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TEMPERATURE DEPENDENCES OF THE INITIAL PERMEABILITY OF
LITHIUM-TITANIUM FERRITES PRODUCED BY SOLID-STATE
SINTERING IN THERMAL AND RADIATION-THERMAL MODES

Surzhikov A.P.", Malyshev A.V.", Lysenko E.N.", Stary O.2

"Tomsk Polytechnic University, Tomsk, Russia, malyshev@tpu.ru
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The paper investigates the features of phase and structural transformations in lithium-titanium ferrites with
regard to the time and temperature of solid-state sintering in thermal and radiation-thermal modes. These
properties are studied with using the temperature dependence of the initial permeability. It is shown that electron
beam exposure during solid-state sintering sharply accelerates the dissolution of impurity inclusions in ferrites.
Also phase homogeneity of lithium-titanium ferrites products increase. The obtained results can be used for
increasing of the phase homogeneity in ferrite production.

Keywords: lithium ferrites, solid-state sintering, electron beams, high temperatures, initial permeability.

Introduction

Electromagnetic properties are the key requirements imposed on ferrite materials during their
production and operation. It is known that these properties depend on chemical composition of the mixture
and the ferrite manufacturing technique. The main manufacturing operation that largely determines
electromagnetic properties of the ferrite material is extremely time-consuming sintering of compacted
products. Two-stage introduction of components, additional mixing of ferrite with ferrite powder of similar
composition, liquid phase, forced sintering, and ultrasonic assisted sintering are the techniques used to
activate sintering [1-10]. These sintering modes increase the occurrence of impurity phases, which decrease
chemical and structural homogeneity of the material and deteriorate its electromagnetic properties.

In addition, the impurity phase concentration cannot always be decreased by temperature regime of
sintering, especially in case of thermally unstable compounds such as lithium ferrispinels. In recent years, the
effect of ionizing radiation fluxes has gained momentum in manufacturing and modification of materials. A
fundamental phenomenon of a multiple increase in the speed of multicomponent powder synthesis [11-14]
and sintering of compacts [15—19] induced by radiation-thermal mode was discovered. Sintering of lithium-
titanium ferrites under specific conditions of a combined effect of high temperatures and intense electron
fluxesis the most well studied process [20-22]. The patterns of ferrite compaction were revealed, and a
multiple increase in the compaction rate of lithium-titanium ferrites under these sintering conditions was
shown [23-25]. Magnetic properties of ferrimagnets are the key functional properties. It is known that any
ferrite manufacturing technique is ultimately aimed at achieving the designed performance level. The root
causes and features of the formation of ferrite magnetic properties are of particular interest. Therefore, data
on phase transformations in ferrites during radiation-thermal (RT) sintering can be important and productive.
The paper investigates the features of phase transformations of ferrite ceramics sintered in RT mode using
the temperature dependence of the initial permeability. A comparative study of ferrite samples sintered in
thermal (T) mode was performed to reveal the radiation effect. XRD analysis cannot be implemented for
lithium ferrites due to overlapping of the main lines of the LiFesOs, LiFeO,, and Fe3O4 phases.

1. Experimental part

1.1 Materials

The study investigates lithium-titanium ferrite powders synthesized from a mechanical mixture of
oxides and carbonates containing 11.2 wt% Li,COs, 18.65 wt% TiO,, 7.6wt% ZnO, and 2.74 wt% MnCOs3,
and the rest of the mixture is Fe,O;. For pressing, 10% solution of polyvinyl alcohol is added in an amount of
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12 wt% of the mixture. Compacts are made in the form of annular cores 2 mm thick, with an inner and outer
diameter of 18 mm and 14 mm, respectively, by single-action cold pressing using a PGr-10 press.

1.2 Characterization techniques

The optimal compacting pressure is chosen experimentally. It is found that the compacting pressure in
the range of (110-200) MPa is optimal to provide an acceptable density of both green and sintered samples.
The pressing mode employed was as follows: P=130 MPa;1 min pressing time; RT and T modes of compact
sintering. In RT sintering, the compacts were exposed to a pulsed electron beam with energy of (1.5-
2.0) MeV generated by the ILU-6 accelerator. The pulse beam current was (0.5-0.9) A, the irradiation pulse
duration was 500 ps, the pulse repetition rate was (5-50) Hz, and the compact heating rate was 1000 C/min.
The samples were irradiated in a lightweight chamotte box with a wall bottom 15 mm thick. The exposed
side of the box was covered with a radiation-transparent cover with a mass thickness of 0.1 g-cm™.
Temperature was measured using a control sample placed in close proximity to the sintered compacts.

T sintering was performed in a preheated chamber electric furnace, which provided a heating rate
comparable to radiation heating rate. The cell design and temperature control technique are similar to those
used for RT sintering. Sintering in both modes was performed in air. Methods for measuring initial
permeability (p;) available in literature were analyzed, and the method chosen was based on measurement of
the ring core inductance in an alternating magnetic field [26].

Measurements were performed for samples sintered in different modes with a single-layer winding
uniformly distributed around the core perimeter during sample cooling from the temperature point that
intentionally exceeded the Curie point (about 620 K) using an E7-12 inductance meter at 1 MHz frequency.
Temperature dependence of wi was determined from temperature dependence of inductance by formula 1:

W = L/ LO > (1)
where L and L, are winding inductance with and without a ferrite core.

The minimum value of the inductance L at temperature above the Curie point was taken for inductance
of the winding without a core L,. The validity of using L, as winding inductance is confirmed by direct
calculation performed for toroidal rectangular cores by formula 2:

Lo=2-10"3-N2-h-In(D,/D;) (uH/cm), 2)
where N is the number of turns; h is sample thickness; D; and D; are the inner and outer diameter of the core.

2. Results and discussion

Fig. 1 shows the curves of initial permeability [ against temperature for ferrites sintered at 1373 K in T
and RT modes. All curves in Fig. 1 demonstrate an increase in initial permeability at increased temperature
with its maximum achieved near the Curie point.

n 120 min m
i 200 i 300
250
150
200
100 150
100
50
50
1 n 1 n 1 i 1 i 1 " 1 3
O "
T, K
5 b T, K

Fig.1. Temperature dependence of ; for ferrites sintered at 1373 K in T (a) and RT (b) modes
for different sintering time
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After the maximum, permeability steeply declines and remains stable beyond the Curie point. The p;
value at the temperature dependence maximum (| max) grow as sintering time increases, and the rate of its
growth in RT mode significantly exceeds the growth rate of M max in T mode. The kinetic dependences of
initial permeability are shown in Fig. 2.

n
' 400} 1
[ )
300 .
2
o
200 |-
100
" 1 " 1 " 1 " 1
0 30 60 9 120

7, min

Fig.2. Dependence of Wi max On time of ferrite sintering at 1373 K in T (1) and RT (2) modes

The data in Fig. 2 show a more complete inclusion removal for RT mode. The difference in sample
density (1 h sintering time) was ~5%, and the difference in ;i max Was ~32% in both sintering modes,
therefore it can be assumed that inclusion removal is not due to porosity removal, but due to probable
dissolution of impurity phases in the main product. The features of the temperature drop wi(7) were analyzed
based on the graphs of the rate of decrease in permeability dui/dT against temperature plotted in Fig. 3.

du/dT F du/dT | 1
30} 2
1

20} | 7

20 |
2 I
/.
10} LN i’ i "
./. ] . i . \
'f'/.7 \ \ i //‘/ "
* - . % \—\_\o
g .% | | | \‘_.Ik. 9‘7-1 , , I .§, I
520 530 540 550 560 520 530 540 550 560
T,K
" g T,K
du/dT 3 2 du/dT | .4

30 +

20 |- » 3 .

1 m sk, >/
or ./. : 10 I/.
3 -./ \._. F =/ \
r/ M 0 ~ ' ' P —
820 530 540 550 560 220 o G S5l 9ED
" T.K d T.K

Fig.3. Temperature dependences of the rate of decrease in i near the Curie point for ferrites with various sintering time:
a) 15 min; b) 30 min; ¢) 60 min; d) 300 min (3) and 600 min (4). /, 3, 4 — T sintering mode, 2 — RT sintering mode
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As can be seen, these dependences exhibit two distinct and consistently repeated peaks at 537 and 548
K. This indicates at least two chemically similar magnetic phases in the sample. Typically, a low-
temperature phase predominates at early (up to 2 h) sintering stages in T mode (Fig. 3, a, b, ¢). Sintering for
5 h equalizes the content of both phases (Fig. 3d, curve 3), and after10 h sintering, a high-temperature phase
dominates (Fig. 3d, curve 4) [27, 28].

RT sintering yields a qualitatively different result a high-temperature phase dominates at all sintering
stages, although traces of the low-temperature phase were detected as well (Fig. 3, a, b, ¢). No correlation is
found for the change in the content of both phases, which can imply that a high-temperature magnetic phase
is formed mainly due to non-magnetic inclusions [29, 30].

Conclusion

In this article, from a comparative study of temperature dependencies of initial permeability lithium
ferrites at radiation-thermal and thermal solid-phase sintering, the share of the radiation component in the
formation of electromagnetic parameters of the material is established.

The scientific significance of the results is determined by data on the temperature dependences of the
initial permeability shows that electron beam exposure during sintering of lithium-titanium ferrite compacts
sharply accelerates dissolution of impurity inclusions.

The possibility of using an electron beam to increase phase homogeneity of ferrite products during their
manufacturing makes the study results practically relevant.

The next step is to study the same patterns in liquid-phase ferrite sintering under the same radiation-
thermal and thermal conditions. In addition, the share of the radiation component in such sintering will be
determined and the results of this article will be compared with subsequent studies. Also, the effects will be
determined depending on the type of sintering.
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This work is devoted to the study of changes in the strength properties of AIN ceramics, in particular, the dry
friction coefficient and parameters of wear resistance and surface defectiveness, depending on the dose of
irradiation with heavy Xe?*" ions with an energy of 200 MeV. Interest in these ceramics is due to their high
thermal conductivity, hardness and wear resistance, as well as excellent insulating properties, which makes them
promising candidate materials in nuclear power, rocket engineering and microelectronics. At the same time, the
operation of these ceramics under conditions of external influences, such as mechanical friction, pressure on the
surface, as well as the effect of ionizing radiation, requires additional research and obtaining new data on the
stability and retention of properties during the entire service life. During the studies carried out, it was found that
at low irradiation doses of 10'°-10" ions/cm?, which are characterized by the formation of single point defects
and a low probability of surface degradation as a result of the initialization of gas swelling processes, the dry
friction coefficient practically does not change, which indicates ceramics high mechanical friction resistance.
However, an increase in the irradiation fluence up to 10'? ion/cm?, which is characterized by the processes of
overlapping radiation-induced damaged areas, a deterioration in the dry friction coefficient is observed after
15000 test cycles, which indicates fatigue wear of the ceramic surface and degradation as a result of external
influences.

Keywords: radiation defects, nitride ceramics, wear resistance, dry friction coefficient, heavy ions.

Introduction

One of the key parameters responsible for the life of ceramic materials is the preservation of long-term
resistance to external mechanical and radiation effects arising during their use [1,2]. At the same time, the
rapid development of a new direction in materials science associated with the transition from steels and
alloys to ceramic materials and their widespread use under conditions of increased radiation backgrounds,
mechanical influences and high temperatures requires new knowledge about the mechanisms of material
degradation. Interest in these ceramic materials, in particular ceramics based on aluminum or silicon nitride,
is due to their excellent mechanical strength, thermal conductivity, as well as corrosion resistance and good
insulating properties [3-5]. All these indicators open up broad prospects for the use of these materials as a
basis for structural materials for the walls of fuel rods of high-temperature nuclear reactors or as a basis for
materials of inert matrices of nuclear fuel. Moreover, in most cases, these materials are subjected to high
mechanical stresses and friction during operation, which can lead to the destruction of the contacting
surfaces and their deformation [6-8]. In the case when materials during operation are exposed not only to
mechanical stress, but also to radiation exposure, taking into account the deformation processes caused by
radiation is important, since it can have a negative effect on the mechanical and strength properties of the
material surface [9,10]. As a rule, at low radiation doses, the accumulation of radiation damage is limited due
to the isolation of point defects and defect regions formed during the passage of incident ions through the
material. In this case, the isolation of defective areas leads to the appearance of additional microdistortions
and deformations in the structure [11-13]. In the case when the defect areas overlap, the concentration of
microdistortions and deformations increases, in this case their accumulation in the structure of the damaged
layer can lead to the appearance of nonequilibrium states or amorphization. The accumulation of
microdistortions in the structure of the near-surface layer leads to overvoltage of the structure and partial
extrusion and swelling of the near-surface layer, accompanied by a sharp change in the surface relief, which
can negatively affect not only the strength properties of ceramics, but also the frictional characteristics [14-
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16]. In turn, the nature of the effect of surface defectiveness is a very important issue in radiation materials
science and the study of the strength properties of ceramics exposed to irradiation [17,18].

The aim of this work is to study the change in the dry friction coefficient and wear resistance of
ceramics exposed to irradiation with heavy Xe*** ions at various radiation doses. The strength characteristics
were determined at different values of the load on the swinging body in order to determine the change in the
value of the dry friction coefficient and wear resistance under various external influences. The choice of the
type of irradiation ions and radiation exposure doses is due to the possibility of simulation of radiation
damage in the near-surface layer, which is most susceptible to external influences under mechanical stresses.

1. Experimental part

Ceramics based on aluminum nitride (AIN), which has high hardness and resistance to external
influences, were selected as objects of research. The samples under study have a polycrystalline structure of
the hexagonal type; the density of ceramics, according to the passport data, is 3.26 g/cm?. Before irradiation,
the surface of the samples was mechanically polished in order to eliminate any roughness and irregularities.

Simulation of radiation damage was carried out at the DC-60 (Nur-Sultan, Kazakhstan) heavy ion
accelerator. Xe?*" ions with an energy of 200 MeV were chosen as the ion flux, the irradiation doses were
10'°-10'2 ion/cm?. The choice of this type of ions with an energy of 200 MeV is due to the possibility of
simulating radiation-induced damage in the structure of the near-surface layer with a thickness of 12-15
microns, comparable in the effect of uranium fission fragments during the uranium fission reaction in a
nuclear reactor and further interaction of fission fragments with the materials of the walls of the fuel rods, so
and inert nuclear fuel matrices. Irradiation doses were selected based on theoretical calculations and
experimental works [18-20], according to which, in the case of irradiation with doses of 10'°-10'! ions/cm?,
the main defects arising in the structure are point defects and dislocations, which are isolated from each other
due to low radiation doses. The isolation of defects is due to the radii of the damaged areas, which for the
selected ions with these energies are no more than 5-7 nm. For irradiation doses of 10'? ions/cm?, according
to theoretical calculations, the so-called effect of overlapping radiation-induced damaged areas can be
observed, which leads to the accumulation of defects and dislocations in the structure of the near-surface
damaged layer and the appearance of distortions and deformations in the structure.

Study of the strength properties of the ceramic surface, in particular, dry friction coefficient and wear
resistance of ceramics before and after irradiation was determined using the tribological method. The number
of test cycles was 20000, the load on the metal ball was from 50 to 200 N.

2. Results and discussion

Figure 1 shows the results of cyclic wear resistance tests at various values of the load on the swinging
body in order to determine the value of the dry friction coefficient. As a reference sample, a ceramic sample
in its original state, unaffected by external influences. The dry friction coefficient for the initial sample was
0.44-0.45 at a load of 50 N, while no changes in this value were observed during 20000 consecutive cyclic
impacts, except within the statistical error. The absence of changes in the dry friction coefficient during long-
term tests indicates a high resistance to external mechanical influences, as well as a high wear resistance of
the surface of unirradiated ceramics. An increase in the load from 50 to 150 N does not lead to significant
changes in the dry friction coefficient for the original sample, which in turn confirms the high wear
resistance to external mechanical influences of various forces. An increase in the load to 200 N leads to an
insignificant increase in the dry friction coefficient for the initial sample from 0.44-0.45 to 0.46-0.48, which
indicates the appearance of a small resistance at high stresses.

For irradiated samples at doses of 10'°-10'! ion/cm?, the change in the dry friction coefficient both in
the case of the initial stage of testing and during cyclic tests is practically not observed, which indicates a
high resistance to external radiation effects of the near-surface layer. Small changes in the initial values of
the dry friction coefficient can be caused by a slight imperfection of the surface of the samples caused by the
emerging deformations of the crystal structure and a change in the surface roughness. It should be noted that,
in this case, the deformations and distortions of the structure are of a local isolated nature due to the
formation of isolated defect regions along the trajectory of incident heavy ions in the material [18]. In the
case of dielectric ceramics irradiated with heavy ions, the main changes caused by the interaction of ions
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with the target material are related to both the redistribution of the electron density and the formation of

heterogeneities in its distribution.
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Fig.1. Cyclic tests for determination of dry friction coefficient at different stresses:
a) 50 N; b) 100 N; ¢) 150 N; d) 200 N

Also, a small contribution is made by atomic displacements arising from inelastic collisions of ions with
atoms of the crystal lattice. At the same time, due to the dielectric nature of ceramics, the change in the
electron density caused by irradiation does not have the ability to recover and relax, as it happens in metals,
where the electron mobility is high enough. The result of such interactions is a change in covalent bonds in
the structure, as well as the formation of nonequilibrium regions with altered properties, which leads to
deformation and distortion of irradiated layer. However, the nature of these changes, as well as their effect
on changes in structural and strength properties, as shown earlier, has a pronounced dependence not only on
the energy of incident ions, but primarily on the irradiation fluence.

Analysis of dry friction coefficient dependencies for samples irradiated with doses of 10'°-10'" ion/cm?
showed that no significant changes in the value of the coefficient were observed, which indicates the
preservation of a high degree of resistance to radiation-induced damage and their effect on the wear
resistance of the surface layer. The main changes in the dry friction coefficient are observed for samples
irradiated with doses of 5x10'-5x10'? ion/cm?, for which, according to theoretical estimates, the presence of
overlaps of defective areas in the structure of the near-surface layer is characteristic. In this case, changes in
the dry friction coefficient occur not only at the beginning of the tests, which is associated with deformation
of the surface and an increase in the friction resistance, but also a sharp increase in the dry friction
coefficient after 15000-17000 test cycles. This increase is primarily associated with a sharp deterioration of
the surface associated with the appearance of hillock-like inclusions, the formation of which is caused by the
squeezing out of defective regions from the volume, as well as by the swelling of the irradiated layer.
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The formation of hillocks or hillock-like inclusions at doses above 10'! ion/cm?, as well as the
mechanisms of their formation, were shown in [19,20], according to which deformation processes caused by
irradiation lead to disordering of the structure, as well as amorphization of the structure of the damaged
layer. Consequently, the resulting defects accumulate in the disorder regions, which causes the appearance of
nonequilibrium highly distorted and deformed inclusions, leading to swelling of the surface near the joints
and grain boundaries. At the same time, the accumulation of such inclusions leads to a sharp deterioration in
the structural and heat-conducting properties, which in turn can also affect the wear resistance.

According to the data presented in Figure 1, an increase in the load at irradiation doses of 5x10'!-5x10'2
ion/cm? leads to an increase in the dry friction coefficient, which indicates an increase in surface
defectiveness, as well as a decrease in crack resistance and wear resistance. It should be noted that at a
maximum load of 200 N, for samples irradiated with a dose of 5x10'? ion/cm?, after 15000 cycles, a sharp
increase in the dry friction coefficient by 1.5-2 times was observed, which indicates the destruction of the
surface and the formation of a large number of cracks. Evaluation of ceramic surface defect index depending
on irradiation dose and subsequent mechanical action was carried out by comparison of dry friction
coefficient indices depending on external effect type with reference sample index. The results are shown in
Figure 2 as a comparative chart.

50 o ]
|:|50H 12_|:|50H
{100 H *| oo v
B 150 H 1/ 150 H
40 - [ 200 H 10 [EEEJ 200 H]

o
o
1

30

20

Change in dry friction index
= 5
1 1

Surface defectiveness indicator, %
S
1
o
N
1

0.0 -

0- " W A " Pristine 10" 5x10" 10"  5x10" 10"  5x10"
Pristine 10 5x10° 10 5x10 10 5x10 Fluence, ion/cm

Fluence, ion/cm®

Fig.2. Diagram of the samples surface defectiveness Fig.3. Diagram of dry friction coefficient depending
index depending on sample load parameter at the on load parameter
beginning of test

As can be seen from the data of the comparative diagram, the greatest deterioration of surface defects is
observed for 5x10''-5x10'? ion/cm? radiation doses, while with an increase in load, the surface defects
increase by 3-4 times. Such a sharp increase indicates a deterioration in wear resistance and a decrease in
crack resistance of the surface of samples exposed to high-dose irradiation. The wear resistance of the
ceramic surface during testing was evaluated by comparative analysis of changes in dry friction indicators
after a series of cyclic tests. The results are shown in Figure 3. As can be seen from the presented data of the
diagram, in the case of irradiation doses of 10'°-10!! ions/cm?, the change in the dry friction coefficient after
20000 tests is insignificant and does not exceed 5-7 % of the initial value, which indicates a high resistance
to deformation and surface degradation as a result of mechanical tests. However, an increase in the radiation
dose leads to a sharp deterioration in the dry friction coefficient, as well as its increase by a factor of 0.5-1.2,
which indicates a strong surface destruction and an increase in friction resistance due to the formation of
defective inclusions and a decrease in the crack resistance of the surface.

Conclusion

In conclusion, based on the data obtained, it can be concluded that AIN ceramics have a high degree of
crack resistance and wear resistance at low mechanical stresses in the irradiated state at doses of 10'°-5x10'2
ion/cm?. However, in the case of high stresses (more than 100 N), a sharp deterioration in wear resistance is
observed for samples irradiated with doses above 10!! ion/cm?, which is associated with the accumulation of
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defects in the near-surface layer of ceramics and surface deformation as a result of swelling and formation of
hillocks. The obtained dependencies of change in wear resistance of irradiated ceramics can be used later for
development of design documentation on use of these ceramics as structural materials exposed to both
radiation and mechanical stresses.
Funding
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In this work, we study the possibility of realizing two distinct mechanisms of metal-insulator transitions in
hole-doped cuprates induced by the localization of charge carriers near the small-radius impurities and in a
deformable lattice (i.e. in the absence of impurities). The purpose of this research is to determine the criteria (i.e.
conditions) for the existence of the localized states of hole carriers and solve the problem of metal-insulator
transitions in La-based cuprates. The advantage of La-based cuprate versus other types of cuprates is that two
distinct metal-insulator transitions in La-based cuprates driven by the strong carrier-impurity-phonon and
carrier-phonon interactions occur simultaneously in a wider doping range from the lightly doped to heavily
doping regime. We show that at very low doping, the separate levels of hole carriers localized near impurities and
in a deformable lattice are formed in the charge-transfer gap of the cuprates. As the doping level increases
towards underdoped region, the energy levels of such charge carriers start to form energy bands which gradually
broaden with increasing doping. We propose a new two-carrier cuprate superconductor model for studying two
distinct metal-insulator transitions occurring simultaneously in hole-doped La-based cuprate compounds. We
demonstrate that when hole carriers reside in impurity and polaron bands, these metal-insulator transitions in La-
based superconductors with small-radius dopants occur accordingly in a wide doping range and relatively lower
doping levels.

Keywords: Hole-doped cuprates; Carrier localization; Metal-insulator transitions.

Introduction

The mechanisms of the localization of charge carriers and metal-insulator transitions in undoped and
doped materials have been central problems of the condensed matter physics for many decades [1-10].
According to the one-electron band theory, crystalline solids are metals with a partially filled valence band or
insulators with a completely filled valence band. Such a classification of solids into metals and insulators
was originally proposed by Wilson [11]. According to the Wilson’s band theory of non-interacting electrons,
metal-insulator transitions in crystalline solids can occur when two band will overlap due to the change in
volume (under pressure) or temperature of the materials. This one-electron band theory has been very
successful in describing many crystalline materials. But it is turned to be inadequate for transition metal
oxides with a partially filled d-electron band, which are insulators [6,7].

Since in conventional simplified band theory, the most important features of many-body systems, such
as strong Coulomb repulsion between electrons (i.e., electron-electron correlation), disorder in atomic and
electronic subsystems and electron-lattice interaction were ignored. Further, Mott [1] and Anderson [12]
suggested the ideas of the localization of electrons and metal-insulator transitions due to the strong electron-
electron correlation and structural disorder, respectively. These correlation- and disorder-induced metal-
insulator transitions called Mott and Anderson metal-insulator transitions were discussed as the basic
mechanisms of the localization of charge carriers in crystalline and non-crystalline solids [3,6,7,9]. Mott
considered a half-filled d-electron band (with bandwidth W and on-site Coulomb repulsion U, between
electrons) or a perfect crystal lattice of one-electron hydrogen-like atoms with the lattice constant a.
According to Mott, the electrons of the half-filled valence band are delocalized at small a (or large W)
satisfying the condition W/Uz> 1 and characterized by metal-like conductivity. When a is increased, the band
is continuously narrowed. The electrons of this narrow band are localized at their respective atoms and the
crystalline material is converted into an antiferromagnetic insulator due to the splitting of the half-filled band
into upper and lower Hubbard bands at W/U,;< 1. This model of a perfect crystal structure is not relevant to
real crystalline solids in which there is a certain degree of disorder (e.g., vacancies, impurities, displaced
atoms, and deformed chemical bonds). Therefore, Anderson considered the possibility of the localization of
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non-interacting electrons due to disorder. Anderson used a crystalline array of potential wells with a random
potential V), varying between the limits £(1/2) V5.

Metal-insulator transitions in doped semiconductors and copper-oxide (cuprate) compounds have been
previously studied for the case of the existence of one type of charge carriers [3,6,7,9,13]. However, in these
materials, doped charge carriers can reside near dopants (impurities) as bound carriers and in defect-free
regions of the crystal lattice as polaronic carriers. Therefore, such two types of charge carriers can coexist in
doped semiconductors and high-temperature cuprate superconductors, and the criterion for metal-insulator
transition in the case of two coexisting charge carriers will differ from the criterion formetal-insulator
transition obtained in the one-carrier semiconductor or high-7. superconductor model [14]. These
circumstances were not previously considered in the studying metal-insulator transitions in doped materials.
In this work, we will consider the possibility of realizing two different mechanisms of metal-insulator
transitions occurring simultaneously in hole-doped La-based cuprate superconductors with small radius
dopants, where two types of charge carriers are residing in the impurity and polaron bands. The goal of
choosing La-based cuprates for study the mechanisms of metal-insulator transitions is that these systems (as
distinct from other types of cuprate compounds) allow us to study two different types of metal-insulator
transitions occurring simultaneously in a wide doping range from the lightly doped to heavily doped regime
and to compare the key differences between these metal-insulator transitions, which are driven by the strong
carrier-impurity-phonon and carrier-phonon interactions, in hole-doped La-based cuprates.

1. New criteria for metal-insulator transitions indoped La-based cuprates defined within
two-carrier cuprate super conductor model

If the electron-phonon interactions near dopants (impurities) are weak, the simple hydrogen-like
impurity centers are formed in doped cuprates [9]. Such a situation is realized in La,..Sr-CuQO, (LSCO) and
La>.Ba,CuO, (LBCO), in which the radius of both the S¥** and the Ba’" is larger than that of La’", so that
for S””* and Ba’" the sign of the deformation potential is negative [15]. If follows that the hole-lattice
interactions near the large-radius dopants in LSCO and LBCO are suppressed by the repulsive impurity
potential and hole carriers are localized at a distance from the dopants Sr** and Ba’* and form the hydrogen-
like impurity centers. In this case the Mott’s metal-insulator transition in the single-carrier solid model is
driven by the electron correlation in such impurity centers and can occur only very low doping levels
(x<0.02) in LSCO and LBCO and the other type of metal-insulator transition in these materials driven by the
strong hole-lattice interactions can take place also in the single-carrier solid model at more higher doping
levels.

Another interesting question is how small-radius dopants (impurities) in doped cuprates affect the
carrier localization and related metal-insulator transition. The signs of deformation potentials of holes and
small-radius dopants are positive in Laz.Ba.,M,CuO, (where M=Ca’") and La;.,Nd,Sr.CuO,, where the
carrier-impurity-phonon interaction is attractive near the small-radius dopants (e.g. Ca’* and Nd°" ions).
Therefore, the substitution of small-radius ions Ca’" and Nd** for La’* ions in La-based cuprates leads to the
combined impurity- and phonon-assested self-trapping of hole carriers with the formation non-hydrogen-like
localized impurity states which can form impurity band at high doping levels. We assume that some part of
hole carriers are localized near small-radius dopants and other part of hole carriers are self-trapped in a
deformable lattice with the formation of large polarons. We now take into account these circumstances in the
study of the metal-insulator transitions driven by the strong carrier-impurity-phonon and carrier-phonon
interactions in La-based cuprates with small-radius dopants (Ca’"and Nd°*). We argue that when the hole
carriers are localized near impurities and in a deformable lattice with the formation of impurity centers and
polarons, as observed in La-based cuprates [16], the conditions for carrier localization or criteria for metal-
insulator transitions are quite different. In the following, we will determine these new criteria for metal-
insulator transitions in a two-carrier cuprate super conductor model that is better applicable to doped La-
based cuprates with small-radius dopants than other La-based cuprates with large-radius dopants.

It is natural to assume that the impurity centers and polarons can form superlattices and impurity and
polaron bands in doped cuprates. When two coexisting types of charge carriers in doped materials are
residing in the impurity and polaron bands, the Fermi energy e of charge carriers in the impurity band and
the Fermi energy ¢r, in the polaron band can be defined as

EF1 = h2(37'(2f,n)2/3/2m, (D
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and
epp = K2(3n%(1 — f)n)?/3 /2m, ()

where f; is the fraction of charge carriers residing in the impurity band, m; is the mass of such charge carriers,
my,, is the mass of large polarons, # is the concentration of doped charge carriers.

In a two-carrier cuprate superconductor model, the conditions for carrier localization or the new criteria
for metal-insulator transitions will be different from the criteria for metal-insulator transitions defined in the
single-carrier cuprate superconductor model [14] and can be written as

EI 2E1m1 ar
et e NS § W <t §
e R2@Bm2fM)?/3 T 0.5 Ry G)

and
E, 2E,my

___ My )
epp  h2(3m2(1-fn)?/3 =05 Ry’ “)

where £ is the binding energy of the charge carriers which are bound to the impurity centers, a; is the lattice
parameter of the impurity superlattice, R; is the radius of the impurity center, E, is the polaron binding
energy, a, is the lattice parameter of the polaron superlattice, R, is the polaron radius. Now, the criteria (3)
and (4) for certain level of doping n=n. can written as

3/2
Nne 1 [4m1E1R1]
X =Xg=—= 5
L™, " 3m2fimgl R2q ®)
and

3/2

x=x, =te—__ 1 AmpEpRy (6)
P " n,  3m2(1-fpng hZa,

where n, = 1/V, is the density of the host lattice atoms, V, is the volume per CuO.formula unit in the
cuprates.

We assume that the impurities centers and polarons form simple cubic superlattices. For simple cubic
superlattices of impurity centers and polarons, lattice parameters can be determined as a; = 2R; and a, =
2R,.Therefore, applying the criterions (5) and (6) for metal-insulator transitions to these impurity centers and
polarons, we obtain the following critical doping levels corresponding to the metal-insulator transitions
driven by the strong carrier-impurity-phonon and carrier-phonon interactions:

Vg
Xel = o [2m E/]3/2 (7
and
Vg 3/2
xCp = 37T2(1—f1)f13 [szEP] (8)

At such critical doping levels, the transitions from insulating state to metallic state or from metallic state
to insulating state occur in doped cuprates. The quantity of both E; and E, depends on the high-frequency ¢
and static gy dielectric constants, as well as on the ratio 77=¢«/.

2. Results and discussion

The expressions (7) and (8) for x.; and x., contain two pairs of key parameters (m;, E; and m,, E,)
characterizing the effective masses of charge carriers in their localized states and carrier-impurity-phonon
and carrier-phonon interactions, which result in the formation of the localized impurity state and polaronic
state. Using the criteria (7) and (8), one can determine the possibility of realizing different mechanisms of
metal-insulator transitions in doped La-based cuprate compounds with small-radius dopants. In particular,
these expressions allow us to calculate the critical doping levels x.; and x.,, at which the metal-insulator
transitions occur in Las..Ba.,Ca,CuOy4 and La.«Nd,Sr+CuOy. The volume per CuO; formula unit V, in La-
based cuprate superconductors is equal to 190 A.
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2.1. Metal-insulator transitions driven by the strong carrier-impurity-lattice interactions
in doped cuprate superconductors LazxBax,Ca,CuOs; and Lazx,Nd,SriCuOs with small-
radius dopants

Using the expression (7), we calculate the critical doping levels x., at which the metal-insulator
transitions driven by the strong carrier-impurity-lattice interactions occur in Laz.Bax,Ca,CuO4 and La;..
yNd,Sr«CuQy. By taking m; = 2.0m., E~(0.0741-0.1240) eV (at £&.=3.5-4.5 and 7= 0.02) [17] and f= 0.5, we
find the following critical doping levels x,;=0.098-0.213 at which the metal-insulator transitions occur in La..
«Bax,Ca,CuOy4 and Las.,Nd,Sr:CuO; from the underdoped to heavily overdoped regime in the regions of the
crystal lattice containing impurities. The calculated results for x.; at /7= 0.02 and different values of E; and &
are presented in Table 1. From these results, it follows that when &. decreases, the metal-insulator transitions
occur at more higher doping levels.

Table 1. The calculated critical doping levels x.; at /7= 0.02 and different values of £; and &,

E=0.1240 eV, e,=3.5 E~0.0943 eV, e.=4 E=0.0741 eV, e,=4.5
Ji Xel Ji Xel Ji Xel
0.5 0.213 0.5 0.141 0.5 0.098

2.2. Metal-insulator transitions driven by the strong carrier-lattice interactions in the
cuprate superconductors La.xBay.,Ca,CuOs and Laz.,Nd,SrkCuOs with small-radius
dopants

Using the expression (8), we calculate the critical doping levels x.,, at which the metal-insulator
transition driven by the strong carrier-lattice interactions occur in Las..Bax.,Ca,CuO4 and Las.«.Nd,Sr«CuO;.
In our calculations, we now take m, = 1.8m. and use the values of £,=(0.0640 -0.1063) eV (at £-.=3.5-4.5 and
7= 0.02) [17]. When the fraction of charge carriers in the polaronic band is equal to f,=1-f= 0.5, we find the
following critical doping levels x.,=0.067-0.144 at which the metal-insulator transitions occur in La:..Ba,.
yCa,CuOy and Lay..,Nd,Sr.CuOy4 from the underdoped to optimally doped regime in the regions of the crystal
lattice without impurities. The calculated results for x., at /7= 0.02 and different values of E, and ¢, are
presented in Table 2. As can be seen from Table 2, the metal-insulator transitions occur at more higher
doping levels with decreasing &, from 4.5 to 3.5.

Table 2. The calculated critical doping levels x., at /7= 0.02 and different values of £, and &«

E,=0.1063 eV, £,=3.5 E,=0.0811 ¢V, e.,=4 E,=0.0640 eV, e.=4.5
Jr Xep Jr Xep Jr Xep
0.5 0.144 0.5 0.096 0.5 0.067
Conclusion

We have studied the possibility of realizing two new and fundamentally different mechanisms of metal-
insulator transitions in La-based cuprate compounds with small-radius dopants (impurities) in a pertinent
two-carrier superconductor model. We have demonstrated that the proposed two-carrier La-based cuprate
superconductor model is more realistic than the previously studied single-carrier model of this
superconductor, which was considered by many researchers (see Refs. [3,6,9,11,12,14]). This new model
predicts much more reliable results for metal-insulator transitions in doped La-based cuprates than other
existing results predicted by the single-carrier cuprate superconductor model. We have argued that none of
the previously proposed theoretical models considering only one type of localized charge carriers in doped
cuprates, are capable of accounting for the full body of experimental data [6,9,18-21] and the metal-insulator
transitions observed in a wide doping range from the lightly doped to heavily doped regime in a La-based
cuprates with small-radius dopants. The scientific significance of our obtained results is that the metal-
insulator transitions in La-based cuprate compounds occur not only in underdoped regime in accordance with
experimental results [18] but also in the two distinct doping ranges, namely, from the underdoped to
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optimally doped (0.06< x <0.15) and from the underdoped to heavily overdoped (0.06<x <0.21) regimes in
full accordance with the existing experimental results [18-21].We have shown that the metal-insulator
transitions in these cuprate superconductors are induced by the localization of hole carriers near the small-
radius dopants and in the regions without such impurities. We have found that the criteria for metal-insulator
transitions driven by the hole-impurity-lattice and hole-lattice interactions are quite different. According to
our two-carrier cuprate superconductor model, the metal-insulator transitions occur first in the regions
without small-radius impurities at intermediate doping levels (x<0.15) and then in the regions with such
impurities at more higher doping levels reaching up to x>0.21. Thus, our results indicate that in La-based
cuprate superconductors, two distinct metal-insulator transitions occur simultaneously in a wide range of
doping, namely, from the lightly doped to heavily overdoped regime, as observed in various experiments
[18-21]. We note that in some experiments (see Ref. [18]) the dopant concentrations in Bi>Sr.LaxCuOgs+q
and La;..Sr«CuO; for study of metal-insulator transitions were chosen the underdoped and optimally doped
regimes respectively, and in other experiments, the concentration of dopants in Las..,Nd,Sr«CuO4 and La;.
SreCuOy was selected from lightly doped mode (x=1/8) to heavily doped mode (x > 0.2) [20,21].
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The article presents the results of a comparative study of the effect of bulk and surface hardening on the
structure and properties of 20Cr2Ni4A steel. Surface hardening was carried out by the electrolytic plasma
method. Bulk quenching was carried out by heating to a temperature of 870 °C, followed by cooling in water and
oil. The structural-phase states of 20Cr2Ni4A steel samples were studied by metallographic and X-ray structural
analysis. Tribological tests of the samples were carried out according to the ball-disk scheme, and the
microhardness of the samples was also determined. It has been determined that after volumetric and surface
hardening, the hardness and wear resistance of 20Cr2Ni4A steel increase. In this case, the most significant
change is observed in samples that have undergone electrolytic plasma hardening. It has been established that
high values of hardness and wear resistance of 20Cr2Ni4A steel after electrolytic plasma hardening are
associated with the formation of fine-needle martensite.

Keywords: structure; phase composition; electrolytic plasma hardening; microhardness; wear resistance.

Introduction

One of the most effective ways to improve the service characteristics of structural steels is the
development of optimal heat treatment modes. This makes it possible to obtain products with certain
specified characteristics that meet operational requirements, and on the other hand, to predict changes in the
properties of parts and structures during manufacture and operation [1-3]. The martensitic structure, as a rule,
provides structural steels with good physical and mechanical properties. To obtain a martensitic structure in
steels, they are subjected to bulk or surface hardening. Case hardening is widely used to improve the
durability of friction joint parts, which often experience high shock loads. Since, they must have high
strength and hardness of the surface layer, combined with sufficient ductility of the core. The main
difference between surface hardening and bulk thermal hardening is the short duration of the surface layer
heating process and the high cooling rate due to heat dissipation into the inner layers of the metal. These
factors influence greatly the structure of the hardened layer. The cooling rate manifests itself in the
refinement of the structure of the surface layer. At present, high-frequency [4], gas-flame [5], plasma [6],
electron-beam [7] and laser processing [8] are widely used for surface thermal hardening of steel parts in
industry. Among them, plasma surface hardening has a number of advantages over the existing methods of
thermal surface hardening in terms of its technical and economic indicators and the results of comparative
analysis. The main advantage of plasma thermal hardening in comparison with laser hardening is the time
spent on surface treatment, since the area of action of a plasma arc is larger than that of a plasma beam [6, 9].

One of the promising methods of plasma surface hardening is electrolytic plasma hardening [10-12].
During electrolytic plasma hardening, heating and cooling of the part is carried out in a water-based
electrolyte. The plasma layer is formed in the gap between the liquid (electrolyte) electrode and the surface
of the product when voltage is applied [12]. The result of a short stay of steel at hardening temperatures, as
well as the occurrence of phase transformations in the temperature range above equilibrium, is an increase in
the mechanical properties of the material in comparison with bulk hardening. In connection with the above,
the goal of this research is to study the effect of bulk and surface hardening on the structure, hardness and
wear resistance of 20Cr2Ni4A steel.
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Materials and metods

Structural alloyed 20Cr2Ni4A steel was used as the research object. Table 1 shows the chemical
composition of the studied steel. Samples of 20Cr2Ni4A steel with dimensions of 10x10 mm were subjected
to bulk and surface hardening. Bulk hardening of 20Cr2Ni4A steel samples was carried out in an evacuated
quartz tube in a laboratory tubular furnace according to the following modes: quenching from a temperature
of 870 °C, the holding time at a temperature of 870 °C was 0.5 h, and cooling was performed in water and
oil. The first sample was cooled in water; the second sample was cooled in oil to room temperature.

Table 1.Chemical composition of 20Cr2Ni4A steel

Steel name C Si Mn Ni S P Cr Cu
20Cr2Ni4A 0.16-0.22 0.17-0.37 0.3-0.6 3.25-3.65 | upto up to 1.25- up
0.025 0.025 1.65 to 0.3

Surface hardening of 20Cr2Ni4A steel samples was carried out by the electrolytic plasma method on an
installation consisting of a 30-kW DC source, an electrolytic cell, a bath, a pump, a heat exchanger, and a
stainless steel anode [12-14]. The EPH process was carried out in an electrolyte from an aqueous solution
containing sodium carbonate (20%) and urea (10%) in the following mode: the applied voltage between the
anode and the sample was 320 V, the current density was 25 A/cm?, and the plasma exposure time was 2 sec.
In this mode, the samples were heated to ~ 850-900 °C. Cooling was carried out in a flowing electrolyte after
turning the voltage off. Figure 1 shows a schematic view of the installation.

Fig.1. Scheme of the installation for electrolytic plasma treatment:
1 — processed sample (cathode), 2 — stainless steel anode, 3 — cone-shaped partition, 4 — electrolytic cell,
5 — pallet, 6 — pump, 7 — heat exchanger, 8 — bath with electrolyte

The study of the phase composition of 20Cr2Ni4A steel samples before and after bulk and surface
hardening was carried out on X'PertPRO X-ray diffractometer in Cu Ko radiation in a continuous recording
mode in the angle range from 20 to 85 °. Metallographic analysis was performed in a bright field on Altami
MET 5C microscope at various magnifications. The microhardness of the samples was measured by the
method of indentation of a diamond indenter on PMT-3M device in accordance with GOST 9450-76, at a
load of 100 g and holding for 10 sec. Tribological tests were carried out on TRB3 tribometer under dry
friction; a chromium-plated 100Cr6 ball with a diameter of 6 mm was used as a counter body; the friction
path was 50 m at a speed of 3 cm/s and a load of 5 N.
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Results and discussion

Figure 2 shows the microstructure of 20Cr2Ni4A steel before and after bulk and surface hardening.
Metallographic analysis showed that 20Cr2Ni4A steel in the initial state consists of a ferrite-pearlite
structure. Perlite makes up ~ 10% of the total volume. The average grain size of ferrite is ~ 97 um. After
electrolytic plasma hardening and bulk hardening, a martensitic structure is formed. At the same time, after
electrolytic plasma hardening, fine-acicular martensite with retained austenite is formed, and after bulk
hardening in water and oil, coarse-acicular martensite with a small content of retained austenite is formed.
After electrolytic plasma hardening and bulk hardening in water, undissolved cementite is observed in the
steel structure. Electrolytic plasma hardening of the surface led to the formation of a highly inhomogeneous
structure in the hardened zone. Due to the incompleteness of the austenitization processes in the hardened
layer, fine-acicular martensite, undissolved cementite and retained austenite were formed (Fig. 2b).
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Fig.2. Microstructure of 20Cr2Ni4A steel before (a) and after surface (b) bulk hardening from T =870 °C
in water (c) and in oil (d)

The phase composition of the samples was studied before and after surface and bulk hardening. Figure
3 shows X-ray diffraction patterns of 20Cr2Ni4A steel samples. X-ray structural analysis showed that, in the
initial states of 20Cr2Ni4A steel, diffractograms contain lines of the a-phase and weak reflections of
austenite. After electrolytic plasma hardening, lines of the a-phase and weak reflections of austenite are also
observed. Moreover, after bulk hardening in water and oil, only the lines of the a-phase are present in the
diffractogram. In this case, after surface and bulk hardening, broadening of the a-phase line is observed,
which indicates the formation of martensite. On the diffraction patterns of the samples after hardening, no
cementite reflections were found, apparently, this is due to their low concentration, which does not allow
detection by X-ray diffraction analysis.
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Fig.3. X-ray diffraction patterns of 20Cr2Ni4A steel before (a) and after surface (b) bulk hardening from T = 870 °C in
water (c) and in oil (d)

Hardness is one of the most important properties of the surface layer, which strongly depends on the
rate of heating and cooling during hardening. Therefore, we studied the changes in the microhardness of
20Cr2Ni4A steel depending on the type and mode of hardening. Figure 4 shows the microhardness of
20Cr2Ni4A steel before and after surface and bulk hardening. After surface and bulk hardening, the
microhardness of 20Cr2Ni4A steel increases. At the same time, the maximum increase in hardness is
observed in samples treated by electrolytic plasma hardening. An increase in hardness up to 2 times during
electrolytic plasma hardening is associated with the formation of fine-needle martensite. We found that after
electrolytic plasma hardening a small amount of residual austenite is formed. But in spite of this the hardness
is significantly higher than in traditional heat treatment. This is due to the formation of a highly dispersed
metastable structure with a much higher density of dislocations in the surface layer [14, 15].
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Fig.4. Microhardness of 20Cr2Ni4A steel before and after surface and bulk hardening

Figure 5 shows the results of tribological tests of 20Cr2Ni4A steel samples according to the ball-disk
scheme. The wear resistance of the samples was characterized by the wear volume of the samples. The
measurement results showed insignificant changes in the coefficient of friction (Figure 5a). Figure 5b shows
that the hardened samples have a low wear rate compared to the original sample. At the same time, the
highest wear resistance is shown by samples treated by electrolytic plasma hardening and bulk water
hardening. The high wear resistance of these samples is due to the high hardness of the surface, as well as
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high internal stresses that are formed during rapid cooling. Bulk hardening is accompanied by the formation
of internal stress fields, the magnitude of which depends on the type of stress concentrator. Therefore, after
bulk hardening, annealing is performed to relieve internal stress. In steels, stress concentrators are not
microcracks, but the hard and brittle microstructures constituting them - carbides, or rather, local
accumulations of carbides.
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Fig.5. Graphs of the change in the coefficient of friction (a) and the wear volume (b) of 20Cr2Ni4A steel samples
before and after surface and bulk hardening

For steels that have undergone electrolytic plasma hardening, there is no need for annealing due to the
small thickness of the hardened layer. In this case, after electrolytic plasma hardening, the steel base remains
viscous and the structure contains a significant amount of retained austenite, which acts as a damper during
the propagation of microcracks and stresses.

Thus, plasma electrolytic hardening leads to an increase in the physical and mechanical properties of
parts made of 20Cr2Ni4A steel. This is due to the fact that a structure with a high dislocation density is
formed on the surface. A high degree of dissolution of the carbide phase, refinement of the grain structure,
and an increase in the density of defects in the crystal structure after plasma electrolyte hardening leads to an
increase in the operational properties of 20Cr2Ni4A chromium-nickel steel.

Conclusion

1. Based on metallographic and X-ray structural analyzes, it was determined that after electrolytic
plasma hardening, fine-acicular martensite with retained austenite is formed, and after bulk hardening in
water and oil, coarse-acicular martensite is formed with a small content of retained austenite. At the same
time, after electrolytic plasma hardening and bulk hardening in water, undissolved cementite is observed in
the steel structure.

2. It was determined that after surface and bulk hardening the microhardness of 20Cr2Ni4A steel
increases. At the same time, the maximum increase in hardness is observed in samples treated with
electrolytic plasma hardening. It was found that an increase in hardness up to 2 times during electrolytic
plasma hardening is associated with the formation of fine-acicular martensite and the formation of a highly
dispersed metastable structure with a high density of dislocations in the surface layer.

3. Tribological tests have shown that the hardened samples have high wear resistance compared to the
initial samples. At the same time, the highest wear resistance was shown by samples treated with electrolytic
plasma hardening and bulk water hardening. The high wear resistance of these samples is due to the high
hardness of the surface, as well as high internal stresses that form during rapid cooling. At the same time,
after EPH, the steel base remains viscous and a significant amount of retained austenite is present in the
structure, which acts as a damper during the propagation of microcracks and stresses.
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Nanocomposite polymer solar cells were obtained. Nanostructures of phthalocyanines were added to a
mixture of photoactive layer at a concentration of 0.5%. The photoactive layer was applied by centrifugation at a
rotation speed of 1500 rpm. Atomic force microscope images of the surface of the films were measured.
Absorption spectra of composite films were measured. It was found that the introduction of phthalocyanine
nanostructures into the photoactive photoactive layer leads to a broadening of the spectrum and an increase in
the optical density at the absorption maximum by 2.1 times for nanorods and 1.9 times for nanoparticles. The
current-voltage characteristics of composite organic solar cells were measured. To do this, an aluminum
electrode with a thickness of 100 nm was sprayed onto the surface of the photoactive layer at 107 Torr. It is shown
that when the photoactive layer was doped with nanorods and phthalocyanine nanoparticles, the short-circuit
current density of the current-voltage characteristics increased by 8% and 5%, respectively, and the efficiency
value increased to 4.58% and 4.51%, respectively. The impedance spectra of composite organic solar cells were
measured. Analysis of hodographs of nanocomposite films showed that doping of the photoactive layer with
nanorods and phthalocyanine nanoparticles leads to an increase in the diffusion length by 2.2 times and 1.8 times,
respectively, and an increase in the mobility of charge carriers by 1.4 times and 1.2 times.

Keywords: semiconductor polymers, metallophthalocyanines, generation and transport of charge
carriers, photovoltaics.

Introduction

The study of the generation and transport of charge carriers in organic semiconductors is
relevant today. This is due to the fact that they have a low cost and inexpensive manufacturing
technology compared to traditional inorganic semiconductors. Organic semiconductors have found
wide application in quantum electronics, biology, medicine, as well as in the development of
sensors, sensors and converters [1-3]. These include various temperature and gas sensors, pressure
sensors and electromagnetic radiation. The development of polymer nanocomposite solar cells is
one of the ways to increase the efficiency of converting solar energy into electrical energy. In such
films, doping of the polymer matrix with nanoscale organic materials makes it possible to create a
hybrid layer in which the conductivity of the polymer material will be combined with high optical
and electrical properties of organic nanostructures. It should be noted that the advantage of these
composite materials is a simplified process of manufacturing a solar cell [4, 5]. However, the study
of the influence of structural features of molecular clusters on the efficiency of generation,
separation of charges and their transport remains relevant in the development of organic
semiconductor devices. The charge transfer and semiconductor properties of polymers are very
sensitive to the morphology of polymer chains and local structural ordering within the film. Thus,
structural and energy disorder in conjugated polymer systems are important for describing charge
transfer involving various mechanisms and electronic processes [6].

Despite the obvious progress made in the creation of polymer solar cells, there are various
limitations that prevent further improvement of the efficiency of solar energy conversion. For
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example, a big problem is increasing the absorption of light in the photoactive layer and reducing
the recombination of charge carriers [7, 8]. Currently, various approaches are used to increase light
absorption without increasing the thickness of the photoactive layer. To solve this problem, the use
of nanocomposites is proposed. To create such systems, nanostructures introduced by doping into a
photoactive polymer material can be used. This makes it possible to create hybrid layers in which
the conductivity of polymer materials increases.

Despite a fairly large number of works devoted to composite polymer solar cells, their optical
and photo-electrophysical parameters are poorly studied. The study of the mechanisms of
generation and transport of charge carriers in nanocomposite structures that affect the efficiency of
solar energy conversion is the subject of discussion.

1. Methods and materials

To create solar cells as a donor was used poly [4,8-bis(5-(2-ethylhexyl)thiophene-2-
il)benzo[ 1,2-b;4,5-b'|dithiophene-2,6-diyl-alt -(4-(2-ethylhexyl)-3-fluorotieno [3,4-b]thiophene-)-2-
carboxylate  -2-6-diil)] (PTB7-Th), as an acceptor —  3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)indanon))-5,5,11,1 1-tetrakis(4-hexylphenyl)dithieno[2,3-d:2',3'-d']-s-
indaceno[1,2-b:5,6-b"] dithiophene (ITIC). The preparation of the substrates was carried out
according to the method [6]. Methods of physical gradient-temperature vapor deposition (TG-PVD)
and laser ablation in liquid were used for the synthesis of phthalocyanine nanostructures [7, 8]. The
photoactive PTB7-Th:ITIC layer was applied by centrifugation at a rotation speed of 1500 r/pm.
After that, the samples were annealed in an air atmosphere at a temperature of 110°C for 10
minutes. Then, at the CY-1700x-spc-2 spraying plant (Zhengzhou CY Scientific Instruments Co.,
Ltd), an aluminum electrode with a thickness of 100 nm was sprayed onto the surface of the
photoactive layer at a vacuum of 10Torr. The structure of the polymer solar cell is shown in Fig.1.

FTO
Glass

Fig.1. Solar cell structure.

Polymer and nanocomposite solar cells were obtained according to the method [9]. To create
nanocomposite samples of solar cells, nanostructures of phthalocyanines were added to the prepared
solution of the polymer PTB7-Th:ITIC at a concentration of 0.5% by weight of the polymer. The
morphology of the surface of the obtained samples was studied using the atomic force microscope
JSPM-5400 (JEOL Ltd, Japan). The optical characteristics of the films were studied using the
Avantes AvaSpec-ULS2048CL-EVO spectrometer. A combined deuterium-halogen AvaLight-DHc
light source with an operating range of 200-2500nm was used as a radiation source. The impedance
spectra were measured using a measuring system P45X in the impedance mode. The current-voltage
characteristics of photosensitive cells was determined by the Sol 3A Class AAA Solar Simulators
(Newport) with PVIV-1 A I-V Test Station.
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2. Results and discussion

AFM images of phthalocyanine nanostructures are shown in Figure 2. Nanoscale rods of
phthalocyanines have an average width of 70 nm and a length of 500 nm. Phthalocyanine
nanoparticles are mostly rounded in shape with an average size of about 50 nm. The same Figure 2
shows the AFM image of the PTB7-TH:ITIC film. It can be seen from the figure that the PTB7-
TH:ITIC film has a homogeneous structure.

Figure 3 shows the absorption spectra of PTB7-Th:ITIC composite films doped with nanorods
(a) and nanoparticles (b) of phthalocyanine and its metal complexes. The figure shows that the
absorption spectrum of the PTB7-Th:ITIC film is located in the range of 450-780 nm with peaks at
642 nm and 694 nm and a half-width of 160 nm. Doping of the photoactive PTB7-Th:ITIC layer
with nanorods and phthalocyanine nanoparticles leads to an increase in the optical density of the
absorption spectrum. Thus, when the bulk heterojunction is doped with nanorods and ZnPc
nanoparticles, the maximum increase in the optical density value in the absorption spectrum is
observed (by 2.1 and 1.9 times, respectively). The half-width of the absorption spectrum increased
slightly.

Nanorods Nanoparticles PTB7-Th: ITIC

Fig.2. AFM images of phthalocyanine nanostructures and photoactive layer.
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Fig.3. Absorption spectrum of pure polymer PTB7-TH:ITIC and absorption spectra of PTB7- TH:ITIC nanocomposites
doped with nanorods (a) and nanoparticles (b) of phthalocyanines.
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When doped with CuPc nanorods and nanoparticles, the optical density increased by a smaller
amount (by 1.2 times). When doping with H,Pc and CoPc nanostructures, an increase in the optical
density value is also observed. Table 1 shows the main optical characteristics of the obtained
samples.

Thus, the introduction of nanorods and nanoparticles due to additional absorption contributes
to an increase in the absorption of the photoactive layer of the polymer solar cell. One of the most
important indicators of any photovoltaic devices is the efficiency of energy conversion (further
EFF). The efficiency is determined by the following formula:

— UOCP]I_IgVC FF’ (1)
where Uoc is the no-load voltage; Jsc is the short-circuit current density; FF is the fill factor; Py is
the input power of the incident radiation.

The filling factor (FF) determines the efficiency of the charge carrier generation process in the
SC. The fill factor is determined by the ratio of the maximum power of the solar cell to the product
of the no-load voltage and the short-circuit current density:

FF = Jmp-Ump )

JscUoc’

where Jyp and Uyp are the current density and voltage at the point of maximum power of the solar
cell.

Table 1. Optical characteristics of PTB7-Th:ITIC thin films.

Sample Maximum absorption D, D, Half-width, nm
A1, nm A2, nm
PTB7-Th:ITIC 642 694 0.81 0.88 160
Nanorods
PTB7-TH:ITIC:CuPc 640 692 0.99 1.06 165
PTB7-TH:ITIC:CoPc 639 694 1.34 1.41 169
PTB7-TH:ITIC:H,Pc 641 693 1.38 1.45 168
PTB7-TH:ITIC:ZnPc 639 691 1.69 1.76 167
Nanoparticles
PTB7-TH:ITIC:CuPc 639 691 0.94 0.99 164
PTB7-TH:ITIC:CoPc 640 693 1.19 1.24 168
PTB7-TH:ITIC:H,Pc 639 694 1.25 1.30 167
PTB7-TH:ITIC:ZnPc 640 692 1.59 1.64 166

Figure 4 shows the voltage characteristics of composite organic solar cells. The figure shows
that the doping of the photoactive PTB7-Th:ITIC layer with nanorods (a) and nanoparticles (b) of
phthalocyanines affects the parameters of the current-voltage characteristics cells. For example, the
filling factor of a composite cell with nanorods and PTB7-Th:ITIC:CuPc nanoparticles was FF =
0.55 and 0.54 respectively, and the value of the short-circuit current density is equal to Jy. = 10.62
mA/cm? and 10.53 mA/cm?. The same changes are observed for composite cells doped with HoPc
and CoPc nanostructures.
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Fig.4. Voltage characteristics of nanocomposite solar cells based on PTB7-Th:ITIC doped with nanorods (a) and

nanoparticles (b).

The maximum value of the increase in the CVC parameters is observed for a composite cell
with PTB7-Th:ITIC:ZnPc nanostructures, so the short-circuit current density when doped with
nanoparticles increased by 5%, the efficiency value was 4.51%, when doped with nanorods, the
short-circuit current density increased by 8%, the efficiency was 4.58%. The parameters of the CVC

cells are given in Table 2.

Figure 5a shows a charge carrier transfer scheme in a composite photoactive layer. The photo
voltage generated in the heterojunction is determined by the difference between the quasi-fermi
level of electrons in the acceptor and the quasifermi level of holes in the donor under illumination
[10, 11]. It is obvious that the nanostructures of phthalocyanines in the photoactive layer will
influence the position of the quasi-level of holes in PTB7-Th. As can be seen from the energy
diagram (Figure 5b), the position of the bottom of the phthalocyanine conduction band is above the
bottom of the ITIC conduction band.

Table2. Photovoltaic characteristics of organic solar cells.

Sample Jse, i Jinax, . U, Unnax, FF Efficiency,
(mA/cm?) (mA/cm®) ) V) %
PTB7-TH:ITIC 11.93 8.32 0.73 0.51 0.46 4.24
Nanorods
PTB7-TH:ITIC:CuPc 10.62 7.54 0.74 0.57 0.55 4.29
PTB7-TH:ITIC:CoPc 11.94 8.34 0.75 0.53 0.49 4.42
PTB7-TH:ITIC:H,Pc 12.43 8.77 0.75 0.51 0.48 4.47
PTB7-TH:ITIC:ZnPc 12.84 8.97 0.76 0.51 0.47 4.58
Nanoparticles
PTB7-TH:ITIC:CuPc 10.53 7.59 0.74 0.56 0.54 4.25
PTB7-TH:ITIC:CoPc 11.94 8.28 0.74 0.52 0.49 431
PTB7-TH:ITIC:H,Pc 12.38 8.64 0.75 0.51 0.48 4.41
PTB7-TH:ITIC:ZnPc 12.54 8.85 0.75 0.51 0.47 4.51




Materials science. 31

| 1
| 1
I -3.3 !
7 - R 1
Exciton a6 : 3.5 35 !
38
I 1
McPc 44 I l CoPc L]
— I =
> | Cupc | 42
ITIC < FTO | 1
B _| 47 I !
PTB7-Th g-51 PEDOT:PSS | 4.95 i
u 52 52 ! B1 5 52 !
55 )
61 f !
a b

Fig.5. The carrier transfer scheme in the cell (a) and the energy diagram of the composite photo converter (b).

This contributes to the formation of a potential barrier for the injection of electrons from the
ITIC conduction band into the conduction band of phthalocyanine nanostructures. In turn, as can be
seen from the energy diagram, the upper level of the PTB7-Th valence band is slightly lower than
the upper level of the phthalocyanine valence band. As a result, a built-in electric field is formed at
the PTB7-Th/phthalocyanine interface, which transfers holes from the valence band of PTB7-Th to
the valence band of phthalocyanine nanostructures. Also, due to the formation of nanorods and
phthalocyanine nanoparticles, holes are more efficiently transported to PEDOT:PSS, which leads to
an increase in photocurrent.

An increase in the value of the short-circuit current of the CVC and the efficiency of the cells
can be associated with a number of reasons: a decrease in the recombination of charge carriers in
the active layer, an increase in the transport of charge carriers due to an increase in the interface
area [12, 13]. In order to determine the effect of phthalocyanine nanostructures on the transport and
recombination of charge carriers, measurements of the impedance spectra of composite cells were
carried out. To interpret the impedance spectra of solar cells, an equivalent electrical circuit was
used, where R; (Ry) is the equivalent resistance of a multilayer film (the resistance of a photoactive
layer), R> (Ryec) is the resistance of the PTB7-Th/ITIC interface, characterizing the recombination of
electrons with holes (Figure 6a). The charge transport scheme in the cell is shown in Figure 6b.

Al Rar
Ry R2 — : -
q I_ _I |—  — Riee Photoactive _L_ R
/\/ layer - C filn
c + ’
_I |— FTO Rrro
a) b)

Fig.6. Equivalent electrical circuit (a) and charge transport circuit in the cell (b).

The fitting of the spectrum parameters was carried out using the EIS-analyzer software
package. The analysis of the impedance measurement results was carried out according to the
diffusion-recombination model [14,15]. As a result of the analysis of the impedance spectra, the
following electric transport parameters were determined: 7.; — the effective lifetime of charge
carriers; key - the effective rate of extraction of charge carriers, D¢y~ the effective diffusion
coefficient of charge carriers and p - the mobility of charge carriers. Analysis of hodographs (Figure
7) of nanocomposite films showed that doping of the photoactive layer with nanorods (a) and
nanoparticles (b) of phthalocyanines leads to an increase in the diffusion length (D¢y) and an
increase in the mobility of charge carriers () (Table 3).
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Fig.7. Hodographs of the impedance of solar cells based on the photoactive PTB7-TH:ITIC layer and nanocomposites
doped with nanorods (a) and nanoparticles (b).

Doping of the photoactive PTB7-Th:ITIC layer with ZnPc nanorods and nanoparticles leads to
a maximum 2.2 fold (for nanorods) and 1.8 fold (for nanoparticles) increase in the D,y value and a
decrease in the R,, value by 1.5 fold (for nanorods) and 1.3 fold (for nanoparticles).

Table 3. Electric transport properties of the obtained samples of nanocomposite SC with different structures.

Sample Ders Kot Tefb Rrec, (Ohm) R -
(em?-s) R (ms) (Ohm) (cm?/Vs)
PTB7-TH:ITIC 2.09:10°° 45846 0.021 198.3 433 2.82:10*
Nanorods

PTB7-TH:ITIC:CuPc 3.32:10° 49924 0.020 261.4 39.3 3.12:10*

PTB7-TH:ITIC:CoPc 3.87:10° 48835 0.020 258.4 32.6 3.25:10*

PTB7-TH:ITIC:H,Pc 2.71-10°° 47589 0.021 276.1 48.4 2.97:10*

PTB7-TH:ITIC:ZnPc 4.54-10°° 53486 0.019 240.2 28.3 3.86°10*

Nanoparticles

PTB7-TH:ITIC:CuPc 3.01-10° 48466 0.020 258.6 41.7 3.01-10*

PTB7-TH:ITIC:CoPc 3.38:10° 47377 0.021 258.4 36.2 3.14:10*

PTB7-TH:ITIC:H>Pc 2.69:107 46024 0.021 268.1 45.8 2.87:10*

PTB7-TH:ITIC:ZnPc 3.86°10° 52028 0.019 241.9 32.6 3.49:10*
Conclusion

Nanocomposite polymer solar cells containing nanostructures of phthalocyanines have been
obtained. According to AFM images of the surface, using the Win SPMII Data-Processing Software
package, an analysis of the surface of nanostructures and a photoactive layer was carried out. The
measurement of the absorption spectra of nanocomposite cells showed that nanostructures in the
photoactive PTB7-Th:ITIC layer lead to an increase in the optical density values in the maxima on
average from 0.81 to 1.69 and the half-width of the absorption spectrum from 160 to 167 nm. This
means that in a composite cell, when light is absorbed by a photoactive layer, the density of charge
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carriers increases. Measurements of the CVC of composite cells have shown that nanostructures,
minimizing the probability of charge recombination, more efficiently transport holes into
PEDOT:PSS, and thus increase the short-circuit current to 12.84 mA/cm? and efficiency to 4.58%.
Experiments were conducted on the effect of nanostructures on the transport and recombination of
charge carriers in composite cells. It is shown that nanostructures contribute to an increase in
recombination resistance at the PTB7-Th/ITIC boundary by 1.2 times and a decrease in the
resistance of a multilayer film by 1.5 times. Thus, the results obtained showed the possibility of
using nanostructures as promising composite materials for photovoltaic organic solar cells. The
development of composite solar cells has the prospect of creating lightweight, technologically
advanced and cheap in mass production autonomous power sources for a wide range of electronic
devices.
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1t is necessary to determine the effect of thermal annealing on morphology, absorption, and photoelectric
properties for increase the efficiency of electronic transport of In,Os films. The paper presents the results of a
study the effect of the annealing temperature of In;Os films obtained by spin-coating on the optical and photo-
electrophysical characteristics of a polymer solar cell. It is established that an increase in the annealing
temperature of films leads to an increase in the absorption and optical width of the band gap of the film. Has been
determined the optimal annealing temperature of the films T = 300°C, at which the electrons in the photoactive
layer has the maximum lifetime of charge carriers and a low probability of recombination. At this temperature is
observed, the maximum value of the efficiency of polymer solar cell.

Keywords: In203, polymer solar cell, voltage characteristics, impedance spectra.

Introduction

Currently, semiconductor complex double and triple oxides, such as InoO3, ZnO, SnO,, CdO,
Gay03, TiO,, are intensively studied. This is due to the fact that such materials have a fairly high
transparency (~ 90%) in the visible range and the ability to conduct electric current. Therefore, they
are used in the manufacture of thin displays, organic light-emitting diodes, solar panels, thin-film
transistors, gas sensors, spacecraft, etc.

Relatively have a low mobility of charge carriers films based on ZnO and TiO,. Indium oxide
(In203) having a band gap width (3.7-3.85 eV), optical transparency and relatively high electron
mobility (14 - 226 cm? * V "1*s-1) is an alternative [1].

There are many known methods for producing transparent conductive films based on indium
oxide. InoO3 thin films can be obtained by pulsed laser deposition (PLD) [2], magnetron sputtering
[3], pyrolysis by sputtering [4], ultrasonic sputtering [5, 6], sol-gel technology [7], spin coating
method. In comparison with the above methods, the spin coating method has many advantages:
simplicity of technology, low cost of reagents and equipment, the use of low-temperature
deposition, which allows the production of high-quality films of various shapes and sizes.

It is known that the annealing temperature affects oxygen vacancies and the defectiveness of
In,O3 films, as a result is observed of change in the structural and electrical properties of the films
[8, 9]. Hence, to increase the efficiency of electronic transport, it is necessary to establish the effect
of thermal annealing on the surface structure, absorption, and electrophysical and photovoltaic
characteristics in In2Os3 films. In this regard, in this paper, has been studied the influence of the
annealing temperature of In,O; films obtained by spin coating on the morphology, optical and
electrical properties of the electron transport layer (ETL) in organic solar cells (OSCs).
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1. Experimental methods

The Fluorinated Tin Oxide (FTO) -based substrates were prepared according to the
methodology [10]. Indium oxide films were obtained on the FTO/glass substrates surface as
follows: indium nitrate hydrate [In(NO3)3 *XH20] weighing m=190mg (Borun New Material
Technology Ltd.) was dissolved in a volume of ethylene glycol V = 1 ml. The solution was stirred
at room temperature for 16 hours and then kept for 24 hours at room temperature. In203 films were
obtained by spin-coating (SPIN150i, Semiconductor Production System) at a substrate rotation
speed of 2000 rpm. After that, the films were annealed in an air atmosphere at temperatures of
200°C - 500°C for an hour.

The surface topography of the InoO3 films was studied by scanning electron microscopy (SEM,
MIRA 3LMU, TESCAN). The absorption and reflection spectra the studied samples were recorded
using the AvaSpec-ULS2048CL-EVO (Avantes) spectrometer. The impedance spectra were
measured using a potentiostat-galvanostat P45X in the impedance mode. The voltage-current
characteristics of photosensitive cells was determined by the Sol3A Class AAA Solar Simulators
(Newport) with PVIV-1A I-V Test Station.

To obtain organic solar cells, a photoactive P3HT:ICMA layer was applied to the surface of the
In;05 film by spin-coating (3000 rpm) (Figure 1) (P3HT 95%, ICMA 98%, Sigma-Aldrich) at a
concentration of 1:0.8. After that, the film of the photoactive layer was annealed in an air
atmosphere at a temperature of 140°C for 10 minutes, then an hole transport layer (HTL) of
PEDOT:PSS (d~30 nm) was applied to the surface by spin-coating (3000 rpm), and then a current-
removing electrode (Ag, d~120 nm) was sprayed by thermal deposition on the CY-1700x-spc-2
installation (Zhengzhou CY Scientific Instruments Co., Ltd).
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Fig.1. Structural formulas of compounds of donor-acceptor pairs P3HT: ICMA
2. Results and discussion

Figure 2 shows SEM images of the surface of the studied films annealed at different
temperatures. It can be seen from the figure that the surface of the film is a porous structure. The
annealing temperature of the films affects the morphology of the surface. Thus, the pore sizes begin
to decrease with an increase in the annealing temperature of the films.

To determine the effect of the annealing temperature on the optical properties of In,O3, the
absorption and reflection spectra of films annealed at different temperatures were measured (Figure
3). The characteristics of the absorption spectra of In2O3 films at different annealing temperatures
are given in Table 1. Measurement of absorption spectra showed that the absorption of films
increases with increasing annealing temperature (Figure 3, a). The annealing temperature does not
affect the shape of the absorption spectrum [8].

The inset of Figure 3, a illustrates the dependences of the band gap In2O; at different annealing
temperatures. The graph shows that at an annealing temperature at 200°C, the optical band gap is
4.68 eV [11, 12]. An increase in the annealing temperature from 300°C to 500°C leads to an
increase in the optical band gap from 3.21 eV to 3.41 eV. The increase in Eg is associated with a
decrease in the oxygen vacancy density in the film with an increase in the annealing temperature.
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Figure 3, b demonstrates the reflection spectra of thin films In2Os. That can be found from the
figure that the film annealed at T = 200°C reflects light very weakly in the short-wavelength region
of the spectrum. When the annealing temperature rises to 300°C and above, the shape of the
absorption spectrum changes.

SEM HV: 20.0 kV WD: 6.53 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 6.54 mm MIRA3 TESCAN|
View field: 3.90 ym Det: SE 1 pm View field: 3.88 um Det: SE 1 pm
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Fig.2. SEM images of the surface of In,Os films annealed at different temperatures
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Fig.3. Absorption (a) and reflection (b) spectra of In,O3 films

Table 1. Parameters of optical absorption spectra of In,O3 films at different annealing temperatures

. Reflection, %
. o Absorption, arb.u. Band gap, eV - ’
No. Annealing temperature,®C (A=235 nm) (A= 345 nm)
1 200 0.18 4.68 4.1
2 300 0.33 3.21 12.6
3 400 0.36 3.32 13.2
4 500 0.41 3.41 13.8
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The reflection of light by the film in the short-wave region of the spectrum is higher than in the
long-wave region. An increase in the annealing temperature above 300°C slightly affects the
reflection of the films. To determine the effect of the annealing temperature of In,Os3 films on
electronic transport, an InpO3/P3HT:ICMA/PEDOT:PSS/Ag cell was assembled in a polymer solar
cell (Figure 4).

—T=200°C
— T=300°C
31 ——T=400°C
—— T=500°C

\ Ag
PEDOT:PSS /
In203
FTO ’

0 1 1 : 1
0.0 0.2 0.4 0.6

Voltage [V]
Fig.4. The voltage-current characteristics of FTO/In,O3/P3HT:ICMA/ PEDOT:PSS/Ag OSCs

Current density [mA/cm?]

When the P3HT:ICMA layer is photoexcited forms an electron-hole pair, which then forms at
the interface InoO3/P3HT:ICMA and P3HT:ICMA/PEDOT:PSS decays into a free electron and a
hole (Figure 4). Electrons are injected into the In2Oz layer, and a hole is injected into the
PEDOT:PSS layer. The volt-ampere characteristics of a polymer solar cell are shown in Figure 4.

Table 2 shows the photovoltaic parameters of the cell calculated on the basis of the voltage-
current characteristics. As can be seen from Figure 4 and Table 2, the voltage-current characteristics
parameters depend on the annealing temperature In2O3. At the annealing temperature T = 200°C,
the efficiency of the cell was 1.7%. When the annealing temperature rises to T = 300°C, there is an
increase in the values of currents, voltage and power conversion efficiency (PCE) of the cell. With
an increase in the annealing temperature of In,Os3 films above 300°C, a decrease in the values of the
voltage-current characteristics parameters is observed.

Table 2. Parameters of the voltage-current characteristics solar cells

Annealing Voe, (V) Jse, (mA/cm?) Vinax, (V) Jinax, Fill factor PCE, %
temperature,°C (mA/cm?)
200 0.48 9.06 0.30 5.72 0.4 1.7
300 0.53 12.41 0.34 7.91 0.41 2.7
400 0.52 11.76 0.33 7.34 0.4 2.4
500 0.51 10.24 0.32 6.51 0.4 2.0

The observed changes in the voltage-current characteristics are related to the structural changes
of indium oxide observed with an increase in the annealing temperature, which affect the transfer of
charge carriers to OSCs. To study in detail the effect of indium oxide structure on the dynamics of
charge carrier transport in OSCs, the impedance spectra of OSCs were measured. Figure 5
illustrates the impedance spectra of organic cells with indium oxide as an ETL layer annealed at
different temperatures and the electrical circuit that was used to fit the impedance spectra.
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Table 3 shows the electric transport parameters of cells calculated using the EIS-analyzer
software package, where (Ry) is the equivalent resistance of the InoO3 film; (Rec) is the resistance
characterizing the recombination of localized electrons with holes; (keff) is the effective
recombination rate of charge carriers; (zef) is the effective lifetime of charge carriers. Table 3 shows
that at the annealing temperature of 200°C of the In,O3 film, the resistance of the Ry film shows the
highest value compared to other films, while the recombination resistance of Ry is the lowest
value. This leads to a deterioration in the transport of injected electrons into the FTO electrode.
When the annealing temperature of the InoO3 film increases to 300°C, the resistance Ry, decreases to
the lowest value compared to other films, while the resistance Rrec increases and reaches the highest

value among all. As a result, the electric transport characteristics of the film are improved, this leads
to an increase in efficiency (2.7%).
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Fig.5. Impact of annealing temperature of In,O films on the impedance spectra of OSCs

Table 3. The value of electrophysical parameters of films.

Annealing temperature, °C Ry, Rirec, Rrec /Ry, Teff, ke_flf,
(Ohm) (Ohm) (Ohm) (ms) (s

200 121 769 6.35 1.1 948

300 99 1667 16.84 2.1 476

400 102 1331 13.05 1.7 561

500 105 952 9.07 1.3 782

The analysis of the cell impedance spectra shows that the In,Os film at an annealing
temperature of 300°C is optimal for OSCs, at which an increase in the efficiency of charge carrier

transport is observed. In this case, the electrons in the photoactive layer have the maximum lifetime
of charge carriers and a low probability of recombination.

Conclusion

In this paper has been studied, the influence of the In»Oz annealing temperature on
morphology, structure and optical properties. It is established that with increasing annealing
temperature, the porosity of the film begins to decrease. It is shown that an increase in the annealing
temperature leads to an increase in the optical band gap by 0.2 eV. It is shown that the parameters
of the voltage-current characteristics depend on the annealing temperature In2Os. It is established
that the annealing temperature of 300°C of In2Os3 films is optimal for OSCs. At this temperature,
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observed an increase in efficiency up to 2.7%, the maximum lifetime of charge carriers and a low
probability of recombination in the OSCs. The obtained experimental data will have a perspective
for the creation of electron transport layers of an organic photoconverter, providing a high
conversion rate of light energy into electrical energy. This will help in the development of
lightweight, technologically advanced and inexpensive in mass production, autonomous power
supply sources for a wide range of electronic appliances and devices.
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The article discusses an autonomous power supply system based on a Stirling engine and a reciprocating
generator. There are analyzed the conditions of its operation, the choice of an external combustion engine and a
linear synchronous generator. In the course of solving the problem of supplying autonomous consumers with
thermal and electric energy remote from the city infrastructure, a power plant with the capacity of up to 100 VA
was developed and manufactured. Its experimental study, as well as the analysis of the patent-information array,
made it possible to determine the boundaries of using this technical object. The reciprocating generator is driven
by a free-piston engine with an external heat supply. For carrying out field experiments, a prototype laboratory
model of a free-piston engine with an external heat supply with a linear alternator has been developed. Its main
difference from the known types of Stirling engines is the absence of a massive flywheel with a crankshaft and a
crank mechanism, which makes it possible to achieve greater tightness and significantly increases the power on
output shaft while limiting the outer dimensions. Air is used as the working medium with addition of a small
percentage of water, which makes it possible to develop pressure up to 10 MPa. The technical calculation of the
generator design has been given, the force required to develop the needed power during the movable element
reciprocating movement has been determined. Solutions have been adopted to suppress acoustic noise causing
discomfort to consumers. This can in particular be done by placing vibration dampers and designing a generator
with a high efficiency. The design of the moving element should minimize mechanical stress on the windings or
magnets. The proposed generator can be competitive and can successfully replace traditional low-power sources
of electricity with diesel or gasoline engines.

Keywords: : micro power plant, Stirling engine, reciprocating generator, alternative source.

Introduction

At present, in the Republic of Kazakhstan, there exists an extremely acute problem associated with the
effective power supply of small business focused on the production of agricultural products and residents of
small settlements. The fact is that even in hard-to-reach areas there are abundant power lines with voltages of
10 and 35 kV that were inherited from the USSR. At the same time, the possibility of building step-down
substations is often simply not considered, due to their low profitability, although in these areas electricity
tariffs can be 2-3 times higher than the national average. A way out of this situation can be the development
of decentralized energy sources of low power, which will allow producing electrical and thermal energy on
site, without transport losses and in the required amount. It is known that the most widespread in this
technical segment are power plants, in which diesel engines and internal combustion engines (ICE) are used
as driving mechanisms. Diesel electric generators are more economical in terms of fuel consumption. They
consume 280-350 g of fuel per kWh of generated energy depending on operating conditions.

Knowing this feature, manufacturers deliberately raise the price of diesel units in comparison with
generating systems that run on gas or petrol. But there are two problems here:

- supplying gasoline, diesel fuel (and even more so gas) to districts remote from cities is often very
expensive undertaking. Delivery of any of the listed types of fuel is always associated with significant
transport costs, which makes it 2.5-3 times more expensive for a resident of a remote village than for an
urban consumer, as statistics show, for farms of distant pasture cattle breeding the tariff can be even higher;

- for autonomously living consumers, in addition to electricity, heat energy is also needed, which is
used to heat the premises. From this point of view, a diesel engine is less efficient, as it warms up more
slowly than a gasoline engine.



Energy. 41

As studies have shown, the solution to this problem can be the use of autonomous generation systems
based on a Stirling engine (SE) and a multi-pole generator with combined excitation [1]. They are favorably
distinguished by their ability to operate on various types of fuel including gas, coal, fuel oil and biological
resources; high efficiency reaching 41-43 % (excluding power losses on sliding contacts) [2]; a low noise
level and high environmental parameters that are superior to diesel engines, according to a number of literary
sources [3, 4]; the simplicity of the generator design, which affects its low cost; high frequency of the output
voltage, which is known to be proportional to power; the ability to operate the generating system in a wide
range of rotational speeds of the Stirling engine output shaft, an extremely low level of use of semiconductor
elements in the system, which makes it available to the mass consumer. With an excess of local fuel
(sawdust, straw, meat/fish/poultry farms waste, etc.), as well as a sufficient efficiency of decentralized
sources, they can be used not only by residents of remote areas but also by consumers connected to
centralized electricity and heat supply systems [5, 6]. At the same time, the efficiency of a system with a
power from 1 to 100 kW (taking into account the effect of heating the premises) can reach 80 %.

The Stirling engine (SE) has long been known and described in detail both in theoretical and practical
aspects [4, 7]. The SE design has undergone various improvements and modernizations; one of the options of
this engine can be a free piston engine. A mathematical model describing the principle of its operation is
presented in [8]. Methods of studying the SE used in this work are taken from [9]. There are a number of
works dealing with studying free piston diesel engines as a rather promising type of these heat engines; there
is a mathematical description of the power plant based on them, and the results of laboratory studies are
presented in [10-12]. Based on the material studied [9-12], the free piston SE was adopted for developing
due to a number of advantages over other types of SEs, first of all, due to its high tightness and the ability to
reach pressure of 20 MPa without the technical difficulties inherent in other SE designs. The higher the
working fluid pressure, the higher the power of the SE and its efficiency. That is why the purpose of studies
in the proposed work is a generation system built on the basis of a free piston engine with an external heat
supply that was invented by Professor Beale. In the 50-s of the last century in the United States, the
Sunpower Company manufactured an industrial design [4]. This design is the most successful of the entire
SE family. The NASA engineers developed several options for use in spacecrafts. Its resource is about
100,000 hours of continuous operation. There is a well-known version of the free piston type SE developed
by the NASA engineers; the details of their operation principle can be found in works [13-16].

Works [17-19] provide a mathematical description of thermodynamic, electromechanical and thermal
processes occurring in the considered free piston EHSE. To carry out field studies, a laboratory model of a
cogeneration-type power plant was developed on the basis of a free piston EHSE.

Scientists studied the effect of the variable purge time technology implemented in a generator with a
free piston engine [10-13]. In the case where a free piston generator has different compression ratios, cycling
and frequency, variable purge time technology has improved purge quality and productivity. The presented
numerical model of a generator with a free piston engine was developed in the Simulink and BOOST
software. Changing the characteristics of generators with a free piston engine under various unsteady
conditions was also discussed. A free piston SE works on the same principle as other SE designs with a drive
mechanism [10-11]. Under the action of gas pressure in the working cavities the pistons move, and the
movement in the opposite direction occurs due to the elastic forces of the mechanical spring. There is no
rigid kinematic connection between the pistons. The displacer, in comparison with the working piston, has a
lower mass. As a consequence, it advances the working piston by a certain phase angle. This condition is
necessary to obtain useful work in engines operating on the Stirling cycle [10-11].

1.Materials and methods

To carry out field experiments, a prototype laboratory model of a free-piston engine with an external
heat supply (EHSE) with a linear alternator on a permanent magnet has been developed. An experimental
laboratory power plant with a free piston SE is shown in Figure 1. Its main difference from the known types
of SEs is the absence of a massive flywheel with a crankshaft and a crank mechanism. In addition, the design
makes it possible to achieve greater tightness, which significantly increases the power on the output shaft
while limiting the outer dimensions [4,7]. Air is used as a working fluid with addition of a small percentage
of water, which makes it possible to develop pressure up to 10 MPa. The EHSE design is shown in Figure 2,
a description of the principle of operation and the physical laws of its operation can be found in works [4, 6,
71.
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Fig.1. Experimental laboratory setup with the power of 100 W: a) — linear generator; b) — cooling system.

When developing the EHSE design, theoretical information presented in works [4, 6, 7] was used and
the recommendations of the free piston EHSE researchers [10, 11] were taken into account. In the lower part
of the body, the working fluid located in the inner part of the EHSE is heated with a gas burner. Displacer 4
is made of an aluminum alloy and is hollow, since it must have a lower mass compared to permanent magnet
6. When heated, the working fluid expands and pushes the displacer upwards. The undercarriage contains an
elastic membrane that rises upwards together with permanent magnet 6. The displacer and the permanent
magnet are interconnected through the undercarriage elements. The magnet moves from the bottom to the
top. Its movement inside the coil of an electric generator induces EMF in it.

Then the working fluid is cooled in cooler 2, after which it is compressed and the piston is lowered
down under the impact of the magnet weight and the force of the pre-compressed spring. Cooler 2 is a
reservoir through which coolant circulates. Then the working fluid is heated again at the bottom. The
developed EHSE operates according to the Stirling thermal cycle [4, 6 ,7] and belongs to the free piston type
[10, 11]. The difference from the known designs consists in the fact that the working piston is moved outside
the housing and replaced by the permanent magnet. This simplifies the design and makes it easier to adjust
the EHSE, and reduces its cost. The proposed EHSE has a disadvantage of a lower efficiency compared to
analogs [10, 11], but its advantage is the lower cost and simplicity of design.

The reason for this is the unique thermo-physical characteristics of water vapor [20]. As follows from
the tabular data obtained by Professor M.P. Vukalovich, at the saturated steam temperature T = 330 °C, its
pressure reaches 12.8 MPa (128 atm.). In contrast to the well-known foreign samples of free piston SEs, the
transition was made from helium to the mixture of air with saturated water vapor that is obtained upon
heating. The volume of injected distilled water added is 3-5 cm? per one liter of the SE working volume. This
will make it possible to achieve the following calculated parameters of the dry saturated steam: at T = 150 °C
pressure P = 0.5 MPa, at T = 200 °C pressure P = 1.5 MPa, at T = 300 °C pressure P = 8.5 MPa, at T = 330
°C pressure P = 12.8 MPa. The design of a laboratory sample of a free piston SE is intended for maximum
initial pressure of 2.5 MPa; for operation at higher pressures, serious changes in the design are required.
Heating is carried out from below with a 1 kW gas burner. Outside the cylinder is a water-cooled jacket. The
design parameters of the set are as follows: electrical power of alternating current up to 100 VA and thermal
power up to 300 W.

The pressure inside the cylinder depends on the power of the burner flame and the temperature of the
heater, as well as on the temperature of the working fluid. During the experiment, the pressure was varied
from 0.5 to 2.5 MPa. The working pressure was selected to be 1.5 MPa. At the maximum pressure above 2.5
MPa, there is a risk of destruction of the EHSE cylinder. The temperature was measured with two
instruments using a laser temperature meter Fluke 51 (Fluke, USA) to identify the hottest areas of the
cylinder. Continuous control of the heating temperature was performed using a 4-channel digital
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thermometer HT-9815 (Xintest, China). The pressure was measured using a pressure gauge with the
measurement limit of 10 MPa.
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Fig.2. The EHSE arrangement:
1 - housing, 2 - cooler, 3 - electric generator, 4 - displacer, 5 - undercarriage, 6 - permanent magnet of electric
generator, 7 - permanent magnet for communication with undercarriage,
8 - M6 bolt with return spring, 9 - M6 nut, 10, 11 - washer

In the course of studies [6-9], an extremely interesting feature of Stirling engines was revealed. It turned
out that at the power that is lower than 2 kW, the conversion of thermal energy into mechanical energy
occurs with a high efficiency if the movable element performs reciprocating movement (most of the known
structures are oriented to rotation). That is why the purpose of research in the proposed work is a generation
system built on the basis of a free-piston engine with an external heat supply invented by Professor Beale. In
the 50-s of the last century in the United States, the Sunpower Company manufactured industrial prototypes.
Their design turned out to be so successful among the entire Stirling family that the NASA engineers
developed several options for using them on spacecraft. Their resource is about 100,000 hours of continuous
operation. There is a well-known version of the SE of a free piston type developed by the NASA engineers;
the details of their operation principle can be found in source [2].

A free piston Stirling engine works on the same principle as a Stirling engine with a drive train. Under
the action of gas pressure in the working cavities, the pistons move, and the movement in the opposite
direction occurs due to the elastic forces of the mechanical spring. There is no rigid kinematic connection
between the pistons. The displacer, in comparison with the working piston, has a lower mass. As a
consequence, it advances the working piston by a certain phase angle. This condition is necessary to obtain
useful work in engines operating on the Stirling cycle. For carrying out field experiments, a prototype
laboratory model of a free-piston engine with an external heat supply (EHSE) with a linear alternator has
been developed. Its main difference from the known types of SE is the absence of a massive flywheel with a
crankshaft and a crank mechanism. In addition, the design allows for greater tightness, which significantly
increases the output shaft power while limiting the outer dimensions. Air is used as the working medium
with addition of a small percentage of water, which makes it possible to develop pressure up to 10 MPa. A
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diagram of the cogeneration thermal power plant (TPP) with a linear generator with reciprocating motion is
shown in Figure 3.

The proposed TPP is capable of operating in the cogeneration mode and producing electric and thermal
energy in a complex manner. The main parameters of a free piston engine with external heat supply are
shown in Table 1 below. The main parameters of a free piston engine with an external heat supply are shown
in Table 1. The reason for this is the unique thermo-physical characteristics of water vapor [17].

Fig.3. Diagram of the cogeneration power plant with a linear generator of a reciprocating type:
1 - linear generator; 2 - free piston EHSE; 3 - liquid cooling system; 4 - heating source (furnaces with a firebox);
5 - chimney; 6 - heat exchanger of the cooling system; 7 - circulation pump; 8 - supply pipeline; 9 - return
pipeline; 10 - electrical control and conversion unit; 11 - drive; 12 - device for connecting an external electrical load

Table 1. The main parameters of a free piston engine with EHSE

No. Parameter Value
1. Pressure at the temperature 150°C, MPa 0.5
2. Pressure at the temperature 200°C, MPa 1.5
3. Pressure at the temperature 300°C, MPa 8.5
4. Liquid temperature at the outlet of the cooling system, °C 50-80
5. Liquid temperature at the inlet to the cooling system, °C 25-30
6. Pump capacity, 1/min 4
7 Maximum overall efficiency, no more, %. 80
8 Maximum electrical power of the generator, W. Jo 100

Experiments have been carried out to construct a PV diagram of a closed Carnot heat cycle and to
consider the dependence of pressure and volume on different positions of the pistons. The results are shown
in Figure 4. The studies carried out allow finding the optimal parameters of the structural parts of the heat
engine, to establish precise geometric dimensions of the piston and the displacer, as well as the magnitude of
their stroke with the optimal value of the phase shift. If the phase shift changes from 90° to 0°, then the
EHSE stops working. In this case, the displacer must be at least three times lighter than the working piston,
and its stroke is many times greater; this statement was noted earlier [4, 10, 11]. The obtained characteristics
of the EHSE have low efficiency indicators compared to the ideal Carnot cycle, the area of which is shaded.
Accordingly, there is needed the EHSE specimen refinement in order to reduce heat losses and to increase its
efficiency.

To calculate the efficiency, there was used the following formula:

Efficiency = A/Q 100%,
where A is the useful work (power), W; Q is the power spent for performing the work, W.
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Fig.4. Free piston engine main parameters dependences when operating with the heater temperature of 2000C
and the cooler temperature of 300C.

With the burner power of 1000 W, the maximum power developed by the electric generator reached
100 W, the efficiency did not respectively exceed 10%. In this case, the measurement errors made 11% due
to the significant scattering of the data and the difficulty of stabilizing the heating and cooling modes.
Unstable operation of the electric generator was observed, which caused the output power to fluctuate from
80 to 100 W. The EHSE power depends on the operation of the cooling system: the higher the temperature
between the heater and the cooler, the higher the efficiency. According to the theoretical information [4,
10,11], the EHSE thermal power should be 300 W. The overall efficiency can reach 40-50% [4, 10, 11]. The
resulting heat energy can be used for heating and hot water supply.

2. Deriving the equations and technical solutions accepted

To select the generator design, it is necessary to determine the force required to develop the needed
power, with the reciprocating movement of the movable element by 4.21 mm. At the start and end points, the
stem speed is zero. Neglecting the higher harmonics, the dependence of the speed on time t can be
represented as follows:

. 2T
) =v__ sm(T) : (D
Accordingly, within half the period T with frequency that is close to 50 Hz, the stem is to run:
e .2 v 7. Vool
L= [ vy sin(= )de == sinada = -2 = 4.21
0 T 2m 73
mm.
v =L = 6613
From here it follows that the maximum speed T mmy/s.

Mechanical power converted into electrical power is determined by the known formula:
N=FU=P=mE]I cosyy ?)

where F is the vector of one component of the vibro-acoustic force of the Stirling engine at the time
moment considered that is involved in the process of electro-mechanical energy conversion; P is active

power; M is the number of phases; E, is the EMF first harmonic in the phase; 1, is current in the phase;

¥ is the difference of phases between current and EMF.
Neglecting the higher harmonics, the force component involved in the electro-mechanical conversion of

energy can be represented as follows:

F(O)=F,, sin(%” ~9)

Then, the net power, or the average power for the period will be equal to:
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pP=— j F(t)i(t)dt = %cow

b

F =2F =302.4

at the maximum output power ¢=0 and " Vo H.

The obtained value of the force at the relatively small value of W, speaks of serious difficulties arising
in designing power plants of this type. Firstly, it is necessary to pay increased attention to suppression of
acoustic noise that creates discomfort for consumers. This can be done, in particular, by placing vibration
dampers and designing a generator with a high efficiency. Secondly, the design of the moving element
should minimize mechanical stress on the windings or magnets. The results of calculating the full power of

the generator at an active load are summarized in Table 2.

Table 2. The results of calculating the full power of the generator at an active load

I, A 1 2 3 3.5 4.0 4.5 5
[1xqb 3.58 7.16 10.74 12.53 14.32 16.11 17.90
’Ei _(led))z 34.82 34.26 33.31 32.68 31.94 31.07 30.08
Lr, 1.52 3.04 4.56 5.32 6.08 6.84 7.6
U B 333 31.32 28.75 27.36 25.86 24.13 22.48
S1, BA 333 62.44 86.25 95.76 103.44 109.0 112.4

The analysis of the information array made it possible to propose a linear generator for the TPP under
consideration shown in Figures 5, 6. Its rotor (the movable element) contains a shaft (Fig. 5a); a square
permanent magnet with an inner hole that is magnetized along the horizontal axis; two bushings made of 45
steel along the edges of the magnet fitted on the shaft and having a rectangular outer profile; rectangular
sheets (Figure 5b) made of electrical steel 2013 with the thickness of 0.5 mm.

Fig.5. Moving elements of the linear generator: a) shaft with bushings and a permanent magnet; b) toothed rotor.

The ends of the shaft have a circular cross-section with a sawn-off outer part bounded by two parallel
surfaces passing through two identical chords. This is needed to avoid rotation of the movable element in the
bearing units. The bushings sit on the shaft along the key. The sheets are made with the offset relative to the
central hole, either down or up. By alternating different types of sheets, four of each type, during blending
teeth are obtained on the outer working surface, the distance between the axe s of which is 4.21 mm with the
filling factor of the package with steel 0.95. The non-working part of the packages is made without teeth, the
section in this part is designed to redistribute the variable flow from the upper part of the rotor to the lower
part and vice versa. Along the edges, the packages are pulled together by pressure washers and nuts, which
are tightened along the thread made on a non-magnetic shaft (X19H10T).
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The generator works as follows. In the initial position, the axes of the teeth of the upper stator package
(Fig. 6a) coincide with the axes of the teeth of the rotor located on its outer upper part. In the lower stator
package, the axes of the teeth coincide with the axes passing through the slots of the rotor in its outer lower
part. Thus, the flux developed by the magnet, passing through the left sleeve, enters the rotor package and,
then along the path with the least reluctance moves to the upper part of the rotor package and enters the
upper stator package. Penetrating the coil, the magnetic lines of force pass into the right side of the stator
package, enter the rotor package and close at the south pole of the magnet. It should be noted that in the
initial position, the flux passing through the lower stator package is small, since it follows the path with high
reluctance.

a) b)
Fig.6. Linear generator: a) rotor with the stator packages; b) generator assembled.

Electromagnetic and strength calculations of the generator have been performed using the ANSIS
software application. The main parameters of the power plant are shown in Table 3. Below, Figure 7 shows
experimental values of the total power and output voltage of the generator depending on the current strength.
In the numerical experiments, the load is active.

Table 3. The main parameters of the power plant

Parameter Value
Net power, W 100
Nominal voltage on the battery, V 24
Maximum linear speed, mm/s 661.3
Minimum linear speed, mm/s 420.7
Maximum force on S1, N 302.4
Maximum current, no more, A 4.2
Number of phases 1
Number of stator teeth per pole 8
Electrical losses in the stator winding, W 74
Inductive resistance of the winding, Ohm 3.58
Losses in stator steel, no more, W 3.6
Permanent magnet type Ne-Fe-B 45 SH
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Fig.7. Output voltage and full generator power dependence on load current

Conclusions

1. This paper shows the principal possibility of designing a power plant based on a reciprocating
Stirling engine and a linear generator.

2. Ne-Fe-B 45SH is capable of delivering the full power of 110 VA. With its scaling and proportional
increasing the cylinder volume of a free piston EHSE, the power of 1-2 kVA can be achieved, but further
increasing the power is not advisable, due to the high increasing of the electric generator cost.

3. The analysis of the power plant technical parameters shows that this technical facility is competitive
and can successfully replace traditional low-power sources of electricity with diesel or gasoline engines.
Comparison of the developed thermal power plant and the electricity generation system based on a generator
with a rotating rotor [1] characteristics suggests that at the power that is lower than 2.0 - 2.5 kVA, the
conversion of thermal energy into mechanical energy of reciprocating motion is more profitable from the
economic point of view. If an autonomous consumer requires power of 3.0-12 kVA, then there is no
alternative to the use of a Stirling engine and a generator with combined excitation of the rotating type.

4. A thermal power plant based on a free piston engine and a reciprocating generator is capable of
producing simultaneously electrical and thermal energy, which allows it being used to supply power to
remote consumers in rural areas, while this unit is capable of operating with almost any type of fuel and
agricultural waste.
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The article discusses the process of plasma chemical synthesis of uranium-thorium oxide powders for a new
generation dispersion nuclear fuel. In the course of research, the combustion parameters of the precursors were
calculated. Precursors were water-organic nitrate solutions based on uranyl nitrate and thorium nitrate (fissile
components), as well as magnesium nitrate (matrix material). The organic component of the solutions was
acetone due to the sufficiently high calorific value and good mutual solubility. In the course of thermodynamic
calculations, the optimal modes of processing of the water-organic nitrate solutions in low-temperature plasma
were determined. These modes ensured the synthesis of oxide powders of the necessary stoichiometry without
impurities of unoxidized carbon (soot). Experiments to obtain the samples of powders were carried out with the
model solutions in which uranyl and thorium nitrates were replaced by neodymium and cerium ones, which are in
the same group of the periodic table. The synthesis was carried out with the use of a plasma chemical unit based
on a high frequency torch plasmatron. The synthesized powders were subjected to a number of analyzes including
electron microscopy, particle size analysis, X-ray phase analysis and BET analysis. The results showed that the
powders can be classified as nanosized.

Keywords: high frequency torch discharge, plasma, powder, nuclear fuel, uranium, thorium, analysis.
Introduction

Most of the operating nuclear power plants use ceramic nuclear fuel from uranium dioxide enriched in
the isotope uranium-235.Such fuel along with its undoubted advantages also has significant disadvantages
which are low thermal conductivity limiting the specific power of the reactor in terms of melting
temperature, fragility, tendency to cracking, short cycle of use (3—5 years), high costs for the disposal of
spent fuel and finally limited resource of the uranium-235 isotope. In case of uranium-238 and thorium-232
isotopes, there is no need for expensive isotopic enrichment, and the cycle of use of such nuclear fuel can be
brought up to 10-15 years. Moreover, the predicted reserves of thorium in the earth's crust are 3—5 times
greater than that of uranium [1-6]. One of the promising directions for the further development of nuclear
power is the use of dispersion nuclear fuel, in which inclusions of fissile materials (e.g. uranium, thorium) in
the form of granular oxide compounds (OC) are placed in a matrix with a high thermal conductivity
coefficient. The use of a matrix made of metal powders (aluminum, molybdenum, tungsten, stainless steel,
etc.) increases the thermal conductivity, but leads to a deterioration in the neutron balance due to the high
resonance absorption of neutrons. In addition, the use sol-gel process to obtain microspheres from mixed
water nitrate solutions is associated with the following disadvantages: multistage, long duration, low
productivity, the need to use a large number of chemical reagents, the need for additional hydrogen
reduction. In addition, separate production and further mechanical mixing of fissile and matrix materials do
not provide a homogeneous phase distribution in such dispersion nuclear fuel. Table 1 shows some
advantages and disadvantages of some prospective methods to obtain oxide powders.

The undoubted advantages of using plasma for the OC plasma chemical synthesis from water nitrate
solutions in comparison with another methods include one-stage, high process rate, the ability to actively
influence the particle size and morphology and compactness of technological equipment. It should be noted
that the addition of an organic component (alcohol, acetone, etc.) to the nitrate solution will reduce the
specific energy consumption, thus, the use of water-organic nitrate solutions (WONYS) is preferable [7].

The work objective is to study the process of synthesis of oxide compositions for uranium-thorium
nuclear fuel under conditions of non-equilibrium air plasma of a high frequency torch discharge.
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Table 1. Pros and cons of some prospective methods to obtain oxide powders.

Method Advantages Disadvantages
1 | Ultrasound dispersion Powders are distinguished by the uniformity Long process duration
of particle sizes of the dispersed phase

2 | Mechanical synthesis Low process temperature Long process duration, high
energy intensity

3 | Chemical sedimentation Accessibility Wide distribution of particle size
values

4 | Hydrothermal method Accessibility High cost and complexity of
equipment

5 | Electric explosion of metal | Small particle size High energy intensity, low

wires productivity

1. Theoretical part

In this work, uranium and thorium oxides were considered as a fissile component of dispersion nuclear
fuel, and magnesium oxide was considered as a matrix material. The initial precursors were nitrates of
uranyl, thorium and magnesium nitrates, and acetone was an organic component, which has a sufficiently
high calorific value and good mutual solubility. Thus WONS was considered as a mixture of water solutions
of UO,(NO3),-6H,0, Th(NOs)4+-6H,0, Mg(NOs),-6H>0, and C,H¢O. Firstly, to determine the optimal WONS
composition, the net calorific value Q;of the solutions was calculated according to the equation [8]:

(100-W-4)0, 5 5
0, = - )
) 100 100
where Q. is lower heat value of combustible component of WONS, MJ/kg; W and A4 are content of water and
noncombustible components, wt.%; 2.5 is the value of latent heat of vaporization for water at 0 °C, MJ/kg. It
was shown that WON Shaving Q; > 8.4 MJ/kg can provide a significant reduction in energy consumption for
the plasma chemical synthesis of oxide compounds [8, 9]. Thus, for the synthesis of OC of various
compositions, the optimal compositions of WONS having O; > 8.4 MJ/kg were determined and are given in
Table 2. In the course of calculations, the ratio of fissile components was taken UO,/(ThO,+UQ,) = 0.1, and
the proportion of the matrix varied from 1 to 10% [3].

Further, a thermodynamic calculation of the process of plasma chemical synthesis of oxide
compositions from WONS was carried out in the program “TERRA”. This program provides an opportunity
to make thermodynamic calculations of the phase compositions of heterogeneous systems. The calculations
were carried out at atmospheric pressure, in a wide temperature range (300-5000 K) and mass fractions of
air plasma coolant (0.1-0.9). Figure 1 shows the temperature dependence of the mass fraction of formed
oxide products obtained after plasma treatment of WONS-1 at a mass fraction of air of 67% (a) and 70% (b).
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Fig.1. Temperature dependence of the mass fraction of formed oxide products obtained after plasma treatment of
WONS-1 at a mass fraction of air of 67% (a) and 70% (b).
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Table 2. Calculations of WONS compositions.

WONS composition, wt.%.

OC composition H,0 C:HeO UOy(NO3)-6H0 |  Th(NO3)s6H:0 | Mg(NO3)»6H,0

WONS-1

89.1%ThO,—
9.9%U0,— 28.4 29.0 3.5 37.9 1.2
1.0%MgO

87.8%ThO,—
9.7%U0, 28.4 29.0 3.4 36.3 2.9
2.5%MgO

85.5%ThO,—
9.5%U0, 28.4 29.0 3.1 33.8 5.7
5.0%MgO

83.3%ThO,—
9.2%U0,— 28.4 29.0 2.9 31.5 8.2
7.5%MgO

81.0% ThO,—
9.0% U0 28.4 29.0 2.7 29.4 10.5
10.0%MgO

An analysis of the equilibrium compositions shows that plasma treatment of WONS-1 at a mass fraction
of air of 67% and temperatures up to 2000 K (Figure 1a) leads to the plasma chemical synthesis of the
required OC “89.1% ThO,— 9.9% UO,— 1.0% MgO”. An increase in the air fraction above 69% in the
temperature range 1000-1600 K leads to the formation of oxide UsOs instead of the required UO, (Figure
1b). A decrease in the proportion of air below 67% leads to the formation of carbon in the condensed phase
(soot) in the composition of the products, which contaminates the synthesis products. Similar results were
obtained for the rest WONS.

2. Experimental technique

Experimental studies with the purpose of producing samples of oxide powders were carried out using a
plasma chemical unit based on a high-frequency torch plasmatron (Figure 2).

The unit is designed to carry out the processes of plasma treatment of dispersed water-salt solutions of
various compositions. The torch plasmatron generates a low-temperature (mass-average temperature up to
3000 °C) nonequilibrium air plasma. The auto electronic type of emission, which is realized in this case,
excludes the erosion of the electrode and thus prevents the contamination of the synthesized products. Due to
the absence of an opportunity to deal with uranium and thorium at the university laboratory all experiments
were carried out with model WONS. Fissile materials UO2(NOs),-6H>O, Th(NO3) 4 6H>O in the course of
the experiments were replaced by metal salts respectively Nd(NOs)3:6H>O and Ce(NOs3)3;:6H,O that are in the
same group of chemical elements with uranium and thorium. The prepared WONS (Table 1) was dispersed
using a mechanical atomizer into a plasma-chemical reactor, where it was treated with a plasma jet and oxide
powder was synthesized during thermolysis.

3. Results and discussion

The synthesized powders were subjected to a number of analyzes. Scanning (SEM) and transmission
(TEM) electron microscopy were performed to analyze particle size and morphology, X-ray phase analysis,
particle size analysis to study the particle size distribution, and BET analysis to determine the specific
surface area [10]. The morphological characteristics were qualitatively assessed using electron microscopy.
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Fig.2. Plasmachemical unit based on a high-frequency torch plasmatron: 1 — plasma generated by high-frequency torch
plasmatron;2 — quartz discharge chamber; 3 — sleeve; 4 — mechanical atomizer; 5 — reactor case; 6 — exhausted gases; 7
— sliding shutter; 8 — air entraining; 9 — reactor; 10, 11 — thermal couples; 12 — manometer.

SEM was performed using JSM-7500FA microscope (Figure 3a), TEM was performed using a Philips
CM30 microscope (Figure 3b). An analysis of the SEM image results suggests that the powder has
agglomerated into dense bulk structures 400-500 nm in size. The TEM image, on the other hand, allows to
examine individual polydisperse powder particles in agglomerates. The particle size varies in the range of
30-120 nm, the shape of the particles is round. The X-ray phase analysis (Figure 4) showed the presence of

the target oxides Nd,O3, CeO,, and MgO in the powder sample. The size of the coherent scattering region,
identified with the particle size, according to the analysis results is 87 nm.

b)

Fig.3. Micrographs of the powder obtained from WONS-1: SEM (a) and TEM (b).

Results demonstrates that all major peaks correspond to target oxides, indicating pureness of powder.
The specific surface area of the powder was determined by the Brunauer-Emmett-Teller (BET) method and
is 11 m%/g. The resulting area value was recalculated into the size of the particles, based on the assumption of
their spherical geometry. Thus, the BET particle size is 82 nm.
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Fig.4. X-ray phase analysis of powder synthesized from WONS-1.

The results of the analyzes are in satisfactory agreement with each other without any conflicting, and
make it possible to classify the powder synthesized in plasma as a nanosized

Conclusions

As a result of the studies, it was established the possibility of carrying out the process of
plasmachemical synthesis of oxide compounds for dispersion nuclear fuel of the uranium-thorium cycle. It is
shown that the optimal proportion of air plasma coolant for the synthesis of a composition of the required
stoichiometry is 67%. Analysis of the obtained powders in the course of experimental studies shows that the
average size of particle agglomerates is 500 nm, while the powder particles themselves have a size of 30-120
nm and a round shape. The size of coherent scattering region of the powder is 87 nm, the particle diameter
determined by the BET method is 82 nm, and the specific surface area is 11 m?/g. The results of the analyzes
are in satisfactory agreement with each other, and make it possible to classify such a powders as a nanoscale.

It is important to note that the nanoscale dimensionality of the powder can provide an increase in the
density of the pellets produced on their basis; in addition, it can provide a decrease in the compacting
pressure and sintering temperature of fuel pellets. The described plasmachemical synthesis technology can
be used to obtain other simple and complex oxide powders for fabricating promising types of nuclear fuel.
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In the given article the methodology of making a photovoltaic module mathematical model is presented,
which lets reproduce its energy characteristics in real operating conditions. Also, the major types of mathematical
models of photovoltaic converters are discussed and most well-known estimation methods of their parameters are
analyzed. An original and simple way of parameters definition of photovoltaic module is introduced based on the
technical specification data without using programming and developing numerical estimation algorithms. The
suggested method is easily realized in the tabular program Excel with installed tool «Search for solutions». The
simulation results of volt-ampere characteristic (V-1 curve) of photovoltaic module Kyocera KC200GT are
presented in a wide variation range of temperature and illumination. In addition, an accuracy evaluation is made
by comparing the model characteristics and experimental data. The model was tested on a number of photovoltaic
modules and proved good modeling results compliance with manufacturer’s data. The model provides a high
modeling accuracy around MPP (maximum power point). This fact allows to use it for development of effective
algorithms for photovoltaic power stations controllers, circuit design advancement of converting devices,
prediction of power generation, operating modes analysis and optimization for photovoltaic systems.

Keywords: photovoltaic module, solar cells, single diode model, parameters extraction photovoltaic panel.

Introduction

A rapid development of photovoltaic market creates a necessity of research connected with design,
development and analysis of photovoltaic system operating modes. The main component of photovoltaic
power stations is a solar panel which consists of photovoltaic modules (PM). Their operating mode modeling
in real operating conditions provides a reasonable choice of main PV stations energy components, output
predictions and operating mode optimization. One of the major tasks of PM mathematical modeling is
authentic parameters definition which defines the modeling accuracy of the power station operating modes.

There are a lot of scientific papers and research connected with the problem of mathematical models
development of photovoltaic converters. However, scientifically, the question is still unanswered. The reason
of that can be the complexity and diversity of physical processes taking place in the semiconductor during
solar energy conversion into electricity. Many of these processes do not correspond the physical laws and
can be described only with empirical equations. One more problem is instability of main parameters of
photovoltaic converters, its dependence on external climatic conditions, fabrication methods and interference
on each other. For solving this problem more complicated models are introduced, special calculative
algorithms, however, a «perfect» model of photovoltaic converter is not created yet.

What is remarkable, is that in many cases the tendency to increase the model accuracy leads to
unjustified raise in complexity. Moreover, for many practical tasks connected with operating mode
examination for photovoltaic systems it is enough to provide the reproduction of main electrical
characteristics of PM with engineering accuracy. For such cases the first priorities are simplicity, universality
and usability of the model.

The main goal of this paper is to develop a mathematical model of photovoltaic module according to the
technical specification data given by manufacturer, which lets reproduce the module’s energy characteristics
considering the changes in operating conditions. The basic principles are maximal simplicity and usability
for the end user. Thus, using only PM catalogue data it is possible obtain a full solar panel model of arbitrary
configuration.
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1. Solar cell model

The simplest solar cell (SC) consists of two semiconductor plates of p and n types, which generate
electrical current with the influence of the sun. The working principle of SC, its construction and major
physical processes are described in details in [1, 2]. The exact SC theoretical model can be obtained from
equations of solid state physics, describing the rectifying effects of p-n junction [2].

The theoretical model of SC is quite cumbersome and is mainly used by photovoltaic converters
developers. Simplified SC mathematical models based on the equivalent electrical circuits are widely used
for analysis of the PV-systems operating modes. The idealized model of the solar cell is presented on the fig.
1, a.
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Fig. 1. Solar cell equivalent circuits: @ — idealized; b— real with one diode

In this model the output current I and output voltage V of the solar cell are in the following relation [2]:

g
I=1,,-1,=1,, -1, [Eexp(z—nj—l} (1)

The idealized model consists of the current source creating photocurrent /,, and an ideal diode. The

current /,, which runs through this diode is defined with the Shockley diode equation and depends on the

absolute temperature 7" and SC output voltage V' (¢= 1.602-10-19 — electron charge; £ =1.38-10-23J/°K —
Boltzmann’s constant; /, — diode reverse current)

The equation (1) includes 2 undefined parameters /,, and /, which depend on the magnitude of the
solar insolation A and SC operating temperature. With general assumptions they can be found in the form of:

Ly = I:ISQSTC +k [GT ~Tc ):I A, (2

where [g. ¢ — short-circuit current of photovoltaic converter in standard conditions; k, — temperature

coefficient of short-circuit current; TSTC— cell temperature in standard conditions; 4 —solar insolation,
kW/m?.

3
I = Iscfsrc EELJ [exp qEG( 1 _l) (3)
’ exp q9Woc src -1 Tre kH\Tye T
ALk T

where E —band gap width of semiconductor (depends on the solar cell type).

The equations (1)-(3) let calculate the volt-ampere characteristic of the solar cell, however, the model
accuracy will be not high. In real solar cells power losses are inevitable, and for the accuracy increasing the
equivalent circuit on fig. 1, b is used. The volt-ampere characteristic for this model can be described as:

~ ~ gV +ITR,) V+IR
1_1PH—ID—1SH_IPH—IOEEexp(—ADC[TS B s 4)

SH
where 4— ideality factor; R, and R, — serial and parallel solar cell resistance, accordingly.

The equation (4) includes five unknown parameters (/,,, I,, 4, R;, Ry, ). To define them it is

necessary to solve a complicated mathematical problem. It should be noted, that there are some more
complicated SC models, e. g. models with two or three diodes in the equivalent circuit [3,4], which raise the
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modeling accuracy. At the same time many authors use simple models neglecting parasitic drags [5,6] or
influence of a shunt resistor ( Rg-model) [5,7]. This paper considers a model with one diode and two
resistors ( R,-model), which is a good trade-off between simplicity and accuracy. That is why it became
popular in similar studies [8-10].

2. Model of photovoltaic module

Photovoltaic module consists of many identical solar cells connected into serial-parallel circuits to

increase its voltage and output power. The equation (4) for PM including N, serial and N, parallel solar
cells transform into [5]:
[=N,d,, -N, T, Jexp QW HIRs) | | _V+H IRy (5)
N, AT Ry,
where /, V' — current and voltage at the terminals of PM; Rg and R, — equivalent serial and shunt resistance

of PM, accordingly.
The equation (5) defines the PM volt-ampere characteristic which is presented in the fig. 2.
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Fig.2 Volt-ampere and volt-watt characteristics of a photovoltaic module

To some extent of approximation, it can be said that the PM volt-ampere characteristic is a
superposition of module’s photocurrent and a dark volt-ampere characteristic of diode (unless RS>0). When
the PM is irradiated, it behaves like a current source. When it is shaded, its volt-ampere characteristic is
similar to the diode’s one. Spectrum, intensity of solar insolation, temperature and parameters of PM
depending on its type and design — all they have direct influence on the volt-ampere characteristic. Several
characteristic points of the volt-ampere curve can be used for its description (fig. 2). It lets one define a
number of parameters of PM equivalent circuit and evaluate the quality of the photovoltaic converter.

If make PM output terminals short-circuited, current Isc will appear. Analytic form for this short-
circuit current can be obtained from (6) considering V=0, / = I (here and below N, =1 and is not written

as most PMs consist only of SCs connected in series):

I.. [R I..[R
I =1 =1, EEGXP( jWSJ_1:|_ x5, (6)

T RSH

N &[T

where V, = — heat stress of PM.

Short-circuit current appears because of generation and disjunction of charge carries generated by light
and depends on intensity and spectrum of solar insolation, area of SC and optical properties of PM. In case of
disconnected exterior circuit (/=0) voltage on the terminals of PM will be equal to open-circuit voltage
V=Voc:



58 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, VVol.19, No. 1 (39)

14 14
0=1,, -1, EEGXI{AEDC’ ]—1:‘—% (7)
T SH

Open-circuit voltage is equal to forward bias corresponding to p-n junction voltage change due to
photocurrent, and characterizes recombination velocity in the photovoltaic converter. Open-circuit voltage
mostly depends on SC saturation current.

One of the most important PM characteristics is load operation mode corresponding to maximum power
point (MPP). In this case /=Iyprp, V=Vuprp and equation (5) changes into:

+ +
[MPP = IPH _Io EFGXP(VMPP A[[]BMI—PP ms ]_l:| _—VMPP [MPP ms (8)
T SH

On the volt-ampere curve MPP lets define the magnitude of fill factor (FF). Graphically it is equal to
the maximum area of the rectangle, which can be inscribed in the volt-ampere characteristic (fig. 2):
& ipp

FF = IMPP

€
ISC W()C

Physically fill factor defines the maximum power, which can be obtained from the photovoltaic
converter and characterizes its quality. From fig. 2 it becomes clear that the numerical value of FF is
determined by the volt-ampere curve shape which depends on the PM interior parameters: 4, Rs and Rsy. The
magnitude of Rsis defined by the SC type and geometry and depends on emitter and contact resistances. The
analysis of equations (5) and (7) shows that the serial resistance does not influence on the PM characteristics
in case of open-circuit. However, it defines the volt-ampere characteristic shape around the point of the
open-circuit voltage. This property of Rs is often used for its direct definition by the volt-ampere
characteristic inclination in the point of the open-circuit voltage.

The R su exists due to production defects of the solar cell which create alternative canals for
photocurrent. Parallel resistance has significant influence on the volt-ampere characteristic shape in case of
low intensity of insolation when the magnitude of the photocurrent is small. The magnitude of R sz defines
the volt-ampere curve inclination near the short-circuit point, thus, it is possible to estimate its numerical
value. From the fig.2 it is clear that the inclination of the volt-ampere curve in the open-circuit point is bigger
than in the short-circuit point. Consequently, the magnitude of Ry is much smaller than R sy, and the
magnitude of serial resistance has a major influence on the curve shape.

Ideality factor 4 determines the correlation between the volt-ampere curve of a real diode and an ideal
one. Its magnitude characterizes quality of p-n junction and recombination type in the SC. In case of usual
recombination mechanisms 4=1, however, in real SCs other recombination mechanisms take place. As a
consequence, for different SC types the magnitude of 4 can take on the value from 1 to 5, table 1 [11]. Due
to the fact that 4 is an absolutely empirical value and it is impossible to define it from physical laws, in many
cases the magnitude of ideality factor is chosen from table 1, also the assumption about absence of
dependence from temperature and parasitic drags is made. This approach is valid as 4 has a minor influence
on the V-I curve shape comparing to Rs u Rsy, and there are recommendations for choosing 4 based on
numerous experiments with different PM types. For example, for silicic PMs the recommended diapason of
Ais 1-1.5]9,12].

Table 1. Average values of ideality factor depending on PM production technology.

Technology A
Si-mono 1.2
Si-poly 1.3
A-Si:H 1.8
A-Si:H tandem 3.3
A-Si:H triple 5
CdTe 1.5
CTS 1.5
AsGa 1.3
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3. Parameters definition of the PM equivalent circuit

For making a worthwhile PM model it is necessary to define parameters of the equivalent circuit
authentically. Due to the fact that most of the parameters depend on the module type, production technology
and quality, it is rational to use technical specification data given by manufacturer for the parameters
definition. However, in PM technical specification there are no parameters of the equivalent circuit given,
which let one find volt-ampere characteristic directly. There are only few experimental data about electrical
and thermal characteristics of photovoltaic converters, which was obtained in standard test conditions,
insolation intensity A=1000 Wt/m?, solar spectrum AM 1.5, temperature 7=25°C. For the given PM model it
is necessary to define five unknown parameters of equivalent circuit which are included in equation (6). This
equation is non-linear and transcendental, so it does not have direct analytical solution. At the current
moment, there are many methods of parameters definition for PM equivalent circuit which can be classified
as analytical [13,14] and numerical [15,16] ones. Among numerical methods the most popular ones are
evolutionary algorithms, for example, genetic algorithms [17], fish shoal [18], cuckoo [19], mine explosion
[20] and many others. Detailed review of parameters definition methods can be found in [20]. Popular ones
can considerably differ with assumptions, accuracy, calculation algorithm. Many methods are quite
complicated and require additional mathematical knowledge and programming skills.

For making the process of PM parameters calculation easier, combined methods can be used. Some
parameters (Ipy and Ioy) are defined with analytical forms, for the rest ones (Rs, Rsy, A) iterative procedures
are used [8,10,12]. Original combined method of PM parameters definition was suggested by M. Villalva in
paper [22]. Technical specification data of PM obtained in standard test conditions (STC) is used as given
data. Photocurrent and diode reverse current for STC are defined with analytical formulas:

R, +R
IPH src = 5 Isc sTC - (10)
- RSH -
I — ISCfSTC
0_sTC o Vocfsrc . . (11)
A [Vrfsrc

Ideality factor 4 is chosen from table 1, assumed to be constant and independent from PM temperature.

Numerical values of serial Rs and parallel Rsy resistances are defined using iterative method,
considering condition of equality of maximum power obtain experimentally Pypp cxp and as a result of
calculations Pupp calc [22]:

V. op 1 o [R V. op 1o [R
P c=V ] _I exp( MPP MPP Sj_l:|_ MPP MPP S =P - 12
MPP_cal WP{ Pi OEE A[E’T RSH MPP_exp ( )

For definition of parasitic drags it is necessary to perform a number of iterative calculations with
different fixed values of Rs, starting from Rs=0 and after that introduce increment with definite step. The
condition of iteration convergence is:

|P MPP_cale R,

MPP _exp

<e, (13)

wheree — allowable error.
Minimal (initial) value of parallel resistance is set by the following expression:

Ry, . = Ve _ VOC_STC ~Vier . (1 4)
- ]SC_STC ~Lypp Lypp

The authors of this paper prove that the dependence Purp calc=f(Rs) obtained from a number of iterative
calculations has explicit extremum. This fact lets one find a pair of resistances Rs and Rsy without
complicated graphic construction. The suggested method was tested by authors on several PM models and
demonstrated good correlation between calculation results and experimental ones. Simplicity and clearness
made this method popular among other researchers of photovoltaic systems. This conclusion can be made
from many references to this paper in scientific periodicals [5,6,8,10,13,19 and others]. Disadvantage of this
method is quite complicated process of Ry and Rsy definition, which requires certain programming skills and
competence in applied mathematical software.
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4. Suggested method of PM parameters definition

In this paper an alternative and easy way of PM parameters definition for equivalent circuit is
suggested. It lets user solve this problem within minimal time providing engineering accuracy. In this
method combined algorithm is used which is easily realized in tabular program Excel with installed tool
«Search for solutions». The idea is the following: using chosen and fixed value of A4, the condition of
equality of calculated /iypp caic and experimental Zypp exp PM currents in MPP is considered.

After putting equations (10), (11) in (8) the result is:

RSH +RS ISC e~ ISC7STC exp VMPP +[MPP ms N VMPP +[MPP ms _[MPP =0, (15)
RSH N exp Vocisrc -1 4 WTﬁSTC RSH
A WTJTC
N kLT, .
where V, . =——3< —heat stress of PM in STC.
- q

Equation (15) includes only two unknown parameters and it can be considered as objective function
with two variables Rs and Rsy. Then the procedure of PM parameters definition comes to creation of Excel
list where should be a table for input of PM technical specification data and formulas (10), (11) and (15).
After launching the tool «Search for solutionsy, it is necessary to choose a cell with formula (15) as an
objective function. Cells with unknown parameters Ry and Rsy should be set as variables.

Upper and lower variation limits of the variables can be in diapason:

N, N,
0.002—= < R, £0.005—=
N N

j2 P
(16)
N5 cr, <15
P P

For getting a final result, it is not necessary to develop new programs and computational algorithms.
What is necessary is to set calculation parameters in the dialog box: accuracy limits, maximum number of
iterations, maximum calculation time, etc. and start the performance. An obvious advantage of the suggested
method is maximum simplicity and universality. Once created calculation form can be used many times for
parameters definition of different PM types.

5. Modeling of PM energy characteristics

Almost all PM parameters depend on temperature and insolation intensity. For parameters such as 4, Ry
and Rsy these dependences are less significant and can be neglected, however, for Ipy and Iothey should be
taken into account. In this paper for finding the values of Ipy and Iy in case of changing climate conditions
during operation, the following equations were used [2]:

R, +R A
IPH :{%ISCSTC +k1 EQT _TSTC):| G/]_ (17)
SH STC

Iscfsrc +k1 EGT _TSTC) (18)
VOCLSTC + kV [GT - TSTC) _
exp % 1
T

Having the values of temperature and insolation for energy characteristic modelling it is necessary to
solve equation (5). For its solving Newton-Raphson method was used: algorithm of finding a numerical
solution of equation f{x)=0 yields iterative calculation procedure:

LS a9)

Xt n ?
’ J'(%,)

I, =

where f"(x) is function derivative.
Equation (6) transforms into:
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V+ILR, V+I[R
n=1,, —1-I Qlexp| —= |-1|—==0
J(D=1p, OEEXP( A J } R, (20)
Taking into account the equation (41) gives:
+ +
I, —1 —1I,|exp v+l R -1 VA, R
_ A[E,T RSH
[n+1 _[n - R V+I m R (21)
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Equations (17)-(21) are basic for making a PM mathematical model. This algorithm of energy
characteristics calculation can be realized using MS Excel as well as other mathematical software [23, 24].
For model testing the data from technical specification of PM Kyocera KC200GT was used [25]. The
modelling results were compared to experimental volt-ampere characteristics and results of other published
studies [10, 12, 19, 22]. Table2 presents technical specification data of PM Kyocera KC200GT; table 3
presents calculated parameters of equivalent circuit obtained from mathematical modelling.

Table 2. Technical specification data of PM Kyocera KC200GT in standard test conditions

Technology Si-poly
Puyrp 200.143 W
Vupp 263V
Ivpp 7.61 A

Voc 329V
Isc 821 A

ky -0.123 V/°K
K 0.00318 A/°’K
N 54

Np 1

Table 3. Calculated parameters of equivalent circuit of PM Kyocera KC200GT

Simplified . ) ) .
Parameter/ . Analytical method Combined Numerical [Numerical method,
Suggested analytical : .
Method with fixed 4 method method evolutionary
o method method .
(publication) (Rp-model) [10] | (Rp-model) [22] | (Rp-model) [12]| algorithm [19]
(Rs-model)
Io, A 9.891-10°8 7.712-1078 9.763-10°8 9.825-10°8 4.812:10 5.12:1010
Ipn, A 8.214 8.210 8.213 8.214 8.215 8.215
A 1.3 1.283 1.3 1.3 1.235 1.017
Rs, Ohm 0.223 0.255 0.231 0.221 0.247 0.257
Rsu, Ohm 446.293 0 597.386 415.405 414.89 117.922

Analysis of data from table 3 demonstrates good correlation between equivalent circuit parameters of
suggested PM model and results of published studies. For testing the ability of model to display the volt-
ampere curve in real operating conditions calculation of model characteristics with changing insolation and
module temperature was conducted, fig. 3, 4. The curves correspond to calculated characteristics and
experimental data is marked on the curves. From fig. 3 and 4 it can be seen that PM model characteristics are
in a good correlation with experimental ones in a wide range of temperature and insolation. Conducted
calculation experiments proved that the modelling results of the volt-ampere characteristic are identical to
ones presented in papers [10,12,22]. The explanation is that all models of these studies were based on the
same initial equations, and the difference is only in definition methods of the equivalent circuit parameters.
Absolute error of the model in comparison to experimental data for PM Kyocera KC200GT for various
insolation is shown on the fig. 5.
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Fig.3.Calculated and experimental volt-ampere characteristics of PM Kyocera KC200GT with changing insolation
(T=25°C).
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Fig.4. Calculated and experimental volt-ampere characteristics of PM Kyocera KC200GT with changing module
temperature (A=1000 W/m?).
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Fig.5. Absolute errors of suggested model of PM Kyocera KC200GT in case of changing insolation (7=25 °C).

Analysis of the results shows that the magnitude of the absolute error of the model in all insolation
diapason does not exceed 0.85 A. Maximal error appears in modes which are close so open-circuit operation.
Due to the fact that most photovoltaic power stations work with MPPT controllers, relatively high error in
these modes is no critical. It is far more important to provide high modelling accuracy in modes which are
close to MPP. The suggested model demonstrates desired results. For accuracy estimation of the model, data
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of the PM comparison analysis from [26] was used. Regarding this analysis it can be said, that the model
provides accuracy which is comparable with other known Rp-models, exceeds Rs-models in accuracy and is
slightly inferior to more complicated models based on two diodes. An important advantage of the model is
high accuracy of PM energy characteristics modelling in case of changing temperature. It can be provided
due to the fact that for definition of diode reverse current instead of frequently used equation (3) in the
suggested model a more precise analytical formula (18) is used, first suggested in paper [22].

The suggested model was tested on a number of popular photovoltaic modules of poly- and
monocrystalline type and demonstrated satisfactory results: relative error for all the tested PMs around MPP
does not exceed 5%.

Conclusions

In the paper results of research about enhancement of photovoltaic modules modelling are presented.
Based on the conducted comparison analysis of wide spread mathematical models types of photovoltaic
converters, a base structure of exponential model with one diode was chosen.

Application of given model with preliminarily chosen and fixed value of ideality factor lets noticeably
simplify mathematical description of the studied object. Thus, combined method can be used for PM
parameters definition, where photocurrent and diode saturation current are found with analytical expressions
and for parasitic drags numerical method is used. Advantage of this approach is ability to define all unknown
PM parameters using only technical specification data as initial data. And for parasitic drags definition
tabular program Excel with installed tool «Search for solutions» can be used. This tool lets one easily
calculate the values of serial and parallel resistances without programming and calculating algorithms. The
suggested method of PM parameters definition provides high automation of calculation using universal form
on the Excel list, which can be repeatedly used for parameters definition of various PMs.

The suggested model was tested on a number of photovoltaic modules and showed good correlation of
modelling results with data given by maufaturer. The model provides high modelling accuracy around
maximum power point. Thus, it can be used for making effective algorithms for photovoltaic power stations
controllers, enhancement of circuit technology of converting devices, prediction of electrical energy
generation by photovoltaic systems, analysis and optimization their operating modes.

The direction of further research is the development of a complex mathematical model of photovoltaic
power plants and hybrid energy systems based on them in order to study their modes and optimize the
composition of the equipment.
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In the article the structure and phase composition of the material based on nano- and micro-sized cubic boron
nitride (cBN) obtained under high pressure and high temperature conditions from mechanically activated graphite-
like boron nitride (hBN) in the presence of aluminum (Al), which plays the role of an initiator for the phase
transformation hBN — cBN, are investigated. It has been shown that the use of mechanical activation contributes
to the formation of cBN nuclei in hBN, which makes it possible to increase the dispersion of the final product. The
technological parameters of the cBN synthesis and the amount of Al have a significant effect on the structure of the
material as well as the content of the cubic BN phase in it. The increase in the pressure for the hBN (MA) -10% Al
system from 2.5 to 5.5 GPa and the temperature from 1550 °C to 1750 °C contributes to the increase of the content
of the ¢cBN phase from 10-15% to 90%. In this case, the size of cBN grains synthesized at pressures of 2.5 and 5.5
GPa is in the range of 200-500 nm and 40-120 nm, respectively. The increase in the amount of Al, temperature and
duration for the cBN synthesis leads to the formation of large cBN grains with a size of about 10-50 um.

Keywords: mechanical activation, phase transformation, nanostructured cubic boron nitride, high pressure and
temperature, synthesis.

Introduction

At the present time cubic boron nitride (cBN) is used in the production of tools for highly efficient
abrasive and blade machining of a wide class of machine-building materials [1]. Cubic BN is of a lower
hardness to diamond, but has a higher thermal stability and chemical inertness, which makes it indispensable
for processing alloy steels, cast irons, as well as nickel and titanium alloys, heat-resistant wear-resistant
coatings, surfacing, etc. [2].

The industrial production of ¢cBN is based on the phase transformation of graphite-like boron nitride
(hBN) into cubic BN under high pressure and high temperature (HPHT) conditions in the presence of catalysts
(initiators) [3]. As a rule, the spontaneous crystallization method used in industry makes it possible to
synthesize cBN powders from units to several hundred micrometers efficiently. However, the synthesis of cBN
nano- and submicro- and micro-powders is associated with a sharp rise in the cost of the production process
and, accordingly, their cost on the market. At the same time, an increase in the level of physical, mechanical
and operational characteristics of blade and abrasive tools is associated with the use of highly dispersed (nano-
and submicron) cBN powders in their production. Therefore, the development of technological processes for
the synthesis of both cBN powders and cBN containing materials is an urgent task today.

1. Effect of mechanical activation on structural and phase transformations in hBN

One of the most effective ways to increase the dispersion of the synthesized ¢cBN is mechanical activation
(MA) of the initial reaction mixture. It is known that the use of mechanically activated hBN as a starting
material leads to an increase in the number of crystallization centers and a decrease in the size of cBN crystals
during subsequent HPHT treatment [4, 5]. In a number of experimental studies [6-8], it has been shown a
strong effect of MA on the structure of hBN as well as the dispersion and phase composition of the synthesized
material.

For example, milling of hBN particles is observed after mechanical treatment of the hBN powder in a
ball mill. At the same time there is a decrease in the size of the coherent scattering regions (CSR) hBN from
120 nm for the initial hBN powder to 100 nm for the processed one during 7.5 h and up to 63 nm for the
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processed one for 15 h. There is also a decrease in the lattice parameters and, as a consequence, a decrease in
the volume of the unit cell in the first case by 0.059% and in the second case by 0.171%. With increasing
duration of milling, the shift of hBN reflections towards larger angles and their broadening indicates the
development of a defect structure of hBN. In this case, the phase composition of the powder does not change
[9]. Intensive activation in a planetary ball mill (PBM) leads to the formation of BN particles with a crystallite
size of 4-10 nm, while the specific surface area of BN powder activated in a PCM increases 3-6 times as
compared with attritor treatment. After activation, BN powder is in an aggregated state and represents
aggregates with a size of 0.5-2 um, consisting of individual particles with a size of 50-200 nm. With an increase
in the MA treatment duration, the transformation of the hBN substructure from crystalline to nanocrystalline
and amorphous is observed [10].

It is shown in [11] that as a result of prolonged MA (180 h) of graphite-like BN in a PBM, a product is
formed based on nanocrystalline and amorphous hBN with a turbostratic structure with a nanocrystal grain
size less than 3 nm. In the resulting amorphous a-BN, along with sp*-hybridized interatomic bonds, there is a-
BN with sp3-type bonds. In [12], the transformation of hBN into diamond-like high-pressure phases (wurtzitew
BN and cBN) is established in the process of MA in a PBM. After 12-hourMA treatment, the yield of these
phases is about 20% and does not change with an increase in duration. It indicates the reversible nature of the
phase transformation. The reverse transition of the cBN phase into hBN with recrystallization of the latter
during the MA of hBNis observed in [13]. Thus, the results of the above researches point out to the formation
of high-pressure diamond-like phases during MA of hBN. They serve as crystallization centers, and this
stimulates the formation of ¢cBN crystals.

2. HPHT treatment of mechanically activated hBN

It is known that thermobaric HPHT treatment of mechanically activated hBN powder without activating
additives under high pressures of 6.0-10.0 GPa and temperatures of the order of 2000 °C makes it possible to
form a polycrystalline superhard material (PSHM) mainly based on the ¢cBN phase with a grain size within
0.4-1.1 microns. In turn, cBN grains are characterized by a fragmented substructure with a subgrain size of 25-
50 nm [10]. At lower pressures of 2.5-4.5 GPa, a nanostructured material is formed on the basis of mechanically
activated hBN, its phase composition is predominantly represented by the hexagonal BN phase [14].
Additional stimulation of the ¢cBN formation takes place due to the use of initiators (catalysts) for the
transformation of graphite-like BN into the cubic BN phase [15]. Thus, in the presence of initiators, the degree
of conversion hBN — cBN during the synthesis of coarse-grained (40-315 pum) c¢BN powders from
mechanically activated hBN increases from 40 to 70 wt. % [ 16]. However, in this case, the addition of catalysts
leads to an increase in the size of cBN grains as a result of their recrystallization [17, 18]. To exclude grain
growth, it is necessary to increase the pressure of HPHT treatment, but this significantly increases the cost of
the final product.

However, in practice, at present the task is to increase the content of nano- and micro-sized cBN grains
in the synthesized product with economically justified parameters of cBN synthesis. The aim of this work is
to study the possibility of synthesizing a material based on nano- and micro-sized ¢cBN grains under relatively
low pressures of HPHT treatment of mechanically activated hBN in the presence of an initiator of the hBN —
cBN phase transformation and to study the structure and phase composition of the obtained material.

3. Initial materials and research methods

The hBN produced by PJSC “Zaporozhabraziv”’ (Ukraine) with a hexagonal phase content of 97-98%
with a particle size of 5 to 100 um is used as the initial powder. Mechanical activation of hBN powders is
carried out in a PBM "Aktivator-2S" (Russia) at a drum rotation speed of 1820 rpm and a centrifugal
acceleration of milling bodies of 600 m/s? for 10 min. The ratio of the masses of milling bodies to the mass of
the processed powder = 10. The size of the hBN powder particles after MA is 0.05-0.2 um, the specific surface
area, measured by the BET method, is 27 m?/g. Aluminum is used as the initiator of the transformation, which
is effectively used to activate the phase transformation in BN in the synthesis of polycrystalline cBN [19].

HPHT treatment of mechanically activated hBN powders is carried out in a high-pressure apparatus “anvil
with a hole” at pressures of 2.5 and 5.5 GPa and temperatures from 1400 to 1950 °C for 15-60 s. The
morphology of surface and fracture of the sintered samples is investigated on an atomic force microscope
(AFM) NT-206 (Micro Test Machines Co, Belarus) in the contact mode. The microstructure of the obtained
materials is studied with a high-resolution scanning electron microscope (SEM) “Mira” (“Tescan”, Czech
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Republic). X-ray studies of the powders are performed on a Bruker D8 ADVANCE diffractometer in Cu-Ka
radiation in an automatic recording mode. Phase analysis of diffraction patterns is performed using the ICDD
PDF2 X-ray standards database. The structural parameters are calculated by the least squares method with a
full-profile analysis of diffractograms in TOPAS software using the Pawley iterative procedure. Semi-
quantitative phase analysis (S-Q) is performed using the RIR (Reference Intensity Ratio).

The technology for obtaining material containing nano- and micro-sized cubic BN consists of the
following operations. At the first stage of material preparation, hBN powder was mechanically activated in a
planetary ball mill. Then, a phase transformation initiator aluminum (Al) was applied onto the powder by a
chemical-thermal method. It has been previously shown that the formation of an Al film on the surface of the
hBN powder (i.e., the modification of hBN with aluminum) leads to an increase in the content of dispersed
¢BN and a decrease in the technological parameters of the hBN — ¢BN phase transition [20]. In this paper, Al
in the amount of 10 and 40 wt. % is applied directly to the mechanically activated hBN powder by the method
of chemical thermal deposition [20].

Technology for applying aluminum to hBN powder is as follows. Al powder was added to a weighed
portion to hBN powder in an amount of 10 or 40 wt. % and stirred. Then the mixture was annealed in a sealed
container in the aluminum halides atmosphere at the temperature of 900°C for 1.5-3.0 h. As a result, a fine-
grained (nanocrystalline) coating is formed on the hBN powder in the form of an “island-type” film.

After that the hBN powder was pressed with a force of 3—5 tons/cm?, and pressed samples were obtained
in the form of tablets with a diameter of 5-10 mm and a height of 6-8 mm. The tablets were sintered under
conditions of high pressures and temperatures on a DO-138 press unit with a force of 6.3 MN (630 tons) in
special high-pressure apparatuses. The samples were heated by direct current passing through a tubular
graphite heater containing a sample inside. Duration of temperature increase to operating values was 10-15 s.

4. Experimental part. Discussion of the results

4.1 hBNwma - 10% Al system, pressure 2.5 GPa
X-ray diffraction analysis of the material samples obtained at a pressure of 2.5 GPa, in a temperature
range of 1400-1550 °C for 15-30 s with the addition of 10% aluminum (Fig.1) shows the presence of boron

nitride phases, graphite-like and cubic BN, in the material, as well as aluminum compounds — a-Al>O3,
AlBjand AIN.
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Fig. 1. X-ray diffraction pattern after HPHT treatment: at a pressure of 2.5 GPa, a temperature of
1550 °C, a holding time of 15 s. Additive - 10 wt% Al

The formation of corundum a-Al,Os in the material can be associated with the presence of oxygen
(oxygen-containing compounds) adsorbed on the surface of the initial hBN and aluminum powders. As a result
of the research on the fine structure of the material, it is defined that the size of the CSR of the ¢cBN phase is
20 nm, the lattice parameter is increased and equal to a = 0.3679 nm, it may be associated with the formation
of solid solutions of Al in ¢cBN [19]. The content of the cBN phase in the resulting material is about 10—15%.
For the hBN phase, the CSR size is 30 nm, the lattice parameters are a = 0.2498 nm, b = 0.2504 nm, ¢ = 0.6651
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nm, and it practically coincides with the tabular values from the used base of X-ray diffraction standards ICDD
PDF2. The CSR sizes of a-Al>O3; corundum and aluminum boride AlB; are 280 and 35 nm, respectively. At a
higher synthesis temperature at a pressure of 2.5 GPa, graphite-like BN is predominantly formed, and its
content increases with increasing holding time

4.2 hBNwma - 10% Al system, pressure 5.5 GPa

X-ray diffraction analysis of the samples with 10% aluminum obtained at a synthesis pressure of 5.5 GPa
in a temperature range of 1550-1750 °C and holding for 15-30 s shows the presence of a cubic BN phase
mostly and a relatively small (up to 10%) the amount of graphite-like BN in them (Fig. 2). Analysis of the fine
structure shows that the size of the CSR in the cBN phase is about 40 nm, the lattice parameter is a = 0.361696
nm. The content of the cBN phase in the resulting material is estimated at 90%. For the hBN phase, the CSR
size is about 50 nm.
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Fig. 2. X-ray diffraction pattern of the sample after HPHT treatment at a pressure of 5.5 GPa, temperature 1750 °C,
synthesis time 15 s. Additive - 10 wt% Al

Fig. 3 shows the structure of the samples obtained with the addition of 10% Al at pressures of 2.5 and 5.5
GPa and temperatures of 1550 °C and 1750 °C, respectively. The grain size of ¢cBN, estimated by scanning
and atomic force microscopy, is within 200-500 nm and 40-120 nm for the samples synthesized at pressures
of 2.5 and 5.5 GPa, respectively, and at the temperatures indicated above. Large (micron) hBN particles with
a characteristic layered structure are not detected in the samples of the cBN-based material at the given HPHT
parameters.

In this case, the preservation of the nano- and submicron-grained structure of cBN synthesized with the
addition of 10% Al may be due to a number of structural and technological factors. First, in the process of the
synthesis, the nanostructured refractory compounds a-Al,Os and AlB; are formed, their presence along the
grain boundaries of ¢cBN prevents growth of cBN. Secondly, technological modes (high pressure and short
synthesis time) also contribute to the stabilization of the cBN grain size.
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Fig. 3. The fracture of the samples obtained in the hBN MA - 10% Al system after synthesis for 30 s:
a - pressure 2.5 GPa, temperature 1550 °C; b - pressure 5.5 GPa, temperature 1750 °C;
¢ - surface roughness of the structure shown in Fig. 3a

4.3 hBNwma - 40% Al system, pressure 2.5 GPa

Fig. 4 shows the microstructure of the obtained samples (pressure 2.5 GPa, time 30 s, temperature 1550
°C, amount of Al 40 wt.%). In this case, technological additives of boron and silicon are also introduced into

the reaction mixture in an amount of 1-2 wt. % to eliminate the negative effect of oxygen on the crystallization
process and to improve the fluidity of the melt.
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Fig. 4. The structure of the material after HPHT treatment at a pressure of 2.5 GPa, exposure time 30 s, temperature

1550 °C: a - general view of the fracture surface, SEM; b - aggregate structure, AFM
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Thus, the material obtained at a pressure of 2.5 GPa for 30 s represents individual loose agglomerates up
to 5 um in size, consisting of submicron cBN particles, as well as individual cBN particles of the order of 500

nm. AFM analysis also confirms the presence of polyhedral cBN particles with a size of 200-800 nm, collected
in porous agglomerates.

4.4 hBNwma - 40% Al system, pressure 5.5 GPa.

A different structure is observed in the samples obtained by HPHT treatment at a pressure of 5.5 GPa,
temperatures of 1850-1950 °C for 30-60 s. The studies by the SEM method have shown that in this case the
particles of two types are observed in the material (Fig. 5): the large polycrystalline particles of ¢cBN with a
size of 10-50 um (Fig. 5, a, b) and smaller faceted cBN grains of cubic habit with a size of 1-4 um (Fig. 5, c).

The large polycrystalline particles of cBN are formed as a result of sintering of smaller grains. AFM
analysis shows that cBN grains in the indicated size range are both poly- and single crystals. In this case,

micron cBN grains are surrounded by fine cBN grains 100-800 nm in size with a characteristic tetrahedral
habit (Fig. 5, d-f).
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Fig. 5. The structure of the material after HPHT treatment at a pressure of 5.5 GPa,
a temperature of 1950 °C, synthesis time 60 s: a-c- general view of the fracture surface, SEM;
d-f - the structure of cBN crystals (polycrystals), AFM

According to the data of X-ray analysis (Fig. 6), the main phases in the synthesized material are cBN (up
to 60%), corundum Al>Os (up to 20%), residual (unreacted) aluminum Al and the boron nitride phase BsoN1 7.
In this case, an increase in the aluminum content to 40%, the synthesis temperature and a longer holding time
lead to the growth of cBN grains and their sintering into polycrystals, despite the presence of refractory
compounds that play the role of a stabilizer of the grain structure of cBN.

We can see a certain sequence for the morphological changes in the structure of the obtained material. At
high pressures and temperatures in the stability region of cBN, the transition of graphite-like BN to the cubic
modification of BN takes place. In this case, mechanical activation and the introduction of aluminum stimulate
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additionally the phase transformation of the layered structure of graphite-like BN into a cBN modification with
a close-packed lattice and a different grain morphology.
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Fig. 6. X-ray diffraction pattern of the material after HPHT treatment at a pressure of 5.5 GPa, a temperature of 1950
°C, and a synthesis time of 60 s. Additive - 40 wt.% Al

Thus, the formation of ¢cBN grains of tetrahedral or cubic habit takes place. At higher temperatures, a
collective recrystallization in cBN and the formation of large polycrystalline grains based on smaller primary
cBN grains are observed.

Conclusion

The use of MA of hBN leads to formation of cBN nuclei in hBN, and this makes it possible to increase
the dispersion of the ¢cBN grains and to reduce the parameters of the hBN — ¢BN phase transformation under
HPHT conditions. Aluminum deposited as a coating on the surface of mechanically activated hBN as an
initiator of the synthesis process contributes to the phase transformation of mechanically activated graphite-
like BN into cBN in the pressure range of 2.5-5.5 GPa. With the use of Al additive in an amount of 10 wt. %,
the material mainly consists of highly dispersed cBN (nano- and submicro-sized), and its amount increases
from 10-15% to 90% with an increase in pressure from 2.5 to 5.5 GPa. An increase in the content of the initiator
(Al) from 10 to 40 wt. % with an increase in the holding time from 15 to 60 s in the investigated range of
pressures and temperatures stimulates the formation of large single ¢cBN particles and their sintering into
polycrystals.
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During experimental studies of the equal-channel angular pressing-drawing effect on the microstructure
evolution and mechanical properties change, the principal possibility and effectiveness of using the proposed
continuous method for forming an ultrafine-grained structure and increasing the strength properties of steel-
aluminum wire was proved. The deformation was carried out at ambient temperature in three passes. It is shown
that both layers of bimetallic wire are processed unevenly. An aluminum shell with an initial grain size of 22 microns
was processed up to 2 microns. The steel core has a different grain size in the transverse and longitudinal sections.
With an initial grain size of 18 microns, after deformation the grain size is about 10 microns in the longitudinal
section and 8 microns in the transverse section.

Keywords: severe plastic deformation, microstructure, bimetallic wire, steel, aluminum, mechanical properties.

Introduction

Currently, bimetallic materials representing a combination of metals or alloys with different physical and
mechanical properties are widely used in various industries around the world [1-3]. The metal products
obtained from these materials, including rods and wire, determine the safety and reliability of the functioning
of railways, telephone wires, cables, objects of the defense industry, aviation, etc. For example, in the cable
industry, the material for a conductive core is used by volume, not by weight. This means that 1 ton of
aluminum can be used to make 3.2 times the length of a wire of the same diameter than 1 ton of copper.
Another important point is the price per unit of mass. Aluminum is much cheaper than copper. The price
difference is constantly changing depending on the demand for materials and their availability, not to mention
speculation in the metal markets, but aluminum is always about 2-3 times cheaper than copper. Therefore, the
use of bimetallic wire in the production of high-frequency cables is most advantageous [4-5]. Due to the surface
effect, the current flows only in a very thin part of the wire near the outer surface. The thickness of this layer
depends on the frequency at which the cable is operated.

Currently, due to the large difference in the prices of copper and aluminum, the transmission of electricity
through cable products with a conductive core made of bimetallic wire is of increasing interest. In recent years,
the following types of bimetallic wire have been widely used in industry:

- steel-copper wire, which is used for overhead lines of weak and strong current and the manufacture of
wires;

- steel-aluminum wire used for the manufacture of heating elements.

Bimetallic rods are also widely used, including, for example, copper-aluminum current-carrying rods.
The replacement of copper in the production of current-carrying tires with aluminum clad with a thin layer of
copper makes it possible to reduce the metal consumption of products while maintaining high electrical
conductivity. The main quality indicators of bimetallic wire and rods are the combination of their strength and
plastic properties. At the same time, the main properties of the bimetallic material of wire and rods, as a
structural material, are structurally sensitive, that is, they can be controlled by purposeful changes in the
structure during pressure treatment [6-8].

In conditions of a shortage of energy and raw materials, the development of resource-saving methods for
obtaining bimetallic materials with properties that combine high strength and plasticity at the same time, using
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relatively simple and inexpensive devices that allow spending the minimum possible amount of time when
processing products, is very relevant.

One of the most promising directions for improving the strength and plastic properties of bimetallic wire
is the formation of an ultrafine-grained (UFG) structure in materials by deformation methods. In this regard,
severe plastic deformation (SPD) methods are actively developing, mainly implementing a simple shear
scheme under conditions of multi-cycle processing [9-15]. Obtaining this type of structure makes it possible
to significantly increase the strength characteristics of metal materials [16-19]. Therefore, the search for high-
performance schemes for the formation of UFG structures in metals based on traditional metal forming
processes is an important stage in the further development of SPD processes. A special place among these
methods is occupied by the "equal-channel angular pressing-drawing" (ECAP-drawing) combined process [20-
22]. Its key feature is that, unlike other combined methods, there is no rolling stage here. The continuity of
deformation is ensured by the drawing process, which takes place immediately after the ECAP process. In
connection with the above, the task of studying the regularities of structural changes in bimetallic steel-
aluminum wire during deformation by the "ECAP-drawing" method, as well as establishing a connection
between the structural state of the material before and after deformation, is urgent. This will make it possible
to significantly advance in understanding the ongoing processes and predict the complex of mechanical
properties of such blanks.

1. Experimental part

Based on the modeling given in [23-24], the design of tools and accessories for the stand implementing
the "ECAP-drawing" combined process was carried out. A matrix for equal-channel angular drawing is
designed, consisting of upper and lower segments, repeating the bend of the channel (Figure 1a). The geometric
dimensions of the matrix are taken, according to the results obtained during modeling in the Deform software
package. The design of all component parts is carried out in the KOMPAS-3D software package (Figure 1b).
To check the correctness of the geometric dimensions, as well as the fitting and docking of all the components
of the matrix, the tools and accessories were assembled in the KOMPAS-3D software package (Figure 2).

According to the drawing shown in Figure 1a, the matrix was made in the metal structures workshop of
Kurylysmet LLP. The matrix segments are made of SHV2S stamp steel. After manufacturing, the matrix was
subjected to heat treatment to increase the hardness and strength. Based on the results of the simulation, the
inclination angle between the channels of the matrix was assumed to be equal to 135°. This angle ensures the
dominance of shear (non-destructive) stresses over normal (destructive) stresses. There are no rounding at the
joints of the matrix channels in order to intensify shear deformations.

&5

a) b)
Fig.1. Matrix for equal-channel angular drawing: a) - matrix scheme, b) - 3D model

A bimetallic wire consisting of a core of 65G steel and an outer layer of AL6063 aluminum with a
diameter of 8 mm was used as the initial billet, the diameter of the steel core was 6.5 mm. The laboratory
experiment was carried out on an industrial drawing mill B-I/550 M. An equal-channel step matrix with a
channel diameter of 10.0 mm and a junction angle of the matrix channels of 135° was fixed before the drawing
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tool. The matrix was located in a lubrication container. The deformation was carried out in three passes. The
initial diameter of the blank was 8.0 mm. Hard-alloy drawing tools with polished channels, reduced taper
angles of the working zone and smooth transitions from one zone to another were used for drawing stage.
Bimetallic wire surface preparation for drawing was carried out according to the usual technology for steel
wire, a mixture of soap and sulfur powders was used as a lubricant. The speed of the wire was 10.0 mm/s
through the matrix, and 13.6 mm/s through the drawing die.

Fig.2. Tool assembly: 1 - setting device; 2 - wire; 3 - equal-channel step matrix;
4 — drawing tool in holder; 5 - winding drum

For the study the samples with a length of 15 mm of steel-aluminum wire were cut out, then micro-
sections were prepared on the end sides of these blanks. For the preparation convenience and the blockages
absence, the plane slots were fixed in a clamp. To prevent the removal of the aluminum layer, depressions with
a cylindrical surface were made in the clamp, the radius of which corresponded to the radius of the wire.

To identify the structural elements of 65G steel, the micro-sections were etched in an alcoholic solution
of nitric acid (4 cm?® of nitric acid and 96 cm?® of ethyl alcohol) for 5-10 seconds. Etching of the aluminum
surface was performed with a 5% NaOH solution at a temperature of 70-80°C for 1.5 minutes.

The samples preparation for metallographic analysis was carried out at the Struers electrolytic sample
preparation unit. All samples were examined in the middle plane of the sample to avoid the influence of
peripheral areas. The obtained samples were considered in transverse and longitudinal sections. The structure
and phase composition were analyzed using optical microscopy. Qualitative and quantitative analysis of the
main mass microstructure and primary phases was carried out using a LEICA optical microscope equipped
with a nozzle for determining the microhardness of individual phases, as well as software for determining the
degree of granularity and the number of phases on mechanically polished and etched samples.

2. Results and discussion

Figure 3 shows photos of the microstructure of bimetallic wire in the initial state and after three passes of
deformation by the "ECAP-drawing" method in longitudinal and transverse sections. The initial grain size of
the aluminum shell before deformation was 22 microns, the grain size of steel core was 18 microns (Figure
3a). The structural heterogeneity formed as a result of diffusion processes at various stages of technological
operations for the production of bimetallic wire is revealed at the boundary of the connection of steel and
aluminum. Metallographic studies have shown that the "ECAP-drawing" process leads to a significant change
in the bimetallic wire structure. The most significant changes occur in the surface layers of the aluminum shell
(Figure 3b-c). After 3 deformation cycles, a fragmented structure with equiaxed grains is formed in the steel
core in both transverse and longitudinal sections. Moreover, in the longitudinal section, the grain size is about
10 microns (Figure 3 d), and 8 microns in the transverse section (Figure 3 e).

In addition, there is a fragmentation of pearlite areas. The thickness of the crushed aluminum layer
continuously increases with the number of passes, and after the third pass, the structure becomes almost
uniform. The grain size formed after 3 deformation cycles is 2 microns. The results of tensile tests showed that
the strength properties of the wire, even after three deformation passes significantly increase compared to the
initial state. The tensile strength was increased from 370 MPa in the initial state to 765 MPa after the third
pass. The yield strength increased from 260 MPa up to 515 MPa after the third pass.

At the same time, the relative elongation was 22%, while the initial one was 32%. A slight drop in the
plastic properties of steel-aluminum wire can be explained by the formation of an ultrafine-grained structure
with large-angle nonequilibrium boundaries capable of shear [25].



76 ISSN 1811-1165 (Print), 2413 - 2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No. 1 (39)

d) e)
Fig.3. Microstructure of bimetallic steel-aluminum wire: a) — initial state; b - aluminum shell (longitudinal
section); ¢) - aluminum shell (transverse section); d) - steel core (longitudinal section); e) — steel core (transverse
section)

Conclusion

The study confirmed the regularity of deformation hardening of bimetallic wire. A significant change in
the microstructure, initiated by the combination of equal-channel angular pressing with drawing of steel-
aluminum wire, allowed achieving the following most important results:

1. During the deformation of the steel core, which determines the strength properties of the steel-
aluminum wire, there is fragmentation of ferrite and crushing of pearlite sections in the longitudinal section up
to 10 microns, and up to 8 microns in the transverse section.

2. The strength properties of the wire after three passes of deformation significantly increase compared
to the initial state. The tensile strength was increased from 370 MPa to 765 MPa. The yield strength was
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increased from 260 MPa to 515 MPa. At the same time, the relative elongation was reduced to 22% from the
initial 32%.

3. The combination of equal-channel angular pressing with drawing allows not only the composition
strengthening, but also at the same time to increase the plastic properties of products regulated by a number of
standards. This circumstance favorably distinguishes the investigated method from other traditional types of
wire metal forming.
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The limited information on the manifestation of the parameters of the molecular component of friction - the
shear strength of the adhesive bond t9 and the piezoelectric coefficient B of the molecular component for each
specific study predetermines the use of purposeful determination of parameters by modeling shear on small-sized
samples in order to increase the objectivity and accuracy of the result assessment. The article poses the task of
conducting definitive tribotechnical tests of the high-entropy alloy to assess its adaptability to loading and
lubrication conditions during contact with steel, cast iron and to establish the nature of the manifestation of the
parameters of adhesion properties by modeling shear on small samples. It was found that under conditions of drop
lubrication, the surfaces of the samples of the studied materials appear to be compatible and are satisfactorily run-
in. In this case, the parameters of high-speed and force loading determine the manifestation of boundary lubrication.
The time reaching the steady-state friction mode is practically the same for all systems, and is observed after 7.5
minutes. The obtained graphic patterns and parameters of their mathematical approximation made it possible to
determine the nature of the change in the adhesive properties of a high-entropy alloy with a change in shear rates.

Keywords: system of materials, coefficient of friction, piezo coefficient, shear, tangential strength, lubrication
formation

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 shear with a certain speed of
movement, when the manifestation of the molecular (adhesive) component of the friction force has time to
manifest itself. According to the authors of [2], a distinctive feature of high-entropy alloys (HEA) from
traditional alloys is that these alloys have a high entropy of mixing, which affects the formation of structures
based on solid solutions. A little over 15 years have passed since the discovery of high-entropy alloys.

1. Analysis of publications

The first review is made in the form of a complete materials science cycle "production - structure -
properties" for a new class of vacuum-plasma coatings - nitrides of multi-element high-entropy metal alloys,
information is given in [3]. The analysis of the current state of production of such coatings, their morphology,
elemental and phase composition, structure, substructure, stress state and functional properties, depending on
the main parameters of the formation: substrate temperature during deposition; the value of the applied bias
voltage; substrate, as well as the composition of the gas atmosphere. Then there were many articles on the
synthesis and study of various high-entropy alloys [4-10].

The last review of HEA was made in [11]. Analysis of more than 200 obtained high-entropy alloys
(HEAs) made it possible to establish the relationship between the electron concentration, phase composition,
lattice parameter, and properties of solid solutions based on bcc, fcc lattices. The main conditions for the
appearance of high-entropy chemical compounds - the Laves phase, - and pu-phases, have been identified. For
the formation of a 100% high-entropy o-phase, it is necessary that all the elements that make up high-entropy
alloys form the c-phase in two-component alloys in a different combination, and the electron concentration of
the alloy should be in the range of 6.7-7.3 electron/atom.

For the formation of a 100% high-entropy Laves phase, the following conditions are necessary [11]:
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- total negative enthalpy of mixing of the alloy at the level of -7 kJ/mol and below;

- the presence of a pair with an atomic difference of more than 12 %;

- in the presence of two elements in the alloy with the enthalpy of mixing less than 30 kJ/mol, the average
concentration of electrons should be in the range of 6-7 electron/atom.

In [11] it is shown that the ratio of the lattice parameters of a solid-state HEA, determined in the
experiment, to the lattice parameter of the most refractory metal of the HEA determines the value of the elastic
modulus. The values of the modulus of elasticity predetermine the manifestation of the mechanical properties
of the HEA in contact with other structural materials. Revealing the features of the manifestation of the service
properties of newly created materials, which include HEAs, is relevant in the development of materials science
and tribological aspects of ensuring the reliability of friction pairs of various mechanical engineering objects.
As an option, it is proposed to consider the feasibility of using HEAs in the manufacture and repair of parts,
for example, such mechanical engineering objects as cars, tractors and others.

The purpose of this work is to conduct definitive tribotechnical tests of the high-entropy CuCrNiZrTi
alloy to assess its adaptability to loading and lubrication modes during contact interaction with steel, cast iron
and the manifestation of the parameters of adhesion properties by modeling shear on small samples.

2. Research methodology

To prepare the CuCrNiZrTi target, micropowders of the corresponding metals were taken and mixed in
equiatomic proportions. Then the prepared powder mixture was placed in a grinding jar of a planetary ball mill
made of tungsten carbide, and grinding bodies were added. Grinding bodies are balls with a diameter of 5-10
mm, also made of tungsten carbide, the mass of which was equal to 10 masses of the powder mixture.

Then the grinding bowl was filled with a gasoline galosh, the lid was tightly closed, and the planetary
ball mill was turned on (rotation speed 500 min’!, operating time 5 hours). The resulting homogenized
composition was dried under vacuum and pressed to form the composition into a flat disc 100 mm in diameter
and 5 mm thick. Then the disk was placed in a vacuum thermal furnace and baked in it for 3 hours. Next, the
fabricated target of CuCrNiZrTi (Fig. 1a) was used to deposit a magnetron coating on an NNV-6.611 setup.
The coating was carried out on prepared substrates of AISI-201 steel (hexagons with a side length of 22 mm
and a thickness of 5 mm). The vacuum chamber was evacuated to a pressure of 0.003 Pa, then a hot cathode
plasma source (PSWHC) was turned on, argon was injected to a pressure of 1 Pa, a negative bias potential of
1000 V was applied to the substrate, and the substrate surface was cleaned and heated for 10 minutes. After
that, the argon pressure was lowered to 0.1 Pa and the magnetron was turned on. The bias potential on the
substrate was reduced to 150 V, the magnetron current was kept constant at a level of 3 A. The substrate was
placed in the chamber at a distance of 15 ¢cm, and the deposition time was 1 hour.

The phase composition and structural parameters of the samples were studied on an XRD-6000
diffractometer using CuK, radiation (Fig.1b). Phase composition of CuCrNiZrTi coating (table 1). Let's discuss
this composition. )

The first is CuisZrNiss with a phase content of 10 at. % and with a lattice constant a = 6.7671 A.
According to [12, 13], Cu;.sZrNi3 5 has the B2 structure, a high-temperature austenite phase ordered according
to the CsCl type (Pm3m-fce). )

In second place is Cu with a phase content of 7.8 at. % and lattice constant a = 3.6178 A. Unit cell of fcc
copper.

In third place is Zro.02Nio.0s with a phase content of 19.8 at. % and lattice constant a = 3.3406 A, According
to X-ray spectral analysis, the main component of the eutectic is a combination of nickel and zirconium. The
eutectic component is identified as a ZrNi intermetallic compound with an fcc lattice corresponding to the
space group F43m (sphalerite type).

~ The fourth place is occupied by TiCrz with a phase content of 29.5 at. % and lattice constant a = 4.9076
A and ¢ = 15.9700 A. Intermediate phases with a Laves structure are formed near the TiCr» composition [14].

In fifth place is NiTi with a phase content of 33 at. % and the lattice constant a = 2.8007 A, b =4.6192
A, c=4.1824 A, B=97.5793. According to [15], the results of neutron diffraction studies of quenched alloys
in the initial austenitic and martensitic states show that the Tis9 sNisos alloy is in the austenitic state at room
temperature.
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Table 1. The phase composition of the coating

a)
Fig. 1 Target CuCrNiZrTi for magnetron (a), phase composition of CuCrNiZrTi coating (b)
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Sample Detected phases The content of phases, at. % Lattice parameters, A
CuCrNiZrTi Cu;5ZrNi3 5 10 a=06,7671
Cu 7.8 a=3,6178
Zr0.02Nio.og 19.8 a=3,5406
TiCr, 29.5 a=4,9076
c =15,9700
NiTi 33 a=2.8007
b=4.6192
c=4.1824
=97.5793

Possible phase presence ZrNi, CusTi,

Its crystal lattice parameter B2 (a) and the degree of long-range atomic order (1) turned out to be equal
to a = 0.30125 nm; n = 1.00 £ 0.05. On the contrary, the TisosNiss alloy at room temperature is in the
martensitic state B19', which unambiguously follows from the interpretation of the neutron diffraction pattern
and makes it possible to determine its parameters: a = 0.2903 nm, b = 0.4112 nm, ¢ = 0.4636 nm , f = 97.25.
The NiTi we observed turned out to be martensite with the B19 'structure. Thus, of the five phases of the
CuCrNiZrTi coating, three have an fcc structure, TiCr; gives the Laves phase, and NiTi gives martensite with
the B19'structure.

Electron microscopy was performed on a TESCAN MIRA 3 scanning electron microscope. Figure 2

shows the XPS of the coatings and Table 2 shows the chemical composition.
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Fig. 2. XPS of CuCrNiZrTi in argon at 2 points (no difference)
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Table 2. Quantitative chemical composition of CuCrNiZrTi, %

Element Zr Ti Cr Ni Cu
Nominal 20 20 20 20 20
in argon 23.2 21.2 19.9 17.1 6.8
in nitrogen 22.8 20.8 19.7 16.9 7.0

Tribotechnical tests were carried out on a friction machine SMTs-2 in two stages on small-sized samples
according to the friction pattern "movable disk - fixed block", Figure 3. At the first stage, the surfaces were
run-in at a rotational speed of the movable disk n = 300 min-1, a stepwise loading of the contact with a normal
force of 22 N, 45 N, 90 N, 140 N, 180 N, 230 N and holding at each of the loads for 3 min. The oil was fed
into the friction zone by a drop method. In this case, both the micro-profile of the contact zones of the surfaces
of the materials and the lubricating formations screening them were formed. At the second stage, the
assessment of the manifestation of the properties of lubricating formations was carried out without oil supply.
The rotational speed of the movable disk was n = 300 min™!. The stepwise loading of the contact was carried
out with a normal force of 22 N, 45 N, 90 N, 140 N, 180 N, 230 N, 275 N, 320 N and holding at each of the
loads for 2 min. At the same time, abundant grease was preliminarily removed from the surfaces of both
samples. Thus, conditions were created for modeling the operation of the contact zones of the surfaces of
materials through the formed lubricating formations. With a clear increase in resistance to movement, recorded
by the recorder, the test was suspended. In case of manifestation of pathological wear accompanied by noise
effects, oil was supplied to the friction zone, and the surfaces were again run-in to steady friction.

a) | b)
Fig. 3. Methodological support of tribotechnical tests: a - model interface "movable disk - fixed block":
1 - lower shaft; 2 - upper shaft holder; 3 - upper shaft; 4 - sample - block; 5 - sample - disk;
b - samples: 1 - disk; 2 - block; 3 - wear mark; 4 - sealant; 5 - shoe holder; 6 - measuring ruler

Transmission oil TAD-171 85W90 with dynamic viscosity p=0.106 Paes at 50 °C was used as a lubricant.
Samples - disks d = 50 mm, b = 12 mm were made of the following materials:

- steel 5140H, 229 HV;

- steel 3310H, 116 HV;

- cast iron M500, 200 HV.

Samples - pads 9x15x3 were made of high-entropy alloy CuCrNiZrTi (890 HV). The assessment of the
wear of the pads was carried out according to the energy intensity of wear Im(mgeJ™"), taking into account the
determination of the work of friction forces at each stage of tribotechnical tests in accordance with the
procedure described in [17]. In this case, the values of the wear of the pads by weight and the values of the
coefficient of friction at each of the test stages were used. Taking into account the fact that the weight loss of
the block samples was determined at the end of the second stage, the energy intensity of wear was presented
as a generalized average.
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The parameters of the adhesive bond were evaluated on a friction machine SMTs-2 with additional
equipment in accordance with the procedure described in [1]. To estimate the pressure in the contact zone and
the tangential shear strength, we used the average values of the contour areas, which were determined from
the indentations. The values of the areas for tribosystems of materials at the end of the second stage of testing
were: "CuCrNiZrTi - 5140H" S; = 9.5+0.5 mm?; "CuCrNiZrTi - 3310H" S, = 7.5+0.5 mm?; "CuCrNiZrTi -
M500" S; = 12.540.5 mm?. To assess the parameters of adhesion without lubricant, the surfaces were
thoroughly degreased with gasoline "Kalosha".

3. Research results and their discussion

The results of tribotechnical tests of the investigated high-entropy alloy and the manifestation of the
properties of lubricating formations are presented in the form of the constructed regularities of the change in
the friction coefficient from the normal force in the contact zone, Fig. 4. During the tests, the system of
materials "5140H - CuCrNiZrTi" worked stably at both stages. The system of materials "3310H -CuCrNiZrTi"
did not work at the second stage, for 15 seconds there was a breakdown of the frictional contact with a jump
in the friction coefficient from 0.8 to 2.13. After that, the system was run-in again with a load of 22 N and 45
N. At the same time, for 2 minutes at each of the loads, the system showed a stable coefficient of friction of
0.35. At the second stage, the system of materials, the M500 - CuCrNiZrTi system, worked for 8.5 minutes.
During this time, a decrease in the friction coefficient from 0.48 to 0.14 was observed. However, at a load of
180 N for 45 seconds, a jump in the friction coefficient to 0.24 appeared, followed by an increase within 3
seconds to 0.64. After that, the system was run-in again with a load of 45 N and 90 N. At the same time, for 2
minutes at each of the loads, the system showed a stable coefficient of friction of 0.16 and 0.12, i.e. there was
a decline.
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Fig. 4. Dependence of the dynamic coefficient of friction on the normal force:
a - st stage, running-in; b - 2nd stage, friction on residual lubricating formations;
1 - "CuCrNiZrTi - 5140H" system; 2 - system "CuCrNiZrTi - 3310H"; 3 - "CuCrNiZrTi - M500" system

The analysis of the obtained graphical dependencies in general indicates the following. Under conditions
of drop lubrication, the surfaces of the samples of the studied materials appear to be compatible and are
satisfactorily running in. In this case, the parameters of high-speed and force loading determine the
manifestation of boundary lubrication. The time reaching the steady-state friction mode is practically the same
for all systems, and is observed after 7.5 minutes. In this case, the systems of materials were equally stable in
the range of normal loading forces from 140 to 230 N:

- the smallest coefficient of friction u = 0.13 was observed in the system of materials " CuCrNiZrTi -
M500";

- the highest coefficient of friction 1 = 0.22 - in the system of materials " CuCrNiZrTi - 5140H";

- an intermediate place was taken by the system of materials "CuCrNiZrTi - 3310H" with a coefficient of
friction p=0.17.

It is possible to explain such a tribological state based on the stiffness of the contact between the surfaces,
due to the correlation of the hardness of the interacting materials and the presence of free carbon in cast iron.
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Free carbon causes a decrease in the shear resistance between the tops of the micro-profile irregularities,
thereby intensifying the effect of increasing the lubricating effect of the transmission oil molecules. Carbon in
carbides of steels 5140H and 3310H does not exhibit such an effect. However, with a relative equality of the
hardness of steels 5140H and M500, the hardness of steel 12X2H4 is two times less. In this regard, the
possibility of the formation of stable bonds of oil molecules on a less hard surface is greater, which was
indirectly manifested in the system of materials "5140H - CuCrNiZrTi". However, this system turned out to
be more susceptible to deformation of the surface layer of steel 3310H when it was loaded with a harder surface
of the CuCrNiZrTi alloy in the absence of abundant lubrication, which manifested itself at the second stage of
testing. As a result of processing tribograms and evaluating the weight loss of the samples-pads, the values of
the energy intensity of wear Im were calculated, the data are given in Table 3.

Table 3. Parameters for assessing the energy intensity of wear

Roller material | Friction force work Ay, Mass Wear rate

J pad wear Am, mg Im*10%, mgeJ!
5140H 41184.4 0.0016 7.7
M500 23380.4 0.0025 21.3
3310H 21343.2 0.0033 30.9

Analysis of the data in Table 3 indicates the following. First, the smallest wear value per unit of friction
force work is characteristic of the frictional interaction with steel 40X. Moreover, in accordance with the data
in Figure 2, wear accumulated mostly evenly throughout both stages of testing, for which steady-state friction
was characterized by dynamic coefficients of friction of 0.22 and 0.16. Secondly, significantly higher values
of the wear rate were observed when interacting with M500 cast iron - by a factor of 2.8, and with steel 3310H
- by a factor of 4, respectively. Moreover, as can be seen from Figure 4, a large proportion of the total wear
was formed for M500 at the second stage of testing, since at the first stage the friction coefficient was the
smallest and amounted to 0.13. Almost all of the wear at the first stage was formed by interaction with steel
3310H, the steady-state dynamic coefficient of friction was 0.17. From it follows that the mechanical wear of
the CuCrNiZrTi material under boundary friction conditions was influenced by:

- microrelief of surfaces on the actual area of frictional contact, formed by both phase components 3310H,
M500 and 3310H and CuCrNiZrTi with a characteristic distribution of their microhardness, which was formed
by the process of destruction of cohesive and adhesive bonds between them under the action of normal and
tangential loading forces of microvolumes of materials;

- layer thickness and properties of lubricants formed under the action of the forces of adhesive interaction
of TAD-17I oil molecules with active metal centers. Moreover, the ratio of such centers based on the chemical
composition of the materials of the tested systems is ambiguous. Large heterogeneity is characteristic of the
"3310H - CuCrNiZrTi" system. For this system, such an inhomogeneity, together with a lower surface
hardness, did not at all ensure the stability of the bonds without supplying components to the friction zone, and
predetermined their greater destruction than restoration with abundant lubrication of the contact zone. Based
on the results of modeling the shear of surfaces, a graphical approximation of the averaged data of changes in
the tangential strength of their frictional bond in a limited area with multiple distributed contact of
microroughnesses in the form of linear dependencies was performed, fig. 5-7. The surface microrelief was
previously formed by contact interaction during friction at the second stage of tribotechnical tests. At the same
time, according to the parameters of the trend lines in the Excel program, their equations and the reliability of
the approximation R2 were determined, the results are shown in table 4, 5.
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Fig. 5. Tangential strength of adhesive bond in contact of materials "CuCrNiZrTi - M500":
a - in the environment of TAD-17I transmission oil; b - without lubricant; 1 - mm/s; 2 - mm/s; 3 - shear rate mm/s.

Analysis of the results obtained indicates the following. The high values of the reliability of the
approximation of the experimental data results confirm the correctness of the graphic expression of the
described processes and indicate once again the binomial nature of the law of molecular friction in the studied
systems of materials. In all systems of materials under study, the parameter 1o occurs at p = 0 MPa, both during
lubrication and during dry contact. From which it follows that in the absence of a load in the distributed contact
zone, the molecular component of the forces of contact interaction between the elements "surface No. 1 -
lubricating formations - surface No. 2" appears.
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Fig. 6. Tangential strength of adhesive bond in contact of materials "CuCrNiZrTi - 3310H":
a - in the environment of TAD-17I transmission oil; b - without lubricant; 1 - mm/s; 2 - mm/s; 3 - shear rate mm/s

The largest values of the parameter 10 during lubrication are characteristic for the system of materials
"CuCrNiZrTi - 5140H", the smallest values are characteristic for the system "3310H - CuCrNiZrTi", and the
system "M500 - CuCrNiZrTi" occupies an intermediate position. At the same time, the B parameter for the
system of materials "CuCrNiZrTi - 5140H" when lubricated is the smallest, while for the system "3310H -
CuCrNiZrTi" it is the largest.
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Fig. 7. Tangential strength of adhesive bond in contact of materials "CuCrNiZrTi - 5140H":
a - in the environment of TAD-17I transmission oil; b - without lubricant; 1 - mm/s; 2 - mm/s; 3 - shear rate
mm/s

A graphic illustration of the nature of the change in the parameters of the adhesive bond according to the
Table. 4, 5 for a more informative presentation is shown in Fig. 6-8. Interpreted in this way, graphical
dependencies clearly display the following.

First, there is practical independence:

- parameter 3 on the shear rate at dry contact, which was observed for the system “CuCrNiZrTi - M500,
Fig. 6 a, pos. 2, the value was f = 0.1 + 0.006, and when lubricated for the "CuCrNiZrTi - 5140H " system,
Fig. 8 a, pos. 1, the value was p =0.05 £ 0.014;

- parameter 1o on the shear rate during lubrication for the "CuCrNiZrTi - 3310H" system, Fig. 7 b item 1,
the value of which was 19 = 0.72 + 0.06 MPa.

Table 4. Parameters of approximation of experimental data for tribological systems of materials in the environment
of TAD-17I transmission oil

Parameter 5140H — CuCrNiZrTi M500 — CuCrNiZrTi 3310H — CuCrNiZrTi
U, U, U, U, v, U, U, v, U,
Equation type r=BIlp+r, r=8Ip+1, r=plp+rt,
Approximation reliability 0.96 0.95 0.93 0.99 0.99 0.82 0.99 0.87 0.97
R2
Piezo coefficient 0.053 0.075 0.036 | 0.185 | 0.12 | 0.085 | 0.21 0.15 0.12
Tangential strength 19, MPa | 3.39 2.48 2.71 1.26 1.09 1.02 0.79 0.63 0.74

Table 5. Parameters of approximation of experimental data for tribological systems of materials in dry contact

Parameter 5140H — CuCrNiZrTi M500 — CuCrNiZrTi 3310H — CuCrNiZrTi
Y v, U, U, U, U, U, U, U,
Equation type r=BIp+rt, r=BIp+rt, r=BIp+rt,
Approximation reliability R? | 0.84 0.93 0.84 0.79 0.98 0.78 0.95 0.96 0.98
Piezo coefficient 0.1 0.09 0.06 0.11 0.107 | 0.09 0.21 0.17 0.14
Tangential strength 1o, MPa | 1.87 1.0 1.6 1.51 1.14 0.45 0.41 0.38 0.13
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Fig. 8. Changing the parameters of the adhesive bond in the contact of materials "CuCrNiZrTi - M500"
depending on the shear rate: a - piezoelectric coefficient; b - parameter 1o; 1 - in the environment of TAD-171
transmission oil; 2 - without lubricant.

Second, there is an explicit dependence of the parameter t0 on the shear rate for the systems of materials
"CuCrNiZrTi-3310H" and "CuCrNiZrTi - 5140H ". Moreover, for these systems, lubricant formations formed
in the friction zone increase the values of the parameter 1o through lubricant formations by an average of 2
times.

Thirdly, for the system of materials "CuCrNiZrTi - M500" there is a change in the mechanism of
manifestation of the adhesive bond, caused by the presence of lubricant formations at a shear rate of 8 mm/s,
Fig. 6 b. At v = 8§ mm/s, the value of the parameter 1o is the same for both dry contact and contact through
lubricating formations and is 1o = 1.1 = 0.05 MPa. This can be explained by the fact that at v = 8§ mm/s, the
parameter To through the lubricating formations is less than at dry contact, due to the action of free carbon
additionally released into the thinnest layers of lubricant from the disk surface. Without lubrication, the
parameter 1o is larger due to the metal bond and a smaller amount of carbon, which is insufficient to reduce
the shear resistance. In this case, the time spent on overcoming the adhesion forces is less than the time for the
manifestation of the action of these forces. And lubrication reduces the effect of these forces. At v> 8 mm/s,
the lubricating formation saturated with additional carbon continues to maintain adhesion forces due to its
molar mass increased by the additional carbon.
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Fig. 9. Changing the parameters of the adhesive bond in the contact of materials "CuCrNiZrTi - 3310H" depending
on the shear rate: a - piezoelectric coefficient; b - parameter 1o; 1 - in the environment of TAD-17I transmission oil;
2 - without lubricant.

In this case, the time spent on overcoming the adhesion forces through the lubricant continues to be
conditionally insufficient for their destruction, which cannot be said for the time spent for the destruction of
the metal bond forces.
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Fig. 10. Changing the parameters of the adhesive bond in the contact of materials "CuCrNiZrTi - 5140H"
depending on the shear rate: a - piezoelectric coefficient; b - parameter 7o;
1 - in the environment of TAD-171 transmission oil; 2 - without lubricant.

We have shown above that during lubrication the dynamic coefficient of friction was 0.13; 0.17; 0.22.
From which it follows that the displayed antifriction properties of the HEA of the CuCrNiZrTi system are
not inferior to the antifriction properties of bronzes, brass, aluminum alloys and antifriction gray cast irons
(Table 6).

Table 6. Characteristics of antifriction materials

Material Coecfficient of friction on steel
Babbits
BS83, B16, BK2 0.07-0.12
Bronze
Br010F1, BrO5TSS5SS, BrS30 0.1-0.2
Brass
LTs16K4, LTs38bts2S2 0.15-0.24
Aluminium alloy 0.1-0.15
Anti-friction gray cast irons
AChS-1, AChS-3 0.12-0.23

Lead bronze BrS30, containing 30 % lead, and aluminum alloys with a soft structure of lead or tin are the most
widely used antifriction materials. The antifriction properties of these alloys, especially aluminum alloys, are quite
high, since under boundary friction, soft metals are capable of forming a thin anti-seize film that prevents direct
contact between the matrix and the steel counter body. Due to the good thermal conductivity, the lubricant layer on
these alloys is maintained at high sliding speeds and high pressures. Lead bronzes (like tin ones) are distinguished
by high thermal conductivity (four times higher than that of other bronzes), good fatigue resistance, withstand very
high specific loads, and are widely used as an antifriction layer for heavily loaded bearings with high specific
pressures. As follows from the table 6, antifriction alloys of the Al-Sn system are capable of operating at the highest
specific friction power.

The specific resistance of the CuCrNiZrTi alloy is p = 3.1 10"®* (Ohmem), and for aluminum Al itis p=2.7 10"
8 (Ohmem), that is, our alloy has high thermal conductivity. The microhardness of the CuCrNiZrTi coating (890
HV) is not inferior to high-entropy equiatomic alloys. Tests have shown that the wear resistance of the CuCrNiZrTi
coating is ~ 3210 g/min, which corresponds to the wear-resistant coatings. At the same time, the calculated energy
intensity of wear obtained in this work with an order of 10 also confirms the high class of wear resistance of the
coating under study. Based on the above, high-entropy coatings of the CuCrNiZrTi system turn out to be
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antifrictional, which leads to energy savings and, along with a low coefficient of friction (0.13-0.22), can compete
with bronzes and aluminum alloys, which are more expensive than our coatings.

Conclusion

The results obtained in this work revealed the features of the manifestation of friction and wear of the
HEA of the CuCrNiZrTi system during contact interaction with structural materials - alloyed steels 5140H,
3310H and cast iron M500, as well as the parameters of adhesion properties when modeling shear on small
samples. It was found that under conditions of drop lubrication, the surfaces of the samples of the studied
materials appear to be compatible and are satisfactorily run-in. In this case, the parameters of high-speed and
force loading determine the manifestation of boundary lubrication. The CuCrNiZrTi system demonstrated the
best antifriction properties during lubrication when interacting with steel 3310H, and without lubrication with
steel 5140H. At the same time, the lowest wear resistance was observed when working with 5140H steel. The
CuCrNiZrTi system showed average properties when working with cast iron M500.

The obtained graphic patterns and the parameters of their mathematical approximation made it possible
to determine the nature of the change in the adhesive properties of the CuCrNiZrTi system with a change in
shear rates. It was found that the highest values of the parameter T0 during lubrication are characteristic for the
system of materials "CuCrNiZrTi - 5140H " and depend on the shear rate, the smallest values of 1o are
characteristic for the system "3310H - CuCrNiZrTi", the system " M500 - CuCrNiZrTi" occupies an
intermediate position. At the same time, the  parameter for the system of materials "CuCrNiZrTi - 5140H"
when lubricated is the smallest, while for the system "3310H - CuCrNiZrTi" it is the largest and depends on
the shear rate. It was also found that the § parameter does not depend on the shear rate at dry contact for the
"CuCrNiZrTi - M500" system and during lubrication for the "CuCrNiZrTi - 5140H " system.

The character of manifestation of the adhesive properties of the CuCrNiZrTi system in contact with
alloyed steels 5140H, 3310H and M500 cast iron with a change in shear rates has been established. At the
same time, it was determined that the parameter 1o manifests itself in the entire simulated pressure range
regardless of the lubrication conditions and depends on the shear rate, while the p parameter turned out to be
independent of the shear rate during dry contact for the system of materials "CuCrNiZrTi - M500" and during
lubrication for systems "CuCrNiZrTi - 5140H ". New information on the numerical values of the dynamic
coefficient of friction and the parameters of the adhesion properties of the HEA of the CuCrNiZrTi system
expands the information on alloys of this kind. At the same time, it is recommended to use it in the selection
of materials for joint work with it in friction pairs of mechanical engineering objects, as well as in the
performance of analytical calculations for the predictive assessment of the effect of the adhesion component
of friction on the state of the tribological contact of the surfaces of parts, taking into account their loading
conditions and operating conditions.
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The conventional direct and indirect methods to study the mechanical characteristics of concrete are mainly
performing discrete measurements, omitting the continuous internal and external phenomena occurring in the
concrete body that may significantly affect its strength and quality. This study presents a multisensory device and a
method that simultaneously measures and assesses the impact of curing temperature, ambient temperature and
relative humidity on the concrete strength. The device was assembled on the basis of Arduino Pro Mini
microcontroller connected with various sensors, as well as clock reading and memory modules. The method
proposed to assess the impact of different factors on concrete strength is based on strength tests and their confidence
curve, monitoring of concrete curing conditions, correlation and weighting techniques. The performance of
proposed device and its method was justified experimentally using the concrete cubic specimens of different size.
To visualize the specimens monitoring results the color gradations, petal and bar chart representations were used,
and taken into account for the future implementation of a software interface for the multisensory device.

Keywords: concrete strength, sensors, continuous phenomena, Arduino, monitoring.

Introduction

There exist many methods to control the concrete strength both in the laboratory and construction
site, depending on the structure and the applied load. A distinction is made between direct and indirect
methods. Often construction crews use indirect methods in the initial stages of concrete curing to save
on laboratory costs. Direct methods are mostly used during the scheduled curing periods (i.e., 3, 7,
and 28 days) of concrete to obtain test reports allowing further loading of the structure [1]. The
strength control methods by which structural loading decisions made are based on standards or
regulatory documentation on a national, regional or organizational scale. The importance of this
documentation is justified by international design standards, because through these documents, one
community is in contact with another under predetermined regulations. There are different categories
of this documentation: standards, codes, specifications, and other national regulations. Abroad, in
such countries as the United States, Great Britain, Germany, Australia, and Japan, there are entire
communities to control and improvement of regulations in this direction [2]. It is worth noting that
independent institutions also make adjustments in the application of standards; their number is not
great, but cooperation is at a high level.

All standards take into account the influence of various external and internal factors on the
concrete strength gain. [3] identified about 20 influencing factors. It is not easy to judge the degree
of influence of one or another factor at the time of concrete strength gain as it is a complex process,
but summarizing it is possible to classify them into 3 groups: 1) Factors affecting the strength before
concrete batching; 2) Factors affecting the strength at the time of batching the concrete; 3) Factors
affecting the strength after concrete batching. The predominance of one of the groups in case of non-
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compliance with the technology of production of concrete is revealed only at the stage of its strength
gain, which is fraught with financial and time losses [2].

Most of the errors that reduce the design strength of the structure is associated with the 3™ group
of factors, in the period of care of the concrete. This is justified by the fact that factors 1 and 2 are
formed in the laboratory or factory conditions, where the probability of making an error in the
technology of concrete batching is negligible, which is not possible to state about the field
temperature and humidity conditions. As much depends on the process of paving and care of the
concrete. It should be noted that the paving process, depending on the volume can take several hours
or even a whole day. While care, regardless of the volume lasts all 28 days without exception. During
this time, the concrete is exposed to many internal and external factors and their study provides an
opportunity to properly examine their impact on the structure to avoid risks that can lead to dire
consequences. Conventional methods [4,5] do not provide a detailed picture on the processes taking
place in the concrete body, since they are based on mechanical reactions when being applied. Also,
they examine characteristics on certain points or parts of structure, but not a whole, and reveal discrete
values. As is known, the most influencing factors for concrete strength are curing temperature,
ambient temperature and relative humidity. All three are continuous phenomena [6]. Therefore, to
monitor their impact and make timely and preventive decisions, corresponding techniques and
equipment should be used. One of promising techniques is application of maturity sensors [7-9] that
enable estimation of concrete strength using a predefined maturity-strength relationship. However,
these sensors may register mostly only curing temperature; but those for several parameters — disable
simultaneous measurements. Therefore, to take into account external factors, these sensors need to
be substantially redesigned. Moreover, the Maturity methods [10] that they apply do not consider
joint effect of internal and external factors on concrete strength. The literature lacks sensor-based
solutions on real-time monitoring of concrete curing conditions taking into account several factors at
a time. In addition, the proper method to examine the patterns between the concrete strength and
influencing factors are poorly addressed in previous studies [11-15]. These patterns appear to be
important to assess the degrees of impact of the factors on concrete strength.

In view of the above, this work is aimed at the development of a multisensory device for
monitoring and a method for assessing concrete curing conditions. The device is assembled from
sensors for concrete curing temperature, ambient temperature and relative humidity on the basis of
Arduino microcontroller. The assessing method is based on strength tests, monitoring of parameters,
correlation analysis to recognize patterns of interdependency of parameters with concrete strength
[16], calculation of parameter weights, as well as visual representation of the patterns. The calculation
of weights is assumed to be a proper technique to demonstrate the degree of influence of the
parameters.

1. Development of multisensory device

The multisensory device (MSD) development was carried out in steps. The first step was to
design the IT-architecture that consisted of microcontroller Arduino Pro Mini (1), four waterproof
temperature sensors DS18B20 (2), ambient temperature and relative humidity module DHT11 (3),
real time clock module DS3231 (4), micro-SD card module (5) with the card (6), and two Li-ion
batteries INR18650-20S 3.7V connected in parallel (7) as shown in Fig. 1.
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Fig. 1. MSD IT-architecture

The next step was to solder the components together according to the connections indicated in
the IT-architecture, for which an electric soldering iron was used. Further steps were to program the
microcontroller in “C” language using an open-source Arduino integrated development environment
(or Arduino IDE), to conduct test measurements and validate the measurement interval, saving to the
SD card, as well as structure and content of the measurement data. Final step was to envelop the
electronic components into a safe housing, for which a standard plastic case with dimensions of
15%10%5 cm was chosen (Fig. 2).

Fig. 2. Programming té microcontroller of MSD

It should be noted that the developed MSD has not the same design and functionality as its
analogues [7-9,14,15]; it has certain differences that makes it more convenient to use: 1) Reusability
(only wired temperature sensors are replaced), since the analogues are mostly embedded fully in the
concrete body forever and each time new device should be purchased; 2) Storage of monitoring data
in a single SD card that is easy to extract and use in PCs; 3) Central control of sensors via a single
microcontroller, which makes synchronic and accurate measurements without the risk of data loss;
4) Longer service life due to energy-efficient components, powerful battery and efficient electronic
circuit (analogues are mostly based on energy-intensive IoT concepts). Therefore, this makes MSD a
fairly affordable alternative for construction companies of all sizes.

2. Materials and methods

The experimental studies were carried out using a commercial concrete with grade of B25 M350
produced by LLP "Temirbeton-1" (Almaty, Kazakhstan). Freshly mixed concrete was used to prepare
15 small cubic specimens with rib size of 10 cm and 2 large cubic specimens with rib size of 50 cm
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for the testing procedures. Testing equipment composed of a newly developed MSD with
measurement accuracy of £0.1°C for temperature and 1% for relative humidity, hydraulic press from
NIISTROMPROIJECT, LLP (Almaty, Kazakhstan) with accuracy of +1% and sclerometer IPS-
MG4.03 from CSI Research&Lab, LLP (Nur-Sultan, Kazakhstan) with accuracy of +8%.

Compression testing of small cubic specimens was carried out using the hydraulic press in series
of 3 cubes on 1, 3, 7, 14 and 28 days of curing according to [4] (Fig. 3a). On the same curing ages,
the large specimens were tested for strength on the side surfaces using the sclerometer according to
shock pulse method [5], for which the average values from the two specimens were deduced (Fig.
3b). It was the average strength values that were used for further analysis. The curing temperature of
large specimens, as well as ambient temperature and relative humidity on their curing conditions were
measured each 0.5 hours [17] (Fig. 3c¢). The strength values at 1, 3, 7, 14, 28 days of curing were
obtained in the course of testing of small and large specimens (Table 1) and strength curves were
plotted according to them later.

Further the received curves have been superimposed on the single diagram and on their crossings
the confidence curve (i.e., containing the least of values received by methods of compression and a
shock pulse) was detected. In order to accurately determine the values of the confidence curve for
both strength gain curves (for compression and for shock pulse), the trend lines were constructed,
their equations and approximation reliabilities (coefficients of determination) were extracted. The
equations made it possible to calculate the strength values for every 0.5 hours.

Fig. 3. Testing setup: a) compression test; b) shock pulse test; ¢) temperature and humidity monitoring.

Table 1 — Strength test results

Age, | Compressive strength of Surface strength of large cubes, MPa
day | small cubes (average of 3 No. 1 No. 2 Average in cubes
per day)
1 14.2 10.15 10.35 10.25
3 20.45 24.25 21.65 22.95
7 25.25 27.75 28.45 28.1
14 28.75 30.3 29.95 30.13
28 33.2 31.3 31.35 31.33

Confidence curve values were determined for each 0.5 hour by selecting the lowest of the curve
values (i.e., from compression and shock pulse tests) with an accuracy of 99.9%. Table 2 below was
prepared to better structure the estimated values and monitoring readings for further analysis and
assessment of curing conditions of considered B25 M350 concrete.

Table 2 — Hourly estimates and readings



94 ISSN 1811-1165 (Print), 2413 - 2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No. 1 (39)

Age, | Curing temperature of large | Relative Ambient Compressive Surface Strength

hour cubes, °C humidity, temperature, | strength, MPa strength values of

No T No2 [ Averazs | ¥ B (average, | confidence

0.5 21.44 | 20.5 20.97 29.7 23.9 0.29583333 0.21354167 | 0.21354167

1 21.63 | 20.75 21.19 30.6 23.4 0.59166666 0.42708333 | 0.42708333

1.5 22 21.19 | 21.595 33.8 233 0.8875 0.640625 0.640625

2 22.5 | 21.69 | 22.095 31.3 23.2 1.18333333 0.85416667 | 0.85416667

2.5 23.13 | 22.31 22.72 30.9 23.5 1.47916667 1.06770833 1.06770833
etc.*

24 | 325 | 3288 | 32.69 33.1 22.6 14.198 10.25 10.25

etc.*

671 8.13 7.44 7.785 43.7 12.9 32.9875642 31.3221343 | 31.3221343

671.5 | 8.31 7.69 8 43.1 13.2 32.9917663 31.3234239 | 31.3234239

672 8.63 7.88 8.255 40.9 13.8 32.9959653 31.3247124 | 31.3247124

* Since the table contains 1344 lines of data, majority of them were omitted.

Subsequently, these values were used to determine the daily correlation coefficients [16] (Eq. 1)
with the values of the parameters of curing temperature, ambient temperature and relative humidity,
as well as to determine the degree of influence (Eq. 2) of these parameters on the concrete strength
gain.

Z§=4_18(Pi—ﬁ>-(5—5‘>
e = Jz;_i(Pi—E)Z-z;_i(s—s’)Z’ M
T48 T48
where: i — parameter that affects the strength gain of concrete (there are three considered parameters
in this study: curing temperature, ambient temperature, and relative humidity); ¢ — curing time of
concrete, which can range from 1/48 to 28 within this study, days; P; and P, — i parameter and its
average value for time ¢ (day), respectively, in units of one or another parameter; S and S— strength

and its average value for time 7 (day) respectively, MPa.

- |riel
Vl,t - Z?=1|Ti,t|’ (2)
Here it should be noted that the sum of the degrees of influence must be equal to one (Eq. 3).
3

The obtained values of correlation coefficients and degrees of influence were visualized using
color gradations, petal diagram and bar chart, as potential representation of monitoring results that
may be further integrated into a software interface of multisensory device. The accuracy of proposed
assessment method mainly depends on the equipment used for compressive and shock pulse tests,
which were £1% and £8% respectively in current study, since the uncertainty of MSD and its sensors
is negligible. Therefore, the confidence curve is assumed a suitable and less risky approach to reduce
potential losses of assessment accuracy.

3. Results and Discussion

The strength gain results of the two large specimens obtained with the shock pulse method are
shown below in Fig. 4a. It can be seen from the strength gain curves that their difference is
insignificant. Nevertheless, the curve of their average values at 1, 3, 7, 14, 28 days was used for
further analysis. In Fig. 4b, the cubic marker shows the strength gain curve obtained by the
compression testing of small specimens, which was compared with the average curve obtained by the
shock pulse method, denoted by the triangular marker. The bold line indicates the confidence curve
of the strength values. This curve is made up of the lowest strength values between the compression
test and the shock pulse method for each curing age of concrete, to provide some redundancy. It
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shows that for the first 2 days and the last 10 days, it coincides with the curve of average values of
strength obtained by the shock-pulse method, and from day 2 to day 18 with the curve of strength
values obtained by the compression testing of small specimens.

35 35

< <
E 20 E 20
Ed 5 Ed 5
5 1: Large specimen 1 g L GOST 10180
& 7]

10 Large specimen 2 10 GOST 22690

5 —— Average GOST 22690 5 Confidence curve

0 0

0 7 14 21 28 0 7 14 21 28
Age, days Age. days
a b

Fig. 4. Strength gain charts: a) shock pulse method; b) comparison and derivation of the confidence curve.

Figs. 5a and 5b show the trend lines, their equations and the coefficients of determination of the
strength gain curves of the compression and shock impulse methods, respectively. According to the
figures above, the trend lines were constructed in such a way that they converged to their strength
gain curves as much as possible. For this purpose, sections were created with intervals of 0-1 and 1-
28 days for the compression method curve, and 0-1, 1-3, 3-7, 7-14, and 14-28 days for the shock pulse
method curve, respectively. For each of the sections, different equations and coefficients of
determination (R?) were derived. According to the values of these coefficients one can assert a high
degree of approximation reliability. Thus, almost all R? of the obtained linear and logarithmic
equations are equal to 1, with the exception of the one in the segment 1-28 days of the compression
method curve. Given these coefficients as a percentage, their average value is 99.9%. Using the
equations by section, the accurate strength values for every 0.5 hours up to and including 28 days
were estimated for both methods.

35 3 35 y = 1.7312In(x) + 25.556
.................. R:=1
30 — 30
......... y =2.9215In(x)+ 22.415
25 - 25 RZ=1
< 77 y =5.6413In(x)+ 14.198 © :
2l R?=0.9992 S % y =60781In(x) + 16272
= - H R*=1
215 215 i y=1156nx)+10.25
3 = H R2=1
/5] 5] °
10 y =142x 10 : 1obs
R2=1 i y=10.25x
5 5 Rz2=1
0 0 ¢
0 7 14 21 28 0 7 14 21 28
Age, days Age, days
a b

Fig. 5. Trend lines: a) compression method; b) shock pulse method.

Figs. 6a and 6b show the results of monitoring the curing temperature of the large specimens
(average of two) and the air temperature and relative humidity in the specimens' storage area with
intervals of 0.5 hours over a period of 28 days. Fig. 6a demonstrates a sharp jump in temperature to
36.7 °C on the first and second day of curing due to the beginning of concrete setting, after which a
gradual decline with fluctuations during the day and night. Over 28 days, the minimum curing
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temperature decreased to 2.65 °C. A similar trend can be observed in the ambient temperature curve
(Fig. 6b), indicating its certain influence on the concrete strength gain process, as well as on the
exothermic process itself occurring in its body. The air temperature varied between 2.2 and 24.8 °C.
As can be seen in Fig. 6b, there is an inverse relationship between relative humidity and ambient
temperature: as the temperature increases, the humidity decreases, and vice versa. The humidity
varied between 24.9 and 100%, with an average value of 53.2%.
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g 25 g z
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Fig. 6. Results of monitoring: a) curing temperature (T); b) ambient temperature (AT) and relative humidity (RH).

The next step, using Eq. 1, the correlation coefficients between the values of the 3 parameters
considered and the strength of the confidence curve for each of the 28 days of concrete curing were
estimated. The results of these estimates are shown in Fig. 7 as two-color gradations (white-green),
with each cell assigned a shade depending on the modulus value of the correlation coefficients for all
3 parameters. In other words, the cells with the lowest values among all 84 (28x3) were tinted close
to white, and the cells with the highest values were tinted green.
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Age,days 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Fig. 7. Color gradation of correlation coefficients.

From the figure above, one can observe a markedly high correlation between curing temperature
and concrete strength gain, especially on days 2, 4, 10, and 21, since the correlation coefficients at
those days were within the range of 0.9 + 1. Relative humidity and ambient temperature correlate
well with strength on days 2, 9, 11, 20 and 23, with the correlation coefficients laying in the range of
0.4 = 0.9. The cumulative correlation of the considered parameters with the strength, plotted red as
an average between the three parameters for each day, vividly expressed cells on days 2, 7,9, 11, and
20. This pattern can be further used in expressing the dependence (function) of the strength from the
considered parameters, for which it would be logical to make a selection of parameter values exactly
on2,7,9, 11 and 20 days as the initial data. The degrees of influence of the considered parameters
on the concrete strength gain, calculated according to Egs. 2 and 3, are represented by a similar color
gradation (Fig. 8) on the basis of white and blue.
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Fig. 8. Color gradation of the influence degrees of parameters.

The results of the calculation of the degrees of influence for each of the 28 days show a fairly
logical pattern. Thus, the figure above shows that the effect of curing temperature on the strength of
the concrete noticeably prevails (YTmax = 0.9) in comparison with those of the other two parameters
(YRHmax = 0.4, and yatmax = 0.6). However, at 6, 9, 15, 20, 22 and 23 days, the external temperature
and relative humidity influenced more. Referring to Fig. 6a and 6b, it can be understood that it was
on these days that the temperature and humidity conditions were quite critical for the concrete in the
large specimens.
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6 31%
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—
——1RH
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Fig. 9. Spatiotemporal representation of monitoring results as petal diagram (left) and bar chart (right).

An alternative representation of the results of calculating the degrees of influence is presented in
Fig. 9a as a three-color petal diagram, where blue, orange, and gray colors correspond to the degrees
of influence of curing temperature, relative humidity, and ambient temperature. The percentage ratio
of the area of these petals is shown in Fig. 9b. The pattern can be seen that this ratio is equivalent to
the ratio obtained by averaging the degrees of influence for all 28 days for each parameter separately.
And their sum is always equal to 100%.

Conclusion

As a result of this work, a reusable multisensory device was developed that allows monitoring
of concrete curing temperature, ambient temperature and relative humidity simultaneously, which
indicates the advantage of the solution compared to previous works. Moreover, its electronic circuit
administered by Arduino Pro Mini microcontroller ensure its longer service life due to energy-
efficient components and powerful battery used, as well as a long-term economic benefit.

A method of assessing the influence of the main internal and external factors on the concrete
strength gain, based on correlation analysis and weighting of parameters, has been proposed.

The proposed method for determining the concrete strength confidence curve, or in other words,
the Least Risk values, may allow engineers and contractors to optimize construction phases,
contribute to a reasonable reduction in project delivery time and reduce risks in the loading of concrete
structures.

The color gradation and petal diagram offered to demonstrate the correlation and the degree of
influence of one or another parameter by means of spatial-temporal visualization have potential to
present the current picture of processes taking place in the concrete body quite qualitatively and
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promptly and to communicate its nature to concrete engineers. These representation techniques will
form the basis of the interface of the software, which is in the plans for future work.
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ELECTROHYDRAULIC METHOD FOR PROCESSING OF THE
PHOSPHORUS CONTAINING SLUDGES
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The creation of an effective method for processing toxic waste from phosphorus production, as well as the
suppression of the sludge formation process itself, are still relevant. This article discusses a method for processing
toxic phosphorus sludge using electro hydraulic impulses. The phosphorus sludge structures before and after
treatment with electric discharges are shown. The histograms of the distribution of phosphorus sludge particles by
size after processing with electrohydraulic pulses are considered. It's established the content of large droplets is
low and on the contrary the high content of droplets of small size in the phosphorus sludge at the electro hydraulic
treatment result.

Keywords: phosphorus, sludges, electro-hydraulic processing, structure, pulses number, dispersed composition,
toxic waste

Introduction

The development of an effective method for extracting phosphorus from phosphorus sludges and
processing the residues into safe waste is still one of the urgent problems due to their high toxicity. At large
phosphorus plants, up to a thousand tons of phosphorus sludge is produced, and large mechanized installations
are being built to process it [1-7]. The toxic and flammable properties of phosphorus, the storage of sludge in
storage tanks worsen the ecological situation in the surrounding area, and also require free space and large
investments. The increasing needs for phosphoric salts and feed phosphates are one of the reasons for the
intensive development of the electrothermal method of phosphorus production [1].

The main raw materials for the electrothermal phosphorus production are the phosphorites mined from
the deposits of Karatau. Currently, in the city of Zhanatas, the chemical complex of «EuroChem» is operating,
where mining complexes have been built including units of medium crushing and dry grinding [2]. The
phosphorites of the Karatau basin contain low useful components, approximately 25%, but a high content of
impurities. At the same time, the specific weight of the necessary products is about 24.7% [3], and up to 30%
of phosphorus was produced in the form of phosphoric sludge [4]. Therefore, the use of a pulsed high-voltage
discharge to extract marketable products from sludge is an urgent task for the industry, and the introduction of
energy-saving technologies makes it possible to increase production efficiency [6].

Phosphorus plants in Kazakhstan mainly use two methods of sludge processing: stripping of phosphorus
with water vapor (distillation method) and direct combustion of sludge in special furnaces to obtain sludge
phosphoric acid [7]. The first method is characterized by a low intensity of sludge processing when obtaining
low-quality phosphorus, the second - by the low quality of the resulting product. There are also several
chemical methods for extracting phosphorus from water sludge. The phosphorus sludge is separated into an
aqueous suspension containing suspended particles of phosphorus and contaminants, and coarse solid particles.
The reagent is added. The coarse solids are mixed with hot water to melt the phosphorus sludge in them, which
is then separated from the inert solids. The solids are heated to burn off any residual elemental phosphorus.
Molten phosphorus sludge is mixed with a solution of chromic acid to extract phosphorus as a separate phase.
Then they again act with other reducing agents. The reaction mass is filtered and then in the form of a cake
can be buried as safe waste.

Without listing all the features and details, we can conclude that almost all methods use exposure to the
aquatic environment at high temperature and pressure. These effects can be provided by using the electro-
hydraulic (EH) method of processing phosphorus sludge. Let us consider some aspects of the application of
an EH processing of the phosphorus sludge.
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1. Method for processing phosphorus sludge using electro-discharge action

When using an electric discharge effect for the treatment of phosphorus sludge in an aqueous medium,
the structure of its dispersed particles is destroyed, the shells of phosphorus droplets are destroyed, preventing
the process of coalescence [8-11]. To implement this process, a high-voltage pulse is applied to the electrodes
placed directly in the phosphorus sludge medium, which causes the development and implementation of an
electric discharge in a liquid medium. In this case, all the energy stored in the capacitor bank almost instantly
enters the working gap in the liquid and is released in the form of a short electric pulse of high power. Further,
a high-pressure zone appears around the discharge channel. The liquid, having received acceleration from the
expanding discharge channel, moves in all directions at high speed. At the site of the discharge formation, a
cavitations are formed, which generates shock waves. Shock waves or compression waves act on phosphorus
droplets surrounded by a shell of the mineral part of the sludge and organic impurities and destroy these shells.
Drops of phosphorus free from the shielding shell settle, then in the process of coalescence (fusion) of
phosphorus particles, the phosphorus sludge is separated into pure phosphorus and impurities.

It is possible to intensify the process of obtaining phosphoric acid from phosphorus sludge because the
mineral shell of phosphorus particles is destroyed. Then phosphorus sludge with a strong stabilized structure
is processed into an emulsion-suspension of phosphorus particles and solid mineral impurities cleaned from
the shell. It should also be noted that in the EH processing method it is possible to adjust the parameters of the
electric discharge (energy, power, number of pulses, pressure at the front of the shock wave, ect.) depending
on the type of phosphorus sludge [10].

2. Experimental part

The experiments were carried out on a bench consisting of a thermostat, a measuring cell with a plane-
parallel capacitor (Fig.1.), an impedance meter that measures the total resistance modulus and phase angle
within the resistance range of 1+10” Ohm in the frequency range of 5+10% Hz. This instrument can be used to
directly measure the inductance and capacitance of dispersed particles by measuring the reactance at various
frequencies. To eliminate the effect of electrode polarization in the case of high conductivity of the test
substance, measurements can be carried out by varying the distance between the electrodes [11].

On fig. 1 is the scheme of the measuring block into which the phosphorus sludge samples are placed. The
bottom electrode 1 is grounded, and the top electrode 2 moves in the vertical-axial direction. To maintain the
temperature regime, the sensors are placed in a thermostatically controlled metal cup 4, the body 3 is made of
fluoroplast-4. Electrode 2 is insulated with a sleeve 5. There are branch pipes 6 on the glass for connection to
a thermostat.
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Fig.1. Measuring block of a laboratory electro-hydraulic installation.

In the experiments, the values of the particles electric capacitance were obtained for various EH
processing parameters. These results obtained can be used to calculate the energy losses at the stage of
formation of a high-voltage discharge in the aqueous medium of phosphorus sludge. It is also possible to
determine the optimal values of the parameters of the electric discharge pulse for sludges of various
compositions. Practice shows that in the process of phosphorus production slimes of various composition are
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formed and the choice of a reliable method for their processing is impossible without a detailed analysis of the
properties, structure and dispersed composition of slimes.

3. Results and discussion

The structure was analyzed using a scanning microscope. Data on changes in the microstructure as a
result of electropulse processing have been obtained. Using EH processing, you can change the number of
discharges. Now consider microscopic analysis and histograms of the distribution of phosphorus sludge
particles by size after processing with electrohydraulic pulses. For microscopic studies, a hermetically sealed
preparation with a thin section of solidified «monolithic» phosphoric slime or a layer of granular slime was
placed in an «Epiquant» structural analyzer, examined visually and selectively photographed in transmitted
light using a photo attachment. To complete the picture, microscopic studies of samples of phosphorus sludge
with phosphorus content of 70%, 50%, 30% and the mineral part of the sludge were carried out.
Microphotography of initial samples of sludge with a P4 — 30% content before treatment with electric
discharges was also performed (Fig.2). On the Fig. 3 shows microphotography of the sludge during settling
after electric discharge treatment, and it can be seen from the predominance of large droplets that there is a
process of micelle formation and phosphorus coalescence with its subsequent separated.

Fig.3. Microphotography of phosphorus droplets after treatment with electric discharges during micelle
formation and coalescence
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Figure 4 shows a microphotograph of the mineral part of the sludge after settling. Photoprints were used
to determine the size distribution of phosphorus droplets by the method of A.G. Spector chords method, the
volume fraction of phosphorus droplets in the sludge was determined by A. Rozival’s linear method, and the
specific surface area was determined by the random secant method for the space of S.A. Saltykov [1, 6].

Fig.4. Microphotographs of the mineral part of the sludge after electric discharge treatment and sedimentation

A typical histogram obtained by microscopic analysis of the sludge is shown in figure 5. Dimensionless
values of the number of dispersed sludge particles are plotted on the vertical axis ni/n. Statistical processing of
the analysis results showed that the most accurate description of the histogram is the differential distribution
function that obeys the logarithmically normal distribution law.

ni/n
0,2

0,15

0,1

0,05 -

0 - Dx
0 20 40 60 80 100 120

Fig.5. Typical histogram obtained by microscopic analysis of sludge.

In fact, larger droplets are aggregatively and sedimentally unstable, since the force of gravity becomes
greater than the forces of flocculation interaction between the particles and the phosphorus drop, overcoming
the structural and mechanical barrier, settles to the bottom of the vessel. Apparently, this is why the content of
large droplets is low. On the contrary, the smaller the droplet diameter Dy, so they are stable and sedimentation
stable, this explains the high content of droplets of small size.

All these factors determine the skewness of the histogram to the left of the maximum, which is
characteristic for the logarithmically normal distribution law. Figure 6 shows a histogram of the size
distribution of sludge particles after treatment with an electric discharge pulse of average power (Uo= 20 kV,
C= 0.15 pF). Figure 7 shows a histogram of the distribution of sludge particles after exposure to a more
powerful high-voltage pulse (Us=30 kV, S=0.35 uF). A significant increase in the content of smaller droplets
(0 — 40 microns) after exposure to a powerful discharge pulse, which indicates an intensive process of
dispersion of phosphorus particles and the dependence of this process on the pulse parameters. During the
shockwave effect on the phosphorus emulsion in water, the stabilizing shell of the phosphorus droplets is
destroyed, after which, during the subsequent settling, the phosphorus droplets coalesce (merge), they settle,
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and now the phosphorous sludge has an oil/water emulsion structure, that is, water droplets (the dispersed
phase), the so-called reverse-type emulsion, are distributed in the dispersion medium of phosphorus. The
phosphorus content in this type of sludge is more than 70%. Here the water droplets are already stabilized by
a shell of organic and mineral impurities.
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Fig.6. The size distribution of sludge particles after treatment with an electric discharge pulse of average power.
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Fig.7. The distribution of sludge particles after exposure to a powerful high-voltage pulse

Of particular interest are the dependences of the dispersed characteristics of phosphoric sludge on the
parameters of processing pulses. In subsequent experiments, the value of the initial voltage varied in the range
of 15+40 kV, with the value of the interelectrode gap, mm-11. As can be seen, that the main factor determining
the process of dispersion of phosphorus drops is the energy released in the discharge channel during the first
half-period of the discharge current oscillation. This value, in turn, determines the value of the pressure
amplitude at the front of the compression wave, which is the main tool for crushing phosphorus droplets. The
dependence of the dispersed characteristics of phosphoric sludge on the number of processing pulses is studied.
Figure 8 shows the dependence of the average diameter of the phosphorus sludge particles D on the number
of processing pulses N.
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Fig.8. The average diameter of phosphorus sludge particles distribution at different capacitors.
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The figures show that as the number of discharges increases, not only the average diameter decreases, but
also the dispersion decreases. This shows that the sludge is becoming more uniform in its dispersed
composition. Attention is also drawn to the fact that with an increase in the number of pulses, the average
diameter and dispersion change less significantly, the crushing process slows down.

Conclusions

The effect of electro-pulse processing with different parameters is analyzed on the basis of a comparison
of the properties and structure after processing. In conclusion, it should be noted, based on the analysis of the
above results, the possibility of using high-voltage electrical discharges in the processing of emulsions. By
adjusting the parameters and number of processing electric discharge pulses, you can adjust the particle size
of the dispersed phase and prepare emulsions with the desired dispersion characteristics. Statistical analysis of
the obtained curves shows that particles of a certain size obey the logarithmically normal distribution law.
Moreover, during electrohydraulic treatment, some dispersion of phosphorus droplets is first observed, but
after settling and coagulation and coalescence processes, the droplet diameter increases, after which the
emulsifier separates with released phosphorus. The results of the experiments showed that the use of a pulsed
high-voltage discharge makes it possible to extract environmentally friendly products from phosphorus sludge
with specified sizes of dispersed particles. This means that the electrochemical processing of phosphorus
sludge into high-quality products can improve technical and economic performance and improve
environmental performance, in which the environment is less polluted by toxic waste.
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Higher order elastic constants were calculated of the intermetallic GdFeAl ternary compound using
Lennard Jones potential approach. With the using of second order elastic constants (SOECs), other elastic
moduli; shear modulus, bulk modulus, Young’s modulus, Pugh’s ratio, constants of elastic stiffness and Poisson’s
ratio are estimated for mechanical and elastic characterization at room temperature. Born stability and Pugh's
criteria are used to examine the nature and strength of the intermetallic ternary compound and found that it is
mechanically stable compound. For the investigation of anisotropic behaviour and thermophysical properties,
ultrasonic velocities and thermal relaxation time have been also calculated along with different orientations from
the unique axis of the crystal. The temperature variation of ultrasonic velocities, Debye average velocity and
thermal relaxation time along the z axis is evaluated using SOECs. The ultrasonic properties correlated with
elastic, thermal and mechanical properties which is temperature dependent is also discussed. Ultrasonic
attenuation was calculated at different temperatures due to phonon — phonon (p — p) interactions. The responsible
reason of attenuation is p-p interactions, it was got that the thermal conductivity is a core contributor to the
characteristic of ultrasonic attenuation as a role of temperature. GdFeAl ternary compound behave as its purest
form at lower temperature and are more ductile demonstrated by the minimum attenuation.

Keywords: intermetallic ternary compound, elastic properties, mechanical properties, thermal conductivity,
ultrasonic properties

Introduction
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RTX types of intermetallic ternary compounds, including rare earth R, transition metal T and p element
X, have performed an extremely classy variation of the crystallographic structures for magnetic
characterization. These ternary compounds have different crystallographic structures [1]. The GdFeAl
ternary compound was seen crystallize into MgZn,- type hexagonal crystal structure, wherever rare-earth
atoms involve the 4f site while Fe and Al are positioned at sites 2a and 6h [2, 3]. The GdFeAl had been
observed an MgCu,-type structure, when cooling gradually after annealing [4]. TbFeAl and GdFeAl ternary
compounds had been observed as a ferrimagnet’s nature with transition temperatures 195 K and 260 K
respectively, with decreased the magnetic moment of rare-carth atoms due to disordered contribution
detected by the neutron experiments. A second order magnetic phase transition has confirmed at 265K [5, 6].
Magnetocaloric effect (MCE) was attracted considerable attention predominantly because of likely
application in magnetic cooling or the gas liquefaction. These ternary compounds have excellent
magnetocaloric properties, namely high entropy change and large temperature change [7,8]. In the last few
years compounds with magnetic transition had been commonly connected with structural transition due to
his huge entropy change [9, 10]. In last decay, it may be used in magnetic refrigeration cycle.

It is probable that magnetic cooling would be obtainable to buyer in several years as a more effective
environmentally safe for the traditional type of refrigerator [11, 12]. The properties of GdPdX (X = Al, Si,
Ga, Ge, In, Si) compounds were expansively examined their characterization [13]. Ultrasonic attenuation
(UA) is the exact main physical parameter to describe a material, whichever appreciates the specific
relationship between the anisotropic behaviour of the proximal hematinic planes and affinity of structural
motion, some physical measures like thermal energy density, specific heat and thermal conductivity, is well
associated with higher-order elastic constants [14].

In this work, we were worked diligently to make the relationship between thermo physical and
microstructural properties for intermetallic ternary compound. Intermetallic GdFeAl ternary compound will
help in understanding the mechanical behaviour of intermetallic ternary compounds and it will performance
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and significant role in the illustration of manufacturing apparatus with useful physical properties under
moderate working conditions. For that, we have considered temperature dependent ultrasonic attenuation
coefficient, elastic stiffness constant, acoustic coupling constants, thermal relaxation time and the ultrasonic
velocity for ternary compounds. Bulk modulus (B), Young's modulus (Y), shear modulus (G), Pugh's ratio
(B / G) and Poisson’s ratio were also calculated and then discussed for this ternary compounds. The findings
should serve as a theoretical foundation for future research of intermetallic ternary compound. The
theoretical technique and calculation methods of this analysis will be presented in this paper, which will be
accompanied by theoretical results, discussion and conclusions.

1. Computational theory

There exists numerous approaches to analyses high-order (SOECs, TOECs) elastic factors of hexagonal
materials. According present our effort, the Lenard Jones interaction potential approaches was using for the
evaluation for SOECs and TOECs. Higher order elastic constants of hexagonally based materials are a
consequence to lattice parameters, according to the potential methodology to evaluation. A general
description of elastic coefficient of n” order is the fractional derivatives of the medium constrained to
determinate deformation as well as mathematically conveyed by subsequent expression as [14, 15]:

o"F
T 00NN mn (0

Whenever, F (free energy density) may be extended in relations of strain 7;; (Lagrangian strain

component tensor) Taylor series expansion as:
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Thereby, the free energy density is written such as:
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a(0,0,c). Where a and c are the lattice parameters. For hexagonal compound, unit cell contains 6- atoms in
basal plane and 3-3 atoms upper and lower the basal plane. The consequently, both first and second
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neighborhood contains of 6 atoms. Here r; = a(0,0,0)and r, = ( ) represent position vectors.

The form of potential energy is written as following:
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Wherever, I represent the above basal plane and J denote below the basal plane. Interatomic vectors in
non-deformed state (r) and deformable state (r") are associated as:
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Whenever, ¢; and ¢;are the component of cartesian vector 7. U (energy density) may be describing
based on@as [17-18]:
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Equations (4) and (6) give the U including cubic terms as:

6 6
1 1

z z@,ZDZ(p(r,) + Z ZQJZszp(T])

=1 =

+(@2V) 7 215,603 0 () + X150, D30 () @)

Wherever, D=R"d/dR and ¢(r) represents the interaction potential, The value of V. = [3'%/2] &’ ¢

signifying the per unit volume. The energy density is examined in terms of Lennard Jones potential and
specified as:

U, + Uz = (2V)71

b
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Wherever, ay and by are constants. Establish the Lenard Jones potential approach leads to computed 6
SOECs and 10 TOECs of the hexagonal compound and formulations of elastic constants were taken by our

previous papers [14, 15].
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Bulk modulus and shear modulus were calculated using Voigt and Reuss’ methodologies [16, 17]. The
calculations of unvarying stress and unvarying strain were used in the Voigt and Reuss’ methodologies,
correspondingly. Furthermore, the average values of the both methodologies were used toward compute
ensuing values of B and G using Hill’s methods, [17, 18]. Using the values of Bulk modulus (B), Shear
modulus (G), Poisson’s ratio (¢) and Young’s modulus (Y) are evaluated [19, 20]. The following expressions
were used for the evaluation of Y, B, G and ©.

_ 2 _ 2 .,
M = Cyq + Cy3 + 2033 — 4Cy3,C” = (€11 + C12)C33 — 4Cy3 + C743;
c? 2(C11+Cq3)+4C3+C33
BR = ﬁ; BV = 9 )
M+12(Ca4+Ce6) 5C2C44Ce6 r (9)
Gy =————=;Gg = 2 ;
30 2[3ByC44Ce6+C?(CagtCep)]
9GB By+Bpg Gy +GR 3B-2G
=—; =—-——=; G= ;0=
G+3B 2 2 2(3B+G6) J

Ultrasonic velocities in hexagonal compound are one longitudinal ¥; and two shear (Vs;, Vs2) waves
velocities, where, Vi is the longitudinal and Vs; and Vs; are shear and quasi-shear and shear wave velocities
[21]. The Debye average velocity is specified by the equation as [22]:

-1/3
Vo= (m++ )] (10)
At the low temperature regime, the mean free path of electron is alike as the mean free path of
acoustical phonons. Accordingly, a high probability coupling arises between acoustic phonons and free
electrons [14]. The mathematical formulation of UA for longitudinal (o)..g and shear waves (a)shear 1S given
by:
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where ‘p’ is the density and ‘f” is the frequency of the ultrasonic wave of hexagonal compound, ‘ne’
represent the electron viscosity and ‘X’ is the compressional viscosity, Vi and Vs are given as:

/c /c
vV, = f and Vg = f (13)

The viscosity of the electron gas (1,) [21, 22] is given by
1152 (272 )\ 2/3
n, = 9x10 rsze(23Rn N) ’ (14)
where ‘R’ is the resistivity and ‘N’ represents the number of molecules per unit volume.
At high temperature, p-p interaction (Akhieser’s type of losses) and thermoelastic losses are the two
prevailing methods, whichever are considerable for ultrasonic attenuation. The Akhieser’s type of loss is
specified by the subsequent equation:
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Here Egrepresent thermal energy density. Also, the_ acoustical cpupling constants (D) is given by:
D =33E, < (¥/)? > —<vy! >2 ¢,T)/E, (16)
Here Cv is the specific heat per unit volume and yl-] is the Griineisen numberof the material. The

thermal relaxation time, signified by ‘7’ is given by:
3k
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Here 7, and t5 are the thermal relaxation time for the longitudinal wave and shear wave respectively,
the thermal conductivity represents as ‘k’. The thermoelastic loss (a/f?)yy, is evaluated by the subsequent
equation [21, 22]:

T=Ts=1,/2 =

j KT
(@/f*)mn = 4m* <y >* 27

The total ultrasonic attenuation is specified by the subsequent equation as:

(@/fDrotar = (@/fDrn + (@/f2) + (@/f?)s . (19)

(18)
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Wherever (a/f?)rpis the thermoelastic loss, (a/f?),and (a/f?)g are the ultrasonic attenuation
coefficient for the longitudinal wave and shear wave correspondingly.

2. Results and discussion
2.1 Higher order elastic constants

We have used interaction potential approach to calculate the elastic constants (six of SOECs, ten of
TOECs) in this investigation. The lattice parameters ‘a’ (basal plane parameter) and ‘p’ (axial ratio) for
intermetallic GdFeAl ternary compound is 5.442 A and 1.622 respectively [23]. The chosen values of m and
n for intermetallic GdFeAl ternary compounds are 6 and 7. Values of by are 1.13x10°? erg cm’ for GdFeAl
compound. SOECs and TOECs were calculated for the intermetallic GdFeAl ternary compound at room
temperature is offered now Table 1.

Tablel. Second and third order elastic constants (SOEC and TOEC) in (GPa) at room temperature.

Ternary Cn Cn Ci Css Caa Ces B
compound

GdFeAl 64.5 15.83 13.56 64.28 16.27 25.27 32.5
Ternary Cin Ciz Cis Cins Ciss Ciaa Ciaa Ciss Cox Cass
compound

GdFeAl -1050 -1666  -347 -442 -2171 -2035 -515 -343 -8315 -8042

Intermetallic GdFeAl ternary compound had the highest elastic constant values, which are important for
the material, as these are associated with the stiffness parameter. SOECs are used to determine the UA and
associated parameters. Highest elastic constant values found for this intermetallic ternary compound are
indicative of their better mechanical properties over another intermetallic ternary compound.

Evidently, for steady of the hexagonal compound, they would satisfy the renowned Born- Huang’s
stability norms [19, 20], i.e. C11—-|C12| > 0, C11> 0, C44 > 0 and (C11+C12) C33—2C213> 0 (Table-1). It
is evident that the values of above elastic constant are positive too satisfies Born-Huang's mechanical
stability criteria and therefore totally this intermetallic GdFeAl ternary compound are mechanically stable.
The bulk modulus for intermetallic GdFeAl ternary compound can be calculated and presented in Table 1.
Comparing our results with the Debye temperature of GdFeAl ternary compound. The current value of
Debye temperature is 170.6 K, evaluated using SOECs, while the Debye temperature experimentally
determined by Kastil et al. [24] is 170 K. Thus, there is good agreement between the present value and
reported value by Kastil et al.

Thus, there is respectable agreement between the presented and the informed values, which is correlated
with second order elastic constants. Therefore, our theoretical methodology is well justified for the
evaluation of SOECs of hexagonal ternary compound. We present the calculated values of TOECs in table 1.
The negative sign of TOECs designate a negative strain in the solid. Negative TOECs appear in the previous
paper on hexagonal structure ternary compound. Therefore, this applied theory for valuation of higher order
clastic constants is justified [25, 26]. Also, this theory is applicable for other hexagonally binary and
quaternary compounds [27, 28].

The values of B, G, Y, B/G and ‘s’ for intermetallic GdFeAl ternary compound at room temperature are
calculated using Equation (9) and existing in Table 2.

Table 2. Voigt-Reus’ constants (M and C?), B (x 10!°Nm?), G (x 10!°Nm?), Y (x 10'°Nm?), ¢, B/G for
intermetallic GdFeAl ternary compound.

Ternary M c? B: By G Gy Y B/G G/B c
compound
GdFeAl 155 5290 34 31 21 22 53 1.51 0.66 0.228

The intermetallic GdFeAl ternary compound has little Stiffness and bonding. B/G and ‘c’ are the
measure of brittleness and ductility of solid. If 6 = 0.228 < 0.26 and B/G = 1.51<1.75, the solid is generally
brittle, otherwise it is ductile in nature [28, 29]. Our finding of lower values of B/G and ¢ compared to their
critical values indicates that chosen ternary compound are brittle in nature at room temperature. It is well
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known that for stable and elastic material the value of ¢ should be less than 0.5. The value of ‘c’ evaluated
for GdFeAl is smaller than its critical value. The compressibility, hardness, ductility, toughness, brittleness
and bonding nature of the material are also well connected with the SOECs.

2.2 Ultrasonic Velocity and allied parameters

In present analysis, we have correlated the mechanical and isotropic behavior of the hexagonal
compound with ultrasonic velocity. We have calculated all three velocities Vi, Vs, Vp and thermal relaxation
time (t) for intermetallic GdFeAl ternary compound. The thermal conductivity of intermetallic GdFeAl
ternary compound has been evaluated from electrical resistivity using Wiedemann- Franz law [23] and
presented in Table. 3 The values of temperature dependent thermal energy density (Eo) and specific heat per
unit volume (Cv ) are calculated using the tables of physical constant are presented in Table. 3. The values of
temperature dependent acoustic coupling constant (Dr and Ds) are shown in Table. 3

Table. 3. Density (p:x 10° kg m™), specific heat per unit volume (Cv: x 10°Jm=K™"), thermal energy density (Eo: x
103Jm), thermal conductivity (k: x 10* Wm'K") and acoustic coupling constant (Dp, Ds) of GdFeAl ternary
compound.

Temp p Cv Eo k DL Ds
50 6.18 3.84 7.57 0.76 53.65 1.12
100 6.16 5.58 3.22 1.45 54.81 1.12
150 6.14 6.01 6.11 2.19 55.18 1.12
200 6.12 6.15 9.15 2.84 55.37 1.12
250 6.10 6.21 12.19 342 55.47 1.12
300 6.08 6.23 15.22 4.04 57.14 1.12

It is clear form Table3 that for all temperature, the values of Dy are larger than those of Ds for GdFeAl
ternary compound. It indicates that for the shear ultrasonic wave the transformation of ultrasonic energy into
thermal energy is less than for longitudinal ultrasonic wave.

The angular dependence ultrasonic velocities are shown in Figs. 1-4. The angles are measured form the
z-axis of the crystal. Form figs. 1 and 2, velocities Vi and Vs of GdFeAl ternary compound has minima and
maxima at 45°at all temperatures. In Figure 3, we find that Vs, increases with temperatures along the z- axis.
The irregular behavior of orientation dependent velocity is due to combined effect of second order elastic
constants and density of the material. The nature of the orientation dependent velocity curves in this work is
similar to nature of orientation dependent velocity curve found for other hexagonal type’s material [25, 26].
Thus, the angle dependence of the velocities in intermetallic GdFeAl ternary compound is justified.

Figure 4 shows the variation of Debye average velocity (Vp) with the angle made with the z- axis of the
crystal. It is clear that Vp increases with the angle and reaches maximum at 55° for intermetallic GdFeAl
ternary compound. As the calculation of Vp involves the velocities Vi, Vs and Vs, [26, 28]. It is
understandable that the variation of debye average velocity is affected by the fundamental acoustics
velocities. The maximum value of Vp at 55° is due to a significant increase in pure shear and longitudinal
wave velocities and a decrease in quasi-shear wave velocity. It may be determined that average sound wave
velocity is a maximum when a sound wave travels at 55° angles with the z- axis of this crystal.

Figures 5 shows a plot of the calculated thermal relaxation time ‘t’ with the orientation dependent.
Angle dependent ‘T’ curves track the reciprocal nature of Vp ast < 3K /C, V2.

It is clear that thermal relaxation time for intermetallic GdFeAl ternary material is mostly affected by
‘k’. Thermal relaxation time ‘v’ for hexagonally type structured compounds is of order at picoseconds [29,
30, 31]. Therefore, the calculated ‘t> explains the hexagonal structure of intermetallic GdFeAl ternary
compound. Along 6 = 55°, the lowest value of ‘T’ for wave propagation denotes that the re-establishment
time for equilibrium distribution of thermal phonons will be minimum for propagation of wave along this
direction. Ultrasonic attenuation due to p-p interaction and thermal relaxation occurrences.
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2.3 Ultrasonic attenuation due to phonon-phonon interaction and thermal relaxation
phenomena

While evaluating the UA, the attenuation coefficient divided by frequency squared (a/f?)xn is
calculated for the longitudinal wave (a/f?),and for the shear wave (a/f?)susing Eqns. 11 and 12 under
the condition wt<<1 at different temperature along the z- axis of intermetallic GdFeAl ternary compound.
Eqn. 18 has been used to calculate the thermo-elastic loss divided by frequency squared (a/f?)r,. Figures
6-7 present values of the temperature dependent longitudinal, shear and total attenuation of intermetallic
GdFeAl ternary compound.

In this work, the acoustic wave is assumed to propagate along the z- axis of the crystal from Fig. 6-7. It
is evident that the Akh. type of energy losses (@/f?2) axn proportional to D, Eo, T and V- (Eqns. 15 and 18).
Table 3 shows that” E¢ and ‘V’ are increasing with temperature. Hence Akhieser losses in GdFeAl ternary
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compound are overwhelmingly affected by Eo and the ‘k’. Consequently, the increase in UA is due to the
increase in thermal conductivity. Therefore, it is the p-p interaction which predominantly governs the
ultrasonic attenuation; outstanding to deficiency of theoretical/experimental facts in the literature a
comparison of UA could not be made.
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of GdFeAl compound. compound.

In Figures 6-7, it is clear that the thermo-elastic loss is much lower in comparison to Akhieser loss for
intermetallic GdFeAl ternary compound, and also the total attenuation using Eqn. 19. UA due to p—p
interaction for longitudinal wave and shear wave is leading factor. The thermal conductivity and thermal
energy density are main factor that affects the total attenuation. Thus, it may be predicted that the GdFeAl
ternary compound behave as his purest form at low temperature (50K) and are further ductile demonstrated
by the minimum attenuation although at high temperature (room temperature) of intermetallic GdFeAl
ternary compound are least ductile.

Therefore, at lower temperature there will be least impurity in intermetallic GdFeAl ternary compound.
Since the velocities is largest for intermetallic GdFeAl ternary compound at this temperature and the ternary
compound would be most ductile. Minimum values of UA for intermetallic GdFeAl ternary compound at
lower temperature defends its quite stable hexagonal type structure state.

Conclusions

Based on the above conversation is valuable to state that:

— The principle established on simple interaction potential approach remains valid for calculating
higher-order elastic coefficients for hexagonally structured intermetallic ternary compound.

— The elastic constants should satisfy the renowned Born’s stability criteria for stable nature of
intermetallic ternary compound. The Pugh’s ratio confirms the ductile nature of ternary compound.

— Intermetallic GdFeAl ternary compound. ‘T’ is found to be of the picoseconds order, which defends
their hexagonal structure. As ‘T’ has smallest value along 8 = 55% at all temperatures, the time for re-
establishment of symmetry spreading of phonons, will be minimum, for the wave propagation in this
direction.

— Over total attenuation, UA caused by p-p interaction mechanism is dominant and is a leading factor
of thermal conductivity and energy density.

— GdFeAl ternary compound behave as its purest form at lower temperature and are more ductile
demonstrated by the minimum UA while at higher temperature this compound is least ductile.
The research could help with ternary intermetallic compounds processing and non-destructive

characterization. These studies will form a basis for further research into the essential thermophysical
features of various another ternary compounds.
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The two-neutron Halo of 19-Boronhas been investigated within this work. This investigation used the
Microscopic Cluster Model (MCM). The main properties of Halo nuclei such as binding energy, radius, and
deformation of the core have been calculated in this study. The '°B has been defined in the shape of core-n-n. The
7B is the core of the system. The feature of the three-body system depended on a structure and a deformation of
the core. The core of '’B hasn't been considered as an inert core but has some degree of freedom. This degree has
a high influence on the structure of a three-body system. So we used the Microscopic Cluster Model (MCM). The
main aim of this study is to expand using cluster model in a new version which is Microscopic Cluster Model.

Keywords: Halo-nuclei, B, Microscopic cluster model, neutron-halo structure, Wood-Saxon equation.

Introduction

The facilities of radioactive nuclear-beam have made in considerations and brought to light a lot
ofexciting phenomena in nuclearstructure physics, the study of atomic nuclei away from the line of the S-
stability. The development of these facilities has proven to study the nuclear structure of neutron-rich atomic
nuclei near to neutron-drip line (the threshold) for Fragmentation into core and neutrons in a very useful
way.

In this study, of specific interest are the heaviest isotope of Boron, the two-neutron halo nucleus, '°B
also the associated bound or unbound sub-system '®B, which are criticalto determining the '’B—n interaction
inthe three-body model.Actually, the nuclear level structures of *Bcan focus on the growth of the v2s1,2 level
which can become degenerate in this area [1,2]. In terms of realizing the halo structure of a
nucleus;calculations of total cross sections give the first indications [3]. The !B measurements were started
some time ago with very elevated energy (800 MeV per nucleon) and explained in a Glauber optical model
analysis [4].

The matter radius of'”B was deduced 3.11+0.13 fi as compared to!’B, it is about 2.99+0.09 fm. This
was slightly proposed that it may be defined as a '>B core and 4 neutrons. Enhanced electric-dipole (E1) is
recognized just above the threshold of the two-neutron decay and Elstrength of (E1)=1.6440.06(stat)+
0.12(sys)e2 fm? for energies lower than 6 MeV. This feature, identified as E1 excitation, gives the first
evidence that '°B has a structure of a two-neutron halo [5]. Actually, the boron B is a candidatefor in
detailed studies of a probable multi neutron halo. Experimentally, this nuclide has little information: its

binding energy is very low (but inexact) separation energy of two valence neutrons (S,, =0.0897°° MeV

) [4] and it's an enhanced interaction cross-section [4]. Then'®B isunbound, '°B has a Borromean property,
where the '°B is bound asa three-bodysystem. These features are indicative of thestructure of a two-neutron

halo. Anyway, being also loosely bound to four-neutron separation (S,, =1.47+0.35MeV ) [6]), "B

might slightly be described as “core-n-n-n-n” halo or as has a neutron skin [4,7].

The virtual state of even higher numbers of neutronsthe n-A body starts closing the threshold. A
spectacular value of this trend obvious with the!’B isotope, where the virtual state of n-'"B is placed atthe
excessivenearness of *B threshold ground-state. This consequence is because the biggest value of the
nucleus- neutron scattering length noticed until now, as~ —100 fm [8]. Though, acceptance of the experiment
and the limiteddid not permit to fix the scattering length a lower bound, and was determined an upper bound
as<—50 fm only [8].

In spite of this experimental value uncertainty, the potentially massive n-'"B scattering length
givesinterestingproperty to '°B, a two-neutron halonuclide [4] showing a weakly binding energy of core-n-n
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system [9]. Furthermore, because of its very weak binding energy (2n separation of Sy, = 0.14 £ 0.39 MeV
[10]), "B has noexcited states.

Cluster models have a high range of applications in specific nuclear structure physics, from the light
nuclei spectroscopy to low-energy reactions. When applying on exotic nuclei like halo nuclei or molecular
states, the rest models unable to compete through cluster approaches up to now. For example, the shell-
model has great problems to investigate cluster states. However, the difficulties related to this method make
it appropriate basically to the light nuclei spectroscopy. Most microscopic cluster models or cluster models
will likely be still commonly applied in the next works.

1. Theoretical Background

The "B has been defined in the shape of core-n-n.The Hamiltonian of the '"B core defines a set of
eigenstates @

core

and eigenvalues &,

ore

° “\@/1

Y-configuration

T-configuration

Fig.1. Jacobi coordinates for a three-body system.

il\core (EL‘(H“E )¢core (EE‘U}“E) = £E‘0)"€ Q‘ore (ECUI"E) ( 1)

The total wavefunction is

W (%,2,6) =@, (&, (X, ) )
The Jacobi coordinates (x, y) well-defined as [11,12,13]

O =x*+y*and = arctan(ﬁ)
11 11 R
W» (@) =N (sin@)"(cos) P’ 2" 2(cos26) 3)
The valence neutrons wave function is
W (0.6)=R, (oW (6) )

So y(xy) in eq(2) is ¥ (%) =¥, (£.9)

Thehyper spherical harmonics formalism as in Refs. [14,15]. The total Hamiltonian H ,is

1:] = f + hAcore (Q?) + I}core—nl (rcore—nl ,C?) + I}core—nz (rcore—nZ ,Q?) + I}n—n (rn—n) (5)
Thepotentials of deformed Wood-Saxon and a spin-orbit have been used [16, 17].
I}core—n (rwre—n > q?) = _I/O R g
|:1 + €Xp (rﬂore—n ( > ¢) j:|
a
(6)
-1
-h’ V. d r -R
+ 2l,S S.0 1 + CX core—n SO
m2c2 ( ) 4}/;’07'6_71 ”'CGVG_}’I [ p( aSO J }
R S L | PO [ S |
_(r_)=———(2ls)——— Xp| ——2
o o m2C2 4 n—n d n-n p aS()
R=R,[1+ B,Y,,(6.9)] ()

For more details about theoretical background is in [17,18]
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2. Calculation

A valence neutron wavefunction has been described in eq. (5) whereas a core wavefunction is in eq. (2)
(Pcore). Equation (5) describes theHamiltonian of '”B. The Wood-Saxon potential has been applied to describe
the central potential formula among the constituents along with s-p interaction as in eq. (6). The binding
energy and radius of '°B and deformation of '’B have been calculated within this work. The central W-S
potential relays on Quadrupole moment of '’B. From the figs. (2,3,4) the variation of nuclear potential with
core deformation parameter fis clear and that means the shape of the core has high role in affecting on the
nuclear force. In fig. (2) the nuclear potential of the s-state has ranged from (-5 to -17)MeV and the prolate
shape has increased the potential widely. The potential between core and valence neutron in s-state in fig. (2)
refers to a strong interaction between them and also refers to if the valence neutron in the s-state that means
the core and valence neutron within the structure of shell model and it far from Halo shape. The figs. (3) and
(4) more suitable with a halo structure.
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Fig.2. The s-state potential of !’B-n as function of Fig.3. The d-state potential of !"B-n as function of
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The two-body energy state of '*B has been affected by the potential as seen in fig. (5). From the fig. (5),
the two-body (the valence neutron and the core) has bounded energy. That means the '°B hasn't Borromean
property. That isn't proved, because the bounded state of '*B is little, especially in the d-state as shown in
fig.(5). So regarding s-state or f-state, we can say it has Borromean property. However, no experimental data
indicate to the "B has or hasn't Borromean property. But our calculation referred to no Borromean in "B.
The total angular momentum (J°) of /B is J(!’B)=3/2". The valence neutron bounded to the ground state
(!"B) to form J*(**B) or to excited state of (’B). Also, the prolate shape of the core has a high influence in
bound of two-body more than the oblate shape. So we can conclude from that, if the '®B bounded then the
core has a prolate shape or if the '®B unbound then the core has an oblate shape.
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The fig. (6) showed the three-body binding energy as a function of the deformed core (!’B). The two
configurations ( T-configuration and Y-configuration) have been applied in the present calculation as shown
in fig. (6). There isn't a big difference between the two configurations, especially with the oblate shape. Also,
that meant the interaction between two valence neutrons hasn't high influence on the binding of the Halo
nucleus. The features of '’B have been investigated with normalization and using experimental values. The
radius of '“B is also diverse with deformation of the core as shown in the fig(7).
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As seen in the figures, the deformation has high effect on the properties of '?B. The!’B has 5 protons
and 12 neutrons, therefore it is far from the closest closed shells (2,8,20) for both neutrons number and
protons number. So it must have high deformation. Experimentally, there isn't evidence about the value of
deformation. Regarding the experimental data, the core has the oblate shape with a high negative value as
seen in the table (1).

Table 1. Experimental data of binding energy and matter radius of19-Boron

Element Eexp(MeV)[10] Rexp(fm)[5] quadrupole
19-Boron 0.14+0.39 3.11+0.13
17-Boron No evidence

By normalization, the experimental value of binding energy from table (2) has been used in figure (6) to
determine the ('"B) deformation which be (>-0.6). And this deformation referred to in figure (7) to determine
the radius of (19-Boron) is about 3fm as in table (2).
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Table 2. Experimental value of binding energy of 19-Boron with theoretical value (calculated) of matter radius of

1B and deformation parameter of !B

. R(fm)
element Ecxp(MeV) Deformation parameter Present work
) 0.14+0.39 3
17B >-0.6

Also by normalization, the experimental value of root-mean-square is (3.1140.13fm) and has been used

it in figure (7) to obtain the deformation parameter value (-0.6), which used in figure (6) to get the binding
energy of 19-Boron which was 0.33MeV regarding figure (6) as seen in the table (3)

Table 3. Experimental value of matter radius of 19B with theoretical value (calculated) of binding energy of 19B
i and deformation parameter of 17B.

] E (MeV)
element Rexp(fm) Deformation parameter Present work
) 3.1120.13 0.33
17B —06

In the 19-Boron study, the transparent physical input has been used with the quantum mechanically
rigorous at the same time to produce the main properties of this nucleus. In the 19-Boron case, we can
consider the study has met the goal. The Pauli principle has been handled within this work. Improvement of
the model can be done, and ideas of model development will be debated in the new study. For 19-Boron the
study was able to produce a halo structure of this nucleus, and a huge difference between its radius and
charge. The results are slightly similar to the experimental data. The study confirmed that B is loosely
restricted, with the structure of the core-dineutron in agreement with most other theories. The results with
Microscopic Cluster Model were better than with the Cluster Model and also we think the Wood-Saxon
potential will be better than other potentials. The quadrupole moment was fairly big within this study. The
Microscopic Cluster Model and Wood-Saxon potential show a very dominant core-dineutron system.

Conclusion

The heaviest Boron's Isotopes (19-Boron) has been studied in the current work. The approach of this
study is the Microscopic Cluster Model (MCM), which has more degree of freedom when dealing with a
core. The 19-Boron is considered as a two-neutron Halo nucleus or a three-body system.It is built on an n-
7B real interaction which, supplemented through a realistic valence n-n potential, provides an acceptable
explanation of B ground and states of resonant in terms of a three-body system!’B-n-n.The excitation and
deformation of the core has a great effect on the structure of the three-body nucleus. So we can't deal with a
core as an inert body as in Cluster Model.The calculations have confirmed the 19-Boron has the Halo
structure. The calculations have confirmed the success of the microscopic cluster model and can use this
model in other systems such as the molecules. The calculations referred to the two-body energy of *B is
bounded which means the "B hasn't Borromean property, which made the "B contrasted with all known
Two-neutron Halo nuclei. From the results, we should in general use a better handling of the spin-orbit
interaction to improve the results of the Halo structure.
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The article discusses and expands the known elements of the eight-vertex model, paying special attention to
the parameterization of the matrix. The matrix values are interconnected with the knot through the braids and this
model is valid on finite square lattices in two-dimensional space. A new solution of the parametrized eight-vertex
model of free fermions with a complex version of elliptic functions, which is valid on a finite lattice, will be
constructed. The range of applicability of the eight-vertex model with elements of the Jacobi elliptic function and
the construction of a knot invariant on its basis is discussed by comparing the results obtained analytically for the
model. The construction of the knot invariant using the Clebsch-Gordan coefficients and the main tool of
statistical mechanics of the Yang-Baxter equation will be studied in detail.

Keywords: 10,,, knot, elliptic function, Clebsch-Gordan coefficients.

Introduction

In recent years, scientists in the fields of mathematics and physics have been diligently pursuing related
theories, especially the theory of knots, which has generated interest for a small number of scientists and has
since become one of the most fashionable hobbies of mathematicians, physicists and even geneticists. This,
in turn, gave rise to a number of methods linking two, at first glance, very distant from each other areas of
mathematics and physics: knot theory and statistical mechanics.

In [1], the Boltzmann weights of the doubled Ising model, parametrized using elliptic functions, are
considered, and an alternative way of checking the Yang-Baxter equation in the parameterization of matrix
elements using the star-triangle equation is shown. Thus, in [2], a quantum decomposition of the eight-vertex
model was introduced and a set of closure properties in various regions of the parameter space was proved.
In [3], it was proved that the sixteen-vertex model gives an exact description of the thermodynamics of
artificial spin ice models. The work [4] confirms the complexity dichotomy theorem for the eight-vertex
model. For each setting of the model parameters, the calculation of the partition function is proved, which is
either solvable in polynomial time or is # P - complexity.

The paper investigates the solution of models of statistical mechanics and knot theory, which in turn,
this connection is occupied by the Temperley-Lieb algebra [5] and the Birman-Murakami-Wenzl algebra
(BMW) [6]. Also, in [7], the latest research on the connection of vertex models of statistical mechanics with
the main problems of mathematics is studied. The origins of the connection with physics go back to the very
close relationship between the state models of knot polynomials and the partition function in statistical
mechanics. This connection in [8] led to the construction of a number of invariants that go beyond the
original skein polynomials. Thus, in the source [9], the Jones polynomial in a closed braid is the partition
function of the statistical mechanic’s model on the braid. The work [10] summarizes procedure outputting
braid generator representations from three-partite vertex model. This representation made it possible to study
the invariant of a knot with multi-colored links, where the components of the knot have different spins. The
formula for the invariant of knot with a multi-colored link is studied from the point of view of the braid
generators obtained from the R-matrices of three-partite vertex models. The resulting knot invariant 52
corresponds to the Jones polynomial and HOMFLY-PT. Description of Boltzmann weights and finding SO
(N) for any N spin vertex model of algebra in [11] opened up new problems in the field of statistical physics.
The representations of the braid group in [12], obtained from rational conformal field theories, can be used to
obtain explicit representations of the Temperley-Lieb-Jones algebras. In the source [13], the Yang-Baxter
equation provides both an algebraic and a graphical method in knot theory. The method of commuting



120 ISSN 1811-1165 (Print); 2413-2179 (Oniine); Eurasian Physical Technical Joumal, 2022, Vol.19, No. 1(39)

transfer matrices in [14] for this equation is a generalization possibility for solving the eight-vertex model.
The solution to the quantum Yang-Baxter equation [15] is an R -matrix, which corresponds to the transfer
R -matrix of the eight-vertex model of statistical mechanics.

The method for solving invariants is associated with multi-colored links [16], with the statistical sum of
the Chern-Simons theory [17] and with obtaining the topological solution (2) of the Chern-Simons theory on
S* [18]. In similar sources, as in [19], the connection between the invariant of knot theory and a new ten-
vertex model of statistical mechanics was studied using the transition of a commuting transfer matrix,
including Boltzmann weights in the braid matrix. Subsequently, in the source [20], the solutions are
described using the Clebsch-Gordan coefficients and the transformation matrix.

Thus, in [21], the exact solution of the classical two-dimensional eight-vertex model is the greatest
achievement in the field of exactly solvable models and the contradiction with the hypothesis of universality
and independence of critical indicators from interaction details was studied in the early 70s. All these studies
have found a place in the connection of the eight-vertex model with elements of elliptic functions and knot
theory.

In this paper, we consider obtaining braid generators from an eight-vertex model by parametrizing
matrix elements with a suitable normalization factor using the quantum form of the Clebsch-Gordan
coefficients, the so-called 3j - symbol. The solution is based on the observation that the rows in the transfer
matrices commute for a specific parametrization of the four Boltzmann weights. The presented solution will
help to understand how to find the connection between the invariants of knots and lattice models of statistical
mechanics through the mathematical apparatus of quantum physics.

The work plan is as follows. In Section 2, we consider the construction of braid matrices from the R(u)
-matrix of eight-vertex models for the same spins and the derivation of an algebraic formula for the knot
invariant. Section 3 generalizes the procedure for defining a new representation of the braid generators from
a R(u)-matrix associated with a parametrized vertex model with elliptic functions, and proposes a solution

to the invariant of a knot with links. Section 4 presents the results of the work.
1. Parameterized 8-vertex model

The parameterized eight-vertex model is a generalization of the six-vertex model, where spins
11

R | . . 25 \mon
S =, = > are placed on four edges that intersect each vertex Boltzmann weights of (R*?))" (u — 0)

1 1
matrices are associated with each nonzero vertex if only m, + m, = n, +n,, where m,,m,,n,n, DE,——.

2

This condition allows 8 nonzero Boltzmann weights, which are called the parameterized eight-vertex model

(R%’% Yo ims Tt R 1
11 Tt snh( U —u) 0 0 ksnhtsnhusniu—u) | . )
(B2, = 0) = it 0 snhu  snhid 0 -
Tl 0 snhld  snhu 0
_ ksnhtsnhusnu—u) 0 0 snh(—u)

To construct the braid generators b,, we take the limit # — 0 and divide the elements of the previous

11
matrix by the Boltzmann weight (R??)"(u — 0). Subsequently, we will choose an appropriate
normalization so that the matrix elements are finite, as shown below

11

(R¥?)nm T it 1l iy

my,my

1 Tt 1 0 0 ksnhisnhu )
(R??)"™ (u - 0) O 0 snhu snh 0 : @)
o = snh(p—u) snh(U—u) i
(R*?), (u - 0) . 0 snhit snhu

snh(fd—u) snh(U—u)
Ll ksnhtsnhu 0 0 1
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The Wess-Zumino conformal field theory implies a compact relation for the braid generators b,
11
obtained from (R??)"™ - the matrix of vertex models, as well as from the eigenvalues (A) of the

my,my
monodromy matrix in  SU(2), [22], where the values of the permutation matrix

0=

1
1 0% . o
EP2 (R2)n" (u — 0), 0 =(R"")}(u - 0) are the normalization factor

11
2’2

O
Ly —
(R ), =

mZ 1 2

11 11 11
033 10 1 D?EZE: /R AR NN ) A A
R nmy o — 7 P R]] 5J2 N1 N O = P 5 D) 3
( )mlamz |:| ( )mlamz (u ) |:| ijmj[ m M J (]1 ]2) ]’ll n ( )
J

J>

m

. J
where M =m, + m, = n, +n, and the elements in brackets ( !
m

] denote the quantum form of

2 1

the formula for the Clebsch-Gordan coefficient (q -C G) [23]. Matrix elements can be expanded in this way

11
(R=)," il L1 ! L
. Tt 1 0 0 ksnhisnhu )
RN @ =0 | }Zhﬂ ) h(h ) '
17% . snn(d—u) sni(d—u
(R*?); (u - 0) . snhu snhi
snh(fd—u) snh(id—u)
| U ksnhisnhu 0 0 1 |

11
Therefore, it is possible to define the b, [5 ,5} matrix form of the braid generators using the R matrix.

Thus, we calculate the knot invariant by the formula

a, (4)=l7)

——

T
L
T

1

J

jszpiﬂs

where / - sum of exponents b, appearing in the word of braid 4. H =h, U h,...h, , where r

and 7., T. are
J J

1

1

1

r

Frgr gy Dedbaa]

R T

T

T

)

(6)

(7

Initially, there is only one braid generator b, , for all braids 4 [ B,, the matrix form of which will have

the form 4 X4 | where the matrix elements are expressed by elliptic functions with a complex version

11
b[ =(R2'z )nwz .

my,my

®)

An invariant in the equation (5) for knot 1 will be developed according to the Rolfsen table. For knots

and links obtained by closing the words of braid 4 = b

For example, knot 10,

is word braid 4 =

10

136 2

b =(R**)" x[,

my

blO
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11
bz = Dx(Rz‘z )"w: .

my,my

which are matrix 4 X4

©)

(10)

. It is important that such an action of the word braid on

a braid of five strands implies the following order of the matrix operation on the initial state | j, m,; j,, m2>

A4~ strand)=b/;,

j’ml;j25m2> :

(In
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From the above it follows that to derive the eigenvalue, depending on the spectral parameters
A, ( Jis jz;u) for spin j, = j, =1/2 such, belong to the parametrized eight-vertex model on a square lattice.
This assumption A, ( Jis jz;u) was formulated in [22]

J 2J

AU isu) = [ bl =) [7] (ol p ). (12)

%y =1

accordingly, the eigenvalues of the matrix elements are elliptic functions with a complex version

A () = snh(p+u), A ) = snh(p—u). (13)
Thus,

4,(0)=A,(0) = snhu = B(u),
/10(”)/‘0(_”) = /11(”)/‘1(_”) =X (M)X (_u)+X4(u)X4(_u) = )(3(u))(3(—u)+/\/2(u))(2(— u) =
= XX, (= u) + x5 @y (= u) = snh(p+u)snh(p —u) = A(psu)
as a result, matrices are obtained depending on the spectral parameter, where (R’ Yo, (U — 0) are
matrices associated with new vertex models

v Joo b Iy A
RJIs]Z nysny u = R R 14
(R ), @) ‘/DEij mom M},(ll Jz)(n1 " MJ (14)

and the general view of the R -matrix will be

11 1 1 11 1 1
m,m,/n,n, —,— —,—— ——,— ——,——
L1 22 2 2 22 22
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22 ymn 11
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_%’% 0 Xs(”) Xz(u) 0
1 1
I _E’_E /YA(”) 0 0 Xl(u) |
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To obtain braid generators b( j = l’ i, = 1) , choose the appropriate permutation matrix. For P ,
277 2
. _1
0 J1=5.J2 Y
P maybe
1 001
can 000 1 0f. (17)
1010 of
1 001
We apply this permutation matrix in the construction of the braid generator
. i
g2\ g2\ RZYZ 112 =0
[R ] :[P j lim= (R0~ 0), (18)
mymy mymy (REE)H(“ . 0)
A B |
OAn=5J2=5
as a result of which we obtain an explicit form of the R - matrix for the parametrized eight-vertex
model
[ 11 11 11 1 1]
mlsmz/nlsnz PN o Z N T T
22 22 22 22
l,l 1 0 0 1
22 1 1 (19)
i} 2,0y
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A similar construction R for 5 ,5 is the transposed matrix R

matrix can be written as

g JisJ2

i o] o[ oisi |
R R =R [R ]T:| =

0J2:73

=R

Thus, we have the opportunity to represent matrix forms b,[ j,, j, | of groupoids that satisfy the
constructions of the braid generators

bl i1 A1) 0,
BLji» 10 i)' O

. -1
OJisJ2
QUMA]DXDXWDﬁfe J x0,,»
i-1
o\
blj,,Jj] DXDX...Dj{R j x[,,-
i1

in this form

. The explicit form of the identity

(20)

1)

(22)

(23)
(24)

(25)

(26)

As a result, using the matrix representation, for any word of the braid A4, the closure of which will give
multicomponent links at the knot. Similarly to the link invariant formula (5), we present the following

formula for the fermionic link invariant, in which the components of site & j,.;, (A) have the same spins. The
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1
invariant of a multi-colored knot (up to a general deformation coefficient of ¢g?) for a four-component link,

where the components of the knot have the same spins, obtained by closing any 7 -strand word of braid 10,

is given by the formula A4
af1~lz [‘A(1 0136)] = q%( a:'h sJ2 (A) = q%( |_| (T/ Z)ﬁéTy{HA} ? (27)

where the first factor derives the conditioning factor from ¢ with an integer of C, which depends on the

spins, bending and the number between the constituent knots of the engagement. /,'s is the number of strands

in the braid generator, that is, when spin j, is in a 5-strand braid 4 , where Zli =r. In addition, the
i=1
matrix representation of / depends on the order of such repeating spins occurring in the 7 -strand braid.

This article describes a 5 -strand braid obtained from a 10, knot, with a j weave on all strands, which

136
implies

H=h, Oh, (28)

Coming back to the matrix operations for the word of braid 4, we use formula (11), following the

sequence of closure of each link in the braid, where each strand has the same spins mentioned above. From

the above definition, 4, 's (6), 7, and i's (7). In the next section, we will calculate in detail the invariant of

knot 10,. with the same link.

136

2. Knot invariant with fermionic junction
1
At this point of the work, we will find the invariant of a knot with links with spins j, = j, = 5 for this

we first need to write the word for a braid of n strands that tracks the spins. For knot 10 . , consisting of the

136 2
links obtained by closing the five-strand braid and the matrix representation looks like this
A(10,,,) =b,b;'b,b.'b'bb bbb, (29)

573 4TS5 T2 TS24V

and H =h, Uh, will give

2 2
_@7%, 30
a%[A(lOm)]— ’ (30)
where
k=q’,
I7=((1+q+q2 +q3)(1+q+q2 +q3)),
w=(-1+g) (1+q) (1+q)),

s 7 9

& =256-2048¢ +6928¢> —96¢> —12176g° +320g> +10352¢" — 4724 +5964° +
u 1 15 7

+464g° —5429¢° — 464> —596¢" +472¢7 +10352¢° —320¢° —12176¢° +

19

+96g° +6928¢" —2048¢" +2564"

which is consistent with the Jones polynomial calculated on the basis of SU (2) Chern-Simons theory, braid
generators, and a fermionic parametrized eight-vertex model.

3. Results and discussion
The paper discusses the construction of a braid group representation using the weighted Boltzmann

coefficients of the eight-vertex model, where adjacent edges have different spins. In particular, a matrix
representation of braid generators from eight vertex models has been developed. Using the Yang-Baxter
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formula for the knot invariants, the Jones polynomial for the knot 10 .. is explicitly evaluated. Finally, the

136
procedure for determining a new representation of braid generators from a R -matrix associated with a

parametrized vertex model with elliptic functions is generalized, and a new knot invariant 10, is obtained

when studying knots and connections using the Chern-Simons theory. Based on these results, the author
comes to the conclusion that the knot invariant is proportional to the two-particle Jones polynomial, where
the group representation SU (2) is used, which has state spins on the edges crossing the vertex. In conclusion,
the process of finding the knot invariant is described, which is used to find the partition function of the
previously known eight-vertex model.

Conclusion

In the course of work on the article, a completely new R -matrix of a two-particle parameterized eight-
vertex model with the identical links was obtained from the representations of the braid group for the only

knot 10 . in the Rolfsen knot table, which has a strand index less than the width of its minimum braid. In

addition, the R -matrices defined on braids and constructed by the Markov theorem and the Reidmeister
motions are obtained with exact results for the new parametrized eight-vertex model.

Further, we saw that the eight-vertex model is constructed as a modified extension of the integrable six-
vertex model and in the three-dimensional positional space elementary particles with half-integer spin are
one-dimensional representations of the permutation group acting on the space of wave functions. As a result,

it was found that the knot invariant of site 10 ,, is proportional to the two-particle Jones polynomial, where

136

the group representation SU (2) is used, which has state spins j, j, on the edges intersecting the vertex. In

conclusion, the process of finding the knot invariant, which is used to find the partition function of the
previously known eight-vertex model, is described.

Further research could fruitfully solve problems in knot theory and statistical mechanics, including the
Jones polynomial. Therefore, the problem of graph isomorphism in knot theory and the statistical system
may turn out to be an important area for future research.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIMH

Cyporcuxos A.Il., Manviwes A.B., JIvicenko E.H., Stary O.

TepMHUSIBIK 3KOHE PaTHAIMSIIBIK-TEPMHUSIIBIK pe:kuMIepae KaTThl (azaiblK Kyiilipy Ke3iHae ajbIHFaH
JauTHii peppuTTepiHin 6acTanKbl MATHUTTIK OTKI3TIUTIriHIH TeMnepaTypaabIK TIyeaaitikTepi

JKympicTa 6acTankpl MarHATTIK OTKI3TIMITITIHIH TEMIIEPATyPAIBIK TOYEIIUIITIH KOJIIaHa OTHIPHII, TEPMUSIIBIK XKOHE
paIHalUsIBIK-TEPMIUTBIK PEXKUMISPIET] KaTThl (ha3aliblK KYHIIpyIiH yaKbITEl MEH TeMIlepaTypachlHa OaiIaHBICThI
JUTHA-TATAH (QeppuTTepaeri (asanblk XKoHE KYPBUIBIMIBIK ©3TEpiCTepIiH epeKIIemKTepi 3epTTenreH. KarTbl
(hasaNbIK KYHIipy Ke3iHAe JICKTPOH/BIK IIOKTHIH dCepi KOCHAIBIK OCBUIBICTAPBIHBIH OANKYBIH KYPT KbUIIaMIaTa bl
KOHE JIUTHH-TUTAH (EeppUTTEpiHEH ’KacajFaH OHIMICPAIH (a3ajblKk TOMOTEHIUINIH apTThIpaabl. AJIBIHFAH
HOTIOKENEpl eHipicTeri GeppuT eHiMAEpiHiH (azaiblK FTOMOICHAUIITH XKaKcapTy YLIIH NaijanaHyra 0oJasl.
Kiar ce3mepi: nutuit deppurrepi, KarTel (asaiblK KYHAiIpy, JICKTPOHABIK MIOKTAp, JKOFAphl TeMIIeparypaiap,
OacranKbl MArHUTTIK OTKI3TIIITIK.

Cyporcuxos A.Il., Manviwes A.B., JIvicenko E.H., Stary O.

TemnepaTypHble 3aBUCHMOCTH HAYaJIbHOH MATHUTHOW NMPOHUIIAEMOCTH JIMTHEBBIX (PEPPUTOB MOTYYEHHBIX
NpU TBepA0(a3HOM CTIEKAHMH B TEPMUYECKOM U PAHANUOHHO-TEPMHUYECKOM PesKuMax

B pabGore m3ydeHBl 0COOCHHOCTH (Da30BBIX W CTPYKTYPHBIX IPEBpAIIECHUN B JTUTHH-TUTAHOBBIX (eppurax B
3aBUCHMOCTH OT BPEeMEHH U TeMIepaTypbl TBepa0(ha3HOro ClieKaHHs B TePMUYECKUX U PAJAUAINOHHO-TEPMUUECKUX
peXUMax ¢ UCHOJIb30BAHUEM TEMIICPATYPHON 3aBUCUMOCTH HAYadbHON MarHUTHOW NpoHHIaeMocTH. [1okazaHo, 4To
BO3JICHCTBUE 3JICKTPOHHOIO MyYKa MPU TBEPIO(PAa3HOM CIICKAHUM PE3KO YCKOPSCT PACTBOPCHHE MPUMECHBIX
BKIIOYCHUN M TIOBBIIIACT (ha30BYIH0 TOMOTCHHOCTh H3ICIUN W3 JIMTUH-TUTAHOBBIX (epputoB. [lomyueHHBIC
pe3yIpTaThl MOTYT OBITh HKCHOJB30BaHBI I YiydlicHHs (Ha30BOM TOMOTCHHOCTH (EPPUTOBBIX U3ACIHI Ha
IIPOM3BOJICTBE.

KiroueBbie cioBa: ynuTreBblie (EppHUTHI, TBepAO(pa3HOE CHCKAHUE, JIICKTPOHHBIC MyYKH, BRICOKHE TEMIIEPATyPHI,
HavyallbHas MArHUTHAS IPOHHULIAEMOCTb.

Koznoeckuii A.JI.

AyBIp HOHAApPMeH CcIyJelieHAIpy Ke3iHJe HUTPUATI KepaMUKaHBIH TO3yFa Te3iMAiIiriHin nerpanaums
KHHETHKACBIH 3epTTey

Bbyn sxymbic AIN kepaMUKachIHBIH O€pIKTIK KACHETTEPiHIH ©3repicTepiH, aTam alTKaHga KYpraK YHKeic
ko3 unuenTin xone 200 MsB sHeprusaceiHa He Xe?’' ayblp MOHZAPBIMEH COyleleHy N03aChIHA OailaHBICTEI
TO3yFa TO3IMAUIIK TEH OCTKI akKayJiblK [apaMeTpiepiH 3epTTeyre apHairaH. byl kepaMmmuKkamapra JercH
KBI3BIFYIIBUIBIK OJApABIH JKOFaphl JKbUTY OTKI3TIIITIK, KATTBUIBIK JKOHE TO3yFa TO3IMIUIIK, COHIai-aK TamaIia
OKIIaylay KAaCHeTTepIMEH OalaHbICTBI, OYJI OJIApAbl SIPOJBIK JHEPreTHMKA, 3BIMBIPAH JKacay JKOHE
MHUKPORJICKTPOHHKA CaJachIHIAFbl YMiTKep Matepuangap eteni. COHbIMEH KaTtap, OyJl KepaMHUKaHbI MEXaHHKAIBIK,
ylikenic, OETKi KbICHIM, COHIaW-aK HOHAAYIIbI COYJCICHYIIH OCepi CHSKTBI CBIPTKBI ocep €Ty JKaraalbIHIa
naijanany KOChIMIIIA 3epTTEyJIep/li KOHE KACUETTEPIIH TYPAKThUIBIFBI MEH CaKTalIybl Typalibl )KaHa MAJTIMETTEp/I
tanan erexi. XKyprisinren seprreynep 6apeichinaa 10'9-10'" won/cm? coynenenyaiH ToMeH mo3anaphl kKesinge Gip
HYKTEJ aKayJap/IblH Mmaiia 00dybIMEH JKOHE Ta3/IbIH iCiHy MPOIECTePiHiH HHUATHATH3AIUACH HOTHKECIHIE OeTiHIH
TO3Y BIKTUMAJIBIFBIHBIH TOMEHITIMEH CHUTIATTAIATBIH KYPFaK YiKemic kodpUuImenTi ic )y3iHae e3repMerTiHmiri
AHBIKTAIIBI, OYJI KepaMUKaHBIH MEXaHUKAJBIK YHKETICKe JKOFaphl TO3IMAUITIH KepceTemi. Anaiiaa paauarusiibl-
UHIYKUUAJIAHFAH 3aKbIMJAHFAH aliMakTapablH KabaTTacy YpAiCTepiMEH CHIATTANaThiH coyneneHy 102 non/cm?-ka
neiiin yiratosl kesinge 15000 cblHak UMKIIBIHAH KeHiH Kyprak yHkenic KoadQUIMeHTiHIH Halapnaybl Oaikanasl,
OyJ1 KepaMUKaJIbIK OETTIH TO3YbIH )KOHE CBHIPTKBI 9CEpIIep HOTHKECIH/IE JeTPalaliusiChIH QIS ACH .

KinT ce3mepi: pammanumsuislk akaysiap, HUTPUATI KepaMHMKa, TO3yFa TO3IMALIIK, Kyprak yHkenic ko3¢ QHLIUEHTI,
aybIp HOHIAP

Kosnoeckuii A.JI.

N3yyeHue KMHETHKH [erpajallid HM3HOCOCTOMKOCTH HUTPUAHBIX KEPAaMHMK NPH OOJYYEeHHH TSKeIbIMH
HOHAMH

Pabota mocBsIIeHa W3YYCHUIO M3MEHEHHH MPOYHOCTHBIX CBOMCTB AIN KepaMWKH, B 9aCTHOCTH, KO3 (hHUIIUEHTA
CYXOro TPEHUsI M apaMeTPOB M3HOCOCTOMKOCTH U Ae(EKTHOCTH MMOBEPXHOCTH, B 3aBUCUMOCTHU OT J03bl OOJIyYEeHUS
TsOKeNsIMH noHamMu Xe??' ¢ smeprueit 200 M»B. MHTepec K JaHHBEIM KepaMHMKaM OOYCIOBJIEH HMX BBICOKUMH
MOKA3aTesIMA  TEILUIONPOBOJHOCTH, TBEPAOCTH W HW3HOCOCTOMKOCTH, a TaKKE OTIMYHBIMU H3OJSIIIMOHHBIMH
CBOWCTBAMH, 4YTO JelaeT WX MEPCICKTUBHBIMU MaTepHalaMy KaHAMJATaMH B SIACPHOH DHEPreTHKH,
PAKETOCTPOCHUU W MHUKPOICKTPOHHKHU. [IpM STOM SKCIUTyaTalusi JaHHBIX KEPaMHK B YCJIOBHSIX BHEIIHHX
BO3JICHCTBUI, TAKUX KaK MEXaHUYECKOE TPCHHUE, TABICHUE HAa TOBEPXHOCTh, a TAK)KE BO3JACUCTBIE HOHU3HUPYIOIIECTO
U3Iy4YCHUsT TpeOyeT [ONOJHHUTEIBHBIX HKCCIICIOBAHUI W TOJYYCHHs HOBBIX JAHHBIX 00 YCTOHYMBOCTH H
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COXPAaHCHHIO CBOWCTB B TCYCHHUE BCEr0 CpPOKA OKCIUTyaTalu. B Xoae NPOBEICHHBIX HCCICAOBaHHIA OBLIO
YCTaHOBJIEHO, YTO NPH MalbiX go3ax oomydenus 10'°-10"" mom/cm?, 11 KOTOPBIX XapakTepHO (OPMUPOBAHHE
OJIMHOYHBIX TOYCYHBIX AC(PEKTOB M Majas BEPOSITHOCTh NETpajaliy MOBEPXHOCTH B Pe3yJbTaTe MHHLIUAIH3ALNN
MPOLIECCOB  Ta30BOTO  pachyxaHus, KOI()GHUIMEHT CyXOro TPEHHUs MPAKTHYECKH HE M3MEHSETCs, 4YTO
CBUJIETEILCTBYET O BBICOKHX MOKA3aTeNsIX YCTOMYMBOCTH KEPAMHUK K MEXaHHMYECKOMY TpeHHI0. OJJHAKO yBEeITHYCHHUE
¢mroenca obnyuerus o 10'> wom/cM?, 118 KOTOPOrO XapakTepHHI MPOLECCHl MEPEKPBITHS PaaHALHOHHO-
WHIYIMPOBAHHBIX TMOBPEXKIEHHBIX 00JacTel, HaOmMoAaeTcs yxymmenne koddduimeHTa cyXxoro TpeHHs IOcie
15000 1MKIIOB UCTIBITAHUMN, YTO CBUACTEIBCTBYET 00 YCTAJIOCTHOM U3HOCE MOBEPXHOCTH KEPAMUK U JIErpaialluil B
pe3ysibTaTe BHEIIHUX BO3ICHCTBUN.

Knruesvie cnosa: panuaniioHHbie Ne(eKThl, HUTPUIHBIC KEPAMHKH, W3HOCOCTOMKOCTH, KOI(D(OHUIMEHT CyXOoro
TPCHUS, TSIKEIBIC HOHBI

[icymanoe C., Kypoanos Y. T., Xyoaiivepoues 3.C.

Kimi paagnycTsl 1onanTTapra Me KOChIHIAJAHFAH JAHTAHABI aCKbIH OTKI3TilmITEepAeri MeTaJabI-IM3JIeKTPUK
aybicyjaap

BepinreH KyMpICTa Killi pagMycThl KOcHayiap MaHBIHIAFBI KoHE AeopMallfsUIaHATBIH TopAa (SFHU Kocmaap
OonMaraH Ke3[e) 3apsa TachIMANAAyIIbUIApABIH JIOKAMH3AIWMsICHl callapblHaH KEMTIKTIK KOCHIHIAIaHFaH
KynpaTTap/a MeTaJUI-IM3JICKTPUK ayBICYJIaphIHBIH op TYPJI MeXaHM3MIEpiH 3epTrenreH. KympaTrapma KeMTIKTIiK
TachIMaNJAayIIBUIAPIBIH JIOKAM3alMsJIaHFaH KYWiIepiHiH Ooxy Karmaiiel 3eprTenreH. KynpaTrtapaelH 3apsn
TachIMaNJay CaHBUIAYJAPBIHIA OTE 9JICi3 KOCHIHIbLIAY KE3iHJC KOcmanap MaHBIHIA XOHE NeOopManusIaHaATHIH
TOpJa JIOKAIW3AIMJIAHFAH KEMTIKTIK TachIMalaylIbUIAPBIHBIH KEKE JCHTreWnepi TY3UICTIHIIrT KepCEeTiIreH.
KocbiHapulay JeHrediH JKeTKUIIKCI3 KOChIHJallaHFaH alMakKa Kapai apTThIpraH cailblH, MyHAad 3apsn
TaCBIMANIAYIIBUIAPIBIH ~ JHEPrHUs JCHIeHliepi KOCHIHJANAYJBIH JKOFapbUIaybIMEH OipTe-0ipTe KeHEeWeTiH
SHEPIrUsJIBIK alMakTap Kypbula Oactaiiipl. La Heri3igaeri KEMTIKTIK KOCBIHABUIAHFAH KyIpPATTaFbl AaCKbIH
OTKI3TIIITE METaI-IUICKTPUKTIH aybICYbIH 3€PTTEY YIUiH €Ki TachIMalJayllblFa e KyIpaTThl aCKbIH OTKI3TIIITIH
JKaHa YJaTici YCRIHBUIABI. KeMTIKTIK TachIManjayniblaap KOCmajdbl MEH TOJSApOHABI aiMakTapaa OosFaHzia, Kimmi
pamMycThl Kocmamapra ue La HeriziHaeri acKbIH OTKI3TIMTEpJeTi METaul-JAUAJICKTPHUK aybICyIaphl COWKECIHIIe
JKOFaphl )KOHE TOMEH KOCBIHJIBIIAY JIEHT eHIIepiHIe )KYPETiHI KOPCETIITEH.

Kint ce3mepi: KeMTIKTIK-KOCBIHABUIAHFAH KympaTTap, TachIMAIayIIbUTAPABIH JIOKATU3alUsACH, «METalI-
TIURJICKTPUK» ayBICYIaPHI.

[Dicymanoe C., Kypoanoe Y. T., Xyoaiioepouee 3.C.

MeTaaa-In3JIeKTPHK MePexXoabl B JIETHPOBAHHBIX JAHTAHOBBIX CBEPXMPOBOAHUKAX € JAONMAHTAMH MAJIOT0
panuyca

B mHacrosmeidi paboTe HCCICHYHOTCS pa3IUYHBIC MEXaHH3Mbl METAIUT-JUAJICKTPUK IEPEXOJOB B JBIPOYHO
JICTUPOBAHHBIX KYIpaTaxX, BBI3BAHHBIX JIOKAJTH3allMEH HOCHTENCH 3apsia BOMW3M MpHMeECed Maioro pamuyca W B
nedopmupyemoit peerke (T.e. B OTCYTCTBUE npuMeceit). Mccie0BaHo yCliOBUE CYIIECTBOBAHHS JTOKAIN30BAHHBIX
COCTOSTHHH JIBIPOYHBIX HOCHTeNeH B Kymnparax. [loka3aHo, 4TO mpu oueHb clIabOM JISTUPOBAHMH B LIEJH IEPEHOCA
3apsia KynpaToB (QOPMHUPYIOTCS OTEJIbHBIC YPOBHH JIBIPOYHBIX HOCHUTEJCH, JOKAIN30BaHHbIC BOIM3U ITpUMecei U
B aedopmupyemoii peurerke. [Io Mepe yBenuueHUs] YPOBHS JISTHPOBaHUSI B CTOPOHY HENOJIETMPOBAHHON 00IacTh
SHEPreTHYeCKHe YPOBHM TAaKMX HOCHTENICH 3apsia HaunHAOT (OPMHUPOBATH IHEPrETHYECKHUE 30HBI, KOTOPHIE
MOCTETICHHO PACIIMPSIOTCS ¢ POCcTOM JiernpoBanus. [IpeasoxkeHa HOBasi MOJENb KYNPATHOTO CBEPXIPOBOJHUKA C
IBYMsI HOCHTEJIIMH JUII HW3YYCHHUSI METaJUI-TUDJICKTPUK TMEPeXofa B IBIPOYHO-JIICTHPOBAHHOM KYyIPaTHOM
CBEPXIPOBOJHUKE HA OCHOBE JaHTaHa. [loka3aHO, 4TO, KOI/a ABIPOYHBIC HOCUTEIH HAXOJSITCS B MPUMECHOHN H
MOJIIPOHHOM 30HAX, METaJUI-TUAJICKTPUK MEPEeXO0bl B CBEPXIPOBOJHUKAX HAa OCHOBe La ¢ MpHMeEcsSMH Maioro
paanyca IpOUCXOISIT COOTBETCTBCHHO MPH BEICOKOM M HU3KOM YPOBHSX JICTUPOBAHHUS.

KiaroueBble ciioBa: JIpIpOYHO-JICTHMPOBAaHHBIC KyMpaThl; JIOKAIM3ALUS HOCUTENCH; Mepexoipl «MeTall-
JUDIICKTPUK.

Paxaounoe b.K., Camébaeea 3.A., Koscanoea P.C., Kowalewski P., Baamanoeéa JL.b., Kanumoea A.A.
20CR2NI4A 60aaTThIH KATTBUIBIFBI MEH TO3yFa Te3iMijlirine kejemMaik :koHe OeTTiK HIBIHBIKTBIPYIAH
KeiiH KaJbINTacKaH KYPbUIBIMHBIH dcepi

Kympicra 20Cr2Ni4A 60naTThIH KYPBUIBIMBI MEH KaCHETTEpiHE KOJEMJIK >KOHe OCTTIK MIBIHBIKTHIPYIBIH dCepiH
CaJIBICTBIPMANIBI  TYpHIE JKYPTI3UINeH 3epTTey HOTHIKENepi KeNTipiareH. BeTTiK MIBIHBIKTBIPY JJIEKTPOJIUTTI-
IUIa3MalbIK 9JiCIeH Ky3ere achIpbliabl. Kememaik mbHBIKTEIPY 870°C TemmepaTypara JIeiiH KbI3ABIPHIN, KeHiH
cyla KoHEe Maifja CalKbpIHAATYy >XKOJbIMEH jxy3ere achlppuiipl. 20Cr2Ni4A  OGonar yiariuiepiHiH KYpbUIBIMIBIK-
(azanbIK Kyiiepi MeTaIorpadusIIbIK )KOHE PEHTICHAIK KYPBUIBIMIBIK Talaay daicrepiMer 3eprrenreH. [llap-nuck
cynbacel OOWBIHINA YITUIEPIiH TPUOOIOTHUSIBIK ChIHAKTAPHI JKYPri3iii, cOHmai-aK yIriiepiH MUKPOKATTBUIBIFbI
aHbIKTANIBl. Kenmemuik xoHe OcTTik IIBIHBIKTRIpYAaH KeriH 20Cr2Ni4A 0OonaTThlH KATTBUIBIFBI MCH TO3YyFa
TO3IMJIUIIT JKOFApPBUIAWTHIHBL aHBIKTAJABL. By Jkarmaiina dJICKTPOJIMTTI-IUIA3MAJIBIK [IBIHBIKTRIPYJIAH OTKEH
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yirinepae aWTapiblKTail e3repic OalKamaipl. NEKTPOJUTTI-IIa3MaNbIK IMIBIHBIKTEIpyAaH kediH 20Cr2NidA
0O0JIaTBIHBIH KATTBUIBIFBI MCH TO3yFa TO3IMIUIITIHIH XKOFAPhl MOHIEPI YCaK MHEI MapTEHCHUTTIH Maiaa OOJybIMEH
0ailIaHBICTEI €KEHIIT AHBIKTAJI/bL.

Kiar cesmepi: KypsuibiM, (asaablk Kypam, 3JI€KTPOJMTTI-IIa3MalblK IIBIHBIKTHIPY, MHKPOKATTBUIBIK, TO3yFa
TO3IMILTIK.

Paxaounoe b.K., Caméaeea 3.A., Kosycanoea P.C., Kowalewski P., Baamanoea JL.b., Kanumoea A.A.

BausiHue CTPYKTYphI, c()OPMHPOBAHHON mNocje 00beMHOH M MOBEPXHOCTHOIH 3aKaJKH, HA TBEPAOCTb M
u3HococTolikocTh cTtamm 20Cr2NidA

B pabote mpeacTaBiaeHb pe3ylbTaThl CPABHUTEIBHOTO H3YYCHHUS BIHMSHUS 00BEMHOW M TOBEPXHOCTHOMN 3aKajKU Ha
cTpykTypy U cBoiictBa ctanu 20Cr2Ni4A. TToBepXHOCTHAs 3aKajKa OCYLICCTBILUIACH 3JCKTPOIUTHO-IIA3MEHHBIM
MeTozoM. OObEeMHas 3aKaiKa MPOBEJCHA HArpeBoM 10 Temrepatypsl 870°C ¢ MOCIECAYIONINM OXJIaXICHIHEM B BOJIC
n B Macie. bbuin wu3yudeHbl CTpyKTypHO-(bazoBble cocTostHusl oOpasumoB cranmu 20Cr2Ni4A  meromamu
METAJUIOrPaUIECKOro M PEHTTCHOCTPYKTYPHOTO aHAJM3a. bBbUIM MPOBEACHBI TPHOOJOTHMYCCKUE HCIBITAHHS
00pasnoB 1Mo cxeMme IIap-AucK, a Takke ObUIa omperesieHa MHUKPOTBEPAOCTh 00pasmoB. OmnpenereHo, 4To mocie
00BEMHONM ¥ TIOBEPXHOCTHOM 3aKaJIKW TOBBIMIAETCS TBEPAOCTh U M3HOCOCTOMKOCTh cTam 20Cr2Ni4A. Tlpu stom
caMoe 3HAYMTEIhbHOE W3MEHEHHWE HalmomaeTrcs B oOpasiax, MPOIIEHIINX AIIEKTPOIUTHO-IDIA3MEHHYIO 3aKajKy.
YcTaHOBIIEHO, YTO BBICOKHE 3HAYECHHS TBEPAOCTH M H3HOcocToWKocTH cTamu 20Cr2Ni4A mocie 3IeKTpOIMTHO-
IUTa3MEHHON 3aKaJIKH CBA3aHBI ¢ (POPMHPOBAHHUEM MEIKOUTOJIFYATOTO MAPTEHCHTA.

KiaroueBble cjioBa: CTpyKTypa, (Da3oBBI COCTaB, OJJIEKTPOJMTHO-INIa3MEHHAS 3aKajKka, MHKPOTBEPAOCTD,
HU3HOCOCTOMKOCTB.

Aitmyxanos A.K., 3eitnuoenos A.K., Poyckosa K.C., Axamoea K.JK.

@DrajonHAHUHAEP HAHOKYPBUIBIMAAPBIHBIH  MOJHMMEPJi KYH  JJIeMEHTIHiH  ONTHKAJbIK  JKIHE
(oToBOIBbTAMKAJIBIK CHIIATTAMAJIAPbIHA Jcepi

HaHOKOMMO3UTTIK  MOMUMEpNi  KyH  YAWIBIKTapbl  anblHAbl.  DTaloUUaHuHICPAIH  HAHOKYPBUIBIMIAPHI
koHneHTpanusics! 0,5% ¢oToakTHBTI KabaTTHIH KocmachkiHa KOCKUTIBI. POTOAKTHUBTI KabaT MeHTpdyraiay 9aiciMeH
afiHay XbeUIIaMIelFel 1500 aiin/MuH OOJFaH Ke3le KaFbUIAbl. ATOMJBIK KYIITIK MHKPOCKOIIIEH KaObIpIIaKTap
OertepiHiy cypertepi anbiHAbl. KOMITO3HMTTIK KaOBIpIIAKTapAbIH JKYTBUTY cHeKTpsiepi emmeHai. doroakTusTi
KabaTka (rajonuaHuHAC) HAHOKYPBUIBIMAAPBIH CHTI3y JKYTBUIy MaKCHMyMJia HaHOe3eKTep VIniH 2.1 ece xoHe
HaHOOemeKkTep yuriH 1.9 ece apTyblHa CIEKTPAIH KCHCIOIHE »KOHE ONTHUKANBIK THIFBI3IBIK MOHIHIH OKEJCTiHi
aHBIKTAIIbl. KOMITO3UTTIK OpraHHMKAalbIK KYH YSIIBIKTAPBIHBIH BOJIBT-aMIICPIIIK CHIIaTTaMajiapbl ONIIeHAl. by
yurin QoroakTusTi KabarThiy Gerine 10 Topp kesidge KanblHabiFbl 100 HM aNiOMHHUE SIEKTPON OYpPKiLIi.
®doToakTBTI KabaTka (pramonmaHUHACD XKOHE HAHOOOIIIEKTEp €HTI3reH Ke3Je, BOJIbT-aMIepsIiK CHUIaTTaMaHbIH
KBICKA TYHBIKTaTy TOTBIHBIH THIFBI3IBIFBI colikecinmie 8% xoHe 5% - Fa apTThI, Il Maigael ocep Kod(hPUIUEHTIHIH
MoHI colikecinme 4,8% xone 4,51% pnefiin octi. KOMIO3WTTIK OpraHMKaibIK KYH YSIIBIKTAPBIHBIH HMIICIAHC
criekTpiepi  eymieHai. HaHOKOMIO3WTTIK KaOBIpIIaKTapIblH rogorpadTapblH Tannay (OTOAKTHBTI KabaTka
(dranonuaHUHACPAIH HAHOO3EKTEepi MEH HAHOOONIIEKTEPiH eHri3y MudQy3us Y3bIHABIFBIHBIH coliKkeciHie 2,2 ece
koHe 1,8 ece apTyblHA oHE 3aps TaChIMAJAAYNIBIIAPILIH KO3FaIFBINITEIFBIHBIH 1,4 ece xoHe 1,2 ece ecyiHe
OKEeJIETIHIH KOPCETTI.

Kiar ce3mepi: kapTbUIaHeTKI3rill MOJUMEpIEp, METAIO(PTATIONUAHUHACD, 3apsSA  TaChIMAIIAFBIIITAPIBIH
TCHEPALUACHI )KOHE TPAHCIIOPTHI, POTOBOJILTAMKA.

Aimyxanoe A.K., 3eitnudenos A.K., Poyckosa K.C., Axamoea K. /K.

Binsane HAHOCTPYKTYpP (TATONMAHMHOB HAa ONTHYeCKHe H (OTOBOJbTAHYECKHE XaPAKTEPHCTHKH
MOJTMMEPHOT0 COJTHEYHOT0 3JIeMEeHTa

[Tomy4yeHB HAHOKOMIIO3UTHBIE TONMMEpPHBIE COJHEYHbIC sYeku. HaHOCTPYKTYpHl (TaTONNaHIMHOB TOOABISIN B
cMech  (OTOAaKTUBHOTO ciosi B KoHmeHTparuu  0,5%. @DOTOAaKTHUBHBIA CIIOM HAHOCWICS  METOJOM
neHTpudyrupoBaHus npu ckopocT BpameHus 1500 oOp/MUH. ATOMHO-CHIIOBBIM MHKPOCKOIIOM OBUIH H3MEpPEHBI
n300pakeHNs TMTOBEPXHOCTH IUICHOK. V3MEpeHbI CIEeKTPHl NOTJIOMEHHS KOMIO3UTHBIX IUICHOK. Y CTaHOBJICHO, YTO
BHEIPEHUE HAHOCTPYKTYP (hTAIONMAHUHOB B ()OTOAKTHBHBIN CIIOH MPUBOINT K YIITUPEHUIO CIIEKTPa U BO3PACTAHUIO
3HAYEHUS! ONTHUYECKOHN IJIOTHOCTH B MakcUMyMe Toriomienuds B 2,1 pasza st HanoctepxkHedl u 1,9 pa3z s
HaHOYACTHUIl. M3MepeHBI BOJIbT-aMIICPHBIC XaPaKTEPUCTHKH KOMIIO3UTHBIX OPraHMYCCKUX COJIHCUHBIX sueek. Jlis
3TOTO HA MOBEPXHOCTH (POTOAKTUBHOTO ciiosi mpu 10~ Topp HANMBUIANICS aTIOMUHHUEBBIN 3JIEKTPOA TONMHON 100
M. [lokazaHo, 4TO MpH JONMUPOBAHHUU (HOTOAKTHBHOTO CJIOSI HAHOCTEPXKHSIMH M HAHOYACTUIAMH (DTATOIMAHUHOB
IUIOTHOCTh TOKA KOPOTKOTO 3aMbBIKAHHS BOJBT — aMIICPHBIX XapakKTePUCTUK yBenuumiack Ha 8% u 5%
COOTBETCTBEHHO, a 3HaueHUEe KOAPPHUITMEHTA TOJIE3HOTO NEeHCTBUS Bo3pocio 1o 4,58% u 4,51% cOOTBETCTBEHHO.
W3MepeHsl CHEKTpHl HWMIENaHCa KOMITO3UTHBIX OPTaHMYECKHX COJHEYHBIX s4YeeK. AHamm3 romorpagos
HAaHOKOMITO3UTHBIX IICHOK ITOKa3all, YTO JOMHPOBAaHHE (POTOAKTHBHOTO CIIOS HAHOCTEPKHSIMH W HAHOYACTHUIIAMH
(dTanonMaHMHOB TPHUBOAWT K YBEJIUYCHHIO JIIMHBI auddy3un B 2,2 pa3a U 1,8 pasa COOTBETCTBEHHO H POCTY
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3HaYeHUs MOJBUKHOCTU HOocuTene 3apsiaa B 1,4 pa3a u 1,2 pasa.
Knrwoueeste cnosa: noaynpoBOTHUKOBEIE MOIHMEPHI, METATO(MTATONHAHWHEI, TEHEpaIis U TPAHCIIOPT HOCHTENEH
3apsna, GoToBoIbTaMKA.

3eiunuoenos A.K., Aumyxanoe A.K., Omapoexosa I H., Unvsacos b.P.

In203 KaObIpmIaKTApBIH KYHAIPY TemmepaTypachblHBIH MNOJUMepPJai KYH 3JJeMeHTiHiH (oTo3jIeKTpJaik
cunaTraMajapbiHa Jcepi

In,O3 KaObIpIIaKTapBIHBIH, AJIEKTPOHABI TaCHIMAJIBIHBIH THIMAUITIH apTTHIPY YIUiH, OHbI TEPMHSUIBIK KYHIIpyIiH
MOPQOJIOTHSIChIHA, KYTHUTYbIHA, (POTORJIEKTPIIK KAaCHETTEpPIHE oCEpiH aHbIKTay KaxkeT. JKymbIcTa CIMH-KOATHHT
oniciMeH anbiHFaH InyO3 KaObIpIIaKTapblH KYHAIPY TeMIepaTypachiHbIH MOJIMMEPIi KYH 3JIEMEHTIHIH ONTHKAJIBIK
KoHe (HOTOIIEKTPOPU3MKANBIK CHUIIaTTaMallapblHa OCEpiH 3epTTey HOTWXKenepi KenripiireH. KaObIpriakrapabl
KYHIIpy TeMIlepaTypachblHbIH J>KOFapblIaybl >KYTBUIYJBIH J>KOHE KaOBIPLIAKTBIH THIMBIM CaJbIHFaH aiMarbIHBIH
ONTHKAIBIK C€HIHIH J>KOFapblayblHA aJIbIN KEJeTiHi aHBIKTanApl.  KaOwlprmakrapabl KYHTIpyIiH OHTAMIBI
temrieparypacel T=300°C ambIkTanmapl, Oy Temmeparypanga QorobenceHai KadaTTarbl DJIEKTPOHIAD 3apsif
TaChIMAaJ Ay IIbIIAPBIHBIH MAKCUMAIIBI OMIp CYpPY YaKbIThIHA JKOHE TOMEH PEKOMOWHANMS BIKTUMAJJBIFbIHA HE.
Ochbl TeMIieparypana noaumMepdti KyH dnemMenTinig [TOK-HiH MakcuMmanasl MoHi Oalkanaibl.

Kiar ce3nepi: In,O3, mommMepiti KyH 3JIEMEHTI, BOJIbTAMIIEPJIIK CHUIIaTTaMajapbl, UMITEaHC CIIEKTPIIepi.

3eitnuoenos A.K., Aimyxanoe A.K., Omapoexosa I H., Hnvacoe b.P.

Bausinue Temmepatypbl oT:kura miaeHok In:0Os Ha doTodjeKkTpHUecKHe XapaKTePHCTHKH MOJHMEPHOIo
COJTHEYHOTO JIEMEHTA

s noBeiieHne 3(GGEKTUBHOCTH JCKTPOHHOTO TPAHCIOpPTAa IUICHOK InO3 HEOOXOAMMO OMpPENCITUTh BIUSHUC
TEPMHUYECKOTO OTXKHra Ha MOPQOJOTHI0, MOTIOIIEHHE, (OTOIICKTPUICCKUE CBOMCTBA. B paboTe mpeicTaBicHBI
pe3yNIbTaThl UCCIICAOBAHMS BIMSHUC TEMIICPATYPhl OTKUTa IUICHOK In,O3 MOydeHHBIX METOAOM CIUH-KOATHHT Ha
onTH4eckre U GOTOIMEKTPOPU3NIECKHE XapaKTEPUCTHKH HOIMMEPHOTO COTHEYHOTO 3JIE€MEHTa. Y CTAHOBIICHO, YTO
MOBHIIIEHHE TEMIIEPAaTyphl OTXKHUra IUICHOK NIPHUBOAUT K BO3PACTAHHWIO MOTIIOMIEHWS W ONTHYECKOW IIHPHUHBI
3anperieHHol 30Hbl TuIeHKH. OmpeseneHa onTUMalIbHAs TemrepaTypa oTxkura mieHok T=300°C, mpu KoTopoit
AMEKTPOHBI B (OTOAKTUBHOM CJIO€ 00Jamal0T MaKCHMaJbHBIM BpPEMEHEM JXM3HH HOCHTENICH 3apsia W HHU3KOW
BEpOSITHOCThIO K pexomOuHaruu. [Ipu maHHOW TemrepaType HaOmromaercs MakcuMmanbHoe 3HaudeHue KIIJI
MOJIMMEPHOTO COJTHEYHOTO JICMEHTA.

KiarueBble ciaoBa: InyO3;, MOMUMEpHBIN COJNHEYHBIA HJIEMEHT, BOJBTAMIICPHBIC XapPAKTCPUCTHKH, CIICKTPBI
UMICIaHCA.

Kanyycexuii /1. JI., Mexmuee A. /., Hewuna E. I'., Anvkuna A. /1., Capcuxees E. K.

EpkiH nopumenbai KO3FaJTKbIII 5k9HE Kepi reHepaTop HerisiHaeri Kby YJHePreTHKANBIK KOHIbIPFbI
Maxkanana CTHPIMHT KO3FAITKBIIBI MEH MOPLICHB/ T€HEPaTOPhl HEri3iHAe aBTOHOMJBI MICKTPMEH KaMChI3TaHy
Kyieci KapacTelpbliraH. OHBIH JKYMBIC icTey >Karmaillapra, CBIPTKBI JKaHY KO3FAJITKBIILIBIH JKOHE CBHI3BIKTHIK
CHHXPOHZBI ~ TE€HEepaTopAbl  TaHjayFa Taljay O KYPri3iireH. ABTOHOMIBI  TYTHIHYLIBUIAPIBI  KaJaJbIK
MHQPAKYPHUIBIMHAH AIBIC OPHANACKAH JKBULY JKOHE JJIEKTP JHEPTUACBIMEH KaMTaMachl3 €Ty MOCENECiH MLIemry
OapbichiHAa KyaTThUIbIFBI 100 BT JeiiHri ayiekTp CTaHOMACH! d3ipieHin, maibiHaanasl. OHBIH 3KCIEPUMEHTTIK
3epTTeyi, COHAAW-aK MATeHTTIK-aKMapaTThIK MAaCCHBTI Taijgay OepiireH TeXHWKANbIK OOBEKTIHI makmamany
LIeKapachlH aHBIKTayFa MYMKiHAIK Oepai. Kepi-inrepinMeni reHepaTop CBIPTKbI XbUly OepuliciHe ue epkiH
MOPIIEHBAI KO3FANTKBIIIIECH JKYMBICKA KOChbUIaAbl. TaOUFU SKCIIEPUMEHTTEP/ KYpri3y YIIiH alfHbIMaibl TOKTHIH
CBI3BIKTBIK T'€HEPATOPbIHA U€ CHIPTKBI XKbUTy Oeprili 0ap epKiH MOPIIEHb I KO3FAITKBIIITHIH 36PTXaHaJIbIK YITICIHIH
nporotuni a3ipaenai. OHbIH CTUPIMHT KO3FAJITKBIIITAPBIHBIH OCIrili TypJepiHeH 0acThl albIpMallIblIBIFl - HIH/1
OlTIKIIEH >KoHE alHaJIMaybl MEXaHM3MIHE M€ MAacCHBTI MAaxOBHKTIK OoJMaybl, an Oyl e3 KEe3eKTe IKOFaphbl
repMEeTH3aALUsUIayFa KOJI JKETKI3yre MYMKIHIIK Oepelli JOHE CBHIPTKBI OINIIeMICPAl INCKTEY Ke3iHIEe IIBIFbIC
OumiriHAeri KyaTThl efdyip apTThipansl. JKyMbIC J€HECI peTiHAe CYIbIH a3 MalbI3bl KOCBUIFAH aya KOJIJIaHBIIAIbI,
Oy 10 MIla meiiiHri KBICBIMIBI TaMBITyFa MYMKIHIIK Oepemi. ['eHepaTop KOHCTPYKIIUSACHIHBIH TEXHUKAIBIK eceOi
KENTipiIreH, XbUDKBIMAIBI JIEMEHTTIH Kepi-UIrepiaMelti KO3FaIbIChl Ke3iHIe KaKeTTi KyaTThl JaMBITyFa Ka)KeTTi
KYII aHbIKTaNFaH. TYTHIHYIIBUIapAa JKAaHCHI3NBIK TYABIPATHIH AaKyCTHUKAJbIK IIyAbl Oacy YIIH MIemiMaep
KaObUTIaHABI. ATam aWTKaH[a, MYHBI Jipil COHIIPTIMTEpAi OpHAIACTHIpY koHe [IOK-i sKOFapbl reHepaTop.Ibl
xobanay apKplIbl jxkacayra Oosansl. JKbIIDKBIMAbl 3JIEMEHTTIH KOHCTPYKIMSCHI OpaMaliap HeMece MarHuTTepre
CaJIBIHATBIH MEXaHHUKAJIbBIK JKYKTEMEHI a3aiiTybl THic. ¥ CBIHBUIFAH IeHepaTop Oacekere KabijeTTi 00irybl MYMKIH
MKOHE JM3elb/i Hemece OCH3MH KO3FaITKBIITAPBIMEH JOCTYPJIi TOMEH KyaTThl 3JIEKTP KO3JEepiH CITTi ajaMacThipa
anajpl.

KinT ce3nepi: Muxpoanekrpocraniusi, CTUPIUHT KO3FAITKBILIBI, MOPIIEHBAI TeHEpaTopsl, OajaMa Ke3i.
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Kanyyccxuii /1. JI., Mexmuee A. /., Hewuna E. I'., Anvkuna A. /1., Capcuxees E. K.

TemnoBasi JHepreTHYecKasi YCTAHOBKA Ha OCHOBEe CBOOOJAHOr0 MOPIIHEBOT0 [BHUTAaTeJIssi W OOPaTHOIrO
reHeparopa

B cratpe paccmaTpuBaeTcs aBTOHOMHAS CHCTEMa AIIEKTPOCHaOKeHus Ha 6a3e nBuratenss CTUPIMHTA W TOPIITHEBOTO
rereparopa. IIpoaHann3upoBaHbl YCIOBHA €TO SKCILTyaTalllH, BEIOOP ABUTATENS BHEIIHETO CTOPAHUS W JTMHEHHOTO
CHHXPOHHOTO TeHepaTopa. B xome pemreHus 3amaun 1mo oOeClieYeHHI0 aBTOHOMHBIX MOTpeOHTeNnel TEemIoBOi u
ANEKTPUUYECKONH JHEpTHeH, yOaJeHHBIX OT TOpOJCKOW HMH(PPACTPYKTyphl, ObUla pa3paboTaHa W HM3TOTOBJICHA
anekTpocTaHiuss MomtHocThio 10 100 Br. Ero skcmepuMeHTanmpHOE W3ydYeHHE, a TakKe aHAINM3 IATEHTHO-
WHPOPMAIMOHHOTO MAacCHBa TMO3BOJMIIN ONPEACIHTh TPAHMIBI HCIIONB30BAaHUS AHHOTO TEXHWYECKOTO OOBEKTa.
Bo3BpaTHO-IOCTYATENBFHBIA T'eHEPATOP MPUBOIUTCS B JICHCTBHE CBOOOIHOIOPIIHEBHIM JIBUTATEIIEM C BHCIIHUM
moaBooM Tera. J[ns MpoBEACHWS HATYPHBIX JKCIEPHUMEHTOB Pa3pab0TaH MPOTOTHI JIAOOPAaTOPHOro obOpasma
CBOOOTHOIIOPIIIHEBOTO JIBUTATENs C BHEIIHUM ITOJIBOJIOM TEILIa C JIMHCHHBIM I'€HEPAaTOPOM MEPEMEHHOro Toka. Ero
[NIABHOE OTJIMYHUE OT U3BECTHBIX TUIIOB ABHUraTenicii CTHPIIMHTA - OTCYTCTBHE MACCHBHOTO MaXOBHKA C KOJICHYATHIM
BaJIOM M KPUBOUIMITHO-IIIATYHHBIM MEXaHU3MOM, YTO MO3BOJISIET JOOUTHCS OOJbIIEH repMETHYHOCTH U 3HAYUTEIHLHO
YBEJIMYMBAET MOITHOCTh HAa BBIXOJHOM Bally NPW OTPAHWYCHWHM BHEIIHUX rabaputoB. B kauectBe pabouero Ttenma
HCTIONIB3YETCSl BO3AYX C JA00aBICHHEM HEOOJBIIOTO TMPOICHTA BOMBI, YTO IMO3BOJIIET Pa3BUBAThH aaBieHue 1m0 10
MITa. [IpuBeneH TEXHUYECKHI pacdeT KOHCTPYKIMU T'e€HepaTopa, ompeesieHa cuia, HeoOXoaumasl Il pa3BUTHS
HEOOXOAWMOW MOIIIHOCTH TPH BO3BPATHO-IIOCTYTIATEIIFHOM JBIKCHHWN IIOJIBIKHOTO 3JEMEHTA. BBUTHM MPHHATHI
peLIeHNs IS TTONABJICHUS aKyCTHYECKOTO IITyMa, BBI3BIBAIOMIETO OUCKOMGOPT y morpedureneit. B wactHocTH, 3TO
MOXXHO CJIeJIaTh, Pa3MECTHB TacCUTENIH BHUOpAIMA M CIPOCKTHPOBaB reHepatop ¢ BeicokuM KIIJI. KoHcTpykmwms
MOJIBMYKHOTO 3JICMEHTA JIOJKHA CBOJUTh K MUHHMYMY MEXAaHHUYECKYH) HArpy3Ky Ha OOMOTKH WIJIM MarHUTHL.
[Ipemiaraempiii TeHEPaTOP MOXKET OBITh KOHKYPCHTOCIIOCOOHBIM W MOXET YCICIIHO 3aMEHUTH TPaIUIIMOHHBIC
MAJIOMOIIHBIC UCTOYHUKHU JICKTPOIHEPTHH C TU3CIbHBIMH WA OCH3UHOBBIMH JIBUTATCIISIMHU.

KiroueBble c0Ba: MUKPOAICKTPOCTAHIMs, ABHrateiab CTHUPIMHra, MOPIIHCBOW TEHEPATOP, ANbTCPHATHBHBIN
UCTOYHUK.

Hoeocenos U.I0., llpazep 3.P., Tuxonoe A.E.

Korappl :xKuinikTi anay paspsaabIHBIH TeMeH TeMIepaTypaibl IIa3MAachbIHAA YpPaH-TOPUHl OKCHATI
YHTAKTapbIH CHHTE3/1ey

Maxkanaga jxaHa OybIHOBI OTBIH — IWCHEPCHSUIIBIK SAPONBIK OTBIH YIIIH YPaH-TOPHH OKCHIIHIH YHTaKTapblH
IUIA3MOXHUMHISIIBIK CHHTE3/ICY TPOLeci KapacThIPbUIFaH. 3epTTeyep Mpouecinae 6acTanksl MPeKypcopIapablH KaHy
KOPCETKIITEpiH ecenteyi xypri3inmi. [Ipekypcopmap peTiHae Cy-OopraHUKajIblK HUTPAT €piTiHIIepi aJbIHIbBI, aj
OJIap/BIH HETi31 ypaHWII XaHe TOpuil HUTparTaps! (0esiHeTiH Kypaynibuiap), COHAali-aKk MarHui HUTpaTel (MaTpuua
Marepuaisl) 6onabl. EpiTiHaIEpAiH OpraHuKaibK KypayIibiChl PETiHIE alleTOH allbIH/bL, ce0ebi 0J1 XKbUTy LIBIFapy
KaOUIeTTUITHIH )KOFapbl MOHIHE JKOHE JKaKChl ©3apa epirimTikke ue. TepMoauHaMUKaJbIK ecenTeyiep OapbiChiHIa
TOMEHI1 TeMIlepaTypaibl aya IUIa3MachblHga 0acTankbl Cy-OpraHMKaJbIK HHUTPAT EpITIHIUIEpIH KaWTa eHAeyIiH
OHTAJIBI peXHUMICP] aAHBIKTANIBL. byl pexumaep KbIIIKbUIAaHOAFaH KOMIPTEKTiH (KYHEHIH) jkaHama
KOCTIAJIAPBIHCBI3  KAXKETTI CTCXHMOMETPUSHBIH OTHIH KOMIIO3MIMSJIAPBIHBIH ~CHUHTE3IH KaMTamachl3 eTell.
YHTaKTapAblH TOXKIpHOETiK MapTHUIAPBIH ally OOWBIHINA JKCIIEPUMEHTTIK 3epTTeyJiep MOJACIBIIK Kocraaap/a
JKYPTi3iireH, OHNIA ypaHWI MEH TOPHA HHUTPATTaphl OJapMEH MEPHOATHIK KEeCTeHiH Oip TOOBIHIA OpHATACKaH
HEOJWUM JKOHE IEepUil HUTpATTAphIMEH anMacThIpbUInbl. CHHTE3 TpOoIeci HeTi3i JKOFaphl SKHINIKTI alay THNTI
IJIa3MOTPOH OOJIATHIH TUTA3MOXUMUSUIBIK CTEHATI KOJMAaHY apKbUIBl JKYpri3uireH. OKCHATI KOMIIO3HWIIHSIIAPIBIH
CHHTE3/ICITCH YHTAKTapbl 3JICKTPOHABl MHUKPOCKOINHS, T'PaHyJOMETPHSIBIK Tajnay, peHTreHni-(asanblk Tangay
xkoHe bOT-tammayasl koca, Oipkatap TanmayiapiaH oTTi. Tamjgay HOTWXKeNepl alblHFaH YHTaKTap.Ibl
HaHOOJIIIEM/IED KJIaChlHA KATKbI3yFa 00JIaThIHIBIFBIH KOPCETTI.

KinT ce3nmepi: »orapbl )UUTIKTI ayay pa3psibl, I1a3Ma, YHTaK, SAPOJIBbIK OTHIH, YpaH, TOPHH, Tauaay.

Hoeocenos U.I10., llpazep 3.P., Tuxonoe A.E.

CuHTe3 YpaH-TOPHUEBBIX OKCHIHBIX TMOPOIIKOB B HU3KOTEMIEPATYPHO#i IIa3Me BBICOKOYACTOTHOIO
(daxenbHoOro paspsiaa.

B craTthe paccMOTpeH mporiece MmIa3sMOXUMHUYECKOTO CHHTE3a ypaH-TOPHEBBIX OKCHIHBIX TOPOIIKOB IS TOIUIMBA
HOBOTO TIOKOJICHHSI — IWCIIEPCHOHHOTO SIEPHOTO TOIUIMBA. B Tpormecce HCCIeNOBaHUN TPOBOAWICA pacyeT
MoKa3ateje TOpPeHUS HCXOMHBIX TPEKypcopoB. llpexypcopamu BBICTYNaIH BOJHO-OPTaHWYECKHWE HHUTPATHBIC
PacTBOPHI, OCHOBY KOTOPBIX COCTABIISIIM HUTPATHI YpPaHWIA W TOPHUS (AEAIIecs KOMIIOHEHTHI), a TakKe HUTPAT
MarHus (MaTepuan Mmatpunbl). OpraHM4ecKrM KOMITOHEHTOM pPAacTBOPOB BBICTYTAN AaIleTOH BBHIY IOCTaTOYHO
BBICOKOTO 3HAUCHHS TEIUIOTBOPHON CIIOCOOHOCTH HM  XOpOIICH B3aMMHOW pacTBOPUMOCTH. B xoze
TEPMOJAMHAMHYCCKIX PACUYCTOB OBUIM OMNPEACICHBI ONTUMAILHBIC PEKHUMBI TEPEPaOOTKUA HMCXOIHBIX BOIHO-
OpraHMYECKUX HHUTPATHBIX PACTBOPOB B HHU3KOTEMIIEPATYpHOW BO3AYINHOW IuTa3Mme. JlaHHBIC PEXKHUMBI
00CCIICYMBAIOT CHHTE3 TOIUIMBHBIX KOMIIO3HMIUN HEOOXOMUMOW CTEXHOMETPUH Oe3 TOOOYHBIX IPHUMECEH
HCOKHCJICHHOTO yriepona (caxu). DKCHCPUMCHTANBHBIC HCCICIOBAHUS IO TOJYYCHHIO OINBITHBIX MAPTHHA
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MOPOIIKOB MPOBEJECHBl Ha MOJEIbHBIX CMECSX, B KOTOPBIX HHUTpAThl ypaHWJA U TOPHsS 3aMEHEHBl HAa HUTPATHI
HEOJMMa W LEpHs, KOTOpBIE HAXOIATCS C HAUMH B OIHOHM Tpylme mepuommdeckor tabmumpl. Ilpomecc cunTesa
MIPOU3BOJIMIICS C WCTIONB30BAaHUEM IUIA3MOXHMHYECKOTO CTEHAA, OCHOBY KOTOPOTO COCTABIISUI BBICOKOYACTOTHBIN
IUTa3MOTPOH (pakenpHOTO THHa. CHHTE3WpOBAaHHBIE MOPOMIKM OKCHIHBIX KOMITO3WIWN MOABEPralluCh pALY
aHAJTM30B, BKJIIOYAS DJICKTPOHHYIO MUKPOCKOTIMIO, TPAHYJIOMETPUUSCKAN aHAIH3, peHTTeH0(a30BbIi aHanu3 1 bOT-
aHanmn3. Pe3yapTaThl aHATH30B MMOKA3ad, YTO TOIyYEeHHBIE IIOPOIIKA MOYKHO OTHECTH K KJIacCy HAaHOPa3MEPHBIX.
KiroueBble cji0Ba: BHICOKOYACTOTHBIN (pakembHBIN pa3psl, MiiasMa, MOPOMIOK, SIIEpPHOE TOIUIMBO, YpaH, TOPHH,
aHau3.

Odbyxoe C. K. IInomnuxkos, U. A., Knumosa H.K.

TexHUKAJBIK CHIaTTaMara cdlikec (pOTONIEKTPJiK MOY.Ib MapaMeTpJiepiH aHBIKTAaYAbIH KaHa ici
Bepinrer Makamama HaKTBl KYMBIC JKaFTaWblHAa (OTOIIEKTPIIK MOAYNBOIH MaTeMaTHKAJIBIK MOAETIH KYpY
omicreMeci OepisreH, OYJ1 MOJIEh SHEPTUSIIBIK CUIIaTTaMajlapblH KaiiTa >KaHFBIPTYFa MyMKiHIiK O6epeni. CoHpaii-ak,
(OTORNEKTPIIK TYPISHAIPTIIITEPAIH MAaTEMATHKAIBIK MOJESNBICPIHIH HETI3T1 TYpJiepi KapacThIPBUIBIIN, OJap.IbIH
napaMmeTpIIepiH OarasayblH eH TaHbIMaJ 9JicTepi TasiaHabl. baraapnamanaysl KojaaHOail sxoHe caHbIK Oaranay
ANTOPUTMICPIH KypMaii-aK, TEXHHMKAJbIK crenudukanus MojaiMerTepi OoHbIHIIA (OTOIIEKTPIIK MOIYJIbIIH
napaMeTpIIepiH aHbIKTay IbIH TYIHYCKa XoHE KaparaibIM 9JIiCi YCHIHBUIFAaH. ¥ CHIHBUIFAH 9JIiC «IICMIIMAEPII 131ey»
Kypasisl opHateiiFaH Excel kectemik Oarjapriamaceinia oHall okysere acbipputanbl. Kyocera KC200GT
(OTORIIEKTPIIIK MOAYJIHIH BOJBT-aMIEPJiK CHNATTAMAChIH MOZEJIBIACYAIH HOTHXKEJIEpl TeMIeparypa MeH
KAPBIKTAJIYBIHBIH KEH JMana3oHbl YHIH yceiHbUFaH. COHBIMEH KaTap, MOJENbIIH CHIaTTaManapbl MeH
SKCHEPUMEHTTIK MOIIMETTEP i CABICTRIPY apKbUIBI NIAIK Oaramanasl. bipkaTtap GOTOANEKTpIiK MOAYIbICD YIIiH
MOJIeNbIe CHIHAK JKYPTi3LIdi, MOZIENBACY HOTIKENEPiHIH OHMIPYUIiHIH MONIMETTePIMEH JKaKChl COHKECTITITiH
kepcerti. Mogens MPP aiimarpiHna (MakcHuMangsl KyaT HYKTEC) MOICTBACYMIH JKOFaphl AOJAITIH KaMTaMachl3
ereni. byn dakt oHbl HOTOINEKTPIIK CTAHIMS KOHTPOJUIEPICPIHIH THIMII aNTOPHUTMIEPIH kKacay, TYPJICHIIpTilT
KYPBUIFBUIAPIBIH 3JIEKTP Ti30€TiH KaKcapTy, HJIEKTP SHEPTHACHH OHAIPYiH O0iKay, )KYMBIC PEXUMICPIH Tangay
XKoHE (POTOIIEKTPIIK KYHeIepai OHTalIaHABIpY YIIiH MaiaaJanyFa MYMKIiHIIK Oepei.

Kint ce3mepi: ¢oroamexTpiik MOAynb, KyH O3JIEMEHTi, Oip IMOITarbl SKBUBAJICHTTI aJIMacThIpy CyJ10achl,
(hOTOITIEKTPITIK MOIYJIb TIApaMETPIICPiH aHBIKTAY.

Ooyxoe C.I'., Ilnomnuxoe H.A., Knumoea I'.H.

HoBblii MeTox ompeaeieHHsi NapaMeTpoB (POTO3NEKTPHYECKOTO MOAYJSl MO [JaHHBIM TeXHHYeCKOMH
crienqupuKanun

B nmaHHOU craThe IpeACTaBICHA METOJUKA MOCTPOCHHS MATEMATHYCCKOW MOJEIH (POTOIICKTPUUCCKOTO MOIYJIS,
[I03BOJISIIONIAs BOCIIPOM3BECTU €0 SHEPreTUUECKHE XapaKTEPUCTHKU B PEAIbHBIX YCIOBHX dKCIUTyaTaluu. Takxke
pacCMOTpPEHBI  OCHOBHBIC THUIIBI MATEMAaTHUCCKUX MOJCNCH  (OTOITCKTPUUCCKUX THpeodpazoBaTencii U
MIPOAHATU3UPOBAHBI HAMOOJIEEe H3BECTHBIC METO/IbI OIICHKH X MapaMeTpoB. [IpeioKeH OpUrHHAIBHBIN U IPOCTOM
croco0 ompesecHUs MapaMeTpoB (HOTOIICKTPUUESCKOTO MOJIYJISl MO JAHHBIM TEXHUYECKOH crenudukanmu 0e3
HCITIOJIB30BaHUs MPOrPaMMHUPOBAHUS M Pa3pabOTKU alTOPUTMOB YHCICHHON OICHKH. [IpeayaraeMplii METOT JISTKO
peanmsyetcs B TaOJMIHON nporpamme Excel ¢ ycranoBieHHbIM HHCTpYMEeHTOM «Ilouck pemrenuid». [IpeacraBieHsr
pesynbratel  MonenupoBanus BAX (BAX) doroanekrpudeckoro monyist Kyocera KC200GT B mmpoxkom
JMara3oHe W3MEHEHHS TeMIIepaTypbl M OCBEIIEHHOCTH. Kpome TOoro, MpOM3BOAWTCS OICHKa TOYHOCTH ITyTeM
CpaBHEHUS XapaKTEPHCTHK MOJEIH M SKCIEPUMEHTANBHBIX TaHHBIX. Mopaens Oblla TPOTECTHPOBAaHA Ha pPSC
(OTOZTEKTPUUECKNX MOIYJCH ¥ IOKa3aja XOpOIIee COOTBETCTBHE pPE3YJIbTATOB MOJCIUPOBAHUSA JAHHBIM
npon3BouTeNs. Mojiens o0ecrednBaeT BRICOKYIO TOYHOCTh MOICTTUpOBaHus B pailone MPP (Touka MakcuMaibHOM
MOIIHOCTH). DTOT ()aKT MO3BOJISIET UCIIOJIL30BATh €r0 Ui Pa3padOTKU 3P PEKTUBHBIX AITOPUTMOB KOHTPOJUICPOB
(DOTOSIICKTPUYCCKUX  CTAHIIM, yCOBEPIICHCTBOBAHUS  CXCMOTCXHHMKH IPEOOPA30BATEIBHBIX  yCTPOMCTB,
MIPOTHO3UPOBAHUS BBIPAOOTKU 3JICKTPOIHCPIHH, aHAIN3A PEKUMOB PabOThI U ONTUMU3AIMH (POTOIICKTPHUUCCKUX
CUCTEM.

KiroueBblie cjioBa: (OTOIICKTPUUCCKUI MOJTYJTb, COTHCUHBIN 3JICMCHT, SKBUBAJICHTHAS CXCMa 3aMCIICHUs Ha
OJTHOM HOJIe, ONpEICICHHIE TTapaMeTPOB (POTOIIECKTPHUIECKOTO MOJTYJIS.

Centoms B.

7Korapbl KBICBIM Me€H JKOFapbl TeMIepaTrypa :KaFJaiiblHIa AaJIOMHHMI KOCBLIFaH, MeXaHMKAJbIK
Oescengipiiren rpadgur TOpi3Ai Gop HMTpHUIIHEH CHUHTe3JeJreH HAaHO- JKdIHe MHUKpoeoJmeMai KyoThik BN
HeTi3iH/eri MaTepuaIbIH KYPbUIBIMbIH 3€PTTEY

Maxkamaga HBN — c¢BN ¢a3zaneik TypieHmipyniH OacTaMammbIChl pejiiH aTKapaThlH amoMuUHHAIIH (Al)
KATBICYBIMCH JKOFaphl KBICBIM MEH JKOFapbl TeMIIepaTypa >KarmaiblHJa MEXaHUKAIBIK OCNCeHIIpireH Tpadur
TOpi3ai OOp HUTPUIIHCH AalbIHFAH HAHO- JKOHE MHKpoenmeMai KyOTelk Oop nutpuaine (cBN) Herizmenren
MaTepUAIIBIH KYPBUIBIMBI MEH (pa3aiiblK KypaMbl 3epTTenreH. Mexanukanblk Oencenaipyai kongany hBN-ne cBN
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JIOHJIEPiHIH Taiiia 00JybIHA BIKIAJ €TETiHI KOPCETUIreH, Oyl COHFBI OHIMHIH AMCIEPCHSCHIH apTThIpyFa MYMKIHIIK
Oepeni. cBN cuHTe3iHIH TEXHOJIOTHSIIBIK MapameTpiaepi xxoHe Al memmiepi - MaTepuaiiblH KYpbUIbIMbIHA, COHAAM-
ak oHmarbl BN KkyOTHIK (a3acklHBIH KypamblHa aiTapnbikrail acep ereni. hBN(MA)-10%Al sxydeci ymiH
KbICBIMHBIH 2,5-TeH 5,5 I'Tla-ra neitin sxone TemmneparypanbiH 1550°C-tan 1750°C-ka meliin xorapbutaysl cBN
(azaceiabiH KypambsIHbIH 10-15% - man 90% - ¥a geliin sxorapbulaybIHa bIKHal ereni. CoHbIMEeH Katap, 2,5 jkoHe 5,5
I'Tla xpiceIMBIHTA cuHTE3neNTeH cBN monzaepiHiH emmemi coiikecinme 200-500 aM xone 40-120 HM apaibIFpIHIA
Oomanpl. Al MemiepiHiH, TemIepaTypaHblH *oHe CBN CHHTE3IHIH Y3aKTBIFBIHBIH apTybl mamameH 10-50 mMxM
yakeH cBN moHnepinin maiiga 60JybIHa OKeTeTi.

KiaT ce3nepi: MexaHUKaIbIK OeICeHIipY, (a3ablK TypiaeHy, OOPABIH HAHOKYPBUIBIMABIK KyOTHIK HUTPHII, YKOFaphI
KbICHIM JKOHE TeMIeparypa, CHHTE3.

Ceniomyp B.T.

HccienoBanne CTPYKTYpbl MaTepHala Ha OCHOBe HAHO- H MHKpOpasMepHOro kKyomdeckoro BN,
CHHTE3NPOBAHHOIO U3 MEXAaHOAKTHBHPOBAHHOIO IpaduTONON00HOr0 HUTPHIA Hopa ¢ 100aBKOH ATIOMHHUS
B YCJIOBHSIX BBICOKOIO JaBJIeHUS M BBICOKON TeMIlepaTypbl

B cratee uccnemoBaHa cTpykTypa M (pa3oBbIf cOCTaB MaTepHana Ha OCHOBE HAHO- M MHKPOPa3MEPHOTO
KyOudeckoro Hutpuaa 6opa (cBN), MmolydeHHOTO B YCIOBHSIX BBICOKHX JABJICHHWHA W BBICOKHX TEMIIEpaTyp HU3
MeXaHOAaKTUBHpPOBaHHOTO TpaduromogooHoro Hutpuma 6opa (hBN) B mpucyrctBum amomunaus (Al), KOTOpBIiA
urpaeT poib uHUIHMaropa ¢azosoro npespamenns hBN — cBN. [Toka3zaHo, 4TO HCIIOIB30BaHUE MEXaHOAKTHBAITIH
croco0cTByeT oOpaszoBanuio 3apoxpimiedi cBN B hBN, 4T0 mTO3BONISET MOBBICUTH JUCTIEPCHOCTH KOHEYHOTO
npoxykra. TexHonoruueckue napamerpsl cuHre3a cBN m kxonndecTBo Al OKa3bIBalOT CyIECTBEHHOE BIMSHHE Ha
CTPYKTYpY Marepuala, a TakKe Ha cofepkaHue B HeM KyOudeckoit ¢azer BN. IToBbiieHre qaBieHust Uit CUCTEMBI
hBN(MA)-10%Al ¢ 2.5 no 5.5 I'Tla u Temneparypsl ¢ 1550°C no 1750°C ciocoOCTBYeT yBEIHMUYCHUIO COAEPKaHUS
¢assl ¢cBN ¢ 10-15% mo 90%. %. IIpu sTom pazmep 3epen cBN, cuHTe3npoBanHbIX npu AasieHusx 2.5 u 5.5 I'Tla,
Haxogurcs B npeaenax 200—500 um u 40—-120 HM COOTBETCTBEHHO. YBeJIMUEHHE KoiudecTBa Al, Temiieparypsl U
NIPOJIOJDKUTENBHOCTH cuHTe3a cBN npuBoauT k 00pazoBaHuIo KpynHbIX 3epeH cBN pasmepom okoio 10-50 MxMm.
KnaroueBble cioBa: mMexaHWdecKas akTuBanusi, (pa3zoBoe NpeBpalleHHE, HAHOCTPYKTYPHBIM KyOWYeCKHH HHUTPHI
Oopa, BEICOKOE JaBIICHUE U TEMIIEPATypa, CHHTES.

Bonoxumuna U.E., Borokumun A.B., Ilanun E.A., Jlamvinoea M.A., Kacveimos C.C.

«Ten apHaJbl OYpPBIIITHIK MpecTey-co3y» ddiciMen nedopmanusiiay kediHaeri 60J1aT aTIOMUHUNH CHIMBIHBIH
MHMKPOKYPbLIBIMBIHBIH 3BOJTIONMACHI

Ten apHambl OYpBHIITHIK MPECTEY-CO3YIBIH MHUKPOKYPBUIBIM 3BOJIIOLUACHIHA JKOHE CHIMHBIH MEXAHHUKAJIBIK
KacHeTTEpiHIH e3repyiHe ocepiH OSKCHEPHUMEHTTIK 3epTTeysep KelleHi OapbIChlHIA YJIbTpa YCaK TYHIpLIIKTI
KYPBUIBIM/IBl KaJIBIIITACTHIPY JKOHE 0O0JIAT aTFOMHHUN CBIMBIHBIH OCpIKTIK KACHUETTEPiH apTTHIPY YIUIH YCHIHFaH
Y3AIKCI3 OMICTI KOJAA@HYABIH HETi3ri MYMKIHIIIT MeH KoJjiaHy Tuimuimiri jgonennpenred. Jledopmanms Genme
TEMIIepaTypachlHa YII OTy Ke3iHAe »XyprisinreH. bumeran cbIMHBIH eki kabaTbl na Oipkenki eHIeIMereHi
Kepceriren. bBacrankel AoH enmemi 22 MKM OONAThIH AIOMUHHI KaOBIFBI OpTallla €CENIeH 2 MKM-Te JCHiH
eHjieniei. boyar e3exiiene KOJICHEH XoHE OOWMIBIK KMUMallapia op TypJi JoH eimiemuaepi kezgeceni. CoHbIMEH,
Oacrarkpl enmreMi 18 MkM noHAep aedopmarusaaan KeWiH ToHASpAiH oemieMi O0MIbIK KuMana mamMaMmen 10 Mk, aix
KOJJCHEH KuMana — 8 MKM Kypausl.

Kinr cesmepi: KapKbIHABI IIACTHKAIBIK JIehopManus, MHKPOKYPBUIBIM, OMMETayl ChbIM, 0O0JaT, aJiOMUHUH,
MeXaHHUKaIbIK KaCHeTTep.

Bonoxumuna U.E., Bonoxkumun A.B., Ilanun E.A., /lambinosa M.A., Kaceimos C.C.

JBOJONHST  MHKPOCTPYKTYPHI  CTAJEATIOMHHUEBOH  MPOBOJIOKM TpH  JedopMalldH  METOIOM
«PaBHOKAHAJIBHOTO YIJIOBOTO MPECCOBAHUSI-BOJIOYEHUS

B xome koMIUlekca SKCICPUMEHTATBHBIX HCCIICIOBAHUM BIHSHUS PaBHO-KAHAJIHHOTO YIJIOBOTO MPECCOBAHMSI-
BOJIOUCHHSI HA OBOJIOIUI0 MHKPOCTPYKTYPHl M U3MCHCHHC MEXaHHYECKHX CBOWCTB IIPOBOJIOKM JIOKa3aHa
MPUHIUIAATBHAS BO3MOXHOCTh M 3((CKTUBHOCTh HCIOJIb30BAHUS HPEIJIATaeMOr0 HEMPEPBIBHOTO CIIOCO0a Uist
(GbopMUpPOBaHUS yIbTPA MEIKO3EPHUCTOH CTPYKTYPbI M TOBBIIMICHUS] IPOYHOCTHBIX CBOWCTB CTaJealOMHUHEBOM
npoBosioku. JeopMupoBaHue MPOBOAMIOCH NP KOMHATHOM TeMIeparype 3a Tpu mpoxoja. [lokazaHo, 4rto oba
clos OMMETANTUYEeCKON TPOBOJIOKK 00pabaThIBAIOTCS HEPaBHOMEPHO. AFOMHHHEBas 000JI0YKa C HAYaJIbHBIM
pasMepoM 3epeH 22 MKM mpopadarbiBaeTcsi B cpeaHeM g0 2 MKM. CTalbHOW CEepISYHHK HMEET Pa3InIHyIo
BEJIMYMHY 3€pHA B MOMEPEYHOM M MHPOJOJIBHOM CEYCHHUsX. Tak ¢ HadalbHBIM pa3MepoM 3epeH 18 MM mocie
Je(OPMHUPOBAHUS B MPOJIOTBHOM CEYCHUU pa3Mep 3ePCH COCTABISACT mopsaka 10 MKM, a B IOMEPEYHOM — 8 MKM.
KiroueBble c10Ba: MHTCHCUBHAS IUTACTHYECKas Jedopmalius, MUKPOCTPYKTypa, OMMETauIn4ecKas MpPOBOJIOKA,
CTallb, aTFOMUHUN, MEXaHUYECKHE CBOWCTBA.
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Kyouu B.U., Yepnuema O.I., IOpoé B.M., barmaéekos A.C., I'yuenko C.

«CuCrNiZrTi — KY50», «CuCrNiZrTi — 40X», «CuCrNiZrTi — 12X2H2» marepuanaap :xyiecinaeri
TPUOOJIOTUSIBIK OalJIaHbIC

YWKeNMCTiH MOJISKYJIAJIBIK KYPAYIIbICHl - aATre3UBTIK OAWIAHBICTBIH BIFBICY OEPIKTITi skoHE opOip HAKTHI 3€pPTTEY
YIIiH MOJICKYJIAJIBIK KYPayIIbIHBIH IMbEe303JICKTPIIiK KOAPOHUITUEHTI MapamMeTpiepiHiH abalKamysl Typallbl MIEKTeYJTi
aKmapaT - HOTW)KEHI OaranayiblH OOBEKTHBTUIIN MEH JSJJITiH apTTHIPY MaKCaThIHIA Killli KeJIeMJi yiriiepie
BIFBICYIBI MOJIENBICY apKBUIBI TapaMeTpiepAi MaKcaTThl TYple ajAblH-ana aHbIKTaiiabl. Makamama Oojatiie,
LIOMBIHMEH J>KaHacy Ke3iHJeri »KyKTeMe-Mailay pexumzaepiHe OeiiMaenyiH >koHE Killl eJmemai yiriiepae
BIFBICYJIBI MOJETBICY apKbUIbl aire3usi KACHUCTTEPiHIH MapaMeTpiepiH OadkanyblH Oarajiay VINIH JKOFaphbI
suTponusuibl CuCrNiZrTi KOpBITHACHIHBIH aHBIKTAJIFaH TPUOOTCXHHUKANBIK CBHIHAKTAPIBI OTKI3y e€ce0i KOWBLIFaH.
TpuboTtexuukanbik ceiHakrap CMII-2 yiikenic MamMHACBIHIA €Ki CAThIIA <OKBIDKBIMAIIBI JUCK - TYPAKTHI KOJIOIKAY
yiikenic cynbacbl OoMbIHIIA Killli ©JIMIEMAl yiriiepae >Kypriiami. Yirinep - AWCKUIEp Keneci MaTepuajigapaaH
acanrad: Oonat 40X, 6omar 12X2H2, motieia KCh50. Ynrinep — konmonakanap skorapsl dsHTponHsuiel CuCrNiZrTi
(890 HV) xopeITnaceiHaH xacanrad. Maiinaymel Matepuan perige 50°C ke3iHIe IWHAMHUKAIBIK TYTKBIPIIBIFBI
0,106 ITa « c 6omarerH TAI-1711 85W90 TpaHCMHCCHSIBIK Maibl KOJIAHBUIABI. 3EPTTEIiHETIH MaTrepuaiiap
YaArinepiHiH OeTTEpiH TaMINBUIATBHIN Maiiay KargaiblHAa YiiaeciMai OOJBINT KepiHe il X oHe KaHaraTTaHapJIbIKTal
JKYMBIC icTelai. Byn skarmaiia >KbUIIAMABIK TI€H KYIITIH JKYKTENTYyiHIH TapaMeTpliiepl MeKapaJlblK Maiay by
KepiHiCiH aHbIKTaiIbl. OpHATBUIFAH YHKEIIC PeXKUMIHE JKETy YaKbIThI OapJIbIK JKyHenep YIIiH ic y3iHae Oipaeit
XoHe 7,5 MUHYyTTaH KeliH Oalikanansl. COHBIMEH KaTap, Maiilay Ke3inaeri matepuannap xyienepi 140-ran 230 H-
Ka JCWIHT1 KaJbIITHl J)KYKTEME KYIIiHIH MHTepBANbIHIA OipIeil TYpakThl OOJIIbI JKOHE YHKENICTIH TUHAMUKAJIBIK
kodpdunuenTinin keneci wmoHAepiH kepcerTi: «KU50-CuCrNiZrTi» p=0,13; «40X-CuCrNiZrTi» p=0,22;
«12X2H4-CuCrNiZrTi» p=0,17. Anbiarad rpadukanblK 3aHABUIBIKTap JKOHE OJIap/AbIH MaTeMaTHKAJIBIK JKYBIKTAY
mapameTpIiiepi BIFBICY KbUIIaMIbIFbIHBIH o3repici kesinmeri CuCrNiZrTi ky#eciHiH aAre3usuiblK KacHETTEPiHiH
@3repy CHUIIAThIH aHbIKTayFa MYMKIHIK Oepi.

Kint ce3mepi: wMarepmammap okyieci, Y#kemic KOIPPUIMCHTI, TMHE30IIEKTPIIK KOIQPHUIMEHT, BIFBICY,
TaHTCHIMAIIBIK OCPIKTiK, Maiinay.

Kyouu B.U., Yepnema O.I'., Oposé B.M., banmaéexos A.C., I'yuenxo C.

Tpubosioruyeckuii KOHTakT B cucrtemax maTepuayioB «CuCrNiZrTi — KU50», «CuCrNiZrTi — 40X»,
«CuCrNiZrTi - 12X2H2»

OrpaHMYeHHOCTh CBEJICHUI O TPOSBICHHM IapaMeTPOB MOJIEKYJSIPHOM COCTaBISIONIEH TPEHHS — CIABHUIOBOM
NIPOYHOCTH aJATe3MOHHON CBSI3M M MbE30KOI(PQUIIMEHTa MOJIEKYJISIPHON COCTABISIIONICH JUIsl KaXKAO0T0 KOHKPETHOTO
UCCIIEJOBAHMS TIPENIONIPEAEIIAET UCII0JIb30BAHUE 1EJICHAIPABICHHOTO ONPEACICHHS NapaMeTpOB MOJICIHPOBAHUEM
CIBWra Ha MaJIoTabapUTHBIX 00pa3lax C LENBIO MOBBIIICHUS OOBCKTUBHOCTH M TOYHOCTH OIICHKH pe3ynbTara. B
CTaThe MOCTABJICHA 3a/a4ya O [IPOBEJICHUH ONPEACIUTEIbHBIX TPUOOTEXHUYECKUX UCTIBITAHUH BHICOKOHTPOIIMHHOTO
cmmiaBa CuCrNiZrTi s OIeHKH €ro TIpPHUCIOcabIuBaeMOCTH K PEXKHMaM Harpy)XeHHs W CMas3bIBaHUIO TIPH
KOHTaKTHOM B3aWMOJEHCTBUU CO CTallbl0, YYIYHOM ¥ TIPOSIBICHHUS IIapaMEeTpOB aIre3MOHHBIX CBOMCTB
MOJICNIMPOBAaHIEM C/IBHTA Ha MajlorabapuTHBIX o0pa3max. TpnboTeXHMUECKHE HCIIBITAHNS MTPOBOIMINCH HA MAIITIHE
tperuss CMII-2 B 1Ba dTama Ha MajorabapuTHEIX 00pa3lax 1Mo cXeMe TPEHUS «IOJBYIKHBIA JUCK — HETOIBHYKHAS
KoJoaka». OOpasmpl — AUCKU M3TOTABIMBAIUCH M3 CIEAYIOMUX MarepualioB: craib 40X, cramp 12X2H2, gyryn
KUY50. O6pasibl — KOJOIKHA H3TOTaBIMBAINCEH U3 BeICOKOdHTpormitHOTO crutaBa CuCrNiZrTi (890 HV). B xadectse
CMa304HOI0 MaTepHana HCIoJb30Baoch TpaHcMuccuoHHoe Macino TAJ[-171 85W90 ¢ nuHamMuueckoi BSI3KOCTBIO
0.106 Pa-c mpu 50°C. B ycioBusix KaIeJbHOTO CMasbIBaHHs MOBEPXHOCTH OOPa3LOB HMCCIENIYyEMBIX MaTepHalIoB
NIPEACTABISIIOTCS. COBMECTUMBIMH M yIOBJIETBOPUTENILHO MpUpadaTsiBatoTes. [Ipy 3TOM mapameTpbl CKOPOCTHOTO U
CWJIOBOTO HATPYXKCHHs OOYCIIABIMBAIOT MPOSBICHUC TPAHMYHONH CMa3Kd. BBIXOJ MO BpPEMCHH HA PEKUM
YCTaHOBMBLIETOCSI TPEHHUS MIPAKTUUECKH OAMHAKOB JUI BCEX CHCTEM, M HaOmomaercs udepe3 7,5 muH. [Ipn stom
CHUCTEMBI MATEPHUAJIOB IIPH CMA3bIBAHUU OBLIH OJMHAKOBO CTAOMIIbHBI B MHTEPBAJIC CHJIBI HOPMAJIBHOTO HATPYIKCHHS
ot 140 mo 230 H u nmokazanu cieayronye 3HadeHus fuaamudeckoro kodddunuenrta tperns: «KU50- CuCrNiZrTi»
p=0,13; «40X- CuCrNiZrTi» p=0,22; «12X2H4- CuCrNiZrTi» p=0,17. Tlomy4yenHsle TpaduIecKue
3aKOHOMEPHOCTH W TIapaMeTphl WX MaTeMaTHYEeCKOTO aIrlpPOKCHMHPOBAHUS IO3BOJIIIN ONPEACIUTh XapakKTep
M3MEHEHHUs aJre3uoHHBIX CBOMCTB cucTteMbl CuCrNiZrTi mpy u3MeHEHNH CKOPOCTEH CABUTA.

KiioueBble c¢JioBa: cucTeMa MaTtepuasioB, KOd(Q(PHUIIMEHT TpeHUs, Mbe30KOd((UINEHT, CABUT, TaHTEHIIHATbHAS
IIPOYHOCTB, CMa304HOE 0Opa30BaHHME.

Ymenoe E.b., Toakvinoaee T.A., Anuckun A., Axancanoe C.b., Kapacoe III.7K., Tynedexosa A.C., Axuuies
M.C.

BeToHHBIH KaTalo KaFaaiijiapbiH 6aKbLIaY jKOHe 0aFaJiay YIUIH MYJIbTHCEHCOPJIbI KYPBLIFBIHBI KYPACTBIPY
BeToHHBIH MeXaHMKaJbIK CHIIATTaMajapblH 3ePTTEYAIH OOCTYPJI TIKeleH »oHe jKaHaMa diCTepl HEri3iHeH OHBbIH
OepiKTiri MeH camachlHa alTapibIKTal acep €Tyl MYMKIH OETOH JeHeciHje OONaThIH Y3IIKCI3 IIIKi YKOHE CBHIPTKBI
KyOBUIBICTApABI eJIeMeH, JUCKPETTI oJImIeyep Kyprizeai. by 3epTrey MyJIbTHCEHCOPIIBIK KYPBUIFBIHBI J)KOHE KaTaro
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TEMIIEPaTyPachIHbIH, KOpIIaraH OpTa TEeMIIEpaTypachIHBIH J>KOHE CAJIBICTHIPMAIIbl BUIFAJIBIIBIKTHIH OCTOHHBIH
OepikTirine acepi Oip yakpITTa euIeyre )aHe Oarajgayra MYMKIHAIK OepeTiH aicti ycbiHaabsl. Kypbursr Arduino
Pro Mini MUKpOKOHTPOJIIEPiHIH HETi31HEe SpTYpJIi CEHCOpJIapMEH, COHIal-aK caraT OKy XKoHE jKaJl MOIYJIbAEpiMEH
Oipiktipinren. beToHHBIH OepikTiriHe opTYpii (aKTopiIaplblH OCEepiH OaranayablH YCBIHBUIFAH ofici OepiKTik
CBIHAKTAphl MEH OJIApJbIH CEHIMJI KUCHIFbIHA, OCTOHHBIH KaTalo JKarmailapblH OakbuiayFa, KOPPEJSLHUs KOHE
OJIIIIeY OMiCTEpiHe HETi3AeNTeH. Y ChIHBUIFAH KYPBUIFBIHBIH JKOHE OHBIH SICIHIH THIMIUIIrL op TYpJi MeJeperi
OCTOHHBIH TEKIIEe YJTUIepiH KOJNJaHa OTBIPBIN, O3KCIEPUMEHTTIK TypAe Heri3gendi. YJriiepai Oaxpiiay
HOTWOKENIEPiH BU3yalu3alysiay YIIiH KOIl CEHCOPJIbI KYPBUIFbIFA apHaJFaH OarmapiiaMaliblk WHTEepENCTI kacay
Ke3iHe eCKEepIJIeTiH TYCTi rpamanusiap, sKarblpak koHe OaraHabl JuarpaMmmanap KOJIJIaHbIIbL.

KinT ce3nepi: 6eron Oepikriri, ceHcopiap, y3aiKci3 KyObuibicTap, Arduino, MOHUTOPHHT.

Ymenoe E.b., Toakvinoaee T.A., Anuckun A., Axancanoe C.b., Kapacoe III.7K., Tynedexosa A.C., Axuuies
M.C.

Coéopka MyJbTHCEHCOPHOT'0 YCTPOICTBA VI MOHHTOPMHIA U OLICHKHU YCJOBHI TBep/ieHus 0eToHa
TpaguuroHHBIE TIPSMBIE M KOCBEHHBIE METOJBI MCCIICIOBAHNS MEXaHHYECKIX XapaKTEPHCTUK OETOHA B OCHOBHOM
MPOBOIAT NUCKPETHBIE M3MEpPEHHs, yIycKas ¥3 BHIy HENpPEpHIBHBIE BHYTPEHHHE W BHEIIHHE SBICHUS,
MIPOUCXOIAIMNE B Tese 0eTOHA, KOTOPhIE MOTYT CYIIECTBEHHO MOBIHUATH HAa €ro MPOYHOCTH M KadecTBO. B manHOM
HCCIICIOBAaHUH TPEICTABICHB MYJIBTHCEHCOPHOE YCTPOUCTBO M METO/, TIO3BOJISIOMINE OJHOBPEMEHHO M3MEPATh U
OIICHUBATh BIUSHHUE TEMIIEPATYPhI TBEPICHHS, TEMIIEPATYPBI OKPY>KAIOIIeH Cpeabl H OTHOCHTEIBHONW BIAKHOCTH Ha
MIPOYHOCTH OeTOoHA. Y CTPOHCTBO OBIIIO COOpaHO HAa OCHOBE MHUKpOKOHTpoJuiepa Arduino Pro Mini, coeTMHEHHOTO C
PA3IMYHBIMH JAaTYMKAMH, 4 TAKXKE MOAYJISIMU YTCHHS 4YacOB WM MaMATH. [IpeANOKCHHBIH METOJl OICHKH BIIUASHUSI
pa3IMYHBIX (PAKTOPOB HA MPOYHOCTH OCTOHA OCHOBAaH HA MCHBITAHUSIX MPOYHOCTH M UX JNOBEPUTEIBHON KPHBOM,
MOHHUTOPHHIC YCIIOBHH TBEpJCHHUsS OCTOHA, METONAaX KOPPEIIUK W B3BEHIMBaHUA. PaboTocrocoOHOCTH
MpeJUIaraeéMoro yCTpOUCTBa M €ro MeToja Oblla 000CHOBaHA IKCIEPHUMEHTAIBHO C MCHOJIb30BAHUEM KyOHMUECKUX
00pa3roB OeToHA Pa3IMYHOTO pasMepa. s BU3yalIu3aluy pe3yIbTaTOB MOHUTOPHHTA 00pa3loB UCIOJIh30BAJKCh
LBETOBBIC TPaJalliy, JICTICCTKOBBIC M CTOJOYAThIC IUATPAMMBI, KOTOpBIE OYIyT YYTCHBI NpH pa3paboTke
MIPOrpaMMHOTO UHTEp(etica I MyJIbTUCEHCOPHOT'O YCTPOMCTBA.

KiroueBble cji0Ba: MPOYHOCTH OETOHA, CEHCOPHI, HEMIPEPHIBHBIC SBICHNUS, Arduino, MOHUTOPHHT.

Hycinoekos b.P., Cakpinosa C.E., Edris A., Xacenoeé A.K., Hycynoexos Y.b., bonamoexosa M.

Kypambinaa ¢ocdops! 6ap miamabl eHAeyAiH 31eKTPOruApaBInKAIbIK dici

Docdop eHmipiCiHIH yIIbI KaJABIKTAPhIH OHACYMIH THIMJI 9MICIH KYPY, COHBIMEH KaTap IUIaM TY31Ty MpPOIECiHIH
o3iH Oacy aii e e3exTi Oosbin TalbLIaAbl. by Makangaga 3JIeKTPOrHAPaBIUKAIBIK MMILYJIECTAp KOMETIMEH YIIbI
¢dochop nulamMplH eHJIEY ofici KapacTelpbliagpl. Pochop HUIAMBIHBIH KYPBUIBIMIAPHI 3JIEKTP pa3psATapbIMEH
OHJIeyre JEHIH JXKOHE KEHIH KOpCeTUIreH. DJIeKTPruIpaBIMKAIBIK HMIYJILCTEPMEH OHACYIeH KeliHri ¢ocdop
LIJIAMBIHBIH OOJIILIEKTEPiHIH OJIIEMIIK Tapaly rUcTorpaMManapbl KapacThIpblIFaH. JJIEeKTPrHIpPaBIUKAIIBIK OHICY
HOTWXKeciHAe (ocdop NUIaMbIHAA ipi TaMIUBUIAPABIH TOMEH MeJIIEPi JKOHE KEepiCiHIIe, YCaK TaMIUbUIAP.IbIH
XKOFapbl MeJIIepi 0ap aHBIKTaIJIbL.

Kinr ce3nepi: docdop, muiam, 3meKTpOrHAPaBINKAIBIK OHACY, KYPHUIBIM, WMITYJILCTAPABIH CaHBI, TUCIEPCTIK
KYpaMm, yJbl KJIABIKTap.

Hycynoekoe B.P., Cakunoea C.E., Edris A., Xacenoeé A.K., Hycynoexos Y.b., bonaméexosa M.
DJIEKTPOruAPABIMYECKHUI c1I0c00 00padoTKu hocdopcoaepKammuX HIJIAMOB,

Coznanue 3¢ (heKTUBHOTO crocoba mepepaboTKH TOKCHYHBIX OTXOJ0B (ocPOpPHOTO MPOMU3BOJCTBA TaKKe KaK M
MOJIABJICHUE CaMOro IMpolecca IIIaMOO0pa3oBaHMs SBISIFOTCS aKTYalIbHBIMH JIO CUX NOp. B nmaHHO#N cratbe
paccMaTtpuBaeTCs Crocod mepepadoOTKU TOKCHYHBIX (DOCPOPHBIX MUIAMOB C MOMOIIBIO JJICKTPOTUAPABINICCKUX
umnyinbcoB. [TokazaHbl CTPYKTYpbl (POC(HOPHBIX IUIAMOB 1O M TOCIE OOpPAOOTKH JIICKTPHYCCKHUMH pPa3psiaaMu.
PaccMmoTpeHbl THCTOrpaMMBl pacmpeselicHus dYacTull (ochopHOro ImniamMa mHO pasMepaM Imocie o0padoTKu
ANEKTPOTHPABIMYCCKUME HMMITYJIbCAMH. Y CTAHOBJICHO HU3KOC COJICPXKAHUE KPYMHBIX Kameidb W, Hao0opoT,
BBICOKOE€ COJICPYKAHUE MEIIKUX Karelb B (oc(hOpHOM IIIaMe B PE3yJIbTaTe ICKTPOTUAPABIMICCKONH 00paOOTKH.
KiwueBble cioBa: ¢ochop, muiamel, 3JICKTPOTHAPABINYECKAs NepepabOTKa, CTPYKTypa, YHCIO HMITYJIBGCOB,
JUCTIEPCHBIA COCTaB, TOKCHYHBIC OTXOIBI.

Yadawa P.K., Rai S., Chaurasiya N., Prajapati A.K.

Cepnimji, Kpl1y(PU3HKAIBIK KOHE YJIbTPAAbIOBICTHIK Tagaay dicrepimen GdFeAl uHTepMeTaabl YIITIK
KOCBLIBICHIH 3epTTey

Jlennapa-J[>KOHCTBIH MOTEHIMANABIK Sic-TacuIiH KongaHa oTbipbin, GdFeAl mHTEpMeTaIIbIK YIITIK KOCBUIBICHI
YIUiH eKiHIII peTTi cepmiMIi TYpakThliap ecenrtesreH. EKIHIN peTTi cepmiMai TYpaKThLIAPIbI, BIFBICY MO,
KeneMIik moaynb, HOHr wmonymni, Ilelo koadduuumenTi, cepmiMil KaTaHIBIK TypakTbulapbl aHe IlyaccoH
K03(p(pUIMEHTI CHSKTBHI CEpHIMAUIK TYpaKThlIapAbl KOJIIaHa OTHIPHIN, 06JIME TeMIlepaTypachlHaa MEXaHHUKAJBIK
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KOHE cepIimMai curaTramaiap OaranaHajbl. BOpHHBIH TypakThUIbIFEI MeH [Ibl0 KpHTEepHiiepi MHTEpMETaUABIK
YIITIK KOCBUIBICTBIH TaOWFATBI MEH OEpIKTIriH 3epTTey YIIiH KOJIAAHBUIAIbI KOHE OHBIH MEXaHUKAJIBIK TYPaKThI
KOCBUIBIC €KCHIH KepceTemi. AHHM30TPONTHI TOPTIOIH TIMeH KbUTy(DH3UKAIBIK KACHETTEepAi 3epTTey YIIiH
YABTPAABIOBICTRIK JKBUIIAMABIK II€H JKBUTY pellakcalds YyakKbhIThl KPHCTAUIABIH Oipereil ociHeH opTypdi
OarpITTapMeH Oipre ecentenreH. YIbTPaablObICTHIK XKbLUIIAMIBIKTBIH, [le0aiblH OpTallia JKbIJIIaM/IbIFbIHbIH JKOHE
Z oci OOWBIHIAFBI KBUTYJBIK peTaKcalls YaKbITBIHBIH TEMIIEpATypallbIK ©3repici eKiHII peTTi cepmimii
TYpakThllapMeH Oaranmanjpl. Temiieparypara OaillaHBICTBI CEPIIMIIl, JKbLIYy JMKOHE MEXaHHMKAJbIK KaCHETTePMEH
OallylaHbICTBl  YJIBTPAIBIOBICTEIK KacueTTep ne TajkbulaHaipl. DoHOH-QOHOH (p-p) e3apa opeKeTTecyJIepMEeH
LmIapTTajFaH op TYpJl TeMIeparypajiapia yiabTpaablOBICTBIH ellyi ecenrelneni. Ouryniy xayanTtsl cededi - p-p -
e3apa apekerTecysep OOJbI TaOblIabl; ajl )KbITY O©TKI3IIIITIK TeMIepaTypara OailJIaHbICThI yIbTPabIOBICTBIH OI1y
cUraTTamachlHa acep eTeTiH Herisri ¢akrop O6oxbin Tabbutansl. GdFeAl yIuTik KOCBUIBIC TOMEH TeMmeparypaja
Ta3a Gopmaka xaHe ninimai 60azbl, aja OyJI MUHUMAJIBI OLIY 1 oIS Aeh .

Kinr ce3mepi: WHTepMETAUIABIK YVINTIK KOCBIIBIC, CEPIIMII KACHETTEp, MEXaHWKAIBIK KACHETTEP, JKbLTY
OTKI3TIMTIK, YIBTPAABIOBICTHIK KACHETTED.

Yadawa P.K., Rai S., Chaurasiya N., Prajapati A.K.

HccnenoBanue  MHTepMeTa/LUIMYecKkoro  TpoiiHoro  coeauneHusi GdFeAl wmeromamum  ympyroro,
Tem10(¢pu3u4eCcKoro u yIbTpa3ByKOBOro aHAJIM3a

C ucnonb3oBaHueM Mojaxona noteHuuana Jlennapaa-/[»oHca Ajisi MHTEPMETANIMYECKOTO TPOMHOTO COEIUHEHHS
GdFeAl Obutn paccyMTaHbl YNPYrHe KOHCTAHTHI BTOpPOro mopsiaka. C WUCMONB30BaHHMEM KOHCTAHT YIPYTOCTH
BTOPOTO TOPSIKA, APYTHE MOIYIH YIPYIOCTH TaKHE KaK MOJYJb CIABUra, 0OBEMHBIH MOMIYJb, MOmyns HOHra,
kodpdunueHT [1pt0, KOHCTAHTHI YIPYTOW JKECTKOCTH U KOd(pduuueHT [lyaccoHa OLEHUBAIOTCS MEXAHHYCCKUX H
YIPYTUX XapaKTEPUCTUK MPH KOMHATHOM Temmeparype. CtaduinbHocTh bopHa 1 kputepuu [1br0 HCIIONB3YIOTCS IS
M3Y4YEeHHsI IPUPOJIbI U MPOUYHOCTH UHTEPMETAIITUUECKOTO TPOHHOTO COETMHEHUS U TIOKA3BIBAIOT, YTO OHO SIBJISIETCS
MEXaHHYECKH CTAOWJIBHBIM COCTUMHEHHEeM. /[ MCCliemoBaHMsS aHW30TPOITHOTO IOBEICHHS M TEIUTO(PH3HMYECKUX
CBOMCTB OBUIH Tak)K€ PacCUMTaHBI CKOPOCTH YJIBTPa3BYKa W BpeMs TEIUIOBOH pelaKcalliil HapsLy C Pa3InIHbIMH
OpHEHTAIMSIMA OT YHHKAJIbHOW OCH KpHCTajuia. TemrepaTypHoe H3MEHEHHE CKOPOCTH YJIbTPa3BYKa, CpeaHEH
ckopoctu [lebas M BpeMEHHU TEIUIOBOM pENIAKCAIlMX BIOJb OCH Z OIEHHWBACTCS C MOMOIIBI0 KOHCTAHT YIIPYTOCTH
BTOpOTO TopsiAKa. Tarke 00CYXKIAIOTCS YIbTPa3BYKOBBIE CBOMCTBA, KOPPENUPYIOMINE C YIPYTUMH, TETUIOBBIMHU H
MEXaHHUYECKHMMU CBOMCTBAMH, KOTOpBIE 3aBUCIT OT TeMmIepaTypbl. PaccuumTaHo 3aTyxaHue yIbTpa3ByKa MpH
pa3IMYHBIX TeMIeparypax, o0ycioBicHHOe (OHOH-POHOHHBIMU (p-p) B3auMmozaewcTBUsAMH. OTBETCTBEHHOMN
MPUYMHON 3aTyXaHWs SBISIOTCA P-p-B3aUMOICUCTBHS, OBUIO IOJNYYCHO, YTO TEIUIONPOBOJHOCTh SIBISCTCS
OCHOBHBIM (DaKTOPOM, BIHSIONINM Ha XapaKTCPUCTHKY 3aTyXaHHs YJIBTPa3BYKa B 3aBUCHMOCTH OT TEMICPATYpHI.
Tpoitnoe coenmunenue GdFeAl BenmeT cebs kak camas umctas (popma npu Ooyiee HH3KOW TemIiieparype u Oosee
IJIACTUYHO, O Ye€M CBUETEILCTBYET MUHUMAJIbHOE 3aTyXaHHe.

KarwueBble cj0Ba: MHTEPMETAINIMYECKOE TPOMHOE COEIMHEHHE, YIPYTHe CBOMCTBA, MEXaHMYECKHE CBOMCTBA,
TEIUIOIPOBOAHOCTD, YIBTPa3ByKOBEIE CBOMCTRA.

Waleed Subhi Hwash

Bopabin aca aybIp H30TONBIHBIH SIIPOJIBIK KYPBLIBIMbI

bepinren xymbic aschiHAa '°B OOpAbIH €Ki HEHTPOHABI Talo 3epTTelfi. Byl 3epTreyse MHMKPOCKOIHUSIBIK
KJIaCTepJIiK MOJeb KOJTAaHBUIABL. By 3epTreyne rano saposiapbIHbIH OaiaHbIC SHEPrHACH, SAPOHBIH PalliyChl
KoHe JIeOPMAlMACE CUSKTBI HErisri KacuerTepi ecentenreH. 'B Gopbl sapo n-n TypiHjae aHbIKTanasl. ''B -
KYHEHIH sapockl OOJIBINT TaObUIAAbl. YII JICHEAEH KYPBUIFaH >KYHEHIH EpeKIIelNiri SAPOHBIH KYpPBUIBIMBI MEH
nedopmanmsceinan Toyenai. "B saapockl imki SApo peTiHAe KapacThIphLIMazbl, Oipak Oenrimi 6ip epkiHik
nopexxecine ue. byn mopexe ymr geHeni KyHeHIH KypbUIbIMbIHA Kerl acep erefi. COHABIKTaH MUKPOCKOIMSIIBIK
KJIaCTepJIiK MOZEb KOJAAaHbUIABL. Bys 3epTTeyniH Herisri MakcaTbl - MHKPOCKOIMSUIBIK KJacTep MOJelNi Jen
aTaJaThIH XKaHa HYCKaja OyJl KilacTep MOAENIH KOJJIaHybIH KEHEHTY.

Kiar cesaepi: I'ano saponapsl, B, MEKpOCKOIHUSIBIK KIACTEPIIIK PEKUM, HEHTPOHIBIK, IO KYPhUIBIMBIL, By ic-
CaxcoH TeHeYi.

SinepHasi CTPYKTYpa CBEPXTSIIKeJIOro n3orona 6opa

B pamkax 3Toi#i paboThl OBUIO HCCIIEOBAHO ABYXHEHUTpOHHOE Tano 19-6opa. B aToM ucciieqoBanny UCoib30Balach
MHUKPOCKOIMYECKasl KJIacTepHasi MOJiesb. B 3TOM mccieioBaHNM OBLIN PACCUYUTAHBI OCHOBHBIC CBOWCTBA siiep [ aio,
Takue KaK SHEPIus CBsA3M, panuyc u aedopmanus sgpa. '°B Obuia onpenenena B ¢gopme saapa-n-n. "B sengercs
anpoM cucTeMbl. OCOGEHHOCT CHCTEMBI U3 TPEX TNl 3aBHCET OT CTPYKTYyphl M achopmanuu aapa. Sapo "B ue
paccMaTpUBaNOCh KaK BHYTPEHHEE SApO, HO O0JIaaeT HEKOTOPOW CTENEHBE CBOOOJBI. JTa CTENCHb OKAa3bIBACT
OOJIBIIIOE BIIMSHUE HA CTPYKTYPY CHUCTEMBI M3 TpeX Tell. [103TOMY HCIOIh30BAHO MHKPOCKOMHUYECKAs KIacTepHAs
Mozenb. OCHOBHAS 1I€Th JAHHOTO MCCIICIOBAHMS - PACIIMPHUTH UCIIOJIF30BAaHUE MOJICTU KJIacTepa B HOBOW BEPCHUH,
Ha3bIBAEMOM MOJIENIbI0 MHUKPOCKOITMYECKOr0 KilacTepa.
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KaroueBbie caora: Tano-sapa, '°B, MHKpOCKONHMYECKMH KJIACTEPHBIH PEXHMM, CTPYKTypa HEHTPOHHOrO Tajo,
ypaBHeHue Byna-CaxkcoHa.

Kacenona T.K.

IlapameTpJieHreH ceri3 WBIHABLI MoAedb kIHe 10136 TyiliH HHBapUaHTHI

Makanaga MaTpuIlaHBIH TapaMeTpieyiHe epeKIle Hazap aylaapa OTBIPBIN, CEri3 IMIBIHAL MOJICNBIIH Oenrim
AJIEMEHTTEP1 TAIKBUIAHAIBI )KOHE KeHeHTIei. MaTpullaHbIH MOHIEPi OCBHI MOJICNTh aAPKBUIBI OPINTEeH TYHIH apKbLIbI
e3apa 0alIaHBICTHI €Ki eImeM i KEHICTIKTETr1 COHFBI IIapIIbl TOpap/a kapamabl. DIUTANTHKAIBIK QyHKIIHsIIAp IbIH
Kypaeni HycKackl 6ap 60c (hepMHUOHIAP/IBIH MTapaMeTPIICHTeH CETi3 IMIBIHILI MOJCIIHIH MIEKTEYJi TOpAa KapamIbl
»aHa IIemimMi KypacTelpbuiaasl. SIKOOM 3JUIMITHKANBIK (YHKIHUACBIHBIH 3JIEMEHTTEPl Oap ceri3 MIBIHIBI MOJEIIbIIH
KOJIIaHy alMarbl JKOHE MOJIEJIb YIIIH aHAJIUTHKAJIBIK JKOJIMEH aJIbIHFAH HOTWDKEJIEP/l CANBICTHIPY apKbUIbI OHBIH
Heri3iHze TYHiH WHBapuaHThIH Kypy. KieOm-I'opman koaddunmentrepin >xone Sur-bBakcrep Tenneyinig
CTAaTHCTUKAJIBIK MEXaHUKACHIHBIH HET13r KypasblH KOJJIaHbIN TYHiH HHBAPUAHTBIH KYPY TOJIBIK 3€pTTEINIE/I.

KinT ce3nepi: Tyiiin, s;ummnrukansik oyskius, Kieon-I'opaan koaddunmentrepi.

Kacenosa T.K.

I[MapameTpu3oBaHHAsA BOCLMUBEPIIMHHAS MOJeb M HHBApUAHT y3Ja 10136

B cratee 00OCyXmaroTCs W PACIIHPSIOTCS HM3BECTHBIE SJIEMEHTHI BOCBMUBEPIIMHHOW MOJENH, YIeNsisi ocoboe
BHUMAaHHE NTapaMeTPHU3aIX MaTPHUIIBl. 3HAUCHHS MAaTPHUIBI CBSI3aHBI MEXITy OO0 y3710M depe3 KOCHI M 3Ta MOJIENb
CIpaBeNTBa Ha KOHEYHBIX KBaJIPaTHBIX pEeIIeTKaxX B IBYMEPHOM IIPOCTPAHCTBE. byeT MOCTpOEHO HOBOE peleHHe
apaMeTPU30BaHHOW BOCBMHUBEPIINHHON MOJIEIH CBOOOIHBIX (DEPMUOHOB C KOMIUIEKCHOW BEPCHEH 3IUTANTHYCCKUX
(GyHKIUH, crpaBeUIMBOC Ha KOHEYHOU pemierke. OOcyxmaercs 00JacTh NMPUMEHUMOCTH BOCHBMHBEPIIUHHON
MOJICJIA C 3JICMCHTAMH JJUIHNTUYCCKON (QyHKIuH SIKOOM M MOCTpPOCHHS HA €€ OCHOBC MHBApPHAHTAa y3Ja MyTEeM
CpaBHCHUS pPE3yJbTATOB, MOJYYCHHBIX AHAIMTHYCCKU [UIS MOJeNd. byaer moapoOHO H3YYCHO MMOCTPOCHHE
WHBapUaHTa y3lla C HCHojb3oBaHueM KkoddpduuuenroB KieOma-['opgana ¥u  OCHOBHOTO HHCTPYMCHTA
CTaTUCTHYCCKOW MEXaHUKH ypaBHeHus SIHra-bakcrepa.

KuroueBble ciioBa: y3en, dyumntaaeckas QyHkmnus, kodddunnentsr Kiebma-I"oprana.
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