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MODELING THE CONDITIONS FOR OBTAINING NANOSTRUCTURES
DURING ION-PLASMA PROCESSING TAKING INTO ACCOUNT
THE QUANTUM-MECHANICAL PROPERTIES OF ELECTRODE MATERIAL

The subject matter of the article is the thermophysical and mechanical properties of surface layers of structur-
al materials using a quantum-mechanical approach. The aim of the article is to adjust the parameters of the
heat conductivity and thermoelasticity problem, considering all possible external and internal thermal effects
and the quantum-mechanical description of the material structure, for electrodes in vacuum-arc nanostructur-
ing. The task to be solved is to perform calculations using the developed model for a copper cathode consider-
ing the energy spent on the formation of nanoparticles during ion-plasma processing with oxygen ions. The
methods used are methods for solving nonlinear problems. The following results were obtained. 1. The nature
of the dependencies of the maximum temperature, the expected volume of nanostructures, and the maximum
depth of their formation on the energy of oxygen ions with charges z = 1 and z = 2 matches previously known
dependencies obtained by the classical model, but under quantum-mechanical consideration, the maximum
temperature values increase by 15%, the volume of the nanocluster increases by 50%, and the maximum depth
of its occurrence increases by 1.5 times. 2. When selecting the parameters of ion-plasma processing for obtain-
ing nanostructures with ion energies 100...500 eV, the previously proposed model with general thermophysical
and mechanical properties of structural materials can be used. 3. For technologies with ion energies in the
range of 10%...2-10° eV, the previously proposed model can be used but with gquantum-mechanical effects of
structural materials considered. 4) For technologies with ion energies above 10* eV, calculations should be
performed using both approaches (the classical approach and the approach considering the quantum-
mechanical properties of structural materials), and after comparison, the variant whose calculation results are
closest to the experimental results should be used. Conclusions. The proposed theoretical model using the
thermophysical, mechanical, and quantum-mechanical properties of structural materials can be used to adjust
the technological parameters of ion-plasma processing to assess the formation of nanostructures in protective
and strengthening coatings.
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um-arc nanotechnologies, various scientific studies are
constantly being conducted [14, 15]. For instance, in
work [16] the influence of changing valence ions at dif-
ferent discharge frequencies in a microcathode arc en-
gine was investigated. Some optical, nanomechanical
[17], and physical [18, 19] properties of thin nanostruc-

1. Introduction

1.1. Motivation

In modern production, nanotechnologies are used

very widely, for example, as protective coatings for
gears and camshafts [1, 2] or as catalysts for chemical
reactions [3]. Their use in electronics and microelec-
tronics is no less attractive, for instance, as coatings for
electromagnetic waves shielding [4] or as field emission
electron sources in vacuum electronics [5], as well as in
sensor, electronic, and optoelectronic nanodevices [6].
Nanostructured materials can be obtained using
various biosynthetic [7], electrochemical [8], plasma
[6], and other methods. Particularly interesting are vac-
uum-arc methods, which can be used to create thin sur-
face [9, 10] or multilayer nanostructures [11]. They can
also be employed for modifying the surface layers of
materials [12, 13]. To further expand the use of vacu-

tures were also studied. A lot of works focuses on the
creation of nanostructures on materials surfaces
[8 —10], but significantly fewer studies examine the
process of their formation in the surface layers and the
depth of the material [11, 20].

1.2. State of the art

The main theoretical studies for obtaining
nanostructures in structural materials using ion-plasma
technologies [21 — 23] are based on the use of thermal
conductivity, thermoelasticity, and general material
characteristics [24, 25]. However, these methods do not
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account for the peculiarities of electronic thermal con-
ductivity and material lattice thermal conductivity (pho-
non-phonon thermal conductivity), so they may incor-
rectly consider the dependencies of the coefficient of
linear expansion, the modulus of elasticity, the heat ca-
pacity, and other physico-mechanical characteristics of
the material on the nature of thermal and mechanical
impacts. Therefore, it is advisable to address the issue of
thermal conductivity and thermoelasticity, taking into
account all possible external and internal thermal effects
and a quantum-mechanical description of the material
structure.

1.3. Objectives and the approach

Considering the above, the thermophysical and
mechanical characteristics of materials using a quan-
tum-mechanical approach will be examined. Additional-
ly, calculations based on the developed model for a
copper cathode, taking into account the energy expend-
ed on the formation of nanoparticles during ion-plasma
processing with oxygen ions [25], will be performed.
This will allow for a more accurate determination of the
technological parameters of ion flows for obtaining
nanostructures in the processed material.

2. Consideration of the quantum-
mechanical properties of the material
for obtaining nanostructures

To address the aforementioned task, the electronic
heat capacity of metals will be considered. Within the
framework of quantum theory, only electrons in states
with energies in the KT interval near the Fermi level
Er =KTg experience thermal excitation [26, 27]. As

the material temperature increases from 0 to T, only a
fraction of the electrons, approximately ~ T/Tg , experi-
ence thermal excitation, since this fraction has energies
in the upper part of the material energy distribution
within the KT interval. Therefore, each of the n(T/Tg )
electrons acquires thermal energy of the order of KT,
and total energy AE of the electrons thermal excitation
will be approximately:

AE ~ n(%ijT. 1)

The total electronic heat capacity of the material is
obtained by differentiating energy with respect to tem-
perature:

Cy = % ~2nk T/TE . )

From the expression, it can be seen that the elec-
tronic heat capacity depends linearly on temperature.
Considering that the Fermi temperature Tr is approxi-
mately 5-10* K, the magnitude of the electronic heat
capacity for monovalent metals can be estimated. The

magnitude CY, at room temperature turns out to be ap-

proximately one hundred times less than the classical
value (3R/2).

For more accurate calculations, the following ex-
pression for the electronic heat capacity is used:

C, = n®nk 2T/2E¢ = n®RT/2T: =T, ®)

where A is the electronic heat capacity coefficient.

Since the lattice heat capacity decreases according
to the T2 law [26], at relatively low temperatures, the
electronic component of the heat capacity becomes
greater than the lattice component. As a result, at a cer-
tain threshold temperature, the electronic contribution to
the heat capacity of metals will always prevail. The es-
timation of this temperature can be conducted by direct
comparison of the expressions for the lattice and elec-
tronic heat capacities, which for Tp = 300K (the Debye
temperature) and Tr =5-10* K yields a value of around

3~4 K, corresponding to %.D =0.01. At higher tem-

peratures, the heat capacity is predominantly determined
by the lattice (phonon) contribution. At temperatures
much lower than Ty, the heat capacity of metals can be

represented as the sum of two terms, one representing
the contribution of electrons and the other representing
the lattice:

Cy =Cye +Cyat =7T+0T°. (4)

It was experimentally established [28, 29] that the
temperature dependence of the heat capacity of conduc-
tion electrons is indeed linear for most metals. However,
the coefficient A can have a magnitude that significantly

2
differs from the value predicted ~5-107 [J/moLK }

based on formula (3). The discrepancy between the cal-
culated and experimentally determined values of the
electronic heat capacity coefficient is due to the deriva-
tion of formula (3) being conducted within the frame-
work of free electrons theory without considering the
band structure of the energy spectrum of electrons in the
crystal.

Therefore, the total heat capacity of the crystal lat-
tice of the material may be determined as followed. To
establish the heat capacity of the atomic lattice, it is
necessary to define the energy of thermal vibrations of
the lattice atoms of a solid body. Assuming that in the
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frequency range from v to v + Av there is a certain
number of normal oscillations, the dependence of the
number of normal oscillations on the frequency can be
expressed by a distribution function £(v). Multiplying
the number of normal oscillations of lattice atoms by the
average energy of a normal oscillation of one atom, the
total energy of normal oscillations of the lattice atoms in
the frequency range from v to v + Av can be obtained.
By integrating this expression over the entire spectrum
of normal oscillations, the energy of thermal oscillations
of the lattice atoms of a solid body is acquired. Howev-
er, finding the frequency spectrum (v) of a real crystal
is a very complex and labor-intensive task, so the Debye
model [26, 27] is used for the consideration of the lat-
tice heat capacity. To simplify the calculations, Debye
proposed to assume that the number of normal oscilla-
tions of atoms is not infinite but equal to the number of
degrees of freedom, 3n. Thus, the frequency spectrum
of oscillations of a real solid body can be regarded as
the spectrum of oscillations of a homogeneous elastic
medium. Therefore, it was proposed to truncate the os-
cillations spectrum at a certain maximum cutoff fre-
quency vmax, Which is determined under the condition
that the total number of normal oscillations equals 3n.
The main task of this model is to establish the form of
the function {(v). According to Debye theory, this dis-
tribution function has the form:

2 .
g(v): Vv, f vE<vaay

Virax NG
s(v)=0, if v>vya.

Then the expression for determining the lattice en-
ergy will take the following form:

Upy = 9nkT(%.D jg [T/ € -1, (6)

where Xmax =hmax /KT =Tp /T and Tp =hva /K

is the Debye characteristic temperature, which marks
the maximum displacement of the equilibrium position
of the atom oscillations. This means that at this tempera-
ture, the coefficient of thermal expansion has its maxi-
mum value, and further increase in temperature will not
affect the value change of the coefficient of thermal
expansion. To find the heat capacity, the equation (6) is
differentiated:

_ Wit _
dT 0
= 9R(T/Tp) [[™ x4e3dx/ (e-1)".

Cv

The limiting cases of finding the heat capacity at
temperatures higher and lower than the Debye tempera-
ture should be considered.

For temperatures higher than the Debye tempera-
ture, this expression transforms to the following value:

Ut =3RT. ®)

According to classical statistical mechanics, for a
system of particles with harmonic interactions, the aver-
age total energy of a harmonic oscillator is kT per one
degree of freedom. Since one atom has three degrees of
freedom, the internal energy of a crystal with n atoms is
equal to:

Uy =3nKT . ©)

Thus, the lattice heat capacity at constant volume
for temperatures above the Debye temperature can be
calculated using the following expression:

C, =3RT/T=3R. (10)

It should be noted that this expression is valid for
simple substances where the crystal lattice nodes con-
tain similar isolated atoms or ions. In this case, Cy ap-

proximates to 25 J/(mol-K). For chemical compounds,
this expression takes the form:

Cy=3mR, (12)
where m is the number of atoms in the molecule of the
substance.

In practice, the applicability of the Debye approx-
imation is verified by calculating the Debye temperature
as a function of temperature and then comparing the
theoretical and experimental curves of the heat capacity
versus temperature. It is noted in [26, 30] that the tem-
perature range where Debye’s approximate T2 law holds
true for real substances is significantly lower than could
be assumed from the theory. The greatest discrepancy
between Debye’s theory and the experiment occurs in
solid bodies with complex lattices, because in such cas-
es, the distribution function (v) has a rather complex
form, which differs significantly from (5).

It should be noted that the above analysis of atoms
thermal oscillations and the lattice heat capacity was
conducted within the harmonic approximation. There-
fore, the forces arising from the displacement of an at-
om from its equilibrium position were considered pro-
portional to the displacement, and the potential energy
of the displaced particle was considered proportional to
the square of the displacement. This is valid only for
low energy oscillations which occur at relatively low
temperatures. However, as the temperature increases,
the anharmonic nature of particle oscillations in the lat-
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tice becomes significant, which is due to the curve
asymmetry of the dependence particles interaction ener-
gy on the distance between them [26]. To account for
the anharmonicity of atoms oscillations, corrections to
the heat capacity at high temperatures are used.

As is known, the ability of metals to conduct elec-
tric current is associated with the ability of electrons to
move freely through the crystal [26]. This indicates that,
under normal conditions, electron gas crystallization
does not occur in a metal. Thus, it can be assumed that
the system of interacting electrons in a metal is an elec-
tron liquid composed of Fermi particles. Therefore, it is
quite appropriate to determine the energies and veloci-
ties of electrons in the crystal lattice.

If there are nz electrons in the crystal (n is the
number of atoms, z is their valency), then at a tempera-
ture T = 0 K, they are arranged in momentum space in
such a way that all lower energy states are filled. That
is, at T = 0 K, the electrons fill a sphere in p-space with
a radius Rr, which can be determined from the relation-
ship:

3
nz=2vgnR§ /(27td) : (12)
then it will look like this:
1 1
Rr = 2nd(3nz/3nV)3 = d(3n2N)3 , (13)

where N =nz/V is the electron density, and d is the

Dirac constant.

The distribution of electrons in the crystal over en-
ergy levels at any temperature follows Fermi-Dirac sta-
tistics, where the probability fg, of finding an electron

in a state with energy E, is described by the function:

E,—p -
fo, =| exp—"——+1]
En ( p kgT )

(14)

where u is the chemical potential and kg is the Boltz-
mann constant.

At T = 0 K, the probability of filling all states with
energy Er > E, is equal to one, while in the state Er < E,
it is equal to zero [26]. Thus, the parameter E, in (14)
determines the threshold energy in metals, below which
all energy states are filled at T = 0 K, and above which
they are empty.

At a final temperature T =0 K, the filling bounda-
ry is blurred by the order of kgT, so at En = Ef, fg, is

equal to %.

The Fermi energy corresponding to the filling
boundary can be found using formula:

Er= R,Z:/Zmo :(dZ/ZmO)(Snznz/V)g, (15)

where mq is the rest mass of a free electron.
The velocity of an electron on the Fermi surface
can be found using the following expression:

1

Vi =Rg/m= d<3n2n)3/m - h(37c2 nz/V);/m . (16)

Since n%, from equation (15), it can be seen that
the Fermi energy increases with increasing electron
concentration. This is because, in the ideal gas model,
the interaction between electrons is not taken into ac-
count. In a metal, collective electrons form a system of
particles whose Coulomb interaction energy is approxi-

2 .
mately equal to € / at the average distance between

particles r~1/n2 , and is of the same order of magni-

2
tude as their Kinetic energy ~ R%m . In general, the
e

ground state of a Fermi liquid is structureless. The
strong interaction between particles in a Fermi liquid
means that adding or removing a few particles changes
not only the total energy of the system but also the state
of all remaining particles in the system. Consequently,
electrons forming the Fermi liquid in general are not
considered as particles with definite energy and momen-
tum values [28]. Two main postulates of Fermi liquid
theory proposed by Landau [27, 28] will be further re-
lied, which state that when electron interactions are in-
cluded, the classification of electronic states does not
change. At the same time, the ground state becomes
structureless, and the electrons forming it cannot be
considered as quasiparticles. Thus, when transitioning to
a Fermi liquid, the radius of the sphere delimiting filled
electron states at T = 0 K remains the same and is de-
termined by equation (13), just as in the gas model.
Therefore, the states of the Fermi system at low excita-
tion levels can be described as an almost ideal gas
[28, 29].

As mentioned above, the lattice thermal conductiv-
ity is caused by the anharmonic nature of its atoms os-
cillations. The occurrence of anharmonic atoms oscilla-
tions leads to the loss of independence of the lattice
normal oscillations. Consequently, the encountered os-
cillations interact with each other, exchange energy, and
change the direction of their propagation (scattering off
each other). As a result of these processes, during the
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interaction of elastic waves, the transfer of energy from
oscillations of one frequency to oscillations of another
frequency becomes possible until a thermal equilibrium
is established in the crystal.

Considering the process of scattering of normal
oscillations off each other is convenient from the per-
spective of phonons (quanta of lattice normal oscilla-
tions). For this purpose, a thermally excited crystal
should be represented as a box filled with phonons. In
the harmonic approximation with independent normal
lattice oscillations, phonons form an ideal gas (where
phonons do not interact). Therefore, the transition to
anharmonic oscillations can be represented as interac-
tions between phonons, resulting in processes such as
phonon splitting into two or more phonons or the for-
mation of one phonon from two.

In general, heat transfer in an atomic lattice occurs
through both phonons and free electrons. Therefore,
thermal conductivity in metals consists of conductivity
caused by phonons (lattice thermal conductivity) and
conductivity caused by free electrons:

Cr =Cre +Cpat - a7

To find the lattice thermal conductivity, it is con-
sidered as a phonon gas. From the kinetic theory of gas-
es [29, 30], the coefficient of gas thermal conductivity is
given by:

Cy =IC,V/3, (18)

where | is the free path length of gas molecules, v is the
thermal velocity of the gas, and Cy is the heat capacity
per unit volume of the gas.

When applying formula (18) to the phonon gas, an
expression for the lattice thermal conductivity is ob-
tained:

Ciat =1:Cvt V4 /3, (19)
where Cy is the heat capacity per unit volume of the
crystal (phonon gas), Ir is the free path length of pho-
nons, and V; is the velocity of phonons (the speed of
sound).

The thermal conductivity of the electron gas can be
determined using the formula for the thermal conductiv-
ity of gases:

Ce =1cCo V4 /3. (20)

As shown in [26], the thermal conductivity of typi-
cal (pure) metals is almost entirely determined by the

thermal conductivity of their electron gas, with the lat-
tice thermal conductivity accounting for only a few per-

cent. However, this changes when transitioning to me-
tallic alloys (heterogeneous metals) due to electron scat-
tering on impurity atoms.

To determine the lattice (phonon-phonon) thermal
conductivity, accounting for both resistive and normal
phonon scattering processes, the Calloway’s expression
can be used:

C)».Iat = Ck.r +Cx.n ) (21)

where C,; =

i

Kg (k_BngJTD x*eXdx
272V h 0 (Tﬁl +T—N1)(ex _1)2

3
Cin zk—ZB(k_Bj Tox
27V h

J-TD TixeXdx

X

0 (1 _1)(x_1\?

(TR + TN )(e —1)

J-TD TntRxYeXdx

0o/ 4 2
(‘CRl +‘CN1)(eX —1)

X = h(D/kBT,

kg is the Boltzmann constant, h is the Planck constant, t
is the total relaxation time, and tr is the relaxation time
reflecting the contribution to resistive scattering of nor-
mal processes.

Since a heterogeneous metal is obtained during
ions processing, to determine the thermal expansion, the
following expression is used:

2
o= (YCV.Iat + 3 Cve j/3DV ,

where D is the bulk modulus, V is the atomic volume, y
is the Griineisen constant, Cy,a i the lattice heat capaci-
ty at constant volume, and C,. is the electronic heat
capacity at constant volume.

Since the Griineisen constant has a value greater
than one, the electronic contribution to the metal ther-
mal expansion is significant only at very low tempera-
tures, of the order of 10 K. Therefore, in isotropic solid
bodies, the coefficients of linear expansion are the same
in all directions.

To verify the developed model, the effect of oxy-
gen ions in a plasma environment on copper will be
considered. Subsequently, using the theoretical model
[25], the technological parameters of obtaining
nanostructures with both the conventional and the re-
fined thermal conductivities as described in (11) and
(21) will be compared.

(22)
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3. Results and discussion

According to the presented model [25], which in-
corporates thermophysical, mechanical, and quantum-
mechanical characteristics, the technological parameters
required for the formation of nanostructures of a certain
volume, both in terms of volume and depth, during the
processing of copper with oxygen ions were calculated.
The obtained results were compared with known exper-
imental data [23, 24] and reference data [23].

As a result of the calculations, a graph was deter-
mined showing the dependence of the maximum tem-
perature on the energy of oxygen ions with charges
z=1and z=2 (Fig. 1). Additionally, graphs were ob-
tained showing the dependencies of the expected vol-
ume of nanostructures and the maximum depth of their
formation on the energy of oxygen ions (Figs. 2, 3). It is
evident that the nature of the dependencies of the max-
imum temperature and volume coincides with those in
[24]. However, when considering the quantum-
mechanical approach, the values of the maximum tem-
perature increase by 15% (Fig. 1), the volume of the
nanocluster increases by 50%, and the maximum depth
of occurrence increases by 1.5 times (Figs. 2, 3).

A comparison of the results for maximum tem-
perature, nanostructures volume, and depth of their for-
mation, calculated using the classical model [24] and
quantum-mechanical theory, with experimental studies
[25] showed that for low ion energies (around 500 eV),
the differences in results are negligible. However, at
energies of 2-10* eV, the discrepancy increases signifi-
cantly, and at an energy of 10* eV, the results differ
substantially.

1.510%
_____ With taking into account the quantum
mechanical nronerties of the material
104
~
: 510°
=
=4
TS
=%
|
(3]
[_<
5-10%
O0*—>Cu
10? ;
10° 5-102 10° 5:10° 10* 1.510*

Energy of oxygen ions E, eV

Fig. 1. Dependence of the maximum temperature
on the energy of oxygen ions

777777 With taking into account the quantum
mechanical properties of the material

Nanocluster volume V,

10? 5102 103 510 10* 1.5:10°

Energy of oxygen ions E, eV

Fig. 2. Dependence of the nanostructure volume
on the energy of oxygen ions

0'>Cu

,,,,,, With taking into account the quantum
6 r mechanical propertics of the material

Depth of nanoclusters h-10%,m

10 510? 10° 5:10° 10* 1.5 10*

Energy of oxygen ions E, eV

Fig. 3. Dependence of the depth of nanostructures
formation on the energy of oxygen ions

All of this indicates that when calculating the pa-
rameters for technologies creating nanostructures with
ion energies up to 110 eV, it is possible to rely on the
classical representation of the physical and mechanical
characteristics of materials. However, for energies in the
range of 110..500 eV, both classical and quantum-
mechanical methods should be used. At the same time,
for energies higher than 10* eV, it is necessary to evalu-
ate the quantum-mechanical properties of the material.
Therefore, for processing methods such as ion implanta-
tion and ion doping, calculations should be performed
using both classical and quantum-mechanical theories,
whereas for plasma processing, the previously proposed
model [25] can be used.

4. Conclusions

The study shows that when calculating the parame-
ters of nanostructures for technologies with ion energies
100...500 eV, the previously proposed model with gen-
eral thermophysical and mechanical characteristics
should be used. For ion energies in the range of
10%...2-10% eV, quantum-mechanical effects need to be
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considered when using the same model. For energies
above 10* eV, calculations should be performed using
both classical and quantum-mechanical approaches, and
after comparison the calculation results, the option clos-
est to the experimental results should be used. The pre-
sented theoretical model can be used to adjust the tech-
nological parameters of ion-plasma processing to obtain
nanostructures in protective and strengthening coatings.

In the future, it would be appropriate to consider
the thermophysical and mechanical properties of the
surface layers using the developed model for cathodes
made of other materials, especially when obtaining mul-
ticomponent coatings.
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MOJEJTIOBAHHSA YMOB OTPUMAHHA HAHOCTPYKTYP
ITPU IOHHO-IIJIABMOBIN OBPOBIII 3 YPAXYBAHHAM KBAHTOBO-MEXAHIYHUX
BJIACTUBOCTEM MATEPIAJTY EJIEKTPO/IIB

10. B. Hlupoxkui, 1O. O. Cucoes, €. 1. @ecenxo

IIpeameTom BHBYEHHS B CTaTTi € TEIUIO(I3WYHI Ta MEXaHIYHI XapaKTEPUCTUKH ITOBEPXHEBUX IIapiB KOHC-
TPYKUIIHHUX MaTepiajiB 3 BUKOPUCTAHHIM KBaHTOBO-MEXaHIYHOro Miaxony. MeToro CTaTTi € KOPEKIlis mapaMmeTpiB
3aj1a4i TErIONPOBIAHOCTI i TEPMONPYKHOCTI, BPaXOBYIOYH BCl MOXKJIMBI 30BHIIIIHI Ta BHYTPIIIHI TETUIOBI BIUIMBH Ta
KBAaHTOBO-MEXaHIYHMIA onuc OyI0BM Martepiaiy, Ul eNeKTPOMiB NPH BaKyyMHO-IyrOBOMY OTpHMaHHI HAHOCTPYK-
Typ. 3aBOAaHHS. [IPOBECTH PO3PAXYHKH 32 PO3POOJICHOI0 MOJAEIUIIO ISl MIJHOTO KaToly 3 ypaXxyBaHHSIM €HEpTii,
BUTpaueHOl Ha YTBOPEHHS! HAHOYACTOK IPH 10HHO-TIA3MOBii 00poO1li i0HAMH KHCHIO. BHKOpHCTOBYBaHUMH MeTO-
JaMM € METOAW PO3B’s3aHHS HENHIMHUX 3a1a4d. OTpuMaHi HacCTyIHI pe3yJabTaTH. 1. XapakTep 3aJie)KHOCTEl Mak-
CHMAaJIBHOI TEMIIEpaTypH, O4iKyBaHOTO 00’ €My HaHOCTPYKTYp 1 MaKCUMaJIbHOI IIMOWHM iX GopMyBaHHS Bia eHepril
10HIB KMCHIO 3 3apsiaMu z=1 Ta z=2 30ira€Tbcs 3 paHille BiIOMUMH 3aJICKHOCTSIMH, OTPUMAHUMH 33 KIACHYHOIO
MOJICJUTIO, aJIe MPU KBAHTOBO-MEXaHIYHOMY PO3IJISAJl 3HAYEHHS MakCUMallbHOI TeMIepaTypu 3pocTaioTh Ha 15%,
00’eM HaHOKIacTepa 3poctae Ha 50%, a MakcuMaibHa IIMOWHA Horo 3ansranHs 30inbiyetses y 1.5 pasu. 2. [pu
BHOOpI MapaMeTpiB 10HHO-TIA3MOBOI OOPOOKH JJIsl OTPUMAaHHSI HAHOCTPYKTYP HPH TEXHOJOTISX 3 €HEeprisMH 10HIB
100...500 eB moTpiOHO KOPUCTYBATHCS PaHIIIE 3alIPONIOHOBAHOI0 MOICIUTIO 3 3arajlbHAMHU TEIUTO(iI3HUHUMHE Ta Me-
XaHIYHUMH XapaKTEepUCTUKaMK KOHCTPYKUiHHMX MarepianiB. 3. [Ipy TexHONOrisIX 3 €HeprisMu iOHIB y Aiana3oHi
10%...2-10° eB MoHa KOPHCTYBATHCh pPaHillle 3alpONOHOBAHOK MOJIEIIIO, ajle MOTPiOHO BPaXOBYBATH KBAHTOBO-
MeXaHiuHi XapaKTEPUCTHKH KOHCTPYKUiHMX MaTtepiaiib. 4. [Ipu TexHOMOriAX 3 eHeprismu ionis Buime 10* eB He-
00XiZITHO MPOBOJUTH PO3PAaxXYHKH 32 JBOMA BapiaHTaMM (KIaCHYHMH MiAXiA Ta MiAXiX 3 BpaXyBaHHSM KBaHTOBO-
MEXaHIYHUX XapaKTePUCTHK KOHCTPYKILIHHUX MaTepiatiB) 1 MiCIs MOPIBHSIHHA BUKOPUCTOBYBATH BapiaHT, pe3yiib-
TaTH PO3PAXYHKIB 3a SIKMM € HalOJIMKIMMU JI0 eKCIIEpUMEHTAIbHUX pe3ynbTaTiB. BucHoBku. HaBeneny Teopetny-
HY MOJIENIb 3 BUKOPUCTAHHSM TEIUTO(I3MYHNX, MEXaHIYHUX 1 KBAHTOBO-MEXaHIYHUX XapaKTEPUCTHK KOHCTPYKIIiH-
HHUX MarepiaiB MO)KHa BUKOPHUCTOBYBATH JUIsl KOPETYBaHHS TEXHOJIOTTUYHUX MTapaMeTpiB i0HHO-TIIa3MOBOI 00pOOKH
3 METOIO OI[IHKM OTPUMAaHHS HAHOCTPYKTYD B 3aXHCHHX Ta 3MILHFOFOUHMX MOKPHUTTSIX.

KuiouoBi ciioBa: i0HU; elEKTPOHH; TEIUIONPOBIIHICTh; TEIIIOEMHICTh; HAHOCTPYKTYPH; €HEpTisl 10HIB.
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