHA OKeNmi. Auaiina,
JKEPTTIKTI JKoHE aiMaKTBIK MacIITa0TaFbl MoceJIeep i MeNnry Ke3iHae Oenriim KbI3METTEpP/IiH YChIHATHIH FAPBIIITHIK
aKmapaTTapAbl TaKBIPHINTHIK OHJACY YIIIH JaWblH OHIMAI mHaiinanany opnaaiibiM ThiMai Ooma Oepmeiimi. OcbiFaH
OalulaHbICTBl CEpiK MHICKCTEPAIH y3aK Mep3iMIi Karapiapbl Typajbl ©3iMi3JiH MYparaThIMbI3JIbl KaJbIITaCTHIPY
KaXKETTUNr Tynel. MHAekcTepaiH caHIpIK MarpuuanapeiHa ue Qaingapasin kesmemi MODIS cepirinen TemeH
aXbBIpaTyFa Me MOJIMeTTep OOWBIHIIA ecenTeNreH, Oouaarel Ka3sakcTaH ayMarbIH TOJIBIK KAMTHTBHIH (palijinapIsIH KeieMi
4 T'b-taH acansl. by ecenteynepain OasynaybiHa ®oHE KOOiHECE OpTallla KyaTThl KOMIIBIOTEPIICPIC TOJIBIK MATPHULIAHBI
ecenTey MYMKIH eMecTiriHe okeneni. Makanana BereTalMsUIBIK WHACKCIHIH YakbITTHIK KaTapblH KypyJa cepik
MOTIMETTEpiH  OHIEYy alropuTMi KenrtipiareH. HoTwkeciHne, pecnmyOivka ayMmarblHa apHAJIFaH BETETaIUSIIBIK
MHICKCTEPiHIH Y3aK Mep3iMai Myparatel Kypsuiabl (2001-2020 xok.), Oyi1 TeceHimn OeTiHAeTI e3repicTepal Tangayra,
OJTapAbIH TeHICHITUSIIAPBIH aHBIKTaYyFa J)KOHE OCHI e3repicTepi OoimkayFa Heri3 0oapl.

Bumkoeckaa H.C., bamvipoaesa M.JK.

AJITOPUTM OBPABOTKH CIIYTHHUKOBBIX JAHHBIX IPU ®OPMHUPOBAHHUU BPEMEHHBIX
PAAOB BETETAIMOHHBIX NTHAEKCOB

B MupoBoil mpakTHkKe AMCTAHLMOHHOIO 30HIUPOBAaHUS 3eMJIM M3 KOCMOCa LIMPOKO HCIOJB3YIOTCS Pa3jiHyHbIe
CICKTPAJIbHBIC HWHJCKCHI, PACCUMTHIBACMBIC MO CHOYTHHKOBBIM CHHUMKaM. DTOT MOAXOJ OmnpaBian cebs 1mpu
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KOCMHYECKOM MOHHUTOPHHI'C MOACTUIIAIONICH TOBEPXHOCTH, ICTCKTHPOBAHUY TPOUCXOISIINX U3MCHCHUU U TCHICHIIUI
UX OUHAMUKH. HaKOIICHHBIH KOJIOCCAaNbHBIN 00BEM CIYTHHUKOBBIX MIAaHHBIX, COBPEMEHHOE pPAa3BUTHE METOIOB
TEMaTHYECKOTO ACIH(pPUPOBAHNS NMPUBEIH K CO3TAHUIO CEPBHCOB, IPEAIAraloinX B CBOOOAHOM JOCTYIIE, KaK CaMH
CHUMKH, TaK W Pe3yJbTaThl HX 00paboTku. OgHAKO, NMPH PENICHUH 3a7ad JOKAJILHOTO M PErHOHAIBHOTO MaciiTada
HCTIONIB30BaHME TOTOBBIX TIPOMYKTOB TEMAaTHUECKOW OOpabOTKHM KOCMHYECKOW HWH(POPMALNH, MPEACTaBIIEMBIX
W3BECTHBIMH CEpBHCAMH, HE Bcerga sBIIeTCS d(PQGEKTHBHBIM. B cB3M C 3TUM, BO3HHKAaeT HEOOXOAWMOCTH
(dhopMupoBaHHsS COOCTBEHHBIX apXWBOB MHOTOJICTHHX PSJOB CITyTHHKOBBIX HMHAECKCOB. O0beM (paiiyoB, comepkaniux
IU(pPOBBIC MATPUIIBI MHICKCOB, PACCYMTAHHBIX MO JAHHBIM HHU3KOrO pasperieHus cinytHuka MODIS, npu nomHoM
mokpeiTuu Teppuropun Kazaxcrana, mpesbimaer 4 ['0. DTo NpUBOAWT K 3aMEIUICHHUIO PAcyeToOB, a 3a4acTyH K
HEBO3MOXXHOCTH pacueTa IMOJIHOW MATPHUIBl Ha KOMIBIOTEpaxX CPEeIHEH MOIIHOCTU. B cTaThe MpencTaBlicH alrOpPUTM
00pabOTKK CIyTHUKOBBIX JAHHBIX MPU (POPMHUPOBAHMH BPEMEHHBIX PSJIOB BEreTAIMOHHBIX WHJACKCOB. B pesynbprare
CO3JlaH MHOTOJIETHHH apXuB nHAeKkcoB Beretauuu (2001-2020 rr.) Ha Teppuroputo PecryOmukwu, siBisitomuiicss 0CHOBOH
JUIsl aHaJIM3a U3MEHEHUH NOACTHIIAIOIIEH TOBEPXHOCTH, ONIPEACIICHUS UX TEHACHIIMNA U IPOrHO3a 3TUX U3MEHEHUH.

Kamoaposa K.T., Caynevekos A.O., Konoanuna K.b., Tycynoexosa A.K., Coynevexosa /I.A.

OCBTIK CHUMMETPUSJIBIK OKTYHNOJBAI-MAWJIUHAPJIIK OPIC HEIBIHAE 3APSAATAJFAH
BOJILIEKTEP AFBIHAAPBIHBIH TUIMJAI DHEPTUSI TAJIJIAFBIIIBIH K¥PY MYMKIHAIT'T TYPAJIBI

SapsnranraH OeMeKTepAiH IMMOKTApbIH JHEPTHs OOWBIHIIA Tajjay >KYHeciH Kypydarbl MocelelepiHiy Oipi —
ayBITKBITYIIBl OPICTI aHBIKTAY JKOHE ayBITKBITYIIBI 3JIEKTPOIATAPIBIH IMIIiHIH ecenTey OOdbIN TaOblIanbl. bepinreH
Makajga MYJIbTHIIOJIBIIK JJICKTPOATHI XYHENep HETI3iHAC 3apsATanFaH OeJIIeKTep arblHAAPBIHBIH THIMJI JHEPrus
TANJAFBIIBIH  KYpPy MYMKIHAIMIH 3€pTTEyre apHairaH. AYBITKBITYIIBI ©pic peTiHae OYphIH 3epTTEIMErcH
MYJIbTUIIONIBAI-IMIMHAPIIK OPICTIH TYPl - 3JIEKTPCTATHKAIBIK OCHTIK-CUMMETPHSUIBIK OKTYIOJIBII-HUIHHAPIIK epic
TagAadael. Opic op TYpJi YJECTEepHeri AJIEKTPCTATHKANBIK IHJIMHIPIIK OPICTIH MKOHE MOHICICKTIK OKTYIOJbIiH
CYMEpIO3UIMIACH KOMETiMeH KypbUlFaH. CHMMETpHUS JKOHC AHTUCHMMETPHUS JKa3bIKTHIKTAPbIHA HWE MMIHHIPIIK
OKTYIOJBACPIIH IKBUIIOTCHIUANIAP KUBIHBI ecenteireH. L{MmMHApIiK epic MeH MOHIENCKTIK OKTYHONBIIH 9p TYpii
CaJIMaKTBIK YJIECTepi Ke3iHIE dJICKTPCTATUKAIBIK aKCHATbIi-CHMMETPYSUIBIK OKTYHOJMb-IIIUHAPIIK epicTepai
SKBUIIOTEHITHAIIIBIK CYPETTEPIHIH €cenTeyi )KoHe Talaayhl )KYpTi3iIreH.

Kamoaposa K.T., Caynebdexosé A.0., Konbanuna K. b., Tycynoexosa A.K., Cayneoexosa /].A.

O BO3MOXHOCTH CO3JAHUSI DOPPEKTUBHOI'O DHEPIOAHAJIM3ATOPA TIOTOKOB
3APS/KEHHBIX YACTHUIL HA OCHOBE OCECUMMETPUYHOI'O OKTYIOJIBHO-
OUJIMHAPUYECKOI'O IOJIsA

OnHo#t W3 mpoOJIeM B CO3MAHMHM CHUCTEM SHEProaHalid3a IyYKOB 3apsDKCHHBIX YAaCTHUI[ SBJSICTCS OIPE/CICHUE
OTKJIOHSIIOLIIETO TMOJIA W pacdyeT (OPMBI OTKIOHSIOUIMX OJIICKTPOAOB.  JlaHHAs CTaThs MOCBSAIICHA HW3yYCHUIO
BO3MOXKHOCTH cO37aHus JI(PQGEKTUBHOTO aHANM3aTOpa JSHEPrHi IMYYKOB 3apsHKCHHBIX YACTHI[ Ha OCHOBE
MYJIBTHIIONIEHBIX 3JCKTPOJHBIX CHUCTEM. B KadecTBe OTKJIOHSIONICTO MOJS BBHIOPAHO paHEe HE HW3YYCHHBIH BHI
MYJIbTUIIOJNIBHO-IMJIMHIPUYECKOTO  TOJII -  OJIEKTPOCTATUYECKOE  aKCHAIbHO-CHMMETPUYHOE  OKTYIOJBHO-
nuIHApUYeckoe nose. lone (GopMHUPYIOTCS € MOMOIIBIO CYNEPIO3ULIUH IHIMHAPUIECKOTO 3JIEKTPOCTATHIECKOTO
MOJIsi U KPYrOBOTO OKTYHOJIS PAa3IMYHBIX BKJIAA0B. PacCuMTaHO CEMECTBO IKBHIOTEHIMANECH LMIMHIPUISCKUX
OKTYTIOJIeH, UMEIOIINX [IOCKOCTh CUMMETPHM M aHTHCUMMETpUH. [IpoBeieH pacyer W aHaiu3 SKBUIIOTEHIIMAIBHBIX
MOPTPETOB JIIEKTPOCTATHYECKUX aKCHATbHO-CUMMETPHYHBIX OKTYIMOJIbHO-IMIMHAPHYSCKAX MOJEH MPH Pa3IHYHbIX
BECOBBIX BKJIA/JI0B IIMJIMHAPHYECKOTO MOJISI K KPYTOBOT'O OKTYIIOJIS.
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