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Zirconium dioxide. Review
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Abstract

A review of zirconium dioxide or zirconia ZrO, is presented. The finding of zirconium compounds in nature, the physical
and chemical properties of ZrO, are given, the polymorphism of zirconium oxide, and the phase diagrams of systems with
its participation are considered. The areas of application of zirconia compounds are highlighted: automotive industry,
electronics industry, energy and industrial ecology, equipment manufacturing and mechanical engineering the production
of zirconium-based refractories, ceramics, enamels, glass, superhard materials, applications in medicine, nuclear energetics,
and many others areas of human activity. Cubic modification of zirconium dioxide, stabilized by oxides of rare earth elements,
is a jewelry stone (fianite). Partially stabilized zirconium dioxide is a versatile structural material with very high resistance
to crack propagation. Solid solutions of REE oxides, especially scandium, have a high oxygen conductivity, which is used
in sensors for measuring the partial pressure of oxygen and in fuel cells. Attention is paid to heat-resistant oxide ceramic
materials with low thermal conductivity used in the quality of heat-resistant coatings. Considerable attention was paid to
the second most important mineral of zirconia - baddeleyite (ZrO,). Baddeleyite is widely used in the production of refractory
materials. It is mined for the production of metallic zirconium. The achievements of Soviet and Russian scientists in the
development of technologies for the production of fianite and artificial baddeleyite are presented.

Keywords: Fianite, Baddeleyite, Zircon, Ceramics, Solid solutions, Oxides of rare earth elements, Phase diagrams, Inert
matrix nuclear fuel
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1. Introduction

Zirconia ZrO, was first synthesized in 1789.
In 1892 in Sri Lanka and in Brazil the mineral
baddeleyite was discovered. Since 1900 stabilized
zirconia with high ionic conductivity was already
widely in use as a glow bar for lighting (“Nernst
caps”). Since the 1920s tons of zirconia were used
as refractory ceramics [1-7]. Now, materials based
on zirconia are widely used as single crystals,
structural and functional ceramics, film coatings,
microfibres and nanopowders, and composite
materials [8-35].

Large transparent crystals of cubic zirconia
stabilized by rare earth (REE) oxides dopants are
used in jewellery as an imitation diamonds due
to their high refractive index and dispersion.
In the USSR such crystals were called fianite,
abbreviated from the Russian name Physical
Institute of the Russian Academy of Sciences
of the USSR where they were synthesised using
the original cold crucible technique [9]. Partially
stabilized two-phase zirconia (PSZ) with a small
concentration of stabilizing additive is a material
with a very high fracture toughness, as a result of
which it is used, for example, for the manufacture
of cutting tools [10, 11].

Ceramics based on zirconia (ZrO,) are versatile
construction materials for various purposes
(https://www.ceramtec.ru), characterized by their
refractoriness and high corrosion resistance [8,
12-18]. It should be noted that zirconia ceramics
are significantly more expensive than alumina
ceramics. Thus, zirconia ceramics are used for
the manufacture of critical parts, for example,
in the nuclear industry [36], in metallurgy for
troughs, crucibles for the continuous casting of
steels, crucibles for melting platinum and rare
earth elements [19], pipes, in the manufacture of
drawing tools for forming wire products, and in
the automotive industry for the manufacture of
brake discs for high-end cars.

In the aviation and space industry, it is
irreplaceable, since due to its properties aircraft and
spaceships can withstand very high temperatures
[16-17,20-21,28-31].Itis also used in medicine,
for example, for endoprosthetic as the heads of
artificial hip joints. It exhibits its best qualities for
dental prostheses in dentistry [22-23].

Solid solutions based on ZrO, with a fluorite
structure are solid electrolytes. Under heating,
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they exhibit high oxygen electrical conductivity,
which makes these materials a suitable working
medium for solid oxide fuel cells (SOFC) [10, 24—
26]. They are also used in other electrochemical
devices such as oxygen partial pressure sensors.
High ionic conductivity correlates with low
thermal conductivity [27], and films of solid
solutions based on ZrO, are used for the production
of heat-insulating (thermal barrier) coatings
that combine heat resistance, very low thermal
conductivity, and high strength [28-31].

A wide range of composite materials of various
types with the participation of zirconia is being
developed [8, 13, 32-35]. Ceramometal materials
are used, for example, for joining ceramic and
steel parts.

Recently, interest in heat-resistant fibres
for thermal insulation purposes (https:/www.
ceramtec.ru), [20, 37, 38], as well as zirconia
nanopowders, hasincreased [39—-41].Nanopowders
are hydrophilic; their surface is covered with
adsorbed water [42]. NanoFormula (Estonia)
produces the nanopowders NZirconiumOxide-01
(pure ZrO, monoclinic structure, average particle
size 20 nm, specific surface area 25 m?/g) and
NZirconiumOxide-02 (tetragonal crystal system,
stabilized by 3-8 % Y,0,, average particle size
40 nm, specific surface area 40 m?/g). Their areas
of application are extensive: functional ceramics,
high-purity pigments, porcelain, glazes, pyro-
optical elements, in high-capacity capacitors,
optical carriers, in elements that reproduce
images, in optical shutters, in glass for stereoscopic
television, in memory devices, in abrasive
materials, insulators, in fire-retardant materials,
in X-ray technology, in high-temperature and
corrosion-resistant components, in pipes, in
crucibles, in piezoelectric elements, in ion
exchange, filters, in transmitting elements, in
heating elements, in artificial jewelry, as additives
in fuel, in batteries (nanoformula.tiu.ru).

This review discusses zirconia, its minerals,
occurrence in nature, applications, chemical
properties, features of isomorphism, and materials
based on it.

2. Distribution in nature

Zirconium compounds are widespread in
the lithosphere. According to various Clarke
numbers (numbers expressing the average
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content of chemical elements in the earth’s crust,
hydrosphere, Earth, cosmic bodies, geochemical
or cosmochemical systems, etc., in relation to
the total mass of this system), zirconium content
ranges from 170 to 250 g/t. Concentration in
seawater is 5-10-° mg/1.

Zirconium is a lithophilic element. In nature,
there are only its compounds with oxygen in
the form of oxides and silicates. Despite the
fact that zirconium is a trace element, there are
about 40 zirconium minerals: zircon (ZrSiO,)
(67.1 % ZrO,), baddeleyite (ZrO,), eudialyte
(Na, Ca).(Zr, Fe, Mn)[O, OH, Cl][Si,O ], and
etc. In all deposits, zirconium is accompanied
by hafnium, which isomorphically substitutes
zirconium [43].

Zircon is the most abundant zirconium
mineral. It is found in all types of rocks, but
mainly in granites and syenites. The largest
zirconium deposits are located in the USA,
Australia, Brazil, and India. In Russia, which
accounts for 10 % of the world’s zirconium
reserves (3rd place in the world after Australia
and South Africa), the main deposits are Kovdor
bedrock baddeleyite-apatite-magnetite in
Murmansk oblast, Tugan placer zircon-rutile-
ilmenite in Tomsk oblast, Central placer
zircon-rutile-ilmenite in Tambov oblast,
Lukoyanovskoe placer zircon-rutile-ilmenite
in the Nizhny Novgorod oblast, Katuginskoe
bedrock zircon-pyrochlore-cryolite in the
Chita region and Ulug-Tanzek primary zircon-
pyrochlore-columbite deposit. Almost unlimited
reserves of zirconium are concentrated in the
alkaline syenites of the Khibiny Massif on the
Kola Peninsula, where this metal is part of many
minerals, in particular eudialyte. In industry, the
raw materials for the production of zirconium
are zirconium concentrates with a mass content
of zirconia of at least 60-65%, obtained by the
enrichment of zirconium ores [1-6].

3. Polymorphism

Zirconia (Zr0O,) with a melting point of
about 2700 °C is one of the most refractory
metal oxides. Its density is 5.68 g/cm?at 20 °C.
It exists in three crystalline forms: stable under
standard conditions monoclinic (m) modifications
(space group P2 /c, Z = 4), occurring in nature
in the form of the mineral baddeleyite [44, 45];
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medium temperature tetragonal (tf) modifications
(space group P4,/nmc, Z = 4), metastable under
normal conditions, and high-temperature cubic
polymorph (c) of fluorite type (space group Fm3m,
Z=4)[46]. The data on the temperatures of phase
transitions determined in different studies differ
significantly (see the summary in [47]). Intervals
of <1170; 1170-2370; 2370-2680 °C can be
considered as the regions of thermodynamic
stability of the phases [48]. However, the scheme
of ZrO, polymorphism is still the subject of
discussion [49].

Both monoclinic and tetragonal structures
are distortions of the cubic structure of the
fluorite type with coordination numbers 7, 8,
and 8 for these structural types. The transition
of the tetragonal phase to the monoclinic phase
is reversible athermal (i.e., not characterised
by any specific transition temperature)
martensitic transformation associated with a
large temperature hysteresis (~ 200 °C), a change
in volume (~ 7 %), and a large shear deformation
(~ 15 %). Upon cooling, the transformation may
be explosive [1,50]. This has a very significant
negative impact from the point of view of
technologies for materials based on zirconia.
Both high-temperature cubic and medium-
temperature tetragonal modifications are easily
stabilized by various impurities.

The regions of stability of various
modifications of zirconia substantially depend
not only on the purity of the reagents, but also
on the partial pressure of oxygen. The reducing
atmosphere leads to the formation of a wide
range of ZrO, _solid solution and stabilizes the
cubic modification both upward and downward in
temperature (maximum on the melting curve at
2800 °C and eutectoid equilibrium at 1460 °C and
the composition ZrO, ) [47]. Oxygen-deficient
samples are black and have specific intrinsic
luminescence [51].

Under high pressure, another cotunnite-type
modification of ZrO, with the structural type
PbCl, (orthorhombic crystal system, space group
Pnam,Z = 4) occurs [48].

4. Preparation and chemical properties

Zirconia can be obtained by metal oxidation,
oxidation of tetrachloride in an oxygen
atmosphere, calcining thermally unstable
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compounds (oxychloride, nitrate, oxalate, etc.),
or the heat treatment of hydroxides. In the latter
case, amorphous zirconia is first formed, which is
converted into monoclinic phase at 450-480 °C.
Moreover, cubic and tetragonal modifications that
are metastable under these conditions can form
as intermediate phases [4].

The gel ZrO,.-nH,O easily precipitates from
aqueous solutions of zirconium salts, for
example, zirconyl nitrate ZrO(NO,)," nH,0
[52]. However, the dehydration of the gel and
its purification from adsorbed impurities is
not an easy task. In addition to direct heat
treatment, it can be achieved by hydrothermal
treatment [53] and spray drying methods [54].
Zirconia with superacid properties is obtained
by the heat treatment of a mixture of zirconium
hydroxide with sulphuric acid. Fibres with a
diameter of 100-200 nm were obtained by
the electrospinning method from an aqueous
solution of a mixture of zirconium oxychloride
with polyvinyl alcohol, which, after annealing
at temperatures above 800 °C, contained only
zirconia [38]. Technology for obtaining ZrO, by
processing zircon concentrate using ammonium
fluorides was developed [55].

Complex compositions with the participation
of zirconia were obtained by various methods:
fusionina cold crucible, sintering, co-precipitation
[56, 57], hydrothermal synthesis [56, 58], plasma
chemistry [25-33, 40], sol-gel method [59-60],
chemical combustion [61-63], etc.

Zirconia during heating is not completely
reduced by magnesium; it is reduced by calcium
hydride to metallic zirconium at 800 °C. Heating
with oxides of calcium, strontium, or barium as well
as with alkalis or alkali metal carbonates provides
metazirconates. It easily dissolves in boiling
hydrofluoric acid, forming hexafluorozirconic
acid. Zirconia practically is not decomposed by
cold and hot hydrochloric and nitric acids. The
reaction with hydrochloric acid takes place only
if the zirconia is thoroughly ground. It reacts with
hot concentrated sulphuric acid. It is partially
soluble in 50 % KOH. It does not react with
chlorine and bromine even at high temperatures.
It does not react with halides of alkali and alkaline
earth metals, metallic sodium, oxygen, sulphur,
selenium, or tellurium. It does not react with
hydrogen even at 2000 °C with a pressure of 150
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atm. It does not react with beryllium at 1600 °C.
It does not react with fluorine at 100 °C, but at
525 °C it completely fluorinated to zirconium
tetrafluoride. Above 300 °C it reacts with either
carbon tetrachloride or phosgene to form
zirconium tetrachloride. Above 600 °C in the
presence of carbon, it reacts with chlorine to form
zirconium tetrachloride. Above 1400 °C it reacts
with carbon to form zirconium carbide. When
heated to 1800 °C it reacts with boron to form
zirconium borides and boron oxides. At 550 °C it
reacts with anhydrous hydrogen fluoride to form
zirconium tetrafluoride. At 1000 °C it reacts with
carbon disulphide to form zirconium sulphide. It
reacts with silicon to form zirconium silicides in
an electric furnace. It does not react with molten
aluminium at its melting point (660 °C), but at
high temperatures, the reaction proceeds to form
aluminium oxide and an intermetallic compound
of zirconium and aluminium. During heating
with titanium tetrachloride, it forms zirconium
tetrachloride. During heating it reacts with
hexafluorosilicates, forming hexafluorozirconates
[2-7]. The chemical activity of zirconia increases
with the transition to the nano state.

5. Crystal structure stabilisation and phase
diagrams

If monoclinic zirconia is heated to ~ 1170 °C,
then it transforms into a tetragonal form,
accompanied by a noticeable decrease in volume.
During cooling a reverse transition occurs with
great supercooling, and moulded parts such
as fibres or ceramic parts are destroyed by
thermal cycling. This causes the technical need
for the stabilization of the crystal structure in
order to exclude phase transitions, namely, for
the transformation of the monoclinic lattice
into tetragonal or cubic forms, stable over a
wide temperature range. The stabilization was
carried out by introducing dopants with the
formation of solid solutions due to the isomorphic
substitutions of cations. Such stabilization can
be carried out with isovalent isomorphism, for
example, in the ZrO,-CeO, system, see Fig. 1
(cerium dioxide crystallises in the cubic structure
of fluorite and is isostructural to the high-
temperature modification ZrO,) [64]. However,
heterovalent isomorphic substitutions are
most effective [66-88]. In ZrO,-MO (M = Mg,
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Ca) and ZrO,-R,0, (R - rare earth elements)
systems, wide regions of cubic solid solutions
ofZr MO, andZr_ RO, . areformed based
on the high-temperature modification of ZrO,.
The area of their existence is in the zone of
low temperatures, in a non-equilibrium state
this is up to room temperature. In addition,
in a number of systems, the formation of such
solid solutions is accompanied by the formation
of maxima on the melting curves, i.e., high-
temperature stabilization. In phase diagrams,
these solid solutions decompose upon cooling
according to the eutectoid scheme (Fig. 2), and
at low temperatures, they are thermodynamically
unstable. However, these transformations
(decompositiion) are strongly inhibited. In
addition, in ZrO,-MO and ZrO,-R,0, systems
ordered fluorite-like phases are formed, bounding
the regions of fluorite solid solutions, such as
R,Zr,0,, (R is the REE of the yttrium subgroup),
R,Zr,0, pyrochlore type (R - REE of the cerium
subgroup) Ca,Zr ,0,,, CaZr,O,. A number of
ordered phases are formed in the ZrO,-Sc,O,
system, the composition of which is the subject
of discussion [77,78, 81].In the ZrO,-CaO system
a binary compound - calcium zirconate CaZrO,,
melting at 2300 °C is also formed [65].

(wt®h)
0 20 40 60 80 100
b I 1 1 ! 1
2800+ ]
SN Liquid
\::i:' s -
24001 \.\____‘__‘/;—/ i
AN
~ 2000} \ \\\ Cubic .
. \ ~..
¢ 16001 rer, NG .
% L O Q [J/ﬁ % Te:t. No o o
€ 1200k0 0« # Cubic % o, O 4
§ v\(/e % (10502 50°C) .
= A A A Monoclinic OL°
800} A R _
N Cubic
400f Mono Zr,Ce,0, 1
Zr,Ce,0, Cubic ‘
1 " 1 i N |
0 20 40 60 80 100
Zr0; (mol®s) Ce02

Fig. 1. Phase diagram of ZrO,-CeO, system according
to [64, 65]
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Oxides CaO, MgO, Y,0, are most widely used
as stabilisers [13]. Joint industrial alloying with
calcium and magnesium is possible using cheap
dolomite raw materials [89]. Stabilisation of ZrO,
at a annealing temperature of 1700-1750 °C is
achieved with the addition of 10 mol. % CaO or
MgO, or 8 mol. % Y,0,. The degree of stabilisation
of ZrO, depends on the type of stabiliser, its
amount, the temperature of the stabilising
annealing, the amount of impurities contained
in zirconia, and other factors. A decrease in the
size of crystallites leads to an expansion of the
stability regions. Zirconia stabilised with CaO and
Y,0, is less prone to destabilisation than zirconia
stabilised with magnesium oxide. In the presence
of moisture, destabilisation is accelerated [88, 90].

The interest in zirconia systems with yttria
(Fig. 2) and especially scandia is determined
by the high anionic conductivity of fluorite
solid solutions, which determines the choice
of materials based on them as a working body
for fuel cells [71-88, 91-93]. The problem of
the stability of solid Zr, Sc O, . solutions and
their relatively rapid degradation (ageing) under
operating conditions is important [85,91-93]. For
increased stability of the solid solution, co-doping
is used, the introduction of additives, such as Y,O,

2500

2000

1500

1000

K+7rY 0,

J00

i}
Zro, 20 4 50 80

Y203
Man. ©/o Y,04

Fig. 2. Phase diagram of ZrO,-Y,0, system according
to [68]

173



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

P.P.Fedorov, E. G. Yarotskaya

and other oxides together with scandia [72].

The study of phase diagrams with the
participation of zirconia encountered great
difficulties due to the refractoriness of the
studied objects. A major achievement was the
development of a method for thermal analysis
using solar ovens, which allowed obtaining
reliable information on liquidus curves [94, 95].
For plotting phase diagrams in reactive-active
systems containing refractory oxides, an original
method of melting in a cold crucible was used
[36, 96].

In the published versions of the phase
diagrams of systems with zirconia, there are
serious contradictions, caused primarily by
insufficient equilibration time. The activation
energy of cationic diffusion in these systems is
very high and amounts to about 400 kJ/mol [97,
98]. The fallacy of numerous studies devoted
to the study of phase equilibria in the low-
temperature region has been demonstrated by
Japanese researchers from the Tokyo Institute
of Technology [73,100], see fig. 3. On numerous
published (Zr,Hf)O, - R,0, “phase diagrams” at
temperatures below 1600 °C frozen states are
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depicted instead of equilibrium phase regions
(see, for example, [76, 99]). In particular, the
results of numerous studies of ZrO,-Sc,0,
in the low-temperature region are extremely
contradictory [71, 77-86]. The use of the liquid
phase (hydrothermal synthesis) for acceleration
of achieving equilibrium allowed obtaining the
most reliable data on ZrO,-R,0, (R = Er, Y, Sc),
Zr0,-CeO, systems [64, 71, 100].

The actual behaviour of materials in systems
based on zirconia upon cooling is determined
mainly not by equilibrium phase transformations,
but by diffusionless phase transitions. Accordingly,
the so-called metastable phase diagrams, in
which, instead of two-phase regions, there are
martensitic phase transformation lines, are of
great importance see Fig. 3b (line T, *™). These
transitions are accompanied by the mass twinning
of the samples. In cooled samples of binary oxides,
in addition to the phases m, t, c corresponding to
zirconia polymorphs, the second tetragonal t’
phase with a low degree of tetragonality (the
ratio of the unit cell parameters ¢/2a ~ 1.005) is
also systematically present, as well as the phase
t”” for which the cubic lattice metric is preserved
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Fig. 3. Incorrect (a) and correct (b) versions of the phase diagram of ZrO,-Er,0, system according to [99] and

[100], respectively
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(¢/2a = 1.000) [71]. Tetragonal distortions
corresponding to space group P4,/nmc, is caused
by displacements in the anionic sublattice and,
apparently, do not affect the cationic motif.
These phases appear during quenching of a high-
temperature cubic solid solution. Differences
between the t’,t” and ¢ phases are clearly detected
by the Raman scattering method [71, 73].

6. Fianites

The introduction of bivalent and trivalent
cations into the fluorite lattice during the
formation of wide regions of solid solutions based
on the cubic high-temperature modification of
Zr0Q, is accompanied by the formation of anionic
vacancies, which are structural defects. With an
increase in the concentration of solid solutions,
there is an accumulation of vacancies associated
with impurity cations with a lower charge. The
short-range order transforms into the long-range
one upon the formation of ordered fluorite-
like phases. Features of structural changes
can be traced by X-ray diffraction [73], Raman
scattering [71, 73, 101-103], by the luminescent
label methods [87], high-temperature neutron
diffraction [75], EXAFS[75], transmission electron
microscopy, and electron diffraction [72, 77].
Raman scattering is more sensitive to structural
changes in the lattice of solid solutions than the
X-ray diffraction method [104].

The high content of vacancies in doped
samples leads to a sharp increase in the anionic
conductivity of the corresponding solid solutions.
Concentration dependences of electrical
conductivity pass through a maximum at a
content of about 10 mol. % R,0, reaching values
of 5.1072 Ohm!cm-1 at 800 °C [71]. The highest
electrical conductivity is realised in the ZrO,-
Sc,0, system. Many options for a qualitative
explanation of such dependences have been
proposed, but there are no quantitative models.
It should be noted that monocrystalline samples
of solid solutions based on ZrO, have a higher
ionic conductivity than ceramics of the same
composition. This is true even for ceramics with
negligible porosity, and this is an unexpected
circumstance, since the surface conductivity is
usually higher than the bulk conductivity due
to the facilitated movement of ions through
grain boundaries. This effect is associated with
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the pushing back to the boundaries of ceramic
grains impurities (in particular, silicon) with
the formation of phases with low electrical
conductivity [72].

The accumulation of both cationic
substitutional defects and anionic vacancies
in the structure causes the effective scattering
of phonons in crystals. It leads to a dramatic
drop in the thermal conductivity of solid
solutions with an increase in the concentration
of REE oxides. In this case, the temperature
dependences of thermal conductivity acquire the
form characteristic of glass, with a monotonic
decrease with decreasing temperature, in
contrast to the crystals, characterised by the
presence of a maximum of thermal conductivity
at low temperatures [103, 105-106]. High
ionic conductivity correlates with low thermal
conductivity [27]. Assessment of the thermal
conductivity of samples is the simplest way to
distinguish artificial fianites from diamonds,
which have very high thermal conductivity.

Stabilisation of the high-temperature cubic
modification of zirconia with a face-centred
cell of the fluorite type by forming wide regions
of solid solutions that do not undergo phase
transformations down to low temperatures allows
growing single crystals of the corresponding
composition from the melt. The maxima on the
melting curves of these solid solutions facilitate
the preparation of single crystals of high optical
quality. The old name for artificial cubic ZrO,
stabilised by various impurities is arkelite [3].

In 1970-1972, at the Lebedev Physical
Institute of the Academy of Sciences of the
USSR (FIAN), a breakthrough in the synthesis
of crystalline materials based on ZrO, and HfO,,
which were called fianites, was made [9]. The
breakthrough was achieved by a new technology
for obtaining high-temperature dielectric crystals
by Direct Radio Frequency Heating Technique
using a cold container (skull melting) [9, 107].

In the working area of the crystal growth
apparatus a “cold” container is located. This
container is a water-cooled cylindrical crucible,
consisting of several copper hollow segments
(Fig. 4). A mixture of ZrO, and an oxide of the
stabilising element is loaded into the crucible.
For the initial melting, a small amount of metal
(20-50 g) that will not contaminate the melt
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Fig. 4. Stages of crystal synthesis by directed crystallisation of the melt in a cold container using direct radio
frequency heating technique. a - starting melting; b - homogenisation of the melt; ¢ — crystal growth process;
d - complete crystallisation of the volume of the melt. 1 — walls of the cold container; 2 — inductor; 3 — melt;

4 - cooled bottom; 5 — garnissage; 6 — insulating ring

is placed in the central part of the crucible, for
example, Zr or Y. When the process is started,
the metal heats up and melts with the formation
of an electrically conductive liquid phase that
initiates the melting of the batch mixture. In
this case, the entire batch mixture is melted,
except for the garnissage — a layer 3-5 mm thick
near the walls and at the bottom of the water-
cooled crucible. If necessary, a batch mixture
is added to the melt using a special device. In
order to stabilise the melt-garnissage boundary,
the melt is usually kept for 0.1-1 hour before
the onset of crystallisation. Then, the pulling
mechanism is turned on, and the crucible with
the melt is vertically lowered from the influential
section of the electromagnetic field at a speed of
2-30 mm/h with such a simultaneous decrease
in the generator power that the temperature of
the residual melt remains within the specified
limits. As a result of the synthesis, an ingot of
crystals is formed, covered on the outside with
a layer of unmelted batch mixture and on top
with a glassy crust of the residual melt. Under
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mechanical action, the ingot is easily split,
with the formation of columnar-shaped fianite
crystals. The quality and yield of colourless fianite
largely depends on the purity of the batch mixture
components. Out of the harmful impurities, SiO,
should be mentioned. Sometimes in colourless
fianite, a slight yellowish tint is observed, which
can be removed by annealing the crystals in air
at temperatures above 800 °C. Coloured crystals
can be synthesised using substandard colourless
fianite previously ground into powder, as a
component of the batch mixture. This technique
is especially effective when obtaining densely
coloured crystals and allows reducing the cost
of production.

Fianites of various compositions have high
refractoriness and chemical resistance. The
melting point of fianites is 2600 - 2750 °C. They
do not oxidise or evaporate at temperatures above
2500 °C. Fianite is an insulator up to 300 °C, at
temperatures above 300 °C it acquires noticeable
ionic conductivity. Hardness according to the Mohs
hardness scale is 8, microhardness is 14,000-
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20,000 MN/m?, density 5.5-6 g/cm3, refractive
index dispersion 0.059-0.065[107, 108]. The colour
of fianites and their density are determined by the
chemical composition. A black colour, close to the
colour of morion, is obtained by annealing fianites
in a vacuum or by processing with y-radiation.

Optical lenses, providing a high degree of
magnification are made from fianites. This
material is promising in the chemical industry
for the manufacture of high-temperature heaters
operating in oxidising environments. The
traditional use of fianites as a raw material for
making jewellery is based on their high optical
properties, hardness, and various colours of
stones (Table 1). Fianite is processed in certain
crystallographic directions, when faceted to
enhance the “play” of the stone, the upper
platform is made large, and the lower part of the
stone is increased in height.

The industrial production of fianites for
jewellery purposes was started in the USSR in
1972 [9]. A crystalline material similar to fianite,
imitating precious stones, is produced abroad
under the name cubic zirconia (CZ). The names
“diamonesque” (USA), “djevalit” (Switzerland),
“zirconia” (Austria) are outdated. The jewellery
name “zircon”, which is used in Russia, is not
correct. A large amount of fianite-like material
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is produced in the countries of south-east Asia
(China, Burma, Thailand, Hong Kong). Crystalline
materials of emerald green and sapphire blue
colour based on ZrO, are known on the world
market under the trade name “siox”.

At VNIISIMS (the now closed All-Russian
Institute for the Synthesis of Mineral Raw
Materials) [109], technologies for the synthesis of
fianites of various colours, including polychrome
crystals, with differently coloured zones within
a single crystal were developed. The melting
of batch mixtures of various compositions
was carried out sequentially in one container,
and before the melting of each subsequent
composition of the batch mixture, partial
crystallisation of the melt of the batch mixture
of the previous composition occurred.

7. Partially Stabilised Zirconia

A separate class of materials based on ZrO, is
the so-called group of partially stabilised zirconia
(PSZ) [10, 11]. When an amount of stabiliser,
insufficient for the formation of the cubic phase,
is introduced into zirconia, a material is formed
containing a tetragonal phase, usually, together
with a monoclinic or cubic phase. In the ZrO,-Y,0,
system, partially stabilised zirconia is formed from
the melt at a content of 2—-5 mol. % of yttria [110].

Table 1. The colour range of coloured phianites depending on the introduced chromophore [109]

Chromophore Content, % Colour Imitation of natural stone
Y3 14-44 Colourless Diamond
Pr3 2-20 Dark cherry Ruby
Ce* 2-20 Red-burgundy Ruby
Ce%* 0.1-2 Yellow-orange Padparadscha
Er 3 fifteen Pink Vorobyevite
Tb > 0.01-5 Yellow Heliodor
Pr % 0.1-2 Amber Amber
Cu* 0.5-2 Dark yellow Citrine
Ti* 0.1-2 Yellow brown Hyacinth
Ni 2 0.1-2 Light brown Topaz
Ho% 0.1-5 Green yellow Demantoid
Fe’* 0.01-0.8 Yellow green Chrysolite
Tm3* 1-5 Pale green Beryl
Nd3 0.1-1 Gray green Grossular
Dy3* 3-5 Salad green Chrysoprase
Cr¥* 0.1-1 Olive Olivine
Cu? 0.1-0.5 Light blue Aquamarine
Co* 0.01-0.5 Red-violet Amethyst
Mn* 0.1-1 Brown violet Sapphire
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King and Yavorsky [111] were the first to
note that during heating (cooling) in a two-
phase sample stabilised with magnesium oxide
a reversible t — m phase transition occurs,
which is accompanied by a change in the
stress pattern in grains or around grains and
affects the microhardness. Garvey, Hannink,
and Pascoe [10] proposed a stress-relief phase
transition model, increasing the strength of
such materials. Mechanical stresses at the tip of
a growing microcrack initiate a phase transition,
accompanied by a local increase in volume, and,
accordingly, pressures of compressive stresses
weaken tensile stresses at the tip of a microcrack,
which stabilises the crack, slowing its growth.

The PSZ samples have a thin twinned
domain structure, are opaque, characterized
by high microhardness (13.5-15.0 GPa) and
crack resistance (about 6—-13 MPa m®°). The
materials may contain other phases, for example,
a mixture of phases t and t’ with varying degree
of tetragonality (c¢/2a), which is 1.014-1.015 and
1.004-1.005 for t-and t’-phases, respectively,
in the Zr0,-Sc¢,0,-Y,0, system [112]. Phase t
transforms under load.

By varying the amount of the added stabiliser,
itis possible to achieve optical effects that mimic
those of natural opal. In particular, opalescent
translucent and opaque crystals were synthesised
in the Zr0,-Y,0,-Gd,0,-Sm,0, system [109].
A similar effect was obtained by E. Polyanskii
using the introduction of carbon microimpurities
into the melt [109]. These stones are usually
polished as cabochons. Opalescent crystals of the
corresponding colours can be synthesised by the
introduction of different luminophores into ZrO,.
It is possible to obtain banded opalescent stones,
in which there is an alternation of transparent
and opalescent layers, as in natural agates and
onyx. The formation of such bands is associated
with the formation of structurally different layers
in the melt.

8. Baddeleyite

The second important mineral of zirconia
is baddeleyite (ZrO,). It was first discovered in
1892 in Sri Lanka and Brazil. It is named after
Joseph Baddeley, who described the mineral in
Sri Lanka. Baddeleyite is an accessory mineral
in carbonatite deposits, where it occurs near
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the contact between basic alkaline rocks with
limestone. It is characteristic of carbonatites of
the Kola Peninsula and Karelia.

It is an ore of zirconium. Also it is used as a
raw material for the ceramic industry and in the
production of refractories. In Russia it is mined
in the Kovdor deposit in Murmansk oblast and it
is also mined in Brazil and in South Africa where
the largest baddeleyite deposits are located in
Phalaborwa. Common impurities are HfO, — up
to 3 %, Fe,0, —up to2 %, Sc,0,—upto1%.

The baddeleyite crystal system is monoclinic:
C,; — P2 /c; lattice parameters: a = 5.169, b =
5.341,c=5.341 A; B=99°15". Crystals are usually
twinned and have a lamellar habitus. The crystal
structure represents the distorted structure of
CaF,.Zris in sevenfold coordination with respect
to oxygen atoms, Zr-0O distances varie from
2.04 to 2.26 A. Parallel (100) layers of O atoms,
located on the tops of slightly distorted square
motifs, alternate with layers in which O atoms
form a motif of squares and triangles; in this
case, the Zr atoms are located in seven vertex
polyhedra formed by the superposition of oxygen
layers of both types. The arrangement of the O
atoms is almost square in one of the layers is so
insignificantly distorted that when rotated by
180° their relative position is almost the same;
this explains the frequent twinning of baddeleyite
crystals according to (100) [44]. Complex twins
are often observed.

The baddeleyite forms oriented intergrowth
with pyrochlore, crystals of which grow epitaxically
on baddeleyite crystals. It is found in the form of
aggregates. Crystals are partly radially fibrous.
Baddeleyite has a different colour, it ranges from
colourless to iron black. In thin fragments it is
translucent. The hardness of baddeleyite is 6.5.
Cleavage according to (001) is perfect, according
to (010) and (110) it is imperfect.

When heated to 1100-1200 °C, it reversibly
transforms into a tetragonal modification
(ruffite); the reverse transition occurs at 950-
850 °C; the tetragonal modification transition
temperature increases in the presence of SnO,
impurity. At 800 °C it can dissolve up to 10% SnO,,.

For research purposes, single crystals of
baddeleyite can be obtained at temperatures
up to 1100 °C by various methods, including
hydrothermal crystallisation [113]. When grown
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from a solution in a melt, lead fluoride, Na,B,0.,
Li,Mo,0, [114], or mixtures of alkali metal
fluorides with vanadium or boron oxides can
be used as flux [109]. Crystals are recovered by
dissolving the flux in acid.

ZrO, crystallises at a temperature of about
450 °C from an amorphous gel precipitated
as a result of treatment of ZrOCl,-8H,0 with
ammonia. The exothermic effect of crystallisation
corresponds to almost complete dehydration.
However, in this case, a metastable tetragonal
modification is formed, stabilised by residual
water. The transformation into the monoclinic
modification is associated with complete
dehydration and occurs above 950 °C [115-116].
VNIISIMS [109] developed practically important
methods for the synthesis of baddeleyite by the
one-stage annealing of amorphous ZrO, with the
addition of a mineraliser in the air. Depending
on the amount of the mineraliser (fluorides
of elements of groups II-III of the periodic
system), end products with different amounts
of impurities are obtained. An admixture of
corundum is formed when aluminium fluoride
is used as a mineraliser. Powdered baddeleyite
is used as a filler in special-purpose rubbers and
fluoroplastics for the manufacture of dielectric
film materials.

Until recently, technological ceramics were
obtained only from synthetic zirconia, and
natural baddeleyite was considered unsuitable
even for producing refractories due to the
structural polymorphism of zirconia. Meanwhile,
it is important for Russia to expand the range
of products that can be made from baddeleyite.
Golovin, Zhigachev et al. (Tambov State University)
[8, 117-118] investigated the possibility of
neutralising silicon inclusions in baddeleyite
and showed the fundamental possibility of
synthesising high-quality structural ceramics
from the domestic natural zirconia — baddeleyite.

As aresult of ultrafine grinding of the purified
baddeleyite of the Kovdor mining and processing
plant using planetary mill, powders with a
characteristic crystallite size less than 20 nm
were obtained. Ground baddeleyite contained
up to 80 % tetragonal and cubic phases. Thus,
the possibility of obtaining zirconia containing
metastable tetragonal and cubic phases based on
unconventional raw materials was demonstrated.
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It is characteristic that the fine grinding of
synthetic zirconia led to partial amorphisation
of the monoclinic phase, but did not change the
phase composition of the powder [119].

The effect of the addition of multilayer
carbon nanotubes on the strength and plasticity
of ceramics based on baddeleyite, partially
stabilized by calcium oxide with the formation
of a tetragonal phase, was investigated. It was
shown that along with the transformation
hardening in the synthesised composites,
additional mechanisms of crack deceleration were
effectively triggered due to the reinforcing effect
of carbon nanotubes. Samples of baddeleyite
ceramics modified with carbon nanotubes with
high performance characteristics corresponding
to the requirements for high-quality ceramics
were obtained, synthesised from the traditional
imported raw material, synthetic zirconia.

Baddeleyite ceramics are actively used
for lining of a glass melting bath due to their
chemical and fire resistance properties.

9. Nuclear energetics

Another area for the potential application
of materials based on zirconia is inert matrix
nuclear fuel (IMF), which is a ceramic nuclear fuel
evenly distributed in an inert matrix [120-126].
The benefits of IMF over traditional uranium fuel
include the possibility of a more complete use
of plutonium, an increase in uranium burn up,
the ability to transmute “minor” actinides (Np,
Am, Cm), reducing the amount of highly toxic
radioactive waste to be buried, and the possibility
of burying waste without processing it.

Studies on the creation of IMF were started
in the 50-60s in the USA on the basis of ZrO,-
U0, and ZrO,-Ca0-UO, systems. Subsequently,
the phase composition of the IMF was adjusted
taking into account the requirements imposed
on the material of the inert matrix, namely: low
neutron capture cross section; high melting
temperature (2500-2800 °C); high thermal
conductivity; compatibility with a fissile fuel
composition and fuel cladding materials; absence
of phase transformations and amorphisation in
the range of operating temperatures of a nuclear
installation; high radiation resistance; high
mechanical strength, sufficient elasticity and
hardness; low solubility in hot water or other
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heat transfer fluids; stability under disposal
conditions; acceptable cost.

Ceramics based on stabilised zirconia satisfies
most requirements and allows obtaining products
with a high density (more than 95 % of theoretical).
However, it is characterised by low thermal
conductivity. In addition, thermodynamically
unstable cubic solid solutions are subjected to
phase decomposition under severe operating
conditions. A promising option is the use of
Zr,R,0 phases with the pyrochlore structure,
where R - rare earth elements of the cerium
subgroup (see Fig. 5).

10. Conclusion

The manifestation of the main materials
science triad: composition — structure — properties
with subsequent application, and the important
informational role of phase diagrams is revealed
can be seen based on the example of ZrO,. The
phases based on zirconia have such a combination
of physicochemical characteristics that make
them, in the full sense of the word, polyfunctional
materials. The reversible transformation of
deformation energy into phase transition energy
in a partially stabilised ZrO,, providing the

T, °C &

2200 7

1400

Zr0, 20 40 60 80 La,0,
mol. % ’
Fig. 5. Phase diagram of ZrO,-La,O, system according
to [94]. F and C are cubic phases with a fluorite struc-
ture, Py is a phase with a pyrochlore structure with an
idealised composition Zr,La,0., T - solid solution based
on the tetragonal modification of ZrO,, A, H, X - solid

solutions based on various modifications of La,0,
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amazing fracture resistance characteristic of
this material is unique. The nano-sized domains
penetrating these materials and facilitating the
implementation of the stress-induced phase
transition suggests the role of nanotechnology
in materials science. From the point of view
of methodology, this indicates the need to
supplement the materials science triad with one
more variable — dispersity, which was actually
proposed by I. V. Tananaev [127].

Heterovalent fluorite solid solutions based on
ZrO, with a variable number of ions in the unit cell
fully combine the features of phases with grossly
non-stoichiometry [128], such as the formation
of maxima on the melting curves [129], high
ionic conductivity combined with low thermal
conductivity [27], and the formation of ordered
low-temperature phases. By these properties they
are similar to fluoride solid solutions formed in
MF,-RF, systems [130].

The stabilisation method of high-temperature
modifications by heterovalent isomorphic
substitutions, which led to the creation of fianites,
was used by us for the stabilisation of o-GdF,
[131] and o-Na,SO, [132] with the growth of laser
single crystals.

Phase equilibria at low temperatures in systems
with ZrO, are among the unsolved fundamental
issues. Since the time of achieving equilibrium,
controlled by cationic diffusion, increases
exponentially with decreasing temperature [133],
the study of low-temperature equilibria is a very
difficult and often insoluble problem. Regions
for which the time for establishing equilibrium
by means of dry sintering is about 1 year can be
considered as being low-temperature regions. For
systems based on zirconium and hafnium oxides,
this is about 1600 °C.

The use of solvents, in particular, the method
of hydrothermal synthesis, allowed significantly
advance towards the low-temperature region
in Zr0,-R,0, and ZrO,-CeO, systems [64, 65,
71]. However, in the ZrO,-CaO system such
experiments [66] were not enough for the accurate
determination of the temperature of the eutectoid
[89, 134-135]. Thermodynamic modelling is not
always reliable. In particular, the temperature
of the eutectoid decomposition of the cubic
phase in the ZrO,-Y,0, system differs according
to the data of different models by hundreds of
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degrees [68, 69, 136], and in [47] it was below
absolute zero, which contradicts the third law
of thermodynamics. It can be expected that the
use of salt melts will allow making progress in
this matter.

It can be stated that we have a very poor idea
of the formation of ordered phases in systems with
Zr0,, their compositions, structures, regions of
stability, and their relationships with disordered
solid solutions. This is clearly seen in the example
of the results of studies of ZrO,-Ca0O, ZrO,-Sc,0,
systems. As Bevan rightly emphasised in 1970 [77],
we do not know the true structure and compositions
of the ordered phases, since the cation lattice in
the studied samples shows no signs of ordering.
While the anionic sublattice is in the process of
ordering, the cationic sublattice is delayed due to
the extremely slow cationic diffusion. Despite the
active research and accumulated results over the
past 50 years, this statement remains true. It can be
assumed that the precursors of low-temperature
orderly phases are non-equilibrium phases t" and
t”, systematically appearing in PSZ samples. It
should be noted that in Ce,0,-CeO, system, where
ordering is determined only by anionic diffusion,
a whole homologous series of ordered phases has
been revealed [137]. Similar phenomena should
be looked for in ZrO,-R,0, systems. The ZrO,-
In,O, system is of interest from the point of view
of searching for ordered phases [138-139], since
indium oxide is a crystallochemical low-melting
analogue of scandia.

The nature of phase transformations in low-
temperature regions of systems with ZrO, is
traditionally interpreted through the concept of
metastable equilibria [71]. However, it is quite
possible that the corresponding samples are
not in a metastable state, but in a labile state,
the escape from which is extremely slow. The
practical possibility of using materials in a labile
state violates one of the postulates of chemical
thermodynamics [140].

According to the third law of thermodynamics,
a decrease in temperature leads to a decrease
in entropy, a decrease in the concentration of
defects, and decomposition of solid solutions,
thus the low-temperature region can be a source
of new ordered phases, stoichiometric or close to
them compositions, which can become the basis
for new functional materials.
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Abstract

The aim of this work was the investigation of the formation of structures in solutions of individual polymers, as well as
their blends with each other in buffer solvents with different values of pH. In this study we used a sample of chitosan (degree
of deacetylation ~ 84 %, M = 130,000), which is a polycation when dissolved, and polyvinyl alcohol (p = 1.25 g/cm3,M = 5000).
Buffer systems based on acetic acid and sodium acetate with pH = 3.8, 4.25, and 4.75 were used as solvents. Viscosimetry
was used to determine the intrinsic viscosity, the degree of structuring, and the Huggins constant. The Kriegbaum method
was used to determine the nature of the aggregates formed by the blend of the studied polymers.

In the course of the research, it was shown that an increase in the pH of the acetate buffer used as a solvent was accompanied
by a compression of the macromolecular coil (a decrease in intrinsic viscosity values), a deterioration in the quality of the
solvent (an increase in Huggins constant values), and an increase in the degree of polymer aggregation in a solution for
chitosan polyelectrolyte. At the same time for a solution of polyvinyl alcohol the pH of the buffer practically did not affect
the nature of the polymer-solvent interaction. It has been proved that polymer blends are characterized by an increase in
aggregation processes and a decrease in the thermodynamic quality of the solvent in comparison with solutions of individual
polymers. The size of the “combined” macromolecular coil, characterized by the intrinsic viscosity value for the polymer
blend, which can be both above (buffer solvent with pH = 3.80) and below (buffer solvent with pH = 4.25 and 4.75) additive
values, changed depending on the type of formed polymer-polymer aggregates (homo- or hetero-). It was established that
the type of aggregates (homo- or hetero-) formed in solutions of polymer blends was determined not only by the
thermodynamic quality of the used solvents, but also by the concentration of the polymers in the initial solutions.
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1. Introduction

It is known that the prehistory of the formation
of a polymer material from a solution can affect a
number of its characteristics: elasticity, strength,
thermal stability, and many others [1-4]. This is
due to the fact that even after the careful removal
of the solvent, the nature and thermodynamic
quality of the solvent used, the initial concentration
of polymers in the solution, and the ratio of the
components in the blend affect the properties and
structure of films or fibres formed from a solution
[4-T7]. For example, due to the use of solvents of
different thermodynamic qualities in relation to
the polymer, various supramolecular structures
were created in solutions, which remain in the
metastable systems formed after the removal of
solvents and further in the solid phase [8]. Thus,
even in the case of obtaining materials from
polymer-solvent systems, the hierarchy of the
structures being formed, both in a dilute solution
and in a condensed state, is complex and diverse,
not to mention polymer-polymer-solvent systems.

Taking these facts into account, it becomes
clear that it is extremely important to study
the formation of the structures of polymers, as
well as their blends in solutions, not only for
the solution of specific applied problems, but
also for obtaining new knowledge about the
structures of polymers in solutions. The aim of
this study was the investigation of the formation
of structures in solutions of individual polymers
(chitosan (ChTS) and polyvinyl alcohol (PVA)),
as well as their blends with each other. The
choice of polymers was due to their physiological
activity [9], as well as a number of properties,
such as biocompatibility, biodegradability,
atraumaticity, high sorption capacity, minimal
immune response of the organism, etc. [10-

HO

CH;CO0"

a

2021;23(2): 188-195
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17]. It should be noted that, when dissolved in
acidic media, ChTS acquires the properties of a
polyelectrolyte, namely, a polycation, which has
a major effect on its physiological activity.

2. Experimental

For the studywe used a sample of chitosan ChTS
(manufactured by ZAO Bioprogress, Shchelkovo),
obtained by the alkaline deacetylation of
crab chitin (degree of deacetylation ~ 84 %),
M = 130000, which, upon dissolution is a
polycation (Fig. 1a), and polyvinyl alcohol PVA
(Fig.1b), grade 11/2 produced by OO0 Reakhim
p =1.25 g/cm® M = 5000.

Acetate buffers with pH = 3.8 (buffer solu-
tion 1), 4.25 (buffer solution 2), and 4.75 (buffer
solution 3) were used as solvents. The acetate
buffers were prepared by mixing 0.2 M acetic acid
and 0.2 M sodium acetate: pH = 3.8—-12 ml and
88 ml, pH = 4.25-32 ml and 68 ml, pH = 4.75-
60 ml and 40 ml, respectively.

For the determination of the intrinsic viscosity
[n], the polymer was dissolved in an acetate buffer
(for the exclusion of the effect of polyelectrolyte
swelling for chitosan) for 24 h at room temperature
with constant stirring. The intrinsic viscosity was
determined viscometrically according to the
standard method using an Ubbelohde viscometer
at 25 °C [8] (by extrapolating to zero using the
Huggins and Kroemer equations), the polymer
concentration in the solution was varied from
0.1 to 0.5 g/dl. The experimental error was not
higher than 1 %.

The degree of structuring of the solution
(d) was determined as the slope of the line of
the experimental dependences of the specific
viscosity of solutions on the concentration
of the polymer in the solution in logarithmic
coordinates [18] (Fig. 2a).

CH;

co

|
NH

O wwwr

CH,—CH
T
OH

Fig. 1. Structural formulas of chitosan (a) and polyvinyl alcohol (b)
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Fig. 2. Graphical methods for determining the degree of structuring of the solution (a) and Huggins constant (b)

The experimental data were analysed using
the Kriegbaum method: according to the Huggins
equation:

nspeciﬁ(/c = [T‘] +bC’

where b = [n]’K .

The parameter of intermolecular interaction
for individual polymers (b, , b,,) was determined
as the slope of the linear part of the dependence
of the reduced viscosity on the polymer
concentration (Fig. 2b).

Then, at each fixed concentration, the
experimental parameter of intermolecular
interaction (b, .,) for a blend was determined
according to the formula:

_ hblend - [h]lcl B [h]1cz — bllclz — bzzczZ
12(exp) — 2C1C2 :

The parameter of intermolecular interaction
Ablz (Ab_u = blZ(exp) - blZ(th.eor); blZ(theor)= (blleZ)O.s) was
determined by comparing b,, . - and b .The

. D) 12(theor) .
types of the associates formed can be determined
by the change of Ab ,: positive values of Ab,,
indicate the presence of associates between
dissimilar macromolecules in the solution
and negative values indicate the presence of

homoassociates.

3. Results and discussions

The study of the dynamic properties of
macromolecules in solutions, in particular their
hydrodynamic behaviour, provides information on
the intermolecular interactions. In the description
of the viscosity properties of dilute solutions,
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as a rule, the interaction of macromolecules is
neglected and their description is based on the
linear dependence of the increase in viscosity on
the concentration of the polymer solution. In the
region of transition from dilute to semi-dilute
solutions (crossover region), where the mechanism
of mass transfer and the conformational regime
of macromolecules change, and the formation
of entangled network occurs. In accordance
with the scaling theory in this region there is a
deviation from the linearity of the concentration
dependence of viscosity n ~ ¢®. This is revealed
by the change in the slope of the corresponding
dependence in double logarithmic coordinates.
According to generally accepted concepts, the
tangents to the initial and final sections of this
dependence intersect in the region of ¢, and the
slopes are equal to 1 and 15/4 [19, 20].

Indeed, as was shown by viscometric studies
of ChTS and PVA solutions in aqueous solutions
with different values of pH (buffer solution 1 -
pH = 3.80, buffer solution 2 — pH = 4.25, buffer
solution 3 — pH = 4.75), the representation
of the dependences of the specific viscosity
of polymer solutions on concentration in
logarithmic coordinates allows determining
the concentration of ¢” as the value from which
the experimental curve deviates from a straight
line. It should be noted that in the case of ChTS
solutions, which have a polyelectrolyte nature,
the value of ¢’ changes with changes in the pH
of the medium (see Table 1).

As can be seen from Table 1, with an increase
in the pH of the aqueous solution, the crossover
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Table 1. Characteristics of the studied polymers obtained from viscometric data

Polymer Solvent ¢, g/dl ) K [n], dl/g
Bufferl (pH = 3.80) 0.24 1.25 0.54 6.80
ChTS Buffer2 (pH = 4.25) 0.26 1.28 0.60 5.70
Buffer3 (pH = 4.75) 0.28 1.35 0.62 5.00
Bufferl (pH = 3.80) - 1.10 0.80 0.50
PVA Buffer2 (pH = 4.25) - 1.15 0.80 0.50
Buffer3 (pH = 4.75) - 1.20 0.81 0.49

occurred somewhat later, which indicates a slight
decrease in the size of the macromolecular coils.
For PVA solutions, a crossover in the studied
concentration range (up to 1 g/dL) was not
observed due to the low molecular weight of PVA.

In addition, the description of the viscosity
properties of polymer solutions, should consider
the possibility of reversible aggregation processes,
which can occur not only in the region of high
concentrations, but also in the region c < c'.

Itisknown that in the translational mechanism
of mass transfer in aggregated suspensions, the
contribution to the viscosity is made not by
individual particles with a volume V, but by their
aggregates, the volume of which V(n) depends not
only on the number of constituent particles n, but
also on the density of their packing, characterized
by the fractal dimension D:

V(n)=V; n*P. (1)

As a result of the loose packing of the
suspension particles in the aggregate, their
contribution to the viscosity starts to depend
non-linearly on the concentration:

An~n,C,&>1. (2)

A similar reasoning extends to polymer
solutions when considering the dynamic
properties of polymer coils taking into account
the excluded volume effect (the model of
impermeable coils) [18].

The processing of the experimental
dependences of the specific viscosity of polymer
solutions on the concentration in double
logarithmic coordinates allows determining the
power value d in the scaling dependence (2), the
corresponding values of which are presented in
Table 1.

A comparison of the obtained values shows
that in all considered cases, the values of the
scaling parameter exceed 1, which unambiguously

indicates that the processes of aggregation in the
polymer solution begin in the region of dilute
solutions.

Table 1 shows the values of the intrinsic
viscosity and the Huggins constant (K ) of the
studied polymers, which allowed the quality of
the used solvents to be estimated. An analysis
of these data for PVA and ChTS solutions in
buffer solutions with different pH confirms
the conclusions about the deterioration of the
solvent quality and a decrease in the coil size
with increasing pH in the case of ChTS. The
sizes of PVA coils practically did not change
with a change in the pH of the medium, which
should be expected, considering that PVA is not
a polyelectrolyte.

As a result of mixing ChTS and PVA solutions
with equal concentrations, both the additive
behaviour of the mixed solutions and deviations
from additivity due to the rearrangement of the
structure of polymer solutions, caused by both
the different nature (ChTS is polyelectrolyte,
PVA is not), and by the difference in molecular
weight of macromolecules can be expected. An
increase in the structuring of mixed solutions in
comparison with solutions of individual polymers
can be indicated, first of all, by the degree of
aggregation ().

As can be seen from data presented in Fig. 3,
polymer blends and solutions of individual
polymers, are aggregated systems in all used
buffers, regardless of the pH of the solvent, and for
all compositions of ChTS: PVA blends. It should be
noted that the values of the degree of aggregation
are always higher than the additive values, which
characterizes an increase in the intermolecular
interaction of macromolecules. However, a general
pattern was noted: with the deterioration of the
thermodynamic quality of the solvent, e.g. with
the transition to a more alkaline buffer, higher
deviations from the additive values were observed.
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1.0

% vol. PVA

Fig. 3. The dependence of the aggregation 6 degree of ChTSZ-PVA solutions in buffer solution 1 (1), in buffer

solution 2 (2), in buffer solution 3 (3)

K.

K.

0.8+ 0.8
0.7 0.7
0.6 0.6
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0.4 \ \ | 0.4
20 >0 80 % vol. PVA

Fig. 4. The dependence of the Huggins constant of ChTS-PVA solutions in buffer solution 1 (1), buffer solution

1 (2) and in buffer solution 3 (3)

The increase in the degree of structuring of
the solution was also evidenced by the values of
Huggins constant (Fig. 4). As can be seen from
the data presented, deviations from the additive
values were observed for all solvents (buffer
systems) used in the study.

Based on the values of the degree of aggregation
and Huggins constant it can be stated that the
formation of structures in solutions increases
with polymer mixing. However, the analysis of the
dependence of the intrinsic viscosity (reflecting
the conformational state of macromolecules) on
the composition of the polymer blend solutions
indicates that the nature of the formed aggregates
is different when using solvents with different
values of pH (Fig. 5).
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As can be seen from the data in Fig. 5,
representing the dependence of the intrinsic
viscosity on the composition of the blend for
solutions with different pH, in a more acidic
medium (with pH = 3.8) the mixed macromolecular
coils “swell”, while in a more alkaline buffer - 3,
the coils are “squeezed” , as evidenced by the
negative nature of the deviation of the intrinsic
viscosity from the additive values.

The processing of the viscometric data by the
Krigbaum method allowed determining the nature
of the aggregates formed by the PVA-ChTS blend.
It was found that the nature of the aggregates in
the polymer blend depends not only on the pH of
the used solvent, but also on the concentration of
the initial polymer solutions (Fig. 6).
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|
80 % vol. PVA

Fig. 5. The dependence [h] of ChTS-PVA solutions in buffer solution 1 (1), in buffer solution 2 (2), in buffer

solution 3 (3)

Thus, in buffers with pH = 4.25 and 4.75,
the formation of homoaggregates from
macromolecules occurred with all investigated
concentrations of the initial solutions of ChTS and
PVA. This was evidenced by the negative values of
the intermolecular aggregation parameter (Ab,,)
(Fig. 6 b, C).

Abn Abi2
35 | 35
i . i
5 J1° te e, {25
o ° 4 |
15 ©7 ° o o ¢ 5
O
i o j
5/ g3m = = om0 . e | 5
S5 D4EI o o o o o o u] 7-5
S L -~ .15
251 - 25
| |
20 50 80 % vol. PVA
a

Fig. 6. The dependence of the intermolecular aggre-
gation Ab12 parameter of ChTS-PVA solutions in
buffer solution 1 (a), in buffer solution 2 (b), in buffer
solution 3 (c). Concentrations of the initial polymer
solutions were 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (4), and 0.5

(5) grdl

In the case of a more acidic solution with
pH = 3.80, a complex dependence of the values
of the intermolecular aggregation parameter
on the concentration of the initial polymer
solutions was observed. Thus, at concentrations
lower and slightly exceeding c*, positive Ab,,
values (Fig. 6, curves 1, 2, 3) were revealed, which

Ab2 Abn2
(0] R *0
®/ ¢ o © o o o :) |
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indicate the formation of mixed associates. At
high concentrations of the initial ChTS and PVA
solutions, negative values of intermolecular
aggregation (Fig. 6, curves 4, 5) and, accordingly,
the formation of homoaggregates were detected.

Probably, in a more acidic solution with
concentrations slightly exceeding the crossover,
the capture of PVA molecules by the ChTS
macromolecules with the corresponding
formation of heteroaggregates occurs. In more
basic media (buffer solvents 2 and 3) and
when ¢” in buffer solvent 1 is exceeded, ChTS
macromolecules were compressed, as a result of
which each of the polymers aggregates separately
from each other.

Thus, the performed studies showed that the
formation of aggregates from macromolecules
is possible in the case of solutions of individual
polymers and in the case of their blends even in
the region of dilute and semi-dilute solutions
of polymer blends, which are a single-phase
solution without a visible interface. The type of
formed aggregates was largely determined by the
nature and thermodynamic quality of the selected
solvent, as well as by the concentration of the
initial polymer solutions.

4. Conclusions

1. It was shown that for ChTS polyelectrolyte
solutions, an increase in the pH of the acetate buf-
fer used as a solvent is accompanied by a shrink-
age of the macromolecular coil (a decrease in the
intrinsic viscosity values), a deterioration in the
quality of the solvent (an increase in the Huggins
constant), and an increase in the degree of poly-
mer aggregation in the solution. For PVA solu-
tions, the pH of the solution practically did not af-
fect the nature of the polymer-solvent interaction.

2.1t has been proven that polymer blends are
characterized by an intensification of aggregation
processes and a decrease in the thermodynamic
quality of the solvent in comparison with
solutions of individual polymers. The size of
the “combined” macromolecular coil (intrinsic
viscosity value for a polymer blend) in this case
can be both higher (buffer 1 with pH = 3.80)
and below (buffer 2 with pH = 4.25 and buffer 3
with pH = 4.75) the additive values, which is
determined by the type of (homo- or hetero-)
formed polymer-polymer aggregates.
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3. It was found that the type of aggregates
formed in solutions of polymer blends (homo-
or hetero-) are determined not only by the
thermodynamic quality of the used solvents,
but also by the concentration of polymers in the
initial solutions.
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1. Introduction

Amongst nano-sized metal oxide
semiconductors, rare earth orthoferrites AFeO,
(A = La, Y, Pr, Sm, Ho) have been studied for
application in many fields such as inorganic
dyes, optical catalysts, gas sensors, magnetic
materials or electrodes for Li-ion battery [1-8].
The properties of this type of materials depend
on not only the particle size and morphology, but
also the dopant concentration and preparation
methods [5-9].

Recently, the sol-gel method has been used for
preparation of AFeO, orthoferrite nanomaterials
owing to many advantage of this method: low
annealing temperature, narrow particle size
distribution, high purity, facile synthesize
highly doped AFeO, materials, [1-3, 10-12].
However, the challenge of this method lies in
the selection of appropriate organic polymer
for gel formation and the experimental time is
usually prolonged. In previous works [13-14],
orthoferrite AFeO, (A=Nd and Ho) nanomaterials
of particle size < 100 nm were synthesized by
co-precipitation method using hot ethanol via
the hydrolysis of A(III) and Fe(III) cations in
hot water (T > 95 °C) and NH, 5 % solution as
the precipitant. Methanol and ethanol have
similar dipole moments ((u(C,H.OH) = 1.66 D,
W(CH,OH) = 1.69 D) [15], which are lower than that
of water (u(H,0) = 1.85 D) [16]. Meanwhile, the
viscosity of CH,OH (5.9-10" Pa-s) is lower than
that of C,H,OH (1.2- 1073 Pa-s), and is also very low
compared to organic polymers [15]. As a result,
the interaction between A(III) and Fe(III) cations
with CH,OH is smaller than with C,H.OH, which
leads to the decrease of the size of orthoferrite
AFeO, particles synthesized by sol-gel method
using methanol.

In this work, the formation, as well as
structural and magnetic properties of nano-sized
orthoferrite praseodymium (o-PrFeO,) prepared
by sol-gel method using methanol have been
studied and characterized.

2. Experimental and methods

All solvents and chemicals for the synthesis
of used nanocrystalline praseodymium
orthoferrite were purchased and used as-
received: Pr(NO,),- 6H,0 (99.8 % purity,
Merck), Fe(NO,).- 9H,0 (99.6 % purity, Sigma-
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Aldrich), methanol absolute (99.7 % purity,
d=0.792 g/mL), ammonia solution (Xilong purity,
85 %, d=0.901 g/mL).

Amixture of Pr(NO,).-6H,0 and Fe(NO,).-9H,0
(1:1 mol to mol ratio) was dissolved in 50 mL
solvent of H,0 - CH,OH (1:1, V/V). The mixture
solution was then added dropwise to a round-
bottom flask containing 150 mL boiling H,0 -
CH,OH co-solvent (T ~ 85 °C). The slow addition
of Pr (III) and Fe (IIT) mixture to the co-solvent at
85 °C would increase the hydrolysis process, thus
hinder and control the particle size of orthoferrite
PrFeO,. Details of optimized conditions can
be found in previous reports on the synthesis
of LnFeO, (Ln =Y, La, Nd) orthoferrites [17-
19]. The system continued to be refluxed for an
additional 30 minutes before cooling down to
~ 30 °C, resulted in a brownish-yellow mixture.
By refluxing, the solvent volume was maintained
and the diffusion of toxic CH,OH vapor to the
environment could be minimized. Next, NH, 5 %
solution was added dropwise to the system until
pH ~ 9+10 (tested by pH paper). The system was
stirred for 30 minutes, then vacuum filtered.
After removing all the filtrate, the residue was
dry at 50 °C during 3 hours and grounded to
obtain brownish-yellow powder (precursor for
the synthesis of o-PrFe0,).

Thermogravimetry and differential scanning
calorimetry (TG-DSC) curves were recorded
under dried air at the heating rate of 10 K-min‘},
maximum temperature 950 °C, platinum crucibles,
using Labsys Evo — TG-DSC 1600 °C (France).

X-ray diffraction (XRD) patterns of PrFeO,
samples were recorded using X-ray powder
diffractometer (XRD, D8-ADVANCE, Germany)
with CuK radiation (A = 1.5406 A), range 26 = 10-
75°, step size 0.019 °/s. Crystal size (D,,,, hm)
of PrFeO, samples was determined according to
Debye-Scherrer equation, lattice parameters (a, b,
¢, V) were calculate according to previous works
[12, 19-20]. Phase composition was determined
by Rietveld refinement, Fullprof 2009.

The content and surface distribution
of the elements (Pr, Fe, O) were studied by
energy-dispersive X-ray spectroscopy (EDX and
EDX-mapping), FE-SEM S-4800 (Japan). The
quantitative elemental composition were taken
as the average of 5 different positions of each
sample.
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Crystal size and morphology of PrFeO,
samples were characterized by transmission
electron spectroscopy (TEM), Joel JEM-1400
(Japan). The crystal size distribution of were
determined by IMAGE J.

Hysteresis loop and magnetic properties
including coercive force (H, Oe), remanent
magnetization (M, emu/g) and saturation
magnetization (M, emu/g) were recorded
on vibrating sample magnetometer (VSM,
MICROSENE EV11) under the magnetic field in
the range of -21 000 Oe to +21 000 Oe.

3. Results and discussion

Fig. 1 shows the TG-DSC curves of precursors
for the synthesis of o-PrFeO, nanomaterial. The
total mass loss from room temperature to 950 °C
was 23.67 %. This result proves the formation
of bonds between Pr(III) and Fe(III) cation with
CH,- group in the precipitate [21]. Indeed, if
this precipitate had only included Pr(OH),| and
Fe(OH),|, mass loss deduced from equation (1)
would have been 18.07 %.

Fe(OH), + Pr(OH), — PrFeO, + 3H,0 (1)

The mass loss by decomposition of M*-CH,
(M =Pr, Fe) bonds corresponds to the exothermic
peak at 270.56 °C on the DSC curve (Fig. 1). The
endothermic peaks at 113.37 and 358.52 °C are the
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dehydrate and decomposition of praseodymium
(IIT) and iron (III) hydroxides. Similar results
were also observed in previous works [13, 19] for
HoFeO, and NdFeO, orthoferrite. The exothermic
peak at 617.31 °C correspond to the phase
formation of PrFeO, orthoferrite from Pr,O, and
Fe O, according to equation (2). This inference
is in good agreement with the mass change on
the TG curve (there were no observable changes
in the sample’s mass from ~650 °C). From the
TG-DSC results, the sample was annealed at 650,
750, 850, and 950 °C for 60 min to characterize the
structural properties of PrFeQ, crystals by XRD.

Fe,O, + Pr,0, — 2PrFeO, (2)

XRD patterns of praseodymium orthoferrite
precursor after annealing at different temperatures
for 60 min were shown in Fig. 2. The results give
single phase orthorhombic PrFeO,. All obtained
peaks match well with the standard peaks of
PrFeO, (JCPDS: 74-1472), without any observable
oxide peaks such as Pr,0,, Pr,O,, or Fe O,. The
degree of crystallinity and crystal phase content
of PrFeQ, samples increased with the annealing
temperature, however, this increment was not
linear (Table 1). The crystallinity of the sample
annealed at 750 °C (592.04 cts) and that annealed
at 950 °C (614.66 cts) were approximate, but
the PrFeQ, crystal phase content of the sample

358.52 °C
Y T
400

T T
600 800

Sample Temperature, °C

Fig. 1. TG-DSC curves of the dried gel powders
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Fig. 2. PXRD patterns of PrFeO, nanopowders annealed at 650, 750, 850, and 950 °C for 60 min

Table 1. Characteristics of PrFeO, samples annealed at different temperatures for 60 min

T 650 °C 750 °C 850 °C 950 °C
20, ° 32.6092 32.5659 32.6185 32.5584
Height, cts 288.26 592.04 490.86 614.66
Crystal phase, % 68.8 93.4 80.5 89.7
Amorphous phase, % 31.2 6.6 19.5 10.3
FWHM, ° 0.1309 0.1683 0.1122 0.1122
d-spacing, A 2.74604 2.74960 2.74529 2.75022
D,nm 62.5 48.6 73.0 73.0
a,A 5.4556 5.4521 5.4509 5.4501
b, A 5.5753 5.5840 5.6206 5.6218
¢, A 7.8113 7.7245 7.8169 7.8145
V, A3 237.59 235.17 239.49 239.43
H,Oe 28.0 30.8 33.7 -
M, emu/g 0.22 0.13 0.76 -
M, emu/g 0.24 1.10 0.73 -

annealed at 750 °C was much higher than
the others. The full-width at half maximum
(FWHM, °) of the sample annealed at 750 °C
was the widest, leading to the smallest Debye-
Scherrer crystal size (D, =48.6 nm) and lattice
volume (V = 235.17 A%) (Table 1). Thus, it can be

assumed that 750 °C for 60 min is the appropriate
conditions for the formation of single phase
praseodymium orthoferrite (o-PrFeO,) by sol-gel
method using water-methanol co-solvent.
From the EDX and EDX-mapping analysis
of PrFeO, sample annealed at 750 °C, only
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praseodymium, iron and oxygen peaks were
observable without any other signals of impurity
elements (Fig. 3). The averages of weight
percentage and atomic percentage of the elements
Pr, Fe, O from five different positions are shown in
Table 2. The obtained results are consistent with
expected chemical composition (Table 2).
Particle size and morphology of PrFeO,
powder annealed at 750 °C are shown in the
TEM image (Fig. 4a). The obtained particles have
slightly angular spherical shape with the size
mostly in the range of 20—-60 nm (Fig. 4b). Average

2021;23(2): 196-203
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size calculated by IMAGE ] was 46.28 nm. This
result is rather close to the crystal size by Debye-
Scherrer equation (D, = 48.6 nm) (Table 1).
Field dependence of the magnetization of
PrFeO, nanomaterials at 300K are shown in
Fig. 5. The coercive force (H_ = 20.8 + 30.7 Oe)
and saturation magnetization (M_= 0.13 + 0.76
emu/g) (Table 1) of all three PrFeO, samples in
this work are much lower than those of PrFeO,
prepared by co-precipitation method reported
by Sudandararaj T. S. A. et. al. [22] (H, = 505.45
Oe, M_= 27.63 emu/g). The low value of H_and

Table 2. EDX analysis of PrFeO, nano-sized powders annealed at 750 °C

Pr

Fe (0]

Wt% At% Wt%

At% Wt% At%

56.39 21.02 22.35

18.28 21.36 60.70

Sum Spectrum

0 1 2 3 4 5

keV '

' Mix

3 um

Fig 3. EDX and EDX-mapping images of PrFeO, sample annealed at 750 °C

Count, %

Diameter, nm

Fig. 4. (a) TEM image of PrFeO, sample annealed at 750 °C and (b) Particle size distribution
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M_could be originated from the homogeneity in
shape and size of the PrFeO, nanoparticles with
clear particle boundaries (see Fig. 4) while in the
TEM image of the corresponding PrFeO, in [22],
the particle boundaries are not observable with
severe aggregation that joined the entire area of
the material despite the particle size of 36.0 nm
(by Image J).

Most interestingly, the magnetic parameters
of PrFeO, nanomaterials changed irregularly
with the annealing temperature (Table 1). The
PrFeQ, sample annealed at 750 °C has the lowest
M, (0.13 emu/g) while its M_ (1.10 emu/g) has
the highest value. This can be ascribed by the
highest crystallinity and crystal phase content
of the PrFeO, sample annealed at 750 °C (see
Table 1) which decreased the magnetocrystalline
anisotropy of the material, leading to the rise in
M_and the decreased in M _[23-24].

Thus, with low H, M, and high M, obtained
PrFeO, nanomaterials are soft magnetics that can
be applied as material working under the external
field as transformer cores, electromagnet cores,
and conductive cores [24].

4. Conclusions

In this study, nanocrystalline praseodymium
orthoferrite (o-PrFeO,) was successfully
synthesized by sol-gel method using water-
methanol co-solvent. The PrFeO, nanocrystal

Original article

formed after annealing the precursor at different
temperatures (650, 750, 850, and 950 °C) for
1 hour. The crystal size of PrFeO, samples are in
the range of 45+70 nm (XRD, TEM). The PrFeO,
sample annealed at 750 °C had the highest
crystallinity (592.04 cts) and crystal phase
content (93.4 %) (XRD) with smallest particle
size (46.28 nm, TEM). The obtained PrFeO,
nanomaterials are soft magnetic materials with
low coercive force and remanent magnetization,
high saturation magnetization.
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Abstract

The effect of various planes was studied when growing epitaxial layers by liquid-phase epitaxy (LPE) on the profiled InP
substrates. The studies allowed obtaining buried heterostructures in the InP/InGaAsP system and creating highly efficient
laser diodes and image sensors.

It was found that protruding mesa strips or in-depth mesa strips in the form of channels formed by the {111}A, {111}B,
{110}, {112}A, or {221}A family of planes can be obtained with the corresponding selection of an etching agent, strip
orientation, and a method of obtaining a masking coating. It was noted that in the case of the polarity of axes being in the
direction of <111>, the cut of mesa strips was conducted along the most densely packaged planes. This cut led to the
difference in rates of both chemical etching and epitaxial burying of profiled surfaces.

The cut was made along the planes at a low dissolution rate {111}A for a sphalerite lattice, to which the studied material,
indium phosphide, belongs. Analysis of planes {110} and {I10} showed that the location of the most densely packaged planes
{111}A and {111}B relative to them is different.
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1. Introduction

InP/InGaAsP heterostructures are the main
type of structures used for obtaining quantum
electronics devices, such as semiconductor
lasers, superluminescent radiation sources, and
photodiodes with a wavelength range from 1.20
to 1.65 pm which is the most important for the
systems of fibre optic communication channels
and fibre optic sensors [1-6]. The uniqueness of
these structures is that InGaAsP solid solutions
are isoperiodic to indium phosphide, which allows
creating “perfect” heterojunctions suitable for
wide application in engineering [7-9].

There are various methods for obtaining such
heterostructures: liquid-phase epitaxy (LPE)
[10,11], molecular-beam epitaxy (MBE) [12, 13],
and metalorganic chemical vapour deposition
(MOCVD) [14-16]. All these methods are aimed
at the creation of heterostructures forming the
basis of chips for quantum electronics devices.
Creating chips from the structures that are grown
using MBE and MOCVD methods requires foreign
equipment and a unique post-growth technology
for processing structures, which makes the
technological cycle of the production of devices
more complicated and expensive. It also requires
high-precision and expensive technological
equipment and is conducted under conditions of
nonequilibrium growth, which complicates their
creation on profiled surfaces.

At the same time, there are methods of
obtaining epitaxial heterostructures on profiled
surfaces [17, 18] that allow simplifying the
technological cycle and creating chips for
quantum electronics devices from solutions-
melts in growth modes close to equilibrium
using a rather simple and cheap LPE method
and Russian equipment. These growth modes
allow creating device structures with a high
level of perfection of layers by simple doping of
different layers of the structure in a wide range
of concentrations of the dopant. Forming an
initial profiled surface of substrates, it is possible
to use a selective growth mode on various
sides, thus creating the specified electrical and
optical limitations for light transmission in
laser diodes. The aim of this work was to study
the modes of formation of profiled surfaces of
indium phosphide as well as the growth of InP/
InGaAsP heterostructures on profiled surfaces

2021;23(2): 204-211
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and production of laser diodes with a spectral
range of wavelengths 1300-1650 nm.

2. Experimental

2.1. Creating and burying a “fishtail” laser
pinned structure

To determine the modes of formation of the
profiled surface of indium phosphide and rates of
epitaxial growth of InP layers and solid solutions
InGaAsP, the samples of substrates InP with
the orientation of planes {100} were used. The
orientation accuracy was +/- 0.5 degrees.

The substrates with n-type conductivity were
doped with Sn or S to a concentration of 10'%-
10¥ cm-3, the substrates with p-type conductivity
were doped with Zn to the concentration of
(4-5)-10'® cm3. The substrates were mechanically
polished to a thickness of 320+10 pm. Then, after
the mechanical polish, the samples were washed
three times in organic solvents and etched in
a polishing etching agent Br : CH,COOH to
eliminate the damaged surface layer of ~ 10 pm.
The masking coating for the further formation of a
“fishtail” mesa was a SiO, film deposited using the
method of pyrolytic reaction of SiH, and O, with
the temperature of the InP substrate being 450 °C.
The thickness of the oxide film was 0.15 ym. The
processes of liquid-phase epitaxy were conducted
in the hydrogen atmosphere with the dew point
of —80 °C in a plate made of high-purity MPG-7
graphite with a limited growth cell volume [19].

The profile of a strip was formed along the
cleavage in the directions of [110] or [I10]. The
direction of the strip in relation to the plane of
the substrate was determined by etching an InP

Fig. 1. Etching figures on plane (100)
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substrate fragment ~ 1 mm wide with further
etching in concentrated HCI for 2 minutes.
Characteristic “straws” were formed on the
surface of the InP substrate fragment, and their
elongated part indicated the direction of [110].
The direction of [110] was perpendicular to the
elongated part of the “straws”.

Mesa strips were formed using a standard
photolithography method. The width of a strip
was 10 ym with the 400 ym interval between
the strips. Further etching for the creation of
a mesa strip structure was conducted at room
temperature with normal lighting conditions and
slight stirring of the solution. There are different
chemical etching agents for indium phosphide
[20]. The composition of the Br : CH,COOH etching
agent was used in this work as the most preferable
for InP [21]. Geometric sizes of the profile were
determined by the measurements in the “Epival”
optical microscope with an amplification of x450.
The cleavage for the determination of geometric
sizes was made parallel to the planes {110}.
The etching rate was calculated by the etching
depth defined by the cleavage using an optical
microscope. After the formation of the strips, the
etched surface between them was mirror-smooth
without any visible defects. Various volume ratios
of this etching agent were used (1:160; 1:80; 1:25;
1:9). With the specified direction of the strip, the
shape of the mesa strip structure did not change
with different ratios of the etching agent. In our
opinion, the most suitable ratio for Br : CH,COOH
was 1:9. The etching rate of this etching agent
was 2 um per minute on the samples without
a masking coating. Further experiments on the
formation of mesa strips were conducted by
chemical etching in the Br : CH,COOH mixture

da 10 pm
T
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with the 1:9 ratio. Depending on the orientation
of masking strips, two types of mesa structures
were obtained, see Fig. 2.

This etching agent was also used for test
multi-layer InP/InGaAsP heterostructures
without any deviations from the selected modes.

Analysis of planes (110) and (110) showed [22]
that the position of the most densely packaged
planes {111}A in relation to them is different,
see Fig. 3.

During the etching of the InP layer with the
strip orientation along the direction of 110], the
mesa strip had a shape of a fishtail limited by
planes (II1)A and (I11)A which were located at an
angle of 125°16’ to (001) and by planes (112) and
(I12) (angle 35°16’). However, when the etching
was conducted along the direction of [I10], the
mesa strip had a shape of a hill limited by planes
(111)A and (I IT)A which were located at an angle
of 54°44’ to (001). We studied the etching rates
of indium phosphide substrates with different
crystallographic orientations (111)A; (111)B;
(100); (001). The changes in the etching rate
of the substrates with different orientation are
shown in Fig. 4.

We canseethatV >V, >V, ,. It should
be noted that the slowly etcheci plane (111)
A always remains matt while planes (111)B,
(100), and (001) are mirror-like. Such significant
differences in the etching rates for various
crystallographic orientations are apparently
related to polar properties of the sphalerite lattice
in the direction of <111>.

Fig. 5 shows the etching rates of the mesa
strip structure in the strip direction of <110>.
We can see that the etching rate of mesa strips in
the Br : CH,COOH etching agent greatly depends

10 um

Fig. 2. Types of mesa strips depending on the orientation of the masking strips: a-[110], b-[110]
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Fig. 3. Projection of the InP crystal structure on plane (110) - a and (I10) - b

on the mutual combination of planes cutting the
mesa strip. It was also noted that the absolute
values of the etching rates of the mesa strips
changed their values when the etching agent
was stirred, while the relative value of the rates
remained constant.

Diffusion is important for determining the
etching rate and can conceal the difference in
the absolute rates of some low-index planes,
although it cannot hide the insufficient reactivity
properties of planes {111}A. We can also assume
that masking coatings are highly significant both
for diffusion processes during the formation
of mesa strips and for their burying using the
method of liquid-phase epitaxy.

A laser heterostructure was grown on the
substrates of indium phosphide with the p-type
conductivity. At first, an initial heterostructure was
grown, an InP layer with the p-type conductivity,
then an undoped layer of the GalnAsP solid
solution and an InP layer with the n-type
conductivity doped to the concentration of
1x10x19 cm3. After that, a mesa strip in the form
of a fishtail was formed. A protruding mesa strip
was buried with two layers of InP of the n-type
and p-type conductivity respectively. These layers
were “blocking layers” that limited the the flow of
the current outside the mesa strip, so the pumping
current of a laser diode flows only along the mesa
strip at the lowest value outside the strip. Such
limitation of current allows obtaining a laser
diode with low operating current and good optical
limitation of light emitted by the diode. The use

25
h, gm B (111)
20 /
/
15
/ (100)
0 / "
./ //
5 / p———9

A(111)

0 T T T
0 1 2 3 4 5

é t, min

Fig. 4. Changing the rate of InP etching depending on
the orientation of the substrate

7_
d, um
6 -

O T T T T T T 1
0 4 8 12 16 20 24 28

t,s

Fig. 5. Etching rate for mesa strips along the direction
of [110] in the etching agent Br : CH,COOH

207



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

M. G. Vasilev et al.

of the InP substrates with the p-type conductivity
allowed reducing the leakage currents outside the
mesa strip and avoid using an additional contact
layer of the GalnAsP solid solution required for the
creation of an ohmic contact of the laser diode [21].
Burying was conducted in the temperature range of
620-600 °C with different degrees of supercooling
of the solution-melt. A disadvantage of this
structure is low reproducibility of the narrow part
of the “fishtail” (active area of the laser diode)
due to adsorption of the Br : CH,COOH etching
agent on the surface of the masking coating and
its further diffusion into the etching area free from
the masking coating. The same adsorption is also
observed in the form of “excrescences” of crystals
along the mesa strip during the process of growth
from the solution-melt. These excrescences had a
negative effect on the further formation of chips
of laser diodes.

3. Results and discussion

During the experiments, it was shown that
the masking coating must be removed from the
surface of the mesa strip and epitaxial burying
must be conducted without a masking coating in
order to eliminate the adsorption.

10 um

[100]

[110]
Si0,

A (111)

B (111)

Fig. 6a Two-channel mesa strip
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The experiment was conducted on the InP
substrates with the p-type conductivity. Two
barrier layers n-InP and p-InP were grown
sequentially. It was noted that there was no
growth on the surface when the mesa strip without
a masking coating was less than 6 ym wide. This
effect can presumably be explained by the fact
that the growth of a more densely packaged
plane (111)B requires a larger amount of InP as
compared to plane (100). Therefore, InP actively
moves towards plane (111)B in the solution-melt
and is completely weakened above the surface of
the mesa strip with the specified growth modes.

3.1. Creating and burying a two-channel laser
strip structure

From a practical perspective, mesa strips
with the minimum sizes of the radiation area of
a future device are of special interest. For this
reason, we considered an option of a mesa strip
limited by two etched channels, see Fig. 6 (a, b).
This structure of a mesa strip allows creating the
“top” of a strip with a size less than 1-2 um, which
is highly important for the future laser structure,
as this size is responsible for the size of the active
area of the laser diode, and the size of 1.5-2.5 ym
is considered optimal for lasers with a spectral
range of wavelengths 1210-1650 nm.

A photoresist was used to create a two-
channel mesa-strip structure, which considerably
simplified the process of formation of the two-
channel structure. A photoresist, placed using
a standard photolithography method, was left
on the surface after the formation of a pattern.

tem WO13

Fig. 6b Two-channel mesa strip structure after etching
in the Br : CH,COOH = 1:9 mixture
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A two-channel mesa strip structure was formed
on the InP (100) substrate with the direction of
the strips [110] by chemical etching in the Br :
CH,COOH = 1 : 9 mixture. After the formation of
the two-channel mesa strip, the photoresist was
removed from the profiled surface (Fig. 6b).

In this case, there is no classic cut with planes
(111)A; (1I)A; (I1)B; (11D)B, and (100) , and the
etching profile of the two-channel structure has
a smooth transition between planes (III)B; (11])
B, and (100). This smooth transition allowed
levelling the growth rates of indium phosphide
and GalnAsP solid solutions between the planes
with a high index of the cut of the channels.

The buried two-channel laser structure on the
InP/InGaAsP heterojunction was created in three
stages: the first stage was growing the initial laser
heterostructure InP/GalnAsP, the second stage
was etching the mesa strips and removing the
protective coating from the photoresist, and the
third stage was growing blocking layers on the
mesa strip structure.

At the first stage of LPE, the following layers
were grown on the n-InP (001) substrate.

- An emitter layer of n-InP doped with Sn,
n=2-10%cm=3, 7 pm thick.

— An active layer of InGaAsP, undoped,
0.15 pm thick.

— An emitter layer of p-InP doped with Zn,
p =310 cm3, 0.5 pm thick.

- A technological layer of InGaAsP, undoped,
0.5 pm thick.

At the second stage, a mesa strip was formed
under the mask of the photoresist along direction
<110> using photolithography. The geometry

metal

second growing
process

first growing
process

metal

4 _—p-InGaAsP contact layer

~—_ 7 ] +—p-InP closing layer

n-InP locking layer
%QJ,EMp-InP blocking layer

\\_//—\\ _,/%—;ip-lnP closing layer

\n-lnGaAsP active layer
‘\n-InP buffer layer
.\ n-InP substrate
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of the strip before burying had the following
sizes: width - 2.0-2.5 pm, height and width
of side channels 7 uym each - 3 um. After that,
the photoresist was removed, and the profiled
structure was sent to burying (Fig. 7b).

At the third stage of LPE, the mesa strip
without a coating was buried with the blocking
layers of p-InP and the layer of n-InP. Due to the
set orientation, the selected geometry of mesa
strips, and the controlled technological mode
of growth from the liquid phase in the quasi-
equilibrium mode, the blocking layers were grown
only in the channels and on the planar section of
the surface between the channels, but there was
no growth on the mesa strip itself. Then the next
blocking layer of p-InP and a contact layer of p+
InGaAsP were grown, which made the surface of
the two-channel buried heterostructure almost
planar. The buried InP/GalnAsP two-channel laser
heterostructure is presented in Figs. 7a and b.

After that, a part of the substrate was removed
by chemical-dynamic polishing [22] and ohmic
contacts were deposited: Au + Sn on the n-side,
Au + Zn on the p-side. The planar structure was
cleaved into separate chips 400 um wide and 350
pm long. The chips were mounted on a copper
cold conductor using an indium solder, and the
parameters of laser diodes were measured.

Laser diodes made from the chips of the
buried two-channel structure had the following
parameters:

— The threshold current was ~10+15 mA at
25 °C.

- The differential quantum efficiency was ~
50 %.

R

12KV 18rm WD14

893595

Fig. 7a A schematic representation of the buried two-channel Fig. 7b Microphoto of the buried two-channel

laser heterostructure InP/GalnAsP

laser heterostructure InP/GalnAsP
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—The linearity of watt-ampere characteristics
was observed up to a power of ~ 20 MW.

— The radiation wavelength was 1320 nm.

— The yield ratio was ~ 30 %.

4. Conclusions

We studied the mechanisms of the formation
of profiled surfaces of indium phosphide with
different orientations of a substrate and mesa
strips. We determined the modes of creation of
profiled surfaces for obtaining laser diodes in the
wavelength range of 1210-1650 nm. The modes of
growing laser heterostructures on the InP profiled
surfaces were also studied. We proposed a Russian
technology for the creation of laser diode chips
using Russian equipment. It was shown that the
conditions of nonequilibrium growth of thin layers
from the liquid phase on a profiled surface allowed
conducting unique processes of local growth.

Based on the buried two-channel laser
heterostructures we obtained highly efficient
Russian laser diode chips working in a continuous
mode of generation. The suggested technology
allows obtaining laser diodes in the wavelength
range from 1210 to 1650 nm. The diode chips can
be used in fibre optic communication channels,
environmental monitoring systems, and other
quantum electronics devices.

We studied the processes of creation of buried
laser mesa structures InP/GalnAsP on the profiled
surfaces of indium phosphide.

It was shown that the set orientation of mesa
strips along the directions of <110> with the
orientation of the substrates on plane (001) is
highly important for obtaining these structures.
We determined optimal etching agents and etching
modes for creation of the profiled surface of indium
phosphide. We discovered masking coatings for the
creation of a complex profiled relief of the surface
of indium phosphide. We described an original
technology for the creation of an InP/GalnAsP
two-channel laser heterostructure on the profiled
surface without a protective growth coating with
the width of the active area of 1.5-2.5 pm, which
allows obtaining single-mode laser diodes with
high quantum efficiency.
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Abstract

The article presents the results of a study of the electrical properties of semiconductor perovskite ceramics based on a solid
solution of barium-strontium titanate with the addition of the rare earth element of cerium with the initial formula
Ba,  SrCe TiO; (x = 0.05, y = 0.003). A scanning electron microscope was used to obtain images of the sample surfaces
and the elemental composition data. The measurements were performed by impedance spectroscopy in the temperature
range of 348-385 K in the frequency range of 10?-10° Hz using an LCR metre. It was found that there is an anomalous
behaviour in the dynamic electrical conductivity of the samples in the temperature range close to the ferroelectric-
paraelectric phase transition. This is expressed by a decrease in the value of the real part of the dynamic conductivity with
an increase in frequency. An analysis of the simplified equivalent circuit of the intergranular barrier showed that this
anomaly can be explained by introducing an inductive element into the circuit. This element can be considered a “negative
capacitance element”. Following the results of the study, a conclusion was made about the generalised character of the
phenomenon.
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1. Introduction

The study of barium-strontium titanate (BST)
ceramics with rare earth elements has attracted
the attention of researchers for many years [1-
4]. Such interest is due to the fact that above the
Curie temperature, there is a sharp increase in
sample resistance, i.e. there is an effect of positive
temperature coefficient resistance (PTCR), which
enables the extensive practical use of the material.
The mechanism of this effect has not been
fully understood yet. Various models have been
proposed, but the most widely recognised was
the Heywang model [5], in which the temperature
behaviour of doped titanates is attributed to
phenomena occurring at the grain boundaries.
The idea of the model is that at the grain boundary
(GB) there are acceptor states with trapped
electrons. This leads to the formation of a barrier
layer similar to the Schottky barrier. The transition
from the ferroelectric phase to the paraelectric
phase leads to an increase of the barrier height
and as a consequence the PTCR effect.

At the same time, an anomalous behaviour
of electric quantities (so called “negative
capacitance effect”) is observed in some
oxide heterostructures, Schottky diodes, and
metal-dielectric (ferroelectric)-semiconductor
structures (MIS structures). This shows as a
change in the nature of a sample’s immitance from
capacitive to inductive. The study of this effect
can give way to new micro and nanoelectronic
devices, in particular to an increase in the
capacity superdense dynamic RAM systems [6—
17]. Since the negative capacitance effect can be
found in heterophase structures, it is reasonable
to assume that it is associated with phenomena
at interphase boundaries of a different nature:
at the grain boundaries in polycrystals, the
barriers in the semiconductor diodes, at the
metal-semiconductor or semiconductor-insulator
barriers in MIS-structures.

Therefore, the aim of this work was to study
the negative capacitance effect within the radio
range of the test signal frequency at the Schottky
barriers which are formed in the grain boundaries
of posistor ceramics.

2. Experimental
Ceramic samples with the initial formula
Ba, ,  Sr CeTiO; (x = 0.05, y=0.003) in the form

1
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of tablets 10 mm in diameter and 1 mm thick
were prepared by the technology of solid-phase
pressing for posistors [18]. Trivalent cerium
ions penetrate into the perovskite lattice and
substitute divalent barium ions, which leads to
the formation of semiconductor ceramics with an
electronic type of conductivity, i.e. the following
reaction takes place:

Ce,0,+2TiO, »=2Ce, + 2Ti§i+%02+ 2e’.

Following the preparation of samples, a
microscopic examination of their morphology
and elemental composition was conducted using
aJEOLJSM 6380LV scanning electron microscope.
Fig. 1 shows a micrograph of the mechanically
chipped surfaces of the BST ceramics, which
allows thoroughly analysing the shape and size
of the crystallites, as well as the intercrystalline
space. By the nature of the mechanical chipping
it is obvious that the microcrystalline ceramic
structure is fairly homogeneous and the size
of most grains varies between 5 and 8 um. The
elemental analysis showed that the ratio between
the sum of the N barium and strontium atom
concentrationsand the concentration of titanium

NBa+NSr+NCe

atoms =0.96 corresponds

Ti

(within the measurement accuracy) to the initial
composition.

Electrical measurements were performed
in the frequency range of 102-10° Hz and the
temperature range of 348-385 K by impedance
spectroscopy using a WK 4270 LCR metre. In-

Fig. 1. Electron microscope image of the ceramic
grains
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Ga electrodes were previously deposited on
the sample surfaces. It was found that for a
temperature range of 293-348 K the contact
resistance is negligible compared to the resistance
of the sample.

The test signal amplitude was 0.3V, the sample
temperature was recorded with a thermocouple
with an accuracy of #1 °C.

The indications of the LCR metre allowed
determining the sample impedance module and
the phase angle displacement between current
and voltage. The dynamic conductivity Y was
calculated from the impedance Z data using
following formulas:

Y =ReY +ilmY =%; Z =zcos@—izsing,

where Y and Z are complex values, z is the im-
pedance module, ¢ is the phase angle displace-
ment between current and voltage, i is an imag-
inary number.

3. Results and discussion

Fig. 2 shows the frequency dependence of the
real part of the complex conductivity at various
temperatures. In the range of high temperatures,
the conductivity monotonously grows as,
according to [5], there is an increase in the height
of the potential barrier due to a decrease in

a 1

110

N 4
& 510

Ig(v, Hz)
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values of the dielectric permittivity near the grain
boundaries (Fig. 2a). However, in the temperature
range below the phase transition when the PTCR
effect is slightly manifested, the behaviour
is atypical: with an increase in frequency the
conductivity first decreases and then increases,
i.e. frequency dependencies show the minimum
conductivity (Fig. 2b). Such behaviour may be due
to the presence of the inductive circuit element or
the “negative capacitance” effect. Structures, in
which this effect was detected, have one thing in
common: inertial conductivity whose mechanism
can have its own peculiarities in each particular
case.

We are not talking here about a real effect of
the self-induced electromotive force, i.e. such
an effect should be enhanced with an increase
in frequency, while in the studied samples it is
observed in the low-frequency region. However,
the inductance can be considered as an inertial
factor caused by the presence of a “delayed
barrier” at grain boundaries as proposed in [19].

Let’s consider a simplified equivalent circuit
(Fig. 3) of the grain boundary (GB) where one R-L
link reflects the Joule energy dissipation and the
inertance of the charge carriers, and the other
R-C link considers the displacement current and
dielectric losses of bound carrier oscillations in
the space charge region (SCR).

1.50107

b 1

lg(v, Hz)

Fig. 2. Frequency dependence of the real part of the complex conductivity at different temperatures: a — curve 1
att=75°C,curve 2att=81°C;b-curve I att=103 °C, curve 2 att= 102 °C

214



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

G.S. Grigoryan, A. M. Solodukha

Let Y, and Y, be admittance of the first
and second link, respectively (see Fig. 3). Then
admittance of the whole chainis Y=Y, +7Y,. As
Y=1/Z, then:

1 1 R, ol
Y= TR tiol Rty Ril?
1 1 1 1
1
. 1
YZ:ZLZ 11‘ = wcl ’
> R-— R+ o R+
oC (oC) (0C)
Re(Y )= — 0 Re(Y )=— 2
R*+ (L) Ry L
(@C)

ReY =Re(Y ) +Re(Y,).

where @ =2nv is the cyclic frequency.

Fig. 4 shows the frequency dependences of
real admittance components for each link and
the whole chain. It is obvious that ReY in the
range of 102-10° Hz decreases and then increases
with an increase in frequency. Thus, even a
simplified circuit with an inductive element
allows qualitatively interpreting the results of
the experiment.

[20] proposed a method for presenting
experimental data for a particular frequency
band using CY - diagrams, where C and Y
are real components of electric capacity and
conductivity, respectively. Such an approach
allows identifying the characteristic features
of equivalent circuits with the inductance and
capacitance elements.

2021;23(2): 212-217
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R, L
w
i . 1
|

Fig 3. Simplified equivalent circuit of the grain boun-
dary

ReY

4 ReY,

10 L 1 L '.'l. |

10 10 10° 10 T

Fig 4. Frequency dependences of real admittance
components for each link and the whole chain. The
calculations are performed using the MathCAD pa-
ckage at the following values of parameters (in mea-
surement units) R = 20,R, =2,C=10"*L=4-10"

The results obtained for coordinates CY are
shown in Fig. 5. It is seen that with an increase in
temperature the shape of the curves is changed
from the characteristic loops to a nearly vertical
dip. Curves 1 and 2 exactly correspond to the
theoretical calculations with regard to the

M——o

o]

101072 1.5¢1072

Fig 5. Capacity dependence on conductivity at different temperatures (in °C) 1 - 75; 2 -81; 3-87;4 - 97
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equivalent circuit with an inductive element,
obtained in [21].

4. Conclusions

The experiments showed that a ceramic
posistor based on a solid solution of barium-
strontium titanate with the addition of cerium
(0.3 at%) demonstrates an anomalous behaviour
of the dynamic conductance. The analysis of the
simplified circuit of the grain boundary indicates
a manifestation of the negative capacitance
effect. Considering the fact that this effect
occurs both in devices with p-n transitions
and in semiconductor ceramic samples of
different compositions, we can assume that it is
connected to processes of charge carrier capture
in the energy barrier areas, and is possibly of a
generalised character.
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Abstract

The article uses the thermodynamics of interfacial phenomena to justify the fact that Young’s equations can correctly
describe the three-phase equilibrium with any type of interatomic bonds.

Wetting, adhesion, dissolution, surface adsorption, and other surface phenomena are important characteristics, which
largely determine the quality and durability of materials, and the development of a number of production techniques,
including welding, soldering, baking of metallic and non-metallic powders, etc. Therefore, it is important to study them.

Using experimental data regarding surface energies of liquids (melts) and contact angles available in the literature, we
calculated the surface energies of many solid metals, oxides, carbides, and other inorganic and organic materials without
taking into account the amount of the interfacial energy at the solid-liquid (melt) interface. Some researchers assumed
that in case of an acute contact angle the interfacial energy is low. Therefore, they neglected it and assumed it to be zero.
Others knew that this value could not be measured, that is why they measured and calculated the difference between the
surface energy of a solid and the interfacial energy of a solid and a liquid (melt), which is equal to the product of the surface
energy of this liquid by the cosine of the contact angle. It is obvious that these methods of determining the surface energy
based on such oversimplified assumptions result in poor accuracy.

Through the use of examples this paper shows how the surface energies of solids were previously calculated and how the
shortcomings of previous calculations can be corrected.
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1. Introduction

Since T. Young derived the two equations
named after him, some researchers of interfacial
phenomena have subjected them to revision.
Some of them have denied their validity, others
have noted their limited applicability, and yet
others have tried to derive new alternative
equations.

As we know, the first of Young’s equations
associates the work of adhesion W, with the
surface energy of the liquid (melt) o, and the
contact angle O:

W, =o,, (1+cos®). (1)

Equation (1) is theoretically and practically
reasonable, however, some authors do not
recognize the validity of Young’s first equation. In
[1], N. K. Adam wrote in regards to it that Young
not only formulated equation (1) with adhesion,
but he also indicated its meaninglessness when
W, is more than 26,

According to Yu. V Naidich [2], in other words,
Young also pointed out the limitations of the
applicability of equation (1), although this is
sometimes forgotten, and the equation is unjustly
criticised due to its inapplicability at © = 0.

The second equation derived by Young is
represented as following:

G, —O

cos®@ =Sk (2)
GLV

where 6, 0, 0, are the surface energies on the

respective three interphase boundaries: solid —
vapour, solid - melt, and melt — vapour.

In the case of equation (2) things are more
complicated. Despite the fact that equation (2) is
over 215 years old, that there are numerous works
devoted to its theoretical derivation, and that it
is widely applied in practice during analyses of
the wettability phenomena, the equation (in the
case of solid — liquid — vapour) has still not been
experimentally verified. The latter circumstance is
due to the fact that to date there are no sufficiently
reliable methods to determine the absolute values
of the interfacial energies. All this means that
Young’s equation (2) has regularly been a matter
of debate since the moment it was derived [2].

The purpose of this work is to show that in
general Young’s equations correctly describe the
three-phase equilibrium.

2021;23(2): 218-222
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2. Methods for calculating the surface
energy of solid titanium carbide and
graphite

[3] analysed the existing measurement
methods and results regarding the surface energy
of solid carbides obtained by various authors with
the help of Young’s equation (2).

The authors of [3] examined the liquid nickel -
titanium carbide system (Ni-TiC). The wetting
angle of nickel on titanium carbide equals 4° in
a vacuum at a temperature of 1728 K. Assuming
that o, is zero, and the surface energy of nickel
equals 1934 mJ/m?, the authors inserted the
respective values in Young’s equation (2) and
found the surface energy of titanium carbide:

64,=0+1934-0.998=1930 mJ/m* 3)

The authors then pointed out that their
assumption that o, = 0 may be wrong, and
the surface energy of titanium carbide can be
expected to have higher values of .

Similar calculations were performed by
the authors of [3] to determine the minimum
surface energy of graphite. Pure liquid cobalt
with graphite in a vacuum at a temperature of
1773 K has a contact angle of 35°. The authors
assumed that the surface energy of liquid cobalt
was equal to 1942 mJ/m* and 6, was equal to
zero, and according to equation (2) the value
for the minimum surface energy of graphite in
an atmosphere of cobalt vapour was equal to
1590 mJ/m?. In this case, this value was also
underestimated by the unknown value of 6.

Until recently, researchers were unable to
calculate the interfacial energy o, Therefore,
they had to be satisfied with calculating either
the difference of o,,—c,, or they assumed that
at the contact angle of ¢ < /2 the interfacial
energy was low and neglected it as stated above,
for example in [3-7].

Earlier in [8], a thermodynamic formula was
obtained to calculate o using the known values
of the surface energy of the liquid (melt) 6., and
the wetting angle O:

1 4)

If we insert the above-mentioned numerical
values in formula (4) or use a table based on
formula (4), then for the Ni-TiC system [8-9]:

3 1/3
2—-3c0s®+cos’ O
Og, =0y .
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1/3

— . 3
5. =193 4_(2 3.0.9976 +0.9976 J

4 (5)

=32 mj/m’.

A similar calculation for the system of cobalt-
graphite will have a result where 6, = 553 mJ/m?>.

During calculations, we used a previously
prepared table of relative values of 6 /0,
depending on the contact angle.

Taking into account the recent results for o,
the surface energies of solid titanium carbide and
graphite will be equal to 1962 and 2144 mJ/m?
respectively.

The work of adhesion of nickel to titanium
carbide and cobalt to graphite can be calculated
by two identical equations: by equation (1) and
by the Dupré equation:

W, =0 +0,, —Og. (6)

By inserting numerical values, for example,
in (6), we will obtain the following:

W,, (Ni- TiC) =3864 m]J/m’,
W,, (Co- graphite)=3532 mJ/m’.

Inserting numerical values in (1) with an
accuracy of £1m]J/m? produced results consistent
with the results obtained from equation (6).

And here is another example:

[4] studied the influence of silicon on the
interfacial properties of low-carbon liquid steel.
The researchers calculated the contact angles
formed by steel on a substrate of chromium oxide
Cr,0, depending on the silicon concentration in
the steel.

In [4], we were interested in the numerical
values of contact angles, but the authors
presented them in the form of graphs, so based
on the differences of o, — o, provided by the
authors and their experimental data regarding
the surface tension of liquid steel, we calculated
contact angles © for each concentration of silicon
in steel. The differences of 6, — 6, for a substrate
of Cr,0, not only decreased with increasing
silicon concentration, but even changed the sign,
which indicates the good wettability by liquid
silicon and chromium oxide melts. Then, knowing
the contact angles and the surface tensions of
melts, we were able to calculate the interfacial

characteristics: 6, 6, and W, What is more, 6,

SL? Y SV?
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and o, were calculated as separate values rather
than as differences.

Hereinafter, we will consider another aspect
of the problem concerning the determination
of interfacial energy at the solid-liquid (melt)
interface. For this purpose, we will use the data
of the surface energy of solid chromium oxide
provided in[10]. The authors provided the value for
the surface energy of chromium oxide at T=0K:
G, = 1400 mJ/m?. The value of the temperature
coefficient is dog, /dT =-0.25 m]/(mZ-K). If we
combine these data with the data obtained in [4],
namely the isotherm of contact angles ©, and use
the concentration relation of the surface tension
of liquid silicon at the measurement temperature
for contact angles T = 1823 K, then:

o,y (1823 K)=1400-0.25(1823-0) =
=1400 - 456 =944 m]/m’.

After that, we will find the interfacial energy
at the solid oxide - liquid steel interface by
formula (2) using the value of 6y, =944 m]/m’
and compare them with our calculations.

Tables 1 and 2 show the results obtained.

3. Discussion

It follows from the above that until recently,
it was impossible to take into consideration the
interfacial energy o, when calculating the surface
energy of solids since it was not experimentally
measurable and there was no separate formula
to calculate it. The formula derived by us allows
determining o, within the range of the contact
angle starting from 1° up to 180°. A wetting angle
equal to zero is a singular point at which the
interfacial energy o, is zero, which also follows
from formula (4).

For this three-phase system the smaller the
contact angle, the lower the interfacial energy
at the solid-liquid (melt) interface. In case of
(© < 90°) the value of the surface free energy of
a solid at the interface with saturated vapour of
a liquid is determined as a sum of the interfacial
energy o, and o, cos ©, wherein with an
increasing contact angle the contribution of o
grows much faster than that of ¢,. At (© > 90°),
on the contrary, the closer to 180°, the smaller
the surface energy of a solid is. If a wetting angle
of 180° was achievable, the surface energy of the
solid would be equal to zero.
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Table 1. The dependence of the interfacial characteristics on the silicon concentration in the system of

solid chromium oxide - low carbon liquid steel

- Cr,0, substrate ,

51, at% G, MmJ/m? 0, degree -(o,, — 0,), mJ/m? Gy, mJ/m? G, M]/m? W, mj/m
1.0 1430 110 490 1297 808 940
4.0 1360 98 190 1150 960 1170
9.5 1300 87 -65 1004 1072 1365
18.0 1200 87 -63 927 990 1263
25.4 1040 76 -250 713 964 1291
34.0 820 62 -385 458 843 1205
45.0 715 48 -460 299 777 1193

Table 2. Deviation of Ac,, and Ac, from the
initial calculations

1 Acg =136
2 Acg,, =136
3 Acg,=-86
4 Ac,,=—-86
5 Aoy, =-128
6 Aoy, =-128
7 Aoy ,=—46
8 Acg,,=—46
9 Ac . =-20
10 AG,.= 20
11 Acg =101
12 Acg, =101
13 Ao, =167
14 Acg,,= 167

Table 2 implies the most interesting fact that
anincrease in 6, means a similar increaseing,,.
The reduction in 6, results in a similar reduction
in o, At the same time, the work of adhesion
remains unchanged. This is understandable,
since in the Dupré expression the surface
energy of a solid and the interfacial energy at
the solid - liquid (melt) interface have different
signs. The changing surface energy of a solid
is compensated with interfacial energy. This
surprising phenomenon is probably due to the
effect of the adsorption of liquid vapours on
the surface energy of a solid which causes a
simultaneous modification of 6, and 6, when
the contact angle changes.

4. Conclusions

1. The validity of Young’s equations was
shown by examples of contact between highly
energetic surfaces.

2. Interfacial energies of titanium carbide at
the interface with liquid nickel and graphite with
liquid cobalt were calculated for the first time.

3. Surface energies of solid titanium carbide
and graphite were determined considering the
interfacial energies of the respective systems.

4. The work of adhesion of liquid metals to
titanium carbide and graphite were calculated
respectively.

5.The deviations between interfacial energies
o and surface energies o, calculated using a
constant value and by our method were found.

6. It was shown that the larger the contact
angle is, the greater is the contribution of
interfacial energy to the surface energy of solids
within an acute contact angle.
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Abstract

We carried out an analytical structural analysis of interfacial effects and differences in the reinforcing ability of carbon
nanotubes for polydicyclopentadiene/carbon nanotube nanocomposites with elastomeric and glassy matrices. In general,
it showed that the reinforcing (strengthening) element of the structure of polymer nanocomposites is a combination of
the nanofiller and interfacial regions. In the polymer matrix of the nanocomposite, carbon nanotubes form ring-like
structures. Their radius depends heavily on the volume content of the nanofiller. Therefore, the structural reinforcing
element of polymer/carbon nanotube nanocomposites can be considered as ring-like formations of carbon nanotubes
coated with an interfacial layer. Their structure and properties differ from the characteristics of the bulk polymer matrix.
According to this definition, the effective radius of the ring-like formations increases by the thickness of the interfacial
layer. In turn, the level of interfacial adhesion between the polymer matrix and the nanofiller is uniquely determined by
the radius of the specified carbon nanotube formations. For the considered nanocomposites, the elastomeric matrix has a
higher degree of reinforcement compared to the glassy matrix, due to the thicker interfacial layer. It was shown that the
ring-like nanotube formations could be successfully modelled as a structural analogue of macromolecular coils of branched
polymers. This makes it possible to assess the effective (true) level of anisotropy of this nanofiller in the polymer matrix
of the nanocomposite. When the nanofiller content is constant, this level, characterised by the aspect ratio of the nanotubes,
uniquely determines the degree of reinforcement of the nanocomposites.
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1. Introduction

The authors of [1] showed that carbon
nanotubes (CNTs), both in solution and in the
polymer matrix of the nanocomposite, form ring-
like structures that look like macromolecular
coils of branched polymers [1, 2]. In [2], the
formation of these structures was analytically
studied, a number of methods were proposed
to calculate their radius, this study also reveals
the dependence of the properties of polymer/
carbon nanotube (nanofiber) nanocomposites on
the structure of CNTs. With regard to this issue,
one well-known effect is of interest: the degree
of reinforcement of the same nanocomposite,
regardless of the type of its filler, is always
significantly higher for a nanocomposite with
an elastomeric matrix as compared to a glassy
matrix [3-5]. The same effect was observed for
polymer/carbon nanotube nanocomposites [6-9].
Obviously, the radius of the ring-like formations
of CNTs cannot change abruptly during the
indicated transition, since the elastomeric matrix
(especially the cross-linked one) has sufficiently
high parameters of viscosity and strength to
prevent any significant change in the structure of
the ring-like formations of CNTs, i.e., their radius.
Therefore, the aim of this study is to study the
aforementioned effect and to develop a structural
model to describe it quantitatively.

2. Experimental

The nanofillers were multi-walled carbon
nanotubes (MWCNTSs) with 15-20 nm outer
diameter, 5-10 nm inner diameter, and 0.5-20 ym
length. These MWCNTSs were functionalized with
norbornene to increase the level of interfacial
adhesion between the polymer matrix and the
nanofiller. Polydicyclopentadiene (PDCPD) was
used as the polymer matrix [10].

To obtain nanocomposites, functionalized
MWCNTSs were dispersed in an aqueous solution
of PDCPD and were sonicated to improve the
dispersion of the nanofiller. Then this mixture
was stirred with a catalyst (dichloro-(3-methyl-
2-butenylidine) bis-(tricyclofentyl) ruthenium
phosphine) until a homogeneous solution was
obtained. Then it was cross-linked for 2 h at 343 K
and 1.5 h at 443 K [10].

Mechanical uniaxial tension tests were
performed using an Instron 5569 universal testing
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machine according to ASTM D638 (type V samples)
at a temperature of 293 K and a crosshead speed of
1 mm/min. Each result was obtained as an average
of the data from four tests [10].

Dynamic mechanical analysis (DMA) was
performed using a TA Instruments Q800 DMA.
The tension tests of the samples were carried out
at a frequency of 1 Hz in the temperature range
of 303-583 K at a heating rate of 3 K/min. The
samples were 35x5x1 mm in size [10].

3. Results and discussion

The authors of [2] used several methods for
calculating the radius of ring-like formations of
CNTs, R_;- One of them, proposed in [11], takes
into account only the geometric parameters of
carbon nanotubes and their volume content ¢ :

L1

(2Rey ) = ol ()
¢,
where L. and r, are the length and radius of

carbon nanotubes, respectively.
The value of ¢_can be determined using a
well-known formula [12]:

9, =—-, (2)
Pent

where W_and p_,, are the weight content and
density of carbon nanotubes, respectively. For
PDCPD/MWCNT nanocomposites, the value of
W_ranged from 0.05 to 0.40 wt.%.

For carbon nanotubes, the value of p . can
be calculated as follows [12]:

Penr =188 (DCNT - dCNT)

, kg/m?, 3)
where D . and d . are the outer and inner di-
ameters of a nanotube, respectively.

Another method for calculating R . (RZy)
takes into account the actual conditions for the
formation of a CNT structure in the polymer
matrix of the nanocomposite (for example,
sonication [13], functionalisation [14, 15], etc.)

and uses the following empirical formula [2]:

1/3

b, = 57[(12&T ) - 0.022}, @)

where b_is a dimensionless parameter character-
ising the level of interfacial adhesion in the

polymer nanocomposites, and the value of R/,
is given in pm.



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

G.V.Kozlov et al.

The value of b can be determined according
to the following percolation relation [12]:

? =1+11(ch,0,)", 5)
where E_and E_ are the elastic moduli of the nano-
composite and the original matrix polymer, respec-
tively (the E /E_ratio is usually called the reinforce-
ment degree of a nanocomposite), and c is a con-
stant coefficient, which is ~ 2.86 for CNTs [12].

Fig. 1 shows a comparison of the dependences
Rl\; and R/}, onthe weight content of nanofiller
W_ for PDCPD/MWCNT nanocomposites with a
glassy and elastomeric matrix. We can see that
the values of R/, and R/, are similar in the
absolute value for the first of the specified series
of nanocomposites (their average discrepancy
is less than 9 %). However, in the case of an
elastomeric matrix, the value of R7, is double
the value of R/.. As noted above, the two-fold
“swelling” of the ring-like formations of CNTs
in the cross-linked elastomer matrix is unlikely.
Therefore, the physical basis of the observed
effect should be considered.

So far, two facts have been well established.
First, it was shown experimentally [10] and
theoretically [16] that the elastic modulus of
interfacial regions in polymer nanocomposites
significantly exceeds the corresponding parameter
for a bulk polymer matrix. It is close in absolute
value to the elastic modulus of nanofiller
aggregates. Second, in polymer/carbon nanotube
nanocomposites with low nanofiller content,
very extended interfacial regions are formed.
Their thickness [ can exceed the radius of the
nanotube by an order of magnitude or more [10].
Thus, for the considered nanocomposites with
an elastomeric matrix with an average radius
of MWCNTs r, .= 8.75 nm, [ ranges from 125
to 226 nm [10], i.e., exceeds the value of r
14.3-25.8 times. From the above observations, it
follows that the reinforcing element of polymer/
carbon nanotube nanocomposites is ring-like
CNT formations surrounded by an interfacial
layer. Then the effective radius of such reinforcing
element R’{, can be described as follows:

Ri%r = Ronr + 1 - (5)

The values of I, for PDCPD/MWCNT
nanocomposites with an elastomeric matrix are

2021;23(2): 223-228
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! !
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Fig. 1. Dependences of the radius of ring-like formations of
MWCNTs R, on the weight content of nanofiller W, for
PDCPD/MWCNT nanocomposites with a glassy (Z, 2) and
elastomeric (3) matrix. R, was calculated using equations
(4) (for 1, 3) and (1) (for 2)

provided in [10]. For the same nanocomposites
with a glassy matrix, the [ values were determined
as described below. First, the relative fraction of
interfacial regions ¢, was estimated using the
following relation [12]:

g—n=1+11(<pn+<pif)”. (6)
Then we calculated the value of [, using the
following equation [16]:

2
0y = [ﬂ}p 7

e

Fig. 2 shows a comparison of the values
of the radii of ring-like formations R}y, and
R%;, calculated according to equations (4)
and (5), respectively, for PDCPD/MWCNT
nanocomposites with elastomeric and glassy
matrices. We can see that the R_ . values
calculated by these two methods are in good
agreement. This correspondence confirms
the above assumption about the nature of the
reinforcing element in polymer/carbon nanotube
nanocomposites. It should be noted that in the
case of PDCPD/MWCNT nanocomposites with a
glassy matrix, the use of the radius of ring-like
formations R}, instead of R/, (Fig.1) gives even
a slightly better agreement of this parameter.
The average discrepancy between R/}, and R’}
is less than 7 %.
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Fig. 2. Comparison of the radii of the ring-like forma-
tions of MWCNTs R/,. and R(., calculated using
equations (4) and (5), respectively, for PDCPD/MWCNT
nanocomposites. A straight line means a ratio of 1:1

It is known [17] that carbon nanotubes are
considered the most promising nanofiller for
polymer nanocomposites due to two factors:
a high longitudinal elastic modulus of the
nanofiller, which can reach 1000-2000 GPa, and
a high nominal degree of anisotropy. However,
in practice, these expectations are usually
not met. The reason for this is well-known:
generally, nanocomposites are reinforced not
by nanoparticles, but by their aggregates. In the
case of carbon nanotubes, the aggregates are
their ring-like formations [1, 2]. The true level
of anisotropy of CNTs in such aggregates can be
determined by modelling the ring-like formations
of CNTs as macromolecular coils of branched
polymers [1, 18]. In this case, the persistent length
of aring-like formation L is determined using the
following equation [19]:

)2LLp

R 7 — CNT , 8
(R ) ==+ ®)

and the true aspect ratio is calculated as the ratio
[20]:

o=

D €

CNT

It is known [12] that the level of interfacial
adhesion, characterised by the parameter b,
largely determines the properties of nanocom-
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Fig. 3. Dependence of the parameter b , characterising
the level of interfacial adhesion, on the MWCNTS’ true
aspect ratio a for PDCPD/MWCNT nanocomposites

posites. Fig. 3 shows the dependence of the
parameter b_ on the actual degree of anisotropy
of carbon nanotubes, characterised by the aspect
ratio a. As we can see, a linear correlation was
obtained between these parameters, which can be
described analytically by the following empirical
equation:

b, =0.257a. (10)

If we substitute formula (10) into relation (5),
we obtain the following equation, which can be
used to determine the degree of reinforcement
of polymer/carbon nanotube nanocomposites:

? =1+11(0.7209, )" (11)

Fig.4 shows a comparison of the experimentally
obtained and equation-based (11) dependences
of the reinforcement degree E /E_ on the volume
content of the nanofiller ¢_ for PDCPD/MWCNT
nanocomposites with glassy and elastomeric
matrices. As can be seen, both cases show a good
agreement between theory and experiment (their
average discrepancy is ~ 2 %, which corresponds
to the experimental error for this parameter [10]).
Note that the difference in the E /E_ values at
the same values of ¢,_is determined by only one
parameter, the true aspect ratio of MWCNTSs a. In
turn, according to equations (5), (8), and (9), the
difference in values of o for nanocomposites with
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Fig. 4. Comparison of the dependences of the rein-
forcement degree E /E_ on the nanofiller volume
content ¢_for PDCPD/MWCNT nanocomposites with
elastomeric (1, 3) and glassy (2, 4) matrices, calculat-
ed according to equation (11) (1, 2) and obtained ex-
perimentally (3, 4)

elastomeric and glassy matrices is determined
only by the thickness of the interfacial layer [..

4. Conclusions

Thus, the results of this study showed that
the reinforcing element in polymer/carbon
nanotube nanocomposites is a ring-like formation
(aggregate) of carbon nanotubes surrounded by
an interfacial layer. This predetermines the fact
that the effective radius of the specified formation
increases by the thickness of the interfacial layer.
Modelling the ring-like formation of nanotubes
as a macromolecular coil of a branched polymer
showed that the actual level of anisotropy of
carbon nanotubes is determined by the effective
radius of this structural reinforcing element of
the nanocomposite. This level is characterised
by the true aspect ratio of the nanotubes. When
the volume content of the nanofiller is constant,
itis the only factor that determines the degree of
reinforcement of the nanocomposite.
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Abstract

The production technology of hydrometallurgical zinc uses various surfactants to thicken pulps, stabilise the electrolysis
process, and obtain high-quality cathode deposits. Numerous researches were conducted to study the cathodic and anodic
processes in a wide range of the composition of aqueous solutions using various solid electrodes in the absence of intense
stirring of the electrolyte and with a high contribution of the migration component of the discharge of metals. This approach
to the study of the surfactants’ influence rarely provided a high degree of statistical reliability in observing the effect of
differently charged surfactants on electrode processes, which is of great importance in the hydrometallurgical production
of zinc. In this work, the task was to practically eliminate the contribution of the migration component due to the following
factors: conducting electrolysis in a background solution of sodium sulphate, organising electrolyte stirring, performing
calculations of current densities at the beginning of electrolysis, and establishing polarisation curves at an increased
potential sweep rate from 20 to 100 mV/s. This approach provided a greater degree of statistical reliability in presenting
the mechanism of the effect of additions of cationic and anionic surfactants during the stage of zinc discharge on a solid
electrode, which was the purpose of the article.

Electrolysis was conducted in the potential range from -1050 to -1250 mV relative to the silver chloride electrode (AgCl/Ag)
in the presence of a background sodium sulphate solution (0.5 M of Na,SO, solution) containing 0.005, 0.0125, and 0.025
M ZnS04 with the introduction of high-molecular surfactants: cationic and anionic coagulants (flocculants) and foaming
agents (lignosulphonate — LSTP).

During the electrolysis in a background solution of sodium sulphate with stirring, it was found that the process of discharge
of zinc ions on a solid electrode occurs in a mixed-kinetic mode. It was shown that positively charged additives, such as
lignosulphonate and cationic coagulant (flocculant) Besfloc K6645, have a negative effect on the dynamics of zinc cation
discharge, while negatively charged Besfloc K4034 has practically no effect. The approach proposed in this work allows
evaluating the influence of additions of cationic and anionic surfactants on the stage of zinc discharge on a solid electrode,
which was the practical and scientific value of this work.

Keywords: Zinc, Current density, Potential, Polarisation, Coagulant, Lignosulphonate, Sodium sulphate, Electrode
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1. Introduction

As we know, different surfactants present
in hydrometallurgical production solutions
influence the process of the cathodic reduction
of zinc [1-9]. Among surfactants are foaming
agents used for zinc electrolysis and coagulants
(flocculants) which are added to solutions to
increase the settling rate of pulps and separate
the solution from the insoluble mass (zinc cake)
under the leaching of heat treatment products.

Numerous researches were conducted to study
the cathodic and anodic processes in a wide range
of the composition of aqueous solutions using
various electrodes [10-17] in the absence of
intense stirring of the electrolyte and with a high
contribution of the migration component of the
discharge of metals. This approach to the study
of the influence of surfactants rarely provided a
high degree of statistical reliability in observing
the effect of differently charged surfactants on
electrode processes, which is of great importance
in the hydrometallurgical production of zinc. To
eliminate the possibility of migration transport,
a background electrolyte was introduced in the
studied solution with a concentration exceeding
the depolariser concentration by at least one
hundred times [18, 19, 21]. The elimination
of migration transport from the process of
electrolysis allows increasing the contribution
of the charge transfer stage into the dynamics
of the reduction of cations through the “metal -
electrolyte” interphase.

In this work, the task was to increase the
contribution of the electrochemical stage into the
dynamics of zinc discharge due to the following
factors:

— Conducting electrolysis in a background
solution of sodium sulphate.

- Organising electrolyte stirring (the Reynolds
number Re was 1500).

— Performing calculations of current densities
at the beginning of electrolysis.

- Establishing polarisation curves at an
increased potential sweep rate.

This approach provided a greater degree of
statistical reliability in evaluating the effect of
additions of cationic and anionic surfactants
during the stage of zinc discharge on a solid
electrode, which was the purpose and the novelty
of this study.
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2. Experimental

Electrochemical studies were conducted
in a sulphate electrolyte containing 0.005,
0.0125, and 0.025 M ZnSO, in the background
0.5 M solution of Na,SO, with the introduction
of high-molecular surfactants: 50 mg/l of
cationic and anionic coagulants (flocculants)
with the trade names Besfloc K6645 and Besfloc
K4034, as well as 80 mg/l of a foaming agent
(lignosulphonate — LSTP). Potentiostatic and
galvanostatic measurements and establishing
polarisation curves in the dynamic mode were
conducted on a PotentiostatP-30Jcom (Elins)
using a three-electrode cell [1]. The working
electrode (cathode) was made of copper with an
area of 0.1 cm?, the auxiliary electrode (anode)
was made of a platinum plate with an area of
0.2 cm?, and the reference electrode was silver
chloride (AgCl/Ag). The working copper electrode
was polished, degreased in ethanol, and washed
with water. The auxiliary electrode was etched
in a nitric acid solution (1 : 2 = acid : water)
for 5 seconds and washed with distilled water.
The measurements were performed at room
temperature with and without stirring. At first,
before establishing the experimental curves,
zinc was increased on a copper cathode with a
constant potential of —1200 mV (AgCl/Ag) for
5 min using an electrolyte with a composition
of 0.25 M ZnSO,. The results of potentiostatic
measurements are presented in the form of
average data obtained over the initial period of 1 s
of electrolysis while the results of galvanostatic
measurements are presented in the form of
average data obtained over the initial period of
5 s of electrolysis. The polarisation curves were
obtained using a potentiodynamic method with
linear potential sweep in the potential range
—-1050 + —1250. Maximum current density was
registered on polarisation curves in the potential
range from —1200 to -1250 mV.

Confidence intervals were calculated for the
experimental data on the figures. With the value
p =0.05, the intervals changed in the range from
0.015 to 1.14 mA/cm? (for current densities)
and from 6.82 to 8.77 mV (for polarisation) and
amounted to 0.11 lg I, pA when plotting the
logarithmic dependence of the current value on
the concentration of zinc in an electrolyte.
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3. Results and discussion

In this work, the following studies were
conducted with and without stirring in a
background solution of sodium sulphate: the
dependences of the current density on time were
obtained during the potentiostatic measurements
with various cathodic potentials: —1100, -1150,
-1200, -1250 mV (AgCl/Ag) (Fig. 1 a,b) and
additions of the LSTP foaming agent (Fig. 2 a,b).
The dependences of the current density on the
concentration of zinc in an electrolyte were
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obtained in the potentiodynamic mode with the
linear potential sweep of 20 and 100 mV/s (Fig. 3)
and on the square root of the linear potential
sweep of rate (Fig. 4).

During electrolysis in the presence of a
background sodium sulphate solution, zinc
deposited on an electrode darkens with cathodic
potentials of more than —-1150 mV in magnitude.
It is related to the oxidation of reduced zinc
and possible side reaction of the reduction of
sulphate ions on a cathode, as noted in [20, 22],

-i, mA/cm?

25

§ /"

15 I

10

0 . : .
1100 1150 1200 1250
-E, mV
b

Fig. 1. Dependence of current density (i) on the cathode potential (E): 1 — with stirring; 2 — without stirring.
The content of sodium sulphate 0.5 M and zinc sulphate in the electrolyte: a - 0.005 M; b — 0.025 M. The con-
fidence interval at significance levels (p = 0.05) was 0.30 mA/cm? (a) and 1.14 mA/cm? (b)
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Fig. 2. Dependence of current density (i) on the cathode potential (E) under conditions without stirring (a) and
with stirring (b). The content of sodium sulphate in the electrolyte is 0.5 M and the content of zinc sulphate
is 0.005 M: I — without the addition; 2 — with the addition of 50 mg/l of LSTP. The confidence interval (p = 0.05)
was 0.015 mA/cm? (2a) and 0.125 mA/cm? (b)
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Fig. 3. The dependence of the maximum current den-
sity (i) on the concentration of zinc sulphate (C) in the
background solution of 0.5 M sodium sulphate under
the linear potential sweep in the potential range from
—-1050 to —1250 mV at a speed of 100 mV/s (1 — with
stirring; 3 — without stirring) and with a sweep rate of
20 mV/s (2 - with stirring; 4 — without stirring). The
confidence interval (p = 0.05) was 0.85 mA/cm?

0,02

and justified by the conducted thermodynamic
calculations and the obtained experimental data.

If we compare the polarisation curves (Fig. 1 a,b),
a considerable increase in current densities
(by ten times and more) can be observed under
stirring with all potentials. Without stirring, the
polarisation curves have linear dependence, while
with stirring, the dependence of the current density
change on the potential can be identified as a
quadratic dependence. The obtained experimental
data allow making an assumption about the
increased contribution of the electrochemical
stage into the overall rate of the zinc discharge
process under stirring. Similar data were obtained
when establishing polarisation curves using a
potentiodynamic method with linear potential
sweep in the potential range of —1050 + —-1250 mV
(Fig. 4). When building the dependences of the
current values on the square root of the linear
potential sweep, it can be noted that the straight
lines do not pass through the origin of coordinates.
In this case, in [23] a conclusion is made that the
process occurs in the mixed mode.

Without stirring, the effect of LSTP addition
is not really seen at low cathodic potentials
(-1100,-1150 mV) and the concentration of zinc
in the solution 0.005 M. At the same time, under
intense stirring we can observe a decrease in the
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Fig. 4. Dependence of the maximum current density
value (i) in a background solution of 0.5 M sodium
sulphate on the square root of the linear potential
sweep of rate in the potential range from —1050 to
—1250 mV. I - zinc concentration (C) =0.0125 M with-
out stirring, 2 — C = 0.0125 M with stirring; 3 - C =
0.025 M without stirring, 4 — C=0.025 M with stirring.
The confidence interval (p = 0.05) was 0.85 mA/cm?

current density in the above-mentioned potential
range if we add 50 mg/1 of LSTP (Fig. 2b). Based
on the obtained data, we can make a conclusion
that under stirring the LSTP foaming agent has
greater influence on the stage of charge transfer
through the “metal - electrolyte” interphase.
Also, we assume that the addition of 50 mg/1 of
LSTP should not greatly influence the transport
stage of zinc discharge process.

To study the mechanism of zinc electrolysis
in a background solution of sodium sulphate
under intense stirring, the reaction order was
calculated by zinc ion with four potentials. The
data of the discharge current values determined
using the potentiostatic method [24] during
the first second of the beginning of the process
were used for the calculations. The calculations
which were performed using the equation of the
logarithmic dependence of the current values
on the concentration of zinc in a solution are
presented below:

I=K-(C,, )’
lgI=1LgK+zIgC_,.,

where Iis discharge current, pA, z is the reaction
order for zinc ion, and K is a constant. The results
are presented in Figs. 5 and 6.



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

A.V.Kolesnikov, E. I. Ageenko

Figs. 5 and 6 show that all dependences with
high correlation coefficients (R* = 0.98-0.99 and
higher) are described by straight lines. With
the addition of the foaming agent, the reaction
order for zinc for the studied system increases
on average with 4 potentials from 1.224+0.059
(without the addition) to 1.475+0.126. We believe
that the increase of the reaction order over one in
the concentration of zinc in an electrolyte in the
system with stirring is related to the transition of
the process from the diffusion to the mixed mode.

Igl, pA
3,5
33 =
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2’9 /V =
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23
271 */ %
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1,7 ?/
1 5 T T T T
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©-1000 m-1150 A-1200 Xx-1250

Fig. 5. The logarithmic dependence of the initial cur-
rent density (Igl) (for 1 s) on the concentration of zinc
(1g0) in the electrolyte with the Na,SO, background
(0.5 mol/1) at different potentials (-1100;-1150;-1200;
-1250) mV according to (Ag/AgCl). Solution without
foaming agent. Under stirring. The confidence interval
(p=0.05)was 0.11 (Igl, pA)
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As the data obtained in galvanostatic mode
showed, polarisation of the electrode in the
presence and in the absence of the additives
decreases under intense stirring. For example,
with the current density of 1.7 mA/cm?(Fig. 7 a,b)
polarisation decreases by 1.6 times with the
addition of a cationic coagulant and almost by
3 times in the presence of the anionic coagulant
without the addition. The obtained data showed
a change in the mechanism of zinc electrolysis
under stirring conditions, when the mass transfer

lgl, pA
3,5
= a
3,1
22 /V »
2,7
2,5
2’3 V
X = (3
1,9
1,7
s & . :
23 2,1 -1,9 -1,7
lg C, mol/l
©-1000 W-1150 A-1200 x-1250

Fig. 6. The logarithmic dependence of the initial cur-
rent (1gl) (for 1 s) on the concentration of zinc (IgC) in
the electrolyte with the Na,SO, background (0.5 mol/l)
at different potentials (-1100;-1150;-1200;-1250) mV
according to (Ag/AgCl). Solution with the addition of
80 mg/1 of foaming agent. Under stirring. The confi-
dence interval (p = 0.05) was 0.11 (IgI, pA)
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Fig. 7. Dependence of polarisation (-n) on current density (i) during electrolysis of a solution of 0.025 M
ZnSO, + 0.5 M Na,SO,. I — without coagulant; 2 — anionic; 3 - cationic. With stirring, the confidence interval
(p = 0.05) was 8.77 mV (a). Without stirring, the confidence interval (p = 0.05) was 6.82 mV (b)
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process greatly accelerated and the contribution
to the dynamics of the process of charge
transfer stage through the “metal - electrolyte”
interphase, the so-called electrochemical stage,
started increasing. It was confirmed by the
experimental data on the influence of cationic
and anionic surfactants on the process of zinc
discharge. In our opinion, if the process of zinc
discharge was limited only by the transport
stage (concentration polarisation), the unequal
influence of differently charged coagulants on
the cathodic process would be unlikely.
Therefore, the obtained experimental data
under intense stirring in the presence of a
background sodium sulphate solution, a foaming
agent, and cationic and anionic coagulants
(flocculants) correspond to the theoretical
concepts of electrochemical processes [25-26].

4. Conclusions

The data obtained in this work, including
quadratic dependence of current density of zinc
discharge on the value of the cathode potential,
the fact that the straight lines of dependence of
current density of zinc discharge on the square root
of the linear potential sweep of rate do not pass
through the origin of coordinates, change in the
reaction order for zinc electrolysis in the presence
of surfactants, and an increase in the influence
interval of differently charged surfactants on
electrode processes, allow determining that the
process of discharge of zinc ions in a background
solution on a solid electrode occurs in a mixed-
kinetic mode, where it is difficult to identify a
significant contribution to the dynamics of the
process of the stage of mass-transfer of ions or
the charge transfer stage through the “metal —
electrolyte” interphase.

Thus, the approach suggested in this work
provided a greater degree of statistical reliability
in evaluating the effect of additions of cationic
and anionic surfactants on the stage of zinc
discharge, which is of great importance for
hydrometallurgical technologies and outlines
further lines of research in this field.
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Abstract

The phase equilibria in the Cu-Sb-S-I quaternary system were studied by differential thermal analysis and X-ray phase
analysis methods in the Cul-SbSI-SbI, concentration intervals. The boundary quasi-binary section Cul-SbSI, 2 internal
polythermal sections of the phase diagram, as well as, the projection of the liquidus surface were constructed. Primary
crystallisation areas of phases, types, and coordinates of non- and monovariant equilibria were determined. Limited areas
of solid solutions based on the SbSI (B-phase) and high-temperature modifications of the Cul (o,- and o~ phases) were
revealed in the system. The formation of the o, and o, phases is accompanied by a decrease in the temperatures of the
polymorphic transitions of Cul and the establishment of metatectic (375°C) and eutectoid (280°C) reactions. It was also
shown, that the system is characterised by the presence of a wide immiscibility region that covers a significant part of the
liquidus surface of the Cul and SbSI based phases.
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1. Introduction

Copper-antimony chalcogenides and phases
based on them are considered to be potential
candidates for the preparation of environmentally
friendly, low-cost functional materials possessing
novel desired characteristics [1-3]. The majority of
ternary Cu-Sb-sulphides are naturally occurring
minerals that have been widely explored as
valuable electronic materials displaying high
photoelectric, photovoltaic, radiation detector,
thermoelectric, etc. properties. Earth abundance
and environmental compatibility of these
substances highlight the recent advances of
investigations on these materials [4-7].

As it is known, one of the ways to increase
the efficiency of thermoelectric materials is
to complicate their composition and crystal
structure [8]. In this regard, Cu-Sb chalcohalides
could be considered promising research objects
in terms of the search and design of new eco-
friendly functional materials. However, we could
not find literary information about the phase
equilibria of the Cu-Sb-S-I quaternary system.
There is a literary report about the formation,
crystal structure, and conductivity of the
Cu,SbS.I, compound [9]. Cu,SbS.I, crystallises in
the orthorhombic system, space group Pnnm with
the following lattice parameters a = 10.488(2),
b=12.619(2),c=7.316(1) A, and Z = 4 [9]. Electric
conductivity and dielectric parameters of the
Cu-Sb-S-1I glasses have been investigated in
order to evaluate their practical importance in
memory switching, electrical threshold, optical
switching devices, and so forth [10].

The search and design of new complex func-
tional materials require investigation of the re-
spective phase diagrams. The information accu-
mulated in phase diagrams of the corresponding
systems is always helpful in materials science for
the development of advanced materials [11-13].

Considering above mentioned facts, in terms
of the search for new multicomponent phases,
the concentration plane Cu,S-Cul-SbI,-Sb,S,
of the Cu-Sb-S-I quaternary system is of great
interest. The present contribution is dedicated
to the study of physicochemical interaction in
the Cul-SbSI-SbI, (A) concentration area of the
above-mentioned concentration plane.

Primary compounds of the system (A)
possessing interesting functional properties
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have been studied in detail. Copper (I) iodide
Cul is a non-poisonous, wide-gap semiconductor
possessing stable p-type electrical conductivity at
room temperature, fast-ionic conductivity at high
temperatures, an unusually large temperature
dependency, negative spin-orbit splitting,
etc [14-16]. It has wide application in light-
emitting diodes, solid-state dye-sensitised
solar cells, high-performance thermoelectric
elements, etc [17, 18]. Antimony triiodide
Sbl, has been intensively studied as a dopant
in thermoelectric materials, as a potential
material for radiation detectors, as cathodes in
solid-state batteries, in high-resolution image
microrecording, information storage, etc. [19-
21]. SbSI exhibits important ferroelectricity,
piezoelectricity, photoconduction, dielectric
polarisation properties and is widely used in the
fabrication of nanogenerators and nanosensors
[22-25].

Cul melts at 606 °C without decomposition
and has 3 modifications [26, 27]. The low-
temperature y-modification transforms to the
B-phase at 369 °C. The B-Cul phase exists in a
small temperature range (~ 10 K) and transforms
into a-phase at 407 °C. Sbl, melts at 172 °C [28]
and crystallises to rhombohedral lattice [29].
SbSI melts congruently at 300 °C [22,30]. Three
phases of SbSI have been reported: ferroelectric
(T < 20 °C), antiferroelectric (20 °C < T <140 °C)
and paraelectric (T < 140 °C) [31]. Both in the
paraelectric and ferroelectric phases, SbSI
crystallises in the orthorhombic structure [32, 33].

Crystallographic parameters of the constituent
compounds of the system A are represented in
Table 1.

Cul-SbI, and SbSI-SbI, boundary
quasi-binary sections of the quasi-ternary
Cul-SbSI-Sbl, system have been investigated
by [35-37], respectively. Cul-Sbl, system
forms a monotectic phase diagram. At the
monotectic equilibrium temperature (~ 220 °C)
the immiscibility region ranges within ~15-
93 mol% Sbl, concentration interval [35].
SbSI-Sbl, quasi-binary section is characterised
by a eutectic equilibrium at 160 °C [12, 30].

2. Experimental part

A Cul binary compound, as well as, antimony
and iodine elementary components of the Alfa
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Table 1. Crystal lattice types and parameters of the Cul, Sbl; and SbSI compound

rgggilgggg 3;1 Crystal lattice type and parameter, A
LT-Cul Cubic lattice; SpGr. F; a = 6.05844(3) A [27]
Trigonal: SpGr. P3; a = 4.279%0.002; ¢ = 7.168%0.007 (673 K) [34]
HT1-Cul Triqonal: SpGr. R-3; a = 4.29863(11); c = 21.4712(6) (603 K) [26]
Triqonal: SpGr. R-3 a =4.30571 (12); c = 21.4465(7) (608 K) [26]
HT2-Cul Cubic: SpGr. F a = 6.16866(6) [27]
Sbl Rhombohedral: SpGr. ; a = 7.48; ¢ = 20,90; Z = 6 [29]
SbSI Orthorhomb@c: SpGr. Pnam; a = 8.556(3); b = 10.186(4); c = 4.111(2); z =4 [32]
Orthorhombic: SpGr. Pna2,; a = 8.53; b = 10.14; c = 4.10 [33]

The symbols HT2, HT1, and LT indicate high, intermediate, and low-temperature modifications of Cul, respectively.

Aesar German brand (99.999 % purity) were used
in the course of experimental studies.

Binary Sbl, and ternary SbSI compounds were
synthesised from the elemental components in
evacuated (~10-2 Pa) silica ampoules followed by a
specially designed method taking into account the
high volatility of iodine and sulphur. The synthe-
sis was performed in an inclined two-zone furnace,
with the hot zone kept at a temperature 20-30 °C
higher than the corresponding melting point of the
synthesised compound, whereas the temperature
of the cold zone was kept at about 130 °C. After the
main portion of iodine and sulphur had reacted,
the ampoules were relocated such that the pro-
ducts could melt at 230 °C (Sbl,) and 450 °C (SbSI).
After stirring the homogeneous liquid at this tem-
perature, the furnace gradually cooled. The puri-
ty and individuality of the obtained products were
monitored using DTA and PXRD methods.

Two sets of samples (0.5 g by mass each) were
prepared by co-melting of different proportions of
the preliminarily synthesised compounds and Cul
of the Alfa Aesar company. After melting, most
of the alloys were annealed at about ~20-30 °C
below the solidus temperature for ~1000 hours
in order to achieve complete homogenisation.

The DTA and PXRD methods were used
to monitor the purity and individuality of
the synthesised compounds and to conduct
experimental studies. DTA of the samples
was carried out in evacuated quartz ampoules
on a differential scanning calorimeter of the
404 F1 Pegasus System (NETZSCH). Results
of measurements were processed using the
NETZSCH Proteus Software. The accuracy of the
temperature measurements was within +2 °C.
X-ray analysis of the annealed alloys was carried
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out at room temperature on the Bruker D2
PHASER diffractometer with CuKo, radiation.
The diffraction patterns were indexed using the
Topas 4.2 Software (Bruker).

3. Results and discussion

A co-analysis of experimental results together
with the literature data regarding boundary
binary systems helped us to obtain the full
description of phase equilibria in the Cul-SbSI-
Sbl, concentration triangle.

3.1. Cul-SbSI boundary quasi-binary system

The powder X-ray diffraction patterns of the
thermally treated Cul-SbSI alloys are given in
Fig. 1. As can be seen, diffraction patterns of
samples in the full composition range consist
of the diffraction peaks of the SbSI and low-
temperature modification of Cul.

The T-x phase diagram of the system (Fig. 2)
was constructed using DTA results (Table 2). Note
that, o, and o, are solid solutions based on the
HT1 - Cul and HT2 - Cul respectively, and - is
a solid solution based on SbSI.

The system is quasi-binary and forms a
eutectic phase diagram. Eutectics has a ~45 mol%
SbSI composition and crystallises at 327 °C by
the reaction:

L— o, +p.

The formation of o, and o, solid solution areas
based on the high-temperature modifications of
Cul is accompanied by a decrease in temperature
of its’ both phase transformations and these
phase transitions occur by metatectic and
eutectoid reactions.

Isotherms corresponding to the 375 and
280 °C temperatures on the phase diagram, reflect
metatectic
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Fig. 1. X-ray images of different alloys of the Cul-SbSI system: I — Cul, 2 - 10 mol% Cul, 3 - 20 mol% Cul,
4 - 40 mol% Cul, 5 - 60 mol% Cul; 6 — 80 mol% Cul; 7 — 90 mol% Cul; 8 — SbSI
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Fig. 2. T-x phase diagram of the Cul-SbSI system
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Table 2. DTA results of the Cul-SbSI system

Composition, Thermal effects, °C
mol% SbSI Isothermal Polythermal
0 (pure Cul) 369; 407; 606 -
5 280; 385 470-573
10 280; 325; 375 375-534
20 282; 327, 373 373-455
30 280; 328; 376 -
40 278; 327 -
50 280; 327 327-343
60 280; 328 328-360
70 279; 327 327-375
80 327 327-382
90 - 352-394
95 - 380-398
100 (pure Sbl,) 402 -

o, < L+ o,
and eutectoid
o, <> LT-Cul + B.

equilibriums, respectively.

The homogeneity region of the B-phase
based on SbSI is maximum (~15 mol%) at the
eutectic temperature (Fig. 2). Moreover, reflection
angles belonging to LT-Cul and SbSI phases
on powder diffractograms are fully compatible
with appropriate pure compounds. It shows
that the mutual solubility of these compounds
is negligible at room temperature. Therefore, in
Fig. 2, the decomposition curve of the B-phase is
extrapolated to the SbSI compound.

3.2. Projection of the liquidus surface (Fig. 3)

Fig. 3 represents a projection of the T-x-y
diagram of the Cul-SbSI-SbI, system, where
liquidus isotherms are given in blue. The liquidus
surface consists of three fields describing the
primary crystallisation of the o, (a.,), B-phases,
and Sbl.. The latter occupies a small region near
the appropriate corner of the concentration
triangle.

Primary crystallisation surfaces of phases are
limited by a number of monovariant equilibrium
curves and non-variant equilibrium points
(Table 3).

The L,+L, immiscibility region in the Cul-
Sbl, boundary system sharply penetrates into
the concentration triangle and covers part of
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mol%

SbSI

Fig. 3. Projection of the liquidus surface of the system
Cul-SbSI-Sbl,. Primary crystallisation fields: I - o,
(0,,); 2 - B phase; 3 — Sbl.. Dotted lines are studied
polythermal sections

the liquidus area of the B phase by crossing the
eutectic curve from the point e,. Consequently,
the L < o, + B monovariant eutectic equilibrium
shiftstothe L, < L, + o, + p nonvariant monotectic
equilibrium (Fig. 3, Table 1 - MM’ conjugate pair).
K is the critical point of stratification and has a
temperature of ~350 °C.

Crystallisation across the whole system ends
at 165 °C by nonvariant eutectic (E) reaction.

3.3. Polythermal sections

The Cul-[B] (Fig. 4) and [A]-SbSI (Fig. 5)
polythermal sections of the phase diagram of the
Cul-SbSI-SbI, ternary system are given below
and analysed in context with the projection of
the liquidus surface of the system. Here, [A]
and [B] are 1:1 mix ratios of the constituent
compounds of the Cul-Sbl, and SbSI-Sbl, side
binary systems, consequently.

The system Cul-[B] (Fig. 4). This section
passes through the initial crystallisation areas
of the o, (o) and B-phases and the immiscibility
area in the ~ 30-70 mol% Cul concentration
range. Crystallisation in the compositions rich
in Cul initially continues by the monovariant
monotectic L, <> L, + o, reaction and leads to the
formation of the L, + L, + o, three-phase area. At
377 °Cthis phase field is replaced by the L, + L, + o,
three-phase area as a result of the o, <> o, phase
transition. Crystallisation in the 20-40 mol% Cul
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Table 3. Non- and monovariant equilibria of the Cul-SbSI-SbI, system

Point in Fig. 3 Equilibrium (Slc];rsnlposition, n;(];ll% Temperature, °C
3
e, Lo, +B 45 - 327
e, L < LT-Cul + Sbl, - 97 168
e, L  SbSI + Sbl, 7 93 167
m (m’) L oL +o, - 15 (93) 493
M (M) L oL +a,+B 34 (6) 20 (87) 318
E L < LT-Cul + B +Sbl, - - 165
Curve in Fig. 3 Equilibrium Temperature interval, °C
mM (m'M) L oL +o, 493-318
KM (KM") L oL +p 340-318
e M Loo,+p 327-318
M’E L < o, (LT-Cul) + B 318-165
e,E L < LT-Cul + Sbl, 168-165
e.E Lo B+ SbL, 167-165

composition range continues by the L, < L, + 3
monotectic scheme and forms the L, + L, + 3 phase
area. Horizontal line at 318 °C belongs to the
L, < L,+ o, + B nonvariant monotectic reaction
(Table 2). After this reaction, the L, + o, + B three-
phase area forms in the system. At 280 °C, the
o, <> LT-Cul phase transitions occur and the latter
phase area passes to the L, + § + LT-Cul.
Crystallisation of all samples along the system
ends at 165 °C by the nonvariant eutectic reaction

t,"C

606

200
»167

Py

(LT-Cul)+B+Sbl, L+B+SbI,

Cul 80 60 40 20 [B]
mol%

Fig. 4. T-x phase diagram of the system Cul-[B]

(E) and the 3 + LT-Cul + SbI, three-phase mixture
forms.

The system [A]-SbSI (Fig. 5). This polyther-
mal section is situated in the L, + L, immiscibility
area at the 0-40 mol% SbSI composition range
and crystallisation processes occur by monotectic
reactions (Fig. 3, mMK and m’M’K’ conjugate
curves). In the course of those processes the L, +L,
+o,L +L,+o,L +L+L[T-Culand L +L,+
three-phase areas are formed. In the alloys rich
in SbSI, crystallisation of this compound initially
occurs from the liquid solution, then continues
by the L, < L, + SbSI monotectic scheme. All
alloys are exposed to the nonvariant monotectic

t,"C
S00K L+L+a, \
\\ L
1
1
4005 LAL, ) b 402
. \ L,+SbSI
318 L,+L,+SbSI
300
L +L,+LT-Cul
L+L,+a, L,+LT-Cul+SbSI
200 [{>L+LT-Cul
+LT-Cu 165
~ LT-Cul+SbSI+Sbl, .
[A] 20 40 60 80 SbSI
mol%

Fig. 5. T-x phase diagram of the system [A]-SbSI
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reaction (m) at 318 °C and fully crystallise by the
nonvariant eutectic reaction at 165 °C.

Fig. 6 shows the DTA heating curves of
selected annealed samples along the boundary
quasi-binary system Cul-SbSI and the above-
mentioned internal sections. Comparison of
these curves with the corresponding T-x diagrams
(Fig. 2,4, 5),the projection of the liquidus surface
(Fig. 3) and the table shows that they accurately
reflect the character and temperatures of the
processes occurring in the system.

4. Conclusion

The phase equilibria in the Cul-SbSI-SbI,
composition range of the Cu-Sb-S-I quaternary
system have been studied for the first time.
Several polythermal sections of the phase
diagram including the Cul-SbSI boundary
system and T-x-y projection of the liquidus
surface of the system was obtained by co-
analysis of experimental results along with the
literature data on boundary binary systems. It was
determined that there are limited solid solutions
based on SbSI (B-phases) and HT-Cul (o - and
o,-phases) and the system is characterised by
the formation of a large immiscibility area. The
types and coordinates of non- and monovariant
equilibria, as well as, primary crystallisation areas
of phases were determined.
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Abstract

The search for early markers of atherosclerosis is an effective method for providing personalized medicine allowing the
prevention of the progression of this pathology. The aim of this study was the determination of the total indices of
dyslipidemia and the identification of the gender indices of the extended lipid profile in the population of residents of the
Southern and Central Federal Districts (Voronezh, Belgorod, Lipetsk, Kursk and Rostov regions) for the identification of
early markers of atherogenicity. In a simultaneous clinical study, involving 339 patients (mean age 48 years), the
concentrations of total cholesterol, triglycerides, LDL (low density lipoproteins), HDL (high density lipoproteins),
apolipoproteins B and A1, the ApoB/ApoAl ratio and the atherogenic coefficient were determined. For the identification
of the relationship between changes in lipid profile indicators with cytolysis syndrome and indicators of carbohydrate
metabolism, the activity of ALAT (alanine aminotransferase), GGTP (gamma-glutamyl transpeptidase) and glucose content
were also studied. Analysis of the results of the lipid spectrum of the population sample of the middle age group revealed
significant metabolic disorders of lipid metabolism with a predominance of atherogenic lipid fractions and a significant
excess of indicators of atherogenic lipid fractions in middle-aged men in comparison with women. It has been shown that
the apoB/apoAl index can be used as an auxiliary marker for early assessment of the prevalence of atherogenic lipid
fractions, allowing the identification of risk groups for the development of diseases associated with metabolic disorders.
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1. Introduction

Cardiovascular diseases (CVD) associated
with atherosclerosis represent a global medical
and social problem and are the main cause of
mortality and disability in the population [1].
The PESA study showed that worldwide 71 % of
middle-aged men and 43 % of women have signs
of subclinical atherosclerosis [2], mortality from
CVD in the Russian Federation in 2017 amounted
to 587.6 cases per 100 thousand population [3, 4].

The concept of high cardiovascular risk is
associated primarily with dyslipidemia due to
an increase in the concentration of atherogenic
lipids. Under normal conditions, insulin limits
lipolysis, however, with the development of
insulin resistance it is unable to suppress
this process [5]. The production of very-low-
density lipoproteins (VLDL) and triglycerides
in the liver and their retention in tissues
increases with the development of insulin
resistance and dyslipidemia is formed [6]. The
nosological spectrum of diseases associated
with dyslipidemia, has a similar pathogenesis,
determined by laboratory markers of the disease:
metabolic syndrome; obesity; diseases of the
biliary tract and liver; steatohepatitis; arterial
hypertension; hypothyroidism and adrenal
gland pathology, thromboembolism, COVID-19
[7-13].

The studies using PCSK9 inhibitors [14] and
the results of the ODYSSEY OUTCOMES study
with alirocumab [15] have shown that lowering
LDL cholesterol decreases the incidence of
cardiovascular heart disease [14, 15]. Although LDL
is recognized as the main source of intracellular
lipid accumulation in plaque, native LDL does not
induce significant lipid accumulation in cultured
cells. The modification of LDL, which changes the
physicochemical characteristics of the particles
is atherogenic [16]. During the course of its
modification, the LDL particle is first desialylated,
followed by an increase in the particle density, a
decrease in size, and the acquisition of a negative
charge [17]. Modified LDL is utilized mainly by
the non-specific phagocytosis, which leads to
the accumulation of intracellular cholesterol
and the formation of foam cells [18]. Foam
cells are an important structural component of
atherosclerotic plaque, and modified LDL forms
immune complexes that have a damaging effect
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on the vascular wall, narrowing the vessel lumen
and promoting thrombus formation [19].

Despite the leading role of LDL in the
development of CVD, associated with
atherosclerosis, the role of other lipoproteins,
in particular apolipoprotein B (apoB), which is
the main component of LDL was demonstrated
[20]. It has been shown that the concentration
of apoB can be considered a direct indicator of
the total amount of atherogenic lipoproteins
in the bloodstream [21]. The largest studies,
INTERHEART [22] and AMORIS [23], showed that
the determination of the levels of apoB and apoA1
in blood plasma seems to be the most informative
indicator of the risk of developing CVD [22, 24].

Previously, the main role in the development
of atherosclerosis was attributed to hyperchole-
sterolemia, but recent clinical studies showed the
participation of any hyperlipidemia in the onset
and further development of atherosclerosis [25].
Thus, it was shown that although triglyceride
levels above 1.7 mM/1 are a factor of increased
risk of CVD, the positive effect of lowering
triglycerides has not been confirmed by evidence-
based medicine [26]. The leading “pacemaker”
of the pathological process and the degree of
functional abnormalities which is not always
determined by functional and visual diagnostic
methods, are determined based on the presence
and combination of biochemical abnormalities
[27-29].

The role of dyslipidemic disorders in the
etiopathogenesis of CVD, diabetes mellitus,
hypertension, non-alcoholic steatohepatosis,
diseases of the biliary tract, menopausal disorders
determine the relevance of the search for early
markers for predicting the risk of dyslipidemia
in men and women [30,31].

Possible methods to search for biomarkers
are:
1.In-depth/extended study of the lipid profile.

2. Inclusion in the analysis of new markers
characterizing the functioning of the main
metabolic systems and their disorders, which are
involved in the pathogenesis of atherosclerosis in
addition to the traditional factors of cardiovascular
risk [32].

For the identification of the specificity and
predictive value of apolipoproteins apoAl and
apoB in comparison with cholesterol, HDL,
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LDL, and triglycerides we decided to analyse
the extended lipid spectrum during the stage
of transition of women to menopause and the
indicators of men of a similar age group in order
to determine the basic risks of development
of atherogenic dyslipidemia. This approach
determines the resources of health during the
formative stage of risks associated with age,
regardless of hormonal changes. The aim of this
study was the determination of the total indices
of dyslipidemia and the identification of the
gender indices of the extended lipid profile in
the population of residents of the Southern and
Central Federal Districts (Voronezh, Belgorod,
Lipetsk, Kursk and Rostov regions) in order to
search for early markers of atherogenicity.

2. Experimental

The results of research obtained in the
laboratory of OO0 New Medical Technologies,
Voronezh were used in the study.

For the identification of the relationship
between changes in lipid profile parameters
with cytolysis syndrome and indicators of
carbohydrate metabolism, the activity of alanine
aminotransferase (ALAT), gamma-glutamyl
transpeptidase (GGTP), and glucose content was
also studied in patients. The clinical study was
carried out simultaneously, in the period from
January to October 2019, the blood of 339 patients
(242 women and 97 men) was examined, their
average age was 48 years.

The participants were examined according
to a unified scheme. A single blood sample with
a volume of 10 ml on an empty stomach in the
morning was carried out using a venipuncture of
the superficial veins at the bend of the elbow for
biochemical analysis. Serum was obtained from
venous blood by standard methods.

Determination of total cholesterol,
triglycerides, high density lipoprotein cholesterol
was carried out by the colorimetric enzymatic
method using Beckman Coulter AU analysers
(USA) [33, 34, 35].

The determination of total cholesterol was
carried out by the enzymatic method [33]. The
reaction mixture included: 103 mM/1 phosphate
buffer (pH = 6.5), 0.31 mM/1 4-aminoantipyrine,
5.2 mM/1 phenol, 3.3 pkat/l cholesterol esterase,
3.3 pkat/l cholesterol oxidase, 166.7 ukat/l
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peroxidase. The colour intensity of the reaction
mixture, measured at 540/600 nm, is directly
proportional to the total cholesterol concentration
in the sample.

The method for measuring the concentration
of triglycerides is based on the enzymatic
method for the determination of glycerol
[34]. Triglycerides present in the sample are
hydrolysed to glycerol and fatty acids under the
action of several bacterial lipases. The absorption
intensity at 660/800 nm is proportional to the
triglyceride content. The colorimetrised mixture
contained: 50 mM/l PIPES buffer (pH = 7.5),
25 pkat /1lipase, 4.6 mM/1 Mg?*, 8.3 pkat/1 glycerol
kinase, 0.25 mM/l MADB, 16.3 ukat/l peroxidase,
0.5 mM/1 4-aminoantipyrine, 24.6 pkat/l ascorbic
acid oxidase, 1.4 mM/1 ATP, 24.6 pkat/I glycerol-
3-phosphate oxidase.

The level of HDL was determined by the
formation of a coloured product of the enzymatic
reaction after antibodies against human
B-lipoprotein, which are part of the reagent,
bound to lipoproteins other than HDL (LDL, VLDL
and chylomicrons), as a result, antigen-antibody
complexes were formed, which are incapable of
participating in enzymatic reactions [35]. The
reaction mixture for determination of HDL-
cholesterol contained: anti-human B-lipoprotein
antibodies, 0.8 IU/ml cholesterol esterase,
4.4 1U/ml cholesterol oxidase, 1.7 IU/ml peroxidase,
2.0 IU/ml ascorbic acid oxidase, 30 mM/l Good’s
buffer (pH=7.0),0.20 mM/I N-ethyl-N- (2-hydroxy-
3-sulfopropyl) -3,5-dimethoxy-4-fluoroaniline,
0.67 mM/1 4-aminoantipyrine.

The LDL concentration was calculated using
the formula:

LDL = Total Cholesterol — (Triglycerides/2.2) —
- HDL [36].

The atherogenic index (AI) was calculated
using the following formula:

Al = (total cholesterol - HDL)/HDL [36].

Apoproteins: apo Al and apo B were
determined by the immunoturbidimetric method
using Beckman Coulter reagents (USA). The
method is based on measuring the absorption
intensity of insoluble aggregates formed as a
result of the immunological reaction of anti-
apoproteins with antibodies. The concentration
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of apoproteins was estimated based on the
degree of turbidity development [37, 38, 39].
The compositions of the reaction mixtures for
the determination of apoproteins A1 and B
included the following components, respectively:
8 mM/1 Tris buffer (pH = 7.4), 106 mM/I sodium
chloride, 3.5 % polyethylene glycol 6000, goat
anti-apoprotein Al antibodies ~ 0.14 g/l and 8.6
mMy/1 Tris buffer (pH = 7.4), 125 mM/l sodium
chloride, 4 % polyethylene glycol 6000, goat anti-
lipoproteins B antibodies = 1.93 g/1.

ALAT activity (EC 2.6.1.2) was determined
by the decrease in optical density at 340 nm
caused by the oxidation of NADH in a coupled
reaction in the presence of LDH [40]. The
reaction mixture for the determination of ALAT
contained: 100 mM/1 Tris buffer (pH = 7.15), 500
mMy/1 L-alanine, 12 mM/] 2-oxoglutarate, 1.8 kU/1
lactate dehydrogenase, 0.20 mM/l NADH, 0.1
mMy/1 pyridoxal phosphate.

GGTP activity (EC 2.3.2.2) was determined by
the rate of formation of 5-amino-2-nitrobenzoate
at 405 nm, in a reaction mixture containing:
150 mM/1 glycylglycine (pH = 7.7), 6 mM/] L-y-
glutamyl-3-carboxy-4-nitroanilide [ 41].

For the quantitative determination of glucose,
we used the hexokinase method based on an
increase in optical density at 340 nm caused by the
formation of NADH [42]. Determination of glucose
concentration was carried out in a reaction mixture
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containing: 24 mM/1 PIPES buffer (pH = 7.6),
2.0 mM/1 ATP, 1.32 mM/1 NAD*, 2.37 mM/1 Mg?,
0.59 kU/1 hexokinase, 1.58 kU/1 G6F-DG.

Statistical data processing: quantitative
analysis data are presented as M * m, where M is
the mean, m is the standard error of the mean.
For the identification of correlations between
the studied indicators, the Pearson coefficient (r)
was used. This study discusses the values of the
average (0.30-0.50), significant (0.50-0.70),
and high (0.70-0.90) degrees of correlation.
The statistical processing was carried out using
the Microsoft Excel program. Differences were
considered significant at p < 0.05.

3. Results and discussion

As a result of the analysis, the presence of an
average, significant, and high correlation of the
total cholesterol (TC) concentration with the level
of triglycerides (TG), LDL, HDL, apolipoproteins B
and A1, ApoB/ApoAl and the atherogenic index
was revealed (Table 1). At the same time, there
was no correlation of TC with the activities of
ALAT, GGTP, or glucose concentration (data not
shown). However, the average level of correlation
between the TG level and these indicators was
revealed (Table 2). For further research, the
patients were divided into groups: a control group
(patients with a normal TC level/or a normal TG
level) and patients with an increased level of TC

Table 1. Values of lipid metabolism indicators and their correlation with blood cholesterol concentration

Indicators Mean # standard error Pearsop’s correlation
of the mean (M*m) coefficient r, p < 0.05
Total cholesterol, mM/1 5.54+0.08
Triglycerides, mM/] 1.52 £0.06 0.26
LDL cholesterol, mM/1 3.60 = 0.07 0.94
HDL cholesterol, mM/1 1.28 £0.02 0.38
Apolipoprotein B, mg/dl 124.60 £ 2.02 0.87
Apolipoprotein 1, mg/dl 180.89 +1.81 0.26
ApoB/ApoAl 0.71+0.01 0.64
Atherogenic index 3.55+0.08 0.53

Table 2. The values of lipid metabolism indicators and their correlation with the concentration of blood

triglycerides

Mean + standard error

Pearson’s correlation

Indicators of the mean (M*m) coefficient r, p < 0.05
Triglycerides, mM/1 1.52 £0.06
ALAT, U/l 26.46 = 1.30 0.22
GGTP, U/ 39.75 +3.86 0.22
Glucose, mM/1 5.85%0.12 0.38
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or TG. The comparison was made between the
respective groups (normal TC-increased TC and
normal TG-increased TG).

In the course of the study, it was revealed
that 59.5 % of patients had an increased level of
total cholesterol (TC, mean value — 6.51 mM/I,
reference value — 3.63-5.20 mM/l) (Table 3).
Elevated cholesterol levels were observed in
56.4 % of women (mean value - 6.69 mM/]) and
52.1 % of men (mean value - 6.29 mM/1) (Fig. 1).

The TG level in the group of patients with
elevated TC was increased in 15 % of patients
(3.68 mM/I, reference value <2.2 mM/1), in the
group of patients with normal TC this indicator was
9 % (Table 3). Among patients with an increased
TC level, an increase in TG was found in 17.3 %
of women (mean value 3.22 mM/1) and 30.6 % of
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men (mean value — 3.55 mM/1, the number of men
or women in the group with normal or increased
TC was taken as 100 %). Among patients with a
normal TC level, an increase was found in 7.9 %
of women and 11.6 % of men (Fig. 2).

Among patients with an increased TC level,
61.4 % had an increase in the LDL content (on
average 4.94 mM/], reference value < 3.9 mM/1)
(Table 3). In this group, an increase in LDL was
detected in 66.1 % of women (mean value -
4.93 mM/]) and 63.6 % of men (mean value -
4.77 mM/1) (Fig. 3).

The blood concentration of apolipoprotein B
contained in atherogenic lipoproteins correlates
well with these data. Despite the fact that the
mean value of the concentration of apolipoprotein
in the group of patients with increased TC level

Table 3. Diagnostic indicators of the development of pathology in the control group and group with

high cholesterol level

Mean # standard Mean * standard
Percentage Percentage
_ error of the mean £ atients error of the mean of patients
Indicators (M£m) in patients ot pal (M*m) in patients pa
with normal with with normal with
cholesterol pathology cholesterol pathology
Total cholesterol, mM/1 4.34 +0.05 0% 6.51+0.09 100%
Triglycerides, mM/1 3.03+0.26 9.0% 3.68 £0.23 15.9%
LDL cholesterol, mM/1 <3.9 MM/n 0% 4.94+0.10 61.4%
HDL cholesterol, mM/1 1.01 £0.02 69.3% 1.08 +£0.02 49.7%
Apolipoprotein B, mg/dl 141.63£5.82 4.6% 161.94£3.14 64.0%
Apolipoprotein 1, mg/dl 227.01 £ 4.62 13.2% 230.46 £ 3.34 27.4%
ApoB/ApoAl 1.25+0.21 1.3% 1.25+£0.04 11.8%
Atherogenic index 4.33+0.12 24.0% 49+0.11 60.4%
ALAT, U/1 46.12+3.44 22.6% 48.84 +3.33 25.3%
GGTP, U/1 76.49 = 16.15 36.0% 57.91£5.34 52.4%
Glucose, mM/1 7.44 = 0.54 21.6% 7.75%+0.53 25.9%
8.0
7.0 .
guss 7—
B 50 / S
% 40 / -
E jo /—
E 20 /
{% 1.0 /—
g 0o %
A female | male female | male
normal cholesterol high cholesterol ‘

Group of patients

Fig. 1. Cholesterol level in the control group of patients and patients with increased cholesterol
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Fig. 3. LDL level in the control group of patients and patients with increased cholesterol

was 144.47 mg/dl with a reference value of 55-
130 mg/dl, a significant increase to 161.4 mg/dl
was found in 65.4 % of women and increase up to
169.6 mg/dl was revealed in 50 % of men (Fig. 4).

In some patients (13.2 %), with normal levels
of total cholesterol, an increase in the level of
apolipoproteins A1 to mean value of 227.0 mg/dl
was observed (Table 3) (reference value — 105-
205 mg/dl), which has a positive prognostic
character, since these proteins are part of HDL
and are responsible for receptor recognition of
lipoproteins by cells. In patients with elevated TC
levels, the average apoA1 value did not exceed the
reference value and was 192.4 mg/dl. However, in
31.6 % of women and 16 % of men, the level of
apoA1l was significantly increased and comprised
233.6 and 218.8 mg/dl, respectively. In the group
of people with normal TC, an increase in the level
of apoA1l was observed in 15.2 % of women and
8.7 % of men (Fig. 5).

250

The apoB/apoAl ratio can be considered as an
alternative assessment of the risk of complications
of cardiovascular diseases. An increased risk
of coronary artery disease was observed when
the ratio was > 0.9 in men and > 0.8 in women.
However, current clinical guidelines do not
propose to consider the apoB/apoAl ratio as a
target when prescribing lipid-lowering therapy
(LDL, HDL, and apoB cholesterol are used for
therapeutic purposes). Our study showed that
the apoB/apoAl ratio was increased in 11.0 % of
women (average value —1.29) and 14 % of men
(average value — 1.14) in the group of patients
with high TC (Fig. 6). In the group of patients with
normal TC, an increase in this indicator was not
detected in women and was observed only in 4.3 %
of men (Fig. 6). The association of an increased
risk of coronary artery disease with an increased
apoB/apoAl ratio has been shown in a number of
studies [43,44],and recent data have not confirmed
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Fig. 5. Apolipoprotein A1 level in the control group of patients and patients with increased cholesterol

the role of isolated hypertriglyceridemia in the
prediction of risk for cardiovascular diseases. As
was noted by the authors, this criterion can only be
valid in combination with LDL and HDL levels [45,
46]. The same diagnostic value of the value of the
apoB/apoA1l ratio and the TG level for the diagnosis
of metabolic syndrome was shown [47]. Also,
some authors discuss the technical inconvenience
associated with the requirement of fasting for 12 h
before taking blood for analysis for TG and HDL
cholesterol [48]. In contrast, the measurement
of ApoB and ApoA1 does not require 12 hours of
fasting. Thus, the ApoB/ApoA1 ratio appears to be
more appropriate in the clinical setting than TG,
LDL, and HDL levels for identifying patients with
metabolic syndrome and CVD risk.

An increase in the atherogenic index of
plasma, as a result of a decrease in HDL, was
found in 24 % of patients with normal TC
levels, which indicates the risk of developing

atherosclerosis despite normal TC and LDL
levels. HDL was decreased in 44.4 % of women
(mean value — 1.12 mM/I, reference value > 1.3)
and 63.8 % of men with high cholesterol (mean
value - 1.01 mM/1) (Fig. 7). The Al was increased
in 60.4 % of patients in the group with increased
TC level (mean value - 4.90, reference value
< 3.5) (Table 3). In the group of patients with
normal cholesterol, a decrease was observed in
62.6 % of women and 90.2 % of men (Fig. 8). In
the group of patients with normal TC levels, an
increase in Al was found in 17.6 % of women and
39.5 % of men. A similar trend was found in the
group of patients with increased TC levels: Al was
increased in 55.2 % of women (mean value - 4.83)
and 76.7 % of men (mean value — 4.99) (Fig. 8).
The data obtained unambiguously indicate a
greater predisposition of men to atherosclerosis.

The established gender differences in
atherogenic indices in different nosoologies
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and in different age subgroups characterize men
as initially predisposed to the development of
abdominal obesity in metabolic disorders, since
abdominal obesity is androgen-dependent.
In addition, with the formation of deposits of
visceral fat due to metabolic syndrome, insulin
sensitivity is impaired, which triggers a vicious
circle and aggravates insulin resistance [49].

Interestingly, the role of the atherogenic
lipid spectrum in the development of type 2
diabetes mellitus and hypertension in women
over 60 is higher than in men. At the same time,
the risk group is composed of women with early
menarche, and the frequency and severity of
cardiovascular events and thromboembolic
complications correlates with the duration of
the menopause. In women, the transition of the
“silent” course of ischemic heart disease with the
late appearance of clinical syndromes in the form
of pain syndrome is recorded. Certain erasure of
the clinical manifestations of diabetes mellitus,
coronary artery disease, characteristic of women,
contributes to a later detection of diseases in
comparison with men. Ten years after the onset
of menopause (postmenopause), the risk of
cardiovascular disease in women is similar to that
in men of the same age [50].

Statistically significant differences between
men and women were not revealed in the study of
the correlation between the level of TG and ALAT,
GGTP and glucose, and, accordingly, patients were
not divided according to gender.

In the group of patients with elevated TG
levels, 29.2 % of patients showed an increase in
ALAT levels (mean value — 46.12 U/l reference
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value —up to 40 U/l for men and 35 U/I for women)
(Fig. 9).

An increase in the indices of the enzymatic
activity of ALAT, as an enzyme contained in
liver cells, and to a lesser extent in the kidneys,
muscles, heart and pancreas, reflect destructive
damage in the above organs or secondary liver
changes in metabolic disorders. It was shown
that increased ALAT levels are clinically and
histologically associated with steatohepatosis
[51,52].

In the same group, the GGTP activity was
increased in 60 % of patients (the norm was
up to 32 U/L). Among patients with normal TG
levels, ALAT activity was increased in 14.6 % of
patients, and GGTP activity increased in 38 % of
patients (Fig. 10). An increase in GGTP indicates
the destruction of parenchymal organs. Small
increase in levels of GGTP and ALAT have been
shown in patients with steatohepatosis [53].

Depending on the presence/absence
of abdominal obesity, mild and moderate
steatohepatosis was determined 11 times more
often in women than in men, while cirrhosis,
an extreme degree of damage to hepatocytes,
prevailed in men. Clinical signs of steatohepatosis
are an increase in the concentration of insulin
(however, its numbers are not proportional
to the degree of liver damage), C-peptide,
hypertriglyceridemia, an increase in the activities
of ALAT and aspartate amnotransferase (ASAT). It
has been proven that an increase in liver function
tests is less informative in women, which is
probably due to the reaction of ALAT and ASAT
as the ability of the liver to immediately respond
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Fig. 9. ALAT activity in the control group of patients and patients with increased triglycerides
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to hepatotoxic effects. In men, this potential is
reduced under conditions of systematic damage to
hepatocytes due to the systematic consumption
of fried, spicy foods, heavy alcohol use, etc. A
similar mechanism is triggered in women with
abusive drinking behaviour, in this case, liver
function tests can remain low for a long time.
In the group of patients with normal TG,
an increase in glucose content was detected
in 21.6 % (mean value - 7.43 mM/], reference
value — up to 6.2 mM/l), while in the group of
patients with elevated TG an increase in glucose
was more significant (mean value - 8.44 mM/1)
and was detected in 42.3 % of patients (Fig. 11).
This correlation reflects the need for the ABC
strategy proposed by the National Diabetes
Education Program: diabetologists and patients
with diabetes should pay attention not only to
the control of glycemia (“A” - HbA1lc) and blood
pressure (“B”-blood pressure), but also to the level
of blood lipids (“C” - cholesterol) [54]. The main
cause of hypertriglyceridemia in diabetes mellitus

is the low sensitivity of visceral adipose tissue to
the anti-lipolytic action of insulin, which leads to
increased lipolysis, the entry of large amounts of
free fatty acids into the portal bloodstream and, in
combination with hyperinsulinemia, an increase
in the synthesis of triglycerides and VLDL by the
liver. In addition, in patients with type 2 diabetes
with hyperglycemia, the activity of endothelial
lipoprotein lipase, which is responsible for the
catabolism of triglycerides and VLDL, is reduced,
which aggravates this disorder.

4. Conclusions

Thus, as a result of the conducted studies of
lipid metabolism indicators in middle-aged group
(from 32 to 61 years) of Southern and Central
Federal Districts of Russia (Voronezh, Belgorod,
Lipetsk, Kursk and Rostov regions) the following
distinguishing features were identified:

- significant metabolic disorders of lipid
metabolism in the middle age group with a
predominance of atherogenic lipid fractions,
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Fig. 11. Glucose content in the control group of patients and patients with increased triglycerides
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which can serve as a negative indicator of the
health status of the working-age population;

- in the absence of a universal marker of
lipid atherogenicity for the early diagnosis of
pathological changes in the body, a comprehensive
screening of LDL fractions, triglycerides, glucose
indicators for the isolation of risk groups in
relation to the development of metabolic disorders
leading to the development of atherogenic
vascular lesions is justified. The feasibility of
determination of insulin, conducting a glucose
tolerance test, C-peptide is determined by the
specialists in order to clarify the basic diagnosis,
and their results do not always correlate with the
severity of atherogenic changes;

— the results of the study showed that the
apoB/apoAl ratio can be used as an auxiliary
marker for the early assessment of the prevalence
of atherogenic lipid fractions, allowing to identify
risk groups for the development of diseases
associated with metabolic disorders;

—therevealed significant excess of atherogenic
lipid fractions in men of the middle age group
in comparison with women, at the stage of
addition of natural menopausal changes in lipid
metabolism, determines an almost two-fold
increase in the risks of developing cardiovascular
lesions in men in the age category up to 50 years;

— the revealed correlation of the TG level and
the increase in glucose content shows the need
for constant monitoring of the blood lipid profile
in patients with diabetes;

- screening detection of indicators of
hypertriglyceridemia and/or dyslipidemia, even
in the absence of a somatic pathology, should be
anindication for in-depth clinical and laboratory
examination: exclusion of organic lesions of
parenchymal organs (primarily of the liver and
biliary tract).
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Abstract

In this study, we considered thermal processes in liquid and frozen water droplets with added dye molecules and metal
nanoparticles at the moment of supercontinuum generation. We studied optical non-linear processes in a water droplet
with a diameter of 1.92 mm, cooled (+2 °C) and frozen to -17 °C, with eosin molecules and ablative silver nanoparticles
upon femtosecond laser treatment.

When we exposed a cooled water droplet and a piece of ice containing eosin molecules and ablative silver nanoparticles to
a femtosecond laser beam (A = 1030 nm), we recorded two-photon fluorescence, enhanced by plasmon processes. Also,
supercontinuum generation took place, with a period of decay t =0.02 s. The geometry of non-linear large-scale self-focusing
(L4~ 0.45-0.55 mm) was studied. The value of microscale self-focusing (L, ~ 0.1 mm) of SC radiation in the laser channel
was determined experimentally. The study shows that the energy dissipation in the SC channel increases when the thermal
non-linearity exceeds the electronic non-linearity. We modelled the thermal processes and determined the temperature
gradient of the heating of the frozen droplet exposed to a femtosecond pulse. Based on the experimental data, the heat
wave propagation velocity was calculated to be v=0.11 m/s.
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1. Introduction

For the first time, the phenomenon of the
generation of white light in the range 0of 0.4+3.0um
with the formation of a supercontinuum (SC) with
a very wide spectrum (low temporal coherence)
under femtosecond laser irradiation with an
intensity of about ~1 GW/cm? was reported in
1970 by Alfano and Shapiro in their works [1].

Spatio-temporal high-intensity localisation of
optical energy is accompanied by the non-linear
polarisation of the medium and the generation
of plasma filaments with the formation of a SC.
To date, there have been published significant
experimental and theoretical data on the
spectral-energy issues of the propagation of a
high-intensity electromagnetic field in various
media [2-9].

Among the studies of self-focusing laser
radiation with SC generation (in the wavelength
range of 400—1500 nm) in various media, the most
interesting are those in condensed media with
silver nanoparticles (SNPs). In such cases, there
are changes in the non-linear refractive index
due to thermal effects [10-12]. The emergence
of a laser pulse track during self-focusing is
accompanied by the heating of the medium and
a flash of white light, adding An to the refractive
index due to the heating of the medium. Since
the temperature derivative dn/dT can be either
positive or negative, both non-linear self-
focusing and defocusing can be observed [13, 14].

In this study, we consider thermal processes
in liquid and frozen water droplets with eosin
molecules and SNPs occurring when a SC is
generated upon a femtosecond laser action on the
medium. Most of the non-linear refractive index
of ice (80-90 %) is associated with electronic
polarisation in the optical Kerr effect. However,
thermal non-linearity is significant only for
nanosecond and longer pulses [15], especially
under pulsed femtosecond laser irradiation.

At the same time, thermal non-linearity is
an essentially non-local effect due to thermal
conduction processes that occur not only in the
volume where SC propagates, where radiation is
absorbed, but also in neighbouring regions.

In this regard, this article is devoted to the
study of the kinetics of thermal processes in the
SC channel, when SC is generated in a piece of ice
containing eosin and ablative silver nanoparticles.
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2. Experimental

We studied water droplets with eosin and SNPs,
hanging on a steel needle. In this study, we used
SNPs with an average radius of 36 nm, obtained
by femtosecond laser ablation of chemically
pure silver in bidistilled water. The droplet
diameter was 1.92 mm. It was measured using an
Olympus BX43 microscope with a video camera.
A droplet was cooled from room temperature
to —17 °C by blowing it with gaseous nitrogen,
obtained by heating liquid nitrogen in a cryostat
using a thermoelement. The temperature was
measured with a chromel-copel thermocouple,
its wires were located inside a microsyringe on
which the droplet was hanging. Spectral-energy
processes were registered using a linear optical
sensor (OO0 LOMO FOTONIKA based on Toshiba
TCD-1304 linear CCD sensor) with temporal
resolution 0.2 ms and spectral resolution 2 nm,
and a MotionPro X4 high-speed motion camera
(REDLAKE). The study of the SC generation
in aqueous solutions was carried out using an
Avesta TETA-25 femtosecond laser complex with
an ytterbium crystal (pulse parameters: duration
1=280fs, energy W= 150 ], wave length A =1030
nm, pulse repetition frequency v = 25 kHz, and
the duration of a pulse train t_= 0.2 s).

Fig. 1. Layout of the main elements of the laser system:
1 - thermocouple droplet holder; 2 — oscilloscope
connected to a thermocouple, 3 — Avesta TETA-25
ytterbium femtosecond laser; 4 — G5-56 double-chan-
nel pulse generator; 5 - monochromator with optical
linear scale and telescope; 6 — MotionPro X4 high-
speed motion camera (by REDLAKE); 7 — computer
with specialised signal processing program; 8 — nitro-
gen gas generator
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Droplets of solutions containing eosin
molecules and SNPs were frozen to temperature
= —17 °C, then the formed pieces of ice were
exposed to a femtosecond pulse train and
emission spectra of SC were recorded.

In order to obtain a SC, we used a quartz
lens with focal length f= 50 mm for the optical
compression of radiation. As a result, filaments
were formed inside the water droplet in the SC
emission channel with a diameter of less than
100 um. The power density of the pulse was about
6.8:10'*W/m?. The SC emission was always excited
by a train of femto pulses with a repetition period
of 40 ps and a total train duration of £, =0.2 s (a
total of 5-10° pulses in a train).

3. Results and discussion

The study of energy processes accompanying
the SC generation in condensed media is mainly
aimed at studying liquid aqueous solutions [4, 7],
depending on the temperature and the presence
of metal nanoparticles and other substances. We
wanted to carry out a comparative study of non-
linear processes (optical, thermal) taking place upon
the SC generation in solutions of eosin with SNPs
at temperatures near zero and in frozen solutions.
Dye molecules have a high quantum yield, which
can be specially enhanced by plasmonic processes
in the presence of nanoparticles of precious
metals (silver, gold). Therefore, providing that the
ingredient concentrations are constant, they can
be used for studying SC processes in aqueous and
frozen solutions.

2021;23(2): 260-272
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In the first set of experiments, we studied the
SC generation upon femtosecond laser action on
aqueous eosin solutions with a concentration of
C,=2-10"*Mwith added SNPs with a concentration
Cpe ™ 102 M at low temperature. The excitation
power of aqueous solutions with SNPs and dye
molecules was < 1.0 MW without compression, the
peak power of the pulse significantly exceeded the
power threshold of self-focusing in pure distilled
water,whichis P_=0.63 MW [16] (P_= cA*/(32m%n,),
where n, is the non-linear refractive index). Under
these conditions we managed to obtain the SC
emission upon irradiation self-focusing with a
power density of about 6.8-10'*W/m?[17]. Eosin
molecules and SNPs were added to the aqueous
solution in order to achieve the plasmon effect
on the processes of fluorescence in the solution
during the SC generation [18].

Fig. 2a shows one of the video frames of a
water droplet with an exposure ¢, =0.002 s at a
temperature T =+2.0°C.

The droplet is illuminated for the duration
of the excitation laser train t,_= 0.2 s. The laser
beam (A = 1030 nm) incident on the surface of the
droplet was focused by a lens. As a result, a bright
luminous white spot appeared, with a size of less
than 100 pm. The SC generation at this point is
due to a change in the refractive index on the
spherical surface of the droplet at the air-water
interphase. Against the “silhouette” of a spherical
water droplet, we can see bright filaments of the
SC emission in different areas of the droplet. When
the beam entered the water (indicated by the

10000{ ) 4 207 ¢)
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Fig. 2. Video frame of a water droplet with eosin and SNPs (a). The arrows show the propagation of laser radi-
ation after entering the droplet. The SC spectra (b) with an envelope curve with phase modulation of the ra-
diation signal in a water droplet at a temperature of 7= 2.0 °C: I and 2 — droplets of pure water at different
excitation power; 3 and 4 — water droplets containing eosin without SNPs or with SNP, respectively. Change (c)
of the integral intensity of the SC emission in a droplet with eosin and SNP during the radiation train lasting
fort=0.2s
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arrow), the emission of water vapour in the form
of a mist was recorded. In the upper part of the SC
input spot, there was a track of the refracted beam
(shown by the arrow), which went in an arc to the
upper part of the droplet, where the SC filament
appears. According to the laws of refraction,
the beam was reflected on the inner water-air
interphase and the SC filament was generated,
accompanied by flashes of plasma filaments. In
the lower part of the SC input spot, the laser beam
remained horizontal, it was an extension of the
exciting beam (horizontal arrow). In this direction,
along the arrow, a bright luminous point inside the
droplet was recorded at some distance from the SC
spot. Then the beam curved and left the droplet
without generating a SC.

Two physical non-linear processes can be
considered, when the laser radiation propagates
in a cooled droplet at T = +2.0 °C. First, part of
the laser light entering the droplet propagates
according to the laws of linear optics along a
curvilinear track (the upper beam in Fig. 2a).
Meanwhile, the power of this radiation decreases
and no SC is recorded. However, upon the water-
air transition of the beam, the radiation self-
focuses additionally at the point of refraction
and the SC is generated. It rapidly decays, not
reaching the centre of the droplet. Secondly, we
have another part of the incoming radiation at
the bottom of the SC emission spot (lower part
of the figure). In the aqueous medium, a non-
linear self-focusing of the infra-red radiation is
recorded there at some point along the beam’s
track, where the eosin fluorescence occurs
(A =532 nm) under two-photon excitation. This
issue will be discussed further when studying the
processes of SC generation in a frozen droplet.
It should be noted that no such beam splitting
processes were recorded in the water droplet at
room temperature, only chaotic thin filaments
of plasma spark glow and Kerr non-linear
polarisation appeared (see article [17]).

Thus, in a water droplet cooled almost to the
freezing point, various non-linear processes of
light refraction and two-photon excitation of
fluorescence of eosin with SNPs occur. When
radiation transfers into another medium, SC
filamentation takes place.

It is known that filaments of the SC generated
by high-intensity laser action are sources of

2021;23(2): 260-272
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broadband optical radiation with a maximum
at the radiation wavelength. Since we studied
the generation processes in aqueous solutions
containing eosin molecules and SNPs, occurring
under intense laser irradiation, it was of interest to
obtain information on the spectral composition of
the SC in water at a low temperature, T = +2.0 °C.

Figure 2b shows the instantaneous spectra
of the SC emission in droplets of pure bidistilled
water at a low temperature with broadening
due to phase modulation of radiation (Fig. 2b,
curves 1 and 2). It also presents the SC spectra
with the emission maxima in water containing
eosin molecules without SNPs (Fig. 2b, curve 3)
and with SNPs (Fig. 2b, curve 4).

The presence of phase modulation in the
emission channel with spectral broadening of
the SC is accompanied by spectral emission
of the constituent elements in samples of
different physical natures. When analysing the
SC generation spectra, it must be noted that
self-focusing is accompanied by an uncontrolled
change in the intensity of the laser pulse phase,
resulting in the complex spatial dynamics of the
laser beam, which is further complicated by the
fluctuation of laser radiation [2]. Consequently,
the spectrum will exhibit chaotic changes in
the intensity of the SC emission along the front
edge of the SC emission envelope. Thus, when
recording the SC spectra in the 400-700 nm
wavelength range, each frame with an exposure
of ¢, = 0.002 s shows a set of spectral bands of
absorption-emission from the components in the
SC channel. Thus, by studying the features of the
spectral distribution of the SC emission maxima,
we can determine the SC spectra of pure water
(Fig. 2b, curves I and 2). The obtained spectra
are well known because they are scientifically
valuable references [4].

When the solution contains eosin molecules
and SNPs, SC generation is accompanied by
the excitation of localised surface plasmons in
the SNPs. It is characterised by the scattering-
emission spectrum in the wavelength range of
420-460 nm (Fig. 2b, curve 3) [8,18,19]. Figure 2b,
curve 4, shows the SC spectrum of the eosin
solution with SNPs. This spectrum reflects the
simultaneous excitation of amplified fluorescence
of eosin molecules in the SC channel of a water
droplet under the influence of plasmons with
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maxima at wavelengths of 530 nm and 580 nm
(Fig.2b, curve 4). It also shows the scattering-
emission spectrum of the SNP emission in the
wavelength range of 420-460 nm [20].

Thus, the instantaneous SC emission spectra of
eosin solutions with SNPs near the freezing point
(T=+2.0 °C) reflect the processes of SC generation
in pure water and the SC spectra of two-photon
excitation of fluorescence of eosin molecules,
when the fluorescence is amplified by plasmones
under the influence of SNPs in a solution.

It should be noted that when studying
the spectral features of ultrashort pulses in
a condensed medium, the authors showed in
article [21] that the spectral dynamics can be
simulated. In this case, simulation can be carried
out for SC generation processes with ultrashort
femtosecond laser pulses only, due to their
strong non-linearity, as well as when solitons are
formed [22]. Therefore, with longer femtosecond
excitations of SC, it is possible to study only the
spectral-time evolution of the envelope of the
radiation spectrum of a femtosecond pulse [2].

The processes of SC generation in frozen
droplets with eosin molecules (C, = 2-10™* M)
and SNPs (C, = 107 M) occur in a completely

t=0.304 s

a)
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different way. Fig. 3a shows video frames of
the SC radiation in a piece of ice (the frames
were recorded every t, = 0.002 s) until the SC
completely decays. It covers a period of the
current laboratory time from 0.302 to 0.322 s from
the start of the shooting (¢_=0.02 s).

Let us consider the optical processes of energy
conversion in a piece of ice under femtosecond
laser excitation. It was shown above that the SC
light emission channel is divided into separate
glowing elements (pixels). We considered the
change in the intensity of the SC pixels along
the emission channel (its cross-section area is
7.85-10° m?) along the diameter of the piece of
ice from the point of time and the coordinate.
In addition, we determined the law relating to
a decrease in the integral pixel intensity (pixel
cross-section intensity) in the SC channel.

Fig.4a selectively shows 6 intensity profiles of
the SC radiation in a piece of ice at different time
points of the existence of the SC. Its total duration
was ¢ _=0.02 s from initiation to complete decay.
The total time of action of a laser radiation train
on a piece of iceist_=0.2s.

First, we determined that the maxima of
the SC intensity profiles, which initially (frame

big drop eos 2 10-4 Agm0.4C0 T-14C femto 200 ms 140 mk] 500per sec_00

Brightness, 0-255

02 0.3 04 0.5 0.6 0.7
Time, s

Fig. 3. Video frames (a) of the SC radiation in a frozen spherical droplet at a temperature of —17 °C with eosin
molecules and SNPs along the diameter of the frozen droplet, the timestamp of the video shooting is indicated.
Kinetic curve of changes in the SC radiation intensity (b)
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frames shown in Fig. 3a). The first profile (1) shows the optical length L

b)
Fig. 4. Profiles (a) of the SC intensity along the diameter of the ice with a time interval of At=0.002 s (for the

.ss Of the large-scale focusing of laser

radiation entering the piece of ice. The SC intensity profile (2) shows the small-scale focusing distance L.
Decay kinetics (b) of the SC radiation fronts along the coordinate along the diameter of the piece of ice

by frame) increased sharply, and then begin to
decrease, while moving along the diameter of
the piece of ice until the SC completely decays
after 0.02 s. The areas of the pixel profiles
proportional to the SC intensity were calculated,
without taking into account the background light
scattering. Then we considered the features of the
registered intensities of the SC pixels.

In the first frame (Fig. 4a, profile (1), time
point t, = 0.302 s), the first pixel in the SC light
emission channel was recorded. We can see

that the first pixel (1) appears not at the zero
coordinate x,= 0.0 mm. It is slightly shifted inside
the droplet. Obviously, the first SC pixel appears
due to the self-focusing of the femtosecond laser
beam at a distance of L . during the transition
from air to the piece of ice. It is followed by
Kerr non-linear polarisation of the medium and
multiphoton processes [2, 7]. Indeed, when the
laser beam passes from air to the piece of ice, non-
linear self-focusing of the laser radiation in the
ice occurs with the formation of a SC radiation
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pixel. Profile (1) in Fig. 4a shows the optical
scheme of focusing a laser beam on a spherical
surface of a frozen droplet, which is a spot with a
linear size of < 100 ym. The scheme is similar to
the laser beam focusing on the surface of a cooled
drop in Fig. 2; an additional image of the second
luminous point of the SC inside the water droplet
is also provided. The optical scheme (1) of self-
focusing inside a piece of ice presented in Fig. 4a
shows the trajectory of the beam in the piece of
ice after refraction at a point on the optical axis
of the piece of ice.

The appearance of the initial SC emission
pixel is associated with the refraction of the laser
pulse on the surface of the frozen droplet and its
focusing. The focusing is determined by the value
of the non-linear index of light refraction in ice:

n'=n,+n,I(t), (1

where n,is the reference linear refractive index
of ice, n, = 1.32; n, is the non-linear refractive
index, n, = 4.1-107' cm*W [23]; and I (t) is the
power density of the radiation incident on the
surface of the piece of ice due to the laser pulse
compression in air after a focusing lens (see the
Experimental section). Using the mathematical
model from [4, 24], we determined the focal dis-
tance at the so-called critical self-focusing of
femtosecond laser radiation after non-linear
refraction of radiation in ice by the formula:

0.367kr*

L= 1 (2)
P ’ :
{ b 0.852} -0.0219
VP,
where L, is the self-focusing distance on the

main optical axis; P, is the radiation power; r= 50
um is the beam radius; and P_ is the critical pow-
er of self-focusing. The peak energy in water [4]
for a laser pulse with A = 1032 nm is W =150 ],
the impulse length is t = 280 fs. Thus, the peak
radiation power is:

PO:E:536 MW . 3)
T
The critical radiation power was determined
according to Kandidov [4]:
7\’2
“ 8mn,n,

=R

cr

=2.96 MW.. 4)
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Then the distance of self-focusing of radiation
and the formation of the focus of the first pixel
inice is L o = 0.44 mm.

Considering the SC emission profile (Fig. 4a,
profile (1)), it can be seen that the distance
between the focus and the surface of the frozen
droplet L, coincides with the distance of
macroscale self-focusing [23, 24] of laser radiation
in ice, which is approximately at a distance of
0.44+0.55 mm from the surface of the droplet. It
coincides with the actual position of the first SC
radiation pixel. Thus, the experimental values
coincide with the modelling parameters for non-
linear self-focusing processes. This situation
correctly reflects the physical phenomena during
SC generation in a spherical piece of ice.

Considering all pixels appearing during the
SC generation and decay time ¢t _=0.02 s frame by
frame, we can see that the first pixel (1) remains
stillat adistance 0f 0.44 + 0.55 mm from the surface
of the frozen droplet during the entire duration of
the SC. Earlier, in [17], a study was carried out of
the SC generation at low temperatures with silver
NPs in water. It showed that the maximum of SC
radiation moves in a medium with the speed of a
heat wave. In our study, it was found that, under
femtosecond excitation of SC in ice containing
eosin molecules (see the Experimental), initially
the first immovable SC pixel appears at the self-
focusing point L ... Moreover, on all profiles (1-
6), the coordinate of the first pixel of the SC does
not shift and the intensity of this pixel almost
does not change.

It was assumed that this fixed pixel of the SC
emission recorded in the first frame results from
the fluorescence of eosin molecules upon the
action of a train of high-intensity femtosecond
laser pulses on the piece of ice. Since the
laser (ytterbium crystal) radiation occurs at
a wavelength of A = 1030 nm, the molecular
fluorescence of eosin molecules (A, = 570 nm)
could be excited only upon the two-photon
excitation of the dye. Thus, in the case of the non-
linear self-focusing of a train of laser pulses inside
a piece of ice, two-photon fluorescence of eosin
molecules with a constant luminous intensity
is generated. Since the fluorescence lifetime
of eosin molecules is ~ 5 ns, the fluorescence
emission remains quasi-continuous under the
influence of a train of femtosecond laser pulses.



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

N.A. Myslitskaya et al.

Fig. 4a, profile (2) shows the profile of SC
emission in the piece of ice, obtained by analysing
the following video frame, which already includes
two SC emission maxima. At the coordinate of
0.4-0.5 mm, there is a complex shaped pixel
with a lower intensity, which is visible even on
the previous profile. Behind it, at the coordinate
~ 0.66 mm, there is a second pixel. The pixel
with a smaller intensity was identified as the
maximum of the eosin fluorescence emission
upon two-quantum femtosecond laser excitation
of the dye. The second, larger maximum on
profile (2) indicates a non-linear increase in
the perturbation velocity of the SC emission
amplitude. Within the limits of this increase,
the small-scale perturbations of the refractive
index may grow [25]. Considering the intensity
development within the second profile (2) at
coordinates along the laser channel of the SC
x = 0.4+0.5 mm and x = ~ 0.66 mm, we can use
formulas [23-25] to measure the coordinate shift
of the amplification of small-scale radiation self-
focusing in the SC:

ﬁ = i (5)
LSSS Pcr

where P/P_is the ratio of the total and critical
powers, calculated by formulas (3-4); L, /L. is
the ratio of large-scale and small-scale self-fo-
cusing length values. In this case, L, ~0.033 mm
is associated with an increase in the amplitude
of non-linear self-focusing upon a change in the
refractive index. Analysing the plots (Fig. 4a), we
can determine that the experimental value of the
small-scale self-focusing is L., ~ 0.1 mm, which
is ~ 3 times higher than the calculated value of
the increase in the SC intensity. It should be not-
ed that the increase in intensity occurs according
to a complex dependence, which is indicative of
non-linear processes of energy conversion in a
piece of ice during the SC generation. For exam-
ple, Fig. 4b shows the kinetic curves of the growth
of the intensity of the front edge of the SC emis-
sion in the piece of ice, calculated according to
the exponential law, in different temporal coor-
dinates of frame-by-frame recording. It can be
seen (Fig. 4b) that the frame-by-frame kinetics
of the SC decay in the piece of ice slows down,
resulting at the “delay” of the decay time of the
SC luminescence after the end of the process. We
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can assume that the rate of decay of SC in the ice
changes because the frozen droplet heats up,
which causes a respective change in the refractive
index. The resulting thermal non-linearity, as we
know from [26], is an essentially non-local effect.
Namely, due to heat transfer, the temperature
changes not only in the volume absorbing the
laser radiation, but also in the neighbouring re-
gions [27-29].

Thus, the studied optical non-linear processes
of the kinetics of frame-by-frame decay of the
SC radiation in ice samples show a significant
effect of thermal processes during focusing and
defocusing of radiation inside the SC generation
channel. It is known that defocusing occurs in
liquids or solids under the conditions of thermal
non-linearity, causing a decrease in the refractive
index. In this case it is due to the heating of the
medium under the action of laser radiation.
Approximately 40 ps before the next pulse in
the train, the SC energy dissipates in the form
of a radial transfer of thermal energy from the
volume of the laser channel. It occurs as a result
of the decay of the non-linear Kerr polarization
(t ~ 107s). During the exposure of each frame,
a train of laser radiation consisting of 50 pulses
acts on the droplet. The temperature within
the excitation channel and around it increases
and the refractive index changes. Further, after
a period of t_ = 0.02 s, the SC light emission
degrades because of the indicated reasons.
When the SC in the piece of ice decays, a weakly
decaying scattered glow of ice is observed, its
intensity almost does not change.

It was of interest to estimate the value of
the thermodynamic temperature in the spatio-
temporal coordinates of the SC channel, in
which the coherent supercontinuum radiation
completely degrades. For this purpose, in this
work, we measured the areas of all registered SC
radiation pixels in the studied samples of frozen
droplets frame by frame, using the units of the
integral luminous intensity of the pixels.

Fig. 5 shows a graph of the change in the
integrated luminous intensity of the SC pixels
over the full SC lifetime, t_= 0.02, approximated
by the exponential function

I(t)=1,+A ~exp(_tt_tlj, (6)

0
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Fig. 5. Decay plot of the integral radiation intensity
of the supercontinuum pixels in the frozen droplet
with eosin molecules (C=2.10"* M) and silver nanopar-
ticles (C,, ~ 10-**M) at an initial temperature of -17 °C.
The dashed lines on the time scale indicate the SC
generation range

where [ is the integral intensity after the decay
of the SC filament, background level; A is the
maximum increase in SC intensity relative to the
background level [ at t,, a moment of time when
SC generation begins; t, is the average time of the
SC decay in the piece of ice after excitation.
When studying the intensity of the SC
radiation in the channel along the diameter of the
piece of ice at different timepoints of the record,
it was found (Fig. 5) that at first the intensity
of the SC pixels rapidly increases, reaching a
certain maximum, and then exponentially decays
according to formula (6). A sharp increase in the
SC generation is indicative of the formation of a
second radiation pixel (Fig. 4a, profile (2)), which
reaches its maximum at a point with a coordinate
of approximately ~ 1.0 mm, where non-linear Kerr
polarisation arises [2] (at the focusing point of
laser radiation). After this, the intensity values
of the subsequent pixels of the SC generation
decrease over time and shift along the coordinate
of the SC radiation channel. The average shifting
rate of the shift of the radiation maxima of the
SC pixels along the diameter of the piece of ice
isv,=1.92mm/0.018 s = 106.6 mm/s = 0.11 m/s.
It should be noted that the spread in the
integral values of the intensities of the SC
generation pixels (the pixels represent a light
guide channel with an ultra-wide spectrum),
observed in Fig. 5, is stochastic due to modulation
instability in a medium with Kerr-type cubic non-
linearity [2, 3]. In this case, possible physical
processes causing a decrease in the SC intensity
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occur as a result of the processes of dissipation
of energy obtained during the absorption of
radiation in a non-linear medium (electron-
phonon interaction, destruction of the anisotropy
of the medium in a light field, etc.) and the
dissipation of energy with the generation of a
heat wave within the SC channel.

Thus, the optical heating of ice resulting from
SC generation can cause thermal processes in the
SC channel. Their propagation rate is dependent
on the temperature gradient and the temperature
conductivity index of the medium. As shown above
(formula (6)), the decay of the integrated intensity
of SC generation in a piece of ice is described by
an exponential dependence; simultaneously with
this, thermal processes also develop according to
the known laws of generation and transfer of heat
during laser action [30-32]:
Cy) aa—f —aAT =3-1,(r). )
T is the thermodynamic temperature;

=1.812-10°]/(m3-K) is the average specific heat
0 1ce at-17°C; tis the duration of laser radiation;
aisthe thermal conductivity; d is the absorption
coefficient of ice at the laser radiation wavelength
(6=10m™" [33]); and I () is the intensity of laser
radiation in a beam with a radius of r. With a
pulsed femtosecond laser action on a piece of ice,
we can omit the thermal conductivity a, and,
accordingly, the second summand in equation (7),
and calculate the instantaneous temperature at
the SC generation for a short period of time [21,
23, 34]. In this case, all temperature gradients
between molecules and SNPs during the emission
period of one SC pixel (¢, = 0.002 s) are levelled
out due to the fast energy transfer. We can also
omit the heat capacity and mass of eosin mole-
cules and SNPs in the generated SC.

Let us calculate the temperature increase on
the axis of the piece of ice during the entire time
of the action of the train of electromagnetic laser
pulse using the following equation, assuming
that a stationary temperature field has been
established [23]:

2
AT, = 6{2 , (8)
where § is the absorption coefficient of ice at the
laser wavelength, <P = Wv/S=4.78-108 W/m?is the
average emission power density during the peri-




Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

N.A. Myslitskaya et al.

od of action of the train, S is the section area of
the laser beam S=nr?, and x = 2.34 W/(m-K) is the
thermal conductivity index of ice. We found that
with AT, =5.1K, the temperature on the droplet
axis increased to -11.9 °C.

Using the data on the exponential dependence
of the SC radiation decay in Fig. 5, assuming that
the radiation intensity is proportional to the
temperature, and taking into account the obtained
data that the initial temperature is —17 °C, and
the saturation temperature is —-11.9 °C, we
can measure the initial sharp increase in the
temperature in the channel during 0.002 s, when
the temperature reached its maximum value, and
more inertial thermal conduction processes have
not yet manifested themselves. The maximum
intensity value on the graph corresponds to a
temperature of —-6.0 °C.

We also estimated the temperature at the
moment of the maximum intensity of the SC
radiation pixel at the coordinate x ~ 0.8 mm
from the surface of the frozen droplet. We took
into account that heating occurs due to the
linear absorption of the radiation energy of
50 laser pulses in the train during ¢, = 0.002 s.
Considering that the distance over which the heat
is dissipated by heat transfer can be estimated as
[=(at,)"*=51 pum[35], the average temperature
increase in the channel with a radius r + l amounts
to

(1-exp(-82R))Wt,,
Cym (r+ l)2 2R
but it is important to take into account the uneven
distribution of heat in this volume.

We also estimated the average final
temperature increment in the entire volume
of heated ice after the SC decomposition over
the time t_ = 0.02 s, which appeared to be only
AT=0.2 °C. Therefore, in such work it is necessary
to take into account that the temperature field in
the volume of the droplet is distributed unevenly.
For the indicated time, the SC radiation in the ice
completely disappeared as a result of complex
physical processes of energy dissipation, such as
the decay of non-linear polarization, scattering
of optical and thermal energy, etc. One of the
indicators of irreversible energy dissipation of
the SC in the ice was the registered scattered

=1.3 °C,

ch
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glow of the ice as a whole, which may be due to
the thermal heating of the ice without visible
melting upon the action of a train of pulses with
a duration of t, =0.2 s.

Thus, after the first pulse and focusing of the
laser beam, as a result of additional refraction on
the spherical surface of a frozen water droplet
with eosin molecules and SNPs, the SC amplifies
with maximum intensity. During the lifetime of
the SC radiation in the ice (t_ = 0.02 s), the piece
of ice in the laser channel heated up from -17 to
-11.9 °C.

A temperature gradient in the laser channel
with eosin molecules and SNPs upon femtosecond
laser photoexcitation of the medium makes it
possible to simulate the generation of a thermal
wave in a non-linear medium. Namely, we can
calculate the propagation velocity of a thermal
wave according to the equation [30]:

©)

where vis the propagation velocity of a heat wave;
K = 2.34 W/(m-K) is the thermal conductivity of
ice at -17 °C; C_ = Cy is the volumetric heat ca-
pacity of ice, where C = 1.972:10° J/(kg-K) is the
specific heat capacity of ice; y= 919 kg/m®is the
density of ice; and T = 1-107° s is the dielectric
relaxation time of ice [36]. Calculations show that
v = 0.359 m/s.

Thus, before the complete decay of the SC in
a laser-heated ice with eosin and SNPs, a thermal
wave is generated with a velocity of v=0.11 m/s.
Its value almost coincides with the theoretical
value of the propagation velocity of a thermal
wave in ice.

4. Conclusions

In this work, we studied optical non-linear
processes in water droplets in liquid and frozen
states with eosin molecules and SNPs at the
moment of supercontinuum (SC) generation
under femtosecond laser action on the medium.
We obtained the following results:

1. We directed a train (duration t_= 0.2 s) of
femtosecond pulses at a power density of about
6.8-10'*W/m? (A = 1030 nm) on a spherical water
droplet with a temperature of +2.0 °C, containing
eosin and SNPs. As a result, we observed a
spectrum of coherent SC radiation with phase
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modulation and the spectrum of SNP plasmons
in the wavelength range 420-460 nm. The
generation of surface plasmons on SNPs of the
droplet led to an increase in the intensity of two-
photon fluorescence of eosin molecules in the SC
radiation filaments.

2. The action of a train of laser radiation on a
piece of ice with eosin and SNPs at -17 °Cled to its
self-focusing after crossing the air-ice interphase
and the generation of a coherent white light SC.
Using a high-speed video camera, the pixels of
the SC radiation in the ice were recorded frame-
by-frame with a time step of ¢, = 0.002 s until
the the SC radiation decayed completely, the SC
lifetime was t_= 0.02 s. After that, for a period of
t = 0.2 s, only the decaying scattered glow of a
piece of ice without SC was observed.

3. When analysing the geometry of self-
focusing of the first SC pixels we determined the
distance of non-linear large-scale self-focusing
L, .~ 0.44-0.55 mm and the experimental value
of the distance of small-scale radiation self-
focusing Ly, ~ 0.1 mm. These values indicated
a rapid increase in the radiation intensity in
the SC channel with the first two pixels. When
the excitation pulses were repeated with a black
period of t ~ 40 ps, the thermal non-linearity
exceeded the electron. It accelerated the energy
dissipation in the SC channel. Subsequent frames
also showed a temporal exponential delay of the
light decay at the SC pixels along the generation
channel as a result of thermal conduction
processes.

4. When simulating the SC generation process,
the exponential law of its decay after exposure to
alaser pulse was determined. We also determined
the instantaneous maximum temperature when
the first pixel of the SC radiation in the piece of ice
appeared,whichis T _=-6.0 °C. The temperature
of ice in the radiation channel after decay of
the SC is T = -11.9 °C. Thus, it was found that
the piece of ice after exposure to a femtosecond
electromagnetic pulse train did not melt.

5. The radiation kinetics of the SC pixels along
the diameter of a piece of ice with eosin and SNPs
indicates the presence of a temperature gradient.
The gradient leads to the generation of a heat
wave in a non-linear medium, the propagation
velocity of which, according to modelling, is
v = 0.359 m/s. If we compare the velocity value
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obtained by conceptual modelling and the actual
velocity value, we can see that v, ~ v.

Thus, the obtained results of the study of
the femtosecond SC generation in a piece of ice
containing eosin and SNPs showed that thermal
optical non-linearity appears, develops, and
degrades during the lifetime of the SC in ice.
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Abstract

The thermodynamic properties of manganese tellurides were determined using an electromotive force (EMF) method with
aliquid electrolyte in a temperature range from 300 to 450 K. EMF measurements were performed using equilibrium samples
taken from the two-phase regions, namely MnTe, + Te and MnTe + MnTe,, of the Mn-Te system. The phase compositions
of all samples were controlled with the X-ray diffraction (XRD) method. The partial molar functions of manganese in alloys,
as well as the standard thermodynamic functions of the formation and standard entropies of MnTe and MnTe,, were
calculated. A comparative analysis of obtained results with literature data is performed.
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1. Introduction

Transition metal chalcogenides are
considered promising candidates for spintronics,
optoelectronics, and energy storage applications
due to their unusual physical and chemical
properties [1-4]. Among them, manganese
tellurides are particularly interesting materials
that provide a unique connection between
semiconductivity and magnetism [5-7]. Recent
studies show that ternary layered phases based
on manganese telluride have the potential to
combine two seemingly incompatible properties,
topological insulation and magnetism, at the
same time [8-12]. The first antiferromagnetic
topological insulator [14] — MnBi,Te, consists of
a repetition of septuple blocks where magnetic
MnTe bilayers are inserted into the quintuple
Bi,Te, layers periodically [15].

The knowledge of phase equilibria and reliable
thermodynamic data of corresponding systems
are crucially important for synthesizing novel
complex phases and the development of modern
sample-preparation techniques [16, 17].

Phase equilibria of the Mn-Te binary system
have been investigated several times [18-20].
There exist two binary compounds of this type,
namely MnTe and MnTe,. Both compounds are
formed by a peritectic reaction at 1424 and 1008 K,
respectively. MnTe is a p-type semiconductor and
crystallizes the “NiAs” type crystal structure,
while MnTe, has a pyrite cubic crystal structure
at low temperatures. MnTe undergoes several
phase transformations from the low-temperature
hexagonal phase to the high-temperature cubic
phase [20].

An analysis of the literature shows that the
first studies on the thermodynamic properties
of manganese tellurides began in the late
19th century, and data obtained from both
experimentally determined (calorimetry, vapor
measurements, EMF) and model-calculated
values have been collected in modern handbooks
and electronic databases [21-31]. It should
be noted that all previous studies, including
those conducted by EMF, were performed
in high-temperature ranges. An analysis of
these works shows that the values of standard
integral thermodynamic functions calculated
from high-temperature measurements are
significantly different from each other. Therefore,

274

2021;23(2): 273-281

Original article

in order to obtain a more reliable set of standard
thermodynamic functions, it is advisable to use
experimental data obtained under conditions as
close as possible to the standard.

Considering the above, the purpose of this
work is a thermodynamic study of the Mn-Te
system by EMF method with a liquid electrolyte
in the temperature range from 300 to 450 K.

2. Experimental

To study the thermodynamic properties
of the manganese-tellurium system, several
compositions having 52, 60, 70, and 80 at% Te
were synthesized from high purity (99.9999 %
pure, Alfa Aesar and Sigma-Aldrich) elemental
components in evacuated (102 Pa residual
pressure) quartz tubes at 1300 K for 5 h. Glassy
carbon crucibles were used to synthesize all
samples to prevent the manganese reacting with
quartz. All samples were subjected to annealing at
600 K for 240 h to reach an equilibrium state. The
phase composition of the alloys was identified
by means of differential thermal analysis (DTA)
and powder X-ray diffraction (PXRD). DTA of
the annealed alloys was carried out using the
LINSEIS HDSC PT1600 system with a heating
rate of 10 K/min. The temperature accuracy
was better than 2 K. PXRD data collection was
performed at room temperature on a Bruker D2
PHASER diffractometer using CuK_ radiation
within 26 = 5°-75°.

The concentration cell of

liquid .
(-) Mn (s.) elei\t/lrr(l)zl},te’ (Mr(lsl,r)l (T)loy) A

type was assembled for EMF measurements in the
300-450 K temperature interval.

A glycerol solution of KCl with the addition
of 0.1 % MnCl, was used as an electrolyte.
Glycerol electrolytes are successfully used for
the low-temperature thermodynamic analysis of
chalcogenide systems [32, 33]. In order to avoid
having moisture and oxygen in the electrolyte, the
glycerol was thoroughly dried and degassed under
vacuum at ~450 K and anhydrous chemically pure
KCl and MnCl, salts were used.

In a cell of type (1), metal manganese was
used as a negative electrode, while the positive
electrode was an annealed alloy of the Mn-
Te system. The phase compositions of all the
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indicated alloys and correspondence to the phase
diagram were confirmed by the PXRD method.
As an example, Fig. 1 shows powder diffraction
patterns of two selected alloys from these regions.
Both electrodes were prepared by pressing the
piece of manganese and powdered alloys of the
Mn-Te system on a molybdenum wire in the form
of pellets weighing 0.5 g.

The electrochemical cell was constructed
similar to that in [32,33], which allows measuring
the EMF values of several electrodes relative to a
reference electrode.

EMF measurements were performed using a
Keithley 2100 6 1/2 Digit Multimeter. The first
EMF equilibrium values were recorded after
keeping the cell at ~360 K for 20-40 h. Values
were thereafter obtained every 3-4 h after
establishing the desired temperature. The system
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x
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Fig. 1. PXRD patterns of the alloys from two-phase
regions of the Mn-Te system
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was considered to achieve an equilibrium state
when the EMF values varied by less than 0.5 mV.

3. Results and discussion

The results of the EMF measurements of
the concentration cell of type (1) confirms
the existence of two-phase regions, namely
MnTe+MnTe, and MnTe, +Te in the Mn-Te system.
The EMF isopleths at 400 K show that the EMF
results in each two-phase region remain constant
and change dramatically at the border (Fig. 2).

The temperature dependences of the EMF of
type (1) cells for two-phase alloys are shown in
Fig. 3. As can be seen, the EMF values increase
linearly with increasing temperature. The linear
relationship between EMF and temperature made
it possible to consider the EMF measurement
results using the least-squares method via
computer software. Experimentally obtained data
for temperature (T), EMF (E)) and data associated
with the calculation steps for both MnTe + MnTe,
and MnTe, + Te phase regions of the Mn-Te system
are listed in Tables 1 and 2.

We used the method of processing the results
of the EMF measurements described in [34, 35].
The obtained linear equation of the type (2) are
listed in Table 3 in the literature recommended
form:

E:a+bTit|:(S§/n)+S§-(T—T)ZT/Z @)

Here n is the number of pairs of E and T
values; S, and S, — are dispersions of individual
measurements of EMF and constant b; T -
the average absolute temperature; t — the
Student’s t-test. At the confidence level of 95 %

E, mB
Y 671
600
MnTe,+Te

500 |"_‘_503 E

MnTe+MnTe, |

Mn 20 40 60 80 Te
at% Te

Fig. 2. The composition dependences of the EMF of
type (1) cells at 400 K
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Fig. 3. The temperature dependences of EMF of the concentration cells type (1) for MnTe,+Te (A) and
MnTe+MnTe, (B) phase regions of the Mn-Te system

Table 1. Experimentally obtained data for the temperature (T,), EMF (E) and data associated
with the calculation steps for the MnTe +Te phase region of the Mn-Te system

T,K E, mV T-T E(T -T) (T,-T) E E-E (E,-EY
301.3 664.41 -74.90 | -49766.52 | 5610.51 664.53 -0.12 0.01
305.8 665.53 -70.40 | —46855.53 | 4956.63 664.80 0.73 0.53
310.1 663.72 -66.10 | -43874.10 | 4369.65 665.07 -1.35 1.82

314 666.54 -62.20 | -41461.01 | 3869.25 665.31 1.23 1.52
319.9 667.36 -56.30 | -37574.59 | 3170.07 665.67 1.69 2.86
326.2 665.13 -50.00 | -33258.72 | 2500.33 666.06 -0.93 0.86
331.1 666.91 -45.10 | -30079.86 | 2034.31 666.36 0.55 0.31
335.3 667.81 -40.90 | -27315.66 | 1673.08 666.62 1.19 1.43
340.8 666.82 -35.40 | -23607.65 | 1253.40 666.95 -0.13 0.02
345.4 666.35 -30.80 | -20525.80 | 948.85 667.24 -0.89 0.79
353.6 666.46 -22.60 | -15064.22 510.91 667.74 -1.28 1.64
359.2 667.82 -17.00 | -11355.17 289.11 668.08 -0.26 0.07
364.5 669.54 -11.70 | -7835.85 136.97 668.41 1.13 1.28
370.2 667.13 -6.00 -4005.00 36.04 668.76 -1.63 2.66
374.7 668.91 -1.50 -1005.59 2.26 669.04 -0.13 0.02
378.3 669.74 2.10 1404.22 4.40 669.26 0.48 0.23
385.5 668.82 9.30 6217.80 86.43 669.70 -0.88 0.77
390.2 669.92 14.00 9376.65 195.91 669.99 -0.07 0.00
394.1 670.82 17.90 12005.44 320.29 670.23 0.59 0.35
399.8 669.16 23.60 15789.95 556.80 670.58 -1.42 2.01

406 670.51 29.80 19978.96 887.84 670.96 -0.45 0.20
411.7 671.92 35.50 23850.92 1260.01 671.31 0.61 0.37
418.4 670.14 42.20 28277.67 1780.56 671.72 -1.58 2.50
422.5 671.81 46.30 31102.56 2143.38 671.97 -0.16 0.03
426.7 672.82 50.50 33975.17 2549.91 672.23 0.59 0.35
430.2 673.83 54.00 36384.57 2915.64 672.45 1.38 1.91
436.9 671.54 60.70 40760.24 3684.09 672.86 -1.32 1.74
440.3 674.92 64.10 43260.12 4108.38 673.07 1.85 3.43
443.6 672.73 67.40 45339.76 | 4542.31 673.27 -0.54 0.29
449.8 674.75 73.60 49659.35 5416.47 673.65 1.10 1.21

T=376.2 |E=669.129 2=3798.11 2=61813.79 Z=31.2
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Table 2. Experimentally obtained data for the temperature (T, EMF (E) and data associated

with the calculation steps for the MnTe+MnTe, phase region of the Mn-Te system

T,K | E,mV T-T E(T-T) | (T-T) E E-E | (E-Ey
301.3 498.36 -74.90 —37328.83 5610.51 497.29 1.07 1.14
305.8 496.52 -70.40 -34956.66 4956.63 497.54 -1.02 1.04
310.1 498.91 -66.10 -32979.61 4369.65 497.77 1.14 1.29

314 499.62 -62.20 -31078.03 3869.25 497.99 1.63 2.67
319.9 497.45 -56.30 —-28008.09 3170.07 498.31 -0.86 0.74
326.2 499.16 -50.00 —-24959.66 2500.33 498.65 0.51 0.26
331.1 499.91 -45.10 —-22547.61 2034.31 498.92 0.99 0.98
335.3 498.23 -40.90 —-20379.27 1673.08 499.15 -0.92 0.84
340.8 497.42 -35.40 -17610.33 1253.40 499.45 -2.03 4.11
345.4 498.61 -30.80 -15358.85 948.85 499.70 -1.09 1.19
353.6 499.24 -22.60 -11284.49 510.91 500.15 -0.91 0.82
359.2 501.72 -17.00 -8530.91 289.11 500.45 1.27 1.61
364.5 500.33 -11.70 —-5855.53 136.97 500.74 -0.41 0.17
370.2 498.52 -6.00 -2992.78 36.04 501.05 -2.53 6.41
374.7 501.81 -1.50 -754.39 2.26 501.30 0.51 0.26
378.3 502.44 2.10 1053.45 4.40 501.49 0.95 0.90
385.5 502.91 9.30 4675.39 86.43 501.89 1.02 1.05
390.2 501.43 14.00 7018.35 195.91 502.14 -0.71 0.51
394.1 503.22 17.90 9005.96 320.29 502.35 0.87 0.75
399.8 502.43 23.60 11855.67 556.80 502.67 -0.24 0.06

406 502.81 29.80 14982.06 887.84 503.00 -0.19 0.04
411.7 504.82 35.50 17919.43 1260.01 503.31 1.51 2.27
418.4 502.91 42.20 21221.13 1780.56 503.68 -0.77 0.59
422.5 503.83 46.30 23325.65 2143.38 503.90 -0.07 0.01
426.7 504.24 50.50 25462.44 2549.91 504.13 0.11 0.01
430.2 504.91 54.00 27263.46 2915.64 504.32 0.59 0.34
436.9 503.73 60.70 30574.73 3684.09 504.69 -0.96 0.92
440.3 503.44 64.10 32268.83 4108.38 504.87 -1.43 2.06
443.6 506.72 67.40 34151.24 4542.31 505.05 1.67 2.77
449.8 505.71 73.60 37218.57 5416.47 505.39 0.32 0.10

T=376.2| E=50138 Y =3371.31| Y =61813.79 Y =35.89

Table 3. Temperature dependences of the EMF for the cell of type (1) for alloys of the Mn-Te
in the temperature range of 300-450 K

Phase area E, mV:a+bT+t-5'E(T)
1.04 v
MnTe,+Te 646.03+0.0614T + 2{'3—0 +1.7-107 (T - 376.2)2}
1.2 v
MnTe+MnTe, 480.86+0.0546T + 2{3‘—0 +1.9-107° (T - 376.2)2}
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and n = 30, the Student’s t-test < 2. Using the
obtained equations of type (2) and the following
thermodynamic expressions:

AG,, =-zFE 3)
- oF
AH,, = —z[E - T(a—Tu =—zFa 4)
s oE
AS,,=-zF| — | =zFb 5
Mn ZF(aT)P Z ( )

the partial molar functions of manganese in the
alloys at 298 K were calculated. The results are
given in Table 4.

According to the phase diagram of the Mn-Te
system, the values of the partial molar functions
can be considered thermodynamic functions of
the following virtual cell reactions (all substances
are solid) [34, 35]:

Mn+2Te=MnTe, (6)
Mn+MnTe, =2MnTe )

According to the (6) and (7) reaction equations,
the standard thermodynamic functions of
formation for both MnTe and MnTe, compounds
are calculated using the following expressions:

AfZ]i/InTeZ = AZMn (8)
A;Zye =0.5AZ,, +0.5A Z,, )

where AZ = AG or AH .The standard entropy was
calculated as:

2021;23(2): 273-281
Original article

o

SMnTeZ = A'§Mn + SI:/In + ZS;E

(10)
Syze = 0.5AS,, +0.5S,, +0.58,

MnTe MnTe, ( 1 1)

In the calculations, the values of standard
entropies of manganese (32.01£0.13 J/(mol-K))
and tellurium (49.50+0.21 J/(mol-K)) were taken
from [25]. The errors were calculated by the error
accumulation method. Available literature data
and calculated values of the present work are
summarized in Tables 5 and 6.

As can be seen from Tables 4 and 5, the values
of standard Gibbs free energies of the formation
of both MnTe and MnTe, compounds obtained by
EMF measurements under standard conditions
was determined with high accuracy. Our results
show a good agreement with the results of high-
temperature EMF (580-823 K) [21,22] studies and
the combination of EMF with the DSC method
[21]. These data are also well matched with the
values of AG® of both compounds given in the
databases [23-26].

A comparison of our results for A H® with all
available literature data shows that the results
calculated for the MnTe compound are in good
agreement, except the old calorimetric data
of Fabre [29]. For the MnTe, compound, our
results are very close to the data obtained by
a combination of EMF with DSC methods [21]
and values recommended in databases [23-26].
At the same time, the values of the enthalpy of
formation calculated by high-temperature EMF

Table 4. Relative partial thermodynamic functions of manganese in the alloys of the Mn-Te system (298 K)

-AG,,, —AH,,, _
Phase area —AS,,,, ]/(mol-K)
kJ/mol
MnTe, +Te 128.20+0.07 124.67%0.30 11.86+0.79
MnTe+MnTe, 95.95%0.08 92.79%0.32 10.54+0.85
Table 5. Standard thermodynamic functions of MnTe,
A6 | A i Afs ° | 5 Ref., Methods
kJ/mol J/(mol-K)
128.20.1 124.7+0.3 11.9+0.8 142.9+1.4 This work, EMF, 300-450 K
127.6+0.6 131.2+1.2 -12.1$4.2 [21], EMF, 594-723 K
127.5%0.6 125.4%1.8 7.8%5.1 [21], EMF with DSC, 298-723 K
124.3+1.0 119.4+1.8 16.5+3.3 [22], EMF, 723-823 K
129.7 125.5+4.2 145 [23,24], recommend.
127.6 123.4+3.5 145.0+0.4 [25,26], recommend.
120.5 10.7 [27], modeling
145.0 [28],DSC
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Table 6. Standard thermodynamic functions of MnTe

2021;23(2): 273-281
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—AG | —AH AS | S Ref., Methods
kJ/mol J/(mol-K)
112.1%0.1 108.7+0.3 11.3%0.8 92.8+1.2 This work, EMF, 300-450 K
112.3%0.2 107.9%1.2 14.7%3.2 [21], EMF, 583-750K
111.2+0.4 106.6%1.4 16.0£3.4 [21], EMF with DSC, 298-750 K
112.5+0.8 107.1£1.4 18.2£3.6 [22], EMF, 723-823 K
94.2 [29], Calorimetry
111.3%5.4 [30], Calorimetry
109.6%8.0 [31], Vapor measurem.
112.1 108.4+2.9 94.0%1.7 [25], recommend.
112.0 108.4 93.7 [23, 24], recommend.
109.2+3.8 93.7%1.7 [26], recommend.
107.0 15.1 [27], modeling

measurements are significantly different from
each other and our results. These discrepancies
are especially clearly reflected in the values of
AS° obtained in [21, 22, 27].

In summary, we note that our results on the
standard entropies of both compounds are in
good agreement with the literature data.

4. Conclusions

In the present paper, we report the results of a
thermodynamic study of the Mn-Te system using
the EMF method with a glycerol electrolyte in a
temperature range from 300 to 450 K. According
to the EMF measurements, the partial molar
functions of manganese in two-phase regions,
MnTe+MnTe, and MnTe,+Te at 298 K, as well
as the standard thermodynamic functions of
the formation and standard entropies of MnTe
and MnTe,, were calculated. The new mutually
consistent values of thermodynamic functions
presented by us are the first experimental
data obtained from EMF measurements under
standard conditions. They supplement and clarify
the previously obtained thermodynamic data for
manganese tellurides.
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1. Introduction

Stabilisation of the functional properties of
metals, both dispersed and compact, as well as
the regulation of their reactivity, improvement
of water-repellent, antifriction and anticorrosion
properties by creating the thinnest protective
films on the surface is an urgent problem in
relation to creating new materials. One of the
promising approaches to obtaining these materials
is the method developed at the Saint Petersburg
Mining University for the layering of molecules of
different sizes on metals (RF patent No. 2425910),
implemented at a number of enterprises of
the mineral resource complex of the Russian
Federation and the Republic of Belarus. As part
of the research at REC “Nanotechnology” of the
St. Petersburg Mining University, it was proved
that the chemisorption of the oligomer vapours
of ethylhydridesiloxane together with surfactants
based on quaternary ammonium compounds
(QACs) increases the water-repellent properties of
metals, such as, for example, aluminium and copper
[1-3].In this study, dispersed copper powder of the
PMS-1 (Cu) grade — GOST 4960-75 was used as
a metal-substrate. Interest in copper powder is
explained by the potential of practical application
as additives to lubricating compositions for various
purposes and components of heating elements
[4-7].

Modern developments in physical chemistry,
chemical technology, dedicated to improving the
properties of oils and lubricants, contribute to the
solution of the designated problems [8-10]. At
the same time, many known additives and fillers
are quite expensive and do not always meet the
environmental safety requirements. The latest
developments of the Saint Petersburg Mining
University in the modification of dispersed
metal surfaces with organic preparations based
on quaternary ammonium compounds allowed
achieving a significant antifriction effect when
adding appropriate additives to lubricating
compositions [4]. The performed studies,
including those presented here, allowed not
only to substantiate the significant antifriction,
anti-corrosion, and water-repellent effects when
adding additives to organic matrices of oils,
greases, and paints, but also describe the chemical
principles of the synthesis of surface-modified
metals, including the justification of the reagents
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used in the synthesis, based on copper PMS-1. The
corresponding technology is, in fact, an energy-
and resource-saving synthesis technology, since
the layering of ammonium compounds occurs at
room temperature, and the amount of the applied
modifier was not higher than 1 mass % of the
sample. Monolayer application of the substance
(5 mg/m?) provides significant savings in material
resources [1].

When studying the hydrophobic and
antifriction properties of the surface of modified
samples based on copper powder PMS-1,
interesting effects were revealed when applying
organic modifiers (ammonium compounds and
ethylhydridesiloxane) in various combinations
on the surface of dispersed copper [1, 2]. It was
found that Cu/T/A, Cu/A/HSL, Cu/(A+T) samples
treated with ethylhydridesiloxane (HSL), triamon
(T), and alkamon (A) - preparations based
on ammonium quaternary compounds were
characterised by a significant increase in the
water-repellent properties [1,2]. At the same time,
treatment with only one modifier did not enhance
the hydrophobicity of the sample surface. It is
important to note that according to the literature,
the deposition of three or more layers does not
lead to a significant hydrophobic and antifriction
effect due to the weak interaction of the layers
with a solid substrate [1,3].

The purpose of this study was the investigation
of antifriction properties of additives based
on dispersed copper in the composition of
the industrial oil I-20, the analysis of the
electrophilic-nucleophilic properties of modifier
molecules used for the production of films on
dispersed metals, using quantum-chemical
modelling methods for further physicochemical
substantiation of the antifriction effect in the
composition of lubricants and the effect of
hydrophobization of the surface of modified
dispersed metals.

2. Experimental

Stabilized copper powder, grade PMS-1
(GOST 4960-2009), was used as the initial
dispersed metal. A modern approach to the
production of thin films on the surface of
dispersed and compact metals is the method of
layering different-sized molecules of quaternary
ammonium compounds used in this study, which
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has demonstrated to be a promising method for
regulating various surface properties of dispersed
metals such as copper, aluminium, nickel, etc.
The surface modification of copper powders
was carried out in alkamon (GOST 10106-75)
and/or triamon (TU 6-14-1059-83) vapours
based on QACs, as well as in vapours of a
hydrophobic silicon-organic liquid HSL-94 based
on ethylhydridesiloxane at room temperature,
vapour pressure of 0.7-1.0 MPa [1-4]. The
possibility of a synergistic enhancement of the
water-repelling properties during the adsorption
of QACs and ethylhydridesiloxane molecules
on the surface is of particular interest [1]. The
composition of triamon (T) - tris- (-oxyethyl)
methyl-ammonium-methyl sulphate (TOMAM) —
in pairs corresponds to the chemical formula
[(HOC,H,),N"CH,][CH,SO,] with low molecular
weight radicals at the nitrogen atom. The
composition of the cation of the used alkamon
(A) contains a significant C . hydrocarbon radical.
The structural formula of the active substance
of the used alkamon: [C H, OCH,N*(CH,)
(C,H,),][CH,SO,], where n = 16. HSL-94 is
hydrophobic silicon-organic liquid based on
organohydridesiloxanes; it is an oligomer of
polyethylhydridesiloxane [11]. HSL is used as
a reagent for the enhancement of the water-
repellent properties of textile, leather and paper
products, as well as products made of concrete,
brick, and other building materials. Usually it is
applied from solutions [11].It is widely used as an
industrial surface water repellent in construction.
The following samples were studied depending on
the sequence and chemisorption mode of QACs
and HSL preparation on the surface of the initial
copper powder (Cu): Cu/(A+T), Cu/A, Cu/HSL,
Cu/T/A, Cu/A/T, Cu/T/HSL, Cu/A/HSL, and Cu/T.
A sample of Cu/(A+T) was obtained in a mixture
of A and T vapours (1:1), Cu/T/A was obtained by
sequential deposition of T and A.
Water-repelling properties (hydrophobicity)
were evaluated by the adsorption of water vapour
on the surface of the samples by the gravimetric
method. The relative pressure of water vapour
was about 0.98 (P, ,/P;— 1, where Pis the
saturated H,O vapour pressure). The fact of
water vapour adsorption by the samples was
additionally monitored by the appearance in the
XPS spectra and an increase in the intensity of the
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peak with a binding energy of 532.5%0.1 eV, which
is characteristic for water adsorbed on the metal.

Quantum-chemical modelling was carried
out using the HyperChem software package
according to the semiempirical MNDO method.
The application method and the fundamental
principles of the calculation method are described
in the literature [12-16]. Quantum-chemical
calculations were based on the solution of the
Schrodinger equation [17]. Direct calculation
of multielectron atoms and polyatomic systems
seems to be a non-trivial task due to the significant
amount of required computational time. For this
reason, semiempirical (approximate) methods
for solving this equation are gaining importance
in quantum chemistry [16—18]. According to the
degree of approximation, all quantum chemical
methods are divided into nonobservational (ab
initio), semi-empirical, empirical (a group of
methods of molecular mechanics) and methods
of molecular dynamics [17, 19].

HyperChem is a software product providing
opportunities for the quantum mechanical
modelling of atomic and molecular structures. It
includes programs, implementing the methods
of molecular mechanics, quantum chemistry, and
molecular dynamics. Force fields of molecular
mechanics that can be used in HyperChem
are MM+, Amber, OPLS, and BIO+ (based on
CHARMM).

To determine the fundamental tribological
characteristics: friction force (Ffr) and coefficient
of friction (f) of tribosystems industrial oil I-20
(GOST 20799-88) with the addition of dispersed
surface-modified metal (M = Cu, Al), a friction
machine DM-29M was used. The friction pair of the
DM-29M machine was slide bearing (Shaft — steel
45 (GOST 1050) — insert — bronze BrAZh 9-4 (GOST
18175), continuously lubricated with I-20 oil with
adsorption-modified metal powders (Cu). The
concentration of the additive in the composition
of the oil did not exceed 1 wt. %. In addition, the
integral index of friction D proportional to the
friction force, was monitored by the acoustic
emission method using a certified device ARP-11
(pressure P =47 MPa) [3.5] (Table 1).

3. Results and discussion

In this study, the friction force (F,) and
coefficient of friction (f) for tribosystems (copper
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Table 1. Comparison of the adsorption of water
vapor (a, g/g) on a surface-modified metal (Cu)
with the value of the integral friction index D
(pressure P = 47 MPa) [1]. D for I-20 oil is 1500

Integral friction
index D for

Type of powder uty,o 8/8 industrial oil

with powder
Cu/A 0.0299 1300
Cu/T 0.0268 1100
Cu/T/A 0.0260 270
Cu 0.0445 1450
Cu/(A+T) 0.0310 1480

powder-industrial oil I-20) were measured using
a DM-29M friction machine for the first time.
From the data shown in Fig. 1 and Table 2 it
follows that the most significant decrease in the
friction force and coefficient of friction in the
slide bearing of the DM-29M friction machine
lubricated with industrial oil I-20 was provided
by copper powder (PMS-1) processed in the mixed
mode (Cu/(A+T)) and sequential mode (Cu/T/A)
with both modifiers (alkamon and triamon). It is
interesting that the Cu/T/A and Cu/(A+T) samples
were superior in terms of antifriction properties
in the composition of lubricants when compared
to the samples modified in A and T pairs and
separately. This synergistic effect was manifested
both by the assessment of antifriction properties
based on the integral friction index D [1] and
using the DM-29M friction machine (Table 1).
According to data shown in Tables 1 and 2, there
is a superiority in the ability to reduce friction
of additives of the Cu/T/A type over additives
treated with only one modifier, as well as over
additives of a similar type Al/(A+T) and Al/T/A
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Fig. 1. The force friction in the tribosystem (load 5 kN)
containing additives (1 wt%) based on dispersed cop-
per, modified in various modes

based on the dispersed aluminium (PAP-2) that
was investigated earlier [1].

According to the developed concepts [1,4],
when approaching the “dry friction” mode (load
pressure > 40 MPa), the antifriction properties of
the tribosystem were largely determined by the
properties of the surface of the solid additive.
Therefore, the reduction of friction in the system
by several times (Table 1) at high pressures is
quite understandable taking into account the
difference in the surface of the additives in
terms of hydrophobicity and adhesion of the
applied surfactant film to the metal [3-5]. More
modest indicators of the reduction of the friction
force and coefficient of friction in the system
with similar additives (Fig. 1, Tables 2, 3) were
associated with the fact that the measurement
of these characteristics using friction machine
is technically possible at low pressures (not
higher than 17 MPa). The enhancement of the
antifriction effect is associated with an increase
in the influence of the surface of the solid additive
during the transition from the liquid-phase

Table 2. Characteristics of Cu-additives (1 wt%), including the relationship equation F, = F(N), change
of F,(AF,) relative to the initial industrial oil the value of the coefficient of friction (f)

No. Additive Equation F, = F(N) R? AF (av.),% | AF (N=5kN), % fIN =5KkN)
1 Al/(A+T) [1] y=0.0370x + 12.47 0.991 -11.41 -15.92 0.0075
2 Al/T/A[1] y=10.0480x + 10.81 0.992 -7.75 -3.69 0.0079
n-20 (no _
3 additive) [1] y=0.0500x + 12.29 0.994 0 0 0.0089
4 Cw/T/A y=0.0375x + 12.02 0.995 -13.79 -18.22 0.0063
5 Cu/(A+T) y=0.0393x + 12.43 0.994 -10.29 -14.39 0.0066
6 Cuw/T y=0.0395x + 14.69 0.997 -9.04 -1.86 0.0072
7 Cu y=0.0412x + 15.09 0.991 +2.65 -2.17 0.0083
8 Cu/A y=0.0418x + 15.90 0.985 +6.46 -1.40 0.0091
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Table 3. Dependence of the value of the coefficient of friction (f) on the loading pressure in the range

of 50-500 kgf on friction machines DM-29M

No. Additive £, 50 kgf £,100kgf | f150kgf | £, 250kgf | f,500 kgf
1 AL/(A+T) 0.0299 0.0173 0.0125 0.0086 0.0064
2 AUT/A 0.0275 0.0164 0.0127 0.0091 0.0074
3 1-20 0.0308 0.0185 0.0134 0.0098 0.0077
4 Cu/T/A 0.0281 0.0167 0.0118 0.0084 0.0063
5 Cu/(A+T) 0.0291 0.0173 0.0125 0.0088 0.0066
6 Cu/T 0.0339 0.0193 0.0139 0.0098 0.0069
7 Cu 0.0339 0.0205 0.0146 0.0103 0.0075
8 Cu/A 0.0372 0.0209 0.0146 0.0105 0.0077

friction mode to the boundary one, and further
to “dry friction”.

The need to study tribosystems in a wide
range of loading pressures is explained by the
widespread use of industrial petroleum oil in
industry for lubricating a wide range of machine
tool and mining equipment, characterized by
uneven load on the actuating device.

The dependence between the friction force
and the load for lubricating compositions with
various Cu-additives based on I-20 industrial
oil was approximated by a linear dependency
with a confidence level R? in the range of 0.985 -

of Brunauer, Deming and Teller [19-20]. From
the data provided in earlier studies, taking into
account the testing of samples in saturated
water vapour for hundreds of hours, it follows
that the most hydrophobic of the studied
samples is a sample of the Cu/A/HSL type
with sequentially chemisorbed alkamon and
ethylhydridesiloxane [2].

As a result of analysing the data presented
in Fig. 1 and Tables 1 and 2, the series of
enhancement of antifriction and water-repellent
properties for copper-containing additives were
obtained:

1-20/Cu/T/A > 1-20/Cu/T > I-20/Cu/A > 1-20/Cu/(A+T) > I-20

Decrease in D [1]

1-20/Cu/T/A > 1-20/Cu/(A+T) > I-20/Cu/T >1-20 > I-20/Cu/A

Decrease in Ffr (N = 5 kN)
Cu/T/A > Cu/T > Cu/A> Cu/(A+T) > Cu

A

Increase in hydrophobicity [2]

0.997. Cu-additives, which maximally reduce the
friction force and coefficient of friction in the
tribosystem (Cu/T/A, Cu/(A+T)), correspond to
the equations with the minimum proportionality
factor k (Table 2). The resulting equations
y=kx+bwere similar to the formula for boundary
friction (F, = k(N + F,), where k is the coefficient of
friction, N is the force of normal pressure (load),
F is the additional force due to intermolecular
attraction). F .is minimal for Cu/T/A additive.
Modification of copper allows adjusting the value
of F . (Table 2).

Water vapour adsorption isotherms for most
copper-based samples correspond to type III
isotherms [2] according to the classification
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As can be seen from the comparison of the
series, the antifriction effect of copper additives
in tribosystems increased as the hydrophobicity
of the latter increased. However, application of
a hydrophobic substance (A or T) to dispersed
copper powder (PMS-1) did not allow achieving
a high antifriction effect. The best antifriction
properties were revealed for copper samples
containing triamon in the surface layer with small
(C,-C,) organic radicals at the nitrogen atom.
This obviously contributes to the fact that the T
molecules relatively easily fill the “gaps” of the
factory stearic stabilizing film. Also, due to the
steric accessibility of nitrogen atoms in triamon,
favourable conditions for the metal-nitrogen
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Fig. 2. Dependence of the antifriction effect in the tribosystem on the load for additives based on dispersed

copper PMS-1, modified in different modes

interaction, enhancing the adhesion of the
surfactant to the metal were created. The above is
also evidenced by the tribological characteristics
of the Cu/A sample treated with one alkamon, the
addition of which to the oil composition did not
lead to an increase in the antifriction properties
in comparison with the addition of the initial
PMS-1 copper powder (Table 2).

In this study, the quantum-chemical modelling
using the HyperChem software package was
applied for the determination of the structural-
chemical and nucleophilic-electrophilic properties
of molecules. The following molecular parameters

were determined: dipole moment, distribution
of electrostatic potential, energy of the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). The value
of the dipole moment of the adsorbed molecule is
important for the estimation of the change in the
interfacial potential and the energy of interaction
of the adsorbate with a solid surface [17, 21-23].

The dipole moment of the ethylhydridesiloxane
oligomer corresponds to 3.02 D (Table 4),
and its direction is shown by the dotted line
in Fig. 3. Oxygen atoms (0.66 eV) of organic
radicals were the most reactive in the case of

Table 4. Results of quantum chemical modelling of active component of HSL-94 and ammonium

compounds

HSL-94 Alkamon TOM
Dipole moment [D] 3.0 20.2 5.3
Energy HOMO [eV] 2.37 -13.10 -6.21
Energy LUMO [eV] 10.10 -1.95 0.38
Molecular Excitation Potential AE [eV] 7.23 11.15 6.59
Electrophilic—Nucleophilic properties (donor-acceptor) Nucleophile | Electrophile | Nucleophile
properties

Fig. 3. Quantum chemical model of ethylhydridesiloxane oligomer (n = 15) with the distribution of electro-

static potential (silicon atoms — big grey balls)
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electrostatic interaction (physical adsorption).
For the determination of the nucleophilic and
electrophilic (donor—acceptor) properties of the
molecule, the energies of the lowest unoccupied
and highest occupied molecular orbitals were
determined, which were 2.374 and 10.097 eV,
respectively (Fig. 4). Since the energy of LUMO
is positive, the ethylhydridesiloxane oligomer
molecule is a nucleophile. The excitation
potential of the molecule was 7.233 eV. The
results of a similar analysis of other molecules
are shown in Table 4 for molecules of active
substances in preparations based on quaternary
ammonium compounds - triamon (TOMAM) and
alkamon.

As can be seen from Table 5, samples
containing combinations of modifiers with
different nucleophilic-electrophilic properties
(Cu/A/HSL), Cu/(A + T), Cu/T/A) in the surface
layer possess the greatest hydrophobic and
antifrictional effect, contributing to the chemical
(electronic) interaction in the metal-deposited
modifiers system, including interactions between
deposited substances. Therefore, modification
modes, including sequential treatment with
hydrophobic compositions with different
electrophilic properties, are most preferable for
obtaining highly and superhydrophobic materials.
It is interesting that modification with only one
type of modifier (A, T, HSL) did not allow achieving
a significant increase in the hydrophobicity of the
surface in comparison with the original copper
powder, probably due to the limited possibility
of stabilizing the outer hydrophobic layer of the
surface. The combination of electrophilic and
nucleophilic modifiers allowing not only to block
the hydrophilic centres of the surface, but also

2021;23(2): 282-290
Original article

r Qrbital

LMD +
& HOMD -
" Mumber

e

Energy  [2374385 &V
Symmetry: (1954

& jlpha
" Beta

— Orbital Plotting

7 2D Contours
@30 |sosurface

[~ Orbital squared

Fig. 4. The distribution of the molecular orbitals of
ethylhydridesiloxane oligomer (HSL -94)

to increase the resistance of the metal-applied
hydrophobic agents system to external influences.

According to A. A. Abramzon, an increase in
the adhesion of a surfactant film to a solid surface
is the key to its successful hydrophobization and
antifriction effect [24]. The possibility of donor-
acceptor interactions metal - QACs, metal - silicon
hydrides has been repeatedly proven by IR and
XPS spectroscopy [1,25,26].

Conclusions

For the first time, fundamental tribological
characteristics (force and coefficient of friction)
were measured for copper-based samples in the
composition of I-20 oil and compared with the
hydrophobicity of additives and antifriction
properties of systems with high loading pressures.
Quantum-chemical modelling of reagent
molecules used in the process of layering
of different-sized molecules of quaternary
ammonium compounds on metals was performed
using HyperChem software package.

Table 5. Comparison of average values of water vapour sorption (Py,,/P, = 0.98 = 0.02) and friction force
change for different samples in the time interval 24 < t < 216 h with electrophilic-nucleophilic (donor-

acceptor) properties of modifiers (A, T, HSL)

Sample a,% | AF (N=5kN),% Electrophilic nucle(c;[r)l}eurlé; ik{ljell\r/[a(g;erlstlcs of modifier
Cu/A/HSL | 0.396 - Electrophile (-1.95) + Nucleophile (10.10)
Cu/T/A 0.491 —-18.2 Nucleophile (0.38) + Electrophile (-1.95)
Cu/(A+T) | 0.507 -14.3 Nucleophile (0.38) + Electrophile (-1.95)
Cu/A 0.521 -1.4 Electrophile (-1.95)
Cu/HSL 0.532 - Nucleophile (10.10)
Cu 0.534 -2.2 -
Cu/T 0.568 -1.4 Nucleophile (0.38)
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In this study, the nucleophilic-electrophilic
properties of active substance molecules of
modifiers of metal surfaces were studied using
quantum-chemical modelling methods. The
properties of molecules were compared with the
sorption characteristics of modified metals and
antifriction properties in the composition of
industrial oil. The donor-acceptor properties of
molecules were compared with the adsorption
characteristics of the surface of dispersed metals.
Considering earlier studies of modification
of dispersed metals and the data obtained in
this study for antifriction properties in the
composition of industrial oil I-20, a relationship
between various modes of modification and the
hydrophobicity of the surface of dispersed metals
was established. The series of enhancement
of nucleophilic/electrophilic properties and
dipole moment for the used modifiers were
obtained. Recommendations for the application
of modifiers in practice were offered.
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