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Properties and behavior of nanoparticles

The methods of obtaining nanomaterials have been described, and the conditions for the
formation of nanoparticles of a given size have been assessed. It has been shown that the sur-
face energy of the nano-sized particles, due to a large portion of surface atoms, is significant-
ly greater than the surface energy of the microparticles resulting in the non-equilibrium state
of the former with the possibility to self-organize forming, in particular, strong and wear-
resistant cladding films from the metallic nanoparticles on the friction surfaces. To explain
the interaction of the nanoparticles, which are at the boundary of the quantum and classical
states, with the environment, the main provisions of quantum mechanics have been used. The
mutual interaction between the bare nanoparticles and between the nanoparticle and a sur-
face, separated by the environment, has been considered. It has been shown that without the
stabilization with surfactants, metallic nanoparticles will aggregate, in turn, the nature of the
interaction between the nanoparticles with the solid substrates is determined by their dielec-
tric constants. The paper presents an overview of the development of the nanotechnology in-
dustry, indicates the commercial demand for nanomaterials, marks the countries that are
leaders in the production of nanomaterials, and lists the mainelements used for the produc-
tion of metallicnanopowders.

Keywords: production methods,surface energy, non-equilibrium, self-organization, quan-
tum behavior.

Introduction.When the size of the substance changes along the one, two or
three coordinates to the size of a nanometer scale, a new quality, new properties and
characteristics appear [1]. Materials, containing structural elements whose dimen-
sions do not exceed 100 nm in at least one dimension, are classified as nanomaterials.

In 1959, R. F. Feynman, who is considered the founder of nanotechnology, not-
ed [2], “I am sure that by learning to regulate and control structures at the atomic lev-
el, we will obtain materials with completely unexpected properties and discover
completely unusual effects.” In 1974, the Japanese physicist N. Taniguchi introduced
the term “nanotechnology,” proposing to describe mechanisms with a size smaller
than one micron. Physicists and chemists began to research the methods of obtaining
nanomaterials and their special properties, and the achieved scientific results were
awarded six times with Nobel prizes.

For all nanoparticles, a change in fundamental physical parameters is observed:
a significant decrease in the melting temperature [3], an increase in strength [4] and a
simultaneous increase in strength and ductility [5]. Compared to traditional materials,
nanomaterials are characterized [1] by increased hardness (2...7 times), strength limit
(1.5...8 times) and yield strength (2...3 times).
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When silicon oxide particles with a diameter of 16 nm are applied to the surface,
a superhydrophobic material is formed [6] with high wetting angles (up to 170°) and
a small angle of inclination of the surface to the horizon (<5°). The use of
nanomaterials in solar cells allows to obtain up to 80% of the energy of sunlight
while existing solar cells can only use 20% [7]. The addition of nanoparticles to liq-
uids improves thermal conductivity [8] and heat transfer [9].Additive manufacturing
(3D printing) provides new opportunities in the manufacture of ultralight components
and machine parts using nanopowders [10].Significant achievements in optics, elec-
tronics and computer technology are determined by the use of nanoparticles [11]. It is
assumed that by the middle of the 21st century, nanotechnology will have been used
in all spheres of human activity.

Problem statement. The work examines the features of the behavior of nano-
particles, determined by their production methods and structure; the mechanism of
interaction between nanoparticles and the environment; the structure of production
and the cost of nanomaterials.

1. Production of nanomaterials. All methods of obtaining nanomaterials can
be conditionally divided into two large groups [1]: “bottom-up,” when nanomaterials
are formed from individual atoms, and “top-down,” which act by cutting off excess
material.

The physical and chemical methods of the first group provide for obtaining ob-
jects from individual atoms through the formation of particle nucleation centres.
High-energy methods (plasma excitation, laser radiation, voltaic arc or thermal expo-
sure [12]) achieve high temperatures and ensure the transition of substances into a
gaseous state followed by condensation of products. Evaporation and condensation
can occur in a vacuum, in inert gas or reactive gas.

At the heart of these methodsisobtaining a critical nucleus and creating condi-
tions that prevent the growth of the particle, or its removal from the formation zone.
The formation of the nucleus is determined by the energy balance [13]:

1) increase in Gibbs potential of a systemdue to the formation of the surface s of
the nucleus

AG, =0-s, (1)
where o isspecific surface energy;

2) decrease in Gibbs potential of a system for an account of the combination of
molecules into a phase with a lower chemical potential accompanied by the release of
the heat of crystallization

AG, =(H,—H,)-T(S,-S5,). (2)
Changes in enthalpy and entropy are determined by the formulas [13]
H,—-H =—qV, Sz—SI:—qT—V, T =T, —AT, 3)

k
where ¢ is the heat of fusion of a unit volume, V is the nucleus volume, T}, is the tem-
perature of formation of the phase, and AT is the amount of supercooling.
From (2) we get,
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AG, =—qV —. 4
v qu 4)

Therefore, the total change in the Gibbs potential due to the fluctuating for-
mation of the nucleus will be

AT
AG =os —qg—V; (5)
T,
in the case of a spherical nucleus of a radius r, we obtain
AG =4nr’c — qgian. (6)
T, 3

The critical size of the nucleus is determined by the condition d(AG)/dr = 0,
which gives

", - 2qZTT . 7)

The resulting expression defines the critical nucleus: all nuclei of size r >r, are

unstable and disappear, and all nuclei of a radius 7 >r, will continue to grow, be-

cause their growth process leads to a decrease in energy. We should note that the size
of the critical nucleus decreases with an increase in supercooling AT .

Representative values for most materials are ¢ ~ 0.1 J/m* andg ~ 10° J/m’, then
as follows from formula (7), to create a critical nucleus with a radius 7., = 5-10 nm, it
1s necessary to create a significant supercooling AT ~ (0.1- 0.2)T},, which is 10-20%
of the evaporation temperature of the substance. The created critical nucleus begins to
grow, and by regulating the processes of growth and removal of particles from the
zone of formation, nanoparticles of a given size are obtained[14].

The widespread chemical sol-gel methodis based on the quick introduction of
the second reagent into the heated mixture of the primary reagent. As a result of the
chemical reaction, a saturated solution of the compound is formed; nucleation (the
formation of a nucleus) occurs quickly and nucleus growth begins. The size of the ob-
tained nanoparticles is determined by the competition of the processes of nucleation
and growth of the formed product.

Another method 1s based on the grinding of the material to the nanoscale level as
a result of large deformations. The essence of this method is repeated intense plastic
deformation in different directions, which leads to crushing into nanoelements [5].
For this, mills, hydrodynamic cavitation, conductor explosion, etc. are used.

Therefore, nanoparticles obtained by various methods are not in equilibrium,
which is determined both by the non-equilibrium process of formation and by meth-
ods of preventing further growth. In addition, they have excess surface energy, a sig-
nificant proportion of surface atoms, and a concentration of defects in the crystal
structure, which determine their special properties and behavior.

2. Properties of nanoparticles.

2.1. The role of the surface. In ordinary macroscopic bodies, we deal in every-
day life, the number of molecules on the surface is much smaller compared to their
number in the volume. Therefore, all physical properties of macroscopic bodies are
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determined by the features in the volume; for nanoparticles, the relative portion of
surface atoms is significant.

Atoms near the surface differ geometrically and physically from the positions
within the crystal, and the composition at the surface layer does not correspond to the
stoichiometric composition of the chemical compound [15]. Therefore, a change in
structure, breaking of translational symmetry, a change in the coordination number,
the appearance of broken (unsaturated) bonds, point defects and dislocations are ob-
served on the surface of crystalline bodies. The mobility of surface atoms and the
ability to adsorb with phases that are in contact with the surface change significantly
[16]. Restoration of the saturated bonds for surface atoms is possible due to the ad-
sorption of atoms from the environment [17].

Thus, when the particle size reduces, the activity of the substance in the solid
state and the speed of physicochemical interaction with the surrounding medium in-
crease sharply due to the riseof the portion of atoms on the surface. The speed of such
interaction is always proportional to the area of the surface.

In addition to the above, the electronic structure changes — donor or acceptor
centres appear near the surface [17]. The presence of surface centrescan lead to the
charging of the surface, which also affects the interaction of nanoparticles with the
environment.

We will evaluate [18] the portion of atoms (molecules) located on the surface of a
spherical particle with a diameter d to the total number of atoms in the volume:

-1
M:thﬁ(d—zs)ﬂ(ﬁfj 5 8)
V 6 6 6 d

where dis the thickness of the surface layer of aparticle.

The thickness of the surface layer of nanoparticles 6 is determined by 3-4 mono-
layers and has a value of ~ 0.5 nm. Then, for spherical particles of 50, 20 and 10 nm,
the portion of surface atoms is 6%, 15% and 30%, respectively. Therefore, it is im-
possible to explain the behavior of nanoparticles without taking into account the role
of surface atoms. An increase in the share of surface atoms (molecules) leads to the
active interaction of particles located on the surface of a nanoparticle with the envi-
ronment, playing a decisive role in the formation of their unusual physical and me-
chanical properties [19].

A decrease in particle size leads to an increase in the total surface energy and,
hence, to a non-equilibrium state of nanoparticles. Simple calculations [19] show that
when a spherical particle is broken into N small particles while maintaining the same
volume V = Nv, we get

4 R'=N ﬂnﬁ 9)
3 3
where R is the radius of the initial particle and r is the radius of the formed particles.

From this, we can find the ratio between the radii
1

r=N 3R. (10)
Since the surface energy is proportional to the surface area, the ratio of the generated
surface energy to the initial one gives
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Nor? ’
LA =N(1j : (11)
w, OR R
and, taking into account (10), we have
2 1
WV:N'N3=N3 :E_ (12)
Wy r

Thus, the surface energy increases as many times as the particle size reduces,
1.e., when micron-sized particles are replaced by nano-sized ones, the surface energy
increases a thousand times, and the excess surface energy causes their non-
equilibrium state. Hence, the thermodynamics of non-equilibrium processes [20] has
to be applied to explain the behavior of nanoparticles.

Surface atoms form fewer bonds, and therefore their binding energy is lower
compared to atoms in bulk. X-ray and neutron imaging studies of nanocrystalline Pd
established [21] that the density of the substance at the interface is 20-40% less than
the density of ordinary Pd, and the coordination number of an atom is less than the
coordination number of an atom in an ordinary crystal.

The authors [21] measured the diffusion of tin in copper at a temperature of
1000°C and established the ratio between the volume diffusion coefficient D,, and the
boundary diffusion coefficient D:

D,/D,=8-10°. (13)

This ratio increases when the temperature lowers. Therefore, surface atoms have

a significantly higher diffusion coefficient, which greatly speeds up the process of the
embedding of surface atoms of a nanoparticle into the body upon contact.

2.2. Quantum-mechanical behavior of nanoparticles. On a dimensional
scale, nanoparticles are on the boundary of the quantum [22] and classical states, and
this metastable and structurally heterogeneous state determines a unique complex of
their physicochemical and mechanical properties. To understand their behavior, it is
necessary to take into account the features that distinguish the behavior of classical
and quantum particles [23]:

1. Heisenberg's uncertainty principle. The accuracy limit for the simultaneous de-
termination of a pair of quantities described by non-commuting operators is limited.
By measuring, for example, the coordinate and momentum of a particle, we get

Ax-AP > h,. (14)
where Ax is the uncertainty (measurement error) of the microparticle's spatial coordi-
nate, APis the uncertainty of the particle's momentum and h is Planck's constant. For
a classical particle, both the coordinate and the momentum can be measured accurate-
ly (within the accuracy of the method).

In addition to coordinate and momentum, non-commuting pairs of operators in-
clude, for example, current and voltage, electric field intensity and magnetic induc-
tion, etc.

2. Wave-particle duality. The same representative of the microworld exhibits
both wave and particle properties, therefore wave-particle duality is a general feature
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of the behavior of a quantum particle. The propagation of a de Broglie wave is asso-
ciated with the movement of the particle.

The de Broglie wavelength A is determined by the values characterizing the par-
ticle

A=tk (15)

P \2mkT

where P is the momentum of the particle, h is Planck's constant, m and T are the
mass of the particle and its absolute temperature, respectively.

Estimation of the de Broglie wavelength for an atom at room temperature ac-
cording to equation (15) gives a representative value

A=0.2-0.1nm,
that 1s, the atoms located on the surface of nanoparticles behave like classical parti-
cles, and their motion is described by the equations of classical mechanics.

For electrons in metals, the de Broglie wavelength has a typical value of 1.0 nm.
That 1s, the quantum nature of electron behavior can be exhibited for small particles
or in thin films. For nanoparticles of semimetals (Bi) and semiconductors (ZnSb)
[20], the effective mass of electrons m~0.01m, and energy E~0.1eV, then the value
of the de Broglie wavelength is about 10 nm;that is, the manifestation of quantum ef-
fects for electrons of this type of nanomaterials is significant. For electrons of surface
atoms, this estimate gives

A=5-10nm.
Therefore, in most cases quantum mechanics has to be used to explain the electron
behavior in nanoparticles.
3. Probabilistic nature. Quantum mechanics only predicts the probability of pro-
cesses. Thus, the probability of finding a microparticle of mass m in the volume
dV surrounding the point 7at a certain time t is determined by the squared absolute

2, which is found from the Schrodinger steady-state

value of its wave function |¢(r,t)
equation [22]

Ww(oy oy 0o
. R
2m\ ox~ oy° Oz
here E is the energy of the particle and Uy is the potential energy. Thus, in the

j LA e Ev;. (16)

quantum world, a particle's movement is characterized not by the trajectory but by the
most probable trajectory.

The structural and electronic properties of surface atoms and molecules, includ-
ing adsorbed ones, are described by the quantum-mechanical method of molecular
orbitals. Molecular orbitals are obtained by linear combinations of atomic wave func-
tions, which are found by solving the Schrédinger equation (16).

In the one-electron approximation, wave functions are found as a sum of radial
and angular components [22]
=R Yios)- (17)

nlm(r,9,¢)

nl(r)
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where Ry are radial functions, Y, (g 4)are spherical functions, the type of which

depends on the quantum numbers n and [ and characterizes the electron density dis-
tribution.
The wave function of the system of k electrons Wi » = yis approximated

by the product of kindividual functions (9)
k
\P(?lfz,---fk) :H5=1\Pnlm; . (18)

in such a way, the electron density of the cluster is calculated.

The positions of surface atoms are different due to unsaturated electron bonds
compared to nanoparticle atoms in bulk. Therefore, in the case of the surface of a na-
noparticle, the orbitals can protrude beyond the object and bond with the environ-
ment. Due to the interaction with the environment, the orbitals are deformed and their
energy changes. When the energy of the interacting orbital reaches the Fermi level
[17] (the maximum energy of an electron in metal at T = 0), the electron moves to a
vacancy in the metal zone upon contact.As a result, there is a Coulomb interaction
between the nanoparticle and the metal. Due toattractive forces, configurations with a
strong covalent or ionic bond or a weak van der Waals bond are formed [17].

4. Quantum states. The Schrodinger equation has a solution for the entire varia-
ble range if the eigenvalues of E belong to the discrete spectrum, i.e. a quantum par-
ticle can be in stable states which correspond to discrete energy values. It should be
noted that a classical particle can have an arbitrary energy value not exceeding mc?.

Discrete values also take other physical quantities that characterize a quantum
particle [22] and fundamentally distinguish it from a classical one. The transition of a
quantum particle to other states occurs in a jump. If the external disturbance is not in-
tense enough, the system will not change its state; the state can be changed only if the
disturbance has sufficient intensity.

5. Tunnel effect. The probability of a quantum particle with an energy E to
penetrate the region [x;, x,] where the value of the potential energyu ,y > E is de-

termined from the expression

w=D=D,-exp _gxz 2m(u,,—E|-dx|. (19)
ho (x)

As follows from the formula, when E < u, we get w > 0 (a quantum particle has a
chance to pass through the barrier if its energy is less than the maximum potential en-
ergy; for a classical particle in this case w = 0); when E > u, w < 1(for a classical
particle in this case w = 1).

Examples of tunneling are the conductivity of points of the mechanical joint of
conductors covered with a dielectric oxide film, the movement of dislocations in
crystals [17], etc.

Therefore, electron tunneling from nanoparticles during interaction with the en-
vironment is quite probable. When electrons are tunneled from the surface of nano-
particles, an additional Coulomb interaction occurs between the nanoparticle and the
environment accelerating the embedding of nanoparticle atoms [23].
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Indeed, the formation of strong and ductile films on friction pairs has been ob-
served [24] when nanosized powders of Cu, Ag, Bi, In, Sn and Pb are added to lubri-
cants increasing the service life of friction pairs.

3. Self-organization. According to the laws of classical thermodynamics, the
evolution of a physical system should lead to an equilibrium state, which corresponds
to the complete absence of ordering. For an isolated system

dS /dt>0, (20)
and in the equilibrium state, the entropy S reaches a maximum. Therefore, the spon-
taneous formation of an ordered structure is not possible at the macroscopic level in
an isolated system, because this process corresponds to a decrease in entropy [13].

If the system, which was in stable equilibrium, is affected by external factors
that bring it out of this state, then according to Le Chatelier's principle [13], processes
that occur in the system try to counteract changes caused by external action. With
minor deviations from the equilibrium position, according to Onsager's hypothesis
[25],there 1s a linear relationship between the emerging flows] and driving forces X;

J :ZLikXiXk- (21)
k

However, when the deviation from the equilibrium state increases, as Prigogine
[25] showed, the thermodynamic system loses stability, and then small fluctuations
can lead to self-organization processes — the creation of new spatial and time struc-
tures that do not develop near the equilibrium state.

To describe the processes that occur in such systems, the concept of an open
system is introduced. The change in entropy consists of two components [25]

dS =dS, +dS,, (22)
where dS, < 0 is the increase in entropy in the system due to the ongoing processes,
and dS; is the flow of entropy due to the exchange of energy or matter with the envi-

ronment, and this term does not have a definite sign. In such an open system, called
an “active element,” a redistribution of energy between its elements, leading to the
decrease of entropy, is possible:
ds = (dSV + dSS) <0. (23)

That is, in open thermodynamic systems, transformations with a decrease in en-
tropy can occur, leading to the system ordering due to the tendency of the system to
reduce entropy through self-organization [25] of structures. Self-organization is a
process that results in a new order in an open system that is far from thermodynamic
equilibrium when the transition from chaotic motion and a chaotic state occurs due to
an increase in the magnitude of fluctuations spreading to the entire system.

Self-organization of structures causes [26] the occurrence of self-oscillations,
spatially inhomogeneous structures in physical and chemical processes, etc. Such ex-
amples in hydrodynamics [13] are the structuring of convective flows in cells — Ray-
leigh-Benard convection, and the emergence of symmetric vortex structures during
turbulent flow around bodies — the Karman street.

We will evaluate the excess surface energy of spherical nanoparticles with a size
of r, = 10 nm in a sample of amassm = 1 g.

24



dizuka aepoaucrepcHux cucreMm. — 2022. — Ne 60. — C.17-30

The average density has been taken as p = 4 - 103kg/m’; the volume of a given mass is
V=m/p=25-10" m’.

o 4 _ . .
The volume of a nanoparticle 1s V) :Enr3 =4.2-107" m’ and its surface area is

S =4mr’=126-10" m’.
Since the number of particles isN =V /V,=6-10", their total surface area is

S=§SN="15 m” and total surface energy is W =S =7.5 J, where the specific sur-

face energy has a representative value o~ 0.1 J/m®. If such energy is used to lift a
given mass in the gravitational field, the lift will be equal toAh = w/mg = 750 m.

We should note that the specific surface energy increases as the size r of the
spherical particle reduces [27]:

G(I/')IG(1+26/I”)_1, (24)
here o is the surface energy value for a flat surface, 0 is the diameter of the molecules
of the substance. For a nanoparticle with a size of 10 nm, we can assume o(r) = o.

Therefore, 1 gram of nanoparticles has a representative value of the total surface
~ 10-100 m* and a characteristic value of excess surface energy ~ 1-10 J.

The very process of nanoparticle formation is accompanied by self-organization
processes. Due to the creation of a non-equilibrium state, self-organization first trans-
forms the chaotic movement of atoms (molecules) in the gas phase into an oscillato-
ry-translational movement during the creation of a critical nucleus. After that, self-
organization leads to the formation of a crystal lattice in the nanoparticle itself. Since
the formed nanoparticles have large excess energy, self-organization of the already
formed nanoparticles can occur under appropriate conditions.

For example, when metal nanoparticles are added to the lubricant, high stresses
and temperature gradients are achieved in friction pairs creating significant deviations
from equilibrium. In these positions, nanoparticles are capable to self-organize [28].
This leads to the formation of a strong and wear-resistant cladding film that increases
the service life of friction pairs.

4. Interaction between nanoparticles. Consider
two spherical nanoparticles of equal radius R, sepa-

rated by a distance D and interacting in the medium as D
shown in Fig. 1. The interaction between the particles R >
i1s mainly determined by the Van der Waals force,

which arises due to the dipole-induced interaction
[29]. Van der Waals forces contribute to the aggrega-
tion or flocculation of particles. For short distances
between particles (whenD < R), the interaction ener-
gy 1s determined by the equation [30]

Fig.1. Interaction between
two bare nanoparticles.

_AR
12D’

(25)
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where A is the Hamaker constant, which, as a rule, has the order of 10™"° - 10?'J and
is a function of the properties of the material and the environment in which the inter-

action takes place. To estimate the Hamaker constant, an approximate formula is used
[30]

2
AzrikT(81_83]; (26)
4 g t&
here k is the Boltzmann constant, T is the absolute temperature, € is the dielectric
constant, and subscripts 1 and 3 refer to the particle and environment, respectively.
The Hamaker constant is an important parameter because its sign determines
whether the interaction is repulsive or attractive, while its magnitude determines the
strength of the interaction. It can be seen from equation (26) that for the case of bare
nanoparticles, the value A always takes a positive sign indicating attraction. There-
fore, bare metallic nanoparticles, which are dispersed in inert nonpolar liquids, will
aggregate and form clusters, which leads to their instability. To prevent the aggrega-
tion of nanoparticles, researchers have developed two methods of increasing the sta-
bility of nanoparticle dispersion: electrostatic repulsion and steric repulsion [29]. Re-
pulsion is usually carried out by the adsorption of surfactants on the surface of nano-
particles.

5. Interaction between nanoparticles and surfaces. In addition to the interac-
tion between particles, the interaction of the nanoparticle with the surrounding body
is important. An example when a spherical nanoparticle of radius R interacts with a
substrate located at a distance D from the nanoparticle, as shown in Fig. 2, is deter-
mined by the formula [30]

CR

W=— (27)
6D
when D < R. An approximate formula is used to estimate the constant C
C=Spr| B8 | B | (28)
4 g +e; )\ g, ¢

Subscripts 1, 2, and 3 refer to the particle, surface, and medium, respectively.
We should note that when €, >¢ >¢€; or g >¢,>¢,, and when &, >¢, >¢ or
€,>¢€, >¢,, the constant Cis always positive,

which leads to the attraction of the nanoparticle
to the surface.
When interacting with a metallic surface

(¢, >>1), nanoparticles added to the lubricant
(relative dielectric constant is low &, ~ 2-3) will
be attracted to the metallic surface if € >¢, and

improve its tribological properties, which ex-
plains the effectiveness of nanoparticle additives  Fjg,2. Interaction between the nanopar-
in lubricants [19, 30]. ticle and surface.
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However, when €, >¢; >¢, or €, >&, >¢,(the medium has an intermediate die-

lectric constant), the C parameter will always be negative leading to the repulsion of
the nanoparticle from the surface.

Thus, by changing the values of the dielectric constants of the involved materi-
als and the environment, it is possible to manipulate the sign of C and, hence, the type
of interaction of nanoparticles with contacting surfaces.

6. Production volumes of nanomaterials, their specifics and prices.

6.1. Development of the nanotechnology industry. In 2000, the US Admin-
istration launched the “National Nanotechnology Initiative.” In the same year, 500
million dollars were allocated from the US federal budget, and already in 2015, the
US government increased the funding of scientific research in the field of nanotech-
nology to 3.7 billion dollars. Besides the USA, intensive research and development in
the field of nanotechnology are conducted by Japan, China, Germany and Israel [31].
Fundamental research on the problems of nanotechnology is also conducted in
Ukraine within the framework of the comprehensive program of the National Acad-
emy of Sciences of Ukraine “Nanostructural systems, nanomaterials and nanotech-
nologies.”

According to the calculations of the Lux Research consulting company, in 2012
the volume of the nanotechnology market in the world amounted to 190.3 billion US
dollars and had increased to 569 billion dollars by 2021. The world leaders in the
production of nanomaterials and their implementation are the United States (278.8
USD billion), Europe (147 USD billion) and the Pacific Region (29.4 USD billion,
mainly Japan) [31, 32]. The United States leads by the volume of the commercial
market, the number of publications (about 25,000), and nanotechnology patents (45%
of all relatedones.)

The industry demand for nanoproducts in 2020 (USD billion): manufacturing
industry— 455, nanoelectronics— 390, the pharmaceutical industry— 234, ecology— 130
and transport —91. Unfortunately, the production capacity of nanomaterials can satis-
fy the demand of the industry by only 40%.

6.2. Structure of nanomaterial production. Metal powders and their oxides
are the main type of products on the world market of nanopowders.

In the market of pure metallicnanopowders, the volume of production is as fol-
lows: nickel — 16.5%, copper — 16.5%, iron — 14%, aluminum — 13%, titanium —
13%, zinc — 10%, tungsten — 5% and molybdenum — 5% [31]. Metallicnanopowders
are used to obtain various compounds and for additional charging in powder metal-
lurgy to strengthen parts.

In the product group of metal oxides, 4/5 of the production volume is accounted
for by the three most common raw materials: silicon dioxide — silica (Si0,), alumi-
num oxide — alumina (AL,O3) and titanium dioxide (TiO,). At the same time, silica
occupies more than half of the total production, alumina — 18% and titanium dioxide
— 10%. In addition, the most available oxides are oxides of iron, zinc, cerium, zirco-
nium, copper, magnesium and yttrium.
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Production of nanopowders by particle size: 22% with sizes less than 15 nm,
23% with sizes in the range of 16-30 nm, and 15% with sizes in the range of 31-60
nm. Therefore, more than half of all nanopowders (up to 60%) have a particle size of
less than 60 nm, and about 45% less than 30 nm [32].

6.3. Cost of nanomaterials. Prices for nanomaterials vary and are determined
by the following factors: manufacturers cooperate with specific industries, therefore,
produce nanopowders with different characteristics (fractional composition, shape,
purity, etc.); in the production of nanopowders with controlled properties the im-
portant indicator which determines the price is the volume of the batch.

The approximate cost of some common nanopowders in US dollars per kilogram
is currently as follows: silicon dioxide — 60, iron oxide — 60, titanium dioxide — 70,
zinc oxide — 75, barium oxide — 80, aluminum oxide — 95, cerium oxide — 150, zirco-
nium oxide — 500, silver oxide — 1000 and indium tin oxide — 1500 [31, 32]. It should
be noted that the high cost of nanopowders of zirconium oxide, silver oxide and indi-
um tin oxide is determined by the high cost of raw materials and small production
volumes.

The cost of manufacturers may differ from the specified by 25-50% and de-
pends, in particular, on the size of the order and transport costs during delivery to the
consumer.

The authors express their sincere gratitude to Professor V. Kalinchak and Pro-
fessor O. Khliyeva for their sound advice and comments regarding the problems con-
sidered in the article.

Conclusions.

. Methods of obtaining nanomaterials lead to their non-equilibrium state.

. The imbalance of nanoparticles can initiate self-organization, which determines

the effectiveness of their application.

3. Nanoparticles exhibit quantum properties, and quantum mechanics has to be used
to explain their behavior.

4. An important role in the features of the behavior of nanoparticles plays a large
portion of surface atoms.

5. Bare nanoparticles attract each other and their surface is covered with surface-
active substances preventing aggregation.

6. It is possible to control the nature of the interaction of embedded nanoparticles
with the environment by changing the dielectric constant of nanoparticles and the
materials into which they are introduced.

7. Recent advances in nanotechnology have significantly reduced their cost and
made them competitive in use. The industry demand for nanomaterials exceeds
the capabilities of nanotechnology production.
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Ko3uuyvkuu C.B., Kipian C.B.
BiacTuBocTi Ta MOBeAiHKA HAHOYACTHHOK

AHOTANIA

Y emammi posenadaiomvca memoou ompumanus nanomamepianie ma yMoeu YmeEopeHHs
HAHOYACMUHOK 3a0ano2o posmipy. Ilokazano, wo noeepxmesa enepeis HAHOPO3IMIDHUX YAC-
MUHOK, 3AB80AKU GETUKIU YACMYi NOBEPXHEBUX aAMOMI8, 3HAYHO NEPeBUUYE NOBEPXHEBY
eHepeito  MIKpOYACMUHOK, WO NpU3800UmMb 00 HEPIBHOBANCHO2O0 CMAHY Nepuux i3
MONCTUBICINIO CAMOOP2AHi3ayii ma QOpMYBaHHs, 30Kpemd, HA NOBEPXHAX mepms MiyHoi ma
3HOCOCMILIKOI NIAKY8ANbHOI NII6KU 3 Memanesux HaHOYACMUHOK, KA CYMMEBO 30L1bULI0Mb
pecypc nap mepms. /s nosachenns 83a€mMo0ii 3 OMOYeHHAM HAHOYACMUHOK, WO 3HAX0OAMb-
€5l HA MedCT KBAHMOBO20 | KIACUYHO20 CMAHIB, BUKOPUCMAHO OCHOBHI NONOINCEHHSI KBAHMOBOI
mexaniku. Pozensinymo 63aemo0iio midc 201umu HAHOYACMUHKAMU MA MIdHC HAHOYACMUHKOO
i nosepxuero, posdinenux cepedosuujem. I[loxazano, wo 6e3 cmabinizayii nosepxmeso-
AKMUBHUMU PEYOBUHAMU MemAlesi HaHOYACMUHKU OY0ymb azpezyeamu, y C8010 uepey, Xd-
pakmep 83aeMO0II HAHOUACMUHKU 13 MEepO0i0 NIOKIAOKOW BUSHAYAEMbCA IX OlanleKMUu4HUMU
KOHcmaumamu. Y cmammi HageoeHo 027150 pO36UMKY HAHOIHOYCMPIi, 8KA3AHO KOMepYIUHULL
NnoNum Ha HaHomMamepianu, 3A3HAYEHO KpaiHu - 1idepu 3 BUPOOHUYMEA HAHOMAMeEpIais,
npueedeni Memanu, wo SUKOPUCHOBYIOMbCA 05 GUPOOHUYMBA OCHOBHOI NPOOYKYIL — mMema-
JIeBUX HAHONOPOUIKIG.

Knrouogi cnosa: memoou supobnuymea, nosepxmuesa emepeis, HepiHO8a2d, CAMOOP2aHi-
3aYis, KBAHMOBA NOBEOIHKA.
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