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Abstract: Physico-chemical processes of structure formation in nanocomposite building materials are associated with transforma-
tions of binding matrices and reinforcing components. The efficiency of building composites in the designed structures depends on
the accurate choice of the source components: nanobinders, fillers (aggregates) and manufacturing technology. Increased corrosion
resistance of building materials is provided by optimal selection of nanobinders and fillers, by increased density and treatment of
the structure surface with protective coatings.

The manufacturing feasibilities for nanocomposites based on various raw materials, nanobinders (gypsum, cement, bitumen,
polymer, etc.), and inclusion of various dispersed phases (nanofillers, natural and technogenic aggregates) expand the variety of
building composite materials. The synergistic dynamism of the occurrence of geometrical regularity of nanostructures during the
structure formation of binders correctly demonstrates the fractal concept. Fractal nanostructures of binders with a rough surface
are formed according to mechanism of diffusion-limited aggregation.
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Pe3tome: DV31KO-XUMUYECKIME MPOLIECCh CTPYKTYPOOOPa3oBaHMA B HAHOKOMMO3UTHBIX CTPOMaTepuanax ConpskeHbl C TpaHCc-
bopmaLmAMI BAXKYLLMX MaTPULL U aPMUPYIOLLMX KOMMIOHEHTOB. PaboTOCNMOCOOHOCTb CTPOUTENBHBIX KOMMO3WTOB B MPOEKTVPYEMbIX
COOPYKEHNAX 3aBUCUT OT TOUHOTO BbIGOPA UCXOAHBIX KOMMOHEHTOB: HAHOBAXKYLLYIX, HAMOMHWTENEN (3aNofHUTENEe) 1 TEXHONOTN
U3roToBneHyA. MNoBblLLeHVE KOPPO3NOHHON CTOMKOCTM CTpOMIMaTepranos 0b6ecneymBaeTca onTManbHbIM MOAO0POM HAHOBXKYLLMX
W 3aMnosiHUTenNen, yBenmyeHnem nioTHOCTU 1 06paboTKOM MOBEPXHOCTHOO CJI0A KOHCTPYKLMN 3aLLUTHBIMM MOKPbITUAMM.

BO3MOXKHOCTW M3roTOB/IEHNA HAHOKOMIMO3UTOB Ha OCHOBE PA3JINYHbIX CbIPbEBbIX KOMMOHEHTOB: HAHOBAXKYLUMX (TMMCOBBIX,
LIeMEHTHBIX, BUTYMHbIX, MOIMMEPHBIX 1 T.A.) Y BKIIOYEHUA Pa3INYHbIX AUCNEPCHbIX a3 (HaHOHaNOMHUTENEN, MPUPOAHDBIX 1 TEXHO-
FeHHbIX 3anonHuTeNel) paclpaeT pa3Hoobpasre CTPOUTENbHBIX KOMMO3ULUOHHBIX MaTepuano. CUHepreTMyecknii SUHaMn3m
BO3HUKHOBEHMSA NPOCTPAHCTBEHHOW YNOPAJOYEHHOCTM HAHOCTPYKTYP NMpY CTPYKTYPOOOpa3oBaHnm BAXKYLLUX KOPPEKTHO Ae-
MOHCTpUpYyeT dpakTanbHaa KoHuenuma. OpakTanbHble HAHOCTPYKTYPbI BAXKYLLMX C LIEPOXOBATON MOBEPXHOCTbIO 06pa3yoTca Mo
MexaHu3my Andody3MoHHO-NTMMUTUPOBAHHON arperayum.

Knioueesle cnoea: Bsxylumne, CTPYKTypoobpasoBaHue, GppakTaibHOCTb MUKPOCTPYKTYPbI, TUMCOBbIE LIEMEHTbI, CTONKOCTb
6ETOHOB.
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INTRODUCTION

To produce high-quality multifunctional binders for
construction industry, one needs to control directly for-
mation of nanostructure materials. The effective appli-
cation of nanocomposite binders in the technology of
required building materials is explained mainly by frac-
tionation of the powders of the initial raw materials, by
modification with plasticizing nanoadditives.

The purpose of this article is to study the technological
processes of structure formation in corrosion-resistant
building materials within the framework of the fractal
concept.

MAIN PART

Structural processes run during the entire lifecycle of
building materials: from design to the moment of critical
decline in performance indicators. Studies concerning
creation of nanostructured concretes are among the most
promising approaches in nanotechnology for building
materials: micro reinforcement, mobility control with
modified plasticizers, etc. [1]. The possibilities to de-
sign new generation of concrete are based on the use of
ultrafine active mineral additives with a high content of
noncrystalline silicon dioxide, aluminosilicate metaka-

olins and allow production of building materials of high

(55+80 MPa) and ultrahigh (over 80 MPa) strength, low

permeability, and increased corrosion resistance.

When creating a nanostructured binder, it is necessary
to meet some conditions to make nanocomposite perform
as a monolithic building material:

e nanocomponents in the composition must be chemi-
cally compatible, and the aggregates must have good
adhesion with nanobinding matrix;

« combinable components must have close linear ther-
mal expansion coefficients;

« modified nanosize additives should have a direct in-
fluence on the formation of microstructure with in-
creased corrosion resistance to damage in corrosive
environments.

In the process of directed creation of composite
nanomaterials from the corresponding components, one
needs to take into account the operational parameters that
provide technological production of corrosion-resistant
nanocomposites with the required characteristics (Fig. 1):

Similar mechanisms of structure formation (transi-
tions of micro-, meso-, macrostructure) of nanocompos-
ites based on variety of raw materials reflect the spectrum
of composite materials used in the construction industry.
The diverse building composites make it possible to ex-
pand the manufacturing possibilities due to various nano-
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Fig. 1. A set of factors affecting the technology of nanostructured corrosion-resistant materials in construction
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binders (plaster, cement, bitumen, polymer, etc.) and the
inclusion of various dispersed phases (fine mineral or
polymer powders, coarse aggregates, short or continu-
ous fibers, continuous reinforcement) [2]. The produc-
tion of nanopowder binding components of raw materials
requires automation of control systems technology [3].

Building materials made with nanostructured binders
consist of amorphous newgrowths obtained on the basis
of the sol — gel junction. For example, calcium silicate
hydrogel is formed within hydration of Portland cement.
Binders are microheterogeneous fractal systems contain-
ing polymer nanoparticles in equilibrium with monomers,
polymeric in cation or anion. Hydrogen, donor-acceptor,
ion-dipole and other interatomic interactions resulted in
connected nanoparticles that form microgels. The use of
the fractal concept [4-6] to describe the microstructure
of nanostructured building materials, including the tech-
nological principles of creating sol-gel nanosystems [7],
is considered as a promising research field.

A decrease in the free energy occurs during the inter-
action of nanoparticles of the dispersed phase through an
interlayer of the dispersion medium, as well as in the pro-
cess of coagulation of the nanofilters. During coagulation of
sols, cluster aggregates are obtained, the fractal dimension
of which depends on the type of coagulation; for fractal
clusters formed under conditions of slow coagulation, the
fractal dimension is higher than for nanoaggregates formed
under conditions of rapid hardening (setting).

After addition of fillers (aggregates), the adhesive in-
teraction takes place in microstructure of building com-
posite and nanoaggregates are formed, clusters — groups
of particles “cemented” by nanobinders; as well as non-
aggregated filler microparticles. A sequential modification
of the physicochemical topology of the nanostructure
runs in the technological process of hydration and hard-
ening of binding agents. In the case when nanoparticles

have approximately the same size and shape, the cluster
aggregates become larger quickly.

Fractal structures with a rough surface of nanobinding
calcium hydrosilicates are formed by the mechanism of
diffusion-limited aggregation: a cluster is a colloid particle
[8]. Fractal aggregates are formed as a result of polycon-
densation during adhesion of diffusing colloidal particles,
and the size of aluminosilicate binder nanoclusters gradu-
ally increases from tens to hundreds of nanometers. The
formation of such fractals occurs in non-equilibrium
conditions, when the effect of dynamic self-organization
dominates (Fig. 2).

The synergistic dynamism of the occurrence of geo-
metrical and temporal regularity of binder nanostruc-
tures correctly demonstrates fractal analysis. As applied
to binding nanostructures, fractals are self-similar ob-
jects with a self-similarity interval from a few tenths of
nanometer to hundred nanometers. The aspiration of
condensed materials to self-organization into multifractal
structures is a fundamental regularity of nanostructured
building composites evolution. It has been determined
that modern concretes, which are used in the construc-
tion of tall building [9], have specified strength due to
fractal interactions.

The parameters of structure formation [10] during
the hardening of nanobinders in building materials are
characterized by fluctuations in the density of micropar-
ticles of nanostructures. The process of modifying ce-
ment binding systems at the nanoscale level is compli-
cated by the formation of hydrosilicate phases with dif-
ferent crystalline structures that cause a certain disorder
in the formed nanostructure. In addition, the processes
of recrystallization of hydrates (for example, metastable
calcium hydroaluminates) can change the topology of
the nanostructure when the hardening conditions (tem-
perature, humidity, etc.) change.
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Fig. 2. The scheme of cluster fractal aggregation in nanobinders and interaction with the filler
(1 — aggregates of «encapsulated» microparticles; 2 — micropores)
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The cohesive interaction between large and small
nanoparticles causes the formation of cluster-type ag-
gregates in the system; and the formed nanoclusters,
in turn, can form a fractal nanostructure [11]. In the
concrete building materials made of dense fillers, mi-
cropores appear due to physical and chemical process-
es of cement hardening, and also due to evaporation
of water. The porosity of heavy structural concrete is
5—7%, and characteristics of concrete microstructure
are: the porosity of cement stone (capillary mesopores,
gel nanopores), contact zone porosity, filler porosity,
intergranular micropores. The article [12] shows that
the method to obtain porous materials has a significant
impact on the character of formation of material pore
structure: changing the technological parameters one
can regulate both the total porosity and the nature of
the structure of the porous material, for example, mi-
cropores smaller than 100 nm occupy about 85% of the
gas phase of cement stone.

It should be noted that the corrosion destruction of
building materials is a process of transfer of aggressive re-
agent in micropores, accompanied by the dissolution of
concrete solid phase. Physico-chemical interaction of con-
crete cement matrix with aggressive environment is often
accompanied by the formation of insoluble compounds.
Such solid-phase newgrowths, depositing in pores and cap-
illaries, clog up and mud micropores, that decelerates dif-
fusion of destructive agents deep into building material. By
optimal selection of nanostructured cements it is possible
to strengthen the processes of self-inhibition of concrete
destruction processes and thus to increase the corrosion
resistance of products and structures.

The article [13] describes the results of tests of the
cement compositions with nanoadditives on the basis
of aminoethanethiol. It is shown that the mechanical
and water-insulating properties of cement mortar are
improved with the introduction of nanoadditives: the
bending strength of cement stone after 48-hour curing
increases by 15%, and the water — insulating effect-by
60%. Aminoethanethiol nanoadditive increases the
degree of dispersion of the newgrowths formed in the
process of cement hydration, that increased mechanical
strength, degree of clogging and filling of the micro-
pores.

Today composite materials with combined
(polymatrix) matrices consisting of two or more different
chemical composition of corrosion resistant components
have been designed. The fillers are evenly distributed in
matrix, they serve as reinforcing components, as they play
a major role in increasing the strength and resistance to
corrosion [14] of building material. The use of pozzola-
nic nanoadditives provides filling of the contact zone of
nanocomposite concrete with hydration products and
reduction of water permeability. High resistance of nano-
composite concretes on the basis of aluminate cements is

caused by clogging of micropores of cement stone with
aluminate gel.

It should also be noted that the production of build-
ing nanomaterials, which is distinguished by the variety
and energy intensity of technological equipment used
for crushing, grinding, transportation and firing of solid,
granular and powdered materials, is a huge source of
emission of aerosol pollution into production facilities
and the atmosphere. The article [ 15—17] analyzes sustain-
able technologies which minimize the negative impact
of nanobinding building materials on the environment.
Innovative solutions to complex environmental problems
should be based on careful monitoring of nanocomposite
construction technology.

The development of energy-saving and environmen-
tally friendly technologies requires an increase in the share
of recoverable resources, for example, industrial phospho-
gypsum. The most promising areas of phosphogypsum
utilization include its use in the production of gypsum
nanobinding materials with the use of pressing technol-
ogy in combination with various activation methods. The
technology of production of small-piece wall and partition
products obtained by semi-dry pressing of phosphogyp-
sum compositions and solid residues of soda production
is proposed [18]. Phosphogypsum nanocomposite waste
production of soda hardens due to complex reactions with
the formation of hydrosulfoaluminate and calcium hy-
drosilicates. With regard to the fractal concept, structure
formation in phosphogypsum building materials proceeds
in the form of fractal clusters of calcium sulfate dihydrate
CaS0O,+2H,0.

Different ways to improve water resistance of gypsum
products are based on reducing solubility of gypsum, com-
paction of gypsum (gypsum concrete) mass, the use of
protective coating, etc. Innovative approach to enhance
the stability of gypsum composites under conditions of high
humidity employs nanoadditives of organosilicon hydro-
phobizing components. The formation of two- and three-
dimensional water-repellent surfaces based on silicone
macromolecules is correctly described by fractal analysis.

In recent years, modification of concrete structure
by means of multifunctional nanoadditives based on su-
perplasticizers [19] and some microcomponents (silica
fume, metakaolin, industrial ash, etc.) has been inten-
sively developed. Such nanoadditives, interacting with
calcium hydroxide of the nanobinder, provide increased
impermeability of the artificial conglomerate and deceler-
ate diffusion of the aggressive reagent deep into the build-
ing material. Reduction of destruction of concrete and
reinforced concrete structures in aggressive environment
(acid, sulphate, etc. destruction) is achieved by introduc-
ing anticorrosion nanoadditives [20] and a variety of pro-
tective coatings. Stabilization of nanocomposite building
materials by such methods is accurately predicted within
the framework of the fractal concept.
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CONCLUSION

Thus, the mechanisms of structure formation of
nanocomposites reflect the variety of binders used in
the construction industry. During the formation of

BBEAEHUE

J1J1s1 mMpoM3BO/ICTBA KAYE€CTBEHHBIX MHOTO(YHIIMO-
HaJIbHBIX BSIKYIIUX B CTPOUTEIbHON MHAYCTPUU HEOO-
XOJIMMO LieJIEHATTPaBJIEHHO YPABISITh (GOPMUPOBAHUEM
HAHOCTPYKTYPHI MaTepraioB. (P heKTUBHOE UCITOIB30-
BaHUE HAHOKOMITO3UIIMOHHBIX BSIKYIIIMX B TEXHOJOTUN
BOCTPeOOBaHHBIX CTPOMIMATEPHAIIOB O0YCIOBINBAETCS,
npexae Bcero, GpakiiMOHMPOBAHUEM MOPOILIKOB UC-
XOJHBIX ChIPbEBBIX KOMITOHEHTOB, MOAU(MULIMPOBAHUEM
m1acTU(GULUUPYIOIIUMUA HAHOTOOABKaAMMU.

Llenb naHHO¥ CTaTbU - MCCIIEA0BAHKE TEXHOJIOTUYE-
CKMX MPOLIECCOB CTPYKTYPOOOPA30BAHMSI B KOPPO3UOH-
HOCTOMKUX CTpoliMaTepuajax B pamMKax (ppaKTaJIbHOMI
KOHLIETILIMH.

OCHOBHAA YACTD

CTpyKTypooOpa3oBaTeIbHEIC ITPOLIECCH ITPOTEKAIOT B
TeYeHNEe BCETO «KU3HEHHOTO» IIMKJIa CTPOMaTepPHUAJIOB:
OT KOHCTPYVMPOBAHUS IO MOMEHTA KPUTUUYECKOTO CHIKE-
HUS IOKa3aTeJie SKCIUTyaTallMOHHBIX XapaKTePUCTHUK.
Pa6oTbl B 06;1aCTH cO3MaHUsI HAHOCTPYKTYPUPOBAHHBIX
OETOHOB SIBJISIIOTCS OMHUMU U3 CaMbIX MEPCHEKTUBHBIX
MOIXOI0B B HAHOTEXHOJIOTUM CTPOUTEIBHBIX MaTepra-
JIOB: MUKpOapMUPOBaHUE, YIIpaBIeHNE MOIBUKHOCTHIO
Moau(UIMPOBAaHHBIMU IIacTU(UKaTOpaMu U ap. [1].
B03MOXHOCTM KOHCTpYHPOBaHMSI OETOHOB HOBOT'O TTOKO-
JIEHUST OCHOBAHbI Ha UCTTOJIb30BAaHUU YIbTPAAUCIIEPCHBIX
AKTHMBHBIX MUHEPAIbHBIX T0OABOK C BLICOKMM COJIEpXKa-
HHUEM HEKPUCTALIMYECKOTO TUOKCUIA KPEMHMUSI, aJlio-
MOCWIMKATHBIX METAKAOJIMHOB 1 TTO3BOJISIIOT BIMTYCKATh
cTpoiiMaTepHratbl BRICOKOM (55+80 MIla) m cBepXBEICO-
Koi (cBoime 80 MIla) mpoyHOCTH, HU3KOM IIPOHUIIAEMO-
CTU, IOBBILLIEHHO KOPPO3UOHHOM CTOMKOCTH.

ITpu coznaHnu HAHOCTPYKTYPUPOBAHHOTO BSIKYILETO
HEOOXOIMMO BBIMOJHUTD PsIll YCIOBUIA, YTOOBI HAHO-
KOMITO3UT paboTaj Kak MOHOJUTHBIN CTpoiiMaTepual:
e HAHOKOMIIOHEHTBI B COCTaBEe NOKHBI ObITH XMMUYE-

CKM COBMECTUMBIMH, a 3aTTOJTHUTENIN TOJKHBI 001a-

IaTh XOPOIIEeH aare3neil K HAHOBSDKYILEW MaTpULIE;
e COBMeIllaeMble KOMITOHEHTBI 00sI3aHbl UMETh OJI13-

Kue Koa(hOUIMUEHTbI JUHEHHOTro TeMIlIepaTypHOTO

paciMpeHust;

corrosion-resistant nanocomposite building materials
one should apply modern methods of research of frac-
tal dimension. That leads to a significantly improved
performance of the materials exposed to aggressive en-
vironments.

o MomubUINPOBaHHEIC HAHOpPa3MepHBIC T00aBKU
IOJKHBI HATIpaBJICHHO BIUSITH Ha (DOpMUPOBAHME
MHUKPOCTPYKTYPHI C MOBBIIIEHHON KOPPO3NMOHHOM
YCTOMYMBOCTBIO K Pa3pyIICHUSIM B aTpeCCUBHBIX
cpemax.

B mponiecce HampaBIeHHOTO CO3MaHMS KOMITO3HUIIH -
OHHBIX HAHOMATEPUAJIOB U3 COOTBETCTBYIOIINX KOMIIO-
HEHTOB HEOOXOIUMO YUUTHIBATh SKCIUTyaTallMOHHBIC
ITapaMeTPBl, TIO3BOJISTIOIINE TEXHOJIOTHUECKOE TTOIyde-
HIE KOPPO3HMOHHOYCTOMYMBBIX HAHOKOMITO3UTOB C Tpe-
OyeMBIMM XapaKTeprucTHKamMu (puc. 1):

OOIITHOCTH 3aKOHOMEPHOCTEH CTPYKTYpOoOoOpa3o-
BaHUs (TTepeXoabl MUKPO-, ME30-, MAKPOCTPYKTYypa)
HAHOKOMITO3UTOB Ha 06a3e pa3HOOOPa3HBIX CHIPHEBBIX
KOMITOHEHTOB OTpakacT CITEKTP KOMITO3UITMOHHBIX Ma-
TEepUAJIOB, IPUMEHSIEMBIX B CTPOUMHIYCTPUH. MHOTO-
obpasue CTPOUTEITBHBIX KOMIIO3UTOB IMO3BOJISIET pac-
IIUPUTH BO3MOXHOCTHU M3TOTOBJICHMST Ha OCHOBE pa3-
JIMYHBIX HAHOBSIKYIINX (TUTICOBBIX, IIEMCHTHBIX, OM-
TYMHBIX, TIOJTMMEPHBIX 1 T.1I.) ¥ BKITIOUCHUS pa3IMIHBIX
IUCIIEPCHBIX (ha3 (TOHKOIMCIICPCHBIX MITHEPAThHBIX VITH
ITOJIMMEPHBIX IIOPOIITKOB, TPYOOIMCITIEPCHBIX 3aII0THHU-
TeJIei, KOPOTKMX MJIM HEeTIPEePHIBHBIX BOJIOKOH, HEIIpe-
pBIBHOI apMaTyphl) [2]. ITpon3BoacTBO HAHOIOPOIITKO-
BBIX BSLKYIITUX KOMITIOHEHTOB MICXOTHOTO CHIPhS TPEOyeT
ABTOMATH3AIIMIO CUCTEM YIIPaBJICHUS TEXHOJIOTHH | 3].

CrpoliMaTepualibl, H3TOTOBJICHHBIC C IIOMOIIBIO Ha-
HOCTPYKTYPUPOBAHHBIX BSIKYIIINX, COCTOSIT M3 aMmopd-
HBIX HOBOOOPA30BaHWIA, ITOJIYICHHBIX Ha Oa3e mepexona
30J1b < rejib. Hanpumep, npu ruapaTaliiy nNopTaaHd-
IIeMeHTa 00pa3yeTcsl KaJbIIMeBO-CIIMKATHBIA THIPO-
rejib. BsoKytie SIBISIIOTCSI MUKPOTETEPOTeHHBIMU (hpaK-
TaJbHBIMM CUCTEMaMHU, COACPKAIINMU B paBHOBECHU
¢ MOHOMEpaMHU TOJIMMEPHBIC TT0 KATUOHY I aHUOHY
HaHodacTuIbl. CBSI3aHHBIC B pe3yIbTaTe BOIOPOIHBIX,
JMIOHOPHO-AKIIEITOPHBIX, MOH-IUITOJIBHBIX 1 IP. MeXKa-
TOMHBIX B3aMOICHCTBHI, T HAHOYACTHUIIBI 00Pa3yIoT
MuKpores. Mcronp3oBanue hpaKTaaIbHON KOHICTIIIAI
[4-6] mst orcaHUsI MUKPOCTPYKTYPbI HAHOCTPYKTYPH-
POBaHHBIX CTPOMMATEPUATIOB, B TOM YHCJIC TEXHOJIOTH-
YeCKHe TIPUHIINATIBI CO3OaHMS 30JIb-TeJIb HAHOCHUCTEM [7],
CUYNTACTCS MEPCIICKTUBHBIM HaIIPaBICHUEM.

YMeHbIIIeHre CBOOOIHOM SHEPTUU TIPOUCXOIUT TP
B3aMOICIICTBUN HAHOYACTHUII TUCTICPCHO (ha3hl Uepes
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KoMnoHeHTBI ;:::;‘_“,'_’:? TexHoJ0rHR
CTPYKTYPA
{ ! {
Mukpoctpykrypa || Mesoctpyktypa || Makpoctpykrypa

]
Ty o

CBOUCTBA
|

Texuonoruyeckme JKCILTYATAIHOHHES

KOPPO3HOHHOYCTOHYHBEIE CTPOHTE.ILHBIE
HAHOKOMIIO3HTEI

Puc. 1. Pa3HooOpa3nbie haKkToOphl, BIUSIONMINE HA TEXHOJOTUI0 HAHOCTPYKTYPHMPOBAHHBIX KOPPO3UOHHOCTOMKHIX

MaTepHAJIOB B CTPOUTEIbHOW UHIYCTPUH

MPOCJIOWKY IMCIIEPCUOHHOM CPEllbl, a TAKXKE B ITPOILIEC-
ce KoaryJsinuy HaHOBsKyImx. [1pu Koarynasiuu 30-
JIel TMOJTyJatoTesT KJIaCTepHbIe arperathl, (ppakTaibHast
pa3sMepHOCTb KOTOPBIX 3aBUCUT OT THIIA KOATYJISIINN;
JUTSL (ppaKTaIbHBIX KJIACTEPOB, 0OPa3yIOIINXCS B YCIO-
BUSIX MEIJICHHOW KOATYJISIUK, (hpaKkTaabHast pasMep-
HOCTh OKa3bIBaeTCs BBIIIE, YeM JUISI HAHOArperaTos,
(bopMUpyIOIMKXCS B YCIOBUSIX GBICTPOTO TBEPACHMUS
(cxBaThIBaHUS).

B MHKpOCTPYKTYpe CTPOUTEITBHOTO KOMITO3UTA MTOCIIe
NoGaBJICHUSI HATTOJIHUTEJIEH (3aTOJTHUTENIeH ) TTPOrCXo-
JIUT aIre3MOHHOE B3aMMOJICHCTBHE U (POPMUPYIOTCST Ha-
Hoarperarbl, KJIacTepbl — TPYITITHI YaCTHII, «IIEMEHTUPO-
BaHHBIX» HAHOCBSI3YIOIIIM; a TAKXKE HearperupOBaHHbIC
MUWKPOYACTUIIBI HATIOJTHUTENe. B TexHomornueckom
Mpoliecce TUAPATALIMA W TBEPICHUS] HAHOBSIKYIIUX
TIPOMCXOMIUT TIOCTIeI0BaTeIbHasT Monubukamus Gusm-
KO-XMMMUYECKOU TOMOJIOTMH HAHOCTPYKTYphI. B citydae,
KOT/Ia HAHOYACTHIIBI UMEIOT TPUOIVKEHHO OMUHAKOBBIC
pasmepsl 1 hopMy, KITacTepHBIE arperaTbl YKPYITHSIIOTCS
JOCTATOYHO OBICTPO.

®pakrajibHbIe CTPYKTYPBI C IIEPOXOBATOM TTOBEPXHO-
CThIO HAHOBSDKYIIMX TMIPOCUIMKATOB KaJbIusT cop-
MUPYIOTCS TI0O MeXaHU3MY TU(DOY3MOHHO-TUMUTUPO-
BaHHOW arperaiyu: KjiacTep — KOJJIOUIHAsST YacTUIla

[8]. ®pakTampHBIC arperaTbl 00Pa3yIOTCS B Pe3yJIbTaTe
ITOJIMKOHACHCAIINHN TIPU CITUTTAHUN TUDOYHINPYIOIIIX
KOJUTOUITHBIX YaCTHII, TIPX 3TOM ITOCTCIIEHHO YBEININ-
BaeTcs pa3Mep HAHOKJIACTEPOB aTIOMOCHIMKATHBIX BSI-
JKYIITUX OT IECSITKOB IO COTeH HaHOMeTpOoB. Dopmupo-
BaHNE TaKUX (DPAKTAIOB IIPOMCXOINUT B HEPABHOBECHBIX
YCIIOBUSIX, KOTIa TOMUHUPYET 3 (GEKT TMHAMUICCKOMN
caMoopraHmu3anuu (puc. 2).

CHHepTreTHYeCKUil TUHAMKW3M BO3HUKHOBCHUS
IIPOCTPAHCTBEHHON M BPEMEHHOM YITOPSIHOYCHHOCTH
HAHOCTPYKTYP BSDKYIIUX KOPPEKTHO IEMOHCTPUPYET
¢pakTanpHBIN aHATN3. [IpUMEHUTETBEHO K BSIKYIITAM
HAHOCTPYKTypaM (hpaKTajIbl IIPEICTABIISIIOT CAMOITOI00-
HBIEC O0OBEKTHI C MHTEPBAJIOM CaMOITOIO0MS OT HECKOJIb-
KUX JIECSITHIX MOJIeil HAHOMETpa 10 COTHA HAaHOMETPOB.
CrpemiteHre KOHICHCUPOBAHHBIX MaTePHAIOB K CaMO-
OpTaHM3aIlUM B MyJbTU(GPAKTAIBHBIC CTPYKTYPBI — 3TO
¢dyHIamMeHTaNbHAsI 3aKOHOMEPHOCTD BOTIOINN Ha-
HOCTPYKTYPUPOBAHHBIX CTPOUTEIBHBIX KOMITO3UTOB.
YCTaHOBIEHO, YTO COBPEMEHHBIC OCTOHBI, KOTOPHIC 1C-
ITOJIB3YIOTCSI B CTPOUTEIILCTBE 3MaHWI ¢ TTOBHIIIICHHOM
STaXKHOCTHIO [9], 00IamatoT BOCTpeOOBAHHOM MPOYHO-
CTBIO 3a cUeT (hpaKTaTbHBIX B3aUMOICHCTBUIA.

IMapameTpbl cTpyKTypoobpa3oBanusg [10] npu
TBepICHNY HAHOBSLKYIINX B CTpOMaTeprajax Xxapak-
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Puc. 2. Cxema ¢pakTaibHOl arperanyy KJacTepoB B HAHOBSDKYIIMX U B3aMMOJIEHCTBHE C HATIOJTHUTEIEM
(1 — arperatbl «3aKancyJJMPOBAHHBIX» MUKPOYACTHI]; 2 — MHKPOTIOPHI)

TepU3YIOTCS (PIYKTyallel TNIOTHOCTH MUKPOYACTHUI]
HaHOCTPYKTYp. [Ipoliecc MomndUIIMpOBaHNS LIEMCHT-
HBIX BSOKYIIMX CUCTEM Ha HAHOYPOBHE OCJIOXHSICTCS
(opMmpoBaHMEM TMAPOCHINKATHBIX (pa3 ¢ pa3IMIHBIM
KPUCTAJUTMICCKUM CTPOCHUEM, BHOCSIIINX OTIPeIeICH-
HYIO HEYITOPSIOUYECHHOCTh B (DOPMUPYIOIIYIOCS HaHO-
cTpyKTYypy. Kpome Toro, mporecchl ITepeKpuCTaIn -
3allMU TUAPATOB (HAIIpUMeEpP, METaCTaOMIIBHBIX THIPO-
AJTIOMMHATOB KaJIbIINST) MOTYT U3MCHSITH TOTIOJIOTHIO
HAHOCTPYKTYPBI TP U3MECHCHUHU YCIOBUI TBEPACHUS
(TemrIepaTyphl, BIaXKHOCTH U IIp.).

Kore3nmoHnHOe B3amMoAeiicTBIE MEKIY KPYITHBIMU
1 MEJIKMMH HaHOYaCTUIIAMU O0YCIOBIUBACT (hOPMU-
pPOBaHME B CHCTEME arperaToB KJIACTEPHOTO TUIIA, a 00-
pa3oBaBIINeCs HAHOKIJIACTEPHI, B CBOIO OUYepeab, MOTYT
00pa3oBbIBaTh (hpaKkTaaIbHYI0 HAHOCTPYKTYpY [11]. B Oe-
TOHHBIX CTpOiiMaTepuajax, U3rOTOBJICHHBIX Ha TIOT-
HBIX 3aITOJTHUTEIISIX, BOSHUKHOBEHIE MUKPOTIOP CBSI3aHO
¢ GU3NKO-XUMHUIECKUMH TIPOILIeCCaMM TBEPIACHUS 1Ie-
MEHTa, a TaKKe ¢ McrapeHneM Boabl. [lopucTocTs TS-
JKEJIBIX KOHCTPYKIMOHHBIX 0ETOHOB cocTaBisieT 5—7 %,
a XapaKTepUCTUKAMU MIUKPOCTPYKTYPBI OCTOHOB CIIy:KaT:
TOPHUCTOCTh IIEMEHTHOTO KaMHS (KaIJLISIPHBIC ME30-
TIOPBI, TeJIEBbIC HAHOIIOPHI), TTOPUCTOCTh KOHTAKTHOM
30HBI, TTOPUCTOCTD 3ATIOTHUTEIIS, MEXKTPaHYJIOBBIC M-
Kpornopsl. B pabote [12] moka3aHo, 4TO cItocob MoJTy-
YEHMS TIOPUCTHIX MaTEPUAIOB OKA3bIBACT 3HAYNUTECIIFHOE
BIMSTHUE Ha XapakTep (GopMUPOBAHUS ITOPOBOIT CTPYK-
TYPBI MATEPHUAJIOB: U3MEHSISI TEXHOJIOTMICCKIE TTapaMe-
TPbI, MOXKHO PETYJIMPOBATh KaK OOILIYIO MOPUCTOCTD, TaK
¥ XapaKTep CTPOCHUS TTOPHCTOTO MaTepraia, HallpuMep,
MUKPOTIOPHI padMepoM MeHee 100 HM 3aHUMAIOT OKOJIO
85% ra3oBoii a3bl IEMEHTHOTO KaMHS.

CremyeT OTMETUTH, 9YTO KOPPO3MOHHOE pa3pyIie-
HHUE CTpOoMMAaTepHaOB MIPEICTaBISICT COOOI TIpoliece

rnepeHoca arpecCUMBHOTO peareHTa B MUKpOIopax,
COTIPOBOXKIAIOIIMIICS PACTBOPEHHUEM TBEPAOM (ha3bl
6eToHOB. PU3NKO-XUMUIECKOE B3aMMOIEIICTBIE 1Ie-
MEHTHOI MaTpullbl OETOHOB C arpecCUBHOM cpenoi
4acTO COMPOBOXKIAETCS 00pa30BaHUEM HEPACTBOPUMBIX
coenmHeHmit. Takne TBepaoda3Hble HOBOOOPA30BaHUS,
OTKJIaJIbIBASICh B TTOpaX M Kanuuisipax, 3aKynopuBaloT
U KOJbMATUPYIOT MUKPOTOPHI, UTO TIPUBOIUT K 3a-
MeIIeHnIo Tudy3un pa3pyalommnx areHTOB B IIy0b
crpoiimatepuaia. [lyrem onTuMaibHOro noadopa Ha-
HOCTPYKTYPUPOBAHHBIX LIEMEHTOB MOXHO YCUJIUTh
MPOLIECChl CAMOTOPMOXKEHUS MPOLIECCOB IECTPYKIIUU
OETOHOB U TEM CaMbIM MOBLICUTh KOPPO3UOHHYIO CTOM -
KOCTb U3IEINUIA U KOHCTPYKIIWIA.

B cratbe [13] mpeacTaBieHbl pe3yabTaThl UCITBITAHUIA
KCCeN0OBAaHUI LIEMEHTHBIX KOMITO3UIIMI ¢ HAHOA00AaB-
KaMM Ha OCHOBe aMMHoO3Takcuaspocuia. [lokazaHo,
YTO MEXaHUYECKHUE 1 BOAOM3O0JIUPYIOIIE CBOMCTBA 11e-
MEHTHOI'O pacTBOpa YJy4llaroTcsl MPYU BBEIEHUU Ha-
HOM100aBOK: MPOYHOCTb HA U3rMO LIEMEHTHOIO KaMHSI
mocie 48-9acoBOr0 OTBEPXKICHUS YBEIMIMBACTCS Ha
15%, a Bomousoaupyromumii 3¢ dekr — Ha 60%. Hano-
nob6aBKa aMMHOATaKCUMa’poCcuyia yBEIMUYUBAET CTeNIEHb
JIIMCTIEPCHOCTU HOBOOOPA30BaHUM, (POPMUPYIOIIUXCS
B IIpoliecce ThapaTalMy LIeMEHTa, YTO MPUBOINUT K YBeE-
JIMYEHUIO MEXaHUYECKOU MPOYHOCTU, CTETIEHU KOJIbMa-
Talliy 1 3aIT0JTHEHUSI MUKPOTIOP.

B HacTosIee BpeMsi co3naHbl KOMITO3UIIMOHHBIE
cTpoiiMaTepuasibl ¢ KOMOMHUPOBAHHBIMU (TTOJIMMA-
TPUYHBEIMM ) MaTPUIIAMHU, COCTOSIINE U3 IBYX U Oojce
Pa3JIMYHBIX IO XMUMUYECKOMY COCTaBYy KOPPO3MOHHO-
CTOMKMX KOMIIOHEHTOB. B MaTpulle paBHOMEPHO pac-
IIpeaeIeHBl HATIOJHUTEIN (3aITOJTHUTEIN), KOTOPHIC
BBIMOJHSIOT (DYHKIIUM apMUPYIOIINX KOMIIOHEHTOB,
TaK KakK OHU WUTPaloT TJIABHYIO POJib B MOBBILIEHUN
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TIPOYHOCTU M YCTOMYMBOCTU K KOPPO3UOHHOMY pa3-
pymrenuio [14] ctpoitmaTtepuana. Mcnonb3oBaHue myIi-
IOJIAHOBBIX HAHOZ00aBOK 00CCIICUMBACT 3aITOJTHCHIE
KOHTaKTHOI 30HBI HAHOKOMITO3UTHEIX OETOHOB ITPO-
IYKTaMW THUApATalliy M CHIKCHHE BOIOIIPOHUIIAC-
MOCTH. BBIcOKast CTOMKOCTh HAHOKOMITO3UIIMOHHBIX
OCTOHOB Ha OCHOBE aTIOMIHATHBIX IICMEHTOB 00YCIIOB-
JIeHa KoJIbMaTalleid MUKPOIIOp IIEMEHTHOTO KaMHSI
AJTIOMUHATHBIM TEJICM.

OTMeTHM TaKKe, YTO TIPOM3BOACTBO CTPOUTEIBLHBIX
HaHOMAaTEePHUalOB, BEIACISIONEECs pa3HOoOOpasueM
¥ SHEPTOEMKOCTBIO TEXHOJIOTUIECKOTO 000pyI0BaHNS,
HCITOJIB3YEeMOTO TSI APOOICHMS, U3METbYCHHUS, TPAHC-
TOPTUPOBKM M O0XKUTA TBEPIBIX, TPAHYIUPOBAHHBIX
¥ TIOPOIITKOOOPA3HBIX MAaTePUAIOB, SIBJISICTCS TOCTa-
TOYHO CEPhE3HBIM MCTOUYHUKOM BHIOpPOCA a3pP030Ib-
HBIX 3arpPSI3HCHU B IIPOM3BOACTBCHHBIC TTOMEIIICHUS
u atMmocdepy. B padorax [15-17] npoaHaan3nupoBaHbI
pamMoHaJIbHBIC TEXHOJIOTHHN, KOTOPbhIe MUHUMU3HNPY-
IOT HeTaTUBHOE BO3AEMCTBHE MPOU3BOICTBA HAHOBSI -
KYIIUX CTpOMMaTepraloB Ha OKPYKAIOIIYIO Cpemy.
MHHOBaIMOHHBIC ITYTH PEIICHMST HETIPOCTHIX 9KOJI0-
TMYECKUX MpobJieM AOIKHBI OCHOBBIBATHCS Ha TIA-
TEJIbHOM MOHUTOPHWHTE TEXHOJOTHUU CTPOUTEIHHBIX
HAaHOKOMIIO3UTOB.

Paszpabotka sHepropecypcocboeperarmimnx 1 3K0a0-
TUYECKU OE30IMaCHBIX TEXHOJIOTHI TpeOyeT pocTa MI0In
HCITOJIH30BaHMSI BTOPUYHBIX PECYpPCOB, HATIPUMED, TEX-
HoreHHOTO (pocdorurca. K Hanbdosee nmepcrneKTUuBHBIM
HaIIpaBJICHUSIM YTHIN3aInu (hocdorniica OTHOCUTCS
HCIOJIb30BaHKE €ro B IMPOU3BOACTBE I'MIICOBBIX HAHO-
BSIKYIIMX MaTepHUaIoB ¢ IIPUMEHECHUEM TEXHOJOTUHN
TIPECCOBAHMS B COUCTAHUU C PA3TMIHBIMUA METOOAMM
akTuBanuu. [IpemmoxkeHa TeXHOJIOTUsI IIPOM3BOIACTBA
MEJIKOIITYYHBIX CTCHOBBIX 1 TTEPETOPOTOIHBIX U3Me-
JINHA, TIOJIy9aeMbIX METOIOM ITOJIYCYXOTrO IIPECCOBAHUS
KOMIO3UINiA (pochorutica u TBEpIbIX OCTATKOB COMIO-
Boro mpousBoiacTsa [18]. MochoruricoBast HAHOKOM-
TIO3UIINS ¢ OTXOIAMU IIPOM3BOACTBA COIOBI TBEPIEET 3a
CYET KOMIUIEKCHBIX peakKIlnii ¢ 00pa3oBaHUEM THUAPO-
CyIb(hoATIOMITHATOB U THAPOCIINKATOB KaIblns. [1pu
pPACcCMOTPEHNU C MO3ULIMU (DPAKTATbHOU KOHLIETTIMHA
CTPYKTypooOpa3oBaHue B (DOCHOTUIICOBHIX CTpOiiMa-

TepHuajiaXx IPONCXOANT B BHIE (DpaKTaTbHBIX KJIACTEPOB
auruapara cyibgara Kanpuusa CaSO,«2H 0.

Pa3Hoo0Opa3HbIe CTIOCOOBI TTOBBIIICHNST BOTOCTOMKO-
CTU TUTICOBBIX U3ICIINI OCHOBAHBI HA YMEHBIIICHUN pac-
TBOPUMOCTH THIICA, YIDIOTHEHUN TUTICOBOM (TUTICODE-
TOHHOIT) MACCHI, TPUMEHEHUH 3aIlIUTHOM OOMa3KH 1 T.1IT.
MHHOBAIIMOHHBIM TTOIXOIOM YCUJICHHS CTAOMIBHOCTI
THIICOBBIX KOMIIO3UTOB B YCJIOBUSIX TTOBBIIIICHHOI BlTaX-
HOCTHU CJTy:KaT HaHOZ0OaBKM KPEeMHUIMOPTaHMICCKIX
ruapodoOM3NpPyI0INX KOMIIOHEeHTOB. DopMmpoBaHme
IIBYX- W TPEXMEPHBIX BOIOOTTAIIKMBAIOIINX ITOBEPXHO-
cTeit Ha 6a3e CIUIMKOHOBBIX MAKPOMOJIEKYIT TOCTATOTHO
KOPPEKTHO OIMICHIBACTCS (PPaKTaIEHBIM aHATIU30M.

B mmocnemHme ronbl THTCHCUBHO Pa3BUBACTCS HATIPaB-
JIeHre MOIU(MULIMPOBAHUSI CTPYKTYpOooOpa3oBaHus OETO-
HOB C TIOMOIIIBIO TOTM(YHKITMOHATBHBIX HAHOTO0ABOK Ha
OCHOBE CyTepIuIacTuuKaTopos [19] 1 pa3HOOOpa3HBIX
MHMKPOKOMITOHEHTOB (MUKPOKpPEMHE3eM, METaKaOJIIH,
TEeXHOTeHHas 30J1a 1 T.I1.). Takne HaHOMOOAaBKM, B3an-
MOZIENCTBYS C TUAPOKCUIOM KAJIBLIMSI HAHOBSIKYILIETO,
00eCIeYnBaIOT TTOBBIIICHHYIO HEIIPOHUIIAEMOCTh MC-
KYCCTBEHHOTO KOHTJIOMEpAaTa W 3aMeUISTIOT TUDDY3UI0
arpecCUBHOTO peareHTa BIJIyOb CTpoiiMaTepraia. Y MeHb-
IIeHNE pa3pyIIeHNs OCTOHHBIX M XKeJIe300eTOHHBIX CO-
OpPY:KCHMI1 B arpeCCUBHOM OKpYXKaroIeii cpee (KICIoT-
Hasl, Cy/b(aTHasI U T.11. ISCTPYKIIMS) TOCTUTACTCS 3 CUCT
BBEICHMS B COCTaB aHTMKOPPO3UITHBIX HAHOI00aBOK [20]
1 pa3HOOOPA3HBIX 3AIUTHBIX IOKPHITHI. CTaOMIM3aIs
HaHOKOMIIO3UIIMOHHBIX CTPOMMATEePUAIOB TAKIMU Me-
TOZAMHU TOCTATOYHO TOYHO ITPOTHO3UPYETCS B paMKax
dpaxTaTbHOI KOHIICTIIIAMN.

3AKJTIIOYEHHME (BBIBO/IbI)

TakuMm 06pa3oM, 3aKOHOMEPHOCTHU CTPYKTYpooOpa-
30BaHMSI HAHOKOMITO3UTOB OTpaXkaloT MHOTOOOpasue
BSDKYIIIX MaTepUaioB, IPUMEHSIEMBIX B CTPONMHIY-
crpun. [1pn popMupoBaHNN YCTOMYMBEIX K KOPPO3UH
HaHOKOMITO3UILIMOHHBIX CTPOMMATEPUAIIOB CIICAyeT ITpH-
BJIEKaThb COBPEMEHHBIC METOIBI NCCICIOBAaHUS (hpaK-
TaJbHOI pa3MEepPHOCTU M 3TO HAIIPABJICHHO ITPUBOIUT
K CYIIECTBCHHOMY YJIYUIICHUIO UX SKCIUTyaTalIMOHHBIX
XapaKTEePUCTHUK B arpeCCUBHBIX cpeax.
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