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RESUMO

Introdugao: Nos ultimos anos, na ciéncia dos materiais de construgao, tem havido uma tendéncia para a
introducdo ativa de microesferas ocas de varios tipos para modificar as propriedades dos materiais de
construgdo. As microesferas ocas sdo mais amplamente utilizadas na produgédo de revestimentos isolantes
térmicos liquidos, que reduzem a perda de calor, protegem as estruturas da corrosdo e superaquecimento,
evitam a formacao de condensacao, reduzem o0s custos operacionais e aumentam o tempo entre reparos.
Objetivo: Avaliar a influéncia das caracteristicas estruturais de sistemas granulares nas propriedades de
materiais isolantes térmicos. Métodos: Propbe-se determinar e avaliar as caracteristicas estruturais de pés de
carga pelo método de espalhamento de raios-X a baixo angulo. A caracteristica mais importante deste método
€ analisar a estrutura interna de sistemas desordenados - particulas, espago de poros, interfaces entre
heterogeneidades de substancias heterogéneas. Ao avaliar a condutividade térmica e a resisténcia térmica, o
método de fluxo de calor estacionario foi usado de acordo com GOST 30290-94. A esséncia do método é criar
um fluxo de calor estacionario que passa por uma amostra plana de uma certa espessura e dirigido
perpendicularmente as faces frontais (maiores) da amostra, medindo a densidade desse fluxo de calor, a
temperatura das faces frontais opostas e a espessura da amostra. Resultados e discussoes: O artigo discute
os resultados de estudos experimentais que possibilitaram a criacdo de revestimentos isolantes térmicos
liquidos (LTIC) a base de ligantes poliméricos, pdés minerais finos e um complexo de aditivos modificadores.
Estudos experimentais da estrutura e propriedades de revestimentos de isolamento térmico com base em
ligantes de polimero preenchidos confirmam sua superioridade sobre analogos estrangeiros. Conclusées: Foi
estabelecido que durante a producédo de LTIC, suas propriedades de blindagem térmica podem ser reguladas
alterando: a pressao, a viscosidade do peso molecular do gas; a porosidade da macroestrutura e aglomerados;
a condutividade térmica da fase sodlida e gasosa do sistema; o coeficiente de acomodagéo; numero de
coordenacao; tamanho de particula primaria; dimenséao fractal que caracteriza as caracteristicas topologicas da
estrutura das particulas, agregados, glébulos, aglomerados e sua tendéncia para dissipar a energia das
moléculas de gas.

Palavras-chave: microssilica, condutividade térmica, diatomita, pés minerais, fuligem branca.

ABSTRACT

Introduction: In recent years, in building materials science, there has been a tendency for the active

Perioédico Tché Quimica. ISSN 2179-0302. (2021); vol.18 (n°37)
Downloaded from www.periodico.tchequimica.com
189



introduction of hollow microspheres of various types for modifying the properties of building materials. Hollow
microspheres are most widely used in the production of liquid thermal insulating coatings, which reduce heat
loss, protect structures from corrosion and overheating, prevent condensation formation, reduce operating costs
and increase the time between repairs. Aim: Assessment of the influence of the structural characteristics of
granular systems on the properties of thermal insulating materials. Methods: It is proposed to determine and
evaluate the structural characteristics of filler powders by the method of small-angle X-ray scattering. The most
important feature of this method is analyzing the internal structure of disordered systems - particles, pore space,
interfaces between heterogeneities of heterogeneous substances. When assessing thermal conductivity and
thermal resistance, the stationary heat flux method was used following GOST 30290-94. The essence of the
method is to create a stationary heat flux passing through a flat sample of a certain thickness and directed
perpendicular to the front (largest) faces of the sample, measuring the density of this heat flux, the temperature
of the opposite front faces and the thickness of the sample. Results and Discussion: The paper discusses the
results of experimental studies that make it possible to create liquid thermal insulation coatings (LTIC) based on
polymer binders, fine mineral powders, and a complex of modifying additives. Experimental studies of the
structure and properties of heat-insulating coatings based on filled polymer binders confirm their superiority over
foreign analogs. Conclusions: It has been established that during the production of LTIC, their heat-shielding
properties can be regulated by changing: pressure, the viscosity of the molecular weight of the gas; porosity of
macrostructure and clusters; the thermal conductivity of the solid and gas phase of the system; the coefficient of
accommodation; coordination number; primary particle size; fractal dimension characterizing the topological
features of the structure of particles, aggregates, globules, clusters and their tendency to dissipate the energy of
gas molecules.

Keywords: microsilica, thermal conductivity, diatomite, mineral powders, white soot.

ABCTPAKT

BBeaeHue. B nocneaHue rogbl B 06nacT CTPOMTENbHOTO MaTtepuanoBeeHuss HaMmevaeTcs TeHAeHUNs
aKTMBHOrO BHeApEeHWs Monbix MUKpocdhep pasnuMyHOro BuAa Ans mMoaAndMKauum CBOWCTB CTPOUTENbHbIX
matepuanos. Hanbonee wnpokoe npuMeHeHue nonble MUKpocdepbl HaxogAT npu NPOU3BOACTBE XUOKMX
TeNnnou3onsAUMOHHbIX MOKPbITUIA, KOTOPblE CHWXaKT TennonoTtepu, 3alyalT KOHCTPYKUUW OT KOppo3uu u
neperpesoB, NPenATCTBYIOT 06pa3oBaHUO KOHAEHcAaTa, NMO3BOMSAT CHU3WUTb 3KCMNyaTauuoHHble 3aTpatbl U
YBEMNUYUTL CPOK MEXPEMOHTHOW criyx0Obl. Llenb. OueHka BNUSHUS CTPYKTYPHBIX XapakTepuCTUK 3epPHUCTbIX
CUCTEM Ha CBOWCTBA TENNOM3ONAUMOHHLIX MaTepuanos. Metogbl. OnpegeneHne M OUEHKY CTPYKTYPHbIX
XapaKTepuCTVK NOPOLUKOB HanonHuTenen npegnaraeTcs BbiNOMNHATL METOAOM MarnoyrioBOro pPeHTreHOBCKOro
paccesHus. BaxHerwen ocobeHHOCTbIO AaHHOro MeTtoda SBMASETCH BO3MOXHOCTb aHanu3a BHYTPEHHEN
CTPYKTYpPbl pa3ynopsifoOYEeHHbIX CUCTEM — YacTul, NOPOBOr0 MPOCTPAHCTBA, MOBEPXHOCTEN pasgena mexagy
HEOAHOPOAHOCTAMU reTeporeHHbIX BewecTs. [pu oueHke TennonpoBOAHOCTU W TEMMOBOro COMPOTUBIEHUS
NPUMEHANN MeToh CTauuMoHapHOro Tennosoro notoka B cootBetcTBMM ¢ [OCTam. CyuwHocTb MeTtoaa
3aKnoyaeTcsa B CO34aHWM CTaLMOHApPHOro TEennoBOro MOTOKa, MNPOXOAsilero 4vepes mnrockun obpasel
onpeneneHHon TOMNWMHBI 1 HaMpaBfeHHOro NeprneHAMKYNsapHO K nuueBbiM (Hanbonblwmm) rpaHam obpasua,
M3MepeHUn MNMOTHOCTM 3TOro TEMNfioBOro MOTOKa, TemnepaTypbl MPOTMBOMOMOXHBLIX NWUEBbIX rpaHen u
TonwmHbl obpasua. PesynbTaTbl M ob6cyxpaeHue. B ctatbe paccMOTpeHbl pesynbTaTbl 3KCNepUMeHTanbHbIX
nccnegoBaHui, KOTopble MO3BONAT CO34aBaTb KUAKMX TEMNOM30MsUMOHHbIX MokpbiTui (PKTI) Ha ocHoBe
NMOMUMEPHBLIX CBA3YIOLWMNX, TOHKOAMCNEPCHBbIX MUWHEpParbHbIX MOPOLUKOB WM KOMMMEKca MOANMULIMPYIOLLIMX
AobaBok. [lpoBedeHHble 3KCnepuMeHTanbHble UCCNneaoBaHUs CTPYKTYpbl M CBOWCTB TENOM3O0SALMOHHbLIX
MOKPLITUA, Ha OCHOBE HAMOSIHEHHbLIX MONIUMEPHBLIX CBA3YIOLWMX, MNOATBEPXKAAT WX NPEBOCXOACTBO Hafg
3apybexHbiMu aHanoramu. 3akntoyeHue. YcTaHoBneHo, 4to npu npoussogactee KT nx TennosawmTHble
CBOWCTBA MOXHO perynupoBaTb MyTeM UW3MEHEHUs: [OaBreHusi, BS3KOCTM MOMEKYNApHOro Beca rasa;
NMOPUCTOCTN  MaKPOCTPYKTYpbl W KracTepoB; TennonpoBOAHOCTM TBEpAOW W rasoBol @asbl  CUCTEMBI;
KoatpdmumeHTa  akkomopauuu;  KOOPAMHALMOHHOIO 4ucra; pasmepa MepBUYHBLIX YacTul; dpakTanbHon
pasMepHOCTU, XapakTepusylollen TOoMmonormyeckne OCOBGEHHOCTM CTPOEHUst YacTuu, arperaTos, rnobyn,
KNacTepoB W MX CKIIOHHOCTb K AMCCUNaLuy SHeprum Monekysn rasa.

KnioueBble cnoBa: MUKPOKpeMHe3zeM, KoaghghuyueHm mernnonpogsodHocmu, dAuamomum, MUHepasbHbIe
rnopowku, benas caxa.

1. INTRODUCTION: market. To the already existing and well-proven
polystyrene foam, mineral wool heaters, more
There is a wide selection of various and more new materials are added, which

thermal insulation materials on the construction mManufacturers offer to use to consumers in
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various climatic and building conditions (Danilov
V. |, 2014; Selyaev V. P., 2012; Golovanova L.
A., 2014).

Relatively recently, some companies
began to offer modern ultra-thin liquid composite
heat-insulating coatings for insulating house
facades, as well as engineering communications.
According to the manufacturers themselves, the
use of such heat-insulating materials can lead to
significant energy savings (Komkov V. A., 2010;
Beregovoy A. M., 2008). However, the thermal
and physical properties of the presented heat-
insulating coatings have not yet been fully
studied. Available studies by various authors
(Shirinyan V. T., 2007; Golovach Yu. Yu., 2008;
Maneshev I. O., 2013; Loginova N. A., 2010) on
the determination of the thermal conductivity
coefficient of the same types of liquid thermal
insulation coatings (LTIC) often show a significant
difference.

One of the most important parameters
determining the thermal insulation properties of
materials based on microstructured mineral
powders (silica, diatomite) is thermal conductivity.
Knowing some characteristics of dispersed
systems, such as the size, thermal conductivity of
the material of primary particles, the filling
method, and some others, it is possible to
theoretically calculate the thermal conductivity of
granular systems based on the polystructural
theory of Solomatov V.I. (Solomatov V. 1., 1991)
and the model of. Dulnev G. N. (Dulnev G. N.,
Zarichnyak Yu. P., 1974).

In this regard, it was decided to conduct
experimental studies of the thermal conductivity
of liquid heat-insulating coatings to identify their
true values and dependence on the composition
and properties of the main components.

2. MATERIALS AND METHODS:

2.1.1. Materials and methods for determining the
thermal conductivity of LTIC

To study the properties (distribution of
inhomogeneities in size, particle size,
topography, and shape of nanoobjects) of
microdispersed materials were used the small-
angle X-ray diffractometer Hecus S3 MICRO.

In the analysis of the internal structure of
disordered systems - particles, pore space,
interfaces between inhomogeneities of
heterogeneous substances, small-angle X-ray
scattering was used based on the diffraction
method, which is widely used to study highly

dispersed powders.

As the scattering coordinate, were used
the magnitude of the scattering vector modulus s
= 4171 sinB/A, where 20 was the scattering angle, A
= 1.5418 A is the wavelength of the radiation
used. The 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 11)/S, in the range of
2 to 60 nm.

The methods for determining the
coefficient of thermal conductivity of thin-layer
heat-insulating coatings given in (Anisimov M. V.,
2015; Selyaev V. P. et al., 2018; Khabibullin Yu.
Kh., 2015; Pavlov M. V., 2014) in accordance
with the following methods based on the following
GOSTs for determining the thermal conductivity
coefficient. Undoubtedly, when conducting
research, it is advisable to use GOST test tools
(test tools with methods for each GOST are given
below) (GOST 30290-94, 1996; GOST 7076-99,
2000; GOST 28574-90, 1991; GOST 52487-2005
(ISO 3251:2003), 2007) which allows obtaining a
reliable, reproducible assessment of the studied
characteristics. ~ When  assessing thermal
conductivity and thermal resistance, the method
of stationary heat flux was used accordingly to
(GOST 30290-94, 1996; GOST 7076-99, 2000;
GOST 28574-90, 1991; GOST 52487-2005 (ISO
3251:2003); 2007).

According to the composition (formulation)
of liquid thermal insulation coatings, the following
methods were used:

- Determination of thermal conductivity
and thermal resistance in the stationary thermal
regime of the LTIC following GOST 7076-99.

The essence of the method is to create a
stationary heat flux passing through a flat sample
of a certain thickness and directed
perpendicularly to the front (largest) faces of the
LTIC, measuring the density of this heat flux, the
temperature of opposite front faces, and the
thickness of the sample.

Thermal conductivity was determined on
an ITS-1 device after preparing a sample of a
rectangular parallelepiped.

The following devices are used to test
LTIC:

- for measuring effective thermal
conductivity and thermal resistance - ITS-1;

- device for determining the thickness -
vernier caliper;

- drying electrical cabinet, - ShS-80-01-
SPU up to 200 °C;
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- laboratory scales for general purpose -
maximum load no more than 1 g, actual scale
division from 1 to 0.01 mkg.

Determination of thermal conductivity:

- preliminarily prepared liquid composite
heat-insulating coatings were applied to glass
with a size of 150x150 and a thickness of 3 mm.
The thickness of the applied layers was from 1 to
2-6 mm, £ 0.02-0.03 mm, and drying was carried
out within 24 hours to constant weight. On each
sample, presetting the thickness from 1 to 6 mm,
the heat flux density, thermal resistance, and
thermal conductivity coefficient were determined
for the ITS-1 devices. According to the ITS-1
device, the surface of the heater and refrigerator
plates are made of metal. The deviation from the
flatness of the working surfaces should be no
more than 0.025% of their maximum linear size.

- Thermal conductivity of LTIC in

accordance with GOST 30290-94.

This method applies to building materials
and products with thermal conductivity from 0.02
to 1 W/m-K and establishes a method for non-
destructive accelerated determination of thermal
conductivity in the temperature range 278-313 K
(5-40 °C).

The method consists of creating a one-
sided short-term heat pulse on the surface of the
product and recording the temperature change on
this surface.

The tests were carried out with a steady
thermal equilibrium between the investigated
LTIC, the body of the primary transducer, and the
environment, for which the primary transducer
was installed on the surface of the LTIC prepared
for testing following this GOST 30290-94, and
held until steady readings appeared on the
display of the second measuring device.

The following devices are used to test
LTIC:

- thermocouple;

- voltmeter;

- device for determining the thickness -
vernier caliper;

- drying electrical cabinet, - ShS-80-01-
SPU up to 200 ° C;

- laboratory scales for general purpose -
maximum load no more than 1 g, actual scale
division from 1 to 0.01 mkg.

Determination of thermal conductivity:

- preliminarily prepared liquid composite
heat-insulating coatings, as in GOST 7076-99,
were applied to glass with a size of 150 x 150
and a thickness of 3 mm (samples must have a

flat surface to accommodate the primary
converter and ensure thermal contact between
them). The thickness of the applied layers was
from 1 to 2-6 mm, + 0.02-0.03 mm, and drying
was carried out within 24 hours to constant
weight.

For testing thermal conductivity, a
measuring complex is used: a primary transducer
designed to convert a pulse of electrical energy
into thermal energy and create an electrical
signal characterizing the change in the surface
temperature of LTIC product under the influence
of a thermal pulse and a secondary meter for
recording an electrical signal.

The used GOST 30290-94 is not the main
one, but rather auxiliary and comparative.

- Adhesion of protective coatings for LTIC
following GOST 28574-90.

When testing the adhesion of coatings in
laboratory conditions, on each type of element of
the protected structure, five places were selected
at a distance of at least 300 mm from one
another, and metal disks were glued to the
coating in accordance with GOST.

The essence of the method consists in
measuring the force required to detach the
coating from the protected concrete surface in the
direction perpendicular to the plane of the coating
using a glued metal disk and a dynamometer.

The following devices and apparatuses
are used to test LTIC:

- press for testing materials in tension with
a maximum force of 10000 N;

- a device for cutting paint and varnish
coatings near glued metal discs;

- organic solvents according to
materials for the test coatings;

- drying electrical cabinet, - ShS-80-01-
SPU up to 200 °C;

- laboratory scales for general use -
maximum load no more than 1 g, actual scale
division from 1 to 0.01 mkg;

- metal spatula;

- metal (wire) and hairbrush;

- sandpaper for dry sanding.

the

Determination of adhesion of LTIC:

Preliminarily prepared metal discs 25 mm
high and 20 or 50.6 mm in diameter with a hinge
for transferring tensile forces and plates with
dimensions of 100x100 mm and a thickness of at
least 40 mm, made of cement-sand mortar
composition. On the surface of the slabs, a layer
of LTIC from 1 to 2-6 mm, £ 0.02-0.03 mm is
applied and dried within 24 hours to constant
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weight. At the end of the holding (drying) period,
metal disks are glued to the LTIC coating of the
samples. Determination of the adhesion of
coatings to the surface of the structure is carried
out at the end of the period of complete curing of
the adhesive by tearing the metal discs from the
plate.

- Mass fraction of non-volatile substances
according to GOST 52487-2005.

The essence of the method consists in
drying a cup with LTIC in an oven at a
temperature of 80 °C, a heating time of 60
minutes, and determination of the mass of the dry
residue on the cup according to GOST.

The following devices and apparatuses
are used to test the LTIC:

- a flat-bottomed cup made of metal or
glass with a diameter of (75 £+ 5) mm and a side
height of at least 5 mm;

- drying electrical cabinet ShS-80-01-SPU
up to 200 °C;

- analytical
accuracy up to 0.1 mg;

- a desiccator with a suitable desiccant
such as dry silica gel.

balance with weighing

Determination of the mass fraction of non-
volatile substances of LTIC:

According to GOST 52487-2005, the dish
was degreased and cleaned; the mass of a clean,
dry dish (mo) was determined with an accuracy of
1 mg. Then, the LTIC for testing was weighed to
an accuracy of 1 mg in a dish (m4) and evenly
distributed over the bottom using a tared metal
wire. After weighing, the cup (m1) was placed in
an oven preheated to a predetermined
temperature, and the cup was kept in the
cupboard for a predetermined heating time. At
the end of the heating time, the dish was
transferred to a desiccator and cooled to room
temperature, and the (m2) dish with the residue
was determined to the nearest 1 mg. The mass
fraction of non-volatile substances NV, %, was
determined using the following Equation 1:

_ (g —mp)
(ml _mu)

100
(Eq.1)

2.1.2. Prediction of thermal conductivity and
assessment of the influence of the structural
characteristics of granular systems on the
properties of thermal insulation materials

The features of structural heterogeneities

of microsilica (Maneshev [I. 0., 2013;
Dombrovsky L. A., 2005; Selyaev V. P., 2012)
and natural diatomite of the Utesai deposit, as
well as a powder-filler of a vacuum insulating
panel, were investigated using the method of
small-angle X-ray scattering.

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 s = 4n
sinB/A, where 260 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 till 0,40 A-', which made it
possible to study inhomogeneities with linear

dimensions L ~ z—f , within 2 ... 60 nm. In Figure 1

shows the experimental small-angle X-ray
scattering curves of the natural diatomite of the
Utesay field and the filler powder of the insulating
panel. The scattering indicatrices of the other
three microsilica are similar to the small-angle X-
ray scattering curve.

It was used the China city method
(Selyaev V. P., 2012), the small-angle X-ray
scattering curves were rearranged into the
coordinates lmf(s) — s of the dependences
shown in Figure 2. Pore size distribution curves
for dispersed microsilica have pronounced
maxima; a similar natural diatomite function is
bimodal. Table 1 shows the results of the
analysis of distribution curves - the maxima of the
distribution functions ds; average values of linear
dimensions of scattering inhomogeneities <d>;
variances of distribution functions Ad.

The fractal characteristics of all studied
materials are shown in Table 2.

Dispersed microsilica obtained from
natural diatomite, and natural diatomite, has three
types of scattering inhomogeneities, two of which
are mass fractals with dimensions D = 2.32 and
D = 2.13. The scale of such objectsisd =4 + 8
nm. Small-scale pores d = 8-40 nm have rather
heavily indented interfaces with fractal
dimensions (Ds = 6-a = 2.64). Condensed silica
fume (production waste) does not have X-ray
scattering inhomogeneities attributed to mass
fractals. The surfaces of SiO. particles - pores
have a fractal dimension Ds = 2.40. White soot
contains fractal clusters of pore space with linear
dimensions of 4 - 25 nm. The interface surfaces
of larger scattering formations (25-40 nm) are
strongly indented - their fractal dimension is Ds =
2.83. The scattering curve lgi{s) lg& of the
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filler powder has two crossover points: branched
porous aggregates with dimensions of 20-40 nm
have a fractal dimension D = 2.59, and
irregularities on a scale of 12-20 nm have a
highly irregular surface ¢ Ds = 2.70. Also, 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), layers of scattering inhomogeneities with
a lower electron density than that of silicon
dioxide (parameter a=4.10) are possible.

2.1.3 A fractal model of heat transfer and the main
parameters of a granular system affecting the
thermal conductivity of a liquid thermal insulating
coating (LTIC) product

The heat transfer mechanism in granular,
porous systems is rather complicated since heat
transfer occurs in a multiphase material.

Heat transfer in LTIC can be carried out
from one solid particle to another (inductive
component—4£,). In this case, thermal
conductivity will depend on: the chemical and
elemental composition of the material; particle
size distribution; surface topology - the presence
of inhomogeneities, defects on the surface; the
number of touches, and the area of contact
between the particles.

It has been experimentally established
that in the process of condensation in a colloidal
solution from particles of silicon oxide, which
have a size of 1/3 nm and are nuclei, particles
with a size of 5/7 nm grow.

After that, the aggregation of particles
begins, and the formation of globules with a size
of 20-40 nm, from which clusters of a globular
type with a size of 300/400 nm are formed.
Depending on the conditions of synthesis and the
process of cluster formation, the size of globules
can reach sizes up to 1200 nm (Boldyrev, P.P.,
1989). Then these globules form a
macrostructure with a cubic or other type of
packing.

The change in the particle size distribution
of microsilica during the synthesis was recorded
using a Shimadzu SALD 3101 particle size

analyzer and an OLYMUSGX - 71 inverted
microscope.
The obtained micrographs and

granulometric histograms are shown in Figure 3
and Figure 4.

In the synthesis process, an opal
microsilica structure is formed, which can be

represented as a fractal model (Figure 5), which
is represented as a fractal cluster with a
coordination number K = 2.2 with a sticking
probability P =1 and if P= 0.2, then K= 2.514.

Equation 2 relates the cluster radius R
and the number of particles in it n (Selyaev V.P.,
2012):

n=(°

fo

(Eq.2)

where #; - is the radius of an individual
particle; D - fractal dimension of the cluster.

The mass of the formed cluster m is
related to the radius R by Equation 3:

m=m,(2)° (Eq3)

r-0

To determine the parameters of the fractal
model using a diffractometer, we obtained the
experimental dependences of the scattering
intensity J{¥) on the scattering vector modulus S
for amorphous silica synthesized from diatomite
(Figure 6).

The  character of the obtained
experimental small-angle scattering curves [(&]
indicates two systems of relatively homogeneous
scattering clusters in the synthesized microsilica.
Clusters with a size d = 40.6 nm represent the
first; the second —d =7.5+ 14.9 nm = 10.1 nm.
The size distribution of the scattering particles of
the synthesized silica is shown in Figure 7. From
the analysis of the graph, it follows that small-
scale fractal formations make the main
contribution to the scattering of radiation with a
size d = 4/8 nm.

Consequently, the dispersed powder of
amorphous silica of silicon dioxide contains three
types of scattering objects of the nanoscale level
with different fractal dimensions.

Fractal properties of porous systems
made of amorphous silica are shown in Table 2.

The results obtained make it possible to
calculate the maximum pore size R, using
Equation 4, which has the form:

1

Rowe = o (%) 6-D) (Eq.4)

where 1;- the size of the primary particle
of silicon dioxide; - true density SiOj; & -
density of matter in a cluster of size r; D - fractal
dimension.
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The density of the matter in a cluster of
size r (Equation 5):

p(r) = p, (%0)“’ (Eq. 5)

From Equation 5, one can obtain the
relationship between the average density &(r)
and the cluster size r.

The results of calculating the average
density of clusters are shown in Table 3. Two
cases were considered: 1 - primary particle size
n,=1; 2 - i, = Z. Particle density g,=2.2 g/m?3,
fractal dimension D = 2.5.

The ratio between the density p and the
porosity P, the porosity of the granular system
was determined by Equation 6:

P =1-pi/po (Ea.6)
The calculated values of density and
porosity are shown in Table 3.

The last row of Table 3 shows the values
of the maximum pore sizes of clusters in the
process of their growth, which are calculated by
Equation 7:

(a-en (Eq.7)

Rmn‘x =75 (FI}-‘{F&:{L{

According to the literature data, the free
path of a molecule in the air
is £ = 1.1 -10"%cm — 11nm. Then the Knudsen
criterion K, = £/d equal to the ratio of the mean
free path of gas molecules fk to the distance d
between the walls limiting the volume, in almost
all cases will be less than 1, K, = /2R < 1.
Consequently, a convective heat transfer
mechanism is realized in the pores of the system.

At low pressures, P and temperatures T,
heat transfer by gas molecules in the pores will
occur when they collide with the pore walls.

Consequently, the thermal conductivity of
granular fillers LTIC will depend on the
accommodation coefficient, which characterizes
the degree of completeness of energy exchange
when a gas molecule collides with a surface. It is
always less than one.

The value of the coefficient u depends on
the surface topography. The more irregularities,
defects on the surface, the greater the values a.
This  conclusion has been established

experimentally.

The topography of the solid phase surface
of the pore structure is estimated by fractal
dimension D.

2.1.4 Experimental studies of the structure and
properties of LTIC

In the course of the experimental study,
the following were evaluated: density in the liquid
and dry state, thermal conductivity (GOST 7076-
99, 2000; GOST 3029094, 1996. GOST -
Government standard), adhesive strength to
concrete bases (GOST 28574-90; 1991) and the
mass fraction of non-volatile substances (GOST
52487-2005; 2007). The thermal conductivity of
LTIC was determined using an ITS-1 device
based on the method of stationary flows. The
equipment and methods of the experiment are
described in the above section “Materials and
methods” for determining the thermal conductivity
of LTIC for each GOST.

The search for optimal solutions was
carried out based on scalarization methods and
experimental-statistical modeling based on the
concept of material property fields. The
optimization of the compositions was carried out
to achieve 4 minimum characteristics in terms of
thermal conductivity and density in dry and liquid
states while ensuring sufficient adhesion
characteristics.

3. RESULTS AND DISCUSSION:

1. Based on the data obtained, it has been
experimentally proved (Figure 8) that the
optimization of the compositions of LTIC makes it
possible to reduce the thermal conductivity of the
coatings to 0.05V/m-K, which is comparable to
those for the Korund LTIC (0.0546 V/m-K) and
lower than for the lIsollat LTIC (0.0713 V/m-K).
The study of the adhesion characteristics of LTIC
showed that the highest adhesive strength is
possessed by compositions containing: 24%
acrylic dispersion, 5% diatomite, and 2+6% white
soot.

2. Based on the experimental study, the
compositions of LTIC have been developed that
have high-performance characteristics that are
not inferior, and sometimes even surpass the
compositions adopted in comparative tests as
standards (Gladkov S. O., 2008; Inin A. E. et al.,
2013; Druzhinina T. Ya., 2013; Vasilyeva I. L.,
2018; Abramyan S. G. et al, 2018). The
technological scheme of the production process
has been developed.
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3. Sequentially applied 6 layers of thermal
insulation coating with a thickness of about each
layer 1 mm with intermediate drying for 24 hours.
The number of layers and the thickness of the
coating by the coefficient of thermal conductivity
on glass with dimensions of 150 x 150 mm and a
thickness of 3 mm. Using the ITS-1 device at
each stage, equivalent indicators were
determined: heat flux density, thermal resistance,
and thermal conductivity coefficient of three-layer
samples. The results obtained are presented in
Table 4.

4. It has been experimentally established
that the effective thermal conductivity of LTIC
based on heterogeneous finely dispersed
granular systems even at atmospheric pressure
may be lower than the thermal conductivity of the
gas filling the pores (Table 4).

5. From the analysis of the data obtained,
it was established that the equivalent heat flux
density of three-layer flat samples, depending on
the thickness of the heat-insulating layer, is
described by a logarithmic dependence by
Equation 8:

Qog. = 14L9% — ZL36 L, (G (Eq. 8)

Equivalent indicators of thermal resistance
and thermal conductivity coefficient - linear
Equations 9 and 10 of the form (Maneshev I. O.,
2013):

Rop = 0.0292 + 0.010% - (8y1c) (Eq. 9)

Agg. = 01747 — 0.0085 (8ypc) (Eq. 10)

The calculated data (Equations 9 and 10)
on the change in the coefficient of thermal
conductivity of LTIC from the number of coating
layers are presented in Table 4 and Figure 9.

It has been established that with an
increase in the thickness of the coating in the
range from 1 to 6 mm, an increase in A nic from
0.0358 till 0.0739 W/m-K is observed. The largest
change in d;z- with an increase in the coating
thickness was recorded in the interval 1+2 mm
with the stabilization of the indicator for coatings
with a thickness of 4+6 mm. The coefficient of
variation of this indicator over the entire
investigated interval is 22.9%; narrowing of the
investigated range of coating thicknesses leads
to its significant decrease: 9.43% - for 2+6 mm;
5.363% - for 3+6 mm; 2.01% - for 4+6 mm;
2.37% - for 5+6 mm.

The results obtained indicate that this
technique is promising, based on using the ITS-1
thermal conductivity meter for evaluating the
thermal-physical indicators of thin thermal
insulating coatings. For stable performance, it is
advisable to research thermal insulating coatings
with a thickness of 3/6 mm.

6. To predict the thermal conductivity of
LTIC, topological models can be used that take
into account the fractality of the structure of
granular fillers and coating material.

7. It has been found that dispersed
microsilica obtained from natural diatomite has
three types of scattering inhomogeneities 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).

The results obtained confirm the presence
of developed pore space of particles and
agglomerates of dispersed silicon dioxide of
nanometer sizes, which can be used to reduce
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.

Analysis based on obtained gives grounds
to believe that dispersed microsilica obtained
from diatomite is most suitable: for creating a new
generation of thermal insulation materials; as
fillers for LTIC, VIP (VIP-vacuum insulation
panel).

4. CONCLUSIONS:

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

2. Based on the research work carried
out, it has been established that an additional
decrease in thermal conductivity is possible due
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to the optimization of the compositions of binders
and the use of mineral fillers with low density.
The performed analysis showed that the most
promising fillers from this point of view are white
soot and powders with an opal structure
synthesized from diatomite’s.
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Figure 1. Small-angle X-ray scattering curves of dispersed powders:
1 - natural diatomite; 2 - filler powder.
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Figure 2. Size distribution of scattering inhomogeneities:
1 - natural diatomite; 2 - dispersed microsilica obtained from diatomite; 3 - condensed
microsilica; 4 - white soot; 5 - filler powder.
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Figure 3. Particle size distribution of synthesized silicon dioxide determined experimentally
using a Shimadzu SALD 3101 analyzer
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Figure 4. Image of particles of amorphous silicon dioxide synthesized from diatomite, obtained
using an OLYMUSGX - 71 invented microscope
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Figure 5. Fractal model of the structure of dispersed microsilica: a) primary particle; b) fibrillar
(chain) cluster; c) globular (spherical) cluster; d) associated cluster (CCA); e) the spatial framework
of the macrostructure made of CCA clusters.
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Figure 6. Scattering intensity [( %) versus the scattering vector modulus S for amorphous silica
synthesized from diatomite
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Figure 7. Size distribution R (in angstroms A) of synthesized silica scattering particles

7 . R

0.06

N s

___L} | N E:E | " »

0.075

0.075
L  0.05 femeten
38 JI -

32

28

0.075

a b
Figure 8. Isolines of changes in the thermal conductivity of LTIC depending on the content of
diatomite, silica, and acrylic dispersion: a - 16%, b - 20% (White soot content in% of binder mass)
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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 microsilica obtained 8 12 3-18
from diatomite
Condensed silica fume 22 26 10-34
White soot 2 13 2-21
Powder - filler 20 20 8-37
Table 2. Fractal characteristics of the investigated materials
No. Material As, A7 a D Ds d, nm
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 0.016 — 0.025 2.32 2.32 25-40
obtained from diatomite 0.025 -0.080 2.13 213 8-25
0.080 — 0.160 3.36 2.64 4-8
3 Condensed silica fume 0.016 — 0.160 3.60 2.40 4-40
4 White soot 0.016 — 0.025 3.17 2.83 25-40
0.025-0.160 2.66 2.66 4 -25
5 Powder - filler 0.016 — 0.032 2.59 2.59 20 -40
0.032 - 0.056 3.30 2.70 12 -20
0.056 — 0.160 410 4-12
Table 3. Density and porosity of silica clusters synthesized from diatomite
i 0 1 2 3 4 5 6
T3, 1NN 1.0 5.0 10.0 40.0 100.0 300.0 1200.0
Ty (1) fr 1.0 0.2 0.1 0.025 0.01 0.003 0.00083
e el 22 0.97 0.7 0.35 0.22 0.132 0.066
Pl(r;.j,% 0 56 68 84 90 94 97
e TRy 1 0.4 0.2 0.05 0.02 0.006 0.00166
e (v gl 2.2 1.39 0.98 0.49 0.311 0.18 0.089
P, Er,:l,% 0 37 56 78 86 92 96
By e T8I 4 9.98 20.2 80.6 201 595 2440
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Table 4. Measurement of thermal-physical parameters of three-layer samples depending on the
number of layers and the thickness of the liquid thermal insulating coating

Layer Thickness Equivalent Equivalent Equivalent thermal Thermal
numbe | of applied heat flux thermal conductivity conductivit
r layers, mm | density g, | resistance ., coefficient, y
W/m? m2K/W Ag g » Wim-K coefficient
Agric,
W/m-K
1 1.01 0.043 142.4 0.163 0.0358
2 1.99 0.049 125.9 0.163 0.0581
3 2.94 0.060 118.7 0.149 0.0651
4 4.08 0.072 114.0 0.140 0.0713
5 4.87 0.083 106.6 0.131 0.0714
6 5.98 0.096 104.0 0.125 0.0739
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