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RELATIONSHIP BETWEEN MAGNETIC PROPERTIES
AND MICROSTRUCTURE OF FERRITES DURING SINTERING
IN RADIATION AND RADIATION-THERMAL CONDITIONS

Malyshev A.V.", Lysenko E.N.", Sheveleva E.A.", Surzhikova 0.A.%, Aringazin A.K.?

"Tomsk Polytechnic University, Tomsk, Russia, malyshev@tpu.ru
2Ceské vysoké uceni technické v Prague, Prague, Czech Republic
3L.N. Gumilev Eurasian National University, Nur-Sultan, Kazakhstan

The studies of correlation between magnetic properties and microstructure were conducted on samples of
lithium-substituted ferrite, sintered in radiation and radiation-thermal conditions. Radiation-thermal sintering
was performed for compacts irradiated with a pulsed electron beam with energy of (1.5-2.0) MeV, beam current
per pulse of (0.5-0.9) A, irradiation pulse duration of 500 us, pulse repetition rate of (5-50) Hz, and compact
heating rate of 1000 C/min. Sintering in thermal furnaces (T-sintering) was carried out in a preheated chamber
electric furnace. The paper shows that magnetic induction does not depend on the ferrite grain size. In this case,
the coercive force is inversely proportional to the grain size and depends on the intragranular porosity of ferrite
samples. In contrast to thermal sintering, radiation-thermal sintering does not cause capturing of intergranular
voids by growing grains and enhances coagulation of intragranular pores.

Keywords: ferrites, sintering, magnetic properties, microstructure, intense electron beams, high temperatures.

Introduction

The use of the effect of ionizing radiation fluxes in production and modification of materials has been
observed to grow in recent years [1-5]. Particularly interesting and fundamentally new findings were
obtained for a combined effect of powerful radiation fluxes and high temperatures (the so-called radiation-
thermal effects). The most striking of these findings is the effect of multiple acceleration of synthesis [6—11]
and sintering [12-22] of inorganic powder materials. The processes of ferrite material sintering under
radiation-thermal effect have been most fully studied for lithium-titanium ferrites and similar structures [23—
29]. It is obvious that the main functional characteristics of ferrimagnets are their magnetic properties.
Attaining a given level of performance properties of ferrites is the ultimate goal of any production
technology. Therefore, controlled formation of the main electromagnetic parameters is of high relevance.

However, the processes of magnetization reversal in ferrites are closely related to the features of their
microstructure. Therefore, data on the relationship between electromagnetic characteristics and
microstructure of ferrites at the stage of their sintering are of interest. This paper presents the results of the
study of the kinetic patterns for formation of the hysteresis loop parameters, and patterns of changes in the
microstructure of ferrites sintered under thermal and radiation-thermal effects.

1. Experimental part

The study uses powders of lithium-titanium ferrite synthesized from a mechanical mixture of oxides and
carbonates containing (wt, %): Li,CO; — 11.2; TiO, — 18.65; ZnO 7.6; MnCO; 2.74; others are Fe,O;3. To
prepare the compact, 10% solution of polyvinyl alcohol is added to the synthesized mixture in an amount of
12 wt.% charge. Compacts in the form of pellets and annular cores with a thickness of 2 mm are made by
cold single-action pressing. Optimum compacting pressure is selected experimentally. It was found that at
compacting pressures below 40 MPa, press samples exhibit low density, and at compacting pressures of
more than 250 MPa, samples show cracks and delamination (repressing process).

Thus, the most optimal compacting pressure is in the range of (110-200) MPa. This compacting
pressure provides an acceptable density for both green and sintered samples. In the study, the pressing mode
used was as follows: P = 130 MPa, 1 min dwelling time; and radiation-thermal (RT) and thermal (T) modes
of sintering compacts. In RT-sintering, compacts were exposed to pulsed electron beam with energy of (1.5—
2.0) MeV using an ILU-6 accelerator. The pulsed beam current was (0.5-0.9) A, the irradiation pulse
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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 lightweight chamotte box with a wall bottom thickness of 15 mm. The
exposed side of the box was covered with a radiation-transparent protector with a mass thickness of 0.1
g-cm . The temperature was measured using a control sample placed in close proximity to the sintered
compacts.

T-sintering was performed in a preheated chamber electric furnace, which provided a heating rate
comparable to that of radiation heating. The cell design and temperature control technique were similar to
those used for RT-sintering. Both sintering modes were performed in air. The magnetic characteristics of the
ferrites were measured using the standard technique with an F 5063 ferrometer. The magnetic field was 5 Oe
at a frequency of 50 Hz. The degree of porosity and grain sizes were investigated using ground, polished, and
etched sections of the sintered samples with an MBI-15U optical microscope. The kinetic dependences of the
hysteresis loop parameters B,, B,/B,, and H. of ferrite samples were studied after annealing in the
temperature range of (1173-1373) K [30].

2. Results and discussion

Figure 1 shows the dependences of the average grain size d, B,, and H, on the relative linear shrinkage
AL/L on sintering time, since only this mode (in contrast to fast RT-compaction) provides detailed dynamics
of the formation of these parameters.
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Fig.1. Dependencies of average grain size d and AL/L (a), B,, and H.. (b)
of ferrites on time during thermal sintering (T, = 1273 K).

This figure shows three stages of sintering. Stage I (up to 60 min) is accompanied by intense shrinkage
of the sample, relatively slow growth of grains, increase in B,, and decrease in H,. At this stage, interparticle
sliding followed by a sharp decrease in intergranular voids (shrinkage), increased concentration of the
magnetic phase, and reduced demagnetization effect of the void (increased B,). Stage 2 (up to 120 min)
shows few intergranular voids, shrinkage slows down, B,, reaches saturation, and grains continue growing
due to formation of numerous grain boundaries. At stage 3 (>120 min), shrinkage is completed, B, is almost
constant, grains continue growing (due to collective recrystallization), and H. continues to decrease. This
behavior is characteristic of RT-sintering of ferrite compacts. However, the first two phases occur during
compact heating and only the last phase can be observed in the isothermal regime.

Thus, the data presented on Figure 1 show the correlation of H. with ferrite porosity and the grain size.
No correlation was found between magnetic induction and the grain size. It was previously found that the
dependence of B,, and B,/B,, on porosity is ‘apparent’, since the maximum induction but not saturation
induction was measured at magnetizing field of 5 Oe. The true saturation induction mainly depends on the
phase composition and the depth of phase transformations, but it is not related to porosity. Therefore, the
microstructure features enable forecasting H, and, conversely, the value of H. indicates the grain size and
porosity of the samples. To quantitatively assess this correlation, use the Globus theory [28—30] to calculate
the relationship between H, and grain size and compare it with experimental results.
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According to the model proposed by Globus, a ferrite grain contains one boundary. In fields less than
H_, the edges of the domain boundary remain fixed along the circumference at the grain boundary, and it is
observed to bend. The external magnetic field required for irreversible displacement of the 180-degree
domain wall is expressed by [31]:

4.
He =%, (1)

where f is the force per unit area exerted on the domain interface; d is grain size; J; is saturation
magnetization. It is experimentally shown that for various ferrites:

f =0.15"-agy, 2)
where oy is the energy of the domain wall per unit area.

The energy of 180-degree domain wall can be expressed by [31]:

24
\/; 3)
where A is the effective constant of exchange interaction; K is the crystal anisotropy constant.

The value of the Curie temperature indicates the value of exchange interactions [32]:

A== @)
where £ is the Boltzmann constant; a is ferrite lattice parameter; ® is Curie temperature.

The values of the saturation magnetization and Curie temperature for investigated Li-Ti ferrite are as
follows: J= 142 G; ® = 260 °C. Lattice parameter a = 8.36 A. The value of the anisotropy constant can be
taken K =—5-10" erg/cn’.

Appropriate substitutions into equations (1)—(4) yield the theoretical dependence of the H, value on the
grain size:

Ho =22, 5)
where H. is the coercive force; d is grain size.

It should be emphasized that when inclusions (impurity phases, pores, etc.) occur in the ferrite grain the
domain wall in the equilibrium position intersects a certain number of inclusions, since its area and, hence,
its energy reduce. In this case, additional energy is spent on magnetization reversal, and H. is expected to

increase. This process will involve the inclusions with the size equal to or exceeding the thickness of the
domain wall 4 [31-32]:

h =87a /% (6)

where /4 is the domain wall thickness.

Substituting the corresponding data into (5), we obtain 2~ 1 um. Consequently, all inclusions of the size
of = 0.1 um will affect the value of H..

If H. is limited by inclusions in the grain material, the value of H, will be expressed by:

oy =

37T1/30'W

He == (6V)*2, ()
where V = 347;%3 is the volume fraction of inclusions; » is radius of inclusions; d, is distance between
inclusions.

Substituting the corresponding values of oy and J; into (7), we obtain:

He =22 (6V)%/2 (8)

The theoretical dependence of H. on the size of inclusions for their various volume fractions is shown in
Figure 2. Figure 3 presents the dependencies of H. on the relative volume of inclusions with their sizes being
constant.

Figures 2 and 3 show that at high recrystallization rate the capture of intergranular voids into the grain
volume increases H.. The smaller the radius of these voids, the higher the H. value. The dissociation of
captured voids (pores) into smaller ones causes similar effect.

Figure 4 shows the experimental (symbols) and theoretical (solid lines) dependencies of H. on the
average ferrite grain size. The experimental and theoretical dependencies for RT-sintering are seen to be in
good agreement. This indicates that intergranular voids are not captured into growing grains or that these
voids enter the grains in the form of large formations.
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r, pm

Fig.2. Calculated dependences of H, on the radius of inclusions r at their relative volume #:
1-n=0.052-n=0.1;3-n=02;4-n=03;5-n=0.5
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Fig.3. Calculated dependencies of H, on the relative volume of inclusions.
The radius of inclusions 7 is 3 um (7); 4 pum (2); 5 um (3).
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Fig.4. Dependence of H, on the average ferrite grain size d. Sintering of ferrite samples at 1373 K in RT mode
(a); T-mode (b). Symbols are experimental data; solid lines are calculated dependencies.
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During T-sintering, a coincidence of the calculated and experimental data can be observed only at early
sintering stages. As grains grow larger, this coincidence is violated due to intense capturing of small
inclusions into the grain volume. The analysis of micrographs of thin sections of ferrite ceramics shows that
the capture of intergranular pores during T-sintering is due to growing grains.

Conclusion

At short sintering time, the grains are predominantly small with a small number of inclusions. The voids
are concentrated mainly in the intergranular space. Only individual recrystallized grains contain pores in
their volume. Increased sintering time enlarges grains and reduces the volume of intergranular pores. The
grains are enriched with inclusions and exhibit insignificant number of pores at the grain boundary. These
effects are much weaker in ferrites produced by RT-sintering.

Thus, the data obtained indicate that magnetic induction does not depend on the ferrite grain size.
Coercive force is inversely proportional to the grain size and is determined by intragranular porosity. In
contrast to T sintering, RT-sintering does not cause capturing of intergranular voids by growing grains and
promotes coagulation of intragranular pores.

It is shown for the first time that using of radiation-thermal sintering in practice makes it possible to
obtain lithium-substituted ferrites with a more perfect crystal structure, including without intragranular pores
and without entrapment of intergranular voids by growing grains.
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ANISOTROPY OF THE SURFACE OF CUBIC BODY-CENTERED
CRYSTAL LATTICES

Yurov V.M." Goncharenko V.I.%, Oleshko V.S.?

'E.A. Buketov Karaganda University, Karaganda, Kazakhstan, exciton@list.ru
2 Moscow Aviation Institute (National Research University), Moscow, Russia, ovs_mai@mail.ru

In the work of Shebzukhova and Arefieva, by the method of electronic-statistical calculation of the
anisotropy of the surface energy of metals, a method for estimating the work function of electrons from a metal
was determined. The surface energy and electron work function of four main faces of cadmium and zinc crystals
and five faces of mercury are estimated. In the work of Bokarev, the anisotropy of the surface energy of single
crystals was calculated from the model of coordination melting of crystals. Based on experimental studies and
theoretical calculations, it is shown that the model of coordination melting of crystals unambiguously links the
physicochemical properties of the surface of single crystals with their crystal structure. In our proposed empirical
model, not only the anisotropy is calculated, but also the thickness of the surface layer of the metal. It is shown
that the thickness of the surface layer is determined by one fundamental parameter - the molar (atomic) volume,
which periodically changes in accordance with the table of D.1. Mendeleev. It is shown in the work that the work
function of electrons changes proportionally with a change in the surface energy of the metal. This means that the
device we have developed can be used to measure the state of the metal surface and its anisotropy.

Keywords: anisotropy, metal, surface energy, crystal, nanostructure.

Introduction

This work is a continuation of works [1, 2], where it is shown that for the operational measurement of
the energy state of the metal surface, it is necessary to use non-destructive testing methods. The method of
measuring the contact potential difference (or the work function of an electron from the surface) was chosen
as such a control. Here the measuring electrode of the device, at which the contact potential difference and
the investigated metal surface are measured, form a kind of capacitor, between which this contact potential
difference is formed. The positive aspect of the capacitor method for measuring the contact potential
difference is:

- high precision in capacitor manufacturing;

- the capacitor in its normal state has low heat losses and a high efficiency;

- electrical fields have little effect on the mechanical parts of the capacitor;

- the sensor of the device can be made by giving it the shape of the investigated surface.

The portable complex for measuring the work function of electrons developed by the authors on the
basis of a portable digital oscilloscope makes it possible to perform non-destructive testing of the surface of
metal parts in a continuous mode during their production, operation or repair.

We used this complex to determine the surface energy of the surface of pure metals and alloys that are
used in aviation. This work is of a theoretical nature and is devoted to the surface of body-centered cubic
crystal lattices.

1. Analysis of publications

First of all, we will note only those publications that concern the anisotropy of the metal surface, to
which we will devote our presentation. A significant number of works have been devoted to the anisotropy
of surface energy and the work function of electrons from metals, since it must be taken into account in
solving practical problems faced by both technicians and technologists.

For example, in the microelectronic industry materials with design standards of 16-14 nm are already
being used, and technologies with design standards at the level of 107 nm are being mastered. However, such
a transition to the nanoscale requires a transition to work with new materials. In this case, the quantities of
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the above-mentioned regions determine their size dependence and the surface energy of the crystal and its
anisotropy have a significant dependence on the properties of materials.

In works [3, 4], by the method of electron-statistical calculation of the surface energy of metals, a
method was determined for the work function of electrons from a metal with structures having hexagonal
and rhombic syngony. The relationship between the surface energy and the work function of the electron is
obtained. These calculations were performed for crystals of zinc, cadmium, and mercury. The formula for the
work function of an electron @(hkl) and surface energy f,(hkl) of close-packed faces of metallic

macrocrystals with noncubic structures is as follows [3]:
o(hkl) = —( 850] - (afw (hkl)j .
V4

R DT 0z

v

R

(1)

Here, the first term is a certain constant, independent of the indices of the crystallographic faces, the
second determines the orientational dependence of the work function of electrons, which can be determined
using Thomas — Fermi expressions for the variation of the electron density at the metal — vacuum interface
with corrections [4]:

f_(hkl) = %n(hkl)|W(r0)|Q . )

In formulas (1) and (2), a is the crystal lattice parameter, z is the number of free electrons per atom, Q is
a function that weakly depends on z, |[W(ry)| is the bond energy of the crystal lattice, n(hkl) is the
concentration of particles on the face. The summation in (2) for each face was carried out up to the j-th
plane, at which the contribution to the surface energy was<0.1 mJ/m”.

With the effective thickness of the monatomic surface layer =R (where R is the radius of the s-sphere)
and bearing in mind (2), we obtain [3, 4]:

o(hkl) + gaz -f_(hkl) = const. 3)

The constant B depends on the type of lattice structure of the metal and in the first approximation for
hep crystals is 3.51, and for crystalline mercury with a rhombohedral lattice 5.846. Expression (3) conveys
well the anisotropy ¢(hkl) of metals. To estimate the anisotropy of the work function of electrons, formula
(3) is reduced to the form [3, 4]:

o(hkl) =<po[1— fo (fhk”}

0

Here ¢y = const = ¢ + B/z a’ fy, fo = @oz/Ba,, ¢ is the Richardson work function of electrons from the
polycrystalline sample, f,, is the surface tension of the liquid metal at the melting temperature T,,, fT,(hkl) is
the surface energy of the faces at a given temperature. Using expressions (2) and (4), the surface energy and
work function of electronically four main faces of cadmium and zinc crystals and five faces of mercury were
estimated. Thus, for zinc, the deviation of the calculated value of ¢ (0001) at 293 K from @, (0001) and
from the value for a polycrystal is 7.94 and 7.59 %, respectively. And for cadmium, the calculation error in
comparison with the work function of electrons of the polycrystal is only 5.3%. In view of the absence in
most cases and the ambiguity of the available experimental data on the surface energies of the faces of single
crystals with noncubic structures, thin films and nanoparticles of the considered metals, expressions (3) and
(4) can be used to estimate the surface energies of metal surfaces at the interface with vacuum from the work
function data electrons of these surfaces.

In [5, 6], the relationship between the anisotropy of the surface energy of single crystals and the crystal
structure is considered. Based on experimental studies and theoretical calculations, it is shown that the model
of coordination melting of crystals (MCP) unambiguously links the physicochemical properties of the
surface of single crystals with their crystal structure. The calculations of the surface energy will be carried
out according to the formula derived under the assumption that there are no first-order phase transitions in
these substances up to their melting point [5, 6]:

lyg )™
Ghm{—pﬁ“ jj ¢,dT. 5)

0

(4)
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where p is the density of the crystalline substance, and M is its molecular weight, Tm is the melting point, cp
is the molar heat capacity, [hkl] is the thickness of the first coordination sphere in the [hkl] direction, which
for crystals with body-centered (bcc) and face-centered (fcc) ) cubic structure is given by the relations [6]:

Im3m, Z=2;1,,=a;1, = a+/2; L, —a/+3,

Fm3m, Z=4;1,, =a; |, —a/2; 1, =2a/4/3.
We take the values of p, M, Tm and cp for metals from the reference book [7]. Table 1 shows the

calculations of the surface energy anisotropy by the MCP in comparison with the calculations of the surface
energy anisotropy and the electron work function by several theoretical models [2—4].

(6)

Table 1. Anisotropy of the surface energy of metals, calculated from the MCP in comparison with the anisotropy
of the surface energy and the work function of the electron, known from the literature

Me (hkl) Structure Ohkl Ohkl Ohkl [8], Fhkla eV Fhkla eV [8] Fhkla eV [9]
by MCP, [101], mJ/m’ [10]
mJ/m’ [6] mJ/m’
100 304 436 541 3.15 2.968 2.28
Li 110 Im3m 430 458 585 3.33 3.221 2.82
111 180 - 601 - 2.746 2.11
100 189 236 258 2.76 2.638 2.28
Na 110 Im3m 267 307 247 2.94 2.839 2.82
111 109 - 302 - 2.585 2.11
100 124 129 148 2.34 2.224 2.25
K 110 Im3m 175.3 116 137 2.38 2.372 2.79
111 71.6 112 165 241 2.18 2.08
100 101 107 126 2.22 2.116 2.16
Rb 110 Im3m 143 92 110 2.32 2.243 2.68
111 58.4 89 135 2.29 2.096 2.00
100 85 92 114 2.03 1.974 1.87
Cs 110 Im3m 120 72 97 2.09 2.073 2.34
111 49 70 119 2.10 1.971 1.72

As can be seen from Table 2, the calculated values of the work function of different crystal faces are
proportional to the surface energies of these faces, calculated using the model of coordination crystal
melting. The main goal of this work is to build a model of the surface layer of perfect single crystals and to
clarify the role of surface energy in physical processes occurring in the nanoscale range.

Table 2. Anisotropy of the surface energy of metals calculated by (13) in comparison with the anisotropy of the
surface energy and the work function of the electron

Me (hkl) Structure Tm, K R(I), nm Ohkl Ohkl by MCP, Ohkl Fhkla eV
by (13), mJ/m’ mJ/m’ [6] [10], mJ/m’ (8]
100 454 (9) 304 436 2.968
Li 110 Im3m 454 3.14 636 (13) 430 458 3.221
111 ) 259 (5) 180 - 2.746
100 371 (13) 189 236 2.638
Na 110 Im3m 371 5.7 519 (18) 267 307 2.839
111 (13) 212 (7) 109 - 2.585
100 337 (20) 124 129 2.224
K 110 Im3m 337 10.9 472 (28) 175.3 116 2372
111 (20) 193 (11) 71.6 112 2.18
100 312 (24) 101 107 2.116
Rb 110 Im3m 312 13.4 437 (34) 143 92 2.243
111 (24) 178 (14) 58.4 89 2.096
100 302 (27) 85 92 1.974
Cs 110 Im3m 302 16.8 423 (38) 120 72 2.073
111 (27 173 (15) 49 70 1.971
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2. Description of the empirical model

In [11], when considering the melting temperature of small particles, we obtained the equation:

R(I)
T(r) = To( —T} (7)
where the parameter R(I) is determined by the expression:
26V
R(I)=——, 8
(D RT (8)

where o - surface tension, v - molar volume, R - universal gas constant, T - temperature.

Experimental studies carried out by us with physical objects on thin films of various nature:
mechanical, optical, magnetic, as well as the results of other researchers, have shown the size dependence of
all physical properties of small particles and thin films. This dependency looks like this:

A(r) =Ao( —m} )
T

where A(r) is a physical property (mechanical, etc.) that depends on the linear size (dimensional effect), Ay is
a physical property (volumetric) that does not depend on size.

It is clear that the surface of a solid is a nanostructure. The same is true for liquid. Equations (7), (8),
and (9) have the same structure and diverge as r — 0; therefore, we will redefine equation (9) and write
down finally:

AO)zA{#—EQg,r>>RﬂL
r

10
R (10)

A(r) = Ao(l —m

This model is shown schematically in Figure 1. It is an ideal atomically smooth single crystal without
vacancies, dislocations, and other defects.

The de Broglie layer Ry = AdB = h/p for metals ranges from 0.01 nm to 0.1 nm. Quantum dimensional
effects begin in this layer. The main quantum-dimensional structures include structures with a two-
dimensional electron gas - epitaxial films, MIS structures, heterostructures, etc .; structures with one-
dimensional gas - quantum threads or wires; structures with a zero-dimensional gas - quantum dots, boxes,
crystallites [12].
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Fig.1. Schematic representation of the surface layer.
Designations: Ry - de Broglie layer; R, - layer R(I); R, is the R(II) layer; R, - solid sample layer.

The R(I) layer is described by the first dependence from equation (9) (r >> R(I)). In the R(I) layer with
pure metal atoms, there is a reconstruction and relaxation associated with the rearrangement of the surface
[13]. For gold, the lattice constant is equal to R(I) = 0.41 nm and the surface is rearranged at a distance
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R(Day = 1.2/0.41=3 of three atomic monolayers. Size effects in the R(I) layer are determined by the entire
group of atoms in the system (collective processes). Such “semiclassical” size effects are observed only in
nanoparticles and nanostructures [14]. Experimentally, they can be observed on very pure single crystals
with grazing incidence of X-ray radiation, when the angle of incidence is equal to or less than the critical
angle of total internal reflection [15]. When the angle of incidence becomes less than the critical one, the
refracted wave exponentially decays in the volume at a characteristic depth of the order of several
nanometers (for example, this depth is 3.2 nm for silicon, and 1.2 nm for gold). As a result, a so-called
vanishing wave is formed, which propagates parallel to the surface. Therefore, the diffraction of such waves
provides information on the structure of the surface layer [13].

The R(II) layer extends approximately to the size R(II) = 9R = R.,, where the bulk phase begins.
Dimensional properties begin from this size. By nanomaterials it is customary to understand materials, the
main structural elements of which do not exceed the nanotechnological boundary ~ 100 nm, at least in one
direction [14-18]. A number of researchers are of the opinion that the upper limit (maximum size of
elements) for nanostructures should be related to some critical characteristic parameter: the mean free path of
carriers in transport phenomena, the size of domains/domain walls, the Frank-Read loop diameter for
dislocation slip and the like. This means that the R (II) layer should contain many dimensional effects
associated with optics, magnetism, and other physical properties according to Eq. (10).

The R(II) layer is described by the second dependence from equation (10) (Ry <r <R(I)). The parameter
R(I) is related to the surface tension ¢ by formula (7). In [11], it is shown that, with an accuracy of 3%, the
relation:

c=10"-T,. (11)
where Tm is the melting point of the solid (K). The ratio is fulfilled for all metals and for other crystalline
compounds. At T = T,,, from equation (8) we obtain:

R(I), =0.24-10"v.

(12)

Equation (12) shows that the thickness of the surface layer R(I) is determined by one fundamental

parameter - the molar (atomic) volume of the element v = M/p, M is the molar mass (g / mol), p is the

density (g/cm®), which changes periodically in accordance with the table of D.I. Mendeleev. Equation (11)
can be empirically rewritten as:

o(hkl) =107 - T, -1(hkl),. (13)
where 1(hkl) for crystals with body-centered (bcc) and face-centered (fcc) cubic structures is given by

relations (6) ata = 1.
Let's make calculations according to (12) and (13), taking reference data on T,,, M, p.

3. Research results and discussion

Table 2 shows that our empirical model, based on the results of calculations, does not differ much from
the method of electron-statistical calculation of the surface energy of metals [3, 4] and from the model of
coordination melting of crystals [5, 6]. However, in contrast to these models, our model gives a numerical
value for the thickness of the surface layer and, perhaps, this is the first time. The thickness of the surface
layer for the Li — Cs system ranges from 3 nm to 17 nm. If we recalculate it in lattice constants a, then it
turns out that the surface layer contains on average 9 monolayers (Li) to 27 monolayers (Cs).
Experimentally, such surface layers can be determined by methods of scattering X-rays during their internal
reflection. Using this method, the thickness of the surface layer was determined for gold single crystals (R(I)
= 1.2 nm) and for silicon (R(I) = 3.1 nm) [13], that is, this R(I) layer is a nanostructure ( fig. 1). Let us now
consider the system of atoms Li — Cs. Consider a body-centered cubic lattice (BCC) (Fig. 2).

Figure 2 shows that the shift in the crystal occurs most easily along the atomic planes with the densest
packing of atoms (Fig. 2, a). Plane ABCD (Fig. 2, b), the number of atoms in the plane ABCD - 1; area
ABCD = a%; area per | atom — specific area: S = a’/1 = a> — measure of packing density. Plane ABGH (Fig.
2, ¢), the number of atoms in the plane ABGH - 2; arca ABGH = az\/2; S = a’\2/2=0.7a> <a.

Since the physical and chemical properties along different directions depend on the density of atoms on
them, the listed properties along different directions in crystalline bodies should be unequal (Fig. 3).
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a

&
@ ! 00
a) b) <)
Fig.2. Volume-centric cubic lattice: a) unit cell of the bec lattice; b) plane ABCD. The number of atoms in the plane
ABCD - 1; c) plane ABGH. Number of atoms in the plane ABGH - 2

-~

Fig.3. Crystallographic directions and planes in the crystal lattice: a) - the main directions and their designation;
b), ¢), d) -basic planes and their designation

Table 2 shows that the body-centered cubic lattice Li — Cs in the (110) plane contains more atomic
monolayers, and the (111) layer contains the smallest number of atomic monolayers. These layers are located
in the R(I) layer (Fig. 1), where the relaxation or reconstruction of the single crystal surface occurs (Fig. 4)
[13].
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reconstruction
Fig.4. Transformation of the metal surface:
relaxation — upper layer (a, b); reconstruction - several layers (c, d)

The relaxation of the surface is understood as the difference between the distances between the last
crystallographic planes parallel to the plane of the interface with vacuum from the distances between the
same planes in the volume (Fig. 4). The variety of cases when the atomic structure of the upper layer is
modified is characterized by the term reconstruction (it is especially relevant for semiconductors). Relaxation
is characteristic of metals. The same is expected for Li — Cs crystals, and from Table 2 it can be seen that
the surface layer extends over several atomic monolayers (Fig. 4, right). On the whole, size effects are
observed up to distances R(II) =9R = R,, where the bulk phase begins (Fig. 1), which, starting with
potassium, exceeds the limit of 100 nm, which is characteristic of Slater nanostructures [19]. Table 2 shows
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that the work function of electrons changes proportionally with a change in the surface energy of the metal.
This means that the device developed by us [1, 2] can be used to measure the state of the metal surface and
its anisotropy.

Conclusion

The anisotropy of the surface of its metals, even of atomically smooth surfaces, began to be developed
relatively recently. First, this is due to an incomplete understanding of the role that surface energy and its
anisotropy play in nanostructures. Secondly, because of the difficulty of measuring it. Our proposed model
gives a numerical value for the thickness of the surface layer and allows one to evaluate the physical
processes that occur in nanostructures. The de Broglie layer Ry = AdB = h/p for metals ranges from 0.01 nm
to 0.1 nm. Quantum dimensional effects begin in this layer. The main quantum-dimensional structures
include structures with a two-dimensional electron gas - epitaxial films, MIS structures, heterostructures,
etc.; structures with one-dimensional gas - quantum threads or wires; structures with zero-dimensional gas -
quantum dots, boxes, crystallites. The R(I) layer is described by the first dependence from equation (9) (r >>
R(I)). In the R(I) layer with pure metal atoms, there is a reconstruction and relaxation associated with the
rearrangement of the surface. The R(II) layer extends approximately to the size R(II) =9R = R,,, where the
bulk phase begins. Dimensional properties begin from this size. We have shown for the first time in the
world that the thickness of the surface layer is determined by one fundamental parameter - the molar
(atomic) volume of an element, which periodically changes in accordance with the table of D.I. Mendeleev.
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POLYAMPHOLYTES ON THE SURFACE OF A METAL NANOWIRE
IN A TRANSVERSE MICROWAVE ELECTRIC FIELD
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Molecular dynamics has been employed to study the rearrangement of the conformational structure of
polyampholytes adsorbed on the surface of a gold nanowire with a periodic change in time of its polarity in the
transverse direction at an ultrahigh frequency. The radial distributions of the atomic density of the polypeptide
and its angular distributions on the nanowire surface have been calculated. At high temperatures, temporary
fluctuations in the conformational structure of the adsorbed polyampholyte polypeptide were observed. In this
case, for half the period of the nanowire polarity change, the macrochain conformation changed from dense
enveloping of the nanowire to an elongated conformational structure along the dipole moment of the nanowire. At
low temperature and the nanowire dipole moment, the swelling of the fringe of the adsorbed polyampholyte was
observed with a displacement of most of its links to one side with respect to the plane perpendicular to the
direction of the nanowire dipole moment and passing through its axis. At low temperature and high values of the
nanowire dipole moment, the polyampholyte polypeptide was desorbed from the nanowire surface. An analytical
model of conformational rearrangements of a polyampholyte Gaussian chain in the form of an external field
perturbation theory is presented.

Keywords: polyampholytes, metal nanowire, conformational changes, molecular dynamics, microwave electric
field

Introduction

Hybrid nanosystems consisting of plasmonicnanoobjects, in particular, gold nanorods and nanowires
with adsorbed macromolecular chains, are widely used as elements of nanoelectronic devices, as well as in
the creation of various chemical sensors [1-7]. At present, considerable efforts have been focused on
increasing the sensitivity and expanding the possibilities of detecting sensors based on the effect of surface
plasmon resonance and surface-enhanced Raman scattering based on such hybrid nanosystems. In this case,
both photoactive molecules and plasmonic nanoparticles must be bound to the macrochain [8-13]. Of
particular interest is the control of changes in the conformational structure of adsorbed polyampholytes on a
conducting surface both by a static electric field and by electromagnetic radiation.

In an electric field, the conformational structure of a polyampholyticmacrochain adsorbed on a solid
surface will change under its influence [14-18]. When transverse electric field is imposed on a cylindrical
metal nanowire, electric charges are induced on its surface, with their surface density being distributed in
proportion to the cosine of the angle between the directions of the electric field vector and the normal to the
nanowire surface. The arising field of the induced polarization strongly distorts the primary electric field
near the nanowire. Such an uneven distribution of induced charges on the surface of a nanowire will have a
significant effect on the conformational structure of polyampholyte macrochains adsorbed on its surface.

In the case of exposure to electromagnetic radiation on a nanowire, in which the electric field vector
that is variable along the length remains perpendicular to its axis, the conformational structure of the
polyampholyte macrochain will change in accordance with fluctuations in the density of charges induced by
this field on the nanowire surface. Such a rearrangement of the conformational structure of the
macromolecule near the nanowire becomes possible upon excitation of field oscillations in it in the
microwave range in the direction transverse to the axis. At certain frequencies of electromagnetic radiation, a
resonance of changes in the conformational structure of a polyampholyte macromolecule on the surface of a
metal nanowire may appear [18].
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In this work, circular-section gold nanowires are considered as metal adsorbents for polypeptides in
connection with the specific properties of conducting nanocylinders as promising plasmonicnanoantennas.
Similar objects with axial geometry are carbon nanotubes, the plasmon properties of which were considered
by the authors in [19-20], where it was shown that such nanotubes perform the functions of a kind of
electromagnetic waveguides. One-dimensional plasmon-polaritons can propagate along the surface of a
conducting cylinder parallel to its axis, while only localized surface plasmons with well-studied properties
can form in nanoparticles of a finite volume. Spherical metal nanoparticles with adsorbed polypeptide
macrochains were considered by us earlier in [14, 16-18].

Therefore, such hybrid nanosystems, in which the conformational structure of adsorbed polyampholytes
on the surface of a gold nanowire or nanorod can be rearranged under the influence of both a static electric
field and a variable with an ultrahigh frequency, can find application in the creation of new and modification
of existing sensors based on the effect of surface-enhanced Raman scattering or surface plasmon resonance,
as well as luminescent optical units for measuring the concentration of molecular oxygen [21-22].

The goal of this work is to study the rearrangement of the conformational structure of polyampholyte
polypeptides on the surface of a gold nanowire under the influence of electromagnetic radiation, in which the
electric field vector is directed in the transverse direction with respect to the nanowire axis.

3. Molecular dynamic simulation

Molecular dynamics (MD) simulation of polyampholytic polypeptides on the surface of a gold
nanowire was performed using the NAMD 2.14 software package [23]. The model of a gold nanowire was
obtained by cutting out a cylinder with a radius of 1.5 nm and a length of 15.5 nm from a gold crystal, while
the atoms of the nanowire remained fixed during the MD simulation.

Four polyampholytic polypeptides with different orders of charged amino acid residues were examined:

1) A400R100D100 polypeptide consisting of 400 Ala units (A), 100 Arg units (R, charge of +1e), and
100 Asp units (D, charge of —le ), with the two latter being uniformly distributed over the chain, with the
total number of amino acid residues being equal to 600 — (ADA,RA);q;

2) A480R60D60 polypeptide consisting of 480 Ala units, 60 Arg units, and 60 Asp units, with the two
latter being uniformly distributed over the chain, with the total number of amino acid residues being equal to
600 — (A;DA4RA,)60;

3) A784R98D98 polypeptide consisting of 784 Ala units, 49 pairs of Arg units, and 49 pairs of Asp
units, with the two latter being uniformly distributed over the chain, with the total number of amino acid
residues being equal to 980 — (A4R,AgD2A4)40;

4) A880R54D54 polypeptide consisting of 880 Ala units, 27 pairs of Arg units, and 27 pairs of Asp
units, with the two latter being uniformly distributed over the chain, with the total number of amino acid
residues being equal to 988 — Ag(AsD,A1sR2Ag)27As.

The CHARMM?22 force field [24] was used for the polypeptides. Noncovalent interactions with the
gold nanoparticle were described by the Lennard-Jones potential parameterized in [25]. The van der Waals
potential was cut off at a distance of 1.2 nm using the smoothing function between 1.0 and 1.2 nm.
Electrostatic interactions were calculated directly at a distance of 1.2 nm; for larger distances, the particle
mesh Ewald (PME) method [26] with a mesh step of 0.11 nm was employed. The entire nanosystemwas
placed in a cube with edges of 24 nm, filled with TIP3P water molecules [27].

At the initial moment of time, the polypeptide macromolecule was located in the form of a
nonequilibrium coil near the surface of an unpolarized cylindrical gold nanowire. Three different starting
coils were considered for each polypeptide. The MD simulation has yielded three equilibrium
conformational structures for each considered polypeptide. The formation of equilibrium conformations was
controlled by monitoring variations in the root-mean-square distance (RMSD) between atoms of a
polypeptide in different conformations. Subsequently, these structures were used as starting configurations
for MD simulation on the surface of a transversely polarized nanowire.

In the case of uniform polarization of the nanowire in the transverse direction, the local electric field
was set through the change in the atomic charges on the surface of the cylindrical nanowire according to the
cosine law in the cross section. The following induced dipole moment of the nanowire per unit length were

obtained: p/» =1.5kD/nm, p;" =3.0kD/nmup;: =6.0kD/nm. In this case, in the positively

2 max
charged region of the polarized nanowire, the atoms acquired the maximum electric field-induced partial
charges equal + 0.25¢, +0.5¢ and, +1.0e, accordingly. At the first stage, MD simulation was carried
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out with transverse polarization of the nanowire in a static electric field for all the considered polypeptides
until an equilibrium conformational structure was obtained.

At the second stage, during the MD simulation, the densities of charges on the nanowire surface were
periodically varied with time according to the sine law with oscillation period T = 2.4 ns (oscillation
frequency of 416.7 MHz) for 3 oscillation periods. Each oscillation period was divided into 8 equal time
periods of 0.3 ns, during which the field remained unchanged, and the dipole moment of the nanowire in a
selected period was set by averaging it over the entire period duration. The dipole moment of the nanowire
changed in the following sequence, starting from the starting conformation of the polypeptide obtained on an

nw
max

(from 3n/8 to 5n/8), +0.69ph. (from 57/8 to 7n/8 ), 0 (from 7n/8 to 9n/8 ), —0.69p"" (from 97/8 to

max max

117/8), —0.97p™™ (from 117/8 to 137/8), —0.69p" (from 13n/8 to 151/8), and 0 (from 157/8 to 17x/8)

max max

nw

unpolarized nanowire: +0.69 p’. (average value in the oscillation region from /8 to 3n/8 ), +0.97p

[18]. The MD simulation was carried out at constant temperatures of 300 and 900 K (Berendsen thermostat)
for each considered polypeptide.

Based on the obtained results of MD simulation, the radial dependences of the density of atoms of
polypeptides were calculated, as well as the angular distributions of atoms of polypeptides with a step of 10
degrees over the cross section.

4. Results of the study

According to the results of MD simulation of polypeptides on the surface of an unpolarized gold
nanowire, it was found that the polypeptides partially envelop the nanowire (Fig. 1a). The predominance of
the location of the amino acid residues of the polypeptide on one side or the other of the nanowire depended
on the starting location of the non-equilibrium macrochain coil, while the adsorption of polypeptide residues
occurred regardless of their type. The radial distributions of the average density of polypeptide atoms (Fig.
2a) had a characteristic shape with a peak of the radial density distribution near the nanowire surface. The
average angular distributions of polypeptide atoms over the cross section according to all the results of the
MD simulation indicated a generally uniform distribution of atoms around the nanowire.

On the surface of a transversely polarized gold nanowire in a static electric field, such a rearrangement
of the conformational structure of the adsorbed polyampholyte macrochain took place, in which, as the value
of the induced dipole moment of the nanowire per unit of its length increased, more and more Asp amino
acid residues were displaced toward the surface in the positively charged region of the nanowire (at the top
in Figs. 1b and 1c), and Arg amino acid residues were displaced to the surface in the negatively charged
region of the nanowire (below in Figs. 1b and Ic¢). In this case, the stretching of the macromolecular fringe
along the dipole moment in the transverse direction to the nanowire was observed due to the repulsion of the
residues of the same name with respect to the surface in the polar regions of the nanowire (Figs. 1b and 1c).
This is most pronounced in polypeptides with a large distance between opposite charged amino acid residues
in the macrochain.

Fig.1. Polypeptide A880R54D54 on the surface of an unpolarized gold nanowire (a), polypeptides A880R54D54

(b) and A784R98D98 (c) on the surface of a polarized nanowire in a static electric field in the transverse direction

(the dipole moment of the nanowire is directed upwards) after MD simulation (end view; the blue tube and white
and red symbols denote Ala, Arg, and Asp residues, respectively).
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The radial distributions of the average density of polypeptide atoms on the surface of a polarized
nanowire also differ from the case of adsorption on an unpolarized nanowire. Figure 2b shows that the peak
value of the radial distribution over all polypeptide atoms decreased by more than 5 times, and the profile of
this distribution broadened significantly. This is due to the fact that the peaks of the radial distribution of the
average density of the charged Arg and Asp amino acid residues of the polypeptide are located at the surface
of the nanowire, and the profile of the radial distribution of the average density of Ala units is shifted from
the surface. Figure 2¢ shows the average angular distributions of atoms of charged units of a polypeptide on
the surface of a gold nanowire polarized in the transverse direction. The upper pole in Figure 1 along the
cross-section of the nanowire corresponds to an angle of 0 degrees, and the lower pole corresponds to an
angle of 180 degrees. It can be seen that a redistribution of Arg amino acid residues to the negatively charged
region of the nanowire occurred on the polarized nanowire, and Asp units shifted to the positively charged
region of the nanowire. The ratio of the thickness of the macromolecular fringe along the dipole moment of
the nanowire to the thickness of the macromolecular layer in the orthogonal transverse direction was 1.4, 1.6,
1.9, and 2.2 times, respectively, for the A400R100D100, A480R60D60, A784R98D98, and A880RS54D54
polypeptides. That is, the greater the distance between opposite charged links in the macrochain, the greater
this ratio.
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Fig.2. Radial dependences of the average atomic density for AS80R54D54 polypeptide on the surfaces unpolarized (a)
and polarized in a static electric field in the transverse direction (b) gold nanowires with differentiation by the types of
units. Dependences of the average angular distributions of atoms of charged units of the A880R54D54 polypeptide on
a polarized gold nanowire (c). In the figure: pep - dependence for all atoms of the polypeptide;ala, arg and asp -
dependences by types of amino acid residues.

According to the results of MD simulation with a temperature of 900 K with periodic changes in the
polarization of the nanowire in the transverse direction, oscillations of the conformational structure of
polyampholyte adsorbed on the surface were observed, similar to the temporal oscillations of conformations
on the surface of a metal nanoparticle [18]. Such oscillations began to be clearly observed at the peak values

of the induced dipole moment of the nanowire per unit of its length p,.  and higher for all the considered

polypeptides, and at lower values of the dipole moment they were less pronounced. Figure 3 shows the
conformational structures of the A784R98D98 polypeptide on the surface of the nanowire at different times

according to the results of MD simulation with a peak dipole moment p, .

It can be seen that for different directions of the dipole moment (Figs. 3a and 3b), the conformational
structure has a mirror-like appearance with respect to the horizontal plane passing through the nanowire axis.
It can also be seen that these conformational structures have a similar appearance to the conformational
structure obtained as a result of MD simulation in a static field (Fig. 1¢) with stretching the loops along the
direction of the dipole moment. Figure 3¢ shows the final conformational structure of the A784R98D98
polypeptide, obtained as a result of MD simulation at the last time interval, when the nanowire dipole
moment was zero. In this case, the polypeptide completely envelops the gold nanowire and has a similar
appearance to the starting conformations on the surface of an unpolarized nanowire (Fig. 1a).

The radial distributions of the atomic density of the A784R98D98 polypeptide with differentiation by
the types of units, averaged over all time intervals in the cases when the nanowire is not polarized (Fig.4a),

polarized with a dipole moment +0.97p,”  (Fig.4b), and —0.97 p;""

2max 2 max

(Fig.4c), also have a similar form
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with radial distributions obtained on an unpolarized nanowire (Fig. 2a) and with polarization in a static
electric field (Fig. 2b), respectively. In this case, the radial distributions of the average density of polypeptide
atoms for opposite directions of the transverse polarization of the nanowire are similar to each other (Figs. 4b
and 4c). On the curves for the radial density distributions over all atoms of the A784R98D98 polypeptide
show the vertical segments of the standard deviations. It can be seen that at the same phase of the change in
the dipole moment of the nanowire, the deviations from the average value of the density of polypeptide
atoms are small.
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Fig.3. Conformations of the A784R98D98 polypeptide during MD simulation with a periodic change in the nanowire

polarization in the transverse direction at a temperature of 900 K: a) after 5.4 ns, when the nanowire dipole moment is

directed upward; b) after 6.6 ns, when the dipole moment of the nanowire is directed downward; c) after 7.2 ns, when
the nanowire is not polarized.
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Fig.4. Radial distributions of the average density of atoms of the A784R98D98 polypeptide on the surface of a gold
nanowire at the end of the MD simulation at 900 K on time intervals in cases where the nanowire is not polarized (a),
is polarized in the transverse direction with a dipole moment +0.97 p)** (b) and —0.97 p2*  (c). In the figure:

2max 2 max

vertical segments - an estimate of the standard deviation.

Figure 5 shows the dependences of the angular distributions of atoms of charged amino acid residues of
polypeptides A784R98D98 (Fig.5a) and A88OR54D54 (Fig.5b) averaged over time intervals with different
values of the dipole moment of the nanowire.

It can be seen that, in the case of an unpolarized nanowire, charged amino acid residues Arg and Asp
are almost uniformly distributed over the surface, and when the direction of the dipole moment of the
nanowire is reversed, the peaks of the angular distributions of the charged units of the polypeptide change in
a mirror image.All this means that, in MD simulations at a temperature of 900 K, with a periodic change in
the polarization of the nanowire in the transverse direction, the conformational structure of the adsorbed
polypeptide on the surface of the metal nanowire periodically changes from a dense enveloping of the
nanowire to an elongated conformational structure in the transverse direction to the nanowire twice during
one oscillation period.
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Fig.5. Dependences of the average angular distributions of the atoms of the charged Arg (1, 3, 5) and Asp (2, 4,
6) units of the A784R98D98 (a) and A880R54D54 (b) polypeptides over all conformations at the end of the
MD simulation at 900 K on time intervals when nanowire is not polarized (1, 2), polarized in the transverse

(3,4)and —0.97p;" (5, 6)

nw
2max

direction with a dipole moment +0.97 p
According to the results of MD simulation with a periodic change in time of the polarity in the
transverse direction of a gold nanowire with a temperature of 300 K at the peak value of the dipole moment

of the nanowire p| ., a displacement of the links of the adsorbed polyampholyte polypeptide to one side

with respect to the plane perpendicular to the direction of the dipole moment of the nanowire and passing
through its axis was observed (Fig. 6). The shift took place in the direction (Fig. 6b), where most of the
polypeptide units were in the starting conformation (Fig. 1a). In this case, the swelling of the fringe of the
adsorbed macrochain occurred, which can be seen if we compare the radial distributions of polypeptide
atoms at the end of the MD simulation at 300 K (Fig. 6¢) with the radial density distributions on the surface
of the unpolarized nanowire (Figs. 2a and 4a). It can be seen that the peaks of radial distributions for the final
conformations of polypeptides obtained at a temperature of 300 K are located at the surface of the nanowire
(Fig. 6e), but they are several times lower than on the surface of an unpolarized nanowire.

The dependences of the angular distributions of the atoms of the adsorbed polypeptides (Figs. 6¢ and
6d) show that most of the polypeptide units are on the same side with respect to the horizontal plane passing
through the nanowire axis. In this case, the peaks of the angular distributions are in this plane (angle 90
degrees). This region of the nanowire always remains neutral in the process of polarization reversal, and in
the adjacent regions from above and below (Figs. 6a and 6b), the surface charges change insignificantly
compared to the polar regions (angles of 0 and 180 degrees).

This nature of conformational changes is explained by the fact that at a low temperature of MD
simulation, the forces arising as a result of the action of the local electric field are insufficient to overcome
the mutual attraction between the polyampholyte links in the weakly charged region of the nanowire. When
the nanowire is repolarized in the polar regions along the cross section, strong conformational changes in the
macrochain occur, which lead to the fact that the links shift from one pole to the other and, passing through
the weakly charged region, are localized in it. In contrast to the case of a spherical nanoparticle [18], where
an annular macromolecular fringe was formed, encircling it in the equatorial region, the nanowire has an
extended structure. Therefore, a part of the polypeptide units remains in the polar region, which bind amino
acid residues, most of which are adsorbed in the weakly charged region (in Figures 6a and 6b, on the left and
right of the nanowire).

At higher values of the peak dipole moment of the nanowire for the A400R100D100 and A480R60D60

polypeptides at p5 , and for the A784R98D98 and A880R54D54 polypeptides at p,. ., desorption of

polyampholyte from the nanowire surface took place. In this case, at the first steps of MD simulation, a
conformational structure of the macrochainwas formed, similar to the conformations obtained at lower peak
values of the dipole moment of the nanowire (Fig. 6). However, then, due to a stronger change in the local
electric field, the amplitude of the displacement of charged units in the weakly charged region of the
nanowire increased. This led to the fact that the forces of attraction of the macrochain to the nanowire were
overcome.
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Fig.6. Conformations and dependences of the angular distributions of atoms of polypeptides A784R98D98 (a, c) and
A880R54D54 (b, d), as well as radial distributions of atomic density (e) of polypeptides A784R98D98 (1) and
A880R54D54 (2) after the end of MD simulation with periodic changes polarity of the nanowire in the transverse
direction at a temperature of 300 K.

At the same time, due to the generally lower mobility of the links in comparison with the case of the
higher temperature of the MD simulation, the movement of charged links between the poles of the nanowire
along the cross section did not occur, and the macrochainwas gradually desorbed from the surface.

5. Analytical model of conformational structure

Thus, the performed MD simulation showed that the change in the conformations of the macrochains of
polyampholyte or polyelectrolyte adsorbed on the nanowire can be carried out by an external electric field
polarizing the conductor. In the characteristic case of the transverse orientation of the external homogeneous
monochromatic (at frequency @) field intensity vector E(#) = E exp(—i@t) relative to the z-axis of the
cylinder, forced oscillations of the surface charge density occur — localized plasmons. In the simplest model,
polymer molecules are represented by ideal Gaussian chains, but the attraction of the units to the adsorbent
surface is taken into account. Such a model has great clarity, therefore it is convenient for analyzing changes
in the conformational structure of the chain with a change in external conditions.

The intensity of the quasi-static field outside a cylinder of radius R, i.e. when 7 > R and placing it in

the field EO has the form [28]
2
g(w)—¢&, R . .
M—z[(l—%mz(p)-nx+s1n2go-ny}. (1)
gw)+e, r
In the case of a circularly polarized monochromatic electromagnetic field propagating along the z axis,
parallel to the axis of the nanocylinder

E(t,z) =(En, +iEn ) exp(iQt —ikz) . )
Here, in (2), n,, n, are the unit vectors of the coordinate Cartesian axes x and y. In the long-wavelength
limit for the wavenumber k — 0, the phases kz, k(z + Az) of wave (2) differ little from each other, and

E,(r,p)=En, +E,
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over the length / <<1/ k we obtain an electric field of strength E, rotating with frequency €2.In [29], a
variant of the circular polarization of the microwave field in the problem of a cylinder with adsorbed
macrochainswas considered. In the adiabatically slow version of the field rotation, it is necessary that the

frequency {2 be much lower than the characteristic frequencies of conformational transitions of macrochain
fragments ~ 1 GHz (1 ns™).

The adsorption potential of the surface of a circular nanowire in the case of van der Waals adsorption
can be effectively represented by a combination of the simplest model potentials “solid wall — delta-

functional well”: Vl (I”) =V, (R) — OL6(I” — }”O) (R is the radius of the cylinder) [29]. When a nanowire

is placed in a uniform electric field, its potential, as a result of the polarization of the conductor, becomes
dependent on the angular variable ¢ in the cross-sectional plane. In an alternating monochromatic

microwave field E(#)=E,(n_+in y)exp(iQt ), there is a change in polarization according to a
harmonic law with frequency €2, and the potential —eEOI’ cos(@ — Q) of the external field Ex(l‘ ) is
added to the adsorption potential Vl (7), as well as the potential VP of the field of the polarized surface of

the nanocylinder: V, (7, ¢,Qt) = —eErcos(¢ —Qt) +V,(r,p — Qt). Then the potential of the total

field in the space outside the nanowire with the polarized component E,(7) can be written in the form
Viet)=V(r)+V,(r,®@) =V (R)—ao(r—r,)—eE,;rcos® +V,(r,D), 3)

where phase D(¢) = @ — ()¢, and

cosD (4)

V,(r,®) = —eE,rcos® + S "6 prop.
g(w)+¢, r

- the energy of interaction of the polyelectrolyte link carrying the charge e with the primary external electric
field and the polarization field of the wire. The dielectric constants € ((D), €, in (4) characterize the metal
of the nanowire and the environment, respectively. The intensity of the quasi-static field
E,(r,p,t)=—=VV, / eoutside the cylinder, i.e. for ¥ > R, when placed in a field E(#) with circular
polarization takes the form

&(w)—¢&, R’ . . .
M—z[(l —2sin’ @) - cosQt +sin2¢ - stt] +
e(w)+e, r (5)

_ 2
al@-4 R—[sin 2¢-cosQt —(1-2sin’ @) -sin Qt] .

2

E,(r,p,t)=En_cosQt+En_

+En sinQf+ En
o “Ve(w)re, r
At €3 —> 0, the circularly polarized field (5) transforms into a static field (1) with linear polarization.
In the case of macrochain polyampholyte, instead of the charge e of the link, one can introduce the
effective dipole moment p of the electrically neutral group of links. Using (5) we can write down the energy

V) =—pE,(r,@,t) of interaction of the field E,(7,¢,€2f) with the dipole moment p of the
polyampholyte.
In the case of a weak microwave field, taking into account potentials VZ(F,CD) (4) and

Vzp =—pE2(l’,(0,t) with field (5) when constructing an analytical model of rearrangement of the

conformational structure of a macrochain, as was done, for example, in [17, 29], can be performed within the
framework of quasi-static perturbation theory.

Thus, this section presents an analytical model for the rearrangement of the conformational structure of
polyampholytic and uniformly charged polypeptides on the surface of a transversely polarized gold
nanowire. If necessary, the results obtained can be easily generalized, including for the case of rotation of the
polarizing electric field vector.To solve a differential equation of Schrédinger type [30]

- gT Vi (r) = [V (r) - ely (), (©6)
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where a is the size of the chain link that determines the conformational function y/(r); in the case of a

weak microwave field, the potential (3) can be taken into account within the framework of perturbation
theory. Equation (6) with potential (3) contains an angular variable, so it should be written in the form

a kT {18 0,12 }V/(r)=[V(r)—8]t//(r)- ™)

[ _+_
6 |ror or r’og’

Solution (7) can be represented as ¥/ (r) = F (r)CDm(go) , where @ () is the eigenfunction of the
projection  operator of the quantum orbital angular momentum  with integer m:

D (p)=1/ 27 exp(img).

Then, taking into account the spectrum of eigenvalues for the functions @, (@)

o’® )
o =—m CI) s (8)
awz m(¢)
for the radial function F,(7) we obtain the equation
AkT|1d d m
——r———|F, (r)=[V(r)—¢,1F, (r)- ©)
< Ldr = r} W)=V (r)=¢,]F,(r)

Here in (9) the radial potential V'(7) =Vl(}”)+V2(r‘), and VZ(I”) is defined by the relation
Vy(r,0) =V, (1)@, (9), or

V,(r,p)= —|:1 - a'(w)(ﬁj :lrEO cosQ
r

V,(r,p)=—eE rcosg +MR26EOM
g(w)+eg, 7

For ease of writing (4), it is assumed that the frequency €2 — 0 (quasi-static mode). For the function
F (7), we obtain the equation

F,'(r) + F, (r)=—F,(r)= [V(I’) &]F, () (10)
which in the absence of potentlal Vl(r) = VOO (R)—0ad(r —ry) is the Bessel equation for cylindrical
functions Z (£). Thus, the solution to (10) is the Bessel functions of the imaginary argument I (q r)

and K (qml”), E=qr,q = 62_ As solutions to equation (6) with a certain index m in the field
U dkT

V(r)= V;(I”) , decaying at infinity, we can write the following
F!(ry=4,1 (q,r)+B,K, (q,r), R<r<r,
F'(ry=C,K, (q,r), r,<r< o

Constants Am, Bm and C n we find from the considerations that y - functions must satisfy the

(11)

following boundary conditions
: : g
v, (R) =0, v, (1’0) =V (’/E)) ’ V/U(ro)_ Vll(ro): _ﬁWH(’Q))' (12)

The last equation allows you to determine a single discrete spectrum level &, for each m. For m = 0,
we arrive at the problem with circular symmetry, which we have already investigated in a number of
works.In the general case of an arbitrary index m to determine the parameters ¢, and &, (the important
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case m = 1), it is necessary to use the equation

d ., d 6
°F —ZF!
5 ", = (", = T

From (12) we find the relations between the constants Am , Bm and Cm :

Bm — _Am ]m (qu) , Cm — Am|: ]m (qmro) _ ]m (qu) :| (14)
Then solutions (11) take the form

E,(1)- (13)

F”{(r) =A4 |1 (q,r) —MKnl(qmr) , R<r<r
K, (q,R) :
mdm . (11)
CE Am{ Ligr)  LAGR) }K (@), R<r<e
K, (q,%) K,(q,R)
Substituting (117) into (13) we obtain the general transcendental equation for the eigenvalues g,
2
a*kT , I (¢.R)
=1 (q,1r)K (qr)—K (qr)-2rr—, (15)
60[7”0 m(qm O) m(qm 0) m(qm O)Km(qu)
For m =1, from (11) we obtain
(’" 1)(r Q)= [Alll (¢,r)+ BK, (qlr)]d)l((o), R<r<r, 16

l//u”’ Y(r,p) = CK,(q,r)P (9), ry<r<ow

Note that the density 7(r,¢) = (r,) of the units of the adsorbed macrochain will still be
determined by functions (11) or their equivalent (11 ") with the index m = 0, but not (16), since the
eigenvalues &, corresponding to (16) have a larger modulus than & . In addition, let us pay attention to the

fact that the first-order corrections to the eigenvalue &,, taking into account the disturbance

V,(r, Q) =—eEOI’COS§0+VP(I”,¢)), are equal to zero for states (11) and (11'). Correct use of the
Rayleigh-Schrodinger perturbation theory requires taking into account states (16) to refine the basic state
E\(r).

Microwave perturbation theory

Taking into account the orthogonality CDm (@) with different indices m and the structure of the angular

dependence of the perturbation operator V. (r w) ~ COS @, we note that only functions (16) with m = 1
will contribute to the basic state corrections " i "=0) (7). The corrected basic state t'" I “(r) in the second

order in the small parameter 77 = eE a/ | & — &, | can be written as

o -
v, (ro) =y (r) + w7 () - C“ v "), R<r<r,
8 —8 (17)
(m= 0)| |l//(m =1)
WII(V ¢) V/Im 0)( ) < 8(0) —28(0) > (m 1)(1" (P) C}IZ) (Im_O)(V)a r() <r<aoo
1 0

Expressions for the radial-angular distribution of the den51ty of the units of the adsorbed Gaussian
macrochain can be written in the form

n,(r,p)=n""@F)+n"(r)cosp+n?(r)cos’p, R<r<r, (18)
n,(r,0)=n"" () +n) (r)cosp+nY (r)cos’ @, 1, <r<oo, (19)
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where
=0) | (m=1)

(m
<‘//1,11 Vol
PO

=0 =1
(A
|g(0) —g® |2
1 0

We find the eigenvalues & from the equation g :—q,zasz /6, and the coefficients

n%](”) =2 >F01’H(7’)F1LH (r) ’1521)1(”) =

2
>‘ ‘Eul (r)‘z )

<W§”}[=O) | V2 | W}”}fl)> are the following integrals

IFOI (rWV,(")F'(r)rdr, [:R<r<r,
(Wi 1V lyi =1 : (20)
IFOH (MW, (" (r)rdr, II:r,<r<o

o

where radial functions Fri;lé;l(r) are defined by expressions (11°). Calculations of the radial-angular

distributions of the density of the links of the macrochain can be made on the basis of expressions (18-19).

Conclusion

Thus, as a result of MD simulation of polyampholyte polypeptides on the surface of a metal nanowire
with periodic changes in time of its polarity in the transverse direction with an ultrahigh frequency,
significant conformational changes of the adsorbed macromolecule are observed. In the case of MD
simulation with a temperature high enough to overcome theinterlink potential barriers of the macrochain
adsorbed on the nanowire surface, temporary fluctuations in the polyampholyte conformations were
observed. The conformational structure of the adsorbed polyampholyte polypeptide for half the period of
change in the dipole moment of the nanowire changed from dense enveloping of the nanowire to the
conformation in which the macromolecular fringe was extended in the transverse direction along the dipole
moment of the nanowire, at those times when the dipole moment of the nanowire had the maximum absolute
values.

At a comparatively low temperature of MD simulation and sufficiently low values of the nanowire
dipole moment, a gradual swelling of the fringe of the adsorbed polyampholyte was observed with a
displacement of most of its links to one side with respect to the plane perpendicular to the direction of the
nanowire dipole moment and passing through its axis. In this case, the peaks of the angular distributions of
the atoms of the adsorbed polypeptides were in this plane. At higher values of the dipole moment at a given
temperature of MD simulation, such swelling of the macromolecular fringe led to desorption of
polyampholyte from the nanowire surface.

Such changes in the conformational structure of polyampholyte adsorbed on the surface of the
nanowire, induced by microwave electromagnetic radiation, will have a significant effect on the
photochemical processes occurring in the layer of the macromolecular fringe formed by this polypeptide.

Therefore, they can be used to create and modify sensors with a conformational structure of
macromolecules tunable under the influence of electromagnetic radiation, such as sensors based on the
effects of surface plasmon resonance and surface-enhanced Raman scattering, as well as luminescence-
optical meters for the concentration of molecular oxygen in the ground or electronically excited state.

In a number of works, including the work of the authors of [20], it was noted that plasmonic
nanoparticles and nanowires significantly change the rate of spontancous radiative transitions in
electronically excited molecules located near conducting nanobodies. This circumstance allows one to
consider plasmonnanoantennas as control elements in molecular luminescent sensors of chemical
compounds. The mechanism for increasing the intensity of the spontaneous glow of the sensitive elements of
such sensors is associated with the plasmon resonance in the nanoantenna, which is determined by the
geometric parameters of the latter. In spherical nanoparticles, the oscillations of surface plasmonshave been
studied in sufficient detail, in contrast to extended quasi-one-dimensional conducting lines. Surface plasmon
resonances in a cylinder can be determined by both local transverse oscillations of the electron density and
waves traveling along the axis with different mode structures. Only further studies will make it possible to
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determine which of the plasmon resonances in cylindrical bodies and shells will be more important for the
formation of luminescent signals in composite, molecular-plasmonic nanostructures with axial symmetry.
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The aim of this work is to synthesize new nanostructured copper-zinc lanthanum and alkaline metal
manganites. Polycrystalline copper-zinc manganites of lanthanum and alkali metals were synthesized by the
method of ceramic technology from lanthanum (IIl), copper (Il), zinc (II), manganese (Ill) oxides, and lithium,
sodium, and potassium carbonates in the range of 800-1200 °C. Nanostructured particles were obtained by
grinding the synthesized polycrystalline compounds at the « MM301» vibration mill of «Retsch» (Germany). By
indexing X-ray images of nanostructured copper-zinc lanthanum and alkaline metal manganites, it was found that
they crystallize in cubic syngony. Their lattice parameters are determined. There is a pattern in the change of the
lattice parameters from the ionic radii of alkaline metals.

Keywords: copper-zinc manganite, lanthanum, alkali metals, synthesis, nanostructured particles of X-ray phase
analysis.

Introduction

The development of modern branches of science and technology is impossible without directed
synthesis and research of materials with a set of necessary physical and chemical properties. Currently, the
object of close attention of researchers is oxide materials with semiconducting, ferroelectric, piezoelectric
and pyroelectric and superconducting properties and high mixed (electronic and ionic or metallic)

conductivity. These materials include rare-earth manganites of the composition R; M,MnOs_; (R — rare-

carth elements, M — is a divalent cation). The discovery of a giant negative resistance in manganites (1993-
1994) of the La (Ca, Ba) MnO3 type with a perovskite structure was the beginning of work in the field of
synthesis and research of new, previously unknown compounds formed in systems consisting of oxides of
rare-carth elements, alkaline earth metals. and manganese (III).

Materials with colossal reluctance can be used as magnetic field sensors, high-density magnetic
recording heads, displacement and temperature sensors. Compounds based on oxides of the transition 3d-
and 4f-elements with a perovskite structure or close to it (manganites, zincates, cuprates, nickelates,
cobaltites of rare-earth metals) and their solid solutions with oxides of the alkali and alkaline earth metals
were widely used due to their interesting properties such as a high value of an electrical conductivity in a
significant temperature range, the electronic conductivity character (semiconductor n- or p-type or metal),
the magnetic and superconducting properties, etc. [1-7].

In addition, many publications of scientists from near and far abroadand also our papers on synthesis
and investigation of the physicochemical properties of compounds of the above mentioned classes were
summarized in our monographs [8-12]. It should also be noted that manganese-based compounds are widely
applied in the ferroalloy industry [13, 14].

1. Experimental technique

In order to accumulate various unique properties of the individual compounds in a single complex, i.e.
combining of cuprates, zincates and manganites as the copper-zinc manganites, the phases of composition of
LaMe',CuZnMnOyg (MeI — Li, Na, K) were synthesized. A similar work on the synthesis of lanthanum and
sodium cobalt-copper manganite was published by us in [15]. To synthesize LaMe',CuZnMnOg compounds
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the source materials were oxides of lanthanum La,O; (“puriss. spec.”), copper CuO, zinc ZnO, manganese
Mn,0;, carbonates of Li,CO;,Na,CO; and K,COj; (“p.a.”), their stoichiometric quantities were milled well
and mixed up in an agate mortar, then mixtures in the alundumcrucibles were annealed in SNOL furnace at a
temperature of 800 °C for 10 h in the air. Then they were cooled to a room temperature, mixed and milled.
Further they were heat-treated at 1200 °Cfor 20 h. The mixtures were cooled again to a room temperature,
milled and mixed. To obtain the stable equilibrium phases at low temperatures, the mixtures were annealed
at 400 °Cfor 10 h.

Further, to obtain the nanostructured particles of the copper-zinc manganites, their polycrystalline
samples were mixed to the nanostructured particles on Retsch MM301 vibration mill (Germany) at the
Karaganda Technical University. The particle sizes were determined on an electron microscope Mira 3
LMU, Tescan (Fig. 1) and an atomic-force microscope JSPM-5400 Scanning Probe Microscope “JEOL”
(Japan) at the E.A. Buketov Karaganda University (Fig. 2).
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LaLi,CuZnMnOg LaNa,CuZnMnOQOg LaK,CuZnMnOg
Fig. 1. SEM images
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The data of Figure 1 demonstrates that LaLi,CuZnMnOQg is characterized with the particle sizes in the
range of 226-285 nm, LaNa,CuZnMnOg - 97-384 nm and LaK,CuZnMnQOg - 210-650 nm.

The X-ray analysis of the obtained nanostructured particles was performed on DRON-2.0. The
conditions of exposure: CuK,— radiation, U = 30 kV, I = 10 mA, a rotation speed - 100 pulses per second,
time constant T = 5 sec, an angle interval -2 6 from 10 to 90°. Intensity of the diffraction maxima was
estimated on 100-point scale. The X-ray patterns were indicated by an analytical method [16]. Density of
each compound was measured 4-5 times and the results were averaged. The procedure and calculating
formula were taken from [17]. The table below shows results on assignment of indices of X-ray
patterns of the nanostructured copper-zinc manganites.

2. Results and discussion

The obtained nanoscale particles of the copper-zinc manganites can be classified as the nanostructured.
Referring to recommendations of the 7th International conference on nanotechnologies (Germany,
Wiesbaden, 2004), the following types of nanomaterials were distinguished: the nanoporous structures,
nanoparticles, nanotubes and nanofibers, nanodispersions (colloids), nanostructured surfaces and films,
nanocrystals and nanoclusters. According to [18], if a nanoparticle has a complex shape and structure, then a
linear size of a particle as a whole are not studied, but a size of its structural element is exanimated as
characteristic. Such particles are generally referred to as the nanostructured particles, and their linear sizes
can be significantly larger than 100 nm.

Based on the assignment of indices of X-ray patterns of the nanostructured copper-zinc manganites, it
was defined that they crystallize in the cubic syngony with the following parameters of lattice:
LaLi,CuZnMnOg — a = 13.94+0.02 A, V°=2708.87+0.06 A®, Z = 4, V°,pcon= 677.2240.02 A>, ppen= 4.31
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g/em’; pi = 4.28+0.02 g/cm’; LaNa,CuZnMnOg — a = 14.82+0.02 A, V°=3254.95+0.06 A>, Z =4, V°yeecan
= 813.7440.02 A®, p,pem= 4.13 g/lem’; piu= 4.0940.05 g/cm’; LaK,CuZnMnOg — a = 15.30+0.02 A, V° =
3581.58+0.07 A%, Z = 4, V,iee.con = 895.3910.02 A, proen. = 3.91; ppics= 3.8840.01 g/cm’. The errors of the
parameters " a " are determined by averaging all the diffraction lines (d, A) established on the X-ray images
of the studied compounds, for Lali,CuZnMnOg out of 17 maxima of the diffraction lines, for
LaNa,CuZnMnOjs out of 13, for LaK,CuZnMnOs out of 15 d, A.

140,4Bnrm
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108,35nm
87.79nm
70.23nm
52.B7nm
38.12nm

17.56nm

0.00

LaLi,CuZnMnOg
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B56,17nm
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LaK,CuZnMnOg

Fig. 2. Atomic-force microscopic image and 3D surfaces
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Table 1. Assignment of indices of X-ray patterns of the nanostructured of LaLi,CuZnMnOg (1),
LaNa,CuZnMnOg (II) and LaK,CuZnMnOy (I1I)

1 | d, A | 10%d” (experimental) | hkl | 10%d’ (calculated)
LaLi,CuZnMnOgq
38 3.882 663.6 511 664.0
18 2.865 1218 710 1229
100 2.749 1323 721 1327
14 2.509 1588 810 1598
23 2.449 1667 420 1671
12 2367 1785 830 1794
22 2.245 1984 900 1991
78 1.939 2660 10.2.2 2655
6 1.864 2878 10.4.1 2875
8 1.725 3361 10.6.1 3368
6 1.697 3472 11.4.2 3466
37 1.586 3975 1233 3982
12 1.433 4870 14.1.1 4867
16 1.375 5289 14.3.1 5295
14 1.361 5399 13.5.5 5383
12 1.229 6620 16.3.3 6612
14 1.222 6697 16.4.0 6686
LaNa,CuZnMnOQOgq
14 3.902 656.8 520 657.0
100 2757 1316 730 1314
11 2.604 1475 740 1472
10 2.525 1568 743 1562
13 2.475 1632 822 1631
11 2.321 1856 910 1857
16 2.247 1980 664 1993
35 1.945 2643 10.4.1 2650
7 1.737 3314 981 3307
34 1.572 4046 13.3.1 4054
9 1.475 4596 11.9.1 4598
17 1.374 5297 15.3.0 5300
15 1.229 6620 16.6.0 6613
LaK,CuZnMnOg
17 3.890 660.8 440 661.0
100 2.756 1316 800 1322
15 2.600 1479 822 1487
13 2.526 1567 662 1569
16 2.364 1789 655 1776
14 2.249 1977 844 1982
50 1.945 2643 880 2643
7 1.740 3303 12.4.0 3304
8 1.624 3792 12.6.2 3800
30 1.588 3965 888 3965
7 1.459 4698 15.1.1 4688
5 1.410 5630 12.10.0 5039
17 1.375 5289 16.0.0 5286
4 1.295 5963 16.4.4 5947
13 1.229 6620 17.44 6629
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A good fit of the experimental and calculated values of 10%d* (Table 1), the X-ray and picnometric
densities points out the correctness and assurance of results of assignment of indices. Based on [16], the
experimentally determined density refers to a real crystal and it should be slightly below than ideal. This
statement also confirms that the pycnometric (experimental) densities of our obtained copper zinc
manganites are relatively lower than the X-ray (ideal).

By analogy of [8, 19], the synthesized copper-zinc manganitescan be assigned to the space group Pm3m
of perovskite. In connection with raising the sizes of the ionic radiuses in a row ofLi’— Na'— K, the values
of «a» parameter is increased, and the values of volumes of the crystalline lattices and the elementary cells
are increased in a row ofLalLi,CuZnMnOg4 — LaNa,CuZnMnQO¢ — LaK,CuZnMnOs.

Conclusion

The polycrystalline copper-zinc manganites of the composition of LaLiMe',CuZnMnO, (Me' — Li, Na,
K) were first synthesized by a method of the ceramic technology. By milling them on a vibration mill, their
nanostructured particles were obtained. It was found that all obtained nanostructured copper-zinc manganites
crystallize in the cubic syngony. Their lattice parameters, X-ray and pycnometric densities were determined.

It was found that with an increase in the ionic radii in the series Li and K, the lattice parameters of the
studied manganites increase. The research results work make a certain contribution to the inorganic materials
science, nanotechnology, radiography and crystal chemistry of nanostructured inorganic compounds and
serve as the basis for further research in order to identify valuable and promising physicochemical properties
of these new obtained nanomaterials.
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Ensuring high power, efficiency and reliability of induction motor operation while providing small weight—
size parameters represents an up-to-date problem. One of the factors limiting the reduction of weight—size
parameters when increasing capacities of induction motors is the failure of the insulation system. Therefore, there
is a strong need for studying the issues of slot fill when designing an induction motor, taking into account an
increase in the heat resistance class of electrical insulation systems. The purpose of the present research is to
develop a polymeric electrical insulation system of increased heat resistance for the modernization of an
induction medium-capacity motor to reduce weight—size parameters and to evaluate the possible savings of
winding material. The paper deals with an analysis on the stator—slot fill for the induction motor. Modern
conductor and insulation materials were selected. The necessary calculations for a medium—power induction
motor of different heat resistance classes were performed. The usage of the proposed electrical insulation system
was substantiated. The analysis shows the possibility of increasing the heat resistance of the polymer electrical
insulation systems to save winding material for induction motors without reducing the specified quality level.

Keywords: electrical insulation system, polymeric materials, heat resistance, induction motor, weight-size
parameters.

Introduction

The problems of ensuring high capacity, economical efficiency and reliability of induction motor
operation while ensuring small weight—size parameters are among the most acute problems associated with
the development of modern electrical engineering [1]. The primary purpose of induction motors
modernization lies in energy performance enhancement [2]. At the same time, issues of material saving have
faded into the background. At present, the issues of increasing capacity and reducing the size—weight
parameters of electrical devices are often solved simultaneously [3 - 6]. Among the factors limiting the
reduction of weight—size parameters while increasing the induction motor capacities is the failure of the
insulation system [7- 11]. In this case, under the insulation system of an induction motor we mean the stator
winding and its various elements. In addition to the winding, the machine slot is filled with the case
insulation, turn separator and conductor insulation as well as various insulating spacers.

During the motor operation, the currents flow through the windings causing the insulation heating
leading to its aging. Thus, the insulation lifetime and, consequently, the entire electrical device lifetime are
sharply reduced [12 - 14]. To ensure the reliability of the motor operation [15, 16], the motor insulation must
provide the following requirements:

1) high electric strength, which prevents turn-to-turn short-circuit and winding short-circuit with metal
parts of the electric motor;

2) high thermal conductivity, that increases the efficiency of heat transfer to the environment to prevent
insulation overheating.

The motor weight-size parameters are largely determined by the thickness of the inter-turn and slot
insulation. The thickness and design of the insulation is determined by its purpose and type, by the level of
the rated voltage, and motor operating conditions [17 - 19]. On the other hand, the large insulation thickness
determines the reliability of the electric motor. To increase the heat resistance of polymer electrical
insulation systems we need to employ the trend of miniaturization in the production of ultra-thin enameled
wires. Therefore, to reduce the weigh—size parameters of an induction motor we need to investigate deeper
the problem of stator slot filling using polymer insulators with a higher class of heat resistance.
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1. Winding and Insulation Materials for Medium Power Induction Motors

Conventionally, the stator windings of medium-power induction motors are made of copper wires. The
durability of the winding wires determine safe motor operation throughout the life cycle. The durability
depends on a bunch of the wires’ properties. However, the heat resistance was chosen throughout the world
as the most important characteristic of electrical and insulation materials. This characteristic is directly
related to a long-term permissible operating temperature [20].

Belonging to one or another class of heat resistance determines the insulation properties. The heat
resistance class of enamel insulation of wires depends on the chemical composition of enamel varnish.
Electrical insulating varnishes represent solutions of high molecular weight film-forming compounds or low
molecular weight reactive oligomers in organic volatile liquids. When the varnish is heated in a furnace, the
molecular weight of the film-forming compounds increases and the solvent evaporates. Finally, a solid
enamel film forms on the wire. Some vegetable oils and synthetic resins are used as film-forming agents.
Synthetic varnishes form more stable and heat-resistant enamel films on the wire.

For the production of enameled wires of heat resistance class B (130°C), F (150°C), H (180°C)
manufacturers use varnishes on polyester, polyetherimide and polyamide bases. Heat resistance improvement
of polymer electrical insulation systems will increase the heat resistance class of electrical devices with the
same geometry of the winding wire. Consequently, this will lead to a rise in the slot fill factor of induction
motors. Therefore, the power of the motors will rise, and weight—size parameters will drop significantly.
These outcomes allow recommend employing the winding wire of a heat resistance class of H as a
perspective way to manufacture a winding insulation system for induction motors. Thus, while improving the
induction motors, the insulation thickness remains unchanged. However, the winding wires enamel will be
the subject to change during fabrication. Moreover, the required heat resistance class of the windings is
expected to strongly depend on the heat resistance class.

The conducted review of winding materials shows the relevance of using the copper winding wires to
increase the heat resistance of polymer electrical insulation systems when developing an insulation system
for medium-power induction motors with the heat resistance of class F. The cross-section the conductor wire
is 1.767 mm’. For the slot insulation system with heat resistance of class N, a copper winding wire with a
cross-section of 1.539 mm” was chosen. Both wires are enameled with polyesterimide varnish.

Since we improve the heat resistance class of the windings, we also need to choose more heat resistant
materials for the case and slot insulation. The insulation thickness is determined by the characteristics of the
insulating material, such as heat resistance, dielectric strength, and others. The thickness affects to a greater
extent the geometric dimensions of the slots and their filling. Limiting the size of the slot makes it necessary
to design slot insulation in the form of a thin layer having high mechanical strength and corresponding to the
requirements of induction motor insulation. Generally, imidoflex 292 based film-glass fiber with the
thickness of 0.25 mm is used as the case insulation. Imidoflex 292 is an insulating glass wrapping, glued on
both sides with a heat-resistant polyimide film. A characteristic feature of imidoflex is the resistance to high
temperatures and maintaining the required level of performance with increasing in temperature. The heat
resistance class of imidoflex is H. Sintoflex 82 and 828 have the same heat resistance class. Sintoflex 82
represents a film insulating material with high resistance to electrical, thermal and mechanical stress. This
material is composed of a polyimide film (the most heat-resistant polymer material) and aramid paper on
both sides, which possesses an original combination of characteristics. The only drawback of this material is
its high cost, which is justified by the high operational characteristics of the material and long operating
lifetime. The main technical characteristics of insulating materials discussed above are given in Table 1.

Table 1. Technical characteristics of insulating materials

Material grade Thickness, mm Surface density, Breakdown voltage, Heat resistance class,
[g/m’] [kV], not less than [°C]
Imidoflex 292 0.13-0.50 170 — 892 8 180
Syntoflex 82 0.18 191 10 180
Syntoflex 828 0.15-0.24 170 — 248 10 180
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2. Change in Electrical Insulation System with Heat Resistance Increasing of Induction
Motors

The insulation system construction is located in the stator slots of the induction motor. When designing,
it is reasonable to choose the smallest slot sizes that ensure the placement of the required number of wires
and their insulation. The degree of the slot volume utilization characterizes by the fill factor. The margin of
the stator permissible overheating can be substantially increased by choosing the proper materials for the
electrical insulation system with increased heat resistance. Reducing the insulation thickness results in an
improvement in heat dissipation in the active parts of the motor. Besides, this enhances the cooling
conditions. This gives grounds to reduce the geometry of the slots as well as the sizes of the motor [21]. The
efficiency of using active materials, taking into account the geometry of electric motors, is determined by
electromagnetic loads being the linear load A and the magnetic flux density in the air gap Bo. Permissible
heating of the active parts of induction motors determines the allowable levels of electromagnetic loads,
since with the growth of A and B6 the losses per unit volume in the motor increase. Choosing large values of
the linear load and the magnetic flux density in the air gives the best usage of active materials. This leads to
sufficient material savings.

The ranges of permissible values of A and BJ are determined on the basis of experience gained during
the design and operation of the induction motors of various ratings. The above mentioned values ensure that
the over temperature does not exceed the allowable one for the adopted class of insulation heat resistance.
Implementing electrical insulation systems with increased heat resistance demands recalculating the number
of turns per motor phase, the number of effective conductors in the slot and the cross-section of the stator
winding wire. The number of turns in the phase of the stator winding is determined by the following relation:

keUln
sk ko
4k ke, (D

where £, is the ratio of the EMF of the stator winding to the rated voltage; U, is rated voltage; k, is the field
shape factor; k,, is the winding factor; f is the power supply frequency; @ is a magnetic flux.
The number of effective conductors in the slot is calculated as follows:
DA
VA ()
where D is the inner diameter of the stator; 4 is the previously accepted value of the linear load; /;, is rated
current of the stator winding; Z; is the number of stator slots.
The cross section of the stator winding wire:
1

1n

qeff = al (3)
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where [;, is the rated current of the stator winding; a is the number of parallel branches of the stator
winding; J; is the current density in the stator winding.
Updating the number of the effective conductors is performed through the Equation:

', =—L (4)

where u, is the number of effective conductors in the slot; a is the number of parallel branches of the stator
winding.

The above parameter variation depends on electromagnetic loads. The total values are determined by
the Equations:

21, wm
Atotal = 7IZ'D (5)
p-@
B&mtal = D l (6)
5

where [, is the rated current of the stator winding; w is the number of turns in the phase of the stator
winding; m is the number of phases; D is the inner diameter of the stator; p is the number of pole pairs; @ is
magnetic flux; /s is the estimated length of the magnetic circuit.
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The relation to check the permissible current density is expressed by the following relation:
AJ
J, =
A

total
b

(7

where A4J is the product of linear load and current density; 4, is the final linear load value.

Figure 1 illustrates clearly the change in the geometry of the stator slot and its filling when
implementing electrical insulation systems with increased heat resistance. Changing the geometry of the slot
leads to a change not only in the number of turns, the sizes of the winding wire and the values of
electromagnetic loads, but also in other parameters, affecting, in turn, the parameters of the operating mode
of induction motors such as power loss, efficiency 1 and power factor cos ¢. Therefore, the need to assess the
required performance level of the improved induction motor arises. The determining factors of such an
assessment are technological factors, performance indicators and allowable error band imposed on them.

As technological factors we consider the geometric sizes of the parts (e.g. slots), and requirements
imposed on them in terms of accuracy in manufacturing. When designing the correctness of the proposed
modernization method is evaluated by performance indicators, normalized by GOST 26772-85. For medium-
power induction motors we adopted the following performance indicators, where 1 is efficiency, cos ¢ is
power factor, M is starting torque ratio, I is starting current ratio. The performance indicators for electrical
devices are given as either the accurate values or acceptable ranges of the values.

Fig.1. The change in the geometry of the stator slot and its filling for:
a) heat resistance class F; b) heat resistance class H

The characteristic feature of the electric motors lies in the presence of one-sided error bands for the
performance indicators, which expands the leverage for electrical devices modernization by taking into
account the accuracy of the theoretical results adjustment and determining optimal conditions for the
modernization of induction motors [22]. Changing the geometry or the stator slot fill will probably lead to a
change in the thermal state of the induction motor, which can cause a decrease in the nonfailure operating
time. Thus, the heat fluxes, as well as the temperature changes in the internal volume of the machine and on
the cooling surfaces represent the important factors that need to be evaluated. In order to verify compliance
with the requirements for the permissible heating level of an induction motor, the average temperature rise of
the stator winding A,,, is determined. The valid values for this parameter are given in the specification
papers. The block diagram of the induction motors modernization when changing electrical insulation
systems with increased heat resistance is represented in Figure 2. The basis of the given block diagram is a
set of interconnected electromagnetic and thermal calculations. This allows us to assess the performance of
the designed induction motor, to evaluate its possible technical characteristics, to establish the relationship
between the characteristics and the weight-size parameters, and, finally, to determine the optimal values of
the parameters for successful construction modernization. To render complex processes, such as the
induction motor modernization, we need to establish the relationship between the information about the input
of each element in the block diagram and its output. In this case the basic data (ratings, motor sizes, electrical
quantities) and auxiliary data (coefficients and per unit values of the parameters) are used as initial data. At
this modernization stage, changes in electromagnetic loads were chosen as independent variables. We
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consider the opportunity of reducing the specific material consumption. Therefore, the block diagram should
comprise the calculation of the mass and specific material consumption of the materials used to manufacture
induction motors. The performance indicators and average over temperature of the stator windings represent
the limitations in the block diagram (Fig. 2). The variation of the independent variables must be carried out
until at least one of the limitation is not satisfied.

3. Calculation of Induction Motor Parameters when Implementing Electrical Insulation
System with Improved Heat Resistance

The design of induction motors comes down to repeatedly calculating the dependencies between the
performance indicators. Basically, these indicators are defined by a system of equations, empirical
coefficients, graphical dependencies, which are considered as a set of equations for design. The block
diagram (Fig. 2) is based on standard electromagnetic and thermal calculations. Electromagnetic calculations
are used to design the manufacturing process of an induction motor, whereas thermal calculations allow to
evaluate the thermal state of the machine in the course of modernization.

Initial Data for Induction
Motor Design

v

Major sizes choosing

v

» Electric Load Variation

v

Selecion of Winding
Wires and Insulation [«
Materials

v

Providing the Slot Filling

No

*Yes

Electromagnetic
calculations

v

Performance indicators

*Yes

No

Thermal State Evaluation

*Yes

Materials Consumption
Evaluation

Fig.2. The block diagram of the induction motor design procedure by varying electrical insulation systems with
improved heat resistance

To verify the calculations, we choose the medium-power induction motor AIR112M4 with the heat
resistance class of F. The calculation results are shown in Table 2. The table presents a comparison of the
calculated values for the standard induction motor with insulation system of heat resistance of class F and the
improved induction motor AIR12M4 with insulation system of heat resistance of class H with decreased slot
geometry. The calculated values of the main electrical quantities, performance indicators and the average
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temperature rise of the stator winding are given for a comparative analysis. When solving problems of
reducing the geometry of the stator slot it should be noted that usually electric motors are mass-produced.
When designing a line of electrical motors, the issues of the component unification and the normalization of
motor sizes are of utmost importance. Reducing the height of the axis of rotation beyond the standard values
will lead to changes in the geometry of the cross section of the motor.

This will entail a change in the stamps for manufacturing and will require large capital costs for
foundry, stamping, machining and other equipment [23]. When changing the height of the axis of rotation
from 112 mm to the standard value of 100 mm we left the geometry of the cross section of the machine
unchanged (corresponding to h = 100 mm). To ensure the rated power for smaller sizes of the cross section,
we can only change the lengths of the stator and rotor cores. The height of the axis of rotation is the main
installation parameter by which the motor is coupled to the mechanism. In our case, different external
diameters of the stator core will correspond to one height of the axis of rotation. It is possible to realize the
unification of the stator core for different dimensions of the induction motor by increasing the arms or
developing the design of the frames with removable arms. All this is only possible within the framework of
mass production, since it will entail only a retooling of the equipment and changes in equipment.

Table 2. Total calculation results for induction motor AIR112M4 when utilizing electrical insulation systems with
increased heat resistance

Class F (155°C) H (180°C)
h, [mm)] 112 100
B, W] 5500 5500
Da, [m] 0.191 0.168
Iy, [m] 0.125 0.155
1;,1A] 11.265 11.419
n 0.858 0.849
cos ¢ 0.863 0.86
M, 2.873 2.206
I 6.582 6.54
Av,,, [°C] 68.998 92.797
AV e, [°C] 92 112

The quantitative assessment of the induction motor AIR112M4 modernization showed that the real
limitation is the motor efficiency. Though, if the efficiency value takes a minimum acceptable value, the
power factor value is acceptable. The average over temperature of the stator winding when decreasing the
geometry parameters is below the limit value Av,,= 92.797°C. Thus, the average over temperature of the
stator winding is within acceptable limits and has a significant margin. This confirms the possibility of using
the proposed high-temperature-resistant electrical insulation systems for induction motors in order to reduce
the material consumption for electrical devices.

4. Assessment of the Potential of Reducing Material Consumption when Using an
Electrical Insulation System with Increased Heat Resistance

One of the most important areas of increasing the competitiveness of electric machines is the reduction
of material consumption, which leads to a decrease in weight — size parameters. To evaluate the motor
modernization conducted, it is necessary to find a variant of the designed induction motor that ensures the
performance of the specified technical functions with lower weight—size parameters. The most important
criterion, from the point of view of reducing the material consumption of electric machines, is materials
saving: electrical steel, copper, aluminum. We consider the minimum material consumption as an
optimization criterion for constructing the target function:
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S@,L)=(M, _D5117sz)'cst +(Me, —va, -2, +lf)mqgjf)'CCu +M, —y.,(Z4,S1,+27xDg,))-C, , (8)

where M,, is the mass of steel for the stator and rotor cores in mass production; M, is the mass of copper
stator winding; M, is the mass of aluminum rotor winding in; Cy, C¢, C, are the costs of 1 kg of electrical
steel, copper for stator winding and aluminum for rotor winding, respectively; v, yc., Y4 are specific masses
of steel, copper and aluminum, respectively; [, is the length of the frontal part of the winding; S, is the cross
section of the rotor slot; D, is the outer diameter of the stator core; D, is the average diameter of the closing
rings; g, is the cross section of the closing rings.
To assess the reduction in mass without the cost of materials, it is advisable to calculate the target

functions in percent separately for each type of material:
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The potential of reducing the material consumption of induction motors is determined by calculating the
reduction in the material consumption of the improved induction motors expressed in percent (AM) and the
specific material consumption of the improved induction motors (number of materials per unit power G) for
each type of material, namely steel, copper, aluminum, i.e. a quantitative assessment of the reduction in the
material consumption of induction motors is given:

AM :Mloo%
] , (12)
G-M.
B (13)

where Mj is the mass of the induction motor taken as a base, M; is the mass of the improved induction motor.

Table 3 shows the values of the change in mass and specific material consumption of active materials
for induction motor AIR112M4 with different versions of electrical insulation systems with increased heat
resistance.

Table 3. Changes in mass and specific material consumption of active materials for induction motor AIR112M4
for different types of electrical insulation systems with increased heat resistance.

Insulation class F (155°C) H (180°C)
h, [mm] 112 100
M, [ke] 35.569 34.123
M, . kel 1.356 1.117
M ,, kel 1.529 1.458
G, , [kg/kW] 6.467 6.204
G, , [kg/kW] 0.247 0.203
G, [kg/kW] 0.278 0.265

The histogram (Figure 3) presents visual representation of the change in the mass of copper for different
versions of electrical insulating systems with increased heat resistance.
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Fig.3. Change in the mass of copper in the windings of different heat resistance classes, where 1 is F; 2 is H

Undoubtedly, specific material consumption is an important indicator for comparing machines of the
same power ratings and different designs. This indicator characterizes the degree of materials use for the
active parts of induction motors and evaluates the manufacturability of the design.

The analysis showed a clear decrease in specific material consumption for steel, copper and aluminum.
Possible savings of copper winding material equals to 17.6% with respect to the base value. It should be
noted that steel savings amount to 4.1%. For aluminum this value is 4.6%. This means that with a substantial
decrease in material consumption in the course of modernization, induction motors still remain heavy in
mass. Thus, when applying an electrical insulation system with increased heat resistance for induction
motors, the potential of reducing the weight—size parameters and saving the electrical materials used in the
manufacturing process were revealed.

Conclusions

Undoubtedly, modernization of asynchronous motors by increasing the heat resistance of polymer
electrical insulating systems are urgent tasks of improving electrical products, requiring the search of optimal
solutions at designing and manufacturing. These studies are the part of the complex work carried out in the
School of Power Engineering of Tomsk Polytechnic University. The theory of electrical machines, the theory
of the foundations of electrical insulation technology, the theory of accuracy, probability and mathematical
statistics were used for solving the research tasks. These studies allowed making it possible to develop
calculated algorithms and recommendations for the modernization of asynchronous motors at the design and
manufacture, aimed at increasing the efficiency of asynchronous motors, namely:

1. Increasing the heat resistance of polymer electrical insulation systems can be achieved through the
use of materials with improved characteristics. This makes it possible to subsequently increase the value of
electromagnetic loads, which leads to a better use of active materials of induction motors and reduces
material consumption by reducing the slot geometry while maintaining the capacity of the induction motor.

2. As a result of increasing the heat resistance class of the insulation system while reducing the motor
sizes, it is possible to save copper for winding by 17.6% with respect to the base value.

3. The analysis of the results shows good grounds for saving the winding material of induction motors
without reducing the specified performance level applying an insulation system with increased heat
resistance. Performing the optimal design of electric motors without taking into account standardization
issues of transverse geometry leads to the savings of winding materials.
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In this paper, we propose and study a new method for increasing the power of a microfocus X-ray tube of
transmission type. The proposed method is based on the idea of using a heat pipe as a tube anode. A theoretical
expression is obtained for the maximum power dissipated at such an anode, depending on the diameter of the
electron beam and the thickness of the tungsten target. It is shown that the power of the proposed tube can be
many times higher than the power of tubes with standard composite anodes. An electron-optical scheme of a tube
with electrostatic focusing is proposed and analyzed.

Keywords: microfocus X-ray tube, composite anode, heat pipe, electron-optical circuit

Introduction

Currently there is a trend that a share of microfocus tubes is increasing in the market of X-ray
equipment [1-4]. Microfocus x-ray tubes are tubes having about 10 um diameter of radiation area.
Advantages of microfocus sources of x-ray radiation in comparison with macrofocus ones are the following:

- high locality of the impact onto observable or processed objects;

- decrease of the radiation dose into areas being adjacent with the object;

- better quality of shadow images under the similar radiation dose;

- ability to obtain magnified x-ray images.

There are two known variants to perform anodes of microfocus tubes: reflecting and transmission types
which consist of an anode body (substrate) and target, as a rule [5]. The target is most often deposited onto
the anode body electrochemically. Material of the anode body (substrate) should have high heat conductivity
for effective heat removal from the area of X-ray generation in the target. Besides, in the case of
transmission type anodes, a substrate plays an additional role of the output window that is why most often
made of metal having a high coefficient of the X-ray transmittance. Main purpose of the target is emission of
x-ray quanta, so according to the Moseley law it is made of material with a high atomic number. Natural
requirements of high melting temperature and low vapor tension are applied to the target.

Advantages of microfocus x-ray tubes can be maximally realized using anodes of the transmission type
as opposed to anode of the reflecting type due to placing of the observable object at a short distance
(fractions mm =+ units mm) from the radiating surface. Main disadvantage of classical sources of the
transmission type is that the upper limit of power dissipating on the planar anode is not high and does not
exceed 1 W on 1 um?’ of the electron beam cross-sectional area [1, 5]. Following increase of the power
density leads to destruction of the anode material. The higher the power dissipating on the anode as well as
x-ray radiation intensity is, the more qualitative and informative shadow images are. So, the researches main
direction aimed at improvement of microfocus x-ray tubes of the transmission type are connected with
increase of their power. Part of researches is directed at optimization of multilayer solid structures applied as
an anode. Main concept of such anodes is a sequential deposition of several pairs of layers “target-substrate”
[6]. Experiments have shown a practical reasonability to create multilayer structures of the “sandwich” type
for dissipation of high heat powers and increase of effectiveness of the X-ray radiation generation
(“fluorescence yield”), for example structures with such sequence as Ta-Cu-Ta-Cu-Ta. Another part of
researches is connected with a search of nontraditional or new materials characterized by significant heat
conductivity, for example, diamonds [1] used as substrates.

However, such methods cannot provide with qualitative increase of power. At present microfocus tubes
with anodes of new type based on “liquid” metals have the greatest luminosity. Liquid metal anode differs
because metal has been already melted and there is no reason to worry about its melting. In liquid jet sources
having a record intensity of radiation diverging from a small area, a strong local heating of liquid metal is
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prevented by regeneration of the material in the area of radiation due to its replacement by a fresh portion at
velocity 100 m/s [7]. Main disadvantage of X-ray sources with liquid metal anodes is their technical
complexity and, as a consequence, high cost. The present paper has suggested a method of qualitative
increasing microfocus tube power due to usage of the so called “heat pipe” as an anode [8]. Heat pipes (HP)
[9] are able to dissipate a record number of heat from small areas of local heating.

1. Development idea

Technical problem solved in the present paper is a creation of a microfocus x-ray tube with
antransmission type anode which construction allows dissipating great heat powers released as a result of
bombardment of the target surface by focused high-energy electrons. Design of the anode 1 of the suggested
x-ray source is represented as a heat pipe which casebottom 2 faced to the cathode is a target and heated due
to bombardment by accelerated and focused electrons 6 (Fig. 1).

L7
*— ( 1 3 A

11

Fig.1. Anode unit of the microfocus x-ray tube executed in the form of a simple type of the HP-thermosyphon:
1 — a heat pipe (anode), 2 — a heat pipe bottom (anode target), 3 — a heat pipe cap (anode output window), 4 — a zone of
heat release (area of x-ray emission), 5 — a heat sink, 6 — a electron flow, 7 — X-ray radiation, 8 — a heat carrier,
9 — vapor, 10 — a condensate, 11 — an anode case.

Heat carrier8 contacted with target 2 converting into vapor 9carries energy away from the small area 4
of target heating and transfers it to another cold and forced cooling cap3 of the heat pipe case and also a thick
case of the anode 11 where a heat carrier is condensed and in a liquid phase 10 returns to the evaporation
zone. Cap3 of the heat pipe case plays an additional role of the window for bringing of x-ray radiation 7
outside. Heat pipe is an effective tool for heat removal since a molecular mechanism for transfer of kinetic
and vibrational energy of the chaotic motion of single particles of the evaporator substance operates here
instead of rather slow electron mechanism for heat transfer in the continuous metal thermal transmission line.
Heat flow evaluated by a lot of kilowatts passes away under velocity of the liquid evaporation about several
grams per second. Generated condensate returns to the evaporation zone or under influence of capillary
forces provided by placement of the specialized capillary structure inside the heat pipe or, as it is shown in
Fig.1, due to gravity action (the last construction is usually called as a thermo-syphon).

Thickness of the target 2 should be enough small for effective transfer of heat to the heat carrier 8 but
not less than a length of the electron free path in the metal which it is made of. For effective generation of x-
ray quanta, the target 2 is better to be made of metal with a high atomic number, for example tungsten.
Cap3material should have a good heat conductivity for the effective heat sink 5 and low coefficient of the x-
ray 7 decay for their effective bringing outside. Beryllium is a suitable metal for these purposes.
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2. Evaluation of a value of the power dissipated by the anode “heat pipe”

The functional diagram of the heat pipe includes two elements: a target locally heated by an electron
beam and a volume adjacent to the target containing a coolant and providing heat removal from it to the
surrounding space. As already noted, the same "target / heat-conducting substrate” scheme underlies
composite anodes. Paper [10] solved the task of the composite anode heating by an electron beam which
focal spot diameter is 26. The anode is represented as a thick cylindrical substrate with diameter 2R and
height s#,made of metal with good heat conductivity 4, (for example, Cu or Be) with a layer of refractory
metal (for example, W) deposited on its base and having thickness /;and heat conductivity k1, being a target
(Fig.2). Main heat exchange with external environment is performed through the anode base being opposed
to the target which temperature is considered as equal to 7.
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Fig.2. Diagram of the composite anode design.

For the steady-state condition a mathematical formulation of the axially symmetric task includes two
steady-state heat conduction equations into cylindrical coordinatesr0zin relation to the target temperature T
and substrate temperature 7,
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where, % isa density of theheat flow Q in the tube focus in the case of uniform distribution of the electron

beam density along the cross-section, % is a density of the heat flow dissipating into the external
environment from the butt end z=/..

Solution of the boundary-value problem in a center of the focal spot surface(z=-4,, 7=0) on the target
surface where the temperature is maximum, has the form [10]
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function J1(x)=0, n=1, 2, 3 ... is a serial number of the root, P is power of the electron flow on the anode
surface.

Formula (not mentioned here) for temperature in the point z=0, 7=0 has the same form at the border of
the target and substrate partition. Calculations for the composite anode have shown that overheating of the
target depends on its thickness. Overheating is considered as exceeding T, of the permissible temperature
Tim- So, for tungsten 7,,,=1600 °C [10]. Under thick layer of the target its surface can be heated up to the
limiting values, while the heat-conducting substrate has a low temperature. Under decreasing of the target
thickness, the substrate will be heated more and more and ultimate power of the electron beam will be
determined by the permissible temperature 7,4, of its heating. For copper 7,4,=750 °C [10]. It is obvious that
there is an optimal target thickness when useful peculiarities of the target (high temperature of melting) and
substrate (high heat conductivity) will be used. In the present paper evaluation of the power dissipated by the
anode performed in the form of a heat pipe is executed in approximation of the equivalent heat conductivity.
Concept “equivalent heat conductivity” is often used for determination of heat pipe efficiency [9]. For
example, classical cylindrical pipes with water under temperature 150°C as a heat carrier have heat
conductivity in hundred times more than copper. Heat pipes can be created for operation in the temperature
range from 4 to 2300 K by the appropriate choice of the coolant and the housing material. For operation in
the temperature ranges greater than 750 K and comparable to the melting temperatures of structural metals in
vacuum electronics devices, high-temperature heat pipes are used. High temperature heat pipes are often
called heat superconductors. Indeed, pipes with liquid metal coolants, for example, sodium, are capable of
providing effective thermal conductivity thousands and even tens of thousands of times more than the best
heat conductors: silver and copper [9].

A metal with a high atomic number, for example, tungsten, can be used as the target material for the
heat pipe anode. The thermal conductivity of tungsten is 0.98 W / (cm K).Since the thermal conductivity of
the substrate, the role of which in our case is played by the volume of the heat pipe, is tens of thousands of
times higher than the thermal conductivity of tungsten, then settingk,>»k,in formula (1) we obtain the
following expression for evaluation of the maximum temperature of the anode consisting of a target with
heat conductivity k;and substrate having a significant heat conductivity k,:

where Ly = Ji(x) is a first-order Bessel function of the first kind, p, are roots of the

(3]
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Correctness of the obtained expression (2) is confirmed by practical coincidence of calculation
results(absolute calculation error does not exceed 0.0001 K) performed according to equations (1) and (2),
firstly, for thick targets (#;>1 mm), when the influence of the thermal conductivity of the substrate is
insignificant; secondly, for thin targets (1 pm</;<1 mm) and substrates of real thickness with a high thermal
conductivity &> 10000 W / (cm K). All of the above allows us to consider formula (2) as an adequate
estimate of the maximum heating temperature of the target of the "heat pipe" anode.

Let’s mention again that 7,,,, cannot exceed T4, of the target material. i.e. condition 7,,,,<7 4, should
be fulfilled. Designating AT =T,,,,-Towe obtain a formula for evaluation of the maximally permissible power
absorbed by the target of the anode “heat pipe”

- ky AT )
max Sy

} 1o hlung

#+SZ?I=I Mniun_ﬁ)l

Power in formula (3) has a dimension [Watts], and distances and radiuses are measured in [cm)].
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In table 1 results of calculations of the permissible power dissipating on the tungsten target of the anode
“heat pipe” (W-HP) according to expression (3) under various values of thickness 4,of the target and

diameter 20 of the focal spot of a beam of electrons are shown in columns 3—+8. Target parameters are
k=0.98W/cm-K, AT=1500 K, 2R=0.8 cm.

Table 1 - Ultimate power dissipating by the W target of the anode “heat pipe”.

Thin layer h, (W-HP)
26 W (W-Be) 3 mm 1 mm 100 pm 10 um 1 pm 100 nm
1 2 3 4 5 6 7 8
2 um 04 W 0.46 W 0.461 W 0.464 W 048 W 0.68 W 4.64 W
10 pm 22W 231 W 2313 W 2.35W 2.78 W 11.56 W 11577 W
30 um 6.7 W 6.94 W 6.97 W 731 W 1251 W 103.9 W 1.04 kW
100 pm 22.3W 2322 W 23.52 W 27.82 W 115.6 W 1.16 kW 11.6 kW
200 um 44.6 W 46.69 W 4791 W 68.12 W 462 W 4.62 kW 46.2 kW

Paper [11] constructed a simulation model for heating of the composite anode of transmission type. The
anode is considered as a homogeneous disk made of material of the substrate. It is explained by the fact that
thickness of the target is small (several pm), temperature drop is insignificant, so target temperature can be
considered as equal to the substrate surface temperature. Column 2 of the table 1 shows results of evaluation
of the ultimate power dissipated by such anode (thin W target on thick Be substrate) for comparison.
According to results of calculations (see table 1) dependencies of the ultimate dissipating power on thickness
of the target of the anode “heat pipe” under two values of the focal spot diameter are shown in Fig.3. To
visually assess the advantages of such an anode design the dotted lines (a) and (c) show levels of maximum
powers which a standard composite W-Be anode of the transmission type can dissipate according to
evaluations [11].

Let’s analyze data from Table 1 and Fig.3. Under great thicknesses (#; >1 mm) of the W target of the
anode “heat pipe”, a value of the dissipated power is determined by heat resistance of tungsten and heat pipe
does not ensure heat removal from the heating zone. So, in this case ultimate heat power only insignificantly
exceeds the power dissipated by the standard composite W-Be anode described in [11].Tangible benefit in
the dissipating power is reached only under very small (4, <100 pm) thickness of the target of the anode
“heat pipe”, since in this case the thermal resistance of the target becomes insignificant and the thermal
power begins to be actively dissipated by the working volume of the heat pipe.

1000
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Ultimate power Ppax, W

0.0001 0.001 0.01 0.1 1 10

Target thickness 4 ;, mm

Fig.3. Ultimate power dissipating by the W target of the anode “heat pipe”:b —26=10 pm, d - 26=30 pum.
Levels of the ultimate power [11] dissipated by a standard composite W-Be anode of the transmissiontype: a -
26=10 pum, ¢ - 26=30 pm.

It is obvious that application of material with such small thickness is technologically complicated, i.e.
the scientific problem becomes the technological problem. But it has a solution. In particular, melting of the
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“thick” layer of tungsten by an electron beam with the specified power under the first switching of a
microfocus tube provides a required thickness of the material in the area of focus. Additionally, we note that
calculations according to formula (3) have shown a slight growth of P, under increase of the anode
diameter 2R up to several centimeters, i.c. the anode diameter is not a critical parameter. Thus, in the case of
usage of a heat pipe as an anode there is no optimal thickness of the target, the thinner the target is, the
greater power can be dissipated from the heating area. It is main advantage of usage of the heat pipe as an
anode of the microfocus x-ray tube.

3. Tools for simulation of the electron-optical scheme of the microfocus tube

At the end of the theoretical stage of the development of a high-power microfocus tube its electron
optical scheme is simulated. Numerical methods have the most accurate evaluations regarding forecasting
parameters of devices of electron optics with the complicated electrode configuration. Numerical simulation
of the electron-optical systems (EOS) traditionally includes three independent sections calculation of:

- electrostatic and magnetic fields in operating volume;

- charges particles trajectories in the system electromagnetic field,

- EOS integrated characteristics such as angular focusing of the specified order, dispersion, resolving
power, aberration distortions, etc.

For effective solution of problems of numerical simulation of electron-optical systems in the framework
of the present paper the home made software CAE «FOCUS» [12 - 14] has been used. It is a combination of
several software modules: Design, Field E, Field M, Path_S, Path_D, each of which solves an independent
task:

- module Design is intended for formation and modification of the EOS construction,

- module Field E realized a method of boundary elements for calculation of the EOS potential
distribution function,

- module Field M ensures a calculation of the distribution function of the magnetic field induction of a
set of solenoids by the method developed by authors and called as the Current Elements Method,

- module Path_S is intended for the trajectory express-analysis of static EOS,

- module Path D suggests a more powerful set of user functions and analytical possibilities under
execution of the three-dimensional trajectory analysis of systems with variable electric and constant
magnetic fields.

4. Development of the x-ray tube electron-optical scheme

Electron-optical scheme of the tube should ensure acceleration of the electron flow and its focusing on
the anode surface. Classical scheme of the low-voltage emission system construction used in electron guns of
spectrometers, electron microscopes and others is represented as a sequence of the cathode lens and several
single lenses, besides the first electrode of each single lens is an inter mediate accelerating anode where a
hole diaphragm is performed. This diaphragm ensures an electron transit and decreases an angular spread of
the electron beam in order to set a required focus sharpness at the output.

Microfocus tube cannot be constructed according to the classical scheme because of several reasons.
Firstly, due to high voltages applied to electrodes of the tube, placement of focusing lenses between the
cathode and anode (anti-cathode) taking into consideration requirements for electric strength of the
constructions will lead to a sharp increase of its dimensions along the axis z. Secondly, restriction of the
angular spread of the already accelerated electron beam by means of intermediate diaphragms will cause a
spurious emission of X-rays from walls of these diaphragms. That is why we suggest such electron-optical
scheme when after the primary formation of the electron beam, its focusing begins immediately, i.e. space of
acceleration and focusing becomes combined. Moreover, the tube operates in the mode without restrictions
of the cathode emission current. Besides, effective cathodes with indirect heating, for example impregnated
ones, are better to be used as a cathode for provision with high power on the anode. Emitting surface of such
cathodes is more often represented as a planar circle with large diameter. CAE “FOCUS” has allowed
developing an electron-optical scheme of the x-ray tube under conditions of high reliability of results.

Results of the trajectory analysis of the microfocus tube are shown in Fig.4. Trajectory analysis has
been performed not taking into account influence of the space charge, since level of current in the tube does
not exceed several mA. The tube operates in the following way. Electrons 1 emitting from the base of the
cylindrical thermal emissivity cathode 2 arrive to the accelerating electric field between the cathode 2 with a
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potential V, and the anode 3 having a positive potential V,. Hereinafter, all potentials are considered in
relation to the potential of cathode V.. Electron flow 1 forms an image with diameter 26 on the anode 3
target. Formation of the image is performed by the electric field created by a small negative potential V,, on
the Wehnelt electrode 4 and also positive potential V' on the focusing electrode 5 and accelerating potential
V, on the anode 3. Area of interaction of accelerated electrons 1 with material of the anode 3 target becomes
a source of emission of x-rays 6. Tube electrodes are located in the ceramic case 7.
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Fig. 4. Electron-optical scheme of the axially symmetrical microfocus tube: results of the trajectory analysis.

Wehnelt electrode serves for the primary formation of the electron flow and adjustment of dimensions
of the effective area of electron emission from the cathode due to change of the potential V,,, value because
diameter djof the zero-equipotential close to the cathode surface (Fig. 5) depends on a value of this potential.
Zero equipotential divides a cathode area into two sub-areas: I and II. Electrons emitted by the cathode
(including its lateral surface) higher than the zero equipotential (sub-area I) return to the cathode; electrons
emitted lower than the zero equipotential (sub-area II) become a part of the flow moving to the anode. This
effect is a result of action of the electrostatic force F, which directions are shown in Fig.5 in corresponding
sub-areas.

Wehnelt

A Te Electron beam

Fig.5. Formation of the electron beam in the cathode area. Pointed line is a zero equipotential.

Fig. 6 shows a dependence in relation to diameter dy/d. of the zero equipotential on a value of the
potential V,, of the Wehnelt electrode, where d. is a cathode diameter. Dependence shows a possibility of
significant decrease of the emission area diameter by increasing of an absolute value of the negative potential
V.. Let’s note that for positioning of the smallest cross-section (focus) of the electron flow on the anode
target surface, a corresponding adjustment of the potential V;of the focusing electrode (fig. 6, curve V)) is
required. Unfortunately, decrease of the emission area does not lead to decrease of the focal spot diameter 26
(fig. 6, curve 26/d.). It is connected with presence of angular aberrations of the researched EOS. Following
stage of current researches suggests a development and optimization of the anode “heat pipe” construction,
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minimization of the electron flow focal spot diameter due to optimization of the electron-optical scheme of
the microfocus tube, production of the experimental sample and performance of experimental researches.
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Fig.6. Dependencies of geometrical and electrical parameters of the microfocus tube on the Wehnelt electrode potential.
Anode potential is V,=80 kV.

Conclusion

The present paper has suggested an idea to increase power of the microfocusx-ray tube due to usage of
the heat pipe as an anode. Values of the limiting power dissipated on the anode have been evaluated
depending on a diameter of the electron flow focal spot. The power of the tube with the anode of the heat
pipe can be tens and hundreds of times higher than the power of standard tubes with composite anodes of the
transmission type. Electron-optical scheme of the microfocus tube has been developed, which provides
acceleration of the electron flow and its transportation from the emission region to the focal point with a 10-
fold compression of the section radius.
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The article discusses the results of numerical simulation of the flow around a wind wheel with blades in the
form of rotating cylinders using the sofiware package ANSYS. The advantage of a wind turbine with rotating
cylindrical blades in comparison with traditional blade installations is the starting moment and the beginning of
energy production at a wind speed of (2 - 3) m/s. A mathematical model has been developed based on three-
dimensional Navier-Stokes equations in a rotating system. The corresponding boundary conditions are
formulated. A calculated pattern of the flow around the wind wheel with rotating cylindrical blade is obtained.
There are shown regions of the velocity field with turbulent vortices, which are formed at high Reynolds numbers.
The degree of influence of the angular speed of rotation of the wind wheel on the magnitude of the moment of
forces at various speeds of the incoming air flow has been determined.

Keywords: wind wheel, ANSYS, rotating cylinder, mathematical model, moment of forces.

Introduction

Experimental research of a wind power plant is a rather time-consuming process, and requires certain
climatic conditions with wind components. In such cases, it is advisable to use a theoretical study using
mathematical modeling [1]. A wind power plant with rotating cylinders is distinguished by the Magnus
effect involved in its operation from existing blade wind turbines. The Magnus force that occurs on a rotating
cylinder due to the asymmetry separation of the flow from its surface can be an order of magnitude higher
than the lifting force of the traditional blade. Based on this, in the case of the installation under consideration,
we can expect an increase in the driving force of the wind wheel, as well as other operational advantages.
One of the main advantages of a wind power plant with cylindrical blades is the start of energy generation at
low wind speeds starting from 2 m/s, in contrast to the blades with 5 m/s [2].

In the modern scientific world, numerical and theoretical studies of the aerodynamic characteristics of a
mathematical model of a wind power plant with a rotating cylinder reach a qualitative level using the Navier-
Stokes equations. This type of research is necessary to optimize the model configuration parameter [3, 4]. It
should be noted that there are some difficulties in solving problems of the dynamics of continuous media,
with the modeling of media due to the small values of the Mach number (M < 0.1) [5-8]. To solve this
problem, the ANSYS program was chosen as a CFD solver tool for the simulation procedure, since it
provides flexible and accurate capabilities when working with non-stationary flow conditions, and also offers
a wide range of turbulence models. In three-dimensional (3D) modeling, you can set real operating boundary
conditions and measure the values of interest at any given location [9-13].

1. The mathematical model of a wind wheel

1.1. System of equations

In the simulation of rotation, the three-dimensional Navier-Stokes equations in a rotating frame of
reference have the form:

continuity equations (conservation of mass)

P4y po, =0, ()
ot
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conservation of momentum equation
V-(p0, -0, )+ p(26x0, + &x&xF)=-Vp+V7, ()
where p— air density; 0,— relative speed; @— angular velocity; @x 0, — coriolis acceleration; @x @ x 7 —

centripetal acceleration; 7,— viscous stress, p — pressure.

Since the simulation of a rotating wind wheel involves non-stationary aerodynamic effects, choosing
the right turbulence model is of great importance. The realizable k-¢ turbulence model was used to model the
currents around the rotating wind wheel. This model is used to model single-phase flows at high Reynolds
numbers. The physical interface is suitable for incompressible flows, weakly compressible flows, and
compressible flows at low M (Mach number), usually M less than 0.3).

The main assumptions made when describing the flow of air flowing around a wind power plant:

1. Due to the low values of M, when the ratio of the gas velocity to the local speed of sound M<<0.1,
the motion of the air flow is described by the equations valid for an incompressible medium.

2. Due to the large Re (the ratio of the inertial forces to the viscosity forces, Re >10%), the flow is
turbulent.

3. Due to the low values of M and slight temperature changes in the vicinity of the wind wheel, the flow
is isothermal.

The equations implemented at the k-¢ interface for solving turbulent flow problems include the Navier-
Stokes equations (RANS) averaged by Reynolds for momentum conservation and the continuity equation for
mass conservation (3). The flow near the walls is modeled using wall functions f.

_aut 6 aut au ,
pu, ——pf to— ~p3, + M=+ ’) puu A3)
] ]

where p?l.— external forces; ,;5,.].— pressure forces; y(%+ Ou,
X X,

J i

; pfu; —Reynolds

stresses.
The left-hand side of this equation is the change in the average momentum of the liquid element due to
the instability of the average flow and the convection of the average flow. This change is balanced by the

averaged external forces, pressure forces, viscous forces, and apparent stress —puu’; due to the fluctuating

velocity field, commonly referred to as the Reynolds stress. Equations (4 - 6) are an implementation of the k-
¢ turbulence model:

Ox

J

d d d ok
E(pk)+a—%(pku[)—§j{(#+gk) } G, —pe, “4)

Opeu,
Gpe ooy _ O] B8 el cs—c—5 )
Ot ox,  Ox, o, )ox, k+~ve

k2
=pC,— (6)
€

where G, — the turbulence kinetic energy of due to the average velocity gradients; k — is the turbulent kinetic
energy; ¢ — turbulent dissipation; g, — eddy viscosity; o; , 0., C;, C,— model constants (o; =1.0, 0.=1.2,
Ci=144, C~1.9);, S= m — is the modulus of the strain rate tensor; C, — dimensionless empirical
constant.

1.2 Boundary conditions and computational model

To increase the computational efficiency, it was decided to use the symmetric and rotational nature of
the wind turbine operation [9, 10]. Figure 1 shows the computational domain and the built - in grid with
boundary conditions. The boundary conditions are presented in Table 1.



Energy.

53

Fig.1. Computing area of the wind wheel

Table 1-List of boundary conditions

Boundary conditions

Inlet

Type Inlet speed
Initial pressure gauge (Pa) 0
Air flow velocity, m / s 3,5,7,10, 15
Turbulence intensity (%) 5
Coefficient of turbulent viscosity 10

Outlet

Type Outlet pressure
Pressure gauge (Pa) 0
Reverse flowof turbulent intensity (%) 5
Coefficient of backflow of turbulent intensity (%) 10
Blade surface

Type Wall
Shiftcondition Noslipping

Periodic conditions

Type Rotation

Wind wheel rotation speed (rpm) 300, 500, 700

2. Discussion of numerical simulation results

As a result of numerical simulation, a picture of the air flow around the wind wheel was obtained

P =f(,n),

(Figure 2). As can be seen from the figure, a three-dimensional vortex characteristic of a turbulent flow at
high Reynolds numbers is observed in the rear part. This phenomenon is characterized by the constant
distribution’s formation of air flow characteristics’s inconsistent pulsations in wavelength range from the
minimum determined by the viscosity forces to the maximum determined by the flow conditions at the
boundary. Studying the methods of numerical study of wind power plants, it was found that the result of
modeling should be the dependences of mechanical parameters, namely:
1) The functional dependence of mechanical power on air flow parameters and speed:
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where P, — mechanical output power; v — air flow rate; n, — the number of revolutions of the wind wheel.
2) The directly proportional dependence of the mechanical moment on the mechanical power:

where M,,— mechanical moment; @ — the angular speed of rotation of the propeller.
3) The equation describing the motion of the wind wheel:

J-d—szm -M
dt g,

where J — wind wheel moment of inertia; M, — useful moment load on the shaft [1, 6].

NS

Fig.2. Pictures of the flow around the wind wheel velocity field at v =15 m/s: a) front view; b) rear view.

The above dependencies show the complete dynamic picture of the wind wheel. Figure 3 shows
influence diagram of the equivalent concentrated forces Q,, Q,, and the force F,, which forms the moment of

the payload on the propeller shaft.

Fig.3. Scheme of action of the resulting equivalent forces on the wind wheel:
R — outer radius of the wind wheel; r,— force application shoulder Fy; O — the axis of the wind wheel;
r — force application shoulder Q,; r;— force application shoulder Q.

The moments of forces affecting the propeller, relative to the axis of rotation, is the product of the

above forces by the length of the shoulder (Fig.). Let's define the moments value:
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M,=0,-r.

— the moment made by the air flow with a speed v:

M wr T Qwr‘ ’ rl .

— the moment made by the payload of the wind turbine:

Mngg-rg‘

The total mechanical moment made by the blades of the propeller [1]:

Mm = MV - MW" - Mg

where O, — force application shoulder r; O, — force application shoulder r, F, . — force application shoulder r,.

Figures 4 (a-d) show the effect of the speed of rotation of the wind turbine n; on the moment of forces
M acting on the wind turbine for different speeds of the incoming flow v and different speeds of rotation of
the cylinders n. According to the given dependencies, it is possible to determine the speed of free rotation of
the wind wheel, i.e. without taking into account the moment of friction forces in the bearings and the
moment of forces arising in the generator. The nature of the linear dependence of the values of the moment
of forces on the speed of free rotation of the wind wheel does not contradict the results [1] n; rpm.
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Fig.4. Dependence of the moment of forces on the speed of free rotation of the wind wheel at:
a)v=3m/s;b)v=5m/s;c) v=T7Tm/s; d) v= 15 m/s;

As you can see, the results obtained with a sufficient degree of accuracy (R? > 0.9972) are
approximated by dependences of the form:

n(n,v)= An)vB)
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In this formula the free stream velocity is given in m/s, and the rotation speeds of the cylinder’s n and n;
in rpm. It can be shown that the functions 4(n) u B(n)and have the following form: A(n)= 12.9581%12%4 ,
B(n)=0.4483n"""

Conclusions

A mathematical model with the computational domain of the wind wheel has been developed using the
ANSYS program. A picture of an air flow with a three-dimensional vortex characteristic of a turbulent flow
at high Reynolds numbers is obtained. The dependences of the influence of the rotation speed of the wind
turbine on the moment of forces acting on the wind wheel are numerically determined at various speeds of
the incoming air flow and different speeds of rotation of the cylinders. It has been established that the
magnitude of the wind wheel the moment of forces increases in direct proportion to the revolutions number
of rotating cylinder and the angular velocity of the wind wheel. It should be noted that the results obtained
are valid within the framework of given mathematical model with the accepted assumptions and boundary
conditions.
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The article considers the energy efficiency of the combination of two most common heat sources for heat
pumps, namely soil and ambient air. A feature of such a system is the connection of air and ground heat pumps in
series with water. A computational model of the proposed system is developed, based on the system of equations
for heat and material balances of the system. The result of the analysis was a system of equations, the analysis of
which made it possible to study the two main characteristics of energy efficiency, namely, the relative heat load of
the ground heat exchanger and the specific total costs of external work for the drive of the system, depending on
the depth of utilization of the heat of ventilation emissions. It is shown that a positive effect from the use of a
heating and ventilation system with two heat pumps, both in terms of energy and investments, can be achieved
with the utilization depth of ventilation emissions corresponding to the condition of equality of the conversion
factors for air and ground heat pumps.

Keywords: heat pump, ventilation emissions, soil heat, energy efficiency, specific work, atmospheric air,
combination of heat sources.

Introduction

According to the statistics of the International Energy Agency (IEA), in 2019, residential and
commercial buildings accounted for 49% of the total final consumption (TFC) of global electricity and 15%
of the TFC of fossil fuels [1]. Heating, ventilation and air conditioning (HVAC) systems account for a
significant share of total energy consumption in residential and public buildings [2]. Consequently, energy
savings in HVAC systems play an important role in improving the overall energy savings of a building.
Significant success in solving these problems has been achieved in European countries [3], in the USA [4], in
Japan [5], in China [6] and in other regions of the world through the use of heat pump technologies with high
energy efficiency in HVAC systems.

At the same time, a number of problems with the use of existing heat pump technologies are determined
by the conditions of their application and require their solution. To provide year-round heat supply to
buildings, air HP is the most popular type among others [8, 9]. However, it cannot be used in areas with cold
winters due to the risk of freezing of the evaporator. When air heaters are used in winter, low ambient
temperatures cause a drop in the evaporation temperature, which leads to a catastrophic decrease in
efficiency, a drop in condensation temperature or even a system shutdown [10]. In other cases, when air-to-
water heat transformers can operate in winter to heat a building, their COP (coefficient of performance) is
usually much lower than that of ground-water heat transformers, due to the higher temperature of the heat
source - the ground [7].

Therefore, it can be concluded that the use of atmospheric air as a lower source of heat in heat pump
heating of buildings is ineffective in latitudes with cold winters [11]. The temperature level of the outside air
does not allow achieving the required effect from the use of a heat pump. The authors [12-14] considered
various combinations of low-grade heat sources with both air and ground heat pumps, their efficiency and
productivity were shown. However, there was a problem of low productivity of a single HPU to provide heat
supply for ventilation and air conditioning systems in public buildings with a large volume. For such
purposes, it is necessary to choose a heat carrier with a higher temperature potential, but at the same time, it
is also easily accessible. This source is the exhaust air from ventilation systems. It should be noted that the
use of ventilation emissions as a source of heat has a number of advantages, namely: high and constant
temperature potential, reliability, cyclicity of the heat recovery system (the heat spent on heating the supply
air is reused) [15]. However, when using an air-to-water heat pump operating on ventilation emissions at
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facilities where the consumption of thermal energy by the heating system significantly exceeds that in the
ventilation system, the capacity of such a HPU to provide both heating and ventilation may not be enough
[16]. This problem can be solved with the help of cascade use of heat pumps with air and ground source of
heat. The peculiarity of the proposed solution lies in the use of a series connection by water of condensers of
air and ground HP. The use of such a solution at the design stage of the heating and ventilation system will
allow balancing the advantages and disadvantages of the two most used types of HP and will create
conditions for a more efficient use of heat pump technologies in general.

1. Description of the scheme and problem statement

A schematic diagram of the above-described solution for heat supply of heating and ventilation systems
of a building using two series-connected heat pumps (air and ground) is shown in Fig. 1. The main specific
characteristic of the presented scheme is the use of air and ground HP connected in series along the water
circuit. Analyzing the scheme, you can see that the ventilation emissions with a temperature ¢, (temperature
inside) are injected into the evaporator of the air HP, where it gives off heat to the freon, evaporating it and
thereby cooling to the temperature ¢.,. Next, the coolant is heated in the condenser from the ¢, (return water)
to the #, (intermediate). The coolant is heated to the required design temperature 7. by means of ground HP.

(_-r".-_ to

Fig.1. Schematic diagram of a cascade connection of air and ground heat pumps to provide heating and ventilation
of the facility: HP, , —ground and air heat pumps; C,,;; , — condensers of ground and air heat pumps;
Esp1, Enp2 — evaporators of ground and air heat pumps; C,, C,— compressors of ground and air heat pumps;
H-heater of fresh air; P — pump of ground heat pump.

The main objective of the development of this combined solution is the pursuit of waste-free heat
production, maximum energy efficiency of the system, as well as minimization of capital costs for the
construction of the system. The qualitative and quantitative indicators of these values were determined based
on thermodynamic analysis.

2. Efficiency analysis of the considered system

A feature of this scheme is the sequential use of two lower heat sources (heat of ventilation emissions
and heat of the ground), which, together with the energy of the compressor drives, must be provided by the
heating and ventilation system of the facility. The task is to optimize the use of each of these sources of
increasing the system efficiency as a whole. At the same time, an increase in the efficiency of the system
implies a decrease in both the energy costs for driving heat pumps and a decrease in the share of the heat
load covered by the use of soil heat, which is associated with a decrease in capital costs for the construction
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of a ground heat exchanger. It is most convenient to change the proportion of use of individual heat sources
by changing the depth of use of the heat of ventilation emissions, setting different levels of air temperature ¢,
after the evaporator of the air HP. Then, assuming the given temperature f.,, the part of the total heat
consumption for heating and ventilation can be determined from the heat balance equation of the entire
circuit, which has the form

G,Ct, +Qghc +L,+L,=0,+G,Ct,. (1)

vV viev

Introducing into consideration (for the sake of convenience) the base air temperature ¢, inside the room,
equation (1) can be written as

GVCV (tin - tev) - GVCV (tin - tO) + Qghe + Lcl + LcZ = Qh (2)
Taking into account the balance ratios for the quantities L, L, n Oy,
0
o= EV1 (3)
¢, -1
o= QEVZ (4)
¢, -1
Qghe = Oy > &)
where @, and @, - coefficient of performance (COP) of air and ground HP, equation (2) takes form
¢ ?
QEVZ A+ Qghe = Qh + Qv . (6)
2 -1 ¢, -1
The sum of heat consumption for heating and ventilation is conveniently represented in the form
1 m+1
0,+0,=0,(1+—)=0,—, (7)
m m

where m=Q, / O, - the ratio of the heat consumption for ventilation to the heat consumption for heating.
Then, taking into account (7), equation (6) can be written in the form

Oy 9, ( m + Dhe ® =1
0, 0,-1 m+l" O, +0, ¢,-1

whence the expression for the part of heat of the ground heat exchanger in the total heat consumption for
heating and ventilation follows

(®)

Qghc =1=- tin — tev (PZ m j| (pl -1 . (9)
0, +0, t,—t, 0,-1m+1]| o,
COP ¢, and @, can be represented in the form of ratios:

i 1

= L= , 10

¢ = Nup®Py = Mup o 273415 AL (10)

273+t +At,

i 1

@y =Npp®s = Myp ) (11)

273+t — AL,
273+1, +At,

where 1, - heat pump loss factor; @ju @) - theoretical COP of ground and air HP; ¢, - outlet water

temperature; 7, - intermediate water temperature; to>and t, - evaporator outlet water temperature, air and

ground HP, respectively.
Water temperature between two HP condensers #, can be determined from the heat balance of the
ground HP

Q. +L. =0, (12)
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Taking into account expressions (3), (5) and the expression for the heat flow in the condenser of the
ground heat pump

QC :Gwcw(tc_tg)’ (13)
equation (12) can be written as
Qghe (P(Pl_l :GWCW(ZC _tg)’ (14)
1

where the water equivalent Gyc,, can be determined from the heat balance of the upper circuit and has the
form
m+1
G,c, = &— . (15)
t.—t. m
Taking into account equation (15), equation (14) takes the form
Qghe ¢ (, _tg) m+1
QV (pl_l (tc_tr) m
Determining from (7) and (9) the ratio Qg/QOy and substituting it into (16), we obtain an equation for
the intermediate water temperature between air and ground HP

tin_tev (p2 m
t, =t —(t. —t 17
e =l r)Ln_lo <P2—1m+1} (17)

(16)

Along with equation (9) for determining the relative power of the ground heat exchanger, an important
characteristic of the system efficiency is the specific total consumption of external energy for HP drives
Lcl + LC2

L, =—7=.
" Qh + QV
Taking into account the above relations (3) - (5), as well as (7) and (9), the equation for determining the
specific total costs of external energy can be represented in the form

:i_(tin_tev) l m (&_lj (19)
0, (tin_to) (P2'1m+1 ?,

(18)

htv

3. Discussion of results

To implement the numerical solution of the compiled mathematical model of the system under
consideration, the following initial data were taken. A low-temperature heat supply system with a
temperature schedule of 40/30 was accepted for analysis, taking into account changes in the temperature of
the coolant in the supply and return pipelines according to the recommendations [17]. The calculated

temperature of the atmospheric air was taken at the level #; =—20"C, and the air temperature in the heat

supply facility was ¢, =20° C. The values of the characteristic temperatures of the coolant in the lower

circuit of the ground HP were taken taking into account the measurement data in [18, 19], and the
temperature difference in the evaporator, taking into account the maintenance of the optimal value in
accordance with the analysis in [7]. The ratio of heat consumption for ventilation and heating was taken in
the range m = 0.5 ... 4.0 and covers working conditions from individual residential buildings to large
shopping centers. The above mathematical model was solved numerically by preliminary determination of

the intermediate water temperature t, according to equation (17) taking into account equations (10), (11) by

the method of successive approximations. At the first stage, the determination of the rational depth of use of
each of the two lower sources of heat (ventilation emissions and soil) is carried out on the basis of
minimizing the specific costs of external energy for the drive of the system by changing the depth of use of
the heat of ventilation emissions, setting different levels of air temperature ¢, after the evaporator of air heat
pump. The calculation results are shown in Fig. 2 in the form of the dependence of the specific energy
consumption on the air temperature after the evaporator of the air HP. It can be seen that for all parameters
there is an optimal value of the air temperature #,, at which a minimum of total energy consumption is
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provided. This is determined by the different nature of the dependence of the COP of the ground and air HP
on the temperature ¢, and their different contribution to ensuring the total heat consumption.
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Fig.2. Dependence of the specific consumption of external energy on the temperature at the outlet of the
evaporator of the air HP: a-c — temperature #,=-20; 0; 15 °C respectively; 1-4 — m=0,5; 1; 2; 4 respectively.

In fig. 3 shows the dependence of the detected optimal values of the air temperature #, on the
temperature of the atmospheric air and the parameter m. It can be seen that the optimal values of the
temperature ¢, increase with an increase in both the outside air temperature and the parameter m. At the same
time, attention is drawn to the high level of temperatures of the air discharged into the atmosphere, that is,
the low depth of use of the heat of the exhaust ventilation air [20]. As a result, the total heat load on the
system is covered mainly by the operation of the ground heat exchanger, which is associated with an increase
in the productivity of the ground heat exchanger and, as a consequence, the capital costs of its construction.
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Fig.3. Dependence of the optimum air temperature at the outlet from the evaporator of the air HP on the outside
air temperature: 1- 4 —m = 0.5; 1; 2; 4 respectively.

In this regard, it becomes expedient to consider other options (levels) of the heat load of the air HP or
the depth of use of the heat of ventilation emissions [21]. Such an option can be the heat load of the air HP,
selected from the condition of the same efficiency of operation of both heat pumps, that is, from the
condition of equality of their COP. For this purpose, the corresponding COPs of two HP are shown in Fig. 4
depending on the temperature ¢, at different values of the parameter m and the outside air temperature. As
seen from Fig. 4, the points of intersection of individual curves for the air HP and the dashed line for the
ground HP correspond to different values of the air temperature at the outlet from the evaporator of the air
HP, which satisfies the condition of equality of COP for both HP [22]. The dependence of these temperatures
on the outside air temperature and parameter m is shown in Fig. 5. The data in Fig. 5 indicate that the level of
air temperatures at the outlet of the evaporator of the air HP under this condition is significantly lower than
in Fig. 3 under the previously considered condition of the minimum total external work.
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Fig. 4. Dependence of the transformation ratio on the air temperature at the outlet of the evaporator of the air HP:
a-c — t=-20; 0; 15 °C respectively; 1 — @y; 2-5 — @, at m=0.5; 1; 2; 4 respectively.
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Fig. 5. Dependence of the air temperature at the outlet from the evaporator of the air HP on the outside
temperature (COP equality condition): 1-4 — m=0.5; 1; 2; 4.

This indicates a greater load of the air HP and a lower thermal load of the ground HP, and,
consequently, the lower required performance of the ground heat exchanger and the corresponding capital
costs for its installation. Fig. 6 shows the dependence of the relative heat load of the ground heat exchanger
on the outside air temperature and parameter 7 under three comparison conditions (minimum external work,
equal COP and complete heat recovery from the exhaust ventilation air).
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Fig. 6. Dependence of load part of the ground heat exchanger in the total heat flow for heating and ventilation on
the outside air temperature: a) condition for minimum unit energy consumption; b) COP equality condition;
¢) t.,= tycondition, where 1-4 —m =0.5; 1; 2; 4.
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It can be seen that a relatively small decrease in temperature z, to the level at which the equality of COP
is observed (Fig. 6, b), significantly reduces the relative power of the ground heat exchanger. A further
decrease in the temperature ¢, to the outside air temperature (Fig. 6, c) leads to a qualitative change in the
nature of the dependences, but does not cause particularly sharp quantitative changes in the value of ggp.

The dependence of the second important characteristic of the heat pump system - the specific
consumption of external energy for the drive of the system - is shown in Fig. 7. It can be seen that the
achievement of the COP equality condition (Fig. 7, b) has almost no effect on the amount of external work
on the system drive, which does not depend on the ratio of heat consumption for ventilation and heating.
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Fig.7. Dependence of the specific consumption of external energy for the system on the outside temperature:

a) condition for minimum unit energy consumption; b) COP equality condition;
¢) t.,= tycondition, for 1-4 m=0,5; 1, 2; 4.

At the same time, a further decrease in the temperature #, to the level t, leads to a sharp increase in the
specific work in the region of low outdoor temperatures. As a result, it can be concluded that the utilization
of the heat of ventilation emissions in the considered heat pump system may be advisable when the air
temperature after the evaporator of the air HP is reduced only to a level corresponding to the condition of
equality of the COP of the air and ground heat pumps.

Conclusions

1. The use of a combined heat pump system for heating and ventilation of large facilities using air and
ground heat pumps with its rational design can give a positive effect both in terms of energy and investment.

2. Rational design of a heating and ventilation system with two heat pumps can be carried out on the
basis of a joint analysis of two most important characteristics of such a system, namely, the relative heat load
of the ground heat exchanger and the specific total costs of external work on the system drive, depending on
the depth of use of the heat of the ventilation emissions.

The analysis showed that a positive both energy and investment effect can be achieved at the depth of
utilization of ventilation emissions, corresponding to the condition of COP equality of air and ground heat
pumps.
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The article presents the results of an experimental study of the changing the ionic composition of water
under the influence of acoustic cavitation. The effect of acoustic radiation on the physical and chemical properties
of water was studied in the frequency range 20 Hz - 50 kHz. It is shown that the ultrasonic range leads to an
increase in the concentration in the area of metal traces and affects the change in the pH of water. The
mechanism of action of cavitation leads to a change in the structural characteristics of water. It is shown that one
of the manifested effects of ultrasonic cavitation can be used for various applications.

Keywords: ultrasound, acoustic emission, cavitation, mass spectrometric analysis.

Introduction

The data of the materials of the International Committee on Water Resources at the UN (United
Nations), WHO (World Health Organization) and other generally recognized and specialized international
expert organizations that fresh and especially drinking water will become a strategic resource by 2025 are
well known. Water quality issues for drinking, agricultural irrigation and irrigation are becoming more acute.
The relevance and relevance of practical applications in the field of water treatment and treatment is beyond
doubt. The boom in demand for nanotechnology, new technologies in various ways of structuring water,
other liquids and solutions is growing exponentially. In work [1], a wide range of applications of acoustic
(ultrasonic) and hydrodynamic cavitation in various fields of science and high technologies was thoroughly
investigated. Changes in the properties of water under the influence of hydrodynamic cavitation were also
noted in [2], where studies were carried out on the basis of numerical modeling. The range of technical
applications of hydrodynamic and ultrasonic cavitation in the world is rapidly expanding when they are
directly used in medicine, naval affairs, pharmaceuticals, chemical technologies, cosmetics and cosmetology,
etc. pressure of hydraulic microjets up to 40 MPa causes ionization of water and aqueous solutions and is
accompanied by many poorly studied processes.

Studies of the influence of hydrodynamic cavitation on the change in the physicochemical properties of
aqueous solutions are devoted to works [3-5], and works [6, 7] are shown to purify water both from bacteria
and other contaminants, and to disinfect water. Ultrasonic cavitation can also lead to changes in cellular
structures, as shown in [8], and can be used in cancer therapy. The phenomenon of hydrodynamic cavitation
was also used to purify water from pharmaceutical contaminants [9]. It is known that it influences the
growth and development of cell structures and the transfer of various substances into cells under the
influence of acoustic frequencies and cavitation of a different spectrum [10, 11]. For example, in [12, 13],
the influence of ultrasonic acoustic emission, accompanied by cavitation, on various structural characteristics
of water, including some aspects of physical chemistry and microbiological composition, was studied.

It is obvious that the use of hydrodynamic and ultrasonic cavitation is an example of nanotechnology,
and many aspects of this effect are poorly understood. The questions were studied in detail and the results of
the influence of the infrasonic spectrum of oscillations on the growth of some types of cereals were used.
The issues of structuring water under the influence of cavitation continue to be studied and are of interest in
various fields, including crop production and agricultural technology.

1. Experimental part. Materials and method

For this, two experimental installations were created for the generation of infrasound and ultrasound
with the subsequent transfer of the pulse to piezoelectric transducers (emitters). The generator unit consists
of a pulse generator and a frequency amplification unit of a special shape, a power supply unit and a control
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panel. Direct action on water is carried out in a radiation installation through piezoelectric transducers using
a device for generating infrasound and ultrasound (Fig.1), [14]. The frequency spectrum of radiation before
and after experiments on the effect of irrigation with acoustic vibrations was recorded using a VALLEMAN
PC SGU250 broadband oscilloscope and the adjustment range was from 20-50 Hz on the first block to 20-50
kHz per second.

The water was subjected to ultrasonic action using the emitters shown schematically in Fig. 2.
Ultrasonic emitters are made in the form of flat piezoelectric emitters for generating ultrasonic pulses located
on the inner surface equidistantly relative to the flow path of the cavitation generator on two opposite sides
and connected in parallel with the formation of a cavitation field directed perpendicular to the fluid flow.

Fig.1. The device for generating infrasound and ultrasound. Fig.2. Emitter layout.

Ultrasonic piezoelectric emitters are made of barium titanite, which allows generating a high-frequency
spectrum of ultrasonic radiation. The ultrasonic emitters are rigidly fixed to the nozzle, for example, using a
composite adhesive and are completely sealed against the corrosive effects of a liquid medium. Water flows
through the inlet nozzle 1 and under the influence of ultrasonic transmitters 2 rigidly fixed to the inner
surface of the dielectric wall nozzle using an adhesive or adhesive material such as composite adhesive 3
(Fig. 2). The coolant is exposed to ultrasonic action due to pulses supplied from ultrasonic transducers 2,
which are turned on perpendicular to the direction of fluid flow. The frequency spectrum of ultrasonic
transducers varies from 20 KHz to 50 MHz, and the "traveling wave" is generated by an adjustable
microprocessor and is automatically correlated with the flow rate of the coolant. Since the frequency of the
radiation spectrum is adjustable, this makes it possible to control the processes of the intensity of the
generation of cavitation cavities, depending on a number of physical factors, including both the speed and
flow rate of the coolant flow, and the diameter of the inlet pipe. Along the length of the zone of action of
ultrasonic emitters 2, cavitation cavities begin to form in the entire volume of the inlet pipe of the moving
coolant, which, after passing the inlet pipe, begin to "collapse" (collapse), while releasing the amount of heat
adequate to the breaking energy of intermolecular bonds. In addition, the effect of "cold boiling" or the
formation of cavitation cavities with their subsequent collapse (collapse) leads to ionization of the coolant
throughout the volume of the supply pipe and a controlled change in its physicochemical properties.

In [15] on physical and technical acoustics, ultrasonic cavitation usually means the formation of
discontinuities in the continuity of a liquid medium under the action of tensile stresses in the rarefaction
phase, the emergence of unstable vapor-gas cavities and the subsequent collapse of these cavities in the
compression phase.

2. Results and Discussion

The frequency spectrum of the radiation in the range 20-50 Hz virtually did not affect the pH of
irrigation water. The most characteristic effects on the structure of irrigation water at 20 Hz manifested in
increasing cadmium concentration by almost 92% zinc and almost 7 times. As seen from the integrating
spectrograms where abscissa mg dm-3 drawn on generalized results of analyzes of samples (Fig. 3, 4) with a
sharp increase in the concentration of cadmium Cd (about 4 times), and tin Sn (by 11 times) the remaining
group trace metals have remained virtually unchanged.
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Fig.4. The increasing of Zn concentration in water after ultrasound influence.

At the same time, the content is within the MPC as the EU countries and the United States, Russia and
the MAC recommended by WHO. For example, MPC WHO compared with the obtained data are shown in
Table. 1. The highest efficiency of irrigation water gave exposed to ultrasound in a range close to 20 kHz,

the second pilot unit.

Table 1. The comparative characteristics of the content of trace minerals

MAC (WHO), After influence 20 kHz, After influence 50 kHz,
mg/dm’ mg/dm’ mg/dm’
Cu0.20 0.14 0.136
Zn 0.30 0.231 0.148
Cd 0.003 0.00039 0.00011
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Results of averaged spectrograms in mg/dm’ (Fig. 5 - 6) show that a pronounced positive effect on the
growth of tomato at a frequency range of 20 kHz the radiation had growth of concentration iron of 22%,
copper Cu in 1.6 times and manganese Mn by 8 times.
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Fig.5. The increasing of Fe concentration in water after ultrasound influence
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Fig.6. The increasing of Cu and Mn concentration in water after ultrasound influence

Thus, minor, an average of 1.14 - 2.01% grew acidity (pH) of the treated water for irrigation at 20 kHz
and at a frequency of 50 kHz pH values increased to 3.28%. Analysis of the spectrograms and measurement
of irrigation water pH after ultrasonic treatment led to the conclusion that the water gets new properties
related to its partial ionization leading to changes in its molecular structure.

A number of works are known, among them [15], where various scientific explanations of the
phenomenon of hydrodynamic and ultrasonic cavitation are given, accompanied by the processes of
changing the mechanism of microalgae development. It is the cavitation mechanism that causes new effects
of molecular changes in the structural characteristics of algal cells was shown in these studies.

It is quite obvious that ultrasonic and hydrodynamic cavitation has a rather complex mechanism of
affecting water and aqueous solutions and is manifested in many physical and chemical aspects. Mass
spectrometric analysis of irrigation water allowed to illustrate that partial ionization of irrigation water
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occurs with activation of metal ions dissolved in it. In all probability, the activated metal ions, the
concentration of some of which increased several times in the form that ultrasonic cavitation caused, greatly
improve and intensify plant growth and appear as one of the factors contributing to this.

Conclusions

For the first time, data were obtained on the change in the physicochemical properties of water under
the influence of ultrasonic cavitation in the radiation range from 20 to 50 kHz. The accuracy and
reproducibility of all experimental data in the specified frequency range fully meet the standard
requirements. The measuring equipment used in the work meets international quality and accuracy standards.
Changes in the physicochemical properties of water affect the complex mechanism of the physical effects of
cavitation, which were analyzed on the basis of data from other authors. The effects of sono luminescence,
the collapse of cavitation microbubbles lead to additional ionization and activation of water. The data
presented on the change in the structure of water after exposure allow us to conclude that cavitation has a
significant effect on the molecular composition of water. The analysis of the effect of ultrasonic cavitation on
water brings new knowledge and data in a deeper study of the phenomenon of cavitation. The data on the
increase in the concentration of ions of dissolved metals obtained using mass spectrometry and changes in
the pH of water make it possible to expand the range of scientific data on the practical use of this effect in
various agrotechnical and engineering applications.
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The study of natural minerals in the production of heat and electrical insulating materials is of particular
practical interest for the study of their thermophysical characteristics. The regularities of changes in the heat
capacity of minerals when heated in production and operating conditions are of particular interest. Natural
minerals of wollastonite and quartz were considered as the object of research. The heat capacity of these minerals
was measured in an apparatus with a three-dimensional sensor and a panel for automatic control of gas flows,
when heated to the temperature of 1600°C by the calorimetric method. Based on the experimental results, graphs
of the dependence of the heat capacity of mineral samples on temperature were constructed.

Keywords: wollastonite, quartz, differential scanning calorimetry, heat capacity, thermal condition.

Introduction

The problem of theoretical and experimental study of the properties of natural minerals remains
relevant. To know the thermo-physical properties of substances under different variable temperature
conditions is important for several reasons. Here it is important to define the thermo-hysical characteristics
of natural minerals, those of building, heat-insulating, facing materials and products and their recyclability.
The thermo-physical characteristics of closed structures affect the thermal and air conditions of buildings for
various purposes, as well as ventilation and air quality, which currently consume a significant amount of
thermal energy, as well as the operation of heating systems.

One of the most promising areas of science and practice for improving the grinding process is target-
specific changing the properties and state of natural minerals [1]. Stationary, non-stationary and complex
methods based on the theory of thermal conductivity are used to determine the thermo-physical
characteristics of minerals and materials in stationary or non-stationary thermal conditions. In addition, these
methods can be absolute and relative [2]. Natural minerals are widely used as heat insulators in metal
smelting, heating, various wall-mounted boilers, and electric heaters. In foundry and metallurgy, heat-
resistant molding materials, especially in powder form, diatomaceous earth and other refractory materials are
used. The extraction of high-melting and heat-resistant minerals in the Republic of Kazakhstan is of
particular interest. Currently, the minerals of the Republic of Kazakhstan are used for the manufacture of raw
bricks, houseware, souvenirs, various parts of electric stoves, ovens, etc. [3, 4].

1. Experimental part

The heat capacity of the whole body is taken into account when studying the structure of substances and
their properties, studying phase transitions and critical phenomena, calculating the total amount of impurities
in a substance, determining the thermal effects of chemical reactions. In addition, heat capacity as a thermo-
physical parameter is an effective tool for scientific research. The determination of the heat capacity of
natural minerals was carried out in the LABSYS™ EVO apparatus with synchronous thermo-gravimetric,
differential thermal analysis, a 3D sensor at a temperature of up to 1600 °C and an automatic gas flow control
panel (LABSYS™ EVO TG, DTA, DSC 1600 °C) in the “Methods of physical and chemical research”
engineering laboratory of Karaganda E.A. Buketov University (Fig. 1) [5].
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Fig.1. LABSYS™ EVO thermal analyzer (main view)

The work is carried out as follows: using a laboratory balance, the mass of the studied minerals is
determined: wollastonite, quartz samples from two deposits (Aktas) and (Nadyrbai). The sample weights are,
respectively, equal: wollastonite — 8 mg, quartz (Aktas) — 9.36 mg, and quartz (Nadyrbai) — 9.6 mg.

Differential Scanning Calorimetry (DSC) is a method in which the difference in heat flows applied to
the crucible with the test sample and the reference crucible is measured as a function of temperature and/or
time during the exposure of the test and reference samples to a controlled temperature program under a
specified atmosphere and using symmetrical measuring system. The use of DSC makes it possible to
significantly reduce the time for conducting experiments and to obtain experimental data on the specific heat
capacity of the investigated products with an error of no more than 3%.

Two valved crucibles are placed in the DSC measuring chamber, the test sample is placed in the first
one, and the second is used as a reference (free) crucible. The material of the crucible is set depending on the
maximum heating temperature of the sample and the tested substance, which should not react with the
crucible. In the experiment, platinum was used (up to 1000° C) as the crucible material. The experimenters
run the apparatus program and set the parameters to perform the required thermal scanning. During the
experiment the program of continuous heating was used. After starting the device, measurements were taken.

The temperature was determined using the thermocouples in the measuring chamber of the calorimeter.
When the sample begins to heat up, heat is released. Then the system can measure and analyze the change in
specific heat. The melting points of the tested natural minerals were obtained from the reference data.
Accordingly, the melting points of minerals are: wollastonite — 1400-1500° C, quartz (Aktas) — 1710-1720 °
C, quartz (Nadyrbai) — 1710-1720 ° C. These values are necessary so that when minerals are heated, their
temperature values exceed the specified range.

Specific heat c,, J/g-K is calculated by the formula

c, = mile = mil(dQ/dT)p, (1)

where m is the mass of the sample, g; C, is the heat capacity, J/K; dQ is the amount of heat, J, required to
increase the temperature of the material by d7, K.

The subscript indicates an isobaric process. According to experiment, the specific heat capacities of
natural minerals are determined by the proposed formula (1), which represents the amount of heat absorbed
by a unit mass of material when heated by 1K at constant pressure. By calculating the dependence of the
specific heat capacity of mineral samples on temperature are obtained.

2. Discussion of results

Using the results obtained, a graph of the dependence of the specific heat capacity on temperature
c=f(T) is plotted. The experimental values of the heat capacity of minerals are given in Table 1. The plot of
the obtained heat capacity versus temperature for wollastonite under the thermal condition is shown in Fig. 2.
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Table 1. Experimental values of the heat capacity of minerals

Wollastonite Quartz (Aktas) Quartz (Nadyrbay)
T,K c,J/g'’K T,K c, J/g'K T,K c,J/g’K
304.7 -0.108 305 -0.083 305 -0.146
361 0.31 361 0.038 361 0.072
449 0.414 449 0.093 450 0.128
539 0.376 539 0.095 539 0.143
627 0.405 627 0.148 627 0.208
713 0.333 713 0.121 713 0.237
798 0.293 798 0.125 797 0.166
881.7 0.317 882 0.204 882 0.238
964 0.332 964 0.259 964 0.288
1045.7 0.406 1046 0.328 1045.5 0.348
1126 0.471 1126 0.427 1125.8 0.412
1205 0.508 1205 0.44 1205 0.455
1284 0.542 1284 0.445 1284 0.504
1293 0.552 1293 0.449 1293 0.508
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Fig.2. Dependence of the heat capacity of wollastonite ¢ = f(7) under heating process.

As can be seen from this graph, the heat capacity values with in the temperature range from 304 K to
1293 K vary from 0.108 to 0.552 J/g-K. The specific heat capacity for the temperature condition of
wollastonite within the temperature range of 1193-1293 K is calculated by the equation (1):

. o dr), _[ (6.14 -5.216 )

= 0.008 = 1156 .3J / kg - K.
(1293.82 -1193.43 )

m

The graph of the temperature dependence of the heat capacity obtained for quartz (Aktas) under thermal
condition is shown in Figure 3. As can be seen from the graph, the heat capacity values with in the
temperature range from 305 K to 1293 K were -0.083-0.449 J/g-K.

The specific heat capacity of the quartz (Aktas) under thermal condition within the temperature range
1123-1293 K is calculated:
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Fig.3. Graph of dependence ¢ = f{T), obtained for quartz (Aktas) under thermal condition

The graph of the temperature dependence of the heat capacity, obtained for quartz (Nadyrbay) under
thermal condition, is shown in Figure 4.
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Fig.4. Graph of dependence ¢ = f{T), obtained for quartz (Nadyrbay) under thermal condition

Figure 4 shows that the heat capacity values with in the temperature range from 305 K to 1293 K are
0.146 - 0.508 J/g-K, respectively. The heat capacity of quartz (Nadyrbay) under the thermal condition within
the temperature range of 305 -1293 K is calculated by the equation (1):

m

. (@0 /ar), z( (6.87 - 0.44 )

0.0096 =770 .7J /kg - K.
(1293.59 -305.35 )

After the experiments, the average values of the specific heat capacity with an error of 0.08% were
determined and compared with theoretical values [7, 8], which are given in table 2.

Table 2. Comparison table

Mineral Wollastonite, | Quartz (Aktas), | Quartz (Nadyrbay),
c, J/kg'K c, J/kg'K c, J/kg-:K
Experimental values 1156.3 752.88 770.7
Theoretical values 1100 692 692
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It can be concluded from the table that the experimental values correspond to the theoretical ones. As
can be seen from the temperature-dependent graph ¢ = f{T) of the heat capacity for wollastonite, quartz and
dolomite under thermal condition, as the temperature rises, the heat capacity increases accordingly. The
observation showed that the specific heat capacity of natural minerals depends on the temperature and
concentration of the main components.

Conclusions

The specificity of the theory of thermal condition is that its basic conditions are generalized to the
conditions for the existence of bodies of complex composition (systematic) and of any shape, while the usual
theory is limited to the study of simple temperature fields or sometimes two-component bodies of a simple
shape. Using DSC, the specific heat capacity of natural minerals with an error of 0.08% was determined.
Specific heat capacity values are important material characteristics for their research and development as
well as for quality control. The developed methods can be applied in information-measuring systems of
thermophysical characteristics, in practice for thermophysical measurements, and in construction heat
engineering.
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THE STUDY OF CURVES OF THE TRANSIENT CURRENT IN
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Experimental transition current curves for polytetrafluoroethylene after exposure to high-energy ionizing
radiation are obtained. The transient current curves in irradiated polytetrafluoroethylene are analyzed based on
the discrete Fourier transform. It is shown that there is an intense maximum of dielectric absorption in the infra-
low frequency region. This maximum is characterized by abnormally large values of the dielectric increment,
permittivity, and the dielectric loss factor. It is concluded that the volume polarization of the irradiated
polytetrafluoroethylene is uniform. The polarization observed in this frequency range is associated with the
activation of migration of trapped charge carriers within microscopic regions.

Keywords: transient current curves, electrophysical properties, polytetrafluoroethylene, ionizing irradiation, Fourier
analysis.

Introduction

The study of the effect of ionizing radiation on the electrical properties of solid dielectrics has become
urgent due to the development of modern radiation technologies, the widespread use of insulating materials
in nuclear and space research. Polymer materials used in spacecraft as part of screen-vacuum thermal
insulation, electrical insulation of cables, thermal control coatings are exposed to the entire energy spectrum
of ionizing radiation [1-3]. As an object of study, polytetrafluoroethylene (PTFE) is interesting on the one
hand because it is a polymer of high practical significance, due to its unique complex of physics-chemical
properties (chemical and biological resistance, excellent dielectric, antifriction and anti-adhesion properties,
elasticity in the field of cryogenic temperatures). On the other hand, the fact that it reveals a number of
electrical phenomena that have not yet found their explanation and are the subject of discussion [4-10].

The electrophysical properties of polytetrafluoroethylene (PTFE) after ionizing irradiation in the range
of absorbed doses of 10° — 10° Gy degrees have a number of characteristic features. The values of the
specific volume conductivity (,) of PTFE at room temperature after - and electron irradiation increase by

two or more orders of magnitude depending on the irradiation conditions and the physical state of the object
under study (disks, film, thermal Modification) [1]. In the dielectric relaxation spectra of irradiated PTFE,
intense maxima appear in the frequency range 10*-10* Hz at T= 400-500 K (after irradiation in vacuum) and
T =360-400 K (after irradiation in air) [1]. Similar changes were observed for other fluorinated polymers, as
well as for weak and nonpolar polymers [1] and were attributed to the type of slowly reversible changes,
since they are characterized by annealing effects. For fluorinated polymers, both reversible and slowly
reversible changes in the dielectric characteristics were associated with the accumulation of peroxide
macroradicals. However, the estimation of the values of their effective dipole moment under the condition of
the maximum possible concentration leads to unreasonable values (per~ 10 C-m).

For the dipole-group and segmental mobility of most polymers at glass transition temperature Tgt <
400 K, the specified time interval is sufficient to establish equilibrium polarization. However, after
irradiation of polymers, a complete analysis of the transition current curves is necessary to determine the O v
of the polymer matrix, since the relaxation times of the captured charges can be any, or, in any case, this time
interval is not known in advance. To this end, this paper studies the transient current curves in the charging
and discharging modes of irradiated PTFE in the frequency range: 10* —10" Hz.
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1. Samples and Research Methods

The study of the transition current of the technical film of polytetrafluoroethylene F4-I0 with a
thickness of 80 microns was carried out. Metal electrodes (measuring, high-voltage, and guard ring) were
applied to the sample by thermal sputtering of silver in a vacuum. The transient current curves were recorded
according to standard methods using measuring cells with a small parasitic capacitance, electrometric
amplifiers (B7-30, U5-11, BK2-16). The time constant of the current measurements did not exceed 1 s, the
RC - measured circuit did not exceed 10 s. The irradiation was carried out by gamma-rays with an energy of
1.2 MeV in air at the K-120 facility with the isotope 60Co, the absorbed dose D=5 Mrad.

Transition current curves of a technical PTFE film with a thickness of 80 microns were studied. The
analysis of transient current curves before and after gamma irradiation was performed using a block of
standard Fourier analysis programs and original blocks of input-output programs and processing of Fourier
analysis data implemented on a computer. Experimental points for calculations were taken after 1 s in the
range 0-100 s, after 10 s in the range 100-1000 s, and after 100 s in the range 1000 - 10000 s.

The transition current curves after switching on (charging current) and off (discharging current) of the
voltage source for the original PTFE are straightened in double logarithmic coordinates. The exponent of the

time dependence of the discharge transient current density j(z) ~¢ " for the initial PTFE is 5 =1.6 (Fig. 1).
This result can be interpreted in terms of the Debye model for dipole-group mobility. If there is a Cole-Cole
distribution of dipole relaxation times at t > t (the dipole relaxation times are obviously much less than the
characteristic measurement time) (¢/ 2')“72, [11], where 7t is the relaxation time of the dipoles, and is the

parameter of the relaxation time distribution. Based on the experimental dependences, we obtain the value o =
0.4, which is typical for dipole-group losses.
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Fig.1. Kinetics of the discharge current density of an unirradiated PTFE film.

For the initial PTFE samples, the transient current density usually reached values less than 10" A / m®
by the first minute, which corresponds to o, < 107 Om™m™ and is consistent with the literature data[11]. The
dielectric increment can be determined from the discharge current curves:

Ag = jj(t)dt/goEO ~2.1072, (1)
0

where g is the dielectric constant, E, is the polarizing field strength, and t is the time in seconds.

The concentration of dipoles at normal values of 1, ~ 107°°C-m  will be

N =3e,kT -Ae/p* =10 m™
and corresponds to the concentration of chemical and physical defects in PTFE. The occurrence of a
polarizing current due to ionogenic impurities at room temperature is unlikely. These effects are usually
observed at elevated temperatures. A completely different situation is observed for irradiated PTFE. The
values of the transient current density in the initial section of the kinetic curve are three or more orders of
magnitude higher than the corresponding values for the initial samples, and the current drop is observed up
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to 10* s (Fig.2). Moreover, the discharge current of depolarization differs little in absolute value from the
charging current.

The estimate of Ag by gives values for various PTFE films irradiated in air in the range of absorbed
doses of 10*-10° Gy, from 30 to 80. Obviously, such high values of Ae cannot be provided by dipole
polarization. Even if their local concentration is high and the volume distribution is inhomogeneous, the
recorded values of transient currents would need to be further increased, since the value of the integral in (1)
is averaged over the volume.

I
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Fig.2. Kinetics of the discharge current density of a y-irradiated PTFE film up to D = 50 kGy in air.

It follows from the above that the transition current curves up to 10*s are due to the establishment of
polarization due to microscopic displacement of charges. In this regard, the increase in o, recorded after
PTFE irradiation is mainly due to polarization currents, rather than stationary conductivity [1].

2. Discussion of results

Charge-discharge curves when recorded repeatedly on the same sample are well reproduced at room
and low temperatures. Minor annealing effects begin to appear at 310 K and almost complete annealing,
when the discharge curves differ slightly from the corresponding curves for the original samples, was
observed after recording the charging curve for 10* s at 470 K. To determine the nature of polarization, we
compared the discharge currents in two modes. In the first mode, the circuit during charging and discharging
is shorted according to Fig.3a, in the second mode, the polarity of switching on during discharge changes to
the opposite (Fig.3b). When an excess charge density is formed at one of the electrodes, the discharge
currents in these switching schemes should differ markedly, just as it is observed when the excess charge
injected into the surface layers of the dielectric is relaxed. The discharge curves observed by us were almost
identical in both switching schemes. Thus, the polarization of irradiated PTFE can be characterized as
uniform volumetric.

Cx + Cx Cx -+ cx
? — ——I — [l
a b
Fig.3. Scheme for measuring discharge currents without changing (a) and with a variable (b) polarity of switching

on samples.

It is known that the time dependence of the transient current and the corresponding frequency
dependence of the conductivity are related by the Fourier transform [11, 12]. In the presence of an
exponential response j(t) ~exp (—t/1), the variance of the transient current density is not observed, since the
relative changes in the exponential function are the same at any time. For j(t) ~ t-s, the relative changes in the
transient current density decrease with increasing time, which corresponds to an increase in conductivity
with increasing frequency. Experimental results indicate the existence of a frequency dependence of the
conductivity of irradiated PTFE. Moreover, the presence of inflection points on the charge-discharge curves
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clearly indicates the non-monotonic nature of this relationship. We have analyzed transient currents based on
the discrete Fourier transform. It is known [11, 12] that

e'(w)—ig"(w) = j j()exp(—iwr)dt ] &,E,,
0
then

g(w)= _[j(t)cos otdt/ g E, ,
0

g'(w,) = jj(t)sin wtdt] g E, ,
0

where @, =27 /t,

The dispersion curves €' and €" obtained from the Fourier analysis of transient currents correspond to
the infra-low frequency region 10*—10" Hz. As can be seen in Fig. 4, the maximum of dielectric absorption
is formed in the specified frequency range. The character of the curves €' and ¢" fully corresponds to the
Debye relations for the real and imaginary parts of the permittivity [12-14]. Moreover, the values of €', €" in
the maximum and Ag are an order of magnitude or more higher than the possible values for dipole
polarization processes. Lowering the temperature in full accordance with the Debye theory leads to a shift in
the maximum towards lower frequencies. The activation energy found from the displacement of the peaks in
Arrhenius coordinates was 84 kJ/mol. The values of the pre-exponential factor vy=6-10" Hz significantly
exceed the corresponding values for the dipole group (vo = 10" Hz) and segmental (v, = 10'* Hz) mobility
in polymers, which in turn is consistent with the activation mechanism of migration of captured charge
carriers.

3
¥
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Fig.4. Frequency dependence of the permittivity ¢ and the dielectric loss factor ¢’ for PTFE
after gamma irradiation in air; D = 50 kGy.

Thus, the analysis of transient currents in the frequency range 10“—10 "' Hz shows that the polarization
effects observed for irradiated PTFE can be interpreted by thermal activation of charge carriers both with the
participation (near 400 K) and without the participation (at T < 300 K) of the polymer matrix and their
displacement within microscopic regions not related to conductivity. However, it remains unclear the
question about the nature of these areas. It could be assumed that the charges are mainly localized on the
chemical and physical defects of the structure. However, thermal modification of the samples does not lead
to qualitative changes in the spectra, and the corresponding electrophysical parameters remain anomalous. In
addition, similar patterns were observed on other fluorinated polymers (and even polyolefins) with
significantly different nature of structural traps.

The latter fact clearly indicates the more General nature of the observed polarization phenomena. It can
be assumed that the observed effects are related to the inhomogeneous spatial distribution of the ionization
regions. These regions can be spurs, blobs, and short tracks formed during the interaction of secondary
electrons with matter. The lifetimes of these micro-regions may be quite large, since the dispersion transport
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of charge carriers in them occurs under conditions of strong scattering to deep radiation traps, while the
times of dielectric relaxation of the polymer matrix are t = 10° —10* s.

Conclusion

In general, changes in the dielectric parameters are anomalous and are observed both directly during the
exposure to radiation, and after its termination for a long time. Several different explanations for the
radiation-induced effects of the electric polarization of polytetrafluoroethylene have been put forward in the
literature, but a single view on this issue has not yet been developed.

In this paper, we study the volume electric polarization in polytetrafluoroethylene (- CF2-CF2 -) n
exposed to high-energy ionizing radiation. The small difference in the absolute value of the charge-discharge
currents suggests that there is no significant influence of the near-electrode polarization on the observed
process. Since the polarization curves in both inclusion schemes practically did not differ, the polarization of
the irradiated polytetrafluoroethylene can be characterized as uniform volumetric. The curves of the
polarization and depolarization currents are reproduced repeatedly with an error not exceeding 10%.

A Fourier analysis of the time dependences of the polarization current is performed. The main feature of
the obtained results is the abnormally high values of €' and €" in the region of the relaxation maximum,
which are not typical for elementary dipoles. The analysis shows the existence of an intense maximum of
dielectric absorption in the region of infra-low frequencies with abnormally large values of the dielectric
increment, permittivity, and the dielectric loss factor. Polarization phenomena in the infra-low frequency
region are associated with activation of migration of trapped charge carriers within microscopic regions.
These areas are not connected by conductivity. Such areas can be spurs, blobs, and short tracks formed
during the interaction of secondary electrons with matter.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIMA

Manviues A.B., Jlvicenko E.H., Illegenesa E.A., Cypocuxosa O.A., Apwineasun A.K.

PaguanusibiK skoHe PpaaualMsUIbI-TEPMMSUIBIK Kargaiijiapaa Kakray Ke3dinge ¢eppurTepAaiH MarHurTTik
KacHeTTepi MEH MHKPOKYPBLIBIMBIHBIH 63apadaiiiaHbIChI.

MarHuTTiK KacueTTepi MEH MHUKPOKYPBUIBIMHBIH KOPPEISLMACHIH 3€pTTey pPaAHalMsIIbIK JKOHE paJfallvsuIb-
TePMUSUTBIK PEKUMACPIHIE KaKTalFaH JIUTHH alIMacTHIppUFaH (peppuT yirijepinae xyprisinren. Pammanusibik-
TePMISUIBIK  KakTay madeiHgamanapasl (1.5-2.0) MbdB  sHeprusiiasl AIeKTpOHAAPIBIH HMMITYJIBCTI IIOFBIMEH,
ummynbereri WoKTHH (0.5 — 0.9) A Torsl, coyneneHaipy UMIyNbCiHiH y3aKTHIFB — 500 MKC, HMIYIbCTEPIIH KYPY
xuimiri — (5-50) T'm, pmadislHzamanapiasl  KeI3Ablpy OkbiamibiFbl - 1000°C/MuH  Ke3iHze SKYpri3uireH.
Tepmormemrepaeri kakTay (T-kakray) anmblH aja KbI3ABIPBUIFAH KaMePabIK dJIEKTp MenriH/e Kyprizinai. Kymeicta
MarHUTTIK WHAYKIUSHBIH (GeppUTTIH TYHIPIIKTUTITiHEH Toyenci3airi kepceTinren. by sxarnaiina KOpIUTHBTI KYIIT
TYHIPIIIKTIH OJIIIeMiHe Kepi IPOIOPIIHOHAI XKoHe PEeppUT YATUISPiHiH IMKi TYHipIIIKTI KeyeKTUIiriHe OaiIaHbICTHI.
TepMHsUIBIK KaKTayMeH CalbICThIPFaHAa paJuallisuIbI-TEPMISUIBIK KaKTay ecil Kelle jKaTKaH TYHIpIIIKTepIiH
TYHIpIIIK-apaJIbIK KYBICTap/bIH KapMayblHa OKEJIMEH/Ii oHe 1IIKI TYHIPIIK KeyeKTepJiH KOoaryJsMsAChIHA BIKIal
eTei.

Manvuues A.B., Jlvicenxo E.H., [llesenesa E.A., Cypacuxosa O.A., Apvineazun A.K.

B3auMoCBS3b MATHUTHBIX CBOHCTB M MHUKPOCTPYKTYPbI (epPpPUTOB NPH CHEKAHWU B PATHANHOHHBIX H
pPaaualHOHHO-TEPMUYECKHX YCIOBHAX.

HccrnenoBanus KOppeNAINM MAarHUTHBIX CBOMCTB M MHKPOCTPYKTYPHl TPOBOIIINCH Ha oOpaslax JHUTHI-
3aMemIeHHoro (eppuTa, CIEYEHHBIX B PAIHAllMOHHOM W PaJHAIlIOHHO-TEPMHYECKOM pEXHMax. PamumarmoHHO-
TEPMUYECKOE CIIeKaHHE OCYIIECTBILUIOCH OOIYYeHHEM 3arOTOBOK HMMITYJIBCHBIM ITYYKOM JJIEKTPOHOB C DHEPTHEH
(1.5-2.0) MaB, Toke myuka B mmmynsce (0.5-0.9) A, mnurensHOCTH UMMynbca obmydeHuss — 500 MKc, gactoTe
ciefoBaHus UMITysbcoB — (5-50) ', ckopocTu pasorpeBa 3arotoBok — 1000°C/muH. Criekanue B Tepmonedax (T-
CTIeKaHWe) TPOU3BOJIMIOCH B TIPEABAPHUTEIHLHO Pa30rpeToil KaMEpHOH JJIeKTpHdecko meun. B pabore mokazaHa
HE3aBUCHMOCTh MArHUTHONW WHIYKIMU OT 3epHUCTOCTH (epputa. [Ipm 3TOM KOIpUMTHUBHAS cwia OOpaTHO
NPONOPIIMOHANIbHA pa3Mepy 3€pHa W 3aBUCHT OT BHYTPU3EPEHHOW IOPUCTOCTH (EPPUTOBBIX 0Opa3LOB.
PaguanmoHHO-TEpMHUUECKOE CICKaHHWE, B OTJIMYME OT TEPMHUYECKOTO CIICKAHUS, HE TPUBOJUT K 3aXBaTy
MEK3EPEHHBIX IYCTOT PACTYIIUMH 3€pPHAMH U CIIOCOOCTBYET KOAry IS BHYTPH3EPCHHBIX TIOP.

FOpos B.M., I'onuapenxo B.U., Onewro B.C.

KyO0ThIK KeJIeMIiK-IIeHTPJIeHIeH KPUCTAJABIK TOPJIAapAbIH 0eTKi AHN30TPONHUSICHI.

[ITe63yx0B koHEe ApedreBa XYMBICHIHAA METAIIAPABIH OCTTIK YHEPTUSACHIHBIH aHHU3O0TPOIMICHIH AIIEKTPOH/IBI-
CTAaTHCTUKAJIBIK €CENTey SMIICIMEH MeTalJlaH dJICKTPOHAAPIBIH IIBIFY >KYMBICHI YIIiH Oaranay oJlici aHbIKTaJFaH.
BokapeBTiH JKYMBICHIHIA MOHOKPUCTAIIAPABIH OCETTIK OHEPTHACHIHBIH AHW30TPONMSACHI  KPHUCTAIAapABIH
KOOPAWHAIMSIIBIK OaKy MOJeNiHeH ecenTedreH. bi3 yChIHFaH SMIMPHUKAIBIK MOJEIBIE aHW30TPOINS FaHa eMec,
conbiMeH Katap Li—Cs xyleci ymrin 3-teH 27 HM-Te AeWiHTi MeTaaablH OeTKi KaOaThIHBIH KaJIbIHIBIFBl €CENTENTeH.
Byn xabar anm3oTponTsl xoHe opta ecenmen 9 (Li) - nen 27-re petiin (Cs) MoHoKaOarTapra ne. JKanmel anranna,
emmeMai a¢dekriiep R(I)=9R=R,, apa-kambIkThIKKa AciiiH Oalikanaasl, Oy Ke3ne keneMaik (aza Oactamaabl, ai
KanuineH Oacran, Crelitep OoMiibIHIIA HAaHOKYpbUIBIMAAp YyiniH ToH 100 HM 1merinen acansl. JKymbicta
9JIEKTPOHAAP/IBIH IIBIFY )KYMBICHI METAJ/IBIH OCTTIK SHEPTHSACHIHBIH ©3repYiMEH MPONOPIMOHANIBI TYP/E ©3repeTiHi
KepcerireH. byn 0i3 jkacaraH KYpBUIFBIHBI MeTayul O€TiHIH KYHIH ’XKOHE OHBIH aHU3OTPOINMSCHIH 6JjIley YIIiH
KOJITaHyFa OOaThIHIBIFBIH OLTIIpe/Ii.

FOpos B.M., I'onuapenxo B.U., Onewrxo B.C.

AHHU30TpPONHS NOBEPXHOCTH KYOUYECKUX 00beMHO-IeHTPHPOBAHHBIX KPHCTAJNIMYECKUX PellleToK.

B pabore IlleG3yxoBoii u ApedneBoif MeETOJOM 3IEKTPOHHO-CTATHCTHUECKOTO pacdeTa aHW30TPOINHU
TIOBEPXHOCTHOH 3HEPTMM METAJUIOB OMNPEAENIEH METOJ| OIEHKM Al paboThl BHIXOAA JNIEKTPOHOB M3 MeTamna. B
pabore bokapeBa aHM3OTPONMS TOBEPXHOCTHOW OSHEPTMM MOHOKPHCTAJUIOB  PacCUMTaHa M3  MOJEIH
KOOPJMHAIIMOHHOTO TUIABJICHUSI KPUCTAJUIOB. B mpeaokeHHOW HaMH 3MIMPHYECKOH MOJAENN PacCUUTHIBACTCS HE
TOJIBKO aHU30TPOIINS], HO U TOJIIMHA TIOBEPXHOCTHOTO CJIOSI MeTaJlIa, KoTopas Juist cucteMbl Li—Cs cocTasisier ot 3
JI0 27 HM. DTOT CJIO¥ aHU30TPOIIeH U coliepKUT B cpeaHeM oT 9 (Li) mo 27 monocnoes (Cs). B menom xxe pazMepHbie
a¢dextrr HabmronatoTest 1o paccrosuuit R(II)=9R=R,,, rne HaunHaercs oObeMHast (asza, KoTopasi, HauMHAs C KaJIus,
npesbiaer npenesn 100 HM, xapaktepHbIil ans HaHocTpyKTyp no Creiirepy. B pabore moxasano, uto pabora
BBIX0/1a 3JIEKTPOHOB MPONOPLUOHAIBHO U3MEHSETCA ¢ U3MEHEHUEM MOBEPXHOCTHOM SHEpruu MeTasia. DTO 3HAUUTh,
YTO pa3paboTaHHBIH HAMK MPUOOP MOXKHO HCIIOJIB30BATh JUIA M3MEPEHUSI COCTOSIHUS TIOBEPXHOCTH METaIa M €T0
AQHU30TPOIIHH.
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Kpyyunun H.IO., Kyyepenxo M.T".

KoszeHeH aca KoFapbl KUUTIKTI 3JIeKTp opiciHge MeTa/ul HaHOCHLIM OeTiHaeri moJmaM@oJuTTEPaiH
KOH(OPMALUAJIBIK KYPBLIBIMBIHBIH KalTa KYPBLIYBI.

MonexynanslK IHHAMHUKA SICIH KONAYBIMEH aJTHIH HAHOCBIMHBIH O€TiHE aIcopOuusutaHFaH MonuaMQOIUTTEPIiH
KOH(QOPMAIUSIIBIK KYPHUIBIMBIH OHBIH TOJISPJIBIFBIHBIH YaKbIT OTYIMCH aca KOFaphl KHUIUTIKIICH KOJJICHEH OarbITTa
MEPUOITH TYpHE ©3repyiMEH KalTa KYpBUIybl 3epTTeircH. [lomumentun aToMIapbl THIFBI3IBIFBIHBIH PaJIHaNIbI
Tapajaybl, COHIAi-aK OHBIH HAHOCBIM OCTiHIEeri OYpBIMTHIK Tapailybl ecenTeiareH. JKorapel TeMmepaTypaiapia
aJicopOLUsUIaHFaH  TOMHaM(OJUT TOJIMICHTH/IHIH KOH(POPMANMSUIBIK KYPBUIBIMBIHBIH ~YaKBITIIA ayBITKYJIaphl
Oadikanmel. bynm karmaiiia HAHOCHIM TOJSPJBIFBIHBIH —©3repy IEePHOIBIHBIH JKapTHICHIHIA MAaKPOTI30CKTIH
KOH(OPMAIUSICHl HAHOCBIMHBIH THIFBI3 KaNTayJaH KOH(POPMAIUSUIIBIK KYPBUIBIMFA ©3Tep/li, OH/Ia MAKPOMOJICKYIIaJIbIK
JKMEK HaHOCBIMHBIH JUIIOJIF MOMEHTI OOMBIMEH KOJIIEHEH OarbITTa CO3bIIALI. HaHOCBIMHBIH IUITONBIIK MOMEHTIHIH
TOMEH TeMIIepaTypachkl MCH MOHI Ke3iH7e acopOIisIaHFaH NoInaMOIUTTIH KUEKTEepiHiH 0epTyl OalfKanIbpl, OHBIH
OYBIHIAPBIHBIH KOl 0eiri HAHOCBIMHBIH JHIIOJIF MOMEHTIHIH OaFbIThIHA NEPIEHIUKYISAP JKOHE OHBIH OCi apKbUIBI
OTETIH Ka3bIKTHIKKA KATBHICTHI Oip »aFblHA JKBUDKBIABL. TOMEH TemIepaTypana >XKOHEe HAHOCHIMHBIH JIUITOJNb
MOMEHTIHIH JKOFaphl MOHAEPIHIEC HAHOCBIM OCTiHEH MONMaM(OIUT IMOJHIIESTITHAIHIH JeCOPOIUSICH OpPBIH aJbl.
ChIpTKBl ©picTeri YWBITKY TEOPHACH TYPiHAE MOJUaM(OIUTTIK Taycc Ti30eriHiH KOH(OPMALMSIBIK KalTa
KYPBUTYBIHBIH aHATATHKAIBIK MOJICI] YCHIHBUIFaH.

Kpyuunun H.IO., Kyuepenxo M.T.

Ilepectpoiika KOH(PpOPMAUHOHHON CTPYKTYpPHI NOJINAM(OTHTOB HA MOBEPXHOCTH METAJLIMYECKOT0
HAHOMPOBO/A B MOMEPEYHOM CBEPXBBICOKOYACTOTHOM JJIEKTPHYECKOM I0JIE.

C HCrONb30BaHUEM METOJId MOJISKYJISIPHOHM JAMHAMUKH UCCIEO0BaHa MepecTpoiika KOH(OPMALMOHHOW CTPYKTYPHI
a/ICOPOMPOBaHHBIX HA TOBEPXHOCTH 30JI0TOr0 HAHOMPOBOJA MOJUAM(OIUTOB C MEPUOJUYECKUM H3MEHEHHEM BO
BPEMEHH €ro MOJSIPHOCTH B TOIEPEYHOM HAIMPABICHHH CO CBEPXBBICOKON 4acTOTOM. PaccumTaHbl pamuanbHbIC
pacnpesienieHus IUIOTHOCTH aTOMOB MOJHMICNTHIA, a TaKkKe ero YIJIOBbIE paclpeieieHHs Ha MOBEPXHOCTH
HaHOMpoBoza. [Ipu BBICOKOIT TemmepaType HaOJIOJAINCh BPeMEHHbIE KOJeOaHusi KOH(POPMAIMOHHONH CTPYKTYPBI
a/ICOPOMPOBAHHOTO MOJAMAM(OIUTHOTO MONUIENTHIA. B 3TOM ciiydae 3a MOJOBHHY IE€pUOJA H3MEHEHHS
MOJISIPHOCTH HAHOIPOBOJA KOH(OpPMAIs MAaKpOICTU W3MEHIACh OT IUIOTHOTO OOBOJAKWUBAHHS HAHOIPOBOJA K
KOH(QOPMAIMOHHOW CTPYKTYypE, MPU KOTOPOH MaKPOMOJICKYJISIPHAS OIyIIKA BBEITSIHYTa B IIOICPCYHOM HAIMPABICHHH
BJIOJb JTUTIOJIBHOTO MOMEHTa HAHONPOBOAA. lIpM HHU3KMX Temmeparype M 3HAYCHHH JHIIOJBHOTO MOMEHTa
HAHOIIPOBO/Ia HAOIIOAAIOCh HAOyXaHKEe OMYIIKH aJCOPOMPOBAHHOTO MOIMaM(OIIUTa CO CMEIICHUEM OOJIbIICH YacTu
€ro 3BEHBEB HA OJHY CTOPOHY IO OTHOIICHHIO K IUIOCKOCTH, TMEPICHAMKYJISIPHON HANPABJICHUIO IHMIIOIHLHOIO
MOMEHTa HaHOIPOBOJIA M MPOXOSIICH yepe3 ero ock. [Ipyu HU3KO# TeMmepaType 1 BBICOKHX 3HAYCHHUSIX TUMOIBLHOTO
MOMEHTa HAHOMPOBOJA MPOUCXOHIA AECOPOIHs MOIMaM(pOIUTHOTO MOJHUIENTHA C TTOBEPXHOCTH HAaHOMPOBOJA.
IpezacraBiena aHAIMTHYIECKAsT MOJIENTb KOH(POPMAIIMOHHBIX MEPECTPOEK MONIMaM(OIUTHON rayCcCOBOM LENH B BHJE
TEOPUHU BO3MYILIEHHH 110 BHEITHEMY MOJIIO.

Kacenos F.K., Kacenosa IILF., Cazvinmaesa JX.U., Hyxynwr A., Typmybaesa M.O., Bexmypeanos X.C.,
3euinuoenos A.K., Kyanviuberos E.E., Hcabaesa M.A.

Kypambinaa cinti merangapsl 6ap ’kaHa HAHOKYPBLIBIMIBI MBIC-MBIPBIII MAHTAHUTTEPiH CHHTE3I MeH
peHTreHOrpadusiIbIK TYPFBIAAH 3epTTey.

BepiireH JKYMBICTBIH MaKCaThl - JIAHTAH MEH CUITIII METanmapiblH JKaHa HAHOKYPBUIBIMIBI MBIC-MBIPBIII
MmaHranuTrepin cuntesney. 800-1200 °C apamsirbiaga mantad (1), meic (II), mbipeimn (I1), mapranen (III)
OKCUATEpIHEH JKOHE JIMTHH, HATpPUH JKoHEe Kalui KapOOHATTapblHAH KepaMHUKAJIBIK TEXHOJIOTHS 9SiCiMEeH
LaMe',CuZnMnOg, KypaMmibl HOTHKPHCTAIABI MBIC-MBIPBIIITH MAHTAHUTTEPi CHHTE3 N, MyHaarsl Me' — Li, Na,
K. «MM301» wmapkaner «Retsch» (I'epMaHus) KOMIAHUWSCBIHBIH TepOenMeni IHipMEHIHAE CHHTE3JIENTeH
MOJMKPUCTANABl  KOCBUIBICTAPABl ~ YCAaKTay AapKbUIBI ~ ONAapAblH  HAHOKYPBUIBIMIBI  OOJIIIeKTepi  abIHJBL.
HaHOKYpBUIBIMIBI JIAHTAH JXOHE CINTUI METaNTapIblH MBIC-MBIPHIIITH MaHTAHUTTEPIHIH PEHTTeHOTpaMMaIapbliH
WHAWUIAPIICY apKbUIBI OJIapAblH KyOTHIK CHHTOHHSNA KPUCTAJIAHATHIHBI aHBIKTANAB. OJIapAblH TOp KepCceTKimTepi
agpIkTanpl. CUITIK MeTanmapIslH HOHIBIK paldyCTapblHAaH TOP KOPCETKIIITEPiHIH e3repyiHAe 3aHIBIIBIK
Oalkanabl.

Kacenos B.K., Kacenosa IILE., Cacunmaesa JK.U., Hyxynot A., Typmybaesa M.O., bexmypeanos JK.C., 3eiinudenos
A.K., Kyanvuubexos E.E., Hcabaesa M.A.

CHHTe3 W PpeHTreHorpauuecKkoe WCCIeTOBAHHE HOBBIX HAHOCTPYKTYPHPOBAHHBIX MEIHO-IIHHKOBBIX
MAHTAHHUTOB COJEPKAIIMX IIEJOYHbIE MEeTAJLIBI.

Llenb nanHOW pabOThl — CHHTE3 HOBBIX HAHOCTPYKTYPHPOBAaHHBIX MEIHO-I[MHKOBBIX MAHTaHHTOB JIAHTaHA H
MISJIOYHBIX METaIOB. MeTogoM Kepamuueckod TexHosornd u3 okcuaoB jantana (II1), memu (II), muaka (I1),
mapranna (III) wm kapOGoHaToB nmTHs, HaTpusi W Kaamsi B umaTepsane 800-1200 °C  cHHTE3MpOBAaHBI
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MOJIMKPUCTAINTNYECKHE METHO-IIMHKOBBIE MAaHTaHUTBI COCTaBa LaMe,CuZnMnO,, rne Me' — Li, Na, K.
V3menbueHneM CHHTE3MPOBAHHBIX MOJIMKPHCTAIUIMYECKHX COCAWHEHNMH Ha BUOPAIMOHHOW MEIbHUIE KOMIIAHUH
«Retsch» (I'epmanust) mapkn «MM301» mnodydeHbl MX HAHOCTPYKTYPUpPOBaHHbIE 4YacTHLBI. WMHaunmpoBaHuem
PEHTI€HOTpaMM HaHOCTPYKTYPUPOBAHHBIX MEJHO-IIMHKOBBIX MaHTAHMTOB JIaHTaHAa M INEJOYHBIX METaJUIOB
YCTaHOBIICHO, YTO, OHU KPUCTAIIM3YIOTCS B KyOWdyeckoil cuHroHmu. OrmpeneneHsl MX HapaMeTpbl pPELIETOK.
Hab0mrojaercst 3akOHOMEPHOCTh B U3MEHEHHH NTapaMETPOB PELIETKH OT HOHHBIX PaInyCOB IEIIOYHBIX METAJIOB.

Jleonos A.I1., Ycauesa T.B., Jlanynos /1.10., Boponuna H.A., 'anvyesa O.B., Pocaues A.A.

ACHHXPOH/BI KO3FAJTKBINTAPAbI MOACPHU3ANMAIAY YIHIH MOJUMEPJI 3JIeKTP OKIIayaay KyheJepiHiH KbLIy
Te3iMAiNiriH apTTHIpY.

[larsiH MaccalbIK eNIIeMAepi KaMTaMachl3 €TyiMeH Oipre acHHXPOHMABI KO3FaNTKBIIITAPABIH JKOFApbl KyaTbIH,
YHEMIUIITIH X9HE CEHIMIUTITH KaMTaMachl3 €Ty Moceleci Ka3ipri TaHga MaHBI3OBl POl aTKapaabl. ACHHXPOHJBI
KO3FANTKBIIITAPABIH KyaThIH apTTBIpy Ke3iHAe MaccarabapuTTiK KOpPCeTKIIITEepiHiH TOMEHAEYIH IIeKTeHTiH
(axropmapasiH Oipi - OKImaynay KyHeciHiH icTeH MIBIFysl Oosbim TaObimanel. COHABIKTAH AJIEKTP OKIIAyay
JKYHeNepiHiH KbI3JbIpyFa TO3IMIUINIK KIaChIHBIH JKOFapblUIayblH €CKEPE OTBIPBIN, ACHHXPOHIBI KO3FAJITKBIIITHI
xKobanay Ke3iHIEe OHBIKTHI TOJNTBIPY MaceleNepiH 3epTTey KakeT. JKYMBICTBIH MakcaTbl — MaccarabapHuTTiK
KOPCETKIIITEPAI TOMEHJETY >KOHE Opaybllll MaTepHaJbIHBIH MYMKIH OOJIaTBIH YHEMJEyiH Oarajay yIIiH opTamia
KyaTTbl aCHHXPOH[bI KO3FAITKBIIITEl MOJEPHHU3AIMSIIAY YIIIH >KOFaphl TeMIepaTypara Te3iMi MOJIUMEpIi 3JIEKTP
OKlIayyay KyHeciH »acay Oousiblnl TaObutazbl. JKyMmblc OapbICBIHIAa CTaTOP OMBIFBIHBIH TOJTHIPBUIYBIHA Taljiay
JKYPri3UIreH, 3aMaHayd OTKI3Tilll JKOHE OKIIAYJIarbllll MaTepHasap TaHAALJIbL, P TYPJi KbI3AbIpyFa TO3IMALIIK
KJIacTapblHA apHaJFaH OpTalla KyaTThl aCHHXPOHABI KO3FAJITKBIIITAPBIHA E€CENTEyJepl KYPTi3UIreH, YCHIHBIIFaH
JJIEKTp OKIIayjay >KyHWeci Heri3genreH. AIBIHFaH HOTKENEepAl Tanfay camaHblH Oenrimi Oip nmeHreitin
TOMEHJETIECTCH ACHHXPOHIbl KO3FAITKBIITAPABIH OpAybIl MaTEPHAIBIH YHEMJEY VIIIH MOJMMEpNi 3JEKTp
OKIIayJay >KyHenepiHiH KpI3AbIpyFa TO3IMIUTITIH apTTHIPy MYMKIHIIKTepiHiH OOybIH KOPCETKEH.

Jleonos A.I1., Ycauesa T.B., Jlanynos /1.1O., Boponuna H.A., F'anvyesa O.B., Pocaues A.A.

IloBbllIEeHHE HATPEBOCTOMKOCTH MOJMMEPHBIX JJI€KTPOM3OJISIMMOHHBIX CHCTEM JIISl MOJEePHU3ANUH
ACHHXPOHHBIX BUIaTeNei.

[Ipobnema oOecriedeHUsT BBICOKONW MOIIHOCTH, JKOHOMHYHOCTH W HAJC)KHOCTH OKCIUTyaTallil ACUHXPOHHBIX
JIBUTATENIeH Mpu 00SCIICUYCHUH MaJIbIX MaccorabapuTHBIX MOKa3aTeliel UrpaeT Bce Oosiee BaXHYO poib. OIMHUM W3
(hbakTOpOB, OrpaHMYMBAIONINX CHIJKCHHE MAacCOrabapuTHBIX TIOKa3aTelied MpU Hapal[MBaHUU MOIIHOCTEH
ACHHXPOHHBIX JBUTATEJCH SIBISETCS BBIXOJ H3OJIAIMOHHOW CHUCTEMBI W3 CTpos. MICXOAs W3 3TOr0 BO3HHUKAET
HE00X0IUMOCTB IPOPabOTaTh BOIIPOCHI 3aMIOTHEHUS Ma3a IPU MPOSKTUPOBAHIH ACHHXPOHHOTO JIBUTATEIA, C YIETOM
TTOBBIIICHHUS KJIACCa HArPEBOCTOMKOCTH AJIEKTPOM3OIIIIMOHHBIX crcTeM. Llenb paboTsl — pa3paboTaTh MOJTUMEPHYIO
3JIEKTPON3OIIAIIMOHHYIO CHCTEMY TOBBIIICHHOW HArpeBOCTOHMKOCTH U MOACPHHU3AIMH ACHHXPOHHOTO JBHUTATEIS
CpenHell MOIIHOCTH C IENbI0 CHIDKEHHS MacCOTa0apUTHBIX IIOKa3aTelieii W OLEHUTh BO3MOXHYIO 3KOHOMUIO
obMoTouHOrO0 Marepuasia. B xome paboThl MPOBEICH aHAW3 3alOJTHEHHS I1a3a CTaTopa, BHIOpaHBI COBPEMEHHBIC
MIPOBOJHUKOBBIE U U30JISALUOHHbIE MaTepHallbl, BBIMOJIHEHBI PACU€Thl ACHHXPOHHOTO ABUTATENS CPEeIHEH MOIIIHOCTH
Ha pa3HBIC KJIACChl HATPEBOCTOWKOCTH, OOOCHOBaHA TMpPEIUIOKEHHAS JIICKTPOM3OJAIMOHHAS CHUCTeMa. AHau3
MOJIYYEHHBIX PE3YJIbTATOB IOKA3bIBAET HAJMYME BO3MOXKHOCTEW TMOBBIIIEHUSI HAarpEBOCTOMKOCTH MOJUMEPHBIX
JJIEKTPOU3OJIAIUOHHBIX CHCTEM C IENIBI0 DKOHOMHH OOMOTOYHOTO MaTepualia aCHHXPOHHBIX JIBUTaTeNel 0e3
CHUKEHHS 3a/IaHHOTO YPOBHS KauecTBa.

Tpyouywvin A.A., [paues E.FO., Kosnos E.A., Illyeaeéa T.JK.

7Korapbl KyaTThl MUKPOTOFBICTHI PEHTIeH TYTIriH jKacay.

Bepinren >kyMbIcTa aThIC TUITI MEKPOTOFBICTHI PEHTTEH TYTITiHIH KyaThIH apTTHIPY/IBIH XKaHa 9JiCi YCHIHBIIFAaH KoHE
3epTTenreH. YCHIHBUIFAH OJIC JKbUTY KYOBIPBIH TYTIKTIH aHOMBI peTiHAEe NaijanaHy HICSICHIHA HETi3AelreH.
DNEeKTPOHIBI COyNICHIH AMaMeTpiHe XOHE BOIb(paM HBICAHACHIHBIH KAJBIHABIFBIHA OalJIaHBICTHI OCHIHIAl aHOATa
HIAlIbIpaFaH  MaKCHMAJJbl KyaT YIIIH TEOPHSJIBIK OPHEK ajlblHFaH. ¥CHIHBUIFAH TYTIKTIH KyaTbl CTaHIApTThI
KypaMaac aHOATapFa W€ TYTIKTepIiH KyaThIHAH OipHEIIe ece achlll TYCeTiHi KOpCEeTUIreH. DIeKTPCTaTHKAIBIK
TOFBICTANTyFa M€ TYTIKTIH 3J€KTPOHIBI-ONTHKAIIBIK CYJI0ACHI YCHIHBLIBII, TaJIaHFaH.

Tpyouyein A.A., paues E.IO., Kosnos E.A., Illyeaeséa T.JK.

Pa3pa6oTka MUKPO(OKYCHOI PEHTTeHOBCKOI TPYOKH BBICOKOI MOLIIHOCTH.

B Hacrosiielt pabote npeyiaraeTcst U MCCIIeyeTcs HOBBIH CrIocO0 MOBBIIICHHST MOIITHOCTH MUKPO(OKYCHOH PEHTTEeHOBCKOM
TPYOKH HPOCTPENBHOTO THMA. B 0OcHOBE mpezaraeMoro crnoco6a JIEXUT H/Es HCTIONB30BAHMS TETUIOBOH TPYObI B KadecTBe
aHoma TpyOku. IlomydeHO TeopeTwdeckoe BBIPAKEHHE MAKCHMAJIBHOW MOIIHOCTH, PAacCceMBacMON Ha TakOM aHOJE, B
3aBHCHUMOCTH OT JHaMeTpa SJIEKTPOHHOTO Jyda W TOJNIIMHBI BONb(pamMoBoi MumieHH. Iloka3aHo, YTO MOIIHOCTH
HpemIaraeMoi TpyOKM MOKET MHOTOKPATHO NPEBOCXOJWUTH MOIIHOCTh TPYOOK CO CTAaHAAPTHBIMU COCTABHBIMU aHOIAMH.
ITpemnoxeHa ¥ MPOAHATH3UPOBAHA NEKTPOHHO-ONTHUYECKAsI CXeMa TPYOKH C JIIEKTPOCTATHIECKOH (DOKYCHPOBKOH.
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Tanawesa H.K., baxmwvibexosa A.P., Caxunosa C.E., Munvkog JLJI., [lIyrowbaesa H.H., Kacumog A.P.
AliHaIMaJIbl IMJIMHPJIIK KaJaKuiajapMeH JKeJl IOHTeJIeri aifHAaJIaChbIHIaFbl aFbIH/IbI CAH/IBIK MO/IeJIbJIeY.
Makanmaga ANSYS OarmapiaMainblK KEIICHiIHIH HETi3iHJe aiHaIMalbl IMWIMHADP TYPIHAET! Kajlakmiaiapra ue >Kel
JIOHTETIeTi aifHaJTachIHIAFbl AFBIHHBII CaHABIK MOJETBACYNIH HOTIKEIepi TaaKpUIaHAAbl. AWHAIMAIBl IIAHAPIIK
KaJaKIlaiapblHa Ue JKEJI SHEPTeTHKAIBIK KOHIBIPFBIHBIH JOCTYPIi KaJaKIIadbl KOHIBIPFBUIAPMCH CANIBICTBIPFAH/IA
APTHIKIIBUIBIFEL (2-3) M/C KENJIH KbULIAMIBIFBI KE31HJEC iCKe KOCBUTY KOHE JJIKTP SHEPrHsSHBI OHIIpyAi Oacray
MYMKIiHZAIrT Oosiblll  TaObutazel. ANHaimManbel kyiene ym emmuemai Hasbe-CTokc TeHzaeylepiHe Heri3aenreH
MATEeMAaTHKAIIBIK MOJEb acanabl. COWKeCTI MeKapalblK IIApTTap TYXKBIPhIMIAIFaH. PeHHONBICTBIH KOFaphl
caHJIapbl Ke3iHJe naijga 6onaThlH TypOyJIeHTTI KYHBIHABUIAPEI 0ap >KbUIIAMABIK ©PICIHIH aiiMaKTapbl KOPCETUIreH.
KipeTiH aya arbIHBIHBIH Op TYpJi KBUIJAMIBIKTAphl KE3iHIC KYIITEp MOMEHTIHIH IIaMachlHA e IOHTeICTiHIH
AlHATYBIHBIH OYPBIIITHIK JKBIIIAMIBIFBIHBIH 9CEP €Ty I9PEKEC] aHBIKTAIIBI.

Tanawesa H.K., baxmuvibexosa A.P., Caxunosa C.E., Munvkog JILJI., [lIyrowbaesa H.-H., Kacumog A.P.

YucsaeHHoe MoeTUPOBAHNE 00TeKAHUS BETPOKOJIeCa ¢ BPAIAIOIIMMHCA MUJTMHAPUYECKUMU JIONMACTSIMU.

B crathe oOcyxmaroTcs pe3yibTaThl YHCICHHOTO MOJIEIHUPOBAHMA OOTEKaHWS BETPOKOJIECA C JIONMACTAMH B BUIC
BpAalAIOIIUXCs HWIMHIPOB Ha ocHOBE nporpammHoro komrmiekca ANSYS. [IpeumyiiecTBOM BETPOIHEPIeTUYECKOM
YCTaHOBKH C BPAIIAIONIMMHUCS WIMHAPUYCCKAMH JIOMACTSMH I10 CPaBHEHHIO C TPaIUIMOHHBIMH JIOTTACTHBIMHU
YCTaHOBKAMH SIBIISICTCS BO3MOXKHOCTB 3aITyCKa M Hadajia BIPaOOTKHU 3JICKTPOIHEPTHH PU CKOPOCTH BeTpa (2-3) m/c.
Pa3paboTana maremaTmyeckas MOJCIb Ha OCHOBE TpeXMEpHbIX ypaBHeHmid Hamre-CTokca BO Bpamiaromieiics
cucreme. ChopMyIHpPOBaHBl COOTBECTBYIOIIME TpaHWYHbIC YCIOBUS. [lokazaHel 00JacTH TONS CKOPOCTH C
TypOyJICHTHBIMH BUXPSIMH, KOTOPBIE 00pa3yroTcs Tpu O0NbIKX Ynciax PeiHonbaca. OnpeieneHa cTeneHb BIUSHUSL
YTJIIOBOM CKOPOCTH BPAIICHHS BETPOKOJIECAa Ha BEIMYMHY MOMEHTA CHJI IPH PAa3IWYHBIX CKOPOCTAX Haberaromero
BO3AYIIHOTO MTOTOKA.

bespoonviti M. K., Ocnosckuii C.A.

FuMapaTThl KbLIBITY KOHE JKENJEeTy YIIiH aya jKOHe iKepleri KbLIy COpPFbLIAPBIHBIH KOMOMHAIMSICHIH
naiixagany THiMaitiria Taugay.

Maxkanaga >KpUTy COPFBUIAPHI YIIIH €H KON TapajifaH €Ki JKbUIy Ke3JepiHiH — jKep IeH aTMoc(epaiblK ayaHBIH
KOMOMHAIMACHIH KOJAaHY THUIMIUIINT 3epTrenreH. MyHIai S>KYHEHIH epeKIeNiri - JKep JKoHE aya IKbUIy
COPFBUIAPBIHBIH Cy apKbUIBI Ti30eKTeld KOChUTYybl OoJbIn TaObutanbl. JKYHEHIH JKbUTy JKOHE MaTepHaIbIK
OayaHCTapBIHBIH TEHIEYJIEp XKYHeciHe Heri3/elireH YChIHBUIFaH KYHEeHIH MaTeMaTHKaIbIK MOJIeN skacanisl. Tannay
HOTIDKEC] TeHJIEYJep Kyikeci OOJbIN TaObUIABI, OHBIH IICHIIMI YHEPTUs THUIMAUITIHIH €Ki HETi3ri CHUIATTaMachiH,
aTam aWTKaHNIA, JKEPIiH JKbUTy aJMAaCTBIPFBINIBIHBIH CAIBICTBIPMAIIBl  KBUIY JKYKTEMECIH JKOHE IKEJJIETY
HIBIFAPBIH/IBIIAPBIHBIH KbUTY Maianany TepeH/iriHe OaiaaHbICThl )KYHEHIH JKETEeTiHe apHAIFAH CHIPTKBI )KYMBICTBIH
JKaJIIBl IOBIFBIHAAPBIH 3epTTeyre MYMKIHAIK Oepai. DHeprus MEH WHBECTHIHSIIAD YIIiH €Ki JKbUTy COPFBICHIHA He
JKBLTY JKOHE JKEJJIETY )KYHECIH maiiianaHyiaH OH HOTH)KETe aya yKOHE e YCTi JKbUTYy COPFbUIAPHI YILIH TYpICHAIPY
KO3 GUIHUEHTTEPIHIH TESH/IT] OIapThIHA COHKEC KeJIeTiH JKeNIeTy MIBIFaphIHABUIAPEIH MaliAanany TepeHIIriHae Koo
KETKi3yre OOJaThIHIBIFBI KOPCETIITEeH.

bespoonwiii M.K., Ocnoeckuii C.A.

AHanu3 3(pPeKTUBHOCTH HCNOJb30BAHHS KOMOMHAIIMH BO3IYNIHOTO M I'PYHTOBOT0 TEILUIOBHIX HACOCOB /A
OTOIUIEHUS 1 BEeHTWJISIIINY 3TaHHS.

B cratee wucchenmyercs I(PGEKTUBHOCTh HCIIONB30BAHUS KOMOWHAIIMHM JIBYX HauOoJiee pPacmpOCTPaHEHHBIX
HCTOYHHUKOB TeIUIa Ui TEIUIOBBIX HACOCOB - TPYHTa M aTtMoc(hepHOro Bo3ayxa. OCOOCHHOCTBIO TaKOW CUCTEMBI
SIBIISICTCS TTOCIICIOBATEIBHOE MOKIFOUCHHE 10 BOJIC TPYHTOBOTO M BO3AYIIHOTO TEIUIOBBIX HacocoB. Pa3zpaborana
MareMaTtuyeckas MOJeNlb NPETIOKEHHOW CHCTEMbI, OCHOBaHHAsi Ha CHUCTEME YpPaBHCHHI TEIUIOBOTO H
MaTepuanbHOro OanaHCOB CHUCTEMbI. Pe3ynbraToM aHanm3a sIBISIETCS CHUCTEMa YPaBHEHHWH, pellleHHe KOTOpOu
MO3BOJIMIIO U3YYHUTh BE OCHOBHBIE XapaKTEPUCTHKU IHEProdh(HEeKTHBHOCTH, & UMEHHO OTHOCHUTEJbHYIO TEIJIOBYIO
HArpy3Ky TpyHTOBOTO TEIUIOOOMEHHHUKA W yJelbHbIe OOIIMe 3aTpaThl BHEIIHEW pabOoThl Ul MPHUBOJA CUCTEMBI B
3aBUCHMOCTH OT TJIyOWHBI HCIOJIb30BaHHs TEIJa BEHTHJISIIMOHHBIX BBIOpOCOB. [loka3aHO, YTO MOJIOKHTENbHBIN
3¢ eKT OT UCIOIB30BAHUS CHCTEMbI OTOTJICHUS ¥ BEHTHUILILIMU C IBYMSI TEIUIOBBIMU HACOCAMM, KaK 10 SHEPTUH, TaK
U 10 HWHBECTUIUSM, MOXET OBITh JOCTUTHYT NpPU TIIYOMHE WCIOJIb30BAHUS BEHTHIISAIUMOHHBIX BHIOPOCOB,
COOTBETCTBYIOIICH YCIOBHIO PABEHCTBA KOA(PPUIIMEHTOB MpeoOpa30BaHusl I BO3AYIIHBIX H HA3€MHBIX TEILIOBBIX
HacOCOB.

Uyiicenos K.M., Caxvinog K.E., Illasixmemosa P.T., Hedyeos U.A., Aimmazambemosa M.b., Ecimceiiim A.K.
AKYCTUKAJIBIK KABUTAUUSAHBIH CYAbIH (PM3UKAJIBIK KIHE XMMHIBIK KacueTTepine acepi.

Makanaga ynbTpagbIOBICTBIK KaBUTAIIUSHBIH OCEPIHEH CYABIH HOHIBIK KYPaMBIHBIH ©3TepyiH JKCIIEPUMEHTTIK
3epTTey HOTHXKENEPi KeNTIpireH. AKYCTUKAJIBIK COyIIeNeHY IiH CyabIH (U3HKa-XUMUSUIBIK KacuerTepine acepi 20 I'iy
- 50 xI'm okwWigik JWama3oHBIHAA 3€epTTENi. YJIBTPaABIOBICTHIK JWANa3oH MeTall i37epi  alMarbIHIa
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KOHIICHTPAIIMSHBIH )KOFapbhlIayblHA OKEJIETiHI JkoHe cyAblH pH e3repyiHe ocep eTeTiHi kepceriiren. KaBuTanusHbIH
ocep ery MexaHu3Mi CyAblH KYPBUIBIMIBIK CHIATTAMAJAPbIHBIH ©3repyiHe oKenedi. Y IbTPaablObICTHIK
KaBUTALMSIHBIH JIQJICJIZICHT€H 9CepiHiH 0ipi opTYypiii KOChIMIIANap YIIiH MaijanaHblTybl MYMKIHITI KOPCETUITeH.
Ilocenos K.M., Cakunoe K.E., [llasxmemosa P.T., Heoyeos U.A., Aummacambemosa M.B., Ecumceum A.K.
Bimmsinue akycTnyeckoii kKaBuTanun Ha GU3MKO-XMMHYECKHe CBOWCTBA BOABI.

B crarpe mpezacraBieHbl pe3yJbTaThl 3KCIIEPUMEHTAIBHOTO UCCIIEA0BAHNS M3MEHEHUS] HOHHOTO COCTaBa BOJIBI 10
JICUCTBHEM YIBbTPa3ByKOBOW KaBUTAIlMM. BiMsHME aKyCTHUECKOTO HM3Iy4eHUs Ha (PU3UKO-XMMHYECKHE CBOMCTBa
BOJIBI HCCIIENOBAJIOCHh B ananazone yactor 20 I'mp - 50 xI'n. [TokazaHo, 4To yJabTpa3ByKOBOW AWAna3oH NPUBOAUT K
YBEJIMYCHUIO KOHIICHTPAIIMK B 00JIACTH CIIEI0B METaJlIa M BIHsCT HAa u3MeHeHune pH Boabl. MexaHu3M Bo3/eiicTBUS
KaBUTAI[MK TPUBOJAUT K W3MEHEHHIO CTPYKTYPHBIX XapaKTepPHCTHK BOJbl. [I0Ka3aHO, YTO OJMH M3 MPOSIBICHHBIX
3¢ HeKTOB yIbTPa3BYKOBOI KaBUTAIMH MOXKET OBITh UCIIOIb30BAH ISl PA3IUNYHBIX TPHIIOKEHHIA.

Hlaiimepoenosa K.M., Cmoes M., Cexepbaesa I'.K., bByixauposa I'.A., Ocnanosa /I.A., Tycveinbaesa A.,

Paxmanxuizer A.

OPp TYPJi KbI3AbIPY NapaMeTpJepinieri MHHepaJapAbIH Kby QU3MKAJBIK CHIIATTAMAJIaPbIH 3epTTey.
JKbuty SkoHE OJIEKTp OKMIAYJaFbllll MaTepHaljap OHIIpiCiHAe TaOWFW MHUHEpAIJapIbl 3epTTey OJapIbIH
KbLTY(DM3UKAIIBIK CHITATTaMallapblH aHBIKTAY OapbICBIHIA TOXKIPUOETIK KbI3BIFYIIBIIBIK TYABIPaasl. MUHEpaIiapAbIH
JKBUTY CHIMBIM/IBUIBIFBIHBIH ©3Tepy 3aHJBUIBIKTAphl OHIIPIC XOHE MaijanaHy XarJaiblHOA KbI3ABIPBUIFAH Ke3[e
epeKIle Ha3ap ayAapblaafbl. 3epTTey HBICAHIAphl PETiHAE BOJIACTOHHT XXOHE KBapll TaOWFW MUHEPAIIaphl
KapacTeIpsuIIbl. by MuHepaniapablH JKbUTY CHIMBIMIBUIBIFBI KaJOpPUMETPUsUIBIK onicnien 1600°C Temneparypara
JIeiH KbI3ABIPBUIFAH YII ©JIIIEeM/Ii CEHCOPJIbl JKOHE I'a3 arblHBIH aBTOMATTHI Typie OacKapyFra apHaifaH IaHelb.l
annapaTTapblHAa enmeHal. Taxipube HoTHKenepl OOMbIHIIA MHHEpanap YJTLIEpiHiH KbUTYy CHIHBIM/BUIBIFBIHBIH
TeMIIepaTypara ToyenailiK TpaduKTepl KyphlIbl.

Ulatimepoenosa K.M., Cmoes M., Cexepbaesa I' K., Byrkauposa I'.A., Ocnanosa /].A., Tycvinbaesa A.,

Paxmankuoizor A.

HccienoBanue Temjiopu3nyeckKux XapakKTepUCTHK MUHEPAJIOB NP Pa3IMYHBIX MapaMeTpax HArpeBaHUSI.
W3ydenune mpupoHBEIX MUHEPAJIOB MPH MPOU3BOJCTBE TEIUIO- M AIEKTPOU3OIIAIUOHHBIX MAaTEPUANIOB MPEICTABIACT
OCOOBI TpaKTUUCCKUI WHTEpeCc JUIs U3ydeHHs uX Termmodusmyeckux xapaktepucTuk. OcoOblii mHTEpec
MPEJCTABISACT 3aKOHOMEPHOCTH HM3MCHEHUS TEIUIOEMKOCTh MUHEPAIIOB NPU HATPCBAHWU B MPOU3BOJICTBCHHBIX H
JKCIUTYaTallMOHHBIX YCJIOBUSX. B KkauecTBe OOBEKTa HCCIICAOBAHHIA PACCMATPUBAIKNCH HPUPOIHBIC MUHEPAIBI
BOJUTACTOHUTA W KBapIa. TeIUIOeMKOCTh JaHHBIX MUHEPAIOB U3MEpsyiach B amlmapare ¢ TPEXMEPHOM CEHCOPOM H
MaHEeJIbl0 aBTOMATHUYECKOrO yNpaBjieHHs MOTOKaMHM Ta30B, Mpu HarpeBe g0 Temmeparypsl 1600 °C
KaJOPUMETPUIECKHUM MeTOIOM. I[lo SKCIepMMEHTANTbHBIM pe3ylbTaTaM IIOCTPOCHBI TpauKH 3aBUCUMOCTH
TEIUIOEMKOCTH 00pa3I0B MHHEPAJIOB OT TEMITEPATYPHI.

Typovibexos K.M., Typovibexos M.K

dyppe-Tannay 0araapiaamMajapblH NaifajaHybIMeH HoauTeTpadTop3ITHIIEHAEri 0THedi TOK KUCBIKTAPBIH
3epTTey.

JKorappl 9SHEprusuIbl HOHIAYIIBI COYJICJIICHY OCEpiHEH KeHIH NOoNMTeTpadTOpITWIEH YINIH OTHeNi TOKTHIH
9KCIIEPUMEHTTIK KHUCBHIKTaphl anbiHabl. DypheHiH ANMCKPETTI TYPJEHIIpYiHE HETI3/IeNreH CoyJeNeHipiireH
MOJIUTETPA(TOPITHIICHAETT OTNENl TOK KUCBIKTapblHAa Tanjay jxacaiusl. WudparemeH sxuinikrep aiiMarbiHIa
JMJICKTPIIIK JKYTBUTYBIHBIH KapKBIHJBI MaKCHUMYMBIHBIH Oap OOJIybl KOpPCETUIreH, OJl JAMDJIEKTPIIK OCyIiH,
JIMDJIEKTPIIIK  TYPAKTBUIBIKTHIH JKOHE IHMAJIEKTPIIK J>KOFaldy (akTOPBIHBIH IIaMalaH ThIC YIKEH MoHAEpiMeH
cunarranaabl. CoylieNieHreH MoauTeTpadTOPITHICHHIH OIpKeNKi KeJeMJIIK IOJISIPU3AIMACH TYpajbl KOPBITHIHJIBI
kacayapl. KepceTinreH XUWimK aiMarbiHIa OalKaNaThlH IMOJAPU3alNs MHKPOCKONHMSIIBIK aiMakTap MIeTiHIe
KaKIaHFa TYCKEH 3aps TaChIMaIaylIblIapIblH MUTPALIUACHIHBIH OCJICCHIIpyMEH OaiJIaHbICTHI.

Typowibexos K.M., Typovibexos M.K.

HcciienoBanne KPUBBIX MEPEXOTHOTO TOKA B MOJIUTETPAa(TOPITHIIEHE € UCNOJIb30BaHHeM mnporpamm Dypbe-
aHaju3a.

ITomyuyeHBI 3KCIIEPUMEHTANBHBIC KPHUBBIC IMEPEXOJHOTO TOKA U1 MOTUTETPa(TOPITWICHA TOCIE BO3ACHCTBUS
BBICOKOIHCPTCTUYHOTO HOHM3UPYIONMIETO H3IydeHus. [IpoBeicH aHau3 KPUBBIX MMEPEXOJHOTO TOKA B OOIYYEHHOM
noauTeTpad TOPITUIICHE HA OCHOBE TUCKPETHOTO mpeodpa3oBanus Dypre. [TokazaHo cyniecTBOBaHHE HHTEHCUBHOTO
MaKCUMyMa JTUIJICKTPUYECKOTO TIOTJIOMICHUS B 007acTH HWH(PAHU3KUX YacCTOT, KOTOPBIH XapaKTepu3yeTcs
AHOMAJIFHO OOJIBIIMMU 3HAYCHUSAMU JUAICKTPHUCCKOTO HHKPEMEHTA, TUAICKTPHICCKON MPOHUIAEMOCTH U (pakTopa
MUAJICKTPUYECKAX  ToTeph. CrenaH BBIBOJ O pPaBHOMEPHOH OOBEMHOW  TONSApPHU3AIMH  OONYYCHHOTO
nonuterpadTopaTIiieHa. Habmogaemas B yka3aHHOW OOJIAaCTH 4YacTOT IMOJISIPU3AlMsl  CBS3BIBACTCS C aKTHBALlUEH
MUTpAIMU 3aXBaYCHHBIX HA JIOBYIIKH HOCHUTEJIEH 3aps/ia B Mpeesiax MUKPOCKOIMMYECKUX 00nacTeil.
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