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ABSTRACT

The article discusses experimental studies of the size and shape of structured particles of microsilica small
angle x-ray scattering method and a photophonon theoretical description of the heat transfer process in
complex heterogeneous structures to assessment of the structural characteristics of granular systems for the
properties of thermal insulating materials. The mechanism of heat transfer in granular, porous systems is quite
complex, since heat exchange occurs in a material consisting of two phases (solid and gas) and at the phase
boundary. Heat transfer in liquid thermal insulation coatings can be carried out from one solid particle to
another. In this case, the thermal conductivity will depend on: the chemical and elemental composition of the
material; particle granulometry; surface topology - the presence of inhomogeneities, defects on the surface;
the number of touches and the contact area between the particles. The heat transfer of gas in the pores is
carried out when gas molecules collide. Thermal conductivity will be determined by the ratio of the free path
of molecules and linear pore sizes, temperature and dynamic viscosity of the gas phase, the nature of the
interaction of gas molecules with the solid phase. Heat transfer by radiation depends on the nature of the
particles, the dielectric, magnetic permeability and the degree of blackness of the particle surface. Based on
the analysis of possible mechanisms of heat transfer in granular systems, it can be argued that the effective
thermal conductivity of the system depends, all other things being equal, on the structure of the pore space of
granular materials, topology and the number of particle touches. Considering idealized models of the structure
of granular materials in the form of ordered folds of perfectly smooth balls, we can obtain several variants of
structures: with tetrahedral; hexagonal; cubic packing of balls.
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Introduction

To determine the main structural parameters
that affect the thermal conductivity of filled
polymer binders, let us consider the mechanisms of
heat transfer in solid, liquid, gaseous media.

It is customary to distinguish between three
main mechanisms of heat transfer: thermal
conductivity (conduction); convection; radiation
[[1], [2], [3], [4], [5]].

The conduction mechanism of heat transfer
occurs due to the exchange of kinetic energy when
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moving molecules collide with each other or with
the surfaces of a solid or liquid phase that limits
space.

Convection - heat transfer
environment, air or liquid streams.

Radiation - emission of electromagnetic energy
emitted by some kind of heat, such as the sun.

In quantum theory, heat transfer in solids by
thermal conductivity is considered as a process of
nonequilibrium phonon distribution, and thermal
conductivity is determined by the deviation of the
phonon distribution from the equilibrium state at a
given temperature gradient.

Considering the transfer of heat in the gas
phase of the composite (in pores, hollow spheres),
the molecular kinetic theory assumes the presence
of two mechanisms of heat transfer by gas - due to
the collision of molecules and radiation.

The efficiency of molecular heat transfer in
pores, spheres of liquid heat-insulating coating
further (LTC), depends on temperature, pressure,
geometry of the pore space, the nature of
interaction at the boundary of a solid with gas.

Experimentally established, that the effective
thermal conductivity of heterogeneous finely
dispersed granular systems, even at atmospheric
pressure, may turn out to be lower than the
thermal conductivity of the gas filling the pores.

To describe the process of heat transfer in
continuous media and determine the coefficient of
thermal conductivity, the most often used methods
are based on the application of the principle of
generalized conductivity, which is based on the
analogy (similarity) between the differential
equations of stationary heat flux, temperature,
mass, current, etc.

It is possible to use topological models, when
solving more complex problems to determine the
thermal conductivity coefficient. However, they do
not take into account the features of the quantum
mechanisms of heat transfer through the main
matrix of the material [[5], [6], [7]].

by a moving

Analysis of modern research in this area

To assess the effect of the structural
characteristics of granular microsilica systems on
the properties of heat-insulating materials, a
comprehensive analysis showed that the only
mechanism for heat transfer for granular systems
would be:

- heat transfer through a flat, two-layer and
multi-layer plate.

In the works of Krainov A.Yu. To calculate the
heat transfer through a flat plate, the value of the
heat flux through a plate of thickness L, having a
thermal conductivity coefficient A, the walls of
which have a constant temperature TO and T1, is
determined. The mathematical formulation of the
problem consists of a stationary one-dimensional
heat equation with boundary conditions of the first
kind [8].

- heat transfer of coatings with a coefficient of
thermal conductivity that depends on the
temperature of the environment.

In the works of V.A. Maksimov, S.R. Vitaly. the
values of the thermal conductivity coefficient of
some ultrathin liquid composite heat-insulating
coatings have been experimentally determined.
The calculation of the measurement error has been
performed. As a result of the work done, the
thermal conductivity coefficient of ultra-thin liquid
composite heat-insulating coatings was
experimentally determined for sample No. 1 A =
0.086 W / (m - ° C), for sample No. 2 A =0.091 W /
(m - ° C). But, the real thermal conductivity
coefficient of the samples under study in practice
turned out to be higher than the declared one.

According to the authors, this discrepancy is
possible due to the fact that manufacturers of
liguid coatings in laboratory determination of
thermal conductivity either used some "ideal"
conditions, or the coefficient was obtained by
theoretically solving the problem of thermal
conductivity in liquid composite heat-insulating
environment.

Despite this, the authors consider such liquid
thermal insulation coatings to be of great interest
for builders, since they allow insulating objects of
complex geometric shapes (valve bodies, complex
units, etc.), which in some cases makes them
practically irreplaceable. Correct consideration of
the thermal properties of paints will allow avoiding
excessive increases in heat losses of insulated
pipelines with a coolant or building enclosing
structures, and will also protect them from possible
defrosting during periods of negative temperatures
[9].

- heat transfer of a plate with a coefficient of
thermal conductivity depending on the coordinate.

The work of Kolmychkov V.V., Mazhorova O.S.
is devoted to the numerical study of convective
structures arising near the stability threshold in a
non-Bussinesq fluid, the thermal diffusivity of
which depends on the vertical coordinate. The main
attention is paid to the study of the existence and
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stability of a flow in the form of square cells for
various values of the Prandtl number [10].

- phonon-photon model for the theoretical
description of the process of heat transfer in
complex heterogeneous structures.

In the works of Gladkov S.O. for an arbitrary
type of porous structures, a theoretical approach is
proposed for calculating their thermal conductivity
coefficient k as a function of porosity ¢,
temperature T, density p, and a number of other
parameters. The general calculation algorithm is
based on the theory of nonequilibrium processes.
Its modification in the language of the gas-kinetic
approximation allows one to obtain compact
formulas for k and easily estimate the
corresponding dependences. On a specific example
of such a very important in practical terms
refractory substance, like concrete, the theoretical
formulas are compared with experimental results
and their good agreement is shown [11].

Methods for determining the structural
characteristics of granular systems

1. To study the properties of microdispersed
materials, a Hecus S3 - MICRO small-angle X-ray
diffractometer was used.

The most important feature of this method is
the ability to analyze the internal structure of
disordered systems - particles, pore space,
interfaces between heterogeneities of
heterogeneous substances.

As the scattering coordinate, we used the
magnitude of the scattering vector modulus s = 4n
sin® / A, where 20 is the scattering angle, A = 1.5418
A is the wavelength of the radiation used.
Scattering intensities were recorded in the range of
s values from 0.0094 to 0.40 A-1, which made it
possible to study inhomogeneities with linear
dimensions L~ (2m) /S, in the range of 2 ... 60 nm.

2. One of the most important parameters that
determine the thermal insulation properties of
materials based on microstructured mineral
powders (silica, diatomite) is thermal conductivity.
Knowing a number of characteristics of dispersed
systems, such as the size, thermal conductivity of
the material of primary particles, the method of
filling and some other characteristics, it is possible
to theoretically calculate the thermal conductivity
of granular systems based on the polystructural
theory and, as a result, it is possible to assess the
structural characteristics of granular systems for

the properties of heat-insulating materials [[12],
[13], [14], [15], [16], [17]].

Assessment of the structural
characteristics of granular systems to the
properties of heat-insulating materials

For the theoretical description of the process
of heat transfer in complex heterogeneous
structures, a photophonon model was used,
according to which the general expression for the
thermal conductivity of a porous system is written
in the form of an additive function [[12], [13], [14],
[15], [16], [17]].

2
=(1-1 LS LS
1= (1m 2 a2 (1= 2) 0

(- 2t () 4n

mp

where m — porosity of the structure;

Ago - thermal conductivity of the main matrix;

A1 - thermal conductivity of pores;

Ao1 - phonon-photon thermal conductivity at
the interface between pores and the main matrix;

A10 - photon-phonon thermal conductivity;

my, - percolation threshold for the basic matrix
model.

Using the gas-kinetic approximation, we
represent the thermal conductivity of the main
matrix in the form:

1
Aoo = gcfonvzrfon (2)

where  cro, - phonon heat capacity per unit
volume of the main matrix;

v - average speed of sound in the material;

Tfon phonon relaxation time, which is
associated with phonon scattering by structural
inhomogeneities and at the boundaries of contact
of pores with the main matrix.

The phonon heat capacity is determined by the
formula (at T>>6p)

3k
Cfon = —3 (3)

a3
where k - Boltzmann constant;
a - average interatomic distance of the main
matrix material.
The phonon
expression [10]:

relaxation time satisfies the
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pa*v (1— —)
mp mp

m kT (4)

Tfon ~
where p — base matrix material density;
T — absolute temperature (K).
Substituting (3) and (4) into (2), we obtain the
expression

/100=<1_ﬂ) ere e (5)

mp T m

Similarly, representing the photon flux as a
photon gas, we can write

1
Ap = chotcztfot (6)

where
pore volume;

c - speed of light in pores;

Tfo¢ - Photon relaxation time within pores.

The work presents an expression for
determining the photon heat capacity:

Crot - Photonic heat capacity per unit

kT\3
o ~ k(i) (7)
(h— Planck's constant), and the photon
relaxation time for the case of vacuum or a low
concentration of gas molecules in the pores:

L
Trot =7 (8)

L — linear pore sizes. Substituting (7) and (8)
into (6), we obtain

1kL (kT\3 (kT\3

() (F) ()
It is shown in the work that in formula (1) the

terms containing A_ 01 and A_10 are small

compared to other terms and can be discarded.
Then expression (1) will look like this:

M1 =

2 2
/1:(1— mﬂ) Aoo+(mﬂp) All ,and

P

given
(5) and (6):
3 3
— (1 M™) pvary
a=(1 m) ALy 3

1({ m\2kL (kT)3
3\ my c? h

(10)

The resulting formula makes it possible to:
estimate the dependence of the thermal
conductivity of the LTP on the porosity of the
material structure (m), linear pore size (L), density
(p) on temperature and calculate the effective
thermal conductivity of a dispersed porous
substance, based only on the knowledge of some
macro- and microscopic material parameters; to
solve the inverse problem - by measuring the
effective thermal conductivity of a dispersed
powder by the method of stationary heat flux or by
the method of laser flash, knowing the density,
speed of sound and average interatomic distances,
calculate the characteristic linear dimensions of its
pores. At low temperatures, the thermal
conductivity of a granular system is determined
mainly by its phonon component. With an increase
in temperature (T>>0p), this component decreases
o« T~1, but radiant heat transfer (by photons of
electromagnetic radiation) « T3 increases. If the
dependence of thermal conductivity on
temperature (10) is represented in the form

A(T)=2+BT? (11)

then the minimum value of the effective
thermal conductivity A (T) will be observed at a
temperature.

Tmin = 3B (12)

In this case, the photon thermal conductivity
(10) will be the smaller, the smaller the dimensions
L of the pores of a given material. Consequently,
formulas (10) and (12) make it possible, on the
basis of the data obtained as a result of studying
the structural characteristics of the pore space of
dispersed powders, to reasonably recommend
granular systems for use as a filler for LTM. It is
proposed to determine and evaluate the structural
characteristics of filler powders by the method of
small-angle X-ray scattering (SAXS) [1]. The features
of structural inhomogeneities of microsilica [[1],
[18], [19]] and natural diatomite of the Utesai
deposit, as well as a filler powder of the FRONT-VIP
vacuum insulating panel from VACU - ISOTEC KG
were investigated.

Experimental part

Small-angle X-ray scattering is a diffraction
method widely used to study nanoobjects of
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various physical nature and state of aggregation,
including highly dispersed powders.

The experimental material was obtained in the
form of small-angle X-ray scattering indicatrices for
all investigated dispersed powders. As the
scattering coordinate, we used the magnitude of
the scattering vector modulus s = 4 sinB/A, where
20 is the scattering angle, A = 1.5418 A is the
wavelength of the radiation used. Scattering
intensities were recorded in the range of s values
from 0.0094 to 0.40 A-1, which made it possible to
study inhomogeneities with linear dimensions L ~ (2
nt) / S, within 2 ... 60 nm. The character of the | (s)
curves indicates that the studied materials contain
scattering inhomogeneities (pores) of different
linear sizes, and high values of the scattering
intensity are due to the sharp contrast caused by
the large difference between the density of silica
particles and pores. Fig. 1 shows the experimental
SAXS curves of the natural diatomite of the
Utesayskoye deposit and the filler powder of the
FRONT-VIP insulation panel. The scattering indices
of the other three microsilica have a similar form to
the FRONT-VIP SAXS curve.

1
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Figure 1 - Curves of small-angle X-ray scattering of
dispersed powders: 1 - natural diatomite; 2 - filler
powder FRONT- VIP
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Figure 2 - Size distribution of scattering
inho.mogeneities: 1 - natural diatomite; 2 -

microdispersed silica obtained from diatomite; 3 -
condensed silica; 4 - white soot; 5 - FRONT-VIP filler
powder.

To find the approximate size distribution
functions of scattering inhomogeneities (for
spherical particles), the SAXS curves were
rearranged into coordinates In I(s) — s2. Using the
Kitaygorodsky = method, we obtained the
dependencies shown in Fig. 2. Pore size distribution
curves of dispersed microsilica have pronounced
maxima; a similar function of natural diatomite is
bimodal. Table 1 shows the results of the analysis
of distribution curves - the maxima of the
distribution functions dBs; average values of the
linear dimensions of the scattering inhomogeneities
<d>; variances of distribution functions Ad.

Table 1 - Pore size distribution of dispersed microsilica

Powder type ds, Nm <d>, nm Ad, nm
Natural diatomite 2 10 |2 7 7-15
Dispersed 8 12 3-18
microsilica

obtained from

diatomite

Condensed silica | 22 26 10-34
fume

White soot 2 13 2-21
FRONT-VIP 20 20 8-37

In general, the average linear dimensions of the
scattering inhomogeneities of the investigated
dispersed powders are ~ 10 - 30 nm, which,
according to the classification of M.M. Dubinin,
officially adopted by the International Union of
Pure and Applied Chemistry (IUPAC), corresponds
to mesopores. Capillary condensation of water
molecules occurs in them, which are partially
removed during heating (calcination) of dispersed
powders [11].

The SAXS indicatrices were rearranged into
double logarithmic coordinates 1gI(s) —Igs. An
analysis of these dependences showed that, in all
investigated dispersed materials, a fractal character
of scattering by structural inhomogeneities of the
nanoscale level is observed. To determine the
fractal dimensions of these inhomogeneities, a
method was used, which consists in determining
the slope of the corresponding linear section of the
scattering curve plotted in the indicated
coordinates. If the investigated structural elements
of the nanoscale, such as pores, pore clusters, and
interfaces of inhomogeneities are of a fractal
nature, then in certain intervals of values of the
modulus of the scattering vector, a power-law
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decay of the scattering indicatrix I(s) ~ s with a
non-integer value of the exponent should be
observed, and a < 4. At 1 £ a <3, the power-law
decay of I(s) is characteristic of scattering from
fractal clusters or aggregates of nanoparticles (mass
fractals) with the dimension D = a. In the case when
3 <a <4, scattering from nanoparticles with a
nonsmooth fractal surface is observed, the fractal
dimension of which is determined as Ds = 6 - a. The
exponent | (s) in this case is defined as a = Algl(s) /
Alg s.

On the SAXS curve of diatomite from the Utesai
deposit, three rectilinear sections are distinguished,
corresponding to the values of the scattering vector
0.013 - 0.026 A%, 0.031 - 0.061 A*, and 0.067 —
0.095 A, The parameter a for these sections is
2.59 1.56 and 3.73. Sizes of inhomogeneities are 24
-48 nm, 10 - 20 nm, and 7 - 9 nm, respectively. The
most large-scale scattering objects behave like
mass fractals with a fractal dimension D = a = 2.59,
which is typical for branched self-organized porous
structures. The second rectilinear segment of the
indicatrix Igi(s) —1gs corresponds to
inhomogeneities with fractal dimension D = 1.56,
which can be clusters in the form of curved chains
of spherical pores of nano- and micrometer scale,
possibly pore channels. In addition to mass fractals,
the natural diatomite of the Utesayskoye field
exhibits inhomogeneities with a fractal interface.
The dimensions of such inhomogeneities are 7 - 9
nm, and the fractal dimension is Ds = 6 - a = 2.27.
This value of the fractal dimension corresponds to a

Table 2 - Fractal characteristics of the investigated materials

slightly indented surface, if we take into account
that a perfectly smooth surface has Ds = 2.0, and a
highly indented porous surface - 3.0. Fractal
characteristics of all studied materials are shown in
Table 2.

Dispersed microsilica obtained from natural
diatomite also contains three types of scattering
inhomogeneities, two of which are mass fractals
with dimensions 2.32 and 2.13. The scale of such
objects is 8 - 40 nm. Small-scale pores 4 - 8 nm have
rather heavily indented interfaces (Ds = 2.64).
Condensed silica fume, in contrast to other
investigated dispersed powders, does not have X-
ray scattering inhomogeneities that could be
attributed to mass fractals. The interfaces of the
SiO; particles - the pores have a fractal dimension
Ds = 2.40. White microsilica contains fractal clusters
of pore space with linear dimensions of 4 - 25 nm.
The interfaces of larger scattering formations (25 -
40 nm) are strongly indented - their fractal
dimension is Ds = 2.83. The scattering curve
lgI(s) —lgs of the FRONT - VIP filler powder has
two crossover points: branched porous aggregates
20 - 40 nm in size have a fractal dimension D = 2.59,
and inhomogeneities on a scale of 12 - 20 nm have
highly irregular surface with Ds = 2.70. In addition,
the data of small-angle X-ray scattering allow us to
suggest that on the surface of the smallest
elements of the structure of the filler powder (4 -
12 nm), there may be Ilayers of scattering
inhomogeneities with a lower electron density than
that of silicon dioxide (parameter a = 4,10).

Ne Material As, At a D Ds d, Hm
1 Natural diatomite 0.013-0.026 2.59 2.59 24 -48
0.031-0.061 1.56 1.56 10-20

0.067 —0.095 3.73 2.27 7-9
2 Dispersed microsilica obtained 0.016 - 0.025 2.32 2.32 25-40
from diatomite 0.025-0.080 2.13 2.13 8-25
0.080-0.160 3.36 2.64 4-8

Condensed microsilica 0.016-0.160 3.60 2.40 4-40
White soot 0.016 - 0.025 3.17 2.83 25-40

0.025-0.160 2.66 2.66 4-25
5 0.016 —0.032 2.59 2.59 20-40
FRONT - VIP 0.032-0.056 3.30 2.70 12-20

0.056 - 0.160 4.10 4-12

Analysis of the data obtained gives grounds to
believe that the studied granular systems are
suitable: for the creation of new generation heat-

insulating materials; as fillers for LTC, VIP. At the
same time, condensed microsilica and white soot
do not require preliminary heat treatment, since
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their low moisture content is determined by the
production conditions (subject to the rules of
storage and transportation of bulk material).
Dispersed microsilica obtained from diatomite and
natural diatomite must be calcined at temperatures
not lower than 400 - 500 °C for 3 - 5 hours. This
modification of dispersed powders leads to their
deep dehydration and helps to remove residues of
organic material of sedimentary origin present in
natural diatomites.

Conclusions

1. It was found that dispersed microsilica
obtained from natural diatomite also contains three
types of scattering inhomogeneities, two of which
are mass fractals with dimensions 2.32 and 2.13.
The scale of such objects is 8 - 40 nm. Small-scale
pores 4 - 8 nm have rather heavily indented
interfaces (Ds = 2.64). Condensed silica fume, in
contrast to other investigated dispersed powders,
does not have X-ray scattering inhomogeneities
that could be attributed to mass fractals. The
interfaces of the SiO, particles - the pores have a
fractal dimension Ds = 2.40. White microsilica scoot
contains fractal clusters of pore space with linear
dimensions of 4 - 25 nm. The surface of the larger
scattering formations (25 - 40 nm) are strongly
indented - their fractal dimension is Ds = 2.83. The
scattering curvelgI(s) —lgs of the FRONT - VIP
filler powder has two crossover points: branched
porous aggregates 20 - 40 nm in size have a fractal
dimension D = 2.59, and inhomogeneities on a scale
of 12 - 20 nm have highly irregular surface with Ds =
2.70. In addition, the data of small-angle X-ray

scattering allow us to suggest that on the surface of
the smallest elements of the structure of the filler
powder (4 - 12 nm), there may be layers of
scattering inhomogeneities with a lower electron
density than that of silicon dioxide (parameter a =
4.10).

The results obtained confirm the presence of a
developed pore space of particles and
agglomerates of dispersed silicon dioxide of
nanometer sizes, can be used to calculate the
effective thermal conductivity of heterogeneous
systems, for example, mineral silica powders of
various origins. The investigated dispersed
materials have similar parameters of the pore
system at the nanometer level.

2. As a result of the analysis of the influence of
the structural parameters of a granular system
formed from synthesized silicon dioxide particles, it
was found that during the production of LTC, their
heat-shielding properties can be adjusted by
changing: pressure, viscosity of the molecular
weight of the gas; porosity of the macrostructure
and clusters; thermal conductivity of the solid and
gas phase of the system; accommodation
coefficient; coordination number; size of primary
particles; fractal dimension that characterizes the
topological features of the structure of particles,
aggregates, globules, clusters and their tendency to
dissipate the energy of gas molecules.
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TYWIHAEME

Makanaga a3bypblWTbl PEHTreHAK  Walbipay d4iCiMeH  KypblibIMAanfaH MUKPOKpeMHesem
6enweKTepiHiH, Menwepi MeH (GOPMacbiH 3IKCMEPUMEHTTIK 3epTTey »KIHEe KblJy OKLlaynafbil
MaTepuangapabiH, KacueTTepi YWiH TyMipwikTtenreH Kyienepaid, KypbinbIMAbIK CUNaTTaManapbiH
6afanay makcaTtblHAa@ KypAeni reteporeHai Kypblibimaapaarsl $oToGoHOHAbI Kblny 6epy npoueciHiH,
TEOPUANbIK CMNATTaMackl KapacTbipblafaH. TYMipLWIKTI, KeyeKTi Xyrienepaeri xblny 6epy mexaHusmi ete
KypAeni, eUTKEHI bly anmacy eki ¢asafaH (KaTTbl KaHe ras) TypaTblH maTepuanga aHe dasanbik
Wwekapaga Kypeai. CyiblK Kby OKLWaynafrbiw KabbiHaapaa Kbiny 6epy 6ip KatTbl benwekTeH
eKiHwiciHe 6epinyi MymKiH. Byn »kafgalga Kblny OTKI3riWTIK: MaTepuangblH XUMUANBIK KaHe
3/1EMEHTTIK KypamblHa; 6elweKTepaiH rpaHy1oMeTpuacbiHa; 6eT TononornacbiHa — 6eTTiH apPTEKTINiriHe,
6etTe aKkaynapablH, 60nyblHA; GenlWeKTepaiH, KaHacy caHbl MeH jKaHacy almafbiHa 6ainaHbICTbl
6onagpl. Keyekteppe rasgpiH, Kblny 6epyi ras monekynanapbiHbIH, COKTbIFbICYbl apPKbNbl Ky3ere
acbipbinagbl. by OTKI3riWTIK - MonekynanapgpiH, 60C JKypici MeH KeyeKTepAiH CbI3bIKTbIK
eflleMAepiHiH, KaTblHacbl, ra3s ¢asacbiHblH, TemnepaTypacbl MeH AWHAMMKaNbIK TYTKbIPAbIFbl, a3
MOIEKYN1IaNapbIHbIH, KaTTbl ha3ameH e3apa dpeKeTTecy cunatbl apKblabl aHbIKTanaabl. CoyNemeH blny
bepy 6enwekTepaiH, TabuFatbiHa, AMINEKTPAIK, MAarHUTTIK OTKI3riWTiKKe XaHe GenwekTepain, 6eTiHiH,
KapanblK [AeHreiiHe GalnaHbicTbl. TyMipWikTi Kyhenepgeri Kolny 6epyaiH  MymKiH  6onaTbiH
MeXaHU3MIepiH TangJayfa CyileHe OTbIpbIN, KYMEHIH TWiMAai Kby  OTKI3riwTiri  TyhipwikTi
MaTepuangapabliH, Keyek KeHICTiriHiH KypblibIMblHA, TONONOTUAFA KaHe BenlleKTepaiH, }KaHacy caHblHa
6aiinaHbicTbl 6onagbl gen anTyFa 6onaabl. MiHci3 Teric WwapnapaplH, peTTenreH Katnapaapbl TypiHaeri
TYRIPWIKTI MaTepuangap KypblabiMbIHbIH, UAeanfgaHabIpbiAFaH MoAeNnbAepiH KapacTbipa oTbipbin, 6i3
KYPbINbIMHBIH, BipHelle HYCKacbiH anambli3, onap: TePT Kblp/bl, anTblbypbIwTbl, KyOTbIK KanTamackl Hap
Lap Tapisaec.
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OueHKa BAUAHUA CTPYKTYPHDbIX XapaKTEPUCTUK 3€PHUCTbIX CUCTEM
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AHHOTALUMUA

B cTaTbe paccmMaTpuBalOTCA 3KCMEPUMEHTANbHbIE UCCAEA0BaHMA pa3mepa U GOpPMbl CTPYKTYPUPOBAHHBIX
YacTUL, MMKPOKpemHe3ema MeTOAOM Masioyr/ioBOr0 PEeHTreHOBCKOrO paccesHus W TeopeTuyeckoe
onuncaHve $oTOPOHOHHOrO NpoLecca TenonepeAadn B COMKHbIX FeTEPOreHHbIX CTPYKTYpax C Lenbio
OLIEHKM CTPYKTYPHbIX XapaKTEPUCTUK TPaHY/JMPOBAHHbIX CUCTEM A/ CBOWCTB Ten0U30/ALMOHHbIX
maTepuanos. MexaHu3m Tensonepesayn B rpaHy/sIMPOBaHHbIX, MOPUCTLIX CUCTEMAX AOBOJILHO COMKEH,
NOCKO/IbKY TennoobmeH npoucxoauT B maTepuasne, cocTosuiem u3 asyx ¢as (TBepaoit v razoBoi) U Ha
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rpaHuue pasgena ¢as. lNepefaya Tenna B KUAKMX  TEMAOM3OAALMOHHBLIX MOKPbITUAX  MOMKET
OCYLLECTBAATLCA OT OAHOM TBEPAOM YacTULbI K ApYroit. B aTom cnyyae TennonpoBogHocTb 6yaeT 3aBuceTb
OT: XMMMYECKOTO U 3/1eMEHTHOTO COCTaBa MaTepuana; rpaHyJIoMeTpuM YacTuLl; TONOIOTMN NOBEPXHOCTY -
Hannuna HeoaHopogHocCTel, AedeKTOB Ha MOBEPXHOCTU; KONMYECTBA KacaHWM M NOLWAAM KOHTaKTa
Mexay vactvuamu. Tensionepefaya rasa B Mopax OCYLLECTBAAETCA MPU CTONKHOBEHUM MOJIEKYN rasa.
TennonpoBogHoCTb ByaeT onpeaenaTbca COOTHOLEHMeM CBOBOAHOrO npobera MOMEKYN U AUHERHbIX
pa3mepoB nop, TeMnepaTypoi 1 AMHAMUYECKON BA3KOCTbIO ra30Boi $hasbl, XapaKTepOM B3aUMOAENCTBUA
MONeKyn rasa c TBepAoi ¢asoi. Mepedaya Tenna W3NyYEHWEM 33aBUCUT OT MPUPOABI YacTul,
[OV3NEKTPUYECKOW, MAarHUTHOM NPOHULL@EMOCTM U CTENeHU YepPHOTbI NOBEPXHOCTM YacTuL,. OcHOBbIBasACh
Ha aHa/M3e BO3MOMHbIX MEXaHM3MOB TEenaonepesayv B T[PaHYAMPOBAHHbLIX CUCTEMAX, MOMXKHO
yTBEpKAATb, YTO 3PdEeKTUBHAA TENIONPOBOAHOCTL CUCTEMBI 3aBUCUT, MPU NPOYUX PABHbIX YCNOBUAX, OT
CTPYKTYpbl MOPOBOrO MPOCTPAHCTBA MPaHY/AMPOBAHHLIX MaTepuasnos, TOMOMOTMU U  KOJMYecTsa
COMPUKOCHOBEHUI  YacTuu. PaccmaTpvBans MAEanv3MpoBaHHble MOAENN  CTPYKTYpbl  3€PHUCTbIX
MaTepuanoB B BUAE YMNOPAAOYEHHbIX CKNALOK WAEANbHO TNAJKUX LUAPUKOB, Mbl MOXEM MONYYMUTb
HECKOJ/IbKO BapMaHTOB CTPYKTYP: C YETbIPEXTPAHHOM; LIECTUYTONbHOM; KyBUYecKo YNaKoBKOW LUIAPUKOB.
KnioueBble cnoBa: PEHTTEeHOBCKWUI AUPPAKTOMETP, MUKPOKPEMHWI, TennonpOBOAHOCTb, AMATOMMT,
CTPYKTYpa, HaMoAHUTEb.
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