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Preface 3

Dear authors and readers!
Dear Colleagues!

It is already becoming a tradition to inform you about the most important achievements of the "Eurasian
Physical Technical Journal” as a peer-reviewed scientific publication indexed in the international Scopus
database, where the CiteScore 2021 is 0.7 (According to update on December 4, 2021).

On the Scimago Journal & Country Rank (SJR) platform, based on the results of materials published in
the "Eurasian Physical Technical Journal™ during period 2019 — 2020 H-index is 2!

Since January 28, 2021, the “Eurasian Physical Technical Journal” is included in the updated list of
journals recommended by the Committee in the following areas: Physics, Energy, Materials Science.

The Open Access “Eurasian Physical Technical Journalstatus provides free access to published full-text
articles in PDF format, in addition to domestic databases of electronic libraries, also on the US Santa Barbara
Librarywebsite.

This issue presents original scientific research results on topical problems of physics and technology. It
should be noted that, despite the difference in the geography of the authors, the problems being solved are
approximately the same. This is all the more valuable, since there is an opportunity to get acquainted with
the applied research methods and original results.

The Materials Science section presents the results of modeling phase equilibrium in nanoparticles of the
Si-Ge system, which are the main material of modern semiconductor electronics. The thermodynamic
interpretation of the simulation results was obtained on the basis of various mechanisms for lowering the free
energy of the system. Researchers from India, using a scanning electron microscope, the structural properties
of nickel ferrite synthesized by the co-precipitation method studied. Fourier transform infrared spectroscopy
of nickel ferrite shows the formation of a cubic structure with two significant absorption bands.

In another article researchers have studied the efficiency of using the effect of nickel doping of thin
films based on CdSe using atomic force microscopy, energy dispersive analysis and X-ray diffraction, as
well as photocatalytic tests. It has been shown that films in which the NiSe phase predominates are most
promising for use as photocatalysts. Authors from Karaganda investigated the hardness of stainless steels,
high-entropy coatings, metal glasses based on the analysis of Gibbs energy. Another paper is devoted to the
numerical modeling of the stress-strain state of the orthotropic multilayer composite material plates.

The use of renewable energy sources necessitates solving various problems, such as ensuring
sustainability when integrating them into electric power systems. The researchers from Tomsk investigated
the features of the introduction of wind power plants into the power system, taking into account the influence
of their operation on the rate of transient processes, due to a decrease in the total inertia. As another energy-
saving solution at the operating thermal power plant, it is proposed to improve the steam-jet ejector of the
condenser of steam turbines, which allows, during implementation, to obtain savings in heat consumption for
the production of electrical energy. The Engineering section offers various technical solutions. For example,
in the Russian authors paper the possibility of using hydrostatic oscillators with nonlinear power elements in
the field of mechanical tests for vibration strength and vibration resistance is shown. In the Kazakh authors
paper a method for controlling the starting mode of operation of a multi-motor electric drive of a plate
conveyor is proposed to ensure its smooth start-up and reduce dynamic loads to increase the service life of
the traction belt and to reduce maintenance costs.

The development of laser technologies determines the use of computer technologies to obtain more
detailed information about the optical properties. The authors from Nepal show the calculation of the
differential cross section using a mathematical model in the presence of a Coulomb potential and an
elliptically polarized beam with one-photon absorption. The aim of the Uzbekistan author research is to
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develop an original relativistic-invariant theory of an ideal gas. Based on the relativistic invariance of the
velocity distribution function, an equation of state for a relativistic ideal gas is obtained, which relates its
pressure, average energy density, and temperature.

In accordance with the requirements to international scientific journals, the editorial board members and
reviewers are constantly updated and replenished. In this issue we present a new member of the editorial
board - candidate of technical sciences, leading specialist of the Institute of Engineering Thermophysics of
the National Academy of Science of Ukraine (IET NASU, Kiev), Suprun Tatiana Tarasovna. Her scientific
interests associated with fundamental studies of the mechanism and patterns of transport processes in
turbulized flows. The T.T. Suprun works are devoted to the experimental study of the regularities of
convective heat transfer and hydrodynamics of elements of heat and power equipment, the development of
methods for calculating heat transfer on streamlined surfaces under complicated external conditions, typical
for the flow path of turbomachines. She has extensive experience as an executor in the implementation of
funded projects and scientific programs. Suprun T.T. participated in joint experiments with the Institute of
Theoretical and Applied Mechanics of the SB RAS (Novosibirsk), the Institute of Thermomechanics of the
Czech Academy of Sciences (Prague), actively worked on a project between the IET NASU and the Institute
of Fluid-Flow Machinery of the Polish Academy of Sciences (Gdansk).

It is known that the scientific journal quality is directly determined by the responsible work of editors
and reviewers during preparation for publication. For over 10 years, Suprun T.T. provides invaluable
assistance in improving the quality of articles in the areas of thermal physics, hydrodynamics and power
engineering. We are sure that Suprun T.T. as member of the “Eurasian Physical Technical Journal” editorial
board will to contribute to the expansion and strengthening of international cooperation in future.

We hope that the proposed scientific works will interest our readers.
I’ll be glad to see you among our authors of the next issues materials.

Best regards,
ch. editor of the “Eurasian phys. tech. j.” Saule Sakipova
December, 2021
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Various types of Si-Ge nanostructures are prepared mainly by melt growth techniques including the
zone-melting growth or the vapor-liquid-solid growth technology, however, the key role in fabrication of
polycrystalline nanoalloys now belongs to additive manufacturing including direct and selective laser
melting [9]. To control and improve those processes, the knowledge of thermodynamic properties at high
temperatures (i.e. the phase diagram of Si-Ge solutions) at the nanoscale is critically needed. In the bulk
state, pure Si and Ge and their alloys have been fairly well studied [10-12]. In nanosystems, experimental
investigations (calorimetry experiments) are extremely challenging and time-consuming to perform, but
nano-thermodynamical calculations offer a smart alternative. Despite the fact that some attempts to
theoretically predict the phase equilibria in Si-Ge nanoalloys have been made by L.H. Liang et al. [13],
S. Bajaj et al. [14] or by B. Bonham and G. Guisbiers [15] and, there are still a lot of gaps in their description
and the considered alloys remain poorly studied at the nanoscale.

In nanomaterials, the description of phase transformations and equilibria is significantly complicated
due to some specific effects. The compositions of co-existing phases and phase transition temperatures in
nanoscale systems (nanoparticles, nanodroplets etc.) depend on the size of the system [13-23], its shape [16-
19, 22] as well as on the thermodynamical properties of all interfaces [23]. In phase diagrams, the mentioned
effects can manifest themselves as significant shifts of characteristic points, shifts and deformations of
characteristic lines in comparison with phase diagrams for the bulk-state systems. The need to recalculate the
phase equilibria at the nanoscale is due to the fact that the displacements of characteristic lines and points for
nanoscale systems can exceed hundreds of degrees [13]. These effects have been observed experimentally
[24] and can be explained by a great enhancement of the surface-to-volume ratio and surface contribution to
the total energy of the system.

In order to calculate the phase equilibria at the nanoscale by thermodynamical methods, it is necessary
to minimize the total Gibbs function of the system with allowance for the contribution of all interfaces and to
analyze the configuration of its minima (see [16,20,21], for example). Despite the fact that there is a set of
papers observing the mentioned effects, the general regularities cannot be obtained from most of them at
present due to the substantial differences in the models derived and some critical gaps. For example, as far as
the authors are aware, most of the approaches lack the consideration of the dependence of phase diagrams on
the composition of the system. The model with the composition effect taken into account (with some
simplifying presuppositions) has been introduced by our group and applied to modeling the melting behavior
of nanoparticles of a tungsten heavy alloy for special applications [25] as well as the liquid-liquid phase
separation in organic and polymeric solutions in small-volume droplets and pores [26]. The calculations have
shown that, unlike bulk alloys, where a variation of the chemical composition of the system leads to changes
in the volume fraction of co-existing phases (according to the lever rule) but does not affect the mutual
solubility of components, in small-volume systems the chemical composition of the system determines not
only the volume fractions of the phases, but also their equilibrium composition. Also, the calculations have
shown an unusual effect of the significant variation of all phase equilibria characteristics depending on
mutual position of co-existing solid and liquid phases in the structure [8, 16, 19, 20, 23] while all the sets of
characteristics dramatically differ from each other and from the corresponding values for the bulk state. The
shape of the system can also be taken into account using different approaches. For example, in [8, 16, 17,
19], we have suggested a dimensionless coefficient of shape, which is equal to the ratio between the surface
areas of the figure under consideration and the sphere of the same volume.

The shape coefficient is a continuous parameter generalizing various versions of isochoric
transformations of the system, including smooth deformations. Another way to describe the complex
morphology of real particles is using the methods of fractal geometry [8, 16-19]. Formation of highly
complicated fractal-shaped structures is generic for many non-equilibrium processes [27], the morphology of
such structures is characterized by their fractal dimensions: the examples of structures with various fractal
dimensions can be found in [8, 17-19].

In the present paper, we have highly developed the approach from [25] and used it to predict the high
temperature phase equilibria for Si-Ge solid core-liquid shell nanoparticles as well as the tendencies which
characterize their deviations from the data for the bulk state. In the bulk state, the considered alloy has a low-
temperature symmetric miscibility gap at temperatures below ~266.5 K [14]. Above this temperature up to
the liquidus, the Si-Ge system exhibits continuous solubility in the solid state with a diamond structure. At
high temperatures, Si-Ge alloys have liquidus and solidus curves without a congruent melting point.
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1. A mathematical model of solid — liquid phase transitions in nanoscale particles

The system to be modeled has the form of spherical Si-Ge nanoparticles of various diameters and
compositions at temperatures above solidus. It is assumed that in phase equilibrium a nanoparticle is
consisted of a single spherical solid inclusion (core-phase) surrounded by a spherical layer of a melt (shell-
phase). In a closed binary thermodynamic system, the conservation conditions of matter are given by
Egs. (1):

nd®

__ZV], n =xn, n,+n =n, n, _Zn”,v Zn” - Z” (1)
ij

where x is the atomic fraction of Si in the whole particle; d is the diameter of the particle under
consideration; n is the total number of moles of both components in the particle; V; is the volume of phase j;
J=c, s; the indices c and s refer to the solid core- and liquid shell- phases, respectively; ni, n, and V;(T) are
the number of moles of each component n;, the number of moles of component i in phase j and the molar
volume of component i in phase j (the molar volumes are considered to be temperature-dependent in general
case), respectively; i=1,2; the indices 1 and 2 refer to Si and Ge, respectively; xij is the molar of component i
in phase j.

Temperature-dependent molar volumes of pure solid Si and Ge (thermal expansion) are expressed as
follows: V,, =11.989-exp(2.280-10° - (T —293)), V,, =13.648-exp(L.725-107° - (T —293)) [28]. For melts of
pure components: V,.=11.100 cm*/mol, V,, =12.966 cm*/mol [ibid]. The geometric characteristics of the

forming phases can be described as follows: A, :4n(3VC/4n)%, A =nd® where A. are A are the surface

areas of the core- and shell-phases, respectively.

A criterion for whether the system is at equilibrium is a minimum of its Gibbs function with allowance
of all interfaces: g =(n, +n,. )G, (%.,T)+ (N, +n,)G, (%, T)+0,A +0,A , Where o, o, are the surface
energies on the outer (-shell) and internal (core-shell) boundaries. G_(x,.,T) and G,(x,,T) are the molar

Gibbs functions of solid and liquid Si-Ge solutions with compositions xy; at temperature T, respectively.
As the authors of [10] have shown, the Si-Ge system can be described by the model of a regular solid
solution:

Gs (Xls’T) =RT (Xls In X5 + (l_ Xls)ln(l_ Xls)) +Qs (rs)xls(l_ Xls)!
G ( lc’T) = RT(ch In X +(1—X16)|n(1—X1 ))+Qc(rc)xlc(1_xlc) +

e H((;)(r Toa(0) + (- %) o2 (k) H(“))(T— T,(r)

where R is the ideal gas constant; €, (r;)are the regular solid solution parameters for liquid and solid

()

phases, each parameter depends on the characteristic size r; of the considered phase (on the radius of the
solid core-phase r and the thickness of the liquid layer which forms the shell-phase rs; both rc and rs can be
obtained from the given Egs. after some simple transformations); A H,(r,) and T,(r.,) are the size-

dependent melting enthalpies and melting points of pure Si and Ge.
Size-dependent regular solution parametersQ (r;), melting enthalpies A H,(r,) and melting points

T.(r) as well as melting entropies A,S;(r.)=A,H,(r.)/T.(r.) can be calculated within various
approaches; in this report, we use simple equations obtained by L.H. Liang et al. [13,18]:

r N _ _ 25 &
Amsi(rc)=Amsi{1—[;i 1} }Tmi(fc)—TmiweXp(sR( /3 1)} Pln)=e, (1 nJ ©

where S, are the “literature” melting entropies and melting points for pure Si and Ge in the bulk state;

oo 1 mioo

Q,, are the regular solid solution parameters for solid and liquid phases in the bulk state; a; is the
characteristic size of the crystal structure of a pure component; in calculations below, a; is considered to be
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equal to 6 atomic radii [13]. According to a remark made in [13], we use in our calculations the atomic
radius of Si  which is  higher than the one of Ge. For  pure  Si:
T..= 1693 K, A,S, = 2941 J/(mol-K), ai = 132 pm; for pure Ge: T, = 1210 K,

mleo m2o0

A,S,, = 20.57 J/(mol - K), a2=122.5 pm. Q__ = 3500 J/mol, Q. = 6500 J/mol [25].

Surface energy o’ (X) of Si-Ge liquid solutions as a function of composition x is obtained in [11]. The
dependence is close to a linear one and can be approximated by the following relation:

6"’ (X)=0,"'X+0; (1—X) where x is the molar fraction of Si, 6V u o5" are the surface energies of pure Si

and Ge melts at the considered temperature. A similar equation is used for calculation of surface energies of

Si-Ge solid solutions: 6" (X)=0;'X+0; (1-X). At crystal — melt interfaces, surface energies can be

obtained from the simplified Girifalco-Good equation in the form which has been previously used by the
authors of [29]: 6™ =c* —c"".

Temperature dependences of surface energies for pure Si and Ge are calculated from the following
linear equations (see Refs. [18, 28]): ;' =0.865-1.3-10"(T —1637), o," =0.587-1.05-10"*(T —1211.5)

, 0y =1.081-1.3-10*(T -1637), o, =0.737-1.05-10"(T -1211.5).

In the bulk state, where the surface contribution to the total energy of the system is negligible, the phase
equilibria calculated by finding the minima of the Gibbs function (Eqgn. 2) (see Figs. 1-3), demonstrate a
good agreement with the reference data [10].

2. Results and discussion

In the bulk state of a material, the only, single set of compositions of co-existing liquid and solid phases
at a given temperature correspond to all possible compositions of the system (x). The composition of the
system determines only the molar fraction of each phase directly according to the lever rule. However, the
phase equilibria characteristics of nanoscale particles calculated by minimizing the Gibbs function (and
plotted in Figs. 1-5) demonstrate a fundamentally different behavior in comparison with the one of the
system in the bulk state. In particular, for each composition of the system (x), there is a unique set of
equilibrium compositions of liquid and solid phases (see Figs. 1-3 for nanoparticles containing 25, 50 and
75 at.% Si, respectively). In each figure, the lower horizontal dashed line corresponds to the maximum
temperature at which a nanoparticle of the given composition remains entirely solid (“nano-solidus™). The
upper horizontal dashed line, in turn, corresponds to the minimum temperature at which a nanoparticle is still
entirely liquid (“nano-liquidus”). At temperatures higher than “nano-liquidus” and lower than “nano-
solidus”, a minimum of the Gibbs function corresponding to a heterogeneous state does not exist.

z = 0.25, liquid phase z = 0.25, solid phase

1,450 1,450

— ¢ — bulk
bulk entirely liquid nanoparticlg o
——40 nm ) — 40 nm

1,400

entirely liquid nanopartigte

1.400

w2 1,350 s 1,350
I &~
1,300 1,300
1.250 entirely solid nanoparticle 1.250 entirely solid nanoparticle
0 5.10-2 0.1 0.15 0.2 0.25 0.2 0.3 0.4 0.5 0.6
Is; Isi
a b

Fig.1. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 25% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.
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At every composition of a nanoparticle and every temperature within the heterogeneous region, the
solid phase is richer in Si than the one of the bulk system. The character of deviations of the composition of
the liquid phase from the values for the bulk-state material differs depending on the temperature. At high
temperatures near the “nano-liquidus”, the atomic fraction of Si in a nanoparticle is higher than in the bulk
state while at low temperatures near “nano-solidus”, vice versa, the liquid phase is less rich in Si than such a
phase in the bulk-state system. In details, this feature is illustrated in Fig. 4 where the composition of the
liquid phase for equiatomic nanoparticles is plotted as a function of nanoparticle diameter at T=1400 (left)
and T=1500 (right).

z = 0.5, liquid phase z= 0.5, solid phase

1,550 E 1,550
bulk entirely liquid nanoparticlg bulk entirely liquid nanopart
—— 40 nm ' —— 40 nm :
1,500 1,500
v oo =
= = 1,450
&5 1,450 2
1,400
1,400
entirely solid nanoparticle 1.350 entirely solid nanoparticle
1,350
0.1 0.2 0.3 0.4 0.5 05 055 06 065 07 075 08
Is; Isi
a b

Fig. 2. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 50% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.

z = 0.75, liqguid phase z = 0.75, solid phase
1,620
— bulk — bulk
_— —— 40 nm entirely liquid fanoparticle
S nm entirely liquid nanopartic, 1,600 I

1,600
__________________________ 1,580
~ 4
&~ &~
1,560
1,650 f———— === e
entirely solid nanoparticle 1,540 entirely solid nanoparticle
1,500 1,520 -
045 05 055 06 065 07 0.75 0.77 0.8 0.83 0.86 0.89 0.92
ISi Is;
a b

Fig. 3. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 75% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.

As shown in Figs. 1-3, a decrease in the size of a particle leads to a decrease in the temperature range in
which the system remains in the two-phase state. At every composition, the “nano-liquidus” of a 40-nm-
diameter nanoparticle lies much below the corresponding point of the bulk liquidus line (see Fig. 5). The
“nano-solidus” for all compositions considered is higher than its macroscopic analogue; the value of a
temperature shift is equal to several dozens of degrees (such effect has also appeared in some previous
calculations [25] where multiple simplifying presuppositions have been introduced).
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T=1400 K T=1500 K

B L R e
0.1 0.42%

0.18

h %04

Xgi
X

0.17

0.38 Foccccmcccccccccccccceeeeeo Y
0.16

100 200 300 100 500 100 200 300 100 500

d,nm d,nm
a b
Fig. 4. Size-dependent compositions of the liquid phase (red solid lines) at T=1400 K (left) and T=1500 K (right) in
comparison with the values for the bulk system (black dashed line).

1,700
1,600 "
e 1,500 o7

1,400 o

1,300 [ - .

1,200

0 0.2 0.4 0.6 0.8 1
Fig. 5. “Nano-liquidus” and “nano-solidus” temperatures for nanoparticles of various compositions: 25 at.% Si
(squares), 50 at.% Si (rounds), 75 at.% Si (triangles). At room temperature, the particle diameter is equal to 40 nm.
Empty and filled markers correspond to liquidus and solidus temperatures, respectively. The phase diagram for the
bulk-state material is plotted with a black dashed line.

The narrowing of the heterogeneous region for nanoparticle is caused by a great enhancement of the
surface contribution to the Gibbs function of the system which makes remaining homogeneous without
formation of an inner interface at temperatures near liquidus and solidus values for the bulk-state system
thermodynamically more favorable. The changes in compositions of liquid and solid phases within the
heterogeneous region can also be explained by the tendency to reduce the contribution of the surface energy
which can possibly be realized [17,18,25,26]: (1) as a result of an increase in the total volume fraction of the
melt, which is accompanied by a reduction in the inner surface area; (2) as a result of an increase in the
content of the component with a higher molar volume (Ge) in the liquid phase, which is also accompanied by
a reduction in the inner surface area; (3) as a result of an increase in the content of a lower surface energy
component (Ge) in the melt, which leads to a decrease in the surface energy of the outer boundary (surface
energies on the inner interface are always much lower than on the outer one [29]).

The performed simulation shows that in nanoparticles containing 50 and 75 at. % Si at low temperatures
near “nano-liquidus”, all the three mechanisms are implemented. For example, in a nanoparticle containing
75 at. % Si at T=1555 K, a decrease in diameter from 100 nm down to 40 nm is accompanied with an
increase of the volume fraction of the liquid phase from ~19 to ~23 vol. % and a slight increase in Ge content
in the liquid phase. In an equiatomic nanoparticle of 40 nm in diameter at 1400 K, there is a similar trend: the
volume fraction of the melt is about ~18 vol. % in comparison with the value of ~14 vol. % for a 100-nm-
diameter nanoparticle, and the atomic fraction of molten Ge in the liquid phase is higher for smaller particle
than for larger ones.
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At the same time in nanoparticles with 50 and 75 at. % Si at high temperatures near “nano-solidus” and
in Ge-rich nanoparticles (25 at. % Si) throughout the temperature region, mechanism 1 prevails (so the phase
re-distribution is “volume-controlled”). For example, in a nanoparticle containing 75 at. % Si at T=1585 K,
while the diameter decreases from 100 nm to 40 nm, the volume fraction of the melt dramatically increases
from ~46 to ~62 vol. % and the atomic fraction of Ge in the liquid phase drops from ~36 down to 32 at. %.
In the case of an equatomic nanoparticle at T=1500 K, the volume fractions of the liquid phase are equal to
~68 and ~76 vol. % for 100-nm-diameter and 40-nm-diameter particles, respectively, while Ge contents in
the melt are ~65 and ~58 at. %, respectively. Finally, in a nanoparticle with 25 at. % Si at T=1277.5 K, the
volume fraction of the liquid shell-phase grows from ~9 up to ~15 vol. % with reducing the size from 50 nm
to 40 nm. At the same time, it is accompanied by a slight decrease in the atomic fraction of Ge in the liquid
phase. At T=1390 K, when the particle size reduces from 100 nm to
40 nm, an increase in the volume fraction of the melt and a decrease in Ge content in the liquid phase also
show up: from ~82 to ~88 vol. % and from ~81 to ~79 at. %, respectively.

A decrease in particle diameters down to smaller values leads to more significant deviations (than the
ones presented in Figs. 1-5) of equilibrium compositions and volumes of co-existing phases from the
reference data for the bulk-state material. Note that for particles of a smaller size, surface tensions can
become size-dependent, at very small sizes, the basic concepts of thermodynamics could hardly be applied
and even the difference between solid and liquids states vanishes [30]. Modeling of such small systems
requires using some other approaches (see [31], for example). Note that despite the fact the term “nanoscale
effects” is widely used, there is a broad class of systems, especially polymeric ones, with great molecular
volumes and masses, in which such effects manifest themselves at characteristic sizes even several thousand
times higher [20,26] (and such effects should probably be called “small-amounts-of-matter effects”). In
addition to this, high surface-to-volume ratios can be obtained not only in nanoparticle materials but also in
mesoporous ones while the morphology of pores also influences the characteristics of phase transitions
including the magnetic ones [32].

The spherical geometry of considered particles is also an idealization. A spherical particle of a given
volume has the minimal surface area, taking into account more complicated morphologies [8,17-19] leads to
an additional increase in the surface contribution to the total Gibbs function and some more significant shifts
of characteristic points in the “phase diagram”. As noted above, the shape of considered particle can be
considered using one dimensionless parameter such as a coefficient of shape [8,16,17,19] or a fractal
dimension [8,16-19] and requires minor changes of the Eqs. above. It is necessary to mention that the
configuration of the interface between co-existing phases changes during the initial stages of melting, so the
introduced shape parameter needs to be temperature-dependent [18]. In the general case, the specification of
phase properties of a nanosystem without detailed and precise information on its size, shape, initial
composition and some other properties is almost incorrect. In description of nanoobjects, the well-known
concepts such as “phase diagram”, “liquidus”, “solidus” obtain new meanings. The suggested model can
easily be applied to the description of the melting behavior in systems of other chemical compositions
including three- and polycomponent ones while the appropriate solution model and its coefficients as well as
material constants (e.g. surface free energies and their temperature and composition dependence, molar
volumes and their temperature dependence etc) are required for simulations. The similar effects in systems
with another nature of phase transitions (e.g. nanoparticles of stratifying solid solutions, stratifying liquid
solutions in small-volume droplets and pores) can also be described using a model which is quite different in
mathematical formulations but shares the same thermodynamical basis (see [17,20,26] for details).

In the case of nanoparticle ensembles containing particles with different morphology characteristics,
the average phase composition and functional properties depend on the size and shape distributions in an
ensemble. In [33], we have suggested a method for calculating such distributions based on the combined
usage of number theory (including the derivations of G.H. Hardy and S. Ramanujan on the theory of
partitions), fractal geometry and statistical thermodynamics. For example, the equilibrium size distributions
for nanoparticles with fractal dimension D in a free-dispersed system can be expressed as follows:

fD(¢p,D,N)~exp(_GAsp(D);TRTlnfp]’ fpzNEI¢ exp{n[g(N—¢p)_@J}, (4)
p
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as coercivity and retentivity. The temperature of annealing is chosen keeping all these aspects and as per our
previous work [21].The schematic diagram of synthesis is shown in Fig. 1. Structural characterization of the
nickel ferrite powder was carried out on Philips X ray diffractometer (XRD), with Cu Ka radiation of
wavelength 0.154nm. FTIR spectral analysis of sample was carried out in the wave numbers range between
400 cm™ to 4000cm™,
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Fig.1. Schematic diagram of synthesis of characterization ferrite samples.

2. Results and discussion
2.1 X-Ray Diffraction Analysis

X-Ray Diffraction Analysis (XRD) pattern of synthesized NiFe,Ox is shown in Fig.2. Indexing of the
peaks in XRD pattern is done by JCPDS card no.10-0325.Analysis of XRD pattern using Bragg’s reflection
planes (220),(311),(222),(400),(511)and (440) indicates the formation of cubic spinel structure. Interplanar
spacing is calculated using Bragg’s equation [17-18]

n= 2dsin, 1)

where ‘n’ is order of diffraction, A wavelength of x rays(0.154nm) and ‘d’ is interplanar spacing. For cubic
spinel structure, interplanar spacing in terms of Miller indices is given by the equation

d=a/V(h?+k?+1%) nm (2)
Interplanar spacing ‘d’ and lattice constant ‘a’are calculated with corresponding (hkl)values and are
tabulated in table 1.

Table 1. Interplanar spacing and lattice constant.

(hkT) Angle d(calculated) d(observed) Lattice constant(a) (A)
(26) (A) (A)
(220) 30.31 2.950 2.949 8.341
(311) 35.65 2.518 2.518 8.352
(222) 37.36 2.410 2.407 8.338
(400) 43.41 2.087 2.085 8.338
(511) 57.27 1.605 1.609 8.358
(440) 62.92 1.475 1.477 8.355

Lattice constant a = 8.347 (A)
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The calculated and observed values of ‘d” are in good agreement for all the peaks. The deviation from
the perfect crystallinity results into broadening of the diffraction peaks. In X-ray diffraction the formula
which relates the crystallite size to the broadening of a peak in diffraction pattern is Debye-Scherrer’s
formula which is given by the equation

D =0.9M/(p cosh), (3)

where D is average crystallite size, A wavelength of incident X-ray and B angular line width of half
maximum intensity(FWHM).

311
1000 Al

Nickel Ferrite

Intensity
o ©
g 8

'y

o

o
1

N

=3

o
1

10 20 30 40 50 60 70 80 90
Angle (2 Theta)

Fig.2.XRD pattern of NiFe,O4 nanoparticles

Dislocation density (o) is defined as ratio of length of the dislocation lines the unit volume of the
crystal, which represents the amount of defects in the sample and is calculated using equation (4)

$=1/D? 4)

The microstrain is defined as the deformation of an object divided by its effective length and is
represented by ‘g’

€ =pcoso/4 (5)
X-ray density (dx) and lattice constant ‘a’ are related by the following expression
dx = 8M/Nad®, (6)

where Na is Avogadro number, M is the molecular weight of the nano nickel ferrite.
The distance between magnetic ions (hopping length) in tetrahedral A site (La) and octahedral B site
(Lg) were calculated using the following relations

La= aﬁandLB = aﬁ, @)
4 4
where ‘a’ is lattice constant.

The calculated values of crystallite size (D), lattice constant (a), unit cell volume(V), dislocation
density(d), microstrain (&), hopping lengths La and Lg and X-ray density (dx) of NiFe;Ogparticles are
tabulated in Table 2.

The size-strain broadening are additive components of the total breadth of a Bragg peak [22]. The
distinct 0 dependencies laid the basis for the separation of size and strain broadening in the analysis of
Williamson and hall. The W-H plots are plotted using Eq.8 are plotted in Fig.3a.

P €C0SO = %+4gsin 7 (8)
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Table 2.Crystallite size, lattice constant, unit cell volume, dislocation density, microstrain (&) hopping lengths (La
and Lg) and X-ray density.

Crystallite Size (D) (A) 182
Lattice constant (a) (A) 8.347
Volume (a%) (A%) 581
Dislocation density (8)(m?) 3.72x 101
Microstrain (&) (m?) 2.06 x 1073
Hopping Length (A) La=3.614 Lg =2.951
X-ray density(dx) (g/cm?) 5.353

Williamson-Hall (WH) and Size Strain Plot (SSP).
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Fig.3. (a) WH plots and (b) Size strain plots of NiFe,O, ferrite
The evaluation of the SSP parameters are obtained by considering peaks in intermediate range. This
gives less weight to data from high angle reflections where the precision is usually less. The SSP plots are
shown in Fig.3b which is plotted using Eq.9. [23].

(dyya B COSO)* = % (d B €OS0) + (%) (9)

Table.3 Crystallite size, micro strain and using W-H plots, SSP.

Crystallite size (in A) Micro strain (g x 107%)

From W-H graph From SSP graph Micro strain e=slope/4,(WH) Micro strain e=2*sqrt (intercept), (SSP)

234 134 1.54 16.60

2.2 Scanning Electron Microscope (SEM) analysis

The SEM image of NiFe,Osnano particles is shown in Fig.4. The particles are observed to be granular
in shape and the size of particles lies in the range of 300-400 nm size. The particles show uniformity in size
and showing partial agglomeration.

2.3 Fourier Transform Infrared (FTIR) Studies

Fig.5 shows the Fourier Transform Infrared (FTIR) spectrum of NiFe;Oa.

Waldron [24] observed that both absorption bands of ferrites are due to the familiar tetrahedral
octahedral M-O stretching vibration modes. The spectrum of NiFe,O, ferrite under investigation reveals the
formation of a cubic spinel structure showing two significant absorption bands, at 532 cm™ and around 414
cm corresponding to high frequency band viand low frequency band v-arising from tetrahedral (A) and
octahedral (B) interstitial sites respectively [25].
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Conclusion

The spinel NiFe,O4 ferrite has been synthesized by Co- precipitation method. X-ray diffraction (XRD)
pattern confirms the formation of cubic spinel structure with lattice constant 8.347A.The crystalline size of
the sample is observed to be 182A (Debye-Scherrer method). The SEM images show grain of bead structures
with size in the range 300-400 nm. The grains observed to be uniform in size but partially agglomerated. The
two bands in FTIR spectra are observed at 532 cm™ and 414 cm™confirming the tetrahedral and octahedral
interstitial sites.
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One of the promising methods for producing thin films is the method of electrochemical reduction of
metal ions from aqueous solutions of electrolytes, which makes it possible to obtain films with a controlled
thickness, as well as a controlled phase and elemental composition [23-25]. At the same time, this method
makes it possible to quite effectively carry out various modifications of films by adding various metal salts to
the electrolyte solution, which are reduced on the substrate in the case of creating an applied potential
difference. In turn, varying the difference between the applied potentials leads to the possibility of
controlling both the thickness of the films and the concentration of recovered metal ions by changing their
recovery potentials [26-30]. In this regard, the most urgent research is to assess the possibility of using the
method of electrochemical synthesis of thin CdSe films from aqueous solutions of electrolytes with the
addition of nickel salts to them to obtain solid solutions of substitution or interstitiality. Based on the above,
the purpose of this work is to study the effect of the applied potential difference during the electrochemical
reduction of metal ions from aqueous solutions on the change in the phase composition and structural
parameters of CdSe films doped with nickel. The resulting films were also used as a basis for photocatalytic
decomposition of the organic dye V.

1. Experimental part

The electrolyte solution used for the synthesis of thin films was obtained by dissolving the following
salts in an aqueous solution in a given molar ratio: 0.5 M CdSQO4, 0.5 M SeO;, 0.5 M NiSQ4-7H20. Varying
the deposition potentials in the range from 1.0 V to 1.5 V was used to obtain films of various phase
compositions. Determination of the phase composition and crystal lattice parameters was assessed by
analyzing X-ray diffraction patterns obtained with a D8 Advance ECO X-ray diffractometer, Bruker. The X-
ray diffraction patterns were recorded in the Bragg-Brentano geometry in the angular range 26=35-75°, with
a step of 0.03, the spectrum acquisition time was 1 sec. To calculate the crystallographic parameters, the
DiffracEVA v.4.2 and TOPAS v.4 software codes were used. The phase composition was refined using the
method of full-profile analysis of the positions of the diffraction maxima and their comparison with the
reference values from the PDF2-2016 database.

The band gap and optical characteristics were determined using the UV-Vis transmission spectrum
analysis technique obtained on the Jena Specord-250 BU optical spectrometer.

The determination of the electrophysical characteristics and the dynamics of changes in the | —V curves
depending on the conditions for the synthesis of thin films was carried out in the range of -1.0 V to 1.0 V
using the four-contact shooting method. The measurements were monitored using an Agilent 34410A
multimeter with a Hewlett Packard 66312 A power supply.

The study of the efficiency of doping thin films with nickel on the decomposition rate of the organic
catalyst Rhodamine B was evaluated by carrying out a model experiment of the photocatalytic reaction under
the action of ultraviolet light. Rhodamine B (30 ml) diluted in distilled water was used as a model solution. A
500 W xenon lamp with a 420 nm light filter was used as an ultraviolet source. The rate of the photocatalytic
decomposition reaction was estimated by measuring the absorption curves and determining the optical
density by UV-Vis spectroscopy in a given wavelength range of 400-700 nm.

2. Results and discussion

Table 1 shows the results of changes in elemental analysis for the studied films obtained under various
synthesis conditions. The determination of elemental analysis was carried out by analyzing the obtained
energy-dispersive spectra from different areas of the samples under study and then calculating the average
values. Determination of the elements distribution isotropy in the structure was evaluated by obtaining maps
of the elements distribution using the mapping method in energy-dispersive analysis. According to the
obtained data of the maps of the distribution of elements, it was found that the distribution of elements in the
structure is isotropic, without any visible areas with a higher or lower content of elements, which indicates
the uniformity of the deposition of elements and the formation of stable structural elements. According to the
elemental analysis data, an increase in the potential difference from 1.0 to 1.5 V leads to an increase in the
concentration of deposited nickel in the structure of the films from 11.5 at. % up to 26.2 and 34.6 at. % for
samples obtained at potential differences of 1.0 V, 1.25 V, and 1.5 V, respectively.

The determination of the phase composition and the change in its dynamics depending on the
preparation conditions was carried out on the basis of the analysis of X-ray diffraction patterns obtained in
the angular range 20=35-75°. The general view of the obtained diffraction patterns indicates the



22 I1SSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.4 (38)

polycrystalline structure of the obtained films with a low degree of structural ordering and a high content of
amorphous-like inclusions in the structure of the films.

Table 1. Elemental composition data for the synthesized films

Applied potential difference, V Cd, at. w. % Se, at. w. % Ni, at.w. %
1.0 43.24+1.3 45.3+2.1 11.5+0.9
1.25 37.5£1.6 36.3£1.4 26.2+1.3
15 34.24+1.1 31.2+1.6 34.6+1.7

This nature of X-ray diffraction patterns is characteristic of cadmium-selenium-based structures
obtained by electrochemical deposition in the range of potential differences of 1.0-1.5 V, characteristic of the
production of amorphous films [Fig.1]. According to the obtained X-ray diffraction data, peaks characteristic
of two different phases are present on diffraction patterns. According to the data of the Rietveld full-profile
analysis method, these reflections are characteristic for the following phases: the hexagonal CdSe phase with
the spatial system P63mc (186) and the orthorhombic NiSe phase with the spatial system R3m(160). The
distorted shape of these diffraction lines, as well as their large half-widths, indicate that the structure of the
films contains rather fine grains, with a strongly distorted and deformed shape.
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Fig.1. X-ray diffraction patterns of the synthesized films obtained at different potential differences:
1)1.0V;2)1.25V;3) 1.5V

Estimating the contributions of two phases depending on the applied potential difference, the
dependence of the change in the phase composition of the films was plotted, which is shown in Figure 2. In
the case of samples obtained at a potential difference of 1.0 V, the NiSe:CdSe phase ratio is approximately
3:1. An increase in the applied potential difference, which leads to an increase in the concentration of nickel
in the structure of the films, leads to an increase in the contribution of the NiSe phase, and to a change in the
phase ratio. The increase in the contribution of the NiSe phase is due to the fact that with an increase in the
applied potential difference, the rate of recovery of nickel ions from agueous solutions of electrolytes
becomes higher, as it approaches the value of the nickel reduction potential, as a result of which cadmium is
partially replaced in the structure of the CdSe phase with the subsequent formation of a new NiSe phase. In
this case, an increase in the potential difference leads not only to an increase in the contribution of the NiSe
phase, but also to an increase in the structural ordering degree, which is expressed in a change in the shape
and width of diffraction peaks characteristic of both phases.

Table 2 shows the results of changes in the crystal lattice parameters depending on the synthesis
conditions at various potential differences. As can be seen from the data presented, a change in the applied
potential difference leads to a decrease in the crystal lattice parameters and its volume, which indicates an
increase in the structure ordering during the synthesis, as well as a decrease in the deformation contributions.
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Fig.2. Diagram of changes in the films phase composition depending on the applied potential difference

It should be noted that a change in the phase composition, leading to the displacement of the hexagonal
CdSe phase, also leads to an increase in the crystallinity degree by 7.6 % and 12.3 % for the samples
obtained at a potential difference of 1.25 V and 1.5 V, respectively. This behavior of changes in the
structural ordering degree indicates an improvement in the structure, as well as the formation of a denser
lattice and a decrease in porous inclusions, which is also evidenced by a decrease in the volume of the crystal
lattice and, consequently, an increase in density.

Table 2. Crystalline parameter data

Applied potential Phase Crystal lattice parameter, Crystallinity
difference, V A degree, %
CdSe-Hexagonal, a=4.23132, ¢=6.91710, 67.4
10 P63mc(186) V=107.25 A3
' NiSe — Rhombo.H.axes a=9.99234, ¢=3.30785,
R3m(160) V=286.03 A3
CdSe-Hexagonal, a=4.21224, ¢=6.91452, 75.0
195 P63mc(186) V=106.29A3
NiSe — Rhombo.H.axes a=10.03348, ¢=3.31598,
R3m(160) V=289.01 A3
CdSe-Hexagonal, a=4.19159, ¢=6.90489, 79.7
L5 P63mc(186) V=105.06 A3
NiSe — Rhombo.H.axes a=10.05905, ¢=3.31953,
R3m(160) V=290.88 A3

Figure 3 shows the results of changes in the morphological features of the surface relief of the films
synthesized under different conditions. The general view of the changes indicates that an increase in the
potential difference leads to a change in both the grain size and their concentration and agglomeration on the
surface, which is primarily associated with a change in the grain formation rate, as well as a change in the

phase composition and structural ordering degree.

Figure 4 shows the results of changes in the roughness and microhardness of the synthesized films
depending on the applied potential difference during deposition. The roughness results were obtained by
analyzing the images of the film surface obtained using atomic force microscopy.
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a) b) c)
Fig.3. 3D images of morphological features of synthesized films: a) 1.0 V; b) 1.25 V; ¢) 1.5V

An increase in the applied potential difference from 1.0 to 1.25 V, as can be seen from the presented
data, leads to an insignificant increase in the roughness degree from 11 nm to 26 nm. This increase is due to
a change in the size of the grains of which the film consists due to their enlargement. At the same time, an
increase in the applied potential difference to 1.5 V leads to an increase in the roughness degree by more
than a factor of 5 compared with the analogous value for the samples obtained with an applied potential
difference of 1.0 V. At the same time, the analysis of changes in morphological features showed that changes
in the synthesis conditions lead not only to enlargement of grains and, consequently, to an increase in the
degree of roughness, but also to an increase in the degree of grain size uniformity.

So, at a potential difference of 1.0 V, the grain sizes, according to atomic force microscopy data, are no
more than 5-10 nm, while the formation of single grains, the size of which is several tens of nanometers, is
observed. An increase in the applied potential difference to 1.25 V leads to an increase in the grain size to
20-30 nm, as well as a decrease in the number of single large grains. At an applied potential difference of 1.5
V, the grain sizes increase to 50-70 nm, while the formation of large single grains in the films structure is
practically not observed, which indicates an increase in the homogeneity of the films.
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Fig.4. Graph of change of roughness and microhardness of synthesized films depending on the applied potential
difference

The results presented of the change in the films microhardness depending on the preparation conditions
indicate that a change in both morphological features, due to the coarsening of grains and an increase in the
crystallinity degree, leads to an increase in the strength and hardness of the films. This behavior of changes
in strength characteristics is due to the porosity decrease processes and the disordering regions content
decrease in the films structure. In this case, a change in the potential difference to 1.25 V and 1.5 V leads to
an increase in hardness by 17.2 % and 73.1 % in comparison to the samples obtained at a potential difference
of 1.0 V. Figure 5 shows the results of the change in the graphs of the I-V characteristics of the studied thin
films, filmed in the range from -1.0 to 1.0 V, which are characterized by the presence of two sections of the
I-V characteristic, obeying the ohmic nature (-1.0 to 0) V and the quadratic dependence of the I-V
characteristic (from 0 to 1.0 V). As is known, the quadratic dependence of the change in the I — V
characteristic is most characteristic of semiconductor compounds and is characterized by a limited filling of
electron traps, which leads to a sharp increase in conductivity. The analysis of the dependences obtained for
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the structures under study showed that an increase in the NiSe phase contribution and the structural ordering
degree leads to an increase in the conductivity and a decrease in the resistance. The increase in conductivity
is also due to a decrease in the concentration of amorphous inclusions in the structure of the films, as well as
to an increase in the grain size, which is accompanied by a decrease in the dislocation density and defect
structure.
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Fig.5. I -V characteristics of synthesized films depending on preparation conditions

Figure 6 shows the results of the change in the fundamental absorption edge shift value in the energy
representation, which makes it possible to determine the band gap, as well as its changes depending on the
phase composition of the films. The general view of changes in the fundamental absorption edge indicates
that a change in the phase composition leads to a shift of the edge to the low-energy region, which indicates a
decrease in the band gap. The presented dependences of the change in the band gap and the refractive index,
which characterizes the optical density of the material, reflect the inverse dependence of the change in these
values from each other. In this case, a change in the phase composition, as well as a decrease in the
crystalline porosity, leads to an increase in the refractive index and, consequently, to a decrease in the
porosity of the films. In turn, an increase in the NiSe phase contribution leads to a decrease in the band gap
and, hence, to a change in the electron density of the films.
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Fig.6. a) Tauc’ plots; b) Results of change in the band gap and refractive index

As is known, one of the promising applications of thin films is the photocatalytic decomposition of
organic dyes under the action of ultraviolet radiation in the presence of catalysts. In this case, the key factors
affecting the efficiency assessment of the use of certain photocatalysts are such indicators as the degradation
degree and the decomposition rate of the dye in the presence of a catalyst. Also, an important role is played
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by the degree of catalyst resistance to long-term use and performance retention as a result of several cyclic
tests. Figure 7 shows the results of changes in the time dependence of the Rhodamine B degradation
efficiency during the photocatalytic reaction during interaction with a catalyst in the form of films obtained
under different synthesis conditions. The experiment time was limited by the achievement of the maximum
decomposition efficiency for one of the selected systems with a catalyst. As can be seen from the data
presented in Figure 7, the highest efficiency of the decomposition of Rhodamine B during the photocatalytic
reaction is possessed by films obtained at a potential difference of 1.5 V, which amounted to more than 95 %
of the decrease in the optical density of Rhodamine B in the time allotted for the experiment. In the case of
films obtained at potential differences of 1.0 V and 1.25 V, the efficiency of photocatalytic degradation of
Rhodamine B was 57 % and 78 %, respectively.
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Fig.7. a) Plot of time dependence of Rhodamine B degradation efficiency in case of decomposition reaction;
b) Diagram of assessment of decomposition efficiency in the final stage of photocatalytic reaction

Figure 8 shows the results of the assessment of the change in dye concentration ratio before and after
the reaction on a logarithmic scale, which allows determination of the reaction rate constant. According to
the calculations obtained, it was found that a change in the phase composition of the synthesized films leads
to an increase in the decomposition rate by 1.5 and 3 times for samples obtained at potential differences of
1.25Vand 15V.
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Fig.8. Data on the change in the rate constant of the Rhodamine B decomposition photocatalytic reaction

Such an increase in the degradation rate, as well as an increase in the decomposition efficiency, is
caused by a change not only in the phase composition of the films, but also primarily by a change in the band
gap, a decrease in which leads to an increase in the yield of electrons and photons under the action of photo-
ionization of UV light. The photo-degradation process can be schematically written as follows:
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CdSe/Ni films + hv — e+ h*
H.O + h* -"OH + H*
OH- +h" —'OH
Dye + "OH — oxidation products
Dye + h*— oxidation products

Exposure to UV radiation on the sample leads to the formation of an electron and a photon, which are
knocked out of the catalyst surface and, when interacting with water, form a number of *OH radicals that
directly participate in the decomposition of the dye during the initiation of decarboxylation and
hydroxylation processes with the formation of harmless components.

Conclusion

During the studies, the dependences of the effect of the applied potential difference on the change in the
phase composition, structural features, and the ordering degree in nickel-doped CdSe films were established.
It has been determined that an increase in the applied potential difference leads to an increase in the NiSe
phase contribution formed during the substitution of cadmium ions by nickel ions during the formation of the
crystal structure. It has been determined that an increase in the NiSe phase contribution leads to an increase
in the structural ordering degree and hardening of the film structure. During the studies of the optical
properties, it was determined that a change in the phase composition leads to a decrease in the band gap, as
well as an increase in the optical density of the films. During the evaluation of the applicability of the
synthesized films as a basis for photocatalysts, it was found that films with a high NiSe phase content have a
high photocatalytic reaction rate as well as a high degree of photocatalytic decomposition of organic dyes.

In conclusion, the selected synthesis conditions, as well as the ratio of the starting salts, make it possible
to obtain films with a controlled phase and elemental composition, which are highly promising as a basis for
photocatalysts.
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give a positive result for applications in the aerospace industry: sectors that are associated with high loads
(frames, chassis, shafts, etc.) and extremely high temperatures (engines, propulsion systems).
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Fig.1. Graphical representation of predicted hardness of high-entropy alloys and compounds based on the
refractory metals: dotted lines represent the maximum and minimum hardness [11].

Acrticles [12-14] provide an overview in the field of high-entropy nitride materials, with particular
attention to coatings in which the phases of the solid solution with the formation of simple crystal structures.
The latter will include advanced data processing with artificial intelligence and machine learning to aid in the
assessment large common datasets from experimental and theoretical work. This change in methodology will
be a challenge but will be necessary to fully realize the potential of high-entropy nitride materials. Article
[15] is devoted to a review of high-entropy ceramics.
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Fig.2. Prospective applications of HECs covering from ultrahigh-temperature structural to energy and catalytic
functional applications, [15].
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In addition to hardening and low thermal conductivity, which has already been found in high-entropy
alloys, new properties such as colossal dielectric constant, superionic conductivity, strong anisotropic
coefficient of thermal expansion, strong absorption of electromagnetic waves, etc. have been found in high-
entropy ceramics. In response to the rapid development in this nascent field, this article provides a
comprehensive overview of design features, theoretical methods for predicting stability and properties,
machining routes, new properties, and promising applications of high-entropy ceramics (Figure 2).

The main goal of this work is to experimentally investigate the microhardness of high-entropy coatings
and propose a model that will allow, within the framework of the energy theory, to explain the observed
effects.

2. Objects and experimental technique

High-entropy (HEC) coatings of the following composition were used as objects of research:
TiNiZrCuCr, CrFeNiTiZrCu, TiFeCuAlSn, AICrNiTiZrCu, PbCrNiTiZrCu, CrNiTiZrAlCu. The coatings
were obtained by sputtering magnetron targets of the above compositions on 12X13 steel using an NNV-
6.611 setup.. These targets were manufactured by us by the method of mechanical alloying [16], in contrast
to cast targets obtained by the metallurgy method. Moreover, after annealing in a vacuum chamber, the
samples became nanostructured. Fig. 3a shows, as an example, a sample under study with an HEC-coating,
in Fig. 3b of their SEM image of the HEC-coating, and in Fig. 3c diagram of the formation of nanostructured
HEC-coatings [17].The roughness of the coating, as an example, measured with the atomic force microscope
(AFM) JSPM-5400, is also negligible (Figure 4) [18].

 SEMHV:15.0kV
View field: 524 ym
SEM MAG: 528 x

a)
Fig.3. A sprayed sample with an HEC-coating (a), an REM image of an HEC-coating (b), a diagram of the

<)

formation of nanostructured coatings of an HEC-coating [17].
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X-ray fluorescence spectroscopy (XPS) (Figure 5), as an example, shows that the investigated coatings
form high-entropy coatings in the composition from 5 to 35 at. %. Figure 6 shows the distribution of
elements in the coverage, which shows that the elements are evenly distributed.
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Fig.6. Distribution of TiNiZrCuCr elements deposited on 12X13 steel in argon

Such a distribution occurs in the coating due to a diffusion process that occurs during thermal annealing
of the magnetron target in a vacuum chamber for 3-5 hours. We used an HVS-1000A microhardness tester to
measure the coatings (Figure 7). This instrument is designed using the latest advances in mechanics, optics,
electronics and computer technology to test the hardness of metallic and non-metallic materials, especially
small parts or thin hardened layers.
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Fig.7. Measurement of coatings on a HVC-1000A microhardness
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Using the above methods, the table of experimental values can be given. Table 1 shows that
pentaatomic alloys have higher hardness. Hexaatomic alloys have slightly less hardness.

Table 1. Experimental properties of high-entropy coatings (HEC) and metallic glasses (MG) [19]

HEC w HV MG w, HV
CITiNiZrCu 890 FersM02B2o 1015
TiFeCuAlISn 700 FeaoNisoP14Bs 640

CrFeNiTiZrCu 740 FersP1sC 760

AICINITiZrCu 585 FersSiioB12 890

PbCrNiTiZrCu 560 NizsSigB17 860

CrNiTiZrAICu 530 C075Si15B1o 910

Let us compare the hardness of stainless steels [20] with the hardness of high-entropy coatings from
Table 2. Table 2 shows that the hardness of most stainless steels is 2-3 times less than high-entropy coatings.
This opens up the prospect of using high-entropy coatings on parts of various industrial structures.

Table 2. Hardness of stainless steels [20]

Steel u, HV Steel w, HV
12X13 121-187 08X17T 372
40X13 143-229 10X17H13M2T 200

08X18H10 170 12X18H10T 179

For comparison, Table 1 shows the microhardness of metal glasses, which have a defect-free base and
do not differ much from high-entropy coatings [19].

What is the reason for this difference?

To determine the resistivity of high-entropy alloys, an experimental setup was assembled and p (Ohm
m) was measured [21]. It turned out that the specific resistance of the investigated high-entropy alloys lies in
the range (5-7) 10® Ohm m, i.e. slightly different from pw = 5.5 10® Ohm m. According to Ohm's law, the

current density in metals is:

j=env=1/p-E

Whence for the concentration of electrons we have the expression:

n=1/evp-E.,

()
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where the electron charge e = 1.60217662 10° K c; resistivity p = 5 10 Ohm m: average electron velocity
Vcu = 74 10 m/s; the Fermi energy Er = 14 10° J. Thus, the concentration of conduction electrons in the
alloy near the Fermi level is n = 3 108,

We will consider the question of the response of a subsystem of n electrons in high-entropy alloys to an
external action during friction from the standpoint of nonequilibrium statistical thermodynamics. The
electrons in the alloy will be considered as a system of non-interacting particles immersed in a thermostat.
The thermostat is a metal alloy minus n "free" electrons. Quantum transitions during friction, caused by the
interaction of a system of electrons with a thermostat, will be dissipative (with probability P), in contrast to
the interaction during friction (with probability F). Dissipative processes lead to the fact that the secondary
field (system response) is always less than the primary one, which causes the formation of heat during
friction. We will assume that the electron subsystem exchanges only energy with the thermostat. Then the
corresponding ensemble of particles will be canonical. In this case, the expression for the statistical entropy
has the form:

S= —kai Inf;, 3

where fj is the distribution function; k is Boltzmann's constant.
Differentiating (3) with respect to time and transforming, we obtain:

ds k
22 (Inf, —Inf, \P,F, - Pyf;), (4)

where Pj; is the probability of transition from the initial i (with energy E;i) to the state j excited by friction
(with energy E;). For dissipative processes, the principle of detailed balance has the form:

: ()

where g;, g; are statistical weights for the levels E; and E;.
Finally, in [22], we obtained the following formula for the destruction efficiency n of a metal coating:

k2At E. _ c-S _
= -T-—™.n=const-T- -n, 6
n 2AS 1 G° 7-G° ©)

Equation (6) describes the destruction of the coating n proportional to k - the Boltzmann constant, the
change in entropy AS and the time of motion during friction At, the work of friction forces En = A= S, the
concentration of electrons n near the Fermi level, surface energy o, contact area S and vice versa is
proportional to the relaxation time t and the Gibbs energy G° of the thermostat.

The difference in the destruction of high-entropy coatings from stainless steels is in the analysis of
equation (6). It follows from this equation that the destruction of the coating n is proportional to the surface
energy o and inversely proportional to the Gibbs energy G°, that is, the condition  — o/G® — min must be
satisfied. Since the surface energy o for stainless steels is approximately equal to the surface energy of high-
entropy coatings on, that is, ost = on. But the Gibbs energy of stainless steels is approximately 1R and for
high-entropy coatings it is approximately 2R, that is, 0 — o/G° — 1/2. Failure of the coating n can be
calculated as the ratio of the hardness of stainless steels to the hardness of high-entropy coatings using the
formula n — pst/pn. This gives the following result - n — 1/2, which is observed experimentally (Tables 1
and 2). In fig. 8a (according to equation 1) shows an increase in the entropy of mixing with an increase in the
number of elements for equimolar alloys.

It can be seen that the entropy of mixing for the phases of the solid solution increases from a small
value for conventional alloys to a large value for high-entropy alloys of the composition [4]. Based on the
effect of entropy of mixing, it is possible to divide the variety of alloys into three fields, as shown in Fig. 8b.
Low entropy alloys are traditional alloys. High-entropy alloys are alloys with at least five basic elements.
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Medium entropy alloys are alloys with 2...4 basic elements. The high-entropy effect of activation of the
formation of a disordered solid phase occurs essentially in the field of high-entropy alloys and should be
present to a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution phase is
important for the microstructure and properties that can be obtained in these materials [4-6].
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Fig.8. The increase in the entropy of mixing to the number of elements in equimolar alloys in a disordered state
(a), the division of the world of alloys by the entropy of mixing (b) [4].

Conclusion

High-entropy coatings TiNiZrCuCr, CrFeNiTiZrCu, TiFeCuAlISn, AICrNiTiZrCu, PbCrNiTiZrCu,
CrNiTiZrAlICu were investigated in this work. Such coatings were obtained on an NNV-6.611 setup by
sputtering magnetron targets of the above compositions. These targets were manufactured by mechanical
alloying methods, in contrast to cast targets obtained by metallurgy. Moreover, after annealing in a vacuum
chamber, the samples became nanostructured.

We have shown experimentally and theoretically that the destruction of high-entropy coatings is
proportional to the surface energy ¢ and inversely proportional to the Gibbs energy G°. Failure of the coating
n can be calculated as the ratio of the hardness of stainless steels to the hardness of high-entropy coatings
using the formula n — ps/pn. This gives the following result - n — 1/2, which is observed experimentally.
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In practice, structures made of three-layer material are most widespread. Under operating conditions,
such materials are the most rational from the point of view of ensuring a minimum for weight indicators with
the required strength and stiffness. But they do not always meet all the requirements for building structures
and elements of modern technology. The technical, physical and mechanical properties of structures made of
multilayer inhomogeneous materials differ significantly in the thickness of their packages. Therefore, the
features study for the operation of structures made of multilayer inhomogeneous materials in the thickness of
their package by use refined models is important in the design of new innovative lightweight structures made
of multilayer materials. Multilayer plate theories that refine the technical theory should take into account the
strain in the transverse direction of the material and the factors associated with it.

The specific features of soft layers of material in multilayer structures, the joint work of the package
layers under the influence of external loads and the low resistance of the filler material in the transverse
direction give rise to a variety of existing theories [1-12]. Currently, the theory of calculation for multilayer
structures is rapidly developing and improving. However, in practice, when solving specific problems,
difficulties associated with features of multilayer structures arise.

It should be noted that analytical results for structures made of multilayer composite material were
obtained for a limited number of problems. Therefore, approximate numerical methods, the implementation
of which opens up great opportunities for researchers, began to be widely used.

The assessment of the stress-strain state for such multilayer systems is a difficult problem, and in
practice it is not always possible to obtain their solution in a closed form. In this regard, it becomes necessary
to develop an effective numerical calculation, based on a refined theory, which makes it possible to
determine and investigate the components of the stress-strain state for the package layers in an automated
mode.

1. Initial positions, hypotheses, and the plate model

We consider a rectangular layered plate with sides a, and a, (fig. 1), with orthotropic layers and a
thickness H =6, +0,, consisting of an arbitrary number of orthotropic layers. We consider a plate in an
orthogonal coordinate system X;, X,, X3 =Z. The axes X; and X, lie on the coordinate plane and their

directions coincide with the orthotropy axes of the layers. The coordinate plane is positioned arbitrarily along
the height of the plate cross-section. The distance from the coordinate plane to the lower and upper surfaces
of the plate is denoted, respectively, by 5, and &, .

‘Xs

g(x1,X2)

Z !

T
2 =

|

Fig.1. Calculation scheme of the plate

The material layers are numbered from the bottom surface of the plate (fig. 2). The total number of
layers in the package is denoted by n, then we take k =1, 2, ..., n, where k is the number of an arbitrary layer.
The layers in which the coordinate surface is located will be denoted by m. All layers of the plate in
aggregate in thickness form a package of layers.

In the general case, we assume that the structure of the package is formed by layers of different
thickness and stiffness, the physical and mechanical characteristics of which are constant in their thickness.
The number and order of the layers are arbitrary.
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We assume that at the boundary when passing from layer to layer, the static and kinematic conditions
are fulfilled. This corresponds to the operation of their layers without slipping and tearing.

Let a normal load q(X;, X,) act on the upper surface of the plate. The normal load q(X;, X,) varies
according to an arbitrary law. The positive direction of the normal load coincides with the direction of the
normal axis X; = Z.

q(X1,X2)
X3=Z
@)
S L=
m
T Y Y% < ©
/®/ ®
%S b
3 o
@ R
% @ "
Bo

Fig. 2. The cross section of the layered plate

On the plate surface, the boundary conditions take the form
As the main assumptions for constructing a new refined model of the stress-strain state for a layered
plate of an asymmetric structure with orthotropic layers, we accept the following system of hypotheses

2
ol = Giis @i o =—S @i u8 =W. (1)

The given hypotheses are obtained on the basis of the hypotheses proposed by professor
A.Sh.Bozhenov [1], by neglecting a number of factors that insignificantly affect the stress-strain state of
plates.

Here W u y are sought functions of the deflection and shear of the coordinate surface, depending on

the coordinates X, and X, . Gi"3 is the shear modulus of the material for the kth layer of the plate, remaining

components are distribution functions that depend on the transverse coordinate z.

Hypotheses (1) satisfy the conditions for joint operation of layers without separation and displacement,
as well as conditions on the plate surfaces and determine the nonlinear law of variation of transverse shear
stresses and normal transverse stresses in the plate thickness. It is assumed that normal displacements are
equal to deflections.

For the distribution function in expressions (1), we have the foIIowing formulas

k (o L1 [ « K *1 k(o) j j
i (2)=——|n52)—n5(2)0; |, (2)= dz + dz;
R e L N ORI
k t Rk I c K (7)— )
n5i(2)= | Bjzdz+ § [ Biz-dz; n%(z)= j GKyk (z2)dz+Ck;
2i b 3-o Fib 16 i 3 b y-a 1313 3

where the constants have the form

Z I G; w.g(Z)dZ ©)
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Here and in what follows, the notation introduced in [1] is adopted. For the components in formulas (2)
and (3), we have the following expressions

AK :o,5{|3i'<i @) +GK }; Bk —05BK@+vK)+cK; BK-gK/,

* k k. _
8 =13 Iy, Vcl)< :(1—‘/1‘(2‘/%(1) g Bil; - (V?ifl +VIIEVC|’>(| )Vé('
Based on the accepted hypotheses (1), we construct a linear geometric model of a layered plate and
establish a relationship between stresses and strains.

2. Development of a bending model for layered orthotropic plates with an asymmetric
structure in the thickness

To construct a linear geometric model of a layered orthotropic plate and establish a relationship
between stresses and strains, we use some well-known relations for the three-dimensional theory of
elasticity.

At the same time, we will take into account that for an arbitrary kth layer of the plate, simplified
hypotheses are adopted, they satisfy the conditions for the joint operation of the layers without separation
and displacement, as well as the conditions on the surface of the plate, and determine the nonlinear law of
variation of transverse shear stresses and normal stresses in the plate thickness. Factors such as a transverse
shear in two directions and pressure of layers on each other, as well as orthotropy of layers, will be taken into
account by one shear function.

We determine the transverse shear strain from Hooke's law by substituting the hypothesis expression for
transverse tangential stresses (1). We find normal transverse strains from the last Cauchy relation taking into
account (1).

From the third Cauchy relation, after integrating over z and taking into account formulas (1) and
formulas for the transverse shear strain, we obtain an expression for tangential displacements. Normal
displacements are considered equal to deflections. The distribution functions are determined from the
conditions for the contact of the layers and from the conditions on the coordinate surface.

Tangential strains are determined from the first Cauchy relations, substituting expressions for tangential
displacements in them. Taking into account formulas (1) and expressions for tangential strains, the stress are
found from the generalized Hooke's law.

Received expressions of displacements and strains allow us to construct a geometric model of
multilayer orthotropic plates and determine the components of the stress-strain state at an arbitrary point in
the kth layer. Within the framework of the accepted hypotheses, all equations of the elasticity theory are
approximately satisfied. Thus, the constructed new model describes the three-dimensional law of the change
in the stress-strain state of multilayer plates with an asymmetric structure in thickness. The model is two-
dimensional, since all the sought functions are functions of the coordinate surface.

Equations for the bending multilayer orthotropic plates with an asymmetric structure in thickness are
obtained from the Lagrange variational principle using the relations received on the basis of the accepted
hypotheses. Then, by introducing the force functions, the system of equations and the boundary conditions
are transformed into a mixed form. As a result, a system of three equations of the 12th order is obtained; this
system describes the bending for a multilayer plate of an asymmetric structure in thickness with orthotropic
layers. The system of resolving equations of a layered plate is presented in a transformed form in [1] and in a
mixed form this system takes the following form

2 2 2 2 —0N:
A2 G+ N2 W — (A2~ A2 )y =0;
2 2 2 2 2 2 A 4
A2 p+ (A2~ AW +(AZ - A2 A2 Yy =—qQ; (4)
2 2 2 2 2 —0-
Azs¢+(Ass —Ap)W +(APl—A33 —AP3)Z—0

The system takes into account a transverse shear, a layer pressure, and normal strains. Three functions
of the coordinate surface are unknown; these functions are the function of force, the deflection function, and
the shear function. We have the following relations

2 _ ES ES 1
Af _Al (—),1111 +A2(—),1122‘ +A3 (—),2222

- B * : 5
Ag o Bl (—),11 + Bz(—),22 ®)
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Equations (4) contain differential operators of the 4th and 2nd orders, which are determined from (5)
with coefficients, respectively, A’Jf(j =1,2,3), and B; (i =1,2), depending on the stiffness of the layered

plate. For different values of f and g, the coefficients of the operators take different values, which are shown
in Table 1.

Table 1. Coefficients of differential operators

Value of f e Coe/:f;lflents o Value of g o Coefficients =
F F1 F4-2F; = Ps P13 Py
1S R: R>+R3-Rs R4
2S 1 I2+l3-1s I
13 H; H, Hs
D D11 2(D12+2D65) Dy,
35 RK1 RK> RK;
45 1Ky IK, IKs
23 Cus C14'+C;24 Cos
p Pl,l ,Pl,ZZ i Pzgz
93 Iy I+13+15 s
P1 S 5'122' Sazz
33 Cis C15+Cys Cas

We note that the solution of the obtained systems of equations is possible when six boundary conditions
are satisfied on each contour with respect to the sought functions.

3. Numerical study of the stress-strain state for layered orthotropic plates

The discretization of the system of resolving equations and their corresponding contour conditions [2] is
performed by the finite difference method (FDM) in a rectangular grid. In a compact matrix form, a method
for the group exclusion of the unknown functions at the contour points for the grid domain of the plate has
been developed. Based on the finite difference method, a general algorithm for numerical calculation of the
stress-strain state of layered plates with orthotropic layers of arbitrary structure in thickness is developed and
implemented on a PC by a software package. This software package contains a head program and several
subroutines implemented in the FortRUN language. The flowchart of the head program consists of several
blocks, each of which is a standalone module and performs certain functions. A brief explanation is given
below for these blocks.

Block 1. Input of the initial parameters. For ease of calculation, all dimensional values are given in
dimensionless form.

Block 2. Finding the stiffness characteristics for a layered plate.

Block 3. Drawing up and solving the system of the equilibrium equation for a layered plate.

Block 4. Finding the stress-strain state of a layered plate.

The solution for the obtained systems of equations is possible when six boundary conditions on each
contour are satisfied with respect to the sought functions.

If we turn to history, it is easy to recall that fiberglass and carbon fiber were among the first elements of
layered composites. However, this type of composite structures, qualitatively transformed and widely used in
construction, still needs development and research.

On the basis of the constructed new two-dimensional model according to the proposed numerical
method, the study of the bending problem for hinge-supported, symmetric in thickness, square plates with
orthotropic layers of carbon fiber in a wide range of variations for h/a is performed. These plates have the
following physical, mechanical and geometric characteristics for the corresponding layers of the plates:

- the elastic modulus of the plate layers: E, =25E,, E, =Ej3;

- the shear modulus of the plate layers: Gy, = Gy3 =0.5E,, Gy3 =0.2E,;

- Poisson’'s ratio of the plate layers: vi, =vy3 =v13 =v3, =0.25, v, =v53; =0.01;
- the plate layer thickness: hy =hy =0.5h, h, =0.25h.
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We recall that the elasticity coefficients characterize the physical ability of a material (substance) to
deform elastically when a force is applied to it. The elastic modulus or Young's modulus (E) characterizes
the physical property of the material, namely, the resistance of the material to tension / compression during
elastic deformation. The shear modulus (G) characterizes the ability of a material to resist shear deformation,
that is, it determines the ability of a material to resist a change in shape while maintaining its volume.
Poisson's ratio (v ) is the ratio of the relative transverse compression to the relative longitudinal tension. This
coefficient does not depend on the size of the body, but on the nature of the material from which the structure
is made. In Table 2, the presented values of deflections and tensile stresses in the center of the plate are
compared with the results of known solutions according to the classical theory and to the methods presented
in [3] and [4]. o, is a tensile stress in the outer fiber of the lower layer, o, is a tensile stress at the border

of the outer and inner layers.

Table 2. Values of deflections and tensile stresses in the plate center

h/a Classical Exact solution [3] Solution in Solution according to the | Calculation error
theory trigonometric series [4] | proposed method (FDM)
107w, m | 107w, 107 w, 107w, m w, %
m F11 mpa m G11 mpa G11 mpa N YA
022 022 022 022
217.20 217.44 209.08 3.6
1/2 . 20.41 21.51 40. —
/20 | 690.00 | 820 123.48 8215 123.48 840.56 118.23 2.45 4.25
55.90 56.22 53.95 3.4
1/10 43.12 73.70 —_— 73.93 — 75.85 — —
40.10 40.26 38.46 2.9 4.1
16.59 15.26
1 2.7 - - 2 —_— : =
5 0 925 15.01 956 14.85 - -

11.52 11.97 11.48 3.47
1/4 1.10 4.96 — 5.00 — 5.15 — —
10.61 10.96 10.19 3.8 3.96
5.55 5.57 5.32 414
1/2 0.07 0.81 — 0.80 — 0.85 — —
3.34 3.39 3.21 4.94 3.29

A comparison of the results obtained by the proposed numerical method with the three-dimensional
exact solution [3] and the solution [4] in the entire range of the considered parameters h/a shows a
sufficiently acceptable accuracy of the numerical method for solving plate bending problems. The
calculation results presented in Table 2 also show that the classical theory is not applicable to the problems
under consideration.

A comparison for the results of applying the trigonometric series method and the numerical method
proposed in the article shows that the results of solving by trigonometric series are more accurate. But here we
note two important points.

Firstly, the trigonometric series method is an analytical method. Therefore, this method is more
laborious and takes more time than the proposed numerical method implemented on a PC by a software
package.

Secondly, the trigonometric series method can be used only for a limited range of plate bending
problems, namely, in the presence of hinged support at the plate boundaries. The developed method of
numerical calculation for layered orthotropic plates with arbitrary structure in thickness allows us to solve a
wider range of problems with varying different boundary conditions, the geometric plate dimensions, the
external loads, the thickness of the layers, and their elastic characteristics.

When assessing the reliability of the solutions obtained by the proposed method, the results of an
experimental study for the bending of three-layer plates [5] are of great interest. The experiment was carried
out on plates, the bearing layers of which were made of duralumin. The elastic modulus equals

E,=E,=7 :10° kg/cm2, Poisson's ratio is vy = v, = 0.32, the layer thickness is equal to 0,081 cm. The filler
of the plate was plastic foam, in this case the shear modulus is equal to G, =890.7 kg/cm? and the Poisson's

ratio is v, =0.4. The bending of the plate was considered under a uniformly distributed load. So the
problems were solved according to the proposed method for a number of plates under the action of a
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uniformly distributed load. In the experiment, the maximum deflections were measured. In Table 3, the
results obtained are compared with experimental data.

Table 3. Comparison with experimental data for three-layer plates

Plate parameters Deflections, cm
N Side length Filler thickness Load q Experiment [5] Obtained A%
a’h a=6 (cm) (cm) (kg/cm?) solution
1| 765 112.3 1.306 0.038 0.4267 0.4307 0.93
2 | 974 112.3 0.991 0.0507 0.9119 0.9401 3.09
3 | 67.36 96.6 1.272 0.0507 0.3124 0.3258 5.56
4 | 85.49 96.6 0.968 0.0456 0.4801 0.4901 2.08
5 | 56.14 81.4 1,268 0.0507 0.1829 0.1701 6.9
6 | 714 81.4 0.978 0.0507 0.2845 0.2760 2.98
7 | 49.44 71.2 1.278 0.0406 0.0889 0.0855 1.9
8 | 62.02 71.2 0.986 0.0507 0.1651 0.162 1.7
9 | 38.09 55.8 1.303 0.1268 0.1168 0.1055 9.62
10 | 484 55.8 0.981 0.0761 0.1120 0.0995 11.11

Comparison of the results from Table 3 shows that the differences in deflection values are insignificant
and for a large number of plates does not exceed 6%.

Conclusion

In the article a method for numerical calculation of the stress-strain state for structures made of
orthotropic, layered composite materials based on one modified refined bending theory is presented. When
studying the stress-strain state of a structure, it is necessary to take into account the structure material, the
structure texture, boundary conditions, forces and loads acting on the structure, etc. The physical properties
of the material from which the structure is made and the material texture are taken into account by the
research algorithm. Thus, in hypotheses (1), the conditions for the joint work of layers without separation
and displacement are formulated, and the solution of problems is carried out on layers of multilayer
structures, taking into account the interaction of layers. The physical properties of the material from which
the structure is made are also taken into account by the characteristics of the material, in particular, the
elasticity coefficients (E, G, v, etc.), which are present in the basic relations and equations used.

Comparisons of the results according to the proposed method with known solutions (Table 2) and
experimental data (Table 3) indicate the reliability and greater universality of the developed method for the
numerical calculation of the stress-strain state for layered orthotropic structures based on one modified
refined bending theory.
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