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«HaHOTexXHONOrnN B CTPONTENbCTBEY — PELIEH3VPYEMbIN HAaYUHbI XKypHaJl.

OCHOBHOI1 LieNblo XXypHana ABnsaeTcA MHGpopMaLMOHHOe obecrneyeHne NpoLecca CO3faHNA U BHeAPEeHUA B Mpe HayKo-
eMKUX TEXHONOruiA (Mpexae BCero — HAHOTEXHOOMMYECKON NPOAYKLMM) B 0611aCTU CTPOUTENBCTBA, XKUMLLHO-KOMMYHaNbHOTO
X03ACTBA, CMEXHbIX OTPACNEN (MPOMBbILLIEHHOCTH, SHEPTETUKM U Ap.).

OcHOBHbIe 3agaun:

« [pepocTaBrieHrie yYeHbIM 1 CrelmnannucTam 13 pasHblX CTpaH BO3MOXHOCTM Ny6MKoBaTb pe3ynbTaTbl CBOMX UCCIef0BaHWUI
1 nosyyatb MHGOPMALIMIO O COBPEMEHHbBIX TEXHONOMMAX 1 MaTepurarnax, BbiIcokoaddeKTrBHOM 060pyaoBaHMM B 0611aCTLN CTPO-
NTENbCTBA, XUINLLHO-KOMMYHASIbHOTO XO3ANCTBA, CMEXHbIX OTpacsiel (MPOMbILLIEHHOCTH, SHEPreTUKN 1 ap.).
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KpYrblX CTONax U T.4.) 0 HAHOVHAYCTPUU U MPUKIAAHbIM BOMPOCaM HAHOTEXHONOTMMIA B 061aCTV CTPOUTENBCTBA U XKUSNLLHO-
KOMMYHaNbHOTO X03ANCTBa, UMEIOLLMX aKTyalbHOe 1 NepcrneKTUBHOE NPaKTUYecKoe 3HaYeHue.

KypHan nspaetca c 2009 ropa. NepnoanYHOCTb — 6 HOMEPOB B oA,

B xypHane ny6nunkyiorca pa6oTbl o cieAyloWmnM TeMam: CoO3AaHNne HOBbIX GyHKLMOHaNbHbIX MaTepuanos; pa3paboTka Teo-
pyn $OPMMPOBAHMA MPOYHOCTU N HEMPOHULLAEMOCTV HAHOCTPYKTYPUPOBAHHBIX CMCTEM; NPOGIEMbl MPYIMEHEHUA HaHOMaTepw-
arnoB 1 HAHOTEXHOMOT U B CTPOUTENbCTBE U CTPOMUTENbHBIX MaTepuranax; AUarHOCTVIKa HAaHOCTPYKTYP U HaHOMaTepranoB CTpou-
TeNbHbIX CUCTEM; TEXHONOTUW UCCIIe[0BaHNA CBOMCTB HAHOMATEPMASIOB; TEXHONOTMMYECKME NPVHLMMbBI CO3AaHUA HAHOCTPYKTYP
(pacnnasbl, 30Nb-renieBbli CMHTE3 U Ap.). TemaTnKa CTaTell MOXeT OblTb UHOW, MPAMO U KOCBEHHO CBA3AHHOW C MEPEUNCIIEHHBIMA
HanpasieHNAMM.

KypHan npuHMmaet K ny6nukaumnm: opurviHanbHble cTaTbi, 0630pbl, ANCKYCCMOHHbIE MaTepurasbl, KOMMEHTapun, Apyrue nH-
bopmaLMoHHbIe MaTepranbl.

A3bIK N3paHNA: PyCCKNN; aHIMNNCKNIA.

ABTOpamMu 1 YMTaTENAMU N3AAHUA ABNAIOTCA:

+  CTYAEHTbI, NperofasaTeny, acnpaHTbl U JOKTOPaHTbI BY30B;

+  Y4YeHble 1 CeunanmncTbl HayYHO-NCCIE[0BATENbCKUX UHCTUTYTOB U HAHOTEXHOMOTMYECKIX LIEHTPOB;

«  PYKOBOAMTENW U CMELMaNNCTbl YUPEXAEHNI, OPraHmn3aLmin 1 NPeanpuaTUin CTPOUTENBHOTO KOMIIEKCA U XKUULLHO-KOMMY-
HasIbHOrO XO3AICTBa;

+  y4eHble U CNeLNanncTbl CMEXHbIX CO CTPOUTENIbCTBOM OTpacheit;
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The SCIENCE INDEX performance indicators
of the journal “Nanotechnology in Construction”
have improved for the year 2022

cLIBRARY.RU

The SCIENCE INDEX ratings for the journal have been published on the website of the Scientific
Electronic Library eLIBRARY.RU. Here are the achievements of the journal “Nanotechnology in
Construction” for 2022:

« Overall ranking in the SCIENCE INDEX for 2022: 260 out of 3866 scientific journals
(compared to 291 in 2021).

« Percentile in the SCIENCE INDEX ranking for 2022: 7% (compared to 8% in 2021).

- Ranking in the Science Index for 2022 under the category “Construction. Architecture”:
4 out of 83 scientific journals.

You can find more details on the following link: https://www.elibrary.ru/title_profile.asp?id=28655

We would like to congratulate the authors and readers of the journal on this achievement!
This result was made possible through the active collaboration and support of the editorial board
members, the high-quality contributions from the authors, adherence to the editorial guidelines,
comprehensive evaluation of articles by reviewers, and the dedicated and professional approach
of our editorial staff.

The motto of the journal since its foundation has been “GIGA success is being built from NANO”,
and over the past 15 years, this has increasingly become a reality.

We extend our sincere gratitude to all those who contribute to the publication of the journal,
as well as the leading Russian and foreign scientists and specialists who utilize the journal’s
materials in their publications.

We invite leading scientists and specialists to submit their research materials for publication
in our journal.

We look forward to continued fruitful cooperation.

If you have any questions, please contact us via e-mail: info@nanobuild.ru

n”

Publishing House of the journal “Nanotechnologies in Construction
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K ABTOPAM U YATATEJIAM

3HaueHme nokasaTteneun SCIENCE INDEX
XKypHana «<HaHOTexHOoJ/Iorum B CTPOUTENbCTBE»
3a 2022 rog noBbICUNOCDH

cLIBRARY.RU

Ha canite HayuHown anekTpoHHow 6ubnunotekn eLIBRARY.RU onybnnkosaHbl nokasatenun SCIENCE
INDEX xypHanos 3a 2022 roa. lNoka3aTenwu xypHana «HaHoTexHonornm B ctpoutenbcTee» 3a
2022 roa NOBbICUNCD:

« mecToBo6wem penTuHre SCIENCEINDEX 322022 roa-260wu3 3866 nusganui (8 2021 rogy -
291 mecTo);

« npoueHTunb B penituHre SCIENCE INDEX 3a 2022 rog - 7% (8 2021 rogy — 8%);

« mecTo B pentuHre SCIENCE INDEX 3a 2022 rop no tematuke “CtpontenbcrBo. ApXnUTeKkTy-
pa” -4 wu3 83 nsgaHun.

Ccbinka — https://www.elibrary.ru/title_profile.asp?id=28655

Mo3apaBnaem aBTOPOB 1 YNTaTenel XKypHasna ¢ 3Tum cobbiTnem! Takoro pesynbraTa yaanocb
A06MTbCA GnarogapAa akTUBHOWM paboTe 1 MOMOLLM YNTIeHOB PeAaKLMOHHOW KONINErnm, BbiICOKOKa-
YyeCcTBEHHbIM MaTepuanamM aBTOPOB 1 BbINOMIHEHMIO MU TPeOOBaHUI pefaKL M, BCECTOPOHHEN
OLEeHKe cTaTell peLeH3eHTamu, BbICOKOMPOpECCUOHANbHOMY 1 OTBETCTBEHHOMY OTHOLLUEHUIO
K Aeny COTPYAHVKOB pefakLmu.

[leBn3 XypHana c MomeHTa ero co3gaHusa - «<u3 HAHO ctpouTtca TUTA ycnex», 1 3To 3a npowegwue
15 net BCe 60MblUe CTAHOBUTCA PeanbHOCTbIO.

Bonbwoe cnacn6o Bcem, KTO y4acTBYeT B BbiNycKe XKypHana, a TakKe BegyLum poccuil-
CKUM 1 3apy6eXKHbIM yYeHbIM 1 CneluanncTam, KoTopbie NCNONb3YIOT MaTepuanbl XKypHa-
na B cBomx ny6nukauymax!

I'Iplnrnal.uaem BeAywmnx y4yeHbiX N cneygnasinctoB K I'IYGHIIIKaI.IVII/I MaTepuviaioB 0 CBOuUX umc-
aiegoBaHnAX.

HageemcA Ha panbHenwee nnogoTBOpPHOE COTPYAHUNYECTBO.

MNo Bcem Bonpocam npocum obpatiatbca no e-mail: info@nanobuild.ru
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Exploring the Surface Chemistry for the Stabilization
of Bismuth Titanate Fine Particle Suspensions
in Cement Systems

Svetlana V. Samchenko (°}, Irina V. Kozlova (), Olga V. Zemskova (), Marina O. Dudareva*
National Research Moscow State University of Civil Engineering, Moscow, Russia
* Corresponding author: e-mail: modudareva@yandex.ru

ABSTRACT: Introduction. The evolution of the construction industry in its current stage calls for the alteration of traditional build-
ing materials through the incorporation of nano- and fine-dispersed additives. These additions confer new, unique attributes to
cement-based construction materials, enabling control over structure formation processes. Consequently, this allows for the creation
of materials with specifically defined characteristics. Additives can be introduced into the cement composite during the joint grind-
ing with clinker minerals, as a component of dry building mixture, or in the form of a suspension instead of mixing water. Therefore,
it is essential to obtain fine particles suspensions resistant to aggregation and sedimentation. Thus, the purpose of this study is to
obtain stabilized suspensions of bismuth titanate fine particles for cement systems and to study the properties of modified cement
stone. Materials and methods. The purpose of this work was to establish the optimal concentration of polycarboxylate plasticizer
in industrial water, necessary for the stabilization of fine bismuth titanate suspensions using surface tension and conductometric
determination methods, the sedimentation stability of the obtained suspensions and the effect of ultrasonic exposure, as well as the
physical and mechanical characteristics of cement stone modified with the obtained suspensions. Results and discussion. In order
to establish the optimal concentration of the plasticizer necessary to obtain stable suspensions of bismuth titanate particles, the
critical micelle concentration (CMC) for the plasticizer was determined with tap water as the dispersed medium. The CMC value was
1.3 g/l. If the concentration exceeds CMC, the process of micelle formation begins. In the micellar form, the plasticizer no longer
provides stabilizing effect on the additive particles, therefore, the concentration of the plasticizer should be lower than the CMC.
It was also found that ultrasound exposure increases the sedimentation stability of suspensions. The resulting stabilized suspen-
sions were used instead of mixing water to obtain modified cement stone samples. There is an increase in the compressive strength
of cement stone samples obtained after the introduction of fine bismuth titanate into the cement composite in the form of water
suspensions stabilized by ultrasonic treatment with concentrations of 10, 30 and 50 g/I. The increase in compressive strength of
modified samples compared to reference sample was from 24 to 33 MPa at first day age (by 13, 25 and 38% respectively), and from
80 to 93 MPa at 28 days age (by 4, 9 and 16%). Compressive strength of samples modified with bismuth titanate suspensions after
ultrasonication compared to reference sample with plasticizer increased mostly at the first and third days age: from 29 to 42 MPa (by
31,38 and 45%) and from 53 to 70 MPa (by 28, 30 and 32%) respectively. Conclusion. As a result of the research carried out in this
study, the Critical Micelle Concentration (CMC) of a polycarboxylate plasticizer was determined, optimal for stabilizing fine-dispersed
additive of bismuth titanate for cement systems, the effectiveness of ultrasonic treatment to achieve sedimentation stability of the
obtained suspensions of the additive was confirmed, an increase in the strength characteristics of modified cement stone samples
was established both in the initial hardening periods and at 28 days age. The results allow to consider a cement composite with
fine bismuth titanate as a basis for obtaining building materials of new generation.

KEYWORDS: fine additive, plasticizer, bismuth titanate, critical micelle concentration, aggregative and sedimentation stability,
factors of aggregative stability, adsorption, gel-like films, strength.
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1. INTRODUCTION

he development of building materials science nowa-

days involves the development of a wide range of new
construction, finishing, insulation, repair and other build-
ing materials that would exceed the characteristics of tra-
ditional materials based on concrete, ceramics and metals,
wood and polymer materials, would be eco-friendly and
safe for humans. Such materials with unique properties
include, for example, “smart” materials — self-healing
concretes, photocatalytic coatings, multilayer compos-
ites based on polymers and wood raw materials, carbon
structures, aerogels of various composition and structure
[1-5]. A special role in the development and production
of such structures with unique characteristics is assigned
to the modification of traditional building materials with
nano- and fine-dispersed additives. Introducing such ad-
ditives even in small quantities (up to 5% by weight) can
significantly affect the properties of the material [6—8].
For example, the introduction of nanoscale titanium di-
oxide particles into the composition of a cement com-
posite can provide the concrete surface with the ability to
oxidize adsorbed organic pollutants and nitrogen oxides
due to the photocatalytic reactions and the ability to self-
cleaning due to an increase in the hydrophilicity of the
surface [9, 10]. Carbon nanostructured objects increase
the crack resistance of concrete, the strength and den-
sity of cement stone, acting as crystallization centers for
hydration products forming during the hardening of ce-
ment paste [11, 12]. Nano- and fine-dispersed compo-
nents of fly ash, ground granulated blast furnace slag,
metakaolin also intensify the hydration processes of clin-
ker minerals, and due to the pozzolanic reaction, provide
the material with increased corrosion resistance [13, 14].

One of the factors determining the increase in me-
chanical characteristics of cement stone modified with
a fine additive is the uniformity of distribution of ad-
ditive particles throughout the cement composite. The
introduction of nano- and fine-dispersed component
into the composition of an inorganic binder can be car-
ried out by various methods: by joint grinding of clinker
and additive particles, as a component of dry building
mixture, or in the form of a suspension instead of mix-
ing water. All these processes, however, are associated
with certain difficulties, primarily due to the fact that
fine particles have a highly developed surface area, and,
consequently, excessive surface energy, which leads to
the tendency of particles to form agglomerates. When
obtaining suspensions, which are thermodynamically un-
stable systems, the particles of the additive spontaneously
enlarge and then settle, that is, the process of destruction
occurs: the dispersed system loses aggregate and sedi-
mentation stability. If such suspension is introduced into
the cement system instead of mixing water, its particles
won’t be uniformly distributed throughout the cement

composite. Thus, it is necessary to achieve stabilization
of fine-dispersed additive suspension, which will subse-
quently allow to obtain a cement stone with increased
mechanical, functional and special properties.

Suspensions of most finely dispersed additives are
thermodynamically unstable lyophobic colloidal systems
that rapidly lose their aggregative and sedimentation sta-
bility, tend to reduce the surface area and decrease the ex-
cess surface energy of the system. The concept of aggrega-
tive stability of lyophobic colloidal systems, the forma-
tion of electric double layer and adsorption processes
on the surface of colloidal particles is well explained by
the DLVO theory developed in 1935—1940 by Soviet sci-
entists B.V. Derjaguin and L.D. Landau and independent-
ly by Dutch physicists E. Verwey and Th. Overbeek. Since
nano- and fine-dispersed objects and their applications
in various fields of science and technology are currently
being actively studied by scientists in many countries,
the DLVO theory is becoming increasingly relevant, in
particular, in the construction industry and especially in
construction materials science [15—17].

The system is stable if there is a balance in repulsion
and attraction forces between particles. The repulsion
energy decreases with distance exponentially and con-
tributes to the electrostatic component of the disjoining
pressure. The disjoining pressure occurs when the thick-
ness of the film (interlayer) between the two particles
of the dispersed phase decreases as the particles get closer
and their surface layers overlap. The energy of attraction
is due to intermolecular van der Waals attractive forces.
It is inversely proportional to the square of the distance
between the particles.

Factors of aggregate stability can be classified as
1) thermodynamic, which include eclectrostatic at-
traction and repulsion forces, the interaction between
the dispersed phase and the dispersed medium, resulting
in the formation of solvent molecules layers surrounding
colloidal particles and entropic repulsion, which promotes
the particles to be the uniformly distributed throughout
the dispersed medium and 2) kinetic — and hydrody-
namic, resulting in formation of viscous interlayers of dis-
persed medium between the particles, the formation
of elastic protective layers of adsorbed macromolecules,
preventing the particles from agglomeration.

The last factor consists in the formation of strong
thick elastic films of surfactants and high-molecular com-
pounds adsorbed on the surface of colloidal particles,
which prevent them from coagulation when they collide.
This factor can be called one of the determining factors
for the stabilization of admixture suspensions for cement
systems, where polymer chemical compounds are used,
increasing the aggregative and sedimentation stability
of the dispersed system. Surfactants are compounds with
diphilic structure, that is, they have a hydrophilic part
and long hydrophobic nonpolar hydrocarbon tail in their
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structure. Due to the structural features, surfactant mole-
cules can adsorb on the surface of the admixture particles,
forming a thick elastic layer on their surface, which serves
as a structural and mechanical barrier preventing coagula-
tion and further settling of particles. During the aggrega-
tion of particles, a process of self-organization occurs,
accompanied by the formation of agglomerates, which
leads to the decrease of entropy of the system. Conse-
quently, the introduction of surfactants into the admixture
suspension not only increases the structural and mechani-
cal barrier, but also leads to an increase in the entropy,
contributing to the stabilization of the suspension and, as
a result, to the uniform distribution of the additive parti-
cles throughout the cement composite and, consequently,
obtaining a denser and stronger cement stone structure
with improved physical and mechanical properties.

Thus, it is necessary to choose the optimal concen-
tration of plasticizer to obtain a fine component suspen-
sion resistant to coagulation and sedimentation due to
the formation of surfactant macromolecules layer and
subsequent increase of entropic repulsion factor.

In accordance with literature review, the purpose
of the study was formulated, which is to obtain stabilized
suspensions of bismuth titanate fine particles for cement
systems and to study the properties of the modified ce-
ment stone.

2. MATERIALS AND EXPERIMENTAL
METHODS

The object of the study is stabilized suspensions of bis-
muth titanate for cement systems. The subject of the study
is surface chemistry aspects of stabilization of fine bis-
muth titanate suspensions.

The following materials were used in the work:

— synthesized fine-dispersed additive of bismuth tita-
nate, obtained on the basis of the TiO,—Bi,O, system
by citrate method.

— polycarboxylate plasticizer Melflux 5581F (BASF,
Germany) (hereinafter — Sp) for stabilization of bis-
muth titanate fine particles

— ordinari portland cement CEM 0 LLC “Holcim (Rus)
Building Materials” (hereinafter — OPC), the chem-
ical and mineralogical composition is presented in
Tables 1 and 2.

The synthesis of the bismuth titanate additive was
carried out by the citrate-based method from titanium
and bismuth salts in a solution of citric acid, similar
to the classical Pechini citrate method [18]. To obtain
the additive particles, titanium tetrachloride (99,9%,
o (TiCl,) = 1.72 g/ml), bismuth oxide (99.99%), hydro-
chloric acid solution (1:1), citric acid monohydrate were
used. The required amount of titanium tetrachloride was
introduced into ice distilled water with constant stirring
to form the products of TiOCl, hydrolysis (solution 1).
The corresponding amount of bismuth oxide was dis-
solved in hydrochloric acid, the required amount of cit-
ric acid was added to this solution and slowly added to
the solution (1) with intensive stirring for 30 minutes for
homogenization. The resulting solution was evaporated
in a water bath at 100°C until a yellow gel-like residue
was formed, which was decomposed in a muffle furnace
at 400°C (15 minutes) to remove the organic component,
and then annealed in a muffle furnace at a temperature
of 700°C until the final fine flake-like reaction product
was formed (Fig. 1).

The phase composition of the bismuth titanate addi-
tive was studied using X—ray phase analysis, which was
carried out using an X-ray diffractometer DS ADVANCE
Bruker AXS CuKa radiation (graphite monochromator),
ACuKa = 1.54056 A. The patterns were processed using
the Match! software.

From patterns shown in Fig. 2, it can be concluded
that the value of the angles 26 and the intensities of the
synthesized additive corresponds to the Bi,Ti,O, from
the JCPDS-ICDD PDF-2 database. Thus, it has been

Table 1
Chemical composition of clinker LLC “Holcim (Rus) Building Materials”
Mass loss after .
Components S CaO SiO ALO, Fe O, MgO SO, RO
Clinker 1.12 63.89 20.63 5.62 5.15 3.68 0.59 1.36
Table 2
Mineralogical composition of clinker LLC “Holcim (Rus) Building Materials”
Mileral content, %
CS C,S CA CAF
63.0 11.0 6.00 15.00
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Fig. 1. Photo of bismuth titanate additive immediately
after synthesis

established that the predominant phase is bismuth tita-
nate of the composition Bi, Ti,O , (PDF#83-0673), how-
ever, there is also a phase of the composition Bi,Ti,O,
(PDF#72-1019) with the structure of perovskite and
a metastable [19, 20] phase of the composition Bi,Ti,0,
(PDF#32-0118) with the structure of pyrochlore.

The next step in this study was to obtain a stabi-
lized suspension of bismuth titanate additive particles.

Nanob%

To achieve this, it is necessary to determine the optimal
amount of plasticizer, which can provide aggregative and
sedimentation stability. In accordance with the studies de-
scribed in [21], the authors established the critical micelle
concentration (CMC) for the selected plasticizer in tap
water. CMC was determined by two methods: by surface
tension and conductometric methods.

The surface tension method is based on comparing
the number of drops of the test solution and the standard
liquid (tap water) flowing from the burette.

For highly dilute solutions of plasticizer Sp, the surface
tension was calculated by the formula:

o(Sp) = o(H,0) «n(H,0)/n(Sp), 2

where o(Sp) is the surface tension of the investigated
plasticizer solution, N/m;

0(H,0) is the surface tension of the solvent, N/m;

n(H,0) is the number of drops of solvent;

n(Sp) is the number of drops of the studied plasticizer
solution.

According to the obtained data, surface tension iso-
therms for the plasticizer solutions were plotted, the CMC
of the Sp was found from the curve.

Measurements of the electrical conductivity of the
plasticizer solution using a conductivity meter were car-
ried out by immersing the detector of the device into
the plasticizer solutions at a level of 3—4 cm and after es-
tablishing a constant data on the display, the value of the

intensity, a.u.

w

10 15 20 25 30 35

i

40
20 °

65

Fig. 2. X-ray diffraction pattern of bismuth titanate additive:

m experimental data; = Bi,Ti,O,; = Bi,Ti,O ,; = Bi,Ti,0,
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electrical conductivity of the solution was fixed. According
to this data, the dependence of the logarithm of electri-
cal conductivity on the logarithm of concentration were
plotted, and CMC was found from the curve.

To enhance the stabilizing effect of the plasticizer
and to promrote its adsorption on the surface of bismuth
titanate particles, ultrasonic treatment of bismuth tita-
nate suspensions containing Sp was carried out on the
UZDN-1 device. Dispersion parameters: ultrasonic vi-
bration frequency — 44 kHz, temperature control tem-
perature —25 £ 2°C, exposure time — 20 minutes.

Studies have been conducted to establish the sedi-
mentation stability of bismuth titanate suspensions (10,
30, 50 g/1) without and after ultrasonication, as well as
in the presence of Sp. The prepared suspensions were
transferred into cylinders and the process of settling was
observed.

The strength characteristics of modified cement stone
was assessed at cube samples with sides of 20x20x20 mm.
The cement powder was mixed with stabilized suspensions
instead of mixing water. The values of the compressive
strength of the samples was measured at Controls labora-
tory hydraulic press at 1, 3, 7 and 28 days age.

The study of the cement grains hydration process was
carried out on the thermal analyzer “SDT Q-600" (TA
Instruments, USA) using TG/DTA methods in the air at-
mosphere in the temperature range of 25+900°C. The rate
of temperature change was v = 10°/min.

3. RESULTS AND DISCUSSION

The stabilizing effect of Sp is mainly explained
by the formation of strong gel-like plasticizer films on
the surface of fine particles, thereby causing their stabi-
lization. The stabilized particles are evenly distributed
throughout the dispersed medium and the cement stone.

However, there is a limitation: Sp should not be intro-
duced into the suspension in concentrations exceeding
the CMC value. Otherwise, the stabilizer molecules are
involved into the micelle formation process and the true
solution of ionogenic surfactant transforms into micellar
with the formation of classical spherical, and then cylin-
drical and disc-shaped micelles. In this case, the stabi-
lizing effect of the plasticizer will not be achieved. This
aspect is discussed in details in [21]. So at the first stage
of this study the authors determined of the CMC of the
stabilizer Sp in tap water using the surface tension meth-
od. A series of stabilizer solutions with a concentrations
of 2.5; 2; 1.5; 1.3; 1.13; 1; 0.89; 0.76; 0.63; 0.31; 0.16;
0.078; 0.039 g/1.

Based on the data obtained from surface tension meth-
od, the surface tension isotherm for Sp o = f{C?) was
plotted, where v is the stoichiometric coefficient of the
electrolyte (Fig. 3a). For Sp v = 2, since the number
of positive and negative ions turn out to be equal to 1.
Also, according to the results of calculations obtained
from Sp surface tension isotherms, the Gibbs adsorption
isotherm G =f'(c*) was plotted (Fig. 3b).

The CMC of the plasticizer Sp was found from
the curve in Fig. 3a which corresponds to a value
of 1.3 g/, and the maximum Gibbs adsorption is G =
9.3 mol/m?. The obtained results allow us to conclude that
the plasticizer Sp not only adsorbs at the interface of the
water-air phases, but also adsorbs on the surface of the
additive particles, forming a structural and mechanical
barrier preventing coagulation and further settling of par-
ticles, enhancing the stabilization of suspension.

The CMC of Sp was also determined using the con-
ductometric method, measuring electrical conductivity
of a series of prepared solutions. According to the ob-
tained data a dependence /g (%) =f (lg C) was plotted
(Fig. 4).

45 A—————
00 05 10 15 20 25 30 35 40 45 50 55
c’, g/l

10, mol/m?

11.0 4
10.5
10.0]
9.5
9.0]
8.5
8.0
754
7.0

6.5 2
0.0 0

—_—

5 1.0 15 2.0 25 3.0 35 40 45 50 55
c', gl

Fig. 3. Surface tension (a) and Gibbs adsorption (b) isotherms of plasticizer Sp
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of the formed agglomerates, as well as capable of improv-
ing the adsorption of Sp macromolecules on the surface

In order to confirm the possibility of stabilization
of bismuth titanate additive particles using a plasticizer,
sedimentation stability of suspensions was evaluated. Ta-
ble 3 presents data on the settling rate of bismuth titanate
particles in water and water-polymer medium without and

The process of sedimentation of additive particles in
water dispersed medium can be divided into three main
periods. During the first period, the largest and heaviest
particles settle to the bottom of the cylinder, so the entire

Nanotechnologies in construction 2023; 15 (5):
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Fig. 4. Dependence of electrical conductivity on
the concentration of Sp solutions

The CMC value of Sp obtained by the conductometric
method is also in the range of 1.3 g/I, which is in good
agreement with the data of the surface tension method.

Thus, from the data obtained from surface tension
and conductometric methods, it can be concluded
that the CMC value corresponds to 1.3 g/l1. To stabi-
lize the fine-dispersed additive, the concentration of Sp
should not exceed this value, therefore, for further stud-
ies, the concentration of Sp below the CMC region was
selected, which is 1.2 g/I1.

To stabilize the particles of the finely dispersed com-
ponent throughout the dispersed medium, ultrasonic
processing of the suspensions was carried out, which
contributes to additional particle grinding, separation

mass of particles divides into fractions. Since the settling
of large particles occurs very quickly, the first period can
be neglected, and therefore there is no data on it in Ta-
ble 3. During the second period fine fraction of additive is
suspended throughout the dispersed medium, at the end
of the third period complete deposition of particles to
the bottom of the cylinder is observed, the dispersion
medium becomes transparent.

The studies demonstrate that suspensions of bismuth
titanate after ultrasonication are more stable than without:
it demonstrates the effectiveness of ultrasonic processing
of fine component suspensions, which significantly pro-
longs the settling time of particles. It is remarkable that
with an increase in the concentration of particles, their
settling rate increases. This is probably due to the fact that
in a more concentrated suspension the particles collide
more often than in a diluted one. Large particles collide
with each other and with the walls of the cylinder and
settle fast. Smaller and lighter particles settle together
with large ones.

The use of Sp in concentration of 1.2 g/l and ultrason-
ication makes it difficult to visually estimate the sedimen-

Table 3
Sedimentation stability of bismuth titanate suspension in an water dispersed medium
Period of settling
i 11 111
Method Concen?r-atmn
A of homogenization pi e
g (g/) Settling time, | Settling rate, | Settling time, | Settling rate,
min 10 m/s h-min 10-°m/s
1 10 40 7.08 5-33 0.85
Without ultrasonic
2 exposure 30 30 17.8 4-05 1.09
3 50 20 13.3 3-30 1.26
4 10 100 2.7 46-00 0.01
5 | After ultrasonic 30 80 3.1 42-30 0.88
exposure
6 50 65 3.9 30-00 0.36
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Fig. 5. Sedimentation process of bismuth titanate
particles with a concentration of 50 g/l in a suspension
stabilized with a plasticizer (C(Sp) = 1.2 g/1)

and ultrasonic processing: a) immediately after
ultrasonication b) 14 days after ultrasonication

tation rate of bismuth titanate particles: after 14 days there
was no complete sedimentation of particles to the bottom
of the cylinder, we observed a gradual separation of par-
ticles into fractions by size (Fig. 5).

These results show the effectiveness of stabilization
of the fine-dispersed bismuth titanate additive using an
integrated approach: the use of a plasticizer and ultrasonic
processing.

The macromolecules of Sp are adsorbed on the surface
of bismuth titanate fine particles, forming strong dense
gel-like films, which prevent the particles from sticking

together as they approach, keeping the dispersed system
stable longer without coagulation and further settling.
Ultrasonic exposure contributes to additional particles
size reduction, intensifies the Sp adsorption process on
the particles surface, and also promotes the entropy factor,
making the stabilized bismuth titanate particles to stay
suspended throughout the dispersed water-polymer me-
dium longer. In this case, we can talk about the synergetic
effect of Sp and ultrasonication in the studied dispersed
system.

The next step in this study was the introduction of fine
additive into the cement composition and the study
of physical and mechanical characteristics of obtained
cement stone (Fig. 6).

The strength characteristics of modified cement sam-
ples indicate that synthesized fine bismuth titanate can
be considered as a structure-forming additive for cement
systems, which intensifies the hydration processes of ce-
ment clinker and contributing to an increase in compres-
sive strength.

Thus, when fine bismuth titanate is introduced into
the cement composition in the form of water suspensions
stabilized by ultrasonic processing with a concentration
of a fine additive of 10, 30 and 50 g/I (Fig. 6a), there is an
increase in the compressive strength from 24 to 33 MPa
compared to the non-additive sample (by 13, 25 and 38%,
respectively) at the first day age, and from 80 to 93 MPa
(by 4,9 and 16%) at 28 days age. The maximum increase
in strength is observed on the first day of hardening.
Probably, this can be explained by the fact that bismuth
titanate particles, being an inert additive that does not
exhibit its own hydraulic activity, act as crystallization
centers for the formation of hydration products of clinker
minerals, thereby intensifying hydration processes. This

a

100
90
80
70
60
50
40
30
20
10

compressive strength, MPa

hydration time, days

M reference OPC
OPC+30 g/l additive

O OPC+10 g/l additive
O oPC+50 g/l additive

compressive strength, MPa

1 3 7 28
hydration time, days

@ reference OPC+Sp O OPC+10 g/l additive+Sp
OPC+30 g/l additive+Sp 0 OPC+50 g/l additive+Sp

Fig. 6. Compressive strength of samples with a fine additive of bismuth titanate: a) without Sp; b) with 1.2 g/1 of Sp
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also confirms the uniformity of the additive distribution
throughout the cement composite. A similar situation is
observed for the samples modified with stabilized water-
polymer suspensions of the additive after ultrasonic ex-
posure (Fig. 6b). The maximum increase in compressive
strength is observed at first and third days age from 29 to
42 MPa (by 31, 38 and 45%) and from 53 to 70 MPa (by
28, 30 and 32%), respectively, compared with the refer-
ence sample with plasticizer.

This fact is confirmed by the results obtained using
the SDT Q-600 thermal analyzer. According the thermo-
grams (two of them are shown as an example in Fig. 7)
the dependence of calcination losses on the hydration
time of the samples were plotted (Fig. 8).

v

The graphs in Fig. 8 show that the mass loss after cal-
cination of cement stone modified with bismuth titanate
water suspensions after ultrasonication increases with
hydration time and has maximum values for samples with
50 g/1 of additive. Similar situation is observed for cement
samples modified with water-polymer suspensions after
ultrasonic exposure.

Thus, it can be concluded that an integrated approach
to the stabilization of suspensions makes it possible to
obtain cement composites with higher strength values
both in the initial hardening periods and at 28 days age.
These characteristics allow the authors further studies
such properties as biocidity and photocatalytic activity
in order to obtain building material of new generation.
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Fig. 7. Thermograms of the reference sample (a) and with 30 g/1 of bismuth titanate (b) at 3 days age with Sp
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Fig. 8. The hydration degree of cement stone samples modified with stabilized water (a) and water polymer (b) suspen-
sions of bismuth titanate

CONCLUSION Based on our studies, it can be concluded that the sta-
bilization process of additive is achieved by synergistic

The study allows to obtain the following results.  effect as a result of formation of strong gel-like films of ad-
The optimal value of the plasticizer for fine bismuth tita- sorbed plasticizer on the surface of the particles, which
nate additive was determined using surface tension and  prevent the particles from sticking together with subse-
conductometric methods: the CMC value for polycarbox- quent sedimentation of particles. Ultrasonic processing

ylate superplasticizer is 1.3 g/1. Thus, in order to stabilize =~ provides increase in entropy which contributes to the uni-
suspensions, it is necessary to choose a concentration  form distribution of the particles throughout the dispersed

of plasticizer less than the CMC point. medium so that they stay longer suspended in it. Cement

The studies on the effect of ultrasonic exposure on  powder mixed with stabilized suspensions of fine additive
the stabilization of suspensions and on the sedimenta-  in concentration of 10, 30 and 50 g/1 leads to an increase
tion rate of additive particles in water and water-polymer  in the in the compressive strength of the samples from 24
dispersed media demonstrate that ultrasonication contrib-  to 33 MPa compared to the reference OPC (by 13, 25 and

utes to a slower particle sedimentation process, whichis  38%, respectively) at first day age, and from 80 to 93 MPa
probably explained by the size reduction of large particles  (by 4, 9 and 16%) at 28 days age. The maximum increase
into smaller ones and the disintegration of agglomerates, in compressive strength for samples modified with water-
as well as the intensification of adsorption of Sp macro-  polymer suspensions is noted at first and third days age,
molecules on the particles of the additive. from 29 to 42 MPa (by 31, 38 and 45%) and from 53 to
Studies of the mechanical properties of cement stone 70 MPa (by 28, 30 and 32%), respectively, compared to
modified with bismuth titanate stabilized suspensions  the reference sample OPC+Sp.
indicate an increase in strength characteristics and more The results of our research indicate the possibility
intensive hydration processes in modified samples, which of obtaining a cement composite with enhanced proper-
indirectly confirms the uniformity of additive particles  ties and expanding the base of new generation building
distribution throughout the cement stone. materials.
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KonnomnpgHo-xnummnuyeckmne acneKkrbl crabunmnsauum
CYCMeH31N TOHKOANCNEPCHbIX YacTuL, TUTaHaTa BUCMYTa
PNA LLleMeHTHbIX CUCTeM

CBetnaHa BacunbeBHa CamueHko (°), UpnHa BacunbeBHa Kosnoga (°), Onbra BukroposHa 3emckoBa (),
MapuHa OnerosHa lypapesa*

HaumnoHanbHbIn nccnegosatenbckmnin MOCKOBCKMI FOCYAapCTBEHHDIN CTPOUTESNbHbIN YHUBepcuTeT, MockBea, Poccua

* ABTOp, OTBETCTBEHHbIN 3a NepenucKy: e-mail: modudareva@yandex.ru

AHHOTALUA: BBegeHue. Pa3BuTre CTPOUTENIbHON MHAYCTPUM Ha COBPEMEHHOM 3Tare npefnonaraeT MoAMGULIMPOBAHUE yXKe
N3BECTHBIX TPAAULIMOHHBIX CTPOUTESIbHBIX MAaTEPUANIOB HAHO- U TOHKOAMCNEPCHbIMY A06aBKaMu, KOTOpble MOV 6bl NPUAaTb CTPO-
UTeNbHbIM MaTepraniaM Ha OCHOBE LIEMEHTA HOBbIE YHMKalIbHbIE XapaKTePUCTUKY, MO3BONUM Obl YNPaBAATb NPoLeccaMmm CTPyK-
Typoobpa3oBaHus 1, ClieloBaTeNlbHO, CO3[laBaTb MaTepuabl C 3apaHee 3ajaHHbIMU He06XoAMMbIMY cBOMCTBaMU. [Jo6aBKU MOryT
BBOAMTbCA B COCTaB LIeMEHTHOIO KOMMO31Ta B NpoLecce COBMECTHOro MOMOoJia C MUHepPanamu LIeMeHTHOTO KNMHKepa, B KauecTse
O[IHOTO 113 KOMIMOHEHTOB B COCTAaBe CyXOW CTPOUTENIbHOW CMECH U B BUJIE CYCMNeH3UM BMECTO BOAbl 3aTBOPeHUs. Takm obpasom,
BO3HVIKAeT HEOOXOAMMOCTb MOMyYEHUs] YCTONUMBBIX K arperauny U oceflaHunio CYCreH3ni TOHKOAMCNEePCHbIX YacTul, JO6aBOK.
Takum 06pa3om, LieNiblo JaHHOW PaboTbl ObiNIo NONyYeHne CTabUNN3MPOBAHHBIX CYCMEH3UN TOHKOANCNEePCHbIX YacThL, TUTaHaTa
BMCMYTa 151 LEMEHTHbIX CUCTEM U NCCNIEA0BaHKE CBOWCTB NOyYEeHHOT0 MOAUPULMPOBAHHOIO LIEeMEHTHOTO KamHsA. MaTepuanbi
1 meTtogbl. B pamkax faHHOI paboTbl NpOBOAWAN NCCNIEAOBAHNSA MO YCTaHOBIEHMIO ONTUMaNbHON KOHLEHTPaLuy Nonnkapook-
CcunaTHoro nnactuéduKaTopa B BOAONPOBOLHOW BOAE, HEOOXOANMOTO ANiA CTabuny3aunm CycrneH3nii TOHKOAMCMNEPCHOro TUTaHaTa
BUCMyTa MU MOMOLLM CTaJTarMOMETPUYECKOTO 1 KOHAYKTOMETPUYECKOTO METOLOB, Oblyla M3yyeHa ceAMEHTALNOHHAsA YCTONYMBOCTb
MOYYEHHbIX CYCMEeH3UI 1 BIMSIHUE Ha Hee YNbTPa3ByKOBOI0 BO3AENCTBYSA, OonpeaeneHbl GU3NKO-MeXaHNYEeCK/e XapaKTePUCTUKN
LiIeMEeHTHOT0 KaMHs, MOANGVLIMPOBAHHOTO MOJTyYeHHbIMU CyCrieH3usmMu. Pe3ynbTraThbl. [151A TOro 4to6bl yCTaHOBUTb ONTUMAsIbHYIO
KOHLeHTpauuio nnactudrkaTopa, HEOOXOAUMYIO AN NONyUYeHNsA CTabUNM3MPOBaHHbIX CYCMEH3MI YacTyL TUTaHaTa BUCMYTa, Obina
onpepeneHa KpUTHYeCcKas KOHLEeHTpauua MulennoobpasosaHus (KKM) ans nnactudurkaTopa B CycrneH3usx, B KOTOPbIX Aucnep-
CMOHHOW Cpefoi ABnaeTcA BogonposoaHasa Boga. 3HaueHne KKM coctasuno 1,3 r/n. MNocne goctuKeHnsA AaHHOW KOHLeHTpaumm
B CTMIHHOM pacTBOpPe MniacTudrikatopa HaumHaeTcs npouecc obpasoBaHus mulenn. B muuennsapHoii dopme nnactudurkaTop yxxe
He obnafaeT ctabunusnpyowmm 3¢pHeKToM Ha YacTrLbl A06aBKY, CieJoBaTENbHO, KOHLIEHTpaLysa nnactudrKaTopa AoKHa ObiTb
Huxe KKM. Takxke 6bino BbISIBIEHO, UTO YNIbTPa3ByKOBOE BO3AENCTBME NOBbILIAET CEAVMEHTALNOHHYIO YCTONUMBOCTb CYCMEH3MMA.
MonyuyeHHble CTabUNIM3NPOBAHHbIE CYCMEH3UN UCMOMb30BaANMCh BMECTO BOAbI 3aTBOPEHUS L5 MOJTyYeHNA MOANPULIMPOBAHHbIX
06pa3LoB LLEMEHTHOIO KaMHsi. Bbifio BbISIBNEHO MOBbILIEHVE MPOYHOCTM MPU CKATM 06PA3L0B LLEMEHTHOTO KaMHS, MOyYeHHbIX
nocse BBeleHVV TOHKOAMCNEPCHOro TUTaHaTa BMCMYTa B COCTaB LIEMEHTHOrO KOMMO3UTa B BUAE CTabWIN3MPOBAHHBIX YNbTpa-
3BYKOBOW 06pabOTKOI BOAHBIX CYCMEH3MI C KOHLeHTpaLrel ToHkoancnepcHo gobasku 10, 30 u 50 r/n B nepBble CYyTKK C 24 Ao
33 MIMa no cpaBHeHMio ¢ 6e306aBOYHbIM 06pa3om (Ha 13, 25 1 38% COOTBETCTBEHHO), @ B Mapo4HOM Bo3pacTe ¢ 80 go 93 MlMa
(Ha 4, 9 1 16%). AHanorn4yHo, Npu MoaNGULMPOBAHUN 06PA3LIOB LIEMEHTHOIO KaMHs CTabUIN3MPOBaHHBIMI YbTPa3BYKOM BOAHO-
NONIMMEPHbIMM CYCNEH3UAMUN TUTaHaTa BUCMYTa MPOYHOCTb NP CKaTuKM BO3POC/Ia MaKCMManbHO B MePBble CYTKU U TPETbU CYyTKN
TBepAeHus ¢ 29 go 42 MMa (Ha 31, 38 n 45%) 1 ¢ 53 go 70 MMMa (Ha 28, 30 1 32%), COOTBETCTBEHHO, MO CPABHEHMIO C 06pa3L oM
LiemMeHTa ¢ nnactudurkatopom. 3aKknueHme. B pesynbrate npoBefeHHbIX B JaHHOM paboTe nccnenoBaHni 6bina yctaHosneHa KKM
nonukKapboKcMIaTHOro nacTndrKaTopa, onTrMasnbHas A CTabunrsauum TOHKOAUCNEPCHOW fo06aBKM TUTaHaTa BUCMYyTa AfiA
LiIeMeHTHbIX cMcTeM, noATBepaeHa 3GGEKTUBHOCTb YNbTPa3BYKOBOM 06paboTKM ANs JOCTUMKEHWSA CeIMMEHTaLVOHHON YCTONYM-
BOCTU MOJTyYEHHbIX CYCMeH3uiA 4O6aBKM, yCTaHOBIEHO MOBbILLEHNE MPOYHOCTHBIX XapaKTEPUCTVK MOANPULIMPOBaHHbIX 06pa3LoB
LIeMEHTHOr0 KaMHA Kak B HauasibHble CPOKM TBepAeHMs, Tak 1 B MapOUYHOM BO3PacTe, YTo NMO3BONIUT PaCcCMaTPMBaTh LIEeMEHTHbIV KOM-
NO3U1T C TOHKOAMCNEPHbIM TUTAHATOM BMCMYTa B KaUeCTBe OCHOBbI /1A MONyYeHNA CTPOUTENbHbBIX MaTepuranoB HOBOFO MOKOJIEHMA.

KJTIOUYEBbBIE CJIOBA: ToHKOAMCNepcHasa fobaBKa, nnactudurkaTop, TMTaHaT BUCMYTa, KPUTUYECKas KOHLEHTpaLua Mmuuennoobpa-
30BaHWA, arperaTvBHas 1 ceAMMEHTaLOHHAA YCTONUMBOCTH, CTPYKTYPHO-MEXaHNYECKINI 1 SHTPONUINHBIN haKTOpbl arperaTrBHON
YCTONUMBOCTU, aACOpOLUMSA, refieobpasHble MIeHKM, MPOYHOCTb.
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BBEJEHUE

PaBBI/ITI/Ie CTPOUTEIIFHOTO MaTepHUaIOBEICHUS Ha CO-
BpEMEHHOM 3Tarle IIPe/ItonaraeT pa3padoTKy IIMpo-
KOT'O CIIEKTpa HOBBIX KOHCTPYKIIMOHHBIX, OTICIOUHBIX,
TETION30JIIIIMOHHBIX, PEMOHTHBIX 1 IPYTUX CTPOUTEITh-
HBIX MaTepUAaJIOB, KOTOPBIC OBI IIPEBOCXOIMIIN T10 CBOMM
XapaKTepUCTUKaM TpaauLIMOHHbIE MaTepUaibl HA OCHO-
Be OcTOHA, KEpaMUKH 1 METaJUIOB, IPEBECHOTO U II0-
JIMMEPHOTO CHIPhSI, OBIIN OBl 9KOJOTMIHEI U 0e30I1ac-
HBI 7151 9estoBeka. K TakuM MaTepranaM, 00Iagalommnm
YHUKAJIHbHBIMU CBOICTBAMU, MOKHO OTHECTH, HAIIPH-
Mep, «yMHBIC» MaTePHUAIIbl: CAMOBOCCTAHABIBAIOIIINECS
0eTOHBI, (DOTOKATATUTHICCKIE TTOKPBITHS, Pa3IMIHBIC
TI0 COCTaBY U CTPOCHUIO MHOTOCIOMHBIC KOMITIO3UTHI
Ha OCHOBE ITOJIMMEPOB, IPEBECUHBI M PACTUTCIHHOTO
CBIPBSI, YIJIEPOIHBIX CTPYKTYp, asporenu [1—5]. Oco-
0asl poJib B mpollecce pa3pabOTKU U MPOU3BOJACTBA
TaKUX CTPYKTYP C VHUKAJIbHBIMU XapaKTePUCTUKAMU
OTBOIMUTCS MOTU(UIINPOBAHNIO TPAIUIIMOHHBIX CTPO-
HUTEJIHHBIX MAaTCPUAJIOB IIPY ITOMOIIM HAHO- ¥ TOHKOI-
CIIEpCHBIX T00aBOK, BBEACHNE B COCTaB KOTOPHIX JaXe
B HEOOJBIINX KoJudyecTBax (10 5% Macc.) criocobHO
CYLIECTBEHHO ITOBJIMUAThH Ha CBOICTBAa MaTepuaia [6—8§].
K mpumepy, BBeneHME B COCTAaB IIEMECHTHOTO KOMITO3HUTA
HaHOPa3MEPHBIX YaCTUIl TUOKCHUAA TUTAHA CITIOCOOHO
TIPUIATH OETOHHOM ITOBEPXHOCTH CITOCOOHOCTH K OKHC-
JICHUIO OCEBINMX Ha HEl OpraHMYeCKMX 3arpsiI3sHUTEIICH
¥ OKCHIOB a30Ta 3a CUYeT IPOTeKaHMsSI (DOTOKATATTUTH-
YEeCKMX PeaKIMi M CIIOCOOHOCTh K CAMOOYHUIIICHUIO
M3-3a YBEIMUICHUS TUAPOGIIBHOCTH TTIOBEPXHOCTH |9,
10]. YrneponHble HAHOCTPYKTYPHUPOBAHHBIE OOBEKTHI
YBEJIMINBAIOT TPEIIMHOCTONKOCTL O€TOHA, TTOBHITIAIOT
MIPOYHOCTH 1 TUIOTHOCTD IIEMEHTHOTO KaAMHSI, BBICTYITAsI
B KauecTBE LIEHTPOB KPUCTA/UIM3ALIMU 151 TUAPATHBIX
HOBOOOpA30BaHMI B IIpolIecce TBEPACHUS IIEMEHTHOMN
nactel [11, 12]. HaHo- 1 TOHKOAMCTIEpCHBIE KOMITO-
HCHTHI 30JIbI-YHOCA, MOJIOTHIN TPaHYJIMPOBAHHBIN J10-
MEHHBIU IIUTaK, METaKAOJIMH TaKKe MHTCHCU(UITAPYIOT
TIPOILIECCHI THAPATAIINY OCHOBHBIX MTHEPAJIOB IIEMCHT-
HOTO KJIMHKEpa, a 3a CUeT IMIPOTEKAHMS MyIIIOJIaHOBOM
peaKIIny IIPUIAI0T MaTePHUAIy ITOBBIIICHHYIO KOPPO3W-
OHHYIO CTOMKOCTD [13, 14].

OngHuM 13 HaKTOPOB, OIPEACIISIONINX ITOBBIIIICHIE
(pU3MKO-MeXaHMIeCKIX XapaKTePUCTUK IIEMECHTHOTO
KaMHs, MOIU(MUIIMPOBAHHOTO TOHKOIUCHEPCHOM A0~
0aBKOI1, SIBIISICTCSI YCIIOBHE paBHOMEPHOTO paclIpese-
JICHUSI YaCTHIl T0OaBKU B 00BbeMe IIEMEHTHOTO KOMIIO-
3uTa. BBemeHne HaHO- M TOHKOTUCIICPCHOTO KOMIIO-
HEHTa B COCTaB HEOPTAHMYCCKOTO BSIKYIIETO MOXET
OCYIIECTBJISIThCSI TIPA COBMECTHOM ITOMOJIe KIIMHKEpa
¥ 9aCcTHII J0OAaBKH, B KaUeCTBE KOMIIOHEHTA B COCTaBE
CYXOU CTPOMTENIBHOM CMeCH, B BUIE CYCIICH3UHM BMECTO
BOIBI 3aTBOpeHMs. Bece 3! mpoliecchl, TeM He MeHee,
CONPSKEHBI C ONPEAEIEHHBIM TPYIHOCTAMU, CBA3aHHDI-

MM, B IIEPBYIO ouepelib, ¢ TeM (DAKTOPOM, UTO TOHKOIM -
CMEPCHBIE YACTULIBI UMEIOT BHICOKOPA3BUTYIO ILIOIIAIb
MOBEPXHOCTH U, CJIEA0BATEIbHO, U30BITOUYHYIO ITOBEPX-
HOCTHYIO 9HEPIUI0, YTO MPUBOAMUT K TEHACHLIMY YaCTUILL
00pa3oBbIBaTh arjaoMeparThl. B ciayyae mpuroToBieHUst
CYCNEH3MIi, KOTOpbIE SIBJSIIOTCS TEPMOIMHAMUYECKN
HEYCTOMYMBBLIMU CUCTEMaMM, YACTUIIBI TOOABKU CaMO-
MPOU3BOJbHO YKPYMHSIOTCS U 3aT€M OCEHAlOT, TO €CTh
MPOUCXOIUT MPOLIECC Pa3pPYLIEHUS — MOTePS TUCIIePC-
HOUW CUCTEMOW arperaTuBHOW W CEAUMEHTALIMOHHOU
(KMHETUIECKOM) ycToitumBocTell. B TakoM ciydae mipu
3aTBOPEHMHU TaKOW CyCIeH3Uel LleMeHTa yXKe HeJIb3s
OyzeT roBOpUThH O PABHOMEPHOM pacIipee/IeHUN YacTul]
n00aBKM B 00bEME IEMEHTHOTO KOMIIO3UTa. TakuM 00-
pa3oM, HEOOXOAMMO OMpeneeHHbIM 00pa3oM T0OUTHCS
CTaOUIM3ALMU CYCTIEH3UM YaCTUL TOHKOAWUCIIEPCHO
J00aBKM, YTO BITOCJIEICTBUU MO3BOJUT MOJYYUTD Lie-
MEHTHBIII KAMEHb C MOBBILLIEHHBIMU (PU3UKO-MEXaHU-
YeCKUMU, DKCIUTyaTallMOHHBIMU, aHTUKOPPO3UOHHBIMU
U cTieliMaJIbHbIMU CBOMCTBAMU.

CycneH3un OONMBIIMHCTBA TOHKOIUCIIEPCHBIX H0-
0aBOK SIBJISIIOTCSl TEPMOJMHAMUYECKHA HEYCTOMYMBBIMU
oG OOHBIMI KOJUIOMIHBIMU CUCTEMaMM, KOTOPBIE
OBICTPO TEPSIOT arperaTUBHYIO U CEIMMEHTALIMOHHYIO
YCTOMYMBOCTD, CTPEMSICh COKPATUTD TLJIOIIAAbL MMOBEPX-
HOCTU U YMEHBIIUTDH U30BITOYHYIO TTOBEPXHOCTHYIO SHEP-
ruto crucrembl. KoHIENIMIO arperaTuBHOM yCTOMUMBO-
cT! TO(POOHBIX KOJUTOMAHBIX CUCTEM, (hDOPMUPOBAHHE
JIBOMHOTO 3JIEKTPUUYECKOTO CJIOSI 1 IIPOLIECChI aICOPOLIMU
Ha MOBEPXHOCTU KOJUIOMIHBIX YACTHULL XOPOIIO OObsIC-
astet teopust AJIPO, paspadoranHas B 1935—1940 rr.
coBeTckuMu yuyeHbIMU b.B. [depsirunbiv u J1.J1. Jlangay
1 He3aBUCHUMO ToJUTaHACKIMU (hr3xuMuKamu E. @epeeem
n JIx. OBepoekoM. ITocKoIbKy B HACTOsIIIIee BpeMsI HaHO-
1 TOHKOJMCTIEPCHbIE 0ObEKThI M BAPUAHTHI UX ITPUMEHE-
HUS B Pa3HOOOPA3HBIX 00IACTSX HAYKW U TEXHUKU aKTUB-
HO M3YJaroTCs YICHBIMU MHOTHX cTpaH, Teopust 1J1DO
MpUOOPETAET BCE OOJIBIIYIO aKTyaTbHOCTh, B YACTHOCTH,
B CTPOUTEILHOI MHIYCTPUU U OCOOEHHO B CTPOUTEILHOM
MatepuanioBeneHuu [15—17].

Cucrema SIBIISICTCS YCTOMUMBOM, €CIIM CYIIECTBYET
OaylaHc SHEPTUM OTTAIKWMBAHUS W IIPUTSDKEHUSA. DHep-
TUs OTTAIKMBAHUSI YObIBAET C PACCTOSTHUEM MO IKCMO-
HEHUMAJTbHOMY 3aKOHY U YYUTBIBAET BJIEKTPOCTATUYE-
CKYIO COCTaBJISIIOLIYIO PACKIMHUBAIOLIETO NaBJICHUS.
PacknuHuBarolee naBjaeHue BOZHUKAET MPU CUJIILHOM
YMEHBIIICHUH TOJIINHBI TICHKU (TIPOCIONKN) MEXIY
JIBYMS$I YaCTULIAMU TUCIIEPCHOM (pa3bl IpU CONMKEHUU
B pe3yJibTaTe MepeKpbIBaHUS X TIOBEPXHOCTHBIX CJIOEB.
DHeprus MPUTSKEHHUST 00yYCIOBICHA MEXKXKMOJICKYIISIP-
HBIMHU CHJIAaMU TIPUTsKeHUs Ban-nep-Baamnmsca. OHa
00paTHO MPOMOpPLMOHAJIbHAS KBaapaTy pacCTOSHUS
MEXIy YaCTULIAMU.

Cy1ecTByeT IISITh (haKTOPOB arperaTUBHON yCTOM-
YUBOCTU: TEPMOJIMHAMUYECKHE (2JIEKTPOCTATUYECKUT,
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aICcOpOIIMOHHO-COJIbBATHBIM U QHTPOTIMIHBIN) U KU-
HETUYeCKHEe (CTPYKTYPHO-MEXaHNICCKUI U THIPOIH -
HaMUWYEeCKUIA).

CTpYKTYpHO-MEeXaHUICCKUN (HaKTOpP COCTOUT
B (hopMHpPOBaHNY Ha TTOBEPXHOCTH YACTHII IIPOYHBIX
TUIEHOK M3 aIcOpOMPOBAHHbBIX HA KOJUIOUIHBIX YaCTU -
11aX MTOBEPXHOCTHO-aKTUBHBIX BEIIECTB U BbICOKOMO-
JIEKYJISIDHBIX COEIMHEHU N, TIPETISITCTBYIOIIUX KOoary-
JISIUMU YaCTULL IPU UX cOnvkeHuu. JlaHHbIi pakTop
MOXHO Ha3BaThb OJHUM M3 OIPEACSIONINX IJIS TIPO-
1ecca cTabuan3aluuy CycreH3ni yacTull 100aBOK 1151
LEMEHTHBIX CUCTEM, IJIs1 YeTO MPUMEHSIOTCSI CTa0u-
JIM3UPYIOLIME TOJMMEPHBIE XUMUYECKUE COEAUHEHNS,
KOTOpbIE CITIOCOOCTBYIOT MOBBILIEHUIO arperaTuBHOM
W CeNMMEHTALMOHHON YCTOMYMBOCTEM NUCIIEPCHOM
cucTtembl. Takue coequHEeHMs TPEACTABISIOT COO0M Mo-
BepPXHOCTHO-aKTHBHBIC BemecTBa ([TAB) mudunbsHOTO
CTPOEHMUSI, TO €CTh UMEIOT B COCTaBE CBOEI CTPYKTYPhI
ruapoUIbHYIO U JJIUHHYIO TUAPOGOOHYI0 HETOJISIp-
HYIO YTJIEBOIOPOAHYIO YacTh. B cuily ocobeHHOCTEM
ctpoeHust MmoJiekyJibl [TAB criocoOHBI ancopOoupoBaThest
Ha ITOBEPXHOCTHU YACTHUII TOOABKH, (hOPMUPYSI HA UX I10-
BEPXHOCTU OOBEMHBIN YIIPYTUiA CIOM, KOTOPBIN CIIYKUT
CTPYKTYPHO-MEXaHUYECKUM O0apbepoM, MPEMSATCTBYIO-
IIUM KOaryJasiuMy U JajibHel11eMy oceJaHNIO YaCTUII.
IIpu arperanyu yacTuil MPOUCXOAUT MPOILECC CaMO-
OpraHu3allu, COMpoBOXKAAIOIIMICS (DOpMUPOBAHUEM
arJaoMepaToB, IIPU 3TOM, C TOYKU 3pEHUST TEPMOAUHA-
MUKW, TPOUCXOIUT MOHUXKEHNE SHTPOIIMU CUCTEMBI.
CnenoBatenbHo, BHeceHUe [TAB B cycrnieH3mI0 100aBKU
HE TOJIbKO YCWIMBAET CTPYKTYPHO-MEXaHUUECKUI KOM-
TMOHEHT, HO TaKXe MPUBOAUT K IMOBBILIEHUIO DHTPO-
MuitHOTO (haKTOpa arperaTUBHOM 1 CENIMMEHTAllMOHHOM
YCTOMUYMBOCTEM NUCIIEPCHON CUCTEMBI, CITOCOOCTBYS
cTabuaM3alMu CyCIIeH3UH, 1, B pe3yjbTaTe, paBHO-
MEPHOMY paclipe/ieIeHUIO YacTull 100aBKU B 0ObeMe
LIEMEHTHOTO KOMIO3UTa, 1, CJIeN0BaTEeJIbHO, TOoJyde-
HUI0 60Jiee TUIOTHOW U MPOYHON CTPYKTYpPhl LIEMEHTHO-
ro KaMH$ C yJIy4lIeHHbIMU (PU3UKO-MEXaHUYECKUMU
M CIIeMaJIbHBIMU CBOMCTBAMMU.

Takum o6pa3oM, HEOOXOAMMO TMTPABUILHO BhIOPATh
IUTACTU(UKATOP U €TI0 KOHIICHTPALINIO T TIOyJYeHUS
YCTOMIMBO K KOATYJISIIINHI U CETUMEHTAIINN CYCIICH3UT
TOHKOOVCIIEPCHOTO KOMITOHEHTA 32 CYCT aKTUBAIIUH
CTPYKTYPHO-MEXaHNIECKOTO M BIIOCICACTBUI SHTPO-
IMUIAHOTO (haKTOpa YCTOMUMBOCTHU CYCIICH3UU.

B cooTBeTcTBUM C BBIIIECKA3aHHBIM, ObLI1a ChopMy-
JIMpOBaHa 1ieJib UCCAEA0BaHUS, KOTOpas 3aKJII04aeTCs
B TIOJIYYCHUHU CTAOMIN3NPOBAHHBIX CYCIICH3UI TOHKO-
IHCTICPCHBIX YaCTUIl TUTAHATA BUCMYTa JIJIST IIEMEHTHBIX
CUCTEM U MCCJIeIOBAHUU CBOMCTB MOJYy4€HHOTO MOJIM-
pUIMPOBaHHOTO IIEMEHTHOT'O KaMHSI.

MATEPHUAJIBI 1 METOAbI

OOBEKTOM MCCICTOBAHUS SIBIISIIOTCS] CTAOMIN3UPO-
BaHHBIC CYCIICH3MM TUTaHA BUCMYTA, MCIIOJIb3YEeMBIC ST
IIEMEHTHBIX cucTeM. [1peameT nccmenoBaHmus — KOJUIO-
MIHO-XUMUYECKIE aCTICKTHI CTAOWIIN3AIINN CYCTICH3MIA
TOHKOIMCIIEPCHOTO TUTaHATa BUCMYTA.

B paboTe nconp30BaIrch CIeIyIOIIe MaTepUaIbL:
CUHTE3UPOBAHHAs] TOHKOAUCIIEpCHAS 10OAaBKa TU-
TaHATa BUCMYTa, TIOJyYeHHAs] HA OCHOBE CHCTEMBI
TiO,—Bi,0, o uurTpaTHOMy MeTOY;
MoJMKapOOKCMIIaTHRIN TtacTugukatop Melflux
5581F (BASF, I'epmanus) (nanee — Sp) mist ctadbu-
JIN3aIUHA TOHKOOWCIIEPCHBIX YaCTHII TUTaHATa BUC-
MYTa;

memeHT LIEM 0 OOO «Xomncum (Pyc) CtpouteabHbIe
Martepuanbl», XUMAYECCKIUA 1 MIHEPATOTUICCKIIA
COCTaB KOTOPOTO MpeacTaBieH B Taoi. 1 u 2.
CuHTe3 100aBKM TUTAHATA BUCMYTA OCYIIIECTBIISIICS
IT0 METOIMKE COBMECTHOTO OCaXKICHUS COJICH TUTaHa
1 BUCMYTa B PacTBOPE JIMMOHHOM KMCIIOTHI, CXOXKEH
C KJIaCCUYECKUM LIUTPATHBIM MeToaoM Ileunnn [18].
JU1st mosrydeHusT 9acTUIl JOOaBKU MCITOIb30BaINCh
Terpaxaopun Tutana (oc.4., p (TiCl,) = 1,72 r/mn),
okcua BucmyTa (99,99%), pacTBOpP COJISIHOM KUCIOThI
(1:1), xucaora TMMOHHYI0 MOHOTHApAT. Heobxommmoe
KOJIMYIECTBO TETPAXJIOPHIAa TUTAHA BHOCWIIN B JICASTHYIO

Tabauya 1
Xumunueckuii cocta kiauHkepa 000 «Xoacum (Pyc) CrpouresabHbie MaTtepuasbi»
KomMnoneHTbI TITIIT Ca0O SiO, ALO3 Fe,O, MgO SO, R,0
Knunkep 1,12 63,89 20,63 5,62 5,15 3,68 0,59 1,36
Tabauuya 2
Munepanornyeckuii coctap Kannkepa OO0 «Xoucum (Pyc) Crpourenbnubie MaTepuaibi»
ConepxaHue MUHepaJioB, %
CS C,S CA CAF
63,0 11,0 6,00 15,00

http://nanobuild.ru

399

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
397-407

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobuli

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

Puc. 1. ®@otorpadus 100aBKH THTAHATA BUCMYTA
HenocpeCTBEHHO MOCie CHHTE3a

IUCTUIMPOBAHHYIO BOAY MPU ITOCTOSTHHOM IIepeMe-
IIWBaHUM IJISI 00pa30BaHUsS IIPOAYKTOB THAPOIN3a
TiOCl, (pactBop 1). CooTBETCTBYIOIIEE KOJTUIECTBO
OKCHJIa BUCMYTa PAaCTBOPSUIN B COJITHOM KUCIIOTE, IO-
0aBJISTA B 9TOT PacTBOP HEOOXOAMMOE KOJIMIECTBO
JIMMOHHOM KMCJIOTHI ¥ MEIJICHHO MTOOaBIISIIA K pac-
TBOpPY (1) IpM MHTEHCUBHOM IIEPEMEIINBAHUN B TE-
yenne 30 MUHYT M1t ToMoreHn3anun. [lomydeHHBII
pacTBoOp BhIapuBaiu Ha BoagHoll 6ane nmpu 100°C
10 00pa30BaHMS JKEJITOTO TeJIe00pa3HOrO OCTaTKa, KO-
TOPBIN TTOIBEPTaIN Pa3IOKECHUIO B My(eTbHOI ey
npu 400°C (15 MUHYT) 1O BEITOpaHUS OpraHUYIECKOM
COCTaBIISIONICH, a 3aTeM OTKUTATIN B My(PeTbHOM Imeun
npu Temriepatype 700°C 1o hopMUpoBaHNUS KOHEYHO-
T0 TOHKOIMCIIEPCHOTO XJIOMbe0oOPa3HOTO MPOAyKTa
peakiuu (puc. 1).

Daz30BHIi cocTaB MOOABKY TUTAHATA BUCMYTa M3yda-
JIA TIPY TIOMOIIM PEHTIeHO(a30BOro aHaIM3a, KOTOPHIi
TIPOBOOWIIN C TIOMOIIBIO PEHTICHOBCKOTO TU(PPAKTO-
metpa D8 ADVANCE Bruker AXS Cu,  — usinyyeHus
(rpaduroBeiit MoHoxpomartop), ACuKa = 1.54056 E.
PenTtrenorpamMmMsl o6padaThiBaay MPU ITOMOILIU ITPO-
rpaMMHOTO obecrieueHusT Match.

W3 Buma rmpeacTaBieHHBIX Ha pHC. 2 peHTTEHOTpaMM
MOXHO 3aKJIIOYNTh, YTO 3HAUCHUE YIJIOB 20 1 MHTCH-
CHBHOCTEY CUHTE3UPOBAHHOM TOOABKU COOTBETCTBY-
eT wrpux-peHtreHorpamme Bi Ti,O, 13 6a3bl TaHHBIX
JCPDS-ICDD PDF-2. Takum 06pa3oM, yCTaHOBIICHO,
YTO TIpeobamaronieii pa3oif IBIICTCS TUTAHAT BUCMY-
Ta cocrasa Bi,Ti, O, (PDF#83—0673), OJIHAKO MPUCYT-
cTByIOT Takke (asa cocrasa Bi, Ti,O , (PDF#72-1019)
CO CTPYKTYpPOIT IEPOBCKUTA 1 MeTacTabwmibHas [19, 20]
¢asza cocrasa Bi,Ti,O, (PDF#32-0118) co cTpykrypoii
MM POXJIOpA.

NHTEHCUBHOCTb

10 15 20 25 30 35 45 50 55 60 65

40
26, °

Puc. 2. Pentrenoca3oBblii aHaM3 700aBKH THTAHATA
BHCMYTA: ® SKCIIEpUMEHTaIbHbIE naHHbie; = Bi,Ti,O, ;
= Bi, Ti,O ,; = Bi,Ti,O,

ClrenyromnM IIaroM B JaHHOM MCCIICIOBAHUY OBLIO
MTOJTyYeHNE CTAOMIM3MPOBAHHOM CYCTICH3UT YaCTHII J0O-
0aBKuU TUTaHATa BUCMYTA. 7151 moydeHusl CTaOUIU3U-
POBaHHOI CyCIIEH3UH HEOOXOIUMO OIIPEACTTUTE KOJTIIe-
CTBO IDIacTU(dUKaTOpa, CIIOCOOHOTO 00ECTICUNTD YCTOM -
YUBOCTh TaHHON CYCIICH3MM K IIPOLIeCCaM arperamumn
1 CeIMMEHTAIINN. B COOTBETCTBUY C MCCIIeIOBAHUSIMU,
OIMMCAaHHBIMU B paboTe [21], ObIH TTPOBEAEHBI UCCIIEN0-
BaHUS 10 YCTAHOBJICHUIO KPUTUICCKOIN KOHIICHTPAIIUN
mute/urooopazoBanus (KKM) mst BRIOpaHHOTO IUIACTH-
¢dukaropa B BogorpoBogHoii Boge. KKM omnpenensuim
IBYMSI CIIOCOOAMU: TI0 M3MEHEHUIO TTOBEPXHOCTHOTO
HaTSDKeHUS (CTaIarMOMETHICCKUI METON) M KOHIYK-
TOMETPUUYCCKUX METOIOM.

OrmpeneneHre TOBEPXHOCTHOTO HATSIKCHMST CTaIar-
MOMETPUICCKIM METOIOM (METOI cUeTa KalleIb) OCHO-
BaHO Ha CpaBHECHWHU KOJIMYECTBA KalleJIb UCCIICIYeMOTO
pacTBOpa U CTAaHOAPTHOM KUIKOCTH (BOZOIIPOBOIHAS
BOZA), BEITCKAIOIINX M3 CTAJIaTMOMETPA.

JInst cunbHO pa3daBiIeHHBIX PAaCTBOPOB ITLIACTU(U-
KaTopa Sp IMOBEPXHOCTHOE HATSKCHME PACCUNTHIBAIIA
o hopmyie:

o(Sp) = o(H,0) «n(H,0)/n(Sp), 2

rae o(ITAB) — moBepXHOCTHOE HATSKEHUE MCCIICIye-
Moro pactBopa ITAB, H/m;

0(H,0) — noBepXHOCTHOE HATSKEHHUE PACTBOPUTE]IS,
H/m;

n(H,0) — uucio Kanesib pacTBOpUTEIIS;

n(Sp) — YMCII0 KameIb NCCIeIyeMOro pacTBopa Iiia-
ctudukaropa.

ITo Tmoy4eHHBIM OJAaHHBIM CTPOMJINCH M30TECPMEI
ITOBEPXHOCTHOTO HATSDKCHMS TUIACTU(UKATOpa, TOYKA
MU3JI0Ma Ha KOTOPbIX cOOTBETCTBYET KKM.
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M3MepeHus 2 IeKTPOITPOBOTHOCTH PACTBOPA IUIACTH-
(bnkaropa ¢ MOMOIIBI0 KOHITYKTOMETPA OCYIIECTBIISITN
IIyTeM TOTPYKEHHUS AeTeKTopa IIpruOopa B TOATOTOBJICH-
HBIC PaCTBOPHI TUIACTH(MKATOPa Ha yPOBEHb 3—4 CM M TI0-
CJIe YCTaHOBJICHUSI TIOCTOSTHHOTO TTOKa3aTeIsl Ha IUCITIee
(bmkcrpoBaM 3HAYCHIE IEKTPOIIPOBOIHOCTHI PacTBOpA.
ITo TToyYeHHBIM JaHHBIM CTPOWUIN TPpadUKU 3aBUCH-
MOCTH JoTaprdmMa 3JIeKTPOIIPOBOIHOCTH OT JIoTaprudma
KOHIIeHTpan. M3710M Ha KpMBOI KOHIIEHTPAIIMOHHOM
3aBUCHMOCTU COOTBETCTBYET Touke KKM.

Hns ycuneHusT CTaOMIM3UPYIOIIETO IeUCTBUS TIIa-
ctuduKaTopa U ero aacopOLMOHHON CIIOCOOHOCTH
Ha TTIOBepXHOCTH YaCTHIl TUTAHATA BICMYTa IIPOBOIMIIACH
yIBTpa3ByKoBast 00padoTtka (Y30) cycrieH3nit TUTaHaTa
BUCMYTa, COIepXKaIIero miacTuduKaTop, Ha Impudo-
pe Y3JIH-1. [TapameTpsl nucnieprupoBaHusl: 4acToTa
YIBTPa3BYKOBHIX Koebanuii — 44 xI'1, TemrepaTtypa
TepMocTaTupoBaHug —2512°C, BpeMs AUCTIeprupoBa-
HUS — 20 MUHYT.

Bl mipoBedeHBI UCCAeIOBAaHUS IO YCTAaHOBIIC-
HUIO CEAMMEHTALIMOHHOW YCTOMYMBOCTU CYCTIEH3U
TuTaHaTta BucMmyTta 6e3 Y30 u ¢ mpumeHeHneM Y30,
a TaKKe B IPUCYTCTBUU IIacTuduKaropa. Mcciemona-
HUIO TTOIJICXKAJIN CYCIIEH3UN ¢ KOHIICHTpAIIMel THTaHaTa
Bucmyta 10, 30, 50 r/n1. [ToaroToBIeHHBIC CYCIICH3UN
TepeIUBaIN B IUIMHIAPHI M HAOTIODANIN 32 IIPOILIECCOM
OCeIaHUS YaCTHII.

15T OLIEHKY IIPOYHOCTHBIX XapaKTepUCTHUK IIEMEHT-
HOTO KaMHS TOTOBIJIM 00pa3IbI-KyOMKI CO CTOPOHA-
mu 20%x20x20 MM B arrecToBaHHBIX (hopmax 6DK-20.
Hasecka 1ieMeHTa 3aTBOPSIJIACh CTAOMIN3NPOBAHHBIMU
CYCIICH3MSIMH BMECTO BOIBI 3aTBOpeHMs. TBepaecHMIE
00pa31IoB ITPOBOAMIOCH B BO3MYIIIHO BJIAXKHOCTHBIX yC-
JIOBHSIX, TIOCJIC YEeT0 00pa3IIbl UCITBITHIBATINCH HA TIPOY-
HOCTb Ha CXXaTHe Ha JabopaTOPHOM THIPABIMICCKOM
npecce Controls.

MzyueHmne mmpoliecca THapaTalliy IIEMEHTHBIX 3¢peH
npoBoauIK Ha TepMmoaHanusatope «SDT Q-600» (CLLA)

¢ TOMOI1LbI0 AuddepeHINaTbHO-TEPMUYECKOTO U Tep-
MOTPaBUMETPUYECKOTO METOJOB aHA/IM3a B BO3MYIII-
HOIT aTMOoc(depe B nHTepBasie TemIiepatyp 25 9 900°C.
CKOpOCTh U3MEHEHUsI TEMIIEPATYPhl COCTABIISLIA V =
10°/MmH.

PE3YJbTATBI 1 OBCYKIEHUE

Crabummsupyrollee IeiiCTBHE TUIACTA(DUIINPYIOIICH
IOOABKU TIPOSIBIISICTCS, TIIAaBHBIM 00pa3oM, B ICHCTBUN
CTPYKTYPHO-MEXaHIMUECKOTO (DAKTOPa, TIPOSIBIISTIOIICTOCS
B (hOpPMHUPOBAHNUM Ha TTOBEPXHOCTH TOHKOIMCIIEPCHBIX
YACTHII IIPOYHBIX TeIe00Pa3HBIX ITICHOK ITACTH(UKATO-
pa, 00YCITOBIMBAOIINX, TEM CaMbIM, X CTAOMIIM3ALIHIO.
CraOMmM3npoBaHHbIC YaCTUIIBI PABHOMEPHO PacIIpeneIsi-
I0TCSI B 00beMe KaK IUCIIEPCUOHHOM Cpebl, TaK 1 B 00b-
eMe IIeMEeHTHOTo KaMHsI. OTHAaKO CYIIIECTBYeT OrpaHIe-
HHE: CTaOMIN3UPYIONIas T00aBKa He TOJKHA BBOIUTHCS
B CYCIICH3MIO C KOHIIEHTPALINIA, IIPEBBIIIAIOIICIH 3HAUCHIE
KKM. Muaue mexmy MoJieKyJaMy cTabuiIn3aTopa Ha-
YUHAET IIPOUCXOINUTH ITPOIIECC MUIIEITIO00pa30BaHM,
TO €CTh UCTMHHBIN pacTBop noHoreHHoro I1AB nepe-
XOIOWUT B MULICJUISIPHBIN, C 00pa30BaHEM KIIACCHUCCKIX
IIapoo0Opa3HBIX, a 3aTeM UIIMHIPUICCKUX 1 TUCKOO-
0o0pa3HbIX MulleI. B 3TOM citydae ctabunusupyoliee
JeiicTBre TuiacTUdrKaTopa MposIBIISIThCS He OyneT. bosee
MOJIPOOHO BTOT acIeKT OCBelleH B padote [21]. Takum
00pa3oM, TICPBBIM 3TAIIOM JAHHOTO MCCIICIOBAHMS OBLITO
omnpenenenne KKM crabumizaropa Sp B BOTOITPOBOTHOIM
BOJIE TIPY TIOMOIIIM CTAIATMOMETPUICCKOTO METOA, IS
Yero TOTOBIJIM CEPHUIO paCTBOPOB CTAOMIM3aTOpa KOH-
enrpanwmeii 2,5; 2; 1,5; 1,3; 1,13; 1; 0,89; 0,76; 0,63; 0,31;
0,16;0,078; 0,039 r/x1.

Ha ocHOBaHWY MTOTYYeHHBIX JAHHBIX CTPOMIIN 130~
TepMy ITOBEPXHOCTHOTO HATSKCHUS ITTacTU(PUKATOpa
B KoopauHaTax ¢ = f(CY), Te v — 3TO CTeXUOMETPH-
yecKnit KoappuimeHT syekTpoanTa (puc. 3a). s
BBIOpAaHHOTO TTacTU(dUKaTOpa Sp v = 2, T.K. YHUCIO
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Puc. 3. M30TepMa noBepXHOCTHOTO HATSKEHHUs (a) M rHOOCOBCKOIi aacopouu (0) miactudukaropa Sp
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MOJIOXKUTEIbHBIX U OTPULIATEIbHBIX MOHOB OKa3bIBAET-
cs paBHBIM 1. Takke 1TI0 pe3yabTaTaM pacdeToB, ITOJTY-
YEeHHBIX U3 U30TePM IS TIacTU(UKATOPa, HAXOIUIIN
3Ha4YEeHMsI THOOCOBCKOI aicOpOLIN U CTPOVIIM rpadpuK
B KoopauHaTax I = f(c*) (puc. 30).

M3nom Ha uzorepme coorBercTByeT KKM 1ractu-
(ukaropa Sp, KoTOpast COOTBETCTBYeT 3HaUeHMIO 1,3 1/71,
a TpenesibHass THOOCOBCKAST aICOPOIUS COCTABIISIET
I' =9,3 mosb/M. [1oaydeHHbIE PEe3Y/IbTAThI ITO3BOJISIOT
cIeaTh BBIBOI O TOM, UTO IUIACTU(MUKATOP CITOCOOCH
HE TOJIBKO amcopOMpoBaThCs Ha TpaHUIle pas3mesa ¢as
BOIA-BO3IyX, HO M aIcOpPOMPOBATHLCS Ha TTOBEPXHOCTH
YACTUII TOOABKY, YCHIINBAS CTPYKTYPHO-MEXaHIMUCCKUI
(hakTOp CTAOWIM3AIINN CYCTICH3UM.

Touky KKM nnactudukaropa onpeneisaivu npu
TOMOIIN KOHIYKTOMETPUICCKOTO METOHA, U3MEPSIS
YIETBHYIO 3JICKTPOIIPOBOTHOCTD CEpUH ITPUTOTOBICH-
HBIX PacCTBOPOB C MOCJICAYIOIINM ITOCTPOCHUEM JIOTa-
pudmuueckoit 3asucumoctu lg (%) = f (g C) (puc. 4),
M3JI0M Ha KOTOPOIi1 TakxKe cOOTBEeTCTBYeT Touke KKM
nactudukaropa.

3nauenne KKM miactudukaropa, mojgydeHHOE IIpH
TMOMOIIN KOHIYKTOMETPUISCKOTO METOa, TaKKe Ha-
XOIMTCSA B 00j1acTH 1,3 T/J1, 9TO XOPOIIIO COTIacyeTcs
C TaHHBIMM CTAJTATMOMETPUICCKOTO METOMIA.

Taxmm 00pa3om, U3 TaHHBIX, TOJYICHHBIX TIPH T10-
MOIIIN CTATaTMOMETPUIECKOTO U KOHIYKTOMETPHUIECKO-
ro METOAOB, MOXHO 3aKJIOUYUTh, UTO 3HaueHne KKM
COOTBETCTBYET 3HaYeHUIO 1,3 r/1. g cTabumn3anumn
TOHKOIMCIIEPCHOU M0OaBKM 3HAUCHNE KOHIICHTPAIIMN
BBIOpAHHOTO TIIacTU(UKATOpa Sp HE TOJIKHO ITPEBHI-
IIaTh 3TY BEJIMINHY, IIO3TOMY IS TATbHEHIITNX UCCITe-
IOBaHWI OBLTIO BRIOPAHO 3HAUYCHME KOHIICHTPAIIUN Sp
Hizke obmact KKM, kotopoe cocrapiseT 1,2 1/71.

o1t cTaOMIM3aIIy YaCTUIL TOHKOIMCIIEPCHOTO KOM-
TIOHEHTAa B 00beMe TUCIICPCHOHHO CpeIbl ITPOBOAMIIACH

g

2.65

2.60 ]

2.55 o

KKM

2.50 ——a—mn
2.45 + /

2‘40 T T T T T T T T T M T 1
-1.50-1.25-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
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Puc. 4. 3aBuCHUMOCTBD 3JIEKTPONPOBOAHOCTH OT KOHIIEH-
TpauyM pacTBOPOB mIacTudukaropa Sp

VIBTpa3ByKOBasl 00pabOTKa CyCIIeH3MIt, KOTopast CITO-
COOCTBYET IOIOJHUTEIIFHOMY M3MEIbUYCHUTO YACTHII,
pasneaeHIIo chOpMUPOBAHHBIX aIJIOMEpPAToOB, a TaK-
Ke YIYYIIECHHIO TIpoliecca ancopOIy MaKpOMOJICKYJT
IracTuUKaTopa Ha MOBEPXHOCTH YAaCTUIl TUTaHATa
BUCMYTA.

J17151 TOro 4ToObI MOATBEPANTH BO3MOXKHOCTh CTA0MIIM-
3aIIMX YaCTHUII T0OABKM TUTAHATA BUCMYTa TIPY TIOMOIIIHN
IIacTUUKATOPA, TIPOBOIMIIN OIICHKY CeIMMEHTAIIOH-
HOI1 yCTOMYMBOCTH cycIieH3nit. B Tabir. 3 mpeacTaBieHbI
JTAHHBIC O CKOPOCTH OCEIAHMST YACTHI] TATAHATA BUCMYTa
B BOIHOIT ¥ BOTHO-TIOJMMEPHOM Cpefax ¢ IpUMEHEHNEM
YJILTPa3BYKOBOI 00pabOTKM 1 Oe3 Hee.

IIporecc ocemaHms YaCTUIL TOOABKH B BOXHOI THC-
TIEPCUOHHOM Cpelle MOKHO YCIIOBHO pa3NeiiuTh Ha TP
OCHOBHEIX TTeprofa. B TeueHMe mepBoro meproaa Ha JHO
WIMHIpPA OCceIaloT HanboJiee KPYITHBIC 1 TSDKEJTbIC Ya-
CTHUIIBI, COOTBETCTBEHHO, IIPOMCXOINT TIPOIIECC pase-
JICHWST BCel MacChl YacTuIl Ha ppakmuu. [1ocKombKy
ocemaHue KPYITHBIX YaCTHII IIPOMCXOIUT OUYeHb OBICTPO,
TO TIEPBBIM TIEPUOIOM MOXHO IIpeHeOpPeUb, B CBSI3U
¢ yeM B Ta0J1. 2 OTCYTCTBYIOT TaHHBIE 10 HeMy. B pamkax
BTOPOTO TIeproaa MeJikast (paKIIns TOHKOIUCIIEPCHOMN
¢a3pl THTAHATA BUCMYTa HaXOIUTCS BO B3BCIICHHOM
COCTOSTHUM B 00BEME TUCIIEPCHOHHOM Cpeabl, B KOHIIC
TPETHETO TIeproaa HaOIIOIACTCS TIOJTHOE OCeoaHNe Ja-
CTHUII HA THO IWJIMHIpPA, TUCIIEPCHOHHAS Cpela CTaHO-
BUTCSI TIPO3PAYHOIA.

IIpoBeneHHBIE MCCIeA0BaHMS ITOKA3AIN, YTO CYCIICH-
3UM TUTaHaTa BUCMYyTa mocie Y30 Goliee yCTONIMBHI,
geMm 60e3 Y30. B ¢B431 ¢ 4yeM MOKHO CIeaTh BHIBO/I
00 3¢ PEeKTUBHOCTHU yIAbTPA3BYKOBOII 00pabOTKHU Cy-
CITeH3MIT TOHKOAMCIIEPCHOTO KOMITOHEHTA, KOTOpas 3Ha-
YUTEJILHO MPOJUIeBAET BpeMsl oceaHus yacTull. Takxke
3aMETHO, UTO C YBEIMYCHUEM KOHIICHTPAIIMU YacTHUI]
CKOPOCTh UX OCETaHUS pacTeT. BeposiTHO, 3TO CBSI3aHO
¢ TeM (paKTopoM, UTO B 00JIcC KOHIICHTPUPOBAHHOI CY-
CITCH3UH YMCJIO CTOJTKHOBEHUI MEXKIy YaCTUIIAMU TaKKe
BBIIIIE, YeM B pa3daBicHHONM. COOTBETCTBEHHO, OoJiee
YaCTHIC CTOTKHOBEHUSI KPYITHBIX YACTUI APYT C IPYTOM
M CO CTCHKaMU IWJINHIPA TIPUBOILT K UX Ooyiee OBI-
CTPOMY OCEIaHUIO, a 00JIee MEJIKIE U JICTKHUE YaCTUIIBI
0CeIaroT COBMECTHO C KPYITHBIMH.

C mpuMeHeHHEM TUTaCTU(PUIIMPYIONMIe T00aBKI
¢ kxoHneHrpanueit 1,2 r/m 1 Y30 OBLI0 CIIOXHO Olle-
HUTh BU3YAIbHO CKOPOCTb OCEIaHUS YaCTUIl TUTaHA-
Ta BUCMYTa, Yepe3 14 cyToK He HaOII0IaI0Ch TTOJTHOTO
ocCeTaHMs JaCTHUII Ha THO LIWUIMHIpPA, MOXKHO OBLITIO Ha-
OJIromaTh TTOCTETICHHOE pa3eieHIe YaCTUI Ha (hpaKIIny
o pazMmepam (puc. 5).

ITomyuyeHHBIE pe3yabTaThl CBUACTEILCTBYIOT 00 3(-
(GEeKTUBHOCTHU CTAOMIM3ALIMY TOHKOOUCIIEPCHON 10-
0aBKM TUTAHATa BUCMYyTa IIPU ITOMOIIN KOMITJIEKCHOTO
TIOIX0a: TPUMEHEHMST TUIACTU(DUIIMPYIONIE T00aBKHI
U yIBTPa3BYKOBOI 00pabOTKM.
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Nanob%

Tabauuya 3
CeMMEHTAaMOHHAS YCTOMYMBOCTDb CYCIIEH3UN TUTAHATA BUCMYTA B BOJIHOIi cpee
Ilepuon ocenanus yacTuiy
Coco0 ro- Konuenrpa- II 11
Ne | MoreHum3amuu | IHs CyCHEH3HH, Boems CkopocTtb Bpewms CkopocTb
CyCHeH31H (r/n) p oceaaHus oceaHus oceaHus
oceIaHus
wACTHIL, MIH YaCTHII, YaCTHII, YaCTHII,
? 10-5m/c Yac-MHH 105 m/c
1 10 40 7,08 5-33 0,85
2 | be3 ¥30 30 30 17,8 4-05 1,09
3 50 20 13,3 3-30 1,26
4 10 100 2,7 46-00 0,01
5 | IMocne Y30 30 80 3,1 42-30 0,88
6 50 65 3,9 30-00 0,36

Puc. 5. IIponecc cequMeHTAIMHA YACTHIl THTAHATA BUC-
MyTa ¢ KOHueHTpamueii 50 r/J1 B CycneH3uu, CTA0MIn3un-
poBaHHnbIx miactugukaropom (C(Sp) = 1,2 r/a) u Y30:
a) mocie Y30; 6) uepes 14 cyrok nmocie Y30

MaxkpomoseKyibl TacTiuuKaTopa aacopoupyroTcs
Ha MMOBEPXHOCTH TOHKOIWUCIICPCHBIX YaCTUI] TUTAHATA
BUCMYTa, GOPMUPYS IIPOIHEIC IUIOTHBIC TeIe00pa3HbIe
TUICHKH, KOTOPBIE IPH COMVKEHUH YaCTUII TIPEIISITCTBY -
FOT UX CJIMITAHUIO, YKPYITHEHUIO 1 JaJIbHEHIIeMy ocena-
HUIO ¢ pa3pyIIeHUeM OUCIIEPCHOI CUCTEeMBI. YIbTpa-
3BYKOBOE BO3ICICTBHE CITOCOOCTBYET HOITOTHUTECITLHOMY
JIpOOJIEHUIO YaCTUll, UHTEHCU(ULIMPYET aicoOpOILIMOH-
HBIE TIPOIIECCHI 3aKPETUICHUSI CTAa0MIM3aTOpa Ha YaCTH-
I1ax, a TaK;Ke BHOCHUT BKJIAI B TIPOSIBIICHUE SHTPOIUITHO-
ro (hakTopa, 3aCTaBIIsIsI CTAOMIM3NPOBAHHBIC YaCTHIIEI
TUTAaHAaTa BUCMYTAa IOJIBIIIe HAXOMUTHCS BO B3BEIICHHOM
COCTOSTHUH B 00bEME TUCIIEPCHOHHOM BOTHO-TIOIMMED-

HOI1 cpenpl. B aTOM citydae MOXKHO TOBOPHTH O TIPOSIB-
JICHUY CUHEePIU3Ma B M3yJ4aeMOM TUCIIEPCHOM CUCTEME.

CIIeqyroInM 3TalloM B paMKax JaHHOTO MCCIIeAOBa-
HUS OBLIO BBEACHNE TOHKOINCIICPCHOM TO0OaBKHU B CO-
CTaB IIEMEHTA U UCCIIeAOBaHNE ero (PM3MKO-MeXaHNIe-
CKUX XapaKTepUCTUK (pHuc. 6).

I[TpoyHOCTHBIEC XapaKTePUCTUKHU TTOJIYICHHBIX 00-
Pa3IoOB CBUACTEILCTBYIOT O TOM, YTO TOHKOIMCIICPCHBII
TUTAHAT BUCMYTA, TIOJTYICHHBIN 110 MOITU(UIIMPOBAHHO-
MY IIUTPATHOMY METOIY, MOXET paccMaTpUBaThCSI B Ka-
YECTBE CTPYKTYPOOOPA3YIOINIC TOOABKHU TSI [IEMEHTHBIX
CHCTEM, MHTCHCU(UIMPYS TIPOLIECCH THAPATAIIN 3¢PeH
IIEMEHTHOT'0 KJIMHKEpa M CITOCOOCTBYSI ITOBHIIICHUIO
IIPOYHOCTH TIPU CKATUM.

Taxk, ipu BBeACHNN TOHKOINCIIEPCHOTO TUTaHATa
BHCMYTa B COCTaB IIEMEHTHOTO KOMITIO3UTa B BUJIE CTa-
OMIM3MPOBAHHBIX YJIBTPA3BYKOBOI 00PabOTKOM BOTHBIX
CYCTIEH3UI ¢ KOHIIEHTpAIIMei TOHKOIUCIICPCHOM T00aBKI
10, 30 1 50 r/ (puc. 6a) HabGIIOAAETCS YBEIMYEHHIE IIPOY-
HOCTH TIPH CKaTUU 00Pa3IIoB B IIEPBEIC CYTKU ¢ 24 1mo 33
MI1a o cpaBHEHUIO ¢ 6e3M100aBOYHEIM 00pa3oM (Ha 13,
251 38% COOTBETCTBEHHO), a B MApOYHOM Bo3pacTte ¢ 80
10 93 MIla (Ha 4,9 u 16%), T0 eCTh MAKCUMAJIbHbIIA ITPU-
POCT IIPOYHOCTH HaOJI0maeTCs B IIepBBIC CYTKH TBEpIIe-
Husl. BeposiTHO, 3T0 MOXeT OOBSICHITBCSI TeEM (DAaKTOM,
YTO YACTHUIIBI TUTAHATA BUCMYTA, SIBJISISICh MHEPTHOI 1O-
0aBKOIf, KOTOpasI He TIPOSIBIISICT COOCTBEHHOM THIPABII -
YECKOM aKTUBHOCTH, SIBIITIOTCSI TIOJUTOKKOM JIJIST 3apOK-
IICHUSI THAPATHBIX HOBOOOPAa30BaHUI, (DOPMUPYIOIIIXCS
TIPY THAPATAIIT MIHEPAJIOB IIEMEHTHOTO KIIMHKEpa, TeM
CaMBIM MHTCHCU(DUIINPYSI TUAPATAIIMOHHBIC TTPOIICCCHI,
a TaKkKe O paBHOMEPHOCTH pacIipeneIeHUs JaCTHII JO-
0aBKM B 00beMe 1IEMEHTHOTO KOMIMO3UTa. AHAJIOTUYHAs
KapTHHA HaOJTI0maeTCsT IJTsT 00pa3IioB IIEMEHTHOTO KaMHSI,
TTOTYYCHHBIX TTOCJIC 3aTBOPEHMS IIEMEHTA CTAOVIT3UPO-
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IIpouHocTh Ha cikaTie, MIIa

1 3 z 28
Bpema ripaTaLii, ¢yT

B KoHTpONB
BIII+30 r/n 106.

BIIII+10 rin xo6.
DIII+50 1/ 106.

a

ITpouHocTh Ha c:KaTie, MITa

1 B g 28
Bpema rigpartalpi, cyT

BKOHTPOTL
BIIL+30 /1 506.+Sp

OII+10 r/n 1o6.+Sp
OIO+50 rin 106.+Sp

Puc. 6. IIpounocTth npH C2KATHH 00PA3IOB C TOHKOAMCIEPCHOM J00aBKOi TUTAHATA BUCMYTA: a) Oe3 I1acTU(hUKATO-

pa; 0) c nobasneHueM 1,2 r/a ractTudukaTopa

BaHHBIMU BOTHO-ITOTMMEPHBIMH CYCITCH3USIMU JOOABKI
MOCJjIe YIbTPa3ByKOBO# 00paboTKu (puc. 60). Makcu-
MaJTBHBIN TIPUPOCT TIPOYHOCTH TIPU C3KATUM OTMEYACTCSI
B TIEPBBIC U TPETHU CYTKM TBepaeHUs, ¢ 29 no 42 MIla
(Ha 31, 38 1 45%) u ¢ 53 mo 70 MIla (Ha 28, 30 u 32%)
COOTBETCTBEHHO I10 CPAaBHEHMIO C 00pa3IoM IIeMeHTa
C TUTAaCTU(OUKATOPOM.

HaHHBIN (haKT IOATBEPXKIACTCS pe3yIbTaTaMHt, TTOTY-
YeHHBIMU TTpU oMo tepmoananusaropa SDT Q-600.
Ha ocHOBaHUM TepMOTpaMM, TIPEICTABIICHHBIX B Kaue-
CTBe IIpuMepa Ha puc. 7, ObUIM MOJTyYeHBI TaHHBIE, T10-
3BOJISTIOIIME TTIOCTPOUTH I'pahUKM 3aBUCUMOCTH TTOTEPh
TIpY IIPOKAJIMBAHUU OT BPEMEHU TUAPATAIINI 00Pa3IoB
(puc. 8).

W3 rpacduKoB, mpeacTaBIeHHBIX HA PUC. 8, BBISIBIIC-
HO, YTO YOBIIb MAcCHI TIPX HaIpeBaHWM HaBECKU 00pa3-
IIOB IIEMEHTHOTO KaMHSI, MOTU(PUIINPOBAHHBIX CTAOMIIH-
3UPOBAHHBIMHU C TIOMOIITEIO Y30 BOTHBIMHU CYCIICH3USIMU
YaCTHIl TUTAHATA BUCMYTA, YBEIIMINBACTCS B IIpOIIecce
TBepACHUS ¥ UMeeT MaKCUMaIbHBIC 3HAYCHUS TIPH BBE-
IEHWU CYCTICH3UH C KOHIICHTpAIIe TUTaHATa BUCMYTa
50 r/71. AHaJIOTUIHBIE TIPOIIECCH HAOMIOMAIOTCS TIPH 3a-
TBOPEHUH IIEMEHTA BOTHO-ITOIMMEPHBIMHA CYCTICH3USIMU
¢ mpuMeHeHneMm Y30.

Takum 06pa3zoM, MOXKHO 3aKJIFOUNTh, YTO TIPUMEHE-
HIe KOMITJIEKCHOTO TIOIX0aa K CTa0MIN3allN CYCIICH-
33U TTO3BOJISACT MOJIYUYUTh KOMITO3UT, 00JIadar0IINii
0oJiee BRICOKUMHU 3HAYCHUSIMU TIPOYHOCTU KaK B Ha-
YaJIbHbIC CPOKU TBEPICHMSI, TaK I B MAPOTHOM BO3pacTe,
YTO ITO3BOJINT B JaJbHEHUIIIEM pacCMaTPUBATh TAKHE €TI0
XapaKTePUCTUKY, KaK OMOLIMIHOCTD 1 (POTOKATAIUTIYC-
CKYIO0 aKTUBHOCTb, C 1IEJIBIO TTOJIyYeHUS CTPOUTEIIEHOTO
MaTepHayia HOBOTO ITOKOJICHMSI.

3AK/IIOYEHUE

B cooTBeTcTBUM C pe3yabTaTaMU MCCIICIOBAHMS,
IIPEeACTaBICHHBIMUA B JaHHOW CTaThe, IIPU MOMOIIN
CTaJJaTMOMETPUUECKOTO U KOHIYKTOMETPUICCKOTO
METOIOB OBUIO ONpPEeAcICHO ONTUMAILHOE 3HAUYCHUE
CTaOWIM3UPYIOIEeH 100aBKM IJII TOHKOINCIIEPCHOTO
TUTaHaTa BUCMYyTa: ycTaHOBJIeHO 3HaueHrne KKM s
TTOJTMKAPOOKCIIATHOTO CYITEPIUIACTU(UKATOPA, KOTOPOE
coctaBuo 1,3 r/m. Takum 00pa3oM, ISk CTA0MIN3AIIAN
CYCITeH3UI HeOOXOIMMO BEIOMPATh KOHIIEHTPAIIMIO TTa-
ctudukaropa MeHbIe Toukn KKM.

[TpoBeneHHBIC UCCICIOBAHMS IO BIMSIHUIO YIbTpa-
3BYKOBOI1 00pabOTKM Ha CTAOUIU3ALIMIO CYCTIEH3UI 1 Ha
CKOPOCTh OCeIaHUsI YaCTUII TOOABKY B BOTHOI 1 BOTHO-
ITOJTMMEPHOM TUCIIEPCHOHHOM cpeaax IMpoIeMOHCTPH-
pOBaJIM, YTO JAHHBIN BUI BO3ACHCTBUS Ha CyCIICH3NU
CIIOCOOCTBYET OoJIee MEeIJICHHOMY IIPOLIeCCY OCeIaHMUsI
YaCcTHUII, KOTOPBIi, BEPOSITHO, OOBSIICHSICTCS OpO0IIe-
HHEM KPYITHBIX YaCTUIl Ha 6oJiee MEJIKIE M pacramzoM
arJIoMepaToB, a TaKXKe MHTCHCU(PUKAIINT ancopOInm
MaKpOMOJIEKYJI IUTacTA(UKaTOpa Ha YaCTUIIAX TOOABKH.

HccenoBanus GpU3MKO-MEXaHIIECKIX CBOMCTB IIe-
MEHTHOTO KaMHSI, MOTU(UIITPOBAHHOTO CTAOMIN3UPO-
BaHHBIMHU CYCITCH3MSIMM TUTAHATA BUCMYTA, CBUICTEIb-
CTBYIOT O TIOBBHIIIICHUM ITPOYHOCTHBIX XapaKTePUCTUK
n 60Jiee MHTEHCUBHBIX THAPATAIIMOHHBIX ITpolleccax
B MOIM(MUIINPOBAHHBIX 00pa3Iiax, YTO KOCBEHHO IO -
TBEp3KIaeT paBHOMEPHOCTD pacIIpeIe/ICHIST YaCTHII JO-
0aBKU B 00beMe 1IEMEHTHOTO KaMHSI.

Ha ocHoBaHNM KOMILIEKCA IIPOBEACHHBIX UCCIIECIO0-
BaHUI MOKHO 3aKJTIOYUTD, YTO TIPOIIECC CTAOMIM3AIIAN
TOHKOIMCIIEPCHBIX YaCTUI] TUTaHATa BUCMYyTa JOCTH-
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Puc. 7. TepmorpaMMbl KOHTPOJILHOTO 00pa3ia (a) u ¢ 100aBKoii THTaHaTa BucmyTa 30 r/i (0) B 3 CyT TBepaAeHHs

¢ IIACTH(PUKATOPOM

raeTcsl TIpY ITOMOIIY CUHEPTETUYECKOTO BO3AEHCTBUS
CTPYKTYPHO-MEXaHMUECKOTO (DaKTOpa, IIPOSIBIISIOLLIETOCS
B pe3yibTaTe (GOpMUPOBAHMST HA IIOBEPXHOCTU YACTHI],
MPOYHBIX TeJIE00Pa3HBIX TUIEHOK aICcOpONPOBAHHOTO
rracTuduKaTropa, KOTOPbIE TIPEMATCTBYIOT CIUTTAHNIIO
YACTULL IIPU UX COMKEHUHU C MOCIEAYIOLIE cequMeH-
Tanyreit. DTo MPUBOINT K pa3pyIIeHHUIO JUCITEPCHOM CH-
CTEMBI, a TAKXKE SHTPOIUITHOTO KOMIIOHEHTA, KOTOPBINA
CII0COOCTBYET 00JIee MINTEILHOMY HAXOXKICHUIO YaCTHLL
BO B3BEILIEHHOM COCTOSTHUU B 00OBEME IUCITEPCUOHHON
Cpebl U3-3a YIbTPa3ByKOBOI 00pabOTKM CyCIIEH3UH. 3a-
TBOpPEHUE LIEMEHTA CTA0MIN3UPOBAHHBIMY CYCIIEH3USIMU
¢ KOHIIEHTpaImeit ToHKoaucmnepcHoii modasku 10, 30 1 50
/71 IPUBOIUT K ITOBBILICHUIO (PU3UKO-MEXaHNYECKUX
XapaKTEPUCTHUK LIEMEHTHOIO KaMHSI, YTO BBIPAKAETCS

B YBEJIMYEHUH [IPOYHOCTHU IIPU CKATUU 00Pa3LIOB B Iep-
BbIe CYTKM ¢ 24 no 33 MIla no cpaBHeHUIO ¢ O6e3100a-
BOYHBIM 00pa3oM (Ha 13, 25 u 38% COOTBETCTBEHHO),
a B MapouHoM Bo3pacte ¢ 80 10 93 MIla (Ha 4,9 u 16%).
MakcuMabHbIiA IPUPOCT IIPOYHOCTH HPU CKATUU IS
LIEMEHTHBIX 00pa3L0B, MOAN(MULIMPOBAHHBIX BOIHO-IIO-
JIMMEPHBIMU CYCIIEH3USIMM, OTMEUAETCSI B IIEPBhIE U TPe-
TbU CYyTKM TBepaeHus ¢ 29 no 42 MIla (ua 31, 38 u45%)
u ¢ 53 mo 70 MIla (na 28, 30 u 32%), COOTBETCTBEHHO,
I10 CPAaBHEHUIO C 00Pa30M LIEMEHTA C IIACTU(DUKATOPOM.

[MonyyeHHbIE Pe3yIbTaThl CBUACTEIBCTBYIOT O BO3-
MOXHOCTH IOJIY4E€HUSI LIEMEHTHOTO KOMITO3UTa, 00J1a-
JIAIOILIETO BBICOKMMU DKCILTyaTallMOHHBIMU CBOMCTBAMM,
U pacIIMpeHnH 0a3bl CTPOUTEILHBIX MATEPHUATIOB HOBOTO
ITOKOJICHMSI.
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¥ BOJIHO-TIOJIUMEPHBIMU (0) CYCIIEH3MSIMM THTAHATA BUCMYTA
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ABSTACT: Introduction. Research to improve the quality of foam concrete products through targeted control of technological
processes of structure formation of cement-based compositions is relevant. The strength of foam concrete is significantly influenced
by the adhesion strength of the hardened cement paste to the aggregate. This article discusses methods of chemical and mechano-
chemical activation of foam concrete filler with glyoxal-containing additives, interaction with hydration products of binders and
increasing the strength of the contact zone. The quality of foam concrete can be improved by controlling the properties of the
contact zone. Materials and methods. The study was conducted using standard test procedures specified in national standards.
Results. With preliminary chemical and mechano-chemical exposure of the sand surface to glyoxal-containing additives and its
subsequent introduction into the foam concrete mixture the grade of strength of foam concrete increases to B1 while maintaining
the average density grade D500 in comparison with foam concrete of the control composition, while the shrinkage value decreases
by 20-38.5% and thermal conductivity coefficient by 37%. Conclusion. The use of glyoxal-based additives in foam concrete mixtures
by pre-activating the sand surface can improve the quality of cement foam concrete.

KEYWORDS: cement-based foam concrete, glyoxal-containing additives, structure formation, plastic shrinkage, porosity, compres-
sive strength, average density, thermal conductivity coefficient.
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INTRODUCTION

In accordance with the concept for the development of
the Russian construction industry until 2030, impor-
tant tasks are the effective resource provision of hous-
ing facilities, including individual construction, with the
maximum use of local raw materials, as well as reducing
energy costs in the production of building materials and
building maintenance. The optimal solution to the tasks
set is to increase the thermal properties of enclosing struc-
tures, reduce the cost of construction, provide a comfort-
able and safe environment for living by using high-quality

heat-insulating foam concrete for the construction of
buildings. Heat-insulating foam concrete in wall struc-
tures provides good thermal protection of housing, the
required load-bearing capacity and durability [1].

When producing non-autoclaved foam concrete with
low average density, effective in terms of thermophysical
parameters, problems arise in controlling the processes
of ensuring a stable cellular structure, high strength, re-
ducing drying shrinkage and thermal conductivity [2, 3].
It is necessary to scientifically substantiate and develop
innovative ways to control structure formation in order to
improve its quality for the widespread use of non-auto-
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claved foam concrete in the production of products and
in monolithic construction [4].

Improving the physical and mechanical properties of
foam concrete is achieved through the improvement or
development of new technological methods that make it
possible to regulate volumetric structure-forming process-
es at different scale levels, namely: at the micro level — the
cement matrix; at the contact of interacting components,
cement stone — aggregate; at the macro level — a durable
frame made of fine aggregate (sand) [5].

Al components of foam concrete, regardless of the
state of aggregation, participate in mechanical and
physicochemical interaction during structure forma-
tion. The chemical activity of the surface of the grains
increases and the process of interaction with the cement
matrix at the phase interface is accelerated with controlled
pre-activation of the filler. Chemical or mechanochemi-
cal activation of the foam concrete mixture filler using
a structural-phenomenological analysis of the relationship
between microstructural indicators and physical and me-
chanical properties allows us to predict the improvement
of the main technological and technical parameters of the
quality of foam concrete.

It has been established that treating the aggregate
with aqueous solutions of acids leads to an increase in
the chemical activity of the surface, the interaction of
hydrate compounds of hardened cement paste with ag-
gregate grains, and an increase in the microhardness
of the contact zone and the strength of foam concrete
[6, 7].

Currently, the issue of using modifying additives that
affect the rheological properties of the cement matrix and
the structure formation of the foam concrete mixture has
been studied quite well [§—12]. Using modern modify-
ing additives, they control the workability and setting
time of the foam concrete mixture, reduce shrinkage,
increase the homogeneity, and the strength of foam con-
crete up to 25% [9,13], reduce cement consumption by

Table 1
Raw materials for foam concrete mixture

10—15% [14—16]. The surface of the aggregate should be
pre-activated to obtain the greatest effect from the action
of modifying additives. The adhesion strength of the ce-
ment stone to the aggregate has a significant influence on
the strength of foam concrete. [17]. The contact zone is
the most important structural element of foam concrete,
by controlling which it is possible to ensure the required
quality parameters of the designed concrete.

In this work it is proposed to use crystalline glyoxal
and a 40% aqueous solution of glyoxal for chemical and
mechanochemical activation of the surface of quartz-
feldspar sand. In the alkaline environment of hydrating
cement, the glyoxal additive interacts with calcium hy-
droxide, which is formed as a result of the hydrolysis of
alite, a cement mineral, with the formation of calcium
glycolate (HO—CH,—COO),Ca, increasing the volume
of neoplasms and the foam concrete matrix [18—21]. Cal-
cium glycolate is adsorbed on needle-shaped ettringite
crystals, reducing the volume of pore space in the hard-
ened cement paste and increasing strength [22, 23]. Based
on this, it is assumed that by pre-activating the surface of
aggregate grains with glyoxal additives and introducing
them into the foam concrete mixture, it is possible to
reduce porosity and increase the strength of hardened
cement paste in contact areas with aggregate grains, which
will improve the physical and mechanical parameters of
the quality of foam concrete.

The purpose of the study is to establish the patterns of
chemical and mechanochemical activation of filler with
glyoxal additives on the structure formation and properties
of cement foam concrete.

MARERIALS AND METHODS

The materials presented in table 1 were used carrying
out the research.

Technical characteristics of glyoxal additives are pre-
sented in [1].

Material

Compliance with the requirements
of the regulatory document

Portland cement CEM 1 42.5N from Topkinsky plant

Russian State Standards GOST 31108-2020

Quartz-feldspathic sand from the Kudrovskoye deposit
in the Tomsk region with a fineness modulus of 1.8

Russian State Standards GOST 8736-2014

Foaming agent PB-2000

Technical Specifications 2481-185-05744685-01;
Russian State Standards GOST 24211-2008

Tap water

Russian State Standards GOST 23732-2011

40% aqueous solution of glyoxal (TH «Novokhim»,
Tomsk)

Technical Specifications 2633-003-67017122-2011

Glyoxal crystalline (TH «Novokhim», Tomsk)

Technical Specifications 2633-004-67017122-2011
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Table 2
The basic composition of foam concrete for 1 m3

Consumption of raw materials per 1 m?

cement, kg

quartz-feldspathic sand, kg

tap water, | foaming agent, |

Basic composition D500 270

135 202 1.3

The physical and mechanical properties of foam con-
crete were determined in accordance with the require-
ments of national standards:

— testing and quality assessment of foam concrete (Rus-
sian State Standards GOST 25485-2019);

— average density (Russian State Standards GOST
12730.1-2020);

— compressive strength and quality assessment of a series
of 6 samples (Russian State Standards GOST 10180-
2012 and GOST 18105-2018);

— thermal conductivity using the ITS-1 thermal conduc-
tivity meter (Russian State Standards GOST 7076-99).
The determination of plastic shrinkage was carried

out according to the author’s method presented in [8].
The structure of pore volume of foam concretes was

investigated using Quanta 200 3D Two-beam Scanning

Electron Microscope. The images were obtained within

the low vacuum mode at the stable accelerating voltage

up to 20KkV. In order to study porous structure of foam
concrete mercury injection method was applied using

Quantachrome 33 Porosimeter.

The basic composition of the foam concrete mixture
was developed taking into account the requirements of
Russian Standard SN 277-80 “Instructions for the pro-
duction of cellular concrete products” (table 2).

The foam concrete mixture was prepared according
to one-stage technology using a laboratory foam concrete
mixer.

A block diagram of studies of improved quality ther-
mal insulating cement based foam concrete modified with
glyoxal additives was developed using the results of previ-
ous studies (fig. 1).

Scientific substantiation and choice of modifying additive

A positive effect was established when controlling the
water demand, the kinetics of early structure formation and
hardening of cement paste with a glyoxal additive accord-
ing to the results of previous studies [1, 19, 23, 24]. That
was the basis for choosing the additive to achieve this goal.

Establishment of the method of introduction and the opti-
mal content of glyoxal additives in the foam concrete mixture

As a result of the analysis of various methods of prepa-
ration (activation) and the sequence of introducing com-
ponents in the process of preparing a foam concrete mix-

Choice of modifying additive

Y

Establishment of the method of introduction
and the optimal content of glyoxal additives
in the foam concrete mixture

Y

Physical and mechanical properties of foam

Y

Physico-chemical studies of foam concrete

Y

Production technology

Fig. 1. Block diagram of foam concrete research

ture, taking into account the interaction of hardened ce-

ment paste with aggregate, it is accepted that the methods

of separate or joint mechanical and chemical activation of
the surface of the components are promising.

Two technological methods for the preparation and
introduction of glyoxal-containing additives into the
foam concrete mixture were scientifically substantiated
to conduct experimental studies to establish the patterns
of structure formation during the activation of the com-
ponents:

— preliminary application of a 40% aqueous solution of
glyoxal to the surface of the filler by spraying. Quartz
sand was treated with a 40% aqueous solution of gly-
oxal by spraying with a spray gun and then introduced
into the concrete mixer;

— dry quartz-feldspathic sand was ground in a mill to-
gether with crystalline glyoxal. Activation of the sand
surface is carried out due to simultaneous compres-
sive and shear deformation (abrasion), as well as the
chemical interaction of the glyoxal additive with the
surface of the filler.
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RESULTS AND DISCUSSION

A foam concrete mixture with a mobility of 11—14 cm
(the diameter of the flow on the Suttard device) and
a W/T ratio equal to 0.5 was used during the research
[8,9,25].

The results of the study of the structure of foam con-
crete, dried to a constant weight, with activated and non-
activated filler are shown in fig. 2.

A perforation and intensive destruction of the pore
walls, as well as their association, are observed in the
basic sample. It contributes to the development of the
sedimentation process, a decrease in the homogeneity of
the microstructure. It was found that foam concrete with
chemical and mechanochemical activation has a more
uniform structure, the pores evenly fill the entire volume
of the material the, contact area of the cement matrix

increases. Preliminary activation of sand contributes to
the formation of a stable structure of foam concrete with
closed fine pores.

The results of studying the structure of foam concrete
with an activated sand surface are given in table 3.

According to the research results, it was established
that the mechanochemical activation of sand by grinding
with crystalline glyoxal leads to decrease the average pore
diameter of foam concrete from 45.8 to 36.9 microns, the
standard deviation of the average diameter from 23.6 to
12.1, and to increase the content of conditionally closed
pores of foam concrete from 25.6% to 35.8% compared
to samples without additives. It was also established that
an increase in the polydisperse pore size distribution cor-
responds to a decrease in the quality of foam concrete.

The results of studies to determine the values of com-
pressive strength and average density of foam concrete

Fig. 2. The structure of cement based foam concrete. On the left — zoom x250, on the right — zoom x2000: a) basic

(reference) b) grinding sand with crystalline glyoxal 0.01%
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Fig. 2. The structure of cement based foam concrete. On the left — zoom x250, on the right — zoom x2000:
¢) sand treatment with 40% glyoxal solution d) grinding sand with crystalline glyoxal 0.05%

Table 3
Porosity of foam concrete samples
, 5 | ® | 5
£ |B8| E| 2 |S5ls5 B
S+ 22| 2| 2 |5E|2EE g
Foam concrete with activated sand oS | BE @ g ES|ZEQ &%
22 S| 5§ | 5 | 2§ (58| §F
e | 25| £ | 8 | S5 |758 s
< o '5) g (2] © o
© O = °
Basic (reference) D500 470 45.8 23.6 | 79.57 | 21.5 25.57 0.04
Sand treatment with 40% glyoxal solution 480 40.1 22.5 | 77.89 15.6 25.17 0.03
Grinding sand with crystalline glyoxal 0.01% 480 36.9 12.1 6.99 10.1 35.80 0.03
Grinding sand with crystalline glyoxal 0.05% 487 39.2 18.9 | 77.06 13.7 28.80 0.03
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470

Average density, kg/m?

487

1,7
1,5
1,3
1,3
0,9
0,7
0,5
0,3
0,1
<01

Compressive strength, MPa

Basic (reference) D500

Sand treatment with 40%
glyoxal solution

1,50

Sand grinding with
crystalline glyoxal 0.05%

Sand grinding with
crystalline glyoxal 0.01%

Fig. 3. Influence of the method of sand activation and the type of glyoxal additive on the strength characteristics

of foam concrete

samples with sand activated with glyoxal are shown in
fig. 3.

It has been established that mechanochemical activa-
tion of sand with crystalline glyoxal leads to an increase
in the compressive strength of foam concrete at 28 days
of age by 66% and with chemical activation of sand by
spraying a 40% aqueous solution of glyoxal — by 42%.
An increase in the strength of thermal insulating foam
concrete is observed as a result of the absorption of glyxal-
containing additives on the surface of the finest particles
of cement and hydrate formations [7, 21, 25]. Therefore,
the hardened cement paste of the contact zone and the
near-pore space of foam concrete has higher strength
characteristics than the hardened cement paste in the
volume of foam concrete.

Thus, the mechanochemical activation of sand with
crystalline glyoxal in an amount of 0.01% by weight of
cement leads to increase the compressive strength of D500
foam concrete o 1.5 MPa. The positive effect of activa-
tion of sand with an additive is explained by the fact that

Table 4
Statistical data on the average density of foam concrete

activated quartz-feldspathic sand with a higher specific
surface area over time more intensively realizes its reaction
activity than unground sand [5, 17].

Data on the uniformity of quality parameters for aver-
age density and compressive strength of foam concrete are
presented in tables 4 and 5.

In foam concrete with mechanochemically activated
sand with an optimal content of glyoxal additive (0.01%)
the coefficient of variation of the average density of foam
concrete decreased from 3.4 to 0.54%, and the coefficient
of variation of compressive strength from 10.5 to 7.1%.
Grinding sand with glyoxal and treating the sand with
a 40% glyoxal solution lead to increase the foam con-
crete strength grade to B1 while maintaining the density
grade D500. In accordance with experimental data, foam
concrete with an average density of 470 to 487 kg/m?® was
obtained, which corresponds to the D500 grade.

The studies of the plastic shrinkage of the foam con-
crete mixture, as well as the thermal conductivity of
foam concrete, were carried out on the effect of chemical

Type of foam concrete Average value, Concrete grade Standard The coefficient
w kg/m? by average density deviation of variation, %

Basic (reference) D500 470 D500 9.9 3.40
Sand treatment with 40% 430 D500 33 0.67
glyoxal solution
Grinding sand with crystalline
alyoxal 0.01% 480 D500 2.6 0.54
Grinding sand with crystalline
alyoxal 0.05% 487 D500 4.6 1.30
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Table 5

Statistical data on the compressive strength of foam concrete

Nanobm

Tyve of foam concrete Average value, Compressive Standard The coefficient
M MPa strength grade deviation of variation, %

Basic (reference) D500 0.9 B0.5 0.055 10.5
Sand treatment with 40% 1.28 Bl 0.120 92
glyoxal solution ’ ) )
Grinding sand with crystalline
alyoxal 0.01% 1.5 B1 0.048 7.1
Grinding sand with crystalline
alyoxal 0.05% 1.0 Bl 0.056 7.6

and mechanochemical activation of sand with glyoxal
additive.

At an early age, when the mixture is still plastic, evap-
oration of free water from the surface of concrete and
plastic shrinkage are the main factors of crack formation.
Plastic shrinkage measurements were carried out over
3 hours.

The plastic shrinkage of the foam concrete mixture is
reduced by 61% compared to the control sample (fig. 4)
with the combined mechanochemical activation of sand
with crystalline glyoxal in an amount of 0.01% by weight
of cement. The reason for the higher shrinkage of the
samples is the perforation of the walls and increased het-
erogeneity of the pores.

A significant reduction in shrinkage deformations
during natural hardening of foam concrete makes it pos-
sible to predict a reduced level of stress formation during
structure formation in the volume of foam concrete and,
as a result, increased operational reliability of products
made from this material [2, 16, 25].

The thermal insulation properties of foam concrete are
affected by the total volume, size and uniformity of pore
distribution in the foam concrete. According to the results
of studies of the structure and average density, foam con-
crete with sand activated by glyoxal additives has a more
uniform structure. According to the test results given in
table 6, the values of the thermal conductivity coefficient
change in accordance with the grade of average density of

7
6,40

6
,g 5
£ 4,46
@ 4
& 4,04
-
£
% 8
L 2,48
w
hd
a 2

1

0 ¢

0 20 40 60 80 100 120 140 160 180 200
Hardening time, min
—e—Basic (reference sample) —e—Sand grinding with crystalline glyoxal 0.01%
——Sand grinding with crystalline glyoxal 0.05% —e—Sand treatment with 40% glyoxal solution

Fig. 4. Influence of the method of sand activation using glyoxal additives on plastic shrinkage of foam concrete mix
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Table 6
The values of the coefficient of thermal conductivity of foam concrete samples
Thermal conductivity coefficient, W/m«°C
Type of foam concrete — - —
at a humidity of 25% in dry condition
Basic (reference) D500 0.20 0.100
Sand treatment with 40% glyoxal solution 0.17 0.081
Grinding sand with crystalline glyoxal 0.05% 0.17 0.070
Grinding sand with crystalline glyoxal 0.01% 0.16 0.063

foam concrete, which is explained for the foam concrete
matrix by the homogeneity of the porous structure.

As follows from the table 6 that the lowest thermal con-
ductivity coefficient (0.063 W/m ¢ °C) has foam concrete
on sand activated by joint grinding of sand with crystalline
glyoxal in an amount of 0.01% by weight of cement.

Preliminary activation of the sand surface with gly-
oxal additives makes it possible to produce cement foam
concrete with improved quality parameters.

CONCLUSION
1. Electron microscopic studies have established that

the average pore diameter in foam concrete with the pre-
liminary activation of the surface of sand with crystalline
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foam concrete decreases from 3.4 to 0.6% and the com-
pressive strength of foam concrete from 10.5 to 7.1% in
foam concrete with glyoxal additives, as a result the grade
of strength of foam concrete increased to B1 while main-
taining the grade of average density D500.
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TICHOOETOH B CTEHOBBIX KOHCTPYKIIASIX 00eCTIeYNBACT
XOPOIIYIO TETIO3AIIUTY KIIIbsI, TPeOYeMYIO HECYIIIYIO
CIOCOOHOCTH U JOJITOBEUYHOCTH [1].

ITpn mpousBoacTBe d3PHEKTUBHOTO MO TEIIO(PU-
3UYEeCKUM ITapaMeTpaM HeaBTOKJIABHOTO IMEHOOETOHA
C HU3KOH CpemHEeH TIOTHOCTHIO BOZHUKAIOT ITPOOIEMBI
B YIIpaBJICHUHU TIPOIIECCaMM 00eCTICUCHUS CTaOMITbHOMN
SIIEUCTOM CTPYKTYPHI, BBICOKOM IIPOUYHOCTH, YMEHBIICHHST
yCaJIKy IMPU BBICBIXaHUY U TETUIONTPOBOTHOCTH |2, 3]. g
IIMPOKOTO MPUMEHEHNST HEaBTOKJIABHOTO TICHOOETOHA
B IIPOM3BOJICTBE U3IE/IMIA M1 B MOHOJIMTHOM CTPOUTEITHCTBE
HE0oOXOIMMO HayIHO 000CHOBATH 1 pa3paboTaTh MHHOBA-
IIMOHHEBIC CTIOCOOBI YITPABIICHUS CTPYKTYPOOOPa30BaHIEM
C TICJTBIO TTOBHITIICHUS €T0 KadecTna [4].

VYiryumeHne (pu3nKo-MeXaHMIECKIX CBOICTB ITEHO-
O6eToHA IMOCTHUTAeTCs OJ1arogapst COBEpIICHCTBOBAHUIO
TN pa3pabOoTKe HOBBIX TEXHOJIOTMICCKHX ITPHUEMOB, TI0-
3BOJISTIONINX PETYINPOBATh 00OBEMHEIC CTPYKTYpOOOpa-
3YIOIINE TIPOLIECCHI HAa pa3HBIX MACIITAOHBIX YPOBHIX,
a IMEHHO: Ha MUKPOYPOBHE — IICMEHTHAsI MaTPHIIA;
Ha KOHTaKTe B3aUMOACHCTBYIOIINX KOMIIOHECHTOB — 1Ie-
MEHTHBI KaMeHb — 3aIIOJTHUTEIh, Ha MAaKPOYPOBHE —
TIPOYHEBIN KapKac M3 MEJIKOTO 3aITOTHUTEIS (TIecKa) [S].

He 3aBrcrMO OT arperaTHOTro COCTOSTHUS BCE KOMITO-
HCHTHI IICHOOCTOHA YYAaCTBYIOT B MEXaHMIECKOM U (pu-
3UKO-XMMHUIECKOM B3aMOIIECHCTBUHU TIPH CTPYKTYPO-
obpaszoBaHuu. [1pu ympapisieMoii ImpeaBapuTEIbHOM
AKTUBAIIUM 3aIIOJTHUTEIIST TIOBBIIIACTCS XUMMUICCKas
AKTUBHOCTB ITOBEPXHOCTH 3¢PEH M YCKOPSICTCST TIPOIIECC
B3aMMOJEUCTBUS ¢ IEMEHTHOW MaTpUIell Ha TpaHU-
e pasmena da3. XumMudecKas I MeXaHOXUMIIeCcKast
AKTUBAIIUS 3aIIOJTHUTEISI TICHOOCTOHHOM CMECH TIPH
WCIIOJIb30BAaHUU CTPYKTYPHO-(DEHOMEHOJIOTTIECKOTO
aHaJIM3a B3aNMOCBSI3M MUKPOCTPYKTYPHBIX TTOKAa3aTeei
¢ PM3BNKO-MEXaHMUECKINMU CBOMCTBAMU ITO3BOJISIET TIPO-
THO3MPOBATh YIYJIIeHUEe OCHOBHBIX TEXHOJOTMIECKIX
¥ TeXHUYECKUX ITApaMETPOB KauecTBa IICHOOCTOHA.

YcraHoBI€HO, YTO 00pabOTKA 3aMTOTHUTEST BOAHbI-
MU pacTBOpaMM KUCJIOT IIPUBOINT K ITOBBIIICHUIO XU~
MMYECKOIT aKTUBHOCTH TIOBEPXHOCTH, B3aMMOICHICTBUIO
TUAPATHBIX COCAMHEHUI IIEMEHTHOTO KaMHSI C 3¢pHAMU
3aIMIOJIHUATEIIST, K TIOBBIIICHUIO MUKPOTBEPIOCTH KOH-
TAKTHOM 30HBI ¥ IIPOYHOCTH ITEHOOETOHa [6, 7].

B HacTostIIIee BpeMsI TOCTaTOYHO XOPOIIIO M3YUeH BO-
TIPOC O IMIPUMEHEHUY MOIU(UIIIPYIOIINX T00ABOK, BIIUSI-
FOIIMX Ha PEOJIOTMUCCKIE CBOMCTBA IIEMEHTHOI MaTPHUIIBI
¥ CTPYKTYpOOOpa3oBaHue IeHOOETOHHOM cMecH [8—12].
C MCrob30BaHUEM COBPEMEHHBIX MOTU(UITAPYIOIINX
I00ABOK YITPABIISIIOT YIOOOYKIIAMBIBACMOCTBIO I CPOKAMU
CXBaTHIBAaHMSI ICHOOETOHHOM CMECH, CHIDKAIOT YCaNKy,
TOBBIIIAIOT OMHOPOTHOCTD, a TAKKE IMPOYHOCTH IMEHO-
6eroHa 10 25% [14—16], yMeHbILIAIOT pacxo/ LieMeHTa
Ha 10—15% [9, 13]. s nonydeHust HauboJIbIIero 3¢-
(bexTa ot geiicTBHS MOTU(PUITIPYIOIINX T00aBOK CIICIyeT
TIpeaBapUTEILHO aKTUBUPOBATh OBEPXHOCTD 3aITOTHH-

Telst. 3HAUNTETbHOE BIMSIHIE Ha TIPOYHOCTH TICHOOCTOHA
OKa3bIBacT IIPOYHOCTH CICIUICHUS IIEMEHTHOTO KaMHS
¢ 3anoysiHuTeneM [17]. KoHTakTHas 30Ha — 3TO BaXK-
HEWIINUI CTPYKTYPHBIN 3JIEMEHT IEHOOETOHA, YIIPaBJIsIsI
KOTOPBIM MOKHO O0CCIIeUrBaTh TpeOyeMBIe TTapaMeTPhI
KavecTBa ITPOEKTUPYEMOTO OETOHA.

B manHOI paboTe IJIT XUMIUYISCKOM 1 MEXaHOXUMM -
YeCKOI aKTUBAIINH TTOBEPXHOCTU KBAapIIEBO-ITOJICBOIII-
ITaTOBOTO TTecKa IIpeIIaracTcs MCIIOJIb30BaTh IIMOKCATh
KpucTtaundeckuii u 40% BOIHBIIA pacTBOP IJIMOKCAIS.
B menouHo# cpeme THOPaTUPYIOIIETOCS IIEMEHTA TIH -
OKcajieBast 100aBKa B3aMMOACHCTBYET C TUIPOKCUIOM
KaJIbIUsI, 00pa3yIIINMCS B pe3yiabTaTe THAPOIN3a
aJmTa, MUHepaJja IleMeHTa, ¢ 00pa30BaHUEM TJTUKOJISITa
kanpuusg (HO—CH,—COO),Ca, yBenuyenneM oobeMa
HOBOOOpPAa30BaHMUI U MaTPUILILI IeHOOeToHa [18—21].
[MUKOIAT KaNbIius amcopoupyeTcsl Ha UTI000pa3HBIX
KpHUCTaJlIaX STTPUHTHUTA, CHIZKAeTCSI 00BeM ITOPOBOTO
IIPOCTPAHCTBA B IIEMCHTHOM KaMHE W YBEJIMIMBACTCS
MPOYHOCTH [22, 23]. Ucxoas u3 3TOro MpeanoiaraeTcs,
YTO MPU MPEeIBaAPUTEIBHON aKTUBAIIUN MTOBEPXHOCTH
3epeH 3aIIOIHUTEIIS TJIMOKCAJICBEIMI T0OaBKaM1 1 BBe-
IEHUU MX B TICHOOCTOHHYIO CMECh MOXHO YMEHBIITUTH
ITOPUCTOCTD U TTIOBBICUTH ITPOYHOCTH IIEMECHTHOTO KaMHSI
B KOHTaKTHBIX 30HAX C 3¢pHAMU 3aIIOJIHUTEJIS, YTO T10-
3BOJINT TTIOBBICUTDH (PU3UKO-MEXaHUTICCKHE TTapaMeTPhl
KadyecTBa IIEHOOETOHA.

Lens vccaemoBaHUsI — YCTAHOBUTH 3aKOHOMEPHOCTH
XUMHUYECKON M MEXaHOXMMUUIECKOI aKTUBAIIHY 3a110JT-
HUTEJIS TIIMOKCAJICBBIMU J0OAaBKaMU Ha CTPYKTypooOpa-
30BaHKE U CBOMCTBA LIEMEHTHOTO TTIEHOOETOHA.

MATEPHUAJIBI U METOAbI

[Tpu mpoBeneHNN MCCICIOBAHIN MCIIOIH30BAINCH
MaTepHabl, IIpeAcTaBICcHHBIC B TA0OI. 1.

TexHmyeckre XapaKTepUCTUKU TITMOKCAICBEIX I0-
0aBOK MpeacTaBieHbI B [1].

DOu3nKo-MeXaHNIEeCKIE CBOMCTBA TICHOOETOHA OITpe-
JIEJISUTICH B COOTBETCTBHM C TPEOOBaHUSIMU HAITMOHATb-
HBIX CTAHIAPTOB:

— WCIIBITAHWE W OIlEHKa KadyecTBa ITIEHOOETOHA —
TI'OCT 25485—-2019;

— cpeansadg miotHocth — FTOCT 12730.1-2020;

— TIpemes MPOYHOCTH Ha CXKaTHe U OIlcHKa KayecTBa
naptuu (cepun) u3 6 oopasuos — 'OCT 10180-2012
u I'OCT 18105-2018;

— rtermronposogHocTs — [OCT 7076-99 ¢ ucrnosab3oBa-
HUeM u3MepuTes TeruronpoBogHocTy UTC-1.
OnpenenacHNe TIACTUYECKOMN YCaaKN OCYIIICCTBIIS-

JIOCH TTO aBTOPCKOM MEeTOAMKE, TIPeACTaBICHHOI B [§].
CTpyKTypa mOpOBOTO IIPOCTPAHCTBA TIEHOOETOHOB

HCCIIEI0BAJIACh C MCITOIb30BaHNEM ABYXIYIEBOTO pac-

TPOBOTO 2JIEKTPOHHOTO MUKpocKorma Quanta 200 3D

B peXKMMe HU3KOTO BaKyyMa IIpH CTaOMIBHOM YCKOPSI-
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Tabauya 1
ChbIpbeBble MATEPHAJIBI /1151 IEHOOETOHHOM CMeCH

HaumenoBanue Marepuaia

CooTtBeTCTBHE TpeﬁOBaHﬂﬂM HOPMAaTHUBHOI'O
JAOKYMEHTA

Moptnanguement LHEM I 42.5H TonkuHcKoro 3aBoja

I'OCT 31108-2020

KBapueso-noneBonaToBslii necok KynpoBckoro

MecTopoxXIeHus TOMCKOI 006J1acTh ¢ MOIyJIeM KPYITHOCTH 1.8

I'OCT 8736-2014

IMenoo6pazosatens [15-2000

TV 2481-185-05744685-01;
I'OCT 24211-2008

BOI[OHpOBOI[HaH BOIa

I'OCT 23732-2011

40% Bomnbiii pactBop rnokcaist (T «HoBoxum» 1. ToMcK)

TV 2633-003-67017122-2011

I'muokcane kpuctannuueckuit (T «HoBoxum» r. Tomck)

TV 2633-004-67017122-2011

Tabauuya 2
KoHTpo IbHBII COCTaB NIEHO0ETOHA

Pacxon ucxoaHbIx MaTepuasos Ha 1 m?

Mapka nenodeTona

IO IVIOTHOCTH

MOPTJIAHAIIEMEHT, KT

KBapLEBO-10JIEBO-
IINATOBbIA MECOK, KT

BOJONPOBOIHAA BOAA,
KI'

NMEeH000Pa30BaTelb, JI

D500

270

135

202

1,3

forreM HarpsokeHun 1o 20 KB. MccnemoBaHme mopucToit
CTPYKTYPHI IIEHOOETOHA IIPOBOIMIIOCH METOIOM PTYTHOM
nopoMeTpum Ha nmopo3nmerpe Quantachrome 33.

KOHTpOJIbHBIN cOCTaB IEHOOETOHHOIT CMECH pa3pa-
GaTbIBaJICS B COOTBETCTBMU ¢ TpeboBanusamu CH 277-80
(Tadm. 2).

[IpuroroBieHne TEHOOETOHHOI CMeCH TIPON3BO-
IJIOCH TI0 OMHOCTAOUINHON TEXHOJIOTUH C UCIIOTb30-
BaHMEM JIAOOPATOPHOTO CMECHUTEIIS.

Ha ocHOBe paHee MOJIyIeHHBIX TaHHBIX ObLIa pa3-
paboTaHa OJIOK-cXeMa MCCIICTOBAHIIA TETUTOM30ISIIMOH-
HOTO IIEMEHTHOTO TIeHOOETOHA, MOTUMUIIMPOBAHHOTO
MJIMOKCAJIEBBIMU T0OaBKaMHu (puc. 1).

Hayunoe obocnosanue u 66100p modugpuuupyroueti
dobasku

PaHee mpoBegeHHBIMU MCCIICIOBAHUSIMUA BOIOITO-
TpeOHOCTH, KHUHETUKN PaHHETo CTPYKTYypooOpa3oBa-
HUS ¥ TBEpACHUS LIEMCHTHOTO KaMHS ¢ TJIMOKCAIeBOt
J00aBKOM yCTAaHOBJIEH TOJOXMUTEIbHBIN 3 deKT, 4TO
¥ SBUJIOCH OCHOBAaHMEM BBIOOpA TOOABKY IS peajii3a-
Y TIOCTaBJIeHHOM 1enu [1, 9, 23, 24].

Yemanoenenue cnocoba esedenus u onmumanbHo2o
codepicanus enuokcanbcooepicawux 0obasox 6 neHobe-
MOHHYIO CMECh

Ilo pe3yjabTaTaM aHa/IM3a pa3JInYHbIX M3BECTHBIX
CII0CO00B aKTuBalluM, ITOCICOOBAaTCIbHOCTN BBCAC-

Bbi0op Moaudunupyomieii 100aBKu

Y

‘YcraHoBIIeHHE CIOCc00a BBEJIEHHS M ONTUMAJILHOTO
COZIEPKAHHUS IIIHOKCAJIbCOJEPKAMMX J00aBOK
B MIEHOOETOHHYIO CMECh

Y

Du3nK0-MexaHuyecKHe CBOCTBA
MeHO0ETOHHOM CMeCH M TeHO00eTOHA

Y

Du3NK0-XNMHYECKHE HCCIeTOBAHNS IEHO0ETOHA

Y

TexH0JIOTHsI MPOM3BOICTBA

Puc. 1. Baok-cxema ucciieoBanuii neHo0eTOHA

HUS MOIU(ULIMPYIOIINX T00aBOK B IIpoIecce IIPUTO-
TOBJICHUST TIEHOOETOHHOI CMECH, ¢ YIETOM Ipoliecca
B3aMMOJIEICTBUS KOMIIOHEHTOB IIEMEHTHOTO KaMHSI
C 3aITOJIHUTENIEM TTPUHSTO, YTO MEPCIIEKTUBHBIMU SIB-
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JISIOTCSL CITOCOOBI MPeIBapUTEIbHON pa3aeIbHON WU
COBMECTHOI MEXaHWYECKOI U XUMUYECKOU aKTUBALINY
TOBEPXHOCTHU 3aTIOJTHUTEIS TIIMOKCATBCONEPKAIIUMU
noOaBKaMU.

I1pu npoBeneHUU GBLIIO HAYYHO OOOCHOBAHO ABA
TEXHOJOTUYECKUX MPUEMa MPEABAPUTEIIbHON aKTUBa-
1IMU MOBEPXHOCTU KBaPLIEBO-MOJEBOIINATOBOTO MECKa
TJIMOKCATbCOAEPXKAIMMU JOOABKAMU U BBEIEHUS €TO
B TTIEHOOETOHHYIO CMECH:

— 40% BomHBIN pacTBOP INIMOKCAJIS TIPEABAPUTEIb-

HO pacmbuieHUeM (ITyJIbBEPU3aTOPOM) HAHOCUIICS

Ha MTOBEPXHOCTh KBapIIeBO-TTOJIEBOLITIATOBOTO TIECKA

C TIOCJIETyIOIIUM BBEIEHUEM B OETOHOCMECUTEb.
— CyXOH KBaplLeBO-MOJEBOIINATOBBIN MTECOK U3MEJb-

Yyajicsd B MEJIbHULIE COBMECTHO C TIIMOKCAJIEM KpU-

CTAJUIMYECKUM. AKTUBALIMS MOBEPXHOCTU MECKa

OCYIIIECTBIISIETCS 32 CUET OTHOBPEMEHHOI nedop-

Mallmu CXKaTus U CABUTA (I/ICTI/IpaHI/IH), a TaKKE XU-
MUWYECKOTO B3aUMOACHCTBUS TIIMOKCAJIEBOI T00ABKIU
C MOBCPXHOCTBIO 3aIIOJIHUTCIIA.

PE3YJBbTATBI 1 OBCYKIEHUE

[Ipu mpoBeaeHNN MCCIIeTOBAaHUIA NCIIOIh30BaIaCh
IIeHOOETOHHASI CMECh C TIOABIKHOCTHIO 11—14 cM (mua-
MeTp pactuibiBa Ha nipubope Cyrrapna) u B/T B oTHO-
meHuu cMecu, pasiom 0,5 [8, 9, 25].

PesybTaTel NccIemoBaHNS CTPYKTYPBI IIEHOOSTOHA,
BBICYIIICHHOTO JIO TIOCTOSTHHOM MAacCHI, C aKTUBHUPOBAaH-
HBIM 1 HEaKTUBHUPOBAHHBIM 3aIIOJTHUTEIIEM TIpeACTaB-
JIEHBI Ha puC. 2.

B neHoGetoHe 6e3 aKTUBUPOBAHHOTO TecKa Ha-
omomaeTcst mepdopanys 1 00beAMHEHNE CTCHOK 10D,
YTO CIIOCOOCTBYET Pa3BUTHIO IIPOIeCca CCIMMEHTAIINN,

Puc. 2. CrpykTypa nemenTHoro neHooerona. Ciena yBeaudeHue B 250 pa3, cripaBa B 2000 pa3: a) 6e3 106aBOK;

0) IoMoJI TlecKa ¢ TrokcaieM Kpucraminyeckum 0,01%
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Puc. 2. CrpykTypa nementHoro neHoderona. Ciesa yBeqndyeHue B 250 pa3, cripasa B 2000 pa3: B) 00paboTKa recka
40% BOIHBIM paCTBOPOM IJIMOKCAJISI; T) TIOMOJI IIecKa ¢ IIMoKcaneM KpucTtauimdeckum 0,05%

CHIDKEHUIO OTHOPOTHOCTH MUKPOCTPYKTYpHI. [TeHobe-
TOH C XUMWYECKOW 1 MEXaHOXMMMWYECKOW aKTUBALIUEN
TJIMOKCAJIEBBIMU TOOaBKaMI UMeeT 0oJiee OMHOPOTHYIO
CTPYKTYpY, TTIOPBI pABHOMEPHO 3aIIOJIHSIIOT BECh 00bEM
MaTepHaa, yBeIMIMBACTCSI TIOIIAb KOHTAKTOB IICMEHT-
HoI MaTpuiibl. I1penBapuTeTbHast aKTUBALIMS ITecKa CII0-
CcoOCTBYeT (POPMUPOBAHNIO CTAOMIIBHOM CTPYKTYPHI Me-
HOOETOHA ¢ 3aMKHYTHIMU MEJIKOIVCIIEPCHBIMH ITOPAMM.

Pesynbrathl ncciaenoBaHus CTPYKTYPHI IIEHOOETOHA
C aKTUBHPOBAaHHOU ITOBEPXHOCTHIO TTeCKa IIPUBEICHBI
B TaOI. 3.

ITo pe3ymbpTaTaM MCCACHOBAaHUN YCTAHOBJICHO, YTO
TIPY MEXaHOXUMUUYECKOU aKTHBAIINH TTeCKa TTIOMOJIOM
C TVIMOKCAJIeM KPUCTAJUTMICCKIM CPETHUNA THaMeTp TIop
rneHob6eToHa yMeHblaeTcs ¢ 45,8 1o 36,9 MKM, cpenHee
KBaIpaTUIHOE OTKIIOHCHHUE CPEIHEro TuaMeTpa CHU-
xkaetcst ¢ 23,6 no 12,1, a cogepkaHue YCIOBHO 3aMKHY-

TBIX IIOP [TIeHOOETOHA yBenumiach ¢ 25,6% no 35,8%
10 CPaBHEHUIO ¢ oOpa3aMu 6e3 100aBOK. YCTaHOBJIEHO
TakXe, 9TO YBEIMICHHE TTOIMINCIIEPCHOTO pacIipeesie-
HUS TIOP TI0 pa3MepaM COOTBETCTBYET CHIDKCHUIO Kade-
CTBa TIEHOOETOHA.

Ha pwuc. 3 mpeacTaBiIeHBl pe3yIbTaThl UCCICI0BA-
HUI 10 OTIpeeICHUIO 3HAUCHUI IIPOYHOCTH Ha CXKaThe
U CpeTHEH TITIOTHOCTH 00pa3IoB ITEHOOETOHA C TIECKOM,
AKTUBUPOBAHHOM TJIMOKCAJICBEIMH JOOaBKaMHU.

YCTaHOBIIEHO, UTO IIPU MEXaHOXUMHIUYECKOI aKTHBa-
LMY TTecKa TIIMOKCaIeM KPUCTAJUTMUECKIM HAOIIOIacTCsI
YBeIMICHNE TIpe/Ieia IIPOYHOCTH Ha CKaThe TIeHOOeToOHA
B 28-cyTo4uHOM Bo3pacTe Ha 66%, a Mpy1 XUMUYECKOI
aKTUBALIMU MecKa pacnbuieHreM 40% BOIHBIM PacTBO-
poMm rinokcans — Ha 42%.

B pesynbraTe abcopdbupoBaHus MIMKCAIbCOAEPXKA-
meit 106aBKM Ha IMOBEPXHOCTH HamboJiee TOHKOIM-
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Tabauya 3
ITopucTocTh 00pa3ioB NeHOOETOHA
- = ® S X | o
£ 18 | o | 9| 5%l 5| Ex
3 = S s ES| EE| g
= = = E =] 1= 5 15
S | 2 = | 8§ | gz | 88| %=
ITeHo0€eTOH ¢ AKTUBUPOBAHHBIM NECKOM = § ;% E a:a E s i 5 E. 5 E
= =)
= = < o = =R = = %
= |E | E| 5 |35|35|¢8
o = © = © = © = 2 =
& | £ $|S5|S5| 55
o = = 2
KoHTposbHbII 470 45,8 | 23,6 | 79,57 | 21,5 | 25,57 | 0,04
O6paboTka mecka 40% pacTBOPOM TITMOKCAJIST 480 40,1 22,5 | 77,89 | 15,6 | 25,17 | 0,03
ITomon mecka ¢ rrokcaneM Kpuctaumnaeckum 0,01% 480 36,9 | 12,1 | 6,99 | 10,1 | 35,80 | 0,03
[Tomon mrecka ¢ rmokcaneMm Kpuctaamdeckum 0,05 487 39,2 | 18,9 | 77,06 | 13,7 | 28,80 | 0,03
CpegHAas nnoTHocTs, Kr/m3
470 480 487
= L 1,50
E 15 4
2
g- 1.5 -
ol 0,90
¢ 09 -
o
T 0,7
a
S 05 -
F 03 -
2
= 01 -
0,1 <

D500

bazosbii (KoHTponbHbIM) O6paboTtka necka 40%
pacTeopoM FAMOKCanA

NMomon necka ¢ Momon necka ¢
ravokcanbio Kpuct.0,01% ravokcanbio Kpuct.0,05

Puc. 3. Baugnue cnoco6a 00padoTKH HCXOAHBIX MATEPHAJIOB IIEHO0ETOHA INIMOKCAJIEBO#i 100aBKOil HA €ro MPOYHOCT-

HbI€ XapPaKTePUCTUKH

CTIePCHBIX YaCTHII IIeMEeHTa ¥ TUIPaTHBIX HOBOOOPAa30-
BaHU HAOIOZACTCS MOBHIIICHNE IIPOYHOCTH TEILIO-
HM30JISIUOHHOTO TIeHoOeToHa [7, 21, 25]. [ToaTomy 11e-
MEHTHBI KaMeHb KOHTAKTHOM 30HBI 1 OKOJIOIIOPOBOTO
TIPOCTPaHCTBA IICHOOCTOHA 00J1amaeT 6oJiee BEICOKUMM
TIPOYHOCTHBIMM XapaKTePUCTUKAMM, YeM IIeMEHTHBII
KaMeHb B 00beMe TTIeHOOETOHA.

Taxmm 06pa3oM, TP MEXaHOXMMIUIECKOI aKTHBA-
WU TIeCKa C TIMOKCaJIeM KPUCTAITMICCKIM B KOJIYe-
ctBe 0,01% oT Macchl LieMeHTa IMPOYHOCTh Ha CXKAaTUe
neHobetona mapku D500 moBwimraercs no 1,5 MIla.
[TonoxutenbHOE BIUSHIEC aKTUBAILIMK TeCKa ¢ J00aB-
KOI Ha TIPOYHOCTH TTEHOOETOHA OOBSICHICTCS TEM, UTO
AKTUBUPOBAHHBIN KBapIIeBO-II0JICBOIITIATOBBIN ITECOK

¢ OoJsiee BRICOKOI yIEIbHOM ITOBEPXHOCTBHIO CO BpeMe-
HEeM MHTCHCHBHEE PeaIn30BhIBACT CBOIO PEaKIIMOHHYIO
aKTUBHOCTh, YeM HEMOJIOTHIN |5, 17].

JaHHAbBIC IO OTHOPOIHOCTHU MapaMeTPOB KayecTBa
10 CpedHEeH TIOTHOCTH Y IPOYHOCTH TP C3KATUM TIe-
HOOETOHA MpeICTaBIeHBI B Ta0M. 4 11 5.

B nmeHOGeTOHE ¢ MEXaHOXMMHWYECKHN aKTUBUPOBAH-
HBIM TIECKOM C ONITUMAJIBHBIM COIePKaHNEeM TIIMOKCaIe-
Boii no6aBku (0,01%) koadduLvieHT Bapyualiy CPeIHe
IUIOTHOCTH TTeHOGeTOoHa cHu3wiIcd ¢ 3,4 10 0,54%, a xo-
3G GUIIMEeHT Bapuallid IPOYHOCTH TIpU cxkatu ¢ 10,5
10 7,1%. I1pu COBMECTHOM IIOMOJIE IeCKa C IJIMOKCAIEM
u obpabotke mecka 40% pacTBOPOM IJIMOKCAJISI KJIaccC
neHo0eToHa moBbICUJICS 10 B1 mipu coxpaHeHUM MapKu
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Tabauya 4
CrarucTinyeckas 00padoTKa JaHHBIX MO CPeaHei IIOTHOCTH eHO0EeTOHA
Cpexmee Mapka 6eT0"Ha Cpennee Koahdumuent
Buj neHooeTona 2 1o cpeaHeit KBaJIpaTHYECKOE
3HaYeHHue, Kr/M BapHaLUN
IJIOTHOCTH OTKJIOHEHHE
be3 no6aBok 470 D500 9.9 3.4
O6pabotka necka 40% 480 D500 3.3 0,67
pPacTBOPOM TJIMOKCAS
IMomon mecka ¢ rImoxkcaneM 430 D500 2.6 0,54
kpuctasmyeckum 0,01%
ITomou mecka ¢ rimokKcaaeM 487 D500 4.6 1,30
kpucrayummyeckum 0,05%
Tabauya 5
CrarucTinyeckas 00padoTKa JaHHBIX MO MPOYHOCTH NPHU CKATHH MIEHOOETOHA
Cpennee R ECo Creinte Koaddumment
Buj neHooeTona NPOYHOCTH HA KBaJIPATHYECKOE
3HaveHune, MIla Bapuanuu, %
cxKaTue OTKJIOHEHHE
bes nobaBok 0,9 BO0,5 0,055 10,5
O6pabotka necka 40% 1.28 BI 0,12 9.2
pPacTBOPOM TJIITUOKCAS
IMomon mecka ¢ rimoxkcaneM 15 Bl 0,048 7.1
kpuctasmyeckum 0,01%
ITomou mecka ¢ rimokKcajaeM 1.0 Bl 0,056 7.6
kpucrayumdeckum 0,05%

o wiotHoctr D500. B coOTBETCTBUM ¢ 9KCIIEPUMEH-
TaJbHBIMU JTAHHBIMM TIOJTYICH TIEHOOETOH CO CpemHeit
IUIOTHOCTBIO OT 470 10 487 Kr/M3, 4TO COOTBETCTBYET
mapke D500.

st cocTaBOB ¢ MAaKCUMAJIbHBIMU Pe3yJbTaTaMU
110 TIPOYHOCTHU Ha CXXaThe OBLIU ITPOBEICHBI MCCIIC-
MOBAaHUS T10 BIMSHUIO XUMUUECKOM U MEXaHOXUMU-
YeCKOM aKTUBAIINY MecKa TIMOKCAIeBBIMU T00aBKa-
MM Ha TJIAaCTUYECKYIO YCaaKy EHOOETOHHOW CMecH,
a Takke Ko3(P(PUIMEHT TeIUIONPOBOIHOCTHU ITeHOOe-
TOHA.

B parHeM Bo3pacTe, KOTma cMech ellle TUTaCTUIHa,
HUCITapeHe CBOOOMTHOM BOIBI C TOBEPXHOCTH OCTOHA
¥ TTAaCTUYECKasl ycamKa SIBJISTIOTCS OCHOBHBIMHU (PaKTo-
pamMu TpeIIMHOOoOpa3oBaHus. MI3MepeHue IacTUIecKoi
yCaIKM OCYIIECTBIISUIOCH B TCUCHHUE 3 9acOB.

[Tpu coBMeCTHOM MEXaHOXMMHWIECKO aKTUBAIIUN
TecKa IITMOKCaJeM KPUCTAIUIMICCKUM B KOJTMIECTBE
0,01% ot Macchl LIeMeHTa IUIACTUYECKAs yCaaKa IIEHO-
OeTOHHOI cMecH CHUXKaeTcs Ha 61% 110 cpaBHEHUIO
C KOHTPOJIBHEIM 00pa3uoM (puc. 4). I[lpmanHoii 6oee
BBICOKOI yCaIK/ 00pas31IoB SIBIIIeTCS rephopalins cTe-
HOK U TIOBBIIIIEHHAST HEOTHOPOTHOCTH ITOP.

CHIXKeHHE yCaIOYHBIX OehopMalnii IIeHOoOeTOHA
C TIECKOM, aKTUBUPOBAHHOM TJIMOKCAJIeBOIT TOOABKOMA,
IIPX €CTECTBEHHOM TBEPIACHUM ITO3BOJISICT IIPOTHO3MPO-
BaTh MOHIKCHHBINM YPOBEHD HATIPSDKCHUI TIPH CTPYKTY-
poo0Opa30BaHUU U, KaK CICACTBUE, TOBBIIICHHYIO 3KC-
IDTyaTallMOHHYIO HaIeXKHOCTD U3MIEINI, M3TOTOBICHHBIX
13 3TOTO Martepuaina [2, 16, 25].

Ha Termmon3onsiimoHHbIe CBOMCTBA TIEHOOETOHA BIIH-
SIIOT OOIIMIT 00BeM, pa3Mep M paBHOMEPHOCTH pacIipe-
IeJIeHusT op B TieHoOeToHe. [1o pe3ymbraraM mpoBeacH-
HBIX UCCIIEIOBAHUM CTPYKTYPBI M CpEIHEH TIOTHOCTH
IIEHOOETOH C aKTUBUPOBAHHBIM TJIMOKCAJICBEIMU TOOAB-
KaMH TIECKOM 00J1afaeT 00Jiee OMHOPOTHOM CTPYKTYPOIA.
[To pe3ynbraTaM UCIIBITAHUIA, IPUBEACHHBIM B Ta0JI. 6,
3HAYCHUSI KO3 (UITMEHTA TeIUIOIIPOBOTHOCTI N3MEHSI-
JOTCSI B COOTBETCTBMU C MAPKO¥ 11O CpeTHEH TNIOTHOCTH
MeHOOETOHA, UYTO OOBSICHSIETCS U151 TIEHOOETOHHOM Ma-
TPUIIBI OMHOPOTHOCTHIO IIOPUCTOM CTPYKTYPHI.

Kak cienyer u3 Tabi. 6, HAMUMEHBIINM KOO UL~
entoM tertonposoaHoctu (0,063 Br/m « °C) obnagaeT
IIEHOOETOH Ha ITeCKe, aAKTUBUPOBAHHOM ITyTEM COBMECT-
HOTO TTOMOJIA TIecKa ¢ TIMOKCaJIeM KPHCTAJUIMICCKIM
B KosimuectBe 0,01% OT Macchl LieMeHTA.
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Tabauuya 6

3Havenus K03 punuenTa TenJIonpoBoAHOCTH 00pa3I0B EHO0EeTOHA

Koadpummenra remnonpoBogaoctu, Br/m«°C

Bua neno6etona
NpH BJIAXKHOCTH 25% B CYXOM COCTOSTHUH
KoHTponbHbII 0,20 0,10
O6paboTka necka 40% pacTBOPOM TIIMOKCAIISI 0,17 0,08
ITomon necka ¢ rinokcaneM KpucraumndeckuM 0,05% 0,17 0,07
ITomon necka ¢ rinokcaneM KpucraumndeckuM 0,01% 0,16 0,06

Hpez[BapI/ITeanaH aKTHUBallysd IMOBECPXHOCTHU IIECKaA
TJIMOKCaJIeBBIMU JTOOABKAMU MO3BOJISICT IIPpOU3BOIUTDH
LIEMEHTHBI IIEHOOETOH C YJIAY4YIICHHBIMU ITapaMETpaMHn
Ka4yeCTBa.

BbBIBO/IbI

1. DIeKTPOHHO-MUKPOCKOIMMYECKUMU UCCIIEI0BA-
HUSMHU YCTAHOBIIEHO, CPEIHUI TMaMEeTp IIOP B IIE€HO-
0eTOHE C [TIECKOM, IIPeIBapUTEIbHO AKTUBUPOBAHHOM
[JIMOKCAeM KPUCTAUIMYECKUM, YMeHbIIaeTcs ¢ 45,8
o0 36,9 MKM, cpeaHee KBaApaTUYHOE OTKJIOHEHME
CpeIHero nmaMmeTrpa cHuxkaercs ¢ 23,6 1o 12,1, a co-

IepXaHWE YCIOBHO 3aMKHYTHIX TIOP YBEIIMINBACTCS
¢ 25,6% no 35,8% no cpaBHEeHUIO ¢ oOpa3LaMu 0e3
n100aBoOK.

2. ITpu ripenBapuTEIFHOM (DU3UKO-XUMIUIECKOM BO3-
IeHCTBIY J0OABKaMH Ha TIOBEPXHOCTD 3aITOJTHUTEIIS TIPU
ITOCIIEAYIOIIEM BBEICHUHN €TO B IICHOOCTOHHYIO CMECh
ycaaka IeHoOeToHa yMeHblaeTcs Ha 30—61%.

3. B meHOOETOHAX C IITMOKCAJeBBIMU T00aBKaMU
CHIDXKaeTcs KoaPUIMeHT Baprallui CpeaHEeH TIOT-
HOCTH neHobeToHa ¢ 3,4 10 0,6% u NPOYHOCTU HpU
cxarum neHo6erona ¢ 10,5 no 7,1%, 4To MO3BOJISIET
MOBBICUTH Kjacc neHobdetoHa 1o Bl npu coxpaHeHuu
MapKu 110 cpeaHeit mmotHocT D500,
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ANNOTATION: Introduction. This article presents the outcomes of research investigations examining the impact of carbon nanotube
additives on the phase composition of cement mortars employed in well cementing operations. The quality of work on cementing
and ensuring the impermeability of the casing string is quite important in terms of ecological compliance. Research methods.
To solve this problem, heavy concrete was modified with a carbon nanoadditive. For research, a cement stone obtained by normal-
moisture curing was chosen. Cement mortar CEM I1I/A32.5H was mixed with tap water for curing, preliminarily stirring a suspension
of carbon nanotubes in water solution, a mixture of a water repellent and a hyperplasticizer. To ensure a homogeneous and highly
dispersed structure of this suspension, its constituent components were subjected to preliminary dispersion in an ultrasonic field.
Results and their discussion. The optimal ratio of carbon nanotubes in the composition of the cement mortar was determined,
which amounted to 0.005% of the mass of cement for single-walled carbon nanotubes and 0.0005% for multilayer ones. The process
of influence of the selected modifiers on the hydration products and the phase composition of the cement mortar was studied.
An additive of complex action, including single-layer carbon nanotubes, was dispersed into solutions of a mixture of hydrophobic
and hydrophilic surfactants, which made it possible to increase the strength of cement mortars up to 55%. Conclusion. In terms of
modification, single-walled carbon nanotubes are the most efficient.
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INTRODUCTION

n the Russian fuel and energy sector, nanotechnology

has been extensively implemented since 2008, lead-
ing to increased energy efficiency and cost reductions
through the adoption of nanomaterials. Currently, the
integration of nanomaterials is a highly relevant and pri-
oritized matter. Utilizing nanotechnology facilitates an
interdisciplinary approach. This technology enables the
design, description, production, and application of struc-
tures, tools, and systems by managing the shapes and sizes
of objects at the nanoscale. Additionally, incorporating
nanotechnologies and nanomodified materials can help
decrease capital expenditures.

The oil industry remains the main branch of the Rus-
sian Federation’s economy. There is a fairly close relation-
ship between nanotechnology and the efficiency of oil
and gas production processes [1—5]. Since the volume
of oil production is increasing, the issue of building oil
wells remains quite relevant. Construction of production
wells can be conditionally divided into a number of the
following stages: preparatory work, drilling, casing, test-
ing, development, final work.

Of the above stages of well construction, we will con-
sider such operations as fixing the wellbore and separating
the formations. In turn, when performing well casing, it is
required to do the following: prepare the wellbore, casing
pipes and equipment for running the casing string, run
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and cement the casing string, perform quality control of

cementing and casing string tightness. When using a ce-

ment slurry in oil wells, the requirements for it increase.

Cementing of oil wells is the final stage of well prepa-
ration for operation. A set of such works is aimed at the
maximum life of the structure due to the following rea-
sons:

— the requirement to isolate each oil and gas area in
order to exclude the possibility of mixing water and
raw materials from different reservoirs;

— the requirement to protect the metal surfaces of pipes
to ensure high corrosion resistance (corrosion pro-
cesses are accelerated when exposed to soil moisture
on metal surfaces);

— the requirement to increase the strength of the entire
structure (well), since the cementing process reduces
the impact of soil movement on the well.

The quality of work on cementing and ensuring the
tightness of the casing string is quite important in terms
of meeting ecological requirements for the environment.
When analyzing the total number of complications, it
can be noted that leakage of casing strings is about 20%,
and interlayer crossflows — more than 18%. Annular gas
and oil manifestations occur due to significant damage
to oil production and the environment, that is, the likely
cross-flows between reservoirs may appear to be legal and
environmental issues, as well as a loss in oil production.
Therefore, the most important aspects in the construc-
tion of the wellbore remain integrity and zonal isolation
of the wellbore.

To perform well cementing, it is important to prepare
a high-quality backfill cement mixture with the required
water-cement ratio and with special additives.

Currently known methods of protecting the casing
from destruction and collapse are not always effective.
To solve this problem, it is required to create an optimally
strong well lining, in which the cement stone must be able
to perceive the external load without destruction, while
maintaining its solidity.

METHODS AND MATERIALS

When creating a cement mortar of good quality, vari-
ous additives are used. To improve the performance prop-
erties of heavy concrete, it can be modified with chemical
additives, namely carbon nanotubes.

There are several types of nanomaterials: nanopo-
rous structures, nanotubes and nanofibers, nanoparticles,
nanodispersions, nanocrystals and nanoclusters, nano-
structured surfaces and films. Such a classification was
recommended by the 7" International Conference on
Nanotechnology, which was held in 2004 in Wiesbaden
(Germany). The regulation of the nanoscale properties
of the system leads to a change in its macroparameters.
The nanometer range was initially determined in the range

from 1 to 100 nm at least one of the coordinates. Carbon
nanotubes can be represented as extended cylindrical
structures with a diameter of one to several tens of nano-
meters and a length of up to several centimeters [2, 5—15].
They have the form of hexagonal graphite planes rolled
into a tube. Carbon nanotubes impart specific physical
and mechanical properties, act as an effective tool for
improving the physical and mechanical properties of com-
posite materials [6, 16—18]. They, having a large number
of free chemical bonds, can change the consistency of
the concrete solution, while ensuring the adhesion of
aggregates of optimal quality, which in turn improves
the reliability of the composition used in a guaranteed
way. In 1991, carbon nanotubes were developed, having
a diameter of 0.5—1.0 nm. From the point of view of the
modern vision of material objects, the nanometer range
ranges from 0.1 to 100 nm.

To improve the performance properties of heavy con-
crete, it can be modified with chemical additives. Carbon-
containing structures, namely carbon nanotubes, can be
used as a nanomodifying material [19—21].

The history of the appearance of nanotubes is interest-
ing. For a long time it was believed that carbon has the
ability to form only two crystalline structures — graphite
and diamond. Everyone is well aware of diamond crystals,
but less known is the fact that the structure of graphite is
layered: carbon atoms are located in a plane with strong
bonds between themselves, but at the same time, these
planes themselves are at considerable distances from each
other and from each other. loosely connected. Graph-
ite itself exists in the form of flakes with dimensions of
approximately 20 nm, however, carbon atoms have the
ability to form single-layer sheets of rather large dimen-
sions. As it turned out, such single-layer carbon sheets
are twisted into one layer or several layers in the form
of tubes. Due to the small size of carbon tubes (1 nm),
they are called nanotubes. Carbon nanotubes have certain
exceptional structural and functional properties, such as
sufficiently high strength, durability, resistance to me-
chanical stress and temperature extremes, a high degree
of inertness to both acids and alkalis. Nanotubes have the
ability to increase the stability of cement mortars in many
ways, reaching high values of elastic moduli, and contrib-
ute to the formation of a significant number of centers of
concentrated crystallization. In general, carbon nanotubes
exhibit a unique combination of resilience, strength and
stiffness compared to, for example, fibrous materials that
typically lack such properties. The thermal and electrical
conductivity of carbon nanotubes is also characterized by
high values and is comparable with other materials that
conduct heat and electricity well. At the present level of
development of nanotechnologies, the process of studying
the properties of a concrete solution modified with carbon
nanotubes is of great scientific and practical importance
and interest [22—26].
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Research in the field of nanotechnology implementa-
tion is a priority and is supported by the government of
the Russian Federation (included in the list of the priority
areas for the development of science and technology).
This also applies to modified structural concretes with
nanosized particles to improve the physical and mechani-
cal characteristics and extend the service life of structures.

Experimentally determined the optimal dosage of car-
bon nanotubes in the composition of the cement slur-
ry. When performing research work, it was found that
when carbon nanotubes were added to the cement stone,
a network structure was formed. This network structure,
in turn, contributes to the emergence of new features,
namely:

— the appearance of resistance to the formation of
shrinkage nanosized cracks in the cement mortar;

— the appearance of neoplasms such as calcium hydro-
silicates.

The appearance of calcium hydrosilicates in the ini-
tial period of hydration contributes to an increase in the
concentration of calcium ions.

The process of modifying heavy concrete with nano-
clusters contributes to a significant increase in the strength
characteristics of cement mortars under such mechanical
loads as compression and bending.

The modified structure of cement mortars with nano-
sized particles is achieved in two ways:

— growth of purposefully nanosized particles in a hard-
ening binding medium;

— mnanosized particles are preliminarily synthesized,
which are subsequently introduced into the required
mixture.

Currently, the second method is the most common.
However, it is necessary to take into account the following
feature: in the process of synthesizing nanosized tubes,
due to their high surface activity, they are combined into
conglomerates in the form of powdered granules, which in
turn makes it difficult to uniformly distribute throughout
the volume of the composite mixture. As a result of this
feature, it is possible to obtain a material having a high
heterogeneity in strength, density, and other properties.

When modifying heavy concrete with a nano-additive,
its strength almost doubled compared to concrete without
the presence of nano-additives.

It is interesting to analyze the effect of nanocarbon
tubes on changes in the properties of a cement composi-
tion, which is a model of heavy concrete.

The cement-sand mixture includes cement and sand
in a ratio of one to three, respectively. To ensure the pro-
cess of hardening of inorganic binders in a cement mor-
tar, it was closed using tap water. A suspension of carbon
nanotubes was premixed in the solution. This mixture
included such components as water, water repellent and
a mixture of hyperplasticizer.

Numerous studies and experiments have confirmed
that in order to improve the strength of a cement slurry,
it is required to improve the efficiency of dispersion of
carbon nanotubes in the composition. To achieve ho-
mogeneity of the mass of the suspension, all the main
components of the solution were first dispersed by the
ultrasonic method.

For research, a cement stone was selected, obtained by
normal-moisture hardening of a cement mortar of normal
density for more than 20 days.

Experimental work using cement was carried out
in accordance with [27]. As a filler for a fine medium,
sand with a fineness modulus of 2.7 from the Kamsko-
Ustyevsky deposit was used. The dosage of nanoadditives
was taken as a percentage of the volume of the cement
composition.

The cement mortar was made on the basis of Portland
cement produced by the CEMROS industrial holding.
Portland cement clinker CEM 111 / A32.5H was mixed
with tap water for hardening, a suspension of carbon
nanotubes in an aqueous solution of a mixture of a water
repellent (to reduce water absorption) and a hyperplas-
ticizer (to increase strength) was previously mixed in it.
To ensure a homogeneous and highly dispersed structure
of this suspension in a volume of 100 ml, its constituent
components were preliminarily dispersed in an ultrasonic
field for 3.5 minutes. A 100W ultrasonic disperser was
used. Hyperplasticizers made on the basis of polycar-
boxylates affect cement mortar due to the steric effect,
namely, the forces of mutual repulsion of cement particles
increase with the introduction of hyperplasticizers. The
additive Remicrete SP60 (FM) was chosen as a hyper-
plasticizer based on polycarboxylate ether (this additive
allows stripping for 4 hours, unlike traditional types of
plasticizers), as a water repellent — the organosilicon ad-
ditive Tiprom-S (based on potassium alkyl siliconate with
55% concentration).

As an additive with a combined action of a water repel-
lent and a hyperplasticizer, a carbon nanotubular material
was chosen — Tuball graphene nanotubes manufactured
by OKSiAl.ru LLC with a specific geometric surface area
of 90—130 m?/g and multilayer CNTs with a specific geo-
metric surface area of 180—200 m?/g.

RESULTS

Microstructural analysis of a sample of the cement
composition was carried out using a Merlin electron mi-
croscope manufactured by ZEISS (Germany) with a high
resolution class and a scanning function. Using such a mi-
croscope, linear measurements of the microrelief param-
eters of solid structures are performed. Chips of cement
mortar samples were sprayed with an alloy containing gold
and palladium (Au/Pd) in a ratio of 80/20 on a Quorum
150 T ES universal vacuum deposition unit.
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An important indicator that describes the adsorp-
tion properties of the test sample is the specific surface
area. The specific surface area was determined by the
most common multipoint Bruner-Emmett-Teller (BET)
method.

There are single-walled and multi-walled carbon
nanotubes. The simplest type is single-walled carbon
nanotubes. Such carbon nanotubes have a thickness of
about 1 nm, while their length can be much longer. If we
consider the internal structure, the tubes look like wrap-
ping graphite using a hexagonal grid. At the vertices of
the grid are carbon atoms. It turns out that the nanotube
has a geometric shape of a cylinder, and it has no seams.
For single-walled carbon nanotubes, the minimum and
maximum diameters are 0.3 nm and 5 nm, respectively.
A characteristic feature of single-walled carbon nano-
tubes is the simplicity of their structure, a small number
of defects, and improved mechanical and physical and
technical properties. The next type is multilayer carbon
nanotubes. Such nanotubes have in their composition
several layers of graphite, which are folded into the shape
of a cylinder. A distance of 0.34 nm is maintained between
them. Multiwalled carbon nanotubes have greater thermal
stability, thermal conductivity and electrical conductivity,
in contrast to single-walled carbon nanotubes.

The optimal ratio of carbon nanotubes in the com-
position of the cement mortar was experimentally de-
termined, which amounted to 0.005% of the mass of ce-
ment for single-walled carbon nanotubes and 0.0005%
for multilayer ones.

The influence of the selected modifiers on the hydra-
tion products and the phase composition of the cement
mortar was studied.

To determine the phase composition of cement stone
hydration products with selected additives, specialists
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YCJIOBHO Pa3e/IuTh Ha P CJIEIYIONINX dTAIlOB: TPO-
BeJleHUE TIOITOTOBUTEILHBIX paboT, OypeHusl, Kperuie-
HUSI, UICTIBITAHUIA, OCBOCHMUSI, 3aKJIIOUUTEIIBHBIX Pa0OT.
M3 BhlilIeTIEpeYNCIIEHHBIX 3TAIIOB COOPYKEHMST CKBAXKIH
pPaccMOTPUM TaKYIO OIEPALMIO, KaK KPEIJIEHUE CTBOJIA
CKBaXXMHBI 1 pa300I1IeHNe TI1acToB. B cBO1O ouepenn nmpu
BBITIOJIHEHU M KPETJICHUSI CKBAXKUHbBI TPEOYETCS BBITOJ-
HUTb CJICAYIOLIEee: ITOATOTOBUTh CTBOJI, 00CAIHBIE TPYOBI
1 000pyIOBaHUE K CITYCKY 00CaIHOM KOJIOHHBI, OCYIIIE-
CTBUTb CITYCK U LIEMEHTUPOBaHME 00CaIHOI KOJIOHHBI,
BBIMIOJIHUTH KOHTPOJIb Ka4eCTBa LIEMEHTUPOBAHUS U Tep-
METUYHOCTU 00camHOM KOJIOHHHI. [1pu ncnonas3oBaHun
LIEMEHTHOTO pacTBopa B He(hTeAOOBIBAIOIINX CKBAXKITHAX
TpeboBaHMs K HEMY BO3pacTaloT.

LlemenTupoBanue HedTeIOOBIBAIOIINX CKBAXKUH —
9TO 3aKJIIOYUTEIbHBII 3Tall MOATOTOBKU CKBaXXUHBI
K 9KCIUTyaTalluy, KOMILJIEKC TaKUX pabOT HaIlpaBJieH
Ha MaKCHUMAaJIbHBIN CPOK KM3HEAESTEJIbHOCTU COOPY-
KEHUS B CUJTY CJIEIYIOIIUX TIPUYNH:

— TpeboBaHMe M3OISIINN KaxkXIoi HeTera3oHOCHOM
00J1aCTH C LIEJbI0 UCKITIOYEHUST BO3MOXHOCTU CMe-
IIMBaHMS BOAbI U ChIPhSI U3 Pa3HBIX TIJIACTOB;

— TpeboOBaHME MO 3aLIUTE METAJUIMYECKUX TTOBEPX-
HoOCTel TpyO mIst oOecrieueHusI BHICOKOM KOPPO3U-
OHHOM CTOMKOCTH (IIPU BO3ICHCTBUM MTOYBEHHOM
BJIarv Ha METAJUIMYECKIE TIOBEPXHOCTU YCKOPSIOTCS
MPOLECChl KOPPO3UU);

— TpeboBaHME BaXKHOCTU YBEJIUUYEHUSI MPOYHOCTU
BCEro COOpPYKeHHUs (CKBaXKMHbI), TaK KaK MPOLEecc
LEMEHTUPOBAHUSI CHUKAET BIUSIHME HA CKBAXKUHY
JIBUXKEHUSI TPYHTOB.

KauecTtBO paboT Mo 1ieMeHTUPOBaHUIO 1 obecIIe-
YEHUIO TePMETUUYHOCTU 00CAAHOI KOJIOHHBI SIBISICTCSI
JIOCTaTOYHO BAaXKHBIM C TOYKU 3pEHUS 00ECIIeUeHUS KO-
JIOTMYeCKMX TpeboBaHUIT K oKpyxatolieit cpene. [1pu
aHaJM3e O0ILIeTro YMciia OCIOKHEHUI MOXKHO OTMETUTD,
YTO HETePMETUYHOCTh 00CAAHBIX KOJIOHH COCTaBIISIET
okoto 20%, a MeXIuIacToOBbIE TIepeToKu — Oostee 18%.
3atpyOHBIe Ta30- U HePTEIMPOIBICHUSI HAHOCST 3HAYN-
TeJIbHBIN yiepO HedTen00bIBAIOIIUM MECTOPOKIACHU -
SIM 11 9KOJIOTMU paiioHa, TO €CTh BO3MOXHBIC TIEPETOKU
MeXOy MPOAYKTUBHBIMU TJIACTAMU MOTYT IPUBECTU
K IOpUINYECKUM U SKOJOTMYECKHM MPo0IeMaM, a TAKKe
¥ K TToTepsM B HeTenoobrue. [ToaToMy Hamboee Bax-
HBIMM aCIleKTaMU IIPU CTPOUTEIBCTBE CTBOJIA CKBAXKHBI
OCTalOTCs 00ecTeueHne HeJOCTHOCTU U 30HaIbHAsI N30~
JISIIUSI CTBOJIA.

J1J1s1 BBITTOTHEHUST LIEMEHTUPOBAHUSI CKBAXKMH BaXKHO
MOATOTOBUTH KAYECTBEHHYIO TAMIIOHAXKHYIO LIEMEHTHYIO
CMECh C TpeOyeMbIM BOAOLIEMEHTHBIM COOTHOILIEHUEM
U CO CIIELIMaIbHBIMU 100aBKaMU.

M3BecTHBIE B HACTOSIIIIEE BPEMSI METOIbI 3aLIUTHI
00CcagHO KOJIOHHBI OT pa3pyIIeHUsI U CMSITUSI HE BCeraa
ABISIOTCS 2 GEKTUBHBIMU. JJIST pellieHnsT 3TOi Ipo-
01eMbI TPeOYETCS CO31aTh ONTUMAJILHO TIPOYHYIO Kperb

CKBaXXWHBI, y KOTOPOIl IIEeMEHTHBI KaMeHb JOKCH
YMETb BOCIIpHHUMATB 0€3 pa3pyIIeHN BHEITHIOK Ha-
IPY3KY, IIPX 3TOM COXPAHSITh 1 €€ MOHOJUTHOCTb.

METO/AbI 1 MATEPHAJIBI

[1pu cozmaHny IIEeMEHTHOTO PacTBOPa XOPOIIIETO Ka-
YecTBa IMPUMEHSIIOTCST pa3IMIHbIe 1o6aBKu. Hamboiee
3G GEeKTUBHBIMU J00ABKaAMU CUMTAIOTCS HaHOMATEPH-
ajel. CyInecTBYeT HeCKOJIBKO THIIOB HAHOMATEPHAJIOB:
HAHOIIOPUCTHIC CTPYTKYPHI, HAHOTPYOKN 1 HAHOBOJIOK-
Ha, HAaHOYACTUIIbI, HAHOAMCIIEPCUN, HAHOKPUCTAJLITBI
1 HAaHOKJIACTePhl, HAHOCTPYKTYPUPOBAHHEIC TIOBEPXHO-
cti 1 TieHKH. Takas KiraccnuKamms peKOMeHIOBaHa
7-11 MexnyHapomgHOI KOH(pepeHIIneil Mo HAaHOTEXHO-
JIorusiM, KoTopag mpoxoamiia B 2004 rony B . Bucbanen
(Iepmanmst). PerynmmpoBaHre HaHOpa3MEPHBIX CBOMCTB
CHCTEMBI BeIeT K M3MEHEHHUIO €€ MaKpoIlapaMeTpOB.
HanomeTpoBoii 1ramna3oH nepBOHAYATBHO OIIPEAeIIsITN
B uHTepBaje oT 1 7o 100 HM XOTs ObI OTHOI U3 KOOP-
IHAT. YTJIepogHble HAHOTPYOKM MOXKHO TIPEIACTaBUTh
B BUJIC IIPOTSCKEHHBIX MMITMHAPUICCKUX CTPYKTYP TUa-
METPOM OT OTHOTO 10 HECKOJIbKHX ICCITKOB HAHOMETPOB
1 JUTMHOM 10 HECKOJIBKMX CAHTUMETPOB [2, 5—15]. OHu
UMEIOT (POPMY CBEPHYTBIX B TPYOKY reKCaroHaJIbHBIX Ipa-
(UTOBBIX TJIOCKOCTEH. YTepoaHble HAHOTPYOKM MpHU-
JAIOT crenuprmaecKre (PU3NKOo-MeXaHNIeCKIe CBOMCTBA,
BBICTYITAIOT B KadecTBe 3 (HEKTUBHOTO CPEACTBA IS
VAYJIIeHHS (PU3NKO-MEXaHMUECKIX CBOMCTB KOMITO3UT-
HBIX MaTrepuanos [6, 16 — 18]. Oxu, o6iagast GOIBIINM
KOJMYECTBOM CBOOOTHBIX XUMUICCKUX CBSI3Ci, MOTYT
MEHSITh KOHCHUCTEHIINIO OETOHHOTO pacTBopa, obecIie-
YUBasl IIPHA 3TOM aTe3UI0 3aIIOJTHUTEICI ONTUMATEHOTO
KauecTBa, YTO, B CBOIO OUEpPe/Ib, TApaHTUPOBAHHBIM 00pa-
30M YJIy9IIaeT HaIeKHOCTh IIPUMEHSIEMOM KOMITO3HITU.
B 1991 romy 6bumH pa3paboTaHbI YIIIEpOTHBIE HAHOTPYO-
ku, nmetone nuamerp 0,5 — 1,0 am. C Touku 3peHust
COBPEMEHHOTO BUICHUS MaTepHaIbHBIX O0BEKTOB Ha-
HOMETPOBBII Trana3oH pacrionaraetcs ot 0,1 mo 100 HM.

71T yITydIe Hsl SKCIUTyaTallMOHHBIX CBOMCTB TshKe-
JTIoro 66TOHA MOKHO €r0 MOAN(PUIIMPOBATH XMMIUICCKI-
MM nob0aBKaMH. B KauecTBe HAHOMOIU(HUIINPYIOIIETO
MaTepuaa IMpUMEHUMEBI YTIJIEPOIOCOAepKAIINe CTPYK-
TYpbI, a UMEHHO yTJIepOaHbIe HAHOTPYyOKM [19—21].

WnTepecHa uctopust nosiBjieHUsI HAHOTPYOOK. JloJ-
TOe BPEeMSI CUUTAIOCh, YTO YIJIEPOI MMEET BOBMOKHOCTh
00pa30BBIBATH BCETO IBE KPUCTAJTNICCKIE CTPYKTYPHI —
rpacdut n anma3. O KprcTaiax ajiMa3a BCeM XOPOIIIOo 13-
BECTHO, a BOT MEHEE M3BECTHBIM SIBIIICTCS TOT (PaKT, UTO
CTPYKTypa rpaduTa SIBISCTCS CIIOMCTOI: aTOMBI YTJIEPO-
IIa PacIIojIararoTCsI B INIOCKOCTHU € TIPOYHBIMHU CBSI3SIMU
MEXIy co00i1, HO B TO K¢ BpeMsI CaMH 3TH IIJIOCKOCTH
HaXOMISITCS Ha 3HAYUTETBHBIX PACCTOSTHUSIX IPYT OT APY-
ra u MexXmy coboii ciabo cBa3anbel. Cam rpadur cyie-
CTBYET B BUIE YCHIyeK C pa3MepaMu IIPUOIU3UTEITBHO
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20 HM, OTHAKO aTOMBI YIJIepoaa MMEIOT BO3MOKHOCTh

00pa30BbIBaTh OMHOCIIOMHEIC JIMCTHI JOBOJIBHO OOJIBIINX

pa3mepoB. Kak oka3zanoch, TakKre OTHOCTOMHBIC YIJIe-

POIHBIC JINCTHI CKPYUYMBAIOTCS B OIWH CJIOM VTN B He-

CKOJIBKO CJTOCB B BHUIIE TPyOOK. B crry Majbix pasMepoB

YIJIEpOTHBIX TPYOOK (1 HM) OHM ITOJyYIIIM Ha3BaHME

«HAHOTPYOKM». YTIIepoaHble HAHOTPYOKHU 001a1atoT

OIpeaeICHHBIMI UCKITIOUNTEIIbHBIMU CTPYKTYPHBIMU

¥ QYHKIIMOHAIEHBIMU CBOMCTBAMHU, HATIPUMED, TAKIMH,

KaK JOCTaTOYHO BBICOKAsI IIPOYHOCTh, JOJTOBEUHOCTD,

YCTOMYIMBOCTD K MEXaHMIECKAM Harpy3KaM U reperianaM

TEeMITepaTyp, BHICOKAsI CTEIICHh MHEPTHOCTU M K KIWC-

JIoTaM, | K IejodaM. HaHOTpyOKM MMEIOT BO3MOXK-

HOCTb MOBBIIIATH CTA0OUJIBHOCTb LIEMEHTHBIX PACTBOPOB

0 MHOTMM MapaMeTpam, 10CTUTasl BBICOKUX 3HAYEHU I

YIIPYTUX MOAYJCH, CIIOCOOCTBYIOT 0Opa30oBaHUIO 3HA-

YUTETHHOTO KOJIMYECTBA LIEHTPOB KOHIICHTPUPOBAHHOM

Kpuctausauuu. B obiem, yriepogHbie HAHOTPYOKU

JIEMOHCTPUPYIOT BOBMOXHOCTH YHUKAJTEHOTO COUCTAHUS

YIIPYTOCTH, IIPOYHOCTH U XECTKOCTU IT0 CPaBHEHUIO,

HaIIpUMep, ¢ BOJOKHUCTBIMU MaTepraiaMy, OOBIYHO

KOTOPBIM HE XBaTaeT TAKUX CBOMCTB. TeIIompoBOTHOCTD

M 3JIEKTPOIIPOBOTHOCTH YIJIEPOIHBIX HAHOTPYOOK XapaK-

TEepPU3YeTCs TAKXKE BRICOKMMHY 3HAYCHUSIMUA 1 CpaBHIMA

C IPYTUMU XOPOIIIO TTPOBOMSIIINME TEILIOTY U 3JIEKTPH-

YeCTBO MaTepraaMi. BaskHoe HayqHOE 1 IIPaKTHIECKOe

3HAYCHME W MHTEpeC Ha COBPEMECHHOM YPOBHE Pa3BUTHS

HAHOTEXHOJIOTUI MMeeT IIPOIIeCcC N3YUCHMS CBOMCTB Oe-

TOHHOTO PAacTBOPa, MOTU(MDHUITNPOBAHHOTO YIIICPOTHBIMUI

HaHOTpyOKamu [22—26].

HccnenoBaHus B 00J1aCTH BHEAPEHUST HAHOTEXHO-
JIOTUH SIBJISTFOTCST TIPUOPUTETHBIMU U TTOAIEPKUBAIOT-
cs TIpaBUTEILCTBOM Poccuiickoit Deaeparium (BXOAIT
B CITMCOK HanboJIee IIPUOPUTETHBIX HAIIpaBJICHUI pa3-
BUTHS HAYKUA U TEXHUKH). DTO OOCTOSITCIILCTBO OTHO-
CUTCST ¥ K MOTU(DULIMPOBAHHBIM KOHCTPYKIIMOHHBIM Oe-
TOHAM C HAaHOPa3MEPHBIMH YaCTULIAMMU IUTS YTYIIICHUS
(pM3UKO-MEeXaHMIECKIX XapaKTEePUCTUK U TIPOIJICHUS
CpoKa CITy>KOBI KOHCTPYKIIMIA.

DKCIIepUMEHTAIBHBIM 00pa30M OTIPEIEIISTA OIITH -
MaJIbHYIO TO3UPOBKY YIJIEPOTHBIX HAHOTPYOOK B COCTaBE
meMeHTHOTO pacTBopa. [Ipu BRIIOJHEHNHN WCCIIEI0BA-
TEJIBCKUX PabOT OBIJIO YCTAHOBJICHO, YTO TIpU JO0OAaBIICe-
HUM YTIICPOIHBIX HAHOTPYOOK B IIEMEHTHBIM KaMCHbB
00pa30BBIBAJIACh CeTIATasl CTPYKTypa. Takas ceTdaTast
CTPYKTYpa B CBOIO OYepeab CIIOCOOCTBYET IMOSIBIICHUTO
HOBBIX OCOOCHHOCTEI, a UMEHHO:

— TIOSIBIICHUIO COTIPOTUBJICHMS K 00pa30BaHMIO B IIe-
MEHTHOM pPacTBOPE YCaIOUHBIX HAHOPA3MEPHBIX
TPEIINH;

— TOSIBJICHUIO TAKNX HOBOOOPA30BaHMIA, KaK TUAPOCH -
JINKATHI KaJIbITSI.

[NostBICHME THAPOCUINKATOB KBNS B HAYaTbHBII
MEPUOJ TUIpATAlMK CITOCOOCTBYET YBEJIUUYEHUIO KOH-
LIEHTPALlMM NOHOB KaJbLIS.

IIpouecc MmoguduKaMu TIKEIbIX OETOHOB HAHO-
KJIacTepaMU CITOCOOCTBYET 3HAUMTEIbBHOMY YBEJIMUEHUIO
MPOYHOCTHBIX XapaKTEPUCTUK LIEMEHTHBIX PACTBOPOB
MPU TAKNX MEXaHWYECKNX HArpy3Kax, KaK cxkaTue 1 13-
ruo.

MomuduipoBaHHas CTPYKTYpa IIEMEHTHBIX PaCTBO-
pOB HaHOpa3MepPHBIMU YaCTUIIAMU JOCTUTACTCS ABYMS
criocobamu:

— BBIpalIUBaHMEM IIeJIEHAIIPABICHHO HAHOPa3MEPHBIX
YaCTUII B 3aTBEPIEBAIONIC BSIKYIIEH cpee;

— [OpeaBapuTESIbHO CMHTE3UPYsI HaHOpa3MepHbIEe Ya-
CTHIIBI, KOTOPHIE B MTOCJIEAYIONIEM BBOISTCS B Tpe-
OyeMyI0 CMeCh.

B Hacroguiee BpeMs HamboJiee paclipocTpaHeH
BTOPOI1 crmoco6. OgHaKo HEOOXOINUMO YUUTHIBATH Clle-
NYIOIIYI0 OCOOEHHOCTD: B IIpOIecCe CUHTE3UPOBAHUS
HaHOpPa3MePHBIX TPYOOK 13-3a UX BEICOKOI TTOBEPXHOCT-
HOM aKTMBHOCTU OHU OOBEINHSIIOTCS B KOHTIIOMEPAThI
B BUJIE TTOPOIITKOOOPA3HBIX TPaHyJI, YTO B CBOIO O4YEPEIh
3aTPYIHSET IT0 BCEMY 00beMy KOMITO3UIIMOHHOM CMe-
CM paBHOMEpPHOE paclipenesieHre. B pe3ynbrare Takoii
0COOEHHOCTU MOXKHO TOJIYYUTh MaTepuall, UMEIOIIHIA
BBICOKYIO HEOTHOPOTHOCTH MO ITPOYHOCTH, TNTOTHOCTH
U IPYTUM CBOIMCTBAM.

Ilpu MoguduKaLUKU TIXKEJIOro 6eToHa HaHOIO-
0aBKOI ero IMMpOYHOCTD YBEJIMYMIIACh TTOYTH B ABa pa3a
110 CpaBHEHUIO ¢ OETOHOM 0€3 IMPUCYTCTBUST HAHOIO-
0aBOK.

WuTtepecHo nMpoaHAIM3NPOBATh BIIMIHNE HAHOY-
[JIEPOIHBIX TPYOOK HAa U3MEHEHUS CBOMCTB IIEMEHTHOM
KOMITO3UIIH, TIPEACTABIIIONIEN COO0I MOIENh U3 TSI-
Xejoro 0eToHa.

LleMeHTHO-TIeCUaHasI CMeCh BKJTIOYAET B CBOl COCTaB
LIEMEHT U MECOK B COOTHOIIEHUM OJIWH K TPEM COOT-
BeTCTBEeHHO. /111 0bGecrieueHus TIpollecca TBEpACHUS
HEOPraHMYECKMUX BSIKYIIUX B IIEMEHTHOM pacTBOpeE
€ro 3aTBOPSIJIN ¢ TIPUMEHEHNEM BOJIOIPOBOIHON BOJIbI.
B pacTBOpe 3apaHee cMEIIMBAIN CYCIIEH3UIO YTIEPOI-
HBIX HAHOTPYOOK. DTa cMech BKJTIo4aja B ceOs Takue
COCTaBJISTIONINE, KaK BoJIa, THAPO(POOU3aTOpP U CMECH
rumnepIacTuduKaTopa.

MHOTro4YMCIeHHBIMA UCCIIETOBAHUSIMU U DKCITEPH-
MEHTaMU TTOATBEPKICHO, YTO JIJIs YIYYIIEeHUS TTPOYHO-
CTU LIEMEHTHOTO PacTBOpa TpeOYeTCsT YIyUIIUTh 2 deK-
TUBHOCTD JUCIIEPTUPOBAHUS YIJIEPOIHBIX HAHOTPYOOK
B KOMITO3ULIMU. )11 TOCTMKEHNST OMHOPOIHOCTH MACChI
CYCIIEH3UM MPEeABAPUTEITHLHO BCE OCHOBHBIE COCTABIISI-
JOIIME pacTBOpa AUCTIEPTUPOBAIINCH YIBTPa3BYKOBBIM
METOJIOM.

Jlns ucciieqoBaHuit ObLI BEIOpaH LIEMEHTHBIN Ka-
MeHb, MOJYYEeHHBI TPU HOPMAJILHO-BIAXKHOCTHOM
OTBepJeBaHUN B TedeHHe 6osee 20 CyTOK [IEMEHTHOTO
pacTBOpa HOPMaIbHBII TYCTOTHI.

DKcIepuMeHTaJIbHbIE pabOThI ¢ UCITOIL30BaHUEM
LIeMeHTa TTPOU3BOAMINCEH B cooTBeTCTBIM C [27]. B Ka-
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YeCTBE HATTOJTHUTEISI MEIKOM Cpebl IIPUMEHSUTH TIECOK
¢ MoxyJieM KpyITHOCTH 2,7 13 KaMcKo-YCcTheBCKOTO Me-
cropoxneHus. J1o3upoBKY HAaHOMOOABOK TIPHMHUMAIIHN
B TIPOIICHTHBIX COOTHOIICHUSIX OT 00beMa IIEMEHTHOM
KOMIIO3UIINH.

LleMeHTHBII pacTBOp ObLT U3TOTOBJICH Ha 0a3e TOPT-
JTAaHATIEMEHTa IIPOM3BOICTBA IIPOMBIIIUICHHOTO XOJIIMHTA
«HEMPOC». IMoptnananemeHTHBIN KimuHKep LIEM 111/
A32.5H 3aTBOpsii BOIOIPOBOAHON BOIOM JIJIST OTBEP-
IeBaHMsI, TIPEIBAPUTEIIFHO B Hell pa3MelImBaiach Ccy-
CIICH3US YTJICPOTHBIX HAHOTPYOOK B BOIHOM PacTBOpE
cMecu ruapododm3aTopa (11T CHIDKEHUST BOIOITOTIIO-
IIeHNUs) U TUNepIIiacTudukaropa (st yBeIUICHUS
IpoyHOCTH). 1T oGecriedeHs OMHOPOIHOI M BBICO-
KOOUCTICPCHOM CTPYKTYPHI 3TOI CYCIIEH3UM B 00bEMe
100 MJT ee COCTaBJISTIOIINIE KOMITOHCHTHI ITOABEPTaINICh
MpeaBapuTEIbHO TUCTIEpralliy B yJIbTPa3ByKOBOM I10JI€
B TeueHUe 3,5 MuHyT. Mcrionb30Baiics yabTpa3ByKOBOI
nucnepraTop MomrHocThio 100 Br. 'mmepruractudnka-
TOPBI, U3rOTaBIMBAcMbIe Ha OCHOBE ITOJIMKAPOOKCHIIA-
TOB, OKa3bIBAIOT BO3ACICTBIE HA IICMEHTHBIC PACTBOPHI
3a CYET CTepruIecKoro 3 deKTa, a IUMCHHO CHUITBI B3aIM-
HOTO OTTAJIKUBAHMS IIEMEHTHBIX YaCTHUII ITPU BBEICHUH
TUTICPIIACTA(UKATOPOB YBeIMINBaIOTCsI. B KauecTBe
TUTIepIIIacTU(UKATOpa Ha OCHOBE 3(hHpa MOINKapOOoK-
cuiaTa Obula BeIOpaHa gob6aBka Remicrete SP60 (FM)
(maHHasT MOOABKa TIO3BOJISICT PacTIAlyOKy Ha 4 Jaca B OT-
JIN9Me OT TPATUIIMOHHBIX BUIOB IUIACTU(UKATOPOB),
B KauecTBe THapododmu3aTopa — KpeMHUMOpraHIIeCKast
mob6aska TurpoM-C (Ha OCHOBE aJIKMJICYUIMKOHATA Ka-
st ¢ 55% KOHLEHTpalueit).

B xauecTBe 100aBKM C KOMIUIEKCHBIM IECTBUEM
ruapogodbuszaropa u runepiiacTugukKaTopa ObLI Bbl-
OpaH yIJIepOIHBI HAHOTYOYJISIPHBIN MaTepral — Ipa-
¢denoBrle HaHOTPYOKM Tuball mpousBoacTBa OO0
«OKCuAn.py» ¢ yoeabHOI reoOMeTpUIeCKOI TTOBEpX-
HocTbio 90—130 Mm%/t 1 MHOrocnoitHbie YHT ¢ yaeabHOM
reOMeTpUYeCKOi moBepxHOCThIO 180—200 M?/T.

PE3YJIbTATbI

MuUKpOCTPYKTYpHBIN aHalIN3 00pa3ma IMeMEeHTHOM
KOMITO3HITUHY TIPOBEJIH C UCITOJIb30BAHIEM JIEKTPOHHO-
ro Mukpockomna Merlin mpousBoacTsa komnannu ZEISS
(CepMaHMST) ¢ BBICOKMM KIJIACCOM Pa3pelIecHs 1 ¢ (hyHK-
nueit ckaaupoBaHus. C ITOMOIIIBIO TAKOTO MUKPOCKOTIA
BBITIOJTHSTIOT JIMHEIHBIC N3MEPEeHUSI MUKPOPEThe(HBIX
TMapaMeTPOB TBEPIOTEIBHBIX CTPYKTYP. CKOJIBI 00pa3IioB
IIEMEHTHOTO PacTBOPa HAITBIISIMCH CITIAaBOM C CoIepKa-
HHeM 3010Ta 1 taymianys (Au/Pd) B cootHomenuu 80,/20
Ha YHUBEPCAJIbHOI YCTAHOBKE BAKyyMHOT'O HAITBUICHUSI
Quorum 150 T ES.

BaskHBIM IMOKa3aTeIeM, OIMCHIBAIOIINM aICOPOIIH-
OHHBIE CBOWCTBA 00pa3Iiia, SBIsIeTCs yAeTbHasl TOBEPX-
HOCTb. YIIEJTbHYIO ITOBEPXHOCTH OIPEAC/ISIN Hanbdoee

pacpocTpaHéHHBIM MHOTOTOYEYHBIM MeTomoM bpio-
Hepa-OmMmeta-Temmrepa (BOT).

CyIIeCTBYIOT OTHOCIOWHBIC I MHOTOCJIOMHBIC YTJIe-
ponHble HAaHOTPYOKU. CaMBIM TIPOCTHIM BUIOM SIBJISI-
IOTCST OTHOCIIOHBIC YTICPOTHBIC HAHOTPYOKM. Takume
yIJIEpOIHBIC HAHOTPYOKM MMEIOT TOJIIMHY OKOJIO 1 HM,
Mpy 3TOM MUX JUIMHA ObIBaeT HaMHOro 6osblie. Eciu
paccMaTpuBaTh BHYTPEHHEE CTPOCHUE, TO TPYOKM BBI-
JISIIST KaK o0epThIBaHUE TpacduTa ¢ IIpUMEeHECHUEM
IIEeCTUYTOJILHOM CeTKHW. B BepmmHax ceTKM pacIioja-
raloTcs aTOMHI yriaepona. IToaydaercs, 9To HAHOTPYO-
Ka MMeeT TeOMEeTPUIECKYI0 (popMy HUIUHApPA U Y Heé
HET IIBOB. Y OTHOCIOMHBIX YTIJICPOTHBIX HAHOTPYOOK
MUHHAMAJIbHBI 1 MaKCUMAJIbHBIN TUaMETPBl UMCIOT
caenytomme pa3mepsl: 0,3 HM 1 5 HM COOTBETCTBEHHO.
XapaKTepHOit 0COOCHHOCTBIO OMHOCTOMHBIX YTIICPOI-
HBIX HAHOTPYOOK SBJISICTCS TIPOCTOTA UX CTPYKTYPHI,
MaJioe KOJIMIECTBO Ie(PEKTOB, YAyIIICHHBIC MEXaHIIe-
CKHe 1 PU3NKO-TeXHNIeCKHe cBOMcTBA. Ceayomnmii
BHJI — MHOTOCJIOMHEIC YIJIepOIHBIC HAHOTPYOKM. Taxkwme
HAHOTPYOKM MMEIOT B CBOEM COCTaBE HECKOJIBKO CIIO-
eB rpaduTa, KOTOPHIC CIIOXEHBI B (DOpMY LMIMHIpA.
Mexay HUMU BeIAepKUBaeTcd paccTtossHue B 0,34 HM.
MHOTrOCIOHBIE YIIepOAHbIe HAHOTPYOKN MMEIOT
OOJIBIITYIO TEPMUUECKYIO YCTONIMBOCTD, TEIUIOIIPOBO-
ITHOCTH M 3JCKTPOIIPOBOTHOCTD, B OTIMYNE OT OTHO-
CIIOMHBIX YIJIEPOIHBIX HAHOTPYOOK.

DKCIepUMEHTATLHBIM 00pa30M OTIPEISIVIIN OIT-
TUMaJIbHOE COOTHOIICHUE YIJIEPOTHBIX HAHOTPYOOK
B COCTaBe IIEMEHTHOTO pacTBOpPa, KOTOPOE COCTABUIIO
ot Macchl HemenTa 0,005% m1st OMHOCIOMHBIX YIJIEPOI -
HbIX HaHOTPYOOK 1 0,0005% — 111 MHOTOC/IOHBIX.

Bb11 3y4eH mpolecc BAUSIHUS BBIOpAaHHBIX MOIU(DU -
KaTOPOB Ha MPOMYKTHI THApaTaIllny 1 (ha30BEII COCTAB
LIEMEHTHOTO PacTBOpa.

st ompeneneHns (pa30BOToO cOCTaBa IMPOAYKTOB TH-
IpaTalliy IIEMEHTHOTO KaMHSI C BRIOpAaHHBIMH T00aB-
KaMM IIpUBJIeKaINCh crielnaanucTel LleaTpa Tparcdepa
TexHojoruii. Ma3oBEIN COCTAB U3yYalICs C TIOMOIIBIO
peHTTeHOBCKOro mudpakTomeTpa «SmartLab» mpons-
BoactBa Rigaku Corporation.

B nccnemyemMbIx o6pasiiax IeMEHTHOTO KaMHSI C KOM-
MJIEKCHOI HaHOCOAepxKallleil 100aBKoil HabIroaaICs
Impoliecc 0oJiee TIIYOOKOM TUApaTalliy CHIMKATHOM
¢a3pl IEeMEHTHOTO pacTBOpa. DTO CBUACTEILCTBYET
00 yBeTMUYCHUHN B BRIOpAHHOM IHAaTa30HE TeMIICpaTyp
SHIO0TepPMUYECKOTO 3 dekTa.

Jlob6aBKa KOMILIEKCHOTO ACUCTBHS, BKITIOUAOIIAST
B ce0s1 OJTHOCJIOMHBIE YIIEPOAHbIE HAHOTPYOKU, Oblia
IHUCIICPTUPOBaHA B pACTBOPHI CMECH ITOBEPXHOCTHO-
AKTUBHBIX BEIIECTB TUAPOMDOOHOro U ruapodUIbHO-
IO TUTIOB, YTO MO3BOJIUIIO YBEIMIUTh IIPOYHOCTH IIe-
MEHTHBIX PACTBOPOB 10 55%. YBennueHne MpoYHOCTH
IIEMEHTHBIX PaCTBOPOB OOBSICHSICTCS 00pa30BaHUEM
MHUKPOCTPYKTYPHBIX 2JIEMEHTOB OITUMAJILHOTO THITA
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Yy LIEMEHTHOTO KaMHsl. B HauanbHbIi TTepuo 3aTBepe-
BaHM$ LIEMEHTHOTO KaMHS$ YyCKOpsieTcsl mpolecc obpa-
30BaHUSI HU3KOOCHOBHBIX TUAPOCUIMKATOB KaJIbLIUS,
BBISIBJICHHBIH T10 pe3yJibTaTaM ONTUYECKOTO U TEPMHU-
YeCKOTO UCCliefOBaHUl, a UMEHHO peHTreHodazo-
BOTo aHann3a U TuddepeHIINaIbHO-TEPMUIICCKOTO
aHajm3sa.

IIpu nobaBieHUU B LEMEHTHBIN paCTBOP MHOTO-
CJIOMHBIX YTJIEPOAHBIX HAHOTPYOOK MUKPOCTPYKTYpa
LIEMEHTHOrO KaMHsI XapaKTepu3yeTcsl 00Jee pbIXJIon
1 HEOTHOPOTHOU CTPYKTYPOIA.

CIINCOK NCTOYHUKOB

3AK/IIOYEHUE

Pe3ynbraThl McciieqoBaHMI TOKA3ajId, 9TO C TOYKHU
3peHus MoarduKay Hanoosaee dPOeKTUBHBIMA SIBJIS -
I0TCSI OMHOCJIOMHBIE YTIepOIHBIC HAHOTPYOKHU. MOXHO
cleaTh NPeanojaoXeHue, YTO OAHOCIOMHbBIE YIJIepOI-
HbI€ HAHOTPYOKMU SIBJISIIOTCS OMHOBPEMEHHO LIEHTpaMu
KPUCTAJUIM3AIIN B OCHOBHOM JIUISI HU3KOOCHOBHBIX
TUAPOCUIIMKATOB Kablivs. Takke HabmonaeTcs 6oJiee
YCKOpEeHHOE CTPYKTYPOOOpa30BaHUE IO CPAaBHECHUIO
C COCTaBOM, B KOTOPOM OTCYTCTBYIOT HAaHOTOOABKU.
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Performance evaluation of foamed materials
based on cold-cured liquid glass
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ABSTRACT: Introduction. The current trend of transition to non-combustible and environmentally friendly thermal insulation and
sound-absorbing materials involves development of research to obtain foamed silicate compositions, particularly those based on
cold-cured liquid glass. The primary advantage of this material is its eco-friendliness throughout both its operational and produc-
tion stages, facilitated by the employment of energy-efficient manufacturing technology. Materials and methods. Cold-cured
liquid sodium glass and cullet-based foam glass were used as main raw materials. To determine optimal curing additive of liquid
glass, Portland cement, slaked lime and sodium ethylsilicate were selected. The thermal conductivity of materials was evaluated
with by means of appropriate coefficient, value of which depended on volume content of pores in material, nature of porosity and
distribution of pores by size. The decrease in water absorption capacity was estimated by value of wetting edge angle. Sorption
humidity was determined in accordance with GOST 24816-2014, and sound absorption coefficient was determined according to
GOST 16297-80. Results and discussion. The prime objective of this study was to examine trends and provide explanations for
the formation of specified performance indicators of thermal insulation and sound-absorbing materials, particularly those based
on cold-cured foamed liquid glass. The issue of increasing water resistance of material by selecting effective additive-hardener was
also investigated. Conclusion. The developed thermal insulation material based on cold-cured liquid glass is eco-friendly, with
presence of large number of small and mainly open pores, giving it good sound-absorbing properties. The problem of high-water
absorption of material was solved by introducing Portland cement as a curing additive.

KEYWORDS: non-combustible heat-insulating materials, silicate compositions, cold-cured foamed liquid glass, porosity parameters,
thermal conductivity, water absorption, sorption moisture, sound absorption
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INTRODUCTION groups, combustion products toxicity groups. Also, there

is a need for rational use of natural resources.

Each passing year sees an increasing demand for
non-combustible, environmentally friendly thermal
insulation. This trend is accompanied by a steady drive
towards reducing the thermal conductivity coefficient.
The urgency of this problem is also confirmed by the in-
troduction of the technical regulation of the Eurasian
Economic Union “On the safety of building materials
and products”, which notes the need to comply with the
criteria for fire safety of materials, including combustibil-
ity groups, flammability groups, smoke-generating ability

Composite materials based on foamed silicate com-
pounds are a group of materials that meet the require-
ments for modern thermal insulation. Such materials
include foam glass, foam slag glass, glass pore, foam
gypsum, as well as an innovative heat-insulating material
based on cold-cured foamed liquid glass [1—7].

The design of any building material, possessing certain
technical characteristics, is shaped by the intended use of
the structure, and depends on several factors that influ-
ence its final performance attributes.
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One of the primary advantages are the properties of
raw materials — chemical composition, phase composi-
tion, structure parameters of raw materials.

The nature of the raw materials determines the chemi-
cal composition of the material, its chemical nature, reac-
tivity to certain chemical interactions, as well as the fea-
tures of the technological process of obtaining — physical
and chemical effects on the raw materials (mechanical,
temperature, temperature and humidity, electromagnetic
effects, etc.).

At this stage, the formation of the phase composition
of the material itself occurs due to the passage of the main
chemical reactions occurring at the stage of mixing the
components, exposure to high temperatures and electro-
magnetic radiation. The main part of structure formation
occurs, which subsequently sets the parameters of the
material structure: type of porosity, pore volume, pore
size distribution, pore shape, etc.

Let us consider the influence of the above factors on
the example of materials based on silicate compositions
(more details on a heat-insulating material based on cold-
cured foamed liquid glass) [8§—12].

The material obtained after numerous impacts on raw
materials has characteristics that were formed at the en-
tire stage of the technological process of its production.
The reasons for the appearance of certain characteristics
of the material directly depend on the obtained param-
eters of the structure and composition.

Let us reveal in more detail the relationship between
the obtained parameters of the material and its perfor-
mance characteristics using the comparison of foamed
silicate compositions as an example.

For the main performance indicators of a heat-insu-
lating material based on foamed liquid glass, we take its
thermal conductivity, water absorption, sorption activity
and sound absorption.

MATERIALS AND METHODS

1. Formation of the thermal conductivity index
of a material based on foamed liquid glass

As you know, the thermal conductivity of materials
depends on several factors. They can be divided into the
following groups:

— factors determined by the phase composition of the
substance, the degree of crystallization and the size of
the crystals, the characteristics of the porous structure,
the anisotropy of the material and the direction of the
heat flow;

— factors determined by the chemical composition and
the presence of impurities;

— factors that make up the operating conditions of the
material, depending on temperature, pressure and
humidity.

In relatively small material pores, there is less gas con-
vection and a reduced effect of the radiant energy of the
heat transfer component.

Let us compare the thermal conductivity values of
materials based on foamed silicate compositions similar
in chemical composition, but having different structural
parameters due to different production technologies and
differing in the type of basic silicate raw material (cullet
in the case of foam glass and liquid sodium glass in the
case of a porous material based on cold-cured foamed
liquid glass) (table 1).

At the same values of the average density, the materi-
als have a different range of thermal conductivity due to
different parameters of their structure (such as porosity
and pore size distribution). So, at a density of 130 kg/m?,
foam glass has a thermal conductivity range of 0.043 *
0.002 W/(m + K), and at a similar density, foamed liquid
glass has different edge points of the thermal conductivity
range due to the open type of porosity, but not to a large
extent, due to due to the presence of a smaller pore size
in the foam glass composition.

Convective heat transfer increases as the size of the
pores and the air gaps connecting these pores grow.
Therefore, a finely porous structure with the presence of
a closed pore type is the most preferable for heat-insulat-
ing materials. Such a structure of the material slows down
the convective heat transfer [13—15].

To reduce thermal conductivity, it is necessary to cre-
ate an obstacle in the direction of heat transfer, for ex-
ample, by creating a more finely porous material structure
with a pore radius of not more than 1 mm.

The optimal structure of thermal insulation materials
is obtained by creating a cellular structure with evenly
distributed small pores, mostly closed. At the same time,
a large number of micropores is not desirable, since due

Table 1
Thermal performance of porous silicate compositions
. . Average density, Coefficient of thermal
Material type Porosity type ke/m’ conductivity, W/(m » K)
Material based on cold-cured Open Cellular 130-195 0.049-0.068
foamed liquid glass
Foam glass Closed cell 130—160 0.043—0.062
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to their hygroscopicity, moisture sorption from the air is
possible in them [16—22].

It should be noted that the open porosity of the heat-
insulating material based on foamed liquid glass allows
the material not to collapse when water freezes in an
open cell, since the liquid can expand into neighboring
pores.

The thermal conductivity of porous materials is af-
fected not only by the size of the pores, but also by such
parameters of their structure as the shape and location.
Thus, the maximum volume of porosity with a dense cu-
bic arrangement of spherical pores reaches 52.5%, and
with a hexagonal arrangement it reaches 74%. Therefore,
the goal is to obtain a structure with the most compact
arrangement of pores, which is achieved with an optimal
combination of large and small pores.

2. Formation of water absorption characteristics
of material based on foamed liquid glass

Composite materials based on liquid glass have the
ability to harden in air under normal conditions. At the
same time, due to the evaporation of free water, the con-
tent of colloidal silica increases, which subsequently co-
agulates and compacts [23—27]. Sodium hydroxide in
the composition of liquid glass prevents the precipita-
tion of silicic acid, but carbon dioxide contained in the
air neutralizes it, facilitating the transition of silicic acid
into a colloidal solution. Such a scheme for curing liquid
glass has a number of disadvantages. Among them are
high water absorption due to the appearance of a surface
film due to the action of carbon dioxide, as well as a low
hardening rate [28—31].

The phase composition formed after physicochemi-
cal influences contains free cations of sodium liquid
glass, which, without binding, form soluble compounds
[32, 33].

Thus, it is necessary to select the optimal modifying
additive that promotes accelerated and volumetric hard-
ening of liquid glass.

A decrease in the water absorption of the material was
considered by reducing the surface of its interaction with
drip moisture due to hydrophilization. The comparison
criterion was the wetting angle.

3. Formation of the characteristics of the sorption
activity of a material based on foamed liquid glass

The sorption characteristics of the heat-insulating
material based on foamed liquid glass were determined
by experimental and computational-experimental meth-
ods. Experimental determination of sorption moisture
was carried out according to GOST 24816-2014. In each
desiccator with a relative humidity of 40, 60, 80, and
97%, containing an aqueous solution of sulfuric acid with

a concentration of 47.13, 36.88, 25.23, 5.93, respectively,
3 bottles were placed.

As the material absorbs water vapor from the ambient
air (sorption process), periodic weighing of the weighing
bottles with samples was carried out.

The value of sorption moisture in percent was calcu-
lated using the following formula:

w, =222 100, (1)
My —Mg

where m  is the weight of the bottle with the material
sample after the end of the sorption process, g; m, is the
weight of the bottle with the material sample after drying
the sample to constant weight, g; m, — mass of bottle dried
to constant weight, g.

Based on the obtained indicators of sorption activity,
the specific surface area of the material was calculated
based on the capacity of the monolayer. The calculation
is based on the assumption that the sorption of water
vapor by samples of foamed liquid glass proceeds ex-
clusively by the mechanism of surface adsorption, that
is, only a monolayer of adsorbed water is formed on
their surface.

4. Formation of acoustic characteristics

The process of sound absorption can be represented
in the form of two components — the surface layers of
the acoustic material itself and sound waves in the form
of a front of longitudinal vibrations with a certain kinetic
energy, incident on this surface.

When a sound wave falls on a porous material in the
air in the pores, an oscillatory process is initiated up to
the coincidence of the oscillation frequency, that is, to the
state of resonance. Due to the friction resistance and air
viscosity, part of the sound energy is converted into heat,
and due to the thermal conductivity of the pore walls,
thermal energy is dissipated [34, 35].

The creation of effective porous sound-absorbing ma-
terials is based on some theoretical laws:

— patterns reflecting the propagation of sound waves in
the air;

— regularities of wave energy transfer from air to absorb-
ing material;

— patterns of assessment of the conditions for wave ab-
sorption in the thickness of the material and the re-
laxation conditions resulting from this heat fluxes in
the material.

At a low density of a material having a fully or par-
tially open communicating porosity, similar to the studied
material based on foamed liquid glass, no excess pressure
is formed behind the material layer. This phenomenon
provides a decrease in the resonant nature of sound ab-
sorption. Resonant sound absorption is characteristic
of low frequencies. With an increase in the frequency of
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Fig. 1. The mechanism of sound absorption: I — resonant
sound absorption; II — mixed sound absorption (tran-
sitional); III — sound absorption due to friction losses;
1 — sound absorption in the material, due to the char-
acteristics of the matrix; 2 — sound absorption in the
material, due to the parameters of its porosity; 3 — inte-
gral curve of sound absorption

sound, a transitional section takes place, after which the
developed porosity becomes the determining factor in
sound absorption.

Figure 1 schematically shows the mechanism of sound
absorption depending on its frequency.

In section II1, the sound absorption mechanism is as
follows. The most effective sound absorption is possible
if the dimensions of the wavelength of the incident air
front and the dimensions of the pores and pore chan-
nels coincide. The pressure front of the sound wave
that occurs on the surface of the material is transmitted
inward, gradually weakening due to friction losses. The
optimal porosity in this case will be one at which the
pressure of the elementary wave will ensure the transfer
of compressed air to a more distant pore or pores. In the
process of moving the wave front inside the material,
the change in pressure from pulsating near its surface
will turn into an average excess near the back side. The
damping of sound energy occurs due to two factors.
Firstly, due to the deformation of the volume of air in
the material, and secondly, as a result of friction losses
during the passage of constrictions, channels and in-
ternal pores.

The absorption of sound waves of higher frequencies is
provided by the presence of finer porosity. Such porosity
is characteristic of porous materials based on silicate com-
positions, in particular, a material based on cold-cured
foamed liquid glass. This is due to the fact that the energy
of the sound wave must be commensurate with the mass
of the volume of air in the pore, which must be sufficient
to ensure the occurrence of excess pressure sufficient to
move air into the next pore.

Porosity of sound-absorbing materials

The values of the sound-absorbing characteristics of
porous materials directly depend on their porosity pa-
rameters: the presence of closed or open pores, the dis-
tribution of pores by size, and also their predominant
shape [36—38]. The theoretical foundations associated
with the identification of regularities in the formation of
pore structures suggest the presence of the following types
of porosity in materials: microporosity, capillary porosity,
as well as contraction and gel porosity.

The sound-absorbing properties of highly porous cel-
lular materials depend primarily on the type of pores in the
surface layer of the material and the nature of the poros-
ity of its inner layers. Highly porous and especially light
materials are characterized by the presence of open and
closed pores, as well as communicating and closed porosity.

According to the manifestation of acoustic properties,
the pores are divided into acoustically active, acoustically
passive and semi-passive.

Open pores, the dimensions of which are commen-
surate with the length of the sound wave, are referred to
as acoustically active. This type of pores prevails in the
material based on foamed liquid glass. Closed pores that
do not have direct access to the surface of the material are
referred to as acoustically passive. Through porosity with
dead-end pores, as well as with open non-communicating
pores, is classified as semi-passive. Such a closed or mixed
type of pores is inherent in porous materials based on
foam glass (Figure 2).

Among the open pores, hydraulically correct pores
are distinguished, which are characterized by low values
of the input resistance to air flows and the sound wave
front. Such porosity is typical for materials with a granular
structure, as well as for materials with special techniques
for forming directional porosity. For classic highly porous
materials with a cellular structure, it is not characteristic.
Pores with constant resistance to the sound wave front
are characteristic of materials with a fibrous structure.
Materials with a cellular structure are characterized by hy-
draulically unstable (irregular) porosity, which has a high
input resistance. This explains the fact that materials with
a traditional cellular structure have obviously lower sound
absorption values than granular or fibrous ones.

To assess the possibility of obtaining effective acoustic
materials, porous materials of various structures were
considered. Foam glass and material based on cold-cured
foamed liquid glass were chosen for the study. As follows
from the theoretical foundations of sound absorption out-
lined in the article, the pore size is closely related to the
sound frequency. An increase in sound absorption at low
frequencies can be achieved by relatively large pores, and
at high frequencies by small pores. Sound absorption in
a wide frequency range involves a combination of large
and small pores in the acoustic material.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
424-437

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobull

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

L

EREYS

Fig. 2. Types of pores: a — open pores; b — closed pores; 1, 2, 3 — types of acoustically active pores; 4, 5, 6, 8 — types
of acoustically semi-passive pores; 7, 9, 10 — passive porosity

Studies of the porosity of acoustic materials with high
sound-absorbing properties showed that these materials
are characterized by fine-grained, polyreaction porosity
with pore sizes of 100—250 wum. The through porosity of
these materials is in the range of 70—90%. A larger per-
centage of communicating porosity causes a decrease in
the viscous friction of air in the material and, as a result,
a decrease in the efficiency of sound absorption.

RESULTS AND DISCUSSION

1. Materials based on foam glass and foamed liquid
glass have the following porosity parameters.

The total porosity, which refers to the entire volume of
pores in the material, was determined by the experimen-
tal-calculation method according to the formula:

Total = ( - P_m)’ (2)
p
where p, is the average density of the material, kg/m?;
0 is the true density of the material, kg/m?.
The true density of foam glass and on cold-cured
foamed liquid glass was determined by the psychometric
method.

Table 2

Porosity of materials based on foamed silicate compositions

Open porosity refers to pores that communicate with
the external environment. The volume of these pores was
obtained by water saturation of the material and calculated
by the formula:

P,y = (@) (i) 100, 3)

where m, and m are the mass of the sample, respec-
tively, in the saturated and dry state, g; V'is the volume of
material, cm?; ow — water density, g/cm’.

Closed porosity was calculated as the difference be-
tween total porosity and open porosity using the formula:

Pc! = Ptot - Pop' 4)

The results of determining the porosity parameters
of materials based on foamed silicate compositions are
shown in Table 2.

Thus, foam glass has a predominantly closed-pore
structure, while a material based on foamed liquid glass
has a predominantly open-pore structure.

Due to the dense smooth walls of the pores of heat-
insulating materials based on foamed glass compositions,
they have high strength characteristics.

Materials Total Porosity, % Open Porosity, % Closed Porosity, %
Foam glass, p,_ = 130 kg/m’ 92 1.62 90.38
Foam glass, p_ = 160 kg/m’ 87 1.17 85.83
Foamed liquid glass, p,_ = 150 kg/m’ 91 56 35
Foamed liquid glass, p_ = 195 kg/m’ 84 61.6 22.4
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In the studied material based on foamed liquid glass,
the strength of the frame (the inner surface of the pores)
is determined by the chemical nature of the raw materials
themselves — amorphous silica, which creates a strong
crystalline structure of the composite. The structure of
porous materials, departing from the idealized model,
is characterized by the presence of defects in the cellu-
lar structure that violate the closure of pores: these are
cracks in the partitions and branched micropores, which
increases the hygroscopicity and water absorption of the
material. This is one of the arguments to explain the high-
water absorption of the material based on foamed liquid
glass; unreacted particles of soda glass form irregularities
in the partitions.

Thus, the optimal porosity of the cellular material
consists in a combination of open and closed pores, de-
formed into polyhedrons, with the thinnest and densest
interpore partitions. In this case, the porosity of the cel-
lular material can reach = 98% [23, 39, 40].

2. To analyze the effect of modifying additives on
liquid glass in order to reduce the water absorption of
materials based on it, three compositions were studied.
The sech for additives is aimed at replacing the common
modifier-hardener of water glass Na SiF,, since it is toxic.

Liquid glass with a density of 1.44 g/cm? and a silicate
modulus of 2.7 was used for the study.

The additives chosen for the study can be divided into
two categories:

1. Liquid water-soluble additive based on organosili-
con (sodium ethyl siliconate (C,H,Si (OH),ONa)).

2. Dry mineral additives (calcium hydroxide Ca (OH),
(slaked lime) and Portland cement (main reactive phase
3Ca0 SiO, (C,S) (alite)).

The investigated compositions are presented in table 3.

The resulting compositions are inorganic polymers
with a developed capillary-porous structure. Such a struc-

ture is characteristic of all porous silicate-based materials.
Figure 3 shows various types of the porous structure of
silicate compositions, differing in shape, size and distribu-
tion of pores over the volume of the material, depending
on the characteristics of the production technology and
raw material composition.

Composition No. 1.

The interaction of liquid glass with an organosilicon
water-soluble water repellent causes the appearance of
a hydrophobic crust. The additive does not interfere with
the foaming process, resulting in a fibrous structure of
the material (Figure 3d). When determining the contact
angle of wetting, a drop on the material surface forms an
angle greater than 110°, but this effect is achieved only
on the formed hydrophobic crust, and when a drop is
applied to the cut surface of a material sample, the drop
is instantly absorbed.

Composition No. 2.

Curing the liquid-glass composition with calcium
hydroxide (slaked lime) led to a slowdown in foaming,
uneven dispersion of particles by volume during process-
ing with electromagnetic waves, and as a result, a smaller
increase in the foaming mass was obtained compared to
other additives (Figure 3e). As a result of the primary
check for a decrease in the water absorption of the mate-
rial by the contact angle method, it was revealed that the
drop penetrates into the thickness of the material after
5—7 s. after application.

Composition No. 3.

Portland cement turned out to be the best option for
modifying the additive for curing the system. Portland
cement in the indicated percentage, when reacting with
liquid glass, acts as a hardener of the liquid glass matrix,
lowering its water absorption performance (Figure 3c).
The contact angle on the surface of this composition was
more than 120°.

Table 3
Compositions of a porous material based on liquid glass with various modifying additives
DI Components Content, % wt.
Number
Liquid glass sodium Na,0+2,7Si0, 85
1 Silicone water repellent sodium ethyl siliconate 15
(C,H,Si(OH),ONa)
Liquid glass sodium Na,0.2,7Si0, 87
2
Slaked lime Ca(OH), 13
Liquid glass sodium Na,0.2,7Si0O, 90
3 Portland cement 10
(Main reactive phase — alit 3Ca0+SiO, (C,S))

http://nanobuild.ru

429

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
424-437

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

Fig. 3. Structure of various silicate compositions of porous materials: a — foam glass; b — foam glass crushed stone;
¢ — material based on liquid glass with the addition of Portland cement; d — material based on liquid glass and
organosilicon additive; f — material based on liquid glass and additives — calcium hydroxide

On the basis of experimental data, it turned out that
the percentage of Portland cement additives indicated in
Table 3 makes it possible to obtain optimal indicators for
the wetting angle, in comparison with other compositions.

The reason for the decrease in water absorption in the
“liquid glass — Portland cement” system can be described
as follows: when the components interact (free water in
liquid glass binds to Portland cement), low-basic calcium
hydro silicates are formed, as well as calcium hydroxide,
which subsequently binds free cations of sodium liquid
glass into insoluble compounds. The reaction of the in-
teraction of Portland cement tricalcium silicate and free
water in liquid glass can be represented as follows:

2(3Ca0 - Si0,) + 6H,0 =
= 3Ca0 - 2Si0, - 3H,0 + 3Ca0OH,.  (5)

In this case, Portland cement plays the role of not just
a hardening activator of the silicate composition, but also
participates in the formation of a decrease in the water ab-
sorption characteristics of the material due to the formation
of a network of insoluble sodium-calcium compounds.

3. Sorption activity of the material based on cold cur-
ing foamed liquid glass is shown in Table 4.

The beginning of the graph of sorption moisture is
accompanied by the filling of the first monolayer and
the beginning of the formation of polymolecule films.
The point of separation of the isotherm from the straight
section of the polymolecule layer corresponds to the be-
ginning of capillary condensation (Figure 4).

The different mechanism of the sorption and de-
sorption processes of monolayer formation occurs due
to different vapor pressure during its filling. The onset
of capillary condensation, sorption and desorption also
differ both in terms of moisture content and vapor pres-
sure. In this case, the formation of a monolayer occurs at
a sorption vapor pressure lower than the desorption vapor
pressure, and the onset of capillary condensation occurs
at values of a higher sorption vapor pressure. This is also
explained by the different mechanism of filling the surface
layers during sorption and desorption, which is the cause
of the sorption hysteresis.

According to the type of hysteresis, based on the
types of adsorption-desorption isotherms according to
the IUPAC classification, which is compiled on the basis
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Table 4

Indicators of sorption moisture content of the material
based on foamed liquid glass of cold curing at a given
relative humidity

Relative Humidity (¢), % | > Puon ;}uﬁdity (W),
40 1.96
60 2.6
80 4
97 25

of the classical classification of adsorption-desorption
isotherms of Brunauer, Deming, Deming and Teller
(BDDT classification), this type of sorption of a mate-
rial based on foamed liquid glass can be attributed to the

fourth type. This type has a hysteresis loop, which reflects
the process of capillary condensation in mesopores. The
convex and concave nature of the initial section indicates,
respectively, strong and weak interaction of the adsorbate-
adsorbent.

Figure 5 shows different types of capillary-condensa-
tion hysteresis loops.

Each type of loop is associated with a certain type
of porous structure of the substance. H1-type loops are
typical for agglomerates that are uniformly packed and
similar in size. For some globular systems, for example,
silica gels, the H2 type is typical, however, in this case,
the distribution and shape of the pores are ambiguous.
H3 and H4 type loops were obtained for adsorbents hav-
ing slit-like pores or, as in the case of H3, consisting of
plane-parallel particles.

Type I isotherms with type H4 hysteresis indicate the
presence of microporosity. Isotherm type IV is usually

% Sorption and desorption isotherms p=150 kg/m?
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Fig. 4. Graphs of the sorption and desorption activity of the material based on foamed liquid glass
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The quantity of gas adsorbed

Relative pressure —»

Fig. 5. Types of hysteresis loops

observed for substances containing mesopores or small
macropores.

To calculate some parameters of the structure of a po-
rous material based on foamed liquid glass, we intro-
duce the assumption that the sorption of water vapor on
the surface of foamed liquid glass proceeds exclusively
by the surface adsorption mechanism, that is, only the
monolayer is filled. Therefore, the sorption isotherm can
be described by the equation (6):

w(p) = wp[-3.13/In(p/100)]*/255, (6)

where w_ is the parameter of the equation, which is
the capacitance of the monolayer, %, which can be ap-
proximately calculated by the formula (7):
_ w(40) _ 196

=——=121%. 7
1.615 1615

m

An approximate calculation made it possible to deter-
mine w_=1.21%. The obtained value of w_, in turn, made
it possible to estimate the specific surface of the material
based on foamed glass according to the equation (8):

A =35.5w,, - 103m?/kg = 35.5w,, m?/g. (8)

We got A =42.9 m?/g. This value of the specific sur-
face makes it possible to make an assumption about the
predominance of small pores in the material.

To calculate the specific surface area, the capacitance
of the monolayer was calculated using the formula (9):
Wy, = =2 = 1.35, )
No
where w is the sorption humidity at relative air humi-
dity ¢, = 40%; n, — was determined by the formula:

— ¢Po _
ng = 1t0o=1)00 Ny = 1.45. (10)

Here ¢' was determined by the formula:
c=6+4+(1+5¢y)/¢p, =13.5, (11)

a N, corresponds to the value N at ¢ = ¢, where N
was calculated by the formula:

N = [-3,13/In(¢)]°3° = 1.615. (12)

The specific surface area was calculated by the for-
mula:

A="2% 4, =5-10°m?/g. (13)

The high values of the specific surface area calculated
by the calculation-analytical method provide an explana-
tion for the obtained experimental data on the sorption
activity.

4. Studies of the sound absorption coefficient of ma-
terials based on foamed liquid glass of cold curing and
foam glass were carried out according to the method
of GOST 16297-80. “Materials are sound-proof and
sound-absorbing. Test Methods" on an interferometer
(Knut’s tube). The test equipment consists of a low-
frequency measuring generator, an electronic RMS volt-
meter, a measuring microphone, a microphone ampli-
fier, a loudspeaker, acoustic filters and an electronic
frequency counter (Figure 6).

Testing steps:

— placing a sample of foamed liquid glass and foam glass
into the interferometer holder so that not the front side
is pressed by a rigid piston, but the front side is fixed
on the edge of the holder, fixed in the pipe;

— determination of the voltage value at the output of
the microphone amplifier, recorded by an electronic
voltmeter, corresponding to the first maximum and
minimum sound pressure level in the interferometer
tube;

— testing in the frequency range from 100 to 2000 Hz;

— determination of the normal sound absorption coef-
ficient.

Based on the test results, the average values of the
sound absorption coefficients (SAC) aw at a frequency
of 2000 Hz are shown in Table 5, and the results of the
tests are presented in Figure 7.
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Fig. 6. Sound absorption test apparatus and test material samples

The test results confirmed the assumption that materi-
als of the same density, but differing in different degrees,
types of porosity and pore size distribution, have excellent
sound absorption coefficients. Thus, the material based
on foamed liquid glass showed somewhat higher values of
the sound absorption coefficient compared to foam glass,
especially at higher frequencies due to the predominance
of open porosity and the presence of small pores (Tables 5
and 6, Figure 7).

Comparison of technical characteristics of various
porous silicate compositions is given in table 7.

Ecological factor in the design of heat-insulating material
based on cold-cured foamed liquid glass.

Main advantages/disadvantages:

« at the raw material selection stage:

renewable/non-renewable (mainly raw materials of the
material under study are non-renewable or difficult to
renew);

the presence of components chemically harmful to
humans (the material does not contain substances
harmful to humans);

use of waste (as a filler for a foam glass mixture, it is
possible to use weed waste, including dried dispersed
Sosnowsky’s hogweed);

» technological process:

energy spent on the entire technological process (the
most energy-consuming technological unit is a mixer
and auxiliary devices);

high-temperature and high-frequency effects (high-
temperature regimes are not required for production,
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Table 5
Test results for determining the sound absorption coefficients
Materials Foamed Liquid Glass Foam Glass
Average Density Pm, kg/m3 150 195 130 160
SAC (aw) 0.9 0.7 0.8 0.73
1
0.9 ,..-’\
038 ' :
0.7
06
g 05
0.4
03
02
0.1
© 100 | 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1000 | 1250 | 1600 | 2000 | 2500 | 3150 | 4000 | 5000
e=—FB.CCLG 195kg/m* 017 037 036 056 | 06 079 072 072|078 076 079|075 073 07 | 072 078 077 069
——FB.CCLG.150kg/m 022 044 04 068 077 089 08 09 092 083 084 086 087 09 084 083 087 078
‘Foam glass 130kg/m? | 025 041 038 069 076 085 087 09 | 081 084 083 085 088 08 082 083 085 077
e Foam glass 160kg/m® 021 045 033 065 075 078 08 08 085 081 083 085 084 073 083 078 079 075
Requency, Hz
Fig. 7. Test results for determining the sound absorption coefficients of foam
glass and materials based on foamed liquid glass
Table 6
Correlation between the values of porosity parameters and sound absorption coefficients of material samples
. Porosity, % Sound
Materials Avera]ige /(Ilne3n51ty, Absorption
g Open Closed Total Coeflicient
o 150 56 35 91 0.9
Foamed liquid glass
195 61.6 22.4 84 0.7
130 1.62 90.38 92 0.8
Foam glass
160 1.17 85.83 87 0.73

a temperature of 40°C is sufficient for processing the

material in the cold curing mode);

« at the operational stage:

— the release of harmful substances or the ability to ab-
sorb them (due to the high rates of sorption activity,
the material has the ability to absorb harmful sub-
stances from the air).

Based on the results of the analysis, it can be con-
cluded that the developed heat-insulating material based
on cold-cured foamed liquid glass is environmentally
friendly, with a carbon footprint close to zero. The rec-

ommended temperature range of application of thermal
insulation material based on foamed liquid glass of cold
curing is from minus 70°C to plus 200°C.

CONCLUSION

The performance characteristics of a heat-insulating
material based on cold-cured foamed liquid glass are
formed due to the chemical and phase composition of
the raw materials used, their structure parameters, as well
as the features of the technological process that form the
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Table 7
Free comparison table of technical characteristics of various porous silicate compositions
Coefficient Vapor Sorption
Materi Main Technological | Of Thermal Ave”.'ge Sounq Perme- At Relative
aterials Structure Compound Di .. Density, absorption o ‘e
ifferences Conductivity, kg/m Coefficient ability, mg/ | Humidity 97%,
W/(m +°C) 8 (m-h-Pa) % W.
Structure For-
mation Occurs
Closed Cullet, Due To The Gas
Foam Porosity Glycerin, | Formation Pro- 0.043— 0.0019—
Glass Prevails Blowing cess Occurring In 0.062 130-160 0.7-09 0.0023 1.62-1.79
=~ 98% Agent Furnaces At High
Temperatures (of
the Order 1200°C)
Liquid Structure Forma-
_ 1qul tion Occurs Due
Cold Op en. Glass, To The Process Of
Cured Porosity . .
Foamed | Predomi- Foaming | Foaming, Process- 0.0556— 150—195 0.73—0.8 0.1763— 19-25
Liquid i Agent, ing Takes Place In 0.068 ’ ’ 0.1788
11qu1 Eag;;, Hardener, | Low-Temperature
Glass Foin Filler Furnaces (About
40°C)

structure of the material. The formation of the follow-
ing performance characteristics was investigated: thermal
conductivity, water absorption, sorption moisture and
sound absorption. Based on the obtained experimental
results, the following conclusions were drawn:

1. With a similar density, foamed liquid glass has dif-
ferent values of the edge points of the thermal conduc-
tivity range than foam glass due to the predominance of
open porosity, but not to a large extent, due to the pres-
ence of a smaller pore size in the foam glass composition.
Thus, foam glass has a predominantly closed-pore struc-
ture (= 98% closed porosity), while the material based
on foamed liquid glass has a predominantly open-pore
structure (= 67% open porosity).

2. The issue of excessive water absorption in cold-
cured foamed liquid glass-based materials was resolved by
incorporating an additive hardener, specifically Portland
cement. This component not only serves as a hardening
activator for the silicate composition but also consider-
ably reduces its water permeability, but also participates
in the mechanism of reducing the water absorption of the
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WccnepoBaHme 3KcnyaTalMOHHbIX KayecTB
BCMEeHEeHHbIX MaTepunaioB Ha OCHOBE XXNAKOro cTeKk/a
XOJIOAHOIro OTBEepXKAeHNA

Uropb BauecnaBoBuny beccoHos'* (2}, Bopuc Uropesuy bBynrakos? (2}, Onbra BnagumuposHa AnekcaHgposa? (°),
SnuHa AnekcaHgposHa lop6yHoBa’?

' HayuyHo-nccnefoBaTeNibCKUM UHCTUTYT CTpouTeNibHOM GU3MKN POCCMINCKON akafeMumn apxXUTEKTYPbl U CTPOUTENbHBIX HayK,
r. Mocksa, Poccus,
2 HaumoHanbHbIN nccnenoBaTenbckmii MOCKOBCKMIA FOCyAapCTBEHHbIV CTPOUTENbHBIN YHMBepcuTeT, I. MockBa, Poccua

* ABTOp, OTBETCTBEHHBIN 3a Nepenucky: e-mail: bessonoviv@mail.ru

AHHOTALINA: BBegeHmne. CoBpemeHHaa TeHAEHUMA Nepexofa K HErOPHUYNM 1 SKONOTMYHbIM TEMOM30ALNOHHBIM 1 3ByKOMOTO-
LALLM MaTepUanam npearionaraeT pa3BuTue NCCefoBaHN B 0051aCTU MOMyYeHs BCMIEHEHHBIX CUIMKATHBIX KOMMO3MLMIA, B 4acT-
HOCTW, Ha OCHOBE XMAKOTO CTEKIIa XONOAHOIO OTBEPXKAEHUS, UTO ABNIAETCA OAHVM 13 Hanboree NepcrneKTUBHbIX MHHOBALMIOHHbBIX
HanpasneHun. BaxxHenwmm npermyLLecTBOM MaTepuasna Ha OCHOBE BCMEHEHHOTO UAKOro CTekna ABNAETCA ero 3KONOrMYHOCTb Kak
Ha CTagum 3KCnJyaTauum, Tak 1 Ha CTagum Npov3BOACTBA, BCIeACTBME NPUMEHEHUA MaIOIHEeProeMKO TEXHONOMN N3rOTOBNEHUS,
No3BONAOLLEN MONYUYNTb HEFOPKYUNIA MaTepurasn C BbICOKMMIM TEMNIO03aLUTHBIMI 1 3BYKOMNOMoLwaowmmy ceorctsamu. Metopbl n ma-
Tepuanbl. B KauecTBe OCHOBHbIX CbIPbEBbIX KOMMOHEHTOB ObIN MCMONb30BaHbI XKUAKOE HaTPUEBOE CTEKIIO XOJIOAHOIO OTBEPXKAEHUS
1 NMEeHOCTEKIIO Ha OCHOBE CTeKN0601. [1nsA onpeaeneHns oNTUManbHOW OTBepKaatoLLeln 4o6aBKM XKMAKOTO CTeKa Obin BbIOpaHbI
NopTNaHALEMEHT, ralleHasn U3BeCTb 1 STUIICUIIMKOHAT HaTpurA. TennonpoBOAHOCTb NCCIedOBaHHbIX MaTepuranos OLeHMBanu € no-
MOLLIbIO COOTBETCTBYHOLLErO KO3hdMLIMEHTa, 3HAUEHNE KOTOPOTO 3aBMCENO OT 06EMHOIO cofiepKaHuisl Mop B MaTepuare, Xxapakrepa
NMOPUCTOCTUN U pacnpeaeneHns nop no pasmepam. lopmcTocTb onpeaenany pacyeTHo-3KCnepruMeHTanbHbIM MeTogoM. CHKeHne
BOJOMOIOLLAIOLEN CMOCOOHOCTY OLIEHMBANM MO BENMUYMHE KPAaeBOoro yria cMaurBaHusa. COpOLMOHHYIO BaXKHOCTb onpenensiny
B cootBeTcTBUM C TOCT 24816-2014, a KoadpduumeHT 3ByKonornoweHnsa — no FOCT 16297-80 Ha nHTepdepomeTpe. PesynbraTthbi
n obcyxaeHue. Lienbio nccnefoBaHus ABAANIOCh U3yYeHUEe TEHAEHLMUIA 1 0ObsACHeHVEe NPUYUH GOPMUPOBaHUSA TPebyeMbIX SKC-
nayatalMOHHbIX MOKa3aTenien Tenson3oNALMOHHOIO 1 3ByKOMOIIOLAoLLLEro MaTepurana Ha OCHOBE BCMIEHEHHOTO XMAKOro cTekna
XONOAHOrO OTBepPXKAeHUA. TakxkKe nccnefoBanca BONpPoC NOBbILWEeHNA BOJOCTOMKOCTY MaTeprana Ha OCHOBE BCMEHEHHOT0 XNAKOro
cTekna nytem nogbopa adpdekTMBHOM 06aBKM-0TBEPANTENS. BbIBOADI. Pa3paboTaHHbIN TENIOM30NALMOHHBIM MaTepran Ha OCHOBe
XKMKOTO CTEKIA XOJIOAHOTO OTBEPXKAEHNSA ABMSAETCA SKONIOMMYHBIM, C HANMYMeM OOMbLIOTO KOJIMYECTBA MENKMX U MPEUMYLLIECTBEHHO
OTKPbITbIX MOP, COOOLLAIOLIMX eMY XOPOLUVEe 3ByKOMOroLalolme cBoncTBa. Npobriema BbICOKOro BOAOMOIOLEHWA MaTepurana
OblNa peLueHa NyTem BBeAeHNA NOopTIaHALEMeHTa B KaUecTBe OTBepXKAaloLLel A06aBKM.

KJTKOYEBbIE CJIOBA: Heroptouvie Tenion3onALnMoHHbIe MaTepuabl, CUTMKATHblE KOMMO3ULW, BCNIEHEHHOE XUAKOEe CTEKNIO XON0o4-
HOro OTBePXAEHUA, MApaMeTpbl MOPUCTOCTU, TEMIONPOBOAHOCTb, BOAOMOIIIOLLEHWE, COPOLOHHAs BAaXHOCTb, 3BYKOMOTJIOLEHMe.

BNAFOAAPHOCTW: ViccnepoBaHue BbinonHeHo npu drHaHcoBo nopaepxke HAY MICY B pamkax KoHKypca 2023 rofa Ha npo-
BeAeHve dyHAaMEHTaNbHbIX 1 NpUKNagHbix nccnepoBannii (HP/HUOKP) HayuHbIMU KONneKTUBaMy opraHu3aLumii — YeHoB 1 CTpa-
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BBEJEHUE

JKETOTHO BO3pacTaeT IMMOTPEOHOCTh B HETOPIOUEH,

SKOJIOTUYECKH 0e30ITacHOM TeTUION3OJISIIIUN C He-
W3MEHHOW TeHIIEeHIMeN K CHUXKEeHUIO KoadduimeHTa
TETIOTIPOBOTHOCTH. AKTYaJTbHOCTD YKa3aHHOM TIpo0IIe-
MBI TaKKe TTOATBEPKIACTCS BBEICHUEM TEXHUIECKOTO
permaMmeHTa EBpa3miicKoro 3KOHOMHUYECKOTO CO03a
«O 6e30MacHOCTH CTPOUTEIBHBIX MAaTEPUAJIOB W U3-
IeIUii», TIe OTMeJaeTCsT HCOOXOIUMOCTh COOTIONCHMS
KPHUTEPHUEB IMOKAPHOU 0€30ITaCHOCTH MaTepHajIoB, B TOM
YHCJIC TPYIIIBI TOPIOYECTH, TPYIIIHI BOCITIIIAMEHSIEMO-
CTH, TPYTIIBI IBIMOOOPA3YIOIIEl CTOCOOHOCTH, TPYIIITHI
MO0 TOKCUYHOCTU MPOAYKTOB ropeHust. Takxke oTMeya-
€TCST HeOOXOIMMOCTD B PalliOHAJIBHOM MCIIOJIb30BaHUM
TIPUPOITHBIX PECYPCOB.

KoMmImo3unmmoHHbIe MaTepHrajibl HAa OCHOBE BCIIG-
HEHHBIX CUJIMKATHBIX COCTMHEHUI SBIISIIOTCS TPYITIO
MaTepHUaIOB, YIOBICTBOPSIONICH TpeOOBAaHUIM K CO-
BpeMEHHOM Terton3oisun. K Taknmm MaTtepraiaM oT-
HOCSITCS TICHOCTEKIIO, TIEHOIIIAKOCTEKIIO, CTEKIIONOP,
TICHOTUIIC, a TAK:Ke MHHOBAIIMOHHBIN TCTIIOM3O0JISIIIH -
OHHBII MaTepuajl Ha OCHOBE BCIICHEHHOTO XUIKOTO
CTeKJ1a XOJIOAHOTO OTBepxKaeHus [1-7].

[IpoexTpoBaHUe TIOOOTO CTPOUTEIHHOTO MaTepPH-
ajia ¢ 3aJaHHBIMHA TeXHUICCKUMM XapaKTePUCTUKAMU,
00YCJIOBIICHHBIMU Ha3HAYeHUEM KOHCTPYKIIMU, OCHO-
BBIBAeTCSI Ha HECKOJIBKUX (haKTopax, OMPEeHACIISIONTNX
€r0 UTOTOBBIC KCILIyaTallMOHHBIC XapaKTCPUCTUKMH,
13 KOTOPBIX OMHNUMU W3 BaXKHEHIITNX SIBJISIIOTCS] CBOMICTBA
CBIPBEBBIX KOMITIOHEHTOB — XUMUWYECKUI U (ha30BBIN
COCTaB, a TAaKXKe TTapaMeTPhl CTPYKTYPHI.

OmHUMY U3 BaXKHEHUIINX SBIISTIOTCST CBOMCTBA CHIPhE-
BBIX KOMITOHEHTOB: XMMIUYECKHUI cOCcTaB, (Da30BHIiA CO-
CTaB, MapaMeTPBI CTPYKTYPHI CHIPheBBIX KOMITOHEHTOB.

[Ipupona ChIPheBBIX KOMITOHEHTOB OTIPEIEIISICT X1~
MUWYECKHUI COCTaB MaTepHaja, ero XUMUICCKYIO TPH-
pony, peaklMOHHYIO CIIOCOOHOCTb K TEM WJIU WHBIM
XUMHIYECKIM B3aMOICHCTBUAM, a TAKKE OCOOCHHOCTH
TEXHOJIOTMUECKOTO TPOIIecca IMOTydeHUS — (PU3MIECKIE
¥ XMHWYECKIE BO3ICHCTBHUS HA CHIPhEBBIC KOMITOHEHTHI
(MexaHUYIEeCKHE, TeMIIepaTypHBIE, TEMITepaTypHO-BIIAXK-
HOCTHEIC, 3JICKTPOMATHUTHBIC BO3ICHCTBUS U T.1I.).

Ha stom stane npoucxonut popmupoBaHue ¢aszo-
BOTO COCTaBa CaMOTO MaTepHaa 3a CYCT IMPOXOKICHUS
OCHOBHBIX XUMIIECKUX peaKIInii, IIPOTEKAIOIINX Ha CTa-
AW TIepeMeITMBaHNSI KOMIIOHEHTOB, BO3ICCTBHUS BBI-
COKUX TeMIIepaTyp U 3JIEKTPOMATHUTHOTO M3TYICHHUS,
¥ TIPOVICXOIUT OCHOBHASI YaCTh CTPYKTYPOOOpa30BaHN,
4YTO BOOCJEACTBUM 3a0a€T MapaMeTpbl CTPYKTYPbl Ma-
Tepuaa: TUII TOPUCTOCTH, (OpMy M 00BEM TIOP, pac-
npeneseHue mop Mo pa3Mepam U T.1.

PaccMoTpuM BIMstHEE BBIIICIIEPEUNCICHHBIX (haK-
TOPOB Ha IIPUMEpPE MaTepHUaIoB Ha OCHOBE CHJIMKAT-
HBIX KOMITO3UILINII (TTonpoOHee Ha TETION30ISIITMOHHOM

MaTtepuajie Ha OCHOBE BCIIEHEHHOIO XUIKOr0o CTeKja
XOJIOMHOTO OTBepxKaeHus) [8—12].

[lomyyeHHBIN MOCIe MHOTOUMCIEHHBIX BO3ICHCTBUIA
Ha ChIphEeBbIE KOMIIOHEHThI MaTepuajl UMEeT XapaKTepr-
CTUKH, KOTOPBIE ObUTM c(hOPMUPOBAHBI Ha BCEM DTarle
TEXHOJIOIMYECKOro Ipoliiecca ero rpouspoactsa. [pu-
YUHBI TTOSIBJICHUST TeX WJIM UHBIX XapaKTepPUCTUK MaTe-
puajia HalpsiMy1o 3aBUCSIT OT MOJIYyYEeHHBIX ITapaMeTpOB
CTPYKTYPHI U COCTaBA.

Packpoem noapoOHee B3aMMOCBSI3U TTOJTYUYEHHBIX
napamMeTpoB MaTepuaja 1 ero 3KCIUTyaTallMOHHBIX Xa-
PaKTEepUCTUK Ha IIPUMEPE CPAaBHEHUST BCIICHEHHBIX CH-
JIMKATHBIX KOMITO3ULINA.

3a OCHOBHBIE DKCITTyaTallMOHHBIE TTOKA3aTeNI Te-
TUIOU3OJIILIMOHHOTO MaTepurajia Ha OCHOBE BCTIEHEHHOTO
XKUJIKOTO CTeKJa IIPUHUMAEM €T0 TEIUIOIIPOBOIHOCTb,
BOHOMOIJIOILIEHNE, COPOLIMOHHYIO aKTUBHOCTh U 3BY-
KOTIOIJIOIIEHHUE.

METO/bI 1 MATEPHAJIBI

1. ®opmMupoBaHre MOKA3ATENA TEMIONPOBOIHOCTH
MaTeprajia Ha OCHOBE BCTIEHEHHOTO JKUIKOTO CTEKJIa

Kaxk n3BecTHO, TEIIONPOBOIHOCTL MATEPHUAJIOB 3a-
BUCHT OT HECKOJIBKUX (PaKTOpOB. X MOXHO pa3nenThb
Ha CJIeYIOIINE TPYIIITHI:

— (axTopnl, onpenensieMble ()a30BBIM COCTABOM Be-
IIECTBA, CTETICHBIO KPUCTAIUTN3AINN 1 pa3MepaMu
KPUCTAJUIOB, XapaKTepPUCTUKAMU TTOPUCTON CTPYK-
TYypbI, aHU30TPOIINEN MaTepyralia U HallpaBJIeHUEM
TETJIOBOTO MOTOKA;

— (paxTophl, onpeaeasgseMble XUMUIECKIM COCTAaBOM
1 HaJTUYHMEM TIpUMeCeit;

— (paKkTOpBI, COCTABIISIONINE YCIOBUS dKCIUTyaTalluy
MaTepuaja, 3aBUCSIINE OT TEMIIEPATYPhI, TaBIeHUS
1 BIIQXKHOCTH.

B mopax MaTepnaia co CpaBHUTENBHO MaJIeHbKU -
MU pa3MepaMU MPOUCXOINT MEHbBIIIAas KOHBEKIINS Ta3a
1 YMEHBIIIEHHOE BIIMSTHUE JIYYMCTON DHEPTUU, COCTAB-
JISIONIEH TeruIonepeaadu.

CpaBHMM 3HaYEHUS TETUIOIPOBOAHOCTU MaTepUaJiOB
Ha OCHOBE BCITEHEHHBIX CUJTMKATHBIX KOMITO3UIINIA, CXO-
KX IO XUMUYECKOMY COCTaBY, HO MMEIOIINX OTIINYHBIE
JIIpyT OT Apyra ITapaMeTphbl CTPYKTYPHI 3a CUET pa3HO
TEXHOJIOTUM TIPOU3BOACTBA U OTINYAIOIINXCS TUTIOM
OCHOBHOTO CHJIMKATHOTO CHIPBS (CTEKIO00I B ClIydae
MEHOCTEKIIA U XXUIKOE HAaTPUEBOE CTEKIIO B CITydae 1Mo-
pUCTOTO MaTepuayia Ha OCHOBE BCIIEHEHHOTO JKUJIKOTO
CTeKJIa XOJIOMHOTO OTBepKIeHNsI) (Tabm. 1).

ITpy oMMHAKOBBIX 3HAYEHUSX CPEIHEN TITIOTHOCTY Ma-
TepUajbl 00JIAHAIOT Pa3IMYHBLIM JUATIA30HOM TETUIOIPO-
BOIHOCTH M3-3a Pa3HBIX IIApaMETPOB MX CTPYKTYPHI (THIIa
IIOPUCTOCTH M pacIIpeieJICHUs TIop 10 pa3Mepam). Tax,
rpu rwioTHocTH 130—160 Kr/mM? IEHOCTEKIIO UMEET I1a-
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Tabauya 1
TenorexHnyecKne MOKa3aTe M MNOPUCTbIX CUIMKATHBIX KOMIIO3HUIMIA
KoaddummenT
CpenHss IIOTHOCTb, b
Bupg matepuana Tun nopucrocTu i TEIJIONPOBOIHOCTH,
Br/(m«K)
Marepuai Ha OCHOBE BCIIEHEHHOI'O
p OTKPBITas sTYCUCTasI 130—195 0,049—-0,068
SKUIKOTO CTEeKJIa XOJIOAHOTO OTBEPKACHUS
INenocTekno 3aKphITasl TYEenCTast 130—160 0,043-0,062

ma3oH terutonposoaHocty 0,043 £ 0,062 Br/(m« K), a mpu
AHAJIOTUIHOM TUIOTHOCTU BCIIEHEHHOE XXUIKOE CTEKIIO
MMEET OTJIMYHBIC 3HAYCHUS KPaeBBhIX TOUCK ITHMaIa30Ha
TEIUIOMPOBOIHOCTH (HO HE B 3HAYNUTEIBHON CTEIICHM )
3a CYCT OTKPBITOrO THUIIA TIOPMCTOCTH, a TaKKe M3-3a
MEHBIIIETO pa3Mepa ITop B ICHOCTEKOIBLHOM KOMITO3UIIN.

KOHBEKTUBHBIN TEIJIOOOMEH YBEIMUYMBACTCS
10 Mepe POCTa pa3MepOB MOP U BO3MYIITHBIX IIPOCIIO-
€K, CBSI3BIBAIOIINX 3TU MOpHI. CliemoBaTeIbHO, MEIKO-
TIOPHUCTOE CTPOCHME ¢ HATMIMEM 3aKPBITOTO THUIIA TTOP
SIBJISIETCST HAanOoJIee TIPEAITOYTATEIIBHBIM JIJIST TETUIOM30-
JISIIMOHHBIX MaTePUAJIOB, IIOCKOJIBKY TaKas CTPYKTypa
3aMeIgeT KOHBEKTUBHYIO Tepenady teruia [13—15].

711 CHIDKEHUS TEeTJIOIIPOBOIHOCTH HEOOXOIMMO
CO3IaTh MPEIISITCTBHE IO HAIIPABICHUIO TIepeaadn Te-
TUTOTHI, HAIIpUMEp, co3maBasi 0oJiee MEITKOIIOPHUCTYIO
CTPYKTYpPY MaTepHaa ¢ pagiycoM mop He 6ojiee 1 MM.

OnTtuMaabHask CTPYKTYpa TETIOM30JIIIIMOHHEBIX Ma-
TEPUAIIOB IOJIYJACTCS IIyTEM CO3IAaHUS STICHCTOM CTPYK-
TYPBI C PABHOMEPHO pacIipeAcICHHBIMI MEJIKUMMU T10-
pamMu, TIPEUMYIIIECTBEHHO 3aKPHITBIMU. OMTHOBPpEMEHHO
C OTUM HEXeJIaTeIbHO OOJIBIIOE KOJTMISCTBO MUKPOIIOP,
TaK Kak 3a CUYeT TUTPOCKOIMMYHOCTU B HUX BO3MOXHA
copO1Ms BJIary U3 Bosayxa [16—22].

CTOUT OTMETUTD, YTO OTKPBITAs IIOPUCTOCTD TEILIO-
M30JIIIIMOHHOTO MaTepraia Ha OCHOBE BCIICHEHHOTO
KUIKOTO CTEeKJIa IIO3BOJISICT HE pa3pyIIaThCs MaTepHrary
TIpY 3aMep3aHNU BOIBI B OTKPBITON SUeiiKe, TaK KakK
KHUIKOCTb MOXET PacIIUPSTHCS B COCCIHUE TTOPHI.

Ha TeriorpoBoqHOCTh ITOPHCTHIX MATEPUAIIOB BIUSIOT
HE TOJIBKO pa3Mephl ITOp, HO 1 TaKKe TIapaMeTPhI X CTPYK-
TYpBI, KaK (popMa 1 pacrojioxkeHue. Tak, MaKCMMaTbHOI
00bEM TTOPUCTOCTH TIPU TUIOTHOM KyOMIECKO KOMIIO-
HOBKe TTop cpeprdeckoii (hopMbl gocTuraet 52,5%, a ripu
reKcaroHajbHOM KOMITIOHOBKe gocTuraet 74%. [1oatomy
LEJTBIO SIBJISIETCST TIOJIyYCHUE CTPYKTYPHI ¢ MAKCUMAJTLHO
KOMIIAKTHBIM PacIOIOKEHNEM TIOp, YTO JOCTUTACTCS TIPH
ONTUMAJIBHOM COYCTaHNY KPYITHBIX ¥ MEJIKHX TTOP.

2. ®opMupoBaHHE XAPAKTEPHCTHKH BOIOIOIIOMEHHS
MaTepHrajia Ha OCHOBE BCTIEHEHHOTO JKHUIKOTO CTEKJIa

KomnosuimonHbie MaTe€puajibl Ha OCHOBEC 2KMIKOTO
cTekJa 001aJarT CBOMCTBOM 3aTBEpPACBATh HA BO3AYyXE

Mpu OOBIYHBIX yCA0BUSIX. [Ipn aTOM M3-3a ucnapeHust
CBOOOIHOI BOABI MOBBIIIAETCS CONEPKAaHUE KOJUTOUI -
HOTO KpeMHe3eMa, KOTOPbIii BITOCIEACTBUM KOATYJIUPYET
n yrtotHsieTcs [23—27]. T'mapokcun HaTpUs B COCTaBe
KUJIKOTO CTeKJIa MPENSITCTBYET OCAXKICHUIO KpeMHe-
KMUCJIOThI, HO YIJIEKMCIIOTA, COAEpXKAIasicsl B BO3IYXE,
HEWTpaau3yeT ero, CrocoOCTBYs Mepexony KpeMHEKHC-
JIOTBI B KOJUIOMIHBINM pacTBOp. Takas cxeMa OTBepxKe-
HUS KUIKOTO CTeKJIa MMEeT psii HemocTaTkoB. Cpenn
HUX BbICOKOE BOJIOMOTJIOIIEHWE BBUAY MOSIBICHMS MO-
BEPXHOCTHOM TIJIEHKHU 32 CUET NeUCTBUS YIJIEKUCIOTHI,
a TaKsKe HU3Kast CKOpOCTh TBepaeHus [28—31].

Cdopmuposasiniics mocie GpU3NKO-XUMIIECKIX
BO3JIEICTBUIA (pa30BBIiT COCTAB COIEPKUT B cedbe CBOOO/I -
Hbl€ KATMOHBI HATPUEBOTO XUIKOTO CTeKJa, KOTOPHIE,
HE CBSI3bIBASICh, 00PA3YyIOT PAaCTBOPUMbIE COEAMHEHUS
[32, 33].

TakuMm 06pa3omM, HEOOXOAUM MTOAOOP ONTUMAILHOM
MoauUIUpYyIOLIei 100aBK1, CIIOCOOCTBYIOIIEH YCKO-
PEHHOMY U OOBEMHOMY TBEPACHMIO KUIKOTO CTEKJIA.

PaccmarpuBasioch MOHMXKEHNWE BOJOTOTIOIIEHUS
MaTepualia yTeM YMEHbIIEHWS MTOBEPXHOCTU €ro B3a-
MMOJEMCTBUSI C KareJIbHOM BJIaroi 3a cueT ruapodoou-
3auuu. Kpurepuem cpaBHEHMS SIBISLICS KPaeBOW YroJi
CMayrBaHUsI.

3. @opmMupoBaHHE XaPAKTEPHCTHKH COPOIMOHHOI
AKTHMBHOCTH MATEpPHAJIa HA OCHOBE BCIEHEHHOIO
JKUIKOTO CTEeKa

CopOLMOHHbIE XapaKTePUCTUKU TEILIOU30/ISILIMOH-
HOI'0 MaTeprajia Ha OCHOBE BCIIEHEHHOTI'O XUIKOTO CTEK-
J1a ONpPeIe/IsSUINCh DKCIEPUMEHTAIbHBIM 1 PACYETHO-
9KCIePUMEHTATBHBIM METOIOM. DKCIIEPUMEHTAIBHOE
orpeaeeHue COPOLIMOHHOM BIaXXHOCTU IIPOBOAMIIN
o F'OCT 24816-2014. B kaxiplit 5KCUKATOP C OTHOCH -
TeJabHOU BiraxHocThio 40, 60, 80 1 97%, comepxKammit
BOIHBII paCTBOP CEPHOM KUCIOTHI C KOHIEHTpALIMeH
47,13; 36,88; 25,23 u 5,93%, cOOTBETCTBEHHO, TIOME-
ajau 1mo 3 OroKca.

ITo Mepe morIoleHUsI MAaTEPUAIOM IAPOB BOIbI
M3 OKPYXKaIoIlero Bo3ayxa (Ipoiecc copOLKu) IpOBO-
JUAIACH ITEPUOANYECKIE B3BEIIMBAaHUsI OIOKCOB C 00-
pasLamu.
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3HayeHNe COPOLIMOHHONM BIAXKHOCTH B IIPOLIEHTAX
OBLITO pacCUMTAHO IO ceaytomeil popmyie (1):

w.="2"2.100 (1)

[ m,—my )

e m, — mMacca 61oKca ¢ 00pasLioM MaTepuaa rnocjie
OKOHYaHMs Tpolecca copouum, I.; m, — Macca Grokca
¢ 00pa3oM MaTeprasa Iocjie BEICYIIMBAaHUS 00pa3iia
10 TOCTOSIHHOM MacChl, T.; M, — Macca BbICYLIEHHOTO
IO TIOCTOSTHHOI MacChI OIOKca, T.

Ha ocHoBe TToTyueHHBIX TTOKa3aTesieii COpOLIMOHHOM
AKTUBHOCTH OBbUI IMTPOBEAEH PACcUeT MIIOLIAAN YIETbHOMU
TIOBEPXHOCTH MaTeprajia Ha OCHOBE €eMKOCTH MOHOCIOSI.
Pacder ocHOBaH Ha MIPEATIONIOKEHNHT, YTO COPOIIMS BO-
ISTHOTO TTapa o0pa3liaMy BCIICHEHHOTO KUIKOTO CTeKIIa
MPOTEKACeT NCKITIOUNTEIIBHO IO MEXaHU3MY ITOBEPXHOCT-
HOI amcopOIIMK, TO €CTh Ha MX ITOBEPXHOCTH 00pa3yeTcs
TOJIbKO MOHOCIION aJIcOpOMPOBAHHON BOIHI.

4. @opMupoBaHUe AKYCTHIECKHX XAPAKTEPHCTHK

ITpoiiecc 3ByKOMOMIOMIEHUSI MOXHO MPEACTaBUTD
B BUJI€ IBYX COCTaBJSIONINX — MMOBEPXHOCTHBIE CIIOU
€CaMOro aKyCTMYeCKOIro Marepuaja U 3ByKOBbIE BOJHBI
B BUZie (bpOHTA TTPOAOJIbHBIX KOJIEOAHUH C OTpeaeeH-
HOM KMHETUYECKOM HEpPrueu, Nagalpliue Ha 3Ty I10-
BEPXHOCTb.

ITpu mageHnM 3ByKOBOM BOJIHBI HA TTIOPUCTBIN MaTe-
puaJ B BO3MyXe, HAXOMSIIMICS B TIOpax, MUHULIMUPYETCS
KoJiebaTebHbIN MPOLEeCcC BIUIOTh 10 COBIIAICHUS Ya-
CTOTbI KOJIeOaHUI, TO €CTh 10 COCTOSIHUSI pe30HaHca.
bnarogapsi COnpoTUBIEHUIO TPEHUS U BI3KOCTU BO3-
JlyXa 4yacTb 3BYKOBOU 2HEPTrUU MpeBpallaeTcs B TEII0
M 3a CUET TeTUIONIPOBOJHOCTH CTEHOK IOP MPOUCXOIUT
paccenBaHMe TEIUIOBOM sHepruu [24, 35].

Coszmanne 3(pHEKTUBHBIX TOPUCTHIX 3BYKOITOTJIO-
IIAIOIIMX MaTepruaIoB OCHOBBIBAETCSI HA HEKOTOPBIX
TEOPETUYECKUX 3aKOHOMEPHOCTSIX:

— pachnpoCTpaHEHUU 3ByKOBBIX BOJH B BO3IYXE;

— TIepexoJie SHEPTUMHU BOJHBI U3 BO3AyXa B MOTJIOIIAI0-
I MaTepuant;

— OLIEHKE YCJIOBU TOIJIOILIEHMST BOJIH B TOJIIIE MaTe-
puana v pejakcalyu BO3HUKAIOIIUX B pe3yabTaTe
3TOTO TETJIOBBIX IOTOKOB B MaTepuaie.

IIpu HU3KOW MIOTHOCTU MaTepuasa, MUMEIoIeM
MOJIHOCTHIO WX YACTUYHO OTKPBITYIO COOOIIAIONTYIOCS
MOPUCTOCTb, AaHAJIOTUYHYIO UCCIIeIyeMOMY MaTepraly
Ha OCHOBE BCIIEHEHHOTO XXUJIKOTO CTeKJ1a, 00pa3oBaHue
M30BITOUHOIO JABJICHUS 3a CJI0EM MaTepuayia He Mpo-
HWCXOINT. DTO SIBJIICHUE 00eCcTIcYMBaeT CHIDKEHNE PE30-
HAHCHOTO XapaKTepa 3ByKonorjolieHus. PesoHaHCHOe
MOMIOLIEHHE 3BYKa XapaKTEPHO JJIs1 HU3KMX YacToT. [1pu
MOBBIILIEHUY YaCTOThI 3ByKa UMEET MECTO MePEeXOTHOM
Y4acToOK, MOCJe KOTOPOTO ONpeAesiomumM GakTopom
3BYKOITOIJIOIIEHUSI CTAHOBUTCS Pa3BUTAs IOPUCTOCTb.

Sound absorption coefficient

] ]

Frequencies of sound

Puc. 1. Mexanu3m norJiomenus 3Byka: | — pesoHaHc-
Hoe 3ByKororiolieHue; I — cmenanHoe 3ByKorio-
rnoieHue (riepexonHoe); I11 — mornoieHue 3Byka
3a CYeT IOTepb Ha TpeHue; 1 — MorjIolleHue 3ByKa

B MaTepuajie, 00yCIOBIEHHOE XapaKTepPUCTUKAMU
MaTpUIIbl; 2 — MOTJIOLIEHNE 3ByKa B MaTepuaje, 00-
YCJIOBJIEHHOE ITapaMeTpaMu ero MOPUCTOCTH; 3 — UH-
TerpajbHasi KpUBasi IOIOLICHUS 3ByKa

Ha puc. 1 cxeMaTnaHO IMpUBeACH MEXaHU3M TTIOTJI0-
IIEeHUS 3ByKa B 3aBUCHUMOCTH OT €TI0 YaCTOTEI.

Ha yuactke 11l mexaHu3M 3ByKOMNOTJIOIIEHUS 3a-
KJTogaeTcs B ciaenyiomeM. Hanbomee sachdekTuBHOE
3BYKOIIOTJIOIIEHIE BO3MOXKHO B ClIydae COBITaICHUS
pa3MepoB IIIMHBI BOJHBI Mamalollero BO3AYIITHOTO
¢poHTa 1 pazMepoB MOP U IMTOPOBBIX KaHAIOB. OPOHT
JABJICHMS 3BYKOBOI BOJTHBI, BOSHUKAOIINIA HA TTIOBEPX-
HOCTH MaTepuala, IeperaeTcs BHYTPb, IIOCTETICHHO
ociabeBas 3a cueT IMoTeph Ha TpeHne. ONTUMAaIbHOMN
TIOPUCTOCTBIO B 3TOM ciTydae OyIeT Takasi, IIph KOTOPOit
IaBJICHNE 3JIEMCHTapHOM BOJIHEI OYIeT 00eCcIIeunBaTh
repenady cxKaToro Bo3ayxa B 0oJjiee YIaJICHHYIO ITOpY
WU mopbl. B mpoliecce nepeMenieHus: BOJHOBOTO
¢dpoHTa BHYTpU MaTepuraia M3MeHCHNE JaBJICHUS OY-
IIET TIEPEXOAUTh OT ITYIbCUPYIOIIETO Y €TO ITOBEPXHOCTH
B CpeIHee M30BITOTHOE Y THUIBHOM CTOPOHEI. ["ammeHmne
3BYKOBOI1 9HEPTUHU IIPOMCXOINT 3a CUCT IBYX (PAaKTOPOB:
BO-TIEPBBIX, 3a cUeT mepopMa o0beMa Bo3myxa, Ha-
XOJISILLIETOCS B MaTepualie, U, BO-BTOPBIX, B PE3YJIbTaTe
IIOTeph Ha TPEHUE IIPU IIPOXOXKICHNN CYy>KeHUI, KaHa-
JIOB ¥ BHYTPEHHUX TIOD.

[ormorieHre 3ByKOBBIX BOJIH 0016 BBICOKIX YaCTOT
obecrieunBacTCsl HATMIMEM 00JIee MEJIKOI ITOPUCTOCTH.
Taxkast moprCTOCTh XapaKTepHa ISl TOPUCTBIX MaTePH -
aJI0B Ha OCHOBE CHMJIMKATHBIX KOMITO3ULINI, B YaCTHO-
CTH, IUISI MaTepHalia Ha OCHOBE BCIICHEHHOTO KUIKOTO
CTeKJIa XOJIOMHOTO OTBEPKICHMSI. DTO 00YCIIOBIICHO TEM,
YTO SHEPTrUs 3BYKOBOI BOJTHBI IOJKHA OBITH COM3Mepe-
Ha ¢ Maccoil 00beMa BO3Iyxa, HaXOISIIerocs B IIope,
KOTOpas I0JKHa ObITh JOCTATOYHOM 1JIs1 0OecTieueHUsI
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BO3HUKHOBEHMS M30BITOYHOTO JABJICHUS, TOCTATOUHOTO
IUIST TIepEeMEIIeHUSI BO3AyXa B CIICAYIONIYIO TTOPY.

Hopucmocmb 36YKonozaowaromux mamepuaioe

3HavYeHUsT 3ByKOTIOTJIOMIAIONINX XapaKTePUCTUK TT0-
PUCTBIX MAaTEPUAIOB HATIPSIMYIO 3aBUCST OT UX ITapame-
TPOB MOPUCTOCTU: HAJTUUMS 3aKPBITBIX U OTKPBITHIX
nop, pacnpeneieHus mop Mo pa3Mepam, a Takxke OT UX
TpenMyIIecTBeHHON (popmel [36—38]. TeopeTnueckue
OCHOBBI, CBSI3aHHbIE C BbISIBJICHUEM 3aKOHOMEPHOCTE M
(hopMmpOBaHUS TOPOBEIX CTPYKTYP, TIPEATIONATat0T Ha-
JIMYME B MaTepraiax CIeAYOLUX BUIOB IOPUCTOCTH:
MaKpOMOPUCTOCTU, KAMUJUISIPHON MOPUCTOCTH, a TAKXKE
KOHTPAKIIMOHHOW U TE€JICBOM.

3BYKOITOTJIOIAOIINE CBOMCTBA BEICOKOIIOPUCTHIX
STYEUCTBIX MAaTEPUAJIOB 3aBUCST, MIPEXKIIE BCETO, OT BUAA
MOop B MOBEPXHOCTHOM CJIOE MaTepualia i XapakTepa Io-
PUCTOCTU €r0 BHYTPEHHUX CJIOEB. {7151 BHICOKOMOPUCTHIX
1 0COOEHHO 0CO00 JIETKMX MaTeprUaJIOB XapaKTEPHO Ha-
JINYME OTKPBITHIX U 3aKPBITHIX IOP, a TAKXKE COOOIIAI0-
IIECS U 3aMKHYTON ITOPUCTOCTH.

ITo nposiBIeHNI0 aKYCTUUYECKMX CBOMCTB MOPbI MO/~
pa3nessiioT Ha aKyCTUYECKU aKTUBHbIE, aKyCTUUYECKU
MaCcCUBHBIE U MOJIyTIaCCUBHbIE.

OTKpHBITBIC TIOPHI, Pa3MepPhl KOTOPBIX COM3MEPUMBI
C JJIMHOM 3BYKOBOI BOJIHBI, OTHOCST K aKyCTUYECKU
aKTUBHBIM. Takoil TUI mop npeodjagaeT B MaTepua-
JIe Ha OCHOBE BCIICHEHHOTO XHMIKOTO CTeKJa. 3aKphI-
ThI€ TIOPbI, HE UMEIOLIME HEMOCPEACTBEHHOTO BBIXOa
Ha MOBEPXHOCTh MaTepuaia, OTHOCIT K aKyCTUYECKHU
naccuBHBIM. CKBO3HYIO ITOPHUCTOCTD C TYITMKOBBIMU
nopamMu, a TakXe ¢ OTKPbITBIMU HECOOOIIAOIIIMMUCS
nopaMM OTHOCSIT K KaTerOpUM MOJIyIacCUBHBIX. Takoi
3aKPBITBHIN WM CMEIIaHHBIN TUIT MTOP MPUCYILL TOPUCTHIM
MaTepHayaM Ha OCHOBE TICHOCTeKIIa (puc. 2).

< < > <

ETEXE

Puc. 2. Bunapl mop: A — OTKpHITBIE TTOPBI; b — 3aKphI-
ThIE TIOpHI; 1, 2, 3 — BUABI aKyCTUUECKN aKTUBHBIX
nop; 4, 5, 6, 8 — BUABI aKyCTUYECKU TTOJIYITACCUBHBIX
nop; 7, 9, 10 — maccuBHAasI TOPUCTOCTh

Cpenn OTKPHITHIX TIOP BRIICISIOTCS TUAPABINICCKI
MpaBUJbHBIE MOPbI, XapaKTEPU3YIOIIMEC] HUZKUMU
3HAYEHUSIMU BXOAHOI'O COINPOTUBICHUS BO3AYIIIHBIM
ITOTOKaM ¥ (PpOHTY 3BYKOBOI BOJTHEI. TakKasi ITOPMCTOCTh
SIBJISIETCS XapaKTEepHOM 111 MaTEpUaIoB C 3€pPHUCTOMU
CTPYKTYPOI, a Tak>Ke JIJIs MaTEpPUaJioB CO CIielIMalbHbI-
MM NpreMamu (h)OpMUPOBAHUST HAITPABIEHHOM MOPUCTO-
cTu. 17151 K1acCM4eCcKrX BbICOKOTIOPUCTBIX MaTepUalioB
C STYEUCTON CTPYKTYPOI OHA He SIBJISIETCS XapaKTepPHON.
ITopbl ¢ MTOCTOSTHHBIM COMPOTUBIEHUEM (DPOHTY 3BYKO-
BOW BOJIHBI XapaKTEPHBI JJISI MATEPUAJIOB C BOJJOKHUCTOM
CTPYKTypoOIi. [Iy1s1 MaTepranoB ¢ SYSUCTON CTPYKTYpOit
XapaKTepHa THIPaBIMICCKH HeCTaOMIbHAS (HETIPaBIIIb-
Hasl) MOPUCTOCTh, UMEIOIast BLICOKOE BXOIHOE COMpPO-
TUBJICHUE. DTO OOBSICHSIET TO, YTO MaTePHUAIIBI C TPAIU-
LIMOHHOM STYEUCTOI CTPYKTYPOIi UMEIOT 3aBeIOMO OoJiee
HU3KME MOKAa3aTeJIM 3BYKOIOTJIOIIEHMST, YeM 3EPHUCTbBIE
WJIU BOJIOKHUCTHIE.

711 OLIeHKH BO3MOXKXHOCTH TTOJTydeHUS 3(PPeKTUB-
HBIX aKyCTUUYECKUX MaTepruaaoB ObLIM PACCMOTPEHDI
MOPUCTBIE MaTepUaJIbl PA3IUUHON CTPYKTYpPHI. 151 uc-
clienoBaHus ObLIM BHIOpaHbI MEHOCTEKJIO U MaTepurall
Ha OCHOBE BCIIEHEHHOTO XUJIKOTO CTEKJIa XOJOAHOTO
otBepxkaeHus. Kak ciaenyer U3 u3a0XeHHbBIX B CTaTbe
TEOPETUYECKHUX OCHOB 3BYKOIIOTJIOIIEHMS, pa3Mep Mop
TECHO CBSI3aH C YaCTOTOM 3ByKa. YBeJIUUEHNE 3ByKOMO-
[JIOLIEHMST HA HU3KHX YaCTOTaX MOXET ObITb JOCTUTHYTO
3a CYET OTHOCUTEIBLHO OOJIBIIIMX MOP, a HA BLICOKUX —
3a cyeT MeJKux nop. IlormoueHue 3Byka B IIUPOKOM
JIMara3oHe 4acToT IpernoiaraeT coueTaHue B aKyCTHU -
YeCKOM MaTepuasie KpyImHbIX U MEJIKUX TOP.

HccrnenoBaHne MOpUCTOCTU aKyCTUUECKUX MaTepU-
aJIOB C BLICOKMMH 3BYKOTIOTJIOIIAIOIIMMHU CBOMCTBA-
MU T10Ka3aJio, YTO JJISI 3TUX MaTepuaJioB XapakKTepHa
MEJIKO3epHUCTasl, MoJu@paKkiiMOHHasl MOPUCTOCTh
¢ pasmepamu op 100—250 MxM. BenmunHa cKBO3HOI
MOPUCTOCTU ATUX MaTePUAJIOB HAXOIUTCS B Mpeaeaax
70—90%. bosbmnii IPOLIEHT COOBIIAIOIIEICS TTOPH-
CTOCTH OOYCJIOBJIMBAET YMEHbBILIEHUE BSI3KOTO TPEHUS
BO3[yXa B MaTepuae, U, Kak CJIeACTBUE, TPOUCXOANUT
CHIKeHME 3(P(PEeKTUBHOCTH 3BYKOTOTJIOIICHMSI.

PE3YJBbTATBI 1 OBCYKIEHUE

Marepuaiibl Ha OCHOBE IICHOCTEKIIA I BCIICHEHHOTO
KUIKOTO CTEKJIa MMEIOT CJICOYIOIINE IMapaMEeTPhI IT0-
PUCTOCTH.

OO01IIyT0 TTOPUCTOCTB, ITOI KOTOPOi ITOHNMAETCs BECh
00BeM TIOp B MaTepHraJie, OIIPEICIISUIN SKCIICPUMEHTATb-
HO-pacYeTHBIM METOIOM I10 hopmyie (2):

Tcntal = ( _F:Tm)i (2)

TIe 0, — CPEHss ITIOTHOCTh MaTepuana, Kr/m*; p —
MCTUHHAs IJIOTHOCTh MaTepuasa, Kr/m?.
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W cTrHHAs IIOTHOCTh IIEHOCTEKJIA U BCIIEHEHHOI'O
SKUIKOTO CTEKJIA XOJIOMHOIO OTBEPXKACHMSI OIIPeIe/IsIach
MMUKHOMETPUYECKIUM METOIOM.

[Tox OTKPBITO MTOPUCTOCTHIO IIOHUMAIOTCS TIOPHI,
KOTOpbIE UMEIOT COOOIIEHKE C BHEIIHEH cpenoit. O0beM
9TUX MOpP ObLI MOJIyYeH IIyTeM BOAOHACBILIEHUS MaTe-
puaa 1 paccuamTaH 1o dhopmyie (3):

Pyp = (@) (i) 100, 3)

Tie m, ¥ m, — Macca o0pasia, COOTBETCTBEHHO, B Ha-
CHIIIICHHOM BOIIOM M CYXOM COCTOSTHUH, T.; V — 00beM
MaTepuaa, cM*; 0, — IJIOTHOCTb BOJbI, T/CM’.

3aKpBITYIO TOPUCTOCTh PACCUNTHIBATIN KaK Pa3HOCTh
0011Ie#t M OTKPBITOM ITOPUCTOCTH T10 hopMmyite (4):

Pcl = Ptot - Pop' 4)

PesynbTaThl oripenesieHus ITapaMeTpOB ITOPUCTOCTH
MaTepuajIoB Ha OCHOBE BCIICHCHHBIX CUITMKATHBIX KOM-
TIO3UIINIA IPUBEACHHI B Ta0. 2.

Takum 06pa3oM, ITIEHOCTEKIIO UMEET IIPEUMYIIIC-
CTBEHHO 3aKPBITOIIOPHUCTOE CTPOCHME, B TO BpeMs KakK
MaTepHajl Ha OCHOBE BCIICHEHHOTI'O KMIKOTO CTeKJIa
MMeeT IPENMYIIIECTBEHHO OTKPBITOIIOPHCTOE CTPOCHIE.

Braromapst TUIOTHBIM TJTATKUM CTEHKAM TIOP TETI0-
M30JIIIIMOHHBIX MaTePUAaIOB HA OCHOBE BCIICHEHHBIX
CTEKOJIPHBIX KOMIIO3UIINIA OHU 00JIalaf0T BHICOKUMHU
TIPOYHOCTHBIMU XapaKTepUCTUKAMH.

B nccienyemom Mateprajie Ha OCHOBE BCIICHEHHOTO
JKMIIKOTO CTEKJIa 3a IIPOYHOCTh KapKaca (BHYTPEHHIOIO
TIOBEPXHOCTBH ITOP) OTBEYACT XUMMUIECKAsT TIPUPOIA CaMIX
CHIPBEBBIX KOMITOHEHTOB — aMOP(MHBIN KpeMHE3eM, CO3-
TAIOIIII TIPOYHYIO KPUCTAITNICCKYIO CTPYKTYPY KOMITO-
3uta. CTpyKTypa ITOPUCTHIX MaTEePHUAIOB, OTXONS OT MJIe-
aJM3UPOBAHHON MOIEIIH, XapaKTepH3yeTcsT HATNINEeM
Ie(EeKTOB TUCHUCTOM CTPYKTYPHI, HAPYIIAIOIINX 3aMKHY -
TOCTB TIOP, — 3TO TPEIIWHBI B TIEPETOPOIKAX U pa3BeT-
BJICHHBIC MUKPOITOPHI, YTO TTOBBIIIACT TMTPOCKOITMYHOCTD
¥ BOAOTIOTJIOIIIEHNE MaTepHraja. DTO SIBISICTCS OTHUM
W3 apTYMEHTOB K 00BSICHEHIIO BBICOKOTO BOIOITOTJIONIE-

HMS MaTepHajia Ha OCHOBE BCTICHEHHOTO JKMIKOTO CTEKJIA;
HeTpopearnpoBaBIINe YaCTUIIBI HATPUEBOTO CTEKJIa 00-
pa3yioT HepaBHOMEPHOCTH B TIEpEropoaKax.

TaxkuMm 06pazoM, onTUMAaIbHAS TIOPUCTOCTD STUCUCTO-
r0 MaTepuajga COCTOUT B KOMOMHUPOBAHUM OTKPHBITHIX
1 3aMKHYTBIX ITOP, Ie(hOPMUPOBAHHBIX B MHOTOTPaHHU-
K1, C MAKCUMAJIbHO TOHKUMU W TIJIOTHBIMUA MEXITOPO-
BBIMH TIepETOPOIKaMI. B 3TOM ciIydae mopHrcTOCTh sTue-
MCTOrO MaTepuaja MOXeT ToCcTUraTh ~ 98% [23, 39, 40].

JInst aHann3a BIUSTHUSI MOAM(ULIMPYIOLINX 10OaBOK
Ha XHMIKOE CTEKJIO C IIeJIbI0 MOHMKEHUSI BOIOIIOIIIO-
IIEeHNST MaTepHrajioB Ha €r0 OCHOBE MCCIICIOBAIN TP
cocrana. [lonck mo0aBOK HaIlpaBJIcH Ha 3aMEHY pac-
MIPOCTPAaHEHHOTO MOIM(PUKATOPA-OTBEPANUTEIIS SKAITKOTO
crekia Na,SiF,, TOCKOJIbKY OH SIBJIIETCS TOKCUYHBIM.

7151 iccienoBaHMST NCTIOIB30BAIOCH XKUIKOTO CTEKIIO
C IUIOTHOCTHIO 1,44 r/cM*® 1 CUIIMKATHBIM MoaysieMm 2,7.

BriOpanHbIe A1 UccaenoBaHUs JOOABKU MOXHO
YCIIOBHO pa3NeIiTh Ha IBE KATCTOPHM:

1. ZKunkast BomopacTBopumasi 1o0aBKa Ha KpeM-
HUOPraHNYeCKOM OCHOBE (3TWJICHIIMKOHAT HATPHUS
(C,H,Si(OH),ONa)).

2. Cyxue MIUHepaIbHbIC TO0OaBKU (TMIPOKCUI Kajlb-
uusg Ca(OH), (ramenas u3BecTb) U MOPTJIAHALEMEHT
(ocHOBHasl peakMOHHO-aKTUBHas (aza 3Ca0«SiO,
(C,S) (anur)).

HccaenoBaHHBIE COCTaBHI IIPEICTABICHBI B TA0I. 3.

IToxydyeHHBIC KOMIIO3UIINY TIPEICTABIISIIIN COOO
HEOpraHMYECKNE TOIMMEPHI C pa3BUTON KaMJUISIPHO-
IIOPUCTOM CTPYKTYpoii. Takast CTpyKTypa xapakTepHa
IIJIST BCEX ITOPUCTHIX MaTepHaIOB Ha CHJIMKATHOI OCHO-
Be. Ha puic. 3 mpuBeneHBI pa3TMIHbIC BUIBI IIOPUCTOMN
CTPYKTYPHI CHUTMKATHBIX KOMIIO3UITNI, OTIMYAFOIITIXCS
dopmoit, pasMepoM H pacIipeieIeHIEM TI0p IT0 00beMY
MaTepHaia B 3aBUCUMOCTH OT OCOOCHHOCTEH TeXHOJIO-
TUU TTOIYICHUS M CBIPhEBOTO COCTaBA.

Cocmas Ne 1.

B3anMoneiicTBre XUAKOTO CTEKJIa ¢ KpeMHHUMOP-
TAaHUYECKUM BOIOPACTBOPUMBIM THIPOGOOU3aTOPOM
o0ycCaBIMBaeT BO3HUKHOBEHME T'UAPO(GOOHON KOPKU.
JobaBKa He MPEMSATCTBYET IIPOIIECCY BCIICHUBAHMS,

Tabauuya 2
ITopucrocTh MATEPHAIOB HA OCHOBE BCIIEHEHHBIX CHIIMKATHBIX KOMIIO3UIMIA
Marepuaisl Oomas nopucToctb, % | OTKpbITAsA OPUCTOCTh, % | 3aKpbiTasg HOPUCTOCTH, %

[Menocrexno, p = 130 kr/m’* 92 1,62 90,38
IMenocrekno, p_ = 160 xr/m’* 87 1,17 85,83
BcrnieneHHoe XuaKoe cTeKio,
0. = 150 k/P 91 56 35
Bcn_eHeHHoe SKUJIKOE CTEKIIO, 34 61.6 2.4
o, = 195 xr/m*
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Tabauua 3
COCTal;Ll NOPUCTOr0 MATEPHAJIA HA OCHOBE XKHMIKOTO CTEKJIAa ¢ Pa3HbIMH MOIUGDHUIMPYIOUIMMH 100aBKAMHI
Ne cocraBa KomMmnoneHnTs1 Conepxanue, % macc.
Kunkoe crekio HatpreBoe Na,0+«2,7Si0, 85
1 KpemHuitopranuueckuii ruapodoodmszaTop 15
sruncunukonar Harpus (C,H Si(OH),ONa)
5 Kunkoe crexno Hatpuesoe Na,0+«2,7Si0, 87
lamenas ussects Ca(OH), 13
Kunkoe crekio HarpueBoe Na,0+2,7Si0, 90
3 TMoptnanniieMeHT (OCHOBHAsI peaKIIMOHHO-aKTUBHas (paza — ajut 10
3Ca0-Si0,(C,3))

Puc. 3. CprKTypa Pa3JIMYHBIX CUIMKATHBIX KOMIO3UIIA MOPUCTBIX MATEPHAJIOB: a — IICHOCTEKIIO;
0 — MEHOCTEKOIbHBIN I.HCGCHL; B — MaT€puall Ha OCHOBE XKMIKOI'O CTEKJIa C JoOGaBKOM OPTJIaHAUEMEHTA;
I' — MaTt€pual Ha OCHOBE KMIKOI'O CTEKJIAa U erMHI/IfIOpFaHI/I‘{eCKOfI Z[OGaBKI/I; I — MaTte€puajl, Ha OCHOBE XKMNJIKOTI'O

cTeksa U 100aBKU — TUAPOKCHUIA KaJIbIIVA

B pe3ysibTaTe MOJyYaeTcs BOJIOKHUCTAsI CTPYKTYpa Ma-
tepuana (puc. 3r). [Ipu onpeneneHun KpaeBoro yria
CMauMBaHUSI Karulsl Ha ITOBEPXHOCTU MaTepuasia oopa-
3yeTcs yrou oombiie 110°, Ho ipu 3TOM Takoit apdexT
JOCTHUTAETCsI TOJIBKO Ha 06pa3oBaBIeiicst rTiapohoOHO
KOpKe, a MPY HAaHECEHW U KaTuTd Ha MTOBEPXHOCTh cCpe3a
o0Opasiia Mmatepuaia Karuisi MOMEHTATbHO BITUTHIBACTCS.

Cocmag No 2.

OTBepXIeHUE KUIKOCTEKOJbHOW KOMITO3UIINU
TUIPOKCUIIOM KaJIbIIUsT (rallieHOM U3BECThIO) TIPUBEIIO

K 3aMeJICHUIO BCTIEHUBAHUSI, HEPABHOMEPHOMY JHC-
TIePTUPOBAHUIO YACTHIL TIO 0OBEMY B TIpoliecce 00padoT-
KU 2JIEKTPOMAarHUTHBIMU BOJTHAMM, U, KaK CJIeICTBUE,
TOJTy4eHa MEHbIIIast KpaTHOCTh YBEJIMUEHUS BCTICHNBA-
€MOIf MacChl TI0 CPABHEHUIO C OCTATLHBIMU N0OABKAMU
(puc. 3m). B pe3ysbrarte mepBUYHON TTPOBEPKU METOIOM
KpaeBOTro yIjia CMauMBaHUSI HA TIOHKEHNE BOIOTIOTIIO-
IIEHUS MaTepraia METOIOM KPaeBOTo YIjia CMaYuBaHUS
BBISIBJICHO, UTO Karljlsl MPOHUKAET B TOJIILY MaTepuasa
yepe3 5—7 ¢. Tocjae HaHEeCEHUSI.
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Cocmae No 3.

HawmrygammMm BapuaHTOM MOAUGULIMPYIOMIEH T0-
0aBKU IJIST OTBEPKICHUST CUCTEMBI OKa3aJics IIOPTIaHI -
neMeHT. [TopTiaHalieMeHT B yKa3aHHOM MPOLIEHTHOM
COOTHOIIICHUY TPU PEaKLNH C XUIKUM CTEKJIOM IIpO-
SIBIISIET ce0sI KaK OTBEPIUTEIb KMIKOCTEKOILHON Ma-
TPHIIBI, TTOHIIKAS €€ TT0Ka3aTe N IT0 BOIOITOTJIOIICHIIO
(puc. 3B). KpaeBoii yros cMaunBaHMSI Ha TIOBEPXHOCTHU
TAHHOU KOMITO3UIINU oKa3ajcs oomee 120°.

Ha ocHOBe 3KcITeprMMeHTaIbHBIX JaHHBIX BEISICHU-
JIOCh, 9TO MPOIICHTHOE COIepKaHNe JOOABKH ITOPTIaHI -
IeMeHTa, YKa3aHHOE B Ta0J1. 3, TTO3BOJISICT ITOIYYUTD OIT-
TUMaJIbHBIC TTOKA3aTEIIN IT0 KPaeBOMY YTy CMAaUMBaHMS
B CPAaBHEHUU C IPYTUMHU COCTaBaMMU.

[TpuurHYy MOHUXEHUS BOMOIOMIOIIEHUS B CUCTEME
«<KUIKOE CTEKJIO — MOPTIAHILIEMEHT» MOXKHO OITHCATh
TaK: TIPA B3aUMOIEICTBUN KOMITOHECHTOB (CBOOOIHAS
BOZIa B KMIKOM CTEKJIE CBS3BIBACTCS C ITOPTIAHIIIC-
MEHTOM) 00pa3yloTcsl HU3KOOCHOBHBIC TUAPOCUINKA-
TBI KaJbIUs, a TaKXKe TUAPOKCHUI KaTbIUsI, KOTOPHIIA
BIIOCJICICTBUH CBSI3BIBACT CBOOOTHBIC KATUOHBI HATPH-
€BOT0 XXHMIKOTO CTeKJIa B HEPaCTBOPUMBIC COCTMHCHUS.
Peaxiiio B3anMoIeCTBIS TPEXKAIbIIIEBOTO CHIKATa
TOPTJIAHIIIEMEHTA ¥ CBOOOIHO BOMIBI B XKMIKOM CTCKIIC
MOXXHO TIPEACTaBUTH CICIYIOIINM 00pa3oM (5):

2(3Ca0 - Si0,) + 6H,0 =
= 3Ca0 - 2Si0, - 3H,0 + 3Ca0OH,.  (5)

B manHOM citydae IopTaaHOIeMEHT He IIPOCTO UTpa-
€T POJIb aKTUBATOPa TBEPACHMS CUIINKATHOM KOMITO3M -
1K, HO U YIacCTBYeT B (DOPMUPOBAHUM TTOHIKEHHOM
XapaKTepUCTUKU BOIOTIOTJIONICHHST MaTepralia 3a CueT
00pa30BaHMsI CETKN HEpaCTBOPMMEBIX HATPHii-KaJlbII1-
€BBIX COCTMHCHUIA.

Tabauuya 4

IToxka3zaTen cOPOLMOHHOI BIAXKHOCTH MAaTEPHAJIA

HA OCHOBE BCIIEHEHHOT0 JKHMIKOI0 CTEKJIa X0JIOIHOIO
OTBEPKIAEHHS NPH 32JaHHOI OTHOCHTEILHO BJIAXKHOCTH

OtHoCHTEIbHAS CopOmoHHas BJIAXKHOCTh
BJIAXKHOCTD (), % (W), % macc.
40 1,96
60 2,6
80 4
97 25

CopOnnoHHast akTUBHOCTh MaTepyrayia Ha OCHOBE
BCIIEHEHHOTO XXWIKOTO CTEKJIA XOJIOMHOTO OTBEPXKICHUST
MpuBeleHa B Tao. 4.

Hauairo rpacdwka copOIIMOHHO# BIIaXKHOCTH COITPO-
BOXKJIaeTCS 3aITOJTHEHUEM TIEPBOTO MOHOCIIOS I HAYaJIOM
00pa30BaHUS MOJTMMOJIEKYISIPHBIX TUIEHOK. Touka OT-
pBIBa U30TEPMBI OT IPSIMOJIMHEITHOTO YJacTKa MOJIMMO-
JIEKYJISIPHOTO CJIOSI COOTBETCTBYET Havaly KalJIISIpPHOMN
KOHIeHcaIu! (puc. 4).

PasznuuHbIil MexaHU3M COPOLIMOHHOTO U ASCOpPOLIM-
OHHOTO TIpoliecca 00pa30BaHUsT MOHOCIOS TIPOUCXOIUT
W3-3a Pa3TMYHOTO AaBJIEHMS TTapa IPU ero 3aIlloTHEHUH.
Hauano kanusuisipHo#l KOHAeHcalMU COPOLIU U JeCopO-
LIV TaKKe OTIIMYAIOTCS KAK 10 BeJIMYMHE BJIATOCOIEPKA-
HUS, TaK U T10 JaBjIeHUIO napa. [1pu s3Tom oOpa3zoBaHue
MOHOCJIOS TIPOUCXOINUT MPU JaBJIEHUH TTapa copOInm
MEHBIIIETO TaBJIeHUS mapa JecopOLIi, a Hadalo Kar-
JIIPHOM KOHJIEHCALIY TTPOMCXOIUT ITPY 3HAYEHUSIX 00Th-
IIIETO TaBJICHUS Mapa copoIn. DTO OOBSICHSIETCS TAKKE
PAa3TMYHBIM MEXaHU3MOM 3aITOJTHEHUS TTIOBEPXHOCTHBIX
CJIOEB TIPY COPOLIMU 1 IeCOPOIINH, KOTOPBII 1 SIBIISIETCS
MPUYUHOU COPOLIMOHHOTO TUCTEPE3Uca.

35 Ipaduk copbumun u aecopbuuu marepmana p=150
Kkr/m3
30

N
a

22,18

~
o

COpBUMOHHAA BAAWHOCTL, %
-
@

=
5]

4] 40 60 80 97 100
OTHOCUTENbHAR BNAKHOCT, %

— COPEUMA  w—nocopGumn

50 fpadumk copbuum u gecopbunm marepmuana p=195
Kr/m3

ry
=}

Cop6UyOHHAR BAAKHOCTL, %
~ w
o o

0 40 60 80 97 100
OTHOCHTENIbHAA BAAKHOCTD, %

—cOPEUMA Aecopbuma

Puc. 4. I'padukn copOIMOHHOIT 1 1eCOPOIMOHHOI AKTHBHOCTH MATEPHAJIa HA OCHOBE BCIIEHEHHOTO JKHIKOr0 CTEKJIa
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ITo Bumy rucTepesnca, OCHOBEIBAsSICh Ha TUIIAX M30-
TepM ajgcopoLm—aecopoin 1Mo kiaaccudurkanuu MHO-
ITAK, koTtopast cocTaBieHa Ha OCHOBE KJIaCCUYECKOM
KJaccuuKay U30TepM agcopormmn—aecopomu bpy-
Hayapa, lemunra, Hemuxra u Temtepa (Ki1accrbuKaimst
BJIAT), MOXHO OTHECTH TaKO¥i TUIT COPOLIMM MaTepuraia
Ha OCHOBE BCIICHEHHOTO XHMIKOTO CTEKIIA K YCTBEPTOMY
TyMy. JJaHHBII TUIT IMeeT TEeTIIO TUCTepe3rca, KOTopast
oTpaxkaeT IMpOTeKaHMe TIPoliecca KalmUISIPHO KOHIECH-
caluy B Me30Iopax. BRITHYTBIN 1 BOTHYTEHII XapaKTep Ha-
YaJIbHOTO yJacTKa YKa3bIBaeT, COOTBETCTBEHHO, Ha CHJTh-
HOe U ci1aboe B3auMOAeCTBIE aacopOaT-agcopOeHT.

Ha puc. 5 mpencraBieHbl pa3IndHbIC BUOBI TIETETh
KanWLISIPHO-KOHIEHCALIMOHHOTO TMCTepe3uca.

KaxKmeIif THIT TIeT/IN CBSI3aH C OIpeAe/ICHHBIM TUITOM
MOpUCTON CTPYKTyphbl BelecTBa. Iletnu tuna HI1 xa-
paKTepHBI TSI aTJIOMEepaToOB, OMHOPOIHO YIIaKOBAaHHBIX
¥ OJTM3KUX 110 pa3Mepy. s HeKOTOPHIX TJIOOYISIPHBIX
CHCTEeM, HAIpUMep, CUIMKareseil, xapakrepeH tuir H2,
OIHAKO B 3TOM CJIydyae pacIipenesieHre 1 hoopma Imop He-
onHo3HauHkbI. [Tetu TummoB H3 n H4 nonmyyeHs! s aj-
COpPOEHTOB, UMEIOIINX IIeJICBUIHBIC TIOPHI WA, KaK B CITy-
gae H3, cocTosIIMx 13 TUIOCKOMIapaIeIbHBIX YACTHII.

H3zotepmbl Tuna I ¢ rucrepesncom tumna H4 ykasni-
BaIOT Ha HaJIMYKMEe MUKPOIIOpUCTOCTU. M30TepMa Thma
IV 0oOb1yHO HaOMIOmAETCS JIST BELIECTB, COAepXKaIIUX
ME30ITOPHI MJIM HEOOJIBIIIEe MaKPOIIOPHI.

s pacuyeTa HEKOTOPBIX ITApaMeTPOB CTPYKTYPHI
TMOPUCTOTrO MaTepraya Ha OCHOBE BCIICHEHHOTO KU/~
KOTO CTEKJIa BBEIEM TIPEATIONOXKEHUE, 9YTO COPOIINS BO-

KommnuaecTBo aﬂCOpGI/IPOBaHHOFO BeIeCTBa

OTHOCHTEIbHOE aBieHne ———P>

Puc. 5. Tunsl neress rucrepe3nca

JISTHOTO T1apa Ha MMOBEPXHOCTU BCIIEHEHHOTO XUIIKOTO
CTEeKJIa TIPOTEKAET UCKITIOYUTENIHHO 110 MEXaHU3MY T10-
BEPXHOCTHOM aicOpPOIINY, TO €CTh 3aTIOTHSETCS TOJTHKO
MoHocoi. CiemoBaTesIbHO U30TEPMY COPOLIUY MOXKHO
onucarth ypaBHeHHeM (6):

w(p) = wp[—3.13/In(p/100)]*/55, (6)

rie w, — mapameTp YpaBHEHUS, ABIAIOIIUICS eM-
KOCTBIO MOHOCJI0$1, %, KOTOPbIIA MOXHO MPUOIVKEHHO
BBIYUCIIUATH I10 hopmyite (7):
_ w(40) _ 196

— )
m T 1615 1615 1.21%. )

[pubaMKeHHBIN pacyeT MO3BOJIWI ONPEICIUTH
w, = 1,21%. [lonyyeHHOE 3HAYEHUE W , B CBOIO OYEPE/Ib,
ITO3BOJIAJIO OLICHUTH YACTBHYIO ITOBEPXHOCTh MaTepraja
Ha OCHOBE BCIICHCHHOTO CTEKJIa I10 YpaBHEHUIO (8):

A = 355w, - 103m?/kg = 35.5w,, m?/g. (8)

Monyumnu A = 42,9 m?/r. Takoe 3HaYeHUE YACIbHOR
IMOBEPXHOCTHU JAET BO3MOXKHOCTb CIE/IATh IIPEAITIOIOXE-
HIE O MpeodJafaHuy MaJIbIX IIOp B MaTepuae.

J11s1 BBIYMCIIEHMS IUTOIAIM YAEIbHOM ITOBEPXHOCTHI
pacCUYUTHIBAIACh EMKOCTh MOHOCJI0s 110 hopmyite (9):

w,, = =2 =135, )

No

rae w, — COpOLMOHHAA BIAXXHOCTh P OTHOCHUTETb-
HOIi Bl1akHOCTH Bo3nyxa @, = 40%; n, — onpenensnach
o hopmyite (10):

— ¢Po _
ng = 1t0o=1)00 Ny = 1.45. (10)

3mech ¢ onpenensach mo opmyie (11):
c=6+1+5¢y)/p, =135, (11)

a N, COOTBETCTBYET 3HaYeHUIO N TIpu @ = @, TIe N
paccunThIBasIach 1mo popmye (12):

N = [-3,13/In(¢)]°3° = 1.615. (12)

[Mnomans yoerbHONM MOBEPXHOCTHA BBIUMCIISIACH
o hopmyite (13):

Wi N

A=="=A, =5-10°m?/g. (13)
Bricokne 3HaueHUS IIomaan y,Z[eJ'[I:Hof?I ITIOBEPXHO-
CTH, BBIYMCJICHHBIC paCY€THO-aHAJIMTUYCCKNM METOIOM,
JarT OOBsICHEHUE IIOJIY4YEHHBIM 3KCIICPMMEHTAJIbHBIM
JaHHBIM ITO COp6LII/IOHHOI7I AKTUBHOCTH.
HccnenoBanus KoahGUIMEHTa 3BYKOIOTIOIEHUS
MaTtepruajIoB Ha OCHOBEC BCIICHCHHOI'O 2KMIKOTO CTEKJIAa
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XOJIOMHOTO OTBEPKICHMS M TIECHOCTEKIIA IPOBOIMIIOCH

o metonuke F'OCT 16297-80. «MaTepuajibl 3ByKOM30-

JISIIMOHHBIC M 3BYKOTIOTIOIIaIoNIe. MeTOombl UCTIBITa-

HUli» Ha mHTepdepomeTpe (Tpyde KyHra). ObopymoBa-

HUE U TIPOBEICHMST MCITBITAHUI COCTOUT M3 HA3KO0Ya-

CTOTHOTO M3MEPUTEIIBHOTO TeHepaTopa, JICKTPOHHOTO

BOJIBTMETpPA CPEeOHMX KBaAPAaTUICCKUX 3HAUCHUI, U3-

MEPUTEITLHOTO MUKpO(oHa, MUKPO(POHHOTO YCHIIH-

TeJsI, TPOMKOTOBOPUTEIISI, aKyCTUICCKUX (DUITBTPOB

U 3JIEKTPOHHO-CYETHOTO YacToToMepa (puc. 6).

DTambl IPOBEICHUS NCITBITAHWS:

— TI0CTaHOBKa 00pa3iia BCIICHEHHOTO XXMIKOTO CTEKIIa
¥ TIEHOCTEKJIa B 000iMy mHTepdepoMeTpa Tak, 9To-
OBbI He JINIIeBast CTOPOHA ObLIA MPUKATA KECTKUM
TIOpIITHEM, a JIMILIeBass — Ha Kparo 000IMBI, 3aKpe-
TUIeHHas B Tpyoe;

— ompeaesIicHNe BEIUYMHBI HATIPSDKCHUM Ha BBIXOJIE
MUKPO(POHHOTO YCUJIUTEIISI, PETUCTPUPYEMOit 3JIeK-
TPOHHBIM BOJIETMETPOM, COOTBETCTBYIOIICH IIEpPBBIM
MaKCUMYMy 1 MUHUMYMY YPOBHIO 3BYKOBOTO JIaBJIc-
HUS B TpyOe MHTEpdepomMeTpa;

— TIpOBeIeHME UCITBITAHMS Ha TUarma3oHe 9actot oT 100
110 2000 I

— oIpeneIeHre HOPMaJIbHOTO KO3 duiimeHTa 3ByKo-
TIOTJIOIICHUS.

ITo nToraM McHBITAHWI yCpeOTHEHHBIC 3HAYCHUS
Koabduuuentos 3pykonornomenus (K3I1) a npu
gactore 2000 I'tr mpuBeneHsBI B TaOJ. 5, a pe3yIbTaThl
TIPOBEICHHBIX NCITBITAHUI TIPeACTaBICHBI Ha pUC. 7.

Pesynprathl HCTIBITAHMI TTOATBEPAVIN BEIIBUHYTOE
TIPEIMNOJIOXKEHNE O TOM, YTO MaTeprajbl OMUHAKOBO
TUTOTHOCTH, HO OTIMYAIOIINECST pa3HOI CTeTICHbBIO, TH-
TIOM TIOPHUCTOCTH U pacIipeicIeHUEM II0p TI0 pa3Mepam
UMEIOT OTJINYIHBIC KO3 (GUITNESHTHI 3BYKOTIOTIOIICHHUS.
Tak, MaTepra Ha OCHOBE BCIICHEHHOTO KIIKOTO CTeKIIa
TI0Ka3aJI HeCKOJIBPKO OOJIBINNE 3HaYUeHUS KO3(PDuIImeH-
Ta 3BYKOIIOTJIOIICHHS IT0 CPAaBHEHUIO C TIECHOCTEKIIOM,
B OCOOCHHOCTHU Ha 0oJiee BHICOKHX YacTOTaX, 3a CUCT
TIpeobIafaHsT OTKPBITOTO TUIIA TIOPUCTOCTH 1 HAIMYIUST
MeJIKUX op (tabi. 5 u 6, puc. 7).

CpaBHEHUE TEXHUUYCCKNX XapaKTePUCTUK Pa3Ind-
HBIX TIOPUCTHIX CUIIMKATHBIX KOMITO3UIINIA TIPUBEICHO
B TabJ. 7.

DKoyornuecKuii (pakKTop MPOCKTUPOBAHMS TEILIIO-
M30JISIIIMOHHOTO MaTepraia Ha OCHOBE BCIICHEHHOTO
KHIIKOTO CTEKJIa XOJIOTHOTO OTBEPXKICHMS.

OCHOBHBIE TIPEUMYIIIECTBA/HETOCTATKH:

* Ha CTaIuM BBIOOpPA CHIPHS:

— BO300HOBIsIEMOE / HEBO300OHOBIISIEMOe (TIperMYy -
IIECTBEHHO CHIPhEBBIC KOMIIOHEHTHI HCCIICAYEMOTO
MaTepHana HeBO30OHOBISIEMBIC WX CI0XHO BO3-
OOHOBJISIEMBIC);

— HaJW4YMe XUMWYICCKU BPETHBIX IJIST YeJIOBEKa KOM-
TIOHEHTOB (MaTepHayl He COIEPKUT B ceOe BPeIHBIC
IIJIST 9eJTOBEKa BEIIeCTBA);

— WCIIOJIb30BaHME OTXOIOB (B Ka4eCTBE HATIOJHUTEIIS
JUTST TIEHOCTEKOJIbHOM CMeCH BO3MOKHO MCTIOJIh30Ba-
HHE OTXOJIOB COPHBIX PACTEHU, B T.4. BHICYIICHHBIIA
JVCTIEPTUPOBaHHBIN GopiieBUK COCHOBCKOTO);

* TEXHOJIOTUYECKUIA TIPOLIeCC:

— 3aTpayeHHasl SHEPTUsT Ha BECh TEXHOJIOTUICCKUI
npoliecc (Haubosee aHepro3aTpaTHBIM TEXHOJIO-
TMYECKUI y3eJl — CMECHUTENb U BCITIOMOTATeTbHbIC
YCTPOICTBA);

Puc. 6. IIpudop a5 npoBeAeHNs HCIBITAHUS
10 Onpe/ieJIeHUI0 3BYKONOIJIONEH!S W 00pa3iibl
HCIBITYEMBIX MATEPHAJIOB
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Tabauya 5
Pe3ynbTaThl HCHBITAHMIA 1151 onpeaeieHHs Ko3((UIMEHTOB 3BYKONOIIOMEHUS
Marepuabt BcnenenHoe JKMIKOE CTEKI0 Ilenocrekio
CpenHss MIoTHOCTb O, KI/M’ 150 195 130 160
K3IT (a,) 0,9 0,7 0,8 0,73

0,9
0,8
0,7
06

)

0,5

K3n

0,4
03
0,2

01

g, KC 195Kr/M3
g, HC 150 Kr/mM3

neHocTexkno 130kr/m

e eHOCTEKNO 160 Kr/m3| 0,21

100
0,17
0,22

125
0,37
0,44
0,45
0,41

160
0,36
0,4
0,33

30,25 0,38

200
0,56
0,68
0,65
0,69

250
0,6
0,77
0,75
0,76

315
0,79
0,89
0,78
0,85

400
0,72
0,88
0,86
0,87

500
0,72
0,9
0,8
0,9

630
0,78
0,92

800
0,76
0,83

0,85 0,81

0,81/ 0,84
YacrtoTa, Ny,

0,79
0,84
0,83
0,83

1250
0,75
0,86
0,85
0,85

1600
0,73
0,87
0,84
0,88

2000
0,7
09

0,73
0,8

2500
0,72
0,84
0,83
0,82

3150
0,78
083
0,78
0,83

4000
0,77
0,87
0,79
0,85

5000
0,69
0,78
0;75
0,77

Puc. 7. Pesym;ra'rl,l UCTIBITAHUIA 1151 onpeaeieHus KOS(l)d)l/llIl/le}lTOB 3BYKOIOIIONIEHMA MEHOCTEKJIA M MATEPUAJIOB HA
OCHOB€ BCIICHEHHOI'0 2KMJIKOT'0 CTEKJIa

Tabauya 6
CooTHOIIEHHe 3HAYEHHIi IAPAMETPOB IOPUCTOCTH U KOI(P(PHIHEHTOB 3BYKOIOLIOIEHHS 00Pa310B MATEPHAJIOB
ITopucrocth, %
b Cpennss . p ° Koaddumment
ILIOTHOCTD, KI/M OTkpbITasg 3akpbiTas Oomas 3BYKONOIIOIIEHUA
BcrieHeHHOe 150 56 35 91 0,9
JKUIKOE CTEKIIO 195 61,6 22,4 84 0,7
130 1,62 90,38 92 0,8
Ilenoctekio
160 1,17 85,83 87 0,73

BBICOKOTCMIICPATYPHBLIC 1 BBICOKOYAaCTOTHBLIC BO3-

JeCTBYS (IUIs1 IPOM3BOACTBA HE TPEOYIOTCS BEICOKO-
TeMIIepaTypHbIE PEXUMBI, ISl 00pabOTKU MaTepHa-
Jla B PEXKMME XOJOJHOIO OTBEPXKICHMS JOCTATOYHO
TemtepaTypsl 40°C);

* Ha CTaaWM DKCILIyaTalliu:

BbIICJICHNE BPCAHBIX BEIICCTB NN CIIOCOOHOCTH K UX

COp6I/IpOBaHI/IIO (6J1ar0/:[ap51 BBICOKHMM ITOKa3aTCIsAM
CO]Z)6].IPIOHHOI>1 AKTMBHOCTHU MaT€punal UMECT Ccroco0-
HOCTb CO]:)6I/IpOBaHI/IH BpPEIHBIX BEICCTB U3 B03)1yxa).

OCHOBBIBasSICh Ha pe3yJibTaTax IIPOBEIEHHOIO aHa-
JIV3a TIOJIYYEHHBIX SKCITEPUMEHTATBHBIX UCITBITAHUINA,
MOKHO CJIIeJIaTh BBIBOJI, YTO pa3pabOTaHHBII TEIJION30-
JISIMOHHBIN MaTepyal Ha OCHOBE BCIIEHEHHOTO JKUIKO-
IO CTEKJIa XOJIOTHOTO OTBEPKIECHUS SABIISIETCS DKOJIO-
TMYHBIM, C ITOKAa3aTeJIeM YIJIEPOIHOrO cliea, OJIM3KUM
K HyT0. PeKOMeHIyeMBIil TeMIlepaTypHBII TraIra3oH
MMPUMEHEHNS TETION30ISIIMOHHOIO Marepralia Ha oc-
HOBE BCITEHEHHOTO KMJIKOTO CTEKJIA XOJIOIHOTO OTBEP-
xkaeHust — ot MmuHyc 70°C go mmroc 200°C.
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Tabauya 7
CBo0oaHas Ta01MIA CPABHEHUSI TEXHMYECKUX XAPAKTEPUCTHK PA3IMYHBIX MOPHCTHIX CHIMKATHBIX KOMITO3UIIMIA
Koad- ITapompo- | CopOuus npu
Koad-
¢unuent Cpennsist HHULAe- OTHOCHUTEJIb-
OCHOBHbIE TEXHOJIO- et .
Marepunanbt | Crpykrypa Cocras TEIIONPO- | IVIOTHOCTH, MOCTb, HO¥ BJIAXKHO-
THYECKHE pasinyusa 3 3BYKONO-
BOJHOCTH, KI/M el mr/ cti 97%,
Bt/(M+°C) ! (Mey.Ila) % macc.
CtpykTypoobpa-
30BaHMeE MPO-
IIpeoo6- MCXOOUT 3a CYET
Jagaet Crexknoboii, | mpoliecca ra3o-
IleHo- 3aKpbITasl | TIMLIEPUH, o0pa3oBaHMUsl, 0,043— 130—160 0,7-09 0,0019— 1,62-1.79
CTEKJIO Mopu- razoo0paso- | MpPOXOISIIEro 0,062 0,0023
CTOCTh BaTesb B Ievyax Impu Bbl-
=~ 98% COKUX TeMIIepa-
Typax (mopsiaka
1200°C)
Crpykrypo-
Kunkoe obpa3oBaHue
Bcnenen- | Ipeo6- CTEKIIO TMPOXOJIUT 3a
HOE XWUII- | JTagaeT HeHO00Opa- cyYeT Tpoliecca
KO€ CTEKJIO | OTKPBITast 1eHoo0pa3oBa- 0,0556— 0,1763—
30BaTelb, 150—195 | 0,73-0,8 19-25
XOJIOJTHOTO | MOpU- OTBEPIIL- HUsl, 00padboTka 0,068 0,1788
OTBEPXKIE- | CTOCTh P MPOUCXOAUT B
TeJIb, Ha-
HUSA = 67% HU3KOTeMITepa-
MOJHUTEb
TYPHBIX TIeUax
(ropsinka 40°C)
3AK/IIOYEHUE KM-OTBEPAUTEIISI B BUAE NOPTIAHILIEMEHTa, KOTOPHIA

DKCIUTyaTalOHHbIE XapaKTePUCTUKU TEIJIOM30JIsI-
LIMOHHOI'O MaTepuaJia Ha OCHOBE BCIICHEHHOTI'O XXUIKOIO
CTeKJIa XOJIOJHOTO OTBEPXKAEHUST (DOPMUPYIOTCS 3a CYET
XUMHUYECKOTo U (a30BOro COCTaBa UCIOJIb30BAHHBIX
CBIPbEBBIX MAaTEepHUAIOB, MAPAMETPOB UX CTPYKTYPHI,
a TaKXe 0COOEHHOCTE TEXHOJIOTUYECKOTO IIpoliecca,
(bopMupyroux CTpykTypy MaTepuaia. bouio uccieno-
BaHO (hOPMUPOBAHUE CIICAYIOIINX SKCIUTyaTaLIMOHHBIX
XapaKTepUCTUK: TEIUIOMPOBOIHOCTH, BOIOIOIIOLICHNSI,
COpPOLIMOHHOI BJIAXXHOCTH U 3ByKomoroueHus. Ha oc-
HOBaHUU MOJYYeHHBIX DKCIIEPUMEHTAIbHBIX PE3Y/IbTa-
TOB C/Ie/IaHbI CJIEAYIOLINE BbIBOIDL:

1. ITpu comocTaBUMOI1 CpeaHeii IJIOTHOCTU BCIIe-
HEHHOE XUIKOE CTEKJIO UMEET OTJIMYHBIE OT IIEHOCTEKIIA
3HAYEHHUsI KPaeBbIX TOUYEK AMAIa30HA TEIUIONPOBOIHO-
CTU, HO HE B 3HAYMTEJbHON CTEIIEHH, 3a CUET IIPe0d-
JIaJaHUsl OTKPBITOTO TUIIA MOPUCTOCTU U MEHBIIEro
pasMepa Iop B IIEHOCTEKOJIbHON KoMmIio3unuu. Tak,
MEHOCTEKJIO UMEET MPEUMYIIECTBEHHO 3aKPhITOIIOPH -
croe crpoeHue (= 98% 3aKpbITOil IOPUCTOCTH), B TO
BpeMsI KaK MaTepual Ha OCHOBE BCIIEHEHHOTI'O XKUIKOIO
CTeKJIa UMEET MPEUMYLIECTBEHHO OTKPBITOIIOPUCTOE
ctpoeHue (= 67% OTKPHITOI ITOPUCTOCTH).

2. I[1po6Giema BBICOKOTO BOIOIIOIJIOLIEHMS MaTepUaia
Ha OCHOBE BCIIEHEHHOIO XMIKOIO CTEKJIa XOJOIHOTO
OTBEpXKIEeHUS OblIa pellieHa IIyTeM BBeIeHus 100aB-

HE TIPOCTO UTPACT POJIb aKTUBATOPA TBEPACHUS CUIIM-
KaTHO# KOMIIO3UIINH, HO M CIIOCOOCTBYET CHIKCHUIO
BOIOIIOTJIOIICHMS MaTepraja 3a CIeT 00pa30BaHMSI CeT-
KJ HEPaCTBOPUMBIX HATPUI-KaIbIINEBBIX COCAMHECHUIA.

3. Beicokne 3HAYeHMS TIJIOMIAAN YACAbHOM IT0-
BEPXHOCTH, BBIYUCIICHHBIC PACYCTHO-aHATINTUICCKAM
METOIIOM, IalOT OOBSICHEHUE TTOJIYIeHHBIM 3KCITepH-
MEHTAJIbHBIM TaHHBIM IT0 COPOIIMOHHOI aKTUBHOCTH
(19—25 macc. %) pa3paboTaHHOTO TETIOU3OJSIIUOHHOTO
MaTepuana.

4. Pe3ynbTaThl UCIIBITAHUIA 110 OTIPEACIICHIIO KO3(]-
(ureHTa 3ByKOMOTJIONICHMS TTONTBEPAYUIN BEIIBIHYTOE
MIPEATIOIOKEHNUE, YTO MaTepHUaJTbl OMMHAKOBOM TIJIOTHO-
CTH, HO OTJIMYAIOIIHECS pa3HOI CTEIICHBIO, THIIOM II0-
PUCTOCTH U pacIipeneeHIeM TIop IO pa3MepaM MMEIOT
OTJIMYHBIC KO3((PULIMEeHTHI 3ByKOIorIoeHus. Tak, ma-
Tepraj Ha OCHOBE BCIICHEHHOTO KMIKOTO CTEKIIa TIOKa3al
HECKOJIbKO OOJIbIIIE 3HAYCHMS KO3 HUIMEHTA 3BYKOIIO-
IJIOIICHUSI TT0 CPaBHEHUIO C TICHOCTEKJIOM, B OCOOCHHO-
CTH Ha OoJIee BRICOKHMX YAaCTOTAX, 3a CUET MPeoOdIIaTaHms
OTKPBITOTO THIIA TIOPUCTOCTH U HATTMIMST MEJIKHX TTOP.

AHaJIN3 5KOJIOTIIECKOTo (haKTopa IToKa3ajl, 9To pa3-
pabOTaHHBI TETUIOM30JISILIMOHHBIN MaTepral Ha OCHOBE
BCIICHECHHOTO SKMIKOTO CTEKJIA XOJIOTHOTO OTBEPKICHUS
MOXHO OXapaKTepn30BaTh KaK BCECTOPOHHE 3KOJIO-
TUIHBINA MaTepural, ¢ TToKa3aTeJieM YIJIEpOIHOTO ciena,
OJIM3KUM K HYJIIO.
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WUHAN UNIVERSITY OF TECHNOLOGY

uhan University of Technology (WUT), is a state

key university directly affiliated to the Ministry of
Education of the People’s Republic of China. WUT is
among the first batch of universities which have entered
the national “211 Project” and China’s “Double-First
Class” Initiative. WUT is jointly developed by the Min-
istry of Education and the Ministry of Transport. As the
university directly affiliated to the Ministry of Education
which cultivates the largest amount of talents in three
major industrial sectors, namely, building and construc-
tion materials, transportation, and automobile industries,
WUT becomes an important base for the cultivation of
high-level scientific talents and technological innovation
for the three industrial sectors.

WUT has three campuses, including Mafangshan
campus, Yujiatou campus and the South Lake campus,
with a total land area of 2.67 million square meters and
a total gross floor area of 1.95 million square meters.
Currently, WUT has over 50,000 faculty and students,
24 academic schools, 4 National Technology Innova-
tion Bases and 4 modern libraries with a collection of
3.61 million books. Since 2000, WUT has been awarded
over 20 national science and technology prizes, rank-
ing in the forefront of all Chinese colleges and universi-
ties. In 2019, WUT was listed in Times Higher Educa-
tion World University Rankings, U.S. News Best Global
Universities Rankings, Shanghai Jiao Tong University’s
Academic Ranking of World Universities and QS Asia
University Rankings.

Since the founding of New China, WUT has cultivated
more than 600,000 senior professionals. In the recent

10 years, the first-time employment rate of graduates has
remained above 95%, and about 55% of total employment
join world’s top 500 enterprises and fields of strategic
emerging industries.

Over the years, WUT has formed educational ideol-
ogy system with distinctive characteristics, with the lofty
ideal of “Building an excellent university to win world-
wide recognition and admiration”, the spirit of “Sound
in morality, broad in learning and pursuing excellence”,
the principle of “Taking students’ cultivation as our es-
sence, and taking academic development as our priority”,
and the educational concept of “Implementing excellent
education, nurturing excellent talents and creating an
excellent life”. Guided by the WUT Charter approved
by the Ministry of Education, WUT is committed to the
modernization of the governance system and capability,
aiming to rank among the world-class universities with
distinctive features.

MSE Discipline of Wuhan University of Technology

Founded in 1958, the Materials Science & Engineer-
ing (MSE) discipline of Wuhan University of Technology
(WUT) was supported in priority through the “State 211
Project for Higher Education Universities” from 1995
to 2015, and has been supported via the “World-Class
University & World-Class Discipline” development
plan of China since 2016. WUT’s MSE ranks A+ among
172 leading universities in China (No.l alongside MSEs
of Tsinghua University and Beihang University) in the
4" round national discipline evaluation organized by the
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Ministry of Education in 2017, and is world top 1%o in
Clarivate Analytics’ Essential Science Indicators.

WUT’s MSE owns 1 member of Chinese Academy of
Sciences, 3 members of Chinese Academy of Engineer-
ing, 3 members of Academia Europaea, 1 member of
the Royal Academy of Belgium, 1 member of the World
Academy of Ceramics, 1 fellow of the Australian Academy
of Technology and Engineering, 10 fellows of the Royal
Society of Chemistry, American Physics Society and
American Ceramic Society. It also owns 23 national high-
level talents including recipients of the National Natural
Science Foundation of China for Distinguished Young
Scholars (equal of NSF Career Awards), and 22 national
high-level young talents.

WUT’s MSE has established 2 state key laboratories,
the State Key Laboratory of Advanced Technology for
Materials Synthesis and Processing and the State Key
Laboratory of Silicate Materials for Architectures. The
State Key Laboratory of Advanced Technology for Mate-
rials Synthesis and Processing was evaluated “Excellence”
among 21 state key laboratories in MSE in 2018. It also
has built 2 state international joint-research laboratories,
and 4 bases of foreign outstanding expertise-introduction
for discipline innovation (also known as “111 Project”).

International School of Materials Science
and Engineering

The International School of Materials Science and
Engineering (ISMSE) was selected into the list of “Net-
work of International Centers for Education” supported
by the State Administration of Foreign Experts Affairs and
Ministry of Education of P. R. C. in June 2015 as one of
the 16 international schools all over the country.

Driven by the “National innovation driven develop-
ment strategy” and the great demand for national higher
education reformation, ISMSE is devoted to building

a world-leading MSE discipline through optimizing
a high-level research and teaching team, constructing
an innovative training pilot zone and establishing an
innovative talents training system. Guided by the idea
of “enterprise cooperation, international cooperation
and research cooperation”, ISMSE organized 21 mentor
teams lead by academicians or distinguished professors
and 4 interdisciplinary innovation and entrepreneurship
training teams.

Aiming at leading the world’s building materials and
new materials in the 21st century, ISMSE values the inno-
vative ability as one of the core capabilities and reform the
innovative talent training system of the bachelor program,
master and PhD program and international program.
ISMSE provides students with a comprehensive curricu-
lum, which covers materials science, life science, energy
science, environmental science, information science and
advanced manufacturing science. To expose all students
to international experiences, joint training programs were
created in cooperation with world-leading universities.
Furthermore, ISMSE built a variety of platforms for
students’ all-round development, such as Distinguished
Scholars Forum, International Vision Forum, Quality
Education Seminar and Material Advantage WUT Chap-
ter. The Material Advantage WUT Chapter was awarded
Chapter of Excellence Award in the past 5 years from
2018 to 2022.

State Key Laboratory of Advanced Technology
for Materials Synthesis and Processing
(Wuhan University of Technology)

The State Key Laboratory of Advanced Technology for
Material Synthesis and Processing was approved by the
State Development Planning Commission in 1987. After
state inspection, it was opened for the public in March
1990. The laboratory is under the direct administration
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of the Ministry of Science and Technology. Currently,
Professor Gu Binglin, an academician of the Chinese
Academy of Sciences, is the Chair of the laboratory’s
academic committee, and Professor Fu ZhengYi, an aca-
demician of the Chinese Academy of Engineering, is the
Director of the laboratory. The laboratory is located in
the Wuhan University of Technology, and it is a state key
laboratory that specializes in the field of new materials.
The Department of Materials Science and Engineering
at the Wuhan University of Technology has been clas-
sified as a first-class State Key Discipline, included in
the national “985” project of “Build a world-class disci-
pline program,” and is ranked as A+ in the fourth round
of national discipline evaluation. Aiming at the global
frontier research of materials science and addressing the
primary national needs, this laboratory provides a world-
class platform for materials compounding and preparation
technology, for developing advanced composite materials
for national major projects and pillar industries, and for
providing support at the national strategic level. Original
and systematic research results, with international impact

in transformative technologies, frontier new materials,
and interdisciplinary fields, have been reported in this
laboratory, and therefore, it leads the international de-
velopment in several strategic frontier new materials. The
laboratory fosters the development of global first-class
research talent through advanced scientific research in
the field of materials science and technology. In addi-
tion, the laboratory has created a culture of international
collaborative innovation and has carried out “Win-Win”
international cooperative research, thereby enhancing
the international influence, attractiveness, and cohesion
of the laboratory. The laboratory has achieved a historic
breakthrough in the evaluation of the State Key labora-
tories in the field of materials science.

Centering on the overall vision and objectives, the
laboratory focuses on the establishment and development
of multi-component, multi-scale, and multi-level com-
posite principles and material design theories that are built
on core research platforms comprising material gradient
composite technology, in-situ composite technology,
nanocomposite technology, and their integrated innova-
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tions. Currently, research on five key materials, including
advanced composite materials for national major projects
and pillar industries, efficient energy conversion and stor-
age materials for new energy technologies, nanocompos-
ite biomaterials for life sciences, information functional
materials for information technology, and frontier new
materials for transformative technologies, is being carried
out in this laboratory. Therefore, the laboratory has es-
tablished the following five distinctive research directions:
gradient composite technology and new materials, in-situ
composite technology and new materials, nanocomposite
technology and new materials, transformative technol-
ogy and frontier new materials, and material composite
principles and material design.

The laboratory has an active and innovative research
team that mainly comprise young and middle-aged re-
searchers. There are hundred permanent staff members,
including one academician of the Chinese Academy of
Sciences, two academicians of the Chinese Academy of
Engineering, one academician of the Royal Academies
for Science and the Arts of Belgium, two academicians
of the European Academy of Sciences and Arts, one aca-
demician of the Australian Academy of Technology and
Engineering, one academician of the World Academy of
Ceramics, twelve national level researchers, one chief
scientist of the National “973” program, five recipients
of the national “Outstanding Youth Science Fund,” and
thirty recipients of the “national talent Support Plan”. etc.
This laboratory has been actively supporting outstand-
ing scholars to visit and conduct collaborative research
worldwide in world-class universities and research insti-
tutions. In recent years, the laboratory has sent several
outstanding young scholars to world-class international
universities for more than one year to conduct visits and
collaborative research.

The laboratory emphasizes global academic exchange
and collaboration. In the last five years, we have hired
twenty-five international scholars as honorary and visit-

Nanob%

ing professors in the main research areas, with an aim to
create cordial working conditions for world-renowned
scientists to conduct collaborative research in the labo-
ratory.

The laboratory has carried out substantial “Win-Win”
collaborations with the University of Michigan; Japan
Aerospace Exploration Agency (JAXA); the Institute
for Materials Research, Tohoku University (Japan); the
Materials Research Center, University of Oxford (UK);
Composites Research Center, the University of California
(US); and the National Institute of Fuel Cells (Canada),
among other internationally renowned research insti-
tutions. The Ministry of Science and Technology has
established the “International Joint Laboratory of Ad-
vanced Technology for Materials Synthesis and Process-
ing,” which is one of the first thirty-three international
joint laboratories in China. Additionally, the State Ad-
ministration of Foreign Experts Affairs and the Ministry
of Education have jointly formed three discipline bases
supported by the Program of Innovation and Talent Intro-
duction, namely “New Material Composite Technology
and Advanced Functional Materials,” “Advanced Prepa-
ration Technology and Application Engineering of New
Functional Thin Film Materials,” and “Innovation and
Talent Introduction Base of Life Composites.” Relying on
these important international collaboration platforms, the
laboratory has undertaken several state key projects with
international collaborations and achieved fruitful results
in international collaboration and exchanges.

Currently, the laboratory has a floor areca of
25,350 square meters, with several advanced materials
synthesis and processing instruments, as well as state-
of-the-art instruments specializing in materials structure
analysis, characterization, and performance testing. The
total estimated value of the instrumentation asset is ap-
proximately 430 million RMB.

Introduction to Interdisciplinary Materials

The new scientific journal Interdisciplinary Mate-
rials (ISSN: 2767-441X) has been launched by Wuhan
University of Technology and John Wiley & Sons, Inc in
Dec, 2021. The first issue will be published in Jan, 2022
and the journal is free for publication in the first 3 years.

Interdisciplinary Materials is an open-access, peer-
reviewed, and rapid-publication journal focusing on the
interdisciplinary researches between materials science
and other disciplines, such as physics, chemistry, math-
ematics, mechanics, biology, energy, environment, infor-
mation, engineering, etc. The journal aims at reporting
cutting-edge developments across science and technology
around the world.

Interdisciplinary Materials is expected to take an in-
terdisciplinary, frontier, and integrated approach to all
areas of materials research while cultivating the exchange
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of ideas between scientists involved in the different dis- Interdisciplinary Materials invites you to submit high-
ciplines. Readership will include physicists, chemists, quality, innovative full-length research articles, rapid
mathematicians, mechanics, biologists, and energy, en- communications, reviews, perspectives, comments, and
vironment, materials scientists, engineers from academia  other editorial content of general interest to the field of
and industry as well as policymakers. interdisciplinary materials.

Contact information Address: 122 Luoshi Road, Hongshan District, Wuhan, Hubei, P. R. China R

Postal Code: 430070

Supporting Institution: Wuhan University of Technology
Tel: 86-27-87884448; Fax: 86-27-87879466

E-mail: skiwut@whut.edu.cn

Contacts: Zhao Xiang, Zhou Lihua
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YXAHbCKUWN TEXHOJNTOTMYECKUN
YHUBEPCUTET

YXaHLCKI/Iﬁ TexHoJormdeckuii yausepcuteT (YTY) —
HaIlMOHAJIBHBIN CTPaTeTUICCKII YHUBEPCUTET IO,
IPSIMBIM yIIpaBlieHeM MUHUCTepCTBAa 00pa30BaHUS.
SBnsieTcss OMTHUM M3 TIEPBBIX YHUBEPCUTETOB, BOIIICT-
X B TOCYIAapCTBeHHBIC TTporpaMMhbl «211 Project»
u «Double-First Class» m1s1 coneiicTBIS pa3BUTHIO YHU-
BEPCUTETOB U HAYYHBIX HAIIPABJICHUIL MUPOBOTO YPOBHSI.
YTY 6511 06pa3zoBaH MUHMCTEpPCTBOM 00pa30BaHUS
COBMECTHO ¢ MUHHMCTEPCTBOM TpaHCITOpTa. Tak Kak
YHUBEPCUTET ITOMUNHSICTCS HAIIPSIMYI0O MUHUCTEPCTBY
00pa30BaHMsI, KOTOPOE PACTUT M Pa3BUBACT TaJaHTII-
BBIC KaIphI B 00JIACTU CTPOUTEIIHCTBA M CTPOUTEIIHHBIX
MaTepuaioB, TPaHCIIOpPTa U aBToMobOuiIecTpoeHus:, YTV
CTaJT BAXKHBIM IICHTPOM T10 TTOATOTOBKE HAYIHBIX KaIpPOB
¥ TEXHOJIOTMUYCCKUX MHHOBAIIMOHHBIX Pa3pabOTOK ISt
3THUX TPeX KPYIMTHEHIITNX ITPOMBIIIJICHHBIX CEKTOPOB.

YHuBepcuTeT BKIIOYAeT 3 KaMmItyca: MadaHTImaH,
KOm3utay n CaydJleiik, B 001IIei CITOKHOCTH 3aHIMAIO-
LIMX IUIOLIAAb 267 TeKTapoB 001Lei IIOMIAAbIO 30aHMiA
1,95 mutn M2, B Hacrostiee Bpemsi B YTV pabotaltot 6osiee
50 THIC. YeJTOBEK IepCOHAlIa 1 CTYICHTOB, 24 aKameMu-
YecKre MKOJIbI, 4 HallmoHaTbHBIX TEXHOJIOTUUECKUX
MHHOBAIIMOHHBIX IICHTpa U 4 COBpeMEHHBIEC OMOINO-
Teku ¢ pormom B 3,61 mutH nzganuii. C 2000 roma YTY
yaoctomcs 20 TocymapcTBEHHBIX HAITMOHATBHBIX HAYd-
HBIX ¥ TEXHUIECKUX TIPEMMIA, 3aHUMAsI TIePBBIC TO3UIIAN
B PCUTHHTE BCeX KUTANCKNX YHUBEPCUTETOB 1 KOJIIC -
xkeit. B 2019 romy YTV Obu1 BHeceH B peitmHTY Times
Higher Education World University Rankings, U.S. News
Best Global Universities Rankings, Shanghai Jiao Tong
University’s Academic Ranking of World Universities
and QS Asia University Rankings.

C momenTa obpaszosanuss Hosoro Kurag YTV nox-
roroBu1 6ojiee 600 ThIC. BLICOKOIPO(ECCHOHATBHBIX
CIICIINAINCTOB. B TeueHMe OCIeIHIX IeCSITH JIET IPO-
LICHT BITEPBBIC TPYIOYCTPOSHHBIX BEIITYCKHIKOB OCTACT-
cs1 cBbilie 95% 1 cocTaBIsieT 0K0JIO 55% OT BCex TPYHOy-
CTPOCHHBIX BHIITYCKHIUKOB B MEXKIYHAPOIHOM PEHTHHTE
«Top 500 koMIIaHWI1 ¥ HOBBIX OTpaCIIeii».

Ha npotsxenuu mHorux jet YTV chopmuposan
OTJINIUTEIIFHYIO MACOJIOTUI0 CUCTEMBI 00pa30BaHUs
C BBICOKMMU UICAJIAMH «IIOCTPOCHUS OTIIMIHOTO YHU-
BEpPCHUTETA JUIST 3aBOCBAHUS BCEMUPHOTO IIPpU3HAHUS
W BOCXUILIEHUS», CIeays NeBU3Y «ObITh HPABCTBEHHO
HETIOKOJICOMMBIM, PAa3HOCTOPOHHUM B YICHUM, CTPEMSI-
IIAMCSI K COBEPIIICHCTBY», a TAKIKE IMPUHIINITY «CIeTaTh
BOCIIUTaHME CTYICHTOB HaIllCH CYIIHOCTHIO, a aKaje-
MHUYECKOe Pa3BUTHEC — IMPUOPUTECTOM». YHUBEPCUTET
BOILIOINIAET 00Pa30BaTEIbHYIO KOHIICIIITNIO «BHEIPCHIE
OTJIMYHOTO 00pa30BaHMS, BOCIIMTAHUE TIEPBOKIIACCHBIX
KaJIpoB U CO3IaHNe ITPEeKPAaCHOM X13HN». PyKOBOICTBY-
sgcb Xaptueidt YTV, yrBepxneHHOW MUHUCTEPCTBOM
oOpaszoBanusi, YTY BoBjieueH B MOJIEPHU3ALIAIO CUCTE-
MBI TOCYTapCTBEHHOTO PETYIMPOBAHMSI C LIEJIBIO 3aHATh
CBOE MECTO CPeIr YHHUBEPCUTETOB MUPOBOTO YPOBHS
C OTJIMYUTEIbHBIMU TTPU3HAKAMM.

3paHue Kopnyca Hay4yHOro HanpaBneHus
«MaTepunanoBepeHue n HXKeHepHoe geno» (MUA)
YXaHbCKOro TeXHOIOFMYeCKOro yHuBepcureTa

OcHoBanHoe B 1958 rony B YTV HaydHOe Hampasiie-
HHe «MarepuanoBencHIe U WHXKeHepHoe ae1o» (M)
TIPUOPUTETHO TIOIEPKUBATIOCH TOCYIAPCTBEHHOM TIPO-
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rpaMMoii «211 TIpOEKTOB IIST YHUBEPCUTETOB» («State
211 Project for Higher Education Universities») B mepuoxn
¢ 1995 mo 2015 roapl, a ¢ 2016 roma momaepxkKa crajia
OCYILIECTBIISIThCS yepes TiaH pa3putuss KHP «YHusep-
CUTETHI MUPOBOTO YPOBHSI I HAYIHBIC HATIPABICHUS M-
posoro ypoBHsI» («World-Class University & World-Class
Discipline»). PeTHHT 3TOTO HamIpaBIeHUSI COCTABIISICT
A+ cpenn 172 Begymux yHuBepcuteToB B Kutae (Ne 1
HapaBHE C 3TUM HaIlpaBJICHHEM B YHUBepcUTeTax TIIimH-
xya u belixaH) B 4-0M payHjIe OLICHKH, OpTaHU30BaHHOM
MunucrepcTBoM obpazoBanus B 2017 rogy, a Takxke
BXoauT B ToIl 1% B MexayHaponHblii cucteme Clarivate
Analytics’ Essential Science Indicators.

B pazsutue MUJI BoBneuensl: 1 unen Kuraiickoit
akageMuM Hayk, 3 uieHa Kuraiickoit mHKeHepHOit
akamemud, 3 uieHa EBpomelickoit akageMuu, 1 4ieH
benvruiickoit KopoJjieBckoil akageMuu, 1 yieH Mex-
TYHApPOMHOI aKameMUU KepaMUKH, | ctumeHanaTt AB-
CTPaJIMIACKON aKageMNU TEXHOJIOTUM U WHXECHEPUU,
10 ctunenauaTtoB KopoaeBCKOTO XMMHYECKOTO OOIIIe-
cTBa, AMEpMKaHCKOro o011ecTsa GU3MKU U AMEepUKaH-
ckoro obmectBa kepamuku. Takxke B MU pabGoraror
23 KWTaCKUX BEICOKOTIPO(hECCHOHABHBIX COTPYIHH-
Ka, HEKOTOPBIC M3 KOTOPBIX SIBJISIIOTCS CTUTICHIMATA-
mu HammmonanwsHoro ¢onga National Natural Science
Foundation of China for Distinguished Young Scholars
(ananormueH mpemun NSF Career Awards), n 22 KuTaii-
CKHX MOJIOIBIX CITCITNAJINCTA.

151 comeicTBUS pa3BUTUIO HAYIHOTO HATIPaBICHUS
MMU]JI 6611 OCHOBAHBI 2 TOCYIAPCTBEHHBIX KITIOUEBBIX
nmaboparopun: ['ocymapcTBeHHas KirrodeBas 1adopaTo-
U TIEPETOBBIX TEXHOJIOTHI CMHTEe3a M 00padOTKI Ma-
TeprajioB U ['ocymapcTBeHHas KITFoUeBast 1abopaTopust
CHUIMKATHBIX MaTepUaJIOB IUIST apXuTeKTyphl. [lepBas
JTabopaTopusI MOJIydnsa OLEHKY «IIPEBOCXOIHO» CPEeIU
21 rocymapcTBeHHOM KiTFoueBoii tadopaTtopun 1o MUJI

jinn

I

B 2018 romy. [ToMnMo0 5TOr0, OBUIN TTOCTPOEHHI 2 TOCY-
MapCTBEHHBIX MEXKIYHAPOIHBIX JJAOOPATOPUM IUIST CO-
BMECTHBIX HCCIICIOBAaHMI 1 4 6a3bl BHEAPEHMS 3apy0OexK-
HBIX KOMIICTCHIINI KaK MHHOBAIIMOHHOTO COCTAaBIISIIO-
IIeTO HAyIHOI 00/1acT! (M3BeCTHBIN Kak «111 Project»).

MexpayHapoaHas LLikona matepnanosegeHus
" HXXeHepun

MexnyHapomgHasl IITKOJIa MaTepUaIOBEICHIS 1 MH-
keHepHoro nena (MILIMIM/I) 6bl1a BKITFOUEeHA B CITMCOK
«CeTHn MeXIyHapOIHBIX 00pa30BaTEIbHBIX IIEHTPOB»
IIpu TToaaepkKe ['ocymapcTBeHHON afMUHUCTpAIUN
KHP 1o neiaM nHOCTpaHHBIX 9KCIIEPTOB 1 MUHUCTEP-
crBa obpasosanusg KHP B mtone 2015 roma kak omHa
u3 16 MeXayHAPOIHBIX LIKOJI 10 BCEIi CTPaHe.

PykoBoncTBysich «HammmoHanpHOM cTpaTerneit pas-
BUTHS, OPUCHTUPOBAHHON HAa MHHOBALIMI» W OOJIBIIION
ITOTPEOHOCTHIO B pe(POPMHUPOBAHNYT HAIIMOHAIBHOM CH-
cTeMbl Beiciiero oopasobanusi, MIIIM U] ctpemutcst
co3garth Beayllee B Mupe HarpasieHue MU/ myrem
IIPUBJICICHUS NCCIIEIOBATEICKOTO 1 TIPEIoaaBaTelb-
CKOTO COCTaBa BHICOKOTO YPOBHSI, CO3MaHMs MHHOBA-
IIMOHHOM MIJIOTHO# 30HHBI 00y4YeHUs U (hOPMUPOBA-
HUS MTHHOBALIMOHHOM CMCTEMBI ITOATOTOBKY TAJIAHTOB.
PyKOBOACTBYSICh MIEIMU «COTPYIHUUYECTBA TIPEITPU-
SITUI, MEXITYHAPOIHOI KOOIIepalli ¥ COTPYTHUYECTBA
B obsactu uccneposanuii», MIIIMW]I opranuzosana
21 TpyIIITy HaCTaBHUKOB IIO PYKOBOICTBOM YICHBIX VI
BHUIHBIX IIPO(ECCOpPOB, a TAKKE 4 MEKIUCITUTIINHAPHEBIC
TPYIIIBL IO OOYYECHUIO MHHOBAIIMSAM U IIPEIIIPUHIMA-
TEJIbCTBY.

CTpeMsICh cTaTh BeIyIIMMHU MUPOBBEIMHU pa3padboT-
YUKaMU CTPOUTEILHBIX MaTepHAaIOB M HOBBIX MaTepH-
asnoB B 21 Beke, MIIIMW]I olieHBaeT MHHOBAIIMOHHBIE
CIIOCOOHOCTH KaK OTHY U3 KITFOUEBBIX BO3MOXKHOCTEH
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¥ TIPOBOAUT pechOpMUPOBAHNE MHHOBAIIMOHHOM CH-
CTEMBI MTOATOTOBKY KaJPOB B paMKax MPOTpaMMBbI Oa-
KajaBpuara, MarucTpaTypbl U JOKTOPAHTYPHI, a TAKXKe
MeXIyHapoIHOU nmporpaMmmbl o0ydeHus. MIIMUN T
TpeiaraeT CTyaeHTaM BCEOObEMITIONIYIO YUEOHYTO TIPO-
rpaMMy, KOTOpast OXBaThIBAET MaTepUAIOBEICHUE, ECTE-
CTBEHHBIC HAyKW, OTPACIIEBbIC IHEPTETUUECKIE HAYKH,
HayKu 00 OKpyXalolleit cpene, MHPOPMAaTUKY 1 U3yde-
HIE TepeOBbIX IPON3BOJICTBEHHBIX TeXHOIOTHIA. UTOOI
TTO3HAKOMUTH BCEX CTYIEHTOB C MEXXIYHAPOIHBIM OIThI-
TOM, PEaTN3YIOTCSI COBMECTHBIE TTIPOTPAMMBI O0yUEHUST
B COTPYITHUYECTBE C BEAYIIIMMU MUPOBBIMU YHUBEPCUTE -
tamu. Kpome toro, mpu MILIMU/I co3naHo HECKOIBKO
athopM 71T BCECTOPOHHETO Pa3BUTUSI CTYIEHTOB,
Takux Kak GopyM BeIIAIONIMXCS UccaenoBareneil, Mex-
JYHApOIHBIN (hOPYM TT0 BUIEHUIO OYIyIIEro pa3BUTHS,
CemuHap o1leHKU KauecTBa oOpa3oBanusi, CTyneHue-
ckoe HayuyHoe ob6miectBo (CHO) maTepuanoBeneHus
YxaHbcKOTO TexHoJornueckoro yuusepcurera. CHO
MaTepuaIoBeIecHUS IISTh J1eT mompsia ¢ 2018 mo 2022 rox
ynoctanBaetcs Harpanbl Chapter of Excellence Award.

locypapcTBeHHas cTpaTernyeckas naboparopus
nepcrneKTUBHbIX TEXHOJIOMMIA CHTE3a N 06paboTkn
maTepuanoB (YXaHbCKUI TeXHONOrm4yecknn
YHUBeEpCUTET)

TocynmapcTBeHHas KITtoueBast 1abopaTopust IepCrieK-
TUBHBIX TEXHOJIOTUI CUHTE3a U 00pabOTKM MaTepua-
J0B ObUTa yTBepXkneHa ['ocymapcTBeHHOI KoMUccuei
aHupoBanust pazsutus B 1987 romy. [1ocie rocynap-
CTBEHHOI MHCIIEKIINY OHA ObIJIa OTKPBITA TSI O0IIIe -
crBeHHOCTH B MapTe 1990 roma. JlabopaTtopus Haxo-

JIUTCS B HEMIOCPENCTBEHHOM BeleHUU MUHUCTEpCTBA
HayKU ¥ TexHojiornu. B Hacrosiee Bpemst mpodeccop
I'y bunnunb, akanemuk Kuralickoi akanieMuu Hayk,
SBIIIETCA TIpeacenaTenaeM akanemudeckoro Komurera
naboparopuu, a mpodeccop Py Yskan U, akanemuk Ku-
TaliCKOW MHXXEHEPHOU akalieMUu, SIBJISIETCS AUPEKTOPOM
Jlaboparopuu. JlabopaTopus pacroysioxkeHa B YXaHbCKOM
TEXHOJIOTUYECKOM YHUBEPCUTETE U SBJISIETCS KITIOYEBOM
rocyIapCTBEHHO JIabopaTopuei, ClieUaTU3UPYIOLIEei-
¢S B 00JIACTU HOBBIX MaTepUAJIOB.

®@akynbpTeT MaTepuasoBeAeHUS U WHXEHEPHOTO
JieJ1a YXaHbCKOTO TEXHOJIOTMYECKOTO YHUBEPCUTETA ObLT
KJ1accuUIIMpPOBaH KaK MEePBOKIIACCHOE TOCYIaPCTBEH -
HOE KJII0YEBOE HAyYHOE HAIPABJIECHUE, BKIIOUYEHHOE
B HAIIMOHAJBHBIN MPOeKT «985», «Co3maHue yaeOHO
TIPOrPpaMMBbI MIPOBOTO YPOBHSI», M TIOJIYUIJT OLICHKY A+
B UETBEPTOM PayH/EC HALIMOHAJIBHON OLIEHKU HAYYHBIX
HarpaBsJIEHUN.

CTpemsich K TJIO0AIBHBIM TIEPEIOBBIM UCCIIEI0BA-
HUSM B 00JIACTU MaTEPUAIIOBENCHUS U YIOBIETBOPSIS
OCHOBHBIE HALIMOHAJIbHBIE MOTPEOHOCTH, 3T JJAOOPATO-
pust TIpeCTaBISIET cO0O0I TUTaT(hopMy MUPOBOTO KJIac-
ca U TEXHOJIOTUW KOMITayHINPOBAHUS U MMOATOTOBKA
MAaTepUaIOB, IS pa3pabOTKU MEePeIOBbIX KOMITO3UTHBIX
MaTepUaIOB I KPYITHBIX HAIMOHAJIBHBIX TPOEKTOB
U OTpacjeil MPOMBIIUIEHHOCTH, a TAKXKE JJI1 OKa3aHUS
THOIIEPKKU HA HALIMOHAJIbHOM CTPATErMYECKOM YPOBHE.
JlabopaTtopus coobimia 00 OpUTMHATIBHBIX U CUCTEMA-
TUYECKUX Pe3yJIbTaTaX UCCIETOBAHUN C MEXIYHAPOIHBIM
yJactueM B 001acT TpaHC(hOPMAITMOHHBIX TEXHOJIOTHIA,
TepeIOBbIX HOBBIX MATEPUAIIOB U MEXIUCUUTUTAHAPHBIX
obJacTeil, 1 MO3TOMY OHa BO3IJIABIISIET Pa3pabOoTKy He-
CKOJIBKMX CTPATETUYECKUX ITEPENOBBIX HOBBIX MATEPUAIOB
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Ha MeXIlyHapOIHOM ypoBHe. JJabopaTopust CmiocoOCTBYET
Pa3BUTHIO TIEPBOKJIACCHBIX MCCIIEN0BATEIbCKUX TaJlaH-
TOB BO BCEM MHUPE MOCPEACTBOM IE€PEIOBbIX HAYUYHBIX
WccienoBaHUI B 00J1aCTU MaTepUaOBEAEHUST U TEXHO-
Jgoruii. Kpome Toro, naboparopus co3gana KyJabTypy
MeXXAYHAapOAHBbIX COBMECTHBIX MHHOBALIUI U MpoBeJia
MEXIyHapOJIHble COBMECTHbIEC UCCIIETOBAHUS IO TIPUH-
LUITY «Win-win», TeM caMbIM YKPEIUB MEXITyHAPOIHOE
BJIMSIHUE, TIPUBJIEKATEILHOCTD U CILTOYEHHOCTD JIabopa-
Topuu. JlabopaTopusi 1o61IaCh UCTOPUIECKOTO MPOPhIBA
MO0 OLIEHKE KJIIOUEBbIX TOCYIapCTBEHHBIX JabopaTOpuii
B 00JIaCTU MaTepUaIOBEICHUSI.

CocpenoTOUYNBIINCH Ha OOIIEM BUICHUHN M 1IEIISIX,
JlabopaTtopust (hOKYyCUPYETCsl Ha CO3AaHUM U pa3paboTKe
MHOTOKOMITOHEHTHBIX, pa3HOMACIITAOHBIX U MHOTO-
CJIOMHBIX KOMIO3UTHBIX MaTepUaJIOB U TEOPUU TIPO-
eKTUPOBaHUSI MaTEPUAJIOB, U3yYeHUE KOTOPBIX CTPO-
WUTCSI HA OCHOBHBIX UCCEA0BATENbCKUX IIaTPopMax,
BKJIIOUYAIOIIMX TEXHOJIOTUIO TPAIUEHTHBIX KOMITO3UTHBIX
MaTepuaioB, TEXHOJIOTUIO U3TOTOBJIEHUS KOMITO3UTHBIX
MaTepuajioB «B MOMEHT 00pa3oBaHMsI», HAHOKOMIIO-
3UTHYIO TEXHOJIOTHIO U MUHTETPUPOBAHHbIE MHHOBALIWU.

B Hacrosiiiee BpemMsi MpoBOASITCS UCCIAEIOBAHUS
MSTU KJTIOUEBBIX MAaTEPUAJIOB, B TOM YHCJIE€ TIEPEIOBBIX
KOMITO3UTHBIX MaTepUaoB JIJisI KPYMHBIX HALIMOHAIb-
HBIX TPOEKTOB U OMOPHBIX OTpacyieil, MaTepuaIoB sl
3 deKTUBHOTO NTpeodpa3oBaHUs U XpaHEHUSI SHEPTUN
JUIS1 HOBBIX DHEPTETUUYECKUX TEXHOJIOTHUI, HAHOKOM -
MO3UTHBIX OMOMAaTEePUAOB JJIs1 €CTECTBEHHBIX HayK,
MH(POPMAITMOHHBIX (DYHKIIMOHATBHBIX MATePUAJIOB LTSI
MH(GOPMAIIMOHHBIX TEXHOJIOTHI 1 TIEPEIOBBIX HOBBIX
MaTepuaioB JJis1 TpaHC(HOPMALIMOHHBIX TEXHOJOTUIA.
Takum obpazom, nabopaTopust yCTAaHOBUJIA CJIEIYIO-
1Me TMSITh OTJUYMTENIbHBIX HallpaBJAEeHU uccienoBa-
HUI: Tpaii€HTHAsE KOMITO3UTHASI TEXHOJIOTUST U HOBbIE
MaTepuaibl, TEXHOJIOTHS U3TOTOBJACHUS KOMITO3UTHBIX
MaTepUaioB «B MOMEHT 00pa30BaHUsI» U HOBbIE MaTe-
puabl, HAHOKOMITO3UTHAsl TEXHOJIOTUS U HOBbIE Ma-
Tepuabl, Ipeodpa3yrolas TEXHOJOTUSI U MepeaoBbIe
HOBbI€ MaTEpUAJIbl, @ TAKXKE TMTPUHLIAIBI KOMITO3UTHBIX
MaTepuaJioB U IU3aliH MaTEpUAIIOB.

B naGoparopuu paboraet akTMBHAsI 1 MUHHOBAILIMOH-
Hasl ucciieoBaTe/IbcKas TpyIla, COCTOsIIIAas BOCHOBHOM
13 MOJIOJIBIX MCCieqoBaTeie u ucciaeaoBaresieil cpea-
Hero Bo3pacTta. 100 TOCTOSTHHBIX COTPYIHUKOB, B TOM
yucie 1 akameMnk Kurtaiickoit akameMuu HayK, 2 aka-
nemuka Kuraiickoit mHXXeHepHOI akageMuu, 1 akazae-
MUk KoposieBcKoii akaneMuit HaykK 1 UCKYcCTB benbruu,
2 akagemuKa EBporrelickoit akageMu HayK 1 ICKYCCTB,
1 akaneMuK ABCTPpAIMICKON MHKEHEPHO-TEXHOJIOTH-
yeckol akanmemuu, 1 akagemMuk BceMupHo# akageMuun
KepaMuKH, 12 uccaemoBaTesicii HAlIMOHAIBHOTO YPOBHS,
1 raBHBIN Hay4yHbI coTpynHUK HalmoHaiabHOM mpo-
rpaMMBI «973», 5 cTUIIeHIMaTOB HAllMOHAILHOTO (DoHaa
«Outstanding Youth Science Fund» u 30 cTumieHnmaToB

«HatnmonaapHOTO TIIaHa TTOMIEPKKU TaJIaHTOB» U T.I.
JlabopaTopust aKTUBHO TTOIIEPKUBACT BHIIAIOIIIXCST
YIEeHBIX, KOTOPBIC MPUE3KAIOT M IIPOBOISIT COBMECT-
HBIC WCCICAOBAHUS IO BCEMY MUPY B YHUBEPCUTETaX
1 MICCIIEI0BATEIbCKINX MHCTUTYTaX MIPOBOTO YPOBHSI.
B 1mrocienaMe TOOB TabopaToprs HaIpaBUiIa HECKOIb-
KO BBIIAIOIINXCST MOJIONBIX YUCHBIX B MEXKIyHAPOIHBIC
YHUBEPCHUTETHI MUPOBOTO YPOBHS 00JIee YeM Ha OIMH TOIT
IIJIST TIPOBEICHMST COBMECTHBIX MICCIICIOBAHMIA.

JlaBoparopus aenaet ynop Ha r1o0aibHbI aKageMH-
YeCKHi1 0OMEH U COTPYIHUYIECCTBO. 3a TTOCICTHIE TISTh
JIET MBI TIPUHSUIN Ha paboTy 25 3apyOeXHBIX YICHBIX
B Ka4eCTBE IMOYCTHBIX U MPUTIIAIICHHBIX TTPodeccopoB
B OCHOBHBIX 00JIaCTSIX MCCICIOBAHUIA C LIEIBIO CO3TaHUS
OJIAaTOIIPHUSITHBIX YCIIOBUIA paOOTHI TSI BCEMUPHO M3BECT-
HBIX YUCHBIX 1 IIPOBEACHUS COBMECTHBIX MCCIICIOBAHUIA
B J1abOpaTOpUU.

JlabopaTopus Hanaauyia B3AMMOBBITOIHOE COTPY/I-
HUYeCTBO ¢ MUUNUTAaHCKUM YHUBEPCUTETOM; ATTOHCKIM
areHTCTBOM a3pPOKOCMMYECKUX MccaemoBaHmii (JAXA);
HMHuctutyToM MaTepuanoBeneHust Y HuBepcutera Toxoky
(Amonms); LlenTpoM mnccemoBanus MaTepuanoB OKc-
dopuackoro yHuBepcuteta (Benmnkoopuranus); LleH-
TPOM HccieoBaHUs KoMImo3uToB KammnbopHuiickoro
yauBepcuteTa (CILIA) n HarmmoHambHBIM MHCTUTYTOM
TOIUTMBHBIX 371eMeHTOB (KaHama), a Takke ¢ IpyruMu
BCEMHUPHO M3BECTHBIMM HAyIHO-MCCIICAOBATEIHCKIMHI
yupexkneHUusIMIA. MUHUCTEPCTBO HAYKW U TEXHOJIOTHI
coznano «MexXIyHapOTHYI0 COBMECTHYIO JJa00PaTOPUIO
TepeaOBBIX TEXHOJIOTHUIT CMHTEe3a 1 00pabOTKHM MaTepH-
aJIOB», KOTOpasl SIBJIICTCSI OMHOM M3 TIePBBIX 33 MEXIY-
HapOJIHBIX COBMECTHHBIX J1abopaTtopuii B Kutae. Kpome
toro, l'ocynapctBeHHas agmuHuctpauus KHP no nenam
MHOCTPAHHBIX 9KCIIEPTOB 1 MUHUCTEPCTBO 00pa30Ba-
HUSI COBMECTHO c(hOpMUPOBAIIN TPU HAyIHBIC 0a3Hl,
ronaepkuBacMbIe IIporpaMMoit THHOBAIIIA M Pa3BUTHS
TaJaHTOB, a MMEHHO «HOBbIC KOMIIO3UTHBIC MaTePUAIIBI
1 TIepeIoBhIe (DYHKIIMOHAJIBHBIC MaTepualbl», «Ilepe-
JTIOBBIC TEXHOJIOTMH MIOATOTOBKH 1 TIPUKIIATHOTO ITPOCK-
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MEX/JYHAPO/JHOE HAYYHO-TEXHUYECKOE COTPYAHUYECTBO

TUPOBAHMS HOBBIX (DYHKIIMOHAIBHBIX TOHKOILICHOUHBIX
MartepuanoB» U «MTHHOBAaLIMU U TaJlaHThI VIS yBEJIMYE-
HUS CPOKa CIYKOBI KOMITO3UTOB». OTIMpasch Ha 3TU
BaKHBIC TUIATOPMBI MEKITYHAPOIHOTO COTPYIHINYCCTBA,
J1a00paTOpUsl OCYIIECTBUIA HECKOJIBKO KJIIOUEBBIX IO-
CYIapCTBEHHBIX MIPOEKTOB C MEXIYHAPOIHBIM COTPY/I-
HUYECTBOM U JOOUIACH ILUIOJIOTBOPHBIX PE3YJIBTATOB.

B Hacrosiiee BpeMsI IUI0LIALb TJa00PaTOPUU COCTAB-
nstet 25 Thic. 350 M2, ¢ OcHaIleHeM COBPEMEHHBIM 000-
pyIOBaHUEM [IJisI CHHTE3a U 00pabOTKU MAaTEPUAJIOB,
a TaKXKe CaMbIMM COBPEMEHHBIMU MPUOOPAMMU [IJIST aHAa -
JIN3a CTPYKTYpPhl MaTepUAIOB, XapaKTePUCTUKU U Te-
CTUPOBAaHUS IIPOU3BOAUTEILHOCTU. O0Iast OLEHOYHAS
CTOMMOCTD OCHAIlIeHUsI JTa00paTOPUU COCTABIISICT IIPU-
omm3uTennbHO 430 MITH 0aHEH.

3HaKOMCTBO C XKypHanom
Interdisciplinary Materials

Hosrrit HayuHBIN KypHAI Interdisciplinary Materials
(ISSN: 2767-441X) ObL1 3amylieH YXaHbCKUM TEXHOJIO-
TUYECKAM YHUBEPCUTETOM coBMecTHO ¢ John Wiley &
Sons, Inc B nekadpe 2021 roma. [IepBEIif BBITYCK XKyp-
HaJia BBIIIEN B cBeT B stHBape 2022 roma, MyOIMKaIIIs
B XypHaJie OecIiiaTHasI B TeYEHUE TIEPBBIX TPEX JIET eTO
CYIIIECTBOBAHUSI.

KoHTakTHas
nHpopmavlma

Interdisciplinary Materials — 3TO pelIeH3MPYEMBIA
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ABSTRACT: Introduction. This research work investigates the combined influence of nano-sized silicon dioxide (nano-SiO,), carbon
nanotubes and surfactants on the structural and technological characteristics of cement compositions. Materials and research
methods. The paper reveals the findings of a study on the effects of various dispersion techniques of carbon nanotubes (CNT) in
surfactants, such as mechanical dispersion, ultrasonic treatment, and a combined method. It considers the uniformity of CNT distri-
bution within the plasticizer and within the cement system, along with their impacts on the physical and mechanical properties of
cement stone and concrete. Differential thermal and electron microscopic analysis of aqueous dispersions of carbon nanotubes and
hardened activated nanomodified cement stone was carried out. Results and discussion. It has been experimentally proven that
mixing nanotubes in dry cement does not allow them to be evenly distributed throughout the volume of the mixture. When using
carbon nanotubes, the maximum effect is achieved when they are introduced into aqueous dispersions of plasticizers. The percent-
age of plasticizer was 1%, CNT 0,1% per 1 liter of water. The most effective method of dispersing carbon nanotubes in a plasticizer is
a combined one. The results obtained were used in the preparation of cement stone and concrete compositions. Conclusion. The
results show that complex additives consisting of nano-SiO, and aqueous dispersions of carbon nanotubes have a positive effect on
the physical-mechanical and structural-technological properties of cement stone and concrete. Graphic dependencies are shown
indicating the effectiveness of using complex additives in the production of cement composites.
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INTRODUCTION

Klssian and foreign scientists are actively conducting
esearch in the field of production and use of ultra-
fine materials in the composition of concrete and mortar
mixtures for various purposes. The use of nanotechnolo-
gies in the production of composite materials based on
cement binders is relevant, since the introduction of
primary nano-sized components into them will ensure
the specified characteristics and significantly expand the
functionality of composite materials through targeted
control of the structure formation of the material [1—6].

From the literature, various types of nanomodifying
additives are known (fullerenes, carbon nanotubes, oxide
nanotubes and fibers, etc.), which can be used to regulate
the properties of concrete, mortars, and dry construction
mixtures. Analysis of the works of E.V. Korolev, V.I. Ka-
lashnikov, G.P. Sakharov. and others [7-9], including our
research [10-13], showed the promise of using nanoaddi-
tives similar in composition to cement hydration products
such as: nano-SiO,, AL O,, Fe,0,, CaO, which have excess
internal energy and high chemical activity, which makes it
possible to obtain binders and composite materials based
on them with high physical and mechanical characteristics
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[14]. A less studied nanomodifier for regulating the prop-
erties of cement systems is nanosized silicon dioxide [15].
Various methods for its preparation are known. S.P. Bar-
dakhanov at the Institute of Theoretical and Applied Me-
chanics and the Institute of Nuclear Physics (Novosibirsk),
a method for producing nanosilicon dioxide was tested [16].
Nano-sized silicon dioxide “Ts” was obtained by evapo-
rating the substance under the action of an electron beam
created by an electron accelerator. The second method of
producing nano-silicon dioxide by the plasma-arc method,
developed at TSUAB [17], was tested using diatomite (over-
burden rock) as a raw material.

Many scientists note the advantage of nanoparticles,
which consists in the fact that their presence in com-
posite building materials significantly improves their
performance characteristics, or gives the materials new
properties, but it is noted that the mechanism of their in-
teraction with other components in cement and concrete
requires careful study [8, 18, 19]. A promising modifier
for concrete and mortars is carbon nanotubes (CNT).
In works [1, 2, 20], the authors showed the possibility of
using CNT as additional crystallization centers for cement
hydration products. As well as activators of mixing water
in the concrete mixture. It is noted that the efficiency of
using CNT in composite materials can be increased by
choosing the optimal technology for mixing CNT with
binders in various states of aggregation (in solution, melt,
emulsion, suspension, aerosol).

Despite the increased interest of Russian and foreign
researchers in nanomodification technology, many experts
express skepticism regarding the hypotheses that describe
the mechanism of formation of the structure of cement
stone in the presence of carbon nano-sized particles. One
of the main reasons for conflicting data on the effect of
carbon nanotubes on the structure and properties of the
cement matrix is the heterogeneity of their distribution
in the carrier medium. Due to their high surface energy,
CNT during synthesis form globules, the sizes of which
range from 400—900 microns. At the same time, nano-
tubes are difficult to distribute in an aqueous environment
and require special techniques for their dispersion.

In this regard, the development of technology for dis-
persing carbon nanotubes in water and an aqueous solu-
tion of surfactants, in particular superplasticizer and other
particles, for their subsequent modification of the cement
matrix in order to improve the physical and technical
characteristics of concrete is an urgent task.

MATERIALS AND RESEARCH METHODS

To prepare the samples, Portland cement CEM 1
42,5N (Topkinsky Cement) was used.

Single-walled carbon nanotubes (CNT) were used as a
nanomodifying additive. The characteristics of nanotubes
are presented in Table 1.

Table 1
Characteristics of CNT
Parameter name Unit Result

Average outer diameter nm 1.97
Mass frglctlon of inorganic %. m.p. 11.102
impurities
Specific surface area m?/g 546
G/D ratio — 48
CNT content %, m.p 83.347

Also, nano-sized silicon dioxide (nano-Si0O,), de-
veloped at TSUAB, based on the use of the plasma-arc
method, was used as a nanomodifier in concrete mixtures.
Nanoparticles of the resulting powder have a size distri-
bution in the range from 10 to 300 nm, but the largest
number of them (82%) is in the range up to 100 nm. The
peak of the distribution falls on particles with sizes of
11-20 nm (13%) [17]. The characteristics of nano-SiO,
are presented in Table 2.

Table 2
Characteristics of the nanomodifier
Modifier Spec1ﬁ$ surface, | The average size
m?/kg particles, nm
nano-SiO, 38 000 37.12

The following plasticizers were used:

— Superplasticizer “Steinberg F-10 Build” — a product
based on the condensation of naphthalene sulfonic
acid and formaldehyde;

— Superplasticizer “Steinberg GROS-63 MR” — a prod-
uct based on polycarboxylate esters;

— HyperPlast 60 is a superplasticizing and superwater-
reducing additive for concrete.

The paper presents the results of a study of the influ-
ence of various methods of dispersing carbon nanotubes
in surfactants (mechanical dispersion, ultrasonic treat-
ment, combined method) on the uniformity of distri-
bution of carbon nanotubes in the plasticizer, as well as
the introduction of carbon nanotubes in a dry state into
a cement composition, on the physicomechanical char-
acteristics of cement stone.

The features of phase transformations in the cement
system and the change in the mass of chemically bound
water were determined by derivatographic analysis using
an STA 449 F3 Jupiter device.

Electron microscopic analysis was carried out using
a JEOL JSM 6000 scanning electron microscope.
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RESULTS AND DISCUSSION

It has been experimentally proven that mixing nano-
tubes in dry cement does not allow carbon nanotubes
to be evenly distributed throughout the volume of the
mixture.

When using carbon nanotubes, the maximum effect
is achieved when they are introduced into aqueous dis-
persions of plasticizers. The percentage of plasticizer was
1%, CNT 0,1% per 1 liter of water. Water was added to
the mixture of carbon nanotubes and plasticizer, then the
resulting solution was mixed in three ways:

— ultrasonic treatment, using an ultrasonic dispersant,
type UZDN-2T, for 2 hours;
— mixing in a high-speed bead mill for 2 hours;

— combined, including high-speed mixing in a bead mill
for 2 hours, followed by ultrasonic treatment (UZDN-
2T) for 2 hours.

It has been established that the first two methods do
not allow carbon nanotubes to be evenly distributed in
the volume of an aqueous suspension. Figures 1—3 show
micrographs of suspensions obtained using the combined
method.

Studies of the microstructure of samples of aqueous
suspensions with CNT using a scanning electron micro-
scope showed the presence of areas with a relatively uni-
form distribution of nanotubes throughout the volume
(Fig. 2—3), areas without them, and agglomerates with
a diameter of about 10 um. The micrographs (Fig. 1)
clearly show agglomerates, which represent a significant

Fig. 1. Distribution of CNT in an aqueous dispersion of hyperplasticizer GP-60 (x5000)

Fig. 2. Distribution of CNT in an aqueous dispersion of plasticizer Steinberg GROS-63 MR (x5000)

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
443-452

Nanotechnologies in construction
HaHoTexHoNMOrMN B CTpOUTENbCTBE

Nanob

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

Fig. 3. Distribution of CNT in an aqueous dispersion of plasticizer Steinberg F-10 Build (x5000)

number of interconnected nanotubes, which may be
characteristic of flexible single-walled nanotubes with the
largest length-to-diameter ratio. The GP-60 plasticizer
contains modified polycarboxylates, which do not allow
nanotubes to mix and be evenly distributed throughout
the mixture. Thus, the proposed method of mixing nano-
tubes in an aqueous suspension of a plasticizer is prom-
ising and two types of plasticizer were used for further
research: Steinberg F-10 Build, Steinberg GROS-63 MR.

To study the effect of aqueous dispersions of carbon
nanotubes on the physical and mechanical properties
of cement systems, samples of cement stone were pre-

pared with an additive content of 0.3; 0.4; 0.5; 0.6% by
weight of cement. The addition of an aqueous dispersion
was introduced into the cement system before the mix-
ing water and mixed intensively. Cube samples measur-
ing 20%20%20 mm were prepared from dough of nor-
mal density, which were stored in air-humid conditions.
The compressive strength of the samples was assessed at
3, 7, 28 days of hardening. The test results are presented
in Figures 4—35.

The research results obtained allow us to conclude
that aqueous dispersions of carbon nanotubes increase
the strength of cement stone at all stages of hardening.
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Fig. 4. Compressive strength of cement stone with the addition of aqueous dispersion F-10 Build (C)
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Fig. 5. Compressive strength of cement stone with the addition of aqueous dispersion GROS-63 MR (C)

The maximum increase in the strength of cement stone
with the addition of aqueous CNT dispersions with the
introduction of 0.5% for GROS-63 MR is 28%, for F-10
Build — 18%. The introduction of a dispersion of carbon
nanotubes leads to structural changes in cement stone
associated with the formation of a dense shell over the
surface of solid phases, including cement particles. In this
case, spatial frame cells are formed in a modified cement
matrix with dense layers of crystalline hydrates, which
leads to a general strengthening of the matrix. Further
studies were carried out with an additive percentage of
0.5%.

During the research, it was found that when adding
an aqueous dispersion of carbon nanotubes to the ce-
ment system, the rheological characteristics of the ce-
ment mortar change. The tests were carried out using the
“Spreadability Cone KR-1”. The test results are presented
in Table 3.

Table 3
Results of determining the spreadability of cement
mortar with aqueous dispersions of carbon nanotubes

No. Composition w/C Sprii:l;l))ﬂity
1 | Control 0.295 180
2 | C+F-10 Build 0.275 195
3 | C+GROS-63 MR 0.27 200
4 | C+F-10 Build (C) 0.27 205
5 | C+GROS-63 MR (C) | 0.26 220

Analysis of the results obtained allows us to draw
a conclusion about the effectiveness of plasticizing com-
plex additives. Composition 5 has greater spread with
lower water demand, which also confirms the rational
composition of the resulting modifying additive.

Experience in the use of multifunctional modifying
additives in concrete mixtures shows that complex addi-
tives are more effective than single-component additives,
which, along with improving any properties of concrete or
concrete mixture, can significantly reduce other techno-
logical indicators. The use of such additives makes it pos-
sible to more effectively influence the processes of cement
hydration, specifically regulating the structure of cement
stone and concrete, slow down its aging and increase du-
rability, which will ensure high performance qualities of
concrete products and structures. Previous studies have
proven the effectiveness of using oxide nanoparticles in
concrete mixtures. Analysis of the results of assessing the
influence of the characteristics of nano-SiO,, methods
of their preparation and introduction into cement paste,
as well as the content of additives on the properties of
the binder made it possible to determine a rational ratio
of nano-sized additives in the cement matrix, equal to
0.03% by weight of cement (strength increase is 32%).
The results obtained are consistent with the data of other
researchers [14], in the works of which it was noted that
an excessively high dosage, for example, of nano-sized
silica particles can lead to “poisoning” of the system,
a significant slowdown in the processes of hydration and
hardening. This can be explained by the high reactivity
of their surface area, high chemical activity, which cre-
ates conditions for the chemical binding of mixing water
with silica into poorly soluble crystalline hydrates, and,
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Table 4
Determination of physical and mechanical properties of cement stone
. Setting time, min i
No. Composition Start End Coz%rﬁzs;:f T\tfﬁ’:gth
1 | Control 180 240 68.1
2 | C+F-10 Build (C) 180 225 79.6
3 | C+GROS-63 MR (C) 170 225 89.2
4 | C+F-10 Build+ nano-SiO, (C) 170 225 86.5
5 | C+GROS-63 MR+ nano-SiO, (C) 160 210 107.2

accordingly, a water deficiency may occur for the hydra-
tion processes of cement minerals. This paper presents the
results of a study of the combined effect of nano-SiO, with
aqueous dispersions of carbon nanotubes on the physical,
mechanical and rheological properties of concrete.

To assess the joint effect of a complex modifying addi-
tive on the physical and mechanical properties of cement
stone, cube samples were made with a ratio of additives
nano-Si0, 0.03%, GROS-63 MR, F-10 Build 0.5% by
weight of cement. The test results are shown in Table 4.

Analysis of the data given in the table made it possible
to select a rational composition of cement stone (Ne 5),
the increase in strength of which is 57.4%. This may be
due to processes occurring at the nanoscale in the com-
bined presence of CNT and nano-SiO, components in
the cement composition. Polycarboxylates, which are the
basis for the uniform distribution of nanotubes, serve as
both a plasticizer and the basis for the effective interaction
of nano-Si0, and nanotubes, the formation of frame cells
in a modified cement matrix with dense layers of crystal-
line hydrates. According to the table, the beginning of
setting of the control sample is 1 hour 40 minutes, and
the end is 3 hours 20 minutes. For modified cement paste
samples, setting times are accelerated by 10 minutes (be-
ginning of setting) and 15 minutes (end of setting) using
an aqueous dispersion of carbon nanotubes F-10 Build
(C), by 20 minutes (beginning of setting) and 30 minutes
(end of setting). setting) with an aqueous dispersion of
carbon nanotubes GROS-63 MR (C).

To explain the results obtained and establish the pat-
terns of formation of the composition, structure and prop-
erties of cement stone, a derivatographic analysis of ce-
ment stone composition (Ne 5) was carried out. The fea-
tures of phase transformations in the cement system and
the change in the mass of chemically bound water are
determined in the temperature range from 20 to 1000°C.
Figure 6 shows comparative thermograms of the control
and modified cement stone samples.

It was found that in the thermograms of the control
cement stone and with the complex additive, the en-
do-effects corresponding to the dissociation of calcite

formed as a result of partial carbonization of Ca(OH),
differ significantly in area. In the thermogram of cement
stone with a complex additive, the peak area is twice as
large, which may be due to the superposition of thermal
effects of dehydration of additionally formed hydrosili-
cates. To confirm the obtained results of the influence of
the additive on the formation of the structure of cement
stone, an electron microscopic analysis of the samples
was carried out (Fig. 7).

Analysis of the data presented in the photographs
shows that the introduction of a complex additive into
the cement matrix ensures the formation of low-basic
calcium hydrosilicates, stable high-basic calcium hydro-
sulfoaluminates with an overgrown needle-like structure
that tightens the pores.

It is known that one of the properties inherent in com-
posite materials is multi-scale. This property allows us to
conditionally consider any composite building material as
a multilayer formation at the micro-, meso- and macro
levels of interaction. Processes occurring at each large-
scale level can be characterized by both a high degree of
autonomy and interconnectedness, subordinate to one
goal — to ensure the required operational characteristics.
Modern synergetics also includes other principles, the
application of which in construction materials science
has not been sufficiently studied. To study the influence
of complex additives with CNT and nanos, studies were
carried out to assess their influence on the properties of
concrete mixtures.

The composition of concrete was calculated by the
intergranular voids method [21, 22]. Ratio Cement:Sand
(crushed stone) — 1:3.63. All additives were introduced as
a percentage of the cement mass. The optimal percentages
of additives were previously determined. The nano-SiO,
additive was pre-mixed with Portland cement and intro-
duced with the dry components of the mixture. Aqueous
dispersions of carbon nanotubes were introduced into a
concrete mixture with mixing water. The tests were car-
ried out in accordance with GOST 26633-2015 “Heavy
and fine-grained concrete. Technical conditions”. Frost
resistance was determined in accordance with GOST
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Fig. 6. Thermograms of control (a) and modified (b) with an aqueous dispersion of carbon nanotubes
GROS-63 MR (C) + nano-SiO, cement stone samples

10060-2012 “Concrete. Methods for determining frost
resistance. General requirements. Heavy, fine-grained,
light and dense silicate concrete.” Water tightness and
open porosity according to GOST 12730.5 on the device
for determining air tightness — AGAMA-2R.

The physical and mechanical characteristics of the
control fine-grained concrete and that modified with ad-
ditives were determined at the design age of hardening.
The table 5 shows the physical and mechanical charac-
teristics of concrete.

Analysis of the data given in the table showed that all
additives used in the work increase the rheological and per-
formance properties of concrete mixtures. Compositions 2
and 4 significantly increase the grade’s frost resistance to
600 and 800, respectively, which is explained by the com-
position of the plasticizing additive F-10. The strength of
concrete at the design age of hardening increases by 19%
(composition 2) and by 44% (composition 4) in compari-
son with the control composition. Compressive strength for
compositions 3 and 5 increases to 47 and 69%, compared
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25.0kV x4020 2pm ——

Fig. 7. Electron microscopic image of a control sample of cement stone (a) (x4020) and a modified sample
with the addition of GROS-63 MR (C) + nano-SiO, (b) (x4000)

Table 5
Determination of physical and mechanical properties of concrete
No Composition W/C Compressive strength | Waterproof, resfsrt‘;iltce Cone draft,
: p (28 days), MPa W T oM
1 | Control 0.42 36 W8 200 9
2 | C+F-10 Build (C) 0.4 43 W8 600 13
3 | C+GROS-63 MR (C) 0.37 53 W8 400 15
4 | C+F-10 Build (C) + nano-SiO, | 0.37 52 W10 800 16
5 | CTGROS-63MR (C) + 0.36 61 wi2 600 18
nano-SioO,

to the control sample. The mobility of concrete mixtures
increases with the introduction of all additives used. The
presence of a complex additive in the concrete mixture
plays the role of micro-reinforcement, reduces water
demand, and increases mobility; carbon nanotubes and
nano-SiO, begin to work at the nanolevel and, when in-
teracting with cement particles, the formation of low-basic
calcium hydrosilicates occurs, increasing the physical and
mechanical characteristics of hardened concrete.

CONCLUSION

The research outcomes delineated in this study dem-
onstrate the feasibility of creating multi-functional addi-
tives, which incorporate nanocomponents of varied com-
position and production methods. Nevertheless, these
disparate elements exhibit a synergistic effect.

The most effective method for distributing CNT
nanoparticles in an aqueous environment and a cement

matrix has been experimentally established, which con-
sists of high-speed mixing of nanotubes with an aqueous
solution of a plasticizer in a bead mill for 2 hours, followed
by ultrasonic treatment (UZDN-2T) for 2 hours.

It has been shown that the efficiency of interaction
between carbon nanotubes, aqueous dispersions of plas-
ticizers and nano-SiO, depends on the composition of
surfactants. Plasticizers based on polycarboxylate esters
interact better with nanotubes and nano-SiO,. Their ef-
fectiveness is confirmed by the results of physical and
chemical studies, improvement of the rheological charac-
teristics of concrete mixtures with complex additives and
increase in the performance characteristics of hardened
concrete. The introduction of complex additives makes it
possible to specifically activate hydration processes, influ-
ence the structure of cement stone and concrete, phase
composition and its porosity by increasing the degree of
hydration of the main clinker minerals and the formation
of more stable hydrate phases.
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BBEJIEHUE

PoccnﬁCKI/IMH " 3apyOeKHBIMU YICHBIMU aKTUBHO
TIPOBOISTCST UCCIIeAOBAaHMUS B 00JIACTU TTOTYICHUS
¥ TIPUMEHEHHUS YIBTPAIUCIICPCHBIX MaTEPHUAIOB B CO-
cTaBax OCTOHHBIX M PACTBOPHBIX CMECEH Pa3IMIHOTO
HazHauyeHM. [IpuMeHeHe HAaHOTEXHOJIOTUI B TIPOM3-
BOJCTBE KOMITO3UIIMOHHBIX MaTepHAJIOB Ha OCHOBE 1Ie-
MEHTHBIX BSDKYIIMX aKTYaJIbHO, TaK KaK BBEICHIE B HUX

MIePBUYHBIX HAHOPA3MEPHBIX KOMITOHECHTOB TTO3BOJINT
00ecIIeunTh 3aIaHHbIC XapaKTEePUCTUKH 1 CYIIIECTBEHHO
pacIIpUTh (PYHIKIIMOHAIBHBIE BO3MOXHOCTH KOMIIO-
3UILIMOHHBIX MaTepHAIOB ITOCPEACTBOM HAIIPABJICHHOTO
yIpaBJIeHUsI CTPYKTypooOpasoBaHeM Marepuaina [1—6].

W3 nuTepaTypHBIX JaHHBIX M3BECTHBI Pa3IMUHbIC
BUJbl HAHOMOAUGDULIMPYIOLIUX 1006aBOK ((dyJUIEpeHbl,
yIJIepOTHBIC HAHOTPYOKM, OKCUIHBIC HAHOTPYOKHU 1 BO-
JIOKHA U JIp.), KOTOPBIE MOTYT OBITh UCITOIb30BaHBI IS
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peryIupoBaHUSI CBOMCTB OETOHOB, PACTBOPOB, CYXMX
CTpouTENIbHBIX cMeceli. AHanu3 padot Koponena E.B.,
Kamamrnnkosa B.U., Caxaposa I'.I1. u ap. [7—9], B TOM
YHCIIe W HAIINX uccaemoBanuii [10—13], mokasan mep-
CIIEKTUBHOCTh IPUMEHEHUSI HAHOMO0AaBOK, OJIM3KUX
TI0 COCTaBY K MPOAYKTaM TMAPATAIINN IIeMEeHTa, TAKIX
Kak HaHoSiO,, Al,O,, Fe,0,, CaO, obnangamoimmx us-
OBITOYHOI BHYTPEHHEH dHEPTUECH U BLICOKON XMMUYe-
CKOI1 aKTUBHOCTBIO, YTO TIO3BOJISICT ITOJTYINTH BSKYIIHEC
¥ KOMIIO3UIIMOHHBIC MaTepHUaIbl Ha X OCHOBE C BHI-
COKMMM (PU3NKO-MEXaHUMIECKUMU XapaKTepUCTUKAMK
[14]. MeHee mcciemoBaHHBIM HAHOMOIU(MUKATOPOM JIJIST
PEryJIMPOBAHMSI CBOMCTB LIEMEHTHBIX CUCTEM SIBJISIETCS
HaHOpa3MepHBIN auokcun kpemHus [15]. U3BecTHBI
pas3nmaHble crrocoobl ero moayueHud. C.I1. BapgaxaHo-
BBIM B MHCTUTYTE TCOPETUICCKON M IIPUKIIATHON MeXa-
auku CO PAH u Uncturyre sanepHoii pusuku CO PAH
(r. HoBocubupck) arpodbupoBaH crocod moyiydyeHust Ha-
HoImokcuaa KpeMmHus [16]. HaHopasMepHbIi JUOKCHUT,
KpeMHUS «Ts» TTOJTy4eH CIToco00M HMCITapeHHMSI BeIleCTBa
MO IefiCTBUEM 3JCKTPOHHOTO ITyJYKa, CO31aBacMOTO
3JICKTPOHHBIM yCKOpuUTenaeM. BTopoii cmocod moiry-
YeHUS HAHOIWOKCHUAA KPEMHUS TIa3MEHHO-TyTOBBIM
MeTonoMm, paspadoraHnHbiM B TTACY [17], arpobupo-
BaH C UCITOIb30BaHMEM B KaUueCTBE CHIPhS JUATOMMTA
(BCKpHIIITHAS TTOPOA).

MHorue y4eHBbIe OTMEYarOT ITPESUMYIIeCTBO HAaHOYA-
CTHII, COCTOSIIICE B TOM, UTO WX IIPUCYTCTBHE B KOMIIO-
3UIMOHHBIX CTPOUTEILHBIX MaTepHraaaxX CyIIeCTBCHHO
VIIy4IIaeT UX SKCIDTyaTallMOHHBIC XapaKTePUCTUKH TN
TIpUIAcT MaTeprazaM HOBEIC CBOMCTBA, HO IIPH 3TOM OT-
MeYaeTcsI, 9YTO MEXaHM3M MX B3aUMOICHCTBUSA C IPYTUMM
KOMITOHEHTaMHM B LIEMEHTE 1 OeTOHE TPeOYET TIATE/b-
Horo m3yueHud [8, 18, 19]. [lepcrieKTUBHBIM MOAM(DUI-
KaToOpOM IIJII OETOHOB W PACTBOPOB SIBIISIIOTCSI YIJIEPOI-
aeie HaHOTpyOKU (YHT). B paborax [1, 2, 20] aBTOpHEI
nokasajau Bo3MOXHOCTb TpuMeHeHust YHT B kauecTBe
TOTIOTHUTEIBHBIX IIEHTPOB KPUCTAJUTN3AIINY JIJIST TIPO-
JIYKTOB TUApaTalliu LIEMEHTOB, a TakXKe aKTUBATOPOB
BOJIBI 3aTBOPEHUS B 0eTOHHOIT cMecr. OTMedaeTcs, 9To
noBBICUTH 3 PeKTUBHOCTH ucnioib3oBaHust YHT B co-
CTaBe KOMITO3UIIMOHHBIX MaTEPUAJIOB MOKHO BEIOOPOM
onTUMasibHOM TexHosioruu cmemuBanus YHT co cBszy-
FOIIIMMM B Pa3IMYHBIX arpeTaTHBIX COCTOSTHUSX (B pac-
TBOpE, pacIiaBe, SMYJIbCUM, CYCIICH3UH, a3p030JIe).

HecMoTpst Ha TTOBBIIIEHHBIN MHTEPEC POCCUIACKIX
¥ 3apyOeXKHBIX MCCIIeIOBaTeIei K TeXHOJIOTU HAaHOMO-
IU(PUITIPOBAHNST, MHOTHE SKCIICPTHI BEIPAXKAIOT CKETITH-
II13M B OTHOIIICHWH BBIIBUHYTHIX TUIIOTE3, OIICHIBAIO-
IIUX MeXaHU3M (POPMHIPOBAHUS CTPYKTYPHI IIEMEHTHOTO
KaMHS B IIPUCYTCTBUM YTIICPOIHBIX HAaHOPa3MEPHBIX
gactuil. OMHOM 13 OCHOBHBIX TIPUYMH ITPOTUBOPEUNBBIX
TAHHBIX O BIVSHUM YIJICPOTHBIX HAHOTPYOOK Ha CTPYK-
Typy U CBOICTBA IIEMECHTHOM MaTPUIIBLI SIBJISICTCS He-
OIHOPOIHOCTb MX pacIpeIesieHUs B cpefc-HOCHUTEIIE.

W3-3a BeICOKOIT moBepxHOCTHOM aHepruu YHT npu
CHHTe3e 00pa3yIoT III00YIIEI, pa3Mephl KOTOPBIX KOJIe-
omotes B peaenax 400—900 mxm. [Tpu 3ToM HaHOTPYO-
KU TPYIHO PaCIIpeAeIISIIOTCS B BOMHOM cpene M TPEOyIoT
CIICIIUAIBHBIX IIPUEMOB IIJTSI X TUCTICPTUPOBAHUS.

B cBs131 ¢ 3TM pa3paboTKa TeXHOJOTHH TUCTICPIH-
pOBaHUS YIIIEpOTHBIX HAHOTPYOOK B BOIIC ¥ BOTHOM pac-
TBOpE MOBEPXHOCTHO-aKTUBHBIX BEIIIECTB, B YACTHOCTH
cynepruracTuduKaTopa U IPYruX YacTHII, TS TIOCTICIy-
fo1eit MonuUKAIIMK MU IIEMEHTHOM MaTPUIIBI C 11e-
JIBIO TIOBBIICHUS (PU3MKO-TEXHUIECKUX XapaKTePUCTUK
OCTOHOB SIBIISICTCST aKTYaJIbHOM 3aMaueid.

MATEPUAJIBI 1 METOJbI UCCJIEJOBAHUSA

71T TpUTOTOBIICHMST 00PA3II0B MCITOIH30BAIH ITOPT-
mauguemMeHT LHEM 1 42,5H (OOO «TONKWHCKUIA 11e-
MEHT»).

B xauectBe HaHOMOAMDULIUPYIOLIEH T0OABKU UC-
TTOJTb30BAICh OMHOCTCHHBIC YIIICPOIHBIC HAHOTPYOKH
(YHT). XapakTepucTUKN HAHOTPYOOK TIPeICTaBICHBI
B Tab. 1.

Tabauya 1
Xapakrepuctuka YHT
HaunmenoBanue Pe3yabTat
En. usm. .
napaMerpa UCTIBITAHUIA
CpenHuii BHEIITHUI HM 1.97
JIaMeTp
MaccoBas gonst
HEOPraHUYECKUX %, M.4. 11,102
npumecen
YnenbHast TOBEPXHOCTh M2/T 546
Koaddummenr G/D — 48
Conepxanune YHT %, M.4 83,347

Taxcke B KauecTBe HaHOMOAM(PUKATOpa B OCTOHHBIC
CMecH B paboTe MPUMEHSUICS HAHOPa3MEPHBIN TMOKCHUIT
KkpemHus (HaHo-Si0,), paspaborannbiii B TTACY, ocHo-
BaHHBIN HA IPUMEHEHNH TIA3MEHHO-IyTOBOTO METOIA.
HaHo9acTuIIb! TOIy4eHHOTO TTIOPOIIKA MMEIOT pacIipe-
JeJieHue 1o pasMepaM B puamnasone oT 10 mo 300 uM,
HO HauOoJIblIee UX KoandyecTBo (82% 06.) HaXOoUTCs
B uHTepBaje g0 100 um. Uk pacmpeneneHUsT IPUXO-
JIUTCI Ha yacTULbI pasmepamu 11-20 um (13% 06.) [17].
XapakrepucTuku HaHO-SiO, NipencTaBIeHbl B Ta0I. 2.

B xauecTBe mracTMUKaTOPOB UCIIOIH30BAJIN:

— Cynepractuduxarop «lraitndepr F-10 Build» —
IIPOAYKT HAa OCHOBE KOHICHCAIIMY HAa(TATUH CYIIhb-
GOoKUCIOTH U (popMabaeTUAA;

— Cyneprutactugukarop «Iraiitn6epr GROS-63
MR» — npoayKT Ha ocHOBe 3(pUPOB MOJIUKAPOOK-
CHJIATOB;
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Tabauya 2
XapakTepucTUKH HaHOMOAU(pUKATOPA
S iEr Cpennuii pa3me
MoaudukaTop | NOBEPXHOCTb, qu:’: pHM P
ot THII,
HaHo-SiO, 38000 37,12

— Tunepllnacr 60 — cynepruiacTUdULMPYIOLIAS K CY-
nepBoIOpenyLMpyollas 100aBKa 111 OETOHOB.

B pabote npencTasBieHbl pe3yJIbTaThl UCCICAOBAHUS
BJIUSTHUS PA3JIMYHBIX METOHNOB nucnepruposanus YHT
B [TAB (MexaHnudeckoe nucrnieprupoBaHue, oopadboTka
YJIBTPa3ByKOM, KOMOMHUPOBAHHBIN METO/) HAa PAaBHO-
MepHocTh pactnipenenenus YHT B mmactudukarope,
a takke BBegeHue YHT B CyXOoM COCTOSIHUM B LIEMEHT-
HYIO KOMITO3UIINIO — Ha (DU3UKO-MEXaHUIECKUE XapaK-
TEPUCTUKU TIEMEHTHOTO KaMHSI.

OcobeHHoCTH (ha30BbIX TIPEBPAIICHU B IIEMEHTHOMN
cUCTeMe U U3MEHEHUE MACChl XUMUYECKU CBSI3aHHOM
BOJIbI OTIpE/IeJICHBI NepUBaTOrpachnueCKNM aHAIN30M
¢ momortnbio pudopa STA 449 F3 Jupiter.

DIEeKTPOHHO-MUKPOCKOTTMYECKU I aHAIN3 OCYIIIECT-
BJISUICS C TIOMOUIBIO PACTPOBOTO SJIEKTPOHHOTO MUKPO-
ckora JEOL JSM 6000.

PE3YJIbTATBI 1 OBCYKJIEHUE

DKCIMEepUMEHTABHO I0Ka3aHO, YTO TepeMelBaHNe
HAHOTPYOOK B IIEMEHTE, B CYXOM BUJIE, HE TIO3BOJISIET
paBHOMepHO pacrtipenensite YHT o oobemy cmecu.

Ipu ncnonb30BaHUY YTIIEPOIHBIX HAHOTPYOOK MaK-
CcUMaNIbHBIN 2(GhEKT TOCTUTAETCS TIPU BBEACHUU UX
B BOIIHBIE qucIiepcuu TiactTudukatopos. [1porieHTHOE
COOTHOIIIeHHE TiTacTudukaropa coctapisiio 1%, YHT

0,1% na 1 mutp Boasl. Boma no6asistiacek B cmech YHT
u TactTudukaTopa, 3aTeM MoydYeHHBIN pacTBOp Tepe-
METIIWBAJICS TPEMST CITIOCO0aAMU:

— YJIbTPa3BYKOBasi 00pabOTKa C TOMOIIIBIO YIbTPa3By-

KoBoro aucriepratopa tuna Y3 H-2T B Teuenue

2 9acoB;

— TepeMelInBaHne B BBICOKOCKOPOCTHOW OUCepHOM

MEeJIbHUIIE B TeUEHUE 2 4acoB;

— KOMOWHUWPOBAHHBIN, BKIIOYAIONINN BHICOKOCKO-
pPOCTHOE TIepeMelIBaHue B OMCepHOI METbHUIIE

B TEUEHUE 2 YaCOB C MTOCJICAYIONICH YIbTPa3ByKOBOM

obpaborkoit (Y3IIH-2T) B TeueHue 2 yacos.

YcraHOBIEHO, YTO TIEPBBIE ABA CIIOCO0A HE TIO3BOJISI-
10T YHT paBHOMepHO pactipeieiuThes B 00beMe BOTHOM
cycnien3uu. Ha puc. 1—3 mpencraBieHbsl MUKpOdOTO-
rpaduu CycTieH3UH, TTOJIyYeHHBIX C TIOMOIIIHIO0 KOMOM-
HUPOBAHHOTO METO/IA.

HccnenoBaHust MUKPOCTPYKTYPHI 00pa3iioB BOIHBIX
cycnieH3uii ¢ YHT ¢ moMoILbIo pacTpOBOTO 2IEKTPOHHOTO
MMKPOCKOIIA MOKA3aJIA HATUYKE 00J1aCTEN C OTHOCUTETb-
HO PaBHOMEPHBIM pacrpeie/ieHueM HAaHOTPYOOK 10 00b-
emy (puc. 2—3), obnacrteit 6€3 HUX 1 arIOMEPaToOB ANaMe-
TpoM Tropsinka 10 mxm. Ha mukpodoTtorpadusix (puc. 1)
OTYETJIMBO BUITHBI aTJIOMEPATHI, TIPEICTABIISTIONINE COOOM
3HAYUTETBHOE KOJIMYECTBO COEMMHEHHBIX MEXKTY CO00i
HAHOTPYOOK, YTO MOXKET OBITh XapaKTepPHO UMEHHO ISt
TOKVX OTHOCTEHHBIX HAHOTPYOOK C HAMOOJIBIITM OTHO-
IIeHUeM JUTUHBI K tuameTpy. B coctaBe miactudukaropa
I'TI-60 mpucyTCcTBYIOT MOAUGDUILIMPOBAHHBIC TTOJIMKAP-
GokcuaTel, KOTopbie He 1o3BossTtoT YHT cMmelmBatbest
¥ PaBHOMEPHO pacmpenessiTbess B 00beme cmecu. Ta-
KUM 00pa3oM, TIPEUTOKEHHBIH CITOCO0 repeMenInBaHus
YHT B BomHOI cycrieH3un TutacTuguKaTopa sBIsSIeTCs
TIePCTIEKTUBHBIM U JIJIST TATbHEUTITNX UCCIIeOBAaHU HC-
TOJTH30BAIMCH ABa Bua ractudukartopa: [raitnoepr
F-10 Build, IlITaitn6epr GROS-63 MR.

Puc. 1. Pacnpenenenue YHT B BogHoii mucnepcun runepmiactugukaropa I'TI-60 (x5000)
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Puc. 2. Pacnpenesnenne YHT B Boanoii mucnepcun miactugukaropa Illraiinoepr GROS-63 MR (x5000)

Puc. 3. Pacnpenenenue YHT B Boanoii mucnepcuu miacrudukaropa Illraiinoepr F-10 Build (x5000)

Jns nu3ydyeHus BIUSHUSA BOAHBIX nucnepcuiit YHT
Ha (pU3MKO-MeXaHMYeCKNe CBOMCTBA IIEMEHTHBIX CH-
cTeM OBUTM M3TOTOBJIEHBI 00pa3Ilbl IEMEHTHOTO KaMHS
¢ comepxanueM nob6asok 0,3; 0.4; 0,5; 0,6% ot mMacchl
meMeHTa. JlobaBKa BOJHOM AMCTIEpCUY BBOIUIIACH B 11€-
MEHTHYIO CUCTEMY TIepell BOAOU 3aTBOPEHUST U MHTECH-
CHUBHO IepemMelmBanach. [0ToBUIMCH 00pa3bl-KyOuKU
pa3mepamu 20%20%20 MM 13 TeCcTa HOPMAIBHOI TYCTO-
ThI, KOTOPbIE XPAHUJIUCH B BO3AYIITHO-BIAXHBIX YCIIO-
BUsix. [IpouHOCTD TIpU CKaTM 0OPa3IOB OLIEHUBATACh
B 3, 7, 28 cyTOK TBepmeHMsI. Pe3yabTaThl MCTIBITAHUI
TpeICTaBIeHbI HAa puc. 4—5.

ITomy4yeHHBIE pe3yIbTaThl UCCIEIOBAHUN MO3BOJISIIOT
clieNlaTh BBIBOI, YTO BoaHbIe qucriepcuu YHT noBbI-
MIAI0T TPOYHOCTH IEMEHTHOTO KaMHS Ha BCEX CPOKAX

TBeplaeHUs. MaKCUMaJIbHBIA TPUPOCT MPOYHOCTHU Le-
MEHTHOTO KaMHS ¢ J00aBKOM BOTHEIX nucnepcuit YHT
ripu BBenernu 0,5% mist GROS-63 MR-28%, msa F-10
Build — 18%. Beenenue nucnepcun YHT npusonur
K CTPYKTYPHBIM U3MEHEHUSM LIEMEHTHOTO KaMHSI, CBSI-
3aHHBIM ¢ 00pa30BaHUEM TIOTHOW OOOJIOYKU TIO TIO-
BEPXHOCTHU TBEPABIX (a3, BKIIOUAs YaCTUIIHI IIEMEHTA.
IMpu aTOM (hopMUpYIOTCS TIPOCTPAHCTBEHHBIE KapKac-
HBIC STYEKU B MOAU(DUITMPOBAHHON 1IEMEHTHOI Ma-
TPULIE C TUIOTHBIMU CJIIOSIMU KPUCTAJUIOTUAPATOB, YTO
BEJIET K 00IIIeMy yIIpOYHEeHUI0 MaTpullbl. JlanbHeiime
WUCCIIEN0BAaHUS MMPOBOJWINCH C TPOLIEHTHBIM COOTHO-
meHueM gooasku 0,5%.

B xone nccnenoBanmii ObLIO YCTAHOBJIEHO, YTO TIPU
BBeIeHUHU 100aBKM BogHOU nucrepcuy YHT B mieMeHT-
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Puc. 4. IIpounocTs npu
CKATHH IIEMEHTHOTO KAMHSsI
¢ 100aBKOii BOIHOI1 TUCTIED-
cun F-10 Build (V)

BpemaTtBepaeHusa, cyT
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B GROS-63(Y) 0,3 %

MpouHocTb npu cxKatuu, MlMa

B GROS-63 () 0,4 %
m GROS-63 (Y) 0,5 %
GROS-63 (¥) 0,6 %

Puc. 5. IIpounocTs npu
CKATHH IIEMEHTHOTO KAMHS
¢ 100aBKOIi BOJIHOI1 AuCcep-
cun GROS-63 MR (Y)

Bpemsa TBEpAEHUA, CYTKM

7 28

HYIO CUCTEMY U3MEHSIIOTCS PEOJIOTMYECKHE XapaKTepy-
CTUKHU LIEMEHTHOTO pactBopa. McnbiTaHus ObUIM Mpo-
BeleHHI ¢ moMoInbio «KoHyca pacrekaemoctn KP-1».
Pesynbrathl NCTIBITAHUS IIPEACTaBICHBI B TA0. 3.

AHau3 MoJlydeHHbIX Pe3yJbTaTOB MO3BOJISIET Cle-
JIaTh BHIBOX 00 3(h(eKTUBHOCTH IIIACTU(DUIIAPYIOIITNX
KOMILJIEKCHBIX n100aBoK. CocTaB 5 uMeeT OOJbILINIT
pacIIbIB TPU MEHbILIEH BOIONOTPEOHOCTH, UTO TAKXKE
MOATBEPKAAET pallMOHAIbHbBIN COCTaB MOJYYEHHOI MO-
ITAGUITAPYIOIICH T00aBKH.

OMBIT TPUMEHEHUS TOMNOYHKIINOHATBHBIX MOIM -
(pummpyrommx 106aBoK B 0ETOHHBIC CMECH TTOKa3bIBa-
€T, YTO KOMILJIEKCHBIC T100aBKM 6ojice 3 PEeKTUBHEI,
YeM OTHOKOMIIOHEHTHBIC TOOABKM, KOTOPHBIC HAPSIIY
C YJIy4lI€eHUEeM KaKuX-JI10O CBOMCTB 6eToHA mWin Oe-
TOHHOM CMECH MOTYT CYIIECTBEHHO CHU3UTDH IPyTHe
TeXHOJIOrn4yecKue nokasarenu. [lpumeHeHre Takux
I00aBOK MO3BOJISICT O0s1ee 3(P(EeKTUBHO BIMSTH Ha TIPO-

LIECChI TUAPATALIMU LIEMEHTA, HATIPABJIEHHO PETYIUPYS
CTPYKTYpY LIEMEHTHOTO KaMH$I M OETOHA, 3aMEeJISITh €TO
CTapeHUE U MOBBIIATh JOJITOBEYHOCTh, YTO 00ECTICUUT
BBICOKHE IKCIUTyaTallMOHHbIE Ka4yeCcTBa OETOHHBIX U3-
Jenuit U KOHCTpyKunii. Panee B pabotax Obuta ToKa3zaHa
3¢ HeKTUBHOCTH TPUMEHEHUST OKCUTHBIX HAHOYACTUII
B OETOHHBIX CMECSIX. AHAIU3 PE3YIbTATOB IO OLIEHKE
BIIMSIHMSL XapaKTePUCTUK HaHOSiO,, Croco6oB ux 1o-
JIyYE€HUS U BBEACHUS B LIEMEHTHOE TECTO, a TAKXKE CO-
JiepKaHus 100aBOK HA CBOMCTBA BSXKYLIETO MO3BOJIVII
OMPENeNUTh PAllMOHAIBHOE COOTHOLIEHUE HAaHOPAa3-
MEPHBIX T06ABOK B IIEMEHTHOM MaTpulle, paBHoe 0,03%
OT MAacChl IIeMeHTa (TTPUPOCT MPOYHOCTU COCTABIISIECT
32%). [1omydeHHbIe pe3yIbTaThl COTIACYIOTCS C TaHHBI-
MU ApYyTUX Uccienonaresneit B paborax [14], B KOTOpBIX
OTMEUEHO, YTO YPE3MEPHO BBICOKAS TO3MPOBKA, Ha-
TpUMep, HAHOPA3MEPHBIX YaCTUIl KpeMHE3eMa, MOKET
TIPUBECTU K «OTPABICHUIO» CUCTEMbI, 3HAUUTEITLHOMY
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Tabauya 3
Pe3syabTaThi onpenesieHnsi pacTeKaeMOCTH EMEHTHOTO PACTBOPA ¢ BOAHbIME qucnepcusiva YHT
Ne Cocras B/11 Pacrekaemocts (MM)
1 KoHTpoabHbI! 0,295 180
2 | I+F-10 Build 0,275 195
3 | U+GROS-63 MR 0,27 200
4 | H+F-10 Build (Y) 0,27 205
5 | H+GROS-63 MR (V) 0,26 220

3aMeJICHHUIO TIPOLIECCOB TUAPATAIINY W TBEPACHUS. DTO
MOXET OOBSICHSIThCSI OOJIBIIION PEaKLIMOHHOM CITOCOOHO-
CTBIO TUTOIIAIN WX TIOBEPXHOCTH, BEICOKOI XMMIUICCKOMN
AKTUBHOCTBIO, UTO CO3MACT YCIOBUS IIJIT XUMHIECKOTO
CBSI3BIBAHUS BOIBI 3aTBOPCHUS KPEMHE3eMOM B MaJio-
pacTBOPUMBbIE KPUCTAJLUIOTUAPATHI, U, COOTBETCTBEHHO,
BO3MOXHO BO3HUKHOBEHUE Ie(PUIINTA BOIBI IUISI TIPO-
IIeCCOB TUApATAllMi MITHEPAJIOB IieMeHTa. B marnHoi1 pa-
00Te TIPUBEICHBI PE3YIbTAThI MCCIICIOBAHNS COBMECTHO-
TO BIUSHUS HaHo—SiO2 ¢ BonHbIMU gucriepcusimu YHT
Ha (PU3UKO-MEXaHUIECKUE U PeOJIOTUUECKIE CBOMCTBA
OETOHOB.

71 o1IeHKM COBMECTHOTO BIMSIHUS KOMITJICKCHOM
MoauUUMpYyoOLIei 100aBK1 HA (GPU3UKO-MEXaHUYE-
CKHeE CBOMCTBA LIEMEHTHOTO KaMHSI OBIJT M3TOTOBIICHBI
00pa3LbI-KyOUKU MPU COOTHOIIEHUM 100aBOK HAHO-
Si0, 0,03%, GROS-63 MR, F-10 Build 0,5% ot maccer
meMeHTa. Pe3ybraTel MCIIBITAHUIT IIPUBEICHEI B TA0. 4.

AHaJIM3 TaHHBIX, IIPUBEICHHBIX B TA0JI., TIO3BOJIMII
BBIOpATh pallMOHAJIBHBINA COCTaB IIEMECHTHOTO KaMHS
(Ne 5), mpupoOCT IPOYHOCTH KOTOPOIo COCTaBsieT 57,4%.
DTO MOXET OBITh CBSI3aHO C IIPOIIECCAMM, TTPOUCXOISIIN-
MM Ha HAaHOYPOBHE B COBMECTHOM IIPUCYTCTBUM B COCTa-
Be neMeHTa KoMImtoHeHToB YHT 1 HaHOSiOZ. Ilonukap-
OOKCWIIATEHI, SIBIISIIOIINECST OCHOBOI IS pABHOMEPHOTO
pacnipenenenus YHT, caykart Kak rractTuuKkaTopoM,
TaK WU OCHOBOM IsT 3¢ (EeKTUBHOTO B3aMMOICIICTBUS
HaHOo-Si0, u YHT, dbopmupoBaHus KapKaCHBIX sS4EEK
B MOIU(UIIMPOBAHHON IIEMEHTHOM MaTpPHIIE C TIOT-
HBIMU CIIOSIMU KPUCTAUIOTUApaToB. COIrTacHO JTaHHBIM

Ta0JI., HaYaJl0 CXBAaThIBAHMS KOHTPOJIBHOTIO 00Opa3ia
cocrapigeT 1 yac 40 MuHyT, a KoHell — 3 yaca 20 MUHYT.
VY MomuhuMpoOBaHHBIX 00pa3II0B IIEMEHTHOTO TeCTa
YCKOPSTFOTCSI CPOKHM CXBaThIBaHMUSA Ha 10 MUHYT (HavYaIo
CXBaTBIBAaHMS) M Ha 15 MUHYT (KOHEII CXBAaTHIBAHMS)
¢ ucnojib3oBanueM BomHoi aucriepcuu YHT F-10
Build (¥), nHa 20 MuHyT (HayaJio CXBaTBIBaHUS) 1 Ha
30 MuHYT (KOHEII CXBaThIBAHUS) C BOAHOU AUCTIEpCUeit
YHT GROS-63 MR (V).

st 00bsICHEHUSI TIOJTyYeHHBIX pe3yIbTaTOB U yCTa-
HOBJICHUS 3aKOHOMEPHOCTEe# (hOpMUPOBAHUS COCTaBa,
CTPYKTYPBI 1 CBOMCTB IIEMEHTHOT'O KaMHsI OBIJT TIpOBE-
IeH mepuBaTorpadmdeckuii ananu3 (JITA) memeHTHO-
ro KamHs coctaBa (Ne 5). OcobenHocTr (Ha30BbIX Mpe-
BpAIllCHUIA B IEMEHTHO cCTeMe 1 U3MECHEHHE MaCChl
XUMHWYECKHU CBSI3aHHOU BOMBI ONIPEeICHBI B MHTEpBaJie
temnepatyp ot 20 no 1000°C. Ha puc. 6 ripeacraBiaeHbl
CpPaBHUTEIBHBIC TEPMOTPAMMBbI KOHTPOJIBLHOTO 1 MO -
¢ummpoBaHHOTO 00PA3IIOB IIEMEHTHOTO KaMHSI C KPH-
BoiMu TT 1 JICK.

Metonom TT n ICK ycTaHOBJIEHO, YTO Ha TEPMO-
rpaMMax IIEeMEHTHOTO KaMHSI KOHTPOJIBHOTO U C KOM-
IJICKCHOI T00aBKOM 3HI03(D(HEKTHI, COOTBETCTBYIOIINE
IACCOIMAIIAN KaJIbIINTa, 00pa30BaBIIETOCs B pe3yJIbTaTe
yacTuyHoM Kapoonusauuu Ca(OH), cyiecTBeHHO pas-
JIM4atoTed 1o Toiomany. Ha TepMorpaMMe 1ieMEeHTHOTO
KaMHS ¢ KOMITICKCHOI 100aBKOIi ITOIIanb KA B IBa
pasa 0O0JIbIIe, YTO MOKET OBITh CBSI3aHO C HAJOXHECHU-
eM TepMO3(PDEKTOB AeTUAPOTAIINN TOITOTHUTEIIHFHO 00-
pa30BaBIINXCST TUAPOCYIINKATOB. JIJI TTONTBEpKICHUS

Tabauya 4
Onpenenenne pU3NKO-MeXaHHYECKUX CBOMCTB IEMEHTHOTO KAMHS
No Cocras CpoKu cXBaThIBAHUS, MHH IIPOYHOCTD NPH CHKATHH
Hauano Kowen (28 cyt.), MIla
1 | KOoHTpOJbHBINi 180 240 68,1
2 | H+F-10 Build (Y) 180 225 79,6
3 | O+GROS-63 MR (V) 170 225 89,2
4 | I+F-10 Build+ nano-SiO, (V) 170 225 86,5
5 | I+GROS-63 MR+ nano-SiO, (¥) 160 210 107,2
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Puc. 6. Tepmorpammbl KOHTPO.IbHOTO () U MoauuIposanHoro (0) BonHoii nucnepcueit YHT GROS-63
MR (Y)+1{aﬂo-SiO2 00pa3noB EMEHTHOI0 KAMHS

TIOJTYYCHHBIX Pe3YJIBTATOB BIMSHIS J00aBKI Ha (DopMU-
pOBaHUE CTPYKTYPbI IEMEHTHOTO KaMHSI MPOBEACH 2JIEK-
TPOHHO-MHUKPOCKOITMIECKII aHAJIN3 00pa3IoB (puc. 7).

AHaJI3 JaHHBIX, TIPEACTABICHHBIX HA CHUMKAX, M0~
Ka3bIBAET, UTO BBEJAECHUE KOMILJIEKCHOM 100aBKHU B 1ie-
MEHTHYIO MaTpulily o0ecrieuuBaeT oOpa3oBaHUe HU3-
KOOCHOBHBIX TUAPOCUIMKATOB KaJbLUsl, CTAOMIBbHBIX
BBICOKOOCHOBHEBIX THIPOCYITH(MOATIOMIHATOB KaTbIINS
C pa3pOCIIEHCS UTOJIBYATOU CTPYKTYPOM, 3aTATUBAIOIICH
TOPBbI.

M3BecTHO, YTO OOHUM U3 CBOMCTB, NPUCYIINX
KOMIIO3UIIMOHHBIM MaTepuaiaM, SIBJISIeTCS ITOJIUMac-
IMTa0HOCTh. DTO CBOMCTBO IMTO3BOJISIET YCIOBHO pac-
CMAaTpUBATh JIFO00I KOMITO3UIIMOHHBIA CTPOUTEIbHBIN
MaTepuraj Kak MHOTOCIIOITHOe 0Opa3oBaHNE HA MUKPO-,
Me30- ¥ MaKpOYPOBHSIX B3auMOIeUcTBUS. [1polieccs,
IIPOTEeKAIOIINe Ha KaXKIOM MacIITaOHOM YPOBHE, MOTYT
XapaKTepHU30BaTHCS KaK BRICOKOM CTEIICHBIO aBTOHOM-
HOCTH, TaK 1 B3aMOCBSI3aHHOCTBIO, TTOMIMHSISICH OMHOMN
LIeJIM — 00ECIICYCHMIO TPEOYEeMBbIX SKCIUTyaTalITMOHHBIX
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25.0kV x4020

Puc. 7. D1eKTPOHHO-MHKPOCKONMYECKHIA CHIMOK KOHTPOJIbHOTO 00pa3ia neMeHTHOro Kamus (a) (x4020)
1 MoauGUIMPOBaHHOro 00pasua ¢ 106aBkoii GROS-63 MR (V) + nano-SiO, (0) (x4000)

xapakTeprucTnK. CoBpeMeHHasI CHHEPTeTHKA BKITFOYAeT
¥ IpyTUe MPUHIIUITEI, TIPUMEHEHIE KOTOPBIX B CTPOM-
TEJIPHOM MaTepUaIOBEICHNN U3YICHO HEIOCTATOUHO.
[ u3ydyeHust BAUSIHUSI KOMIUIEKCHBIX 106aBok ¢ YHT
W HAaHO TIPOBOAMIINCH MCCICOOBAHUS MO OIIEHKE UX
BJIMSTHUS HA CBOIICTBA OETOHHBIX CMeCeit.

CocraB 6eToHa OBI pacCUYUTAH METOIOM MEXK-
3epHOBOI1 TyctoTHOCTH |21, 22]. CooTHOMmIeHue LI:1T
(L) — 1:3,63. Bce moGaBKy BBOOMIKCH B IIPOLIEHTAX
OT MaccHl eMeHTa. ONTUMaTbHBIC TPOILIEHTHEIE CO-
OTHOIIIEHUST 100aBOK ObLIM ompenaeaeHbl paHee. [o-
0aBka HaHO-SiO, MpeIBAPUTEILHO NEPEMEIINBATIACH
C TMTOPTJIAHAIIEMEHTOM 1 BBOIMJIACH C CYXUMU COCTaB-
JIISIOIIUMHA cMecr. BomHbIe nuciepcum yIiiepoaHBIX
HaHOTPYOOK BBOIWINCH B OETOHHYIO CMECh C BOIOI1 3a-
TBOpeHMS. VIcTIBITaHUS TPOBOAUINCH B COOTBETCTBUU
¢ 'OCT 26633-2015 «beToHbI TSXKeble U MEIKO3EP-
HUCTHIC. TeXHMYeCcKre yCa0BuUsI». MOPO30CTOMKOCTD
omnpeneisiiachk B coorBerctBun ¢ FOCT 10060-2012
«beToHsl. MeTonmbl oTpeae/IeHUsI MOPO30CTOMKOCTH.
O6mme TpeboBaHuUs. Tskenble, MEJTKO3epPHUCTHIE,

JIETKWE W TUIOTHBIE CVJTMKATHBIE OETOHBI». BomoHe-
MPOHUIIAEMOCTh U OTKpbITast mopuctocTs mo FOCT
12730.5 na mpubope 151 OTIpeeIeHUsT BO3MYXOHEIIPO-
Hunaemoctu — ATAMA-2P.

Du3nKo-MexaHNIeCKNE XapaKTePUCTUKA KOHTPOJTb-
HOTO MEJIKO3epPHUCTOTO OETOHA U MOAN(UIIMPOBAHHOTO
Jo0aBKaMU OTIPEESTUCH B TIPOSKTHOM BO3pacTe TBEP-
neHus. B 1abm. 5 npencrabieHbl (pU3MKO-MeXaHUYEeCKUE
XapaKTepUCTUKU OETOHA.

AHamM3 TaHHBIX, TIPUBEIEHHBIX B TA0J1., TIOKa3aJl, YTO
BCE MCIIOTb3yeMbIe B paboTe MTOOABKY MOBBIIIAIOT PEO-
JIOTUYECKUE W DKCITTyaTallIOHHBIE CBOMCTBA OETOHHBIX
cMeceit. CoctaBbl 2 11 4 CYIIECTBEHHO ITOBHIIIIAIOT MAPKY
1o Mopo3octoitkoctu 10 600 1 800 COOTBETCTBEHHO,
YTO OOBSICHSIETCSI COCTABOM TIIACTU(DUIIMPYIOIIEi 10-
6aBku F-10. [IpouHOCTh O€TOHA B IIPOSKTHOM BO3pacTe
TBepleHUs ToBbImaeTcst Ha 19% (coctaB 2) u Ha 44%
(coctaB 4) B CpaBHEHUM C KOHTPOJBHBIM COCTABOM.
[MpouHOCTH TIpU CXaTUU IJISI COCTAaBOB 3 U 5 BO3pac-
TaeT 10 47 1 69% B cpaBHEHUU C KOHTPOJILHBIM 00pa3-
oM. [TogBMXHOCTH OETOHHBIX CMeCeil TTOBBIIIAETCS

Tabauya 5
Onpenenenne GpU3NKO-MEXaHHYECKHX CBOMCTB 0€TOHA
OIS I Bononenponunnae- Mopo3ocToii-
Ne Cocras B/II | cxkarum (28 cyr.), MocTh. W <octh. F OK, cm
MIla > ’
KoHTpoabHbBI 0,42 36 W8 200 9
L+F-10 Build (Y) 0,4 43 W8 600 13
L+GROS-63 MR (Y) 0,37 53 W8 400 15
4 | IHF-10 Build (V) + 0,37 52 W10 800 16
HaHoSiO,
5 |OFGROS-6IMRM) + | ) 3¢ 61 W12 600 18
HaHoSiO,
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TIpU BBEAECHUU BCEX MCITOIb3yeMbIX 100aBOK. Hann-
yne B OETOHHOM CMeCu KOMIUIEKCHOM J00AaBKU UTpaeT
pOJIb MUKPOAPMUPOBAHUSI, CHUZKAET BOJOITOTPEOHOCTD,
¥ YBEJIMUMBAET MOJBVKHOCTD, YIJIEPOIHbIE HAHOTPYOKH
1 HaHO-Si0, HauMHAIOT pabOTaTh HA HAHOYPOBHE, Y IIPH
B3aUMOJIEHCTBUAM C YACTUIIAMM LIEMEHTA ITPOUCXOIUT 00-
pa3oBaHVe€ HU3KOOCHOBHBIX TUAPOCUINKATOB KaJIbLIUS,
TOBBIIIAIOIINX (PU3NKO-MEXaHNYECKHE XapaKTePUCTUKA
3aTBEPEBIIEro OETOHA.

3AKTIOYEHUE

IIpencraBieHHbie B paboTe pe3yabTaThl UCCIEI0BA-
HU TTOKA3aJI1 BO3MOXKHOCTD MTOJTYYEeHUS TTOTU(PYHKIIN-
OHAJIbHBIX 100ABOK, BKJIIOYAIOIINX pa3HbIE IO COCTABY
U CIIOCO0Y TIPOM3BOACTBA HAHOKOMIIOHEHTHBI, HO TIPO-
SABJISTIONINX CUHEPTeTUYECKMIT D heKT.

DKCcNeprUMeHTAJIbHO YCTaHOBJIEH Hanbosee apdek-
TUBHBIN cr1oco0 pacripeneneHust HaHoyactull YHT B Bo-
THOM cpefe U LIEMEHTHOM MaTpulle, 3aKII0YAIOLIAACS

CIINCOK NCTOYHUKOB

B BBICOKOCKOPOCTHOM TIepeMEIIMBAHNN B OMCEPHOM
MenbHulie YHT ¢ BOIHBIM pacTBOpPOM ITTACTU(HUKATO-
pa B TeUCHME 2 9aCOB C ITOCIICAYIOMIEH YIbTPa3ByKOBOI
o6padotkoit (Y31H-2T) B TeucHme 2 9acoB.

ITokaszaHo, uyTO 3(pPHEeKTUBHOCTH B3aUMOACUCTBUS
YHT, BOIHBIX JUCIIEPCHUiA TUTACTU(UKATOPOB M HAHO-
SiO, saBucur ot cocrasa ITAB. Ilnactudukaropsr
Ha OCHOBE 3(hMPOB MMOJNKAPOOKCHIIATOB JIYYIIle B3au-
mozerictByor ¢ YHT u Hano-SiO, Mx o dekTuBHOCTD
ITOATBEPKIACTCS pe3yabTaTaMi (hM3UKO-XUMUICCKIX
HCCIIEIOBAHNM, YIYIIICHIEM PEOJIOTHICCKIX XapaKTe-
PUCTUK OETOHHBIX CMeceli ¢ KOMITICKCHBIMU JO0aBKaMM
1 TIOBBIIIICHNEM SKCIDTyaTaIllMOHHBIX XapaKTePUCTHUK 3a-
TBepIeBIIero 0eToHa. BBeaeHMe KOMITICKCHBIX T00aBOK
ITO3BOJISIET HAIIPaBJICHHO aKTUBU3UPOBATh THAPATAIIN-
OHHBIC TIPOIIECCHI, BIUATH Ha CTPYKTYPY LIEMEHTHOTO
KaMHS 1 0eToHa, (pa30BBIif COCTaB M €T0 MOPUCTOCTh
3a CUET YBEJIMUCHUS CTETICHU THApPATAIIM OCHOBHBIX
KIMHKEPHBIX MUHEPAJIOB 1 (hOPMHUPOBAHUS OOJIce CTa-
OMJIBHBIX TUAPATHBIX (a3.
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ABSTRACT: Introduction. The issue of enhancing the long-term performance of asphalt concrete pavement on highways is not
entirely addressed by conventional solutions, such as improving the choice of material composition and refining the production
process for bitumen binders and mineral filler compounds. One of the most promising ways to improve the performance and dura-
bility of asphalt concrete is the complementary modification of bitumen and road-concrete nanocompositions with thermoplastic
and elastic polymers. Methods and materials. Bitumen binders are assessed employing suitable methodologies to determine the
following technological parameters: extensibility, softening temperature, brittleness, elasticity, and so forth. Asphaltenes of bitu-
men binders are the most important structure-forming component and form associated nanoclusters with sizes of 15-200 nm.
Thermoplastic block copolymers are introduced into the composition of bitumen binders in granular form (chips) or melted form.
Additionally, compatibilizers are used to improve the compatibility of complementary copolymers in bitumen binders. The quality
of the finished asphalt concrete composition is significantly affected by the characteristics of the main components: mineral powder,
sand, crushed stone, bitumen binder and macromolecular nano-additives, as well as by optimal process modes: mixing temperature,
etc. Results. The complementary interaction of supramolecular associations of asphaltenes and fragments of macromolecules of
polymer nanocomposites ensures the formation of Van der Waals bonds due to spatial mutual correspondence. The introduction
of polymer nanomodifiers leads to an increase in the softening temperature and a decrease in the brittleness temperature of
bitumen binders due to the formation of sufficiently stable supramolecular complexes. Discussion. Synergistic nanoadditives of
complementary macromolecules into the bitumen binder provides a fewfold increase in the adhesion of the bitumen composition
and the mineral components, as well as a noticeable increase of the temperature range for plasticity and deformability. Asphalt
concrete coatings with polymer-bitumen binders increase the operability of the roadway and resistance to the formation of plastic
flow deformations (shifts, ruts) at high and low temperatures. Conclusion. Bitumen binders of asphalt road concrete, which have
been modified with polymer nanocomposites, have higher adhesion, an extended range of thermoplasticity and water resistance.

KEYWORDS: asphalt concrete coating, polymer nanocomposite, complementary interaction, quality management, polymer-bitumen
binder, nanostructural modifier.
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INTRODUCTION is the formation of microcracks with subsequent erosive

peeling and the increasing formation of defects (potholes

A? increase in the intensity and load of automobile
raffic on the main highways of Russia and Bashkor-
tostan leads to rapid deformative destruction of asphalt
concrete pavements. One of the significant reasons for
the premature destruction of the upper layers of asphalt
concrete road surfaces with sharp temperature fluctuations

with a depth of more than 3 cm, etc.) [1—4]. A decrease
in the water and frost resistance of asphalt concrete and,
as a result, a reduction in the operating time is also due
to a lessening in the adhesion of bitumen binders to the
surface of mineral aggregates. The elaboration of new
technological solutions for the multi-tonnage production
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of bitumen nano-binding materials and the increase in
their operational life are an urgent direction of the imple-
mentation of the national project “Safe and high-quality
roads” of the Russian Federation.

To increase the service life of asphalt concrete road
coverings, bitumen composite binders have been im-
provement, among which polymer-bitumen composi-
tions should be especially distinguished [5, 6]. Asphalt
concrete mixtures with polymer-bitumen binders increase
the performance of roadway coatings and resistance to
the formation of plastic deformations (shifts, ruts) at high
and low temperatures. The optimal choice of asphalt con-
crete composition and the ability to effectively resist real
operational loads without breaking the continuity of the
coating depend on the category of the highway and the
climatic conditions of the region.

The purpose of this article is to study the use of poly-
mer nanocomposites for technologically enhancing the
parameters of the operational resistance of asphalt con-
crete road surfaces.

METHODS AND MATERIALS

Asphalt concrete is an optimally selected and mixed
in a heated state mixture of mineral materials and bitu-
men — road surfaces is classified according to a certain
list of technological parameters, each of which affects the
physical and mechanical characteristics, functional condi-
tion and durability [7]. Asphalt concrete road surfaces are

divided according to the following main parameters: type
of aggregate (multicomponent composition); temperature
of manufacture and laying; porosity; brand, etc.

Petroleum bitumen is the most widely used binder in
road construction, as it prevails over analogues in terms
of availability, cost, and efficiency. The technological du-
rability of bitumen binders in asphalt concrete is directly
related to the nanodisperse microstructure, due to the
quantitative ratio of the main components: oils (aromatic,
naphthenic and paraffin hydrocarbons with a molar mass
of = 500—1500 g/mol), oligomeric resins and macrocyclic
asphaltenes [8—10]. The chemical composition and ratio
of oils, resins and asphaltenes in road bitumen varies quite
a lot depending on the initial petroleum raw materials and
the technology of vacuum oxidative processing of tar at
petroleum refinery.

At temperatures of 120°C and above, asphaltenes are
in a molecular dispersion state, and at lower temperatures
they form associated supramolecular complexes (Fig. 1).
Bituminous asphaltenes have an increased tendency to
association due to intermolecular stacking m-m interac-
tions and the formation of supramolecular liquid crystal
nanostructures: aggregate fractal nanoclusters with sizes
of 15—200 nm [11].

Asphaltenes of bitumen nano-binders due to their sus-
ceptibility to supramolecular complementary associations
are the most important structure-forming component of
asphalt concrete. Heterocyclic bitumen asphaltenes form
supramolecular fractal nanostructures, which are a disc-

Fig. 1. Scheme of formation of associated complementary supramolecular complexes of bitumen asphaltenes:

1 — asphaltene; 2 — nanoaggregate cluster
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shaped non-planar stack of polycyclic macromolecules
with an interplane distance of = 0.4 nm [12—15].

In building materials science, it is traditionally believed
that the nanostructure of bitumen materials is a colloidal
system in which fractal asphaltenes are dispersed, and the
dispersion medium is oligomeric resins and hydrocarbon
oils. Supramolecular bitumen asphaltenes are dispersed
in the form of microparticles ranging in size from 18 to
20 microns, which are surrounded by molecular shells of
heavy resins and oils with decreasing density.

Asphalt concrete road covering is a compacted com-
posite material made by mixing mineral components
(sand, crushed stone) of optimal dimensions, aggregated
with bitumen (no more than 10—15% by mass). With an
optimal ratio of bitumen and aggregates, the bitumen
binder — complementary matrix is in an adsorbed state on
the rough surface of the particles of finely ground mineral
powders. Weak adhesion of bitumen binders to the surface
of mineral fillers leads to premature destruction of asphalt
concrete road covering.

The mineral frame of asphalt concrete forms a mix-
ture of mineral powder (a material obtained by grinding
carbonate — limestones and dolomites or non-carbonate
rocks, or from solid industrial waste), sand and crushed
stone with an appropriate granulometric composition
according to GOST 32761-2014 “Public roads. Mineral
powder. Technical requirements” and GOST 33029-2014
“Public roads. Crushed stone and gravel from rocks. De-
termination of granulometric composition”.

The basic requirements for mineral powder are nor-
malized according to the following indicators: grain com-
position (smaller than 2 mm; 0.125 mm and 0.063 mm),
porosity, etc. The grain (granulometric) composition of
the mineral part of asphalt-concrete crushed stone-mastic
mixtures is determined on sieves with nominal cell sizes:
0.063; 0.125; 0.25; 0.5; 1.0; 2.0; 4.0; 5.6; 8.0; 11.2; 16.0;
22.4; 31.5 mm. Mineral powder is made most often in
the production of activated (with additives of surfactants)
to enhance the complementary effect; activated mineral
powders are predominantly hydrophobic. One of the
methods of activation of mineral powders during tech-
nological grinding is the physico-chemical treatment of
their surface, carried out by anion-active surfactants from
fat processing waste [16].

The calculation of the optimal ratio of mineral com-
ponents: crushed stone (gravel), sand, mineral powder
should provide the established grain content of large and
small fractions in the total composition of aggregates,
which ensures durability (at the same time strength, ef-
ficiency) of the road surface. The structure of the granulo-
metric (grain) part is limited by the limiting curves (Fig. 2)
of the permissible amount of the projected grain fraction;
as a result, the performance indicators of the main char-
acteristics of asphalt concrete of the corresponding brand
will meet technical standards.

Asphalt concrete mixtures, depending on the filler, are
divided into crushed stone, gravel, sand; by density — into
high-density (residual porosity from 1.0% to 2.5%), dense
(residual porosity over 2.5% to 5.0%), porous, highly
porous. The main component of fine-grained asphalt con-
crete for the device of the upper layer of the road surface
is crushed stone with a fraction of up to 20 mm. Crushed
stone (gravel) dense asphalt concrete, depending on the
content of crushed stone (gravel) in them, are divided into
several types, for example, type B (crushed stone content
from 40% to 50%). For mixtures of type B, the content
of crushed stone grains of plate and needle shape should
be no more than 25% by weight.

In accordance with GOST R 58406.1-2020 “Public
roads. Mixtures of crushed stone-mastic asphalt concrete
and asphalt concrete. Technical conditions” requirements
for asphalt concrete are presented according to indicators
characterizing the parameters of the structure (residual
porosity, porosity of the mineral part, water saturation),
physical and mechanical properties in terms of strength
parameters (compression at temperatures of 20°C and
50°C and tensile strength when split at a temperature of
0°C) and shear stability (coefficient of internal friction
and coupling during shear deformation).

Tests of asphalt concrete road covering include a num-
ber of methods that control the technological properties
of bitumen-mineral compositions. The physical and me-
chanical characteristics of bitumen binders are evaluated
using the following indicators: extensibility, softening
temperature and brittleness, elasticity, as they determine
most of the technological parameters of asphalt road con-
crete. The study of the rheological properties of bitumen
(in particular, the dynamic viscosity at 60°C) with poly-
mer nanoadditives allows us to evaluate their effect on
the structure of the asphalt concrete mixture, choose the
optimal combination and dosage, obtain asphalt concrete
mixtures with the required characteristics: resistance of
asphalt concrete road surfaces to rutting, increased com-
paction at low temperatures.

To expand the range of plasticity and temperature
range of the use of bitumen binders, enhance adhesion
and roughness in asphalt concrete, their modification is
used, which consists in the introduction of various nano-
additives. Block copolymer styrene-butadiene-styrene,
atactic polypropylene, isotactic polypropylene, etc. can
be used as macromolecular improvers of technological
characteristics of asphalt concrete road covering [17—20].

The operative addition of modifying polymer nano-
composites to the composition of bitumen compositions
is an effective method of complementary improvement of
the physical and mechanical characteristics of bitumen
and increasing the durability of road surfaces. Comple-
mentary (mutually corresponding) interaction of frag-
ments of macromolecules of polymer nanocomposites
and supramolecular associations of asphaltenes ensures
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Fig. 2. Design of the granulometric composition of the mineral components of the upper layer of the road surface based

on the limit curves of fine-grained asphalt concrete

the formation of Van der Waals bonds due to spatial mu-
tual arrangement.

The scheme of the method of preparation of bitumen
modified nano-binder: petroleum road bitumen (PRB)
of the 70/100 brand was heated to 170—180°C while stir-
ring in hydrodynamic mixers at a speed of 140—150 rota-
tions/min. Next, a styrene-butadiene copolymer of 4%
(by weight) was added; then the speed was increased to
700—800 rotations/min and mixed for 50—60 minutes
until a homogeneous polymer-bitumen nanocomposi-
tion was obtained. The elasticity index of macromolec-
ular-bitumen nanocompositions was determined using
a ductilometer by finding the extensibility of a modified
nano-binder at a temperature of +25°C and 0°C; elasticity
at +25°C characterizes the technological characteristics
of a three-dimensional nanoset, and at 0°C performance
at low temperatures.

As macromolecular nanocomposites, often used to
improve the frost resistance of thermoelastic characteris-
tics of bitumen, it should be noted the use of complemen-
tarily compatible styrene-butadiene rubber copolymers
of a dendrimer branched structure [21]. Elastic butadi-
ene and rigid styrene blocks can polymerize in the form

of various copolymers, and rigid polystyrene domains
with dimensions of 350—700 nm perform the function of
vulcanization nanoset nodes in the macromolecule and
enhance the synergistic effect.

Styrene-butadiene nanocomposite copolymers with
a molar mass of #10° combine well enough with bitumen
road binders due to the swelling of bitumen binder in
naphthenic aromatic hydrocarbons and partial dissolution
at a temperature of 175°C [22]. Thermoplastic block co-
polymers are introduced into the composition of bitumen
binders in granular form (crumbs) or melt, and plasticiz-
ers are used to improve the compatibility of modifying
copolymers and bitumen binders: industrial oils, oil tar,
interfacial compatibilizers, etc. Optimal selection of the
group chemical composition of compounded road bitu-
men ensures the formation of a nanodisperse structure of
bitumen of the “sol-gel” type [23].

During the preparation of asphalt concrete improved
with polymer nanomodifiers, the technological process
is constantly monitored and samples of asphalt concrete
coatings are tested. Effective digital control of parameters
in the automated control system for the production of
asphalt concrete mixture [24] allows us to develop the

http://nanobuild.ru

456

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
453-464

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobm

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

optimal possibility for the operation of the technologi-
cal line. The characteristics of the main components:
sand, crushed stone, mineral powder, complementary
bitumen binder and macromolecular nano-additives, as
well as the parameters of the technological process are
taken into account as criteria for managing the quality
of the finished asphalt concrete mixture. Various types
of asphalt concrete for the creation of road surfaces dif-
fer in the composition of complementary raw materials,
manufacturing technology and physical and mechanical
characteristics.

Vectors of complementary improvement of road as-
phalt concrete compositions with various additives are
aimed at providing self-healing of microcracks of the
pavement, self-cleaning of winter snow and ice deposits
[25]. Temperature stability is characterized by the ability
of asphalt concrete to withstand temperature changes:
thermoplastic asphalt concrete transforms thermome-
chanical properties more smoothly from plastic (at high
temperatures) to brittle (at low temperatures) and stability
to shear deformations and cracking.

The most easily reproducible indicators of temperature
stability are the values of the compressive strength of as-
phalt concrete at temperatures of +50°C, +20°C and 0°C.
In accordance with the requirements of GOST 9128-2009
“Mixtures of asphalt road, airfield and asphalt concrete.
Technical conditions” the minimum value of this indi-
cator at +50°C not less than 0.9 MPa (characterizes the
ability of asphalt concrete to withstand shear deforma-
tions), and the maximum is not more than 12 MPa at 0°C.

The bitumen binder is tested for adhesion to the sur-
face of crushed stone — a complementary mineral compo-
nent, with the adhesion of the bitumen binder below four
points, an adhesive thermostable additive in the amount
of 0.3—0.5% is additionally used. Granulated or non-
granulated cellulose fiber is used as stabilizing nanoad-
ditives and modifiers of crushed stone-mastic asphalt
concrete.

RESULTS

The complementary supramolecular spatial grid
formed in bitumen with the participation of styrene-bu-
tadiene nanocomposite copolymers gives sufficiently high
strength, heat resistance and the ability to highly elastic
deformations [26] to asphalt concrete road surfaces in the
temperature range from —80°C to +90°C; this is especially
noticeable in conditions of increasing traffic intensity
of heavy-duty vehicles. It should be noted that for the
production of modified polymer-bitumen binders, it is
necessary to increase the adhesion characteristics to the
surface of complementary mineral fillers. High adhesion
rates indicate the ability of modified bitumen to remain
on the surface of filling materials under the destructive
effect of water molecules on them.

In the dispersion medium of bitumen binders, mac-
romolecular nanomodifiers form a three-dimensional
nanoset and significantly dramatically increase elasticity,
which characterizes the ability of the binder to reversible,
elastic deformations; also, at the same time, the brittleness
temperature decreases and the softening temperature in-
creases. Road bitumen must have the necessary adhesion
to the surface of fillers to ensure the required coefficient
of long-term water resistance and long-term operation of
asphalt concrete pavement without erosion [27]. The ac-
tivation of the mineral powder of the asphalt concrete
mixture affects the complementary factors of the structure
formation of the road composition. When the bitumen
binder is mixed with microparticles of mineral powder,
fractal chemisorption of asphaltene nanoclusters occurs
on the rough surface of the mineral component under
the action of complementary intermolecular interactions.

Complementary, spatially complementary macro-
molecules containing functional groups due to Van der
Waals, hydrogen, hydrophobic, ion-dipole and electro-
static interactions leads to the emergence of a sufficiently
large number of intermolecular bonds that determine the
dynamism of supramolecular structure formation [28] of
asphalt concrete coatings. For the technological produc-
tion of the required bitumen-polymer nano-binder, 3—5%
styrene-butadiene nanocomposite, 0.5—1% adhesive na-
no-additive — interfacial compatibilizer and 4—5% plas-
ticizing component are introduced into bitumen (Fig. 3).

The crack resistance of asphalt concrete roadway sig-
nificantly depends on the ability of bitumen nanobinders
to be operated in the zone of reversible deformations.
The most dominant factor in the appearance and growth
of microcracks in the asphalt concrete coating under the
combined action of mechanical loads, temperature fluc-
tuations and aggressive media is the diffusion of destruc-
tive agents into the contact zone between the mineral filler
and the film of the bitumen nanobinder.

As a result of the complementary modification of pe-
troleum road bitumen by macromolecules, asphalt poly-
mer concretes capable of resisting rutting, fatigue failure,
crack resistance and thermal oxidation are produced.
It should also be noted that glass fibers, polymer fibers
and modified divinyl-styrene thermoplastics of tree-like
structure are used as fillers to ensure increased resistance
to shear and cracking of asphalt concrete coatings [29].
Adhesive polymer additives facilitate the formation of
strong complementary bonds between bitumen binder and
mechano-activated mineral fillers, reduce erosive peeling
and enhance waterproofing characteristics.

The main disadvantages of bitumen are atmospheric
thermooxidative aging and, more importantly, low de-
formation stability in the operating temperature range:
glass formation and embrittlement in the autumn-winter
period and flow (melting, rutting, etc.) in the summer
season. The physico-chemical reasons for the technologi-
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Fig. 3. Microstructure diagram of bitumen binders modified with styrene-butadiene copolymers: 1 — bitumen
nanoaggregate cluster; 2 — macromolecule of styrene-butadiene copolymer; 3 — polymer-bitumen nano-binder

cal defects of asphalt concrete coatings are the dispersed
structure of bitumen: the practical absence of macro-
molecular compounds: asphaltenes are polycyclic solid
products, and maltenes (resins and oils) are oligomers
with a molecular weight of more than 2500—3000, which
only predetermine the viscous deformations of bitumen
nanobinders in a narrow temperature range. Widely used
bitumen modifiers — butadiene-styrene block copoly-
mers when introduced into a bitumen binder [30] do not
completely solve the problem of its susceptibility to atmo-
spheric aging due to the large number of double bonds
in the macromolecule; a common disadvantage of such
compositions is their delamination under the action of
different densities of bitumen and polymers.

The initial petroleum bitumen of the PRB 60/90
brand does not fully meet the requirements of GOST:
needle penetration depth (penetration), 0.1 mm (at
25°C) — 61 (requirement 61—90); softening temperature
along the ring and ball, °C — 43 (requirement not lower
than 47); extensibility, cm (at 25°C) — 124 (requirement
at least 55); brittleness temperature, °C — minus 17 (the

requirement is not higher than minus 15). Bitumen of the
PRB 60/90 brand was modified by adding 1% crushed
PET and 0.4% complementary nanoadditive, which
made it possible to obtain a high-quality analogue of the
PRB 130/200 brand that meets regulatory requirements:
needle penetration depth, 0.1 mm (at 25°C) — 152 (when
required. 131-200); softening temperature for the ring
and ball, °C — 41.2 (when required. not lower than 40);
extensibility, cm (at 25°C) — 94.7 (when required. at least
70); brittleness temperature, °C — minus 28 (if required.
not higher than minus 18).

Another promising approach to complementary im-
provement of macromolecular nanocomposites techno-
logical characteristics of asphalt concrete road surfaces is
the modification of bitumen with reactive additives: such
modifiers can be introduced in smaller quantities, and the
resulting compositions do not delaminate. For example,
“Elvaloy” (produced by Du Pont) is a thermosetting co-
polymer of ethylene with butylacrylate and difunctional
glycidyl methacrylate. As a result of the modifying use of
“Elvaloy”, a physicochemical reaction occurs between
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the epoxy group of glycidyl methacrylate and the car-
boxyl groups of asphaltenes [31]. The addition of a small
amount of 1—1.5% “Elvaloy” to the bitumen binder PRB
90/130 increases elasticity from 60% to 90%, and also
leads to an increase in the softening temperature of the
bitumen binder, as well as significantly increases cohe-
sion and increases adhesion with mineral components
of asphalt concrete.

DISCUSSION

Asphalt concrete is a nanocomposite based on mineral
particles of different sizes aggregated with bitumen (not
exceeding 10% of the mass of the material), the proper-
ties of which determine the majority of physical and me-
chanical indicators of the road surface. Bitumen binders
manifest themselves as typical petroleum nanodisperse
systems, the adhesive characteristics of which are de-
termined by nanostructured particles — asphaltenes of
the dispersed phase. The content of the components of
the asphalt concrete mixture is strictly regulated by the
requirements of GOST, depending on the working condi-
tions of the road surface.

The main binder component of road surfaces — bi-
tumen has a number of significant disadvantages: too
narrow plasticity interval and a low set of technological

parameters necessary to create high-quality roads, espe-
cially at temperatures below zero [32]. Macromolecular
complementary nanomodifiers of asphalt concrete com-
positions should also have a sufficiently high temperature
resistance (above the flow temperature of bitumen) up to
180—200°C. Bitumen binders at all stages of the life cycle:
in the process of manufacturing, storage, transportation
and as part of asphalt concrete road surfaces are exposed
to significant physico-chemical, mechanical and thermal
oxidative effects [33].

Therefore, there is an urgent need to improve the
properties of road bitumen by introducing modifying
nano-additives, inhibitors of thermo-oxidative aging into
it. Polymer-bituminous nano-binders (styrene-butadiene-
styrene 2—3% by weight) simultaneously with a coagula-
tion “frame” of supramacrocyclic asphaltenes contain
an elastic nanoset of macromolecular block copolymers.

It should be noted that the adhesive interphase pro-
cesses occurring on the surface of mineral powder grains
during its interaction with bitumen have a decisive in-
fluence on the technological characteristics of asphalt
concrete coatings (Fig. 4). Deformative destruction along
the contact interphase zone often occurs due to the low
cohesive strength of the macromolecular bitumen micro-
film and insufficient adhesion of the bitumen material to
the surface of the mineral components of asphalt con-

Fig. 4. Diagram of the interphase complementary interaction of the bitumen-polymer binder (1) with the surface of the

mineral filler (2)
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crete. The introduction of modifiers into bitumen should
provide an increase in the complementary adhesion of
the bitumen binder to the mineral components by several
times, as well as a noticeable increase in the temperature
range of plasticity and deformability.

A number of technical and economic requirements are
imposed on polymer components used for the modifica-
tion improvement of road bitumen: good compatibility
with bitumen; a wide temperature range of high elasticity
from —60°C to +100°C; low cost. Physico-mechanical and
rheological characteristics of asphalt concrete road sur-
faces largely depend on the quality and ratio of bitumen
and mineral components. During the preparation and
transportation of asphalt concrete mixtures, in addition
to the effect of elevated temperature (170—200°C), they
are influenced by interphase surface phenomena in the
boundary layers of the contact of the binder and mineral
filler, and in the asphalt concrete of the modern roadbed,
various climatic and physico—mechanical influences.

In case of violations of the manufacturing technol-
ogy of asphalt concrete compositions, water molecules
penetrate the interfacial surface between bitumen and
mineral material and destroy the adhesive bonds in the
laid road surfaces. The result of the action of encapsulated
nanomodifiers [34] is a demanded increase in the techni-
cal and operational characteristics of asphalt concrete;
the same effect is achieved when structuring a bitumen
nanofacial at the interface. In this case, the complemen-
tary effect is achieved by reducing the bitumen content in
the asphalt concrete mixture with an ordered arrangement
of mineral powder particles. Unlike the modification of
asphalt concrete, where the nanostructure self-organizes
due to the introduction of modifiers, when structuring the
asphalt binder, the ordering of the structure is realized by
mechanical action on the particles of the filling material
during the rolling of mineral granules.

The optimized mode of movement of ground vehicles
and the technical category are the criteria for choosing
a complementary type of asphalt concrete that provides
shear stability and roughness of the road surface. The rec-
ommended applications of various asphalt concretes are
the main factors in the use of permissible types and grades
of asphalt concrete; the grade of asphalt concrete mixture
rises with an increase in the road category and deteriora-
tion of road and climatic conditions. So, for sections of
the highway with regular braking and stopping of vehicles,
asphalt concrete mixtures with a high content of crushed
stone and the use of crushed sand are chosen.

It should be noted that in the process of asphalt con-
crete roadway construction and during its formation,
complementary quality management of road construc-
tion is very important: careful control of the alignment
and density of the soil base; the correctness of the instal-
lation of side stones (curbs), lattices and manholes of
wells of engineering and underground networks; unifor-

mity of the thickness of the asphalt concrete layer taking
into account the compaction coefficient; compliance
of transverse and longitudinal slopes with the highway
project, etc. So, for effective control of the assessment
of the quality of asphalt concrete pavement, samples
are taken: cuttings and cores are no closer than 1.5 m
from the side stone; it should be noted that laboratory
samples are taken no earlier than 3 days after the end
of compaction and before the start of vehicle traffic at
the rate of one sample per 3000 m? [35]. The normative
thickness of the laid layer of asphalt concrete roadway is
instrumentally controlled during the laying process with
a metal probe with divisions; the required uniformity of
the distribution of the layer to be laid and the quality of
the finishing of the joints of adjacent strips are carefully
checked with special devices (Fig. 5).

It should also be noted that road bitumen according
to the complex of technological, operational, technical
and economic indicators, until the last 20 years, gener-
ally satisfied consumers, and low durability was compen-
sated by low cost, justifying the repair of asphalt concrete
pavements. However, with the increase in petroleum and
energy prices, on the one hand, and with the increase in
the intensity of impacts on road surfaces, on the other (an
increase in the axial load of cars and an increase in the
intensity of their movement on highways), the economi-
cally feasible service life of asphalt-ton coatings began to
exceed their actual durability.

In comparison with asphalt concrete on traditional
petroleum bitumen, complementary polymerasfalt con-
crete is characterized by less sensitivity to temperature
changes, increased dynamic stability, shear resistance and
track resistance, deformability at low temperatures, higher
frost resistance. The service life of road surfaces using
polymerasfalt concrete exceeds the service life of asphalt
concrete coatings using bitumen by 2—3 times according
to a specially developed scale, including requirements for
heavy transport loads. In 2021, more than 1 million tons
of polymer-modified bitumen binders were used through-
out Russia in the construction of new expressways.

Fig. 5. Control of asphalt concrete roadway laying using
polymer-bitumen nanocompositions
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Currently, the demanded advance of optimized for-
mulations of bitumen nanoassemblers, adapted to the
climatic conditions of the regions of the middle zone of
Russia and the increasing intensity of motor traffic, is in
demand. The uniform density of asphalt concrete mix-
tures, which is a complementary factor in enhancing the
durability and stability of road surfaces, is achieved by
continuously laying the composition in such a way that
asphalt concrete does not segregate fractionally, and then
is uniformly compacted by rollers [36].

Statistical analysis shows that in the Russian Federa-
tion, the volume of production of bitumen materials in
2022 amounted to about 7.7 million tons; at the same
time, the technological capacities of Russian manufac-
turers already allow increasing production to 14.5 million
tons. Traditional exporting partners and friendly countries
of the Eurasian Economic Union continue to be inter-
ested in Russian bitumen. Within the framework of the
Technical Regulations of the Customs Union (TR CU
014/2011), the construction of highways is carried out
using innovative nanomaterials and technological control
of road machinery and equipment [37, 38].

Digital nanotechnologies through the analysis of large
databases make it possible to select the optimal composi-
tion of asphalt-concrete mixtures, artificial intelligence
becomes a full-fledged participant in the creation of new
formulations of bitumen nano-binders, the use of static
sensing in 3D design of the construction of regional and
federal highways, the management of road-building ma-
chines [39—41]. To solve the problem of abrasive wear and
complementary improvement of macromolecular nano-
composites technological characteristics of asphalt con-
crete road surfaces, it is necessary to design compositions
with large crushed stone (up to 60%) and the most dense
microstructure. Innovative directions in the production
of bitumen binders for complementary improvement of
macromolecular nanocomposites technological charac-
teristics of asphalt concrete drainage road surfaces is the
transition to more voluminous and more dynamic tests.

In the ongoing projects of construction, reconstruction
and maintenance of highways, it is necessary to work out
the mechanism of import substitution of bitumen materials
and the achievement of technological sovereignty in the
renewal of road vehicles: graders, pavers, etc. It is planned
in 2024 to put into effect GOST R “Public roads Petro-
leum bitumen binders. Brand selection rules”; the intro-
duced standard will apply to the structural layers of asphalt
concrete road surfaces, as well as establish a methodology
for selecting bitumen binders acceptable for use in layers,
taking into account the temperature conditions of asphalt
concrete roadway operation and increasing transport loads.

In 2022, Russian enterprises produced more than
65 million tons of asphalt concrete mixtures; the Central

Federal District with a share of more than 28% became
the leader in the production of asphalt concrete road and
airfield mixtures in Russia in 2022; the Volga Federal Dis-
trict (over 18%) took the second place. The construction
of domestic bitumen terminals in the Russian Federation
for the complementary and stable functioning of asphalt
concrete plants remains relevant. In the future, 2024—
2030, the bitumen terminal should not only store and ship
high-quality bitumen, but also produce it, i.e. transform
into a production and logistics complex [42].

Road construction is one of the key sectors of the Rus-
sian economy designed to stabilize the country’s forward
movement in the face of aggressive sanctions and geo-
political turbulence. Sanctions restrictions that affected
oil refining, supplies abroad to unfriendly countries, also
affected the production of oil road bitumen. Vertically
integrated companies “Rosneft”, “Gazprom” and others
have technological capabilities to optimize the production
technology of high-demand bitumen materials. In gen-
eral, the implementation of the infrastructure transport
strategy of Russia, within the framework of which the
construction of trunk highways, for example, the M-12
Moscow-Nizhny Novgorod-Kazan with a subsequent
extension to Yekaterinburg, will require an increase in
the capacity of the domestic bitumen market: by 2033,
according to an optimistic scenario, it will reach 8.5 mil-
lion tons.

A general trend in the conditions of geopolitical re-
tarding sanctions is the use of man-made waste in the
production of asphalt concrete: slag, fly ash; various waste
from the petroleum refining industry; artificial stone ma-
terials (expanded clay, and so on); used asphalt concrete,
etc. [43, 44]. The recuperative use of bitumen-polymer re-
cycled waste of soft roofs in the construction of highways
is the optimal approach to solving environmental prob-
lems of our time [45]. Rubber-polymer-bitumen binders
based on the use of rubber used tires are promising for
nanostructural modification of bitumen and the con-
struction of a draining asphalt concrete mixture [46, 47].

CONCLUSION

The addition of modifying polymer nanocomposites
to bitumen compositions is an effective method of com-
plementary synergetic improvement of the physical and
mechanical characteristics of asphalt concrete. Bitumen
with modifying macromolecular nanoadditives increase
the durability of asphalt concrete coatings, the service life
of roads increases by 2—3 times. Bitumen road asphalt
concrete binders modified with polymer nanocomposites
have higher adhesion and cohesion in the elastic-plastic
state, a wide range of thermoplasticity, high elasticity from
—60°C to +100°C.
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KomnnemeHTapHoOe ynyulieHne MakKpoMOoeKynsapHbIMUN
HAaHOKOMMNO3UTaMIN TEXHOJIOTMUYECKNX XapaKTepucTuK
acPanbTO06ETOHHDbIX MOKPbITUI aBTOQOPOr

AHTOH OneroBuy Masaues (), Onbra BnagumuposHa ViBaHoBa* (2, Amutpuin AnekcaHgpoBuY CUHULVH (2,
PaHuc MupgxaroBny AXMmeTLIVH

YOUMCKINI rocyfapCTBEHHbIN HePTAHOW TeXHUYECKMI yHuBepcuTeT, Yda, Poccua

* ABTOp, OTBETCTBEHHbIN 3a NepenucKy: e-mail: olgachemist@mail.ru

AHHOTALMA: BeegeHume. Mpobnemy yBenmueHrsa SKCnayaTauMoHHOM CTOMKOCTU achansTo6ETOHHOTO MOKPbLITAA aBTOMOOUIbHbIX
[OPOT B MOJIHOM Mepe He peLLaeT 1CMosib30BaHMe TPAANLMOHHbIX PeLLEeHNI 3a CHET yiyulleHrs nofoopa cocTaBa 1 COBEPLUEHCTBO-
BaHVA NPoLecca N3roToBEHNA KOMMO3NULMUIA GUTYMHbIX BAXKYLLMX U MMHEPanbHbIX HanonHuTenein. OqHVM 13 Hanbonee nepcnex-
TVBHbIX CMOCOOOB MOBbILLEHVA PabOTOCNOCOOHON AONrOBEYHOCTY acdanbTo6eTOHa ABNAETCA KOMIeMeHTapHaa Mogudukauma
6VITYMOB 11 JOPOXKHO-O6ETOHHbIX HAHOKOMMO3ULMI TEPMOMAACTUYHBIMY U 3NaCTUYHbIMK Nonumepami. MeToabl U MaTepuanbl.
ButymHble BAXyLLME OLeHMBAOTCA COOTBETCTBYOLMMN METOAaMM OnpefeneHmnsa TeEXHOOrMYecKnx nokasatenen: pacTaxmnmocTy,
TemnepaTypbl PasMArYEHUA 1 XPYMNKOCTH, SNaCTUYHOCTY 1 Ap. AcpanbTeHbl OUTYMHbIX BAXKYLLUX ABNAIOTCA BaXKHENLINM CTPYK-
Typoo6pa3syoLwyiM KOMIOHEHTOM 11 GOPMUPYIOT acCOLMMPOBAHHbIE HaHOKMacTepbl pasmepamu 15-200 HM. TepmonnacTiyHble
6710K-COMONMMepPbl BBOAAT B COCTaB OGUTYMHbIX BAXKYLLMUX B rPaHyNMpPOBaHHOM BUAe (KPOLLKW) UK pacriaga, a AN ynyylleHns
COBMECTVMOCTMN KOMMJIEMEHTAPHbIX COMONMEPOB B OUTYMHO BAXYLLEN NCMOSb3YIOT KOMNaTNGMnr3aTopbl. Ha KauecTBo rotoBoM
achanbToOETOHHON KOMMO3MLMM CYLLECTBEHHO BIMAIOT XapakTePUCTUKM OCHOBHBIX KOMMOHEHTOB: MMHEPasIbHOTO MOPOLLIKA, NecKa,
LeOHA, BUTYMHOW BAXKYLLEN 11 MaKPOMOEKYIAPHbIX HAHOA06aBOK, a Tak»Ke ONTUMAaJIbHble PEXMMbI TEXHONOMMYECKOro npotecca:
TemnepaTtypa nepemelwnsaHma n gp. Pesynbratbl. KomniemeHTapHoe B3avIMOAENCTBME CyNPamMOSIeKyAPHbIX accoLmanmnm ac-
danbTeHOB U GparMeHTOB MaKpPOMONEKYST MOIMMEPHbIX HAHOKOMMO3UTOB obecneunBaeT popmrpoBaHrie BaH-aep-BaanbcoBbix
CBA3ell 3a CYET MPOCTPAHCTBEHHOIO B3aMHOIO COOTBETCTBUA. BBejeHne NonvMmepHbIX HAHOMOLM(MKATOB NMPUBOAUT K yBennye-
HYIIO TeMMepaTypbl Pa3MATYEHUA 1 CHUXKEHIO TEMMepPaTypbl XPYNKOCTV GUTYMHbBIX BAXKYLIMX 3@ cYeT 06pa3oBaHMA [JOCTAaTOYHO
YCTONUMBBIX HAAMONEKYIAPHDBIX KOMMeKcoB. 06cyxpaeHmne. CriHepreTnyeckne HaHOL06aBKM MakpOMOEKy B OUTYMHOE BAXKyLLee
obecneunBaloT yBenmyeHne agresviv GUTyMHON KOMNO3MLMW K MUHEPAJIbHbIM KOMMOHEHTaM B HECKOJIbKO pas, a TakKe 3ameTHoe
yBenMyeHve TemnepaTypHOro MHTepBasna niacTuyHocTn n gedopmmpyemoct. AchanbTo6eTOHHbIE MOKPBITUA C NMONMMePHO-61-
TYMHbIMU BAXKYLLVMU YBENMYMBAIOT PabOTOCMOCOOHOCTb AOPOXKHOIO MOMOTHA aBTOAOPOT 1 YCTOMUYMBOCTb K 06pa3oBaHmio nnactu-
yecknx gedopmauin (CABUrOB, KOMeit) B yCSTIOBUAX BbICOKUX M HA3KMX TemnepaTyp. 3akntoueHne. butymHble BAXKyLime AOPOXKHbIX
acPanbTo6eTOHOB, MOANDULMPOBAHHbIE MONVMEPHBIMY HAHOKOMMO3MTaMK, UMeIoT 6osee BbICOKYH afire3unio, pacLUVpPeHHbIN
Anana3soH TepMOMNIacTUYHOCTM 1 BOJOCTONKOCTN.

KJTIOYEBbBIE CJIOBA: acdanbsto6eTOHHOE MOKPbITUE, MOMVMEPHbI HAHOKOMIMO3UT, KOMIMJIEMEHTAPHOE B3aMMOAENCTBIE, YNpaB-
JIEHVE KaueCTBOM, NMONIMMEPHO-OUTYMHOE BXKYyLLiee, HAHOCTPYKTYPHbI MoanduKaTop.

BJIATOAAPHOCTMW: PaboTa BbiNosIHEHA B paMKax peann3aLmm nporpamMmmbl akageMmMyeckoro cTpaTtermyeckoro nugepcraa «lpuo-
puteT 2030».

ANA UUTUPOBAHMUA: Masaues A.O., ViBaHosa O.B., CuHnumH [.A., AxmeTwnH PM. KomnnemeHTapHoe ynyulleHne makpomorne-
KyNAPHbIMA HAHOKOMMO3UTaMU TEXHONOMMUYECKNX XapaKTepUCTMK acdanbToOeTOHHbIX MOKPbLITUI aBToaopor // HaHoTexHonorunm
B cTpouTenbctae. 2023. T. 15, N2 5. C. 453-464. https://doi.org/10.15828/2075-8545-2023-15-5-453-464. - EDN: YXAYKH.

BBEJIEHUE crpansix Poccun u bamkoprocrana mpuBOIUT K OBICTPO-

My IeopMaTUBHOMY pa3pyIIeHUIO achaaTbTOOCTOHHBIX

YBeaneHMe WHTCHCUBHOCTHU U TPY30HAMPSLKEHHOCTH  TTOKPBITHiL. OIMHOM M3 CYIIECTBEHHBIX IIPUINH IIPEXKICB-
ABTOMOOMJILHOTO OBIMKCHMS Ha OCHOBHBIX MarW-  PEMEHHOTO pa3pyIIeHMSI BEPXHUX CIOEB achalbTode-
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TOHHBIX JTOPOXKHBIX TTOKPBITUM TIPU PE3KUX KOJICOAHMSIX
TeMIIEPaTypHl SBJIsIeTCS (POPMUPOBAHIE MIKPOTPEIIIIH
C TOCJIEYIOLIMM 3PO3UOHHBIM LIEyIIIEHUEM U Hapac-
TaIINM 00pa30BaHNeM Ie(PeKTOB (BEIOOMH C TITyOMHOI
6omee 3 cm u ap.) [1—4]. CHIzKeHrEe BOTO- M MOPO30-
CTOMKOCTH acanbTOOETOHA 1, KaK CICICTBUE, YMECHD-
IIeHNEe BPEMEHHM 3KCIUTyaTallMd IIPOMCXOMUT TaKXKe
M3-3a MOHWXXEHUS aAre3uu OMTYMHBIX BSKYILIHUX C MO-
BEpPXHOCTHIO MUHEPATbHBIX 3aITOTHUTEINIeH. PazpaboTku
HOBBIX TEXHOJIOTMYECKUX PEIICHUIT MHOTOTOHHAXKHOTO
TIPOM3BOACTBA OMTYMHBIX HAHOBSDKYIIIUX MaTepHUAIOB
¥ YBEJIMUCHME X KCILTyaTallMOHHOTO pecypca SIBJISTIOT-
ST aKTyaJTbHBIM HaITpaBJICHUEM pealn3allii HallMOHAIb-
HOTO TIpocKTa «be3omacHble 1 KaueCTBEeHHBIC JOPOTT»
Poccniickoit @enepann.

st yBeTUUEHUST CpoKa 3KCIUTyaTaluu acdairb-
TOOETOHHBIX TTOKPBITHIT aBTOOOPOT pa3paboTaHBI OM-
TYMHBI€ KOMITO3ULIMOHHbIE BSIXKYILIME, CPEIU KOTOPBIX
0COOEHHO CJIeAyeT BBIICIUTH ITOJIUMEPHO-ONTYMHBIC
KoMITO3uLMH |5, 6]. Acdanbro0eTOHHBIE CMECH C TTOJTH-
MEpPHO-OMTYMHBIMU BSDKYIITUMH YBEJTMUUBAIOT pabOTO-
CITOCOOHOCTH MOKPHITUI TOPOXKHOTO ITOJIOTHA M YCTOM-
YUBOCTh K 00Pa30BaHUIO TIACTUICCKUX ITehopMaIimii
(cmBUTOB, KOJICH) B YCIIOBHSIX BBICOKMX M HI3KMX TEM-
nepatyp. ONTUMAaIBHBIA BEIOOP cocTaBa acaabTobe-
TOHA U CIIOCOOHOCTH 3((HEKTUBHO COMPOTUBIISITHCS
pearbHBIM 3KCIUTyaTallMOHHBEIM Harpy3kam 0e3 Hapy-
IIeHUS CTUIONTHOCTU ITOKPHITUS 3aBUCST OT KaTCTOPUH
ABTOMOOWMJIBHOM TOPOTH M IIPUPOTHO-KINMATUICCKUX
YCIOBUIT peTHOHA.

Lleb maHHOI CTaTbU — MCCIICIOBaHNE TIPUMCHEHUS
TOJIMMEPHBIX HAHOKOMITIO3UTOB IS TEXHOJIOTUIHOTO
YCUJICHMSI TTapaMeTPOB SKCIUTyaTallMOHHOM CTOMKOCTH
ac(aabTOOCTOHHBIX JOPOKHBIX TIOKPHITHI.

METO/bI 1 MATEPHAJIBI

AchanbTo0eTOH — ONTUMAJILHO ITOJO0OpaHHAas
1 TIepeMellIaHHasI B HarpeTOM COCTOSTHUU CMeCh MIHE-
PaTBHBIX MAaTePHUAJIOB 1 OMTyMa (TTIOKPHITHS aBTOIOPOT),
KJIacCU(UITIPYETCs 10 ONpeaeIcHHOMY TTIePeIHIO TeX-
HOJIOTMYECKHX TTApaMeTPOB, KaKIBIN 13 KOTOPHIX BIUSICT
Ha (PU3UKO-MeXaHMICCKIE XapaKTepUCTUKI, (PYHKITN-
OHAJILHOE COCTOSTHUE M JIOJITOBEYHOCTD [7]. Acdaib-
TOOCTOHHBIC TOPOKHBIC MOKPHITUS TTOAPA3ACIISTIOTCS
10 CJICAYIOIIMM OCHOBHBIM IMapaMeTpaM: THUITY 3arloJI-
HUTENST (MHOTOKOMITOHEHTHOMY COCTaBY); TeMIIEpaType
W3TOTOBJICHUS U YKJIAIKH; TIOPUCTOCTH; MapKe M T.1I.

HedtsHoi1 OMTYM SIBIISIETCSI HAMOO0JI€e UCTIONb3YEMbIM
B IOPOXKHOM CTPOMTEILCTBE BSLKYIIINMM MaTEePHAIOM, TaK
KaK MpeBaIPYET IO CPaBHEHUIO C aHAJIOTAMH TI0 JOCTYTI-
HOCTH, CTOUMOCTH, 3(D(eKTUBHOCTHU. TeXHOIOTMIeCKast
JIOJITOBEYHOCTh OUTYMHBIX BSIKYIIUX B acdanbTrodeTo-
HaX HEeTIOCPEACTBEHHO COIIPSDKEHA ¢ HAHOMMCIIEPCHOM
MUKPOCTPYKTYPOi1, O0YCIOBICHHOM KOJIMUECTBEHHBIM
COOTHOIIIEHHEM OCHOBHBIX KOMITOHEHTOB: MaceJ (apoMa-
THYECKNE, HAahTeHOBEIC U TTapahMHOBBIC YTIIEBOIOPOIEI
¢ MousipHOi Maccoit = 500—1500 r/MoJb), oMroMep-
HBIX CMOJT 1 MaKpOIMKIINUeCKUX achanbreHoB [8—10].
XVUMHMUYECKUIA COCTAaB M COOTHOIIICHIE Macell, CMOJI M ac-
(hasrbTeHOB B MOPOKHBIX OUTYMAaX JOCTAaTOYHO CHJIBHO Ba-
PBUPYET B 3aBUCHMOCTH OT UCXOTHOTO HE(PTSHOTO CHIPhS
1 TEXHOJIOTMM BaKYYMHOM OKMCIIMTETHHOM TTepepadoTKI
TYIPOHOB Ha HedTerepepadaThIBAIOIINX 3aBOIAX.

ITpu Temneparype 120°C u BbIlIe achagbTeHbI Ha-
XOISITCSI B MOJICKYJISIPHO-ITUCIIEPCUOHHOM COCTOSTHUH,
a mpu OoJiee HU3KMUX TeMIIepaTypax OHU 00pa3yIoT ac-
COLIMMPOBAHHBIC HAIMAKPOMOJICKYISIPHBIC KOMILICKCHI
(puc. 1). burymablie acdanbTeHB UMEIOT ITOBBIIIICHHYIO

—_—

Puc. 1. Cxema o0pa3oBaHus1 aCCOIMHUPOBAHHBIX KOMILIEMEHTAPHBIX CYNPAMOJIEKY ISIPHBIX KOMILIEKCOB OMTYMHBIX
acdaabTeHoB: | — acanbTeH; 2 — HAHOArperaTHBINM KacTep
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CKJIOHHOCTB K aCCOIIMAIINHN 32 CIET MEKMOJICKYIIIPHBIX
CTOKWHT JT-JT B3aUMOICHCTBIIT 1 (DOPMUPOBAHUIO CYITpa-
MOJIEKYJISIPHBIX XKIUIKOKPUCTATUIMICCKIX HAHOCTPYKTYP:
arperaTHbIe (PpakTaJbHBIC HAHOKJIACTEPHI pa3MepaMu
15-200 am [11].

AcdabTeHbI OMTYMHBIX HAHOBSDKYIINX 33 CUET IO~
BEP>KEHHOCTH K CYIIPAMOJICKYISIPHBIM KOMITJIEMEHTap-
HBIM aCCOLMAIIMSIM SIBJITIOTCS BasKHEHIITM CTPYKTYPOO-
Opa3ylInM KOMITOHEHTOM acgalibTo0eTOHOB. ['eTepo-
LUKJINYeCKre OMTyMHbIE achalibTeHbl (DOPMUPYIOT HAM-
MOJIEKYJISIpHBIC (hpaKTaIbHBIC HAHOCTPYKTYPHI, KOTOPEIE
TIPEICTABIISIOT COO0M TMCKOOOpa3HyIO HEeIUTAaHAPHYIO
CTOIIKY TOJIMIINKIIMIECKNX MaKPOMOJIEKYJ ¢ MEXILIO-
CKOCTHBIM pacctossHueM = 0,4 am [12—15].

B cTpouTembHOM MaTepHalOBEICHNH TPATUIIIOHHO
CUUTACTCSI, YTO HAHOCTPYKTYpa OUTYMHBIX MaTepPHUAIOB
TIPEACTaBISICT COOO0I KOJUIOMIHYIO CCTEMY, B KOTOPOMA
IHUCIIEpTUPOBAHKI (ppaKkTagbHBIC ac(aIbTeHBI, a TUC-
TIEPCUOHHOM Ccpemoit SIBISIOTCS OJIUTOMEPHBIC CMOJIBI
" yriaeBogopomHble Macia. CylpaMoIeKyIsapHBIe ac-
(hapTeHBI OMTYMa OUCIIEPTUPOBAHKI B BUIIE MUKPOYa-
cThll pazmepaMu oT 18 1o 20 MKM, KOTOpbIE OKPY>KEHBI
MOJICKYJISIPHBIMU 000JI0YKAMU TSIKEJIBIX CMOJT 1 Mace
C YOBIBAIOIIEH TTOTHOCTHIO.

AchambTo0eTOHHOE TOPOKHOE IMTOKPBITHE IPEACTAB-
JISIeT cO001 KOMITO3ULIMOHHBIH YIIJIOTHEHHBIN MaTepuall,
M3TOTABIMBACMbIN CMEIIICHIEM MIHEPATbHBIX KOMIIO-
HEHTOB (ITecKa, eOHS) ONTUMATBLHEBIX pa3MEpOB, arpe-
rupoBaHHBIX 6uTyMoM (He Gosee 10—15 % maccoBoii
o). [1pu onTuMaabHOM COOTHOIIEHUM OUTYMOB U Ha-
TIOJTHUTEJIei OUTYMHOE BSLKYIIee — KOMILIEMEHTapHast
MaTpuIa — HaXOIUTCS B aiCOPOMPOBAHHOM COCTOSTHUH
Ha IIIepOX0BaTOU ITOBEPXHOCTU YaCTHUIL TOHKOMOJIOTHIX
MUHEPAJTBbHBIX TTOpOIIKoB. Cirabdas agre3ust OMTYMHBIX
HAHOBSIKYIINX C TTIOBEPXHOCTHIO MIUHEPATbHBIX HATIOI-
HUTEJICH IPUBOIUT K IIPEXKICBPEMECHHOMY pa3pyIICHUIO
ac(aabTOOCTOHHBIX JOPOKHBIX TIOKPHITHI.

MuHepanbHbIi Kapkac achaibTo0eToHa (POpMUPYET
CMech M3 MUHEPaJIbHOTO ITOPOIIKA (MaTepuaia, Imojy-
YEHHOTO TTIOMOJIOM KapOOHATHBIX — U3BECTHIKU U JO-
JIOMUTHI — I HEKapOOHATHBIX TOPHBIX ITOPO, 00
W3 TBEPIBIX OTXOIOB IIPOMBIIIICHHOCTH ), TIeCKa 1 111e0-
HSI C COOTBETCTBYIOIINM TPAaHYJIOMETPHUCCKIM COCTAaBOM
cormacHo 'OCT 32761-2014 «[doporu aBTOMOOWIIBHBIE
o61ero moJjib3oBaHus. [lopomok MmuHepaabHblil. Tex-
Huueckue TpedboBanus» 1 FOCT 33029-2014 «Ioporu
aBTOMOOWJIbHBIE 00111eT0 Moyib3oBaHMsl. 11ledbeHb u rpa-
BUIT 3 TOPHBIX TTopoa. OnpeaeieHre rpaHyIoOMeTprIe-
CKOTO COCTaBa».

OcHOBHBIE TPeOOBaHMSI K MUHEPAJIBHOMY IOPOIIKY
HOPMUPYIOTCS TT0 CIICAYIOIINM ITOKa3aTe IsIM: 3¢pPHOBOMY
coctaBy (Mmenbue 2 mM; 0,125 mm 1 0,063 MmMm), mopu-
CTOCTH M Ap. 3epHOBOM (TpaHyJIOMETPUUICCKII) COCTaB
MUWHEPaJTbHOM YacT achalbTOOCTOHHBIX IEOCHOTHO-
MACTHYHBIX CMECEH OIpeAeIITIOT Ha CUTaX ¢ HOMUHAITb-

HbeIMHI pasmepamu sueek: 0,063; 0,125; 0,25;0,5; 1,0; 2,0;
4,0; 5,6; 8,0; 11,2; 16,0; 22.4; 31,5 mM. MuHepaabHbIi
IMOPOIIOK U3TOTABIUBAIOT YaIlle BCETO B TPOU3BOICTBE
AKTUBUPOBAHHBIM (C M10OaBKaMM MOBEPXHOCTHO-aK-
TUBHBIX BEIIECTB) IS YCUIICHUS KOMIUIEMEHTAPHOTO
s deKTa; aKTUBUPOBAHHBIC MIUHEPAIbHBIC TTOPOIITKH
MPENMYILIECTBEHHO TUAPO(POOHBI. OTHUM U3 METOIOB
AaKTHUBAIIMM MUHEPATBHBIX ITOPOIIKOB BO BPEMSI TEXHO-
JIOTUYECKOTO TTOMOJIa SIBJIICTCS (PU3NKO-XUMUICCKasT
00paboTKa NX IMOBEPXHOCTU, OCYIIECTBIIsIeMasT aHNO-
HAKTHUBHBIMH TOBEPXHOCTHO-aKTUBHBIMY BeIlleCTBAMU
13 OTXOJ0B XXupornepepadboTku [16].

PacueT onTMaIbHOTO COOTHOIICHNST MUHEPATbHBIX
KOMITOHEHTOB: 1IeOHS (IpaBusl), IeckKa, MUHEPaJIbHOTO
ITOPOIITKa — JOJIKEH 00eCTIeYMBATh YCTAHOBJICHHOE CO-
Iep:KaHue 3epeH KPYITHOI M MEJIKOM (DpaKIIMK B 00IIIEM
COCTaBe 3aMOJIHUTENICH, KOTOPOe 00eCIIeYMBaET TOJITO-
BEYHOCTH (OMHOBPEMEHHO ITPOYHOCTh, SKOHOMUYHOCTB)
IOPOKHOTO MOKPBITHSI. CTPYKTypa TpaHyJIOMETpUUIC-
CKOI1 (3epHOBOI1) YaCTH OTPaHUIMBACTCS TIPEACTEHBIMU
KpUBBIMU (pHC. 2) TOMTYCTUMOTO KOJIMYECTBA IPOCK-
THpYyeMoit (hpaKIInu 3epeH; B pe3yibTaTe SKCILIyaTa-
IIMOHHBIC TTOKAa3aTeIN OCHOBHBIX XapaKTEPUCTUK ac-
(¢anbToOeTOHA COOTBETCTBYIOIIEH MapKK OYIyT OTBEYaTh
TEXHUIYCCKIM HOpMaM.

AcdanbToOETOHHBIE CMECU B 3aBUCUMOCTHU OT 3a-
ITOJTHUATEIIS TIONPa3NeIsIIoT Ha IeO0eHOYHBIC, TPaBHii-
HBIE, TIECUaHBIC; 110 TUIOTHOCTH — Ha BBEICOKOILJIOTHBIC
(ocratouHas nopuctocts ot 1,0 % mo 2,5 %), I0THbIE
(ocTaTouHas MOPUCTOCTD cBhILIe 2,5 % no 5,0 %), no-
pUCTBIC, BRICOKOIIOpUCThIe. OCHOBHO KOMIIOHEHT
MEJIKO3epHUCTOr0 acdarbTOOCTOHA UIST YCTPOMCTBA
BEPXHETO CJI0ST TOPOKHOTO ITOKPBITHS — IIeOeHb (PpaK-
et mo 20 mm. [lledbeHOUHBIC (TpaBUITHBIC) TUIOTHBIC
ac(aabTOOCTOHBI B 3aBUCUMOCTH OT COIEPXKAHUS B HUX
11e6Hs (rpaBusl) NOAPA3ALISIIOTCS Ha HECKOIbKO TH-
moB, Hanpumep, Tin b (comepxanne medHs ot 40 %
10 50 %). dns cmeceii Tuma b comepxanue 3epeH 11eo-
HS TUIACTUHYATON W UTJIOBATOM (hOPMBI TOKHO OBITH
He 6oJee 25 % o Macce.

B coorBercrBum ¢ TOCT P 58406.1-2020 «/Ioporu
aBTOMOOMJIBHEIE 00IIIeTO Moib30BaHUsI. CMecH 1mede-
HOYHO-MAaCTUYHBIE ac(haTbTOOCTOHHBIE 1 acdanbTooe-
ToH. TexHnuecKre ycJIoBHs» TpeOboBaHM K achaabTobe-
TOHAM IIPEIBIBIISTIOTCS 10 TIOKA3aTeJISIM, XapaKTepHU3y-
IOIIAM TTapaMeTPhI CTPYKTYPHI (OCTaTOUHAS IIOPUCTOCTD,
ITOPUCTOCTh MIHEPATHHON YaCTH, BOTOHACHIIIICHNE),
(pm3MKOo-MexaHNIeCKe CBOMCTBA 10 ITapaMeTpaM IIpod-
HocTH (1pu cxkatuu mpu Temmeparypax 20°C u 50°C
1 Ha pacTsoKeHUe MpH packoire mpu Temireparype 0°C)
U CABUTOYCTOMIMBOCTH (KO3 (UILIMECHT BHYTPEHHETO
TPEHUS U CLETUICHUS TIPU CIBUTOBOM nedopmalinm).

HcnbiTanus achanbToOETOHHOTO TOPOXKHOTO T0-
KPBITHSI BKJIFOYAIOT B ce0s psii METOIOB, KOHTPOJIUPY-
JOIINX TEXHOJIOTUIECKIE CBOMCTBa OUTYMHO-MUHEPaITh-
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Puc. 2. IIpoekTupoBanue
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HBIX KOMITO3UIniA. PU3NKO-MEeXaHUTICCKIE XapaKTepH-
CTUKU OUTYMHBIX BSCKYIITAX OLICHUBAIOTCSI TIPY TTOMOIIIHN
CJICAYIOIINX TTOKAa3aTeNIeii: pacTSDKMMOCTH, TEMITePaTyphI
pa3MATYCHMS ¥ XPYITKOCTH, SJIACTUIHOCTH, TaK KaK OHI
OITIPEIEIISIIOT OOIBITMHCTBO TEXHOJIOTMIECKIX TTapamMe-
TPOB ac(aabTOBBIX TOPOXKHBIX O€TOHOB. M3yueHue pe-
OJIOTUYECKUX CBOMCTB OUTyMa (B YaCTHOCTH, TMHAMU-
yecKoii Ba3kocTu mpu 60°C) ¢ moJuMepHBIMUA HAHOOO-
0GaBKaMH TTO3BOJISIET OLICHUTD MX BIIUSHNAE HA CTPYKTYPY
acdanbTOOETOHHOI cMeCH, BBIOpATh ONITUMAJIbHOE MX
codeTaHNUe W JO3UPOBKY, TTOIyJaTh ac(haTbTOOC TOHHBIC
CMeCH ¢ TPeOYeMbIMU XapaKTEePUCTUKAMU: YCTONINBO-
CTBIO ac(aTbTOOCTOHHBIX TOPOXHBIX ITOKPHITUIT K KO-
Jlee00pa30BaHMIO, TTOBBIIIICHHON YINIOTHSIEMOCTBIO TIPH
TIOHIXEHHBIX TeMITepaTypax.

Hns pacmmpeHUs MHTepBaia INTACTUIHOCTH U TEM-
TepaTypHOTO WHTepBaia IIPUMEHEHUS OUTYMHBIX BSI-
KYIINX, YCUJICHUS aare3ny W IMIEePOXOBATOCTHA B ac-
(anpTOOETOHAX IIPUMEHSIIOT NX MOIN(HUIIMPOBAHNE,
3aKJTI09alolIeecsT BO BBEICHUN Pa3IMYHBIX HAHOIO0A-
BOK. B KauecTBe MakpOMOICKYISIPHBIX YAYJIIITATEICH
TEXHOJIOTUICCKUX XapaKTePUCTUK ac(albTOOCTOHHBIX
TIOKPBITUI MOTYT UCIIOJIE30BaThCS OJIOKCOITOTMMEPHBIC
CTUPOJI-OyTageH-CTUPOJI, AaTAKTUICCKUI TTOJIUITPOTIN -
JIEH, U30TaKTUYECKUI TTOJTUTPOITvIeH U T.11. [17—20].

PesynbTaTBHOE 100aBIEHUE B COCTAaB OUTYMHBIX
KOMIIO3UIINI MOITUMDUIIMPYIONINX TTOJIMMEPHBIX HAHO-
KOMIIO3UTOB SIBIIsIeTCs 3((HEKTUBHBIM METOIOM KOM-
TUIEMEHTAapHOTO YIIYUIICHUS (DU3UKO-MEXaHMICCKIX
XapaKTepUCTUK OMTYMOB 1 TIOBBIIICHUST TOJITOBEYHOCTH
TOPOKHBIX MOKPHEITHI. KoMImeMeHTapHOe (B3aMO-

TOTIOJTHSIONIEE) B3anMOIeicTBHE (DparMEHTOB MaKpO-
MOJICKYJT TTIOJTUMEPHBIX HAHOKOMIIO3UTOB M CYyIIpaMO-
JIEKYJIIPHBIX acCOLMALNiT achaTbTeHOB 00ecIIeYBacT
dopmupoBaHue BaH-nep-BaanbcoBbIX CBSI3El 3a cueT
IIPOCTPAHCTBEHHOTO B3aMMHOTO PACIIOJIOXKCHHMSI.

Cxema MeToa TIPUTOTOBIICHHST OUTYMHOTO MOTU(DM-
IIMPOBAHHOTO HAHOBSIKYIIETO: HE(DTSIHON MTOPOXKHBIN
outym mapku BHJI 70/100 HarpeBamm mo 170—180°C ipmn
IepeMEeIIMBAaHNY B TUAPOIMHAMUIECKIX CMECUTEIISIX
co ckopocThio 140—150 o6opoToB/MuH. [laee m00aBIIsIIN
OyTaareH-CTUPOJIbHBIIA conoumep 4% (1o Macce); 3a-
TeM yBeamauBaan 000poThl 1o 700—800 o6opoTOoB/MIH
u nepemMetmBaiu 50—60 MUH [0 IOJIy4eHUSI FTOMOT€HHOM
IMOJIMMEPHO-0UTYMHOM HaHOKoMmo3unuu. [Tokazareias
5JIACTUIHOCTH MaKpPOMOJICKYJISIPHO-OUTYMHBIX HAHO-
KOMIIO3UIINI OTIPEACIISIIN ¢ TIOMOIIBIO AYKTUIOMETpa
HaXOXICHUEM PACTSKUMOCTA MOIUMDUIINPOBAHHOTO
HAHOBSIKYIIETro Ipu Temireparype +25°C u 0°C; sma-
CTUIHOCTB TIpH +25°C XapaKTepru3yeT TEXHOIOTMICCKIE
XapaKTEePUCTUKH TpeXMepHOI HaHoceTkH, a 1ipu 0°C pa-
06OTOCITOCOOHOCTD MPH HU3KUX TeMIIepaTypax.

B xadyecTBe MAaKpOMOJIEKYJISIPHBIX HAHOKOMITO3UTOB,
TIPUMEHSIEMBIX YaCTO TS YIYUIICHUSI MOPO30CTOMKOCTH
TePMODJIACTUIHBIX XapaKTePUCTUK OUTYMOB CIICAYET
OTMETHUTh UCIIOIb30BaHNE KOMITTIEMEHTAPHO COBMECTH-
MBIX OyTaINeH-CTUPOIBHBIX KAYIYKOBBIX COTIOIMMEPOB
IEHIPUMEPHOU pa3BeTBICHHON CTPYKTYpPHI [21]. Dma-
CTUYHBIC OyTamMEeHOBBIC M 3KECTKIE CTUPOJIBHBIC OJIO-
KJ MOTYT TTOJIMMEPU30BaThCs B (hopMe pa3HOOOpa3HBIX
COTIOJIMMEPOB, a XKECTKUE TTOJMCTUPOJIFHBIC TOMEHBI
pazmepamut 350—700 HM BEITIOTHSIIOT B MAaKPOMOJIEKYJIe
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poJIb (DYHKIINHU Y3JI0B BYJIKAHU3AIIMOHHON HAHOCETKU
¥ YCWINBAIOT CHHEPTreTHUeCKMit 3(pdexT.

ByragneH-cTHpOIbHBIC HAHOKOMITIO3UTHBIE COITO-
JIMMEPBI C MOJISIPHO# Maccoit ~10° 1OCTaTOUHO XOPOLLIO
COBMEIIAIOTCS ¢ OMTYMHBIMU TOPOXKHBIMH BSLKYIITMME
3a cueT HaOyxaHUs B HA(TCHO-apOMaTHUCCKUX YIJICBO-
IOpoIaX OUTYMHOTO BSDKYIIETO M YaCTUIHOTO PacTBO-
penus ripu remriepatype 175°C [22]. TepmoriacTHaHbIE
OJIOK-COITOJTMMEPHI BBOIST B COCTAaB OMTYMHBIX BSIKY-
IIMX B TPaHYJIMPOBAHHOM BUIE (KPOIIIKM) VTN pacIuia-
Ba, a TS YIIYYIIEHUS COBMECTUMOCTH MOIUDUIINPYIO-
IINX COMTOJIMMEPOB 1 OMTYMHOM BSDKYIICH MCITOTB3YIOT
TUTacTU(UKATOPBL: MHIYCTPUATbHEBIC Maciia, He(hTSHEIC
TYIPOHBI, MexX(a3HbIe KOMITATHOWIN3ATOPHI U 1p. O11-
TUMAaJIBHBI TOI00P TPYIIIIOBOTO XUMUIECKOTO COCTaBa
KOMITayHINPOBAHHBIX TOPOXKHBIX ONTYMOB 00€CIIeUBa-
eT (hopMUpoBaHIe HAHOIUCIICPCHOM CTPYKTYPHI OMTyMa
THTIA «30JIb-TeNb» [23].

B mpoirecce mpUTOTOBICHUS VIIYUIIEHHOTO ITOJIH-
MEpHBIMI HaHOMOAM(MUKAaTOpaMHU achaTbToOCTOHA OCY-
IIECTBIISIOT ITOCTOSTHHBIN KOHTPOJIb TEXHOJIOTUICCKOTO
Tpolecca U UCIBITaHNEe 00pa3IioB achaaIbTOOeTOHHBIX
MOKPHITHIT. DhPeKTUBHOE N(PPOBOE PETYITUPOBAHNE
mapaMeTpOB B CUCTEME aBTOMATU3MPOBAHHOTO yIIpaB-
JICHWST IPOU3BOACTBOM ac(ajbTOOETOHHOM cMecH [24]
TIO3BOJISIET BBIPAOOTATh ONTUMAJIBHBIN BapuaHT (DYHK-
UOHMPOBAHMS TEXHOJIOTUICCKOM TMHUM. XapaKTepH-
CTUKH OCHOBHBIX KOMITOHCHTOB: TIeCKa, IIeOHST, MITHe-
PaIbHOTO MOPOIITKa, KOMIIEMECHTAPHOM OMTYMHOI1 BSI-
KYIIIei 1 MaKpOMOJIEKYJISIPHBIX HAHOZ00aBOK, a TAKKe
TapaMeTphl TEXHOJIOTMIECKOTO MPOoliecca YINTHIBAIOTCS
KaK KpUTCPUM IPU YIIPaBICHUN KaYeCTBOM T'OTOBOM
acanbTobeTOHHOU cMecu. PazHOoOOpa3HbIe BUIBI ac-
(haTbTOOETOHOB TSI CO3MAHUS TOPOKHBIX ITOKPBITHIA
OTJIMYAFOTCSI TTO COCTABY KOMILIEMEHTAPHBIX CHIPhEBBIX
MaTeprajoB, TEXHOJIOTUN U3TOTOBIICHUS 1 (PH3UKO-Me-
XaHNYECKNM XapaKTepUCTUKAM.

BeKTopBl KOMIUIEMEHTAPHOTO COBEPIIICHCTBOBAHMUS
TOPOKHBIX ac(aTbTOOCTOHHBIX KOMITO3UIINI pa3HO-
00pa3HBIMU J00aBKaMU HAIIpaBJICHBI Ha oOecTicUeHUe
caMo3aJeuMBaHUs MUKPOTPEIINH TOPOKHOTO MTOKPHI-
THSI, CAMOOYMIIICHNST 3MMHHUX CHEXXHO-JICISTHBIX OTJIO-
KeHuii [25]. TemmiepaTypHast yCTOIMYMBOCTD XapaKTepH -
3yeTCsI CTIOCOOHOCTHIO achaTbTOOETOHA IIPOTUBOCTOSITH
TeMIIepaTypHBIM TIepeliamzaM: TePMOTUIAaCTUIHBIN ac-
¢anpTobeTOH TpaHchOopMUpYET OoJiee TUIAaBHO TEPMO-
MEXaHMJIECKIE CBOMCTBA OT TUIACTUYHBIX (TIPY BEICOKMX
TeMIIepaTypax) IO XPYIKUX (TIpY HU3KUX TeMITepaTypax)
¥ CTaOMJIBHOCTBIO K CIBUTOBBIM IeOopMaIdsiM 1 00-
pa3oBaHMIO TPEIIHH.

Haw6oJtee 1erko BOCIpOM3BOIAUMBIMUY TTOKA3aTEeIsI-
MM TEMIIepaTyPHOI YCTOWUMBOCTH SBJISIIOTCS 3HAYCHUST
mpenesia IPOYHOCTH Ha cxKaThe achaJbToOeTOHA TIPHU
temnepatypax +50°C, +20°C u 0°C. B cooTBeTCTBUU
¢ tpedoBarussMu 'OCT 9128-2009 «Cmecu acanbro-

OCTOHHBIC TOPOKHBIC, A3POIPOMHBIC M aC(PaTETOOCTOH.
TexHuyeckue ycaoBUsl» MUHUMAaJIbHOE 3HAYEHHE 3TOTO
mmokasarenis mpu +50°C He meHee 0,9 MIla (xapakre-
pH3yeT cocOOHOCTH achaaIbToO0eTOHA ITPOTUBOCTOSITh
COBUTOBBIM HedopMaIisM), a MaKCUMaJIbHOe — He 00-
nee 12 MIla mipm 0°C.

BuTtymHOe BSTKyIllee UCITBITBIBAIOT HA CICIUICHHE
C TTOBEPXHOCTHIO IIEOHSI — KOMILIEMEHTapHOTO MMU-
HEepaJIbHOTO KOMIIOHEHTA, TIPH CIEIICHUN OUTyMHO-
IO BSIKYIIETO HIDKE YeThIpeX 0a/IOB JOITOJTHUTEIBHO
IIPUMEHSIOT aiTe3MOHHYIO TEPMOCTAOMIIBHYIO JOOABKY
B konmyectBe 0,3—0,5%. B kauecTBe CTaOMIN3UPYIOIIMX
HaHOI00aBOK U MOAU(MUKATOPOB 1Ie0EHOUHO-MACTUY -
HBIX acPaTbTOOECTOHOB HCIIONB3YIOT TPAHYIMPOBAHHOE
WA HeTpaHyJINPOBAaHHOE 1IEJITIOJI03HOE BOJIOKHO.

PE3YJIbTATBI

KomrmemMeHTapHas cyIpaMoIeKy IsIpHast IIPOCTPaH-
CTBEHHAsI CeTKa, 00pa3yromasics B OUTyMe C yIacTUEeM
OyTammeH-CTUPOJIbHBIX HAHOKOMITO3UTHBIX COITOJIM-
MEpOB, IPUAACT JOCTATOYHO BBICOKYIO IIPOYHOCTD, Te-
IUTOCTOMKOCTD U CITOCOOHOCTH K BEICOKO3JIACTHUCCKIM
nedopmanaM [26] acdanbToGETOHHBIM MOKPHITHAM
aBTomoOpoT B nHTepBae Temmepatyp ot —80°C o +90°C;
5TO OCOOCHHO 3aMETHO B YCJIOBUSAX BO3pACTaHUS MHTCH-
CUBHOCTH ABWKCHUS OOJIBIIETPY3HEIX aBTOMOOMIICH.
CiemyeT OTMETUTD, UTO IUIS IIPOU3BOACTBA MOIU(DUIIN-
POBaHHBIX TTOJIMMEPHO-OUTYMHBIX BSLKYIITX HEOOXOIH-
MO TIOBBICUTH aIT¢3MOHHBIC XapaKTePUCTUKH K TIOBEPX-
HOCTH KOMIUIEMEHTAPHBIX MIHEPATbHBIX HATIOJTHUTE-
JIeil. BeIcokme moKa3aTenn aare3un CBUACTEIBCTBYIOT
0 CIOCOOHOCTU MOAU(DULIMPOBAHHOIO OUTYyMa yaep-
JKMBAThCS Ha TIOBEPXHOCTH 3aTTOTHSIONINX MaTepHAaiOB
TP pa3pyllarolieM BO3IeCTBUN Ha HIX MOJICKYJI BOIIEIL.

B nucniepcroHHoOI cpene OMTYMHBIX BSDKYLIMX Ma-
KPOMOJIEKYJISIpHBIC HAHOMOIN(PHUKATOPH 00pa3yoT
TPEXMEpPHYI0 HAHOCETKY U CYIIECTBEHHO PE3KO YCHIIMBA-
0T 3JIACTUYHOCTD, KOTOPas XapaKTepr3yeT CITIOCOOHOCTh
BSDKYIIETO K 00PaTUMBIM, 3JIACTHUCCKIM Ie(POpMAaIIsIM;
TaKKe OMHOBPEMEHHO CHITKACTCS TeMITepaTypa XpyIKo-
CTH M TIOBBITIIACTCS TeMITepaTypa pasMsraeHus. JJopox-
HBI OUTYM HOJKEH 00J1agaTh HEOOXOMMMOM aare3uei
K ITOBEPXHOCTU HATIOJTHUTENICH TSI 00CCITICUCHUS Tpe-
OyeMoro Koa(ddpuiumreHTa MIMTEeIbHONH BOIOCTOMKOCTHU
1 TIPOAOJIKUTEIIFHOM SKCIUTyaTalluu ac(aabToO0eTOH-
HOTO MOKPBITUS 6e3 apo3un [27]. AKTUBAIINS MUHE-
PaJIbHOTO TIOPOINKA ac(haTbTOOCTOHHOM CMECH BIIHMSICT
Ha KOMITIEeMEeHTapHBIe (DAKTOPBI CTPYKTYPOOOpa30BaAHMUS
IOPOXHOM KomTto3uiun. [1py cMemmmBaHNT ONTYMHOM
BSDKYLIEN C MUKPOYACTULIAMU MUHEPAJIbHOTO MOPOIIIKA,
1011 IECTBHEM KOMITJIEMEHTAPHBIX MEXKMOJICKYIISIPHBIX
B3aMOICIICTBUIA TIPOUCXOIUT (hpaKTaTbHASI XeMOCOPO-
s acaTbTeHOBBIX HAHOKJIACTEPOB Ha IIIEPOXOBATOM
ITOBEPXHOCTU MUHEPATHHOTO KOMITOHEHTA.
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KoMiuremeHTapHBIe, TIPOCTPAHCTBEHHO B3aMMOIO-
TIOJTHSIEMBIE MAaKPOMOJIEKYJIbI, CoAepKaIme (PyHKIINO-
HaJIbHBIE TPYIIIBI 3a cueT Ban-nep-BaanbcoBbix, BomO-
POIHBIX, TUAPO(MOOHBIX, MOH-TUTIOIHHBIX U SJIEKTPO-
CTaTUIECCKNX B3aNMOICUCTBHU, TIPUBOIAT K BO3HUKHO-
BEHMIO JJOCTATOYHO OOJIBIIIOTO YK CIIa MEXKMOJICKYIISIPHBIX
CBSI3€ii, OTNpeAeISIONIMX JTMHAMU3M HAJMOJIEKYJISIPHOTO
CTPYKTypooOpa3oBaHms [28] acharbToOeTOHHBIX T10-
KPBITUIA. 71 TeXHOJIOTUYECKOTO TIPOM3BOICTBA TPEOy-
€MOT0 OUTYMHO-TIOIMMEPHOTO HAHOBSIKYIIIETO BBOISIT
B OutyMm 3—5% GyTaaueH-CTUPOJIbHOIO HAHOKOMITO31 -
1a, 0,5—1% aare3aMoHHOM HAHOZO0ABKK — MeX(a3HOro
KoMIatubunu3aTopa u 4—>5% turacTUUIPYIONIEro
KOMIIOHeHTa (puc. 3).

TpemuHoCTONKOCTH achaIbTOOETOHHOTO TOPOKHO-
TO TIOKPHITHS CYIIIECTBEHHO 3aBUCHUT OT CIIOCOOHOCTH
OUTYMHBIX HAHOBSDKYIIIUX 3KCIUTyaTUPOBAThCSI B 30HE
obparuMsIx nedopmanmii. Hanbonee noMruHUpyommm
(axTOpOM TIOSIBIICHUS U pOCTa MUKPOTPEIIWH B ac-
(hanbTOOCTOHHOM ITOKPBITUM TIPH COBMECTHOM IIeii-
CTBUU MEXaHNIECKIX HATrPy30K, KOJIeOaHMI1 TeMIIepaTyp
W arpeCCUBHBIX cpen sBisieTcs nuddys3us paspymraio-
IIMX aTeHTOB B KOHTAKTHYIO 30HY MEXKITy MUHEPATbHBIM
HAITOJTHUTEJIEM U TIICHKOM OMTYMHOTO HAHOBSIKYIIICTO.

B pe3ynbpTaTe KOMIDIEMEHTapHON MOIM(PUKAITIN
HeTIHBIX TOPOXKHBIX OMTYMOB MaKpOMOJIEKYJIaMH
TIPOM3BOIATCS achaTbTOIIOINMEPOCTOHEI, CITOCOOHEIC

IIPOTUBOCTOSTH KOJIEMHOCTU, YCTAJIOCTHOMY pa3pylie-
HUIO, TPEIIMHOCTONKOCTH M TepMOOKHUCcIeHMIO. ClemyeT
TaKXe OTMETUTD, YTO ISl 00ECIIeYeHMSI TOBBILIEHHOM
YCTOMYMBOCTHU K CABUIY U 00pPa30BaHUIO TPEILMH ac-
(hanbTOOETOHHBIX ITOKPBITUI B KAY€CTBE HAIIOJIHUTE -
JIel MCIIOJIb3YIOT CTEKJIOBOJIOKHA, ITOIMMepPHbIe (hrUOpPhI
1 MOAM(UILIMPOBAHHBIC TUBUHUI-CTUPOJIbHBIE TEPMO-
3J1aCTOILIACTHI IPEBOBUIHOIO CTpOoeHus [29]. Anre3noH-
HbIE [TOJIMMEPHBIE 100aBKU 00J1erdyaioT (GOpMUPOBAHKE
IIPOYHbBIX KOMITJIEMEHTAPHbIX CBSI3€i1 MEXIy OUTYMHOM
BSDKYILIEH Y MEXaHO-aKTUBUPOBAHHBIMY MUHEPAIbHBIMU
HAMOJHUTEISIMH, CHIKAIOT DPO3MOHHOE OTC/IaBaHLE
U YCUJIMBAIOT TUAPOU30IUPYIOLINE XapaKTEPUCTUKH.
OcCHOBHBIE HEIOCTATKU OUTyMa — aTMochepHoe
TEPMOOKUCIUTEIbHOE CTapeHUEe U, YTO 00Jiee BaXHO,
HU3Kas aeopMalMoHHas CTaOMJIBHOCTb B MHTEPBAJIe
TEMIIEPATyp 9KCILIyaTallK: CTEKJIOBAHUE 1 OXPYITYMBa-
HME B OCEHHEe-3UMHUIA IIepHO U TeueHue (OIUIbIBAHKE,
KoJieeoOpa3oBaHue U T.I1.) B JIETHUI ce30H. PU3UKO-
XUMHUYECKHME TPUUMHBI TEXHOJIOTUYECKUX Ie(EKTOB
acGhaabTOOETOHHBIX IMOKPHITUI 3aK/II0YAIOTCS B IKC-
IEPCHOI CTPYKTYpe OUTYMOB — MPAKTUYECKOE OTCYT-
CTBHME MaKpOMOJIEKY/ISIPHBIX COeAMHEHMI: acaibTe-
HBI — TOJIMINKINIECKIE TBepAbIe TTPOMYKTHI, a MaJlb-
TEHBI (CMOJIbI M Macjia) — OJIMTOMEPDI C MOJIEKYISIPHOM
Maccoit 6omee 2500—3000, KoTopble TPeAOTIPEaSIISIIOT
JIAILID BSI3KOTEeKy4ne aeopManvii OUTYyMHBIX HAHOBSI-

~+CH—CHA—+GH,  CHyf CH—CH;;
o=
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Puc. 3. CxeMa MUKDPOCTPYKTYPbI OUTYMHBIX BSDKYIINX, MOAU(DUIMPOBAHHBIX 0yTaAHeH-CTHPOJIbHBIMU COMOJIMMEPAMM:
1 — OUTYMHBII HAHOATPEeTaTHBIN KJlacTep; 2 — MaKpOMOJIEKYJIa OyTaaueH-CTUPOJIBHOTO COTIONIMMEDA;

3 — MOJIMMEPHO-OUTYMHOE HAHOBSLKYIIIEE
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KYIIUX B Y3KOM TeMIlepaTypHOM mHTepBaje. LInpoko
UCIIOJIb3yeMble MOIM(UKATOPLI OMTyMa — OyTagueH-
CTUPOJIBHBIC OJIOK-COIIOJIMMEPHI — IIPY BBEICHUH B OM-
TyMHOe Bskytee [30] He penaloT MOJIHOCTBIO ITpodJIeMy
TIOABEPKECHHOCTH €T0 aTMOC(EPHOMY CTapEHUIO BBULY
OOJIBIIIOr0 KOJTWUYECTBA TBOMHBIX CBSI3€i B MaKpPOMO-
JIeKyJie; OOIIMM HEeITOCTaTKOM TaKUX KOMITO3UIINIA SIB-
JISIETCST pacCllanBaeMOCTh MX TIOJ MEeCTBUEM pa3HBIX
TUTIOTHOCTEH OUTYMOB M TIOJITUMEPOB.

Ucxoaubiii HedbTssHOI 6utym Mapku BH/ 60/90
He TTOJTHOCTBIO yroBiieTBopsieT TpeboBanusm 'OCT:
IyOMHA MPOHUKAHWS UTIHI (TTeHeTpanus) 0,1 MM (mpu
25°C) — 61 (tpeboBanue 61—90); Temmepatypa pa3msir-
YeHUs 110 KoJbIy 1 mapy— 43°C (TpeboBaHIE He HITKE
47); pactsskuMocThb (rmpu 25°C) — 124 cM (TpeboBaHme
He MeHee 55); TeMIieparypa XpyrmKocTu— MuHyc 17°C
(TpedoBaHMe He BEIIe MUHYC 15). butym mapku BH/I
60/90 6b11 MOmMGULIPOBAaH BHeCeHUEM 1% M3MebueH-
Hoii [IDT® u 0,4% KoMILieMeHTapHOI HAHOA00ABKU,
Oyaromapsi YeMy yIaJxoCh MOJYIUTh KaUeCTBEHHBIN aHa-
sor mapkur BH/I 130/200, oTBeyarommii HOpMaTUBHBIM
TpeOOBaHUSM: TJTyOMHA IMTPpOHNKaHUS U 0,1 MM (TIpr
25°C) — 152 (mipu Tpe©d. 131—200); TemmiepaTypa pa3Msir-
YeHUs 110 KoJjblie 1 mapy — 41,2°C (mmpu Tped. He HITKe
40); pactsekumocTs (1ipu 25,0°C) — 94,7 cm (ipu Tpeo.
He MeHee 70); TemItepaTypa XpyImKocTr — MuHyc 28°C
(Tipu TpeO. He BEIIIE MUHYC 18).

HpyrM mepCIIeKTUBHBIM ITOAXOIOM KOMITIIEMEHTAp-
HOTO YIYYIICHUST MAaKPOMOJICKYISIPHBIMI HAHOKOMIIO-
3UTaMHU TEXHOJIOTMIECKHX XapaKTepUCTHUK acdabrooe-
TOHHBIX TOPOKHBIX TIOKPBITHIA SBISICTCS MOTU(DUKAIIHS
OMTYMOB peaKIIMOHHOCIIOCOOHBIMU J00aBKaAMMU: TAKHE
MOIU(GUKATOPHI MOXXHO BBOIWTH B MCHBIIINX KOJTHMYE-
CTBaX, a IOJyYaoIIrecss KOMITO3UIINK He paccanBa-
fotcs. Hammpumep, «OnBanoii» (Elvaloy, BeITycKaeTcs
komnaHueir Du Pont) — TepMopeakTUBHBIN COMOJU-
Mep 3TWICHA ¢ OYTUIAKPWIATOM W AU(YHKIIMOHAb-
HBIM NIMIHIWIMEeTaKpiiaToM. B pe3ynbrate Mogmdu-
LUPYIOIIETO MCITOIB30BAHUS «DIIBAIOST» ITPOUCXOIUT
(pm3UKO-XUMMIecKast peaKIus MEXIY STTOKCUTPYIITION
NINIAIAIMETaAKpUJIaTa M KapOOKCYIIbHBIMY T'PYIITTAMU
acanbTeHoB [31]. JlobaBiaeHne HeOOIBIIOTO KOJTNYE-
crBa 1—1,5% «DaBanosi» B outymHoe Bskymee bBH/L
90/130 ycunuBaeTt smacTuaHoCTh 0T 60% 10 90%, a Tak-
K€ TIPUBOIUT K YBEIMUCHUIO TeMIIEPaTyphl pa3Msrde-
HUSI OMTYMHOTO BSIKYIIIETO; CYIIECTBEHHO BBIpAcTacT
KOTE3UsI ¥ YBEIMIMBACTCS aIre3usl ¢ MUHEPaJTbHBIMUI
KOMITOHEHTaMM ac(aibToOeTOHA.

OBCYXKIEHUE

AcdanbTo0eTOH — HAHOKOMITIO3UT, OCHOBY KOTOPOTO
COCTaBJISIIOT MUHEPATbHBIC YACTUIIBI pa3HBIX Pa3MEpPOB,
arperupoBaHHbIe OUTYMOM (He rpeBbiiaet 10% ot mac-
CHI MaTepuaja), CBOMCTBAMU KOTOPOTO OIIPEIEIISICTCS

OOJBIITMHCTBO (PM3MKO-MEXaHMIECKUX TToKa3aTesIeit o-
POXKHOTO MTOKPHITUSA. BUTYMHBIC BSIKYIIINE TIPOSIBIISIIOT
ce0sI B Ka4eCTBE TUITMIHBIX HE(DTSHBIX HAHOIUCIIEPCHBIX
CHCTEM, aATe3MOHHBIC XapaKTEPUCTUKI KOTOPBIX OTIpe-
TIEJISTIOTCST HAHOCTPYKTYPHBIMU YaCTUIIAMH — acajibTe-
HaMu nucriepcHoi ¢da3pl. ComepkaHre KOMIIOHCHTOB
acasbTOOCTOHHOI CMECH XKEeCTKO HOPMUPYETCS Tpe-
ooBanussmMu 'OCT B 3aBUCUMOCTH OT YCJIOBUIT pabOTHI
TIOPOXKHOTO TTOKPBITHS.

OCHOBHOI BSDKYIIINIA KOMITOHEHT JOPOXKHBIX TTOKPHI-
T — OUTYM — UMeEET PSII CYIIECTBEHHBIX HEIOCTATKOB:
CJIMIIKOM Y3KWIf MTHTEePBaJI ITTACTUYHOCTH ¥ HU3KUIA KOM-
IDICKC TEXHOJIOTUIECKIX ITApaMeTPOB, HEOOXOIMMBIX TSI
CO3IaHMS BRICOKOKAYECTBEHHBIX aBTOIOPOT, OCOOCHHO
MpU TeMItepaTypax Hke Hyms [32]. MakpoMoiIeKysp-
HBIC KOMITTIEMEHTapHbIC HAHOMOIU(UKATOPHI achaTbTo-
OETOHHBIX KOMIIO3UIINI TOJKHBI 00JIAIaTh TAKIKE TOCTa-
TOYHO BBICOKOM TEPMOCTONKOCTBIO (BBIIIIE TEMIICPATYPHI
TeKkydectu 6utyma) 1o 180—200°C. buryMHBIe BSLKYIIIIE
Ha BCeX 3Tarax KM3HEHHOTO IIUKJIA: B TIPOIIECCe M3T0-
TOBJICHUSI, XpaHCHUSI, TPAHCIIOPTUPOBAHMS U B COCTaBe
ac(haTbTOOCTOHHBIX TOPOKHBIX TTOKPBITHIA TTOIBEPTralOTCs
3HAYUTEILHBIM (DU3UKO-XUMUICCKIM, MEXaHTUECKIM
1 TePMOOKWCIIMTEILHBIM BO3IeHCTBUSIM [33].

I[TosToMy BO3HMKAET HACTOSATEIbHAsI TIOTPEOHOCTH
B YJIYYILIEHUM CBOMCTB TOPOKXHOTO OUTyMa MyTEM BBeE-
JIEHUS B HETO MOIU(DULIMPYIOIINX HAHOTOOABOK, MHTU-
OUTOPOB TEPMO-OKHUCINTEIbHOTO cTapeHus. [Tomumep-
OUTYMHBIC HAHOBSDKYIIME (CTUPOJI-OyTamneH-CTUPOIT
2—3% 110 Macce) OMHOBPEMEHHO € KOAryJISLMOHHBIM
«KapKacoM» U3 CyIIPaMaKpOINKINIECKNX ac(PalbTeHOB
comepKaT 3JIaCTHYHYI0 HAHOCETKY M3 MaKPOMOJICKYIISIp-
HBIX OJIOK-COITOJIMMEPOB.

CiremyeT OTMETHUTD, UTO pelllarollee BINSIHIEC Ha TeX-
HOJIOTMYCCKHME XapaKTePUCTUKN achaTbTOOCTOHHBIX
ITOKPHITUI OKA3BIBAIOT aAre3MOHHBIC MeXK(a3HbIe IIPO-
IIECCHI, IIPOMCXOMSIINE Ha TTOBEPXHOCTU 3¢PECH MUHE-
PaJTbHOTO TTOPOIITKA TP B3aUMOICHCTBUU €TO C OUTY-
MoM (puc. 4). HedopMaTUBHBIC pa3pyIICHUS IO KOH-
TaKTHOH Mesk(a3HOM 30He TPOMCTEKAIOT YacTO M3-3a
MaJIO KOT€3MOHHOM MPOYHOCTHA MAaKPOMOJIECKYJISIPHOM
OUTYMHOM MUKPOIUICHK! M HEIOCTaTOUHOM aare3un
OUTYMHOTO MaTepHaja K MOBEPXHOCTA MUHEPATbHBIX
KOMITOHEHTOB acpanbrobeToHa. BBegeHnue moaudu-
KaTOpOB B OMTYM IOJKHO 00€CIICUYNBATh YBEIMICHHE
KOMIIJICMEHTAapHON aATe3nr OMTYMHOTO CBSI3YIOIIETO
K MUHEPaJIbHBIM KOMIIOHEHTaM B HECKOJIBKO pas3, a TaK-
K€ 3aMETHOE YBEJIMUCHIE TeMIIepaTypHOTO MHTepBaia
TUIACTUYHOCTHU U A(POPMUPYEMOCTH.

K mommMepHBIM KOMITOHEHTaM, KCTIOJIB3YEMbIM IUTSI
MOJIM(MUKALTMOHHOTO YJIyUIlIEHUS JOPOXKHBIX OUTYMOB,
MPEAbSABASIETCS PsII TEXHUKO-3KOHOMUYECKUX TPeOO-
BaHWI1: XOpOIIIasi COBMECTMOCTD C OMTYMaMM; IIIMPO-
KU1 TeMIIepaTypHBIA IUana3oH BEICOKO3JIACTUIHOCTH
ot —60°C mo +100°C; Huskas cebectonMocTb. Dusm-
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Puc. 4. Cxema mex(a3oBoro
KOMILIEMEHTAPHOTO B3aUMO-
JeiCTBUSI OMTYMHO-NOJIU-
MepHoro Bsukyiero (1)

C MOBEPXHOCTHIO MUHEPAJIb-
HOro HanmoJHuTe s (2)

KO-MeXaHW4YEeCKHUE W PEOJIOTUIECKHIE XapaKTePUCTUKU
acdaabTOOETOHHBIX MOKPHITHUI aBTOJOPOT B 3HAUM-
TEJIbHOM CTETICHU 3aBUCST OT KaueCTBa U COOTHOIIICHHUS
OUTYMHOTO M MUHEPAJIbHBIX KOMIIOHEHTOB. [1pu mipu-
TOTOBJICHUU U TPAHCITOPTUPOBKE achaTbTOOETOHHBIX
cMeceii TOMUMO JICHCTBUSI MOBBIIIEHHON TeMIIepaTyphbl
(170—200°C) Ha HUX OKa3bIBAIOT BIMSHUE MeXK(pas3o-
BbI€ TTOBEPXHOCTHBIC SIBICHUSI B TIOTPAHUYHBIX CJIOSIX
KOHTAKTa BSDKYIIEr0o 1 MUHEPaTbHOTO HATIOJTHUTEIS,
a B 9KCIUTyaTUpyeMOM ac(halibTO6eTOHE TOPOKHOTO CO-
BPEMEHHOTO TMOJIOTHA — Pa3HOOOpa3Hble KIMMaTHye-
CKUe U GUBUKO-MEXaHUIEeCKUE BIUSHUSI.

[pu HapyIIeHUSIX TEXHOJIOTUY M3TOTOBJICHUS acaib-
TOGETOHHBIX KOMITO3UIIAI MOJIEKYJTbI BOJIBI TIPOHUKAIOT
Ha MexX(da3HYy0 TOBEPXHOCTh MEXITYy OUTYMOM M MUHE-
paJIbHBIM MaTepUaioM 1 Pa3pylIaloT are3MOHHBIE CBS3U
B YJIOXKEHHBIX IOPOKHBIX TIOKPBITUSIX. Pe3ybraToM meii-
CTBMSI MTHKATICYJIMPOBAHHBIX HAHOMOANMUKATOPOB [34]
SIBJISIETCSI BOCTPEOOBAaHHOE MOBBIIICHNE TEXHUISCKUX
M 9KCILTYyaTAlIMOHHBIX XapaKTePUCTUK ac(arbTo6eTo-
Ha; Takoii ke 3(MEKT TOCTUTACTCST IPU CTPYKTYPUPO-
BaHWM OUTYMHOTO HAHOBSIKYIIIETO HA FpaHUIIe pa3aena.
B aTOM cityuae koMIieMeHTapHbBIH 3deKT nocTuraeTcest
YMEHBIIIEHUEM CONepXKaHtst OUTyMa B achaJlbTOOEeTOH-
HOM CMeCH TIPH YITOPSIOUYEHHOM PACITONIOKEHUN YaCTHII
MUHEPAJIbHOTO MopoIlKa. B oTiruune ot Mogudukanum
acdapToOETOHA, T/Ie TPOUCXOIUT CAMOOPTAHM3ALINST Ha-
HOCTPYKTYPHI BCJICICTBHE BBEACHUST MOTU(UKATOPOB,
MPU CTPYKTYPUPOBAHUU aCDATBTOBSIKYIIETO YITOPSIO-
YeHUe CTPYKTYPBI pealin3yeTcs IyTeM MeXaHU4eCKOTO
BO3IEHCTBUST HA YaCTUIIBI HATTOJHSIOIIETO MaTepraia
B TIpOIIeCCe OKAThIBAHWSI MUHEPATBHBIX TPAHY.

ONTUMU3MPOBAHHBIN PEXUM IBUKEHUS HA3eMHOTO
ABTOTPAHCIIOPTAa U TeXHUYECKasl KaTeTopHsl SIBJISTIOTCST
KPUTEPUSIMU JIJIST BEIOOPA KOMIUIEMEHTAPHOTO THTIA aC-
(anbTO6ETOHA, 00ECTIEYNBAIOIIIETO CABUTOYCTOMYNBOCTD

1 IIepOXOBAaTOCTh TOPOKHOTO TTOKPHITHS. PekoMeHmye-
MBbIe 00JIaCTH TIPUMEHEHUS pa3IMIHbIX ac(haTbTo0eTO-
HOB SIBJITFOTCSI OCHOBHBIMHM (PAaKTOpPaMM MCTIOTBE30BAHUS
TOITYCTUMBIX BUIIOB 1 MapoK ac(aabTo0eTOHA; MapKa
acharbTOOCTOHHOI CMECH TTOMHUMACTCS C TIOBBIIIICHN -
€M KaTerOp1HU TOPOTH U YXYAIICHUEM TOPOKHO-KIMMa-
THYECKUX yCIIoBMit. Tak, ISt y4acTKOB aBTOMOOWIIBHOM
IIOPOTHU C PETYISIPHBIM TOPMOKEHHEM U OCTaHOBKOM
aBTOTPAHCIIOPTa BHIOMPAIOT achaIbTOOCTOHHBIE CMECH
C TIOBBIIIICHHBIM COIEPXKaHWEeM IIeOHSI W MCIIOJIh30Ba-
HUeM IpoOJIeHOro necka.

CiemyeT OTMETUTD, UTO B IIpOLIeCCEe YCTPOMCTBA ac-
haapT00ETOHHOTO MOKPHITHS U B IIEPUOI €T (popMU-
pOBaHUS OYCHD BaXKHO KOMIUIEMEHTAPHOE YIIPaBJICHIE
KauyeCTBOM JOPOXHOTO CTPOMTEIbCTBA: TIIATCIBHBIN
KOHTPOJITb BBIPOBHEHHOCTH U TUTOTHOCTHU TPYHTOBOTO OC-
HOBaHWS; TIPAaBIJIBHOCTh YCTAHOBKM OOPTOBBIX KAMHEH
(60pImIOpPOB), PEIICTOK U JIFOKOB KOJIOAIIEB MHXKCHEPHBIX
1 TIOJ3EMHBIX CETeil; paBHOMEPHOCTD TOJIIIUHBI CIIOS
acarbTo0eTOHA ¢ yIeTOM KO3(h(PHUIIMeHTa YIUIOTHEHNS,
COOTBETCTBHE ITOTICPEYHOTO U ITPOHOJIHHOTO YKIOHOB
IIPOEKTY aBTOMOPOTH M Ap. Tak, misg appeKTUBHOTO
KOHTPOJISI OLICHKM KauecTBa acdaabToOeTOHHOTO M0-
POKHOTO TIOKPHITUS OEPYT IMIPOOKI: BRIPYOKM U KEPHEI
He osrke 1,5 M oT 60pPTOBOrO KaMH$I; CJIeNyeT OTMe-
THUTh, YTO JJaOOpaTOPHEIC IMIPOOEI OTOMPAIOT HEe paHee,
yeM Jepe3 3 CYTOK MOocCIe OKOHIAHUS YIJIOTHECHUS 1 IO
Havajia IBVDKCHUS aBTOTPAHCIIOPTa M3 pacdyeTa — OIHA
po6a ¢ Kaxabix 3000 M? [35]. HopMaTUBHYIO TOILIUHY
VKJIAABIBAEMOTO CJI0ST ac(haTbTOOETOHHOTO TOPOXKHOTO
IMOKPBITUSI THCTPYMEHTAJIBHO KOHTPOJIUPYIOT B TIPO-
Iecce YKJIaIKA METAIUTMIECKHUM IIYTIOM C JIeJICHUSIMU,
TpeOyeMylo paBHOMEPHOCTD paclpee/ICHNUS YKIaIbl-
BacMOTO CJI0ST M KQ9eCTBO OTICIKU CTHIKOB CMEXKHBIX
IIOJIOC TIMATEJIEHO MPOBEPSIIOT CIIEIIMAIBHBIMU IIPHO0-
pamu (puc. 5).
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Puc. 5. Konrpoub ykiaaaku acgaabTo0eTOHHOIO
JIOPOKHOTO MOKPBITHS € UCTIOJIb30BAHNEM MOJIMMEPHO-
OUTYMHBIX HAHOKOMIIO3UIIHi

OTMETHM TaKXe, 9TO JOPOXKHBIE OUTYMEI 110 KOMITICK-
CY TEXHOJIOTMUECKUX, SKCIUTyaTalIMOHHO-TEXHIUECKIX
¥ 3KOHOMWYECKHUX TTOoKa3aTeneit 1o mocaequnx 20 jgeT
B OOIIIEM YIOBJICTBOPSIIN MIOTPEOUTENIC, a HEBBICOKAS
JOJITOBEYHOCTh KOMIICHCHPOBAJIaCh HU3KOI CTOMMOCTEIO,
OTIPABIBIBAsI PEMOHT ac(aTbTOOCTOHHBIX TTOKPBITHIAL. OfI-
HaKO C POCTOM IIeH Ha He(Th M SHEPTUIO, C OTHOI CTO-
POHBI, ¥ C BO3pacTaHUEM MHTCHCUBHOCTH BO3ICHCTBUI
Ha JTOPOKHEIC TTOKPHITHS, C IPYTOi (YBeTMICHUE OCCBOI
Harpy3K# aBTOMOOIIICH 1 POCT MHTEHCUBHOCTH JIBKCHIST
Ha aBTOIOPOrax), 9KOHOMIYIECKH IIeIeCO00pa3HBIi CPOK
CITy>KOBI ac(HaTbTOOCTOHHBIX TIOKPBITHI CTaJI IIPEBBIIIATH
X (DAKTUIECKYIO TOJITOBEYHOCTD.

I1o cpaBHeHUIO ¢ acdaabToOeTOHAMM HA TpagULIM-
OHHBIX He(PTSHBIX OMTyMax KOMITJIEMEHTapHBIC TTOJTMe-
pachaabTOOCTOHBI XapaKTepU3YIOTCS MEHBIIICH TIyBCTBH -
TEJTHbHOCTBIO K MU3MEHEHMIO TEMITEPaTyPhl, TIOBBITIICHHOM
ITMHAMUIECKOI YCTOMUYMBOCTBIO, CIBUTOYCTOMIMBOCTHIO
¥ KOJICECTOMKOCTBIO, 1e(hOPMATUBHOCTHIO TIPU HU3KUX
TeMIIepaTypax, 600jee BRICOKOM MOPO30CTOMKOCTHIO.
CpOK CITy>KOBI TOPOXKHBIX TTOKPHITHIA C UCTIOb30BAHIEM
noauMepacharbTo0eTOHOB IIPEBHIIIACT CPOK IKCITTYa-
Taruu achaabTOOCTOHHBIX TOKPHITUMA ¢ TPUMEHECHUEM
6uTYyMOB B 2—3 pa3a I10 CIIeIINaIbHO pa3paboTaHHOM
IIKaJIe, BKIToUYast TpeOOBAaHMS K OOJIBIICTPY3HBIM TPaHC-
nopTHBIM Harpy3kam. B 2021 romy 1o Bceit Poccuu 66110
HCIIOJI30BaHO OoJiee 1 MITH TOHH MOIUMDUIINPOBAHHBIX
TOJIMMEPaMU OUTYMHBIX BSKYIITUX IIPU CTPOUTEIIBCTBE
HOBBIX CKOPOCTHBIX aBTOMAaTruCTpaIeii.

B HacTosiIIIee BpeMsT IIPOIOJIKAIOTCSI BOCTPEOOBaH-
HBIE pa3pabOTKN ONTUMHU3UPOBAHHBIX peleTyp Ou-
TYMHBIX HAHOBSDXYIIMX, aAalTUPOBAHHbBIX MO/ KJIMMa-
THYECKNE YCIIOBUSI PETHOHOB CpenHeit momockl Poccnu
¥ BO3PACTAIONIYI0 MHTEHCUBHOCTD aBTOTPAHCIIOPTHOTO
nBIKeHYsI. OMHOPOIHAS TUIOTHOCTB ac(halbTOOE TOHHBIX
CMecel, SIBIISIONAsCsl KOMIIEMEHTapHBIM (haKTOPOM
YCUJICHMST TOJITOBEYHOCTH W CTAOMIIBHOCTU JOPOKHBIX
TIOKPBITUIA, JOCTUTACTCS 3a CUCT HEIIPEPBIBHOM YKIIAIKI
KOMITO3ULIUM TaKMM 00pa3oM, 4YTOObI achaibTo0eTOH

HE cerperupoBall (pakKIIMOHHO, a 3aTeM paBHOMEPHO
YIUTOTHSIICSA KaTKaMu [36].

CTaTUCTUYECKUI aHaIM3 ITOKa3bIBaeT, 9To B Poc-
cutickoit Memepannt 00beM BBIITYCKAa OMTYMHBIX Ma-
TepuasioB B 2022 rogy cocTaBuJ OKOJIO 7,7 MJIH TOHH;
IIPY 3TOM TEXHOJIOTMICCKIE MOITHOCTA POCCUMCKUX
IIPOM3BOIMNTEIICH yKe ceffuac IMO3BOISIOT YBEININUTD
MMPOU3BOACTBO 10 14,5 MiH ToHH. Poccuitckumn 6m-
TyMaMH IIPOAOJIKAIOT MHTEPECOBAThCS TPATUIINOHHEIC
IMapTHEPBI-OKCIIOPTEPHI, IPYKECTBEHHbIE CTPAHDI €B-
pa3uiicKoro 3KOHOMMYECKOTO coio3a. B pamkax Tex-
HUYecKoro permameHTa TamoxkeHHOT0 coro3a (TP TC
014/2011) cTpoUTEIBCTBO aBTOMATUCTPAIbHBIX JOPOT
OCYIIECTBIISIETCS ¢ MPUMEHEHNEM MHHOBAIIMOHHBIX
HaHOMAaTepHUAJIOB U TEXHOJIOTUIHBIM YIIPABICHUEM JI0-
POXXHBIX MalIMH U obopynoBaHug [37, 38].

LlndpoBbie HAHOTEXHOJIOTUU 3a CUET aHaIU3a 00JIb-
X 6a3 JaHHBIX TTO3BOJISTIOT TTOXOUPATh OIITHUMATBHBIN
cocTaB achalbTOOCTOHHBIX CMeCeli, MCKYCCTBEHHBIN
WHTEJUIEKT CTAHOBUTCSI TTOJTHOIICHHBIM YYaCTHUKOM
CO3IaHMUsI HOBBIX PEICTITYp OUTYMHBIX HAHOBSDKYIIINX,
HCTIOIh30BaHNE CTATUIECKOTO 30HAMpoBaHMs B 3D 11po-
eKTHPOBAHNN CTPOUTEIHCTBA PETMOHAIBHBIX 1 (heIepaib-
HBIX aBTOIOPOT, YIIPABJICHUH TOPOKHO-CTPOUTCITEHBIMIA
MammHamMu [39—41]. Hist perneHus IpooIeMBbl abpa3uB-
HOTO M3HOCA ¥ KOMITIEMEHTApPHOTO YIYJIIICHHUS MaKpO-
MOJIEKYJISIPHBIX HAHOKOMIIO3UTOB TEXHOJIOTMUECKIX Xa-
PaKTepUCTUK achaTbTOOCTOHHBIX ITOKPBITUI aBTOIOPOT
HEOOXOIMMO TTPOCKTUPOBATH KOMITO3UIINY C KPYITHBIM
mebHeM (10 60%) 1 MakCUMaJbHO IJIOTHOM MUKPO-
CTPYKTypoii. THHOBaIMOHHBIMU HAITPABJICHUSIMHI B TIPO-
M3BOMICTBE OMTYMHBIX BSDKYIINX [UIST KOMIUIEMEHTapHO-
TO YIYYIICHUS MaKpOMOJICKYISIPHBIX HAHOKOMITO3UTOB
TEXHOJIOTUICCKUX XapaKTePUCTUK achaaTbTOOeTOHHBIX
JNIPEHUPYIOLIMX MOKPBITUI aBTOJOPOT SIBJISIETCS IIEPEXO/T
K OoJiee OOBbEMHBIM U 00JIee IMHAMUYECKUM TECTAM.

B peanm3yeMbIX IIpoOeKTaX CTPOUTEIIHCTBA, PEKOH-
CTPYKIINHM W COAEPKAHUSI aBTOMOOYIILHBIX JOPOT He-
00X0IMMO TIPOPabOTaTh MEXaHU3M MMITOPTO3aMEIIICHUS
OUTYMHBIX MaTePUAJIOB U TOCTIKCHUS TCXHOJIOTHYC-
CKOTO CyBepEHUTETa B OOHOBIICHIY TOPOKHBIX MAIITH:
rpeiinepoB, achalbTOYKIAmIMKOB 1 T.11. [TmaAupyercs
B 2024 rony BBectH B neiictBue 'OCT P «loporu aBTO-
MOOMJIbHBIC O0IIEro nojb3oBaHus. Bsoxyiue HedTs-
Hble OuTyMHBbIe. [IpaBuia BEIOOpa MapOK»; BBOJUMBIN
CTaHAAPT OYIEeT pacIpOCTPAHSITHCS Ha KOHCTPYKTUBHEIC
CJIOU TOPOXKHBIX IIOKPHITHI 13 achaTbTOOETOHA, a TAKKE
yYCTaHABIMBATh METOIMKY BHIOOPA ONTYMHBIX BSDKYIIINX,
JOTTYCTUMBIX JIJTSI TIPUMEHEHUS B CJIOSIX C YIETOM TeMIIe-
PATYpPHBIX YCIOBUIM SKCIUTyaTalluy achaaTbTOOeTOHHBIX
ITOKPHITUI 1 BO3PACTAIOIINX TPAHCIIOPTHBIX HATPY30K.

B 2022 rony poccHiiCKUMU TIPEATTPUIATUSIMEI OBLITO
BBITTYIIIEHO 0oJiee 65 MITH TOHH ac(aabTOOETOHHBIX CMe-
celt; TmmepoM IMpON3BOICTBA achaTbTOOCTOHHBIX TOPOXK-
HBIX, a3POJPOMHBIX cMeceit mo Poccum 3a 2022 rox cTai

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
453-464

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

MPUMEHEHWE HAHOMATEPUAJIOB U HAHOTEXHOJ1IOTV B CTPOUTE/IbCTBE

LeHTpanbHBINi (penepaabHbIil OKPYT ¢ qoJieit bosee 28%:;
Ha BTOpoM MecTe — [IpuBoImKcKuii hefepaabHbIN OKPYT
(cBbiie 18%). AKTyalIbHBIM OCTAETCSI CTPOUTEILCTBO
B Poccuiickoii Denepaniin oTedeCcTBEHHBIX OUTYMHBIX
TEePMUHAJIOB JUISI KOMILIEMEHTApPHOTO U CTaOMIBbHOTO
(pyHKIIMOHMPOBAaHUS ac(aTbTOOETOHHBIX 3aBOIOB. B Oy-
naymeM, B 2024—2030 romax OUTYMHBINM TepMUHAIT TOJDKEH
HE TOJIbKO XPaHUTb U OTIPY>KaTh BbICOKOKAYECTBEHHbI
OUTYM, HO M ITPOU3BOIUTD €T0, T.€. TPAaHC(HOPMUPOBATHLCS
B IIPOM3BOACTBCHHO-JIOTHCTHUECKII KOMIUIEKC [42].
J1opoXXHOE CTPOUTENILCTBO — OJIHA U3 KJIFOUEBBIX OT-
pacieii pOCCUMCKON 9 KOHOMUKM, TIPU3BAHHBIX CTA0OM-
JIM3UPOBATh MOCTYyNAaTeJbHOE IBUXXEHUE CTPAHbI B yC-
JIOBUSIX arPECCUBHBIX CAHKIUIA U T€OMOJUTUYECKON
TypOyneHTHOCTH. CaHKIIMOHHBIC OTPaHUYCHMSI, KOTO-
pBIe 3aTPOHYIN HedTenepepaboTKy, ITOCTaBKU 3a Py-
0eX B HEIPYKECTBEHHbIE CTPaHbl, KOCHYJUCH U ITPOU3-
BOICTBA HE(PTSIHBIX JOPOKHBIX OMTYMOB. BepTrkKampHO
WHTETpUpPOBAHHbBIE KOMITaHNU «PocHePTh», «["a3rmpom»
W JIp. UMEIOT TEXHOJIOTMYECKNE BO3MOXHOCTU OMNTHU-
MU3UPOBATh TEXHOJIOTHIO TPOM3BOJCTBA BOCTPEOOBAH-
HbIX OUTYMHBIX MaTepuayioB. B 1ieioM, peanusanust MH-
dpacTpyKTypHO# TpaHCHIOPTHOU cTparerun Poccun,
B paMKax KOTOPOIi NMPOU3BOAUTCSI CTPOUTEIHLCTBO Ma-
TUCTpaIbHBIX Tpacc, HanmpuMep, M-12 «MockBa—Huk-
auit HoBropon—Ka3zaHb» ¢ ITOCIEOYIONINM ITPOIICHIEM
no ExaTepuHOypra, motpedyer yBeJndeHUe eMKOCTU
BHYTPEHHET0 OUTYMHOTO pbhIHKA: K 2033 roay 1o onTu-
MUCTUYHOMY CLIEHApUIO TOCTUTHET 8,5 MJIH TOHH.
BoctpeboBaHHBIM TPEHIOM B YCJIOBUSIX TE€OIOIUTU -
YeCKUX TOPMO3SIINX CAHKIIMI BBICTYIIA€T UCITOJIb30Ba-

CIINCOK NCTOYHUKOB

HIE B IPOM3BOACTBE ac(aIbTOOCTOHOB TEXHOTCHHBIX
OTXOJIOB: IIUTAKOB, 30JIBI-YHOCA; PAa3HOOOPa3HBIX OT-
XOI0B HedTerepepadaThIBaONICH TTPOMBINIJICHHOCTH;
HMCKYCCTBEHHBIX KAMECHHBIX MaTepUaJIOB (KepaM3UTa,
1 T.11.); OTpaboTaHHOTO acdanxbToOeTOHA U Ip. [43, 44].
PekymepalimoHHOE MCIIOJIb30BaHUE OMTYMHO-TIOJIH -
MEPHBIX PCIMKINPOBAHHBIX OTXOIOB MSITKHMX KPOBEIb
B CTPOMTEILCTBE ABTOMOOWITEHBIX JOPOT SIBIISIETCST OTITH-
MaJIbHBIM ITOIXOIOM PEIICHUSI 3KOJIOTICCKIX ITPOOIeM
coBpeMeHHOCTH [45]. Pe3auHo-mmoimmmMepHO-OUTYMHBIE
BSDKYIIIE HA OCHOBE MCIIOJIB30BAaHUS PE3WHBI OTPado-
TaHHBIX ITOKPHIIIIEK MEPCIICKTUBHBI IJISI HAHOCTPYKTYP-
HOI MoamdUKauy 6UTyMa 1 KOHCTPYHPOBAHUS IPCHU-
pyloleit achaabTo0eTOHHO cMmecu [46, 47].

3AKJTIOYEHHME (BBIBO/IbI)

JloGaByiieHre B COCTaB OUTYMHBIX KOMITO3UIIAI MO-
IUOUIUPYIONINX TTOJTMMEPHBIX HAHOKOMITO3UTOB SIB-
nsieTcst 3(pPEKTUBHBIM CIOCOOOM KOMITJIEMEHTapHOTO
CHHEPTETUIECCKOTO YIIYIIICHUS (PU3NKO-MEXaHMICCKIX
XapaKTePUCTHUK achaabTo0eTOHOB. butym ¢ Mmommduim-
PYIOIINMHI MaKpPOMOJICKYIIPHBIMA HAHOTOOaBKaMU T10-
BBIIIIACT JOJITOBEYHOCTH ac(haTbTOOCTOHHBIX ITOKPBITHIA,
CPOK CIIYKOBI aBTOIOPOT YBEeINUMBacTCsS B 2—3 pasa.
ButymMHBIC BSIXyIINE TOPOXHBIX ac(haTbTOOETOHOB,
MoOAUGULIMPOBAHHBIE TTOJJMMEPHBIMU HAHOKOMITO3U -
TaMU, UMEIOT B YIIPYTOIIACTUYHOM COCTOSTHHU 0oJjee
BBICOKYIO aAre3uio W KOTe3WIo, IMMPOKUN Iramna3oH
TEPMOIUIACTUYHOCTH, BbICOKOJIACTUYHOCTH OT —60°C
o +100°C.

1. Kanrun FO.U. lopoxkHbIe OUTYMOMMHEPATbHBIE MaTepUaibl HA OCHOBE MOIMMUIIMPOBaHHBIX OMTYyMOB. BopoHek: M3n-Bo

BI'Y, 2006. 271 c.

2. Pynenckast 1.M., Pynenckuii A.B. OpraHudeckue BSDKYIIMe JUIST TOPOKHOTO cTpoutesibetBa. M.: MUHDOPA-M, 2010. 256 c.

3. Trokununa [1.M., T'ypeeB A.A., TriieHko B.A. [1pousBonctBo HedTSHBIX TOPOXHBIX Bsxkylux. M.: Henpa, 2021. 303 c.

4. IMaccek B.B., Benmmuko B.I1., AuapeeB B.C. [IpenoTrBpaiiieHre MpoaobHBIX TPEIIMH B ac(paibTOOCTOHHOM ITOKPBITUN
npoe3xei yactu gopor // Hayka u TexHuka B 1opoxkHoii otpacau. 2020. Ne 1(91). C. 25-27.

5. Korenko H.I1., Illep6a 10.C., Edopuiikuii A.C. BausiHue nonuMmepHbIx U QyHKIIMOHATIbHBIX J00aBOK Ha CBOICTBA OMTyMa
u acanbroderona // [nactuueckue macchl. 2019. No 11—12. C.47—49. https://doi.org/10.35164/0554-2901-2019-11-12-47-49

6. Porto M., Caputo P., Loise V., Rossi C.O., Eskandarsefat S, Teltayev B. Bitumen and bitumen modification: a review on
latest advances. Applied Sciences. 2019: 9(4): 742. https://doi.org/10.3390/app9040742

7. Kupuiinos A.M., 3aBbsyioB M.A. IHTepIipeTalysi CBOINCTB acaybrodeToHa B JOPOXKHOM MOKPbITUU // CTpOoUTEIbHbIE

marepuaisl. 2015. Ne 4, C. 87-92.7

8. 'pynrukoB U.b. Hedtsaubie outymel. [1poriecchl u TexHOMOrMy mpounsBoacTsa. ¥Yda: Manareasctso I'YIT MHXIT PB.

2015. 288 c.

9. SIpues B.I1., Epodees A.B. DkcrtyatallioOHHbIE CBOMCTBA U JOJTOBEYHOCTh OUTYMHO-TIOJMMEPHBIX KOMITO3UTOB. TamMO0B:

H3n-8o TI'TY, 2014. 80 c.

10. Ycos B.A., I'opoynosa T.H. CsoiictBa nu Mmoaudukanmst OuTyMHbIX BSKymnx // CuctemHbie TexHomoruu. 2017. Ne 22.

C. 72-88.

11. Hortal A.R., Martinez-Haya B., Lobato M.D., Pedrosa J.M., Lago S. On the determination of molecular weight distribu-
tions of asphaltenes and their aggregates in laser desorption ionization experiments. Journal of Mass Spectrometry. 2006; 41(7):

960-968. https://doi.org/10.1002/jms.1056

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.35164/0554-2901-2019-11-12-47-49
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/87_(5)_2023/5_%d0%93%d0%bb%d0%b0%d0%b7%d0%b0%d1%87%d0%b5%d0%b2/ 
https://doi.org/10.1002/jms.1056

Nanotechnologies in construction 2023; 15 (5): U/
HaHoTexHonorum B cTponTenbcTBe 453-464 NanObL" |

MPUMEHEHWE HAHOMATEPUAJIOB U HAHOTEXHOJ1IOTV B CTPOUTE/IbCTBE

12. JomomatoB M. 1O., IllytkoBa C.A. HanmomnekysipHast CTpyKTypa He(TSHBIX ac(aTbTeHOB «<KOHTUHEHTAJILHOTO» TUTIA //
Kypnan crpykrypHoit xumuu. 2017. T. 58, Ne 7. C. 1311—1316. https://doi.org/10.1134/S0022476617070022

13. Hassanzadeh M., Abdouss M. Essential role of structure, architecture, and intermolecular interactions of asphaltene molecules
on properties (self-association and surface activity). Heliyon. 2022; 8(12): e12170. https://doi.org/10.1016/j.heliyon.2022.e12170

14. IyTkoBa C.A., lonomaroB M.HO. McciaenoBaHue 31eKTPOHHOM U HAAMOJIEKY/ISIPHOM CTPYKTYpbl He(TIHBIX acpabTe -
HOB // Poccuiickuii a51eKTpoHHBIM HaydHbIi XypHait. 2021. Ne 2 (40). C. 106—120. https://doi.org/10.31563/2308-9644-2021-
40-2-106-120

15. XanukoB P.M., UBanoBa O.B., I'nazaueB A.O. CynpaMosieKyjasipHOe yJaydllleH’e MOJIMMEPHbIMU HAHOKOMITO3UTAMU
TEXHOJIOTUIECKUX TTapaMeTPOB achabTOOETOHHBIX TOPOXKHBIX TIOKPBITU // AKTyaJIbHbBIE IPOOIeMBbI TeXH., ECTeCTB. ¥ TYMaH.
Hayk: Marepuanbl MexayHapona. KoHd. Yda: YTHTY, 2022. C. 432—436.

16. boukos H.H., Anre6panucrosa H.K., Illerenes 1. U., XKikaes A.M. Uccnenosanue ruapodoOHOCTH aKTUBUPOBAHHOTO
MUWHEPaJIbHOTO MOPOIIIKA C IPUMEHEHUEM MeHHOoM doTaiuu // BectHuk ToMCKOro rocyiapcTBEHHOTO apXUTEKTYPHO-CTPOU -
TesbHOTO yHUBepcuTeTa. 2015. No 2 (49). C. 194—-203.

17. Tasep C.B., Ypuena 1O.B., Coipoexko A.M., BacunbseB B.B. Biusinue coBMecTuMOCTH He(TSIHBIX OUTYMOB U CTUPOJI-
OyTanIreH-CTUPOIBHBIX TTOTMMEPOB Ha TUCIIEPCHOCTD W IKCILTYaTAlIMOHHBIE XapaKTEPUCTUKU TTOJIMMEPHO-OUTYMHBIX KOMITO-
suuuii // U3Bectuss CIT6ITU (TY). 2016. Ne36. C. 68—71.

18. Esnokumona H.TI'., JlyneBa H.H., EropoBa H.A., MaxmyrtoBa A.P., baiirysuna F0.A., Umanrynosa D.A. K BeiOOpy
TEXHOJIOTMY TIPOU3BOACTBA MOJUMEPHO-OUTYMHBIX BSDKYLIMX KaK MHHOBALIMOHHBIX HAHOCBSI3YIOLIMX JIs1 yCTPOiicTBa acdasib-
TOGETOHHBIX TOKPBITHIA // HanoTtexHomorun B crpoutenberBe. 2018. T. 10, Ne 5. C. 20—37. https://doi.org/10.15828,/2075-8545-
2018-10-5-20-37

19. Rusakov M.N., Ismailov A. Styrene-butadiene-styrene polymers for road construction in the Russian Federation. Construction
of Unique Buildings and Structures. 2020; 2(87): 23-40. https://doi.org/10.18720/CUBS.87.3

20. XacanoB M.®., Jlateimosa 3.b6., Xanukos P.M. Biusiaue tepMoarHaMudyecKux (pakTopoB Ha cCaMOCOOPKY HAHOCTPYKTYP
Makpomouiekys // B mupe HayuHbIX oTKpbITHit. 2010. Ne 4-10(10). C. 8-9.

21. TTonsaxkos U.B., bapannukoB M.B., ITonsikoB B.C. Moauduxkaiuyst 10poXXHbIX OUTYMOB I00aBKaM1 Ha OCHOBE AECTPYK-
TUPOBAHHBIX MOJUMEPOB // XrMHUecKast TPOMbIIIIEHHOCTh ceroanst. 2021. Ne 2. C. 46—49.

22. Heopatenko [.10., Jlymaukos H.A. [TonnmepHbIe MoaudUKaTOPLI OMTYMa: OyTaarueH-CTUPOJIBHBIN TEPMO3JIaCTOILIIACT
U CUHIMOTaKTUYeCKUii monubytaaueH // Becthuk BCTYTY. 2022. No2(85). C. 78—86. https://doi.org/10.53980,/24131997_20
22 2 78

23. Esmokumona H.T'., Eroposa H.A., Cynranosa JI.I1., Kynakkynosa D.M., Cepexkuna H.I'. @opMupoBaHue 30/1b-reeBoit
HaHOCTPYKTYPBI TOPOXKHBIX OUTYMOB METOIOM ITOI00PA IPYIIIIOBOTO XMMUIECKOTO cocTaBa // HaHOTEXHOJIOTMY B CTPOUTEITBCTBE.
2019. T. 11, Ne 5. C. 512—525. https://doi.org/10.15828/2075-8545-2019-11-5-512-525

24. IMynoskuH A.H., Xanukos P.M., Bynaros B.I'., Cokonoa B.B., Henoceko U.B. LIndposoe peryirpoBaHue mapamMeTpoB
B CICTEME aBTOMAaTU3MPOBAHHOTO YIIPABJICHUSI TPOU3BOICTBOM achaibTOOETOHHOU cMecH // DeKTpoTeXHuIecKue 1 nHdopma-
LIMOHHBIE KOMIUTEKCHI U cucTeMbl. 2021. T. 17. Ne 3—4. C. 103—113. https://doi.org/10.17122/1999-5458-2021-17-3-4-103-113

25. UrnatbeB A.A. [lo6aBku B achanbTrobeToH. O630p auteparypsl // U3Bectus KTACY. 2023. No 1.(63). C. 14—30. https://
doi.org/10.52409/20731523 2023 1 _14

26. Dong F., Yang P., Yu X_, Jiang M., Wang S., Zu Y., Chen B., Wang J. Morphology, chemical reaction mechanism, and
cross-linking degree of asphalt binder modified by SBS block co-polymer. Construction and Building Materials. 2023; 378: 131204.
https://doi.org/10.1016/j.conbuildmat.2023.131204

27. Crucho J., Picado-Santos L., Neves J., Capitdo S. A review of nanomaterials’ effect on mechanical performance and aging
of asphalt mixtures. Applied Sciences (Switzerland). 2019; 9(18): 3657. https://doi.org/10.3390/app9183657

28. XanukoB P.M., Benepuukona T.I'., IllapurioB P.A., Pamuunosa C.T., bopucos U.M. CuHepretTudeckuii tMHaMu3m ¢Gop-
MUPOBAHUST HAIMOJIEKYIISIPHBIX CTPYKTYP ITOMMepoB // V3BecTust BhICIIX y4eOHBIX 3aBeneHuii. Cepusi: XUMUs U XUMUYeCKasT
texnosorus. 2008. T. 51, Ne 11. C. 92—-94.

29. Kanrun 10.U., Komapos E.B. MoguduimpoBaHHbIii OyTaarieH-CTUPOIbHBIN TEPMOIACTOILIACT U TTOJIMMEPHBIE T0OaBKU
IUISI TOPOKHOTO cTpouTenibeTBa // Mi3BecTust By3oB. CtpoutesbetBo. 2020. No 9(741). C. 58—67.

30. Kpemeneukast E.B., TopsiueB M.B., Urowmun FO.T'., Kopoouubia A.FO. [TonuMepHO-OMTYMHBINM BSIKYILMIA MaTepua
u crioco0 ero roydeHust // [latent PO Ne2412223. Omy6ur. 20.02.2011.

31. AronioB I1.A., Mypada A.B., Xakumysiun FO.H., Xo3un B.I'. MonuduiiipoBaHHble OUTYMHbBIE BSIKYIIUE CTPOUTETBHOTO
HaszHaueHus // CtpoutenbHbie MaTepuanbl. 2009. Ne 8. C. 50—51.

32. I'opbartoBa B.H., l'opneesa 1.B, lynapesa T.B., Kpacorkuna U.A., Hukonbckuii B.I'., EropoB B.M. BiusiHue akTuBHOTO
MOPOLIKA AUCKPETHO AE€BYJIKAHU30BAHHOI Pe3MHbI HA HU3KOTEMIIepaTypHble CBOCTBa Outyma // HanotexHonoruu B cTpou-
teabcTBe. 2023. T. 15, Ne 1. C. 72—83. https://doi.org//10.15828/2075-8545-2023-15-1-72-83

33. Mamynar CJI., Mamynar FO.C. AkTyaibHble 32124y MOAUGDUKALIMM OUTYMHBIX BSDKYLIUX JJTs1 YBEJIMUEHUS CPOKA CITYKObI
JIOPOKHBIX TOKpHITHI // Joporn. MHHOBaumm B ctpoutebeTBe. 2019. Ne 80. C. 70—74.

34. Mnozemies C.C., Kopones E.B., Jlo T.Y. CamoBoccTaHOB/IeHHE ac(aabTOOETOHA ¢ MCITOIb30BaHEM MHKATICYJIMPOBAHHO-
ro Mmoaudukaropa // CtpoutenbHbie Matepuaibl. 2022. Ne 11. C. 58—69. https://doi.org/10.31659/0585-430X-2022-808-11-58-69

35. I'punesuy H.A. IIpoekTupoBaHue coctaBa J0poxXHOro acdansrodoerona. Ekarepunoypr: YIJITY, 2016. 36 c.

http://nanobuild.ru 463 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.1134/S0022476617070022
https://doi.org/10.1016/j.heliyon.2022.e12170
https://doi.org/10.31563/2308-9644-2021-40-2-106-120
https://doi.org/10.31563/2308-9644-2021-40-2-106-120
https://doi.org/10.15828/2075-8545-2018-10-5-20-37
https://doi.org/10.15828/2075-8545-2018-10-5-20-37
https://doi.org/10.18720/CUBS.87.3
https://doi.org/10.53980/24131997_2022_2_78
https://doi.org/10.53980/24131997_2022_2_78
https://doi.org/10.15828/2075-8545-2019-11-5-512-525
https://doi.org/10.17122/1999-5458-2021-17-3-4-103-113
https://doi.org/10.52409/20731523_2023_1_14
https://doi.org/10.52409/20731523_2023_1_14
https://doi.org/10.1016/j.conbuildmat.2023.131204
https://doi.org/10.3390/app9183657
https://doi.org//10.15828/2075-8545-2023-15-1-72-83
https://doi.org/10.31659/0585-430X-2022-808-11-58-69

Nanotechnologies in construction 2023; 15 (5):
HaHoTexHONorum B cTpouTtenbCcTBe 453-464

MPUMEHEHWE HAHOMATEPUAJIOB U HAHOTEXHOJ1IOTV B CTPOUTE/IbCTBE

36. Kpynun H.B. CoBpeMeHHbBIe TEHIESHIIMK B TEXHOJIOTHSIX achalbTOOeTOHHBIX TOKPBITHi // Jloporn. IHHOBaluu B CTPO-
urenbetBe. 2022. Ne 100. C. 12—15.

37. llltean 10.B., bounapes b.A., fIlnkoBckuii JI.B. [IpuMeHeHre KyOOBUIHOTO JIMTOTO LIJJAKOBOTO IICOHS IS CTPOUTEIb-
CTBa U PEMOHTA MarkCTPaIbHbIX JIECHBIX 10por // PemoHT. BoccTanoBnenue. MoaepHuszanus. 2016. Ne 10. C. 11—16.

38. UBanosa O.B., Xanukos P.M., Canos A.C., Huzamytanunos M.X., 3unHary/uiud B.B. TexHonornuHoe yrpasieHue 060-
pyaoBaHueM ajs1 3D-aaaAuTUBHOM MeYaTu CTPOUTEbHBIX HAHOKOMITO3UTOB // HaHoTexHoM0rMM B cTpouTeabeTBe. 2021. T. 13,
Ne 2. C. 117—123. https://doi.org/10.15828/2075-8545-2021-13-2-117-123

39. bopucenko F0.T., Pynak C.B. BnusiHue conep:kaHusi U 3epHOBOT'O COCTaBa JIETKMX MOPUCTBIX 3aIllOJTHUTENEH Ha 9KC-
TUTyaTallMOHHBIE XapaKTEPUCTUKN OUTYMOMUHEPATLHBIX KOMITO3UIUH // CTPOUTETHCTBO U TEXHOTeHHas 6e30macHoCTb. 2019.
Ne 15(67). C. 101—110.

40. I'mazaueB A.O., IllepcroouroBa T.M., AxmetiinH P.M. IIpeumyiiecTBa MCHONb30BaHUST CTATUYECKOTO 30HAMPOBAHMS
B cTpoutesbeTBe // HoBast Hayka: TeopeTUueCcKUil U MpakKTUYECKUid B3IJIsAA: MaTepuaibl MexayHapon. koHd. Hedrekamck:
HUII «Mup Haykn», 2020. C. 58—66.

41. bob6posa T.B. AkTyann3zanus napaMeTpoB UH(GOPMaLIMOHHON MOJIESI JTOPOXHO-CTPOUTENBHOIO MOTOKA MTPU pa3paboTKe
MpoeKTa Mpon3BoACTBa padboT // BecTHuk CMOMPCKOro TocyaapcTBEHHOTO0 aBTOMOOMIBHO-I0POXKHOTO YHUBepcuTeTa. 2022,
T. 19, Ne 6. C. 916—927. https://doi.org/10.26518/2071-7296-2022-19-6-916-927

42. I'ypeeB A.A., Tiokwiuna I1.M., Hryen T.T.M. O npobGiemax npou3BOACTBa U MOTPeOJeHUsI HE(DTIHBIX JOPOXKHBIX BsI-
Kymx MaTepuaioB B Poccuiickoit @enepanmu // Tpynbsl Poccuiickoro rocynapcTBeHHOIO yHUBepCUTeTa HeGTU U Ta3a UMEHU
W.M. I'yokmna. 2018. Ne 1(290). C. 110—128.

43. lonsixos U.B., bapannukoB M.B., ITonsikos B.C. Mcnionb3oBaHue moimMepcoaepKaliix OTX0A0B MPOU3BOICTBA Tep-
MOILIACTOB JIJISI MOAUMDUKAIIUNA He(DTIHBIX OUTYMOB // ITpoMBIIIIJIEHHOE MPOMU3BOACTBO U UCIIOJIb30BaHUE 3acToMepoB. 2020.
Ne 2. C. 28—33. https://doi.org/10.24411/2071-8268-2020-10205

44. ®omuna H.H., Xos3un B.I'. KomnaTubminsanus cMeceil MoJuMepoB MPpH IepepaboTKe OTXOI0B U3 U3 TepMOILIa-
ctoB // HanotexHosoruu B ctpoutenbetBe. 2021, T. 13, Ne 4. C. 229—-236. https://doi.org/10.15828,/2075-8545-2021-13-4-229-236

45. XanukoB P.M., UBanosa O.B., Koportkosa JI.H., CanoB A.C. B¢ dekTUBHOE UCITOIb30BaHUE B KOHCTPYUPOBAHUM J10-
POKHBIX MTOKPBITUI aBTOIOPOT PELMKIMPOBAHHBIX MOJIMMEPHBIX 0Tx010B // The Scientific Heritage. 2021. Ne 68-1. C. 62—66.
https://doi.org/10.24412/9215-0365-2021-68-1-62-66

46. Kpacuosckux M.I1., Uynunos C.1O., Cmocaps H.H., [1yrun K.I'., Baiicman S1.1. [1pon3BoacTBO HAHOCTPYKTYPHOTO
MonudurKaTopa OUTYMOB MpH MepepadboTKe aBTOMOOMIBHBIX ITOKpbILieK // HanotexHonoruu B ctpoutenseTse. 2022. T. 14, Ne 6.
C. 501-509. https://doi.org/10.15828/2075-8545-2022-14-6-501-509

47. Liu Z., Wang H., Gong X., Cui P., Wei H. Stiffening and toughening of asphalt mastic induced by bitumen—mineral selec-
tive molecular adsorption and nanostructural reconstruction // Sustainability. 2023. V. 15. No. 5. 4398. https://doi.org/10.3390/
sul5054398

NHOOPMALINA OB ABTOPAX

nasaueB AHTOH OneroBuY - KaHAUAAT TEXHNYECKMX HAYK, AOLEHT Kaderpbl <ABTOMOOUIbHbIE JOPOTU, MOCTbI U TPAHCTIOPTHbIE COOPYXKEHUSAY,
APXUTEKTYPHO-CTPOUTENBHBIN UHCTUTYT, YUMCKINIA FOCyAapCTBEHHbIN HeDTAHOM TEXHNYECKMI yHuBepcuTeT, Yda, Poccus,
anton.glazachev@mail.ru, https://orcid.org/0009-0007-4036-3155

WBaHoBa Onbra BnaguMmnpoBHa - KaHANAAT TEXHUYECKMX HaYK, AOLEHT Kadelpbl «JKCMIyaTaLma Ha3eMHOro TpaHcnopTa B HedTerasosom
MPOMBbILLIEHHOCTU N CTPOUTESNIbCTBEY, APXUTEKTYPHO-CTPOUTESNbHBIN MHCTUTYT, YOUMCKNI rocyfapCTBEHHBIN HEPTAHOWN TeXHUYeCKni
yHuBepcuTeT; Yda, Poccus, olgachemist@mail.ru, https://orcid.org/0000-0002-6678-8369

CUHULMH AMuTpuit AneKcaHAPOBUNY — KaHANAAT TEXHUUYECKMX HayK, AOLEHT Kapefpbl «CTponTesibHblE KOHCTPYKLIMNY, apPXUTEKTYPHO-
CTPOUTENbHBIN MHCTUTYT, YOUMCKINI rocyapCTBEHHbIN HePTAHOM TeXHUYeCKni yHuBepcuteT, Yoa, Poccusa, d4013438@yandex.ru,
https://orcid.org/0000-0003-3780-2800

AxmeTtwinH PaHnc MupgxaTtoBuy — cTapLunii npenofaBatesb Kadeapbl <ABTOMOGWIbHbIE OPOTYW, MOCTbI M TPAHCMOPTHBIE COOPYXKEHUAY,
APXUTEKTYPHO-CTPOUTENBHBIN UHCTUTYT, YOUMCKIMIA FOCyAapCTBEHHbIN HeTAHOW TEXHUYECKMI yHuBepcnTeT, Yda, Poccus,
ranisahmetshin@mail.ru, https://orcid.org/0009-0002-3269-3596

BKNAJ ABTOPOB

nasauyeB AHTOH OneroBuY — Hay4YHOe PYKOBOACTBO; UTOFOBble BbIBOADI.

MBaHoBa Onbra BnagummnposHa — KOHLENUMA UCCNe0BaHNSA; HarNucaHe UCXOAHOrO TEKCTa; [opaboTKa 1 nepeBof TeKCTa.
CyHULMH AMnTpuit ANeKCaHAPOBMNY — KOHLENUMSA NCCIeA0BaHUS; HAaNVCaHNE NCXOAHOTO TEKCTa.

AxmeTwinH PaHnc MugxatoBuy — c6op matepumana; yuactue B paspaboTke matepuana.

ABTOpbI 3aABNAIOT 06 OTCYTCTBUUN KOHGNNKTa MHTEPECOB.

Cratba nocTtynuna B peaakuuio 04.09.2023; opobpeHa nocne petieHsnposaHua 05.10.2023; npuHaTa K ny6nvkaumm 09.10.2023.

http://nanobuild.ru 464 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
mailto:anton.glazachev@mail.ru
https://orcid.org/0009-0007-4036-3155
mailto:olgachemist@mail.ru
https://orcid.org/0000-0002-6678-8369
https://orcid.org/0000-0003-3780-2800
https://orcid.org/0009-0002-3269-3596
https://doi.org/10.15828/2075-8545-2021-13-2-117-123
https://doi.org/10.26518/2071-7296-2022-19-6-916-927
https://doi.org/10.24411/2071-8268-2020-10205
https://doi.org/10.15828/2075-8545-2021-13-4-229-236
https://doi.org/10.24412/9215-0365-2021-68-1-62-66
https://doi.org/10.15828/2075-8545-2022-14-6-501-509
https://doi.org/10.3390/su15054398
https://doi.org/10.3390/su15054398

2023; 15 (5):
465-473

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobm

CCBY 4.0

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

Original article
https://doi.org/10.15828/2075-8545-2023-15-5-465-473

Peculiarities of the formation of silicon oxide films modified
with metal nanoparticles
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ABSTRACT: Introduction. Silicon oxide film coatings have unique properties and are widely used in various industries, including
construction. This paper presents the results on the preparation of polyalkylhydroxysiloxane liquid film in the presence of nanoscale
particles of metallic bismuth. Methods and materials. Laser ablation method of metallic bismuth in aqueous medium was used
to obtain bismuth nanoparticles. The surface of the target was treated with a laser beam at the workstation of an ytterbium pulsed
fiber laser are discussed. The particle size and electrokinetic properties of colloidal bismuth sols were determined method by dy-
namic light scattering. After drying, Bi powder was added to polyalkylhydroxysiloxane liquid. Thin films cured under different heat
treatment modes are applied to glass substrates by dipping. The resulting films were characterized by SEM, X-ray phase analysis,
and FTIR spectroscopy. Results. In this work, the electrokinetic properties of colloidal bismuth sols are discussed. Laser ablation of
a bismuth substrate leads to an increase in electrical conductivity and the appearance of a double electric layer in colloidal sols. The
effect of the curing temperature on the properties of the coating is shown. It was found that the content of bismuth nanoparticles in
the polyalkylhydroxysiloxane coating (3 wt.%) does not lead to the formation of crystalline phases. At the same time, the composi-
tion of the film and the mode of heat treatment affect the short-range order of molecular bonds. Increasing the content of bismuth
nanoparticles in the coating of more than 10 wt.% leads to the appearance of microcrystalline phases of bismuth silicates in the
system. Conclusion. The results obtained in the course of the study supplement the information about the production of bismuth
nanoparticles by laser ablation and are of great importance in the practice of creating composite films.

KEYWORDS: polyorganohydrosiloxane, silicon dioxide, bismuth nanoparticles, laser ablation, electrokinetic potential, coatings,
IR spectroscopy, bismuth silicates, silica-organic.
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INTRODUCTION

Rt(:rfently, scientists all over the world have paid
uch attention to the study of silica systems. This
is due to the unique properties of silicon oxide-based
materials and their wide application in various fields
such as construction, optoelectronics, microelectron-
ics, medicine, biology, energy, and the production of
sensors [1].

One of the most common materials in modern in-
dustry is silicon oxide films. They offer high strength,

corrosion and chemical resistance, as well as low produc-
tion costs. In addition, silicon oxide films can be easily
modified to achieve the desired properties, making them
a versatile material for a variety of applications [2]. For
example, to obtain promising materials for nonvolatile
memory ReRAM (Resistive Random-Access Memory),
thin films of amorphous SiO_are implanted with nanoclu-
sters of metallic zinc or its oxide [3—4]. In this case, crys-
talline phases of Zn content are formed in the amorphous
silicon oxide film, which contributes to the manifestation
of unique properties.
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Among the methods for obtaining amorphous films
of high purity silicon oxide, deposition from organic
silicon compounds (silanes, silicon alkoxides, alkylhy-
droxysiloxanes) is widely used because of its simplicity
and availability. The presence of Si-H reactive bonds in
alkylhydroxysiloxanes makes them the most attractive
for obtaining a wide range of coatings [5]. However, the
composition and structure of films produced by high-
temperature methods are highly dependent on the process
temperature. Up to 700°C, the film is contaminated with
organosilicon compounds due to incomplete decomposi-
tion. Above 750°C, the SiO, layer is contaminated with
carbon, silicon carbide (SiC), and resinous pyrolysis
products [6].

On the other hand, films of polycrystalline or mono-
crystalline silicon oxide [7] are of interest. It is known
that the formation of crystalline silica from chemically
pure amorphous SiO, occurs when heated to temperatures
above 1200°C [8]. To obtain crystalline silicon oxide at
lower temperatures, various methods are used: hydrother-
mal method [9], localized high-energy impact [10—11],
polymer template creation [12] or inducing thin metal
layer method [13—18], surface modification with nanopar-
ticles [19—20], including core-shell structures [21]. At the
same time, the crystallization processes of silicon ox-
ide films are influenced by the substrate, for example,
in epitaxy, the crystallographic orientation of the silicon
substrate has a great influence, especially at relatively low
temperatures [22—23]. The formation and growth of crys-
tals on the plate with orientation (111) is better than with
orientation (100). This dependence is explained by the
fact that different crystallographic directions of the plate
correspond to different number of Si—Si bonds.

There are some reports in the literature regarding a low
temperature method of producing crystalline silica parti-
cles using metallic bismuth [18, 21]. The use of bismuth is
justified by its low eutectic temperature, which reduces the
thermal equilibrium of crystallization, as well as the high
purity of the metal and the ease of its removal. There are
also a large number of published works in which bismuth
silicates are obtained in X-ray amorphous form [24—26].

This paper investigates the effect of the presence of
different amounts of nanoscale bismuth particles ob-
tained by laser ablation of metallic bismuth in aqueous
medium on the formation and composition of a polyal-
kylhydroxysiloxane liquid film.

METHODS AND MATERIALS

The whole procedure for obtaining silicon oxide coat-
ings modified with metallic nanoscale bismuth particles
consists of several steps and is presented in Figure 1.

Nanoparticles (NPs) of metallic bismuth were pre-
pared by ablation in aqueous medium [21]. The target
in the form of Bi plates (frequency 99.999%), placed in
a cuvette with distilled water at temperature T = 60°C,
was subjected to high energy laser irradiation with con-
stant stirring by a magnetic stirrer. The treatment of the
target surface with the laser beam was carried out at the
ytterbium pulsed fiber laser workstation (Minimarker 2-20
A4 PA, Russia) with the following parameters 1064 nm
wavelength, frequency of 3 kHz, output power of 20 W.
The pulse duration and laser exposure time were chosen
to obtain the optimum particle size. The particle size was
monitored using a device Zetatrac Microtrac Inc (USA),
which works on the principle of dynamic light scatter-
ing. This instrument also provides information on the
electrical conductivity and electrokinetic (C-) potential
of the sols. In order to characterize freshly prepared Bi
sols, the average value of 5 measurements was recorded,
the discrepancy between the data for one object of study
did not exceed 1%.

Then, the obtained sol was dried in air environment at
80°C, grayish white Bi powder was added to polyalkylhy-
droxysiloxane liquid (Point LLC, St. Petersburg, Russia)
and thoroughly mixed. Glass plates were placed in the
resulting suspension to form a film on them. The plates
were then removed and heat-treated in a drying oven with
continuous blowing of dilute argon to prevent sponta-
neous combustion. To study the influence of the curing
conditions of the hydroxysiloxane polymer on the com-
position and microstructure of the coating, the samples

Minimarker

Bi_colloid sols

air drying

Bi_NPs

Glass drying oven
[ —> plate | = 5%
/
___ G :
2 e coating on
the glass

Polyalkylhydroxysiloxane
& Bi_NPS colloid

Fig. 1. Scheme for obtaining silicon oxide films modified with bismuth nanoparticles
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Table 1
Electrical conductivity and C-Potential of Bi sols obtained under different laser ablation modes.
Value
Laser exposure mode P=4ns,t=7min P=28ns,t=7min P=28ns,t=15min
Conductivity, pS/cm 225 297 293
¢-Potential, mV +11.2 +14.5 +14.8

were subjected to heat treatment with a smooth mode of
temperature rise to 300—500°C and holding at a given
temperature for 1.5 hours.

Glass substrates with the obtained coating were exam-
ined by scanning electron microscopy (SEM) on a TES-
CAN MIRA 3LMU instrument with energy dispersive
X-ray spectra (EDS) at different points (microareas) using
an integrated X-MAX 50 Oxford Instruments spectrom-
eter (TESCAN ORSAY HOLDING, Czech Republic).

X-ray diffraction (XRD) patterns of the coatings were
recorded using a diffractometer ARL X’TRA (Thermo
Fisher Scientific, USA) with a CuKa source in the range
of 20 angles from 4° to 64° in the asymmetric coplanar
imaging mode with a sliding angle of incidence a = 3°
(6-scan) [7]. Phase analysis was performed with Crystal-
lographica Search-Match version 2.0.3.1 software using
data (PDF-4) from the JCPDS International Centre for
Diffraction Data.

IR spectra of light absorption were recorded on
a VERTEX 70 (Bruker Optics GmbH) Fourier trans-
form spectrometer in the 4000—400 cm~! wave number
range. For this purpose, the coating sample was ground
with potassium bromide (1:100) in an agate mortar and
translucent tablets were obtained using a hydraulic press.

RESULTS AND DISCUSSION

As a result of laser ablation of bismuth plate in aqueous
medium at varying pulse duration (P) and exposure time
(1), colloidal sols of light gray to dark brown color were
obtained. The data of differential particle size distribution
of the obtained sols are shown in Figure 2. The obtained
bismuth particles have nanometer size in all investigated
modes of laser exposure. However, the Bi NPs obtained
by ablation at pulse duration P = 4 ns are characterized by
a broader particle size distribution compared to the mode
P = 8 ns, in which more homogeneous particles with an
average diameter of 13...14 nm were obtained. In general,
the sols obtained have a relatively low stability and the
particles sediment in aqueous medium after several hours.

The conductivity and C-potential data of freshly pre-
pared Bi sols (Table 1) may indicate the formation of
carbonate phases from aqueous air microbubbles during
target ablation, since bismuth has a high affinity for car-
bon [24, 27]. The electrical conductivity of distilled water
in the presence of bismuth plate before laser treatment

——P=4 ns, t=7 min ——P=8 ns, t=7 min—P=8 ns, t=15 min

Differential distribution, %
L
o

0 5 10 15 20 25
Size, nm

Fig. 2. Differential distribution of Bi particles by size
obtained under different modes of laser exposure

was also determined, which was 5 uS/cm. The increase
in electrical conductivity after laser ablation proves the
presence of ions in the colloidal sols, which provides the
appearance of the electric double layer (EDL) and the
slip boundary potential. Based on the obtained data and
the information available in the literature about the for-
mation of bismuth subcarbonate during laser ablation in
aqueous medium [24], an assumption was made about
the structure of the micelles, which can be described by
the formula:

{m[Bi]-n BiO* -(n—x) HCO3 [~ -x HCO;.

Relatively low absolute values of C-Potential (less than
25 mV) do not provide high stability of the studied dis-
perse systems by electrokinetic factor.

Figure 3 (a) shows the structure of SiO, film with
embedded Bi NPs cured at 400°C on the glass surface.
The formed coating consists of a continuous film firmly
adhered to the surface of the glass substrate. The thick-
ness of the film is ~1 um. The surface of the coating con-
tains localized small particles of Bi/SiO,. The elemental
chemical composition of the coating has been verified by
EDS measurements in the cross section Figure 3 (b, ¢).
A continuous silica-containing layer and embedded small
Bi particles (bright areas) can be seen. The size of the
bismuth particles in the layer is larger than the average
size of the NPs obtained by laser ablation, which is due
to their agglomeration.
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Fig. 3. SEM images of (side view) SiO, films with embedded Bi NPs, harden at 400°C (a), EDS spectrum in Point 1
(b) and Point 2 (c)

Increasing the curing temperature up to 500°C leadsto ~ contact with the substrate Figure 4. The appearance of
film fracture and appearance of a large number of micro-  microcracks in the coating is due to the redistribution of
cracks. However, despite cracking, the coating has a tight =~ molecules and changes in the film density.

Fig. 4. SEM images of (side view) SiO, films with embedded Bi NPs, cured at 500°C
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FT-IR spectra of samples with different compositions
cured at different temperatures were taken to study the
details of the interaction of the components during coat-
ing formation (Figures 5—6).

The spectrum of the coating obtained from pure poly-
alkylhydroxysiloxane at 400°C (Figure 5a) contains bands
characteristic of amorphous silica [6].

The absorption bands with a peak at 460 cm~' corre-
sponds to the stretching 8- vibrations of the Si—O bonds
of the SiO, tetrahedron. This band is characteristic of all
samples and all modifications of SiO,, so it is used as an
average standard.

Broad bands at 660—890 and 890—1200 cm™! are as-
sociated with symmetric §_and asymmetric O__ vibrations
of Si—O bonds.

It can be seen that the bands are very close to each
other and overlap. A change in the shape of the broad
spectra is observed when the composition and tempera-
ture treatment mode of the samples are changed. There-
fore, the spectra were decomposed into Gaussian curves
for a more detailed evaluation of the redistribution of
band intensities and molecular rearrangement. The sum
line (Fit Sum) of all Gaussians almost repeats the line of
the original IR spectrum. The legend of each Gaussian
curve gives the coordinates of the peak apex: wavenumber
(cm™') and absorption intensity. Splitting the absorption
bands into Gaussians allows us to see the presence of
several structural types of molecular phases.

Thus, the broad band in the 660—890 cm~! region can
be decomposed into three Gaussian curves. For example,

a b
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Fig. 5. FT-IR spectra of films of different compositions cured at 400°C: 100% polyalkylhydroxysiloxane (a);
0.5wt.% Bi NPs (b); 1 wt.% Bi NPs (c); 3 wt.% Bi NPs (d)
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a in a sample of pure polyalkylhydroxysiloxane heat-treated
] at 400°C (Figure 5a), these curves are characterized by
—— Sample2 Gauss 4641031 peaks at 712, 778, and 840 cm~'. The Gaussian peak at
L Saaln 712 cm~! seems to be related to the incomplete decom-
08l e position of organic compounds, since it shifts to the high
ol e T e frequency region up to 744 cm~' after heat treatment (Fig-
) Gaus 17071001 - Gaus 18771003 ure 6a). The introduction of bismuth particles into the
50 Gass TG0 — Gauss 253000 sample also shifts this Gaussian (Figure 5b-d), which
Z05H — Gauss 2250006 03 is associated with the superposition of strain vibration
gu e bands for the Si—O—Bi bond. The Gaussians at 778 and
wul 840 cm~' are more stable with the introduction of NPs
Bi, the peak is practically not shifted, only the intensity
02 changes: the intensity increases with increasing Bi content
ot (Figure 5b—d). However, heat treatment at 500°C slightly
. ™~ | . | 4 M shifts these peaks to 800 and 830 cm~', respectively (Fig-
s W e ure 6b). In the literature, these wavenumbers characterize
the symmetric valence vibrations of Si—O and Si—OH
b bonds [6].

| Gaussians at 1000, 1100 and 1200 cm~! belong to the
— = O ettt — et band of asymmetric valence vibrations of the Si—O—Si

09 Gauss 1007/0.47 Gauss 1181/0.53 Gauss 1208/0.34 . . . . .

G 254008 s GRUEEIZSTIO0 G 1574092 bond of SiO . tetrahedrons. With increasing Bi content
| i ettis — cammion o — camzsnt in the samples, the intensity of these Gaussians increas-
sofj— Amazrinan — Sowmstinl — St es (Figure 5), but unevenly: the Gaussian with the peak

£ g [l FitSum at 1000 cm™' increases more. This affects the change in
gos [ shape of the overall peak. Obviously, the data obtained
z indicate certain changes in the structure of the arrange-
04T ment of molecules in the short-range order.
o3f The band in the range of 540—620 cm™' is observed in
sl ‘ all samples heat-treated at 400°C (Figure 5) and can be
| attributed to the C—H bond. This indicates incomplete
Mt i decomposition of polyalkylhydroxysiloxane under these
| — T ] s heat treatment conditions. Those heat-treated at 500°C
Wovetuiber cir showed no peak in the 540—620 cm~' region (Figure 6a—
b). The same is true for the 1286 cm~' band corresponding
¢ to the Si—CH, bond. However, it can be observed that
! Sengiet R 02— Gas 51207 as the content of Bi NPs increases in the samples heat-
ool | — Swiommn — e — somsiiit treated at 400°C, the intensity of the ~1283 cm-' band
o o SR KO0 — A N also increases, indicating an increase in the proportion
], — i — S of hydrocarbon residue in the produt
' Gauss 2924/0.007 Gauss 3027/0.003 Gauss 3069/0.013 A weak band at 1832—1872 cm“, caused by symmetric
Foopl R0 T : distortion and stretching of Si—O bonds, was observed in
gosl | the samples with the addition of Bi NPs. This band was
504 [ not detected in the polyalkylhydroxysiloxane samples.
A Despite the relatively high treatment temperature
o3 (400°C), water is present in all samples (Figure 5), which
02} ) is confirmed by the presence of absorption bands in the
wl "\' region of 1630 cm~' (deformation vibrations of water
_ "\ /N molecules), 2808—2850 cm~! (associated with hydrogen
foo w0 ww o mw 2 |' 1500 T bonds), 3100—3600 cm~! (O—H vibrations in the water
Wavenumber,env molecule). Treatment at 500°C (Figure 6a—b) reduces
the intensity of the bands characteristic of water molecule

vibrations but does not eliminate them completely.
Since the small number of Bi nanoparticles (up to

3 wt.%) in the sample does not allow the identification of

separate bands characteristic of bismuth bond vibrations,

Fig. 6. FT-IR spectra of films of different compositions
cured at 500°C: 100% polyalkylhydroxysiloxane (a);
3 wt.% Bi NPs (b); 10 wt.% Bi NPs (c)
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Fig. 7. XRD pattern of coating: 1 — polyalkylhydroxysi-
loxane; 2 — 3 wt.% Bi NPs; 3 — 10 wt.% Bi NPs

IR spectra of the sample containing 10 wt.% Bi NPs were
recorded (Figure 6¢). It can be seen that the band with the
peak at 466 cm~', corresponding to d-vibrations of Si—O
bonds, is broadened and overlaps with the band in the
region of 510—540 cm™!, characterizing the deformation
vibrations of Si—O—Bi. Weak bands at 698 cm~' (caused
by Bi—O bond vibrations in BiO, and BiO, structural
units) and 884 cm~! (Si—O—Bi vibrations) are also ob-
served [28].

X-ray diffraction (XRD) was used to investigate the
presence of crystalline phases (Figure 7).

The X-ray diffraction results indicate that the coating
obtained from pure polyalkylhydroxysiloxane, regardless
of the temperature regime of processing, is characterized
by a completely amorphous structure. This is confirmed
by the presence of an amorphous halo in the range of
angles 26 10—20° on the XRD. When obtaining a poly-
alkylhydroxysiloxane coating with the addition of Bi
NPs (up to 3 wt.%), a broadening of the amorphous
halo is observed, which may be due to the presence of
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Oco6eHHOCTN GOpMUPOBAHUA NJIEHOK OKCMAA KPEeMHUS,
MoanPNLMPOBaAHHbIX HAHOYACTULLIAMW MeTaNa

Bauyecnae MiBaHoBunY MNaBneHKo , PomaH HukonaeBuy fictpe6unckun (2,

Mwuxaun CepreeBuu Jle6eneB

, Angpein UBaHoBuy lopopgos*
, Butanuin BanepbeBuny Kawmnbagse

benropopckun rocyfapcteeHHbI TexHonornyeckun yHusepcutet um. B.IL LLlyxosa, benropog, Poccua

* ABTOp, OTBETCTBEHHbIN 3a NepenucKy: e-mail: gorodov-andreyy@mail.ru

AHHOTALIUA: BBegeHue. [11eHOUHbIE MOKPLITUA HAa OCHOBE OKCMAA KPeMHUA 061afaloT YHVKanbHbIMY CBOMCTBAMYU U LLUNPOKO
pacnpocTpaHeHbl B pa3fIMYHbIX 061aCTAX NPOMBILLIIEHHOCTY, B TOM YMCie B CTpouUTenbeTae. B paboTte npefcTaBneHbl pesynbraThl
M0 MOYYEHWIO MAEHKN U3 MOAVANKUATMAPOKCUCUIOKCAHOBOW XNAKOCTY B MPUCYTCTBUN HAaHOPa3MepPHbIX YaCcTUL, MeTalsInY4eCcKoro
BucMyTa. MaTepmnanbl n meTogbl nccnefoBaHua. 114 nonyyeHns HaHOYaCTUL, BUCMYTa MCMOIb30Bay METOA nasepHon abns-
L1 MeTaIMyeckoro BUCMyTa B BoAHOW cpefie. O6paboTka MOBEPXHOCTY MULLIEHU NTa3E€PHbIM JTYYOM MPOV3BOAMIACh Ha paboyeit
CTaHUMM UTTEPOMEBOro MMMYNbCHOFO BOSIOKOHHOTO lasepa. Pa3mep yacTuL, 1 SN1eKTPOKMHETUYECKUE CBOMCTBA KOMIOMHbIX 3051e
BMCMYTa ONpeAensany METOAOM ANHAMMYECKOTO paccesHna ceeTa. [ocne BbiCyluBaHUA NOPOLWOK Bi fo6asnsanv B nonvankunru-
APOKCUCUITIOKCAHOBY!IO XMUAKOCTb. MeTOAOM OKYHaHUA Ha CTeKSIAHHbIE MOASIOKKM HaHECEHbl TOHKME MJIEHKW, OTBEPXKAEHHbIE NP
pasHbIX pexrmax TepmoobpaboTku. MNonyyeHHble nieHKK 6binn oueHeHbl ¢ nomollbio COM, a TakKe € NCNOoSIb30BaHNEM peHTre-
Hodazosoro aHanu3a u VIK-Oypbe cnektpockonuu. PesynbraTtbl n 06cyaeHmne. B pabote 06cy*aaloTca sneKTPOKMHeTUYecKne
CBOWCTBA KOJITOVAHDIX 30/1eii BUCMyTa. JlazepHasa abnAauma BUCMYTOBOW NMOANOXKKY MPVBOANT K YBEIMYEHNIO SNIEKTPOMNPOBOJHOCTY
1 BO3HVKHOBEHNIO BOMHOIO 31eKTPUYECKOro €109 B KOSTOUAHOM 3051€. [ToKa3aHo BvAHKEe TeMnepaTypbl OTBEPXKAEHNA Ha CBON-
CTBa MOKPbITUA. YCTAHOBJIEHO, YTO Masioe CoflepXKaHne HaHOUaCTVL, BUCMYTa B NONNANKMITMAPOKCUCUMITIOKCAaHOBOM MOKPbITUM (3%
Macc.) He NPYBOAMT K 06pa3oBaHMIo KpucTannnyeckmx ¢as. Mpu 3ToM CoCTaB MIEHKN U PEXMM TEPMUYECKO 06paboTKM BANAIOT
Ha GNIVKHUI NOPALOK MONEKYNAPHBIX CBA3eiA. MoBbILIeHMe CoAepKaHNA HaHOUACTML, BUCMYTa B MOKpbITUM Ao 10% macc. cnocob-
CTBYET MOABJIEHNIO B CUCTEME MUKPOKPUCTANIIMYECcKX ¢as CUnmnKaToB BUCMYyTa. 3aKkntoueHme. MonyyeHHble B Xofe NCCefoBaHNA
pe3ynbTaTbl JOMONHAIOT CBEAEHNA O MOSTyYEHUV HAHOYACTUL, BUCMYTa METOAOM Jla3epHOM abnaumm n nmetoT 6osblIoe 3HaveHre
B MPaKTMKe CO34aHNA KOMMNO3ULIMOHHbIX MSIEHOK.

KJTIOMEBbIE CJIOBA: nonnankunrugpoKCUCcUIoKcaH, ANOKCUL KPeMHMS, HAHOYACTHL bl BUCMYTa, Nla3epHas abnauus, aneKkTpo-
KUHeTUYeCKUiA noTeHuuan, nokpbitus, MK-cnektpockonus, CUnuKaTtbl BUCMYTa, OPraHNYeCKnii KPeMHUIA.
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BBEJIEHUE

IToCJeIHEee BPeMsT YICHBIC BCETO MHUpPA YICIISIOT

0oJTBIIIOe BHUMAHME NCCICTOBAHUIO CCTEM KPEeM-
He3eMa. DTO CBSI3aHO C YHUKAJbHBIMU CBOMCTBaAMU
MaTepuagoB HA OCHOBE OKCUAA KPEMHUS U UX LIUPO-
KM TIpUMEHEHUEM B pa3JIMIHBIX 00JIACTAX, TAKMX KaK
CTPOMTENIBCTBO, ONITO- M MUKPORJICKTPOHNKA, MEITAIIN -
Ha, OMOJIOTHS, SHepreTHKa, a TAaKKe IIPU IIPOM3BOJCTBE
ceHcopos [1].

OnHUMHU U3 HanboJiee pacIpoOCTpaHEHHBIX MaTe-
pHAaIOB B COBPEMEHHOM TTPOMBIIIIJICHHOCTH SIBJISTIOTCS
IUICHKY Ha OCHOBe oKcuma KpeMHusI. OHU 00JIagaroT
BBICOKOM ITPOYHOCTBIO, YCTOMIMBOCTHIO K KOPPO3UH
1 XUMUIECKIUM BO3ICHCTBHUSM, a TAKKe HU3KOI CTOM-
MOCTBIO Ipor3BoICTBA. KpoMe Toro, IiIeHKH Ha OCHOBE
OKCHAa KPeMHHS MOTYT OBITh JIETKO MOIU(MDUIIMPOBAHBI
TSI OCTVKEHMST HEOOXOIMMBIX CBOMCTB, UTO IIeJIacT
HX YHUBEPCAIBHBIM MaTEePUAJIOM IIJII pa3IMIHBIX TTPHU-
JioxkeHwi [2]. Harpumep, 1 MoJTydeHUS TIEPCIIEKTUB-
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HBIX MaTepHUaJioB d3HeproHe3aBucuMoi namsitu ReRAM
(Resistive Random-Access Memory) TOHKHE TIJICHKA
u3 amopHoro SiO MMIUIAHTUPYIOT HAHOKJIACTEPAMU
METAJUTMYECKOTo IMHKA WK ero okcunoM [3—4]. Tlpu
3TOM B aMOpP(HOI TUICHKE OKCHUIA KpeMHUS POpMUpPY-
FOTCSI KpUCTaJUTMIecKue a3sl, comepkamimie Zn, 4To
CITOCOOCTBYET ITPOSIBIICHNIO YHUKAJTBHBIX CBOMCTB.

Cpenn METOIOB MOJYICHUST aMOP(MHBIX TUICHOK
BBICOKOYHCTOTO OKCHIAa KPEMHHUS IIIIPOKOE pacIipo-
CTpaHeHMe OJ1aromaps IPOCTOTE M TOCTYITHOCTU UMEET
OCaxXIeHNEe M3 OPraHMICCKUX KPEMHMEBBIX COCIUHE-
HUI1 (CHJIAHOB, aJIKOKCHUIOB KPEeMHUS, aIKMITHIPOK-
cucmiIoKkcaHoB). Hammame peakummoHHBIX cBsi3eit Si—H
B QJIKWJITHAPOKCHCIITOKCAHAX AeJIaeT X HanboJiee IpH-
BJICKATEILHBIMU TIPH TTOTYICHUM TTOKPBHITUIA IMMPOKO-
ro criekTpa [5]. OgHako cocTaB U CTPYKTypa IJICHOK,
MOJyIaeMbIX BBICOKOTEMIIEPATyPHBIMU METOIaMMU,
BO MHOTOM 3aBHUCHUT OT TeMIlepaTypsI mporecca. M3-3a
HEMOJIHOTO pa3ioxkeHus, ipu temneparype 1o 700°C
CJIOM OyIeT 3arpsi3HeH KPeMHUIMOPTaHNIECKUMY COCTH-
Henuamu. Boime 750°C cioit SiO, 3arpssHsercs yrie-
ponoM, kapoumzom KpeMHUS (SiC) U CMOJISTHUCTHIMH
MPOAyKTaMU IUpojiu3a [6].

C nmpyroit CTOpOHBI, BRI3BIBAIOT MHTEPEC TUICHKHU
MOJIMKPUCTAJUTNIECKOTO VI MOHOKPUCTAIUIMIECKO-
ro okcuga kpemHus [7]. U3BecTHO, 4TO 0Opa3zoBaHUue
KPUCTAIITMIECKOTO KpeMHe3eMa M3 XUMHUIECKI YUCTOTO
amopdHoro SiO, NPOMCXOAUT NPY HATPEBAHUM 10 TEM-
nepatypsl Boiie 1200°C [8]. st moiydeHUs KpUCTAIIN -
YeCKOT0 OKCHIIa KPeMHUS TP 00Jiee HU3KMX TeMIIepa-
TypaxX MPUMEHSIOT pa3IMIHbIC METOIBI: TUIPOTEPMAaITh-
HBIH [9], TOKaTbHOE BEICOKOYHEPIeTUICCKOE BO3ICH-
ctBue [10—11], co3manue mmoanMepHOro mabimoHa [12]
IV WHAYLMPYIOIIETO TOHKOTO METAJITMIECKOTO CIIOS
[13—18], MmogudunrpoBaHre MOBEPXHOCTH HAHOYA-
ctutiamu [19—20], BKIItouast CTpyKTYPHI STIPO-000I09Ka
[21]. TTpu 3TOM Ha TTpOLIECCHI KPUCTAUTU3ALIMH TIJIEHOK
OKCHIA KPeMHHSI OKa3bIBacT BIUSHUE TTOMIOXKKA, Ha-
TIpUMeED, TIPY SIUTAKCUU OOJIBIIIOE BIUSHIE, OCOOCHHO
TIPY OTHOCHUTEJIFHO HM3KMX TEMIIEPaTypax, OKa3bIBacT
KpucTayuiorpaduieckas OprueHTAINS KPEMHHUEBOM O -

JIOXKHU [22—23]. ®opMupoBaHue M POCT KPUCTAIIJIOB
Ha IIacTuHe ¢ oprueHTanuei (111) mponcxoaut mydire,
yem ¢ opueHTanueit (100). Takas 3aBUCUMOCTb OOBSIC-
HSIETCS TEM, UTO Pa3IMIHBIM KPUCTAIIOTpa(pIecKIM
HaIpaBJICHUSIM IUIACTUHBI COOTBETCTBYET Pa3HOE KOJIH-
YecTBO CBsI3eit Si—Si.

B muTepaTtype BCTpedyaroTcs COOOIICHUSI O HU3KO-
TEMIIepaTYPHOM CIIOCO0E TTOTYUCHUST KPUCTATUTIMTIECKIX
YaCTHII TMOKCHAA KPEMHUS B IIPUCYTCTBUU METaJLIN-
yeckoro BucmyTa [18, 21]. Mcnonb3oBaHue BUCMYyTa
000CHOBEIBACTCS €TI0 HMU3KOI TeMITepaTypoil 3BTEKTHKH,
YTO TI03BOJIICT CHU3UTH TEILIOBOM OajlaHC KpUCTAILIN-
3alliH, a TAaKKe BHICOKOM CTEIIEHBIO YMCTOTH MeTajula
U JIETKOCTBIO eTo yaajneHus. Takke myoauKyeTcst 00J1b-
III0¢ KOJTMIECTBO PabOT, B KOTOPBIX CHJIMKATHI BUCMYyTa
IMOJIyYeHBI B peHTreHoamopdHoM Bue [24—26].

B manHoOI1 cTaThe MCCIEMyeTCs BIUSHIC TIPUCYTCTBUS
Pa3HOTO KOJIMYECTBa HAHOPAa3MEPHBIX YACTHUII BUCMYTA,
ITOJIyICHHBIX METOIIOM JIa3epHOU a0 MeTaJUII -
YeCKOTo BUCMYTa B BOTHOU cpele, Ha (hOpMUPOBaHNE
M COCTaB IICHKH, MOJIyYCHHON M3 XXUIKOCTU TIOJTAAII-
KWITUAPOKCUCUIOKCAHA.

METO/AbI 1 MATEPHAJIBI

Bcs polienypa moydeHusI ITOKPHITHIT OKCHIA KPeM-
HUS, MOTU(DUIIMPOBAHHBIX METAJUTMYCCKIMHI HAaHOPAa3-
MEpHBIMHU YaCTULIAMH BUCMYTa, COCTOUT U3 HECKOJIBKIX
STaIoB U MpeacTaBlicHa Ha puc. 1.

Hanouactuiet (HY) Metammyeckoro BUCMyTa Ioity-
YeHBI METOIOM abJIIIINK B BOIHOI cpene [21]. MulieHb
B Bue miactuH Bi (wactora 99,999%), nmomMeiineHHas
B KIOBETY C TUCTWIDIMPOBAHHON BOHOI C TeMIIepaTy-
poii T = 60°C, moaBepraiach BLICOKOIHEPTETUUECKOMY
JIa3¢pHOMY BO3IEUCTBUIO IIPY IIOCTOSTHHOM TIePEMETIIH -
BaHWM C TTIOMOIIBI0O MarHUTHOU Memanku. OopadoTka
ITOBEPXHOCTU MUIIICHH JIA3¢PHBIM JIyIOM IIPOM3BOIMIACH
Ha paboueli CTAaHIIMU UTTepOUEeBOTO UMITYJILCHOTO BO-
JIoKoHHOTO Ja3epa (Minimarker 2-20 A4 PA, Poccust)
IIpU CJIEAYIOLIMX MapaMeTpax: JIMHA BOJIHBI 1064 HM,
yactoTta 3 KI'11, BeIxomHas MomiHocTh 20 Br. JInnTens-

Minimarker

Bi konnonaHbIi
3001b

MEAT
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[s

CyLIKA Ha
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[

Bi_HY

CYIIHILHBII
ra3

CrekasiHHAS
NO/VI0KKA
/

E—— LIS
. N CTEeRJISTHHAsA
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Puc. 1. Cxema noJiyueHusi IJIEHOK OKCHIA KPeMHHSI, MOIH(DHIMPOBAHHBIX HAHOYACTHIIAMH BUCMYTA
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HOCTh UMITYJIBCOB 1 BPEeMsI BO3ICHCTBHUS Jla3epa IMOa0M -
paju ¢ yIeTOM ONTUMAIBLHOTO pa3Mepa JacTull. Pazmep
YaCTHUII KOHTPOJIMPOBAIIN C TIOMOIIIBIO ITprbopa Zetatrac
Microtrac Inc (CIIIA), paboTaromiero 1mo IpruHIIMITY T -
HaMIYIECKOTO paccesTHUs cBeTa. JJaHHBI Iprdop Takke
TIO3BOJISIET MOJYIUTHh MH(GOPMAITIIO 00 3JICKTPOIIPOBOI-
HOCTH ¥ 3JIEKTPOKMHETUIECKOM (C-) TTOTEHITNAIIE 30JICH.
s XapaKTepUCTUKM CBEXEIIPUTOTOBICHHBIX 30JICH
Bi ¢pukcupoBanu cpegHee 3HaUCHUE U3 5 U3MEPEHUIA,
pacxoxXIeHNe MEeXIy JaHHBIMH IJIS OTHOTO 00beKTa
KCCJICIOBAHMS He TIpeBbIlano 1%.

3areM BBICYIICHHBIN U3 TTOJTYIYCHHOTO 30JI B BO3-
nyurHoi cpeae mpu 80°C mopoiok Bi cepoBato-6emoro
BeTa T00ABJISUIN B TTOJHATKUAITAIPOKCUCUIIOKCAHO-
By10 kuakocTtb (OO0 «ITounTt», r. Cankr-IleTepOypr,
Poccus) u TmiatenpHO nepemelnnBain. B monyyeHHYIO
CYCTICH3MIO TIOTPYKAINCh CTCKISTHHBIC TUTACTUHBI IIJIS
(opMmpoBaHMS Ha HUX IUICHKH, TTOCJIC YeTO TTACTIHBI
WM3BJICKAINCH U TIPOXOIIIIN TEPMOOOPAOOTKY B CYIIIIIb-
HO¥ TIeYM TIpU HEIIPEePHIBHOM IIPOIYBaHUM pa30aBiIcH-
HBIM apTOHOM [IJIST UCKJTIOUCHUST cCaMOBO3ropaHus. JIrst
HCCIICIOBAHMUS BJIUSTHUS YCIIOBUI OTBEPKICHMS THIPOK-
CHCWJIOKCAHOBOTO TTOJIMMEpa Ha COCTaB U MUKPOCTPYK-
TYPY HOKPBITHSI 00Pa3IbI TOABEPTATINCH TEPMUICCKOM
00paboTKe C TUIABHBIM PEXXMMOM Habopa TeMIIepaTyp
10 300—500°C 1 BBIIEPXKKOM MpU 3alaHHOI TeMIiepa-
Type B TeueHue 1,5 gyacos.

CTeKIISTHHBIC TTOJIOXKH C TTOTYYeHHBIM ITOKPBITAEM
HCCIIeIOBAI METOIOM CKAaHUPYIOIIEH 3JIeKTPOHHOMN
mukpockormu (COM) Ha nmpubope TESCAN MIRA
3LMU co cHATHEM SHEeproANCIIEpCUOHHBIX PEHTTCHOB-
ckux crekTpoB (B/1C) B pa3HBIX TOUKaAX (MUKPOOOIa-
CTSIX) BCTPOSCHHBIM cITeKTpoMeTpoM X-MAX 50 Oxford
Instruments (TESCAN ORSAY HOLDING, Yexwust).

KapTuHBI peHTTeHOBCKOM TU(MPaKIINI ITOKPBITHI
peructpupoBanu ¢ nmomouibio audpaxkromerpa ARL
X’TRA (Thermo Fisher Scientific, CIIIA) ¢ nctounu-
koM CuKa B quarmasose yrioB 20 ot 4° 10 64° B pexxnme
ACMMMETPHYHOI KOMIDTAHAPHOM CHEMKH CO CKOJTB3SIIM
yraoM nageHus o = 3° (6-scan) [7]. Da30BbIi aHAIN3
OCYILIECTBJISIUTH C TIOMOIIBIO IIPOTPAMMHOT0 00SCTICUCHIST
Crystallographica Search-Match Version 2.0.3.1 ¢ ncrionsb-
30BaHMEM JaHHBIX KapToTeku (PDF-4) MexxnyHapomHoro
HeHTpa I pakKIMoHHBIX TaHHBIX JCPDS.

M K-CIeXTpHhl TTOIIOMIEHUS CBeTa PETUCTPUPOBAII
Ha criekTpoMeTpe ¢ Dypre-TmipeodpazoBanreM Bruker

Tabauya 1

Optics GmbH B o6mactu BoimHOBBIX yncesr 4000—
400 cm~'. s aTOro 0Opa3sel] MOKPBLITUS pacTUpaIn
¢ 6pommmom Kanus (1:100) B araToBOI CTYIIKE U TTOJTY-
YaJIi OJIYIIPO3pavyHbie TAOJETKH ¢ IOMOILIBIO TUIPaB-
JIMYECKOTO IIpecca.

PE3YJBbTATBI 1 OBCYKIEHUE

B pe3ynbTaTte mazepHOi a0 TUIACTUHBI BUCMY-
Ta B BOTHOM cpene TIpH BapbUPOBAaHUU IJIUTEIBHOCTH
nmItyabcoB (P) 1 BpeMeHM Bo3meiicTBHS (t) TTOTyIeHBI
KOJIJTIOMIHBIC 30JIM OT CBETJIO-CEPOTO IO TeMHO-KO-
puuHeBoro 1uBeta. Jlanusie nuddepeHnaaIbHOro pac-
MIpeaeICHNS YaCTHIL TI0 pa3MepaM ITOJyIeHHBIX 30JIeit
IIpeacTaBieHBI Ha puc. 2. [ToaydeHHbBIC YaCTUIIBI BUC-
MyTa BO BCEX MCCIICAYEMBIX peXXIMaX JTa3¢PHOTO BO3ICH-
CTBUS UMEIOT HAaHOMETPOBLIH pa3mep. OmHako NPs Bi,
ITOJTydYeHHBIC a0JISIIINeil IPU [UTNTEILHOCTH UMITYJIbCa
P = 4 nc, xapakTepusytorcs 6oJee IMMPOKUM pacIipe-
JeJeHUEeM JaCcTHII IT0 pa3MepaM IO CPaBHEHUIO C PEXKM-
MoM P = 8§ Hc, B KOTOpOM TTOITydeHBI 00JIee OMHOPOTHEIC
YaCTUIIBI CO CPpeAHUM nuaMeTpoM 13...14 um. B nenowm,
ITOJIydeHHBIC 30JIM 00JIamaloT OTHOCUTEIBHO CIab0it
YCTOMYMBOCTBIO I YACTULIbI CEIMMEHTUPYIOT B BOTHOM
cpene yxke yepe3 HECKOJIBKO YacoB.

JaHHBIC 2JICKTPOIIPOBOIHOCTU U {-TIOTCHIIMANA
CBEXXETPUTOTOBJICHHOTO 301 Bi (Tabm. 1) MoryT mpen-
ITOJIOXKUTEJIPHO CBUACTEIBCTBOBATh 00 00pa3oBaHUM

70

—P=4 nc. (=7 MHH ——P=8 nc. =7 MHH

60 [ ——P=8 He. t=15 MHH

50
40
30

20

of : : e : .
0 5 10 15 20 25
Pasmep, HM

JuddepenuuanpHoe pacrpeeienue, %

Puc. 2. IuddepennmmansHoe pacnpeneenue yactui Bi
N0 pa3mMepam, NOJyYeHHbIX MPU PA3HbIX PEKUMAX JIa3ep-
HOI0 BO3eiCTBUA

DIeKTPONPOBOAHOCTD U C-MOTEHIMA 30J1€eii Bi, MoTydeHHBIX MPU Pa3HbIX PeKUMAX JIA3ePHOM a0 asun

3Hayenune

Pexum 1a3epHOro Bo3aeiicTBHS

P=4Hc,t=7 MuH.

P=8Hc,t =7 MuH. P=8Hc, t= 15 mun.

DIeKTPONpoBOAHOCTb, MKCM/CM 225

297 293

C-notennuai, MmB
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KapOoHaTHBIX (ha3 U3 MUKPOITY3bIPHKOB BO3/IyXa BO-
JTHOU cpeibl IpU a0JSIIY MUIIIEHU, TaK KaK BUCMYT
nMmeeT OOJIBIIIOE CPOJCTBO K yraepony [24, 27]. Takxke
orpe/esieHa 3IeKTPOIPOBOTHOCTh TUCTUIUTMPOBAHHOM
BOJIBI B IPUCYTCTBUY TUTACTUHBI BUCMYTA 10 JIA36PHOTO
BO3IENCTBUS, KOTOpas coctaBuiia 5 MKCM/cM. YBemu-
YEHUE IJIEKTPOITPOBOIHOCTH TTOCIIE JIA3ePHOM a0
JTIOKA3bIBAET TIPUCYTCTBUE B KOJUIOUTHOM 30Ji¢ NUOHOB,
YTO 00eCTIeYBaeT BO3SHUKHOBEHNUE ABOITHOTO JIEKTPHU-
yeckoro cnos (JIDC) u moreHMaNa Ha TpaHUIIEe CKOJTb-
>keHust. Ha ocHOBaHWY TTOJTy4Ye€HHBIX JAHHBIX U UMEIO-
LIKXCS B IUTepaType CBeAeHUIt 06 00pa3oBaHUU CyOKap-
OoHaTa BUCMYTa TIPU JIA3ePHOII a0JISIIINY B BOIHOM Cpejie
[24] BBIABMHYTO MPEATIONOXEHUE O CTPOCHUY MUTLIEIL,
KOTOPOE MOXHO OTMCaTh (hOPMYJIONt:

{m[Bi]-n BiO* - (n - x) HCO3 |~ -x HCO3.

OTHOCUTETLHO HU3KME abCONMIOTHBIE 3HAYCHUS
C-moteHnmana (MeHee 25 MB) He oGecriednBalOT BHICO-
KYIO0 YCTOMYMBOCTh UCCIIEAYEMbIX JUCTIEPCHBIX CUCTEM
10 2JIEKTPOKMHETUUECKOMY (akTopy.

Ha puc. 3 (a) mokasana crpykrypa reHku SiO,
¢ BHeapeHHBIMU HY Bi, otBepx)néunoit mpu 400°C

Ha rmoBepxHOCTH cTekiia. ChopMrpoBaHHOE TTOKPHITUE
COCTOUT U3 HETIPEPHIBHON TUIEHKU, TUTOTHO TIPUJIeTalo-
1Ieit K TOBePXHOCTH CTEKJISTHHOM TTOUToXKK. TommHa
TMOKPHITUS cocTanisieT ~1 Mkm. Ha moBepxHoCTH TI0-
KPBITHUS COAEPKATCS JIOKATU30BAHHBIE MEJIKME YaCTHY -
ku Bi/SiO,. DeMeHTHbIA XUMUYECKHUI COCTaB 1051 ObLT
TPOBEPEH ¢ MoMoIIbIo u3mepenuit J1C B monepeyHomM
ceueHuu (puc. 3 0, B). BuneH HenpepbIBHBIN KpeMHe-
coziepKalnii CJIOi U BHEAPEHHBIE B HETO MaJeHbKIE
yacTnuku Bi (cBeTnibie obmactu). Pazmep wacruir Buc-
MyTa B TOKPBITUU OoJiblIe, YeM cpenHuii pazmep HY,
TIOJTYYE€HHBIX TIPU JIA3epPHOM a0JISIIINN, UTO CBSI3aHO C X
arJioMepanuen.

YBenuueHue temriepatypbl orBepxkaenust 1o 500°C
TMPUBOIUT K Pa3pylIEHUIO TIJICHKU, TTOSIBIEHUIO OOJThb-
III0TO KOJIMYECTBAa MUKpOTpenH. OMHaKO, HECMOTPSI
Ha pacTpecKMBaHUE, TTOKPHITUE UMEET TUIOTHBIN KOH-
TaKT C TOMJI0KKOM (puc. 4). [TosiBieHne MUKPOTPETINH
B TTOKPBITUH CBSI3aHO C TIepepacpeie/ieHueM MOJIEKYT
¥ U3MEHEHUEM TUIOTHOCTH TICHKU.

J7st uzyueHust aetaneii mo B3auMOIECTBUIO KOM-
TIOHEHTOB TIpY (hPOPMUPOBAHNU TTOKPHITUH CHATHI M K-
Dypbe crneKTpbl 00pa3IoB ¢ Pa3IUIHBIM COCTABOM,
OTBEPKICHHBIC TIPY Pa3HBIX TeMIlepaTypax (puc. 5—06).

Hosepxiocrn, =

I Spectrum1
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Puc. 3. COM-usobpaxenue (Bua c6oky) mienku SiO, ¢ saeapennsiva HY Bi, orsepxaennoii mpu 400°C (a),

DJIC-cnekrpsl B Touke 1 (0) u Touke 2 (B)
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Puc. 4. COM-usobpaxenue (Bua c6oky) mienku SiO, ¢ sreapennsiva HY Bi,

otBepxkaeHHoi mpu 500°C

MPUCYTCTBYIOT TIOJIOCHI, XapaKTepHbIE 1T aMOP(HHOTO
KpeMHe3ema [6].

B cniekTpe MOKpHITHS, TOTYYEHHOTO U3 YUCTOTO
nonuankwirnapokcucuiokcana pu 400°C (puc. Sa),

a 0
1 1
— Sample | Gauss 457/0.31 Sample 5 Gauss 459/0.31
ook — Gauss 577:0.02 Gauss 712/0.09 ok — Gauss 585/0.02 Gauss 735/0.05
) Gauss 778044 —— Causs 840/0.15 ’ Gauss 782/0.23 Gauss 822/0.11
Gauss 1003/0.44  —— Gauss 1099/0.91 Gauss 1000/0.34  —— Gauss 1100/0.83
08 - Gauss 12057047 Gauss 1286/0.12 08 [+ Gauss 1211/0.42 Gauss 1282/0.10
Gauss 1324/0.19  —— Gauss 1418/0.10 - Gauss 1318/019  —— Gauss 1403/0.09
07 F Gauss 151170.06 Gauss 1638/0.08 0.7k - Gauss 1490/0.07 Gauss 1635/0.09
—— Gauss 1707/0.02 Gauss 2176/0.004 —— Gauss 1703/ 0.03 Gauss 1862/0.003
Zoohk Gauss 2343/0.004 —— Causs 2369/0.005 206k Gauss 2174/0.002 Gauss 2345/0.006
5 o Gauss 2809/0.001 —— Gauss 2853/0.003 5 - —— Gauss 2373/0.006 Gauss 2808/0.000
E Gauss 2919/0.01 - Gauss 2977/0.03 3 —— Gauss 2853/0.005 Gauss 2921/0.01
50-5 M| — Gauss 3225/0.02 —— Guuss 346210.16 EO.S M| —— Gauss 2978/0.01 Gauss 3193/0.03
5 ==== Fit Sum S —— Gauss 3459/0.22 ---- Fit Sum
Loak B4l
< 0.4 = 0.4
0.3 - 03+
02 021
01k 0.1F
L Mo | i . 0 b L L 4'h.
4000 3500 3000 2500 2000 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, em™ Wavenumber, cm™!
B r
|
—— Sample 3 Gauss 457:0.31 — Sample 4 Gauss 454/0.31
i Gauss 577002 Gauss 715/0.04 gofl S ST7003 Gauss 708/0.09
Gauss 782/0.36 Gauss 840/0.11 g Gauss 778/0.68  —— Gauss $44/0.19
Gauss 10047044 —— Gauss 1098/0.99 Gauss 1007/0.67 —— Gauss 1083/0.57
Gauss 120210.50 Gauss 125400.15 08 Gauss 1181058 —— Gauss 1285/0.24
Gauss 1322/0.15  —— Gauss 14124008 Gauss 1320/0.31  —— Gauss 1419/0.17
0.8 Gauss 15007005 —— Gauss 163870.05 07 Gauss 1511/0.11 Gauss 1638/0.11
—— Gauss 1703/0.01 Gauss 1865/0.002 Gauss 170740.04 Gauss 2177/0.01
@ Gauss 2175/0.002 Gauss 2342/0.001 P Gauss 2344/0.004 —— Gauss 2371/0.004
E Gauss 2369/0.001 Gauss 280810.000 A Gauss 2806/0.001 —— Gauss 2853/0.006
2 0.6 F| —— Gauss 285370.003 Gauss 2920/0.008 2 Gauss 2918/0.017 —— Gauss 277/0.05
< Gauss 20780.02  —— Gauss 3204/0.02 S05H — Gauss 32220002 —— Gauss 3463/0.21
'g —— Gauss 3454/0.11 ---- FilSum -.g Gauss 1817/0.01 ---- Fit Sum
. 04 <
0.3
02 02
AJ |
. L | .| . NS W
4000 500 3000 2300 2000 300 4000 3500 3000 2500 2000
‘Wavenumber, cm”! Wavenunber, cin!

Puc. 5. UK-®@ypbe cnekTpsl IJIEHOK PA3IMYHOr0 cocTaBa, orBepxkaeHHbie mpu 400°C: 100% noinaaikuiruapoKcu-
cuitokcad (a); 0,5% macc. HY Bi (6); 1% macc. HY Bi (B); 3% macc. HU Bi (1)
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Sample 2

0o+ Gauss 575/0.003
Gauss 802/0.16
Gauss 1000/0.32
Gauss 1208/0.35
Gauss 1318/0.14
0.7 Gauss 1493/0.05
Gauss 1707/0.01
Gauss 2017/0.001
Gauss 2371/0.001

Gauss 464/0.31
Gauss 744/ 0.01
Gauss 833/0.02
Gauss 1102/0.73
— Gauss 1257/0.11
— Gauss 1398/0.08
Gauss 1633/0.04
Gauss 1877/0.003
Gauss 2344/0.002
~—— Gauss 2853/0.001

Gauss 2924/0.002
0.5 — Gauss 3225/0.006
=== FitSum

Gauss 2973/0.001
Gauss 3458/0.05

Absorbance Units
S
=
T

03

02

0l

0 | = | 1
4000 3500 3000 2500 2000
Wavenumber, cm'!

Sample 2309
Gauss 753/0.04
Gauss 1007/0.47
Gauss 1254/0.04
08 H Gauss 1473/0.12
Gauss 1882/0.016
0.7 H Gauss 2368/0.001
Gauss 2975/0.001
=== Fit Sum

Gauss 465/0.31
Gauss 799/0.20
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Puc. 6. UK-®ypbe crieKTpbl IJIEHOK Pa3JHYHOIO CO-
craBa, oTBepxkaeHHbie npu 500°C: 100% nonvaikuiru-
npokcucuiiokcad (a); 3% macc. HY Bi (6); 10% macc.
HY Bi ()

[Mosiocel moromeHus ¢ BepinHoi 460 cm~' co-
OTBETCTBYET Je(OpMAIIMOHHBIM O-KonebaHusM Si—O
caseii Terpaszpa SiO,. J/lanHas nojoca XxapakTepHa 1U1st

Bcex 00pasloB U Beex Momupukauuit Si0,, mostomy uc-
ITOJTB3YETCST B KAUeCTBE CPEIHETo CTaHIapTa.

IIupokne monocsl B uHTEpBase 660—890 u 890—
1200 cm™' cBA3aHBI C CMMMETPUYHBIMU U1 accuMe-
Tpu4HbIMK U KOJIebaHuAMu cBaseit Si—O.

BumHO, 9TO TTOJIOCHI O9eHB OJIM3KO PacIIojiaraloTcs
IPYyT K APYTy, HaKIambIBaoTcs. [1py m3MeHEHUN CO-
CTaBa M peXXrMa TeMIIepaTypHOIl 00padbOTKM 00pa3IIoB
HaOIIfomaeTcs M3MeHeHNE (POPMBI IMMPOKMX CTICKTPOB.
[ToaToMy mitst 6oJiee meTaIbHOM OIIEHKHU TIepepacIpe-
IeJICHWSI MTHTCHCUBHOCTH TI0JIOC M TIEPECTPONKNA MO-
JIEKYJT CIIEKTPBI OBUIM pa3IoKeHbI Ha ['aycCcOBHI KpH-
Beic. CymmapHas nuaus (Fit Sum) Bcex I'ayccoBBIX
KPUBBIX TIPAKTUUECKU ITOBTOPSICT TUHUIO MCXOTHOTO
MK-cnexrpa. B nerenne k kaxnoit ['ayccoBoii KpuBoit
IIPUBEACHB KOOPAWHATHI BEPIIUHEI ITNKa: BOJTHOBOE
ypciio (cM~') 1 MHTEHCUBHOCTD MoTIoleHus . Paciie-
IUICHUE TI0JIOC TIOTJIOMeHUS Ha [ayccraHbl TO3BOIIS-
€T YBUICTDb HAJTMUME HECKOJIBKIX CTPYKTYPHBIX BUIOB
MOJICKYIISIPHBIX (ha3.

Tak, mupokyro mojocy B mHTEpBaie 660—890 cm~!
MOXKHO pa3JIOXUTh Ha Tpu ['ayccoBwl KpuBbie. Hampu-
Mep, Y o0pasna mu3 YUCTOTO IOJHATKIITHIPOKCUCH -
JIoKcaHa, TepMoodpadoTanHoro 1pu 400°C (puc. 5a),
STU KpUBBIE XapaKTepU3yloTcd BepminHamu 712, 778
n 840 cm~'. Tayccmana ¢ BepmmHoi 712 cm~!, mo-
BUINMOMY, CBSI3aHA C HEIIOJHBIM Pa3IoXKeHHEM Opra-
HUYECKUX COCIMHEHMNM, ITOCKOJBKY TTOCIe TEPMOO0-
pabOTKM OHA CMEIIAeTCs] B BEICOKOYACTOTHYIO 00JIaCTh
10 744 cm~! (puc. 6a). BHenpeHue yacTull BUCMyTa B 00-
pasell Takke cMelnaeT JaHHylo [ayccmany (puc. 50—r),
YTO CBSI3aHO C HAJIOXXEHHUEM IT0JI0C AeopMallioH-
HBIX Kojiebanmii mis cBa3u Si—O—Bi. INayccuansr 778
n 840 cm~! Gonee crabmibHBI ipu BHeapenun HY Bi,
BepIIMHA MTPaKTUIECKHN HE CMEIIaeTCs, M3MCHSICTCS
TOJIbKO MHTEHCUBHOCTB: C YBESIMUCHUEM COMICPKAHUS
Bi yBenmmmumBaeTCcst THTEHCHUBHOCTB (pHc. 50—T). OmHAKO
TepMudeckast oopadotka rmpu 500°C HECKOIBKO CMETIaeT
nmannbie BepmHbl 10 800 1 830 cM~!' COOTBETCTBEHHO
(puc. 66). B nuteparype qaHHBIMY BOJTHOBBIMU YMCIAMU
XapaKTepU3YIOT CUMMETPUYHBIC BAJICHTHBIC KOJICOaHMST
cBaseit Si—O u Si—OH [6].

I'ayccmansr 1000, 1100 1 1200 cm~' oTHOCSITCSI K TTO-
JIOCE aCCMMETPUIHBIX BAJICHTHBIX KOJIEOAHUN CBSI3U
Si—O-Si reTpasnpos SiO,. C yBeanyeHreM ConepXaHus
Bi B 00pa3iiax MHTEHCUBHOCTb 3TUX ['ayccmaH yBeInam-
BaeTcs (puc. 5), HO HepaBHOMEPHO: B OOJIBIIICH CTCTICHN
yBenuunBaetcs ['ayccnana ¢ BepmmHoit 1000 cm~!. Do
CKa3bIBaeTCs Ha M3MEHEHNH (hOPMBI CYMMAapHOTO TTHKa.
ITo Bceit BUIMMOCTH, TTOJIydeHHBIC JAHHBIC CBUICTETh-
CTBYIOT 00 OIpeIeICHHBIX N3MCHEHMSIX CTPYKTYPHI pac-
ITOJIOXKEHUSI MOJICKYJT B OJIDKHEM TTOPSIIKE.

IMTonoca B nuanaszode 540—620 cm~! Habmomaer-
cg y Bcex 00pas3noB, TepMoodpadbotaHHbBIX TTpu 400°C
(puc. 5), 1 MoxeT ObITh oTHeceHa K C—H cBs13u. D10
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CBHUICTEILCTBYET O HETIOJTHOM PA3JIOKCHUHN TTOJTATKIII-
TUIPOKCHUCIIOKCAHA TIPY TaHHBIX YCIIOBUSX TEPMOOOpa-
60T1KH. Y TepMo0oOpadoTaHHBIX Ipu 500°C 1K B 06J1acTH
540—620 cm~! He obHapyxeH (puc. 6a—0). To xe camoe
XapaKTepHO U IS IIOJI0CkI 1286 cM™!, COOTBETCTBYIOLLEH
cBasu Si—CH,. OnHaKko MOXHO 3aMETUTh, YTO C YBEJI-
yeHueM coaepxxanust HY Bi B oOpa3uax, Tepmooopado-
taHHBIX ipu 400°C, yBeIMYMBaeTCsI 1 MHTEHCUBHOCTD
nostockl ~1283 cM™!, 4TO CBUIETENBCTBYET 00 YBEIMYEHUN
TIOJT YTIICBOIOPOTHOTO OCTAaTKa B IIPOMYKTE.

B o6pa3uax ¢ nobasnenunem HY Bi 3ameueHa cnabas
nosioca 1832—1872 cm~!, BeI3BaHHAst CUMMETPUYHBIM
WCKPUBJIEHUEM U pacTskeHrueM Si—O cBs3eil. B 00-
pasliax, COCTOSIINX 13 TTOMHAIKMITUAPOKCUCHIIOKCAHa,
TMAHHOU TTOJIOCHI HE 0OHAPYKEHO.

HecMmoTpst Ha OTHOCHTETLHO BBICOKYIO TEMIIEPaTypy
o6pabotku (400°C), Bo Bcex obpasiax (puc. 5) mpu-
CYTCTBYET BOIIa, UYTO TTOATBEPKIACTCS HATMINEM ITOJIOC
noryouieHus B obaactu 1630 cm~' (medpopMaLiMOHHBIE
KoJiebaHUs MOJIEKYJT Boabl), 2808—2850 cM~! (cBsI3aHbI
C BOIOpOAHbIMU cBs13siMu ), 3100—3600 cm~! (KoneGaHust
O—H B Monekyne Boaer). O6paboTKa IIpu TeMIlepaType
500°C (puc. 6a—6) CHMXAeT UHTEHCUBHOCTB I10JIOC, Xa-
paKTepHBIX IUIST KOJIeOaHWIT MOJIEKYJT BOIBI, HO HE YOu-
paeT NX MOJTHOCTHIO.

ITockobKy Maoe KOJW4ecTBO HaHodacThll Bi (mo
3% Macc.) B 00pa3lie He IM03BOJISET UACHTU(DULUPOBATD
OTJETBHEBIC TTOJIOCHI, XapaKTepHBIEC TSI KOJIeOaHMIA BIC-
MYTOBBIX CBsI3eit, CHATE MK -criekTprr o6pasiia ¢ comep-
sxanreM NPs Bi 10% macc. (puc. 6B). BumaHo, yto mosoca
C BepIIMHOI 466 cM~!, COOTBETCTBYIOIIAS O-KOJIEOaHUSIM
Si—O cBs3eii, paciIpeHa 1 HaKJIaabIBacTCs Ha TIOJIOCY
B obsact 510—540 cm~!, xapakTepusyionieii nedop-
marnoHHble Kosedbanua Si—O—Bi. Takkxe Hadmona-
I0TCsI cl1a0ble MOJIOChI B o0actu 698 cM~! (BbI3BaHHAsK
kosebanuem Bi—O cpaseii B BiO, n BiO, cTpykTypHBIX
ennHuLax) u 884 cm~! (konebanus Si—0O—Bi) [28].

H71s1 mccaenoBaHUs IPUCYTCTBUS KPUCTAJUTMIECKIX
(a3 ncIorp30BaIM METOI PEHTTCHOBCKOM MM paKIInmT
(puc. 7).

PesynbpTaThl peHTTeHOTpapUM CBUIECTCIBCTBYIOT
0 TOM, UTO TTIOKPEITHE, TTOJYICeHHOE M3 YMCTOTO TTOJIH-
ATKUITUIPOKCUCIIIOKCAHA, BHE 3aBUCUMOCTH OT TeM-
epaTypHOro pexXnma o0pabOTKM XapaKTepu3yeTcs
TIOJTHOCTBIO aMOP(HOI CTPYKTYpOIL. DTO ITOATBEPKIACT
HaJIMIre Ha peHTreHoTpaMMe aMOP(HOTro rajxo B Aua-
na3oHe yrioB 20 10—20°. ITpu mmojrydeHUM MOKPBITHS
W3 IOJTMATKWITUAPOKCUCUIIOKCAHA ¢ JobaBiaeHreM NPs
Bi (10 3% macc.) HaGmonaeTcs yiuupeHue aMoppHO-
TO TajJ0, 9YTO MOKET OBITh CBSI3aHO C HAJTMIMEM CIICIOB
MEJIKOKpHUCTAJUIMIecKoi ha3pl. bombiee comepxkanme
(10% macc.) HaHOYACTHULL BUCMYTa B IIOKPBHITUM IIPH-
BOINT K MOSIBJICHUIO ITMKOB Ha peHTIeHOIpaMMe, UYTO
MOKa3bIBACT HAIMYME B CUCTEME MUKPOKPUCTATTMICCKIX
(a3 cmMKaToB BUCMYTA.

-3.353
3.283

Int.

(2)

5 15 25 45 55 64

35
2 theta

Puc. 7. PentreHorpaMMbl OKPBITHIA, COMEPIKALINX:
1 — monuankuiaruapokcuiiokcad; 2 — 3% macc. H4Y
Bi; 3 — 10% macc. HY Bi

3AK/IIOYEHUE

MeTomoM J1a3epHOI a0ISIINN METAITTNICCKOTO BHC-
MyTa B BOTHOM CpeJie TTOTy4eHbI YaCTUIIBI, UMEIOIINe Ha-
HOMETPOBEIIT pa3Mep. [1okazaHo, 9To Ja3epHasT a0
BHCMYTa CITOCOOCTBYET ITOJIYICHHIO 30JIs, B KOTOPOM
BO3HHUKACT ABOMHOM 3ekTpudeckuii cioit (IDC) u mo-
TEHIIMAJI Ha TpaHUIIe CKOJbXKeHMsI. OMHAKO IS TIOJTY-
YEeHHBIX 30JIcii BUCMYyTa HE XapaKTepHa YCTOMYMBOCTD
T10 3JICKTPOKUHETUICCKOMY (DaKTOpy.

YcraHOBIIeHa BO3MOXHOCTD MOJTYUYCHUS TIJICHKH
W3 XKUIKOCTH TTOJHATKUITHIPOKCUCHIIOKCaHA B IIPH-
CYTCTBUM HaHOPa3MEPHBIX YacTUIl BUCMyTa. [1pu orrtu-
MaJIbBHOM TeMIIepaTypHOM pexkuMe cymku (mo 400°C),
HECMOTPSI Ha arperMpoBaHNE YACTHUI] BUCMYTa, YIaeTCs
TTOJIyIUTh HETIPEPBIBHYIO, PABHOMEPHYIO, TUIOTHO TIPHJIC-
TaOIIYIO K IMTOBEPXHOCTH CTCKIITHHOM MOMIOKKH TUICHKY.

JetanbHblil aHann3 MK -criekTpoB MOKPHITHIA ¢ pas3-
HBIM cOIepKaHNeM HaHOYACTHUII BUCMYTa ITOKAa3aJl, YTo
nobasneHre HY Bi B maom konuuectse (10 3% macc.)
U PEKUM TePMUYECKON 00paOdOTKM BIUSIOT Ha OJIVDKHUIA
TTOPSIIOK MOJIEKYJIIPHBIX CBsI3eil. Ho mmpu 3ToM motochkr
ITOTJIOLICHUS, XapaKTepHBIC TSI KPUCTAJUTNICCKUX CH-
JIMKATHBIX (pa3, He mosBistroTcsa. [loBeIIeHne comep-
JKaHMSI HAHOYACTULI BUCMYTa B HOKPbITUM 10 10% Macc.
CIIOCOOCTBYET TTOSBICHUIO TI0JIOC, XapaKTEePU3YIOIINX
nedopmanimoHHble Konebanus Si—O—Bi. n konebanusg
Bi—O caaseit B BiO, u BiO, CTpyKTYpHBIX e1MHULIAX.

Penrtrenoda3zoBblii aHanu3 nmoaTsepani gaHHble MK-
CIIEKTPOCKOIINH, UYTO COACPKaHNEe HAHOYACTHIL BUC-
MyTa B TOKPBHITUU U3 TTOJUAKIITUIPOKCHUCUIOKCAaHA
6oistee 10% macc. IpUBOAUT K MOSIBIIEHUIO B CUCTEME
MHUKPOKPUCTATNIECKNX (ha3 CHJIMKATOB BUCcMyTa. [1pn
BHEAPEHUHU MAaJIOro Koumdectsa Bucmyra (3% macc.)
00pa3oBaHNe KPUCTAJUIMICCKHX (ha3 He TIPONCXOIUT.
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ABSTRACT: Introduction. This study aims to carry out comprehensive comparative research of thermal degradation and inflam-
mation parameters of timber covered with fire resistant biological flame retardants of different chemical composition. We also
looked at the efficiency and the action mechanism of the latter. Materials and methods. As the objects of research, the means
were selected - phosphorase-containing water-soluble compounds of the nanoscale series, complex biocides and special bioplas-
ticizers (Agent 1) and water-soluble nanoscale diammonium hydrophosphate (Agent 2) applied to pine wood by surface treatment
and deep impregnation methods. Results and discussion. Thermogravimetric studies of wood treated with flame retardants have
shown that its decomposition occurs in the following temperature ranges: 30-150°C - the process of loss of moisture by wood;
150-400°C - the effect of protective mechanisms of the compositions, as well as the process of decomposition of the main compo-
nents of wood (hemicellulose, cellulose, lignin) and the formation of a coke layer; 400-800°C - the process of gradual burnout of
the coke layer taking into account its thermophysical characteristics up to the ash residue. It has been established that both flame
retardants act by the mechanism of catalytic dehydration and reduce the rate of decomposition of wood from 29 to 10%/min.
Conclusion. The features of the thermal decomposition of wood protected by two different chemical composition and method of
its processing means are determined. The parameters of the flammability of pine wood treated with fire-protective compounds by
surface and deep impregnation were obtained, which indicate their high efficiency, which is confirmed by the values of the coke
residue at 400°C, the nature of DTG peaks and DSC curves. The possibility of using the obtained materials from wood for interior
decoration and cladding of facades of buildings that meet regulatory requirements for their safe use is shown.

KEYWORDS: «Ignition parameters», thermal degradation, flame retardants, bioprotective effect, wood, fire protection, fire safety,
construction, nanodisperse composition.
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the thermooxidative degradation of wood in the presence of flame retardants with a bioprotective effect. Nanotechnologies in
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INTRODUCTION

Today wooden structures are widely used for con-
struction of individual residential buildings, low-rise
public buildings, social and cultural facilities, large span
structures (arenas, tennis courts), sport and recreation
centres, agricultural buildings, warechouses, etc.

Wooden buildings are made of light, cost-efficient,
quickly reproducible, earthquake-resistant accessible
material. Strengthening the wooden house construction
priority requires new scientific developments, new ap-
proaches to expanding capabilities of new technologies in
this area, etc. Wood has always been one of the most envi-
ronmentally friendly materials. According to the experts,
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at present there is a stable demand for construction of
houses not only from solid timber but also wooden panels.

It should be noted that timber and timber-based com-
posite materials have been used in Europe and America
for construction of high-rise residential buildings, various
public facilities (schools, hospitals, stadiums, shopping
centres, etc.) for decades. Moreover, the scope of pubic
construction from wood is significant since this material
is environmentally-friendly and reliable.

The set of regulatory documents stipulating technical
safety parameters for buildings, requirements, classifica-
tion and quality of all wooden elements and structures
necessary for wooden construction play an important
role in the modern wooden house construction devel-
opment in Russia. Providing fire, sanitary and environ-
mental safety including using fire protection methods to
wooden building structures and cladding materials is still
relevant [1—6].

Therefore, the interest in new efficient fire protec-
tion methods and ways to apply them is growing. These
methods provide:

— strength, size stability, weather and humidity resis-
tance of wood and wooden structures;

— low corrosiveness;

— compliance with sanitary and hygienic safety require-
ments;

— compatibility with various types of top coats [7—17].

This study aims to carry out comprehensive compara-
tive research of thermal degradation and inflammation
parameters of timber covered with fire resistant biologi-
cal flame retardants of different chemical composition.
We also looked at the efficiency and the action mecha-
nism of the latter.

MATERIALS AND METHODS

We have selected agents applied to timber using surface
treatment and deep impregnation methods [18—19]. That
provide biological flame protection effect in line with
existing regulatory fire safety requirements in the form of
mandatory certification and state sanitary and epidemio-
logical rules and norms as study subjects.

Agent 1 is a comprehensive fire protection and biocidal
product. It is produced from phosphorus and nitrogen
containing water soluble compounds of the nanoscale
series, complex biocides and special bioplasticizer ensur-
ing I (first) group of fire protection efficiency at additional
dry salt weight of 30 kg/m? for the deep (vacuum — pres-
sure — vacuum) impregnation method and minimum
consumption of 380 g/m? — for the double surface treat-
ment method

Agent 2 is a water solution of non-organic salts and
biologically active substances with nanoscale diam-
monium hydrogen phosphate as the main component.
It ensures I (first) group of fire protection efficiency at

minimum additional dry salt weight of 40 kg/m? for the
deep (vacuum — atmosphere) impregnation method and
minimum consumption of 400 g/m? — for the triple sur-
face treatment method.

When studying the process of thermal oxidative degra-
dation of fire resistant agents, thermal analysis was carried
out using METTLER TOLEDO TGA/DSC 1. The fol-
lowing methods were used: thermogravimetric (TGA),
derivative thermogravimetric (DTGA) and differential
scanning calorimetry (DSC). TGA and DTGA analyses
produced sample mass and mass loss speed vs. heating
temperature and DSC analysis — sample heat generation
intensity at different temperatures.

For these purposes we prepared 150x60% 30 mm tim-
ber samples treated with agent 1 and agent 2 using the
deep impregnation method.

When preparing timber samples for comparative re-
search of fire protection mechanisms of impregnation
solutions, we assumed that the impregnation solution
usually penetrates to maximum 2 mm timber depth for
the surface treatment method and up to 40 mm for the
deep impregnation method depending on the technology
and chemical components [20].

One of the main targets of the studies was to identify
the degree of fire protection effect produced by impregna-
tion solutions at various depths from the timber surface.
Therefore, samples were taken from each sample both
from the surface and 10 mm deep layer. Thus, studies were
carried out on four samples of fire resistant timber and the
initial pine sample for comparison purposes. Properties
of samples taken for the thermal analysis are provided in
Table 1.

Studies were conducted in the air atmosphere at 2.5;
5; 10 and 20°C/min heating speed in 30—800°C range.

The research looked at sample inflammation time vs.
incident heat flow density under GOST 30402—96 Build-
ing materials. Ignitability test method. For this purpose,
we used samples treated with Agent 1 and 2 using deep
impregnation and surface treatment methods.

Experimental studies of critical areal heat flow density
(CAHFD) causing inflammation for considered types of
fire resistant pine timber were carried out using the testing
method and measurement tools. 165X165x15 mm fire
resistant timber sample was subject to radiant heat flow
of 5-50 kW/m?surface density. CAHFD was assumed to
be the minimum value when flame combustion starts.

RESULTS AND DISCUSSION

Fig. 1 and 2 show mass loss and mass loss speed vs.
temperature of timber samples treated using the deep im-
pregnation method and untreated pine timber samples
calculated using TGA and DTGA methods respectively.

Results of TGA and DTGA studies are provided in
Table 2. Mass loss in 30—150°C range indicates the dehu-
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Table 1
Properties of samples for the thermal analysis
No. of sample HEpols Sampling point Sample weight, m
. p ol pling p p ght, mg
1-1 Sample surface 11.16
Agent 1
1-2 10 mm distance from the surface 11.51
2-1 Sample surface 11.87
Agent 2
2-2 10 mm distance from the surface 11.06

Mass loss, %

T

50

T ! T

! T I ! T

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

Temperature, °C

Fig. 1. Mass loss of untreated pine timber samples and samples treated using the deep impregnation method vs. heating

temperature calculated using TGA method

midification process and in 150—400°C range (main peak
on the curve) — material degradation and coke generation
process. The coke residue fraction was registered at 400°C,
ash residue — at 800°C. For the main peak on DTGA
curves of all samples maximum mass loss speed 4 _and
are shown in 250—350°C range.

Thus, the analysis of the thermogravimetric study of
timber treated with fire resistant solutions (see Fig. 1)
shows that degradation happens within the following tem-

process temperature 7'

perature ranges:

1) 30—150°C — timber dehumidification;

2) 150—400°C — active range of protective mecha-
nisms, degradation of main timber components (hemi-
cellulose, cellulose, lignin) and generation of coke

layer;

max

3) 400—800°C — gradual burnout of coke layer with
account of its thermophysical properties up to ash residue.

It should be noted that the thermophysical study of
samples from timber surface layers treated with agents 1
and 2 using deep impregnation (samples 1-1, 2-1) shows
that their behaviour differences are insignificant and are
determined by the difference in resistance mechanisms
within 150—300°C range, which is caused in its turn
by chemical components of agents and their synergy.

The study of samples taken from the 10 mm deep layer
(samples 1-2, 2-2) show a difference in curves. Thus,

the coke residue of sample 1-2 impregnated with agent 1
almost does not change its properties, its fraction ac-
counts for 50.84% of the initial sample mass and is lit-

tle different from the coke residue value of sample 1-1
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Fig. 2. Mass loss of untreated pine timber samples and samples treated using the deep impregnation method vs. heating

temperature calculated using DTGA method

Table 2
Results of the gravimetric analysis
No. of sample in the txl?)s:r::lsli,ei’nge, oC Residue fraction, % Main peak
30-150 150—400 Coke at 400°C | Ash at 800°C T..C |4,,%/min
1-1 3.62 49.85 50.15 6.75 249 10
1-2 2.49 49.16 50.84 6.58 252 10
2-1 5.54 48.48 51.52 5.49 264 15
2-2 5.08 60.89 39.11 3.40 267 10
Untreated timber 5.91 71.61 28.39 1.56 345 29

(50.15%). The coke residue of sample 2-2 (agent 2)
amounted to 39.11% which is by 12.5% less compared
to sample 2-1. It means that the sample treated with
agent 1 using deep impregnation did not lose its fire
resistant qualities at the 10 mm depth. On the contrary,
the sample treated with agent 2 demonstrated significant
efficiency reduction.

Let us look at DTGA analysis results (see Fig. 2) for
samples 1-1 and 2-1 showing the protective mechanism
properties of agents 1 and 2 respectively and compare
them to the untreated timber sample. The general analysis
of the curves and data on the main chemical components
of agents lead to the conclusion that both fire resistant
agents have a catalytic dehydration mechanism. Table 2

shows that the peak of the main stage of thermal degrada-
tion is shifted from 345°C for untreated timber, by 249°C
for timber impregnated with agent 1 and by 264°C —
agent 2. Moreover, the DTGA curve for agent 1- treated
timber has another peak with maximum at 190°C, which
most likely points to the reaction of a functional additive.
There are also two more maximums in 240—280°C range.
The 400—800°C coke oxidation temperature range has
three small peaks for the timber sample treated with agent
1 —at 498, 579 and 727°C. The timber sample treated with
agent 2 has only 2 peaks that almost coincide with those
mentioned above — at 503 and 715°C.

Judging by the intensity of peaks observed during the
main degradation stage, it can be concluded that un-
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Fig. 3. Heat generation intensity vs. heating temperature
during untreated pine timber degradation at 20°C/min
speed

treated timber degrades 3 times faster than fire resistant
one (degradation speed is 29 and 10%,/min respectively).

When studying the efficiency of fire protection tools,
heat generation parameters are important. DSC analy-
sis produced heat generation vs. temperature for all fire
resistant samples and untreated timber and the volume
of heat generated during degradation. Fig. 3 shows heat
generation intensity vs. temperature during untreated pine
timber degradation.

Fig. 3 shows that total heat generation amounted to
3915 J/g and the curve has two typical maximums — at
368°C with 11 W/g heat generation intensity and 442°C
with 25.4 W/g heat generation intensity. The main stage
of heat generation happens in 250—470°C range.

Fig. 4 shows heat generation intensity vs. temperature
during degradation of pine timber samples treated using
the deep impregnation method.

There is insignificant difference in total heat genera-
tion for samples 1-1, 1-2 and 2-1. It falls within 4817—
4978 J/g range. Sample 2-2 has significantly higher heat
generation — 5836 J /g which shows the reduction of the
protective effect of agent 2 at 10 mm depth from the
surface. Heat generation intensities largely coincide in
samples 1-1, 1-2 and 2-1: they have one prominent heat
generation peak around 500°C, peak intensity amounts
to 5.4—6.0 W/g, which is approximately 5 times less than
peak heat generation of untreated timber.

The change in the overall shape of DSC peak with
smoothed peaks and time stretching of timber thermal
oxidative degradation process is an important property to
confirm the fire resistant effect of studied agents.

The heat generation temperature range for untreat-
ed timber sample is 250—470°C, which corresponds to

8IW/g -
355°C <

54Wig
499 °C

505°C

5.7Wig
501 °C

f T T T T T T T T 1

0 100 200 300 400 500 600 700 800 900
Temperature, °C

Fig. 4. Heat generation intensity vs. heating temperature
during degradation of pine timber treated using the deep
impregnation method at 20°C/min speed

11 minutes of testing. For samples with a more promi-
nent protective effect (1-1, 1-2, 2-1) the heat generation
temperature range amounts to 200—720°C, which corre-
sponds to 25 minutes of testing. Sample 2-2 has the heat
generation temperature range of 210—680°C and the time
range of 22 minutes. These data correlate with the results
of standard laboratory combustibility testing of timber
samples treated with studied agents [21].

Thus, we can conclude that both agents are efficient
fire protection tools that change timber thermal oxidative
degradation process via the catalytic dehydration mecha-
nism [22]. The curves show the distinctive features of this
mechanism for every agent. The efficiency of agents is
proved by coke residue values at 400°C, DTGA peaks and
DSC curves. The results have been analyzed and the most
important numerical parameters of the thermal oxidation
process have been calculated.

One of the main conclusions of the test is that agent 1
completely preserves its fire resistant properties at 10 mm
minimum depth. Thus, we can forecast higher fire resis-
tant properties and lower fire risk for wooden building
structures treated with this agent.
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Fig. 5. Timber inflammation time vs. CAHFD

The results of experimental studies of CAHFD are
presented in Fig. 5.

The experimental dependance revealed that CAHFD
for initial pine timber samples amounts to 12.5 kW/m?.
Surface treated timber samples inflamed at 20 kW/m?
heat flow density. It means that they belong to different
classification groups based on inflammation properties —
B3(highly inflammable) and B2 (moderately inflamma-
ble). The study of samples treated using the deep impreg-
nation method showed higher resistance to the heat flow
impact. The inflammation time for the timber sample
treated with agent 1 at 30 kW/m? CAHFD amounted to
930 s, which means that it belongs to B1 inflammability
group (inflame resistant) under GOST 30402. It is a big
advantage for using finishing materials produced from
timber treated using the deep impregnation method by
a comprehensive fire resistant biocide agent based on
phosphorus and nitrogen containing water soluble com-
pounds.
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PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

BBEJEHUE

B Hacros1ee BpeMs IepeBIHHbIE KOHCTPYKLIUU
IIMPOKO MIPUMEHSIIOTCSI IJIsSI CTPOUTEIbCTBA KaK MHIN -
BUIYaJIbHBIX KWJIBIX JOMOB, TaK M MaJIO3TAXKHBIX OOIIIE-
CTBEHHBIX 3IaHUI, COLMAJIbHO-KYJIBTYPHBIX O0BEKTOB,
0OJIBIIETIPOJIETHBIX COOPYKEHUI (apeH, TEHHUCHBIX
KOPTOB), (PUBKYILTYPHO-03I0POBUTEIBHBIX KOMITIEK-
COB, 3[JaHUI CeJIbXO3HAa3HAYEHUSsI, CKJIaI0B U T.II.

JlepeBsIHHBIC IOMa OTJIMYAET JIETKOCTh, SKOHOMMY -
HOCTb, OBICTPOBO3BOIMMOCTD, CEICMOYCTOMUNBOCTD, 10-
CTYITHOCTh MaTepuaa. st yKperieHUsI IpPUOPUTETOB e~
PEBSIHHOTO JOMOCTPOEHMSI OCBAaMBAIOTCSI HOBbIE HAYYHBIS
pa3pabOTKU, CO3IAIOTCSI HOBBIE TTOAXObI K PACILIMPEHUIO
BO3MOXHOCTE! COBPEMEHHBIX TEXHOJIOTUIA B 3TOI 00-
JacTtu. lpeBecrHa Bcerma CYuTagach U CYUTACTCSI OMHUM
U3 CaMBbIX BKOJIOTUUHBIX MaTepuanos. [1o omeHke 3Kc-
MEepTOB B HACTOSIIIIEe BPEMSI OTMEUAETCsI YCTOMYMBBIN
CIIPOC HA CTPOUTEILCTBO JOMOB HE TOJIBKO M3 MaCCUBHOM
JIPEBECUHBI, HO 1 13 IEPEBSIHHBIX TTaHEJICHA.

Cremyet oTMETUTD, uTO B EBporte 1 AMepuke 13 Ipe-
BECHHBI 1 KOMIIO3UTHBIX MAaTepPHUAJIOB HA €€ OCHOBE y3Ke
HECKOJIBKO JeCATUICTUI BO3BOISITCS MHOTO3TAaXKHBIC
XKUJIbIE 3MaHUSI, pa3IMYHbIC OOBEKTHI COLIMAILHOTO Ha-
3HAYCHMUSI (IITKOJIBI, OOJBHUIILI, CTAINOHBI, TOPTOBBIC
LEHTPHI U T. 1I.), IIpHYEeM 00BbEMbI COIIMAIBLHOTO CTPO-
WUTEJILCTBA JOBOJBHO 3HAYUTEIIbHbBI, YTO OOBSICHSIETCS
5KOJIOTUYHOCTBIO U HAZIEKHOCTBIO 3TOTO CTPOUTESIBHOTO
marepuaa.

BaxxHoe 3HaueHue 1711 pa3BUTHUSI COBPEMEHHOTO Je-
PEBSIHHOTO JOMOCTpoeHus B Poccuu nmeeT KoMILIeKC
HOPMATUBHBIX IOKYMEHTOB, PEIIAMEHTHUPYIOLIUX TeX-
HHUYECKUE MapaMeTphl 0€30MMaCHOCTHY 30aHUI U Colep-
XKallux TpeOboBaHMs, yCTaHABIMBAIOIINUE Kiaaccuduka-
LU0, a TAKXKE KAaUYeCTBO BCEX JIEPEBSIHHBIX 3JIEMEHTOB
Y KOHCTPYKLUI, HEOOXOAUMBIX IIJISI JOMOCTPOCHMUSI.
B 3HaunTEeIbHOM CTENEHU aKTyaJlbHBIMU OCTAIOTCSI BO-
MIPOCHI, CBI3aHHBIEC ¢ OOECIIeueHEeM TT0XKapHO 1 ca-
HUTAPHO-3KOJIOTMYECKOM 0e30MacHOCTH, B TOM UMCJIIC
C UCIIOJIb30BAHUEM CPEICTB OTHE3allIUThI 1ePEeBIHHBIX
CTPOUTEIbHBIX KOHCTPYKIIMIA 1 IPEBECHBIX OOJUIIOBOY-
HBIX MaTepraios [ 1—6].

B cBs131 ¢ 3TMM OTMeEUaeTcs poCT UHTepeca K HOBBIM
3((HEKTUBHBIM CPEICTBAM OTHE3AIIUTHI M CITOCO0AM UX
HaHEeCEHMUsI, MO3BOJISIIONIMM B YCJIOBUSIX SKCILTyaTalluu:
— COXpaHSITh IIPOYHOCTh, PA3MEPOYCTOMUNBOCTb, aT-

Mocdepo- U BIarOCTOMKOCTh APEBECUHBI U IEPEBSIH-

HBIX KOHCTPYKIINIA;

— MOPOSIBIISITh HU3KYIO KOPPO3MOHHYIO aKTUBHOCTD;
— COOTBETCTBOBATh TPEOOBAHUSIM CAHUTAPHO-TUTUE-

HUYECKOI 0e30IMacHOCTH;

— OBITb COBMECTUMBIMU C Pa3IUYHLIMU BUAaMu Gpu-

HUIIHBIX HOKPBITUH [7—17].

Llenbio HacToOsIIEH pabOTHI SIBIISIETCS TIPOBEACHUE
KOMIUIEKCHBIX CpaBHUTEIbHBIX UCCICAOBAHUI ITapaMe-

TPOB TEPMUUECCKOTO Pa3JIOKECHUS U BOCILIAMCHSICMOCTH
IpeBEeCUHBI, 00paOOTaHHOM Pa3TNIHBIMU 110 XUMUYC-
CKOMY COCTaBy U CIIOCOOY 00pabOTKM OTHEOMO3allIuT-
HBIMU TIPOTTUTOYHBIMHU CPEACTBAMH, a TAKXKe M3YyICHHE
5 GEeKTUBHOCTU 1 MEXaHM3Ma UX TCUCTBUS.

METO/bI 1 MATEPHAJIBI

B xagecTBe 0OBEKTOB MCCIICAOBAHNI BEIOPAHBI CPE-
CTBa, HAHOCHMBIC Ha IPEBECUHY COCHBI METOIaMU I10-
BEPXHOCTHOI 00pabOTKM M TITYOOKOM MPOIUTKM [18,
19], obecmreunBaromire 3¢ GeKT OrHeOMO3aIIUTHI B COOT-
BETCTBUM C CYIIECTBYIOINMI HOPMAaTUBHBIMU TPeOOBa-
HUSMU TTOXXapHOIT 0€30ITaCHOCTH, a TAKKe CAHUTAPHO-
SIUACMUAOIOTMUCCKIMU TIPABIWIAMU X HOPMATUBAMMU-

Cocras 1 mpencraBisieT co00il KOMIUIEKCHOE OT-
HE3allUTHOEe U OMOLIMIHOE CPEeICTBO Ha OCHOBE (hoC-
dopazoTcoaepxalux BOIOPACTBOPUMBIX COCTUHEHUI
HaHOPA3MEPHOTO Psina, KOMIDICKCHBIX OMOIMIOB U CITe-
LUaJIbHBIX OMoIUIacTU(hUKATOPOB, 00ecneunBalolee
I (TTepBy10) rpymITy OrHe3aIMTHOMN 3(P(HEeKTUBHOCTH IIPH
npusece cyxux couei 30 Kkr/m? rpu MeToe riyooKom
(BakyyM — IaBJicHHE — BaKyyM) IIPONUTKHU U TIPU pac-
xoae He meHee 380 r/M? — mpu MeTonIe IBYXKPATHOI
IOBEPXHOCTHOM 00pabOTKM.

CocTasB 2 IpeAcTaBiIsieT OO0 BOMHBIN pacTBOP He-
OpPraHMYEeCKUX COJICH 1 OMOJIOTUYECKN aKTUBHBIX Be-
IIECTB, OCHOBHBIM KOMITOHEHTOM KOTOPOTO SIBIISICTCS
HaHOpa3MepHBIN AuaMMOHNI TuapodocdaT, KOTo-
pblif ob6ecrieyuBaeT I (mepBy10) TpymIly OTHE3aIUTHOM
5(hGEKTUBHOCTY TIPU IIPUBECE CYXUX COJIeit He MeHee
40 xr/m* ipu MeToe I1y0oKoit (BakyyM — aTMocdepa)
MPOIUTKY U IIpu pacxoze He meHee 400 r/M? — pu Me-
TOJIE TPEXKPATHOM ITOBEPXHOCTHOIT 0OPabOTKM.

[Ipu n3ydeHUN mpoliiecca TePMOOKUCIUTEIILHOTO
pa3JIOKEeHUsI CPEACTB OTHE3ALIUTHI ObLT TPOBEIECH TEP-
muueckuii ananu3 Ha mpuoope METTLER TOLEDO
TGA/DSC 1. I1pu 3TOM UCTIONB30BAINCH CICIYIOIINE
MeTonsl: TepmorpaBuMerpudeckuii (TI), TepMorpasu-
MeTpudeckuit mo mpousBongHoit (I TT) u meton oud-
depeHmanpHO-cKaHUpYytomei Karopumerpun (JICK).
TI'- u AT -aHanu3sl MO3BOJIUIIN MTOJYYUTh 3aBUCUMOCTh
MacChl ¥ CKOPOCTH TIOTEPU MacChl 00pasiia OT TeMIIe-
patypsl HarpeBa, a JICK-aHanu3 — onmpenemTb MHTCH-
CHBHOCTP TEIUIOBBIACICHUS] 00pa31IOB IIPU Pa3IMUIHBIX
TeMIepaTypax.

JI1st 3TUX 1eseit ObLIM MOATOTOBIEHBI 00Pa3LIbI Ape-
BECHHBI COCHBI pasmepoM 150X60x%30 MM, oOpaboTaH-
HBIE cOCTaBaMU | 1 2 METOIOM TIIYOOKOM ITPOITUTKHA.

[1pu moaTOTOBKE 0OPA3IIOB IPEBECHHEI IS CPABHM-
TEJBHBIX MCCIICIOBAHNI MEXaHN3MOB OTHE3aIIUTHOTO
IEUCTBUSI TPOTTUTOYHBIX COCTABOB MCXOIUIIN M3 TOTO,
YTO TIPOMMUTOYHBII COCTAB IIPU ITOBEPXHOCTHOM 00pa-
0OTKe IPeBECUHEBI, KaK MPaBUJIO, IIPOHUKAET Ha TIyOUHY
He Oosiee 2 MM, a TIpU TITyOOKOM ITPOITMTKE B 3aBUCH-
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MOCTH OT TEXHOJIOTUH M XUMUYECKUX KOMITOHECHTOB —
1o 40 MM [20].

OnmHOM M3 OCHOBHEIX 3a7a4 MCCICHOBAaHUNA OBLIO
YCTaHOBJICHUE CTEIICHU COXPaHEHMs OTHE3alIMTHOTO
addeKxTa IPONMMTOUYHBIX COCTABOB Ha Pa3JIMIHON TITy-
OMHE OT ITOBEPXHOCTH APEBECUHBI, TTO3TOMY U3 KaXKIOTO
o0pasia crenrajabHO OTOMpaau NpoObl KaK C MOBEPX-
HOCTH, TaK 13 cJiog Ha rryorHe 10 mm. TakuM o6pa3om,
HCCIIeIOBAaHMUS IIPOBOIMIINA Ha YEThIPEX 00pa3Iax-1mpo-
0ax OTHE3aIINIICHHON IPEeBECUHBI U JUIST CPAaBHCHHUS
Ha MCXOTHOM 00pa3lie IpeBeCUHBI COCHBI. XapaKTepH-
CTUKM 00pa3IIOB IS IIPOBEICHUS TEPMUUECKOTO aHa-
JIN3a mpeacTaBieHbl B Ta0JI. 1.

HccaemoBaHus IpOBOIMINCH B aTMOChepe BO3ayXa
€O ckopocTsMu Harpesa 2,5; 5; 10 m 20°C/MuH B TeM-
neparypHoM nHTepBaie 30—800°C.

M3yuamach Takke 3aBUCHMOCTh BPeMEHU BOCTLIAME-
HEHMS 00pas3IoB OT IIOTHOCTH TAJAI0IETO TETIOBOTO
noToKa. JIJ1sT 3TOro MCIoIb30BaInCch 00pas3iibl, oopa-
OGoTaHHBIE cocTaBaMU | 1 2 MeTogaMu TITyOOKOI 1 MO~
BEPXHOCTHOMU TIPOITUTKHA.

DKCIeprMeHTAIbHBIC MCCIICIOBAHNS TI0 OIIpeeie-
HUIO KPUTIIECKOM TTOBEPXHOCTHOM TUTOTHOCTH TETIIOBO-

ro rroroka (KITITTII), ipyu KOTOpoii IIpOMCXOMUT BOCTIIA-
MEHEHUeE, UIST pacCCMaTPUBAEeMBIX B paMKaX HACTOSIICH
pab®oOTHl BUIOB OTHE3AIIMUIIICHHON IPEBECHUHBI COCHEI
IIPOBOIMJINCH TTO CIICAYIOIIEH MeTonnKe: o0pa3ell OTHe-
3aINIIEHHON IpeBeCUHBI pa3MepoM 165X 165x 15 MM
ITOABEPTAIN BO3ICHCTBHIO JIYINCTOTO TEIIOBOTO ITOTO-
Ka C MOBEPXHOCTHOM IUIOTHOCTBIO OT 5 10 50 kB1/M?.
3a KIIIITIT npyHuManock ee MUHMMAaJIbHOE 3HaUCHUE,
IIPA KOTOPOM OTMEYAJIOCh TNIAMEHHOE TOPCHHE.

PE3YJBbTATBI 1 UX OBCYXKIEHUE

Ha puc. 1 u 2 mpencraBiieHbI 3aBUCUMOCTH TTOTEPHU
MacChl I CKOPOCTH TTOTEPU MACCHI OT TeMIIepaTyphI 00-
Pas3loB IPEBECUHEI, 00PadOTaHHOI METOIOM INIyOOKOI
IIPOITMTKY, ¥ HEOOpabOTaHHOU APEBECUHBI COCHBI, T10-
saydyeHHbie MmetogaMu TI' u ITT cooTBETCTBEHHO.

Janusie pesynbratoB TI'- u AT -uccnenoBanuii
ImpeacTaBiieHH B Ta0. 2. [ToTepu Macchl B MHTepBaie
temmepaTyp 30—150°C yKa3pIBaloT Ha IIpoIIece yuajie-
HuA Biard, a B uaTepBasie 150—400°C (0ocHOBHOI MK
Ha KPUBOIT) XapaKTepU3YIOT pa3jIoXeHUe MaTepraia
1 TIpoIIecc 00pa30oBaHmsI Kokca. [1pn 3ToM moi1a KOKCOo-

Tabauya 1
XapakTepucTHKH 00pPa31OB /ISl MPOBEIeHHUS TEPMUIECKOTO AHAJIN3A
Ne odopasma | CpeacTBo OrHE3AINUTHI MecTo oTOOpa Macca HaBecKH 00pa3na, Mr
1-1 IToBepxHOCTHL OOpa3La 11,16
Cocras 1
1-2 Ha paccrosiHuu 10 MM OT MOBEpXHOCTU 11,51
2-1 IToBepxHOCTHL OOpa3La 11,87
Cocras 2
2-2 Ha paccrosaun 10 MM OT moBepXHOCTU 11,06
=
S
=
)
l=}
=
T I I T T T T T T T T T T T T T
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Puc. 1. 3aBucHUMOCTB NOTEPH MACChI 00Pa31I0B HEOOPAOOTAHHOI IPEBECHHBI COCHBI M 00Pa3IIOB,
00pa0OTAHHBIX METOIOM IJIyOOKO# MPONUTKH, OT TEMIIEPATYPbI HArpeBa, nosydeHnas merogom TT
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Puc. 2. 3aBHCHMOCTH CKOPOCTH MOTEPH MACChI 00Pa3I0B HEOOPAOOTAHHOIT IPEBECHHBI COCHbI H 00Pa3LI0B,
00pa0OTaAHHBIX METOIOM TJTy0OKO# MPONMTKH, OT TEMIEPATYPbI HATPeBa, noaydeHHas metoaom JITT

BOTO OCTaTKa (huKcrpoBaiach npu tremmeparype 400°C,
a 30JIBHOTO ocTaTKa — Ipu temmeparype 800°C. s
ocHoBHOro nuka Ha KpuBbIx I TT Bcex 0oOpa31ioB B MH-
TepBaie 250—350°C moka3aHbl MAKCUMAaJIBHBIE CKOPOCTh
notepu Maccol A v temmneparypa T, , Ip1 KOTOPOK
TIPOUCXOMIUT TIPOIIeCC.

Takum 06pa3oM, aHAJIN3 TEPMOTPABUMETPUICCKOTO
HCCIIEAOBAHUS IPEBECHUHBI, 00paOOTaHHOI OTHE3aIINT-
HBIMU cOCTaBaMM (CM. puc. 1), TOKa3bIBacT, 9TO €€ pas-
JIOXKEHUE TIPOUCXOIUT B CICOYIOIINX TeMITepaTyPHBIX
MHTepBajax:

1) 30—150°C — mpotiecc TOTepy APEBECUHOM BIIATrH;

2) 150—400°C — meiicTBME 3aIMMTHBIX MEXaHN3MOB
COCTaBOB, a TaKXKe IIPOIECC PA3IOXKEHUS OCHOBHBIX
KOMITOHEHTOB IPEeBCCHHBI (TeMUIICIUTIONO3bI, IEJUTIO-
JI03a, INTHUH) U 00pa30BaHMUsI KOKCOBOTO CJIOS;

Tabauuya 2
Pe3yabTaThl TEpMOrpaBUMETPHYECKOTO AHAIH3A

3) 400—800°C — mpo11ecc IMOCTEIIEHHOTO BRITOPAHMS
KOKCOBOTO CJIOSI C YIETOM €T0 TEIIO(PU3NISCKIX XapaK-
TEPUCTHK BIUIOTH 10 30JIbHOTO OCTaTKa.

MOXXHO OTMETHUTD, YTO TIPU TEPMOAHATTUTUICCKOM
HCCIIeIOBAaHUM 00pa3IIoB MOBEPXHOCTHBIX CIIOEB IpeBe-
CHHEI ¢ TJTyOOKOI TPOIUTKOI cocTaBaMu 1 u 2 (06pas-
el 1-1, 2-1) OTIMYIMS B UX TTOBEACHNHN HE3HAYNTCTHHEI
U OTIPEHCISTIOTCS pa3HUIICH B MEXaHU3ME 3alIUTHOTO
nelicTBUg B MHTepBase Temmepatyp 150—300°C, uro,
B CBOIO OoUepeIb, 00YCIOBICHO XUMUUECCKIMH KOMIIO-
HEHTaMM COCTAaBOB M UX CMHEPru3MoM. [1pn ncisITannm
00pas1oB, OTOOPAHHBIX U3 CI0s 00paslia Ha TJIyOuHe
10 MM (00Opa3usl 1-2, 2-2), oTMedaeTcs pa3Iudire B Xa-
pakTepe KpUBBIX. Tak, KOKCOBBI OCTaTOK obpasna 1-2,
IIPOTTUTAHHOTO COCTABOM 1, TIPAKTHMIECKU HE MEHSCT
CBOMX CBOICTB, H0Jist ero cocrasisier 50,84 % ot uc-

Iloteps maccel, %, Jous ocTaTka, % OCHOBHOI1 MUK
B HHTEPBAaJje Temmeparyp, °C
Ne obpasma
_ _ KOKCa NpH 30J1bI IPH o
30—-150 150—400 400°C 800°C T, .°C |A,. %/vun
1-1 3,62 49,85 50,15 6,75 249 10
1-2 2,49 49,16 50,84 6,58 252 10
2-1 5,54 48,48 51,52 5,49 264 15
2-2 5,08 60,89 39,11 3,40 267 10
Heobpatoranas 5,91 71,61 28,39 1,56 345 29
JIpeBecuHa
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XOIHOM MacCHl 00pa3lla U Majo OTIIMYAeTCSI OT 3Ha-
YyeHMsI KOKCOBOTO ocTaTka mst oopasua 1-1 (50,15%).
KokcoBrIit ocTaTok o6pasia 2-2 (cocTaB 2) COCTaBIII
39,11%, uto Ha 12,5% MeHblie 10 CPaBHEHUIO ¢ 00pa3-
oM 2-1. D10 03HaYaeT, uto Ha rimyonHe 10 MM obOpa3selr
¢ IIIyOOKOIT MPOMMTKOI cocTaBOM | HE yTpaTWI CBOUX
OTHE3AIIUTHBIX CBOMCTB, a y 00pasiia, IPOIUTaHHOTO
COCTaBOM 2, HaOIIOJaeTC 3HAUYUTEIbHOES CHIKCHUE
3(pPEeKTUBHOCTH.

Paccmotpum pesynbrater A TT-anammsa (cM. puc. 2)
o6pasuoB 1-1 n 2-1, xapakTepusylolye 0COOeHHOCTH
3aIIUTHOTO MEXaHM3Ma, COOTBETCTBEHHO, COCTAaBOB 1
¥ 2, ¥ IPOBEJIeM CpaBHEHHE ¢ 00pa31ioM HeoOpaboTaH-
HOM apeBecHO. OOIIMiIT aHaIU3 KPUBBIX U JaHHBIE
00 OCHOBHBIX XMMUUECKHUX KOMITOHEHTaX COCTABOB I10-
3BOJISIIOT CIEJIAaTh BEIBOA O TOM, YTO 00a OTHE3aIluT-
HBIX CPEICTBA ACHCTBYIOT IT0 MEXaHN3MY KaTaJIuTHUe-
ckoif meruaparanun. M3 maHHBIX TaOJI. 2 cIemyeT, 9YTO
MK OCHOBHOM CTaIuX TePMOPA3TOXKCHUSI CIBUTACTCS
¢ 345°C mrs HeoOpaboTaHHO ApeBecrHbl Ha 249°C s
JIPEBECHHBI C IPOITUTKOM coctaBoM 1 1 Ha 264°C — co-
ctaBoM 2. [1pu aTtom Ha kpuBoit ITT p1a npeBecUHbBI
C TIPOITUTKOM COCTAaBOM | TIPUCYTCTBYET €Ille OXMH ITNK
¢ MaKCHUMyMoM Tipu Temrteparype 190°C, uto, BeposSITHO,
yKa3bIBaeT Ha pPeaKIMIO TIPUCYTCTBYIOMICH (DYHKITHO-
HaJbHOI M00aBKM, 1, KPOME TOTO, MMEIOTCS eIlle IBa
MaKcUMyMa B MHTepBaje Temirepatyp 240—280°C. Tem-
TepaTypHbIi MHTepBaJl okucieHus Kokca 400—800°C
XapaKTepu3yeTcsT HAIMIMEM TpeX HeOOIbIINX ITNKOB
IUTSI 0Opaslia APeBEeCUHBI ¢ TIPOITUTKOM cocTaBoM 1 — Impu
498, 579 u 727°C. O6pa3seL 1peBecHHbI, 00pabOTaHHOI
COCTaBOM 2, UMEET TOJIBKO JIBa TTMKa, ITPAKTUIECKH CO-
BITAJAIOIINX C BIIeyKa3aHHBIMU — T1pu 503 1 715°C.

ITo MHTEHCUBHOCTH ITMKOB OCHOBHO CTaaUM pa3-
JIOXKCHMST MOXKHO CIeIaTh BBIBOMI, UTO HCOOpaboTaHHAS
IpeBeCHHA pasjiaracTcs B 3 pasza ObICTpee, YeM OTHe3a-
IIHUIIeHHAs (CKOPOCTh Pa3JIOKEHMS COOTBETCTBCHHO 29
u 10%/muH).

[Tpn n3ydeHnm 3¢ PEKTUBHOCTU ACHCTBUS CPEACTB
OTHE3AIIUTHl BaXKHBIMU SIBIISTIOTCS TTapaMeTPhI TEILIO-
BeIAeeHNs1. B pamkax ncciaegoBanus Mmetonom JCK
OBLIN TTOJTYYCHBI 3aBUCUMOCTH MHTEHCUBHOCTH TETLJIO-
BBIICJICHUST OT TEMITePaTyPhI VTSI BCEX OTHE3AITUIIICHHBIX
00pa3oB 1 HeoOPaOOTAHHOM IPEBECUHBI M PACCIUTAHO
KOJMYECTBO TEILIA, BBIICITMBIIIETOCS TIPXA Pa3IOKCHUMN.
Ha puc. 3 mpencraBiieHa 3aBUCMMOCTh MHTCHCUBHOCTHU
TEIUIOBBIICIICHUS TIPU pa3IoKeHUHN HeoOpaboTaHHO
IPEBECHHBI COCHBI OT TeMITePaTypPHI.

Kaxk cremyet u3 puc. 3, oOIee TeTUIOBBIICICHIE CO-
craBwio 3915 JIX/T, a Ha 3aBUCUMOCTHU IMIPUCYTCTBYIOT
JIBa XapaKTepHBIX MAaKCUMyMa: TIpu Temmeparype 368°C
C MHTCHCUBHOCTBIO TeIIoBbIIeaecHUS 11 BT/T 11 Tem-
nepatype 442°C ¢ THTEHCUBHOCTbBIO TETIJIOBLIIECIICHUST
25,4 Bt/r. OCHOBHAs CTaaus TCIUIOBBIICICHMUS HaX0-
JIINTCS B TeMITepaTypHoM nHTepBaie 250—470°C.
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Puc. 3. 3aBucMMOCTh HHTEHCUBHOCTH TEILIOBbIIEIEHHS
NpPH Pa3I0KeHHH He0OPAOOTAHHOI IPEBECHHBI COCHbI
OT TeMIepaTypbl HarpeBa co ckopoctbio 20°C/MuH

Ha puc. 4 nmpencraBieHBI 3aBUCMOCTI MHTCHCHB-
HOCTH TETUIOBBIICICHUS TIPU Pa3IOKeHUN 00pa3IloB
IPEBECUHBI COCHBI, 00pabOTaHHOI METOIOM IIyOOKOM
IIPOITMTKH, OT TEMIIEPATyPHEI.

OO611ee TerJIOBBIIEAeHUE I 0Opa3noB 1-1, 1-2
u 2-1 oTMyaeTcs He3HAUYNTEIFHO W HAXOIUTCSI B MH-
tepBasie 4817—4978 Ixx/T. Obpa3zel 2-2 nMeeT cylIe-
CTBEHHO OoJiblliee TeIuloBbIaeaeHe — 5836 JIX/T, uTO
ellle pa3 yKa3bIBaeT Ha CHIDKCHUE 3aIUTHOTO 3¢ deKTa
cocrana 2 Ha miryouHe 10 MM ot moBepxHocTH. ITokasa-
TeJIX MHTEHCUBHOCTH TEILIOBBIIEICHIS 00pa3ioB 1-1,
1-2 m 2-1 TakkKe BO MHOTOM COBIIAIalOT: OHU UMEIOT
OIIVH SIPKO BBIPAKCHHBIN MUK TETUIOBBIICICHUSI OKOJIO
temrrepaTypbl 500°C, THTCHCUBHOCTD ITMKOB COCTABIISCT
5,4—6,0 Bt/r, 4TO IpUMEPHO B 5 pa3 MeHbIlIe ITMKOBOI'O
TETJIOBBIACTICHUST Y HE0OpabOTaHHOI APEBECUHEIL.

s moaTBep>KIeHMsI OTHe3aIIUTHOTO 3 (heKTa 1c-
CJICIyeMBIX COCTaBOB BaXKHOM XapaKTepUCTUKOI SBISI-
eTcst m3MeHeHue oomeit popmer 1CK-mmka co crmaxku-
BaHNEM ITMKOB U PaCTATUBaHUEM T10 BpEMEHH TIporiecca
TEPMOOKHUCIUTEIEHOTO PA3JIOKCHMS IPECBECUHEL.

Jlnst o6pasia HeoOpabOTaHHON IpeBECUHBI TEMIIC-
paTypHBIIT MHTEepBaJI TETUIOBBIAEeHUsT — 250—470°C,
4TO coOTBeTCTBYET 11 MuHyTam omnbita. 11 00pa3ioB
¢ OoJice 3HAYMTEIBHBIM 3aIMUTHEIM 3 dekToM (1-1,
1-2, 2-1) TemIIepaTypHBIil MHTEPBAJ TCIIOBBIICICHUS
coctapisteT 200—720°C, 94TO COOTBETCTBYET 25 MUHY-
TaM ucnbiTanug. O6pa3selr 2-2 UMeeT TeMIepaTypHBIA
nHTepBal TerutosbineneHns 210—680°C 1 BpeMeHHOM|
UHTepBai 22 MUHYTHI. DT JaHHbBIE KOPPEJIUPYIOT C pe-
3yJIbTaTaMU CPaBHUTEIBHBIX JJA0OPATOPHBIX CTAaHAAPT-
HBIX UCTIBITAHUI 00pa31IoB IpeBeCUHBI, 00pabOTaHHOM
HCCIIeIyeMBIMHU COCTaBaMHU, Ha TOPIOYecTh [21].
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Takum 00pa3oM, MOXHO ClIeJIaTh BBIBOJI, YTO 00a CO-
.5 Brr cTaBa SIBISIIOTCS 3(D(EKTUBHBIMU CPEICTBAMU OTHE3aIIH-
TBI, KOTOPBIE U3MEHSIOT IIPOIIECC TEPMOOKHUCIUTEIIEHOTO
Pa3JIOKEeHUS IPEBECUHBI IO MEXaHN3MY KaTaTUTHUCCKOM
) nmeruapataumu [22]. IIpu 5ToM XapakTep KPUBBIX YKa3bI-
BaeT Ha OCOOCHHOCTH IIPOSIBIICHUST TAHHOTO MEeXaHM3Ma
IIJIST KaXKIOTO cocTaBa. D(PHEKTUBHOCTH COCTABOB IO~
TBepXKIaeTcst 3HAYEHUSIMU KOKCOBOTO octaTKa rmpu 400°C,
xapaktepoM A TT-mmmkoB 1 JICK-kpuBsx. Bee pesynbra-
THI TIPOAHATIM3MPOBAHEI C BBIICICHUEM CaMBIX BaXKHBIX
YUCJICHHBIX TTapaMeTPOB IIPOIIecca TEPMOOKVCIICHMS.

OmHUM U3 TJIABHBIX BEIBOIOB T10 JAHHOMY 3KCITepH-
MEHTY SIBJIIETCS TO, UTO COCTaB 1 TTOTHOCTBIO COXPAHSICT
CBOM OTHE3aIINTHBIC CBOMCTBA Ha IIIyOMHE MIHUMYM
10 mm. C yueToM 3TOTO MOXKXHO ITPOTHO3MPOBATh OoJIee
BBICOKHME TTOKA3aTeNIN IT0 OTHECTOMKOCTU M TTOKAPHOMN
OITACHOCTH TSI IEPEBSIHHBIX CTPOUTEIFHBIX KOHCTPYK-
LW, 3aIIAIICHHBIX JTaHHBIM COCTAaBOM.

Pe3ynbraThl 9KcepuMeHTAIBHBIX MCCIICIOBAHUI
no onpeneneHuto KITITTII nmpeacraBieHsl Ha puc. S.

Kaxk cremyet m3 moixydyeHHBIX 3KCIICPUMEHTAIb-
Hbix 3aBucumocteii, KITITTII ast o6pa3uoB ncxogHoi
JIPEBECUHBI COCHBI cocTapiisteT 12,5 kBt/m?. O6pasLbl
IPpEeBECUHBI, 00padOTaHHBIC METOIOM MOBEPXHOCTHOM
IIPOTIUTKM, BOCIIJIAMEHSIJIUCH TIPU TDIOTHOCTHU TEILIO-
Temmeparypa, °C Boro noroka 20 KBt/M? , 4TO OTHOCUT UX K Pa3IMYHbIM
KJ1accu(PUKAIIMOHHBIM TPYIIIIaM 10 BOCTIaMEHSIEMO-
ctu — B3 (1erkoBocmaMeHseMblil) 1 B2 (yMepeHHO-
BOCIUTaMEHSIEMEBIN ). JlaHHBIE, TTOJTyIYeHHBIC TIPY UCCIIe-
JIOBaHUY 00pa3110B, 00pabOTaHHBIX METOAOM TTyOOKOM
IIPOTINTKY, ITOKa3aJau 00oyiee BHICOKYIO YCTOMUYMBOCTD
K BO3ICCTBUIO TEIIJIOBOTO ITOTOKA 00pa3iia IpeBECUHBI
C TIPOITMTKOM cocTaBoM 1 (BpeMsI BOCIITIAaMEHCHMST TP

5836 Jw'T

5,4 Br/r

T T T T T T T T T 1

0 100 200 300 400 500 600 700 800 900

Puc. 4. 3aBUCHMOCTb HHTEHCHBHOCTH TEILJIOBBIIEICHUS
NP Pa3JI0KEHHHU JAPeBECHHbI COCHBI, 00Pa0OTAHHOM
METO/IOM IJIy0OKO# MPONMTKH, OT TeMIepaTypbl HArpeBa
co ckopocTbio 20°C/Mun
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Puc. 5. 3aBucumocTs BpemeHn BociiameneHns apesecurbl oT KITIITIT
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KIIIITIT 30 kBt/M? coctaBuio 930 ¢), 4yTo, cOrjlacHO
TI'OCT 30402, rtepeBoaUT €€ B TPYIIITYy BOCIIJIaMEHsIe-
moctH Bl (TpymHOBOCIUIaMEHSIEMBIi). DTO maeT 60JIb-
II¥e TIPEUMYIIECTBA IO UCITOIb30BAaHUIO OTACIOTHBIX
MaTepUaiOB M3 IPEeBECUHBI, 00pabOTaHHOI METOIOM
IIyOOKOM ITPOTIMTKYA KOMITJIEKCHBIM OTHE3aITUTHBIM
1 OMOLIMIHBIM CPEICTBOM Ha ocHOBe (pocdopasorco-
Jep>KaIlux BOIOPACTBOPUMBIX COCINHEHMIA.

3AKTIOYEHUE

B xome mccienoBaHMI MOIYIeHBI CICIYIONINE pe-
3yJIbTATHL:
— oIpeaesieHbI 0COOCHHOCTH TEPMUIECKOTO Pa3IoxkKe-
HUS APEeBECUHBI, 3alIUIIICHHON TBYMS pa3TUIHBIMUA
0 XMMHUYECKOMY COCTaBy U CIIOCO0Yy ee 00paboTKu
CpEICTBaMU,

CIINCOK NCTOYHUKOB

BBISIBJICHBI Pa3IN4Us B MEXaHU3ME JCUCTBUS U OT-
He3ammnTHOM 3(GeKTe TTPOIMMTOYHBIX CPEACTB, Ha-
HECEHHBIX Ha APEBECUHY METOIAMHU ITOBEPXHOCTHOM
1 TJIyOOKO TIPOITUTKY,

yCcTaHOBJICHA OoJiee BEICOKast 3 (PeKTUBHOCTD MOIM -
(GULIMPOBAaHHOTO OTHE3AITUTHOTO COCTaBa 1 1Mo cpaB-
HEHMIO C COCTAaBOM 2 KaK IPH ITOBEPXHOCTHOM, TaK
1 TIpU TITyOOKOI IIPOTINTKE;

ITOJTyYeHBI TTapaMeTPhl BOCIIIIaMEHSICMOCTH IpeBe-
CUHBI COCHBI, 00pabOTaHHOW OTHEOMO3aIIUTHBIMU
COCTaBaMM METOIOM MOBEPXHOCTHOU M TIyOOKOM
IIPOITMTKH, KOTOPBIC CBUAETEIBLCTBYIOT 00 UX BBICO-
KO 3((HEeKTUBHOCTH U BO3MOXKXHOCTH TTOJTyICHHUS
MaTepHajioB U3 IPEBECUHEI I BHYTPEHHEH OTICIKI
ITOMEIICHNI 1 OOJUIIOBKY (hacamoB 3MaHUIA, COOT-
BETCTBYIOIIINX HOPMATUBHBIM TPECOOBAHUSIM 10 MX
6e30MmacHOMY ITIPUMEHEHUIO.
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ABSTRACT: Introduction. Approximately 20% of accidents in buildings and structures are associated with the destruction of metal
structures. Nanocoatings applied to metal structures significantly improve their operational properties, but at the same time make
it difficult to use traditional non-destructive testing methods that require access to the surface of the base metal. The quality of the
nanocoating is controlled during its formation. To prevent the destruction of metal structures, it is necessary to identify structural
heterogeneities of the base metal in micro- and sub-micron sizes, which arise in areas of increased mechanical stress concentra-
tion and transform into macrodefects leading to structural failure. Methods and tools are required to non-destructively identify
the stress-strain state and damage of the base metal structure through the layer of nanocoating. Electromagnetic-acoustical (EMA)
transformation, is considered promising for solving this problem. Existing EMA tools do not fully utilize the potential of EMA con-
version, have insufficient sensitivity and the lack of informativity. Methods and materials. For experimental research, we selected
widely used in construction structures steels. Research was conducted on the interrelationship of structural alterations in standard
samples of metals and the parameters of the electro-magnetic (EMA) transducer under static and cyclic loads. Results. Load diagrams
of metal samples were obtained, with accompanying photographs of microstructure in control points, along with their frequency
models derived through spectral analysis of the signal from EMA transducer. Discussion. Changes in the stress-strain state of the
metal and accumulation of damage in its structure result in a complex interrelated set of changes in mechanical, acoustic, and
electro-physical properties, all of which are reflected in the changes in the parameters of the frequency model. Conclusion. Based
on the results of the conducted research, the use of a frequency model has been proposed as an integral parameter for identifying
the stress-strain state and damage of metal in the equipment. The use of an artificial neural network for analyzing frequency model
parameters simplifies the process of identifying the stress-strain state and damage of metal structures and increases its reliability.

KEYWORDS: buildings and structures, metal building structures, nanotechnology, stress-strain state, structural damage, electro-
magnetic-acoustic transformation, spectral analysis, artificial neural network.
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INTRODUCTION

o protect metal structures of buildings and facilities
from corrosion, provide an aesthetic appearance,
protection against atmospheric effects, and harmful en-
vironmental impacts, paint-and-lacquer coatings are ap-
plied. In recent global construction practices, the active

implementation of nanocoatings is notable. These coatings,
manufactured from polymers, metals, composites, and
various other materials, have a dried layer thickness ranging
from 1 to 100 nanometers, These impart a variety of char-
acteristics to the surfaces of structures, such as hydrophobic
and oleophobic properties, resistance to corrosion, wear,
and scratches, hardness, transparency, plasticity, among
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others. The protective qualities of nanotechnology-based
coatings are exponentially superior to those of standard
polymer paints [1]. Methods and tools have been devel-
oped and continue to be developed for non-destructive
testing and diagnosis of nanocoatings of metal structures
during application and commissioning to identify nano-
inhomogeneities [2]. The primary objective of ensuring
the secure operation of metal structures in buildings and
facilities, which utilize nanotechnology-based coatings, lies
in the prompt identification of critical defects in the princi-
pal metal of these structures. This is achieved via advanced
non-destructive techniques and diagnostic tools.

Activities focused on ensuring the secure operation
of buildings and structures are governed by national tech-
nical and regulatory documents, with the primary refer-
ences being documents [3, 4]. Despite all the measures
taken, the Main Inspection of the State Construction
Supervision of Russia officially registered an average
of about 30 accidents involving buildings and structures
per year within the territory of the Russian Federation
during the period from 1993 to 2002 [5] and conducted
an analysis of materials related to their investigation.
As of 2003, official statistics on accidents involving build-
ings and structures and analysis related to their investi-
gation are not available, and starting from 2004, these
functions have been transferred to the Federal Service for
Environmental, Technological, and Nuclear Supervision.
However, as confirmed by Dmitrieva T.L., Kudrin V.G.,
and Deordeyev S.V. [6] the results of structure accident
records and analysis of their causes are not disclosed.

Baiburin A.Kh. and Stoyakin I.V. noted in their
work [7] that “the share of accidents related to the op-
eration stage increased from 11% to 35% from 1981 to
2003, which is associated with the wear and tear of the
country’s main assets in the form of buildings, industrial
facilities, and infrastructure.” This indicates the need for
strict compliance with norms for survey and examination
of industrial safety of buildings and structures, rules for
operational control and supervision.

Yeremin K.I. presented state-of-the-art on the sci-
entific research in the field of comprehensive security
of construction objects [8]. He notes that accidents in-
volving buildings and structures have occurred, continue
to occur, and are possible in the foreseeable future. Ac-
cidents happen universally, regardless of country, indus-
trial sector, or human activity. Reduction of accidents
is possible by creating “technologies and techniques for
technical diagnostics of construction structures, non-
destructive control and monitoring in the sensible for
the destruction of an object zones, methods for interpret-
ing the results of technical diagnostics, non-destructive
control and monitoring of strength, reliability, risk of ac-
cidents, safety and security of buildings and structures.”

Eremin K.I. and Matveyushkin S.A. presented [9]
the results of the analysis of the peculiarities of exper-

tise and non-destructive testing of construction metal
structures. They analyzed the main causes of building and
structure accidents, determining that 85% of all registered
accidents occur in operational buildings and structures.
The causes of the accidents were violations of technical
operating rules and a lack of proper control over technical
condition. Expert organizations were found to have made
errors when assessing the condition of objects. These errors
could have been attributed not only to the low qualifi-
cations of certain specialists, but also to the lack of es-
sential non-destructive testing and diagnostic equipment
for construction structures, as well as the lack of appro-
priate conditions for their operation. They characterized
the features of operation and structural specifics of metal
structures of buildings and structures that need to be taken
into account when selecting methods and means of non-
destructive testing and diagnostics. These structures are
subject to variable loads (from 40 to 120 cycles/day), have
large dimensions, are made from elements of different
thicknesses and grades of steel, which differ in their me-
chanical and physicochemical properties. The organization
of non-destructive testing and diagnostics is complicated
by the fact that structures are often covered with layers
of dirt, industrial dust, have several layers of old paint or
are significantly affected by corrosion, and temperature
values can fluctuate widely from —60 to +300°C, and heat-
ing to +600°C is also possible, with temperature variations
occurring both in separate zones of the structures and
over time. The lack of direct access to the surface often
complicates or makes it impossible to control separate
elements or zones of structures. These conditions amplify
the need for a higher level of organization in the diagnostic
inspection of building structures, and as a result, demand
more sophisticated non-destructive testing and diagnostic
instruments. It should be noted that under actual circum-
stances, currently available instruments may not be entirely
applicable for monitoring the metal structures of buildings
due to their incompatibility with the conditions of their
application and their structural features.

Having analyzed the structural peculiarities and oper-
ational features of metal structures of buildings and struc-
tures, the authors of the paper [9] formulated the main
requirements for non-destructive testing and diagnostics
tools whose application would contribute to reducing
accidents. Taking into account advances in instrument
engineering, the authors believe that steady-state systems
should be wireless, have long-term steady-state sensors
with multi-channel transmission of measurement infor-
mation to the diagnostic control center. Mobile devices
should have dimensions and weight that allow them to
operate in cramped conditions and at height, at industrial
dustiness and low lighting. The devices ought to facilitate
the examination of objects with minimal to no surface
preparation, capable of operating under a temperature
range from —60°C up to 300—600°C for its contact com-
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ponents. They should also possess the ability to either ac-
cumulate data or wirelessly transmit it for later processing
on a personal computer.

At present, Russia is engaged in mass production
of comprehensive non-destructive testing and diag-
nostic tools. These tools effectively encompass all types
and methods of control in compliance with the GOST
R 56542-2015 [10] standard. They can detect at a high
level all impermissible metal defects during the manu-
facturing, installation, and operation of steel structures,
including welded connections. However, as demonstrated
by investigations into accidents related to the destruc-
tion of metal building structures and facilities globally,
multiple cases have been identified where accidents oc-
curred after planned inspections of structures using non-
destructive testing tools that failed to detect impermissible
defects [11—13]. It was discovered that the root cause for
the breakdown of these structures were specific zones
with elevated mechanical stress. In these areas, substan-
tial accumulation of damage takes place within the metal
structure, due to constant and fluctuating mechanical
loads. This, in turn, develops into microcracks. Micro-
cracks develop into volumetric defects in the homogeneity
of a material, which ultimately become the cause of struc-
tural failure. Therefore, to prevent accidents associated
with building and structure collapses, it is necessary to
identify areas of increased mechanical stress concentra-
tion in structures and monitor the condition of the metal
structure in these areas to detect defects at the earliest
stages of their development. However, traditional non-
destructive testing methods do not allow for early diag-
nosis and are focused on detecting developed defects,
which may not always be sufficient to ensure the reliability
of the diagnosed objects. Thus, it can be concluded that
the problem of developing new non-destructive methods
and means of controlling the stress-strain state of metal
structures, which would ensure guaranteed accuracy in
determining the values of mechanical stresses, the ability
to determine the distribution of mechanical stress fields
in the control area, have high operational quality and
sufficient versatility, is highly relevant.

The significance of this matter has catalyzed count-
less investigations in Russia and other countries, with
the objective of developing methods and tools to monitor
the stress-strain condition of metal structures and to iden-
tify damage at the metal structure level. As an outcome
of these research efforts, a wide range of devices leveraging
diverse physical principles have been invented. The most
relevant devices are those whose principle of operation is
based on magnetoelastic (coercitimetric, magnetic an-
isotropy, and magnetic memory) and acoustoelastic ef-
fects. In Russia, GOSTs and other regulatory documents
have been developed that regulate the using procedure for
such devices [ 14—19]. Nonetheless, in practice, utilization
of these methods presents a myriad of scientific and tech-

nical conundrums owing to the ambiguity and nonlinear-
ity in the relationship between a metal’s mechanical and
its magnetic or acoustic properties. Other intricate factors
such as the metal’s structure, chemical composition, and
the size of the structure being monitored, the coatings’
thickness, its mechanical history, as well as the existence
of micro and macro defects, all exert significant influences
on the results.

Nanocoatings allow for a significant improvement in
many operational characteristics of metal structures, but
they create specific requirements for the non-destructive
testing and diagnostics methods and tools used. The di-
versity in nanocoatings, differing in their chemical, me-
chanical, electrical, magnetic, and acoustic properties,
and insulating the surface of primary metal structures,
makes it impractical to use many traditional non-destruc-
tive testing and diagnostic methods for metal construc-
tions. Based on the analysis of the current state of non-
destructive testing and diagnostics of metal structures
with nano- and microcoatings, the authors of the article
[2] A.B. Rinkevich, Yu.V. Korkh, Ya.G. Smorodinsky
conclude that “obtaining information about nano-sized
heterogeneities in large objects such as pipelines, boilers,
etc., is unnecessary and impractical.” On the other hand,
the ability to identify the moment when a nano-discon-
tinuity transforms into a potentially dangerous for many
industrial objects micro- discontinuity is necessary and
promising for the further development of non-destructive
testing methods. The idea of determining the initial stage
of defect formation, detecting the predefect state of the
material, is increasingly discussed at international and
all-Russian conferences and described in many scien-
tific articles. In light of this, our immediate task ampli-
fies the necessity for comprehensive studies focused on
exploring and formulating cutting-edge methodologies
for the assessment of metallic structures employing nano-
paints, identifying new informative control parameters
based on the analysis of the effects of electromagnetic and
acoustic wave reflection and scattering at the nano and
micro levels of the main metal and coating structure, and
changes in local acoustic and electro-physical properties
of materials. The presence of micro and submicron-sized
non-uniformities in the control object leads to changes
in acoustic impedance and density of the medium, which
causes effects of scattering, diffraction, and refraction
of acoustic waves. The result of these effects manifestation
is generating of micronehomogeneities in the material
structure, spatial and temporal higher harmonic compo-
nents of the acoustic field, the parameters of which char-
acterize the degree of heterogeneity of the environment.
In areas of increased concentration of mechanical stresses
in metal structures, non-uniformities of submicron and
micron scales merge and form macrodefects, leading
to the destruction of structures. Therefore, damage to
the structure of the primary metal at the micro- and sub-
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micron levels can be used to assess the residual resource
and suitability of the structure for further operation.

A promising area for implementing control tools for
metal structures with nanoparticle coatings is electromag-
netic-acoustical transformation, which allows for non-
contact and high-performance defect detection in metals
and monitoring of the stress-strain state of structures.
The practical application of electromagnetic-acoustical
transformation was originally proposed in the USSR in
1933 by B. Ostroumov and L. Plotovskiy for exciting free
elastic vibrations in metal rods. In 1935 S.Ya. Sokolov,
the founder of ultrasonic non-destructive testing, re-
ceived a patent for the EMA method of control, patent
number 44376 of the USSR, “Method of Stimulation
Mechanical Oscillations of Turbine Blades”. R. Ran-
dall applied the EMA method to control the structure
of metal in 1939. Afterwards, a multitude of works by both
Russian and international authors have been published,
which presented the results of experimental and theo-
retical studies on the nature of electromagnetic-acoustic
(EMA) transformation and its application for non-de-
structive testing [20]. However, existing EMA diagnostic
tools significantly lag behind traditional acoustic devices
with contact piezoelectric transducers in sensitivity and
accuracy due to the low efficiency of double reciprocal
transformation of electromagnetic and acoustic waves.
Over the past 10—15 years, domestic and foreign scientists
have published numerous research works directed towards
improving the sensitivity and informativeness of methods
and means of control based on the use of EMA transfor-
mation. Uglov A.L. and his colleagues developed an EMA
device for non-destructive testing of residual stresses using
the echo method of control [21].

Muravyov V.V. and his students have developed
a method of structurescopy for thermally treated steel rods
based on the speed of propagation of Rayleigh waves [22],
investigated the non-uniformity of acoustic anisotropy
in steel products [23], and proposed a multiple-shadow
method to improve sensitivity in the inspection of oil
pipeline tubing [24]. Ducousso M. and Reverdy F. have
developed an EMA method for real-time visualization
of surface micro-cracks based on acoustic wave focus-
ing [25]. Trushkevych O. and Edwards R.S. proposed
the use of miniature EMA transducers to improve sen-
sitivity to small defects [26]. Zhai G., Li Y., Qin Y., and
Liu Y. developed a method for designing multi-frequency
EMA transducers based on control of the parameters
of spatial harmonic components [27]. Guo W., Yu Z.,
Chui H.C., and Chen X. have developed an EMA con-
verter for remote monitoring of damages to lengthy objects
[28]. A comprehensive literature review on research trends
among national and international scholars pertaining to
the enhancement of the EMA control method reveals
a primary focus on the improvement of EMA converter
designs for generation acoustic waves with predetermined

parameters within the control object. Additionally, a sig-
nificant concentration of research was found on devel-
oping numerous methods for extracting and processing
information encapsulated in the fluctuations of the acous-
tic wave parameters. However, the informative potential
of the electromagnetic component of EMA conversion
has not been fully explored.

The authors of this article, in works [29-32], proposed
a new approach to improve the EMA monitoring method
based on the use of a transfer function — a dynamic math-
ematical model in the operational form W(p) — as an in-
tegral parameter characterizing the stress-strain state and
damage of the equipment metal. Changes in all properties
of the metal under the influence of static or variable loads
affect its integral parameter. Unlike the transfer func-
tion, which is used in control theory as a mathematical
model of linear and linearized objects, the coefficients
and therefore the roots of the numerator and denominator
polynomials of the integral parameter W(p) change with
changes in the stress-strain state and damage of the metal.
Therefore, it can be used for identifying the technical
condition of monitored structures. The integral parameter
W(p) itself is identified through the signal response of the
EMA converter using the method of dynamic identifica-
tion. The estimation of the stress-strain state and damage
of equipment metal in the control zone is carried out
by the graphoanalytical method on the complex plane
using the coordinates of the roots of the characteristic
polynomial of the integral parameter W{(p). The grapho-
analytical method for evaluating the stress-strain state and
damage of metal equipment is visual but has significant
computational complexity and does not exclude the in-
fluence of human factors on the results of diagnosing
the technical condition of objects. These drawbacks have
necessitated the continuation of theoretical and experi-
mental research in this direction, as the use of a dynamic
mathematical model to identify the stress-strain state and
damage of metal equipment is required to overcome these
limitations.

The purpose of this work is to experimentally identify
new informative parameters of EMA transformation for
the formation of new indicators for identifying the stress-
strain state and damage of metal of building structures.

METHODS AND MATERIALS

We have chosen for experimental studies steel grades
St3sp and 09G2S widely used in building structures. Sixty
standard samples (30 samples from each steel grade) were
manufactured in accordance with GOST 1497-84 and
GOST 25.502-79.

Research utilizing the uniaxial tensile scheme of sam-
ples were carried out in the metal laboratory of «Gaz-
prom neftekhim Salavat», LLC with a Walter + Bai LF
TTM-600 testing machine (Fig. 1).
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Studies under cyclic loads were carried out in the labo- ~ chemistry) in Salavat using an installation (Fig. 2) manu-
ratory for diagnostics of oil and gas equipment at the Fed-  factured under the patent No. 2262682.
eral State Budgetary Educational Institution of Higher In the experimental setup, corresponding modules
Education USPTU (Institute of Oil Refining and Petro-  of the EMA thickness gauges EM2210 and EM4000,

|} V‘

Fig. 2. Installation for testing cyclic load: a — general view; b — control of a metal sample with the EM2210 device

http://nanobuild.ru 486 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
482-493

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

RESULTS OF SCIENTIFIC AND PROFESSIONAL RESEARCH

i+ o

-
-
-
-
"
-
-
-
-
-
-
-
-

Fig. 3. EMA thickness gauge EM4000

which are mass-produced by Octanta, were used as
a pulse current generator, an electromagnetic-acoustic
transducer, a signal amplifier for the electromagnetic-
acoustic transducer, and a matched filter. Using the EMA

Nanob%

transducer, acoustic waves are non-contactly excited in
the volume of the metal specimen, and the secondary
electromagnetic ficld above its surface is investigated.
Metallographic analysis of the test results of steel sam-
ples was carried out using a metallurgical microscope.
The computer program No. 2018617490 RF developed by
the authors of this article was used for the analysis of the
dynamic signal of the EMA transformation, its approxi-
mation, and identification of the transfer function of the
steel sample (Fig. 2, Fig. 3).

The metrological support of experimental research has
been developed in compliance with the current regulatory
documents and passports of measuring equipment.

When studying metal samples under static load, a tension
diagram was taken, on which control points O, A, B, D, R
were marked where significant changes occur in the me-
chanical and hence, electrophysical and acoustic properties
of the metal. These points include the initial unladen state
of the metal g, proportional limit ¢ , elastic limit o, yield
strength o, ultimate tensile strength (UTS) o, and stress
directly prior to the sample’s failure o, (Fig. 4).
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Fig. 4. Tension diagram and change in the microstructure of a sample made of St3sp steel at control points

(DMIL M LED microscope, magnification x100)
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A more detailed examination of changes in the metal
structure of samples was conducted at the checkpoints
with a high-resolution microscope and corresponding
changes in electromagnetic acoustic transformation pa-
rameters. In order to obtain residual values of stress state
and deformation of metal samples corresponding to their
values at the control points, the samples were loaded to
stress and deformation values exceeding those at the con-
trol point, taking into account the reversible deformation
of the sample — points C, E, K.

During the cyclic load testing of samples (Fig. 2),
the samples were loaded at a frequency that did not al-
low the sample to heat above 80°C (for 200 load cycles).
The sample deformation was measured using the clock in-
dicator ICH-10 indicator. After a specified number of cycles,
the counter disabled the setup for conducting EMA measure-
ments using a device at points marked on the surface of the
sample. The tests were conducted until the samples were
completely destroyed.

RESULTS

The tension diagram and corresponding microstruc-
ture changes of samples made of steel St3sp at con-
trol points O, A, B, D, and R are shown in Figure 4.
The tension diagram also indicates the points at which
the samples were loaded with consideration of reversible
deformation of the samples — C, E, K.

Figures 5 and 6 show the probing and multiple re-
flected (bottom) signals of the EMA transformation in-
teracting with the sample of steel St3sp under static and
cyclic loads, respectively.

DISCUSSION

When metal undergoes changes in its stress-strain state
and accumulates damage in its structure, a whole complex
of interrelated changes in mechanical, acoustic, magnetic,
and electrical properties occurs. Bashirov M.G., Bashi-
rova E.M., and Khusnutdinova I.G. experimentally inves-
tigated changes in the magnetic, electrical, and acoustic
properties of steel samples up to failure under static and
cyclic loads, and proposed criteria for evaluating the limit
state of metals [30].

In their theoretical study on the conditions for
the propagation of acoustic waves stimulated by an
Electromagnetic-acoustical (EMA) transformation in
media with local micron-sized inhomogeneities, Bashi-
rov M.G., Minlibaev M.R., and Safin E.M. demonstrated
that these local inhomogeneities can effectively serve as
sources of harmonic components within the acoustic field.
Furthermore, they proved that the parameters of these
harmonic components are dictated by the specifications
of the inhomogeneities themselves [33].

The ideas and assumptions put forward in the afore-
mentioned articles [29—33] were confirmed by the results
of experimental studies obtained in this research, which
vividly demonstrate that the change in the stress-strain
state and structural damage of the metal specimens leads
to a change in the shape, amplitude, and temporal pa-
rameters of the EMA signal, i.e., a change in the param-
eters of the spectrum of the harmonic components of the
EMA signal (see Fig. 5 and Fig. 6). It should be noted
that the EMA signal also contains harmonic components
due to secondary temporal and spatial harmonics of the
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Fig. 5. Probing and multiple reflected signals of an EMA transformation at tension of a St3sp steel sample:
a — without load; b — at tensile stress 300 MPa (units of signal amplitude along the ordinate axis — volts, units of
measurement of signal duration on the abscissa axis — microseconds)
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Fig. 6. Probing and multiple reflected signals of the EMA transformation during fatigue testing of a St3sp steel sample:
a — EMA signal at the initial state of the sample 0; b — EMA signal after 2200 sample loading cycles (units of signal
amplitude along the ordinate axis — volts, units of measurement of signal duration on the abscissa axis — microsec-

onds)

electromagnetic field above the surface of the test object,
which are not related to the acoustic field and depend on
the thickness, electrical and magnetic properties, and
structural damage of the material coating.

As previously noted, direct use of the transfer function
to identify the stress-strain state and damage of metal
structures is associated with certain difficulties. There-
fore, it is proposed to use a frequency model obtained
from the dynamic model of the control object by formally
replacing the operator p with jw:

W(}OJ) _ Y(}'_m) K bo+hy (;m)— __—bm-(;:m)’:’ X B(;:m) ,
Xjo) | agrarGer. o Gef o Aje)

where Y(jw) and X(jw) are the response and input
signals of the EMA (electromechanical actuator) in fre-
quency domain;

B(jw) and A(jw) are the numerator and denominator
polynomials, and K — is the transfer coefficient;

a,and b, are the coefficients of the numerator and de-
nominator polynomials.

The advantage of utilizing a frequency model is the
possibility of using an efficient method of spectral analysis,
simplifying the process of identification, and increasing
its reliability with the help of an artificial neural network.

The frequency model’s graphical representation on
the complex plane is the amplitude-phase-frequen-
cy characteristic. If we consider the diagram of metal
stretching, each point on this curve will correspond to its
frequency model (frequency pattern), formed by the com-
bination of harmonic components of the EMA trans-
formation signal. Therefore, based on the values of the

parameters for the harmonic components of the signal,
it is possible to solve the inverse problem — to identify
the current stress-strain state of the metal sample. Fig-
ure 7 shows the amplitude-phase frequency characteristics
of the St3sp steel sample in its initial, unloaded state, and
under tensile stress of 318 MPa.

Figure 8 shows amplitude-phase-frequency charac-
teristics of the sample of steel 09G2S without load and
after 1400 load cycles.

The obtained results clearly demonstrate the changes
in the parameters of the frequency models of samples with
the variation of static and cyclic loads, and the possibility
of applying frequency models for unambiguous identifica-
tion of the level of stress-strain state and damage of tested
steel samples.

Identification of the stress-strain state and damage
of metal structures is carried out by analyzing the param-
eters of the harmonic components of the frequency model
of the research object with an artificial neural network
(Fig. 9).

As a data processing algorithm, a subtype of logistic
regression — polynomial logistic regression — was chosen
for an artificial neural network. This algorithm is a clas-
sification method that generalizes logistic regression to
multiclass classification problems. This method is used
to predict probabilities of different possible outcomes
of a categorically distributed dependent variable given
a set of independent variables. The principle of training
the artificial neural network is supervised learning. The
input data for the neural network consists of complex
coordinates of characteristic harmonic frequencies —
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Fig. 7. Amplitude-phase frequency response of a St3sp steel sample under static load: a — tensile stress 0 MPa;

b — tensile stress 318 MPa
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Fig. 8. Amplitude-phase-frequency response of the 09G2S steel sample under cyclic load: a — number of cycles — 0;

b — 1400 load cycles

amplitudes and phases of the first 15 signal harmonics
of an electromagnetic-acoustic transformation. The data
sample is formatted in MS Excel for further uploading
into the neural network for training. One row corresponds
to one measurement, consisting of 30 values and a class
label. The output of the neural network is the probabil-
ity of belonging to one of 8 classes (states of stress and
strain of metal according to the loading diagram), which
are then converted into priority (the highest probability
of belonging to a specific class).

CONCLUSIONS

In areas of increased mechanical stress concentration
in metal structures of buildings and structures, hetero-

geneities of the metal structure on the micro- and sub-
micron scale arise, which under the action of constant
and variable loads develop into macrodefects leading
to destruction. Early identification of the stress-strain
state and damage of the metal structure allows prevent-
ing accidents of buildings and structures associated with
the destruction of metal constructions. Nano-coatings
applied to the metal structures of buildings, which have
found substantial success in worldwide construction prac-
tices in recent years, greatly improve their operational
characteristics. However, while doing so, they obstruct
the application of standard methods and tools of non-
destructive testing and diagnostics, which usually neces-
sitate access to the main metallic construction’s surface.
To facilitate early diagnosis of modern metallic building
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Fig. 9. Block diagram of an artificial neural network for identifying the stress-strain state and damage according to

the frequency model of the studying object

structures, methodologies and tools are needed that per-
mit contactless recognition of the stress-strain condition
and deterioration of the essential metal structure through
a nano-coating layer.

One of the promising directions for implementing
methods and tools of non-destructive testing and di-
agnostics is the use of electromagnetic-acoustic trans-
formation, whose informative potential is currently not
fully explored.
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UpeHTndmnkauma HanpsKeHHo-AepopMNpOBaAHHOIO
COCTOSIHMA N NOBPEXAEHHOCTUN CTPYKTYPbl MeTasia
CTPOUTENbHbIX KOHCTPYKLMNIN C HAHONMOKPbITUAMMN
1eKTPOMAarHUTHO-aKyCTUYeCKMM MEeTOA0M

Mycca l'ymeposuuy bawupos* (°), Inbmupa MyccaesHa bawuposa (), UnbBuHa lfammnposHa OcynoBa (°),
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YOUMCKINI rocyfapCTBEHHbIN HePTAHOW TeXHUYECKMI yHuBepcuTeT, Yda, Poccua
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AHHOTALNA: BBepgeHune. [Mopagka 20 NpoLIEHTOB aBapuyii 34aHNI 11 COOPYXKEHWI CBA3aHDbI C pa3pyLLEHNEM METANINYECKUX KOHCTPYK-
LmiA. HAHOMOKPbITUA, HAHECEHHbIE Ha MeTa/IInYeCKe KOHCTPYKLK, Ha MOPALKM NOBbILLIAKOT UX SKCMN/yaTaLOHHbIe CBOMCTBA, HO B TO Xe
BPeMs 3aTPyAHAOT MPYMEHEHNE TPAaANLVIOHHbIX CPEACTB HEePa3pYLLIAILLErO KOHTPOSA, A1 KOTOPbIX HE0OX0AMMO 0becneunTb AOCTyN
K MOBEPXHOCTV OCHOBHOIO MeTasa. KauecTBO HAHOMOKPBITUS KOHTPONMPYETCS Npu ero GopMmnpoBaHnu. [Ina npefoTBpaLleHus pas-
PYLUEHUSA METANTOKOHCTPYKLMIA HEOOXOAMMO BbISIBAATE HEOAHOPOAHOCTU CTPYKTYPbl OCHOBHOTO METasfIa MUKPO- U CYOMUKPOHHBIX
pa3mepoB, KOTOPbIe 3apOXKAAITCA B 30HaX MOBbILLEHHOWN KOHLEHTPaLMN MeXaHNYeCKNX HanpaXKeHn 1 NpeBpaLLaloTca B Makpoae-
beKTbl, NpMBOASALLME K Pa3pyLUEHMIO KOHCTPYKLMIA. 11 3TOro HeobXxoArMbl METOLbI U CPEACTBA, MO3BOMALLE GECKOHTAKTHO, Uepes
CNIOI HAHOMOKPbITUSA, MAEHTUPMLUPOBATb HANPSPKEHHO-AeDOPMUPOBAHHOE COCTOAHME 11 MOBPEXKAEHHOCTb CTPYKTYPbl OCHOBHOIO
MeTasna. MepcneKTUBHbIM As PeLLeHrs 3TO 3aaun ABNAETCA NCMONb30BaHME 3IEKTPOMarHUTHO-aKycTnyeckoro (3MA) npeobpa-
3o0BaHuA. CywecTsytowne DMA cpeacTBa He B MOJHO Mepe MCMOoNb3yioT BeCb noteHuman SMA npeobpa3oBaHuis, MEKT HeoCTaTou-
HYI0 UyBCTBUTENIbHOCTb U MHGOPMaTMBHOCTb. MeTogpbl n MaTtepmanbl. [11s SKCNepUMeHTasIbHbIX UCCNIEA0BAHUIA BbIOPaHbI LWPOKO
npUMeHAeMble NPU N3roTOBIEHUN CTPOUTENIbHbIX KOHCTPYKLMiA cTanu. lNpoBefeHbl nccnefoBaHNA B3aMMOCBA3N U3MEHEHNA CTPYK-
Typbl CTaHAAPTHLIX 06PA3LOB MeTajla 1 NapaMeTpoB curHana SMA npeobpasoBaTens Npu CTAaTUYECKUX U LIMKIIMYECKNX Harpy3Kax.
Pe3ynbratbl. [onyyeHbl AvarpaMmbl HarpyKeHust 06pa3L0OB MeTasNa, COBMELLEHHbIE GOTOrPadUAMM MUKPOCTPYKTYPbl B KOHTPOJb-
HbIX TOUKaX, Y UX YaCTOTHbIE MOZENM, MONyYEHHbIE MyTeM CMeKTPasibHOro aHanusa curHana SMA npeobpasosatens. O6cyaeHme.
Mpr N3MEHEHNN HaNpPsPKeHHO-1eGOPMMPOBAHHOTO COCTOAHUS METAJIA U HAKOTIEHUV MOBPEXAEHUI B €70 CTPYKTYPe NPONCXOanT
Liesblil KOMIMJIEKC B3aMMOCBSI3aHHbIX U3MEHEHUI MEXaHNYECKUX, aKyCTUYECKUX U NEKTPOPU3NYECKUX CBONCTB, BCE ITW N3MEHEHNSA
OTPaXKaloTCA B U3MEHEHNN NapameTpoB YacTOTHOM mofenu. BeiBogbl. [10 pe3ynbstatam NpoBeAeHHbIX CCefOBaHN NPeanoXeHo
NpVIMEHEHEe YaCTOTHOW MOJESNIN B KaueCTBE MHTErPasibHOro NapamMeTpa Ansa MaeHTUOUKaLum HanpsXXeHHO-AeGopMMPOBAHHOTO CO-
CTOSIHVIAL Y MOBPEXAEHHOCTY MeTasia obopyfnoBaHus. Micnonb3oBaHye UCKYCCTBEHHON HEMPOHHOW CETY [/1A aHa/IM3a NapameTpoB
YaCTOTHOI MOAENU NO3BONAET YNPOCTUTb NPOLIECC UAEHTUPMKALIMU HaNPsPKeHHO-AeGOPMUPOBAHHOTO COCTOSHNA U MOBPEXAEHHOCTU
MeTasnna KOHCTPYKLMIA U NOBbICUTb ee JOCTOBEPHOCTb.

KJTIOYEBDBIE CJIOBA: 30aHMA 11 COOPYXKEHWA, MeTalInyeckme CTPoUTENbHbIe KOHCTPYKLUKW, HAHOTEXHONOMNW, HaNpPAXKeHHO-[e-
bopmMrpoBaHHOE COCTOAHME, MOBPEXAEHHOCTb CTPYKTYPbI, I1EKTPOMArHUTHO-aKyCcTUYeckoe npeobpasoBaHme, CneKTpasbHbIil
aHanu3, UCKyCCTBEHHas HePOHHas CeTb.

BJIATOAAPHOCTWU: NccnepoBaHme BbiNOSIHEHO NpU NoaAep»KKe rpaHTa Poccuiickoro HayyHoro doHpaa «MposeneHve dyHAaa-
MEHTasbHbIX HAYYHbIX NCCIefOBaHNI 1 MOVMCKOBbIX HAYUYHbIX MCCIef0BaHMI ManbiMU OTAENIbHbIMY HAYYHbIMU FPYNNamMuy, MPOeKT
Ne 22-29-00327 - «MccnepoBaHme B3aUMOCBA3AHHbIX M3MEHEHUI MeXaHUUYeCKnX, 3NeKTPodU3NYeCKrX U akyCTUYeCKUX CBONCTB
METanIoB ASIA peanvsaumm NHTeNNeKTyanbHOM 31eKTPOMarHUTHO-aKyCTUYECKON CcTeMbl MAEHTUdMKALMIN HanpaXeHHO-Aedop-
MUPOBAHHOIO COCTOAHNA U NMOBPEXAEeHHOCTN HedTerazoBoro 060pynoBaHUA».
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BBEJEHUE

a METaJUTMYECKNEe KOHCTPYKIINA 3MaHUIA 1 COOPY-

JKEHWI JUTS 3aIIUTHI OT KOPPO3UH, TIPUIAHMS 3CTE-
TUYECKOTO BUIA, 3alIIUTHI OT aTMOC(EPHBIX BO3ICICTBHI
U1 BpPEIHBIX BO3AECWCTBUI OKPYXKAIOMIEH cpeabl HAHO-
CSTCSI TAKOKPACOYHBIC TOKPHITUS. B TTocimenHmne romsr
IUISI OTUX LIEJIE B MAPOBOI CTPOUTEIbHOM MPaKTUKE
HavaJli aKTUBHO MCTIOJIb30BAaTh HAHOIIOKPHEITUS — TT0-
KPBITHUS U3 TIOJIMMEPOB, METAJIOB, KOMIIO3UTOB U IPY-
TUX MaTePHUAJIOB C TOJIIMHON BBICOXIIIETO CJIOST B AUA-
na3oHe oT 1 7o 100 HM, KOTOpBIE IMIPUIAIOT PA3TMIHEIC
CBOICTBA ITOBEPXHOCTSIM KOHCTPYKIIUIA — TUAPODOOHBIC
1 051e0(hOOHBIEC CBOMCTBA, KOPPO3HMOHHYIO CTOMKOCTB,
CTOMKOCTh K UCTUPAHUIO U IIapalliHaM, TBepIOCTb, IIPO-
3paYHOCTh, INTACTUIHOCTD U IIp. 3alllUTHEIC CBOMCTBA
TMOKPBITUIA, CO3MaHHBIX HAa OCHOBE HAHOTCXHOJIOTHIA,
B ICCSITKM pa3 JIydIlle, YeM Y OOBIYHBIX TTOJTUMEPHBIX
Kpacok [1]. J1yst Hepa3pylaroiero KOHTpOoJs U JUarHO-
CTUKHW HAHOTIOKPHITUMA METaITMIECKINX KOHCTPYKITUIA
B IIpoIIecce HAHECEHUSI U TIPH TIPUEME B SKCITIyaTaIlIo
pa3paboTaHbI 1 IIPOIOJIKAIOT Pa3padaThIBATHCS METOIBI
¥ CPEIICTBA, TTO3BOJISIONINE BHISIBIIITh HAHOHCOTHOPO/I -
HoctH [2]. OcHOBHOI1 3amadeit odbecrieueHnsT 6e30macHOI
9KCIUTyaTalluy METANIMYECKUX KOHCTPYKIMIA 30aHU
¥ COOPYKCHUI ¢ HAHOIIOKPBITUSIMHU SBJISICTCS CBOCB-
PEMEHHOE BBISIBJICHIE HEIOIYCTUMBIX Ie(eKTOB OC-
HOBHOT'O MeTaJlJIa 3TUX KOHCTPYKLMUI MpUMEHEHUEM
COBPEMEHHBIX METOAOB U CPEICTB HEPA3PYIIAIOIIETO
KOHTPOJISL Y NUArHOCTUKU.

MeponpusTis I0 OpraHU3auy 0e30TTaCHOM IKC-
TUTyaTalluy 30aHUU M COOPYKEHUI PerIaMeHTUPYIOT-
csl TOCYIapCTBEHHBIMI HOPMATUBHO-TEXHUUECKUIMU
¥ HOPMATUBHO-TIPABOBEIMHM JOKYMEHTaMU, OCHOBHEBI-
MU 13 KOTOPBIX IBJISTIOTCST JOKYMEHTHI |3, 4]. HecMoTpst
Ha Bce TIpuHUMaeMble MephI [1aBHasg mHCTIekus [o-
capxcrpoiiHanzopa Poccuu B meproz ¢ 1993 r. mo 2002 1.
Ha Tepputopnu Poccutickoit denepariiy ohUIINaIEHO
3apeTruCTpUpoOBaja B cpeaHeM oKojo 30 aBapuii 3maHmit
¥ COOPY:KEHUI B Tof 5] 1 mpuBeja aHaIM3 MaTepuajaoB
1o ux paccienoBanuio. [To 2003 romy opuiaisrHas cra-
TUCTUKA yJyeTa aBapuil 3MaHUI U COOPYXXEHUIA Y aHAJIU3
MaTepurajioB IO UX pacciiefOBaHUIO OTCYTCTBYET, a Ha-
ypHas ¢ 2004 roga 311 GyHKIIMK niepenaHbl Oenepanb-
HOI CITy>k0e 10 SKOJIOTUUECKOMY, TEXHOJIOTHTIECCKOMY
¥ aTOMHOMY Ham3opy. OIHAKO OTIEIBHO Pe3y/IbTaThl yde-
Ta aBapuii 3MIaHUI ¥ COOPYKEHUI 1 aHAJIN3a NX IPUIKH,
KaK TTOATBEPXKIAIOT aBTOPLI cTathy [6] Amurpuena T.J1.,
Kynpun B.I'. u Ileopaues C.B., He ITy0IMKyIOTCS.

Baitoypun A.X. u CroskuH 1.B. B padore [7] oTme-
YaoT, 9TO «IOJISI aBapyif, CBI3aHHBIX CO CTamMeit SKC-
mwiyatauuu, ¢ 1981 mo 2003 rox Bo3pocia ¢ 11 mo 35%,
YTO CBSI3aHO C M3HOCOM OCHOBHBIX (DOHIOB CTpPaHBI
B BUIE 30aHUI ¥ COOPYKCHUI IIPOMBIIIICHHOCTH 1 MTH-
dpacTpykTypsl». DTO yKa3bIBacT Ha HEOOXOOUMOCTh

CTPOTOTO COOJIOACHUSI HOPMATUBOB OOCICIOBAHUS
U BKCTICPTHU3HI TIPOMBIIIUICHHOM 0€30TIaCHOCTH 3IMaHUA
1 COOPYKCHMIA, TIPaBUJI SKCILTyaTallIOHHOTO KOHTPOJISI
1 Ham3opa.

Epémun K. . B paborte [8] mpeacTaBui cUCTEMATH -
3MUPOBAHHYIO0 MH(POPMALIMIO O HAyYHBIX UCCAEIOBAHU -
SIX B 00J1aCTH KOMIJIEKCHOI 0€30I1acHOCTU 0OBEKTOB
CTPOUTEIIBCTBA, OH KOHCTATUPYET, UYTO aBapUU 3MaHUMA
1 COOPYKEHMI TIPONCXOIVIIH, IIPOMCXOISIT K BOZMOKHBI
B 0003pUMOM OyIyIIeM, OHH IIPOUCXOIVINA 1 IIPOKC-
XOISIT TOBCEMECTHO, HE3aBUCUMO OT CTPaH, OTPaciIn
IIPOMBIIIJICHHOCTH WIH C(Pephl KU3HEIEATSIbHOCTH Je-
noBeka. CHIDKeHIE aBapyii BOSMOXKHO 3a CUCT CO3MaHMS
«TEXHOJIOTUI ¥ METOOUK TEXHUIECKOTO TUAaTHOCTHUPO-
BaHUS CTPOUTEIILHBIX KOHCTPYKIINI, Hepa3pyllaioie-
IO KOHTPOJISI I MOHUTOPUHTA B 30HAX, OTBETCTBEHHBIX
3a pa3pylieHne 00beKTa, METOIUK MHTEPIIPETAIINH pe-
3yJIBTATOB TEXHNUECKOM TMarHOCTUKHM, Hepa3pylarole-
IO KOHTPOJISI 1 MOHUTOPWHTA TTOKA3aTeISIMU IIPOYHOCTH,
HaIeXKHOCTH, PYICKa BOSHUKHOBCHMS aBapuii, Oe301mac-
HOCTH M 3aIIUIIECHHOCTH 3MaHUI U COOPYKECHUIA».

Epemun K.M. n MarBeromkun C.A. B padote [9]
TIPUBEJIN Pe3yIbTaThl aHAIM3a OCOOCHHOCTEM SKCIIePTH -
3Bl ¥ HEPa3pYIIAOIIETO KOHTPOJISI CTPOUTEIHPHBIX METaJI-
JIMYECKUX KOHCTPYKIINIA, TIPOaHATM3UPOBAIT OCHOBHBIC
IPUYMHBI AaBAPUN 3MAHUIN U COOPYKEHUIN, OIPEACIINIIN,
410 85% OT 0011Ier0 KOJIMYECTBA 3aPETUCTPUPOBAHHBIX
aBapuii IPUXOINUTCS HA SKCIUTyaTUPYeMbIe 30aHUsI U CO-
opyxeHus. [IppanHaAMU 3TUX aBapUil SIBISIIOTCS HApy-
IICHUS TIPaBWJI TEXHUICCKOM IKCIUTyaTallid M OTCYT-
CTBHE ITOJDKHOTO KOHTPOJIS 32 UX TEXHUYECKUM COCTO-
STHYeM. BBISIBJICHBI OITMOKM SKCITEPTHBIX OPraHU3aIldil
TIPY OLIEHKE COCTOSIHUSI 00 BEKTOB, KOTOPHIE MOTJIN OBITh
CBSI3aHBI HE TOJIBKO C HU3KOU KBaTM(PUKALINCI OTHCTh-
HBIX CITCIINAIMICTOB, HO U C OTCYTCTBUEM HEOOXOIMMBIX
IIPpUOOPOB HEepa3pyIIAOIIET0 KOHTPOJIS ¥ JUATHOCTUKH
B TIPUBSA3KE K CTPOUTEIBHBIM KOHCTPYKIIUSAM M YCIIO-
BUSM MX 9KcIuTyaTannu. OxapakTepr30BaIl 0COOCH-
HOCTH 3KCITIyaTallii ¥ KOHCTPYKTUBHBIC OCOOCHHOCTH
METAJUTMYECKNX KOHCTPYKIINI 30aHUI U COOPYKEHUI,
KOTOpPBIE HEOOXOIMMO YUYUTHIBATH IIPH BEIOOPE METOIOB
U CPENCTB HEPA3PYIIAIOIIETO KOHTPOJISI M TMarHOCTUKMU,
TaKue, KakK IMTOABEPXKEHHOCTh IIEPEeMEHHBIM Harpy3Kam
(o1 40 mo 120 HMKIOB/CYyTKM), KPYITHBIC TA0APUTHI, 13-
TOTOBJICHUE U3 3JICMEHTOB Pa3HBIX TOJIIUH M MapoK
cTajeil, OTIMYAIOIINXCSI MEXaHNMIEeCKIMU U (PU3UKO-
XUMHIYECKUMHU cBoMicTBamMu. OpraHn3anms Hepas3pyIiia-
IOIIETO KOHTPOJIST M IUaTHOCTUPOBAHUS YCIIOXKHSICTCS
TeM, YTO KOHCTPYKIIUM YaCTO HAXOMSITCS IIOX CIIOEM
IPSI3U, IPOM3BOICTBCHHOM BN, UMEIOT HECKOJIBKO
CJIOCB CTapOi KpacK! WM 3HAYNTEIIHHO MOIBEPKCHBI
KOPPO3WH, 3HAYCHUST TeMITepaTyphl KOHCTPYKIIMI MO-
I'YT U3MEHSITHCS B IIMPOKOM JUaIa3oHe — oT MUHYC 60
1o tomioc 300°C, Bo3MoxkeH Harpes 1 1o 1mioc 600°C,
IIPY 3TOM BO3MOXKHBI TeMIICpaTypHBIC TIepeIraabl Kak
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MO OTIEIbHBIM 30HaM KOHCTPYKIIUIA, TAK U BO BDEMEHH.
OTCyTCTBHUE TIPSIMOTO ITOCTYIIA K ITOBEPXHOCTH YacTO
YCJIOXKHSIET WK JIeJlaeT HEBO3MOXKHBIM TPOLIECC KOH-
TPOJISI OTAEIbHBIX 2JIEMEHTOB WM 30H KOHCTPYKIIMIA.
IlepeuuncieHHble yCIOBUS MOBBIIIAIOT TPeOOBAHUS
K YPOBHIO OpraHu3aluu IMarHoCTUYeCKOro obcieno-
BaHMUS CTPOUTETbHBIX KOHCTPYKIIUIA 1, COOTBETCTBEHHO,
K TprOopamM HepaspylIaroIero KOHTPOJIS U IMarHOCTU -
ku. OTMeYaeTcs, YTO B peaJIbHBIX YCIOBUSIX HE BCETIa
CYLIECTBYIONIME TTPUOOPHI IPUMEHUMBbI 1JISI KOHTPOJIS
METAJUIMYECKUX KOHCTPYKIUIA 30aHUIA U COOPYKEHUIA
13-3a HEMPUCTIOCOOJIEHHOCTU K YCJIOBUSIM UX 9KCIUTY-
aTalyy U KOHCTPYKTUBHBIM OCOOEHHOCTSIM.

ITpoaHanu3rpoBaB KOHCTPYKTUBHbBIE OCOOEHHOCTHU
U OCOOEHHOCTHU AKCIUTyaTallud METAJUIMYECKUX KOH-
CTPYKIIMI 30aHUI U COOPYKEHUI, aBTOPBI pabOTHI [9]
c(hOpMyIMpPOBAJIM OCHOBHbBIE TPEOOBAHMSI K CPEACTBAM
Hepa3pylIaoIIero KOHTPOJISI U IMarHOCTUKU, TIPUMEHEe-
HHE KOTOPBIX CITOCOOCTBOBAIO Obl CHUKEHUIO aBapUid.
YuuThiBasi COBpeMeHHbIE TEHAECHILIMU TTPUOOPOCTPO-
€HUs, aBTOPbI CUMTAIOT, YTO CTALlMOHAPHbBIE CUCTEMBI
JIOJKHBI ObITh OECTTPOBOIHBIMU, UMETh CTAlIMUOHAPHO
yCTaHaBJIMBaeMble TaTYMKU JJIUTEIbHOTO UCITOJIb30-
BaHUS ¢ MHOTOKAHAJIBLHOU Tepenadyeil usBMepuTebHOM
WH@OpMALIMKM B LIEHTP AMArHOCTUYECKOTO KOHTPOJIS.
Mo06unbHbIe TPUOOPHI TOJIKHBI UMETh Fa0apUThI U BEC,
MO3BOJISIIOLINE PA0OTaTh B CTECHEHHBIX YCJIOBUSIX U HA
BBICOTE, B YCJIOBUSIX TTPOM3BOICTBEHHOM 3aMbLIEHHOCTU
u cinaboii ocBemieHHOCTU. [IpuOOpPHI JOKHBI JaBaTh
BO3MOXHOCTb MTPOM3BOJIUTL KOHTPOJIb OOBEKTOB C MU-
HUMaJIbHO MOJATOTOBJIEHHOM WX 1a)Ke HEMOATOTOBJIEH-
HOM MOBEPXHOCTHIO TIPU IMaIia30He TeMIepaTyp AJjs
KOHTAaKTHBIX YacTeil mpubopa oT MuHyc 60 10 IUII0C
300—600°C, nMeTh BOBMOXKHOCTH HAKOIUIEH!S TN Oec-
MPOBOTHON nepenauyn MHGOpMaLWI TS JaTbHEUIIe
00pabOTKM Ha MEPCOHATILHOM KOMITbIOTEPE.

B nacrosiee BpeMst B Poccrm cepuiiHO BbIITyCKaeTCs
BECh CIIEKTP CPEICTB HEPA3PYLIAIOIIETO KOHTPOJISI U Ara-
THOCTHKM, pEaM3yIOIIMX Ha BBICOKOM YPOBHE BCE BUJIbI
1 MeToabl KOHTpoJist B cootBeTcTBuM ¢ TOCT P 56542-
2015 [10], mo3BoIsTIONINE BHISIBIISTL BCE HEOITYCTUMBIE,
COTJIACHO HOPMATUBHEIM TOKYMEHTaM, Te(PeKThI MeTalia
B MPOLIECCEe U3TOTOBJIEHUS, MOHTaXa U dKCILTyaTaluu
CTaJIbHBIX KOHCTPYKLIMI, B TOM YUCJI€ CO CBAPHBIMU
coennHeHusMu. Ho, Kak mokaszajia MUpoBasi pakTH-
Ka paccieoBaHus aBapuid, CBI3aHHBIX C pa3pylIeHUEM
METAJUIMYECKNX KOHCTPYKIIMM 30aHUI U COOPYKEHUIA,
BBISIBJIEHO MHOTO CJIyyaeB, KOTAa aBapyuM MPOUCXOAUIN
MOcJIe TJIaHOBBIX 00CIeTOBAaHUI KOHCTPYKIIMI CpecTBa-
MU HEpa3pylIaloIero KOHTPOJIS, MPU KOTOPbIX HEAOIY-
cTuMBbIe AedeKThl He Ol ooHapykeHHI [11—13]. Kak
0Ka3aJoCh, MPUUMHON pa3pyllIeHUsI KOHCTPYKIIMIA SIBU-
JIUCh JIOKAJIbHBIE 30HbI C MOBBIILIEHHOI KOHLIEHTpaluei
MeXaHWYECKUX HaMpsSIKEHU, B KOTOPBIX MO IeMCTBUEM
MOCTOSIHHBIX 1 TTIEPEMEHHBIX MEXaHUYECKUX HArpy30K

B CTPYKTYpe MeTalJla MPOUCXOAUT UHTEHCUBHOE Ha-
KOILUIeHWE MOBPEKACHUI, KOTOpble TPaHC(HOPMUPYIOT-
Csl B MUKPOTpPEIIMHbI. MUKPOTpEeIIMHbI PAa3BUBAIOTCS
B 00beMHBIE Ae(heKThI CTUIOIITHOCTY MaTepraia, KOTopbie
U CTAHOBSTCSI MPUYMHOM pa3pylieHUs] KOHCTPYKIIMIA.
ITosToMmy 1 mpenoTBpallleHUsI BOSBHUKHOBEHUS aBa-
PUHBIX CUTYallni, CBI3aHHBIX C PA3pPYLICHUEM 3TaHUI
U COOpPYKEHU I, HEOOXOMUMO BBISIBJISITH 30HbI IOBBIIIEH-
HOI KOHLEHTpALUU MEXaHUYECKUX HANPSKEHUI KOH-
CTPYKIIMI YU KOHTPOJIMPOBATh B 3TUX 30HAX COCTOSIHUE
CTPYKTYPHI MeTaJllIa IIJIsT BEISIBJICHUS 1e(EeKTOB Ha ca-
MbIX pAHHUX CTaAUsIX UX pa3BUTUs. TpaaullMOHHbBIE e
METOJbl HEPA3PYIIAIOIIETO KOHTPOJISI HE MO3BOJISIIOT
OCYLIECTBJISITh PAHHIOIO AUATrHOCTUKY U HaIlpaBIeHbI
Ha MTOMCK Pa3BUTHIX Ae(EKTOB, UTO HE BCETIA JOCTATOUHO
JIJI1 00eCTieueHNsI HaAeXXHOCTU AUAarHOCTUPYEMBIX 00b-
ekToB. OTcIoma MOXHO CIEIaTh BEIBOM, YTO IIpodIeMa
pa3pabOTKU HOBBIX HEPA3PYIIAIOIIUX METOIOB U CPEICTB
KOHTPOJISI HANPSKeHHO-1e(DOPMUPOBAHHOTO COCTOSTHUS
METALTUYECKUX KOHCTPYKIINI, KOTOpbIe Obl 00eCIIeum-
BaJld TapaHTUPOBAHHYIO MOTPEIIHOCTD OTIpeIeIeHUS
3HAUEHUI MEXaHUYECKUX HAMPSKEHUI, BOBMOXHOCTh
orpeiesieHus pacrpenesieHus 1mojeil MexaHM4ecKMx Ha-
MPSKEHUI B 30HE KOHTPOJISI, UMEJIA BBICOKHE DKCTLTya-
TallMOHHbIE KAYeCTBA U JOCTATOUHYIO YHUBEPCATbHOCTD,
SIBJISIETCSI BECbMa aKTyaJIbHOM.

AKTYyaJlbHOCTb MPO0OJIEMbI CTUMYJIMPOBaja MHOTO-
YUCJEHHbIE UCcceaoBaHus Kak B Poccuu, Tak u 3a py-
0exX0M, HAITpaBJICHHbBIE HA CO3IaHUE METOIOB U CPEACTB
KOHTPOJISI HANPsSKeHHO-1e(OPMUPOBAHHOTO COCTOSTHUS
METAJUIOKOHCTPYKIIMI 1 HA BbISIBIIEHUE TTOBPEXICHUIA
Ha YpOBHE CTPYKTYpbl MeTasuia. B pesyiabrare aTux nc-
cllefoBaHUM CO3MaHO 0OJIbIIOE KOJINYECTBO MPUOOPOB,
OCHOBAHHBIX Ha PA3IMYHBIX (DU3NMIECKUX IMPUHITUIIAX.
Haubonee ygauHbIMU OKa3ajauCh IPUOOPHI, IPUHLIUIT
JIEUCTBUS KOTOPBIX OCHOBAH Ha MarHUTOYNpPYrom (Ko-
SPLUUTUMETPUYECKU, MATHUTHOW aHU30TPOIIMU U Mar-
HUTHOM TaMSITH ) U aKycToyIrpyroM addexrax. B Poccun
paszpaboransl TOCTEI 1 Ipyrre HOpMaTUBHBIE TOKYMEH-
Thl, peTJIAMEHTUPYIOLIME TTOPSIAOK MPUMEHEHUS 9TUX
mpu6opoB [14—19]. OgHako MPU UCTIOIb30BAHUN UX
Ha MpakTUKe BO3HMKAET MHOTO HAYYHO-TEXHUYECKUX
Mnpoo6sieM, 00yCIOBJIEHHBIX HEOAHO3HAYHOCTbIO U HEJIU -
HEHHOCTBIO CBSI3U MEXK1y MEXaHWYECKUMU Y MAarHUTHBbI-
MU WJIM aKyCTUYECKUMU CBOMCTBAMU METAJUIOB, BIMSI-
HUEM Ha pe3yJIbTaThl CTPYKTYPbI U XUMUYECKOTO COCTaBa
MeTaJljla, pa3MepPOB KOHTPOJUPYEMOI KOHCTPYKIIWHU,
TOJIIIIUHBI MOKPBITUI, MEXaHUYECKOW MPEAICTOPUHU,
HaJIMIMST MUKPO 1 MaKpomIe(eKTOB.

HaHomnoKpbITHS TTO3BOJISIIOT Ha TOPSIIKU MTOBBICUTH
MHOTHE 3KCIUTyaTallMOHHbIE KaUeCcTBa METANTMYECKUX
KOHCTPYKUMI, HO B TO XK€ BpeMsl CO3[al0T OCOObIE Tpe-
OoBaHUsI K MPUMEHSIEMbIM METO/IaM 1 CPEICTBaM Hepas-
pYLIAIOLIET0 KOHTPOJISI M AMarHOCTUKU. MHOrooopasue
Pa3IMYHbBIX BUIOB HAHOITOKPBITUIA, OTJIMYAIOLLIUXCS XM -
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MHUYECKUMHU, MEXaHUICCKIUMH, SJICKTPUUYCCKUMU, Mar-
HUTHBIMY 1 aKYCTUYECKIMU CBOMCTBAMU M30JIUPYIOITNX
TIOBEPXHOCTh OCHOBHOTO METaJlJla KOHCTPYKIIIA, IeacT
HEBO3MOXHBIM IIPUMEHEHIE MHOTHUX TPATUIINOHHBIX Me-
TOIIOB HEepa3pyIIAIOIIEero KOHTPOJISI M IMaTrHOCTUKH Me-
TAJUIOKOHCTPYKLIMIA. ABTOPHI cTaThu [2] A.B. Punkesny,
10.B. Kopx, 4.I'. CMmoponnHCKMIT Ha OCHOBE aHa/IM3a
COBPEMEHHOTO COCTOSTHUST Hepa3pyIIaoIero KOHTPOJIS
W TUAarHOCTUKU METALTNYECKUX KOHCTPYKLMI ¢ HAHO-
¥ MUKPOITOKPBITUSIMH JICTIAIOT BBIBOI, UTO «IlomyueHme
nHOOPMaIIM 0 HAHOPa3MEPHBIX HEOTHOPOTHOCTIX
B OOJIBIIMX 00BEKTAX, TAKMX, KAK TPYOOIIPOBOIBI, KOTIIBI
" T. II., SIBISICTCST M30BITOYHBIM M HEIIEJIeCOOOPa3HBIM.
C npyroii CTOpOHBI, yMETh (DUKCUPOBATH MOMEHT, KOTIA
13 HAHOHECIUIONTHOCTH 00pa3yeTcs yKe ITOTCHIINAIb-
HO OITacHas UISI MHOTUX IIPOM3BOICTBEHHBIX OOBEKTOB
MUKPOHECIUIONTHOCTD, HEOOXOOUMO U TIEPCIIEKTUBHO
IUTSI JAJTBHEUIIIETO pa3BUTHSI METOINK HEPa3pyIIaroIIero
KOHTpoIst. Minest orrpenesieHrs HaYaIbHOU CTaaTuM 00-
pa3zoBaHUs gedekTa, ooHapyxeHue npenaedeKTHOro
COCTOSTHUSI MaTepHrajia BCe Jallle U Jare 00CyKIacTCsT
Ha 3apy0eKHBIX 1 BCEPOCCUMCKIX KOH(MEPEHIINSIX, OITH-
CBIBAaETCSI BO MHOTHX HAyYHBIX CTaThSIX». JIOTHIECKIM
TIPOIOKEHUEM BEIBOJIOB 3THUX aBTOPOB SIBIISICTCS He-
00XOIMMOCTB IIPOBEICHMS NCCIICIOBaHMIA, HATIPaBJICH-
HBIX Ha pa3paOOTKy HOBBIX MTOAXOMOB K THMATHOCTHKE
METAJTIMICCKUX KOHCTPYKIINI ¢ HAHOIIOKPHITUSIMU,
BBISIBJICHHE HOBBIX MH(OPMATUBHBIX IIapaMEeTPOB KOH-
TPOJIsI, OCHOBAHHBIX Ha aHaIM3¢e 3(D(HEKTOB OTPaKCHUS
¥ pacCesTHUST 3JICKTPOMATHUTHBIX U aKyCTHUECKUX BOJTH
Ha HAaHO- I MUKPOYPOBHSIX CTPYKTYPEI OCHOBHOTO METaJI-
JIa ¥ TIOKPBITHST, N3MEHEHMST JIOKAJTbHBIX aKyCTHICCKIX
¥ 2JIEKTPO(U3NIECKIX CBOMCTB MaTepraioB. Hammame
B 00BbEKTE KOHTPOJISI HEOOHOPOJHOCTEN MUKPO- U CyO-
MMKPOHHBIX pa3MepOB IIPUBOAUT K M3MEHEHUIO aKyCTH-
YeCKOTo UMIIeIaHCa, TNIOTHOCTH CPEIbl, UTO BEI3BIBACT
a3 dexThl paccessHus, AU pakuny U peppakiium aKy-
CTUYECKUX BOJIH. Pe3yIbTaToM IpOSIBICHUST 3TUX (-
(bekTOB SABNISIETCS TeHEPUPOBAHNE MUKPOHEOTHOPOI-
HOCTSIMM CTPYKTYPHI MaTepuraia IpOCTPaHCTBEHHBIX
¥ BpEMEHHBIX BBICIIINX FTApMOHNIECKIX COCTABJISTIOIINX
aKyCTUYIECKOTO TIOJIST, ITapaMeTPhl KOTOPBIX XapaKTepH-
3YIOT CTETICHb TeTEPOTEHHOCTHU cpedbl. B 30Hax MTOBHI-
IIEHHOI KOHIICHTPAIIUN MEeXaHMICCKUX HaIPSLKeHU
METaJUIOKOHCTPYKIINIT HECTUIOITHOCTA CYOMUKPOHHBIX
¥ MAKPOHHBIX MacIITab0OB CIIMBAIOTCSI M 00Pa30BHIBAIOT
MakpomeeKThI, TPUBOMSIIINE K pa3pyIICHIIO KOHCTPYK-
muit. [ToaToMy TTOBpPEeXKICHHOCTU CTPYKTYPHI OCHOBHOTO
MeTaJyla MUKPO- 1 CYOMUKPOHHBIX YPOBHEH MOTYT OBITh
HCTIOTB30BAHBI TS OLICHKHM OCTaTOYHOTO pecypca U IpH-
TOIHOCTY KOHCTPYKIIMHU K JaJIbHEUIIel dKCITyaTalluu.

[lepcreKTUBHBEIM HampaBJIeHUEM UIST pealn3allii
CPEIICTB KOHTPOJISI METAJTNICCKUX KOHCTPYKIIUIA ¢ Ha-
HOTIOKPBITHEM SIBJISICTCS MCIIOJb30BaHME 3JICKTpOMar-
HUTHO-aKyCTUIECKOTO IPeoOpa30BaHUSsI, TTO3BOJISIIO-

Iero 6ECKOHTAKTHO ¢ BEICOKOM ITPON3BOANTEIIBHOCTEIO
BBISIBIISITB Te(PEKTHI METAJIJIOB 1 KOHTPOJIMPOBATH HATIPSI-
KEHHO-Ie(POPMUPOBAHHOE COCTOSTHIE KOHCTPYKIIMIA.
[IpakTiyecKoe NCIOIb30BaHNE DIICKTPOMATrHUTHO-aKYy -
CTUYECKOTO TIpeoOpa30BaHMsI BIIEPBEIC OBIIO TIPEITOXKE-
HO B CCCP B 1933 rony B. Octpoymossim u JI. [1m0TOB-
CKMM JIJ11 BO30Y>KI€HMSI CBOOOTHBIX YIIPYTUX KOJIeOaHU
B MeTaUTmIecKuX cTepXHsX. B 1935 romy C.51. Cokoros,
OCHOBATEJb YIIbTPAa3BYKOBOTO HEepa3pyIIaIoIIero MeTona
KOHTPOJISI, TTOJIYYMIT aBTOPCKOE CBUIETEILCTBO HA DMA
Meto KoHTpos A.C. Ne 44376 CCCP «Crtoco6 Bo3-
Oy>XIeHUs MEeXaHUYEeCKUX KOoJeOaHU TypOUHHBIX
JomaTok». Yxxe B 1939 r. P. Panpan npumennn DMA
METOJ IIJIST KOHTPOJIS CTPYKTYpHI MeTajuta. ITocie aTo-
TO OTEYECTBEHHBIMU M 3apyOCKHBIMU aBTOpPaMU OBLIO
OITyOJIMKOBAHO MHOXECTBO pabOT, B KOTOPBIX IIpHUBE-
IIEHBI PE3YIbTAThl SKCIIEPUMEHTATbHBIX U TEOPETHUC-
CKMX UCCIIefoBaHu TIprpoasl DMA npeodbpa3oBaHUS
1 TIPUMEHEHHUSI €T0 IS Hepa3pyIalomero KOHTPOJIS
[20]. Ho cymecTByromme DMA cpencTBa TMarHOCTUKNA
Mn3-3a HU3KOU 3P (PEeKTUBHOCTU TBOHOTO B3aMHOTO
IMpeoOpa3oBaHUs SJICKTPOMArHUTHBIX M aKyCTHUECKIX
BOJTH CYIIIECTBEHHO YCTYITAIOT TPAIUIIMOHHBIM aKyCTH-
YEeCKAM CPEICTBaAM ¢ KOHTAaKTHBIMU ITbEe303JICKTPH-
YeCKMMMU IIPeo0pa30BaTeIIMU B YYBCTBUTCIBHOCTHU
" TouHOCTH. 3a ntocienuaue 10—15 jieT oredecTBEHHBIMI
1 3apyOeKHBIMU YYCHBIMH OITyOJIMKOBAaHO MHOTO PadoT
¢ pe3yIbTaTaMU UCCIIeHOBAaHN, HaIIpaBJICHHBIX Ha I10-
BBIIIICHUE YYBCTBUTEIBHOCTH U MH(OPMATUBHOCTH Me-
TOIIOB U CPEACTB KOHTPOJIsSI, OCHOBAaHHBIX Ha MCITOIB30-
BaHnM DMA mipeobdpazoBanus. YTiaoB A.JI. ¢ komreramMmu
pa3zpadoraau DMA yCcTpOMCTBO IJIsT Hepa3pyIIaroIIeTro
KOHTPOJISI OCTATOYHBIX HATIPSTKEHMI 3X0-METOIOM KOH-
Tpoas [21]. MypasbeB B.B. ¢ yueHukamu paspabdoranu
METOI CTPYKTYPOCKOITMH TePMUUECKU 00pabOTaHHBIX
CTaJIbHBIX IIPYTKOB IT0 CKOPOCTH PaCIIPOCTPaHECHUS P3-
JIEeBCKMX BOJIH [22], McclemoBaii HEpaBHOMEPHOCTD
aKyCTMYECKOM aHM30TPOITNH CTAJTLHOTO TIpoKaTa [23],
MIPEIIOKUIN METOI MHOTOKPATHOM TEHM TSI TIOBBIIIIC-
HUS 9yBCTBUTCIIBHOCTH IIPY KOHTPOJIE TPYO HE(PTIHOTO
coptamenTa [24]. drokycco M. u Pesepnu ®. paspadoTta-
1 DMA MeTon BU3yanr3alinsl ITOBEPXHOCTHBIX MUKPO-
TPEIINH B PEXXMUME peallbHOTO BpeMEHHU, OCHOBAaHHBII
Ha (POKYCUPOBKE aKyCTMUYECKOM BOJHEI [25]. Tpymike-
By O. 1 OaBapac P.C. mpenoxXuin I MOBBIIIEHUS
YYBCTBUTEILHOCTH K MEJIKUM Je(peKTaM MCIIOJIb30BaTh
MUHHATIOpHBIe DMA 1ipeobpaszoBarenu [26]. Yxait
Hxwu, JIu U., Hune KOit u JTro W. pa3paboTtanu MeTOxI
MMPOEKTUPOBAHNS MHOTOYACTOTHEIX DMA mpeobpaso-
BaTeJIel, OCHOBAHHBIN Ha yIpaBICHUN MapaMeTpaMu
IIPOCTPAHCTBEHHBIX TAPMOHNYCCKUX COCTABIISIONINX
[27].To B., }O 3., Yyii X.K. n Yen X. pazpaboraiu DMA
Impeobpa3oBaTesb IS INCTAHIIMOHHOTO MOHUTOPMHTA
ITOBPEXICHUI TIPOTSLKEHHBIX 00beKTOB [28]. JIutepa-
TYPHBII 0030p OCHOBHBIX HAIIPaBJICHUI UCCIICIOBAHMI
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OTEUECTBEHHBIX U 3apYOEKHBIX YICHBIX IO COBEPIICH-
cTBOBaHNI0O DMA MeToma KOHTPOJISI TIOKA3bIBaeT, YTO
OHH B OCHOBHOM OBUTH HaIIpaBJICHBI HA COBEPIICHCTBO-
BaHMe KOHCTPYKINU DMA mpeobpasoBaTeleii s re-
HEpUPOBAHUS B 00BbEKTE KOHTPOJISI aKYCTUICCKUX BOJTH
C 3aJaHHBIMU TIapaMeTpaMU M Pa3pabOTKy pa3TMIHBIX
CIIOCOOOB BBIIEJIEHUS 1 00pabOTKM MH(pOpMAaINK, CO-
IepxKalieiicss B I3MECHEHUM TTapaMeTPOB aKyCTUICCKIX
BoJTH. [1py 3TOM MHGMOPMATUBHBIH ITOTEHIIAAT 3JIEKTPO-
MAarHATHOM cocTabstioneit DMA mmpeodpa3oBaHUsI ObLT
HCCJIeIOBAaH HEIOCTATOYHO TTOJIHO.

ABTOpPBI TaHHOI cTaThbu B padoTax [29—32] npen-
JIOKWJIA HOBBIN TTOMXOM K COBEPIICHCTBOBaHMIO DMA
MeTona KOHTPOJISI, OCHOBAHHBIN Ha MCITOJb30BaHUN
B Ka4eCTBE MHTETPATLHOTO TTapaMeTpa, XapaKTepu3yio-
IIIETO HATIPSTKEHHO-Ie(hOPMUPOBAHHOE COCTOSTHIE U TI0-
BPEKIEHHOCTD MeTaJlIa 000pyIOBaHUs, IIepeaaTOIHYO
byHKIMIO — TMHAMWYECKYIO MAaTeMaTUICCKYI0 MOICITh
B onepaTuBHOM (popme W(p). I3MeHEeHMS BCeX CBOIICTB
MeTaJlIa o AeCTBUEM CTaTUICCKIX WJIU TICPEMEHHBIX
Harpy30K OKa3bIBAaIOT BIMSHHE Ha €r0 MHTETPATbHBIN
napameTp. B otamune ot repenaTouHoi (GYyHKIINH, KO-
TOpast UCIIOJIB3YeTCs B TECOPUU aBTOMATICCKOTO YIIPaB-
JICHUS B Ka4eCTBE MaTeMaTHUIEeCKOM MOIEIIN JTMHEITHBIX
¥ JIMHEapU30BaHHBIX 00BEKTOB, KO3(M(MHUIINEHTHI, 1, CO-
OTBETCTBEHHO, KOPHI MHOTOUJICHOB YHCITATEIS U 3HA-
MEHaTeIIsl HHTeTpaIbHOTO ITapaMeTpa W{(p) namMeHseTcs
TIpY U3MEHEHUHU HaIIPSDKEHHO-1e(DOPMHUPOBAHHOTO CO-
CTOSTHHSI ¥ TIOBPEKICHHOCTHA METalljIa, M TTIO3TOMY OH
MOXET OBITh MCITOJIB30BAH IJII NICHTU(MUKAIINN TEX-
HUYIECKOTO COCTOSHUS KOHTPOJIMPYEMBIX KOHCTPYKIIHIA.
CaM mHTerpaabHbIi mapaMmetp W(p) nneHTUGULIIpPYeT-
csI TI0 CUTHAJTYy OTKJIIMKa DMA 1ipeobpa3oBaTelrst mpu-
MCHEHHEM MeTOola TUHAMWYECKON MACHTU(UKAIINN.
O1neHKa HaIPpsDKeHHO-ITe(hOPMUPOBAHHOTO COCTOSTHUST
¥ TIOBPEXICHHOCTH METaJIa 000PYIOBAaHMS B 30HE KOH-
TPOJISI OCYIIECTBIISICTCS TpachOoaHATUTUICCKIM METO-

JIOM Ha KOMIUIEKCHOM TNIOCKOCTH C MCIOJIb30BaHNEM
KOOpPIMHAT KOPHEI XapaKTepUCTUIECKOTO ITOJIMHOMA
WHTeTpalbHOTO mapamerpa W(p). I'padboananurmye-
CKUI METOJI OLICHKM HaIPSZKEHHO-Ie(hOPMUPOBAHHOTO
COCTOSTHUS ¥ TIOBPEXKICHHOCTH MeTajlla 000pyIoBa-
HUS SIBIISICTCS HAJISITHBIM, HO 00J1amaeT 3HAYNTETbHOMN
TPYIOEMKOCTBIO U HE MCKITIOUACT BIMSHUS YejIoBeUe-
CcKoro hakTopa Ha pe3yJibTaTbl OLIEHKW TEXHUYECKOTO
COCTOSTHUSI OOBEKTOB TMATHOCTUPOBAHMSI. YKa3aHHBIC
HEIOCTaTKM MCITOJb30BaHMSI TMHAMUYECKOI MaTeMa-
THYECKOM MOIENIH U MACHTU(UKAIIAY HATIPSKEHHO-
Ie(OPMHUPOBAHHOTO COCTOSHUS W MTOBPEKICHHOCTHU
MeTaJla 000pyIOBaHMS O0YCIOBIIN HEOOXOIUMOCTh
IIPONOJIKEHUS TEOPETUUSCKNX U SKCIIEPUMEHTATBHBIX
KCCJIeI0BaHUS B 9TOM HaIpaBJIEHUM.

Llenbo MaHHOI paOOTHI SIBIIIETCS SKCIICPUMEHTATh-
HOE BBIABJICHNC HOBBIX MH(MOPMATUBHBIX ITApAMETPOB
DMA nipeobpaszoBaHus I HGOPMUPOBAHUS HOBBIX ITO-
KazaTeJieil 1 naeHTU(UKAIIUN HaPsKeHHO-Iedop-
MHMPOBAaHHOTO COCTOSIHHSI 1 TTOBPEKICHHOCTH MeTajlia
CTPOUTEITHLHBIX KOHCTPYKIIHIA.

METO/bI 1 MATEPHAJIBI

17151 9KCIIepUMEHTAIbHBIX UCCIIEA0BAHMI ObLIN BbI-
OpaHbI IIUPOKO IPUMEHSIEMbIE IIPY U3TOTOBJIEHUH CTPO-
WUTEITBHBIX KOHCTPYKIINiA cTanmy MapokK Ct3cm u 0912C
U U3rotoBjieHbl 60 craHmapTHBIX 00pa3uoB (1o 30 06-
pasuoB u3 Kaxgoi Mmapku craiu) mo FOCT 1497-84
u I'OCT 25.502-79.

HccnenoBanus o cXeMe OJHOOCHOTO PACTSIKEHMS
00pa3LoB MPOBOAMINCEH B 1abopatopun MetaiioB OO0
«I"asrpom Hedrexnm CanaBar» C UCITOIb30BAHUEM HC-
neiTaTeabHOM MamuHbl Walter + Bai LF TTM-600
(puc. 1).

HccnenoBaHus Mpu HUKIMYECKUX HArPy3Kax IIPo-
BOIMJIKC B JIAOOPATOPUU JUATHOCTUKHU HE(PTEra30BOro

Puc. 1. UcnbiTaTenbHas
mamuHa Walter + Bai
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obopynoBanusa MHcTuTyTa HehTeniepepabOTKU 1 HedTe-
xumu @T'BOY BO YIHTY B 1. CanaBare ¢ UCTIONIB30-
BaHUEM YCTaHOBKU (pHC. 2), M3TOTOBJICHHOI ITO ITATEHTY
Ha n3obpererue Ne 2262682.

B cocraBe sKcniepuMeHTATBHON YCTAHOBKY B Kade-
CTBe TeHepaTopa UMITYJILCOB TOKA, 3JICKTPOMArHUTHO-
aKyCTUUYECKOTO Ipeodpa3oBaTellsl, YCUINTEIST CUTHAIA
3JIEKTPOMAaTHUTHO-aKyCTUUECKOTO IIpeodpa3oBaTesIst
¥ COTJIACOBAaHHOTO (bIIIHTpa OBIIN MCIIOJIB30BaHEI CO-
OTBETCTBYIOIINE MOAYJIM CEPUIAHO BBIITYCKAEMBIX KOM-
nanueir «Okranta» DMA tommumHomepos EM2210
u EM4000 (puc. 2, puc. 3). C momomsio DMA mpeo0-
pa3oBaTeIsT 06CKOHTAaKTHO BO30YKIAIOTCS aKyCTHYC -
CKHe€ BOJHEI B 00beMe 00pasIie MeTajljia M UCCIICIYeTCS
BTOPMYHOE 3JICKTPOMArHUTHOE TI0JIe Hal €T0 TTOBEpX-
HOCTBIO. MeTaimorpadpuiecKuii aHaIn3 Pe3yaIbTaTOB
HUCITBITAHN 00pa3II0B CTAIN OCYIIECTBIISIICS C UCIIOINb-
30BaHNEM METaJUTypPTUIECKOT0 MUKpocKora. JIiist aHa-
JIN3a TUHAMHWYeCcKoro curHaiaa DMA mipeobpa3oBaTens,
€T0 alIpPOKCUMAIIUN U NACHTU(MOUKAIIAN TIePeIaTOUHON
(byHKIIMYT 0Opa3Ia cTaan UCITOIh30Bajlach pa3padboTaH-

Puc. 3. DMA Tommunomep EM4000

Puc. 2. YeranoBka
11 UCTIBITAHUIA

HA IUKJINYECKYI0
Harpy3Ky: a — oO1Iuii
BUI; 0 — KOHTPOJIb
oOpa3slia MeTasia
npudopom EM2210

Hasl aBTOpaMM JaHHOI CTaTh! KOMITBIOTEPHAST TIPOTpaM-
Ma Ne 2018617490 P®D [32].

Mertpoorndeckoe 00ecIiedeHIe SKCIICPUMEHTATb-
HBIX MICCIICIOBAaHUI pa3pabOTaHO B COOTBETCTBHUU C JICH-
CTBYIOIIMMHY HOPMATUBHBIMU TOKYMEHTAMHU U TTACTIOP-
TaMU CPEICTB U3MEPCHMIA.

[Tpu uccregoBaHNM 0OPa3IIOB MeTaJlIa IIPU CTATH-
YeCKOM Harpy3Ke CHUMaIach AUarpaMMa pacTsSLKeHUS
1 Ha Hell oTMeYaanch KOHTpoabHbIe Touku O, A, B, 11,
P, B KOTOPBIX CYIIECTBEHHO MEHSIIOTCS MEXaHUICCKIE
1, COOTBETCTBEHHO, 3JIEKTPODU3NICCKIEC N aKyCTHUC-
CKUe CBOMCTBa MeTaJlIa, 3TO: MCXOMTHOE HEHATPYKEeHHOE
COCTOSIHME METaJUIa O, TIPEES NPOIOPLMOHATbHOCTH
0,,; IPE/IeTT YIIPYTOCTH O, ; TIPEIE TeKYIECTH O,; TP
BPEMEHHOIO COMPOTUBJIEHHS (IIPOYHOCTH) O ; HaIpsi-
JKeHHME HeTTOCPEACTBCHHO TIepe pa3pylIeHneM oopasiia
o, (puc. 4).

B KOHTPOJIBHBIX TOUKAX MPOBOAUIOCH OOJIee O~
poOHOE MccaenoBaHne N3MEHEHUI CTPYKTYPHI MeTall-
J1a 00pa3IoB ¢ MCIOJIB30BAHNEM MUKPOCKOIIA C OOJIh-
UM YBEJIMYCHUEM M COOTBETCTBYIOIINX M3MECHCHUMA
ImapaMeTpPOB 3JIEKTPOMAarHUTHO-aKyCTUIECKOTO TIpe-
ob6pazoBaHUs. 11T TTOIydeHUSI OCTATOYHBIX 3HAUCHUA
HAIIPSIKEHHOTO COCTOSTHUS M AcopManuy oopas3iioB
MeTaJljIa, COOTBETCTBYIOIINX MX 3HAUCHMSIM B KOHTPOJTb-
HBIX TOYKAX, 00pa3IIbl HArPyKaJINCh OO0 3HAYCHUI Ha-
TIPSTKeHUS 1 1e(popMAaITii, TIPEBHIIAFOIINX X 3HAUCHUS
B KOHTPOJILHOU TOYKE C Y4eTOM 00paTUMOit necopma-
mun obpasia — Touku C, E, K.

[pu mpoBeneHNN UCITBITAHNI 00Pa3II0B Ha ITMKIIIC-
CKYIO Harpy3Ky (puc. 2) o0pasibl HarpyKaJich ¢ 9acTo-
TOI, He moImycKalolei HarpeB oopasiia Beimre 80°C (11o
200 umkioB Harpy3ku). dedopmaliims odpasia n3Mepsi-
Jack mHarKaTopoM MY-10. Yepes 3amaHHOE YMCIIO TIMKIIOB
CYCTUYMK OTKITIOYAT YCTAHOBKY JJISI TIPOBEICHIS M3MEPEHIIA
DMA 1mprbopoM B TOUKaAX, OTMEYCHHBIX Ha TTIOBEPXHOCTHU
obOpasma. McmplTaHus TTPOBOAVIIACE IO TIOJTHOTO pa3py-
LLIeHUST 00pa31oB.
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Puc. 4. Inarpamma
PACTSKEHHS 1 U3MEHEHHe
MHKPOCTPYKTYPbI
oopasna n3 cramm Cr3cn
B KOHTPOJIbHBIX TOYKAX
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PE3YJIBTATbI

duarpaMMa pacTsoKEHUS U COOTBETCTBYIOIINEC 13-
MEHEHUsI MUKPOCTPYKTYPHI 00pa3iioB u3 ctainu Cr3cm
B KOHTpOJBHBIX Toukax O, A, B, /I, P n3o6paxeHsl
Ha puc. 4. Ha nmarpamMme pacTsSKEHMST YKa3aHbI TAKKE
TOUYKH, 1O KOTOPBIX 00pa3Ilbl HATPYKAINCH C YICTOM
obpaTumoii necpopmanum oopasios — C, E, K,

Ha puc. 5 u puc. 6 n300paxeHbl 30HINUPYIOLINI
¥ MHOTOKPATHO OTpPaxkKeHHBIC (IOHHBIC) CUTHAIIEI DMA
peoOpa3oBaTeIsi, B3aMMOIEIICTBYIOIIETO ¢ 00pa3oM
ctaym CT3CIT TIPU CTATUYECKUX Y MUKJIMISCKIX HATPy3-
Kax COOTBETCTBCHHO.

OBCYXKJIEHUE

[Tpu n3MeHEeHNN HaNIPSZKEHHO-Te(OPMIPOBAHHOTO
COCTOSTHHSI METaJUIa ¥ HAKOTUICHNH TTOBPEXKICHUI B €TO
CTPYKTYpPE TIPOUCXOINT IIETbIIf KOMIUIEKC B3aMOCBSI -
3aHHBIX U3MEHEHNU MEXaHUUECKMX, aKyCTUICCKUX,
MarHUTHBIX 1 3JIEKTpUUeCKUX cBOKCTB. bammpos M.T".,
Bammposa 3.M. n Xycuyraourosa W.I'. akcriepuMeH-
TaJIbHO WCCJICAOBAIN U3MCHEHNE MaTHUTHBIX, 3JICK-
TPUIECKUX U aKyCTUICCKUX CBOMCTB 00pa3IloB CTaIN
TIpY JOBEICHUN UX IO pa3pyIICHUS TIPU CTATUICCKUX
¥ IAKITTISCKUX Harpy3Kax, IPeUIOKIIN KPUTSPUH TSI
OIICHKU TIPEIETBHOTO COCTOSTHUS MeTayutoB [30].

Bammipos M.TI., Munimb6aes M.P. u Capun D.M.
Ha OCHOBE TCOPETUYCCKOTO MCCIIETOBAHUS YCIOBUMA
pacIpocTpaHECHUSI aKyCTUUECKUX BOJH, BO30YXKICH-
HBIX DMA T1ipeoOpa3oBaTesieM, B cpelax, UMEIOIINX

JIOKaQJIbHbIE HEOTHOPOAHOCTU MUKPOHHOTO MacliTada,
IMoKa3aju, 4TO JIOKaJIbHbIC HEOTHOPOTHOCTU MOKHO
paccMaTpUBaTh KaK UCTOYHUKHM TAPMOHUYCCKUX CO-
CTaBJISIIOIINX aKYCTHUYECKOTO TI0JIS, ITapaMeTPhl KOTOPBIX
OITIpeNeIISIIOTCS TTapaMeTpaMy 3TUX HEOTHOPOIHOCTEH,
B pe3yibTaTe Ha Bbixome DMA mpeobpasoBateis (op-
MUpPYeTCsI CUTHAJ, COIepKaIliii TapMOHUYECKUE CO-
CTaBJISIONINE C OTIPeNeICHHBIMU ITapaMeTpaMu [33].

Wnaen 1 mpenrioaoXeHusl, BBIIBUHYTHIC B IIEPEUNC-
JIEHHBIX BbIIIE padoTax [29—33], ObuTM MOATBEPKICHBI
pe3yIbTaTaMM 3KCIIepUMEHTAJIbHBIX MCCICIOBAHMA,
ITOJIyYIeHHBIMH B TaHHOI paboTe, KOTOPbIe HATJISITHO
IEeMOHCTPUPYIOT, YTO ¢ M3MEHEHUEM HAIIPSKEHHO-
Ie(OPMHUPOBAHHOTO COCTOSHUS W MTOBPEKICHHOCTHU
CTPYKTYpPBI 00pa3IioB MeTaJlJIa IIPOMCXOINT U3MECHEHIE
(OopMBI, aMIUTUTYIBI M BpEMEHHBIX ITapaMEeTPOB CUTHAJIA
DMA t1ipeobpasoBares, T.e. IIPONUCXOIUT U3MEHEHNE
ImapaMeTpPOB CIIEKTpa TapMOHNIECKIX COCTABIISIOIINX
cur"aina DMA npeoOpasoBatesis (puc. 5 u puc. 6). Hamo
OTMETHUTBH, YTO B cuTHasIe DMA 1IpeoOpa3oBatelist comep-
JKaTcs eIlle TAapMOHMYECKIE COCTABIISIONINE, 00YCIIOB-
JICHHBIC BTOPUYHBIMY BPEMEHHBIMH U IIPOCTPAHCTBEH-
HBIMHM TapMOHUKAMM 3JICKTPOMArHUTHOTO TIOJIS Hal
ITOBEPXHOCTHIO 00BEKTa KOHTPOJISI, KOTOPBIC HE CBSI3aHBI
C aKyCTUYECKMM ITT0JIEM U 3aBUCST OT TOJIIINHBI, SJICK-
TPUIECKUX, MATHUTHBIX CBOMCTB W MOBPEXKICHHOCTHU
CTPYKTYPBI MaTeprajia HAHOTIOKPBITHS.

Kak oTMeuanochk paHee, HEITOCPEACTBEHHOE MCIIOb-
30BaHUeE TIepeaaTOUYHON (DYHKIIAN 1T MICHTUDUKAITAT
HaIIPSDKeHHO-Ie(POPMUPOBAHHOTO COCTOSTHUS M T10-
BPEXICHHOCTH CTPYKTYPHI METajljIa CBSI3aHO C OIIpe-
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Puc. 5. 3onaupyronmii 1 MHOTOKPATHO OTpazkeHHbIe CHTHAIBI DMA npeodpa3oBaTeJisi IPH PACTSIKEHUH 00pa3na
cramm Ct3cn: a — 6e3 Harpy3ku; 0 — nipu HanpstkeHuu pactsokenus 300 MITa (enmHMLIBI U3MepEeHUsT aMILIUTYIbI
CUTHAJIA TI0 OCY OPAVHAT — BOJIBTHI, EIUHULIBI U3BMEPEHUSI JUIMTEIbHOCTU CUTHAJIA 110 OCU a0CIIUCC — MKC)
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Puc. 6. 3onaupyommii 1 MHOTOKPaTHO OTpazkeHHbIe curHajibl D MA npeoOpasoBarelisi IPU UCIBITAHUA HA YCTAJIOCTD
obpasna u3 craan Cr3cnm: a — OMA curHai npu UCXoJHOM cocTosiHuu obpasua 0; 6 — DMA curHan nocie

2200 uMKI0B Harpy>XeHus1 oopasia (€AMHUIBI U3MEPEHUS aMILJIUTYIbl CUTHAJIA TI0 OCY OPAUHAT — BOJIBTHI,
€IMHULIbI U3BMEPEHMS UTMTEIbHOCTU CUTHAJIA 110 OCH a0CLICC — MKC)

JCJICHHBIMU TPYAHOCTAMMU, ITIO3TOMY MpEATAracTcda uc-
MOJIb30BATh IJISI TOM LN YaCTOTHYIO MOJECJIb, ITOJIYy-
qaeMy1o U3 ,I[HHaMI/I‘IeCKOfl MOACIN o0BeKTa KOHTPOJIA
nyteM (OpMaIbHOM 3aMeHbBI orlepaTopa p Ha jw:
W(jo) = W) X bo+hy (o). +b, o) __ B(jo)
Xjo) * agrar(er.. ta(of T Aje)’

rme  Y(jo) n X(jo) — cCUTHaJIBI OTKJINKA 1 BO3ICHi-
cTtBUI DMA mpeobpa3oBatesis B YaCTOTHOU opMe;

B(jw) 1 A(jw) — TIOTWHOMBI YUCIIUTEIII M 3HAMCHA-
tenst, K — Koa(DUIMEHT Tiepenadu;

a, b, — Ko>POUIMEHTH TTOJTUHOMOB YUCITUTEIIS
¥ 3HAMCHATEJIS.

[TpenMyIeCTBOM IIPUMEHEHMS YaCTOTHOM MOICITN
SIBIISIETCSI BOBMOXHOCTh TTpUMeHEHUS 3G (GEKTUBHOTO
METO/Ia CIIEKTPAIbHOTO aHaIM3a, BO3MOXHOCTD YIIPO-

CTUTb MPOLECC UACHTU(PUKALMU U TTIOBBICUTD €€ J10-
CTOBEPHOCTb C IIOMOIIIBIO0 NCKYCCTBEHHOI HEMPOHHOMK
CeTH.

I'padpuueckum n3o00pakeHUEeM YaCTOTHOU MOAEIN
Ha KOMITJICKCHOMU TIJTOCKOCTH SIBJISICTCSI aMILIUTYIHO-
dazoBas yacToTHas XapakTepucTuka. Ecim paccmarpu-
BaTh AMarpaMMYy PACTSCKEHMS MeTallIa, TO KaXKIoi TOUKe
STOM KPUBOI OyIET COOTBETCTBOBAThH CBOSI YaCTOTHAS
MoIesb (4acTOTHEIN 00pa3), hopMupyemMasi COBOKYII-
HOCTBIO TADMOHMYECKNX COCTABIISIIONINX CUTHaIa DMA
IIpeoOpa3oBaTeIst, TO3TOMY 10 3HAUCHUSM ITapaMeTPOB
TapMOHHNYECKUX COCTABJISIONINX CUTHAJIA MOXHO pe-
IIATH OOPATHYIO 3a1a49y — UACHTA(DUIIMPOBATH TEKYIIIEe
HaIpsoKeHHO-Ie(pOpMUPOBAaHHOE COCTOSHIE 00pasma
MeTtasuia. Ha puc. 7 mpencraBieHBI aMIDTUTYIHO-(a30-
BBIC YaCTOTHBIC XapaKTEePUCTUKH o0pa3ia ctaimu Ct3cn
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B MCXOITHOM, HEHArpy>kKCHHOM, COCTOSTHUU U TIPW Ha-
npseKeHnu pactsokenus 318 MITa.

Ha puc. 8 m3o06pakeHBl aMITIATYTHO-(a30BbIC Ya-
CTOTHBIC XapaKTepUCTUKHN obpasia ctanu 0912C mpn
OTCYTCTBUM Harpy3Kku u nocie 1400 MUKIIOB HATPY3KM.

[MonmydeHHBIC pe3yabTaThl HATJISITHO CBUICTCIBCTBY-
0T 00 I3MEHEHUHN TTapaMeTPOB YaCTOTHBIX MOJIEIIE 00-
pas3moB ¢ U3MEHEHNEM CTaTUUECKON M IINKINIECKOM
HArpy30K ¥ BO3MOXHOCTUA IMPUMEHEHUS YaCTOTHBIX
MoIeJel ISl OMTHO3HAYHON MIeHTU(MUKAIINKA YPOBHS
HaMPsSDKeHHO-Ie(POPMUPOBAHHOTO COCTOSHUS U TI0-
BPEKICHHOCTH MCITBITYEMBIX 00pa31IOB CTaJIMN.

NnenTndurkamms HanpssKeHHO-Ie(OpMIPOBaAaHHO-
TO COCTOSTHHSI ¥ IOBPEXICHHOCTH CTPYKTYPBI MeTalljIa
OCYIIECTBIISICTCS TIyTeM aHaJI3a ITapaMeTPOB TapMOHH -
YeCKUX COCTABIISTIOIINX YaCTOTHOM MOMIEIN OOBEKTA MC-
CJIeIOBaHMS NCKYCCTBEHHOM HEMPOHHOII ceThIo (puc. 9).

B xauecTtBe anropurma 06pabOTKU JAaHHBIX UCKYC-
CTBEHHOIT HEIPOHHOM CEThIO BHIOPAH ITOITUII JIOTUCTH-

YeCKOM perpeccuu — MoJMHOMUAIbHAS JIOTUCTUYECKAs
perpeccusi. JJlaHHBINM aarOpuTM MpeacTaBiasieT coooi
MeTo, KiacCu(UKaALMK, KOTOPBI 000011IaeT TOrUCTH-
YeCKYI0 PeTPecCHUi0 Ha MHOTOKJIACCOBBIC 3adaur. DTOT
METO/I UCTTOJIb3YETCS JJIs1 IPOTrHO3MPOBAHUS BEPOSITHO-
CTeli pa3JIMYHbIX BO3MOXHBIX PE3YJIBTaTOB KaTEropuaib-
HO pacIpeneieHHOM 3aBUCUMO IIEpeMEeHHOM IpH 3a-
JIAaHHOM Ha0ope He3aBUCUMBIX ITepeMeHHbIX. [TpuHIun
00y4eHUsI UCKYCCTBEHHOUN HEMPOHHOM ceTU — 00yue-
HUe ¢ yuuTesneM. BXogHbIMU TaHHBIMU J1S1 HEMPOHHO
CETU CJIyXXKaT KOMILJIEKCHbIE KOOPIAMHATBI XapaKTePHbIX
rapMOHUK YaCTOTHOW MOJEIN — aMIUIUTYAbl U (pa3bl
nepBbIX 15 rapMOHMK CUTHaja 3J1€KTPOMarHUTHO-
aKyCTUUYeCcKoro npeodpasonatess. Beibopka maHHBIX
dopmupyetcd B popmate MS Excel mist manbHelei
3arpy3Ku B HEHPOHHYIO CETh I ee oOydeHUsT. OmHa
CTPOKa COOTBETCTBYET OAHOMY U3MEPEHUIO, COCTOUT
n3 30 3HaUYeHUIT 1 METKM KJ1acca. BeIxomoM HeIipOHHOI
CETH SIBJIIETCS BEPOSITHOCTh TPUHAIJIEXKHOCTU K OTHOMY
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Puc. 7. AMuuTyaHo-(ha3oBasi 4acTOTHAs XapaKTepucTHKA o0pa3ua craiu Ct3cn npu cTaTHYECKOii HArpy3Ke: a —
HanpskeHue pactskeHust 0 Mia; 6 — HanpstkeHue pacTsbkeHust 318 MITa
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Puc. 8. AMumTyaHo-(a3oBasi yacToTHas XapakTepucTuka oopasua craam 091'2C npu UMK/INYECKOii HArpy3Ke:

a — KoJnuecTBO UMKIOB — 0; 6 — 1400 LIMKJIOB HArPy3KU
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13 8 Ki1accoB (COCTOSTHUI HaIIpsIKeHHO-IeDOpMUpO-
BaHHOTO COCTOSTHUSI MeTaJlJla COTJIACHO AuarpamMme Ha-
TPYKEHUS), KOTOPEIC, B CBOIO OUepeIb, IIPeoOpa3yioTcs
B TIPUOPUTET (HAUOOJIBINAS BEPOSITHOCTh TTPUHAIIICK -
HOCTH K KOHKPETHOMY KJIaccy).

BbBIBO/IbI

B 30HaxX MOBHINIIEHHOI KOHIICHTPAIIMU MEXaHIIe-
CKUX HAIIPSDKEHUI METaUIMIeCKIX KOHCTPYKIIMI 31a-
HUI U COOPYXEHUI 3apOXIaloTCsI HCOTHOPOTHOCTH
CTPYKTYPBI METaJlJTa MUKPO- M CYOMHUKPOHHBIX pa3-
MEpOB, KOTOPHIC IO ICHCTBIEM IIOCTOSTHHBIX U TIepe-
MCHHBIX Harpy30K MHTEHCHUBHO pPa3BUBAIOTCS B Ma-
KponeheKThl, TIPUBOISIINE K pa3pylneHUI0. PaHHIS
UACHTU(UKAIINSA HaIPpSKeHHO-Ie(POpMUPOBAHHOTO
COCTOSIHUSI ¥ TIOBPEXKICHHOCTH CTPYKTYPBI MeTaJljIa T10-
3BOJISICT TIPEIOTBPATUTH aBAPHUH 3MAHUI M COOPYKCHUIA,
CBSI3aHHBIC C pa3pyIIeHNEM METATTICCKIX KOHCTPYK-
nuii. HaHOITOKPHBITHST CTPOUTEIBHBIX METAJUIMICCKIX
KOHCTPYKIINI, KOTOPBIC HAYaJId YCITCIITHO IPUMEHSITh-
csl B MUPOBOM CTPOUTEIIFHOM TIPaKTUKE B ITOCICITHIE
TOJBI, Ha TIOPSIIKY MOBHIIIAIOT X 3KCILTyaTallMOHHEIC
CBOICTBA, HO B TO € BpPeMsI 3aTPYIHSIOT IIPUMEHEHNE
TPAaIUIIMOHHBIX METOIOB 1 CPEACTB HEPa3pyIIAIOIIETO
KOHTPOJISI U MMATHOCTUKM, IIJIsI KOTOPBIX, KaK ITPaBU-

CIINCOK NCTOYHUKOB

JIO, HEOOXOAUMO O0ECIIeUrThb JOCTYM K MOBEPXHOCTU
OCHOBHOTO MeTajuia KOHCTpyKuuu. /st obecrieueHust
paHHE TUAarHOCTUKU COBPEMEHHBIX CTPOUTEIbHBIX
METAUIAYECKUX KOHCTPYKIINI HEOOXOIUMBI METOZBI
U CPENCTBA, MO3BOJISIONINE OECKOHTAKTHO, Yepe3 CIoi
HAHOMOKPBITUS, UIEHTU(DULIMPOBATH HATIPSKEHHO- -
(GopMUPOBAaHHOE COCTOSIHUE 1 TTIOBPEXKAEHHOCTb CTPYK-
Typbl OCHOBHOTO M€TaJlJa.

ODHUM M3 TIepCIIeKTUBHBIX HAIIPaBIICHUI peaa-
3allMM TaKMX METOIOB U CPEACTB Hepa3pyllalouero
KOHTPOJISI U IMarHOCTUKU SIBJISIETCS UCITOJIb30BaHUE
9JIEKTPOMAarHUTHO-aKyCTUYECKOTO MpeoOdpa3oBaHusl,
nH(MOPMATUBHBIN ITOTEHITNA KOTOPOTO Ha CeTOMHSIII-
HU IeHb UCClieoBaH HEAOCTATOYHO TTOJHO.

B pesynbTaTe mpoBeIeHHBIX UCCAEI0BAHUI B 3TOM
HanpasJeHUM MPEJTOXKEHO MPUMEHEHUE YaCTOTHOM MO-
JIeJIU, TI0Jly4aeMoii Ha OCHOBE CIEKTPaJIbHOTO aHaI13a
curHaa DMA 1mipeobpa3oBarelis, B KaUeCTBe MHTETPalb-
HOTrO MnapameTpa 1isl UAeHTU(UKALIUNA HAITPSKEHHO-
ne(OpMUPOBAHHOTO COCTOSIHUSI U MTOBPEXIEHHOCTU
MeTajlla 000pydOBaHUSI.

Wcnonb3oBaHMEe UCKYCCTBEHHOM HEHPOHHON CeTu
JUTST aHaJiK3a nmapaMeTpoOB YaCTOTHOM MOJIENIU TO3BO-
JISIET YIIPOCTUTD MPOLECC UASHTU(DUKALIMU HATPSIKEeH -
HO-1e(OPMUPOBAHHOIO COCTOSIHUS M TOBPEXIEHHOCTH
MEeTaJlJTa KOHCTPYKINAI W TOBBICUTH €€ JOCTOBEPHOCTb.

1. ®anukman B.P. HaHOMOKPHITUSI B COBpeMEHHOM cTpouTesibeTBe // HaHoTtexHomornu B ctpoutesbeTBe. Tom 13. No 1.
2021. C. 5-11. URL: https://doi. 10.15828/2075-8545-2021-13-1-5-11

2. PunkeBuu A.bB., Kopx 10.B., Cmoponunckuii S1.I'. [1epcrieKTUBBI IpUMEHEHUST Hepa3pyIIaloero KOHTPOJIS ISt Jua-
THOCTUKY HAHO- ¥ MUKPOCTPYKTYPHBIX MaTepuanos // ledexkrockomnus. Ne 1. 2010. C. 14-20.

3. TexHUYECKMIT perlaMeHT O 0e30MMacHOCTHU 3IaHMil U coopyxXeHuit: Denepanbhblii 3aKoH Ne 384-D3 // DiaeKTpOHHBII
(oHI TPaBOBBIX M HOPMATUBHO-TexHMYecKuX JokyMeHToB. URL: https://docs.cntd. ru/document/ 902192610 (zaTa oGpaiieHus:

30.08.2023).

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.15828/2075-8545-2021-13-1-5-11

Nanotechnologies in construction 2023; 15 (5):
HaHoTexHONorum B cTpouTtenbCcTBe 482-493

PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

4. TOCT 31937-2011. 3nanus u coopyxkeHusi. [IpaBuiia o6¢cienoBaHusI U MOHUTOPUHIA TEXHUUYECKOTO cocTostHust = Buildings
and constructions. Rules of inspection and monitoring of the technical condition: MexXTocymapcTBeHHBIN CTaHIAPT: YTBEPXKICH
u BBeneH B nelictBue [1pukazom PenepabHOTO areHTCTBA MO TEXHUIECKOMY PETyJIMPOBAHUIO U METPOJIOTUU OT 27 nekadpst
2012 r. Ne 1984-cr: narta BBenenust 2014-01-01. Mocksa: Cranpapturdopm, 2014.

5. ABapuu 3naHuii 1 coopyKeHuil Ha Tepputopun Poccuiickoit ®eneparu B 1993—2002 rr. // Bionnerenu I'naBHOM MH-
cnekuuu [N'ocapxcTpoitHan3opa Poccuu.

6. Imutpuesa T. JI., Kynpun B. T'., Jeopmaues C. B. ITytu moBbiieHust 3pHEeKTUBHOCTY UCCIIEIOBAHUI 110 aBapHUsIM CO-
opyxxeHuii u3 cranmu // M3Bectus By3oB. MuBectuiiun. CtpoutenbetBo. HemBrkumocts. 2022, T. 12, Ne 1. C. 28—39. https://
doi.org/10.21285/2227-2917-2022-1-28-39

7. baitoypun A.X., Crosskux W.B. ABapuu 31aHUil U COOpYXKEeHUIT (YPOKHU CTPOUTEIbHBIX aBapuii). Yensaounck: Lnmepo,
2019, 124 c.

8. Epémun K.M. Cucremaru3zainys HaydHbIX UCCIEAOBAHMM B 00J1aCTU KOMITJIEKCHOM 0€30IMacHOCTU O0OBEKTOB CTPOUTEb-
ctBa // Marepuaisl Kpyriioro croyia «KomruiekcHast 6e3omacHocThb B ctpoutesibetBe». URL: https://profi.erzrf.ru/upload/
iblock/97d/Eremin-K.I._-Sistematizatsiya-nauchnykh-issledovanii_-v-oblasti-kompleksnoi_-bezopasnosti-v-stroitelstve.pdf
(marta obpamenus: 30.08.2023).

9. Epemun K.U., Matsetomkua C.A. OcOOeHHOCTH SKCIIEPTU3BI M HEPA3PYIIAIOIEr0 KOHTPOJIST CTPOUTETBHBIX METAIUTTIECKIX
KoHcTpyK1uii // [IpenoTBpaliieHre aBapuii 3maHuii U coopyXeHuit. DaeKTpoHHbIi XKypHai. I11 ksapran. URL: https://prevdis.ru/
osobennosti-ekspertizy-i-nerazrushayushhego-kontrolya-stroitelnyh-metallicheskih-konstruktsij/ (mara oopaienust: 30.08.2023).

10. TOCT P 56542-2015. KonTpoib Hepaspyiatonuii. Kitaccubukariust BUIOB M METOIOB // DJIEKTPOHHbBIN (DOH/T ITPABOBBIX
W HOpMAaTUBHO-TexHU4YecKnx nokyMeHToB. URL: https://docs.cntd. ru/document/ 1200123257 (mata ob6pamenus: 30.08.2023).

11. Ay6oB A. A. [IpyHIIMNIUATbHbBIE OTIIMYUTENIbHBIE TPU3HAKY METOa MATHUTHOI TTaMSITU METAJLJIOB U MPUOOPOB KOHTPOJIS
B CPAaBHEHWU C M3BECTHBIMU MarHUTHBIMU METOaMU Hepaspyiiatomiero koHTposs // Konrpons. [Iuarnoctuka. 2003. Ne 12.
C.27-29.

12. Axyo6osckuii P.1O., Bynanos U.A., Onunep M.A., Canaxos P.I'., KazakoB A.A. MeTobl 00cie10BaHNST METAUIMYECKUX,
JKeJIe300eTOHHBIX M KaMEHHBIX KOHCTPYKIMi // Momonoit yaensiid. 2015. Ne 23 (103). C. 283—287. URL: https://moluch.ru/
archive/103/23680/ (nata oopamenus: 24.08.2023).

13. Apednes 10.B., beamonpko I'.4., Ilanbiro A.A. HoBoe B IMarHOCTHKE TEXHUIECKOTO COCTOSTHUS METAITMIECKUX CTPO-
utenbHBIX KoueTpykumit // CTPOMMETAIIL. Ne 42. 2014. C. 2—6.

14. TOCT P 52330—2005. HattmoHanbHbIM CTaHAApPT poccuiickoit penepaunu. KoHrponab Hepaspyiatomnmii. KoHTposbs Ha-
MNPsSEKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUSI OOBEKTOB MPOMBIIIEHHOCTU U TpaHcnopTa. O011ue TpeboBaHus // DAEKTPOHHbII
oHI TPaBOBBIX 1 HOPMATUBHO-TexHUYecKuX oKymMeHToB. URL: https://docs.cntd.ru/document/1200039616 (1ata obparieHust:
30.08.2023).

15. TOCT P 53966—2010. HaumoHanbHbI# cTaHaapT poccuiickoit denepamn. Kontpoas Hepaspyiiawoinii. KoHTposb
HaMpsKeHHO-AehOPMUPOBAHHOTO COCTOSTHUS MaTepuasia KOHCTPYKIuii. Ob1ire TpeboBaHMS K MTOPSIIKY BhIOOpa METONOB //
DJIeKTPOHHBIN (POHI MPABOBBIX 1 HOPMATUBHO-TeXHMUeCcKUX noKymMmeHToB. URL: https://docs.cntd.ru/document/1200082717
(maTa o6pameHus: 30.08.2023).

16. MJIC 53-2.2004 InarHocTHpOBaHKE CTATbHBIX KOHCTPYKIIMIA: DJIEKTPOHHBIN (OHI ITPAaBOBBIX K1 HOPMATUBHO-TEXHUYE-
ckux nokymeHToB. URL: https://docs.cntd. ru/document/ 1200030802 (mata ooparienust: 30.08.2023).

17. TOCT P 52731-2007. KoHTpoJb Hepa3pylaoInii. AKyCTUYECKUIA METOA KOHTPOJIST MEXaHMIYECKUX HATIPSKeHUI.
O61ue TpeboBaHMS // DAEKTPOHHBIN (DOHI MTPABOBLIX 1 HOPMATUBHO-TeXHUYeCKUX foKyMeHToB URL: https://docs.cntd.ru/
document/1200051032 (mata oopameHust: 30.08.2023).

18. TOCT P CO 24497-2-2009. KoHTposb Hepaspyaoiuiti. MeToa MarHuTHOM namsatu Metaiia. Yacte 2. O01iue tpe-
GoBaHMs // DIEKTPOHHBIN (POHI MPAaBOBBIX 1 HOpMATUBHO-TeXHUIeckuX nokyMmeHToB. URL: https://docs.cntd. ru/document/
1200075955 (nata odpatenust: 30.08.2023).

19. TOCTP 58599-2019. Texnudeckasi iMarHOCTUKA. IMarHOCTAKA CTATbHBIX KOHCTPYKIWH. MarHUTHBIN KOPLIUTUMETPHU-
yeckuit Meton. O61Me TpedboBaHUs // DIEKTPOHHBII (DOH/I ITPAaBOBBIX 1 HOPMATUBHO-TeXHUYECKUX n1oKymeHToB. URL: https://
docs.cntd.ru/document/1200168809/titles (nata oopateHust: 30.08.2023).

20. bammpos M.TI"., Bamuposa B.M., FOcynosa WU.I"., Ipauxuii B.O., Myprasuna A.U., Ksaunnckuii C.A. MonenupoBaHue
M 9KCIIEpUMEHTATbHOE UCCIISIOBAHNE BIMSIHUSI MEXaHUYECKUX HAITPSDKEHUI M TIOBPEKIEHHOCTH MeTalia HedTerazoBoro o6opy-
JOBaHWST Ha ITapaMeTphl AJIEKTPOMarHUTHO-aKyCcTHUecKoro ripeodpasoBanus // HedrerazoBoe nemno. 2023. T. 21. Ne 1. C. 183—194.

21. Yoo AJL., Xie160B A.A., berakos A.Jl., KysmmuoB M.O. O Hepa3pylamlieM KOHTPOJIE OCTaTOYHBIX HAIIPSDKEHUI
B netassix ocecumMeTpuaHoit opmer 3 ctanu 03H17K10B10MT // Bectnuk UxI'TY umenn M.T. Kanamrnukosa. 2019. T. 22.
Ne 4. C.3—1.

22. MypasbeB B. B., bBynpun A.1O., CunuoB M.A. CTpyKTypOCKOMNUSI TEPMUYECKU 00pabOTaHHBIX CTaJAbHBIX ITPYTKOB
10 CKOPOCTH PAacIpOCTPpaHEHMsI PJieeBCKUX BOJIH // MIHTe ek TyallbHble cucTeMbl B TipousBoactie. 2020. T. 18. Ne 2. C. 37-20.

23. Bonkosa JI.B., MypasbseBa O.B., MypasbeB B.B. HepaBHOMepHOCTbh aKyCTUUYECKOW aHU30TPOIIUU TOJICTOJTUCTOBOTO
cranbHoro npokara // Cranb. 2021. Ne 5. C. 36—41.

24. MypasbeBa O.B., Bonkosa JI.B., MypasbseB B.B., CuniioB M.A., Meimikux FO.B., bamaposa A.®. UyBcTBUTETEHOCTD
9JeKTPOMAarHUTHO-aKyCTUUECKOTO METOIa MHOTOKPAaTHO TEHU C MCTIOIb30BAHUEM PAJIEEBCKUX BOJH MPU KOHTpOJIE TPYO He-
dTsaHOTrO copramenTa // ledekrockonus. 2020. Ne 12. C. 48—57.

http://nanobuild.ru 492 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.21285/2227-2917-2022-1-28-39
https://doi.org/10.21285/2227-2917-2022-1-28-39
https://profi.erzrf.ru/upload/iblock/97d/Eremin-K.I._-Sistematizatsiya-nauchnykh-issledovanii_-v-oblasti-kompleksnoi_-bezopasnosti-v-stroitelstve.pdf
https://profi.erzrf.ru/upload/iblock/97d/Eremin-K.I._-Sistematizatsiya-nauchnykh-issledovanii_-v-oblasti-kompleksnoi_-bezopasnosti-v-stroitelstve.pdf
https://prevdis.ru/osobennosti-ekspertizy-i-nerazrushayushhego-kontrolya-stroitelnyh-metallicheskih-konstruktsij/
https://prevdis.ru/osobennosti-ekspertizy-i-nerazrushayushhego-kontrolya-stroitelnyh-metallicheskih-konstruktsij/
https://normacs.net/Doclist/doc/11CLB.html
https://moluch.ru/archive/103/23680/
https://moluch.ru/archive/103/23680/
https://docs.cntd. ru/document/ 1200075955
https://docs.cntd. ru/document/ 1200075955
https://docs.cntd.ru/document/1200168809/titles
https://docs.cntd.ru/document/1200168809/titles

Nanotechnologies in construction 2023; 15 (5):
HaHoTexHonorum B cTponTenbcTBe 482-493 NanObL" |

PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

25. Ducousso M., Reverdy F. Real-time imaging of microcracks on metallic surface using total focusing method and plane wave
imaging with Rayleigh waves. NDT E Int. 2020;116:102311. https://doi.org/10.1016/j.ndteint.2020.102311

26. Trushkevych O., Edwards R.S. Characterisation of small defects using miniaturised EMAT system. NDT E Int.
2019;107:102140. https://doi.org/10.1016/j.ndteint.2019.102140

27.7Zhai G, LiY, Qin'Y, Liu Y. Design Method of Multiwavelength EMATs Based on Spatial Domain Harmonic Control. IEEE
Trans Ultrason Ferroelectr Freq Control. 2021;68(6):2259-2270. https://doi.org/10.1109/TUFFC.2021.3055871

28. Guo W,, Yu Z., Chui H.C., Chen X. Development of DMPS-EMAT for Long-Distance Monitoring of Broken Rail. Sensors
(Basel). 2023;23(12):5583. https://doi.org/10.3390/s23125583

29. Bashirov M.G., Khusnutdinova I.G. The use of electromagnetic-acoustic method for estimating the stress-strain state of the
metallic elements of power equipment. Key Eng Mater. 2017; 743:463—467. https://doi.org/10.4028 /www.scientific.net/KEM.743.463

30. Bashirov M.G., Bashirova E.M., Khusnutdinova I.G. The dynamic identification of the technical condition of pipelines
on the basis of the analysis of the temporal characteristics of electromagnetic-acoustic signal. /OP Conf Ser Mater Sci Eng. 2019;
12042. https://doi.org/10.1088/1757-899X/511/1/012042

31. TTarent Ne 169803 Poccuiickast @enepariusi, MITK GOIN 29/00 (2006.01). YcTpoiicTBO ist 66CKOHTAKTHOTO KOHTPOJISI
HanpsKeHHO-1e(OPMUPOBAHHOTO COCTOSIHMSI M YPOBHSI TMTOBPEKIEHHOCTH METANIMYeCKUX KOHCTpyKInii Ne 2016150488 /
W.T'. Xycuyrtounosa, M.T'. bamupos, .M. Bammposa, U.B. I1paxos. 3assir. 21.12.2016. omy6i. 03.04.2017.

32. bammpos M.T., Bammposa 9.M., bammpos P.A., XycuyraunoBa M.I'. OueHka HanpsikeHHO-1e(OPpMUPOBAHHOTO CO-
CTOSIHUSI M TTIOBPEXIEHHOCTU METAUIMYECKUX KOHCTPYKIIMI 2JI€KTPOMAarHUTHO-aKyCTUYeCcKUM MeToaoM // CBUIETEeIbCTBO
0 roCy/IapCTBeHHOI perucTpaiu mporpammsr 1t DBM Ne 2018617490.

33. Bashirov M.G., Minlibaev M.R., Safin E.M. Theoretical Analysis of Wave Electromagnetic-Acoustic Processes in a Me-
dium During the Operation of an Electromagnetic-Acoustic Transducer. In: Proc of International Multi-Conference on Industrial
Engineering and Modern Technologies (FarEastCon). 2020; 1-4. https://doi.org/10.1109/FarEastCon50210.2020.9271089

NHOOPMALINA Ob ABTOPAX

Bawupos Mycca lymepoBunY - JOKTOP TEXHUYECKMX HayK, Mpodeccop, 3aBeayoLmnin Kadeapon «3nekTpoobopyaoBaHMe 1 aBTOMaTUKA
MPOMBbILLIEHHBIX NpeanpuATUi» UHCTUTYTa HedTenepepaboTku 1 HedTexMUN YOUMCKOro rocyfapCTBEHHOMO HEGTAHOIO TEXHNUYECKOTro
yHuBepcuTeTa B I. CanaBate, Poccus, eapp@yandex.ru, https://orcid.org/0000-0001-7493-6803

BbawmpoBa Inbmupa MyccaeBHa - KaHAMAAT TEXHUYECKMX HayK, [OLEHT Kadefpbl «DNeKTpoobopyAoBaHME 1 aBTOMATVIKa NMPOMbILLIEHHbIX
npeanpuaTUii» UHCTUTyTa HedTenepepaboTky 1 HedTexmmmm YOrUMCKOro rocyfapCcTBEHHOrO HeGTAHOTO TEXHUYECKOTO YHBEPCMTETA
B I. CanaBarte, Poccus, bashirova-elmira@yandex.ru, https://orcid.org/0000-0003-1505-9139

lOcynoBa UnbBuHa NamupoBHa - KaHAVAAT TEXHNYECKMX HayK, AOLEHT Kapenpbl «INeKTpoobopyioBaHMe 1 aBTOMAaTVIKa MPOMBbILLIEHHbIX
npeanpuAaTUiny MHCTUTYTa HedpTenepepaboTKm 1 HepTexmmm YPUMCKOro rocyaapCcTBEHHOro HepTAHOrO TEXHNYECKOTO YHBepCUTeTa

B r. CanaBate, Poccus, ilvina011@mail.ru, https://orcid.org/0000-0002-5044-4596

AkuypuH lamup LLlamuneBuy — acnmpaHT No Hay4Hom cneymnanbHocTh 27.06.01 «MHPOpMaLMoOHHO-U3MepUTENbHbIE 1 yNpaBnsaoLLye
cucTeMbI», YOUMCKUIA TOCyAapCTBEHHbIN HEPTAHON TEXHNYECKNI YHUBEPCUTET, aCCUCTEHT KadeApbl «IneKTpoobopyaoBaHMe 1 aBTOMaTUKa
NPOMBbILLIEHHBIX NpeanpuATi» UHCTUTYTa HedTenepepaboTku 1 HedTeEXUMUN YOUMCKOTO rocyfapCTBEHHOTO HEGTAHOIO TEXHNUECKOTo
yHuBepcuTeTa B r. Canasate, Poccus, akihiro177@mail.ru, https://orcid.org/0000-0002-2174-8216

IOn6epanH PuHaT TaBpaToBMY — acNMPaHT Mo Hay4Ho crneyunanbHocT 2.1.5 «CTpounTenbHble MaTepuarbl U U3genusay, YGUMcknin
rocyAapCTBeHHbIN HePTAHOW TEXHMUECKNIA yHBepcunTeT, Yda, Poccus, julberdin-rinat@yandex.ru, https://orcid.org/0009-0006-4423-7634

BKNAZ ABTOPOB:

Bbawupos M.I. - Hay4yHOe PyKOBOACTBO; pa3pa60TKa KoHUenuunum n metogonorun nccneaoBaHuaA; aHanns pesynbratoB NCCneaoBaHuA; HanncaHmne
CTaTbW; COCTaBJIeHNE NTOITOBbIX BbIBOAOB.

BawupoBa 3.M. - nutepaTypHbIil 0630p; TeOpeTUUECKMIA aHaN13 B3anMOCBA3M NapameTpoB CrekTpa rapMoHuK curHana SMA npeobpasosatens
C M3MEHeHVAMU B CTPYKTYPe 1 MOBPEXAEHHOCTbIO MeTasla CTPOUTENbHbIX KOHCTPYKLIMIA.

I0cynoBa W.I. — npoBefeHve SKCNepUMEHTasIbHbIX MCCIeA0BaHNIA; COOP 1 CUCTEMATU3ALMA SKCEPYMEHTASTbHbIX JaHHbIX; MaTeMaTiyecKas
06paboTKa pe3ynbTaTos.

AkuypwuH [.LL. - pa3paboTKa NCKYCCTBEHHOW HENPOHHO CeTr, 06PaboTKa 1 aHaNIM3 SKCMEPUMEHTANIbHBIX JaHHbIX C MPMMEeHEeHEeM METOLOB
MaLUVHHOTO 06yyYeHus.

On6epauH P.T. - noarotoBKa 06pa3LoB, NOArOTOBKa 1 NPOBEAEHNE SKCNEPUMEHTANbHO YacTh NCCIE[OBaHNIA; rpaduyeckoe 1 TabnmyHoe
npencTaBfieHne pe3ysibTaToB NCCNef0BaHNA.

ABTOpbI 3aABNAIOT 06 OTCYTCTBUMN KOHPNNKTa NHTEPECOoB.
CraTbaA noctynuna B pegakumio 04.09.2023; ofgobpeHa nocne peueHsmpoBanua 05.10.2023; npuHaATa K nybnnkayum 09.10.2023.

http://nanobuild.ru 493 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
mailto:eapp@yandex.ru
https://orcid.org/0000-0001-7493-6803
mailto:bashirova-elmira@yandex.ru
https://orcid.org/0000-0003-1505-9139
mailto:ilvina011@mail.ru
https://orcid.org/0000-0002-5044-4596
mailto:akihiro177@mail.ru
https://orcid.org/0000-0002-2174-8216
mailto:julberdin-rinat@yandex.ru
https://orcid.org/0009-0006-4423-7634
https://doi.org/10.1016/j.ndteint.2020.102311
https://doi.org/10.1016/j.ndteint.2019.102140
https://doi.org/10.1109/TUFFC.2021.3055871
https://doi.org/10.3390/s23125583
https://doi.org/10.4028/www.scientific.net/KEM.743.463
http://dx.doi.org/10.1088/1757-899X/511/1/012042
https://doi.org/10.1109/FarEastCon50210.2020.9271089

2023; 15 (5):
494-503

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

RESEARCH RESULTS OF SCIENTISTS AND SPECIALISTS

CCBY 4.0

Discussion paper
https://doi.org/10.15828/2075-8545-2023-15-5-494-503

Modeling the Kinetics of Cement Composite Processes
Modified with Calcium-Containing Additives
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ABSTRACT: Introduction. Rock wastes from dust collection systems can be used as mineral additives for making artificial conglom-
erates based on mineral binders. At the same time, the size of waste particles allows them to be used without additional grinding.
Such materials may include fine powders of calcium-containing rocks such as limestone, wollastonite, diopside. Waste rock from dust
collection systems can be used as mineral additives for manufacturing artificial conglomerates based on mineral binders. The particle
size of the waste allows their utilization without additional grinding. Such materials can include finely dispersed powders of calcium-
containing rocks, such as limestone, wollastonite, and diopside. Methods and materials. We used Portland cement CEM II/A-W
32.5F was used as a binder in the study. The selection of additives was determined through a comparative analysis of their thermo-
dynamic properties with those analogous to clinker minerals. Standard research methods were used to study cement composites,
as well as mercury porometry, X-ray phase analysis and electron microscopy. Results. The addition of calcium-containing additives
makes it possible to strengthen the structure of cement materials. The greatest increase in strength during the initial hardening
period can be achieved by adding 2% of limestone. In the late period of strength gain (in 14 days), the greatest hardening of the
stone was obtained with the addition of 9% wollastonite or 7% diopside. Discussion. The results of cement stone diffractogram of
the control composition and with the use of additives are given. With the addition of additives, there is a decrease in the intensity
of calcium hydroxide reflexes and an increase in the intensity of calcium hydrosilicates reflexes. The study of the macrostructure
revealed a significant difference in the structure of the stone. The porosity analysis showed that when calcium-containing additives
are added into the system, the total pore volume decreases, the number of small pores increases (size 0.003-1.2 um). Conclusion.
The increase in strength up to 48% is due to the close chemical composition and thermodynamic characteristics of the binder and
calcium-containing additives. Wollastonite, due to its fibrous structure, creates micro-reinforcement of the system, and diopside,
in its turn, having the highest hardness and elastic modulus of the presented additives, leads to the greatest hardening of the stone.

KEYWORDS: cement composites, calcium-containing additives, strength characteristics, porosity.
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INTRODUCTION matrix of the binder is responsible for the strength of the

composite. At the same time, the phase composition and

btaining fast-hardening high-strength cement
composites is the most important task in the
development of materials science. In case fillers from
dense and coherent rocks are used in construction
composites based on mineral binders’, the strength of
which is several times higher than their strength, then the

© llina L.V., Samchenko S.V., Rakov M.A., Zorin D.A., 2023

structure of crystalline hydrates in the hydrated binder
and artificial composite do not differ significantly [1—5].
The use of fine mineral wastes from mining and mining
processing facilities as additives can increase the strength
of artificial composites by strengthening the matrix of the
hydrated mineral binder. At the same time, the addition
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of these wastes can reduce the consumption of expensive
mineral binder [6—12].

Dogmatic documents require finding rational ways to
use waste from mining and mining processing facilities in
construction in the Russian Federation. The statements
of the Innovative Development Strategy of the Russian
Federation for the period up to 2030 (approved by Order
of the Government of the Russian Federation dated
08.12.2011 No. 2227-p (amended by 18.10.2018)), the
Strategy for the Development of Building Materials
Industry for the Period up to 2020 and the Future further
until 2030 (approved by Order of the Government of the
Russian Federation dated 10.05.2016 N 868-p) are aimed
at expanding the use of waste in materials science. Thus,
the expediency of fine man-made or natural raw materials
utilization in the manufacture of artificial composites
based on mineral binders is due to the task of improving
their quality and to the utilization requirement of multi-
tonnage waste from mining processing facilities [13].
In the Russian Federation, over 3500 thousand tons of
such wastes are generated every year. At the same time,
the building materials industry currently processes only
4% of the annual volume of these wastes. [14—17].

Fine rock wastes from dust collection systems can be
used as mineral additives to make artificial stone materials
based on mineral binders. At the same time, the size of the
powders of these wastes allows them to be used without
additional grinding. Such powders can include finely
dispersed powders of calcium-containing rocks such
as limestone, wollastonite, diopside [4, 18—20]. Fine
mineral powders of rocks can participate in the process of
crystalline hydrates formation and the structure of artificial
stones on a cement basis. The interaction of mineral
powder particles with hydrated matrix of cement occurs
mainly along the plane of their contact. When selecting
mineral wastes of rocks, it is necessary to pay attention to
the type of their chemical bond and the proximity of their
energy indicators (entropy and enthalpy of formation) with
clinker minerals [8, 9, 18, 21, 22]. Russian scientists believe
[8, 9, 21, 22] that calcium-containing wastes can be the
most effective of those fine rock wastes that can be used
to improve the properties of cement systems. At the same
time there is necessary energy compatibility between finely
dispersed powders of rocks (mineral additives) and hydrate
innovations of cement.

Since the greatest hardening of the cement matrix
can be achieved with the smallest porousness between
the particles of the additive and the binder, a number of
scientists indicate the need to control the dimension of
their grains [8, 23, 24].

Thus, the objective of the work is to study the degree
of influence of calcium-containing mineral additives on
the kinetics of hardening and increasing the strength of
the cement matrix, and to establish the factors affecting
this process.

METHODS AND MATERIALS

Portland cement CEM 11/A-SH 32,5F Iskitimcement
JSC (Iskitim, Novosibirsk Region), manufactured in
accordance with GOST 31108-2020, was used as a binder
in the work. The main characteristics of the binder are
shown in Table 1.

The additives used in the work were selected based on
the comparison of their thermodynamic characteristics
with similar characteristics of clinker minerals (Table 2).

The comparison of thermodynamic characteristics
(enthalpy and entropy of formations) showed their close
values (differences of no more than 9%).

Calcium-containing additives were used in the work
that is the powders of natural stone materials, which
are man-made products: diopside, wollastonite and
limestone. The chemical composition of these additives
is shown in Table 3.

Table 4 shows the hardness of the test additives on
the Mohs scale.

Clinker hardness is quite high and is 6—7 on the Mohs
scale. However, the hardness of hydrate neoplasms is
much lower and, as a rule, does not exceed 3.5—4.0.

Thus, the choice of calcium-containing additives
(wollastonite, diopside, limestone) adopted in the study
is determined by the proximity of their thermodynamic
characteristics and chemical composition with clinker
minerals, and, therefore, the possibility of these additives
to act as supports for crystallization of hydrated new-
growths.

In addition, the choice of mineral additives is due to
their hardness, and therefore, the modulus of elastic-
ity. If the modulus of elasticity of mineral additives and
hydrated cement differs, then, when external forces act
on the system, the stresses will redistribute towards the
component with the largest modulus of elasticity.

In this case, the additives that have a fibrous struc-
ture will micro-strengthen the cement matrix of artificial
composites.

Calcium-containing additives were added to portland
cement in an amount of 2 to 11% weight. The mixture
was stirred dry. Standard density cement dough was pre-
pared from the resulting modified binder and the sam-
ples were then formed. Water under the requirements of
GOST 23732 was used to cure the modified binder during
experimental studies.

The strength characteristics of the cement system
were determined on cubes with a 20 mm rib. Five batch-
es of samples were manufactured, which gained strength
under steam curing conditions and under standard con-
ditions. Curing mode: 4 hours — preliminary curing
at a temperature of 20 £ 2°C; 3 hours — temperature
rise to 80°C, 8 hours — curing at this temperature; 3
hours — temperature decrease. Under standard condi-
tions (temperature 20 = 2°C, humidity — not less than
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Table 1
Portland Cement Specification
No. Indicator Required value Actual value
Chemical composition
1 Content SiO,, % not rated 22.64
2 | Content AL,O,, % not rated 6.24
3 Content Fe O,, % not rated 3.48
4 | Content CaO, % not rated 59.50
5 | Content MgO, % not rated 2.89
6 Content of potassium and sodium oxides in terms of Na,O not rated 0.84
(Na,0+0.658K,0)
7 Insoluble residue content, % not rated 0.47
8 Content SO, % not more 3.5 2.59
9 | Content Cl-, % not more 0.10 0.02
Estimated mineralogical composition of clinker
10 | Content C.S, % not rated 67.0
11 | Content C.S, % not rated 11.0
12 | Total contentC.Su C,S, % not less 67.0 78.0
13 | Content CA, % not rated 6.4
14 | Content C AF, % not rated 12.0
15 | Content MgO, % not more 5.0 1.57
Physical characteristics
16 | Fineness, % not rated 8.1
17 | Specific surface area, m?/kg not rated 304
18 Ir}itial set, min not early 75 192
Final set, min not rated 235
19 | Soundness not more 10 0.4
20 | Water-need, % not rated 25
Strength characteristics
21 | Bending strength, MPa, age:
— at 2 days not rated 3.8
— at 28 days not rated 7.5
22 | Compressive strength, MPa, when hardening:
— under curing more 30.0 31.4
— under normal conditions 2 days not less 10.0 17.2
— under normal conditions 28 days from 42.5 to 62.5 43.6
Table 2

Specific thermodynamic characteristics of compounds

Compound description Enthalpy of formation (AH",,.), kJ/g | Entropy of formation (S°,,,), J/(g * K)
Tricalcium silicate (3CaO - SiO,) —12.83 0.74
Dicalcium silicate (B-2CaO ¢ SiO,) —13.40 0.74
Tricalcium aluminate (3CaO ¢ ALO,) —13.29 0.76
Diopside (CaO » MgO - 25i0,) —14.80 0.66
Wollastonite (CaO  SiO,) —14.10 0.71
Limestone (CaCO,) —12.06 0.88
http://nanobuild.ru 496 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
494-503

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

RESEARCH RESULTS OF SCIENTISTS AND SPECIALISTS

Nanobm

Table 3
Chemical composition of calcium-containing additives (according to the manufacturer)
Chemical composition, % mac.
Additives i . L.oss on
CaO SiO, MgO AlLO, Fe,0, R,0 TiO, nition
Diopside 26.23 53.44 17.91 0.19 0.08 0.12 0.11 1.90
Wollastonite 34.72 53.43 0.30 3.06 2.34 — — 6.24
Limestone 54.7 0.5 0.5 0.2 0.1 — — 40.4
Table 4

Hardness of compounds

Compound Mohs’ hardness
CaO - MgO - 2Si0, 6.5
(diopside)
CaO - SiO, (wollastonite) 5.0
CaCO, (limestone) 3.0

95%), the samples were tested at the ages of 1, 3, 7 and
28 days, respectively.

X-ray diffraction pattern of hydrated portland cement
of the control composition and with calcium-containing
additives were taken on a D8 Advance powder diffract-
meter (Bruker AXS, Germany).

The microstructure of the cement stone was studied
with the use of Hitachi TM 1000 Hitachi Science Systems
Ltd scanning electron microscope. The degree of increase
of the microscope is from 20 to 10 000.

The structural characteristics of the hydrated stone
were examined with the use of automated mercury
porometer (porosimeter) AutoPore IV 9520 from Mi-
cromerics (USA).

RESULTS

The results of the calcium-containing additives impact
on the strength characteristics of the modified cement
stone are shown in Figures 1, 2.

DISCUSSION

The analysis of the obtained experimental data
shows that the addition of even a small amount (2%) of
the studied calcium-containing additives (wollastonite,
diopside, limestone) leads to a significant hardening of
the modified cement.

The obtained experimental dependencies on the
effect of the type and amount of calcium-containing
additives on the kinetics processes of cement composites
show that during the initial period of strength gain the
greatest strengthening of the material can be achieved by
adding limestone. The addition of 2% crushed limestone

strengthens the cement stone hardened for 1—3 days up
to 20%. In the late periods of strength gain (7—28 days),
the greatest hardening of the stone was obtained when
wollastonite and diopside were added. The optimal
amount of wollastonite from the point of view of
strengthening effect was 9%, diopside — 7%. Modification
of Portland cement with 9% wollastonite increases the
strength to 27.5%. The addition of 7% diopside results in
more hardening (up to 48%). The addition of calcium-
containing additives in excess of the optimum amount
results in the strength decrease of the modified cement
stone.

The strengthening effect when wollastonite and
diopside are added is associated with the redistribution
of stresses in the cement stone under the external forces,
which is due to their greater hardness and a greater
modulus of elasticity than the hydrated stone.

The hardness of limestone is lower than that of
hydrated cement. That is, the effect of the additive is due
to other reasons. The addition of limestone is revealed
in the process of hydration of the binder by forming
a contact zone between the additive particles and the
hydrated cement. To do this, X-ray phase analysis of
cement stone of a non-filler composition and composition
with the addition of limestone was carried out, and their
microstructure was also studied.

The diffractograms of cement stone with the most
characteristic interplane distances of hydrate phases are
shown in Figures 3—4.

The diffractograms of the hydrated stone of the
control and limestone modified composition confirmed
its impact on the process of crystalline hydrates formation.
When modifying cement stone with limestone, the
intensity of calcium hydroxide reflexes decreases (d =
0.493; 0.262; 0.192; 0.179; 0.169; 0.148 nm), and the
intensity of calcium hydrosilicates reflexes increases
(d=10.310; 0.302; 0.288; 0.277; 0.260 nm). In addition,
calcium hydrocarboaluminate reflexes were found in the
diffractograms of the modified stone (d = 0.302; 0.288;
0.277; 0.227 nm) and calcium hydrocarbosilicate (d =
0.349; 0.311; 0.288; 0.262; 0.228 nm).

To identify further the strengthening factors of hydrat-
ed stone, both the macro and microstructure of cement
stone, both non-additive and additive were studied during
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Fig. 2. Change of cement stone strength at addition of
calcium-containing additives. Hardening under steam
curing

the addition of dispersed additives. The macrostructure
was evaluated by the nature and pore size of the formed
samples. The results are shown in Tables 5 and 6.

The structure of cement stone without additives is
porous, it contains a large number of large pores (up to
50 microns in size). Crystalline hydrates are mainly highly
basic hydrosilicates with a pore size of 10—15 um and large
ettringite crystals.

The structure of the stone with the additive is denser,
homogeneous and finely crystalline. The pore sizes of
the modified stone are significantly smaller (0.15 um
or less).

The analysis of the structure porosity showed that
when calcium-containing additives are added into
the system, the total pore volume decreases, the pore
content increases by a size of 0.003—1.2 um. In this
case, the structure of the pores themselves changes, the
characteristic length of the pores increases markedly
and the tortuosity of the pores significantly decreases.
The main part of the pore volume (more than 95%)
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Fig. 5. The structure of cement stone hardened for 7 days with an increase of 10,000 times:
a — cement stone of plain composition; b — cement stone with limestone addition
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Fig. 6. The structure of the cement stone hardened for 28 days with an increase of 10,000 times:
a — cement stone of plain composition; b — cement stone with limestone addition

falls on pores smaller than 0.15 um. The water in such
pores will be in a membranous state, which in turn can
lead to an increase in frost resistance of modified ce-
ment composites.

Since the modified cement composite has a charac-
teristic pore length that increases and decreases the pore
tortuosity, more favorable conditions are created when
part of the water is moved to the nearest air inclusions.
During the freezing of the liquid, the pressure will not
increase inside the concrete.

CONCLUSION

Thus, the following conclusions can be drawn:

1. The increase in stone strength by 20—48% with
the addition of the studied calcium-containing additives
(limestone, wollastonite, diopside) is due to the proxim-
ity of their thermodynamic characteristics and chemical
composition with clinker minerals.

2. The greater strengthening effect of diopside addition
(up to 48%) is due to the greater hardness and modulus
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Table 5
Characteristics of porous structure of hydrated stone
Characteristics of porous structure of hydrated stone depending on binder composition
Portland cement with 9% Portland cement with 7% Portland cement with 1%
Average pore Portland cement . . L . . .
. wollastonite weight diopside weight limestone weight
diameter, pm
pore volume, pore area, pore volume, pore area, pore volume, pore area, pore volume, pore area,
ml/g m’/g ml/g m’/g ml/g m’/g ml/g m’/g
73.1-361.0 0.1275 0.003 0.0919 0.002 0.0903 0.002 0.1108 0.003
15.4-73.1 0.0146 0.003 0.0115 0.002 0.0131 0.002 0.0162 0.003
1.2—15.4 0.0164 0.033 0.016 0.029 0.0138 0.026 0.0165 0.031
0.05—1.2 0.036 0.741 0.041 0.944 0.043 0.958 0.039 0.872
0.05-0.15 0.031 4.281 0.035 4.806 0.037 4.824 0.033 4.232
0.003—0.05 0.088 22.456 0.101 24.939 0.105 25.012 0.090 21.865
Total 0.3128 27.517 0.2968 30.722 0.3026 30.824 0.3051 27.006
Table 6
Cement porosity characteristics (summarized data)
Binder composition
Characteristics Portland Portland cement Portland cement Portland cement
with 1% limestone | with 9% wollastonite with 7% diopside
cement A ! .
weight weight weight
Total pore volume, ml/g 0.3128 0.3051 0.2968 0.3026
Pore volume with diameter
less than 0.15—1.2 um, % 16.4 18.4 13.9 203
Pore volume with diameter
less than 0.003—0.15 um. % 329 34.6 39.9 41.0
Average pore diameter. um 0.0571 0.0485 0.0450 0.0407
Characteristic pore length. um 1.681 6.892 7.634 7.673
Pore tortuosity. rel. units 183.28 33.356 28.498 28.279

3. Wollastonite having a fibrous structure results in
greater hardening of the stone compared to limestone by
stone micro-reinforcing.

of diopside elasticity compared to wollastonite and lime-
stone. The strength at the addition of which increases by
20—-27%.
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MopgennpoBaHMe NPoLeccoB KNHETUKWN LLleMeHTHbIX
KOMMNO31TOB, MOoANPNLNPOBAHHDbIX
Kanbuuni-cogepawmmm gobaskamn

Jlunua BnagumupoBHa UnbuHa' (), CBetnaHa BacunbeBHa CamueHko? (=), Mnxaun AHppeeBuy PakoB'*
Amutpuin AnekcaHgposuy 30puH?

' HoBOCMOUPCKNIA FOCYAAPCTBEHHBIN apXUTEKTYPHO-CTPOUTENbHDBIN YHBepcuTeT (CnbcTprH), HoBocnbrpck, Poccua
2 HaumoHanbHbIN nccnenoBaTenbckmii MOCKOBCKMIA rOCyAapCTBEHHbIV CTPOUTENbHBIN YHMBepcuTeT, MockBa, Poccua

* ABTOp, OTBETCTBEHHbIN 3a Nepenuncky: e-mail: westcoast89@mail.ru

AHHOTALA: BeeaeHune. OTXOAbI FOPHbIX MOPOA U3 CUCTEM Mbliey/aBMBaHNA MOTYT CMONb30BaTbCA B KaUeCTBe MUHePasbHbIX
[06aBOK [in151 M3rOTOBJIEHWA UCKYCCTBEHHbBIX KOHITIOMEPATOB Ha OCHOBE MUHEPasibHbIX BAXKyLUX. [py 3TOM pa3mepHOCTb YacTuyy
OTXOZ0B MO3BOJISIET MX MPUMEHSTb 6€3 AOMONHUTENILHOrO U3MenbUeHNs. K TakuM mateprianam MoryT OTHOCUTbCSA TOHKOAMCMEPCHbIE
NMOPOLLKM KanbLNN-COAepKaLLMX ropHbIX MOPOof, TakKMX Kak N3BECTHAK, BONNacToHuT, guoncug. Metogbl n matepuanbl. B kauectse
BAXKYLLEro BellecTsa B paboTe npumeHanca noptnaHauemeHt LIEM 1I/A-LU 32,5B. Bbibop ncnonb3yembix B paboTe o6aBOK Npon3Bo-
LWIICA Ha OCHOBE CPaBHEHMA VX TEPMOAVNHAMUMYECKNX XapPaKTEPUCTVK C aHANOMMUYHbIMU XapPaKTEPUCTNKAMU KIIMHKEPHbIX MUHEePasnos.
[na nccnepoBaHMA LEMEHTHbBIX KOMMNO3UTOB MPUMEHANNCL CTaHAAPTHbIE METOAbI UCCNIEA0BaHMA, @ TaKKe PTyTHaA NOPOMeTpUA,
peHTreHoha30BbI aHaNN3 1 ANEKTPOHHas MUKpOCKonus. Pesynbrartbl. BBegeHve Kanbuuii-cogepalymx 406aBOK NoO3BOSIAET YNpouy-
HUTb CTPYKTYPY LIeMeHTHbIX MaTepuasioB. HanbosnbLuee NoBbILEHWE NMPOYHOCTYN B HauaslbHbIV NEPUO TBEPAEHUS MOXHO OCTUYb
JobaBneHnem 2% n3BeCTHsiKa. B no3aHme cpokn Habopa npouHocTy (mocne 14 cyTok) Hanborbluee YNpoUYHeHVe KaMHS MOJTyYeHO
npwv BBeAeHUn 9% BonnacToHnTa unu 7% auoncuga. 06cyxaeHue. MprBefeHbl pesynbTatel AndpPakTorpamm LEMEHTHOMO KaMHs
KOHTPOJbHOIO COCTaBa 1 C UCMOJb30BaHVeM 1o06aBoK. [Mpun BBeAeHNM 106aBOK HAOIOAAETCA CHUXKEHUE NHTEHCMBHOCTM pednekcoB
rMapPOKCHAa KanbUrs 1 YBeJIMYEHNE MHTEHCMBHOCTU PepNIeKCOB MMAPOCUINKATOB KasbLus. M3yueHne MakpOoCTPYKTYpbl BbISIBATIO
CyLLeCTBEHHOE pa3finume B CTPYKTYpPe KaMHA. AHanM3 NOpPUCTOCTY NOKasar, YTo Npu BBEAEHUUN B CUCTEMY KaNbLMA-COAepKaLynx
[06aBOK 06111 06beM NOpP YMEHbLIAETCA, BO3PACTaeT KOMMUYECTBO MeNKux nop (pasmepom 0,003-1,2 MKm). 3aKnioueHue. YBenu-
yeHe NPOYHOCTU A0 48% 06YCNOBNEHO BNN3KUM XMMUYECKM COCTAaBOM 1 TEPMOAVMHAMUYECKMI XapPaKTEPUCTIKAMM BAXKYLLErO
BELLECTBA U KaNbLUiA-cofeprKallyx J06aBOK. BonnacToHUT 3a CUET BONIOKHUCTOW CTPYKTYPbl CO34aET MUKPOAPMIPOBaHKE CUCTEMDI,
a auoncua, B CBO ouepefb, 06nafas camoli BbICOKO TBEPAOCTbIO M MOAYIEM YIPYroCTy U3 NPeACTaBeHHbIX 400aBOK, NpYBOANT
K HanbonbLIeMy YNPOUYHEHNIO KaMHs1.

KJTIOYEBDIE CJTOBA: LieMeHTHble KOMMO3WTbI, KaNbLMiA-Coaepallme 4o6aBKM, MPOUYHOCTHbIE XapaKTEPUCTUKK, MOPUCTOCTb.
BJIATOAAPHOCTW: UccnenoBaHume BbinonHeHo npu ¢rHaHcoBol noggepkke HAY MICY B pamkax KoHKypca 2023 rofa Ha
npoBefeHve dyHAAMEHTaNbHbIX U NpuKnagHbix nccnegosaHuii (HUP/HOKP) HayuHbIMU KonnekTiBamMy opraH13aLmin — 4neHoB
1 cTpaTernyeckmnx naptHepos OTpacneBoro KoHcopumnyma «CTponTenbCcTBO 1 apxmutekTypax (gorosop Ne HTACY/K-23 o1 30.06.2023)
B LenAx ncnonHeHusa Mporpammbl passutna HAY MICY Ha 2021-2030 rogbl B pamkax peanusaumm MNporpammbl cTpaternyeckoro
akagemunueckoro nuaepctaa «MpuopunteT-2030».

AnAa UMTUPOBAHWA: VinbnHa J1.B., Camuenko C.B., PakoB M.A., 3opuH [.A. MogennpoBaHue NpoLeccoB KMHETUKN LIeMEHTHbIX
KOMMO3KTOB, MOANDULIMPOBaHHbIX KanbLMi-cCoaepXawwmummn gobaskamm // HaHotexHonorum B ctpoutenbctae. 2023. T. 15, N@ 5.
C. 494-503. https://doi.org/10.15828/2075-8545-2023-15-5-494-503. - EDN: WVIFWH.

BBEJIEHUE nadeil B 00J1aCTU pa3BUTUSI CTPOUTEIBHOIO MaTepuaso-
BeneHUs. Eci B CTpOUTETbHBIX KOMITO3UTAX Ha OCHOBE

HonyquMe OBICTPOTBEPACIONIMX BHICOKOIIPOUHBIX  MUHEPAJbHBIX BSIKYIIIUMX UCITOJb3YIOTCS 3alOJTHUTETN
LIEMEHTHBIX KOMITO3UTOB SIBJISIETCST BAKHEUIIIEH 3a- M3 IUTOTHBIX M IIPOYHBIX TOPHBIX ITOPO, IIPOYHOCTH KO-
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TOPBIX BBIIIIE UX IIPOYHOCTH B HECKOJIBKO pa3, TO TOTIa
3a MIPOYHOCTH KOMITO3UTa OTBEYACT MaTPUIIA BSLKYIIIETO
BemecTBa. [1pu 3ToM (ha30BBIi COCTAB M CTPYKTYpa KPH-
CTaJUTOTUAPATOB B THIPATUPOBAHHOM BSDKYIIEM U HC-
KYCCTBEHHOM KOMITO3UTE OTINIAIOTCS HE CYIIECTBEHHO
[1-5]. IIpuMmeHeHE TOHKOAUCIIEPCHBIX MUHEPATbHBIX
OTXOIIOB TOPHOIOOKBIBAIOIINX 1 TOPHOIIepepadaThIBaIO-
IINX TIPOU3BOJICTB B KAYECTBE TOOABOK MOXKET ITOBBICUTD
MIPOYHOCTH NCKYCCTBEHHBIX KOMITO3UTOB ITyTEM YITPOU-
HEHUSI MaTPUIBI TUAPATHPOBAHHOTO MUHEPAJIBHOTO
BSLXyIIeTo. BmecTte ¢ TeM, BBeIeHNE TaHHBIX OTXOIOB
MOXKET CHU3UTH PACXOI JOPOTOCTOSIIIETO MIHEPATEHOTO
BspKyIero [6—12].

HormaTudeckue TOKYMEHTBI TPEOYIOT HaXOXICHUS
pallMOHAIBHBIX YTl MCITOIb30BAHUS OTXOIOB TOPHO-
TOOBIBAIOIINX M TOPHOIIEPepabaTHIBAIOIINX IIPOM3BOICTB
B cTpouTebCcTBe B Poccuiickoit Meneparum. [Tonoxke-
aus CTpaTernu MHHOBALIMOHHOTO pa3BuTUs Poccwuii-
ckoit ®eneparum Ha riepuon 10 2030 1. (yTBepKIeHHBIC
pacnopstkeHreM IlpaBurenbcTBa Poccuiickoir Deme-
paumu ot 08.12.2011 Ne 2227-p (pen. ot 18.10.2018)),
Crparernu pa3BUTHS IPOMBITIUICHHOCTH CTPOUTEIBHBIX
MaTtepuasioB Ha Tiepuon 10 2020 roma u JajgbHEHIIyIO
nepcriekTuBy 10 2030 roga (yTBep:KIeHHBIC pacopsbKe-
aueM IpaButenbcrBa Poccuiickoii @enepanu ot 10.05.
2016 r. Ne 868-p) HaLleIMBAIOT HA PACLIMPEHUE UCITOJIb-
30BaHMSI OTXOIOB B CTPOUTEILHOM MaTepHAIOBEICHNMN.
Takum obpa3zoM, 11e1eco00pa3HOCTb YTUIN3ALUU TOH-
KOIUCIIEPCHOTO TEXHOTCHHOTO MJIX IIPUPOITHOIO CHI-
pPbsI IIPY U3TOTOBJICHUM MCKYCCTBEHHBIX KOMITO3UTOB
Ha OCHOBE MUHEPATbHBIX BSDKYIIIUX O0YCIOBICHA KaK
3a/1aueii MOBBIIICHUS MX Ka4eCcTBa, TaK U TPeOOBaHUEM
YTWIN3aIM MHOTOTOHHAXHBIX OTXOIOB TOPHOIIEpepa-
6aTeiBaronnx Mpon3BoacTB [13]. Toabko B PD kaxabrit
ron oopasyetcs cBbite 3500 THICSY TOHH TaKWUX OTXO/OB.
BMecte ¢ TeM MPOMBIIIJICHHOCTh CTPOUTEIBHBIX MaTe-
pUAJIOB B HACTOSIILIEE BpeMsl IepepadaThiBacT TOJILKO 4%
TOIOBOTO 00beMa JaHHBIX OTXOH0B [14—17].

ToHKomMCTIEPCHBIE OTXOIBI TOPHBIX IIOPO 13 CUCTEM
MIBIICYIaBIMBAHMS MOTYT IIPUMEHSITHCS B KQUeCTBE MU-
HepaJIbHBIX JOOABOK IIJIST M3TOTOBICHUS NCKYCCTBEHHBIX
KaMEHHBIX MaTepHAIOB HA OCHOBE MUHEPAIBHBIX BSKY-
mux. [Tpu 3ToM pa3MepHOCTh TTOPOIIKOB JAHHBIX OTXO-
IIOB TI03BOJISICT MIX MCTIOJIB30BaTh 0€3 MOITOTHUTEILHOTO
n3MenpueHNA. K TaKuM MopoIIkaM MOTYT OTHOCUTBCS
TOHKOAMCIIEPCHBIC TTOPOIIKHN KaTbIINI-COIepKAIITIX
TOPHBIX TTOPOJI, TAKNX KaK M3BECTHSIK, BOJIACTOHUT,
muoncup [4, 18—20]. TonkoaucnepcHble MUHEPAITh-
HBIE TIOPOIIIKH TOPHBIX ITOPOI MOTYT YIaCTBOBATH B IIPO-
mecce o0pa3oBaHMS KPUCTAJUIOTHUAPATOB M CTPYKTYPHI
HMCKYCCTBEHHBIX KaMHE# Ha IIeMEHTHOI ocHOBe. B3a-
MMOJICHCTBIE YaCTUIl MIHEPAIbHBIX IIOPOIIKOB C TH-
JIPaTUPOBAHHOI MaTPULIEH LIEMEHTA BOZHUKAET ITPEUMY-
IIECTBEHHO 10 TJIOCKOCTH MX KOHTakTa. [1pu BeIOOpE
MUHEPaTbHBIX OTXOIOB TOPHBIX TOPOA HEOOXOIMUMO

o0paInraTh BHUMaHUE Ha TUTI XUMUYCCKOM CBSI3U B HUX
1 Ha OJIM30CTh UX DHEPreTUICCKUX IMoKa3aTeeil (9H-
TPOIIMU M SHTAJIBITNNA 00pa30BaHUS) ¢ KIMHKEPHBIMH
MuHepaitami [8, 9, 18, 21, 22]. Poccuiickue yaeHBIC CUn-
TamporT [8, 9, 21, 22], 9TO M3 TOHKOAMCIIEPCHBIX OTXOI0B
TOPHEBIX TIOPOII, KOTOPBIE MOTYT OBITh 3aIeiiCTBOBAHBI
IUIST YITYIIIeHUST CBOMCTB IIEMEHTHBIX CHCTEM, Hanbosiee
3((PeKTUBHBIMU MOTYT BBICTYIIATh KaJIbLIUK-COAEpPKa-
mue oTxXonpl. [1pr 3TOM MeXIy TOHKOIMCIICPCHBIMH
ITOPOIITKAMM TOPHBIX IMOPOI (MHHEPATbHBIMU 100aB-
KaMM) ¥ TUAPATHBIMIA HOBOBOOOPA30BaHUSIMHU LIEMEHTA
HAMeeTCsT HeoOXommMast SHepreTUIecKast COBMECTUMOCTb.

Tak KaK HanOOJIBIIETO YIIPOYHEHMS IICMECHTHOM Ma-
TPUILIBI MOKHO TOCTHYB ITPY HAMMEHBIIIEH ITyCTOTHOCTH
MEXKITy YaCTHIIAMU TOOABKH M BSLKYIIIETO, TO PSIIT YICHBIX
yKa3bIBaeT Ha HEOOXOMMMOCTb KOHTPOJIS Pa3MEePHOCTH
nx 3epeH [8, 23, 24].

Takum oO6pa3zoMm, 11e/IbI0 padOTHI SIBISIETCS U3YYEHNE
CTETICHU BIIMSTHUSI KaJTBLIMI-COMEPKAIITIX MITHEPATbHBIX
I00aBOK Ha KWHETUKY TBEPACHMS 1 TIOBBIIIICHHE TTPOY-
HOCTH LIEMEHTHOM MaTPHUIIBI ¥ YCTAHOBJICHNE (haKTOPOB,
BIIMSIIONINX HA TaHHBIN IIpolecc.

METO/AbI 1 MATEPHAJIBI

B xagecTBe BSIKyIIEeTo BeIIecTBa B paboTe MpHU-
MeHsics moptiaanaauemMernT LHEM I1/A-III 32,56 AO
«Hckutumuement» (r. Uckutum, HoBocudbupckas 06-
nacth), Bemyckaembrit mo FOCT 31108-2020. OcHoB-
HBIE XapaKTEPUCTUKH BSLKYIIETO MMPUBEACHEI B Ta0. 1.
Bri6op n1o06aBoK, IIpuMeHsIEMBIX B paboTe, IIPOU3BO-
IAJICS HA OCHOBE CPaBHEHMS UX TEPMOIMHAMMNICCKUX
XapaKTePUCTUK C aHAJIOTUIYHBIMU XapaKTePUCTUKAMU
KJIMHKEPHBIX MUHEPaJIoB (TadI. 2).

CpaBHEHNE TePMOIUHAMUYCCKUX XapaKTePUCTUK
(PHTAJIBIIMN U SHTPOIUM 00pa30BaHUI) MOKA3aJI0 UX
OM3Kue 3HaYeHUs (pa3anyust He 6osee 9%).

B pabore mpuMeHSIINCH KallbIUIi-COAepKaIINIe J0-
0aBKI — MOPOIITKY ITPUPOTHBIX KAMEHHBIX MaTEPUAJIOB,
SIBIISTIONIIMECS] TEXHOTCHHBIMM ITPOIYKTAMU: THOTICH]I,
BOJIJTACTOHUT U M3BECTHIK. XMMHIECKUIA COCTaB yKa-
3aHHBIX J0OABOK IIpUBEJEH B Ta0OI. 3.

B 1ab51. 4 mpuBeneHa TBepAOCTh UCCICAYEMBIX T0-
0aBoK no mkaue Mooca.

TBepoocTh KIIMHKEPA TOCTATOYHO BHICOKA M COCTAaB-
nsteT 6—7 1o 1mkaize Mooca. OgHaKO TBEPIOCTh TUAPAT-
HBIX HOBOOOPA30BaHMI 3HAYNTEILHO HIKE 1, KaK IIpa-
BUJIO, He mpeBbImaceT 3,5—4,0.

TakuMm o6pa3zoM, BEIOOP MPUHSTHIX B UCCIIEAOBA-
HUM KaJbIIU#-CcoaepKalliX 100aBOK (BOJUIACTOHUT,
IHOTICHI, M3BECTHSIK) OIIpeIesicH OJIM30CThIO0 X TEPMO-
TUHAMIYCCKUX XapaKTePUCTUK 1 XMMITIECKOTO COCTaBa
¢ MUHepaJlaMH KJIMHKepa M, CIIeI0BaTeIIbHO, BO3MOX-
HOCTBIO MAHHBIX TO0OABOK BBICTYIIATD TTOMTOXKKAMU IS
KPUCTAJUTU3AIIY TUAPATHBIX HOBOOOPAa30BaHMIA.
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Tabauya 1
TexHuueckasi XapaKTepPUCTHKA MOPTIAHIIIEMEHTa
Ne
1/ HanmeHnoBanue nokasarens TpeGyemoe 3HaueHne | PaKkTHYECKOE 3HAYEHHE
XUMUYECKUIA COCTaB
1 | Conepxanue SiO,, % HE HOPMUPYETCS 22,64
2 | Comepxanue ALO,, % He HOpMUpYeTCs 6,24
3 | Conepxanue Fe O,, % He HOpMUpYeTCs 3,48
4 | Comepxanme CaO, % HEe HOpMUpYeTCs 59,50
5 | Comepxanue MgO, % HEe HOpMUpYeTCs 2,89
6 S;ﬁ:;é?ﬁ;%lf&?g IIZ%P)IH W HaTpusl B TIepecyeTe He HOpMUpYeTes 0,84
Conep:kaHue HEPACTBOPUMOTIO ocTaTka, % HE HOpMUpPYETCS 0,47
Conepxanue SO,, % He 6oJee 3,5 2,59
Conepxanmne Cl-, % He 6oee 0,10 0,02
PacueTHbIt MUHEpaAIOTMUECKUIA COCTAaB KIIMHKEPa
10 | Conepxanue C.S, % HE HOPMUPYETCS 67,0
11 | Conepxanue C.S, % HE HOpMUpPYETCS 11,0
12 | Cymmapnoe conepxxanue C,Su C,S, % He MeHee 67,0 78,0
13 | Conepxanue CA, % HE HOPMUPYETCSI 6,4
14 | Conepxanue CAF, % He HOPMUPYETCSI 12,0
15 | Conepxanune MgO, % He 6oiree 5,0 1,57
Duznueckue XxapaKTepruCcTUKN
16 | Tonkocth nomoa, % HE HOPMUPYETCS 8,1
17 | Inoinaap yaeabHOM MOBEPXHOCTH, M2/KT HE HOpMUpYETCS 304
18 Hauano cxBaTbiBaHUSsI, MUH He paHee 75 192
Komnelr cxBaTbiBaHUSI, MUH He HOpMUpYeTCs 235
19 | PaBHOMEpHOCTH U3MEHEHMST 0ObeMa He 6onee 10 0,4
20 | BomororpedbHoCTh, % HE HOPpMUPYETCS 25
[MpouHoCTHBIE XapaKTEePUCTUKH
21 | IIpemen mpounocTu Ha u3rud, MIla, B Bo3pacre:
— 2 ¢cyTOK He HOpMUPYETCS 3,8
— 28 cyTok He HOpMUPYETCS 7,5
22 | Ilpenen mpouyHocTH Ha cxxatue, MIla, mpu TBepaeHUU:
— B ycaoBusix TBO 6omee 30,0 31,4
— B HOPMAaJIbHBIX YCJIOBUSIX 2 CYyTOK He meHee 10,0 17,2
— B HOPMAJIbHBIX YCIIOBUSAX 28 CYTOK ot 42,5 no 62,5 43,6

Kpome Toro, BbIOOp MUHEpaTbHBIX 100ABOK 00Y-
CJIOBJIEH UX TBEPIOCTHIO, a CEA0BATEIbHO, U MOYJIEM
ynpyroctu. Eciv Monyiab ynpyrocTu MUHEPaTbHbBIX
00aBOK Y TUAPATUPOBAHHOIO 1LIEMEHTA OTIMYAIOTCS,
TO MPU ICWCTBUU HA CUCTEMY BHEIITHUX YCUJIMA B HEW
OyIeT MPOUCXOAUTD MepepacnpeneieHe HanpsoKeHU i
B CTOPOHY KOMIIOHEHTA C HAMOOJIbIINM MOJYJIEM YIIPY-
TOCTH.

I1pu sTom nobGaBku, obaagaoIIe BOJTOKHUCTOM
CTPYKTYpPOI, OYIYT OCYIICCTBISITh MUKPOApMHUPOBAHME
LIEMCHTHOM MaTPUIIBI NCKYCCTBEHHBIX KOMITO3UTOB.

Kanpumii-cogepxaiiye 106aBK1 BBOIWINCH B TTOPT-
JIAaHALIEMEHT B KosmuecTse ot 2 10 11 mac. %. Cmech
TIepEeMEIIMBaJIA B CYXOM COCTOSIHUU. M3 TI0Iy9eHHOTO
MOIM(DUIIMPOBAHHOTO BSLKYIIETO TOTOBIIIM IIEMEHTHOE
TECTO CTAHAAPTHOM TYCTOTHI 1 3aTeM (popMOBam 0dpas-
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Tabauuya 2

VieabHbie TEPMOANHAMUNICCKHE XAPAKTECPUCTUKH coeuHeHuI

T GO G T Dnranbnus obpazosanus (AH',,.), DHTpONUs 00pa30BAHKUA
KI[)K/P (Sozgs)’ I[}K/(r ° K)
Tpexxkanbuuesbiii cunukar (3Ca0 - SiO,) —12,83 0,74
JIByXKaabLIMEeBbIN CUIUKAT —13,40 0,74
(B-2Ca0O - Si0,)
Tpexkanbuuenbiit amomuHar (3Ca0 ¢ Al O,) —13,29 0,76
Huoncun (CaO » MgO - 2Si0,) —14,80 0,66
Bosnacronur (CaO - SiO,) —14,10 0,71
Hspecrnsk (CaCO,) —12,06 0,88
Tabauya 3
XuMHYECKHii COCTAB KaJbIHii-COAePKAMKX 100aBOK (10 JTAHHBIM MPOU3BOIUTEJIS)
Hanvenosanue Xummuyeckuii coctas, % mac.
106aBOK CaO SiO, MgO ALO, Fe O, R0 TiO, ILIL.1I
Huomncun 26,23 53,44 17,91 0,19 0,08 0,12 0,11 1,90
Bomnnacronur 34,72 53,43 0,30 3,06 2,34 — — 6,24
W3BecTHSIK 54,7 0,5 0,5 0,2 0,1 — — 40,4
Tabauya 4 C ITOMOIIBIO0 CKAHUPYIOIIETO SJIEKTPOHHOTO MIKPO-
TBepaocTb coeTuHEHUIH ckoma Hitachi TM 1000 Hitachi Science Systems Ltd u3-
y4Jajaach MUKPOCTPYKTYpa IIeMeHTHOTo KaMHsI. CTeTIcHb
Ha“MeHOBaﬂj’le Tsepnoctnb yBennueHnst Mukpockora ot 20 mo 10 000.
VLT ET no mkane Mooca Ha aBTOMaTH31pOBAaHHOM PTYTHOM MopoMepe (T10-
CaO * MgO + 28i0, (auoricun) 6,5 posumetpe) AutoPore IV 9520 dpupmber Micromeritics
CaO + SiO, (BOTACTOHMUT) 5.0 (CILA) mccnmenoBalInch CTPYKTYPHBIC XapaKTePUCTUKI
CaCO, (I/I;BeCTHHK) 3: 0 TUAPATUPOBAHHOTO KaMHS.

e, J1J1s1 3aTBOPEHMST MOAM(PUIIMPOBAHHOTO BIKYIIIETO
TIPY TIPOBEACHUM SKCIIEPUMEHTAIBHBIX MCCIICTOBAHMIA
HCTIOT30BaIaCh BOIA, VIOBICTBOPSIOIIAS TPEOOBAHUSIM
T'OCT 23732.

[IpoyHOCTHBIC XapaKTePUCTUKU IIEMECHTHOM CH-
CTeMBI OTIpeACISIIACH Ha 00pa3iiax-KyonKax ¢ peOpoM
20 mM. MI3roTaBImBanoch IATh CEpUii 00pa3oB, KOTO-
pBle HabMpau IIPOYHOCTD B ycoBusx TBO u B cTaH-
JApTHBIX yclioBUsX. Pexxnm mpoBenenus TBO: 4 yaca —
peaBapuTeIbHAS BEIACPXKKA IIpH TeMItepaType 20 =+
2°C; 3 gaca — mmombeM TemIieparypsl mo 80°C, 8 ga-
COB — BBIIEpKKaA IIPU JaHHOI TeMIlepaType; 3 yaca —
CHIDKCHHUE TeMIIepaTyphl. B cTaHIapTHBIX YCIOBUIX
(temmepatypa 20 £ 2°C, BIaxKHOCTbh — He MeHee 95%)
00pa3IIbl NCITBITEIBAIMCH B Bo3pacte 1, 3, 7 1 28 cyTok
COOTBETCTBCHHO.

PenTreHOrpaMMBI TUAPATHPOBAHHOTO TTOPTJIAHIIIC-
MEHTa KOHTPOJIEHOTO COCTaBa M C KaJIbIINIi-COIepKaIIIN-
MM J00aBKaMH CHIMAJIMCh Ha TTIOPOIITKOBOM TN PAKTO-
metpe D8 Advance (Bruker AXS, I'epmanus).

PE3YJIbTATBI

Pe3ynbTaThl BIUSHUS KaJdbLWi-comepKalimx 100a-
BOK Ha MPOYHOCTHBIE XapaKTePUCTUKN MOIU(DUIINPO-
BaHHOTO IIEMEHTHOTO KaMHS IIPeJCTaBIeHbI Ha puc. 1, 2.

OBCYXJIEHUNE

AHaIIN3 TTOJIy4eHHBIX 9KCIIEPUMEHTATBHBIX TaHHBIX
MMOKAa3bIBAET, UYTO TOOABJIEHKE JaxKe HEOOIBIITIOTO KO-
yecTBa (2%) ucciienyeMbIX KalbLMii-coaepKalnX 100a-
BOK (BOJIJTAaCTOHUTA, TUOTICHIA, U3BECTHSIKA) TIPUBOIUT
K CYIIECTBEHHOMY YIIPOYHEHUO MOTUMDUIIMPOBAHHOTO
LIEMEeHTa.

[MoxydeHHBIE SKCIIEpUMEHTATbHBIC 3aBUCHMOCTH
10 BIMSTHUIO BUAA ¥ KOJIMYECTBA KaIbIIN-CoMepKaIx
J100aBOK Ha MPOIECCHl KWHETUKU 1IEMEHTHBIX KOMITO-
3UTOB TTOKA3bIBAIOT, YTO B HAYAJIBHBIN TTeproa Habopa
MMPOYHOCTU HAMOOJIBIIIETO YITPOYHEHMS MaTeprajia MOX-
HO IOCTHYb J100aBIeHeM U3BecTHAKA. [obasnenue 2%
M3METBFYCHHOTO M3BECTHAKA YIIPOYHSICT IIEMEHTHBIN Ka-
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Puc. 1. 3mMeHeHHe NPOYHOCTH IIEMEHTHOIO KAMHS MPH BBEIEHHH KAJIbIHii-COIePKAIINX 100aBOK.
TBepaeHne B HOPMAJIbHBIX YCJIOBHSAX B TedeHHe: a) 1 cyTok; 0) 3 cyToK; B) 7 CYTOK; I') 28 CyTOK
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Puc. 2. Vi3meHneHne NpOYHOCTH IIeMEHTHOTO KaMHS TIPH
BBeJleHHH KaJIbIMii-coepKamux 100aBoK. TBepaeHue

B yciaoBusax TBO

MEeHb, TBepAEBIIMI B TeueHre 1—3 cyTok no 20%. B moan-
HMe CpOoKM Habopa TPoIHOCTH (7—28 CyTOK) HanOOIbIIIee
YIIPOYHEHHE KaMHSI TTOJIy4eHO P BBEICHUU BOJUIACTO-
HuTa ¥ auoricuna. [1pu 3ToM onTUMaIbHOE KOJTMYECTBO
C TOUKU 3pEHUST YITPOUHSTIoNIero 3 deKTa BoIacCTOHUTA
cocranisiiio 9%, muoricuna — 7%. MoauduiinpoBaHue
MOPTJIaHALIEMEeHTa 9% BOJIIACTOHUTA TIPUBOJIMT K YBEJIN-
YEHUIO ITpoYHOCTH 110 27,5%. JloGasnenue 7% nuoncuna
MIPUBOIUT K OOJIbIIEMY YIIpOuHeHMIO (10 48%). BBeneHue
KaJIbLIMI-CcoMepKalInX T00aBOK CBEPX ONTUMATBHOTO
KOJIMYECTBA TIPUBOIUT K CHUXKEHUIO TIPOYHOCTH MO~
(bnpoBaHHOTO TIEMEHTHOTO KaMHSI.

YnpouHsttomnii 3¢ @eKT Mpy BBEASHUHM BOJUTACTO-
HWTa U TUOTICUJIA CBSI3aH C Tiepepacripee/ieHueM Ha-
MIPSKEHWI B IIEMEHTHOM KaMHe TIPY ICCTBUU Ha HETO
BHEITHUX YCWJIMIA, UYTO OGYCIOBICHO UX OOJIBIIIEH TBep-
JIOCTBIO Y GOJIBIITUM MOJIYJIEM YITPYTOCTH, YeM I'MIpaTH-
POBaHHOTO KaMHSI.

TBepaocTh U3BECTHSIKA HUXKE, YeM Y THAPATUPOBaH-
HOTro 1eMeHTa. To ecTh Ipu 3TOM JAeiicTBUEe 106AaBKU
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00yCJIOBJIEHO ApyruMu npuynHamu. [lodaBieHue mu3-
BECTHSIKA MPOSIBIISIETCS B IIPOLIECCE TMAPATALIMU BSIKY-
ero nyreM (opMUPOBAHUSI KOHTAKTHOM 30HBI MEXIY
YacTULIAMU JO0ABKU U TMAPATUPOBAHHBIM LIEMEHTOM.
st 3TOr0 GBI IIPOBEAEH PEHTreHO(A30BbIA aHAIN3
LIEMEHTHOI'O KaMHsI 0€3100aBOYHOI0 COCTaBa U COCTaBa
C BBeICHHEM U3BECTHSIKA, TAKXKe ObLIa UCCIIEIOBaHA UX
MUKPOCTPYKTYpA.

JNudpakrorpaMMbl IEMEHTHOIO KaMHsI ¢ HanboJiee
XapaKTePHBIMU MEXIUIOCKOCTHBIMU PACCTOSIHUSIMU TH-
JIpaTHBIX (a3 MpuBeIeHBI Ha puc. 3—4.

HNudpakrorpaMMbl THAPATUPOBAHHOTO KAMHS KOH-
TPOJILHOT'O U MOANMDULIMPOBAHHOTO U3BECTHSIKOM CO-
cTaBa IMOATBEPAMUIIN €r0 BIUSHKE Ha IIpoLiecc 00pa3o-
BaHUs Kpuctayutoruapatos. [1pu MmoguduLupoBaHUK
LIEMEHTHOTO KaMHS U3BECTHSIKOM CHUXXAETCsI UHTEH-
CUBHOCTb pedieKcoB ruapokcuaa Kanbius (d = 0,493;
0,262;0,192;0,179; 0,169; 0,148 HM) 1 yBeTMYMBAETCS
MHTEHCUBHOCTD pedIEKCOB I'MAPOCHINKATOB Kallb-
uust (d = 0,310; 0,302; 0,288; 0,277; 0,260 um). Kpome
3TOTr0, Ha AudpakTorpaMmMax MOAU(MULIMPOBAHHOIO
KaMHS$I 00HapyXeHbI pedIeKChl TAPOKApOOaTIOMIHA -
Ta Kaneumsa (d = 0,302; 0,288; 0,277; 0,227 HM) U TH-
npokapbocuiankara Kanbuus (d = 0,349; 0,311; 0,288;
0,262; 0,228 uMm).

7151 maTbHEUIIero BEISIBIICHNST (DAKTOPOB, YIIPOJHSI-
IOINX TUAPATUPOBAHHBIN KaMEHB TP BBEACHUU IC-
IIepPCHBIX T00aBOK, M3yJajaach KaK MaKpo-, TaK U MU-
KPOCTPYKTYpa IIEMEHTHOTO KaMHS KaK 0e3100aBOTHOTO
coCTaBa, TaK 1 ¢ M00aBKoil. MaKpOCTpyKTypa OlIeHIBa-
JIach XapaKTepOM U pa3MepoM Iop B c(hOPMUPOBAHHBIX
oOpasmax. Pe3ynbrarsl IpencTaBieHbl B Ta0I. 5 1 6.

CTpyKTypa EeMEHTHOTO KaMHSI 0e3 100aBOK ITOpH-
CTasl, COOEPKUT OOJBIIOEC KOJUICCTBO KPYITHBIX TTOP
(pa3mepamu 1o 50 mxMm). Kpucrammoruaparsl mpei-
CTaBJICHBI B OCHOBHOM BBEICOKOOCHOBHBIMH THUAPOCH-
JIMKaTaMu ¢ pa3MepoM Top 10—15 MKM U KpYITHBIMUA
KpUCTAJUTAMU 3TTPUHTUTA.

CTpyKTypa KaMHS ¢ M00aBKOIt Gojee MIOTHAs,
OIHOPOIHASI U MEJIIKOKpHCTAJUTMIeCcKast. PasMepsl mop
y MOIU(pUIIMPOBAHHOTO KaMHS 3HAYNUTEIBHO MEHBIIIE
(0,15 MKM 1 MeHee).

AHam3 TIOPUCTOCTH CTPYKTYPHI ITOKA3aJjl, 9TO P
BBEACHUHU B CUCTEMY KaJIbIIMIi-CcOAepXKaIIIX J00aBOK
00111 00BEM TTOp YMEHBIIACTCS, YBEIMUNBACTCS CO-
nepxxanue mop pasmepom 0,003—1,2 mxMm. IIpu aTom
M3MEHSIETCSI CTPYKTYpa cCaMHUX IIOpP, XapaKTepHCTHUe-
CKasl ITMHA TI0P 3aMETHO BO3pacTaeT M CYIICCTBEHHO
ITOHIKAETCS M3BUIIUCTOCTD 1Top. OCHOBHAS TOJISI 00B-
eMa 1op (6osiee 95%) IPUXOAUTCSI HA TIOPHI pa3MEPOM
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Puc. 3. /IudpakTorpaMma eMEHTHOrO KaMHs1 0€3100aBOYHOr0 COCTABA:

* — Ca(OH),; 0 —

C—S—H; 0 — C—A—H; e— C,A+ CaCO, * 12H,0
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Puc. 4. JIudpakTorpaMmma neMeHTHOTO KaMHSI, COJEePKAMIEro H3BECTHSK:
*—Ca(OH),; 0 — C-S—H; 0 — C-A—H; *— C A~ CaCO,* 12H,0

MIRAS TESCAN SEM MV S0V
View feld: 353 pm
SEM MAG: 500 kx

Puc. 5. CtpykTypa 1eMeHTHOTr0O KaMHs, TBepAeBIIero B Tedenue 7 cyTok ¢ ypeauueHneM B 10 000 pa3: a — ieMeHT-
HbIl KaMeHb 6€3100aBOYHOT0 COCTaBa; O — IEMEHTHbBIN KaMEHb C JI00aBJIeHUEM U3BECTHIIKA

meHee 0,15 MmxMm. Boma B Takux mopax OyaeT HaXOIUThCS Tak xak y MOIMPUIIMPOBAaHHOTO LIEMEHTHOTO KOM-
B IUIEHOYHOM COCTOSIHWM, UTO, B CBOIO OU€pellb, MOXKET  TO3UTA XapaKTepuCTUUYeCKasl JVIMHA TTOP YBEJIMUUBAETCS
TIPUBECTU K YBEJIMUCHUIO MOPO30CTOMKOCTH MOIN(DU- Y YMEHbBIIAETCSI U3BWJIMCTOCTb ITOP, TO CO3Iat0TCs 60-
LIMPOBAHHBIX LIEMEHTHBIX KOMITO3UTOB. Jiee 6J1IaroNpUsITCTBYIOLIME YCIOBUS MIPU MEPEMEILICHU N
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SEM HV: S0V
View field: 139 pm
SEM MAG. 200 kx

SEM MV 5.0 WV
View fiald 139 pm
SEM MAG: 200 kx

Puc. 6. CTpyKTypa 1IeMEHTHOTO KaMHs, TBEp/AEBIero B Teuenne 28 cyTok ¢ yseanuennem B 10 000 pa3: a — eMeHT-
HbII KaMeHb 0€3100aBOYHOI0 cocTaBa; 0 — IEMEHTHbBII KaMeHb C J00aBJIeHUEM U3BECTHSIKA

Tabauya 5
XapakTepuCTHKH MOPUCTOM CTPYKTYPbI THAPATHPOBAHHOTO KAMHS
XapaKTepucmxu ﬂOpﬂCTOﬂ CTPYKTYPbI THAPATHPOBAHHOIO KAMHS B 3aBUCHUMOCTH OT COCTaBA BAXKYILEro
Cpenunii T e nopTIaHIeMeHT ¢ 9% mac. NOpPTIAHINEMEHT ¢ 7% Mac. noprianauement ¢ 1% mac.
JAUaMeTp nop, BOJUIACTOHHUT JUONCuI HU3BECTHAKA
MEM 00beM MOp, | IIOIAAb MOP, | 00bEM MOp, | IMIIOWIAJb MOP, | 00bEM MOp, | MIOIIAAb MOP, | 00BEM MOp, | IJIOIIAIb NOP,
mi/r m2/r mi1/T Mm%/t m1/T m2/r m1/T M2/r
73,1-361,0 0,1275 0,003 0,0919 0,002 0,0903 0,002 0,1108 0,003
15,4-73,1 0,0146 0,003 0,0115 0,002 0,0131 0,002 0,0162 0,003
1,2—15,4 0,0164 0,033 0,016 0,029 0,0138 0,026 0,0165 0,031
0,05—1,2 0,036 0,741 0,041 0,944 0,043 0,958 0,039 0,872
0,05—0,15 0,031 4,281 0,035 4,806 0,037 4,824 0,033 4,232
0,003—0,05 0,088 22,456 0,101 24,939 0,105 25,012 0,090 21,865
Hroro 0,3128 27,517 0,2968 30,722 0,3026 30,824 0,3051 27,006
Tabauya 6
XapakTepuCTHKU MOPHCTOCTH EMEHTHOTO KaMHsI (00001eHHbIE TAHHBIE)
CocTas BSKYIIIEr0 BelecTBa
XapaKTepucTHKH ITopt- IToprnanauement | Ilopraanauement | Ilopraanauement
JIAHI- ¢ 1% mac. ¢ 9% mac. ¢ 7% mac.
EMEHT H3BECTHAKA BOJUIACTOHHUTA JIHOTICHA
CyMMapHbIii 00beM ITOpP, MJI/T 0,3128 0,3051 0,2968 0,3026
O0beM nop IuaMeTpoM MeHee
0.15—1,2 Mk, % 16,4 18,4 19,9 20,3
O0BbeM nop IuaMeTpoM MeHee
0,003—0,15 MKm, % 32,9 34,6 39,9 41,0
CpenHuii nuaMeTp mop, MKM 0,0571 0,0485 0,0450 0,0407
XapakrepucTrueckas JjIMHa Mop, MKM 1,681 6,892 7,634 7,673
M3BunucrocTs mop, OTH. €. 183,28 33,356 28,498 28,279
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YacCTH BOIBI B OJIMKAWIIINE BO3MYIITHBIC BKIIOUCHUS.
Bo BpeMms 3aMep3aHus XKUIKOCTHU JaBJICHHUE BO3PAaCTaTh
BHYTpM OeTOHa He OyeT.

SAKTIOYEHHUE (BBIBO/bI)

Takum 00pa3oM, MOXHO CACIATh CIACAYIOIINE BhI-
BOJBI:

1. IoBeiieHne TpoyHOCTY KaMHst Ha 20—48% mipu
BBEICHUN MCCIIEAyEeMBIX KaJIbLIHI-COMepsKaIINX J00aBOK

0IM30CTBHI0 NX TEPMOIMHAMMICCKUX XapaKTEPUCTUK
1 XUMHUIECKOTO COCTaBa C KITMHKEPHBIMHI MIHEpaTaMMu.

2. bonbimmit yrpouHsionnii a(hGekT npu 100aBIeHIN
nuoricuaa (1o 48%) o0bsicHSIETCST OOJIbLIEH TBEPAOCTD
1 OOJIBIIIMM MOJYJIEM YIIPYTOCTH TUOIICHIA TI0 CpaBHe-
HUIO C BOJUTACTOHUTOM U M3BECTHSIKOM, IIPOYHOCTD IIPH
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3TUKA HAYUYHbIX NYBNIMKALUN U NPELOTBPALLEHUE
HEAOBPOCOBECTHOW MPAKTUKU NYBJIMKALUNA

TpeboBaHuA cobnofeHna Ny6NMKaLMOHHON 3TUKU MpY MOAFOTOBKE U M3OaHWUM XypHana «HaHoTexHomnorum
B CTPOMTENbCTBE» KACAIOTCA BCEX YYACTHUKOB PeAaKLMOHHO-/3[aTeIbCKOro NpoLecca — aBTOPOB, PELAKTOPOB, pe-
LIeH3eHTOB U M3[aTesis, CO3AaloLMX 3TOT XKypHain. Pefakumsa x)XypHana cienT 3a BbiMONIHEHVEM TPeboBaHNU STUKN,
ONMPasCb Ha PYKOBOACTBA, NMOArOTOBJIEHHbIE 3apybeXKHbIMI NMPOGUIIbHBIMY OPraHM3aLMUAMK, acCCOLMALMAMUN U 13-
[aTenbCTBaMy, a Takxke Accoupralmelnt HayYHbIX PefakTopoB U nsgatenein. OCHOBHbIMW JOKYMEHTaMK, Ha KOTOopble
onupaeTcsa pefakuma XypHana «<HaHOTEXHONOrMM B CTPOUTENbCTBEY, ABNATCA pa3paboTku KomuteTa no nybnvka-
umnoHHonm 3tmke (Committee on Publication Ethics), Bennko6putanus, nsgatenscrsa Elsevier (Hugepnaxgbi) u gpyrux
3apybeXKHbIX PelakTOPCKNX accoLmalunin n nHGOPMAaLMOHHbBIX CUCTEM, a Takxe [Jeknapauus «3Tnyeckme nprHLUmnb
Hay4HbIX Ny6arKaumniy, NPUHATaa Accoumalmeli HayYHbIX pefakTopoB u usgateneii (Poccus).

OTBEeTCTBEHHOCTb aBTOPOB XypHana «HaHOTeXHONornm B CTpOUTENbCTBE

1. ABTOp OTMNpaBnsAeT Ha PacCMOTPEHUE CTaTblo, MaTepuranbl KOTOPOW paHee He 6binn onybnnkoBaHbl. Ecniv ctaTtba
OCHOBaHa Ha paHee onybNMKOBaHHbIX MaTepuranax He CTaTeHOro XxapakTepa WUin Mmatepurasbl NpeacTaBneHbl B MH-
TepHeTe, ciefyeT yBefoMUTb 00 3TOM peflakLmIo XKypHara.

2. ABTOp He OTNpaBnAeT Ha PaCCMOTPEHME OfHY CTaTblO B Pa3Hble XYpPHarsbl.

3. Bce coaBTOpbI COrNacHbl Ha NpefCcTaBaeHre CTaTby B XKypHarl.

4. ABTOp yBEAOMNAET PeAaKLMIo O MOTeHLNaIbHOM KOHGNKTe nHTepecoB. O6 OTCYTCTBUM KOHGNMIKTa MHTEPECOB
aBTOP YKa3blBaeT B CTaTbe — «ABTOP 3aABNAeT 00 OTCYTCTBMM KOHOIMKTa UHTEPECOBY.

5. ABTOp NpeanpuHMMaeT Heobxofmble Mepbl, YTOObl y6eANTLCA B KOPPEKTHOCTN NPeACcTaBIeHHbIX B CTaTbe L-
TUPOBaHUN.

6. B cnncok aBTOpOB BK/TIOYAKOTCA TONbKO NMLA, BHECLUWE 3HAUNTENbHbIN BKa B MPOBEAEHMEe UCCIeOBaHUA.

7. ABTOp KOPPEKTHO LMTMPYeT CBOW NpeablayLue paboTbl 1 M36eraeT camonarmara B PyKOnucy U NCKycCTBeHHO-
ro ysenuyeHus obbema nybnmkaumia (salami-slicing).

8. KOHTaKTHbI aBTOp yBEAOMIAET CBOMX COAaBTOPOB 000 BCEX U3MEHEHUAX U NPEeASIOKEHNAX CO CTOPOHbI pe-
[aKUMKW XKypHana v He NPUHMMAET PeLeHnn OTHOCUTESNIbHO CTaTbW €AUHONNYHO, 6€3 MMCbMEHHOMO Cornacusa Bcex
COaBTOpPOB.

9. ABTOp KOPPEKTHO BeAeT NePEenmncKy C peLeH3eHTOM Yepes pefakTopa 1 0OTBeYaeT Ha KOMMeHTaprm 1 3ameva-
HWA, eCIY OHW BO3HUKAIOT.

10. Mpun He0BXOAUMOCTIN aBTOPbI KOPPEKTUPYIOT MPEACTaBNIEHHbIe B CTaTbe JaHHbIE U ONPOBEPTaloT UX.

OTBeTCTBEHHOCTb PefjlaKTOpPOB XKypHana «kHaHoTexHonornu B cTpouTenbCcTBe»

1. PepakTopbl »KypHasia CaMOSIMYHO 1 HE3ABUCMMO HEeCyT OTBETCTBEHHOCTb 3a COAEP»KaHMe NMy6/IMKyeMbIX MaTe-
puVanoB 1 NPU3HAIOT 3Ty OTBETCTBEHHOCTb. [JOCTOBEPHOCTb paccMaTprBaeMon PaboTbl 1 ee Hay4yHas 3HAUYMMOCTb
BCerga JOMKHbI JieXKaTb B OCHOBE peLleHus o ny6nvkaumu.

2. PepakTopbl KypHana MOryT NpoBepuTb NOJTyYeHHble MaTepurasbl B CcTeMe AHTUMIAraT no obHapy»KeHuto 3a-
MMCTBOBAHWI, CMOCOOCTBYA 3alyUTe aBTOPCKOro Mpaga.

3. PepakTopbl MPVHUMAIOT YeCTHble 11 OOBEKTMBHbIE PELUEHMA HE3aBUCMMO OT KOMMEPUECKMX COObparkeHUi
1 06ecneyrBaloT YeCTHbIN 1 3P PEKTUBHDBIV NPOLIECC HE3aBUCUMOTO PELIEH3NPOBAHNA.

4. PefjakTopbl OLIEHVBAIOT UHTEN/EKTYaNIbHOE COePKaHMEe PYKOMMCE BHE 3aBUCUMOCTY OT pachl, Mona, CeKCyasb-
HOW OpUEHTALNN, PENUTMO3HBIX B3MAA0B, MPOVCXOXAEHUA, FPAXXAAHCTBA U MNONIUTUYECKUX NPeANoUTeHN ABTOPOB.

5. PepakTopbl He paboTaloT CO CTaTbAMM, B OTHOLUIEHUN KOTOPbIX Y HUX €CTb KOHQNIMKT MHTEPECOB.

6. PeflakTopbl >KypHana paspeluatoT KOHGANKTHbIE CMTYaLuUK, BO3HMKAlOWYeE B NpoLecce paboTbl, 1 MCMONb3yioT
OJ1A X paspelLLeHns BCe AOCTYMHble CpeAcTBa.

7. Pegaktopbl )KypHana ny6nukyoT nHbopmaLuio 06 MCnpaBieHrAX, ONPOBEPXKEHWAX 1 OT3bIBaxX CTAaTeN B CJlyyae
BO3HWKHOBEHMS TaKO HEOOXOAMMOCTN.

8. PelakTopbl XKypHana He Ny6vKyT KOHEUHbI BapMaHT CTaTby 6e3 ero cornacoBaHus ¢ aBTOpamu.
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OTBeTCTBEHHOCTb PeLeH3eHTOB XXypHana «HaHoTexHonorum B CTponTenbCcTBE»

1. PeLieH3€eHT oLeHBaeT CBOIO 3aHATOCTb Nepes Corflaciem Ha SKCNepTU3y PyKOMUCK 1 COrnaLlaeTca Ha peLieH3n-
pOBaHMe TONbKO MPY HANIMYUM JOCTAaTOYHOTO BPEMEHM HA KaueCTBEHHYI0 paboTy.

2. PeLieH3eHT ncnosnb3yeT pa3paboTaHHyto pefakuueit )XypHana ¢popmy, KOTOPYIO OH MOJTyYaeT BMeCTe CO CTaTbel.
PeueH3eHT BNpaBe fatb 60siee pacluMPEHHYI0 peLeH3NIo.

3. PeuleH3eHT npegynpexgaeTt pefakumio 0 HaMuMm KOHGIMKTa MHTEPECOB (eC/v OH BO3HKK) 10 Havasna paboTbl
CO CcTaTben.

06 oTcyTCTBMY KOHONNKTA UHTEPECOB PELIEH3EHT YKa3bIBaEeT B PeLIeH3UN — «PeLieH3eHT 3anaBseT 06 OTCyTCTBUM
KOHONMKTA UHTEPECOBY.

4. PeLleH3€eHT He nepefaeT CBeAieHMA O CTaTbe U laHHble, KOTOPbIE B HEl COfep»KaTca, TPETbUM NInLaM.

5. PeuleH3€eHT He ncnosnb3yeT MHGOpPMaLUIo, MOYUYEHHYHO U3 CTaTbl, B IMYHBIX M1 KOMMEPUECKUX LieNfAX.

6. PeLieH3eHT He ienaeT BbIBOAOB O KaueCTBe CTaTbl HAa OCHOBE CYObEKTUBHbIX JAHHDbIX: IMYHOTO OTHOLLEHUSA K aB-
TOpPY, ero nona, BoO3pacTa, BeponcnoseaaHus.

7. PeLieH3eHT 1Cnosib3yeT TONIbKO KOPPEKTHbIE BbIPAXKEHMA 1 OObACHEHUS B OTHOLLIEHWY CTaTby, HE MEePEeXoauT Ha
JINYHOCTMN.

OTBeTCTBEHHOCTb U3gartens XKypHana «HaHOTeXHONorum B CTponTenbCcTBe»

1. i3patenb He TONbKO NOAAEPKMBAET HayUHble KOMMYHVKALWW 1 MIHBECTMPYET B JaHHBIN NMPOLIECC, HO TaKXKe He-
CeT OTBETCTBEHHOCTb 3a COOMI0AEHNE BCEX COBPEMEHHbBIX PEKOMeHAALMI B Nybnmkyemon paborte.

2. V3paTtenb He BNUAET Ha pefaKkUMOHHYIO MOSINTUKY XKYPHana.

3. M3paTtenb oKa3blBaeT OPUAMYECKYIO MOAAEPKKY PeflakLmu XKypHana npy HeO6XO[UMOCTH.

4. /13patenb obecneurBaeT CBOEBPEMEHHOCTb BbIXOZA OUepPeHbIX BbIMYCKOB XypHana.

5. V3gatenb ny6nunkyeT NpaBKu, MOSICHEHUSA 1 OT3bIBAET CTaTbl, B KOTOPbIX Oblfiv BbISBIEHbI HAPYLLIEHWA HAyYHOW
STUKU WU KPUTUYECKNE OLLINOKN.

OTBeTCTBEHHOCTb [1aBHOr0 peflakTopa XKypHana «HaHoTexHonorum B CTpouTenbCcTBe»

1. [NaBHbIV pegakTop OTBEYAeT 3a MPUHATME pPELLEHUA O TOM, Kakne 13 NpeacTaB/ieHHbIX B pefaKkumio XXypHana
paboT cnenyeT onybnnKoBaTb. ITO peLleHre BCeraa AOoMKHO NPYHUMATbCA Ha OCHOBE NMPOBEPKM JOCTOBEPHOCTM Pa-
60Tbl U ee BaXKHOCTU /151 UCC/iefoBaTeNen 1 untatenei. [MaBHbI pefakTop MOXET PYKOBOACTBOBATbCA MeToauue-
CKUMW pPeKOMEHAALMAMM, pa3paboTaHHbIMU PefIKOIEren XXypHana, U TaKUMy I0pUANYECKMU TPe6oBaHUAMM Kak
HefonylleHVe KNeBeTbl, HApYLUEHUA aBTOPCKOro NpaBga v niarvata. Takxke Npu NpUHATAM pPeLleHmns no nybnukauum
rNaBHbIN pefakTop MOXET COBETOBATLCA C UIeHaMU PeACcOBETa, PeAKONNErnn, PpeLLeH3eHTaMI.

2. [naBHbIN pefaKTop OLEeHVBAET NpefCcTaB/ieHHble PaboTbl MO UX UHTENNIEKTYaNIbHOMY COfepXKaHuIo, HEB3KMpas
Ha pacy, Nos, CeKCyanbHY OPUEHTALUIO, PENIUTMIO, STHUYECKOE MPOUNCXOXKAEHNE, FPaXKAAHCTBO UM MNOAUTUYECKME
B3rnAAbl aBTopa.

3.[naBHbI pefakTop, COTPYAHUKU pefaKLUnK, YNIeHbl PELKONErv He OJXKHbI PacKpbiBaTb MHPOPMALMIO O Npea-
CTaBJIEHHOW PYKOMMWCU KOMY-NINOO APYromy, 3a NCKIIOYEHNEM aBTOPa, PELIEH3EHTOB, MOTEHLMANbHBIX PELIEH3EHTOB,
a TaKkXe nspatens.

4. CBefieHNs, cogepKalymecs B NpeacTaBleHHON CTaTbe, He IO/KHbI CMOJIb30BaTbCA B KAKOW-NTMO0 COOCTBEHHOM
paboTe rmaBHOro pefakTopa 1 YIeHOB peacoBeTa 1 pepkonnerny 6e3 NMcbMeHHOro paspelueHns aBTopa. KoHdu-
LeHLUManbHas MHGopMaLMA NN NIewn, NOJyYeHHblE NPU PELLEH3UPOBAHUN, LOMKHbI XPAHUTLCA B CEKPETE U HE 1C-
NnoJib30BaTbCA ANA NONYYEHUA IMYHOW BbIFOAbI.

5.naBHOMY pefiaKkTopy CrnefyeT OTKa3aTbCA OT CBOEro y4yacTus B PeLeH3MpoBaHNM B Clyyvae, eCiiv NpucyTCTByeT
KOHQNUKT MHTEPEeCOoB, MPOUCTEKAOLMIA U3 KOHKYPEHLNW, COTPYAHUYECTBA I APYTMX OTHOLIEHUN C KeM-In6o 13
aBTOPOB, KOMMAHWI U YUYPEXKAEHN, UMEIOLLMX OTHOLLEHME K CTaTbe.

6. maBHOMY pefaKkTopy ciiegyeT TpeboBaTb OT BCEX aBTOPOB XypHasia NpefoCTaBNATb CBEAEHMA O COOTBETCTBYH0-
LMX KOHKYPUPYIOLWMX MHTEPECcax 1 Ny6MKoBaTb UCMPABIEHMS, €CNIN KOHONIMKT MHTepecoB Obin pa3obnayeH nocsne
nybnukayun. B cnyyae HeOGXOAMMOCTU, MOXET BbIMNOHATLCA APYroe NOAXOAsLLee CJlyyato JeCTBME, TaKoe Kak nyo-
NMIKaLUsi ONPOBEPXKEHMWA UV BbIPaXKeHMA 03a00YEHHOCTU.

7. [naBHOMY peflakTopy crieflyeT NprHMMaTb Pa3yMHO ObICTpble Mepbl NPU MOCTYMIEHNM »Kanob 3TUYECKOro Xa-
paKkTepa B OTHOLUEHWUW NpeAcTaBieHHOW PYKOMMUCU Ui OMy6SIIKOBAHHOWM CTaTbU, UMEA KOHTaKT C pefaKumen, us-
JaTtenem.
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O6paboTKa Kanob 1 anennaumin

B cnyuae noctynneHus xanob 1 annensynii Ha3HavaeTcs KOMUCCKSA, B COCTaB KOTOPOI MOTYT BXOAUTD: U3faTenb,
rMaBHbI PeAAKTOP, 3aMeCTUTE b [MTABHOrO PefakTopa, YieHbl pefaKLUNOHHON KOMMeruun, aBtTopbl U CneuuanmncTbl,
KOMIMETEHTHbIE B PacCMATPMBaeMbiX Bonpocax. [IpoBoanTca paccnefoBaHue, pesynbTaTbl KOTOPOro AOBOASATCS BCEM
3aMHTEPEeCcoBaHHbIM Nnuam. MNpy HeobXo[MMOCTM 1 B COOTBETCTBUM C 3aKOHOAATE/IbCTBOM MaTepuasbl NepeaatoTcs
B COOTBETCTBYIOLLME FOCYAAPCTBEHHbIE OPraHbl.

MonuTnkKa pacKpbITUA N KOHGNUKTbI MHTEPECOB/KOHKYPUPYIOLNX UHTEPECOB

HeonybnukoBaHHble faHHble, MONyYeHHbIe 13 NPEACTABEHHbIX K PACCMOTPEHUIO PYKOMUCEN, HeJlb3s UCMOJb30-
BaTb B JINYHbIX NCCIeOBaHNAX 63 NMMCbMEHHOro cornacus ABTopa.

NHpopmaLmsa nnm ngeun, nonyyeHHble B X0fe PeLeH3MpPOBaHA 1 CBsA3aHHbIE C BO3MOXHbIMY NMPeuMyLLecTBamMu,
LOJIXKHbI COXPaHATbCA KOHPUAEHLMANbHBIMY 1 HE NCMOMb30BaTbCA C Liefibio MOSyYeHWA TMYHON BbIFOAbI.

PepakTopbl 11 peLieH3eHTbl He [OMIXKHbI yYaCTBOBAaTb B PACCMOTPEHUN PYKOMMUCEN B CllyYae Hanmumsa KOHPIMKTOB
WHTEPECOB BC/IeACTBUE KOHKYPEHTHbIX, COBMECTHbIX 1 APYIMX B3aUMOAENCTBU U OTHOLLEHUI C NI06bIM U3 aBTOPOB,
KOMMAHVAMY WA APYTIMU OPraHM3aunaMim, CBA3aHHbIMI C MpeacTaBiieHHoW paboTo.

MonuTukn >KypHana B OTHOLWEHUN 06MeHa AaHHbIMUY 1 BOCNPOU3BOANMOCTY

CraTtby 13 KypHana (MeTafaHHble CTaTel) pa3mMeLLaloTcA B OTKPbITOM JOCTYME Ha CanTe XypHana 1 Ha carTax pas-
JINYHBIX CUCTEM LMTMPOBaHMA (6a3 AaHHbIX). ABTOPbI MYOMKYeMbIX B XXYpHane MaTepuanoB JOMYCKalT NCMNOJb30-
BaHMeE KOHTEHTa B COOTBETCTBMM € nuueH3sunein Creative Commons CC-BY «Attribution» («ATprbyunsay). 31a nuueHsna
MO3BOMIAET APYIM PACMPOCTPAHATD, PefaKkTMPOBaTh, MONPaB/sATb U 6PaTb 33 OCHOBY MNPOU3BEAEHUE ABTOPOB, AaXe
KOMMEpPUYECKH, 1O TeX NOp, MOKa OHM yKa3blBalOT Balle aBTOPCTBO. JInLeH3na pekomeHAoBaHa A5 MakCUMaibHOro
pacnpoCTpaHeHMA 1 UCNOJSIb30BaHKWA INLEH3MPOBAHHbIX MAaTePUaoB.

MonuTrKa )ypHana B OTHOLEHW OOMeHa JaHHbIMM 1 BOCMPOV3BOAMMOCTY B KOHEYHOM UTOre CNoCcoOCTBYET Gonee
«OTKPbITON» HayKe, @ OTKPbITOCTb HAYYHOU MHGOPMALIMM €CTb FAPaHT MCCIIeA0BaHMIN U MHHOBALMIA BbICOKOTO KauecTBa.

3TuYecKuii Haa3op 3a ony6IMKoBaHHbIMU MaTepuanamm

W3paTtenb v rnaBHbIf pefakTop AOMKHbI paboTaTh Haf 3aLMTON penyTauum ony6/IMKOBAaHHbIX MaTEPUANOB MyTeM
N3YYeHUsi N OLIeHKU 3asABJIEHHBIX MU NPeAnosiaraemMblX HapyLeHUi (MccnefoBaHnie, Ny6nvKaumi, peueHsni n pe-
LAaKTOPCKOW AeATeNIbHOCTN) COBMECTHO C HayUYHbIM COOOLLECTBOM.

370 BK/IOYAET B Ce0s B3aNMOAENCTBYIE C aBTOPOM PYKOMUCH U TLLATENIbHOE PaCCMOTPEHVE COOTBETCTBYHOLLEN
»asnobbl NN BbICKa3aHHbIX NPETEH3U. 1A BbIABNEHWA TaKNX HAapYLUEHWU, KaK Miaruat, pejakTop JOJIXKEH NoJib30-
BaTbCA COOTBETCTBYOLUMMY JIMLEH3VIOHHBIMY CCTEMAMU.

[naBHbIV pefakTop, NONyUMBLINIA YOeauTenbHOe CBUAETENbCTBO HaPYLUEHUs, AOMKEH COOOLWMTb 06 STOM 13ga-
Teso, YieHaM peKoIerny, OpraHn3ys HeMelIeHHOe YBeJOMJIEH e aBTOPa O HEOHXOANMOCTY BHECEHUS MOMNPaBOK
WY OT3bIBa Ny6AMKaLuUy, B 3aBUCMMOCTU OT CUTYaLN.

3avmcTBOBaHMA U Naarvar

Pepakuus ypHana «<HaHOTeXHOIOUY B CTPOUTENBbCTBE» MPY PACCMOTPEHUN CTaTbU MOXKET MPOU3BECTY NPOBEP-
Ky MaTepuasa C MoOMOLLbIO CUCTeMbl AHTUNIArMaT. B ciyyae obHapy»KeHrA MHOTOUMCIIEHHbIX 3aMCTBOBaHUN pefakK-
umA gencTeyeT B cootBeTCcTBMY C Npasunammu COPE.

UHTennekryanbHana co6CTBEHHOCTb
PepnakTopbl fOMKHbI BHUMATENIbHO OTHOCUTBCA K BOMPOCAM, KacalLWMUMCA VHTENEeKTyanbHON COOCTBEHHOCTH,
1 B3aUMOZEeNCTBOBATb C U3JaTenemM npu yperyampoBaHnmM CilyyaeB BO3MOXHbIX HapPYLUEHWUI 3aKOHOB 1 COrnaLleHni
06 OXpaHe MHTENNIEKTYaNbHON COOCTBEHHOCTH.
PepakTopbl, KpOMe NPYMEHEHNA UHCTPYMEHTOB OOHAPYXeHUA niarnarta, MoryT TakxKe:
- nopAepKuBaTb aBTOPOB, Ube AaBTOPCKOE MPaBO OblI0 HAPYLLIEHO, UK TeX, KTO CTasl XepTBOW Narnara;
— ObITb FOTOBbIMY K COBMECTHOW paboTe ¢ n3gatenem no 3alute aBTOPCKMX NPaB 1 K NpeciiefoBaHNI0 HapyLInTe-
nen (Hanprmep, NyTéM NoJauu 3anpocoB A/s 0T3biBa CTaTel UKW yAaNneHnsa MaTepuranos ¢ Beb-canToB).

O6cyxaeHne paboT, ony6nnKoBaHHbIX B XKypHane. icnpaBneHusa nocne ny6nukauui

PepakTopbl BOMXKHbI ObITb OTKPLITEIMU A5 UCCIEA0BAHUIA, KOTOPbIE OCMAPUBAIOT Npefblaylyne paboTbl, onybnu-
KOBaHHbIe B XXypHase; NooLWpATb U C TOTOBHOCTbIO pacCMaTpuBaTb 0OOCHOBaHHY KPUTKKY PaboT, ny6anKyemMblx
B X XKypHare.
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ABTOpr KPUTNKYEMbIX MaTepmnanoB OONXKHbl MMETb BO3MOXHOCTb OTBETUTb Ha KPUTUKY. Pa6OTbI, coo6u4arou.u/|e
TONbKO 06 OoTpuMUaTeSIbHbIX pe3yfibTaTax, TakXKe MOoryT I'Iy6J'II/IKOBaTbCF|.

MonuTtuka pasmMmeLyeHNA NPenpPUHTOB N NOCTNPUHTOB

B npouecce nogaur ctaTby aBTOPY HEOOXOAMMO MOATBEPAMUTD, UTO CTaTbsA He Oblfia ONy6/IMIKOBAHA MK He Oblia
npuHATa K NybnmKaLmm B 4pyrom HayuHoM >KypHane. [pu ccbinike Ha onybnnmKoBaHHYIO B XypHarne «HaHoTexHonoruu
B CTPOVTENbCTBE» CTATbIO U3[ATENbCTBO MPOCUT pa3mellatb ccbifiky (MonHbii URL maTepurana) Ha odurLmanbHblii caiT
XypHana.

K paccmoTpeHnio fonyCcKalTCs CTaTby, Pa3MELLEHHbIE paHee aBTOPaMM Ha JINYHbBIX UK NYGAMYHBIX CalTax, He
OTHOCALLMXCA K APYTMM U3LaTe/IbCTBaM.

O npoueaypax B ciyyae 310ynotpebneHuin (HapyweHuia)

M3paTenb, rnaBHbIN peAakTop, Kaxabli COTPYAHNK pedakumy, YneH pefakunoHHON KOnernm, aBtop, peLeH3eHT
1 ynTaTenb 06A3aHbl cObNAATL STUKY HayYHbIX NyONMKaLMi B )KypHane JeNCTBYIOLMX 3aKOHOB, MPaBW UAN NOO-
MEHUN 1N 06A3yt0TCA COObLLaTb O NOOBIX N3BECTHBIX CTYYAAX Y>Ke COBEPLUEHHOrO UM NOTEHLMaNbHOMO 3/10ynoTpeod-
neHna (HapyLeHusa).

Pepakuwei xXypHana HesaMeaMTeNbHO NPOBOANTCA pacciefjloBaHMe Mo BCemM COOOLLEHNAM O 3510ynoTpebneHnax
(HapyweHuAx) n, ecnn nHGopmaL A NOATBEPKAAETCA, MPUHUMAIOTCA MepPbI MO YCTPAHEHMIO 310ynoTpebneHnii (Ha-
pyweHui). Ecnv 31o TpebyeTca B COOTBETCTBMU C 3aKOHOAATENbCTBOM, MaTepuanbl NepeaaloTca B COOTBETCTBYOLNE
rocyfapCTBeHHbIe OpraHbl.

Ha Bce npeTeH3Mmn aBTOPOB pefakLma NpefoCcTaBiAeT pa3BepHyTbie 1 060CHOBaHHble OTBETbI, Mpuaras Bce ycu-
NnA anA paspeLueHna KOHGINKTHBIX CUTyaLmniA.
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OdopmneHme TeKcTa pyKkonucm

®opmar
Pepakuua npuHUMaEeT TeKCTbl, COXpaHeHHble B nporpamme Microsoft Word B popmare .rtf.

OdopmneHne

« uncnonb3ynte wWpndT 14 Times New Roman v uHtepsan 1,5 ctpoku;

+ He UCMonb3ynTe NoaYepKrBaHUe BHYTPY TeKCTa (4NA Nof3arofioBKOB MCMOMb3yTe MOMY>KUPHOe HavepTaHue,
LA BbljeNeHnsA B TEKCTe — KYpCuB);

+  VMIHOCTpaHHble Ha3BaHMA (KypHanoB, opraHu3auuin 1 T.4.) cnefyeT OCTaBNATb B OPUTMHANeE, 3aKNoYaTh B KaBblUKU.

A66peBuaTypbli
Bce ab6peBmaTypbl AOMKHbI 6bITb paclundpoBaHbl NPy NePBOM ynoTpebneHnn. Ecnn abbpeBnatyp MHOFO, MOXKHO
cZienatb CrUCOK C PacIMPPOBKOI KaXKA0M U3 HUX Nepe[] TEKCTOM CTaTbMu.

Ta6nuubl U pUCYHKN

Bce Tabnuubl U pUCYHKIM JOMXKHbI OblTb MPOHYMEPOBaHbl 1 Ha3BaHbl, Ha HUX JOMIXKHa OblTb OTCbISIKA B TEKCTE CTa-
TbW. B Tabnuuax He JOMKHO 6bITb NYCTbIX rpad. PUCYHKN BOMKHBI ObITb XOPOLLIEro KauecTBa, MPUroaHble Ans neyatu.
MpriknagblBaloTCA K CTaTbe OTAENbHbIMU paiinamu.

YT06bI NPOBEPUTL KAUECTBO N30OPAXKEHUS, MOXKHO YBENMUMTL ero. XopoLluee n306pakeHne He pa3MblBaeTcsA npu
YBE/IMUEHUN.

CHOCKIn
Mpn HeobXOAUMOCTI NCMONb3YIOTCA CHOCKM CO CKBO3HOW Hymepauuen (apabckre Lmdpbl) No Bcemy JOKYMEHTY.
B cHockax MoryT 6bITb LUTaThl 13 PaboT, KOTOPble YNOMUHAKOTCA B TEKCTE, JONONHUTENbHaA nHbopMauma.

OdopmneHne UUTaT 1 CNNCKa NUTEPaTypbl
B >KypHane npuHAT BaHKYBEPCKMiA CTUMb LUTMPOBaHNWSA (OTCbINIKa B TEKCTE B KBaAPATHBIX CKOOKaX, MonHoe 61bnu-
orpaduyeckoe onmcaHne UCTOUHKKA B CMICKE IMTepaTypbl B MOPALKE YNOMUHAHNWSA B TEKCTE CTaTby).

CnMCOK NCTOYHUNKOB

B cnncok nuTepatypbl BKMOUYAKTCA MCTOYHUKM, UCMONb3yemble B TeKCTe cTaTbh. CCbINIKU Ha NPUHATbIE K My6-
NMKaLmMK, HO elle He onybiMKOBaHHbIe CTaTby, JO/KHbI ObITb MOMEUYEHbI C/IOBaMU «B MevaTh»; aBTOPbl AOMKHbI
NonyynTb MMCbMEHHOE pa3peLleHne AA CCbINIKA Ha Take [OKYMEHTbI 1 MOATBEPXKAEHME TOr0, UTO OHU NMPUHATDI
K nevatn. MHdopmaums n3 Heony6IMKOBAHHbIX UCTOYHUKOB LOJIKHA ObITb OTMEUEHA C/I0BaMU «HeOMNybnMKoBaH-
Hble JaHHble/LOKYMEHTbI», aBTOPbI TaKKe JAO/MKHbI NMONYYUTb MMCbMEHHOE NOATBEPXKAEHME Ha NCMOMNb30BaHMe Ta-
KX MaTepranos..

OdopmrieHne CCbifIOK Ha UCTOYHUKK, Brbnmorpaduyecknx ccbiiok ocyllectsiseTca B cootsetcteum ¢ FTOCT P
7.0.7-2021.

ABTOpCKMe npaBa

ABTOpbI, NyGNVKYIOLLMECS B KypHAse, COrMaLlalTCA CO Cleayowmm:

1. ABTOpPbI COXPaHSIOT 33 COBOI aBTOPCKME NPaBa Ha PaboTy 1 MPefOCTaBAAIOT XKypPHany NpaBo nepBon nybnvka-
umnm paboTbl.

2. ABTOpPbI COXPaHSAIOT NPABO 3aK/oUaTb OTAE/bHbIE KOHTPAKTHbIE 4OrOBOPEHHOCTM, KacatoLWMeCcs HEIKCKI031B-
HOro pacnpocTpaHeHusa Bepcur paboTbl B OnybnnKOBaHHOM 34eCb BUAe (HanpuMep, pasmelleHre ee B UHCTUTYT-
CKOM XpaHunuuie, ny6amKaLmio B KHUATE), CO CCbISIKONM Ha ee OpUTrMHanbHyo Ny6nmKaLmio B 3TOM XXypHare.

3. ABTOpPbI MMEIOT MPaBOo pa3meLlaTb Ux paboty B ceTv IHTepHeT (Hanpumep, B UHCTUTYTCKOM XPaHWNLLE U HA
nepcoHaibHOM caliTe) 1O 1 BO BpPeMs NpoLiecca pacCMOTPEHNUA ee AaHHbIM KYPHANOM, TakK KaK 3TO MOXeT MPUBECTM
K NPOAYKTMBHOMY O6CYXXAEHMIO N 6OMbLIEMY KONMYECTBY CCbISIOK Ha AaHHY0 paboTy.

MpuBaTHOCTb
MimeHa n agpeca 3ﬂeKTpOHHOI7I NMoYTbl, BBejeHHble Ha caunTe 3Toro XKypHana, 6yp,yT MCNob30BaHbl NCKOUYNTENb-

HO A Lernel, 0603HaUEHHbIX STVM >KYPHasioM, 1 He ByZlyT UCMOMb30BaHbI sl KAKUX-MOO0 Apyrux Lenen nimn npego-
CTaBJIEHbI APYTVIM JINLIAM Y OPraHM3aL1saM.
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