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«HaHOTexXHONOrnN B CTPONTENbCTBEY — PELIEH3VPYEMbIN HAaYUHbI XKypHaJl.
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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-
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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;
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ABSTRACT: Introduction. The unique combination of rheotechnological properties and mechanical performance opens up pros-
pects for the application of self-compacting and high-strength concretes in the manufacturing of base elements for machines and
industrial equipment. The processes of adsorption of modern plasticizers on various mineral and polymeric modifiers of concrete
mixtures were investigated. The compatibility of nano- and micro-scale mineral additives in composite cementitious binders was
determined using calorimetry with an improved semi-adiabatic setup. Materials and methods. The cementitious binders used
were CEM 52.5N Portland cement (Asia Cement LLC, Russia) and Nanodur (Germany, Dyckerhoff GmbH); hyperplasticizers included
Melflux 1641F, 2651F, 5581F (Germany), PCE TR-6088 (China), Sika ViscoCrete 240 HE Plus and 226-P (Russia); superabsorbent poly-
mer; nano- and micro-scale mineral additives included microsilica MK-85, metacaolin VMK-45, microcalcite MM-315, marshalite
Silverbond 15 EW, and ground silica-containing rocks. Selective dissolution, differential thermal analysis, laser granulometry, and
semi-adiabatic calorimetry were employed. Results and discussion. The quality of ultrafine mineral additives determines their ability
to chemically bind portlandite through pozzolanic activity. Among the investigated additives, microsilica and gaize demonstrated
the highest pozzolanic activity. Thermal activation was effective for components consisting of crystalline silica (marshalite, ground
quartz sand), resulting in a 25% increase in performance. There was no selective adsorption of hyper plasticizer molecules by su-
perabsorbent modifiers based on sodium polyacrylate compositions. Metakaolin and tremolite exhibited high adsorption to hyper
plasticizers among the mineral additives. The rapid evaluation of the influence of formulation factors on the setting of cementitious
composites was tested on an improved version of the semi-adiabatic calorimeter. Conclusions. The presence of micro-scale mineral
additives based on microsilica in composite cementitious binders enables the development of high-performance concretes adapted
for machine building. The study of pozzolanic activity, adsorption capacity, and cumulative heat release curves has indicated the
feasibility of replacing microsilica with metacaolin and the potential for its partial blending with finely ground natural gaize. Analysis
of the thermal effects accompanying the hydration processes of the "cement-additive-water" system with calorimeters allows us to
provide more efficient research on the compatibility of additives in high-performance concrete compositions.

KEYWORDS: high-performance concretes, machine building, nano- and micrometer-scale additives, compatibility, calorimetry.
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INTRODUCTION cessing. In this regard, the search for alternatives with
comparable structural quality, technologies of which do

espite all the positive qualities, modern structural ~ not involve hot processes (melting, casting, welding, etc.),
materials based on metal alloys are characterized  is among the relevant tasks of current materials science.

by high energy consumption during production and pro- The unique combination of rheotechnological proper-
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ties of mixtures and mechanical parameters of hardened
concrete determines the high potential of self-compacting
and high-strength types of high-performance concretes
(HPC) as a basis for cold casting of massive parts for
machines and industrial equipment. The success of the
proposed approach depends on solving a complex of tasks
related to the adaptation of existing formulations to the
features of casting technology and the operating param-
eters of structural elements.

The main differences in the formulations of HPC
compositions are related to the type and quantity of
modifying additives, as well as the specifics of preparatory
operations and processes of raw material mixture homog-
enization. A common feature of HPC is the widespread
use of high-dispersion (nano- and micrometer-scale)
mineral components in the compositions. The structure-
forming function of such additives varies depending on
the scale level [1]:

— Micrometer-scale additives are introduced together
with selected chemical plasticizers to increase the
physical volume of the rheologically active (water-
cement-mineral) matrix.

— Nanoscale additives directly participate in the forma-
tion of the mineral-phase composition of the solidify-
ing conglomerate, interacting with the hydrolysis lime
Ca(OH), released during the hydration of the alite
component of clinker. As a result, the microstructure
of the cement stone is compacted and strengthened by
replacing the mineral phase of portlandite with stron-
ger neoformations such as calcium silicate hydrates
(tobermorite, xonotlit, truscottite, etc.).

The specificity of participation in structure-forming
processes leads to differences in the mineral type of the
used high- and ultrafine-dispersed additives. The former,
which enhance the rheological properties of the concrete
mixture, are represented by powdered stone made from

Nanobm

quartzite, limestone, dolomite [2], blast furnace slag, si-
liceous rocks, etc. Nanoscale components with increased
pozzolanic activity are usually nanosilicas of technological
origin (condensed, chemically precipitated, pyrogenic)
obtained by reducing high-purity quartz with coal in elec-
tric arc furnaces during the production of silicon and
ferrosilicon.

MATERIALS AND METHODS

The cementitious binders used were CEM 0 52.5N
Portland cement (Asia Cement LLC, Russia) and Nano-
dur (Germany, Dyckerhoff GmbH); hyperplasticizers
(HP) included Melflux 1641F, 2651F, 5581F (Germany),
PCE TR-6088 (China), Sika ViscoCrete 240 HE Plus and
226-P (Russia); superabsorbent polymer; nano- and mi-
cro-scale mineral additives included microsilica MK-85,
metacaolin VMK-45, microcalcite MM-315, marshalite
Silverbond 15 EW, and ground silica-containing rocks.
Selective dissolution, differential thermal analysis, la-
ser granulometry, and semi-adiabatic calorimetry were
employed.

RESULTS AND DISCUSSION

Compositions based on Nanodur Compound [3, 4]
have proven themselves effective in the production of
structures and basic components of processing equipment
made from cement casting. Despite a high specific binder
consumption (610 kg/m?), their application allows for the
production of structural fiber-reinforced concretes with
compressive strength ranging from 170 to 190 MPa.

The technical and economic indicators of modern
materials used in the production of structures, includ-
ing basic components of machinery and equipment, are
presented in Table 1.

Table 1
Industrial materials indicators
Material S(t:::::p:; S(SI;V; Tensile strength | Elastic modulus | Density (p), Cost, thousand
l\%[Pa e’ (R), MPa (E)), GPa t/m? rubles per ton
Cast iron 550 170 115 7..7.8 30
Steel 500 500 210 7.7...8.2 50.5
Aluminum alloys 200 200 70 2.6..2.9 140
Natural granite 230 10 49 2.34...2.78 10
’l’)olymenc Somposne 120 7 7 24 150
Syntegran
Nanodur compound
"Nanodur 5941” 135—-150 15 46.5 2.45 H/I
High-performance
concretes (HPC) 130 10 50 24..2.5 10
http://nanobuild.ru 201 info@nanobuild.ru



http://nanobuild.ru/ru_RU/

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

2023; 15 (3):
200-210

CONSTRUCTION MATERIALS SCIENCE

From the tabulated data, it can be observed that the
properties of construction materials based on Nanodur
cement compound reflect the modern level of develop-
ment in the field of concrete technology. The composition
of Nanodur was determined using selective dissolution
and differential thermal analysis (DTA) methods. The
results of DTA analysis are presented in Figure 1. The
absence of endothermic effects in the temperature range
of 800 to 1000 °C on the DTA curve, coupled with mass
loss data and chemical analysis, allowed the conclusion
that Nanodur does not contain carbonate components.

The measured values of specific surface area (S)
ranged from 540 to 542 m?/kg, significantly higher than
the average values for ordinary Portland cement. The

Nanobm

particle size distribution of Nanodur was analyzed us-
ing a Shimadzu SALD-3101 laser diffraction analyzer.
The obtained histogram shows the distribution of particle
sizes, and the cumulative particle size distribution curve is
shown in Figure 2. The analysis revealed that the particle
size distribution is limited to the range of 0.3 to 154 um.
The histogram displays three peaks in the particle size
distribution: the first peak at 0.41 um, the second peak at
1.3 um, and the third peak at 39.0 um. Thus, in addition
to the predominance of micrometer-sized particles, a sig-
nificant fraction of submicrometer particles was identified,
which contributes to the formation of a denser rheologi-
cal and chemically active dispersed structure during the
solidification of the compound. The presence of a ho-
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Fig. 1. Results of thermal analysis of Nanodur binder: a — differential thermogram; b — thermogravimetric curve
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mogeneous fraction with particles in the range of 0.35 to
0.50 um indicates the presence of technogenic microsilica
in the composition.

In order to find alternatives to expensive microsilica,
fine-dispersed additives were tested: metacaolin, mar-
shalite, gaize, diatomite, tripolite, waste glass cullet, and
gas silicate, as well as ground quartz sand and granite
screenings.

The quality of ultrafine mineral additives largely de-
pends on their ability to chemically bind portlandite by
exhibiting their pozzolanic properties [5, 6]. The pozzo-

Nanob%

lanic activity coefficient (K) was determined by dissolv-
ing the tested suspension in a 10% NaOH solution. The
results of the experiments are shown in Fig. 3.

Based on the value of K, the investigated additives
form the following group series: microsilica, gaize (max) -
diatomite, tripolite (med) - marshalite, glass, gas silicate,
quartz sand, granite screenings (min).

Thermal activation is an effective method for increas-
ing the activity of mineral additives [7]. The thermal acti-
vation of natural fillers was carried out using two thermal
treatment modes (TM): Ne 1 — heating for 20 minutes to
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Fig. 2. Results of granulometric analysis
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Fig. 3. Results of determining the pozzolanic activity
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t = 620°C; isothermal holding — 30 minutes; cooling —
120 minutes; Ne 2 — heating for 20 minutes to t = 620°C;
isothermal holding — 30 minutes and rapid cooling with
an air flow. The results of the experiments are presented
in Fig. 4.

Thermal treatment has the maximum effect on mate-
rials consisting of crystalline silica (marshalling, ground
quartz sand). This is due to the development of structural
defects resulting from thermal stress and the phase (a— f3)
transition of quartz, which increases the surface energy of
the particles. It is logical that this effect is enhanced after
thermal treatment involving rapid cooling of the material
grains (TM-2). Rocks formed by amorphous silica showed
low susceptibility to thermal activation.

Influence of mineral and superabsorbent additives on
the surface activity of polycarboxylate-based hyperplas-
ticizers in cement systems (Melflux, Sika, PCE TR) was
evaluated by measuring the surface tension of aqueous
solutions (o, J/m?) (Fig. 5).

According to the obtained data, Melflux additives
(1641f, 2651f, 5581f) demonstrate a nearly linear decrease
in surface tension with increasing concentration up to
1...1,5%, followed by reaching a plateau. Sika hyperplasti-
cizers (226-p, 240), as well as PCE TR-6088, show a more
moderate reduction in the surface tension coefficient at
an optimal concentration of 0,5%.

An innovative method for reducing shrinkage and in-
ternal water loss in hardening concrete involves the use
of superabsorbent polymers (SAP) that effectively ac-
cumulate excess process water during the initial stages
of monolithic construction manufacturing [8—10]. To
investigate the interaction of hyperplasticizer solutions

Nanob%

and SAP, a model system was used consisting of a 1%
solution of HP Melflux 5581F and water-saturated sodium
polyacrylate granules. The ratio between the components
corresponds to their dosages used in SCC compositions
(HP:SAP = 1:1) [11]. The change in o of distilled water
and the hyperplasticizer solution after the addition of
water-saturated SAP was investigated. The experimental
results are shown in Figure 6.

From the graph, it can be seen that the introduction
of SAP does not affect the o value of the aqueous solu-
tion. The mechanism of increasing the surface tension
of the hyperplasticizer solution when SAP is added may
be attributed to both a decrease in the concentration of
the HP-solution due to the replacement of a portion of
the solution with water previously absorbed by SAP and
the sorption of the hyperplasticizer by the sodium poly-
acrylate granules. A verification experiment to determine
the mechanism of interaction between the considered
components involved adding dry SAP to hyperplasticizer
solutions (0,5% and 1%).

The graphs in Figure 7 show that the introduction of
dry SAP does not result in a change in the o of the solu-
tions, indicating that the concentration of the hyperplasti-
cizer remains constant. This suggests the absence of a se-
lective adsorption process of hyperplasticizer molecules,
with the solution being absorbed by the SAP granules
without separation.

The adsorption capacity towards hyperplasticizer mol-
ecules was determined by changes in the surface tension

100
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Fig. 4. Influence of thermal treatment on pozzolanic activity
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Fig. 6. Influence of SAP and hyperplasticizer additives
on the surface tension of solutions

The obtained data indicate that the introduction of all
investigated additives leads to an increase in the surface
tension coefficient of the solution. The highest adsorp-
tion effect is observed for metakaolin and trass additives.

An effective method for the rapid assessment of the
influence of formulation and technological factors on the

Fig. 7. Influence of SAP additive on the surface tension
of hyperplasticizer solutions: 1 — without additive;
2 — with additive

hardening of cement composites is calorimetry [ 12—14].
Analysis of the resulting thermal effects accompanying
the hydration processes of the “cement-additive-water”
system allows for determining the compatibility of the ad-
ditive in the early stages of designing HPC. Considering
the positive experience of using heat-flow calorimeters,
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Fig. 8. Influence of mineral additives on the surface tension of a 1% solution of Melflux 5581f hyperplasticizer
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improved prototypes of such devices were developed for
the upcoming research [15].

The heat evolution over a period (J/min) was calcu-
lated using the following formula:

0=c,,m, (T ~T)+W-t, (1)

where ¢, — heat capacity of the mixture (J/(kg « °C)),
m_ . — mass of the mixture (kg), T, and T, — tempera-
tures of the mixture at the end and the beginning of the
respective period (°C), W — power of heat loss at a certain
temperature difference for the corresponding period (W),
1, — duration of the period (s).

The specific heat capacity of the mixture was deter-
mined according to the additivity rule using the following
formula:

n

Cmix = Ci* ’
Mynix

i=1

2

where n — number of components in the mixture, ¢, —
specific heat capacity of the i-th component (J/(kg * °C)),
m, — mass of the i-th component (kg).

Then, a cumulative heat release curve was construct-
ed to determine the durations of the main periods: pre-
induction, induction, and post-induction. Examples of
thermometric curves constructed from data obtained on
the experimental setup are shown in Figure 10.

General trends of the hardening processes are ex-
pressed by thermo-kinetic dependencies of the rate
dQ/dt = f(71), heat release Q =f{(t), or cement hydration
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Fig. 10. Thermometric curves: influence of mineral additives on the heat release of cement paste with HP Sika226p
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a =f(1) [16, 17]. The kinetics of heat release during hard- CONCLUSIONS

ening is in agreement with the process of cement hydra-
tion, which is determined by nucleation and subsequent
growth of hydrated new formations [18—20]:

a=1-e*", (3)

where o — degree of hydration of the binder, # — time,
k and n — constants dependent on the type of cement and
the prevailing reaction mechanism.

The calculated values of heat release for the studied
cement systems containing various types of micro- and
nano-additives are presented in Figure 11.

The influence of the superabsorbent additive on the
heat release kinetics of cement paste with a hyperplasti-
cizer is shown in Figure 12.

From the analysis of the heat release curves, it can be
concluded that the plasticizing additive Sika226p prolongs
the induction period by 35%. The SAP additive, at a dos-
age of 0.1% of the cement mass, does not affect the heat
release kinetics of the studied compositions.

Thus, the calorimetry method using improved semi-
adiabatic calorimeters provides sufficient informativeness
and accuracy for assessing the thermal effects accompany-
ing the hardening process of composite cement binders.
The analysis of thermal effects accompanying the hydra-
tion processes of the “cement-additive-water” system
has shown the possibility of replacing microsilica with
metacaolin, as well as the prospect of its partial mixing
with finely ground natural pozzolan.

The quality of ultrafine mineral additives determines
their ability to chemically bind portlandite through the
manifestation of pozzolanic properties. Among the
studied range, microsilica and pumice demonstrate
high pozzolanic activity. Thermal activation is effec-
tive for additives consisting of crystalline silica (marl,
ground quartz sand), resulting in a 25% increase in the
indicator.

There is no selective adsorption of hyperplasticizer
molecules by additives of superabsorbent polymer based
on sodium polyacrylate. Among the mineral additives,
metakaolin and diatomite exhibit the highest adsorption
capacity for hyperplasticizers.

The study of pozzolanic activity, adsorption capac-
ity, and the nature of cumulative heat release curves has
shown the possibility of replacing microsilica with meta-
caolin, as well as the prospects of partially mixing it with
finely ground natural diatomite.

The calorimetry method with semi-adiabatic calorim-
eters provides sufficient informativeness and accuracy for
assessing the effect and nature of the influence of intro-
duced fine-dispersed additives on the process of structure
formation in cement stone. With sufficient sensitivity, the
semi-adiabatic calorimetry method is rapid, which deter-
mines its effectiveness in the initial stages of adapting the
component composition of high-performance concretes
for construction purposes.
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BBEJEHUE

pH BCeX TTOJIOXMUTEIBHBIX Ka4eCTBAaX COBPEMEH-
HBbIC KOHCTPYKIIMOHHBIC MaTepralbl HA OCHOBE

METaJUTMYECKUX CIUIABOB OTJIMYACT BHICOKASI SHEPTO-

€MKOCTb TTOJIyYCHUS U TIepepaboTKH. B 31011 cBsA3M T10-

WCK aJIbTepPHATUB COMTOCTABUMOTO KOHCTPYKIIMOHHOTO

Ka4yecTBa, TEXHOJOTUM KOTOPHIX He TIPeayCMaTpUBaIOT

HaJIMYME TOPSTINX ITPOIICCCOB (IUIABJICHHE, TUThE, CBap-

Ka ¥ T.1.), OTHOCHUTCS K aKTyaJIbHBIM 3aJadaM COBpe-

MEHHOTO MaTepHAaIOBeACHUS. YHUKAIBHOE COUYCTAaHNE

PEOTEXHOJIOTUICCKIX CBOMCTB CMeCei I MEXaHMIECKUX

ToKa3aTejiel 3aTBEPIEBIIETO OETOHA TIPEHOIIPEACIISICT

OOJTBIIION TTOTEHIINANI CAMOYILIOTHSIIOIINXCS 1 BBICO-

KOITPOYHBIX BUIIOB BRICOKO(DYHKIIMOHAIBHEIX OCTOHOB

(B®B) kak OCHOBBI TSI XOJIOTHOTO JIMThST MACCHUBHBIX

YacTeil CTAHKOB U IIPOMBIIIJICHHOTO 000pYI0OBaHMSI.

YcnenrHoceTh ImpeniaracMoro oaxoaa 3aBUCHUT OT pellle-

HUS KOMIUIeKCca 3a1a4, CBSI3aHHBIX C amallTalyeii cye-

CTBYIOIINX PELEIITYP IPUMEHUTETEHO K 0COOCHHOCTSIM

TEXHOJIOTMM U3TOTOBIICHNUS OTJIMBOK U TTapaMeTpaM pa-

OOTHI KOHCTPYKTUBHBIX 3JIEMEHTOB.

OCHOBHBIC pa3IMIMsI perenTyp coctaBoB BB cBs-
3aHBI C BUIOM 1 KOJIMYECTBOM MOIU(HUITUPYIOIINX T0-
0aBOK, a TaKXe CO CIeHU(MUKON MOATOTOBUTEIIHHBIX
oIepanuii M IMPoIeCCOB TOMOTEHM3AIINN CHIPhEBBIX
cMeceit. O6muM npusHakoM BDB gBistercs mmpokoe
MIPUMEHEHNE B COCTaBaX BEICOKOAMCIICPCHBIX (HaHO-
1 MUKPOMETPHUUECKIX) MIHEPAJIBbHBIX KOMIIOHCHTOB.
CtpyKTypoobpa3syroiast GyHKIIASI TaKIX 100aBOK pa3-
JINYAeTCs B 3aBUCMMOCTU OT MacIiITabHOro ypoBHsI [1]:
— MHKPOMETPUUYECKUE BBOAST COBMECTHO C ITOHO-

OpaHHBIMH XUMHWUYECKUMHU TUIACTU(UKATOPAMU

IJIsSI YBEIMYCHUST (PU3NIECKOTO 00BbeMa pPeoIoTH -

YeCKM-aKTUBHOU (BOOOLIEMECHTHOMMUHEPATHLHO)

MAaTpPHIIHI,

— HaHOpa3MEpHBIC HEIOCPEACTBEHHO yYYaCTBYIOT
B (hopMUpOBaHNY MUHEPATbHO-(ha30BOr0 COCTaBa
TBEPICIONIETO KOHTJIOMepaTa, BCTYIIasi BO B3alMO-
JIECTBYE C TUAPOIN3HOMN N3BECTHIO Ca(OH)z, BbIIE-
JISICMOU TIpY THIPATALINI aJIMTOBOI COCTABIISIONICH
KIIMHKepa. B pesynbrare IpoOUCXOONUT YIDIOTHEHUE
¥ YIIPOYHEHME MUKPOCTPYKTYPHI IEMEHTHOTO KaMHST
IyTeM 3aMeIIeHUST MITHEPAIbHOM (pa3bl OpTIaHINTA
0oJ1ee MPOYHBIMM HOBOOOPA30BaHUSIMU — THIPOCH -
JIMKATaMU KaJablns (TOOepMOPHUT, KCOHOTIIUT, TPY-
COTUT U T.1.).

CrrenmnKa y9acTrsl B CTPYKTYPOOOPa3yIOIIIX IIPO-
meccax MPUBOIUT K Pa3IMINIO B MUHEPAJTbHOM THUTIC
HCITOJIb3YEMBIX BBICOKO- M YIBTPAINCIIEPCHBIX 100a-
BoOK. [lepBBIe ycrIMBaIomme peoJIoTnIecKre ImoKas3a-
TeJIM OETOHHOIT CMeCH TIpeICTaBICHB KAMEHHOI MYKOM
W3 KBapInTa, U3BECTHSIKA, JOJIOMHUTA [2], MIOMEHHOTO
II1aka, KpeMHE3eMUCTHIX TTopon u ap. Obamaromnme
TMOBBIIIEHHOW MyLIIOJaHOBOM aKTUBHOCTBIO HAHOPA3-

MEepHBIE KOMITOHEHTBI SIBJITIOTCSI, KaK IIPaBUJIO, HAHO-
KpeMHe3eMaM TeXHOTeHHOTO TeHe3nca (KOHISHCUPO-
BaHHBIMU, XUMIYCCKU-OCAXKICHHBIMA, ITMPOTCHHBIMM),
ITOJTy9aeMbIMH TIPY BOCCTAHOBJICHUY BEICOKOYMCTOTO
KBaplia yIjIeM B 3JIeKTPUICCKIX IYTOBBIX IIeUax IIPU N3-
TOTOBJICHNY KPEeMHMUS U (PEPPOCHITHIINS.

METO/bI 1 MATEPHAJIBI

LleMeHTHBIE BsEKylIue — mopTiaaHauemMeHT LIEM
0 52,5H (OO0 «Asmusa Llement», Poccus), Nanodur
(T'epmanus, Dyckerhoff GmbH); rumnepruractudnka-
topsl — Melflux 1641F, 2651F, 5581F (I'epmanus), PCE
TR-6088 (KHP), Sika ViscoCrete 240 HE Plus u 226-P
(P®); cynepabcopOupyrommii moamMep; HaHO- U MU-
KPOMACIITaOHbIe MUHEPAJTbHBIC TOOABKI — MUKPOKPEM-
He3eM MK-85, mertakaonmnman BMK-45, MuKpoKaabIuT
MM-315, mapmanmrt Silverbond 15 EW, MostoTbIe KpeM-
He3eMcoaepKaIre mopoasl. MCImoap30BaHbl METOIBI
CEJIEKTUBHOTO pacTBOpeHusl, tuddepeHunaibHO-Tep-
MHUYECKOTO aHaJIn3a, JJa3ePHOI TPpaHyIOMETPHH U TTOJTY-
amnmabaTUICCKO KaTOPUMETPHH.

PE3YJIBTATBI 1 OBCYXJIEHUE

B mpaxTrke mpon3BoaCcTBa KOHCTPYKIINI 1 0a30BBIX
netaneil 00pabaThIBalOIIEro 000OpyIOBaHUS U3 LIEMEHT-
HOTO JIUThSI XOPOIIIO 3apeKOMEHIOBAIN Ce0sI COCTABBI
Ha ocHoBe KoMmtayHnoB Nanodur Compound [3, 4].
IIpu BEICOKOM yIOEIBHOM PACXOJe BSKYIIETO BEIIle-
ctBa (610 Kr/m?) UX MpUMEHEHNE O3BOJISIET I0JYYaTh
KOHCTPYKIIMOHHBIC (DMOPOOETOHEI ¢ TIPOYHOCTHIO TIPH
cxxatum 170...190 MIla.

TexHNKO-3KOHOMUYECKHE TTOKA3aTeI COBPEMEH-
HBIX MAaTEePUAJIOB, TIPUMEHSIECMBIX B IIPOM3BOACTBE KOH-
CTPYKIWIA, BKITIOYast 6a30BbIC ACTaIN CTAHKOB 1 000-
pynoBaHusl, IpUBEICHBI B Ta0JI. 1.

M3 TaOIMIHBIX JaHHBIX CJICAYET, UTO ITOKa3aTeIn
KOHCTPYKIIMOHHBIX MaTepHUaJIOB Ha IIEMEHTHOM KOMIIA-
yHIe Nanodur onpenesisiioT COBpeMEeHHBI YPOBeHB pa3-
BUTHUSA B OTOI 001acTh OeToHOBeAeHUS. KOMITOHEHTHBIN
coctaB Nanodur ompenesisii MeTogaMHU CEICKTUBHOTO
pacTBopeHMsI 1 T hepeHIINATEHO-TEPMIIECKOTO aHa-
mm3a (ATA). Pesynerate! JITA-nccaenoBaHuiz mpencTaB-
JIeHBI Ha puc. 1. OTCyTCTBIE SHAOTEPMUIECKIX D PeK-
toB B quanasone 800...1000°C Ha kpuoit I TA 1 motepb
MacCCHI TIPOOKI B COYCTAHUM C JAHHBIMM XUMUYECKOTO
aHaJIM3a MO3BOJIMIIN YCTAHOBUTH OTCYTCTBHE B COCTaBe
Nanodur kKapOOHATHBIX KOMITOHEHTOB.

VYnenbHyI0 TOBEPXHOCTh (Syﬂ) W CpeIHUI1 pa3Mmep
YaCTUII OIIPEICIISIIIN 10 Ta30IIPOHNIIAEMOCTI aHaIM-
3upyemoii Tpoosl Ha Tipudope ITCX-10. MakTueckue
BEJTMYMHBI Syzl cocraBuin 540...542 m?/Kr, 41O Cylle-
CTBEHHO BBIIIIC WX CPETHUX 3HAUCHUN IJIST PSIIOBBIX
IMOPTVIAHALEMEHTOB.
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Tabauya 1
IToka3are i NPOMBIILIEHHBIX MATEPHAJIOB
Marepuan R _, MIla R, MIla E ,I'Tla o, /M3 IO
ox P er ThIC. Py0./TOHHA
Yyryn 550 170 115 7..7,8 30
Cranp 500 500 210 7,7...8,2 50,5
ATIOMUHMEBBIE CIIJIaBbI 200 200 70 2,6...2.9 140
ITpuponHbIil rpaHUT 230 10 49 2,34...2,78 10
ITonumepHbIit KOMIIO3UT 120 7 7 2.4 150
«CuHTerpaH»
Kommaynn «Nanodur 5941» 135-150 15 46,5 2,45 H/I
B®B 130 10 50 2,4..2,5 10
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Puc. 1. Pe3yabTaThl TepMIYECKOro aHajamn3a Bsukymero Nanodur: a — muddepeHImanbHas TepMoTrpaMMa;
6 — TepMOrpaBUMETpUYECKAsl KpUBast
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HMccnemoBaHne TpaHYJIOMETPUUYECKOTO COCTaBa
Nanodur nmpoBeneHO ¢ ITOMOIIBIO JTa3¢pPHOTO Ou(d-
paknnoHHoOTro aHaim3atopa Shimadzu SALD-3101.
B pesynbraTte moirydeHa TUCTOrpaMMa pacrpeneeHUs
pa3MepoOB YACTHIL M KyMYJIITUBHASI KpUBasI TPaHyJIOMe-
TPUUIECKOTO cOocTaBa (puc. 2). AHaJIN3 JaHHBIX TTOKa3al,
YTO pacmpeaesicHIe pa3MepOB OTPAaHNICHO THATIa30HOM
0,3...154 mxwM. ITo cpemHEMY TMaMETpPy YaCTHUIIBI HA TH-
CTOTpaMMe pacIIpefe/ICHbI TI0 TPeM ITUKaM: TIepBBIA —
0,41 mxm; Bropoit — 1,3 MrM; Tpetnii — 39,0 mxm. Ta-
KM 00pa3oM, IIOMIMO TIPe00JIaTaHusI B COCTaBE YACTHIL
MHUKPOMETPUIECKOTO pa3Mepa BEISIBICHO IIPUCYTCTBUE
3HAYUTEIBHON IO CYOMUKPOMETPUICCKIX YACTHII,
obecneuynBaIInX (GopMUpOBaHUE OOJiee IIIOTHOM peo-
JIOTUIECKI- 1 XUMIYCCKH aKTUBHOM TUCIIEPCHOM CTPYK-
TypHI TBEpICIoIIero KoMmnayHna. OmHopomxHast (hpaKIIus
¢ vactunamu 0,35...0,50 MKM yKa3bIBaeT Ha HaJIMUINC
B COCTaBe TEXHOTCHHOTO MUKPOKpPEMHE3eMa.

J71s1 TTIoMCcKa aTbTePHATUB TOPOTOCTOSIIIEMY MUKPO-
KpeMHe3eMy alipoOMPOBaHBI TOHKOINCIICPCHEIE J0OAB-
KM: MeTakaoJmH Mapku BMK-45, mapiranur, oroxa,
IUATOMMUT, TPETies, 001 OKOHHOTO CTEKJIa U Ta30CHIIH -
KaTa, a TAaK;Ke MOJIOTBIN KBaPIIEBBIN ITeCOK M TPAHUTHBIA
OTCECB.

KadgecTBo yIbTpagncIiepCHBIX MUHEPATBHBIX T00ABOK
BO MHOTOM OITIPEIe/ISIETCS X CIIOCOOHOCTHIO XMMMUe-
CKU CBSI3BIBATH ITOPTIAHIUT 32 CUCT MPOSBICHUS CBOMX
IYLILIOJIAHMYECKUX CBOMCTB [5, 6]. KoadduuneHr myi-
II0JTAHOBOM aKTUBHOCTH (K) OIIpeeIsyiv CITocoO0OM pac-
TBOpEeHUs uccaenyeMoii HaBecku B 10 %-om pacTtBope
NaOH. Pe3ynbratsl 3KCIIepMEHTOB ITOKa3aHbI Ha puC. 3.

ITo BenmuuuHe K nccienoBaHHbIe 100aBKU COCTaB-
JISTIOT CIICAYIOIINI TPYIIIIOBOM PSII: MUKPOKPEMHE3EM,
OIToKa (max) — IMaTOMUT, Tperes (med) — MapIIaamT,
CTEKJIO, Ta30CUJINKAT, KBapIEBBI MECOK TPAHUTHBIN
oTceB (min).
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Puc. 2. Pe3yabTaThbl rpaHyJIOMeTPHYECKOTO AHAIN3A
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Puc. 3. Pe3yabraTsl onpeeieHus MyMI0JIAHOBOH AKTHBHOCTH
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Tepmuyeckast akTUBAILMST OTHOCUTCS K 9 (PEKTUB-
HOMY CITOCOOY MOBBITIIEHUS aKTUBHOCTH MUHEPATTbHBIX
n06aBoK [7]. TepMoaKTUBALIAIO TPUPOTHBIX HATTOTHU-
TeJIeil OCYIECTRIISUIH TI0 IBYM PEXUMaM TepMUYECKOM
obpabotku (TO): Ne 1 — HarpeB B TeueHue 20 MUHYT
1o t = 620°C; uzorepmMuueckast Boriepxka — 30 MUHYT;
oxnaxnenne — 120 munyT; Ne 2 — HarpeB B TeueHUE
20 MuHYT 110 t = 620°C; n3oTepMuIecKasi BbIIepKKa —
30 MUHYT 1 OBICTPOE OXJTAXKIEHUE BOZMYITHBIM TIOTOKOM.
Pe3ynbTaThl 9KCIIEpUMEHTOB TIPEICTaBICHBI Ha puc. 4.

MaxcumanbHbIi 3G (PeKT TepMooOpaboTKa OKa3bi-
BaeT Ha MaTePHUAJIbl, COCTOSIIIIE U3 KPUCTATUTMYECKOTO
KpeMmHe3eMa (MapIIajnuT, MOJIOThIN KBApIIEBHII TIECOK).
DTO 00yCIOBICHO Pa3BUTUEM Ne(PEKTOB CTPYKTYPHI

B pe3ysbTaTe TePMUUECKUX HATIPSIKeHU 1 (Ha30Bo-
ro (o ~ 3) mepexoma KBapiia, MOBBIIIAIOIINX MTOBEPX-
HOCTHYIO 9HEPTHUIO YaCTUIl. 3aKOHOMEPHO, YTO TaHHBI
addekT ycmnmBaeTcst mociie TepMUYECKOit 00paboTKH,
BKJTIOUAIOIIEH Pe3KOoe OXJIaXIeHUE 3€PeH MaTepuaia
(TO-2). ITopoxnsr, o6pazoBaHHBIC aAMOP(MHBIM KPEMHE -
3eMOM, TTOKa3aJI MaJTyi0 BOCTIPUUMYUBOCTH K TEPMO-
aKTUBAINH.

BnusiHve MUHEpaTbHBIX U CyNepadCcoOpOUPYIOIINX
00aBOK Ha TTIOBEPXHOCTHYIO aKTUBHOCTH TTOJTMKAPOOK-
CUJIATHBIX TUTIEPTLIACTU(UKATOPOB IEMEHTHBIX CUCTEM
(I'TI Melflux, Sika, PCE TR) onenuBanu no BeuanHe
TIOBEPXHOCTHOTO HATSKEHUST BOTHBIX PACTBOPOB (O,
JIx/m?) (puc. 5).

100

K, %

MONOTBIi
necok

MapLuanut

60,6 62,961,9 584 588

59,0
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] l | l
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Puc. 4. Bausnue TepMUYECKOii 00pa0OTKM HA MYLII0JIAHOBYIO AKTUBHOCTh
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Puc. 5. Biusiaue runepniacTuuKaTopoB HA MOBEPXHOCTHOE HATSKEHHE
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CornacHO MOJlydeHHBIM JaHHBIM, 10o0aBKu Melflux
(1641f, 2651f, 5581f) neMOHCTPUPYIOT GIU3KOE K JIH-
HEWHOMY YMEHBIIICHIE TTOBEPXHOCTHOTO HATSKCHUS
npu pocte KoHueHTpauuu 10 1...1,5% c¢ nocnenyio-
MM BBEIXOIOM Ha TuIaTo. ['mrepriaacTuduKaTophl
Sika (226-p, 240), a takxxe PCE TR-6088 moka3sbi-
BaroT OoJiee YMEpeHHOE CHIDKeHUE KoadduimeHTa
TOBEPXHOCTHOTO HATSKCHMS IIPU ONITUMATbHOMN KOH-
uentpaunu 0,5%.

M HHOBAIIMOHHEI CITIOCOO CHIKCHUS YCAIK! 1 BHY-
TPEHHETO YXOZa TBEPACIOIIETO OETOHA 3aKIII0YAETCS
B MMPUMEHEHUM CyNepadbcopOUPYOIINX ITOJIUMEPOB
(CAIl), a(ppeXTMBHO aKKYyMYTUPYIOIINX N30BITOK TEX-
HOJIOTMYECKOM BOIBI HA HAYAJIbHOM 3Tarle M3TOTOBJICHUS
MOHOJIUTHBIX KOHCTPYKIINiA [8—10]. 11t mcciremoBaHUs
B3aMMOJCUCTBHS paCTBOPOB TUIIEPILIACTU(PUKATOPOB
n CAII ncriorb30Bay MOIEIBHYIO CUCTEMY, COCTOSITITYIO
u3 1%-oro pactBopa I'Tl Melflux 5581F u HachIIEHHBIX
BOIIOM TpaHyJs moimakpriaTa Hatpus. COOTHOIIICHIE
MEXIY KOMITOHEHTaMU COOTBETCTBYET UX JTO3MPOBKAM,
npuMeHsieMbIM B coctaBax BOB (I'TI:CAIT = 1:1) [11].
HccnenoBaHo U3MEHEHNE BEIUNUYNHBI O TUCTUJUTUPO-
BaHHOI Boawl u pactBopa I'Tl mociae nobGasieHust BO-
nmoHaceimeHHoro CAIL. Pe3yirbTaThl 5KCIIEpUMEHTOB
MpUBEIEHBI Ha puc. 6.

W3 nnarpammel BUIHO, uTo BBeneHne CAIT He oka-
3pIBaeT BAMSHUS HA BEJIMYUHY O BOTHOTO pacTBOpa.
MexaHn3M NOBHIIICHUS TIOBEPXHOCTHOTO HATSKCHMS
pactBopa I'TI mpm mobasneraun CAIT MoxeT 00yCIOB-
JINBAThCS KaK CHUXKEHUEM KOHIeHTpaluu pacteopa ['T1
BCJICIICTBHE 3aMEIICHMS YaCTH pacTBOpa BOIOM, paHee
abcopoumonHo cBga3anHoi CAIl, tak u copouueir I'TI

Nanob%

rpaHyJIaMH ITOJIMaKpuiaTa HaTtpust. [IpoBepoUHEBIil SKC-
TIEPUMEHT IS BBISIBJICHUS MEXaHN3Ma B3aUMOICHCTBUS
MEXIy paccMaTpUBacMbIMU KOMITOHCHTaAMM TIPEIyC-
MatpuBan nobapnenne cyxoro CAII x pactBopam I'TI
0,5u1%).

I'paduku Ha pric. 7 TTOKA3BIBAOT, YTO BBEICHUE CYXO-
ro CAII He cormpoBoXIaeTcsl U3MEHEHUEM O paCTBOPOB,
a 3HaunT KoHIeHTpamust ['TI octaeTcst mocTosTHHOM. DTO
yKa3bIBacT HAa OTCYTCTBHE TIpoliccca M30MpaTeIbHOI
aacopOIIUM MOJIEKYJ TUMepILUTacTH(PUKATOPa, TAKUM
00pa3om, pacTtBop abcopoupyetcst Tpanyiaamu CAII 6e3
pasmeneHus.

AnCOpOLIMOHHYIO CTTOCOOHOCTD K MOJIEKYJIaM TUIIEP-
IUTACTU(UTOPA OTIPEICIISITN TT0 M3MEHECHUIO BETMIMHBI
ITOBEPXHOCTHOTO HATSKEHMST (DIITBTpaTa IIPUMEHUTEITb-
HO K MHHEpaJIbHBIM J00aBKaM, pa3IMIarOIIIMCS MylI-
LIOJTAaHMIECKUMH CBo¥icTBaMu (puc. 8 m 9).

[MonyuyeHHBIC TaHHBIC YKA3bIBAIOT, UTO BBEICHME
BCEX MCCIIEIOBAHHBIX J00aBOK COITPOBOXKIACTCS TTOBBI-
IeHneM Ko3¢GPUIIMeHTa MOBEPXHOCTHOTO HATSKEHUS
pactBopa. Hanbonbimii ancopOLnoHHbIN 3¢ heKT Ha-
OromaeTcs 1T 10OAaBOK METaKaoJIMHA 1 Tperiena.

DD DHEeKTUBHBIM METOIOM IJISI OTICPATUBHOM OIICH-
KW BIIMSTHUS PEIECNTYPHO- TEXHOJOTMUECKUX (PaKTO-
POB Ha TBEpJEHUE LIEMEHTHBIX KOMITO3UTOB SIBJISIETCS
KamopumeTpust [12—14]. AHanM3 pe3yTbTUPYIOMCH
BEJIMUYMHBI TETIOBBIX 3(P(PEeKTOB, COMPOBOKIAIOIINX
MIPOLIeCCHI TUAPATAIINY CUCTEMBI «IIEMEHT — J00aBKa —
BOZA», IIO3BOJISICT OIIPEICIISITE COBMECTUMOCTD MOOABKH
Ha paHHUX 3TallaX IPOCKTUPOBAaHUS cocTaBoB BAOB.
C y4eTOM ITOJIOKUTEIIHFHOTO OIThITa IIPUMEHEHUS TEPMO-
CHBIX KaJIOPUMETPOB JIST BBITIOJTHCHUS TIPEICTOSIITINX
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Puc. 6. Biuanue no6aok CAII u I'Tl Ha noBepxHOCTHOE
HATSKEHHE PACTBOPOB

Puc. 7. Bausuue nodasku CAIl Ha noBepxHOCTHOE
HaTsukenue pacteopoB I'Tl: 1 — 6e3 mo6aBKu;
2 — ¢ jobaBJIeHUEM
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Puc. 8. Bausnne MuHepaibHbIX 100aBOK HA BEJIMYUHY MIOBEPXHOCTHOrO HaTsuKeHus 1%-oro pacteopa I'TI

(Melflux 5581f)
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Puc. 9. Bausnue MuHepaibHbIX 100aBOK HA BeJIMYHMHY MOBEPXHOCTHOro HaTszkeHus 0,5%-oro pactsopa I'Tl

(Melflux 5581f)

WCCIeNOBaHN ObUTM pa3paboTaHBl yCOBEPIIEHCTBOBAH-
HbIE TIPOTOTUIBI TAKUX YCTPOMUCTB [15].

TemmoBsinenenue 3a rmepuon (JIx/MUH) pacCIUTHI-
BaJIOCh TIO CJIAyIoIIet (hopmyre:

Q= CCM.mCM. (TZ_TI) +twe tr[’ (l)

rae ¢, — yAeJdbHas TEIIOEMKOCTh cMecH, Ix/
(kr+°C); m_, — macca cmecu, Kr; T,, T, — cpennsas rem-
rmepaTtypa CMECHU B KOHLIE IIeproja U B Hayajle COOTBET-
CTBEHHO, W — MOLIHOCTb TEILUIONIOTEPh IIPU OIIPEae/ICH-
HOI pa3HOCTHU TeMIIEpATyp COOTBETCTBYIOLIETO IIEPUOA,
BT; f, — MpOIOIIKMTENBHOCTD IEPHOJIA, C.

VYnenbHast TENIJI0EMKOCTh CMECU onpeaeadanachb B CO-
OTBCTCTBMU C ITPpaBUJIOM aJIUTUBHOCTH I1O0 CJ'[CI[YIOH_[eﬁ

dopmyie:
c; - (—mi ) 2
l Mey 9 ( )

IJie 7 — KOJMYECTBO KOMIIOHEHTOB B CMECH; C, —
yleJbHas TeIUIOEMKOCTh [-OTO KoMIoHeHTa JIX/
(kr +°C); m, — macca i-0oro KOMIIOHEHTa, KT.

3aTeM CTpoWIach KyMyJISITUBHAsE KPUBAsT TETLIOBBI-
JIEJICHUSI, TI0O KOTOPOU OTNPEeNesUINCh TTPOIOIKUATEb-
HOCTU OCHOBHBIX MTEPHOJOB: MPEIMHAYKIIMOHHOTO,
WHAYKIIMOHHOTO U MOCTUHAYKIIMOHHOTO. [TprMeps

— n

Com = Li=1
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TEPMOMETPUUECKUX KPUBBIX, TOCTPOCHHBIX TI0 TaHHBIM, O0111e 3aKOHOMEPHOCTH TIPOIIECCOB TBEPACHUS BbI-
TTOJTyYEeHHBIM Ha OKCTIEPUMEHTATBHOM YCTAHOBKE, MMPU-  PaXaroTCs TEPMOKUHETUIECKMMU 3aBUCUMOCTSIMU CKO-
BeneHbl Ha puc. 10. poctu dQ/dt = f(1), crenienu teroBbiaencHus Q = f(T)
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Puc. 10. TepmomMeTpuyecKre KpuBbIe: BIMsSIHIE MUHEPAIbHbIX T100aBOK HA TEILIOBbIIE/IEHHE IEMEHTHOIO
pactsopa ¢ I'TI Sika226p
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WY TUApaTaimu reMenra o = f(t) [16, 17]. Kunetnuka
TETUTOBBIIETICHUSI TIPU TBEPIACHUM COTIACYETCS C TPO-
1IeCCOM THIpaTaliiy IEMEHTA, O0YCIOBIEHHOTO HYKJIE -
aluei v MocaeAyIoInM POCTOM THIPATHBIX HOBOOO-
pasoBanwuit [18—20]:

o= l—e*n (3)

TIIe O — CTeINeHb TUAPATAIINU BSIKYIIETO; f — Bpe-
MsI; k 1 B — TIOCTOSTHHbBIE, 3aBUCSIIIAE OT TUTIA IIEeMEeHTA
U TIpeo0IaaloIero MexaHn3Ma peakiinu.

Nanob%

PacueTHbIe BeTMYMHBI TETUIOBBIIETICHUS UCCIIEIye-
MBIX [IEMEHTHBIX CUCTEM, COMEPXKAITNX PA3TUUHbIC BUIbI
MMKPO- U HAHOJ00aBOK, MPUBEAEHBI Ha puc. 11.

BnusHue cynepabcopOupyroliieil 100aBK1 Ha KUHE-
TUKY TETIOBBIIEICHUS IIEMEHTHOTO PacTBOpA C TUTIeP-
MIacTU(OUKATOPOM TTOKAa3aHO Ha puc. 12.

W3 ananusa rpapukoB TETUIOBBIAETICHUS CIIEIYET,
qTO MacTuduIMpytomas no6aska Sika226p pactsaru-
BaeT MHAYKUMOHHBIA nepuon Ha 35%. JoGaska CAII
B no3upoBKe 0,1% oT Macchl IIeMEHTa He BIIUSIET Ha K-
HETUKY TETUTOBBIIEICHUST NUCCIIeTyEMbIX COCTABOB.
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Takum 06pa3zoM, MeTOI KaJTOPUMETPUM C UCTTOIb30-
BaHUEM yCOBEPILICHCTBOBAHHBIX MOJIyanuadaTUUYeCKUX
KaJJOpMMETPOB 00J1a1aeT JOCTATOYHOU MH(POPMATUBHO-
CTBIO I TOYHOCTBIO TSI OLICHKHU TETUIOBBIX 3(h(HEKTOB,
COIPOBOXIAIOIIUX TTPOLIECC TBEPACHMST KOMITO3UIIMOH-
HOTO IIEMEHTHOTO BSDKYIIEro. AHaIN3 TeIUTIOBBIX 3 PeK-
TOB, COMPOBOXIAIOIIMX MPOLECCHl TUAPATALIUU CUCTE-
MBI «1IeMEHT—100aBKa—BOAa», IOKa3al BO3MOXHOCTh
3aMeHbl MUKPOKpPEMHEe3eMa Ha METaKaoJarH, a TaKXKe
MepCHeKTUBHOCTD €0 YaCTUYHOTO MUKIIMPOBAHUST TOH-
KOMOJIOTO IPUPOTHON OMTOKOM.

BbBIBO/IbI

KagecTBo yapTpamuiciepcHBIX MUHEPATbHBIX 100a-
BOK OITpEIeIsieT X CIIOCOOHOCTh XUMIUYECKH CBSI3BIBATH
MOPTIAHIUT 3a CUYCT MPOSBICHUS ITYIIIOJIaHIICCKIX
cBoiicTB. M3 mccmemoBaHHOTO psiaa BBICOKYIO ITYIIIIONIaHO-
BYIO aKTUBHOCTB ITPOSIBJISTIOT MUKPOKPEMHE3EM 1 OTTOKA.
Tepmuueckast aktuBaust 3p¢eKTUBHA B OTHOLLICHUN
JI00ABOK, COCTOSIIIIUX U3 KPUCTALLTMYECKOTO KpeMHe3eMa
(MapIIaJnuT, MOJIOTBIN KBAPIIEBHII IIECOK): B pe3yJIbTaTe
00pabOTKM pOCT MoKa3aTesst cocTaBuil 25%.

CIIMCOK NCTOYHUKOB

YcTaHOBIEHO OTCYTCTBUE M30MpaTeIbHOM aacopo-
LINY MOJICKYJI TUTIEPIIACTU(PUKATOPOB T00AaBKAMU CY-
nepabcopOMPYIOILIETo MoJMMepa Ha OCHOBE TTOJIMaKpU-
naTta HaTpusi. U3 MuHepaabHbBIX 100aBOK HAMOOJIBIIIYIO
afcopOIIMIO MO OTHOLIEHUIO K TUIIepIUIacTU(rKaTopaM
MPOSIBJISIIOT METAKAOWH U TPETell.

WccnenoBanue myloJaHOBOW aKTMBHOCTH, ajl-
COpPOLIMOHHON CITOCOOHOCTU U XapaKTepa KyMYJISITUB-
HBIX KPUBBIX TETIJIOBBIACICHMS TTOKA3aJ10 BO3MOXHOCTb
3aMEHbl MUKPOKpPEMHE3eMa Ha METAaKaoJIMH, a TaKXKe
MepCneKTUBHOCTD €0 YaCTUYHOTO MUKIIMPOBAHUSI TOH-
KOMOJIOTO MPUPOIHON OMOKOM.

MeTon KaJIOpUMETPUM C UCTIOJIb30BAaHMEM TOJIya-
MabaTUYECKUX KaJJOPUMETPOB 001a1aeT JOCTaTOYHOMN
MH(GOPMATUBHOCTBIO ¥ TOYHOCTBIO IS OLICHKH 3 deKTa
U XapakTepa BIAUSHUS BBOAMMBIX TOHKOIMCIIEPCHBIX
J100aBOK Ha IMPOILECC CTPYKTYPOOOPa30BaHUS LIEMEHT-
Horo kKaMmHs. IIpu mocTaToyHON 4yBCTBUTEJIBHOCTU
METOM MOJIyaaudaTuIecKoi KaJJOpUMETPUU SIBISIETCS
SKCIIPECCHBIM, UTO MpemonpeneseT 3POeKTUBHOCTh
€ro MCI0JIb30BaHUS Ha HayaJIbHBIX ATallax Impoiecca
ajanTalyy KOMIOHEHTHOrO COCTaBa BbICOKO(YHKIIMO-
HaJbHBIX OETOHOB MO LIEJIU CTAHKOCTPOEHUSI.
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Anti-icing coating based on silicone resin SILRES® MSE100
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ABSTRACT: Introduction. The study is aimed at obtaining an anti-icing coating for building structures by creating a hydropho-
bic surface layer, which is regulated by surface energy and surface topography. Materials and methods. Acrylic resins A-01 and
DEGALAN®, high-chlorinated polyethylene resin HCPE and silicone resin SILRES® MSE 100 were used in the research. Aerosil R 972
nanoparticles were used as a filler. The anti-icing properties of the coating were evaluated by the contact angle of the water drop
with the coating, the static and dynamic contact angle, the wetting hysteresis, and the adhesion of ice to the superhydrophobic sur-
face. Results and discussions. We have found that coatings based on acrylic resins A-01, DEGALAN?®, high chlorinated polyethylene
resin HCPE and silicone resin SILRES® MSE100 20% concentration do not provide superhydrophobic properties. The superhydro-
phobic effect is retained by coatings based on SILRES® MSE100 silicone resin 5% and 10% concentration. The force of detachment
of a drop from a coating based on SILRES® MSE100 silicone resin at a 10% concentration is 3 times less, which ensures an easier
rolling of a water drop from the surface and its anti-icing properties. The amount of ice on an untreated surface is 0.59 kg/m?, and
on a surface treated with a composition based on SILRES® MSE100 silicone resin, it is 0.15 kg/m> Conclusions. An anti-icing coating
composition based on SILRES® MSE100 silicone resin has been developed. The proposed composition forms a coating characterized
by anti-icing properties that remain in operation.

KEYWORDS: superhydrophobic coating, aerosil nanoparticles, contact angle, anti-icing properties, freezing, adhesion.
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INTRODUCTION

he formation of icicles on the pitched roofs of houses

and their subsequent fall can lead to serious and tragic
consequences. Superhydrophobic coatings are used to
protect building structures and facilities. Various compo-
sitions of anti-icing coatings are presented on the domes-
tic market [1—3]. The purpose of anti-icing coatings is to
reduce the adhesion of ice to the surface. Such coatings
significantly reduce freezing and ensure rapid ice melting
during repeated freeze-thaw cycles [4—6].

Despite the large number of proposed compositions,
the problem of icing remains relevant. Some anti-icing
coatings have low adhesion to ice, however, however,
the coatings do not retain anti-icing properties for a long
time [7—10].

© Loganina V., Kislitsyna S.N., Tkach E. V., Stepina |.V., 2023

The adhesive strength of ice to the coating is a func-
tion of its surface energy [11, 12]. With an increase in
the difference between the values of surface tension
o, of water and surface tension o_ of the coating, the
spreading of water over the surface layer of the coat-
ing decreases, which leads to a reduction in the con-
tact area between frozen water and the coating and, as
a result, to a decrease in ice adhesion to the coating
[13—15].

For most polymeric materials, adhesion with ice is
more than 0.100 MPa. Practice shows that polymers
should be used to combat icing, the thermodynamic
characteristics of which meet the following requirements:
o, <25mJ /m? contact angle of wetting with water more
than 900. In this case, the adhesion strength of ice to the
surface will not exceed 0.030 MPa.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0000-0001-7532-0074
https://orcid.org/0000-0002-5177-2890
https://orcid.org/0000-0003-2132-4971
https://orcid.org/0000-0002-5358-2935
https://creativecommons.org/licenses/by/4.0/

2023; 15 (3):
211-219

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobm

CONSTRUCTION MATERIALS SCIENCE

Real surfaces are rough. With complete wetting of the
surface irregularities by the liquid, the value of the wetting
angle ©' is determined by the Wenzel equation:

cos@' = rcos0, (1)

where r is the surface roughness, which is defined as
the ratio of the true and apparent surface areas.

In a heterogencous wetting regime, a liquid drop does
not wet the entire surface, but only the tops of the surface
relief. The value of the contact angle is determined by the
Cassie-Baxter equation:

cos@' = —1 + @ (cosO + 1), 2)

where @ is the fraction of the surface area in contact
with the water drop.

Therefore, superhydrophobic surfaces should have
a small fraction of the surface area in contact with the
surface of the water drop. Thus, the mechanism of anti-
icing action is directly related to the hydrophobicity of the
surface layer, which is regulated by the surface energy, and
the surface topography [16—20].

The use of hydrophobic aerosil R-972 nanoparticles
as a filler is promising. which has surface hydrophobic
methyl groups.

Based on the foregoing, the development of the for-
mulation of the anti-icing composition consisted in the
selection of a binder and filler and their optimal content.
In this case, we proceeded from obtaining the topography
of the coating surface, which provides a heterogencous
wetting regime.

MATERIALS AND METHODS

The following types of resins were used in the work:
A-01 acrylic resin, DEGALAN® acrylic resin, HCPE
high-chlorinated polyethylene resin and SILRES®
MSE100 silicone resin. Aerosil R 972 with a density of
p = 2360 kg/m?, particle size 16 nm was used as a filler
and specific surface SSp =12 000 m?/kg.

The degree of hydrophobicity was assessed by the
value of the contact angle (6°) of a water drop from the
coating. The contact angle was determined by the drop
projection method. A drop of liquid on a horizontal test
surface was projected onto a screen, and the angle 6 was
determined from the figure along the height (h) of the
drop and the radius of the contact area of the drop with
the test surface (r) using the formula:

at 6 < 90°
cosO = (P— 1) | (P+ h?), (3)
at 0 > 90°
cosO = (1-h)/r. 4)

Additionally, the contact angle was determined after
wetting the coatings for 72 hours.

To characterize the anti-icing properties of the coat-
ings, we used the value of the static and dynamic (advanc-
ing and receding) wetting angle, as well as the wetting
hysteresis, for which the advancing angles 0 and receding
angles ©__ were measured.

The dynamic contact angle was determined by the
sessile drop method. To do this, a drop of water was
placed on the surface of the coating using a syringe, the
drop diameter was 2 to 5 mm. During the measurement
of the incoming angle (6 ,), the syringe needle remained
in the drop throughout the entire experiment. The re-
ceding angle (0, ) was measured when the droplet size
decreased due to the suction of water through a syringe
(Fig. 1). Wetting hysteresis was determined from the
difference between the incoming angle and the outflow-
ing angle.

The method for determining the critical angle at which
a drop of water began to roll down from an inclined sur-
face was as follows. A drop of water was placed on a metal
plate, which gradually began to tilt. Metal plates of pro-
filed roofing “MR-20" with a polymer coating were used
as substrates. The composition of the anti-icing coating
was applied to the plate, after curing of which a drop of
water was applied to the surface. The static contact angle
was determined by the sessile drop method using the for-
mula (4).

The relative viscosity of the polymer solution was de-
termined using a VZ-4 viscometer. The adhesion of the
coatings to the substrate was evaluated by the lattice notch
method in accordance with GOST 15140-78 “Paint-and-
lacquer materials. Methods for determining adhesion”.

To evaluate the interaction between the film former
and aerosil nanoparticles, an FSM 1201 FT-IR spectrom-
eter (OOO Infraspek, Russia) was used with a MATTR36
multiple total internal reflection violation attachment with
a ZnSe prism and a PZO10 specular reflection attach-
ment. The measurements were carried out in the spectral
range 650—3950 cm~! with a resolution of 4 cm~".

Resin was applied to aluminum foil substrates, which
acted as a reference sample. Aerosil samples, which are
ultrafine powder, were measured using the ATR method
in the spectral range 650—4250 cm~! with a resolution of
4 cm~! without additional sample preparation.

The calculation of the optimal content of the filler was
carried out according to the formula:

Pbulk
(hssgépun:"r_'_l)g 5 ®)

ﬁo f—
PHCT

where SSp is the specific surface area of the filler.
The specific surface arca was determined using
a PSKh-12 instrument.
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Fig. 1. Photo of a water drop on a metal surface: a, b — on a superhydrophobic surface; ¢, d — on the hydrophilic
surface; a, ¢ — leakage; b, d — outflow

RESULTS

Fig. 2 shows the dependence of the viscosity of the
resin solution on its concentration in the solvent (xy-
lene).

Representing the dependence of the viscosity of the
polymer solution in semilogarithmic coordinates (Fig. 3),
we obtain two intersecting lines. The point of intersec-
tion, projected onto the x-axis, will represent the critical
concentration of the polymer in solution.

It has been established that the critical concentration
of the polymer solution in xylene is 12% for highly chlo-
rinated polyethylene resin HCPE, 20% for acrylic resin
A-01, silicone resin SILRES® MSE100, acrylic resin DE-
GALAN (Fig. 3). For further studies, the concentration of
resins in the solution was taken to be less than the critical
one, since the practical concentration of the polymer in
the solution should be lower than the critical one.

It has been established that the optimal content of
Aerosil R 972 nanoparticles for acrylic resin A-01, high-
chlorinated polyethylene resin HCPE is V = 0.008, for
silicone resin SILRES® MSE100 — 0.009, for acrylic resin
DEGALAN — 0.012. In Table 1 shows the contact angle
values for various formulations.

Analysis of the data given in Table 1 indicate that coat-
ings based on A-01 acrylic resins, DEGALAN® and high
chlorinated polyethylene resin HCPE do not provide su-
per hydrophobic properties after wetting. The contact an-
gle of wetting is less than 150 degrees and is 81—86 degrees
(on a metal substrate) and 104—124 degrees (on a solution
substrate). Coatings based on SILRES® MSE100 20%
silicone resin, although having a higher contact angle, are
also not superhydrophobic. The contact angle of wetting
on metal and mortar substrates is less than 150 degrees.

The superhydrophobic effect was retained by coat-
ings based on SILRES® MSE100 5% silicone resin and
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Fig. 2. The dependence of the nominal viscosity of the polymer solution on the concentration of the
resin: 1 — highly chlorinated polyethylene resin HCPE; 2 — acrylic resin A-01; 3 — silicone resin

SILRES® MSE100; 4 — acrylic resin DEGALAN
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Fig. 3. The dependence of the viscosity of the polymer solution on the concentration of the resin in
semi-logarithmic coordinates: 1 — high chlorine HCPE polyethylene resin; 2 — acrylic resin A-01;

3 —silicone resin SILRES® MSE100; 4 — acrylic resin DEGALAN
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The value of the contact angle on the anti-icing coating based on various resins

Resin Contact angle (0°), deg,*
Resin ncentration VCIL
esin type concentration, | . = .ont of filler | ©0 @ mortar on a metal
% substrate substrate
High chlorinated polyethylene resin HCPE 15 0.009 14 86
Acrylic A-01 20 0.008 % %
® . . ® 152 154
DEGALAN® Acrylic resin DEGALAN 20 0.012 110 33
Silicone resin SILRES® MSE100 20 0.009 %‘2‘ %‘6‘
Silicone resin SILRES® MSE100 5 0.009 151 —
Silicone resin SILRES® MSE100 10 0.004 153 —

Note. * Above the line are the values of the contact angle before wetting, under the line — after 72 hours of wetting

10% concentration — the wetting angle on the solution
substrate was more than 150 deg. Adhesion of coatings
to the substrate after wetting is 1 point.

Fig. 4 presents the results of spectroscopic studies of
the organosilicon binder type SILRES MSE100 with and
without the addition of aerosil, and for comparison, the
IR transmission spectrum of aerosil is shown separately.

Analysis of the presented IR spectra shows that Aerosil
powder is chemically pure (within the resolution of the
method) silicon dioxide, which is characterized by the
presence of vibrational modes at 810 and 1110 cm~'. The
first of the modes corresponds to the twisting vibrations
of Si,0, and the second can be reliably attributed to the
stretching symmetric and asymmetric vibrations of the
bridging oxygen of the Si—O—Si bonds.

The introduction of an aerosil additive into the struc-
ture of the SILRES MSE100 organosilicon binder does
not lead to a significant change in its qualitative composi-
tion, which can be judged by almost identical IR trans-
mission spectra (Fig. 4). In this case, new types of vibra-
tions corresponding to the chemical bonding of SiO, and
organosilicon are not observed, which, apparently, is due
to the physical mechanism of interaction between aerosil
and the binder. However, the decrease in the intensity of
the absorption peaks at 1650 and 3640 cm™!, as well as in
the spectral range 1750—2000 cm™!, observed in the IR
spectra, allows us to conclude that aerosil nanoparticles
have some effect on the SILRES MSE100 condensation
process, in particular, on the removal from its structures
are water, simple alcohols, and cyclic anhydrites.

The dependence of the wetting characteristics dur-
ing the spreading of a drop on the surface of the coat-

ing was studied on the basis of the proposed composi-
tion. The values of the contact angles are presented in
Table 2 and clearly confirm the presence of hysteresis
on the surface.

At an angle of inclination of the metal plate of 10°,
a drop of water from the superhydrophobic surface begins
to roll down (Fig. 5).

In addition, a calculation was made of the force at
which a drop of water rolls down an inclined surface. The
volume of a water drop was 0.05 ml and was the same for
different surfaces. In this case, its mass was determined
in accordance with the formula

m=Vp, (6)

where p is the density of water.

Rolling occurs when the trailing edge of the drop
breaks off. The drop separation condition is determined
by the expression

F = mgsina, 7

where m is the mass of a water drop, kg;

a is rolling angle, deg;

Fis tear-off force, n.

The force Fis the sum of the adhesion values of a wa-
ter drop and the friction force.

Table 3 shows the values of the force F for a hydro-
philic and superhydrophobic surface.

A 3-fold decrease in the force of detachment of a drop
from an anti-icing coating was revealed, which ensures an
easier rolling of a drop of water from the surface.
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Fig. 4. IR transmission spectra: 1 — organosilicon binder SILRES MSE100; 2 — organosilicon binder with

the addition of aerosil; 3 — aerosil

Table 2
Contact angle for water on a surface
Static wetting Wetting
Surface type ke Off angle Leak angle [
silicone resin coating SILRES® MSE100 164 162.8 166.5 3.7
hydrophilic 25.4 21.1 45 23.9

Fig. 5. Photo of a water drop on the surface of an anti-icing coating on a metal surface: a — in its original state;
b — after 1 second of rolling; ¢ — after 2 seconds of rolling

Table 3

Rolling angle of a water drop from the surface

Surface type Rolling angle, degree Breakaway force, n
roofing corrugated sheets “MR-20” (hydrophilic surface) 31 2.55.10*
MR-20 corrugated roofing sheets are treated with a 10 0850104
composition based on SILRES® MSE100 silicone resin ’
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Fig. 6. Photo image of ice rolling off a superhydrophobic surface: a — the beginning of ice rolling; b — after rolling

It has been established that the removal of ice from
a superhydrophobic surface at room temperature at a plate
inclination angle of 90 degrees begins after 1 minute
55 seconds, and after 3 minutes the ice has fallen from
the plate (Fig. 6). Removal of ice from the hydrophilic
surface is not observed; after 6 minutes of being at room
temperature, the ice melted (Fig. 7).

It was found that the amount of ice on the hydrophilic
surface is 0.59 kg/m?, and on the surface treated with
a composition based on SILRES® MSE100 silicone resin,
itis 0.15 kg/m?.

CONCLUSIONS

An anti-icing coating composition based on 5% and
10% concentration SILRES® MSE100 silicone resin and
R 972 aerosil nanoparticles has been developed. The com-
position is designed to protect building structures from
Fig. 7. Photo of an image of ice rolling from a hydrophilic ~ icing. The results of the conducted studies indicate that
surface (freezing temperature —10°C) the proposed composition forms a coating characterized
by anti-icing properties that remain during operation.

REFERENCES

1. Shevchenko V.Ya., Shilova O.A., Kochina T.A., Barinova L.D., Belyi O.V. Resource saving and safety in transport
through the introduction of environmentally friendly protective coatings. Physics and chemistry of glass. 2019; 45(1):
3-15. https://doi.org/10.1134/S0132665119010074

2. Solovyanchik L.V., Kondrashov S.V., Nagornaya V.S., Melnikov A.A. Features of obtaining anti-icing coatings.
Proceedings of VIAM. 2018; 6: 77-98. https://doi.org/10.18577/2307-6046-2018-0-6-77-98

3. Liu J., Wang J., Mazzola L., Memon H., Barman T., Turnbull B. Development and evaluation of
poly(dimethylsiloxane) based composite coatings for icephobic applications. Surface and coatings technology. 2018;
349: 980-985. https://doi.org/10.1016/j.surfcoat.2018.06.066

http://nanobuild.ru 217 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.1134/S0132665119010074

Nanotechnologies in construction 2023;15(3): U/
HaHoTexHonorum B cTponTenbcTBe 211-219 NanObL" ]

CONSTRUCTION MATERIALS SCIENCE

4. Rongxian Qiu, Zhongxin Li, Zhilin Wu. Enhanced anti-icing and anti-corrosion properties of wear-resistant
superhydrophobic surfaces based on Al alloys. Materials research express. 2019; 6(4): article 045059. https://doi.
org/10.1088/2053-1591/aatdf1

5. Boinovich L.B. Superhydrophobic coatings are a new class of polyfunctional materials. Bulletin of the Russian
Academy of Sciences.2013; 8(1): 10-22. https://doi.org/10.7868/S0869587313010039

6. Kreder M.J., Alvarenga J., Kim P., Aizenberg J. Design of anti-icing surfaces: smooth, textured or slippery?
Nature Reviews Materials. 2016;1(1): 15003. https://doi.org/10.1038 /natrevmats.2015.3

7. Boinovich L.B., Emelianenko A.M. Hydrophobic materials and coatings: principles of creation, properties
and application. Advances in chemistry. 2008; 77: 619-638). https://doi.org/10.1070/RC2008v077n07ABEH003775

8. Rajiv S., Kumaran S., Sathish, M. Long-term-durable anti-icing superhydrophobic composite coatings. Journal
of applied polymer science. 2018;136(7): 47059. https://doi.org/10.1002/app.47059

9. Zheng Shunli, Bellido-Aguilar, Daniel Angel; Wu Xinghua. Durable Waterborne Hydrophobic Bio-Epoxy
Coating with Improved Anti-Icing and Self-cleaning performance. Acs sustainable chemistry & engineering. 2019; 7(1):
641-649. https://doi.org/10.1021/acssuschemeng.8b04203

10. Rongxian Qiu, Zhongxin Li, Zhilin Wu. Enhanced anti-icing and anti-corrosion properties of wear-resistant
superhydrophobic surfaces based on Al alloys. Materials research express. 2019; 6(4): article 045059. https://doi.
org/10.1088/2053-1591/aatdf1

11. Piscitelli F., Tescione F., Mazzola L. On a simplified method to produce hydrophobic coatings for aeronautical
applications. Applied surface science. 2019; 472(SI): 71-81. https://doi.org/10.1016/j.apsusc.2018.04.062

12. Xinghua Wu, Silberschmidt Vadim V., Zhong-Ting Hu. When superhydrophobic coatings are icephobic: Role
of surface topology. Surface & Coatings technology. 2019; 358: 207-214. https://doi.org/10.1016/j.surfcoat.2018.11.039

13. Boinovich L.B., Emelianenko A.M. Hydrophobic materials and coatings: principles of creation, properties
and application. Chemistry Advances. 2008; 77(7): 619—638. https://doi.org/10.1070/RC2008v077n07ABEH003775

14. Loganina V.I. Study of the kinetics of freezing of a water drop on a superhydrophobic surface of coatings.
Bulletin of MGSU. 2019;14(4):311-317. https://doi.org/10.22227/1997-0935.2019.4.435-441

15. Loganina V.1., Kislitsyna S.N., Sergeeva K.A. Comparative evaluation of ice adhesion to superhydrophobic
and hydrophilic coatings. Izvestiya vuzov. Construction.2019;4: 28-34.

16. Zhang H.Y., Yang Y.L., Pan J.F. Compare study between icephobicity and superhydrophobicity. Physica
b-condensed matter. 2019;556:118-130. https://doi.org/10.1016/j.physb.2018.12.014

17. Nosonovsky M., Bhushan B. Superhydrophobic Surfaces and Emerging Ap-plications: Nonadhesion, Energy,
Green Engineering. Current opinions coll. interface sci. 2009; 14: 270—280. https://doi.org/10.1016/j.cocis.2009.05.004

18. Venkateswara Rao A., Latthe S.S., Nadargi D.Y., Hirashima H., Ganesan V. Preparation of MTMS based
transparent superhydrophobic silica films by sol-gel method. J. colloid interf. Sci. 2009; 332(2):484—490. https://doi.
org/10.1016/j.jcis.2009.01.012

19. Shilova O.A., Proskurina O.I., Antipov V.N., Khamova T.V., Esipova N.E., Pugachev K.E., Ladilina E.Yu.,
Kruchinina I.Yu. Sol-gel synthesis and hydrophobic properties of anti-friction coatings for use in high-speed mini-
turbo generators. Physics and Chemistry of Glass. 2014; 40(3): 419—425.

20. Shen Yizhou, Wu Yu, Tao Jie. Spraying Fabrication of Durable and Transparent Coatings for Anti Icing
Application: Dynamic Water Repellency, Icing Delay, and Ice Adhesion. Acs applied materials & interfaces. 2019; 1:
3590-3598. https://doi.org/10.1021/acsami.8b19225

INFORMATION ABOUT THE AUTHOR

Valentina I. Loganina - Dr. Sci. (Eng.), Professor, Head of the Department Quality Management and Construction Technology,
Penza State University of Architecture and Construction, Penza, Russia, loganin@mail.ru, https://orcid.org/0000-0001-7532-0074

Svetlana N. Kislitsyna — Cand. Sci. (Eng.), Associate Professor, Department of Technology of Building Materials
and Woodworking, Penza State University of Architecture and Construction, Penza, Russia, kislitsyna_sn@mail.ru,
https://orcid.org/0000-0002-5177-2890

Evgenia V. Tkach - Dr. Sci. (Eng.), Professor, Department of Building Materials Science, National Research Moscow State
University of Civil Engineering, Moscow, Russia, https://orcid.org/0000-0003-2132-4971

Irina V. Stepina - Cand. Sci. (Eng.), Associate Professor, Department of Building Materials Science, National Research Moscow
State University of Civil Engineering, Moscow, Russia, https://orcid.org/0000-0002-5358-2935

http://nanobuild.ru 218 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.1088/2053-1591/aatdf1
https://doi.org/10.1088/2053-1591/aatdf1
https://doi.org/10.7868/S0869587313010039
http://dx.doi.org/10.1038/natrevmats.2015.3
https://doi.org/10.1070/RC2008v077n07ABEH003775
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Rajiv, S.&dais_id=1584755&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Kumaran, S.&dais_id=84388&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Sathish, M.&dais_id=3008139&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=1&doc=6&cacheurlFromRightClick=no
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Zheng, Shunli&dais_id=29465973&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Bellido-Aguilar, Daniel Angel&dais_id=11278392&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Wu, Xinghua&dais_id=664992&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=15
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=15
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
https://doi.org/10.1088/2053-1591/aatdf1 

https://doi.org/10.1088/2053-1591/aatdf1 

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Piscitelli, F.&dais_id=2678225&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Tescione, F.&dais_id=2511714&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Mazzola, L.&dais_id=1646157&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=1&doc=2
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Wu, Xinghua&dais_id=664992&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Silberschmidt, Vadim V.&dais_id=36815&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=C6XTwY8tFqE1625BUrG&author_name=Hu, Zhong-Ting&dais_id=1472138&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=11
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=11
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
https://doi.org/10.1016/j.surfcoat.2018.11.039
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Zhang, H. Y.
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Yang, Y. L.
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Pan, J. F.
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=1&doc=3&cacheurlFromRightClick=no
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
https://doi.org/10.1016/j.physb.2018.12.014
http://dx.doi.org/10.1016/j.cocis.2009.05.004
https://doi.org/10.1016/j.jcis.2009.01.012

http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Shen, Yizhou
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Wu, Yu
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=C6XTwY8tFqE1625BUrG&field=AU&value=Tao, Jie
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=13
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=C6XTwY8tFqE1625BUrG&page=2&doc=13
file:///F:/_WORKS-2/_%d0%9d%d0%a2%d0%92%d0%a1-2/85_(3)_2023/2_%d0%9b%d0%be%d0%b3%d0%b0%d0%bd%d0%b8%d0%bd%d0%b0/javascript:;
https://doi.org/10.1021/acsami.8b19225
https://orcid.org/0000-0001-7532-0074
https://orcid.org/0000-0002-5177-2890
https://orcid.org/0000-0003-2132-4971
https://orcid.org/0000-0002-5358-2935

v

Nanotechnologies in construction 2023;15(3):

HaHoTexHONorum B cTpouTtenbCcTBe 211-219 NanObLﬂ

CONSTRUCTION MATERIALS SCIENCE

CONTRIBUTION OF THE AUTHORS

Valentina I. Loganina - scientific management, preparation of samples, determination of the specific surface, collection,
analysis and processing of the results, writing the article.

Svetlana N. Kislitsyna — estimation of the wetting angle, wetting hysteresis.
Evgenia V. Tkach - calculation of the force of rolling a drop of water.
Irina V. Stepina - literature review.

The authors declare no conflicts of interests.
The article was submitted 07.04.2023; approved after reviewing 05.05.2023; accepted for publication 06.06.2023.

http://nanobuild.ru 219 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (3):
211-219

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

HayuHan cTaTba
YOK 691.534
https://doi.org/10.15828/2075-8545-2023-15-3-211-219

CCBY 4.0

AHTNOONEegeHUTeNbHOE NOKPbITHE Ha OCHOBE
cunukoHoBsou cmonbl SILRES® MSE100

BaneHTuHa MiBaHOBHa JloraHuHa'* (°), CBeTnaHa HukonaeBHa Kucnuybina' (), EBreHna BnagumunposHa Tkau? (2},

WpwuHa BacunbeBHa CtenunHa?

' MeH3eHCKMI roCYyAapCTBEHHDbIN apXUTEKTYPHO-CTPOUTENbHBIV YHUBEpcUTeT, [MeH3a, Poccna
2 HaumoHanbHbIN nccnenoBaTenbckmii MOCKOBCKMI rOCyapCTBEHHDbIV CTPOUTENbHBIN YHBepcuTeT, MockBa, Poccua

* ABTOp, OTBETCTBEHHbIN 3a Nepenucky: e-mail: loganin@mail.ru

AHHOTALA: BBepeHme. ViccnepoBaHvie HanpasieHo Ha MoJlyyeHvie aHTObnefeHNTENbHOrO MOKPbITVA ANA CTPOUTENbHBIX KOH-
CTPYKUMIA NyTeM co3aaHuA rmapodpoOHOro noBepXHOCTHOTO CII0A, KOTOPOE PerynrnpyeTca MoBePXHOCTHON SHeprueil n Tonorpadven
nosepxHocT. MaTepmnanbl u metogbl. B pabote nprmeHann akpunosble cmonbl A-01 1 DEGALAN®, BbICOKOXJTOPVPOBaHHYO Mo-
nuatneHosyto cmony HCPE n cunukoHoByto cmony SILRES® MSE 100. B kauecTBe HanonHUTENA NPYMEHAIN HAHOYACTULbl a3pocuiia
Mapku R 972. AHTOGNneAeHUTeNIbHbIe CBONCTBA MOKPbLITUA OLEHMBan Mo KPaeBoMy yrily CMauMBaHWA Karnam BOAbI C MOKPbITMEM,
CTaTUYECKOMY 1 IMHAMUYECKOMY YTy CMaunBaHUA, rMcTepesncy CMaunuBaHmua, afaresnm Nibaa K cynepruapodobHoli NoBEpXHOCTH.
Pe3synbratbl 1 06cyKAeHNA. BbiABNEHO, YTO MOKPLITVA Ha OCHOBE akpunoBbix cmon A-01, DEGALAN®, BbICOKOXIOPUPOBaHHOA
nonuatuneHoBoi cmonbl HCPE 1 cunvkoHoBol cmorsibl SILRES® MSE100 20%-Ho KOHLIEHTpaLMKM He obecneumnBatoT cyrneprugpodob-
HbIX cBoMCTB. CyneprnapodobHbIn 3GPeKT COXpaHUIM MOKPLITUA Ha OCHOBE CUIIMKOHOBOW CMOJIbl SILRES® MSET00 5% 1 10%-Hoi
KoHUeHTpauun. Cna oTpbiBa Kamnam C NOKPbITWA Ha OCHOBEe CUMNIMKOHOBOW cmonbl SILRES® MSE100 10%-Ho KOHLeHTpauun B 3 pasa
MeHbLLEe, YTo obecneymBaeT 6onee nerkoe cKaTbiBaHMe Kamnam BOAbl C MOBEPXHOCTY 1 ee aHTnobneaeHrTenbHble CBONCTBA. Konu-
4ecTBO NibAia Ha Heob6paboTaHHOW NOBEPXHOCTH cocTaBnAeT 0,59Kr/m?, a Ha NOBEPXHOCTY, 06pPaboTaHHOI COCTaBOM Ha OCHOBE
cunukoHoBon cmornbl SILRES® MSE100, - 0,15kr/m?. BbiBogbl. PazpaboTaH cocTaB aHTMO6GNeAeHNTENbHOMO NMOKPbITHA Ha OCHOBE
cunrkoHosol cmonbl SILRES® MSE100. MNMpepanaraembiin coctaB 0bpa3syeT NoKpbITre, XapakTepu3ytoLeeca aHTMobnefeH!TeIbHbIMM
CBOMCTBaMU, COXPaHAIOLNMNCA B MpoLiecce KCnnyaTaumm.

KJTIOYEBbIE CJIOBA: cynepruapodobHoe NOKpbIT/E, HAHOUYACTHLbl a3POCUNa, KPAaeBOW Yrosl CMauriBaHUA, aHTOGNeAeHUTEeNbHbIe
CBOICTBA, 3aMOpPaXXrBaH1e, agresus.

BNAFOAAPHOCTMW: ViccnepoBaHue BbinonHeHo npu ¢rHaHcoBo nogaepkke HAY MICY B pamkax KoHKypca 2023 rofa Ha npo-
BefeHune dyHOaMeHTanbHbIX U NpuknagHbix nccnegosanuii (HUP/HUOKP) HayuHbIMK KONNeKTMBamMm opraHmn3auuii — 4sieHoB
N cTpaTernyecknx naptHepos OTpacneBoro KoHcopunyma «CTpontenbctBo 1 apxutektypa» (gorosop Ne NMIMYAC/K-23) B uenax
ncnonHenuaA Mporpammbl pa3sutra HAY MICY Ha 2021-2030 rogbl B paMkax peanusauum MNporpammbl cTpaTermnyeckoro akage-
Muyeckoro nugepctaa «Mproputet-2030[MW1]».

ONna UMTUPOBAHWA: JloraHuHa B.A., KucnuupiHa C.H., Tkau E.B., CtennHa U.B. AHTMOGNegeHUTENIbHOE MOKPbITE HAa OCHOBE CUN-

KoHoBoOW cmonbl SILRES® MSE100 // HaHoTexHonorum B ctpoutenbctae. 2023.T. 15, N2 3. C. 211-219. https://doi.org/10.15828/2075-
8545-2023-15-3-211-219. - EDN: CYPVCS.

BBEJIEHUE

Opa3oBaHME COCYJICK Ha CKaTHBIX KPHIIIIaX TOMOB

7 TIOCJIeAyIolee UX MagcHNe MOXET IIPUBOIUTH
K TSCKEJIBIM M TPATMYECKUM ITOCTISACTBUSAM. [IJIsI 3aIIUTHI
CTPOMUTEIbHBIX KOHCTPYKIIUI U COOPYKEHUI HAXOAST
npuMeHeHue cBepxruapogoOHbIe TIOKphITUsI. Ha oTte-
YECTBEHHOM PBIHKE TIPEACTABICHBI Pa3IMYHBIC COCTABhI
AHTUOOJIEAEHUTEIbHBIX TTOKPBITHIL [1—3].

© NoraHuHa B.N., KucnnubiHa C.H., Tkau E.B., Crennna L.B., 2023

HaznaueHne aHTHOOJ I IEHUTETLHBIX TTOKPBITHIA 3a-
KJTFOYaeTCs B CHIDKCHUM aTC3MH JIbIA C TIOBEPXHOCTHIO.
Takme MOKPBITHS CYIIIECTBEHHO YMEHBIIAIOT HAMOpa-
KMBaHME 1 00CCIICYMBAIOT OBICTPHINA CXOI JIbAA TIPU T10-
BTOPSIOLIMXCS LIMKJIAX 3aMep3aHust — OTTauBaHus [4—6].

HecMoTpst Ha 001bIII0e KOJTMYESCTBO TIpeIIaracMbIX
COCTaBOB, TIpobJieMa 00pbOBI ¢ 00JIEIEHEHUEM OCTACTCSI
aKTyanrbHOU. HekoTopbiec aHTHOOICICHUTEILHBIC T10-
KPBITHST 00J1afaloT HU3KUM CILIETUICHUEM CO JIBIOM, OJI-
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HaKO TTOKPBITHS HE COXPAHSIIOT aHTHOOIeICHUTETHHBIX
CBOICTB B TeUeHHUE JIUTEJIBHOTO cpoka [7-10].

AJNre3VOHHAas MPOYHOCTD JIbAa K MTOKPBITUIO SIBJISI-
eTcd (DYHKIMEH ero TOBEpXHOCTHOM sHepruu [11,12].
[Tpu Bo3pacTaHNU pa3HOCTU MEXAY 3HAYCHUSIMU T10-
BEPXHOCTHOTO HATSIKEHUSI O, BOIBI U TIOBEPXHOCTHOTO
HATSDKCHUSI O, TOKPBITASI PACTEKaeMOCTb BOZBI 10 T10-
BEPXHOCTHOMY CJIOIO MTOKPBITUSI YMEHBIIIACTCS, UYTO
TIPUBOIUT K COKPAIICHUIO TIIOIIAAN KOHTaKTa MEXIY
3aMep3IIeii BOTOU 1 TOKPBITUEM U, KaK CIICACTBUE 3TO-
TO, K YMEHBIIIEHWIO aATe3WH JIbaa K MoKpeITHio [13—15].

Y OOJBITMHCTBA TTOJIMMEPHBIX MaTCPHUAJIOB aATe3MsI
co J1bIoM coctanisieT 6ogee 0,100 MITa. [TpakTnka mo-
Ka3bIBaeT, YTO TSI OOPHOBI ¢ 00JIeICHEHEM CIICIyeT 1C-
TI0JTb30BaTh ITOJTMMEPHI, TEPMOIMHAMMYECKIE XapaKTe-
PUCTUKY KOTOPHIX OTBEYAIOT CIICAYIOIINM TPEOOBAHUSIM:
0, < 25 M/Ik/M?, KOHTAKTHBII YTOJI CMAYMBaHUSI BOIOMI
6omee 90°. B aToM cimyJae anre3MoHHas IIPOYHOCTD JIbAA
K TIOBEpXHOCTH He OyneT mpesnimath 0,030 MITa.

PecanpHBIC TOBEPXHOCTA MMEIOT IIEPOXOBATOCTb.
[1pu TTOTHOM CMaYMBaHUM KUIKOCTH HEPOBHOCTEH T10-
BEpXHOCTH 3HAYCHIE yIJIa CMadnBaHUsI 0' orpenensieTcst
ypaBHeHUEM BeHzens:

cos6” = rcosH, (1)

TJIe I — IIepOXOBAaTOCTh IIOBEPXHOCTH, KOTOPAST OTIPE-
JesieTcs] KaK OTHOIICHNE NCTUHHOM 1 KaXKyIIIecs I1o-
IIaaeii ITOBepXHOCTH.

[Ipu reTeporeHHOM peXXMMe CMadyMBaHUS KaTlIst
KUIKOCTH CMadynBaeT He BCIO MTOBEPXHOCTD, a JIUIIIb
BEePIIMHEI peibeda moBepxHOCTU. BemunHa yrira cma-
YUBaHUS olpenessieTcs ypasHeHeM Kaccr—bakcTepa:

cos@’= —1+ @ (cosO + 1), 2)

rae @ — 1015 IOLIa1 MOBEPXHOCTH, KOHTAKTUPY-
foIIast ¢ Karuieil BOIbI.

CremoBaTeIbHO, CYIIepruapodoOHbIC IIOBEPXHOCTH
MOKHBI IMETh MaJIYIO MO0 TUTOIIAIM TTOBEPXHOCTH,
KOHTAKTHPYIOIICH ¢ TTOBEpXHOCTHIO KaIUTH BOIEIL. Takmm
00pa3oM, MEXaHN3M aHTHOOJICICHUTEITLHOTO ICCTBUS
HEITOCPEICTBEHHO CBSI3aH C TUAPO(POOHOCTHIO TTOBEPX-
HOCTHOTO CJIOSI, KOTOpast peryJIMpyeTcsT TOBEPXHOCTHOM
3Hepruei u rornorpadueii mosepxHocTu [16—20].

[NepcrieKTUBHEBIM SIBJISIETCS IIPUMEHEHIE B KAUeCTBE
HATIOJTHUTEJII HAaHOYACTHII THAPODOOHOTo aspocuiia
R-972, KoTOpHIit MMeeT MOBEPXHOCTHEIC THAPO(POOHBIE
METWIbHBIC TPYIIIIEL.

Hcxomst 3 BHIIIEU3IIOKEHHOTO, pa3padoTKa pelern-
TypBI aHTHOOJICACHUTEILHOTO COCTaBa 3aKJII04Yaaach
B BBIOOpE CBSI3YIOIIETO 1 HATIOJTHUTEISI M X ONITUMAITb-
HOTO comepxkaHus. [1pr 3ToM MCXOIVIIN 13 TIOTYICHUS
ToTorpaduy MOBEPXHOCTU MTOKPBITHSI, 00eCIIeUNBAIO-
IIIeif TeTepOTeHHBIN PEeXKUM CMauYNBaHUS.

MATEPUAJIBI 1 METOAbI

B pabore mpuMeHaIM akpuiioBbie cMoJibl A-01,
DEGALAN®, BBICOKOXJIOPUPOBAHHYIO TTOJUITUIEHO-
Byto cmony HCPE u crstmkoHoByio cmony SILRES®
MSE100. B xauecTBe HamOTHUTES TIPUMEHSIIN a3PO-
cut Mapku R 972 ¢ rtotHocThIO p = 2360 KIr/™M?%, pas-
MepaMu 4acTull 16 HM U yIeJbHOI ITOBEPXHOCTHIO
S,, = 12000 M?/KT.

CreneHb TUAPO(GOOHOCTU OLICHUBAIH 110 BETMUMHE
KpaeBOTO yIjla cMauyUBaHMSI (6°) KaIlIi BOIBI C TTIOKPHI-
treM. KpaeBoit yroa cMaumBaHMS OTIPEACIISIIA METO-
ITIOM TIpOeKIINK Karuin. Karmo XumKocTi Ha TOpH30H-
TaJIbHOI MCCIEAYEeMOM TTOBEPXHOCTHU TIPOCIIMPOBAIN
Ha 9KpaH 1 110 PUCYHKY OIPEACISUIN YToJI O TT0 BEICOTE
(h) xannu u paauycy r IIOIIAAM KOHTAKTa KaIlji € UC-
cJIemyeMoii TIOBEpXHOCTHIO (I) TI0 (hopMyIte:

pu 6 < 90°
cosO=(rP—h?) /] (P+ k), 3)
pu 6 > 90°
cos@ = (1-h)/r. 4)

JIOTIOTHUTEIFHO KpaeBoOi Yrojl cMaunMBaHUSI OIIpe-
TIEJISITA TIOCTIe YBIaXKHEHMS MIOKPHITUI B TeUeHUe 72 4.

s xapaKTepHMCTUKUA aHTUOOJCACHUTEIbHBIX
CBOICTB IIOKPHITHI B pab0Te MPUMEHSIIA 3HAUYCHME CTa-
THYECKOTO ¥ TUHAMIUYIECKOTO (HACTYIAIOIIETO U OTCTY-
ITAIOIIEr0) KPaeBOTo yIjla CMauYMBaHUSI, a TAKKE THCTE-
pe3rc CMauYMBaHUS, TSI YETO M3MEPSIIN YIITbI HaTeKAHMS
0, M yribl otTekanud 0. JIuHamuueckuii KpaeBoii yroi
CMaYMBaHUS OMPEACIISUIN METOMIOM JIeXKalIeid KaTLIn.
J715T 5TOTO KaIuTIO BOIBI ITOMEIIAIN Ha TIOBEPXHOCTH IT0-
KPBITHSI ¢ TIOMOIIBIO IITIPHUIIA, TUaMETp KaIlJId COCTaB-
Jsu1 oT 2 1o 5 MM. Bo BpeMst m3MepeHMsT HaTeKaIoIIero
yraa(0, ) uria mrpuia ocTaBanach B Karie Ha IpoTs-
JKeHUU BCero onbita. OTreKkaromuii yron (0 ) usmepsim
TP YMEHBIIIEHUM pa3Mepa KallIu 3a CYCT BCaChIBAHUS
Boabl uepe3 mmpuil (puc. 1). [To pasHuile Mexny Ha-
TEKAOIINM YIJIOM M OTTCKAIOIINM YTJIOM OIIPEIEIIsIICS
TUCTEPE3NC CMAaYNBaHUS.

MeTonuKa orpeaeeHASI KPpUTHIECKOTO yIiia, IIpu
KOTOPOM KaIlIsl BOOBI ¢ HAKJIOHHOM MTOBEPXHOCTH Ha-
YMHAaJIa CKaTHIBAaThCS, 3aKIII0Yalach B CICAYIOIICM.
Karurst Bomel moMenianach Ha METAJNIMUECKYIO TLIa-
CTHHY, KOTOpasl ITOCTETICHHO HauMHaIa HAKJIOHSITHCS.
B xauecTBe MOMTIOKEK MCITOIb30BAIMCH METAIIMIC-
CKMe TIACTUHEHI TTpodHACTHIIa KpoBeabHOTo « MR-20»
C MOJMMEPHBIM MOKphITHeM. CocTaB aHTHOOIe e -
HUTEIBHOTO TTOKPHITHS OBLI HaHECEH Ha ILUIACTUHY,
ITOCJIe OTBEPKACHUSI KOTOPOTO Ha MTOBEPXHOCTH Ha-
HocmiIach Karurst Boabl. CTaTUUeCKHUif KpaeBoOil yro
CMaYMBaHMUS OIIPEACIISICS METOIOM JIeXKallleil KaTlin
o dopmyie (4).

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://penza.metprof.ru/catalog/profnastil-krovelnyy/krovelnyy-profnastil-mp-20r/

2023; 15 (3):
211-219

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobuli

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

Puc. 1. ®oTo Kamim BoJbl HA METAJLINYECKON MOBEPXHOCTH: a, 0 — Ha CynepruapohoOHOIi TOBEPXHOCTH;
B, I — Ha TMAPO(UILHOM ITOBEPXHOCTHU, a, B — HaTeKaHue; 0, I — OTTeKaHue

YCcIIoBHYIO BSI3KOCTh pacTBOpa MOJMMEpa OIpe-
IeJISUTN ¢ TIOMOIIbI0 BHcKo3uMmeTpa B3-4. Anresmio
TMOKPBHITUIA K TTOII0XKKE OLIECHUBAIN METOIOM PEIIIeT-
yatoro Haape3a B coorBeTcTBUU ¢ 'OCT 15140-78
«Marepuajibl JaKOKpaco4YHbIe. MeTOIbI OIIpeaeIe HUS
anre3ni».

i1t OLIeHKU B3aUMOICHCTBUS TNICHKOOOpa3oBa-
TeJsl U HaHOYacTUll aspocuia 0wt ipuMeHsin MK
dypwe-cnekrpomerp @PCM 1201 (OO0 «MHDpacmek»,
Poccus) ¢ ncronp3oBaHWEeM TIPUCTABKA MHOTOKPAT-
HOTO HapYIICHMS ITOJTHOTO BHYTPECHHETO OTpakKeHUS
MHIIBO36 ¢ ripu3Moii ZnSe 1 MprUCTaBKM 3¢ PKaIbLHOTO
otpaxenus [13010. U3mepeHUsT TpOBOIMINCE B CITEK-
TpajabHOM auana3zoHe 650—3950 cm~! ¢ paspelieHrEM
4 cm~!. I1pu 3TOM OCYIIECTBIIsIACH IOATOTOBKA 00-
pa3IoB, 3aKJTIOYAOIIAsICs B HAHECEHNY CMOJTBI Ha TTOI-
JIOXKKH 13 aTFOMIHUAEBOI (DOJIBIM, KOTOpast BEICTYITAIa
B KauecTBe oOpa3siia cpaBHeHUsI. OOpa3Ibl a3pocua,
TIPEICTaBIISTIONINE CO0OI YBTPaINCIICPCHBIN TTOPOIIOK,

n3Mepsch B pamkax Metoga MHITBO B criekTpaabHOM
nranaszoHe 650—4250 cm~! ¢ paspemenuem 4 cm~!' — 6e3
TTOTIOJTHUTEIIBHOI TTPOOOIIOATOTOBKU.

PacueT onrrmManbpHOTO comep:KaHUST HATIOJTHUATEIIS
IIPOU3BOIMIICS TI0 (POpMYyIIE:

Prac
Sy,qepncr_i_l)g 5 (5)

v Pncr(h

e S — yAeIbHas IOBEPXHOCTb HAMIOIHUTEIS.
VienbHast IOBEPXHOCTh HAITOJIHUTEIS ONPEIE/IsIach
¢ romo1pio pudopa IMMCX-12.

PE3YJIbTATBI
Ha puc. 2 npencrasieHa 3aBUCUMOCTb BSI3KOCTU

pacTBopa CMOJI OT ero KOHIIEHTPALlUKA B PACTBOPUTEIC
(kcumon).
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Puc. 2. 3aBucHMOCTD YCJIOBHOI BA3KOCTH PACTBOPA MOJUMEPA OT KOHIEHTPALMH CMOJIbI:
1 — BBICOKOXJIOpUpOoBaHHas noaustuiieHoBast cmona HCPE; 2 — akpunosast cmona A-01;
3 — cuinkoHoBas cmoiia SILRES® MSE 100; 4 — akpunoBas cmoia DEGALAN
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Puc. 3. 3aBucUMOCTD BA3KOCTH PACTBOPA MOJTMMEPA OT KOHIIEHTPAIMH CMOJIBI B O.TyJI0rapudmMm-
YeCKHX KOOpAHMHATaX: | — BEICOKOXJIOpHMpPOBaHHas monuaTuiaeHoBast cMojia HCPE;

2 — akpuiioBasg cmoia A-01; 3 — cuimnkonoBas cmosia SILRES® MSE 100; 4 — akpuiioBas
cmona DEGALAN
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[IpemcraBUB 3aBUCUMOCTD BSI3KOCTH pacTBOpa I10-
JIMMepa B ITOTyI0rapu(pMIIeCKIX KOOpIUHATaxX (puc. 3),
TOJIYIUM IIBE TIepeceKaroIIuecst JMHNN. Toduka mepe-
ceueHMs, CIIpoepoBaHHAs Ha OCh abcmuce, OymeT
TIPEACTABISITh COOOM KPUTUICCKYIO KOHIICHTPAIINIO
ToJIMMEpa B pacTBOPE.

YCTaHOBJICHO, YTO KPUTHUYECKASI KOHIICHTPALIUST pac-
TBOpA ITOJIUMEpPa B KCUJIOJIE COCTABIISICT IS BEICOKO-
XJIOpMpOBaHHOM TTonuaTriieHoBoit cmosibl HCPE 12%,
IJIsT aKpUIoBoit cMoJbl A-01, CUIIMKOHOBOM CMOJIBI
SILRES® MSE 100, akpunosoit cmoisl DEGALAN —
20% (puc. 3). Jdnsa nanbHEHIINX UCCIEI0BAHUI IIPK -
HUMAaJI KOHIICHTPAIIAIO CMOJI B paCTBOPE MEHBIIIE, YeM
KPUTHYECKYIO, TaK KaK MPaKTUICCKHN IpUMeHsIeMast
KOHIICHTpALUs TIOJIMMEpa B pacTBOpe JOKHA OBITH
HIDKE KPUTHIECKOM.

YcTaHOBJICHO, YTO ONITUMAJIbHOE ComepKaHMe Ha-
HoYacTHIl aspocuiia R 972 g akprioBoif CMOJIBI
A-01, BBICOKOXJIOPMPOBAHHO ITOJINATUIICHOBOI CMOJIBI
HCPE coctasnster V= 0,008, 111 CLIIMKOHOBOI1 CMOJTBI
SILRES® MSE 100 — 0,009, njst akpuI0BOii CMOJIBI
DEGALAN —0,012.

B Tabin. 1 nmpencraBieHbl 3HaUEHUSI KPaeBOro yrja
CMaYMBaHUS TSI pa3IMIHBIX COCTABOB.

AHanu3 JaHHBIX, TIPUBEACHHBIX B Ta0. 1, cBUIe-
TEJLCTBYIOT, UYTO TIOKPBITHS Ha OCHOBE aKPIJIOBBIX CMOJT
A-01, DEGALAN® 1 BBICOKOXJIOPUPOBAHHOM O3~
trneHoBoit cmoinsl HCPE mocie yBiaxkHeHus He 00e-
CITCUMBAIOT CYIIepTUApoPOOHBIX CBOMCTB. KpaeBoit yron
cMmaunBanus MmeHee 150 rpag u cocrasisiet 81—86 rparn
(Ha MeTamIUUecKou momioxke) u 104—124 rpan (Ha
PacTBOPHOIT MMOMIOXKe). [TOKPHITHS Ha OCHOBE CUJIH-

Tabauya 1

koHoBoi1 cMmosibl SILRES® MSE100 20%-Hoii KOHLIEH-
Tpallnu, XOTS M 00J1amaioT 00jiee BBICOKUM KPacBBbIM
VIJIOM CMauYMBaHUs, OTHAKO TaksKe He 00J1amaloT Cymep-
ruapodooHOoCcThI0. KpaeBoif yroa cMaunBaHUS Ha Me-
TaJITMIECKOI 1 paCTBOPHOM MOToXKax MeHee 150 rpax.
Cymepruapodo0HbI 2PdEKT COXpAHWIN MTOKPBITUS
Ha OCHOBe CHIMKOHOBOM cMoiibl SILRES® MSE100
5%-noi1 u 10%-HOoi KOHLEHTPALUU — KPAaeBOii yroJj
CMadMBaHUS Ha paCTBOPHOM MTOUT0XKKe 60Jee 150 rpa.
Anre3us MOKPHITUM K ITOIIOXKKE MOCTIe YBIaXKHCHUS
cocrapisieT 1 6a.

Ha puc. 4 ipencraBiieHBI pe3yIbTaThl CIICKTPOCKOITH -
YECKUX UCCIICIOBAHNI KPEMHUIOPTaHNIECKOTO CBSI3YIO-
mero Tnma SILRES MSE100 ¢ mo6aBkoii aspocniia 1 6e3
Hee, a TaKKe IUIST COMTOCTABIICHUS OTIEIBHO TIPUBEICH
MK-cnekTp nporyckaHus a3pocuia.

Ananu3 nipencraBineHHbIX MK -criekTpoB mokasbiBaer,
YTO TTOPOIIOK a3pOCHJIA SIBJISIETCS XUMUICCKN YUCTHIM
(B paMKax pa3pellIeHHUs MeToaa) TMOKCHIOM KPEeMHMS,
IUIST KOTOPOTO XapaKTepHO HATMYKE KOJIeOaTeTbHBIX MO]I
mpu 810 1 1110 cm~'. TlepBast U3 MO OTBEYAET CKPYUH-
BaloLMM Kosebanuam Si,O, a BTopas MOXeT ObITb 10-
CTOBEpPHO OTHECEHA K BAJICHTHBIM CUMMETPUIHBIM U1 ac-
CHUMETPUYHBIM KOJIEOaHWSIM MOCTUKOBOTO KHCJIOpOaa
Si—O—Si cBsa3eii. BBenenne 106aBKM a3pochiia B CTPYK-
Typy KpeMHMitopranngeckoro cpsasymomiero SILRES MSE
100 He TIPUBOAUT K 3HAYNTEITHHOMY M3MEHEHMIO €T0 Ka-
YeCTBEHHOTO COCTaBa, O YeM MOKHO CYIUTB ITO TTPaKTIJe-
cku maeHTHIHBIM MK -criektpam rponyckanus (puc. 4).
ITpu 5TOM HOBBIEC THITHI KOJICOAHWIT, OTBEUAOIINEC XM~
MHUYECKOMY CBA3bIBaHUIO SiO, 1 KpeMHUIAOPraHUKMY,
He HaOIII0OMa0TCs, 9TO, TI0 BCEl BUIUMOCTH, OOYCITOBIICHO

3HaueHne KpaeBoro yrjia CMauYMuBaHHUs HA anmoﬁneneﬂmem,ﬂom MOKPBITUA HA OCHOBE PA3THYHBIX CMOJI

Yroa cmaunBanus (0°), rpan, *
Konnenrpauus T
Bun cmoJibl eHTpa COepKaHMe | Ha PACTBOPHOIA Ha MeT“a.rmu-
cMoubl, % YeCcKoii noj-
HANOJHUTEJIS MOIOXKKe
JIOXKKE
Bricokox10prpoBaHHasl MOJIUATUIIEHOBAS 15 0.009 150 170
cmona HCPE ’ 124 86
Axpiiosasi A-01 20 0,008 ﬁ %
Axpriosasi cmona DEGALAN® 20 0,012 %g 18534
® 152 176
CunuxkoHoBast cmojia SILRES® MSE100 20 0,009 104 104
CwmkoHoBag cmoina SILRES® MSE100 5 0,009 160 —
162
Cunukonosas cMoia SILRES® MSE100 10 0,004 153 —

IMpumevanue. * Haa yepToii mpuBeneHbl 3HAYEHUSI KPA€BOIo yIjla CMauMBaHMSI 10 YBJIAKHEHMS, TIOJl YepTOii — ociie 72 4acoB YBIaKHEHUS

http://nanobuild.ru

215

info@nanobuild.ru



http://nanobuild.ru/ru_RU/

2023; 15 (3):
211-219

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobuli

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

' l!ld 's;o

1
099
098

097

Koadduuuent nponyckanusi, OTH. eJl.

O% 'S i
950 850 750 650
4250 4050 3850 3650 3450 3250 3050 2850 2650 2450 2250 2050 1850 1650 1450 1250 1050 850 650 450

Bouanosoe unciio, cm~!

Puc. 4. UK-cnekTpsl npomyckanus: 1 — kpemHuiiopranudeckoro csssymwoiiero SILRES MSE100;
2 — KpeMHUIOPraHMYECKOTO CBSI3YIOLIEro ¢ J00aBKO aspocuiia; 3 — aspocuiia

(pU3IeCcKM MeXaHM3MOM B3aMOJIEHCTBUS aspocua
u cBs3ytomero. OgHako Hadmogaemoe Ha MK -criekrpax
YMEHBIIIEHNe MHTCHCUBHOCTH TTMKOB TOTJIOIICHUS TIPH
1650 1 3640 cm~!, a TakKe B CIIEKTPaILHOM JUaITa3oHe
1750—2000 cM~! TO3BOJTSIET CAENIATE BBIBOJL O HEKOTOPOM
BJIMSTHUM HAHOYACTHUII a3POCHIIa Ha Mpoliecc KOHIeH a-
muit SILRES MSE100, B yacTHOCTH, Ha yIaJeHUE U3 €TO
CTPYKTYPHI BOIBI, TIPOCTHIX CITUPTOB, a TAKKE ITUKITIYIC-
CKUX aHTUJIPUTOB.

WccnenoBanach 3aBUCUMOCTD XapaKTepPUCTUK CMadM-
BaHUS B IIpoliecce pacTeKaHUS KAl Ha TIOBEPXHOCTU
TMOKPBITUS HAa OCHOBE MPEIIOKEHHOTO cocTaBa. 3Ha-
YeHUs KPAaeBbIX YIJIOB MPEICTAaBICHBI B TA0J. 2 U SIBHO
TMOATBEPXKIAIOT HAIMYME TUCTEPE3NCca HA TTOBEPXHOCTH.

ITpu yrie HaKJIOHA MeTaJUTMYECKOM TTacTUHBI 10°
Karuts BOJIBI C TIOKPBITHS HAa OCHOBE CMJITMKOHOBOI CMO-
abl SILRES® MSE100 HaurHaeT cKaThIBaThCs (puUC. 5).

JlomoTHUTETbHO OBIT MMPOBEIEH pacueT CUJIBI, IPU
KOTOPO# Karuls BOABI CKATHIBAETCS C HAKJIIOHHOM IT0-
BepxHOocTU. O0BeM Kartuii Boabl cocTaBiasa 0,05 M

1 OBIJT OMMHAKOBBIM JJIST PAa3JIMIHBIX ITIOBEPXHOCTEIA.
B aTOM cimygae ee Macca ompenessiach B COOTBETCTBUU
¢ (popmyutoit

m=Vp, (6)

e 0 — TJIOTHOCTD BOIIHL.

CxaTbIBaHNE TTIPOMCXOINT, KOTIA OTPHIBACTCS 3aTHUI
Kpaii KaIruIn. Y CIIOBHE OTPBIBA KAIUIN OIIPEIEISICTCS BhI-
paxkeHNEM

F = mgsina, 7

TIe m — Macca KarId BOIbI, KT;

Q. — YTOJI CKaThIBaHUS, Tpa;

F — ycunue oTphIBa, H.

Ycume F aBisieTcss CyMMOI BETUIMH afTre3ny KaTuTi
BOIBI U CHJTBI TPEHUS.

B Ta6:1. 3 mpuBeneHbI 3HAYEHUS CUIILI F 71 TUIPO-
GuabHON 1 cynepruapo@oOHO MOBEPXHOCTH.

Tabauya 2
Kpaesoii yros i/ Boibl Ha IOBEPXHOCTH
CraTuyeckuii Yron VYron
Tucrepesuc
T moBEPXHOCTH yroa OTTEKaHMS, HATEKAHMS,
CMAYMBAHUS
CMAYMBAHUS rpaj rpajg
MMOKPHITHE Ha OCHOBE CUJIMKOHOBOM
cmostbl SILRES® MSE100 164 162.8 166.5 3.7
ruapoduIbHas 254 21,1 45 23,9
http://nanobuild.ru 216 info@nanobuild.ru
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Puc. 5. ®oTo Kanm Bojibl HA TOBEPXHOCTH AHTHOOJIIEHUTEIHHOTO MOKPBITHS HA METAJLINYECKOii TOBEPXHOCTH:
a — B UCXOJHOM COCTOSIHUM; O — uepe3 | cek cKaTbIBaHUsI; B — Yyepe3 2 ceK CKaTbIBAHUS

Tabauuya 3
YroJ cKaTbIBaHHUS KAILTH BObI C IOBEPXHOCTH

Tun noBepxHoCTH

VYroa ckarbiBanus, rpax | Cuna oTpbiBa, H

TUTACTUHBI TIpodHACTHIA KpoBeJIbHOro « MR-20»
(runpodusbHas TTOBEPXHOCTH)

31 2,55.10~

TUIaCTUHBI TpodHacTIIa KpoBeabHOro « MR-20» o6paboTaHbl
COCTaBOM Ha OCHOBe CUJIMKOHOBOI cMoiibl SILRES® MSE100

10 0,85.10~*

BrisiBiieHO ymeHbIieHUE B 3 pa3za CUIIbI OTPBIBA Karl-
JIU C aHTUOOJIENIEHUTEILHOTO MOKPBITUS, YTO 0OecIie-
yuBaeT OoJiee JIETKOe CKaThIBAHWE KATUIW BOIBI C T10-
BEPXHOCTH.

YcTaHOBIEHO, UTO ynajleHue JIbAa C CYIepTUapo-
(hboOHOIT TOBEPXHOCTH TIPU KOMHATHOU TeMTIepaType
pu yrjie HaKJIoHa TmacTuHbel 90 Tpax HauMHaeTCs
gepe3 1 MUHYTY 55 ceK, a yepe3 3 MUHYTHI Jie TTagaeT

¢ miacTUHbI (puc. 6). YaajaeHue abaa ¢ ruapoduib-
HOIl ITOBEPXHOCTH HE HabJomaeTcs, yepe3 6 MUHYT
HaXOXICHMS ITpY KOMHATHOM TeMIlepaType JIeI pac-
TauBaet (puc. 7).

BEIsSIBIIEHO, UTO KOJIMYECTBO JIbIa Ha TUAPOMPMIHHOM
MOBepXHOCTHU cocTapisieT 0,59kr/M?, a Ha IOBEPXHOCTH,
00paboTaHHOI COCTABOM Ha OCHOBE CHUIMKOHOBOI CMO-
161 SILRES® MSE100, — 0,15kr/Mm2.

Puc. 6. ®oTo n300pakeHns CKATHIBAHUS JIbJA C IOBEPXHOCTH, 00PA0OTAHHOI COCTABOM HA OCHOBE CHJIMKOHOBOIA
cvmouisl SILRES® MSE100: a — Havaio ckaTbIBaHUS Jibaa; 0 — IOcjie CKaThIBaHUS
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Puc. 7. ®oTo u300paKeHHsT CKATHIBAHUS JIbIA
¢ ruapoUIbHOI MOBEPXHOCTH (TeMmepaTypa
3amopaxuanus —10°C)

BbIBO/IbI

PaspaboTan cocTtaB aHTUOOJIEAEHUTEILHOTO T10-
KPBITHS Ha OCHOBE CHMJIMKOHOBOI cMoibl SILRES®
MSE100 5%-noii n 10%-H0ii KOHIIEHTpALNU 1 HAHO-
yacThll aspocwia Mapku R 972. CocraB npegHa3HauYeH
IUTSE 3aIIMTHl CTPOUTENIbHBIX KOHCTPYKIINIT OT 00JIe-
neHeHus. Pe3yabpTaThl IpOBeIeHHBIX UCCICIOBAHNI
CBUIIETEIILCTBYIOT, UTO TIpeJIaracMbIii COCTaB 00pa3yeT
IMOKPBITHE, XapaKTepU3yIoIieecsT aHTHOOIeIeHUTEIb-
HBIMU CBOWCTBaMM, COXPAHSIIOIIUMUCS B IIpoIecce
SKCILTyaTaInm.
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Patterns of structure formation in lime composites
with additive based on amorphous aluminosilicates
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ABSTRACT: Introduction. One of the reasons for coating destruction enclosing structures is the formation of condensate at the
boundary of the fence and the finishing layer. As a result of external impact and freezing of moisture in the pores of the plaster
coating, a network of small cracks is formed, and it is also possible to peel off the finishing layer. To test this hypothesis, the facades
of three different buildings were examined. It is established that all the studied plaster coatings are made on the basis of cement
mortar. It is also known that lime mixture is used less often due to the lack of sufficient resistance to moisture. Therefore, there is
a need to increase the resistance of coatings based on lime compositions. This can be achieved by introducing an alumosilicate-based
modifying additive into it. Materials and methods. Liquid sodium glass, aluminum powder PAP-1 and distilled water were used
for the synthesis of the additive. Slaked lime (pushonka) with an activity of 84% was used to prepare test samples. Fritsch particle
sizer Analysette 22 was used to analyze the granulometric composition of the additive. Compressive strength was determined on
the samples measuring 20x20x20 mm. A testing machine of the type “IR 5057-50" was used for the study of compressive strength
of samples. The analysis of rheological properties was determined by the Shvedov-Bingham equation. To study the plastic strength
(ultimate shear stress) of the finishing mixture, a conical plastometer KP-3 was used. The plastic viscosity of the composition was
determined with a rotary viscometer BCH - 3. Results and discussions. The synthesized additive is a light powder of light gray color
with a bulk density of 0.55 + 0.05 g/cm?®. The synthesized additive revealed a high content of oxides Al,O,, SiO,, Na,O respectively,
amounting to 51.03%, 36.36%, 11.89%. The additive consists of particles of 100.0-200.0 microns, which make up more than 20%
of the total composition. The influence of an aluminosilicate additive on a lime binder on rheological properties was investigated,
a slight increase in static shear stress was revealed, respectively, an increase in the percentage of the additive. The value of the dy-
namic shear stress increases significantly with an additive content of more than 10%. Conclusions. The regularities of hardening
of a lime binder with a nanostructured additive based on amorphous aluminosilicates are established, and the optimal content of
an aluminosilicate additive in the amount of 10% by weight of lime is determined.

KEYWORDS: modifying additive, aluminosilicates, lime, thermal insulation, dry mixes.
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INTRODUCTION vapor in the thickness of the fence, due to the difference

in partial pressure [1—3]. As a result of the influence of

en using protective and decorative coatings on  external factors on the coating, partial destruction of the

the external enclosing structures of buildings, these  plaster layer is possible, manifested in the form of detach-
coatings are exposed to moisture caused by rains, high ments or small cracks. To protect the enclosing structures
moisture content in the air and the movement of water  from the effects of moisture, various types of protective
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coatings are used, such as waterproofing materials, paints,
varnishes and others. However, the choice of coating de-
pends on many factors, including climatic conditions
and design characteristics. In addition, it is important to
properly prepare the surface before applying a protective
coating to ensure the best adhesion of the coating to the
surface and increase its resistance to external factors.

When analyzing the issue of the condition of coatings
after prolonged exposure to external factors, the facades
of buildings in Penza on Tsiolkovsky St. (Fig. 1), Kalinin
St. (Fig. 2), Mozhaisky St. (Fig. 3) were examined.

Plastering works on these streets were carried out using
cement-based plasters. After studying the situation, it was
revealed that the main problems are peeling and cracking
of the coating on the end of the building.

For outdoor work, dry building mixes based on cement
binder are most often used, since lime binder has a low re-
sistance of coatings based on it. Cement-based plasters are
well suited for outdoor work, as they have high strength
and resistance to weather conditions. However, when
using such plasters, it must be borne in mind that they
may be less flexible than lime-based plasters, which can
lead to cracks when temperature and humidity change.

Lime coatings are characterized by greater crack re-
sistance, better perceive tensile forces, have good vapor
permeability and resistance to bio-damage [4—6]. At the
moment, dry mixtures containing lime as the main binder
remain the only finishing compounds that provide con-
nectivity with the finishing materials of historical build-
ings [7].

Therefore, it is most advisable to use lime binder in
decorative plaster compositions.

However, the disadvantage of these compounds is
their low strength and water resistance. In addition, lime
binders harden very slowly, which makes it difficult to
carry out finishing work. To accelerate the curing of lime
and increase water resistance, strength and reduce shrink-
age deformation, various additives are introduced into
the formulation in order to increase the durability of lime
coatings. To improve the performance characteristics of
binders based on lime compositions, the introduction of
active mineral additives into the formulation is proposed
[8—12]. Crushed clay that has undergone heat treatment
to increase the content of kaolinite (ALO, « 2SiO, * 2H,0)
is one of the active mineral additives [13, 14]. Its use in the
finely ground state ensures the plasticity of the composi-
tion and the absence of stickiness, as well as gives them
hydraulic properties, which makes it possible to produce
high-quality dry mixtures.

Natural materials such as granulated blast furnace
slag, fuel ash and silica waste residues containing a large
amount of active silicates and aluminates are also used as
active mineral additives [ 15—29]. One of the ways to im-
part hydraulic properties to the binder is the use of active
fine silica. Due to calcium hydrosilicates formed during

Fig. 1. Covering the facade of the building on Tsiolkovsky
Street after 3 years of operation, Penza

Fig. 2. Covering the facade of the building on Kalinin
Street after 3 years of operation, Penza

Fig. 3. Covering the facade of the building along
Mozhaiskiy Street after 6 years of operation, Penza
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interaction with lime binder, the composition acquires the
ability to harden under the action of moisture after car-
bonization of lime dough in air, without reducing strength
characteristics, as well as leaching resistance [20, 21].

There are both domestic and imported additives based
on amorphous aluminum oxides (yALO,) and aluminum
hydroxide AI(OH)3 [28—30].

In [24, 25], it is proposed to introduce additives based
on synthesized calcium hydrosilicates (HSC) into the
formulation of lime finishing compositions. The use of
synthesized calcium hydrosilicates as additives in lime
binder accelerates the hardening process and increases
strength, which is due to their high activity. When inter-
acting with a lime binder, these additives form a mixture
of low-base and high-base hydrosilicates that improve the
adhesion of lime to the filler.

Currently, materials containing amorphous alumi-
nosilicates are used as ion exchangers (for example, for
water purification), as adsorbents in chromatography, in
the purification, drying and separation of gases, as well
as in the catalytic cracking of petroleum products [26].

In this regard, it is of interest to study the possibility of
using additives containing amorphous aluminosilicates in
the formulation of lime mixtures. The interaction of lime
binder with aluminosilicates implies an increase in water
resistance, acceleration of curing, and improvement of
strength characteristics.

v

METHODS AND MATERIALS

The following materials were used to prepare the ad-

ditive:

— liquid sodium glass [27];

— distilled water;

— aluminum powder PAP-1 [28] is characterized by the

indicators presented in Table 1.

The following materials were used to prepare the dry
mix:

— slaked lime (fluff) with an activity of 84%, a true den-
sity of 2200 kg/m?, a bulk density of 280 kg/m?, with

a specific surface area of 13 478 cm?/g.

In the work, the technology of synthesis of an alumi-
nosilicate additive was used, which consists in adding mi-
crodispersed aluminum powders to sodium water glass at
a temperature of 60—90°C for 30—120 minutes [29]. The
microstructure of the synthesized additive was studied
using a scanning electron microscope with a magnifica-
tion of 20.000 times.

The particle size distribution of the additive was stud-
ied using the Fritsch particle sizer Analysette 22.

The compressive strength of the samples was deter-
mined according to GOST 5802 [30]. Samples with a size
of 20x20%20 mm were tested. As a test equipment for
studying the compressive strength of samples, a testing
machine of the type “IR 5057-50" was used, the force

gfll;iic]all properties and chemical composition of aluminum powder
Brand mark PAP-1 PAP-2 PAG-1 PAG-2 PAG-3

Covering capacity on water, cm?/g, not less 7000 10000 6000 8000 10 000

Floatability, %, not less 80 80 — — —
Granulometric composition

Residue on sieves, %, no more

+008 1.0 — 1.5 — —

+0056 — 0.3 - 0.7 —

+0045 — 0.5 — — 0.5
Chemical composition, %

Active aluminum, not less than — — 90 88 86

Impurities, no more

iron 0.5 0.5 — — —

silicon 0.4 0.4 — — —

copper 0.05 0.05 — — —

manganese 0.01 0.01 — — —

moisture 0.2 0.2 — — —

fatty additives 3.8 3.8 2.4 3.0 3.2
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measurement range is from 50 to 50,000 N with an ac-
curacy of 1N (0.1 kgf), the load application rate is from
1 to 100 mm /min (according to the displacement). The
compressive strength (MPa) of the samples was deter-
mined by the formula:

R, = P/F, (1)

where P is the breaking force, V;

Fis the cross-sectional area of the sample before test-
ing, m’.

The influence of the content of additives based on
amorphous aluminosilicates in the lime binder on the
rheological properties was studied. Since lime compo-
sitions are plastic systems, their rheological behavior is
described by the Shvedov-Bingham equation.

T=1,+tMY, (2)

where 1, — is the ultimate shear stress;

1 — plastic viscosity;

v — shear rate.

The plastic strength (ultimate shear stress) of the
finishing mixture was determined using a KP-3 conical
plastometer. At the moment the cone reaches equilibrium,
the shear stress t in the composition becomes equal to the
yield strength to and is determined by the formula:

=P/, 3)

where 1 — is plastic strength;

T — is the shear stress;

T, — is the yield point;

k — is a coefficient depending on the value of the ver-
tex angle of the cone; for a metal cone with an angle at
the top of 30°—k = 1,116;

P — is the weight of the moving part of the device
(load);

h — is the depth of immersion of the cone into the
mortar mixture.

Tests for the determination of plastic viscosity, dy-
namic and static shear stress of lime systems were carried
out using a rotational viscometer BCH-3.

RESULTS AND DISCUSSIONS

The synthesized additive is a light gray powder with
a bulk density of 0.55 £ 0.05 g/cm®. During the synthe-
sis of the additive, a large amount of gaseous molecular
hydrogen is formed, which creates pores of various sizes
and shapes in the additive. The output of the finished
product is 90%.

The oxide composition is presented in Table 2. It was
found that aluminum oxides predominate, making up
51.03%.

Nanob%

Table 2
The content of oxides in the composition of the additive
Oxide Content, %
ALO, 51.03
SiO, 36.36
Na,O 11.89
Fe,0, 0.110
CaO 0.107
MgO 0.105
SO, 0.0290
TiO, 0.0124
K,0 0.0112
Other 0.3454
Amount 99.6546

Fig. 4. Microstructure of synthesized aluminosilicates

A high content of oxides Al O,, SiO,, Na,O was re-
vealed, which is respectively 51.03%, 36.36%, 11.89%.

The microstructure of the additive is shown in Fig. 4.

When evaluating the properties of the additive, the
particle size distribution was analyzed using Fritsch par-
ticle sizer Analysette 22 (Table 3).

The data obtained show that the additive consists of
particles of 100.0—200.0 um, which make up more than
20% of the total composition.

During operation, repeated temperature changes con-
tribute to the movement of water vapor in the thickness of
the building envelope, and can also cause its condensation
and freezing on the contact surfaces of the wall structure
and the finishing layer. Moisture intensively affects the
inner surface of the coatings and exerts a significant force
aimed at tearing off the coating from the base. This, in
turn, causes the formation of cracks and other damage.
To maintain the heat and moisture regime of the build-
ing envelope, the materials used for finishing must have
a certain vapor permeability.
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Table 3
Granulometric composition of the additive

Fraction, pm Percentage content, %
0.01-2.0 2.48
2.0-5.0 7.50
5.0—10.0 10.81
10.0—20.0 13.35
20.0—45.0 18.60
45.0—-80.0 17.92
80.0—100.0 8.20
100.0—200.0 21.08
200.0—300.0 0.07

When evaluating the porous structure of the studied
composite, it was found that an increase in porosity is
observed. So, the total porosity of the sample based on
lime binder is P = 53.8%, and with the use of an alumi-

v

nosilicate additive P = 70—74%. Despite the increase in
the porosity of the samples based on the developed addi-
tive, they are characterized by increased strength, which
is apparently due to the chemical interaction of lime with
the synthesized aluminosilicates.

Table 4 shows a comparative analysis of the effect of
an aluminosilicate additive in an amount of 1-30% on
the process of structure formation of samples based on
lime with an activity of 84%.

The samples hardened in air-dry conditions at a tem-
perature of 18—20°C and a relative humidity of 60—70%.
The test results are shown in Table 4 and Fig. 5.

The compressive strength of the samples with the use
of an additive in the amount of 10% by weight of lime after
28 days of air hardening is R = 2.71 £ 0.108 MPa. The
data obtained indicate that the introduction of the addi-
tive in an amount of 10% corresponds to the maximum
strength index.

After 28 days of hardening, composites prepared on
the basis of compositions with a high content of alumi-

Table 4
Strength of lime composite with an additive based on amorphous aluminosilicates
Additive content, Compressive strength, MPa, age, days
% by weight of lime 3 7 14 28

Control, water/lime = 1.0 0.33 0.51 0.75 1.00
1% 0.62 1.35 1.58 1.75
5% 0.82 1.56 2.00 2.16
10% 0.90 1.88 2.80 2.71
20% 0.64 1.73 2.23 2.00
30% 0.65 1.82 2.20 2.00

w
]

Strength, MPa

Time, days

Fig. 5. Change in compressive strength of lime composite with different content of aluminosilicate additive: 1 — control
sample (W/I = 1); 2 — 1% additives; 3 — 5% additives; 4 — 10% additive; 5 — 20% additives; 6 — 30% additives
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Table 5
Dependence of shear stress on additive content
Supplement content - 1 5 10 20 30
Static shear stress, MPa 0.0004 0.00041 0.00042 0.00043 0.00045 0.00046
Dynamic shear stress, 200—400 | 0.000176 | 0.000185 | 0.000194 | 0.000205 | 0.000215 | 0.000217
MPa, at rotation speed,
RPM 300—600 | 0.000276 | 0.000285 | 0.000294 | 0.000298 | 0.000312 | 0.000316
Plastic viscosity, Pas, 200—400 45.18 45.18 45.18 45.18 49.69 49.69
at rotation speed, RPM | 300-600 | 57.23 57.23 57.23 57.23 57.23 66.26
0.1 1
0,09 '
0,08
%‘ 0,07
g 0,06 |
0,05 |
& 4 5
§ 0,04
& 0,03 | 4 5
0,02 | / 2 e
0,01 / L———'
'#ﬁ T T 1 T T T T
0
01 2 3 4 56 7 8 91011 1213141516 17 18 19
Time, h

Fig. 6. Change in plastic strength of lime paste with aluminosilicates: 1 — the content of the additive is 1% by weight
of lime; 2 — the content of the additive is 5% by weight of lime; 3 — the content of the additive is 10% by weight
of lime; 4 — additive content of 20% by weight of lime; 5 — additive content of 30% by weight of lime; 6 — control

sample (without additive content)

nosilicate additives (20—30% by weight of lime) show
a decrease in strength.

The influence of the content of additives based on
amorphous aluminosilicates in the lime binder on the
rheological properties was studied (Table 5).

An increase in the additive content of more than 10%
is characterized by an increase in static shear stress, values
of dynamic shear stress, as well as an increase in plastic
viscosity. So, the dynamic shear stress of the lime com-
position at a speed of 200—400 rpm is T = 0.000176 MPa,
and for the composition based on a composite binder with

an additive content of 5% — 1= 0.000194 MPa, with an
additive content of 20% — t=0.000215 MPa.

Also, the use of an additive in a lime mixture leads to
an acceleration of the set of plastic strength. The plastic
strength of the composition with a content of 10% addi-
tive by weight of lime after 8 hours of hardening is T =
0.006217 MPa (Fig. 6, curve 3), and the control com-
position (without additive) T = 0.001004 MPa (Fig. 6,
curve 6). At the same time, with an increase in the content
of the additive in the composition of the solution, the
plastic strength also increases.
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3aKOHOMEpPHOCTU CTPYKTYPOOOGpa3oBaHNA N3BECTKOBbIX
KOMMNO3MTOB C 06aBKOI Ha OCHOBE aMOPPHbIX
aNlOMOCUINKATOB

Kpuctnna BnagummupoBHa erepa' (2}, AHTOH imutpuesny PoikoB' (2}, lOnua AHgpeeBHa CokonoBa?
Hukonait Uropesuy LLlectakoB?

' TleH3eHCKMI rocyAapCTBEHHDI YHUBEPCUTET apXUTEKTYPbI U CTPOUTENbCTBa, MeH3a, Poccna
2 HaumoHanbHbIN nccnenoBaTenbckmii MOCKOBCKMIA rOCyAapCTBEHHbIV CTPOUTENbHBIN YHMBepcuTeT, MockBa, Poccua

* ABTOp, OTBETCTBEHHbIN 3a Nepenuncky: e-mail: jegera@yandex.ru

AHHOTALINA: BBepaeHune. OfHOI 13 NPUYMH pa3pyLUeHWs MOKPbITVA OrpakAaloLWwmx KOHCTPYKLUMIA ABnAeTcA 06pa3oBaHme KOH-
[leHcaTa Ha rpaHuLe orpa)KaeHua 1 oTAeNoUHOro cfos. B pesynbrate BHELWHMX BO3AENCTBUN 1 3aMep3aHnA Biarn B nopax LWry-
KaTypHOro NMOKpbITUA 06pa3yeTcsa CeTb MENKMX TPELMH, @ TaKXKe BO3MOXXHO OTC/IOEHUE OTAENOYHOTO CoA. 1A NpoBepKu 3Toi
rmnoTesbl o6cnefoBaHbl pacafibl TPEX Pa3HbIX 3AaHUIA. YCTaHOBIIEHO, YTO BCE UCCIEAyeMble LWUTYKaTypHble MOKPbITWA U3roTOBJIEHDI
Ha OCHOBE LIeMEHTHOr0 pacTBopa. Take N3BeCTHO, YTO M3BECTKOBAsA CMeCb NCMOSb3yeTcA pexe B CBA3M C OTCYTCTBUEM JOCTaTOUHOM
CTOMKOCTY K BO3LeNCTBUAM Bnaru. [l03TOMy BO3HMKaeT HEOOXOAMMOCTb NOBbLICUTb CTOMKOCTb MOKPbITVI HA OCHOBE V3BECTKOBbIX
COCTaBOB. DTOrO MOXKHO AOOUTLCA NMyTeM BBeLeHNA B Hee MoanduLmpyioLLer o06aBK/ Ha OCHOBe antomocunvkaTa. Matepmnanbi
1 metoAbl. [1nA cvHTe3a JOOABKM NMPUMEHANNCH XKUAKOE HaTpMeBOe CTEKNOo, Nyapa antomrHresas MAM-1 v guctunnvposaHHan
Boga. [lnA npurotoBieHna o6pa3LioB AnA NCMbITaHWI CMOSTb30BaM ralleHyo N3BeCTb (MyLOHKa) akTMBHOCTbIO 84%. [inA aHanv3a
rpaHyIOMeTPUYECKOro cocTaBa 106aBku npumeHsanu Fritsch particle sizer Analysette 22. [pouHOCTb Npu CXaTny onpefensnacb
Ha obpasuax pasmepom 20x20x20 MM. B KayecTBe McnbITaTeNbHOrO 060PYLOBaAHMA ANA NCCNefOBaHMA NPOYHOCTI MPU CKaTUN
06pasLoB Ucnosnb3oBanach NcrbitatenbHaa MalrHa Tuna «MP 5057-50». AHanv3 peonormyeckrix CBOMCTB ONpeaensanca no ypas-
HeHuto LLIBegoBa-brHrama. 1na nccnefoBaHma nnacTMYecKom NPOYHOCTY (NpefieNbHOro HanpAXeHUA CABMra) OTAENOYHON CMecK
npumeHanca KoHnyeckuin nnactomeTp Krl-3. [nactuyeckas BA3KOCTb COCTaBa onpefenanach C NoOMOLLbIO POTaLMOHHOIO BUCKO3U-
meTpa BCH-3. Pesynbratbl 1 06cyxaeHna. CnHtesmpyemas fobaska npefcTaBiseT Co60M Nerkrin nopoLIOK CBETNI0-CEPOro LiBeTa
C HaCbIMHOV MIOTHOCTbIO 0,55 + 0,05 r/cm?. B cuHTe3npyemoii fobaBKe BbIABIEHO BbiCOKOe coaepxaHme okcnaos AlLO,, SiO,, Na20,
CoCTaBfstoLLee COOTBETCTBEHHO 51,03%, 36,36%, 11,89%. [lobaBKa cocTtouT 13 Yactuy 100,0-200,0 MKM, cocTaBnsAowwmx 6onee 20%
oT obuyero cocTasa. MiccneoBanoch BAUAHME anioMOCHIMKATHOM A06aBKIN Ha U3BECTKOBOM BSXKYLLEM Ha Peosiornyeckne CBOMCTBA,
BbIABJIEHO HE3HAUUTENbHOE YBeSIYEeHNEe CTaTUYECKOro HanpPAXXeHWA CABMra COOTBETCTBEHHO YBEIMYEHMIO MPOLIEHTHOIO COAepXKa-
HVA A06aBKU. 3HaUEHMEe AUHAMMNYECKOTO HaMPAXKEHUA CABUa 3HAUUTENBHO YBENNUMBAETCA NPU copepKaHnm fobaBok 6onee 10%.
BbiBoAbI. YCTaHOB/IEHbI 3aKOHOMEPHOCTY TBEPAEHUA U3BECTKOBOTO BAXKYLLErO C HAHOCTPYKTYPUPOBaHHON A06ABKOI Ha OCHOBE
amMop®HbIX anioMOCUINKATOB, a TakXKe ornpefenieHo ONTUMaNbHOe CofepKaHre antoMOCUIMKaTHON fo6aBku B konnyectse 10%
OT MacCbl N3BECTU.

KJTIOYEBBIE CJIOBA: moauduruupytouas gobaBKa, antoMOCUINKaTbl, U3BECTb, TEMIOU30NALNSA, CyXre CMeCu.

BNNAFOAAPHOCTMW: ViccnepoBaHue BbinonHeHo npu ¢rHaHcoBo nogaepkke HAY MICY B pamkax koHKypca 2023 rofa Ha npo-
BefeHne dyHOaMeHTanbHbIX U NpuknagHbix nccnegosanuii (HUP/HUOKP) HayuHbIMK KONneKTMBamMm opraHmn3aunii — 4seHoB
1 cTpaTernyecknx naptHepos OTpacneBoro KoHcopumyma «CTponTenbCTBO 1 apxmTekTypa» (gorosop N MIYAC/K-23 o1 05.06.2023)
B LenAx ncnonHeHua Mporpammbl pa3sutna HAY MICY Ha 2021-2030 rogbl B pamkax peanusaumm MNporpammbl cTpaternyeckoro
akagemunueckoro nuaepctaa «MpuopunteT-2030».

ANA UWUTUPOBAHUA: Kerepa K.B., Pbixos A.[l., Cokonoga 0.A., LLlectakos H.W. 3akoHOMepHOCTM CTPYKTypoo6pa3oBaHmA 13-
BECTKOBbIX KOMMO3/TOB € J06aBKOI Ha OCHOBE aMOPPHbIX antoMocunKaTos // HaHoTexHonorum B ctpouTenbctae. 2023.T. 15, N 3.
C.220-227. https://doi.org/10.15828/2075-8545-2023-15-3-220-227. - EDN: GAEQFT.
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BBEJEHUE

PY MCTIONb30BAHUM 3aIIUTHO-IEKOPATUBHBIX TTO-

KPBITUI Ha BHEIITHUX OTPAXKIAIONINX KOHCTPYKIIN-
SIX 3IAHUIM 3TU MIOKPBITUS MIOABEPTAIOTCS BO3ACHCTBUIO
BJIaT¥, BBI3BAHHOUW MOXISIMU, BEICOKUM COIEpKaHUEM
BJIaT¥ B BO3/IyXe U IBUKEHUEM BOMISTHOTO ITapa B TOJIIIIE
OTPaKIEHUS, 32 CUET PA3HOCTU MAPIIUATBHOTO TABICHUS
[1—3]. B pesynbTrare Bo3neiicTBUsI BHEITHUX (haKTOPOB
Ha MTOKPBITHE BO3MOXHO YaCTUIHOE PA3pyIICHUE TITY-
KaTypHOTO CJIOSI, TIPOSIBIISIIONIEeCs] B BUIAE OTCIOCHUN
VT MEJTKUX TPEIH. JIJIsT 31U ThI OTPakIalonX KOH -
CTPYKLMM OT BO3AEHCTBUS BJIATM UCTIOJIB3YIOTCS pa3iny-
HbIE BUIIBI 3AIIIUTHBIX TTOKPBITUIA, TAKKME KaK TUAPOU30-
JISITMOHHBIE MaTepUaibl, KPacku, JJaku u apyrue. Om-
HaKO BBIOOD MOKPBITHS 3aBUCUT OT MHOTUX (DAaKTOPOB,
BKJTIOYAsT KTUMATUIECKUE YCIOBUSI U XapaKTepPUCTUKY
KOHCTpyKInu. Kpome TOro, BaXKHO MpaBUIBHO O -
TOTOBUTH TIOBEPXHOCTD TIEpe]] HAHECEHUEM 3allIUTHOTO
TIOKPBITHSI, YTOOBI OOECTICUNTh HAVITyUIIIee CIIeTUICHIE
TIOKPBITHS C TIOBEPXHOCTHIO U YBEJIMIUTH €TO CTOMKOCTh
K BO3/ICMCTBUIO BHEUTHUX (PAKTOPOB.

ITpu aHanm3e Bompoca COCTOSTHUS TTIOKPHITHI TTOCTe
JUTUTEIBHOTO BO3MEUCTBUSI BHEITHUX (haKTOPOB ObLTH
obcenoBaHbl (pacanbl 3mannii B . [1eHse 1o yiu. Lu-
onkoBckoro (puc. 1), yia. Kanmuauna (puc. 2), yi1. Mo-
XKaiickoro (puc. 3)

IITykatypHbie pabOTHI IO JAHHBIM YJIUIIAM TTPOBE-
JIEHBI C UCTTOTb30BaHMEM ITYKATypOK Ha IIEMEHTHOM
ocHoBe. M3y4uB cuTyaruio, ObIJIO BBISIBICHO, YTO OC-
HOBHBIMU TIPOOJIEMaMU SIBJISIIOTCSI OTCJIOEHUE U pac-
TPECKUBAHUE TTOKPBITHUS 10 TOPILY 3MAHUSI.

J1jis1 Hapy>KHBIX pabOT Yallle BCETO UCTIONB3YIOT CyXue
CTPOUTETbHBIE CMECH Ha TIEMEHTHOM BSDKYIIEM, TaK KaK
M3BECTKOBOE BSIKYIIIEe 00JIaaeT HU3KOM CTOMKOCTHIO
TMOKPHITUIA Ha ero ocHOBe. LIITykaTypku Ha LIEMEHTHOM
OCHOBE XOPOIIIO TIOIXOIST IS HAPYKHBIX paboT, TaK Kak
00J1/1a10T BEICOKOU TTPOYHOCTHIO U CTOUKOCTHIO K BO3-
JIEWCTBUIO TTOTOMHBIX YCIOBU. OMHAKO MPU MCIIONb-
30BaHMM TaKUX IITYKaTYPOK HEOOXOIMMO YUUTHIBATD,
YTO OHHM MOTYT OBITh MEHEE THOKMMU, YeM IITYKATyPKHU
Ha U3BECTKOBOI OCHOBE, UTO MOXET MIPUBECTU K Tpe-
IAHAM TIPU U3MEHEHUU TEMIIePaTyPhl U BIAKHOCTH.

M3BecTKOBbIE TOKPBITUST OTINIAIOTCST OOJTBIIICH Tpe-
IIUHOCTONKOCTHIO, JTUIlle BOCTPUHUMAIOT PACTSITBA-
fo1IMe YCUIUs, 00J1afaloT XOPOIIMMHU TTOoKa3aTeIsIMI
TMapOTNPOHUIIAEMOCTH W CTOMKOCTHIO K OUOTIOBpEXIE-
HUSM [4—6]. Ha maHHBIIT MOMEHT CyXHe CMecH, UMeIo-
1I[1e B COCTABE M3BECTh B KAYECTBE OCHOBHOTO BSTKYIIIETO,
OCTAlOTCSl EAMHCTBEHHBIMU OTJEJIOYHBIMU COCTaBaMU,
KOTOpBIE 00ECTICUNBAIOT CBSI3AHHOCTD C OTACTIOUHBIMU
MaTepuallaMu 31aHUI UICTOPUYECKOM 3acTpoiiku [7].

ITosTomMy HamboIee 1eIecoo0pa3HoO IPUMEHEHIE
M3BECTKOBOTO BSKYIIIETO B IEKOPATUBHBIX IITYKATYPHBIX
CcOCTaBax.

Puc. 1. IlokpbiTe hacana 3nanus no yaune Ilnonkos-
CKOro mocJie 3-X Jet KcIutyaTamuu, r. Ilensa

Puc. 2. ITokpbiTHe hacaaa 3nanus no yaune Kanuauna
nocJe 3-X JeT IKCIIyaranuy, r. [lensa

Puc. 3. IlokpsiTre acana 3nanus no yaune Moxaii-
CKOro nocJje 6 jet skciryaranum, r. [lenza
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OmHaKO HEIOCTATKOM STUX COCTaBOB SIBJISICTCST MX
HU3Kasl TIPOYHOCTD U BOOOCTOMKOCTh. Kpome Toro, n3-
BECTKOBBIC BSIKYINME OTBEPACBAIOT OYCHDb MEIJICHHO,
4TO 3aTPYIAHSIET MPOBEIEHUE OTAEIOUHbIX padoT. s
YCKOPEHUS OTBEPKICHUS U3BECTU U TTOBBIIIICHUS BO-
TOCTOMKOCTH, TIPOYHOCTH U YMCHBIICHUS YCATOUHOM
nedopMaliiy B pelenTypy BBOISIT pa3INIHbIC JOOaBKI
C IICJIBIO TIOBBIIICHUST TOJITOBETHOCTH N3BECTKOBEIX I10-
KPBITUiA. JIJIs1 yIyqImeHus 9KCIUTyaTallMOHHBIX XapaK-
TEPUCTUK BSKYIIMX HA OCHOBE M3BECTKOBBIX KOMIIO-
3UIINI TIPEIJIOKEHO BBEICHNE B PELICTITYPY aKTUBHBIX
MUWHEpPAJTbHBIX T00aBOK [8§—12]. 3MenbueHHad TIHA,
TIPOIIEAIIAas TEPMUIECCKYIO 00pabOTKY IJIST TTOBBIIIIC-
HUA conepxanueM Kaonunura (ALO, *2Si0, « 2H,0),
SIBJISIETCSI OMHOM M3 aKTUBHBIX MUHEPAJTBHBIX T00ABOK
[13, 14]. Ee npuMeHeHNEe B TOHKOMOJIOTOM COCTOSTHUU
obecImeunBacT IIACTUIHOCTb COCTaBaM M OTCYTCTBHUE
JINTIKOCTH, a TAK3KE IMIPUIACT UM THUIPABINICCKIC CBOM-
CTBa, YTO TTO3BOJISICT IIPOM3BOIUTH KAUYCCTBEHHBIC CYXHE
CMECH.

B kxadyecTBe aKTUBHBIX MUHEPAJbHBIX TO0ABOK
TaKKe MCITOJIb3YIOTCSI IIPUPOTHBIC MaTepHUaTbl, TAKHIE
KaK TpaHyJIMpOBaHHBIC JOMCHHBIC IIUIAKH, TOTUINB-
Hasl 30JIa ¥ OCTaTKN KPEeMHE3eMHBIX OTXOIOB, COIep-
Kamrue 00IbIIoe KOTNIECTBO aKTUBHBIX CUJIMKATOB,
amoMIHATOB. [15—19]. OgHUM U3 CITOCOOOB TTPUIAHMS
TUIPABINICCKUX CBOMCTB BSIKYIIEMY SBIISICTCS HC-
MOJIb30BaHNUE aKTUBHOTO MEIKOTUCIIEPCHOTO KpeM-
He3eMa. brarogapst rumpocuimKaTaM Kajablins, 00-
pa3oBaBIINMCS TP B3aMMOJICHCTBUHU C M3BECTKOBBIM
BSDKYIIIM, COCTaB IIPHOOpPETAET CIIOCOOHOCTh TBEPICTh
IO ICHCTBUEM BJIATH TTOCTIC KapOOHM3AIINMHI N3BECTKO-
BOTO TeCTa Ha BO3Iyxe, 03 CHIKCHUS ITPOYHOCTHBIX
XapaKTEePUCTHUK, a TAKKE COMTPOTUBIICHUS BEITIEIAUN-
BaHwmio [20, 21].

CyIIeCTBYIOT KaK OTCUCCTBEHHBIC, TAK 1 UMITOPTHBIC
M00aBKM HAa OCHOBE aMOP(MHBIX OKCUIOB aTFIOMUHUS
(vALO,) u runpokcuna amomunus AI(OH), [28—30].

B pab6orax [24, 25] npenajiaraeTcd BBOAUTH B pe-
LEeNTYPY U3BECTKOBBIX OTHACIOYHBIX COCTABOB JOOABKM
Ha OCHOBE CMHTE3MPOBAHHBIX TUIPOCHIMKATOB KATBIIHS
(I'CK). Mcnonp3oBaHne CHHTE3UPOBAHHBIX THAPOCH-
JINKATOB KaJIbIINAS B KaUeCTBE J00OABOK B M3BECTKOBOM
BSDKYIIIEM CITOCOOCTBYET YCKOPEHMIO TIpoliecca TBep-
IEHUS Y TIOBBIIIICHUIO IIPOYHOCTH, YTO OOYCIIOBICHO
MX BBICOKOI aKTUBHOCTHIO. [1py B3aMOneiicTBUM C M3-
BECTKOBBIM BSDKYIIIM JaHHEIC TOOaBKH 00Pa3yIoT CMECh
HU3KOOCHOBHBIX 1 BLICOKOOCHOBHBIX THIPOCUINKATOB,
VIIyYIIAOIINX CIETUICHUE N3BECTH C 3aTIOJTHATEIICM.

B HacTosmiece BpeMsl MaTepHajbl, COIepKaIINe
aMopdHBIC aATIOMOCHINKATHI, IPUMEHSIOT KaK MOHO-
OOMEHHUKM (Hampumep, JAJIsi OUMCTKU BOJBI), KaK aj-
COpOCHTHI B XpoMaToTrpaduu, IIpH OYKNCTKE, OCYIIKE
W pa3melIcHNH Ta30B, a TAaKXKe IMPU KaTATUTHICCKOM
KpeKMHTe HeTeITpoayKToB [26].

B cBsI3M ¢ 3TUM IIpeACTaBIsIET MHTEPEC MCCIIEIO-
BaHME BO3MOXHOCTHU IIPUMEHEHUS B PEIIeTIType U3-
BECTKOBBIX CMeceit 100aBOK, comepxKaimx aMmophHBIE
ATFOMOCHIMKATHL. B3anMomelicTBIe M3BECTKOBOTO BSIKY-
IIETO ¢ ATFOMOCHJIMKATAMU TIPEATIONIaracT MOBBIIICHHE
BOIOCTOMKOCTH, YCKOPEHWE OTBEPKIACHUS, YIYUIIIICHIE
IIPOYHOCTHBIX XapaKTEPUCTHUK.

METO/bI 1 MATEPHAJIBI

71T TpUTOTOBIICHUST JOOABKU MCITOIb30BAJINChH ClIe-
IYIOIIINE MaTePUATIBI:

— XUJKOe HaTpueBoe cTekIIo [27];

— IOUCTWIIAPOBaHHAS BOJA;

— mynpa amomuHuenas ITAII-1 [28], koTtopas xa-
paKTepU3yeTCs MoKa3aTeIsIMU, TIPEACTaBICHHBIMI
B Tadm. 1.

JJTsT IpUTOTOBJICHHUSI CYXOil CMECH MCIIOIb30BaIN
CJICYIONIe MaTepUAIIbL:

— rauieHasl u3BecTb (IIYLIOHKA) aKTUBHOCTBIO 84 %,
UCTUHHOM MIOTHOCTHIO 2200 Kr/M3, HACBIIIHOM
IJIOTHOCTBIO 280 KI/M?3, ¢ yaeIbHOMI OBEPXHOCTHIO
13 478 cm?/r.

B pabote mpuMeHsIIaCh TeXHOJIOTHSI CHHTE3a aJTIOMO-
CHIIMKATHOI T00aBKH, 3aKJIFOYAIOIIASICS B TO0ABICHUN
MUKPOIMCIICPCHBIX IIOPOIITKOB ATFOMUHNS B HATPUEBOE
KHUIKOe CTekJIo rmpu temrneparype 60—90°C B TeueHume
30—120 MuHyT [29]. MEKpPOCTPYKTYpa CHHTE3UPYECMOI
J00ABKM M3YyUeHA C TTOMOIIIBIO 3JICKTPOHHOTO PACTPOBO-
ro MUKpockomna ¢ yBeandaeHreM B 20 000 pas.

I'paxymoMeTprUUIeCKuit cocTaB MOOABKH UCCIICIOBA-
cs ¢ romombio Fritsch particle sizer Analysette 22.

[IpoyHOCTH ITPU CXKATUM O0OPA3IIOB OMpPEAL/ISIach
nmo 'OCT 5802 [30]. McnbITRIBAJIMCH 0Opa31bl pa3-
MepoM 20X20%20 mM. B KauecTBe MCHBITATEILHOTO
000pyHOBaHUS IJIST MCCICAOBAHUS TIPOIHOCTH IIPU
CXKaTUU 00pa3IloOB MCIIOJh30BaTach UCITBITATCIbHAS
MmamuHa tuna «MP 5057-50», nuama3oH usMepeHus
yeunnii coctasisieT oT 50 mo 50 000 H ¢ TouHOCTBIO
mo 1H (0,1 krc), CKOpoCTh MIPUIIOXKEHUS HATPy3KU
ot 1 1o 100 Mm/MuH (TT0 BETUYUHE TIEPEMEIICHUST).
ITpounocts mpu cxkatnu (MIla) o6pa3ioB ompeness-
jack 110 popmyJie:

R = P/F, (D)

rae P — paspymaromasi cuna, H,

F — 1o1mans ImorepeTHoro ceueHus 0opasia 10 1c-
ITBITAHUS, M2,

HccaenoBaioch BIUSIHUE CONEPKAHUS B M3BECTKO-
BOM BSTKYIIIEM JO0OABKM HAa OCHOBE aMOP(HBIX aTIOMO-
CHJINKATOB Ha peOJIOTMYECKIEe CBOMCTBA. TaK KakK M3-
BECTKOBEIC COCTaBHI ITPEACTABIISIIOT COOOM IIaCTHUYCCKIE
CHCTEMBI, TO UX PEOJIOTUIECKOE TTOBEACHIE OIMICHIBACT-
cs1 ypaBHeHueMm IlIBenoBa—buHrama:
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Tabauya 1
Du3nyecKue CBOMCTBA U XUMIUYECKHi COCTAB ATIOMUHUEBO My/IPbI
Mapka TTAII-1 TTAIT-2 TIAT-1 TIAT-2 IIAT-3
ﬁggzmaﬂ CMOCOOHOCTB Ha BOJIE, CM2/T, He 7000 10000 6000 2000 10 000
BceribiBaeMocTh, %, He MeHee 80 80 — - -
Ipanynomempuueckuii cocmas
Ocrarok Ha cuTax, %, He boJiee
+008 1,0 — 1,5 — —
+0056 — 0,3 - 0,7 —
+0045 — 0,5 — — 0,5
Xumuueckuii cocmas, %
AKTUBHBI aJTIOMUHUI, HE MEHEE — - 90 88 86
IIpumecu, He Gonee
XKeJe3o 0,5 0,5 — — —
KpeMHUIA 0,4 0,4 - - -
Mellb 0,05 0,05 - - -
MapraHei| 0,01 0,01 — — —
BjIara 0,2 0,2 — — —
JKMPOBbIE 100aBKU 3,8 3,8 2,4 3,0 3,2
T="1, MY, (2)

r1ie T, — NpeiebHOE HAIPSDKEHUE CIBUTA;

1 — IUTacTHYecKasl BI3KOCTh;

Y — CKOPOCTb CIBHTA.

[IracTmaecKyio IpOIHOCTH (TIpeIeIbHOE HaIIpsIKe-
HUE COBWUTA) OTACIIOYHONM CMECH OIPEIeIsUIN KOHIYE-
ckuMm 1uractomerpoM KII-3. B MOMeHT moctuskeHus
KOHYCOM paBHOBECHs HaIIpsDKEHUE COBHUTA T B COCTaBE
CTAHOBUTCS PaBHBIM IIpeIeTy TEKyJeCTH TO U OTpee-
JIgeTcd 1Mo hopmydie:

n=d=r1,=PF/n,03)

[Ie 1 — IJIaCTUYeCcKast IPOYHOCTD;

T — HaIpsKEHUE CIBUTA;

T, — NpeJies TEKYYECTH;

k — xoabduIMeHT, 3aBUCSIINI OT 3HAYeHUsI BEp-
LMIKHHOTO yIjIa KOHYyCca; M1 METa/UIMYeCKOro KOHyca
¢ ymioM 1ipu BepiunHe 30°—k = 1,116;

P — Bec moaBUXKHOM yacTy mpubopa (Harpyska);

h — rnyOuMHa MOrpyXeHusI KOHYCa B PACTBOPHYIO
CMECh.

McnpiTaHus Ha oIpeje/ieHre IJIaCTUYECKOM BsI3-
KOCTH, IMHAMUYECKOTO U CTATUYECKOTO HAMPSIKEHUS
CIBUTA U3BECTKOBBIX CUCTEM IIPOBOAMIINCH C IIOMOIBIO
poTtanoHHOTO Bucko3uMeTpa BCH-3.

PE3YJBbTATBI 1 OBCYKIEHUE

CuHTe3upyeMas mobaBKa MPEICTaBISICT COOOit
JITKUI TTOPOIIOK CBETIIO-CEPOTO IIBETA C HACHIITHOM
motHocThio 0,55 £ 0,05 r/cm?. B xome cuHTe3a 106aB-
KM 00pa3yeTcsl O0JIbIITIOe KOJIMISCTBO ra3000pa3HOTO
MOJIEKYJIIPHOTO BOIOPOIA, KOTOPHI CO3MaeT B JOOaBKe
TIOPHI PAa3JIMIHOTO pa3Mepa 1 hopMbL. BeIxom roroBoro
npoaykra cocrasiser 90%.

OKCUIHBIN COCTaB IIPEeICTaBICH B Ta0J. 2. YCTaHOB-
JICHO, 9TO MpeoOIagaroT OKCUIBI ATFOMIUHMS, COCTABIISI-
romue 51,03%.

BrisiBiieHO BbICOKOE comepxaHue okcunos AlLO,,
Si0,, Na,O, cocrapysioniee cooTseTcTBeHHO 51,03%,
36,36%, 11,89%.

MuKpOCTPYKTypa T00aBKH MpeacTaBIcHAa Ha puC. 4.

I1pu ol1eHKe CBOMCTB TOOABKM IIPOBEICH aHAIIN3 TPa-
HyJIOMETPHUIECKOTO COCTaBa ¢ IToMoIkio Fritsch particle
sizer Analysette 22 (Ta6. 3).

IMoxyuyeHHBIC MTaHHBIC TTOKA3BIBAIOT, YTO JOOABKA
coctout n3 yactuir 100,0—200,0 MKM, COCTaBIISIONINX
6ostee 20% oT 06IIIETO cocTaBa.

B mpormecce aKcITyaTalimd HEOTHOKPATHEBIC M3Me-
HEHMS TEMIIepaTyp CIIOCOOCTBYIOT IIEPEeMEIICHUIO BO-
ISTHOTO TTapa B TOJIIIE Orpaxkmaolleii KOHCTPYKIINH,
a TaKKe MOTYT SIBJISITHCS TIPUUMHOM eTo KOHACHCAITNT
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Tabauuya 2
CopepxkaHue OKCHIOB B COCTABE J100aBKH

Nanob%
Tabauya 3

IpanyoMeTprYecKHil COCTAB 100aBKH

Puc. 4. MuKpOCTPYKTYpa CHHTE3UPOBAHHBIX AJTIOMOCH-
JINKATOB

M 3aME€pP3aHNA Ha KOHTAKTHBIX ITIOBEPXHOCTAX CTEHOBOI
KOHCTPYKIIMHW U OTACJIOYHOIO CJIOA. Biara unreHcuBHO
BO3J1€ﬁCTByeT Ha BHYTPCHHIOIO ITOBEPXHOCTb HOKprTI/Iﬁ

Tabauya 4

HaumeHoBaHue oKkcuaa Conepxanue, % Dpakuus, MKM IIpouenTHoe conepxkanue, %
ALO, 51,03 0,01-2,0 2,48
SiO, 36,36 2,0-5,0 7,50
Na,O 11,89 5,0—10,0 10,81
Fe,0, 0,110 10,0—-20,0 13,35
CaO 0,107 20,0—45,0 18,60
MgO 0,105 45,0—80,0 17,92
SO, 0,0290 80,0—100,0 8,20
TiO, 0,0124 100,0—200,0 21,08
K,0 0,0112 200,0—300,0 0,07
Hpyrue 0,3454
> 99,6546 U TIpY 3HAYMTEILHOM YCUJIMM, HAIIPaBIEHHOM Ha OTPbIB

IMOKPBITHS OT OCHOBAaHUS. DTO, B CBOIO OUYepedb, BHI-
3bIBacT 00pa30BaHME TPEIIMH M MHBIX ITOBPEXKICHUIA.
s coxpaHeHUs TEIUTOBIAXKHOCTHOTO PEXXIMa OTpaK-
JMAOIINX KOHCTPYKIIMIT MaTepHaIbl, TpUMEHSIEMBIC IS
OTIEJIKU, TOJDKHBI 00JIamaTh OMmpeneaIEHHON mapompo-
HUIIAEMOCTBIO.

[Ipu o1reHKEe TOPUCTOH CTPYKTYPHI UCCICAYEMOTO
KOMITO31Ta YCTAHOBIICHO, YTO HAOJIIOMACTCS YBEJTMICHIE
nopuctoctu. Tak, o011ast TOpUCTOCThL OOpa3lia Ha OC-
HOBE M3BECTKOBOIO BSLKYIIEro cocranisieT I1 = 53,8%,
a ¢ IpUMEHEHNUEM aTIOMOCHINKATHON mobasku I1 =
70—74%. HecMOTps1 Ha MTOBBILLICHKE [IOPUCTOCTU 00pa3-
1IOB Ha OCHOBE pa3pabaThIBacMOIT TOOaBKM, OHU XapaK-
TEPU3YIOTCS TTOBBIIIICHHON ITPOYHOCTHIO, UTO, BUIUMO,
00YCJIOBJICHO XMMUYECKIM B3aMMOIICHCTBIIEM U3BECTH
C CUHTE3MPOBAaHHBIMU ATFOMOCUITNKATAMMA.

B Ta61. 4 mpuBeneH CpaBHUTEIBHBIN aHATN3 BIIUS-
HUS aJIIOMOCUJIMKATHOM 100aBKu B KosimuectBe 1—30%
Ha TIPOIIECC CTPYKTYpOOOpa30BaHMSI 00pa3lioB Ha OCHO-
B€ U3BECTH C aKTUBHOCTBIO 84%.

O0pa31Bl TBEPACIN B BO3MYIITHO-CYXUX YCIOBUSIX ITPH
temrepaTtype 18—20°C 1 OTHOCHUTEILHON BIAXKHOCTH

IIpouHocTh H3BECTKOBOIO KOMIIO3UTA C 00ABKOi1 HA OCHOBE AMOP(HBIX ATIOMOCHIMKATOB

CozepaHue 100aBKH, ITpouynocts npu cxxarnu, MIla, Bospacr, cyr
% 0T Macchl H3BECTH 3 7 14 28
Konurpomsnsrii, B/ = 1,0 0,33 0,51 0,75 1,00
1% 0,62 1,35 1,58 1,75
5% 0,82 1,56 2,00 2,16
10% 0,90 1,88 2,80 2,71
20% 0,64 1,73 2,23 2,00
30% 0,65 1,82 2,20 2,00
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Puc. 5. i3MeHeHHE NPOYHOCTH NMPH CKATHH U3BECTKOBOI0 KOMIIO3UTA C PA3HBIM COIEPKAHAEM ATIOMOCHINKATHOM
n00aBKH: | — KOHTpOsIbHBIN obpazell (B/W=1); 2 — 1% nobaBku; 3 — 5% nobasku; 4 — 10% nobasku; 5 — 20%

n06aBku; 6 — 30% nobaBku

Bo3myxa 60—70%. Pe3yabTaThl UCIIBITAHUIA TIPUBEAEHBI
B TabJ1. 4 1 Ha puc. 5.

[TpoYHOCTH TIpU CXKATUX 00PA3IIOB C IPUMEHEHUEM
no6asku B Konmrdectse 10% OT Macchl M3BECTH CIIyCTS 28
CYTOK BO3/IYIIHOTO TBEpAEHUs cocTaBusgeT R = 2,71 &
0,108 MITa. [TomyyeHHBIE DAaHHBIE YKA3bIBAIOT HA TO, YTO
BBelieHUe 100aBKU B KojmdectBe 10% COOTBETCTBYET
MaKCHUMaJIbHOMY ITOKa3aTelTto IIPOYHOCTH.

Cryctd 28 CyTOK TBEpAEHUS Y KOMIIO3UTOB, IIPUTO-
TOBJICHHBIX Ha OCHOBE COCTAaBOB C OOJIBIIINM COIEpKa-
HHUEM alloMOocHInKaTHOM mo6aBku (20—30% ot Macchl
W3BECTH), HAOIIOOACTCST CHUKCHIE TIPOYHOCTH.

HccaemoBaoch BIUSTHIE CONEPKAHUS B M3BECTKO-
BOM BSTXYIIIEM J00aBKM HAa OCHOBE aMOP(HBIX aTIOMO-
CHJINKATOB Ha PeOJIOTHICCKIE CBOMCTBA (Ta0I. 5).

VBennueHue conepxanus no0asku 6oee 10% xa-
pakTepu3yeTcsl BO3pacTaHUEM CTaTUICCKOTO HaIpsKe-

HUSI CIBUIa, 3HAYCHUI TUHAMUYECKOTO HAIPSIKEHMS
CIBUIa, a TAKXKE POCTOM IUIACTUYECKOM BI3KOCTU. Tak,
JUHAMUYECKOE HAIIPSDKEHUE CABUTA Y U3BECTKOBOIO CO-
ctaBa 1pu umrcie 060poToB 200—400 06/MUH COCTABIISIET
1=0,000176 MIla, a y coctaBa Ha OCHOBE KOMITO3HII!-
OHHOTIO BSIXKYILIETO C cofepXaHueM 106aBku 5% — 1=
0,000194 MIla, ¢ comepxanuem no6asku 20% — 1 =
0,000215 MITa.

Taxke npuMeHeHue J0OABKU B U3BECTKOBOM CMECH
MIPUBOIUT K YCKOPEHMUIO Ha0Opa MIACTUYECKOM IIPOYHO-
ctu. [InacTrueckast IpOYHOCTb COCTaBa C CONEPKAHUEM
10% moGaBKK OT MAaCChl U3BECTH CITYCTS 8 4aCOB TBEp/E-
Hus cocrasiser T = 0,006217MIla (puc. 6, kpusas 3),
a KOHTPOJIBHBIN cocTaB (0e3 nobasku) T= 0,001004MIla
(puc. 6, kpusas 6). [1pu 9TOM ¢ yBeJIMYEHUEM COAEPKA-
HUS 100aBKU B COCTaBe pacTBOPA ILIACTHYECKAsT IIPOY-
HOCTb TaKXKe BO3pACTaeT.

Tabauya 5
3aBHCHMOCTDb HANPSKEHUS CABHUIA OT CONEPKAHMUS 100aBKH
ConepxaHue 100aBKH - 1 5 10 20 30
CraTnyeckoe HanpszKenne capura, MIla 0,0004 | 0,00041 | 0,00042 | 0,00043 | 0,00045 | 0,00046
JAnHaMn4eckoe HampspKeHne 200—400 | 0,000176 | 0,000185 | 0,000194 | 0,000205 | 0,000215 | 0,000217
cnBura, MIla, mpu ckopocTu
BpaLleHust, 06/MUH 300—600 | 0,000276 | 0,000285 | 0,000294 | 0,000298 | 0,000312 | 0,000316
200—400 | 45,18 45,18 45,18 45,18 49,69 49,69
I1nacTuueckasi BSI3KOCTb,
I1ac, nmpu ckopocTu BpallleHUsl,
06/MUH 300—600 | 57,23 57,23 57,23 57,23 57,23 66,26
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Puc. 6. I3meHeHHe MIACTHYECKOM MPOYHOCTH H3BECTKOBOIO TECTA ¢ MPUMEHEHHEM AJIIOMOCIIMKATOB: 1 — comepxa-
Hue 1o6aBku 1% OoT Macchl U3BECTH; 2 — colep:KaHue 100aBKU 5% OT MacChl U3BECTH; 3 — colep:KaHue 100aBKU
10% ot macchl u3Bectu; 4 — conepxkanue 106aBku 20% oT Macchl U3BeCTH; 5 — coaepkaHue no6asku 30% ot
Macchl U3BECTU; 6 — KOHTPOJIbHBII 00pa3selr (0e3 coaepKaHus 100aBKN)
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ABSTRACT: Introduction. Currently the most promising type of repair uses composite materials to fill in fractures or fracture-like
defects. In order to be effective, the composite material must possess high fluidity in its liquid state to ensure it can fill the cavity of
the defect, adhesion to steel to bond the edges of the crack, and plasticity to compensate for any deformation caused by regular
and static loading of the structure. Methods and materials. Composite materials with nanocarbon fillers were studied, including
fullerenes, nanotubes, and graphene. The solutions to the problems were obtained using both standard and independently devel-
oped methods, statistical data processing techniques, and modern software complexes. Results and discussion. The composite
material with a fullerene filler demonstrates a sustainable fluidity in comparison to other studied composites. This allows to recom-
mend such a material for fixing cracks with a slight opening. The composite with a carbon nano tube filler maintains the fluidity at
the same level within 35 minutes on average. It can be used as a repair material in cases where the location of the defect does not
allow for its sealing to be carried out in a short period of time. Conclusion. The conducted research allows to solve the direct and
inverse problem: a) studying properties of a composite material and designing its structure allow to determine, if it fit to certain
dimensions of the crack; b) a detected crack with a certain configuration of the cavity can be offered the most suitable properties
of the composite by adjusting its content.
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INTRODUCTION

he experience of studying structures many years

shows that many defects such as inclusions of vari-
ous origins, constellations of disturbances and vacancies,
microcracks appear during fabrication. During operation
areas around such defects form new cracks and spread
existing ones due to high concentration stress. This leads
to local or total destruction of the item.

Currently the most promising type of repair uses
composite materials to fill in fractures or fracture-like
defects. . If a liquid composite material is injected in-
side such a defect, the material’s structure forms in a
restricted way; the composite adheres to the crack edges.
It limits further opening of the defect [2]. The compu-
tational modelling of a crack fixed with a composite
shows that secured edges reduce stress to the apex of
the crack. Consequently, possible value singularity is
prevented [3—6].

© llyina V.N., llyin S.V., Gafarova V.A., Kuzeev |.R., 2023

Majorly, epoxy filled composites are intended for
aviation and space equipment [7—9], instrument and
mechanical engineering [10, 11, 29, 31], construction
[12—15], oil & gas industry [1, 30, 32—39]. To fix the
cracks, the composite material should be highly fluid in
the liquid state to effectively fill the defective cavities.
It should be adhesive to steel to secure edges of a fracture.
It should be moldable to compensate deformative shifts,
when the structure is exposed to regular or static stress.

METHODS AND MATERIALS

The matrix of composite material should ensure in-
tegrity of the material and distribute internal stress. The
research uses ED-20 epoxy-diane resin as the polymeric
matrix. The structural formula of the resin is given in
Fig. 1.

For the epoxy resin to cure, polyethylene polyamine
was used. Its structural formula is given in Fig. 2. Poly-
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Fig. 1. The structural formula of ED-20
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Fig. 2. The structural formula of polyethylene polyamine

ethylene polyamine allows curing at the ambient air tem-
perature of 20—25°C.

The study researches composite materials with nano-
carbon fillers, such as fullerenes, nanotubes and graphene.

Carbon nanotubes are monodimensional, as their
length is several times bigger than their diameter. They
are folded sheets of graphene that form hollow cylindri-
cal molecules. Carbon atoms in them are in the state of
sp2-hybridization. The specific surface area is around
500—1000 m?/g [16]. The typical structure of carbon
nanotubes is shown in Fig. 3b.

Graphene is two-dimensional allotropic carbon. It is
a flat aromatic molecule with a developed and bilat-
erally accessible surface (the free surface area is up to
2630 m?/g), the carbon atoms are in the state of sp?-
hybridization [16]. The typical structure of graphene is
shown in Fig. 3a.

Fullerenes are three-dimensional fillers. They are
enclosed-volume carbon molecules with high curvature.
The specific surface area is around 1340 m?/g [40]. They
are multi-atom molecules and have the form of pentagons
or hexagons with common edges. The carbon atoms are
in the state of sp2-hybridization. The typical structure of
fullerene is shown in Fig. 3c.

The diluent is gasoline-based magnetic fluid with
Fe, 0, magnetic particles of size from 5 to 30 nm. The
study’s [1] authors use magnetic fluid to reduce movement
resistance in the flow through narrow channels.

When epoxy resins form structures and cure, the mix-
ture is heated up. To explore the pattern of how composite
material’s components influence the flow of the exother-
mic reaction of composite polymerization, the researchers
record the thermal effects with a thermographic camera
Ti55 IR Flexcam.

The composites’ fluidity is defined by metering the
velocity of one drop of the composite material moving
down a slope plate to determine the time/distance ratio.

| |

1
2jpm

Fig. 3. The typical structure of nanocarbon fillers: a — graphene, b — carbon nanotubes, ¢ — fullerenes
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The ability to wet metal surfaces with the composite
material is researched in the following manner. Drops of
the composite were applied one by one to a metal plate.
Right after the drops are photographed. Then, the photos
are processed with Kompas-3D software to determine the
wetting angle.

To research how metal surface roughness affects the
adhesive strength between the composite material and
steel, two substandard specimens are used. They are
counter-parts. One them has a cavity to be filled with the
composite while the other has a cylindrical stem (Fig. 4).
The assumed scope of application of the composite mate-
rial is filling actual cracks. Therefore, the range of research
was selected by measuring the surface roughness formed
in the sample crack (Fig. 5). The roughness is assessed
with a profilometer TR200. The parts’ adhesion was teste
with a tension test machine Instron 8801.

The composite material’s shrinking due to polymer-
ization is tested filling in metal slots with the researched
material and measuring the distance between the slot top
edge and the hardened composite. The measurements are
made with a beam-compass.

RESULTS AND DISCUSSION

When epoxy resin hardens due to interaction of epoxy
and aminogen groups, chemical and thermodynamic pro-
cesses happen and form cross-linked networks (Fig. 6).
Liquid oligomer turns hard stage-wise. The first stage is
branched macromolecules. They form and then start to
interact with one another to form nodes of the network
while the mixture becomes thicker. Then, the material
completely loses its fluidity [18].

V.A. Gafarova in her study [1] used thermograms to
research how composite material components interact.
The findings show that this method can be used to study
how the dispersion phase is distributed in the composi-
tion. Therefore, a series of experiments is arranged to
determine the pattern of how composite material’s com-
ponents influence the flow of the exothermic reaction of
composite polymerization.

a

Fig. 4. The substandard test specimens used to research
how metal surface roughness affects the adhesive strength
between the composite material and steel: a — specimen
appearance; b —specimen with various stem roughness

fatigue
crack

destruction
surface

Fig. 5. Specimen surface with formed crack whose
roughness was assessed with a profilometer TR200

cuz—ci:n—cuz—n—-cuz——cn—cnz

4~CH2—CH\—/CH2 + HygN—R—NH; — OH R OH
o CHy;—CH—CHy;—N—CH;—CH—CH,

epoxy resin hardener 0“ éH

hard epoxy resin

Fig. 6. Epoxy resin hardening reaction with polyethylene polyamine hardener
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There a few hypotheses on how nanosized fillers influ-
ence composite materials.

The authors [19] claim, that when a filler is injected
in the epoxy base it may alter the stoichiometric ratio at
the surface joining the matrix and the filler. Hardening
may lead to extra links between the resin and the filler or it
may lead to changes in the structure of the formed matrix

Nanob%

resulting in impact on the hardening completeness or the
mechanical properties of the resin.

It is displayed [41—47], that the high modifying power
of the nano-fillers is determined by the significant spe-
cific surface area. Due to that fact that nano-particles
have the high surface energy, they tend to adsorb various
macromolecules [16]. The authors [15, 20, 9] assume

a
44
a2 =eo— Mixture 1 (epoxy resin + X hardener)
Q
°. 40
o —o— Mixture 2 (composite with graphene)
2 38
o
2 36 . . .
£ —e— Mixture 7 (epoxy resin + X hardener + Y diluent)
|°_-' 34
32 —e— Mixture 8 (epoxy resin + X hardener + graphene)
30
5 30 55 80 105 130 155 180 205
Time, minute
b
44
42 -Mixture 4 (epoxy resin + X' hardener)
o
o 40
§ 38 —e—Mixture 5 composite with fullerenes)
3
8 36
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-
32 M
30 —+—Mixture 9 (epoxy resin + X' hardener + fullerenes)
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C
44 —a— Mixture 1 (epoxy resin + X hardener)
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s 40
v —&— Mixture 3 (composite with carbon nanotubes)
2 38
o
g 36
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32
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5 30 55 80 105 130 155 180 205
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Fig. 7. Temperature curves of composites with carbon fillers: graphene (a), fullerenes (b), carbon nanotubes (c):
X, X’ — amount of the hardener in the mixture; Y, Y’ — amount of the diluent in the mixture
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that if the epoxy base and the filler enter an adsorption
process, it may reduce the mobility of macromolecules
and consequently their reactivity.

Besides, the authors [9] suggest that the high adsorp-
tion capacity allow nano-particles to become centers of
chemical linking in polymers.

To check-prove the above hypotheses they studied
how nano-sized carbon fillers influence hardening of the
composite material.

The component ration in composites is selected based
on the earlier complete factorial experiment [17]. The
experiments find the best recipes ensuring the best sought
adhesion and cohesion strengths of the composite ma-
terials.

The composite temperature curves during polymeriza-
tion are presented in Fig. 7. The nature of temperature
changes during polymerization can be described with
two stages. At the stage one temperature of the mixture
increases until it hits the peak. During stage two the mix-
ture is cooling down.

All graphs show that polymerization curves for the
developed composite materials (mixtures 2, 5 and 3) are
higher than curves of epoxy resin+hardener+filler mix-
tures (mixtures 8, 9, 10). This can be related to the fact
that carbon nano-materials (fullerenes, graphene and car-
bon nanotubes) have the high surface energy, intense ad-
hesion properties and tend to form agglomerates hundreds
of micrometers big. The more the agglomerate is getting,
the less adsorbing it becomes due to the decreasing spe-
cific surface area. As the result, the number of oligomer
macromolecules in the intermediary-phase structures
drops. If a diluent is added in to reduce the mixture’s
viscosity, it breaks the agglomerates down and makes the
particles distribute evenly in the composite material.

To make the composite material fill in the crack cavity,
the composite should be very fluid. They study how the

composite’s fluidity alters in terms of time since polym-
erization started. The findings are given in Fig. 8.

The fluidity of composite material with nanocarbon-
tube-filled composite filler remains at the same level for
35 minutes, after which it sharply decreases (Fig. 8).
This can be attributed to the fact that the temperature
of the nanocarbon-tube-filled composite material is
significantly higher at the beginning of the experiment
compared to other investigated composites. Addition-
ally, throughout the 39-minute testing period, there is
a self-heating of the mixture which prevents the fluidity
from decreasing in this particular composite. (Fig. 9).
This property allows to recommend the nanocarbon-
tube-filled composite material for fixing defects that
take long to fix because of their complex location. The
fullerene-filled composite material demonstrates sus-
tainably high fluidity in comparison to other reviewed
composites (Fig. 8), therefore, it is recommended to fix
cracks with slightly op en edges.

When the composite material flows down the metal
surface, it is one of the factors affecting the adhesion
strength between the adhesive and the substrate [23].
Fig. 10 displays a few options for wetting differently rough
surfaces with a liquid.

If the liquid is good at wetting a highly rough surface,
the area of actual contact increases in comparison to the
smooth surface, as it is shown in Fig. 10a and 10b.

If the liquid is bad at wetting a highly rough surface,
the outcome is opposite. The area of actual contact
decreases in comparison to the smooth surface, as it is
shown in Fig. 10c and 10d.

Thus, wetting the crack walls with the composite ma-
terial plays the vital role in its filling degree: the less the
wetting angle is, the higher the crack filling degree is [28].

The study considers how the composite wets the metal
surface. The findings are given in Table 1.

12
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-E 10
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E 6
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5 2
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Fig. 8. Dependence of composite material fluidity on time since polymerization started
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Fig. 9. Patterns of temperature changes in composite materials with three types of nano-sized carbon fillers

a
gas
liquid
¢ gas
liquid

b
gas
liquid
d
liquid

Fig. 10. Wetting of surfaces with different roughness by a liquid: smooth surface, good wetting (a); rough surface,
good wetting (b); smooth surface, bad wetting (c); rough surface, bad wetting (d) [23]

Table 1
Angle of wetting metal surface with composite
Filler
Angle of wetting, °
Carbon nanotubes Graphene Fullerenes
No 1 55 55 56
No 2 53 55 55
Ne 3 50 53 53
average 53 54 55

All the reviewed composite materials effectively wet
the metal surface, as the wetting angle lays in the range
0°< 6 <90e.

There is a hypothesis [23, 24] suggesting that the
rougher the surface is, the better the adhesion strength
is between a liquid and a metal in connection with

the bigger actual contact area. The check-prove this
hypothesis a series of experiments is conducted. The
findings allow to display how the adhesive strength
between the composite material and metal correlates
with the metal surface roughness. The findings are
given in Fig. 11.
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Table 2
Measurements of composite shrinkage during polymerization
Shrinkage, mm
Carbon filler
Experiment No. 1 Experiment No. 2 Experiment No. 3 Average

Graphene 0.05 0 0.05 0.03

Carbon nanotubes 0.02 0.01 0.02 0.02

Fullerenes 0.01 0 0 0

As it is shown in Fig. 11, all reviewed recipes of com- CONCLUSION

posites demonstrate better adhesive strength between
the composite and the metal, if the surfaces are rougher.
It is confirmed by the fact that having roughness around
Ra = 12 um, composites with all types of filler tend to
cohesive destruction.

While composite materials are hardening, certain
amounts of volatile components are produced, which
leads to shrinking. Under the shrinkage stress the layer of
polymer materials forms irreversible deformations lead-
ing to residual stress. They substantially affect the com-
posite’s properties leading to a worse strength, cracks
and defects [25, 9, 15]. The findings of measuring the
composite shrinkage during polymerization are given
in Table 2.

All reviewed materials demonstrate little-to-none
shrinkage, which speaks for minor residual stress caused
by composite polymerization.

The conducted research allows to solve the direct and
inverse problem: a) studying properties of a composite
material and designing its structure allow to determine,
if it fit to certain dimensions of the crack; b) a detected
crack with a certain configuration of the cavity can be
offered the most suitable properties of the composite by
adjusting its content.

The analysis shows that the composite material with
a fullerene filler demonstrates a sustainable fluidity in
comparison to other studied composites. This allows to
recommend such a material for fixing cracks with a slight
opening.

The composite with a carbon nano tube filler main-
tains the fluidity at the same level within 35 minutes on
average. It can be used as a repair consumable, if the de-
fect does not allow fixing within a short period of time.
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AHHOTALUA: BBegeHune. Hanbonee nepcnekTVBHbIM B HacTosILLee BpeMs ABNAETCA METO PEMOHTA, 3aK/oUaloWninca B UC-
Nob30BaHUN KOMMO3ULIMOHHBIX MaTepPUasoB As 3aeNKU TPELUH 1 TPeLwHONOA06HbIX AedeKToB. N1 3TOro KOMNo3uT AO/MKeH
0611a/1aTb BbICOKOV TEKYUECTbIO B XKUAKOM COCTOSIHUW, [OCTAaTOUYHOW [/ 3aNOIHeHWs NONoCTy fedeKTa, aaresnen K ctanu, Heobxo-
OUMOW N CKpenneHusi 6eperos TpeLyiHbl, U MAacTUYHOCTbBIO, KOTOPas MO3BOUT eMy KOMMEHCMPOBaTb AepOpMaLMOHHbIE CABUTM
NPV LAKINYECKOM 1 CTaTUYECKOM Harpy>KeHnn KOHCTpyKumn. MeTogbl n matepuanbl. /3yyanicb KOMNO3ULMOHHbIE MaTepurarbl
C HaHOYTNePOAHbIMY HAMONTHUTENIAMU, B KAUeCTBE KOTOPbIX MCMOMb30Bany GpynnepeHsl, HAHOTPYOKM 1 rpadeH. PelieHmne nocTtas-
JIEHHbIX 3aZla4 OCYLIECTBSANOCh NPV MOMOLUYM CTaHAAPTHBIX 1 CAMOCTOATENIbHO Pa3paboTaHHbIX METOAUK, METOAOB CTAaTUCTUYECKON
06pabOTKM AaHHBIX Y MPUMEHEHUS COBPEMEHHBIX MPOrPaMMHbIX KOMIIEKCOB. Pe3ynbraTbl u nx 06cyxaeHne. KoMnosnLMoHHbIi
MaTepuan ¢ GyniepeHoM B KauecTBe HaMoHUTENA AEMOHCTPUPYET CTabUSIbHO BbICOKYIO TEKYUECTb MO CPAaBHEHUIO C APYrMn
MCCNeOBaHHbIMY KOMMO3MTaMU. DTO NO3BOJISIET PEKOMEHO0BATb €ro /15 3afeNIK/ TPELLMH C HeOOMbLION WMPUHOW PacKpbITUSI.
Komnosut ¢ HanonHutenem YHT coxpaHseT >KUIKOTEKYUYeCTb Ha OAHOM YPOBHE B CpefHeM OKoJo 35 MUHYT. OH MOXeT 6bITb 1C-
Nonb30BaH B KaueCcTBe PEMOHTHOrO MaTepuasa B TOM Cilyyae, Korfa pacrnosioxeHve gepeKkta He NO3BONAET NPOBECTU ero 3aeNKy
B KOPOTKUIA MPOMEXYTOK BpemeHU. 3akntoueHue. [poBeaeHHbIe NCCNIeA0BaHA MO3BONAOT PELLNTL NPAMYIO 1 06paTHYIO 3afauy:
a) N3y4yeHue CBONCTB KOMMNO3MLNOHHOIO MaTepuana 1 NPoeKTUPOBaHME ero CTPYKTYPbl Aal0T BO3MOXKHOCTb ONpeenunTb, MOAXOANUT
JIN OH AJ1A1 3a[1e/KM KOHKPETHOW reoMeTpurn TPELLMHBI; 6) Ans 06Hapy»eHHOW TpeLyHbI C onpeaeNieHHo KoHbUrypaumein nonocTtm
MOHO OCYLLEeCTBMTb MOA6GOP ONTVMaNIbHbIX CBONCTB KOMMO3MTa, U3MEHSA €ro COCTaB.

KJTIOYEBDIE CJIOBA: 3afesKa TpeLLH, KOMMO3MLUOHHbIN MaTepuan, dysnepeH, yrinepoaHblie HAHOTPYOKY, rpadeH.
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BBEJEHUE

MHoroneTHI/H‘/’I OITBIT U3YICHMST KOHCTPYKIIUIA TT0-
Ka3bIBaeT, 4TO MHOTHE Ac(PeKTHl, TaKUE KaK:
BKJTIOUCHUSI PA3IMYHOTO TIPOMCXOKICHUS, CKOTUICHUS
MUCTTOKAIIAI 1 BaKaHCUI, MUKPOTPEIIMHEI — BO3HMKA-
0T eIlle Ha CTaIiy U3TOTOBJICHUS. B mmpoliecce sKcrrya-
TallMU B OKPECTHOCTSIX TAKMX Ae(HEKTOB M3-3a BEICOKOI
KOHIICHTPAIINY HATIPSDKEHUI ITPOMCXOINT 3apOKICHIE
HOBBIX WJIN POCT y3K€ MMEIOIINXCS TPEIITNH, YTO TIPHUBO-
IIUT K JIOKATbHOMY WJIU TIOJTHOMY pa3pyIICHUIO OOBEKTA.

HanbGosee mepcrieKTUBHBIM B HACTOSIIEEe BpeMs
SIBIIICTCS METOIl PEMOHTA, 3aKJTIOYAIOIINIACS B UCTIONb-
30BaHUM KOMITO3UIIMOHHBIX MAaTCPUAJIOB IJIST 3aeIKI
TPEIIMH 1 TPEITMHOMOM00HEIX nedekToB. I1pu BBeneHNNT

© WnbuHa B.H., nbnn C.B., lfadaposa B.A., Kysees U.P, 2023

B ITOJIOCTh TAKOTO AeheKTa XKIIKOTO KOMIIO3UILIMOHHOTO
Matepuaja (popMIPOBaHUE €TO CTPYKTYPHI IIPOUCXOIUT
B OTPaHMYCHHOM 00BEeMe; KOMITO3UT B3aUMOICUCTBYCT
¢ GeperaMy TPEIIMHEI IO aITe3MOHHOMY MEXaHU3MY, 9TO
OTpaHNYMBACT BO3MOXHOCTH TaJIbHEHIIIETO pPaCKPHITHS
nedexTa [2]. Pe3yabTaThl UMCIEHHOTO MOIEIMPOBAHUS
IIpoliecca 3aIeJIKA TPEIIMHBI KOMITO3UTOM ITOKAa3bIBa-
10T, 9TO CKpEIJICHNE OCpPEeroB IMPUBOIUT K CHIDKCHUIO
HAIIPSCKEHUH B €¢ BepIMHE, BCIICACTBUC YETO YIACTCS
MIPEIOTBPATUTh 00Opa30BaHMe 00JIaCTH BO3MOXHOM CHH-
TYJIIPHOCTY MX 3HaYeHni [3—6].

OCHOBHBIMU chepaMy TPUMEHEHMS HAITOJTHEHHBIX
SITOKCUIHBIX KOMIIO3UTOB SIBJISIOTCSI aBHAIITMOHHAS
1 KocMHuYecKas TeXHUKa [7—9], mpubopo- 1 MaIm-
HoctpoeHnwme [10, 11, 29, 31], ctpouteabHast MHIYCTPUS
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Puc. 1. Crpykrypnas dopmyna BJ1-20

[12—15], a Takxe HedTerazoBas orpacis [1, 30, 32—39].
7151 3aJeJIKN TPEIINH KOMITO3UIIMOHHEIN MaTepua
JIOJIKEH 00J1afaTh BEICOKOM TEKYYECTHIO B KXKUIKOM
COCTOSTHUH, TOCTATOYHOM IS 3aITOTHEHUS TTOJIOCTH
nedekTa, aare3neil K cTauar, HeOOXOMUMOI IS CKpe-
IJIEHVS O€PETOB TPEIVHEL, ¥ TUTACTUIHOCTBIO, KOTOPAsT
ITO3BOJIUT €My KOMIIEHCUPOBATh Ae(DOpMaOHHEIE
CIBUTH TIPY LIUKJIMYECKOM U CTATUIECKOM HATPYKEHUN
KOHCTPYKIIVH.

METO/bI 1 MATEPUAJIBI

Martpuiia B KOMIIO3UIIMOHHOM MaTepHae ToKHA
obecIieunBaTh 1IEJIOCTHOCTh MaTepHaa, a TakKxKe pac-
npenesicHe BHYTPeHHNX HallpsokeHU. B manHOI pa-
00Te B Ka4eCTBe ITOIMMEPHON MaTPHUIIBI MCITOIB30BaIach
3MOKCHUIHO-AraHoBas cMoja DJ1-20, ctpykTypHast ¢op-
MyJIa KOTOpOU TIpeAcTaBiIcHa Ha puc. 1.

151 OTBepKICHUS SITOKCUITHOMN CMOJTBI TIPUMCHSIICS
nommaTiieHoamuH (ITDI1A), ctpykrypHas dhopmyia
KOTOPOTO TIpuBeJieHa Ha puc. 2. Micnonb3oBanue [TDTTA
TIO3BOJISICT IPOBOAUTH IIPOIIECC TTOJMMEPU3AITNAN TIPU
TeMIepaType oKpyxatomeii cpemsr 20—25°C.

B manHOIT paboTe n3ydaanch KOMIIO3UITMOHHBIC Ma-
TepHUabl ¢ HAHOYTJICPOXHBIMU HATIOJTHUTEISIMU, B Kade-
CTBE KOTOPBIX UCIIOIB30BaIM (PYJUIepEeHBI, HAHOTPYOKH
¥ rpadeH.
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Puc. 2. Crpykrypnas dopmyna IIDIIA

Yraeponabie HaHOTPYOKHU (YHT) siBIIsttoTcst omHO-
MEpHBIMH CTPYKTYpaMU, TaK KaK MX JJIMHA B HECKOJIBKO
pa3 mpeBocxoauT auaMmetp. OHU MPEICTaBISIIOT OO0
CBEpHYTHIC JIUCTHI rpaceHa, KOTOphIe 00pa3yroT ITOJIbIe
MOJICKYJTBI HMUIMHAPUICCKOI (hDOPMEBI, aTOMBI yIjIepona
B KOTOPBIX HAXOISTCS B COCTOSIHUM SP>-TUOPUINU3ALIUN,
yIelrbHas TUIOIIAIb ITOBEPXHOCTHA COCTABIISIET OKOJIO
500—1000 m?/r [16]. Tunuunas crpykrypa YHT npu-
BelleHa Ha puc. 30.

I'pacheH SBISIETCS ABYMEPHOI aJTIOTPOITHOM (popMoit
yriepona. OH IpeacTaBiseT cO00i IIOCKYI0 apoMaTH -
YECKYI0 MOJICKYJTY C Pa3BUTOI M JOCTYITHOM C ABYX CTO-
POH TIOBEPXHOCTHIO (TUIOIIAIL CBOOOTHOI ITOBEPXHOCTH
JqoxonuT 10 2630 M2/T), aTOMBI YIJIEPOIA HAXOSATCS B CO-

Puc. 3. TunuyHas CTpyKTYypa yrjepoaHbIX HAMoJHUTeei: a — rpadeH, 6 —YHT, B — dyanepeHnt
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CTOSIHUU Sp>-Tubpuausanui [16]. TunuuHas cTpykTypa
rpaceHa IpuBeIcHA Ha puc. 3a.

DyrepeHbI OTHOCATCS K TPEXMEPHBIM HATIOTHU -
TEJISIM, TaK KaK SIBIISTFOTCSI MOJIEKYJISIPHOI (hopMOit
yIjiepoaa ¢ 3aMKHYTHIM OOBEMOM M TTOBEPXHOCTHIO
OOJIBIIION KPUBU3HBI, YACIbHAS TIOIIAIb ITOBEPXHOCTH
coctasjsieT 0koj10 1340 m2/r [40]. OHuU IIpeACTaBISIOT
c000if MHOTOATOMHBIC MOJICKYJIEI B BUIC OOBCIMHEH-
HBIX TISITH- U IIECTUYTOJBHUKOB ¢ OOIINMHU pedpamu,
aTOMBI YIJIEpOAa IIPU 3TOM HaXOHSTCS B COCTOSTHUN
sp?-rubpuausauuu. TunuyHas cTpykrypa dyiepeHa
TpuBeIeHa Ha puc. 3B.

B xauecTBe pa3zbaBHUTEIs UCIIOIH30BaAIACh MATHUT-
Hasl XKUIKOCTh Ha OCHOBE KEpOCHHA, KOTOPAsI COICPKUT
MaruuTHele yactuibl Fe,O, pasmepom ot 5 10 30 HM.
B pa6ote [ 1] aBTOpbI TPUMEHSIIN MAarHUTHYIO XKUIKOCTb
IUTSI CHIDKCHUSI COTIPOTHUBIICHHUS IBYDKCHUTO TTPY TCUCHUN
B Y3KUX KaHaJIaX, YTO TTO3BOJIIIO YBEIMINTh IIPOHUKA-
FOIIYIO CITOCOOHOCTh PacCMaTPUBAEMOTO KOMITO3UII-
OHHOTO MaTepuaa.

CTpyKTypooOpa3oBaHNE STTOKCUIHBIX CMOJ TIPU X
OTBEPXKICHUN COIIPOBOXKIACTCS HATPEBOM cMecH. JIiist
BBISIBJICHHUS 3aKOHOMEPHOCTEH BIVSTHHUSI KOMITOHEHTOB
KOMITO3UIIMOHHOTO MaTepHasia Ha XapaKTep IMPOTeKaHUsI
3K30TepPMUYECCKON PeaKIInK B IIPOIIeCCe ITOMMMEPU3aIINT
KOMITO3UTOB OCYIIECTBIISIIACH (PUKCAIINS TETUIOBBIX 3(h-
(beKTOB METOIOM TEIITIOBU3MOHHOM CheMKH C TIOMOIIIBIO
Temmosuzopa Ti55 IR Flexcam.

HccrenoBaHme TeKy9IeCTH KOMITO3UTOB 3aKITFOUAIOCh
B U3MEPEHUM CKOPOCTHU TEPEeMEIICHNST OMHOM KaTUTh
KOMITO3UIIMOHHOTO MaTepHasia 1o HaKJIOHHOM IIaCTHHE
3a OTIPeaCICHHBIN IIPOMEXYTOK BPEMEHM.

MeTtoarka rcciiefOBaHUS CMAaYMBAaEMOCTH TOBEPX-
HOCTH MeTaJUIa KOMITO3UIIMOHHBIM MaTepPHAIOM 3aKJTIO-
Yayiach B CICAYIOIIEM: Ha METAIDIMICCKYIO TIJIACTUHY
HAHOCHUJIOCHh TT0 OJHOM Karuie KOMITO3UTa, cpasy XKe
TIOCJIe TOTO IIPOBOIMIIACH (DOTOChEMKA KallelIb, Jajee
TOJIy9eHHBIE CHUMKH 00pabaThIBAINCh B IIPOTPaMM-
HOM KoMIiekce Kommac-3D mist orpeneneHus yria
CMauMBaHUSI.

H71s1 IpOBEepKH BIMSTHUS IIIEPOXOBATOCTH TTOBEPX-
HOCTH MeTaJlla Ha aATe3MOHHYIO IIPOYHOCTH TIPU CIIe-
IJICHUA KOMIIO3WIIMOHHOTO MaTepuaja CO CTalabio
WCITOJIb30BAINCh HECTaHIAPTHBIE 00Pa3IIbl, KOTOPBIC
TIPEICTABIISIOT COOOM ABE OTBETHBIC IETAIM: MOJIOCTh
Ha OIHO U3 AeTajicii, B KOTOPYIO 3aJIMBAJICSI KOMITO3HT,
1 UWJIAHAPUICCKUN CTepKeHb — Ha IpyToii (puc. 4).
[ranmpyemast 06J1aCTh IPUMEHEHUST KOMITO3UIIMOHHOTO
MaTepHayia — 3aIll0JTHeHUEe peaJbHBIX TPEIIUH, B CBSI3U
C OTUM IHATNa30H T UCCIeI0BaHs ObIT BEIOpAH IyTeM
M3MEpPEeHUS IIEPOXOBATOCTH TTOBEPXHOCTH IIPOPOIICH-
HOM Ha oOpa3sie TpeluHbl (puc. 5). lllepoxoBaTocTh
KoHTpoympoBanachk npoduiaomerpom TR200. Paspy-
IIeHNEe COCAMHEHUS AeTaleil OCYIIECTBIISTIOCh Ha pa3-
pBIBHOI MammHe Instron 8801.

a

Puc. 4. HecranmapTabie 00pa3ipl 1151 HCCJIEIOBAHUS
BJISTHHSI IEPOXOBATOCTH MOBEPXHOCTH METAJLJIA HA al-
Te3MOHHYI0 MIPOYHOCTD MPH B3aMMO/IeiiCTBMH KOMIIO3H -
HMIOHHOTO MaTePHAJIa CO CTAbIO: a — BHEIITHUI BUI
00pa31IoB; 0 — 00pa3lIbl C pa3HOM IIEPOXOBATOCTHIO
CTEPKHEN

YCTaJIOCTHASI
TpeLIrHa

IOBEPXHOCTD
pa3pyIIeHus

Puc. 5. IloBepxHocTh 00pasia ¢ NPOPOIIEHHON TPELH-
HOIi, IIepPOX0BATOCTh KOTOPOii 3Mepsiach npoduiome-
TpoMm TR200

OH[)CI[CI[CHI/IC yCaaKn KOMITIOBMIIMOHHbIX MaTCpHa-
JIOB B IPOLCCCE MOJIMMEPU3AIINN OCYIICCTBIIAIOCH I1y-
TEM 3aII0JIHEHUS STYECK MEeTAJTIMIECKOU Cl)OprI HnCCJIc-
AYEMbIM COCTAaBOM M MUBMCPCHMA PACCTOAHUA OT BerHCfI
IT'paHnN STYEUKU OO OTBCPKACHHOTO KOMITIO3MTAa C IIOMO-
HIbIO MITAHTCHIIUPKYJIA.

PE3YJBbTATBI 1 UX OBCYXKIEHUE

B IIpOLECCEC OTBECPKACHUA SMOKCUITHOM CMOJIBI IIpn
B3aMMOOEUCTBUM SMTOKCUIHBIX 1 aMAHHBIX I'pyIII Ipo-
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OTBCPXKICHHAasA SIIOKCUIHAsA CMOJIa

Puc. 6. Peakuust orBep:KaeHHs 3NOKCHIHOM CMOJIbI IPH MCNIOIb30BaHuU oTBepauTesa IIDIIA

HUCXOISIT XUMHIECKIE U TePMOIMHAMNIECCKIE TTPOIIeC-
CHI ¢ 00pa30BaHMEM ITPOCTPAHCTBEHHO-CIITUTON CETKH
(puc. 6). Ilepexon KUAKOTO OJIUTOMEPA B TBEPIOE arpe-
TaTHOE COCTOSTHUE TIPOMCXOMUT B HECKOJIBKO 3TAIIOB.
CHayvasra o6pa3yroTcsT pa3BeTBICHHBIC MAKPOMOJICKYJIBI,
Jajee OHU B3aUMOICIHCTBYIOT APYT C APYTOM, (hOPMUPYS
Y3JI6I CETKU, CMECH ITPY 3TOM CTAHOBUTCS 00JIee BSI3KOIA.
Jlajtee MaTepHall TIOJTHOCTBIO TepseT TeKydecTh [18].

M3ydyeHne B3anMOICICTBISI KOMITOHCHTOB KOMITO3H -
IIMOHHOTO MaTepyasia C IIOMOIIBIO CHITHUS TePMOTPaMM
B pabote [NapapoBoii B.A [1] moka3ayio nepcrneKTUB-
HOCTh TIPUMEHCHUST JAaHHOTO METOIAa IJIsl MU3YICHUS
XapakTepa pacrupeIesIeHUsT TUCIIepCHOM (a3bl B KOM-
no3unun. Micxomst U3 3Toro ObUIa ITOCTABJICHA CepUs
9KCIEPUMEHTOB [IJIsSI BBISIBJICHHUSI 3aKOHOMEPHOCTEH
BIMSTHUASI KOMIIOHEHTOB KOMITO3UTA Ha XapaKTep Mpo-
TEKaHMST 3K30TEPMUICCKOMN peaKIIny B IIPOIIECCE ero
TIOJIMME PU3AIIAMN.

Cy1iecTByeT HECKOIbKO TUTIOTE3 BIUSHUS HaHOPAa3-
MEpPHBIX HAIIOJTHUTEICH Ha OTBEPKICHNE KOMITO3UIIN-
OHHBIX MaTepHAaJIOB.

ABTOpHI [19] yTBep:KImarT, 4TO IPU BBEICHUM Ha-
TIOJTHUTEJICH B STIOKCUIHYIO OCHOBY MOXET N3MECHSITHCS
CTEXHOMETPHUECKOE COOTHOIIICHIE BOJIM3H TTOBEPXHO-
CTH pa3iesia MaTpUIIbl 1 HarmoauuTe s . [1pu oTBepxkme-
HUU MOTYT CO3IaBaThCSI MOTTOTHUTEIIBHBIC CBSI3U CMOJTBI
C HAITOJIHUTEJIEM JIMOO MOKET M3MEHSITBCS CTPYKTypa
(opmMmpyIOIIICIiCS MAaTPHUIIBI, UYTO MOBIMSIET Ha TIOJTHOTY
OTBEPXKICHUS U €€ MEXaHNICCKIE CBOMCTBA.

IToxazaHo [41—47], yTo BICOKas MOAUMDULIMPYIOIIAsT
CITOCOOHOCTh HAHOHATIOJTHUTEJICH OTpeaesiIeTCsT 3Hau -
TEJIbHOU YIeIbHOU TIIOIIANbIO TIOBEPXHOCTH. B cBsI3M
C TeM, YTO TTOBEPXHOCTHAST SHEPTUs HAHOYACTHII BBICO-
Ka, 71T HUX TUITAYHA aIcOPOIIST pa3IMIHBIX MAKPOMO-
neky’1 [16]. ABtopsl [15, 20, 9] npeamnoaraioT, 4To, eCIu
MEXIY STTOKCUIHONM OCHOBOM 1 HATIOJTHUTEJIEM ITPOKC-
XOIUT aICOPOIIMOHHOE B3aMMOIECHCTBHAE, 3TO MOXKET
MPUBECTUA K CHUXEHUIO TTOABUXKHOCTU MaKPOMOJIEKYJT
M, COOTBETCTBEHHO, K X PEaKIIMOHHOU CITOCOOHOCTH.

Taxxe aBTOpoM [9] BEIIBUHYTO IPEAIIOIOXECHHUE,
yTo OJiarogapsl BLICOKOM aJicOPOILIMOHHON CITOCOOHO-
CTH HaHOYACTHUIIHI CITIOCOOHBI CTAHOBUTBCS LIEHTPaAMM
XUMHMYECKOU CIMMBKHU B TIOJIMMEpaX.

JJ1st IpOBEpPKU BBIIIICU3IIOXKEHHBIX TUIIOTE3 OBLIO
IIPOBEICHO UCCIeI0BaHNE BIUSHUS YIJICPOIHBIX Ha-
HOpa3MepHBIX HATIOJTHUTEICH Ha TIPOLIeCC OTBEPKICHUS
KOMITO3UIIMOHHOTO MaTepuaJa.

CoOTHOIIICHNS KOMIIOHCHTOB B KOMITO3UTaX OBLIN
BBIOpAHBI NCXOMS U3 TIPOBEACHHBIX paHee MOTHBIX (HaK-
TOPHBIX KCIIEPUMEHTOB [17], B pe3yJibTaTe KOTOPHIX
OIpenesIeHbI ONTUMAJIbHBIC COCTABHI IUISI OOCCIICUCHUS
OayraHca aIre3MOHHOM 1 KOTe3MOHHOM IPOYHOCTH KOM-
IMO3UIIMOHHBIX MaTePHAIOB.

KpuBbie m3MeHeHUST TeMIepaTypbl KOMITO3M-
TOB B MPOIECCEe UX IMOJIMMEPU3ALINH TIPEICTAaBICHBI
Ha puc. 7. XapakTep U3MCHEHUS TeMIIepaTyphl B IIPO-
1recce MoJIMMEePHU3alIi MOKHO pa3Ie/IuTh Ha IBa dTara:
Ha [IepBOM 3TaIle IPOUCXONUT YBEJINYEHUE TEMIIEpATy-
PBI CMECH 10 TOCTVKCHMST MAaKCUMAaIbHOTO 3HAYCHMS,
Ha BTOPOM 3Talle IIPOMCXOIUT €€ OXJTaKICHIE.

Ha Bcex rpacdukax KpuBbIe IIOJTUMEPU3AIIAN pa3pa-
0OTaHHBIX KOMITO3UIIMOHHBIX MaTepHayioB (cMecH 2, 5
1 3) HaXOMITCSI BEIIIIE KPUBBIX, COOTBETCTBYIOIINX CME-
CSIM STTOKCHIHOI CMOJIBI, OTBEPINUTEIIS U HATIOJTHUTE-
15t (emecu 8, 9 u 10). DTO MOXET OBITH CBSI3AHO C TEM,
YTO YIJIEpOXHBIC HaHOMaTepHaisl (DymiepeH, rpadeH
u YHT), obnamaromre 60OJIBIIOI ITOBEpXHOCTHOM 3HEP-
TUEH, TIPOSBIISTIOT ITOBBIIICHHYIO CKIIOHHOCTD K CJIHMIIA-
HUIO 1 00pa30BaHUIO arJIoOMepaToB, pa3Mep KOTOPBIX
MOXET IOCTHTaTh COTEH MUKPOMETpPOB. B pe3ynbrare
VBSIIMICHUS pa3Mepa arjloMepaToB MX aIcopOIIMOHHAS
CIIOCOOHOCTh YMECHBIIIACTCS B CBSI3U C YMECHBIIICHUEM
yIeIbHOM MoBepxHOCTH. Kak ciencTBre KOJIUIecTBO
MaKpOMOJIEKYJT OJIUTOMepa, KOTOPHIC BXOISAT B COCTaB
IpaHUYHO-(Pa30BBIX CTPYKTYpP, cOKpamaercs. [Ipu mo-
OaBIeHU pa30aBUTEIIS IIPOUCXOINUT CHIDKCHIE BSI3KO-
CTH CMECH, UTO IIPUBOAUT K pa30MECHUIO arIOMepaToB
1 paBHOMEPHOMY PACIIpeIe/ICHAO YaCTUII B KOMITO3HTE.

71 TOTO 9TOOBI KOMITO3UITMOHHBIA MaTepral MOT
3aIIOJTHUTD TOJIOCTh TPEIIUHEI, OH JOJKEH 00J1amaTh
BBICOKOI TeKy4eCTbhi0. BhuTO IIpoBeaeHO McciiemoBa-
HUE N3MCHEHUS TeKyYeCTH KOMIIO3UTOB OT BPEMEHH,
IIPOIIEAIIEeTO OT Havyaja IIporecca IMOJIUMepU3allii.
Pe3ynbraThl mpuBeAcHBI Ha puC. 8.

TekyduecTh KOMIIO3UIIMOHHOTO MaTeprajia ¢ HaIloJI-
HuteaeM YHT coxpaHsieTcss Ha OMHOM YPOBHE B TCUCHME
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Puc. 7. KpuBbie H3MeHeHHS TeMIepaTypbl KOMIIO3UTOB € YIJIepOAHbIMH HATIOJHHUTEIAME: rpacdeHoM (a), dynepeHa-
mu (0), YHT (B): X, X’ — KoIM4eCcTBO OTBepaUTENS B cMecH; Y, Y’ — KOJIMYEeCTBO pa30aBUTENISI B CMECHU

35 MUHYT, TTOCJIE YeTO MPOVCXOINT €€ Pe3KOe CHIDKCHIE
(puc. 8). DTO MOXHO CBSI3aTh C TEM, YTO TeMIIepaTypa
KOMITO3ULIMOHHOTO MaTepuaia ¢ YHT B HauanbHbIN
MOMEHT BPEMEHM 3HAYUTEIHLHO BBIIIC, YeM Y IPYTHUX
HCCIIEAYeMBIX KOMIIO3UTOB, TAaKKe B TCUCHHE 39 MUHYT
TIPOMCXOINT CaMOPa30TpPeB CMECH, UYTO MPeaoTBpallia-
€T CHIDKCHUE TeKy4eCT! JaHHOTO KoMITo3uTa (puc. 9).
JaHHOE CBOICTBO ITO3BOJISIET PEKOMEHIOBATD B KAYCCTBE
PEMOHTHOTO MaTepraia KOMIIO3UT ¢ HarorHuTeeM YHT
B TOM cJTydae, KOTa pacIooxkeHre nedekra He IT03Bo-
JISIET TIPOBECTU €TO 331Ky B KOPOTKUI ITPOMEKYTOK

BpeMeHU. KOMITO3UILIMOHHBII MaTepra ¢ HAIIOJIHUTEIEM
(ynnepeH 1eMOHCTpUPYET CTAOMILHO BBICOKYIO TEKY-
YEeCTh 10 CPABHEHUIO C IPYTMMU UCCIEIYEMBIMU KOM-
ro3utamu (puc. 8), I03TOMy OH PEKOMEHIYETCS [JIsI 3a-
JICJIKU TPELLMH C HEOOJIbIINM PACXOXIEHUEM OEpEroB.

PacrekaHue KOMITIO3MLIMOHHOTO MaTepuaJa I1o I1o-
BEPXHOCTHU MeTaJllla SIBJISIETCS OOHUM U3 (DaKTOPOB,
BJIUSIOIINX HA aAre3MOHHYIO IIPOYHOCTh COEIMHEHUSI
anre3nB-cyocTpat [23]. Ha puc. 10 mpuBeneHO HECKOb-
KO BapUaHTOB CMaYMBAHMS XXUIKOCThIO ITOBEPXHOCTEM
C pa3HOIi 1IEPOXOBATOCThIO.

http://nanobuild.ru

232

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3):

Nanobuli

HaHoTexHONorum B cTpouTtenbCcTBe 228-237

WUCCJIE4OBAHUE CBOUCTB HAHOMATEPUAJIOB
- 12 .
§ 10 o YrnepogHbin
= g = Hano/IHUTe Nb:
= 5 —o—cdynnepeH
g 4 ==rpadeH
g
> 2 = == YHT
A S I i

5 25 45 65 85 105
Bpema, MUH

Puc. 8. 3aBucumocTn Tekydectn KM oT BpeMeHH, IPOIIeANIEro ¢ HAYajIa Npouecca noJuMepu3anun

e
ON B
f \

(2]

W w w wbks M~
- co

TemnepaTtypa, oC

N

w
o

Bpema, MuH

5 25 45 65 85 105 125 145 165 185 205

—e—KM c rpadeHOm
~o—KM c YHT

—o—KM ¢ pynnepeHom

Puc. 9. 3aBucumocTtu nusmenenus remneparypbl KM ¢ Tpemsi BUIaMH yIiiepoIHbIX HAHOPA3MEPHBIX HAMOIHUTENEH

B cydae ecim XKMAKOCTh XOPOIIIO CMadrBaeT ITOBEPX-
HOCTB C BBICOKO1 IIIEPOXOBATOCTHIO, TUIOIIAND (haKTHIe-
CKOT'0 KOHTaKTa YBEJIMIMBACTCS IO CPAaBHEHUIO C TJIAIKOMN
TIOBEPXHOCTBIO, KaK 3TO MoKa3aHo Ha puc. 10a u 100.

ITpu I0XOM CMaYMBaHWM TIOBEPXHOCTHU C BBICOKOM
IIepOXOBATOCTHIO, HA00OPOT, TUIOMIANh (PaKTUICCKOTO
KOHTAaKTa YMEHBIIIAEeTCS TI0 CPABHEHMIO C TJIATKOM I10-
BepxHOCTRIO (puc. 108 m 10r).

Takum ob6pa3oM, cMauyMBaHUE KOMIIO3UIIMOHHBIM
MaTepHaIoM ITOBEPXHOCTU CTCHOK TPEIIMHBI UTPAcT
KJTFOUEBYIO pOJIb B CTCIICHU €€ 3aII0JTHeHUS: TIPU YMCHb-
IIEHUH yIJIa CMAaYMBaHUS CTEIICHD 3aITOTHCHMS TPEIITN -
HBI yBesTmunBaeTcs [28].

BrI10 TIpOBEeICHO MCCemOBaHIE CMAaYNBaeMOCTH
ITOBEPXHOCTH MeTaJlla KOMITO3UTOM, PE3YJIBTATHI IIPH-
BelIeHBI B Ta0OII. 1.

a 0
P4
X

B & r

Puc. 10. CMaunBaHue XKIIKOCTHIO MOBEPXHOCTEN C PA3HOM MEPOX0BATOCTDIO: TJ1a1Kasl TIOBEPXHOCTh, CMAaUMBaHUE
Xopoiliee (a); IepoxoBaTasi TOBEPXHOCTh, CMauMBaHUe Xopoliiee (0); raankasi IOBEpXHOCTh, CMauMBaHUE TIJI0X0€
(B); miepoxoBaTas IOBEPXHOCTh, CMaynBaHMe 1ioxoe (T) [23]
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Tabauya 1
Yrjibl CMaYMBAHUS KOMIIO3UTOM MOBEPXHOCTH METAJLIA
Hanoanaurennb
Yroa cmauuBanus, °
YHT Ipadren ®Dyiepen
No 1 55 55 56
Ne 2 53 55 55
No 3 50 53 53
cpelHee 3HAaYeHue 53 54 55

Bce paccMoTpeHHBIE KOMIIO3UITMOHHBIC MaTepHAITBI
XOPOIIIO CMAYMBAIOT TTIOBEPXHOCTh METAJUIA, TAK KaK YTOJI
cMauymBaHu4 JiexXuT B auarazode 0° < 0 < 90°.

CymiectByeT runote3a [23, 24], cortacHO KOTOPOI
TIPY TIOBBIIIICHUH IIEPOXOBATOCTH IMTOBEPXHOCTH afre-
3MOHHAs IIPOYHOCTD CICIICHNUS XUIKOCTH 1 MeTaljia
OymeT TaksKe pacTH 3a CUCT YBEJIMUCHUS TUTOIIAIN (haK-
TUYECKOTO KOHTAKTa. JIJIs TIpOBEPKM STOI TUITOTE3HI
ObLJIa TIOCTABIICHA CEPHsI SKCIIEPUMEHTOB. B pesynbraTe
HCCIIeIOBAHUS IIOCTPOCHBI 3aBUCUMOCTH aATe3NOHHOMN
TIPOYHOCTH COCTUHEHUS KOMITO3UITMOHHOTO MaTepraja
C METAJJTOM OT IIIEPOXOBATOCTH TTIOBEPXHOCTH MeTajlia.
PesynbTathl ipeactaBieHbl Ha puc. 11.

Kak BugHo u3 puc. 11, y Bcex paccMaTpuBaeMbIX
COCTaBOB KOMITO3UIIMOHHBIX MAaTEPHUAJIOB IIPOUCXOIUT
YBEIIMICHNUE aiTe3NOHHOM IIPOYHOCTH COCTUHEHMS KOM-
TO3WUTa C METAJUIOM TIPU ITOBBIIICHUHN IIIEPOXOBATOCTH
TIOBEPXHOCTU. DTO TTOATBEPKAACTCS 1 TEM, UTO TIPH IIIe-
poxoBaTocTH B 061acTy Ra = 12 MKM KOMITO3UTHI CO BCe-
MM BUIAMM HATIOJTHUTEJICH pa3pyIIaoTcst KOTe3MOHHO.

B mpoirecce oTBepXKIeHNST KOMIIO3UIIMOHHBIX Ma-
TepUajoB IIPONCXOAUT BBIICICHNE HEKOTOPOTO KOJIH-
YecTBa JICTYIUX KOMITOHEHTOB, YTO IIPUBOINT K ycaI-
Ke. [Tox meiicTBMEM yCagOYHBIX HAIIPSKEHUI B CI0OE

IMOJIMMEPHBIX MaTepHajioB BO3HUKAIOT HeOOpaTUMBbIe
nedopMalru, B pe3ybTaTe KOTOPbIX 00pa3yloTcs ocTa-
TOYHBIC HanpsikeHsT. OHM 0Ka3bIBAIOT CYIIECTBEHHOE
BIMSTHUE Ha CBOMCTBA KOMITO3UTOB, TaK KaK SIBJITIOTCS
MIPUYNHON CHUKEHUS MX IMPOYHOCTH 32 CUCT ITOSIB-
JICHUS TpeIIuH U nedekros [25, 9, 15]. Pesynbratsr
n3MepeHus ycanku KM B mpoirecce TToamMepu3amumn
IIpUBEICHBI B TAOII. 2.

Bce paccMoTpeHHBIE MaTepHraIbl TTOKA3aI1 TTPaKTH-
YECKM TTOJTHOE OTCYTCTBHUE YCAIKH, YTO TOBOPUT O HE3HA-
YUTETbHBIX OCTATOYHBIX HATIPSDKEHUSIX, BOSHUKAFOIITIX
IIPH TTOJTMMEPU3AITAN KOMIIO3UTOB.

3AK/IIOYEHUE

IIpoBemeHHBIC MCCIIETOBAHMUS TTO3BOJISIIOT PEIIUTh
MIPSIMYIO M 00paTHYIO 3amady: a) U3y4eHHUEe CBOMCTB
KOMITO3UIIMOHHOTO MaTepuajia 1 MpoeKTUPOBAHUE €TO
CTPYKTYPHI TaIOT BO3MOKHOCTD OTIPEICINUTD, IIOIXOINT
JIM OH JJISI 3a/1eJIKM KOHKPETHON T€OMETPUU TPELIU-
HbI; 0) U1 OOHAPYXEHHOW TPELIMHBI C OTIpeneSIeHHOM
KOH(DUTYpamueir moJI0CTA MOXHO OCYIIECTBUTH IO -
0Op ONTUMAJIBHEIX CBOMCTB KOMITO3UTA, M3MEHSS €TO
COCTaB.

N
wv

N
o

=
o

Agre3avoHHas npouHocts KM, MMa
=
v n

0 2 4 6

CpeaHeapudmeTUiecKoe OTKIOHeHWe Npoduna Ra, MKM

e KMc
R2 = 0,9999 rpadpeHom
R?=0,9201 e KMc YHT
R?=/0,8103
e KMc
dynneperHom
8 10 12

Puc. 11. 3aBucumocTb anre3uoHHOI MPOYHOCTH coequHeHrss KM ¢ MeTajlioM OT IepoXoBaTOCTH MIOBEPXHOCTH METAJLIA

http://nanobuild.ru

234

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3):
HaHoTexHONorum B cTpouTtenbCcTBe 228-237

WUCCJIE4OBAHUE CBOUCTB HAHOMATEPUAJIOB

Tabauuya 2
PesyabraTsl usmepenus ycaaku KM B npoiecce nojumMepu3anun
Bun yraepoanoro Yeanka, MM
HaMO/HUTEIA Dkcnepument Ne 1 Okcnepument No 2 Okcnepument Ne 3 | Cpennee 3HaueHHe
I'pacden 0,05 0 0,05 0,03
YHT 0,02 0,01 0,02 0,02
Dynnepen 0,01 0 0 0
AHaJIM3 TIOJTYYEHHBIX PE3YJIBTATOB ITOKA3bIBACT, UYTO Kommosur ¢ HanoHuTesieM YHT coxpaHsieT XXumko-
KOMITO3UIIMOHHBIN MaTepHral ¢ QyUIepeHOM B KaUeCTBe  TEKYy4eCTh Ha OTHOM YPOBHE B CPEIHEM OKOJIO 35 MUHYT.
HAITOJIHUTEJISI IEMOHCTPUPYET CTAOMIIBHO BHICOKYIO Te-  OH MOXeT ObITh MCITOJIB30BaH B KAUECTBE PEMOHTHOTO

Ky4ecTh 10 CPaBHCHUIO C APYTUMM MCCICIOBAaHHBIMM  MaTepHraia B TOM CiIydae, KOTIa pacIiojokeHne aedexra
KOMITO3UTaMH. DTOT ITO3BOJISIET peKOMEHIOBATh €TI0 [UISI ~ He TTO3BOJISICT TIPOBECTH €T0 3aIe/IKy B KOPOTKUIA TIPO-
3aJIeJIKHA TPEIIH ¢ HeOOIBIION IIMPUHON paCKPHITHS. MEXYTOK BPEMCHH.
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Reactivity as one of the criteria for the selection of raw
materials for the production of active fine mineral powders
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ABSTRACT: Introduction. The simplest and most common method of obtaining fine mineral powder is mechanical dispersion. In the
process of grinding the material went through some work (energy), which is spent on the formation of a new surface. Therefore, it
is not always clear whether the destruction of the crystal lattice of a solid lead to the activation of the resulting crushed material.
Thus, the key characteristics of finely dispersed mineral powders, by which activation processes can be judged, are the value of the
specific surface area S,) and the specific free surface energy, numerically equal to the surface tension (o) of the solid. Therefore,
a number of models based on the determination of these characteristics have been proposed to estimate the mechanical activation
process of the raw material. So, one of the most correct methods, in our opinion, is the method based on an energy approach to
the evaluation of mechanical activation processes. This model determines the relative change in the free surface energy (AE/E, )
of the material when obtaining a dispersed system. At the same time, the choice of the most effective raw materials for obtaining
composite binders can be carried out on the basis of the surface activity criterion (k ), which is used as a criterion characterizing the
reactivity of fine mineral powders after their mechanical disintegration. Therefore, the aim of this study was to calculate the relative
change in the surface energy of fine mineral powders of various raw materials and to identify possible functional relationship be-
tween the parameter AE./E, and the amount of surface activity for the studied rock systems. Methods and Materials. Sedimentary
rocks formations the Arkhangelsk region were selected as materials for the research: polymineral sand and saponite-containing
material (a representative of bentonite clays). Before conducting experiments, rock samples were brought to a constant mass at
a temperature of 105°C. The chemical composition of the samples was determined on an X-ray fluorescence analyzer “Metexpert”.
Highly dispersed rock fractions were obtained by dry grinding on a planetary ball mill Retsch PM100. The dimensional characteristics
were determined using the DelsaNano submicron particle size analyzer by photon correlation spectroscopy. The specific surface
area was determined by the gas permeability method on the PSX-10 device. To calculate the surface tension, the edge angle was
measured on the “Easy Drop” installation. The surface tension for highly dispersed samples was calculated by the OWRK method.
Results and Discussion. The calculated macro-energy characteristics of the studied samples have showed that the atomization
energy for polymineral sand was 1910.72 kJ/mol, and for saponite—containing material was 1826.94 kJ/mol. At the same time, the
mass specific atomization energy for sand and SCM are 30.41 + 10° kJ/kg and 26.94 « 10° kJ/kg, respectively. In the process of dispersion,
several fractions of highly dispersed rock powders were obtained, which are characterized by an average particle size and specific
surface area. The surface tension (and its components) calculated by the OWRK method showed that for all the samples studied,
the polarization effect (o;") prevails over the dispersion interaction (o,°). At the same time, as S_ increases, the numerical value of
the ratio 0.”/0.° increases. This indicates an increase in the number of active surface centers associated with the redistribution of
the energy potential of the system. The calculated values of free surface energy (E,), surface activity (k) and the relative change in
free surface energy showed, that k_and AE/E, increase as the duration of powder dispersion increases.The obtained functional
dependences k_= f(AE./E,) for the studied samples of polymineral sand and saponitecontaining material are linear in nature and
obey the general equation y =a«<x + b. In this case, the coefficient “a” characterizes the dynamics of changes in the reactivity of the
material with an increase in the duration of mechanical grinding, and the parameter “b” - reactivity in the microstate. Comparison
of the coefficients “a” of the studied dispersed systems showed that, unlike polymineral sand, the reactivity of saponitecontaining
material increases 1.5 times faster as the grinding duration increases. The obtained functional relationship between the criteria used
for evaluating the process of mechanical activation of mineral raw materials of various natures shows the correctness of the models
used. Conclusion. The calculated macro-energy characteristics of rock samples showed that the atomization energy for polymineral
sand and saponitecontaining material has similar values. To assess the effectiveness of the process of mechanical activation for
mineral raw materials, it is proposed to use the relative change in free surface energy or surface activity. A functional relationship
between above mentioned criteria has been established, which is characterized by a linear dependence.

KEYWORDS: polymineral sand, saponitecontaining material, surface activity, dispersion, atomization energy, surface tension.
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INTRODUCTION

Currently, the search and study of alternative raw ma-
terials suitable for the production of fine mineral
powders is an important scientific and practical task, the
solution of which will allow a more widespread intro-
duction of resource-saving technologies in the produc-
tion of composites for construction purposes. Currently,
the scope of mineral powders application in the building
materials industry is very extensive: mineral powders are
used as pozzolans additives [1—3]; fillers for concrete and
soil-concrete mixtures [4, 5]; raw mixtures for obtaining
products by dry or wet pressing [6, 7].

The simplest and most common method of obtaining
fine mineral powder is mechanical dispersion. During
mechanical grinding of a solid, a surface identical in na-
ture to the original one is formed [8].

It is known that in the process of mechanical disper-
sion, a certain amount of work (energy) is spent, which
is then spent on elastic and plastic deformation, the heat
released and on the formation of a new surface. At the
same time, in solids, processes are possible, in which the
formation of a new surface can also affects the bulk phase.
Therefore, there is always the question of whether the
destruction of the crystal lattice of a solid actually leads
to the activation of the resulting crushed material.

Thus, it was shown in [9—11] that the key characteris-
tics of finely dispersed mineral powders, by which activa-
tion processes can be judged, are the specific surface area
(Ssp), which characterizes the degree of dispersion of the
material and the specific free surface energy, numerically
equal to the surface tension (o) of the solid. Therefore,
to evaluate the process of mechanical activation of raw
materials, a number of models based on the determination
of these characteristics were proposed.

Thus, the authors [12] have developed a mathematical
model based on the determination of the magnitude and
sign of the change in the isobaric-isothermal potential
of the surface AG, (Gibbs energy), accompanying the
process of grinding mineral raw materials. This parameter,
according to the authors, is a criterion for the possibility
of spontaneous transformation processes occurring during
mechanical dispersion of materials [13—14].

Continuing research in this direction, the authors of
[15, 16] believe that for fine powders, the most important

characteristic is the energy state of the system, estimated
by the value of free surface energy (E). Based on the
classical concepts of colloidal chemistry, this value can
be calculated as the product of the surface tension and the
specific surface of the analyzed object [17, 18].

Further development of this direction allowed us to
propose, in our opinion, a new, more advanced model for
assessing the degree of activation of the material during its
dispersion. This approach is based on the determination
of the relative change in the free surface energy of the
material when obtaining a dispersed system [19—21]. The
mathematical description of this approach is the expres-
sion (1) combining experimentally determined values of
the surface tension of the system and its specific surface:

Es Ssp
=(1-60) S -1, (1)

s0 sp0

where “0” — index denoting the initial state of the
system; & — relative change in the value of the surface
tension, determined by the formula:

Ag g — % Q)
0o 0o

0, — initial surface tension of the system; o, — sur-
face tension of the system, after the dispersion process;
AE/E, — relative change in the free surface energy.

At the same time, in the works [22—24], the selection
of the most effective raw materials for the production of
composite binders is carried out on the basis of the surface
activity criterion (k ), which shows the share of the total
potential energy reserve of the analyzed rock obtained
as a result of its genesis, transferred to the surface in the
process of mechanical activation of raw materials. The
calculation of the parameter k_is carried out based on the
chemical composition of the material, the specific surface
area of the system and the free surface energy of the unit
surface area (0).

The surface activity parameter is based on macro-en-
ergy indicators of the analyzed raw materials - atomization
energy (E,, kJ/mol) and its specific values — volumetric
specific atomization energy (energy density — E,, kJ/
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cm’) or mass specific atomization energy (E_, kJ/g) [15].
Therefore, the value of k_can be used as a criterion char-
acterizing the reactivity of fine mineral powders after their
mechanical disintegration. In [20], the value of k_was
determined for a number of sedimentary rocks.

Based on the above, the purpose of this work was to
calculate the relative change in the surface energy of fine
mineral powders of various raw materials by expression
(1); to identify a possible functional relationship between
the parameter AE./E and the amount of surface activity
for the studied rock systems.

METHODS AND MATERIALS

Two rocks of the Arkhangelsk region were selected as
materials for research [23]. This is the quarry sand of the
“Kenitsa” deposit. As another object of research, sapo-
nitecontaining a material (a representative of bentonite
clays) isolated by electrolytic deposition from a suspen-
sion of recycled water from the enrichment process of
kimberlitic ores of the M.V. Lomonosov diamond deposit
was used [21].

Before starting the experiments, the sand was washed
and dried to a constant weight at 105°C. Sands size modu-
lus and their true density (by picnometric method) were
determined according to GOST 8735-88. The true density
for clay (saponitecontaining material — SCM) was de-
termined according to GOST 21216-2014. The chemical
composition of the samples was determined on an X-ray
fluorescence analyzer “MetExpert”.

Highly dispersed rock fractions were obtained by dry
grinding on the Retsch PM 100 planetary ball mill. Op-
timal operating parameters of dispersion were selected
experimental for each test sample. They make it possible
to obtain high reproducibility of the results in terms of
particle size characteristics (at least three parallel tests).
The rotation speed of the mill rotor was 420 rpm. For
dispersion, tungsten carbide grinding bodies of spherical
shape in the amount of 20 pieces and a grinding cup made
of the same material were used.

The dimensional characteristics were determined us-
ing a submicron particle size analyzer Delsa Nano Series
Zeta Potential and Submicron Particle Size Analyzers
(“DelsaNano”) by photon correlation spectroscopy based
on the principle of dynamic light scattering. The specific
surface of highly dispersed rock systems was determined
by the gas permeability method on the PSX-10 device.

To calculate the surface tension, the wetting edge angle
was measured at the “Easy Drop” installation at an ambi-
ent temperature of 25+ 1°C. The study was performed on
tablet samples made by pressing ground sand and sapo-
nite-containing material on a PLG-20 press (20 kPa load)
into a metal mold with a diameter of 20 mm. The surface
tension for highly dispersed samples was calculated by
the Owens—Wendt—Rabel—Kaelble (OWRK) method,

based on the measurement of the equilibrium wetting
angle (0) by liquids (distilled water, decane, glycerin and
ethylene glycol) with known values of surface tension and
its dispersion (o, °) and polarization (o, ") components.

At the same time, the obtained functional dependen-
cies of the QWRK method:

P
VO,

D
VL

are described by linear equations, where 6 — wetting
angle of the material under study, o,, 0,” and 0,” — the
total, dispersion and polarization surface tensions of
working fluids (respectively). The angular coefficient of
this linear dependence is equal to the polarization part
of the surface tension of the sample, and extrapolation
of this straight line to the ordinate axis allows us to cal-
culate the dispersion component. The surface tension
of the analyzed samples is calculated by the following
expression: o, = o, + o,°, where o, and o, this polar
and dispersion components of the surface tension of the
material under study, J/m?.

The calculation of the relative change in surface energy
was carried out according to the expression (1). The value
of the surface energy was calculated as the product of
the specific surface of the analyzed powder by its surface
tension.

o, (cos6 +1)

. D
2o

3)

RESULTS AND DISCUSSION

The results of determining the granularity of the stud-
ied sand sample of the “Kenitsy” deposit showed that it
can be classified as medium-sized sand (modulus of size
2.21). The obtained values of the true densities (p,_) of
the studied rocks showed similar results: 2640 kg/m?3 and
2630 kg/m? for polymineral sand and saponitecontaining
material (SCM), respectively.

The initial data for calculating the atomization energy of
rocks are the mineral composition of the studied samples in
terms of oxides, as well as the enthalpy of formation of the
corresponding oxides, the values of which are given in the
reference literature [25]. Taking into account the molecular
weight of the oxide compounds, the specific mass energy
of atomization of the prototypes was calculated.

The elemental composition (in terms of oxides), as
well as the standard enthalpy of formation of these oxides
and their molecular weights are presented in Table 1.

Using the data presented in Table 1, the E, and E
values of the studied samples were calculated. Thus,
the atomization energy for polymineral sand was
1910.72 kJ/mol, and for saponitecontaining material —
1826.94 kJ/mol. At the same time, the mass specific at-
omization energy for sand and SCM are 30.41« 103 kJ/kg
and 26.94 .« 103 kJ /kg, respectively.
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Table 1

Nanobuild.

v

The composition of the studied samples in terms of oxides, the enthalpy of formation of oxides (AH)
and their molecular weight (IM).

Oxide Gt o AH,,,+107, Molecular weight
sand SCM kJ/kmol of the oxide, kg/kmol

SiO, 90.56 51.83 -910.94 60.09
ALO, 5.77 10.07 —~1675.70 100.18
MgO 0.48 19.7 —601.50 40.31
Fe,0, 0.88 10.54 —822.00 159.70

CaO 0.25 4.79 —635.10 56.08

K,0 0.28 1.77 —362.00 94.20

SO, 0.07 0.46 —439.00 80.06

PO, 0.06 0.76 ~1507.20 141.94
Na,O 1.65 0.08 —414.84 61.98

In the continuation of the research, several fractions of
highly dispersed rock powders were obtained by mechani-
cal dispersion, which were characterized by an average
particle size and specific surface area (Table 2).

The obtained values of the average particle size showed
that with the same grinding parameters, the SCM disper-
sion process requires more energy than for sand. So, with
a grinding duration of 30 minutes, and particles have an
average diameter of 329 nm, while for SCM this param-
eter reaches a value of 664 nm.

The comparison of the specific surface area of mate-
rials, with a dispersion time of 30 minutes, have similar
values: sand 2860 m?/kg, SCM — 2821 m?/kg.

Table 3 shows experimental data for measuring wetting
angles (0) and cosines of these angles for experimental
samples with reference liquids obtained for the imple-
mentation of the OWRK method.

Table 2

The presented data (Table 3) made it possible to
calculate the surface tension (and its components) for
the studied powder systems of rocks by functional de-
pendencies (expression 3). These dependences (expres-
sion 3) are well described by linear equations of the
form y = aex + b with a high value of the approxima-
tion reliability coefficient (R2=0.98). The values of the
coeflicient of these equations and the calculated surface
tension of the analyzed rock powders are presented in
Table 4.

The presented data (Table 4) show that for all the
samples studied, the polarization effect prevails over the
dispersion interaction. As the specific surface area in-
creases, the numerical value of the ratio 6*/o,” increases.
This fact may indicate an increase in the number of active
surface centers, which is associated with the redistribu-
tion of its energy potential, since for all finely dispersed

Characteristics of highly dispersed fractions of sand and saponincontaining material

Grinding duration Average particle size, d, am Specific surface area, S_, m*/kg
(), anil sand SCM sand SCM

0 —* 1350 1 17
5 672 1113 781 1861
10 559 828 992 2081
20 406 764 1667 2416
30 329 664 2860 2821
60 — 519 - 3728
90 - 445 - 5067

* the parameter was not defined
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Table 3
Wetting edge angles for test samples with different grinding duration (t)
Wetting edge angles, Ogn 10,1
Sample T, min dean ethylene glycol glycerin water
0 cos 0 0 cos 0 0 cos 0 0 cos 0
8.76 0.988 13.45 0.973 16.37 0.959 15.55 0.963
5.36 0.996 11.88 0.979 13.65 0.972 12.98 0.974
Sand 10 4.10 0.997 12.80 0.975 14.12 0.970 8.30 0.990
20 8.13 0.990 9.48 0.986 10.64 0.983 3.98 0.998
30 14.66 0.967 7.99 0.990 9.70 0.986 4.30 0.997
0 10.09 0.985 7.16 0.992 15.34 0.964 4.09 0.997
7.45 0.992 9.64 0.986 13.45 0.973 3.45 0.998
10 6.98 0.993 9.05 0.988 12.37 0.977 2.64 0.999
SCM 20 7.05 0.992 13.58 0.972 10.32 0.984 1.87 0.999
30 9.89 0.985 14.00 0.970 9.77 0.985 2.09 0.999
60 10.11 0.984 13.89 0.971 9.16 0.987 2.87 0.999
90 9.76 0.986 13.93 0.971 9.02 0.988 2.17 0.999
Table 4
Values of surface tension of rock powders depending on the duration (t) of grinding
Coefficient of the linear equation
Sample T, min . " ¢.", mJ/m’ ¢.°, mJ/m’ ¢ *10%, J/m’
0 6.82 4.38 46.52 19.16 65.68
5 6.87 4.39 47.18 19.25 66.43
Sand 10 6.93 4.36 48.05 19.01 67.06
20 6.99 4.35 48.85 18.97 67.81
30 7.03 4.32 49.35 18.66 68.00
0 6.97 4.34 48.65 18.85 67.50
6.98 4.35 48.70 18.93 67.62
10 6.98 4.36 48.77 18.98 67.75
SCM 20 7.00 4.34 49.01 18.81 67.82
30 7.01 4.32 49.20 18.68 67.88
60 7.01 4.32 49.20 18.69 67.89
90 7.02 4.32 49.22 18.70 67.92

mineral powders, almost the same values of total surface
tension (65.68 ... 68.00) « 10~3 J/m? are observed.

In the continuation of studies for fine fractions of
mineral powders, the values of free surface energy (E,),
surface activity (k ) and the relative change in free surface
energy (AE./E, ) were calculated (Table 5).

The energy characteristics of the powders (Table 5)
showed that the surface activity and the relative change in
the surface energy of the system increase with increasing
duration of dispersion of mineral components.

To identify a possible relationship between the val-
ues of the surface activity (k) of rocks and the relative
change in the free surface energy of the system (AE(/E,),
functional dependencies of the form k = f(AE/E, ) were
constructed (Fig. 1).

The obtained functional dependences k. = f(AE,/E, )
for the studied samples of polymineral sand and saponite-
containing material have a linear character. The math-
ematical expression of these dependencies are equations
(4) and (5):
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Table 5
Energy characteristics of powders
Free surface Surface
Sample T, min energy, E, activity oo S, p/ Sspo AE/E
J/kg k+10°
8.08 0.27 — 1.00 0.00
51.94 1.71 0.011 6.36 5.28
Sand 10 66.52 2.19 0.021 8.07 6.90
20 113.04 3.72 0.032 13.55 12.11
30 194.50 6.40 0.035 23.25 21.43
11.40 0.42 — 1.00 0.00
125.84 4.67 0.002 11.02 10.00
10 140.99 5.23 0.004 12.32 11.28
SCM 20 163.83 6.08 0.005 14.30 13.23
30 191.49 7.11 0.006 16.70 15.61
60 253.09 9.39 0.006 22.07 20.94
90 344.05 12.77 0.006 30.00 28.82
14,00 %
- 10 SCM
12,00 ks P
10,00 /
8.00
Sand
6,00 o L
4,00
2,00
EJ/E
0,00 : : : : . — 0,
0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00
Fig. The dependence of the relative change in free surface energy on the surface activity of
finely dispersed mineral powders of rocks
— for sand In this case, the coefficient “a”, in our opinion,

AE; .
ke = (287 ——+227)-107;

— for SCM

S0

AE; .
ke = (429-——+407)-107".

S0

“4)

)

characterizes the dynamics of changes in the reactivity
of the material with a change in the duration of mechani-
cal grinding, and the parameter “b” — reactivity in the
macro-state (before the start of the mechanical activa-
tion process). The data obtained from equations (4) and
(5) are in good agreement with the experimental results
presented in Table 2.

Comparison of the coefficients “a” of the studied dis-
persed systems showed that, unlike polymineral sand,
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the reactivity of saponite-containing material increases
1.5 times faster per unit of time, as the duration of grind-
ing increases.

Thus, it can be argued that the obtained functional
relationship between the criteria used for evaluating the
process of mechanical activation of mineral raw materials
of various natures shows the correctness of the models
used.

CONCLUSION
The calculated macro-energy characteristics of rock

samples using the results of X-ray fluorescence analysis
have showed that the atomization energy for polymin-
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PeakLnoOHHasA CNOCOOGHOCTb KaK OANH U3 KpuTepunes
Bbl6Opa Cbipbs ANIA NONYUYEHNA aKTUBHbIX
TOHKOAMNCNEPCHbIX MUHEpPaJibHbIX NOPOLUKOB

MapwuHa BnagumuposHa MoposoBa
CeBepHbIl (ApKTUYecknin) dpegepanbHbii yHUBepcuTeT umeHun M.B. JlomoHocoBa, ApxaHrenbck, Poccua

* ABTOp, OTBETCTBEHHbIN 33 NepenucKy: m.morozova@narfu.ru

AHHOTALIUA: BBegeHmne. Hanbonee npocTbiM U pacnpoCcTpaHeHHbIM CMOCOO0M MOSTyYEHUA TOHKOAUCMEPCHBIX MUHEPanbHbIX
NMOPOLLKOB ABMIAETCA MEXaHNYecKoe gucnepruposaHume. B npouecce nsmenbyeHna mateprasna 3atpaumBaeTca onpefesnieHHas
paboTa (3Heprus), KoTopasa pacxogyetca Ha 06pa3oBaHVie HOBOW NMOBEPXHOCTU. [103TOMyY He Bceraa NMoHATHO, [eNCTBUTENbHO NN
pa3spyLueHne KpUCTananyeckoi peLeTkin TBepAOro Tena NPUBOANT K akTMBaLMM NojlyyaeMoro pasgpobneHHoro matepuana. Tak,
KJIOYEBbIMU XapaKTePUCTUKAMM TOHKOAMCMEPCHBIX MHEPasIbHbIX MOPOLLKOB, MO KOTOPbIM MOXHO CyAUTb 00 aKTUBaLMOHHbIX
npoteccax, ABNATCA BENNYMHA YANbHOM NOBEPXHOCTY (S, ) 1 yAenbHas cBO6OAHaA NOBEPXHOCTHAA SHEPIUsA, YNCIIEHO PaBHaA
NMOBEPXHOCTHOMY HaTAXeHMUIo (O) TBepAoro Tena. [o3Tomy ANA OLEHKM NMpoLiecca MexaH14YeCcKo akTnaaLmm cbipba 6bii npegno-
KEH pAQ Moaenel, OCHOBaHHbIX Ha onpefeneHnn AaHHbIX XapaKTepUCTHK. Tak, OfHMM 13 CaMbIX KOPPEKTHbBIX CMOCO60B, Ha Halll
B3rnAf, ABNAETCA Cnocob, OCHOBAHHbIV Ha SHEPreTVYECKOM NMOAXOAE K OLeHKE MeXaHOaKT/BaLMOHHbIX NpoLeccoB. B aaHHoN
MOAE/IN 3a/10KeHO onpefeneHne OTHOCUTENIbHOTO N3MeHeHUA CBOGOAHOI NoBepXHOCTHO sHeprun (AE/E ) maTtepuana npu
nonyyYeHnn AUCNepCHol cncTembl. B To xe Bpema BbiIbop Hanbonee 3GpHEeKTUBHOIO ChipbA Af1A MOSTyYeHNA KOMMO3ULMOHHbIX
BAXYLLVX MOXET OCYLIECTBAATLCA Ha OCHOBE KPUTEPMA aKTUBHOCTU NMoBepxHOCTY (k), KOTOPbIN MCMONb3yeTCs Kak KpUTtepuii,
XapaKTepusyLyin peakLUoHHYI CMOCOBHOCTb TOHKOAMCMNEPCHBIX MUHEPASTbHBIX NMOPOLLIKOB MOC/e NX MeXaHNYeCKoN fe3nHTe-
rpauymn. Mostomy Lenbto fJaHHOW PaboTbl CTan pacyeT OTHOCUTENbHOIO N3MEHEHMUA MOBEPXHOCTHOW SHEPTUM TOHKOAUCMEPCHbIX
MUHEPasbHbIX MOPOLIKOB Pa3fIMYyHON CbipbeBO NPUPOADI 1 BbIABIEHNE BO3MOXKHOW GYHKLMOHANbHOM B3aUMOCBA3UN MeXay
napametpom AE/E, 1 BEIMUMHON aKTUBHOCTMN MOBEPXHOCTY ANA NCCIEeAYeMbIX CMCTEM FOpHbIx nopof. MeToabl u maTepuansi.
B kauecTBe MaTepranoB AfA NPoBeAeHVA NCCeAoBaHnii Obiin BbiIGpaHbl 0CafjouHble ropHble Nopoabl ApxaHrenbCKon obnacTu:
NOAMMMHEParbHbI NECOK 1 CANOHUTCOAEPXKALLMIA MaTepuran (NpeacTaBuTeNlb 6EHTOHUTOBbIX MUH). Mepen HauanoM SKCNePYMEHTOB
06pasLbl FOPHbLIX MOPOJ AOBOAWV JO NMOCTOAHHONW Macchbl Npu Temnepatype 105°C. XuMmyeckunin coctaB o6pasLoB onpeaenanm
Ha peHTreHodnyopecLeHTHOM aHanm3atope «MeTIKcnepT». BbicokogucnepcHble GpakLmm ropHbIX NOPOA NOJyyanyt METOL0M
CyXOro nomosa Ha niaHeTapHon waposoi menbHuLe Retsch PM100. OnpepeneHve pasmepHbIX XapakTepUCTUK NPOBOAUIN
Ha aHanM3aTope pasmepa CyOMUKPOHHbIX YacTul «DelsaNano» meTogom ¢OTOHHO-KOPPENsLUMOHHOW CneKTpocKonuu. YaenbHas
MOBEPXHOCTb OnpeaenaAnacb METOLOM ra3onpoHunLaemMocT Ha npubope «MCX-10». AnA pacyeta NOBEPXHOCTHOrO HaTAXEHWA
U3MepPASIN KPaeBoW yron Ha ycTaHoBke «Easy Drop». [ToBepXHOCTHOE HaTAXeHMe /1A BbICOKOAVCMNEPCHbIX NPO6 paccunTbiBanu
meTtogom OBPK. Pesynbratbl 1 06cyaeHMe. PaccuntaHHble MaKpO3HepreTmyeckmne XxapakTepucTuky nccnegyemblix o6pasyos
noKasasnu, YTo SHeprua aTommsauun AA NOAMMMHepasbHOro necka coctasuna 1910,72 k[k/Mosib, a ANA canoHUTCOAepKaLlero
MaTepuana — 1826,94 k[x/monb. MNpy 3TOM MaccoBas yaenbHasa dHeprus atommsauum ansa necka n CCM pasHbl 30,41+10% kIpK/Kr
1 26,94+10° K[/Kr, COOTBETCTBEHHO. B npoLecce ancneprrpoBaHns 6bii1o MONyYeHO HECKONbKO GPaKLMii BbICOKOANCTEPCHBIX
MOPOLLKOB FOPHbIX MOPO/, KOTOPble OXapaKTepn3oBann CpefHUM PasmMepoM YacTuL, U yAesbHOM NOBEePXHOCTbIO. PaccunTtaHHoe
meTopom OBPK noBepxHOCTHOE HaTAXKeHMe (1 ero coCTaBMALLMe) MOKa3aso, YTo AJiA BCeX NCCeayeMblX MPOo6 NONAPK3aLMOHHbIN
a¢dexT (0,7) npecbnapaeT Hag AMCNEPCNOHHBIM B3aumoaecTerem (0 °). Mpy 3Tom No mepe Bo3pacTaHNA Ssp YNCNIEHHOE 3HayeHne
OTHOWeHuA 0,7/0.° yBennuneaeTca. 310 CBUMAETENbCTBYET 06 YBENIMUEHNN KOTMYECTBA aKTUBHbIX LIEHTPOB MOBEPXHOCTH, CBA3AHHBIX
C NepepacnpeaesieHneM SHepreTNYeckoro noTeHLmana cuctemMbl. PaccumtaHHble BeNMUMHbI CBOOOHO NOBEPXHOCTHOW SHEPrn
(E)), akTneHOCTN NoBepxHOCTK (k) 1 OTHOCKTENbHOE N3MEHEHVe CBOBGOAHON NMOBEPXHOCTHON 3Heprim nokasanu, uto k un AE/E
BO3PacTaloT MO Mepe yBesIMyeHVs NPOJOIKNTENbHOCTY ANCNEPTUPOBaHA NOPOLLKOB. MonyyeHHble GyHKLMOHaNbHbIe 3aBUCMO-
ctn kS = f(AES/Eso) INsA nccneayemblix 06pasLoB MNONIMMUHEPANIBHONO MEeCKa 1 CaNoHUTCOAep KaLlero MaTeprana UMeoT JIMHENHbI
XapakTep v NOAYUHAIOTCA YPaBHEHMIO 06LLEro BrAa y = a=X + b. Mpu 31om KoaddrLMeHT «a» xapakTepusyeTt AMHAMUKY N3MEHEHMA
peakUVMOHHON CMOCOBHOCTM MaTepurana npu yBennyeHn npoomKUTeNbHOCTU MEXaHNYECKOTo pa3Mona, a napameTp «b» — ero
peakLMOHHYI aKTVBHOCTb B MaKpoCoCTOAHMN. CpaBHeHMEe KO3GOULMEHTOB «a» ncciefyemblX AVCNEPCHBIX CUCTEM MOKa3aso, u4To
B OT/INYVIE OT MONIMMIMHEPanbHOMO Necka peakuyoHHan CnocobHOCTb CanoHMTCOAePrKaLLEero MaTepuana BospactaeT B 1,5 pa3a 6bi-

© Mopo3oBa M.B., 2023

http://nanobuild.ru 238 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0000-0001-8497-9786
https://creativecommons.org/licenses/by/4.0/deed.ru

2023; 15 (3):
238-245

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

TEXHOJIOMMU MPOU3BOJACTBA CTPOUTE/IbHbIX MATEPUAJIOB Y U3JENTNN

CTpee, No Mepe yBeNnuyeHns NPOAOIKMNTENbHOCTY NoMona. [NonyyeHHas ¢yHKUMOHANbHasA B3aUMOCBA3b MeXAY NCMOJb3yeMbIMM
KPVTEPUAMY OLIEHKIM NPOLIeCCa MEXaHOAKTUBALMI MHEPANbHOIO CbipbA Pa3fvuyHO NPUPOAbI NMOKa3biBAeT KOPPEKTHOCTL NpWi-
MeHsieMbIX MoZeneln. 3aKknioueHne. PaccumTaHHbIE MaKpPOIHEPreTUYECKME XapaKTePUCTVKL 06pa3LI0B ropHbIX MOPOA MoKasanu, 4to
SHeprua aTomMu3aumn AN NoIMMUHePanbHOro Necka 1 CanoHUTCOAEePrKaLLero mateprasna nmeet 6n13Kne 3HadeHrs. [ina oueHkn
3¢ EKTVBHOCTM NpoLIeCcca MEXAaHOAKTVBALUY MUHEPANbHOTO Cbipbs MPEANOKEHO NCMONb30BaTb OTHOCUTENIbHOE M3MEHEHME CBO-
60HO NOBEPXHOCTHOIN SHEPTN NN AKTUBHOCTb NMOBEPXHOCTU. YCTaHOB/EHA GpYHKLMOHAaIbHas B3aUMOCBA3b MEXAY AaHHbIMU
KpVTEPUAMY, KOTOPAs XapaKTepU3yeTcsa NPSMONIMHENHOW 3aBUCMMOCTbIO.

KJTIOYEBDIE CJIOBA: nonummHepanbHbI NecoK, CaNOHUTCOAEPXKALLUMA MaTepuan, akTUBHOCTb MOBEPXHOCTU, ANCNEPCHOCTD,
SHeprvsa aToMn3aLunn, NOBEPXHOCTHOE HaTAXKeHMe.

BJIATOOAPHOCTW: iccnepoBaHue BbiNosHEHO Npu duHaHcoBoN nogaepxke PHO B pamkax HayuHoro npoekta 23-13-20013
«[PyHTO6ETOHbI Ha OCHOBE OPraHOMVHEPaIbHOro PeakTUBHOIO CBA3YHOLLEro ANA YCUIEHWA NCTOPUYECKNX AOPOMHBIX KOHCTPYKLINIA
ConoBeLKOro apxmnenara».

ONA ULUTUPOBAHUA: Mopo3sosa M.B. PeakLnoHHas CnoCOOHOCTb Kak OfWH 13 KpUTEpKEB BbIOOPA CbipbA 414 MOMyYeHNA aKTWB-
HbIX TOHKOAMCNEPCHbIX M1HEPanbHbIX NOPOLLKOB // HaHoTexHonorum B ctpoutenbctae. 2023. T. 15, N2 3. C. 238-245. https://doi.

org/10.15828/2075-8545-2023-15-3-238-245. - EDN: FGMHCO.

BBEJEHUE

BHaCTosnuee BpeMsI MOUCK U U3YyYEeHME aJbTepHa-
TUBHBIX ChIPbEBBIX MAaTEPUAIOB, MIPUTOAHBIX JJIS
MOJIyYeHUST TOHKOAVCIIEPCHBIX MUHEPAIbHBIX MOPOIII-
KOB, SIBJISIETCSI BAXKHOM HAy4YHO-IIPAKTUIECKOM 3a1a4deii,
pelleHre KOTOPOUl MO3BOJIUT 0oJiee IUPOKO BHEAPSIThH
pecypcocOeperamplie TeXHOJOTUM MPU TOJyUYeHU
KOMIO3UTOB CTPOUTEJIbHOTO Ha3HaYeHMs1. B HacTos1ee
BpeMs 00J1aCTh MPUMEHEHMSI MUHEPaIbHbIX TTOPOIIKOB
B MHIYCTPUU CTPOUTEJIbHBIX MaTeprUaioB BeCbMa 00-
IIMPHA: MUHEPAJIbHbIE TTOPOIIKU UCTIOIb3YIOTCS B Kave-
CTBE TMYILIIOJIAHOBEIX 100aBOK [ 1 —3], HamoHUTEIeH I
OETOHHBIX M TPYHTOOETOHHBIX cMeceii [4, 5], ChIpbeBBIX
cMecelt 11 MOyYeHUsT U3 CyXUM WU MOKPBIM
npeccoBaHuem [6, 7].

HawuboJsiee mpocThiM U pacIpOCTPaHEHHBIM CITOCO-
OOM IMOJIy4eHUST TOHKOAUCTIEPCHBIX MUHEPAJIbHBIX MO-
POILIKOB SIBJISIETCS ME€XaHWYEeCKOe AUCIEPrupoOBaHue.
DTO CBA3aHO C TEM, UTO IIPU MEXaHUUECKOM ITOMOJIe
TBEPAOTO TeJla 00pa3yeTcsl MOBEPXHOCTb, UIEHTUYHAS
TI0 CBOEU MpUpoe epBOHAYATIBHOI [8].

M3BecTHO, UTO B MpolIecce MEXaHUUECKOTO AUCTIEP-
TUPOBaHMSI 3aTpaurBaeTCs onpeaesieHHas padboTa (3Hep-
THUs), KOTOpasl B JaIbHEUIIIEM PacXOMyeTCsl Ha YIIPYTYIO
M TJTaCTUYECKYIO Ae(hOpMalInIO, BbIAEIUBILYIOCS TEILIO-
Ty 1 Ha oOpa3oBaHUe HOBOU moBepXHOCTU. [1pu a3TOM
B TBEPIbIX T€JaX BO3MOXHBI TTPOLIECCHI, TPU KOTOPHIX
(bopMupoBaHTEe HOBOM ITOBEPXHOCTH MOXKET 3aTparu-
BaTh 1 00beMHYI0 (azy. [loaTomy Bcerma cTout Bonpoc
0 TOM, JE€UCTBUTENbHO JIU pa3pylleHUe KpUCTALIUYE-
CKOM pelleTKr TBEPAOTO TeJjla MIPUBOAUT K aKTUBALMU
MoJIydaeMoro pa3apo0JIeHHOTo MaTepuara.

Tak, B pabotax [9—11] mokazaHo, 9TO KITIOYEBEIMUA
XapaKTepUCTUKAMU TOHKOJIMCIIEPCHBIX MUHEPaAJIbHbBIX
MOPOIIKOB, O KOTOPBIM MOXHO CYIUTb 00 aKTHBa-

IIMOHHBIX TIPOILIECCaX, SIBIISIOTCS BEIMUMHA YICIbHON
MMOBEPXHOCTU (Ssp), XapakTepu3ylolas CTeeHb T1C-
IIepCHOCTH MaTepuaja, v yaeJIbHasi CBOOOIHASI IIOBEPX-
HOCTHasI SHEePTUSI, YMCJICHO paBHAs IIOBEPXHOCTHOMY
HaTsDKeHUIO (0) TBepmoro Tema. [1o3Tomy st OleHKHI
IIpoliecca MEXaHMIECKOI aKTUBAIIMH CHIPbs OBLIT IIPeI-
JIOXKEH PsII MoJesieil, OCHOBAaHHBIX Ha OIIpele/ICHNN
TAHHBIX XapaKTepUCTHUK.

Taxk, aBropamu [12] pa3paboTtaHa MmaTeMaThU4eCcKas
MOJIENTb, B OCHOBE KOTOPOI JIESKUT OIpeIe/icHIe BeI-
YUHBI ¥ 3HaKa N3MEHEHUS N300apHO-N30TEPMUIECKOTO
noreHumana nopepxuoctu AG (sHepruu I'n6oea), co-
IIPOBOXIAIOIIEE TTPOIIeCC M3METbUCHIST MUHEPATbHO-
ro ChIpbs. JlaHHBIN TTapaMeTp, 0 MHEHHUIO aBTOPOB,
SIBIISICTCST KPUTEPUEM BO3MOXKHOCTHU ITPOTEKAHMS Ca-
MOTIPOM3BOJIBHBIX TPpaHC(HOPMAIIMOHHBIX TTPOIIECCOB,
MIPOUCXOASAIINX ITPU MEXaHNIECKOM IMCIIEPTUPOBAHNN
Matepuaios [13—14].

IIpomormkast nccaeqoBaHUS B 3TOM HaIIpaBJICHUM,
aBTOPBI padoT [15, 16] cunraror, 4TO UT TOHKOAMCIIEPC-
HBIX ITOPOIITKOB BaXKHEHIIIeH XapaKTePUCTUKOM SIBIISICTCS
SHEPTeTHIECKOE COCTOSTHUE CHCTEMBI, OLIEHUBAEMOE
T0 BEJIMYMHE CBOOOIHOM TIOBEPXHOCTHOM aHeprun (E).
OCHOBBIBasICh Ha KJIACCUIECKUX TTPEICTABICHUSIX KOJI-
JIOUITHOM XUMUM, JAaHHYIO BEJIMIMHY MOKHO PACCUUTHI-
BaTh KaK IIPOM3BEICHNE TTOBEPXHOCTHOTO HATSKCHUS
1 yIOEJTBHON MOBEPXHOCTHA aHATM3UPYyEeMOTo 00BbeKTa
[17, 18].

JanbHelilee pa3BUTHE 3TOTO HAIIpaBJICHUS TO3BO-
JIMJIO TIPEIJIOXKUTh, Ha HAIl B3IJISIA, HOBYIO, OoJiee Co-
BEPIIIEHHYIO MOIEIb OLICHKN CTCIICH! aKTWUBAIIUNA Ma-
Tepuaja Mpy ero TUCIIePTUpOBaHUM. B 0ocHOBe Takoro
TTOIXO/IA 3aJT0KEHO OIpeIeIcHINE OTHOCUTEIIEHOTO M3Me-
HEHUS CBOOOTHOM ITOBEPXHOCTHOIM SHEPTUH MaTepraja
MpY TTOYYEHUN TUCTIEPCHO cucTeMbl [19—21]. Mate-
MaTUICCKUM OTMCAaHNEM JaHHOTO ITOAXOaa SBIISICTCS

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.15828/2075-8545-2023-15-3-238-245
https://doi.org/10.15828/2075-8545-2023-15-3-238-245

2023; 15 (3):
238-245

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

TEXHOJIOMMU MPOU3BOJACTBA CTPOUTE/IbHbIX MATEPUAJIOB Y U3JENTNN

BbIpaxxeHue (1), o0benuHsolIee 3KCIepUuMEeHTaIbHO
ompeeIsieMble BEJTMIMHEI IIOBEPXHOCTHOTO HATSDKCHUS
CHCTEMBI U €€ YIETbHYIO TTOBEPXHOCTD:

E S
*=(1-60)- (-2
s0 sp0

-1, (1

rme «0» — mHOeKc, 0003HAYAIOIINI HadaJbHOE CO-
CTOSTHUE CUCTEMBI; O — OTHOCUTEIbHOE N3MCHEHNE Be-
JIMIWHBI TOBEPXHOCTHOTO HATSDKCHMSI, OIIPEAC/ISIeMOe
o popmyie:

Aoc  0; — 0y

—_— =, (2)

Jo Op

IJe 0, — Ha4aJIbHOE MIOBEPXHOCTHOE HATSKEHUE CH-
CTEMBI; 0, — MOBEPXHOCTHOE HATSKEHUE CUCTEMBI IOCTIE
nporecca nucnepruposanust; AE/E — oTHocuTenbHOE
M3MeHEHIEe CBOOOTHOM MOBEPXHOCTHOMN SHEPTUN.

B To e BpeMs B pabotax [22—24] BeIOOp Hanboee
3(GEKTUBHOTO CHIPBS IS TTOTYICHUST KOMITO3UITNOH-
HBIX BSLKYIIUX OCYIIECTBIISICTCS Ha OCHOBE KPUTCPUS
AKTUBHOCTH MOBEPXHOCTH (K ), KOTOPBIii MOKa3bIBAET
JTOJTIO OOILIErO MOTEHIIMAIbHOTO SHEPTreTUYECKOTO 3araca
AHAJIU3UPYEMOM TOPHOM TOPO/IbI, TIOJTYYEHHOU B pe-
3yJIbTaTe ¢¢ TeHe3uca, TepelIeIyio B IOBEPXHOCTHYIO
B TIpoIlecce MEXaHMIECKOM aKTUBAIIMU CHIphs. Pacuer
napamerpa K OCYHIECTBIAETCA UCXOIs U3 XUMUIECKOTO
cocTaBa Marepuasa, yaeJabHO MTOBEPXHOCTU CUCTEMBbI
¥ CBOOOTHOM ITOBEPXHOCTHOM SHEPTUH SIMHUIIHI TIIO-
maau moBepxHocTH (o). [TapaMeTp aKTUBHOCTH TIOBEPX-
HOCTHU 0a3upyeTcss Ha MaKpPO3HEPTreTUIECKNX ITOKa3a-
TEJIAX aHAJU3UPYEMOTO CHIPhS: SHEPTUU aTOMU3AIIUN
(E,, KJIX/MO1b) 1 €€ yeTbHbIX BeJIMYMHAX — 00bEMHOIA
YAEJIbHOW SHEPTUU aTOMU3ALUU (IHEPTOILIOTHOCTh —
E,, kJIx/cM?) Wim MaccoBoit yieIbHO# SHEPIUM aTOMM-
saumn (E_, kIIx/r) [15]. [TosTomy BenmmumHa Kk MoxeT
OBITH TAK3KE MCITOIb30BaHa KaK KPUTEPHA, XapaKTepH-
3YIOIINNA PeakKIIMOHHYIO CIIOCOOHOCTh TOHKOIUCIIEPC-
HBIX MUHEPAJTEHBIX ITOPOIITKOB ITOCIIEC MX MEXaHMICCKOMN
ne3uHTerpanuu. B [20] mig psoa ocagouHBIX TOPHBIX
MOPOJ OTpe/ieNieHa BennyuHa k .

Ha ocHoBaHMM BBIIIEU3IOXKEHHOTO HEJbI0 TaHHOM
PadoThI CTAJT pacyeT OTHOCHUTEIIHFHOTO M3MEHEHMS T10-
BEPXHOCTHOI 3HEPIUY TOHKOINCIICPCHBIX MIUHEPAJTb-
HBIX TTOPOIIKOB Pa3JIMIHOI CHIPHEBOI IIPUPOIBI IO BBI-
paxkeHwuio (1); BEISIBIICHE BO3MOXKHOMN (DYHKIIMOHAJb-
HOM B3aMMOCBA3U Mexay mapameTpom AE/E u Be-
JIMIMHOU aKTUBHOCTU MOBEPXHOCTHU JUIST UCCIICAYEMBIX
CHCTEM TOPHBIX ITOPOI.

METO/JbI 1 MATEPUAJIBI

B xauecTBe MaTepraIoB I IPOBEACHUS UCCIICIO-
BaHWIA OBIIM BBIOPAHEI IBE TOPHEIC ITOPOILI ApXaHTeITb-

CKoO1 o6racTyt [23]. DTO KapbepHBIN TTECOK MECTOPOXK-
nmeHus «Kenuisl». B kauecTBe mpyroro o0beKTa MCCiIe-
TIOBAaHMI MCITIOJIb30BaH CAIIOHNUTCONCPKAIITII MaTepHral
(TIpencTaBUTEIb OCHTOHUTOBBIX TJIMH), BBIICICHHBIN
IIyTeM 3JICKTPOJIMTHOTO OCAXKICHUS U3 CYCIICH3UH 000-
POTHOI BOIHI TIpoliecca 0OOTaleHNsST KUMOEPIUTOBEIX
pya MecTtopoxkaeHust aimazoB umeHu M.B. JlomoHo-
cona [21].

Ilepen HavaIoOM 3KCIIEPUMEHTOB 00pa3IIbl TOPHBIX
ITOPOJI TOBOIMJIN IO TIOCTOSTHHOM MacCCHI TIpX TeMIIepa-
type 105°C. Monyiib KpyITHOCTH ¥ UICTUHHYIO TJIOTHOCTh
niecka onpenensii mo F'OCT 8735-88. MctuHHYIO TUIOT-
HOCTb JUTS TJIMHBI (CAITOHUTCOACPXKAIINA MaTepran —
CCM) onpeaensuin o F'OCT 21216-2014. Xumuyeckuit
cocTaB 00pa3IoB OIpEeNeIsiIi Ha peHTTeHOodIIyopec-
LIEHTHOM aHaju3aTtope «MeTDKcrnepr».

BricokommcniepcHbIe (DpaKIINK TOPHBIX IIOPOI TTOTY-
YaJIi METOIOM CYXOTO ITOMOJIa Ha TTAaHEeTapHO I1apo-
Boit MenbHMIIe Retsch PM100. [Iimg xaxmoit ucciemye-
MO TIPOOBI OMBITHBIM IIyTEM OBLIU TOI00pPaHBI ONTH-
MaJIbHBIC peKMMHEBIC TTapaMeTPhl TUCIIEPTUPOBAHMUS,
TO3BOJISTIOIINE TTOJIyIaTh BEICOKYIO BOCTIPOM3BOINMOCTD
pe3yJIbTaTOB MO pa3MEPHBIM XapaKTEePUCTUKAM YaCTHIT
(He MeHee Tpex MapajUIeIbHBIX UCITBITaHuiT). CKOPOCTh
BpaIlleHUsI pOTOpa MEJILHUIIEI cocTaBisuia 420 06/MUH.
Jutst mucneprupoBaHUsT UCIIOIB30BaIN KapOUIBOIb-
¢dpaMoBBIc pa3MOJIBHEIC TeJIa IIapoo0pa3HOt (DOPMBI
B KosmmaecTBe 20 IIT 1 pa3MOJIBHBIN CTaKaH M3 TOTO XKe
Martepuana.

OmnpeneneHne pa3MepHBIX XapaKTePUCTUK ITPOBO-
IJIA Ha aHAJIM3aToOpe pa3Mepa CyOMUKPOHHBIX YaCTHII
Delsa Nano Series Zeta Potential and Submicron Particle
Size Analyzers («DelsaNano») MeTomoM (pOTOHHOKOD-
PESILIMOHHOM CTIIEKTPOCKOITNI, OCHOBAHHBIM Ha TIPUH-
LIUTTIe TMTHAMUIECKOTO PACCesTHUSI CBeTa. YaelIbHas I10-
BEPXHOCTH BHICOKOIVCIIEPCHBIX CUCTEM TOPHBIX TIOPOT,
oIpeaeIsiIach METOIOM Ta30IIPOHUIIAEMOCTH Ha TIPH-
o6ope «[TCX-10».

7151 pacdeTa MOBEpXHOCTHOTO HATSLKEHMS M3MEPSIIN
KpaeBoii yrois Ha yctaHoBke «Easy Drop» nipu temie-
paTtype okpyxarmleil cpensl 25+ 1°C. MccnenoBanue
BBITIOJTHSUTM Ha 00pa3liax-TabieTKaxX, N3TOTOBICHHBIX
IyTeM 3aIIPEeCCOBKM Pa3MOJIOTOTO ITecKa M CAlIOHUTCO-
Iepxariero Matepuaia Ha rmpecce «I1JII'-20» (Harpy3ka
20 xI1a) B MeTayutmaecKyto hopmy guameTpom 20 MMm.

IToBepXHOCTHOE HATSZKEHME MIJIST BRICOKOMUCITEPCHBIX
mpo6 paccunThiBasi MeTomoM OBPK (Oysnca — BeHn-
Ta — PaGens — Kaenbie), ocHOBaHHBIM Ha U3MEPEHUU
PaBHOBECHOTO yTIJIa CMauyMBaHUS (0) XUIKOCTSIMU (I1C-
TIWIJIMPOBAHHOU BOIBI, IeKaHa, INIMIIEPUHA U 3TUJICH-
[JIMKOJIST) C U3BECTHBIMY 3HAYCHMSIMU ITOBEPXHOCTHOTO
HATSKEHUS U €T0 IMCIEPCUOHHOI (0, °) 1 nossapu3any-
OHHOoI1 (0, ") cocTaBngIOIMMU.

[Tpu 3TOM ONTyYeHHBIC (PYHKIIMOHATBHBIC 3aBUCH-
moctu metona OBPK:
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. 0 P OKCUIOB, 3HAYEHUSI KOTOPBIX IIPUBEICHBI B CITPABOYHOM

oy, * (cosf + 1) o},
= (3)  mureparype [25]. C ygeToM MOJIEKYISIPHBIX MacC OKCHUI-
2 of’ 0’5 HBIX COeIMHEHMI1 ObLIa pacCUMTaHa yeJbHas MacCcoBast

OTIMCHIBAIOTCS JIMHEHHBIMYU YPAaBHEHUSIMU, T O —
YTOJI CMaYMBaHUA MCCIIENyEMOTO MaTepuaa, o,, o,°,
u 0,” — cyMMapHoe, IMCIIEPCUOHHOE U MOJIAPU3ALMOH-
HOE€ TIOBEPXHOCTHBIE HATSKEHUST pab0OUNX XXKUIKOCTEH
(COOTBETCTBEHHO). YTJIOBOI KO3(DDUIIMEHT TaHHOM JIH -
HEeITHO 3aBUCMMOCTU PaBeH TMOJISIPU3AIIMOHHON YacTh
TIOBEPXHOCTHOTO HATSIKEHUST 00pasiia, a 9KCTPATIONSIINS
JMAHHOU MPSIMOI HA OCh OPAIHAT TIO3BOJISIET PACCUYUTATh
JIMCTIEPCUOHHYIO COCTaBISIIONIYI0. [ToBepXHOCTHOE HATSI-
JKEHUE aHAJIM3UPYEMBIX 00Pa3II0B BBIYUCIISIETCS 10 CIIe-
AyIOLIEMY BhIpaxeHuto: o, = o, + o>, rne 0 ” n o> —
TOJISIPHAST ¥ MUCTIEPCUOHHAST COCTABJISIONINE TTOBEPX-
HOCTHOTO HATSKEHUSI UCCIIEyeMOTo MaTepurana, JIx/m>2.

PacueT oTHOCUTETHLHOTO M3MEHEHUST TIOBEPXHOCTHOM
9HEPTUU OCYIIECTBISUIH 10 BhipaxkeHuio (1). Benmuuny
TIOBEPXHOCTHOW HEPTUU BBIYUCIISIIA KaK TTPOU3BEIE-
HUE YIeIbHON TTOBEPXHOCTU aHAJTM3UPYEMOTO TIOPOIIIKA
Ha ero TTOBePXHOCTHOE HATSIKEHUE.

PE3YJIbTATBI 1 OBCYKJIEHUE

Pe3ynbTathl 10 OIpeae/ieHUIO TPAHCOCTaBa UCCIIELy-
€MOIi TIpOOBI TIecKa MecTopoxaeHus « KeHuibl» mokasa-
JINL, 9TO €T0 MOKHO KJTacCU(hUIIMPOBATh KaK MECOK CPe/l-
Hell KpyImHoCcTH (Momyitb KpyrHocTr 2,21). I[ToxyueHHBIE
3HAY€HMSI MICTUHHBIX TUIOTHOCTEM (P, ) MCCIIEMyeMBIX
TOPHBIX TTOPOJ, ITOKA3aIKM OJMU3KKE 10 3HAYEHUSIM pe-
3ynbTathbl: 2640 kr/m3 1 2630 Kr/M> 111 MOIMMUHEPaIb-
HOTO TecKa 1 caroHuTcoaepxamero Marepuana (CCM),
COOTBETCTBEHHO.

M cXomHBIMU JAHHBIMU [UISL pacyeTa SHEPTUM aTo-
MM3aLMKU TOPHBIX ITOPOJ SBJSIIOTCS MUHEPAJIbHBII CO-
CTaB UCCJIEAyEeMbIX 00pa3LoB B IIepecyeTe Ha OKCUIIBL,
a TakKe DHTAJIbIIMU 00pa30BaHUsI COOTBETCTBYIOLINUX

SHEPTUS aTOMU3AIINH OITBITHBIX 00Pa3IIOB.

DJIeMEeHTHBIE COCTaBHI (B IIepecueTe Ha OKCHIIBI),
a TaKKe CTaHIapTHBIC SHTAJIBITNHY 00pa30BaHMS TaHHBIX
OKCHUIOB 1 X MOJICKYJISIPHBIC MACCHI IIPEICTABICHBI
B Tab. 1.

C mcrosb30BaHUEM MPEICTaBICHHBIX B Ta0d. 1
JaHHbIX paccynTanbl 3HaYeHus E, u E_ unccienyembix
00pa3moB. Tak, sHEPIUsT aTOMU3AIINN I TTOJTUMIHE-
panbHOTO TIecKa coctaBuia 1910,72 xIxx/Momb, a I
camoHUTComepxKallero Mmarepuana — 1826,94 xJIx/
Moutb. IIpu 3TOM MaccoBas yaelbHas dHEpPTHS aTo-
Muzauuu 1 necka u CCM pasubr 30,41-10° xIx/Kr
1 26,94-10° kI /KT, COOTBETCTBEHHO.

B nponomkeHne nccieqoBaH MMyTeM MeXaHMIe-
CKOTO OVCTICPTUPOBAHMSI OBLIO MTOIYICHO HECKOIBKO
¢ paxinit BEICOKOIMCITEPCHBIX TTOPOIIKOB TOPHBIX IT0-
pom, KOTOPBIE OXapaKTePMU30BaJI CPEIHUM pa3MepoOM
YACTUII ¥ YICTHbHOU ITOBEPXHOCTHIO (TA0II. 2).

[MonydyeHHBIC 3HAYCHMST CPETHETO pa3Mepa JYacTHII
ITOKa3aJIM, 9TO TIPY OMMHAKOBBIX PEXKMMHEBIX TTapaMeTpax
romoda riporiecc aucrieprupoBanust CCM tpebyeT 6071b-
WX 3aTpaT SHePTUH, HeXe! TiecKa. Tak, mpu IIpoIoI-
KUTETBHOCTH TToMosTa 30 MIHYT YaCTHUIIBI IIecKa UMEIOT
cpemauii nuametp 329 HM, B TO BpeMs Kak y CCM 1ot
IapaMeTp JOCTUraeT 3HaYeHUs 664 HM.

OmHaKo cpaBHEHUE BEJIMIMH YICIbHOM ITOBEPXHOCTH
MaTepHrajIoB IIPY BpeMEeHU TUCTIeprupoBaHust 30 MUHYT
UMeIOT Oyin3Kue 3HaueHus: mecok 2860 m?/kr, CCM —
2821 m?/Kr.

B 1a6:1. 3 IpuBeIeHBI 3KCIIEpUMEHTATbHBIC TaHHBIC
U3MEpPEeHUST YIII0B cMaunBaHuA (0) 1 KOCUHYCOB 3THUX
VTJIOB JUTIST OTIBITHBIX 00Pa3I0B 3TaJJOHHBIMU XKUIKO-
CTAMU, IOJTyYeHHBIC I peann3anuu Metoga OBPK.

[IpencrasineHHbIe JaHHBIC (TA0J. 3) TTO3BOIIIN pac-
CUMTATB IT0 (PYHKIIMOHATHHBIM 3aBUCIMOCTSIM (BBhIpake-

Tabauya 1
COCTaL:; HCCJIeyeMbIX 00pa3oB B epecyeTe HA OKCHIbI, JHTANBINN 00pa3oBanus okcuaos (AH) u ux mosekynsipaas macca (M)
Oxenn Conepxanne, % AH,, +1073, MomneKynspHas Macca
HeCOK CCM K/IK/KMOJIb OKCHJIA, KI'/KMOJIb
Sio, 90,56 51,83 -910,94 60,09
ALO, 5,77 10,07 —1675,70 100,18
MgO 0,48 19,7 —601,50 40,31
Fe,O, 0,88 10,54 —822,00 159,70
CaO 0,25 4,79 —635,10 56,08
K,0 0,28 1,77 —362,00 94,20
SO, 0,07 0,46 —439,00 80,06
P,O, 0,06 0,76 —1507,20 141,94
Na,O 1,65 0,08 —414,84 61,98
http://nanobuild.ru 241 info@nanobuild.ru
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Tabauuya 2
XapaKkTepuCTHKA BbICOKOIMCTIEPCHBIX (DPAKIMii IECKA M CAIOHUTCOEPKANIET0 MaTepuaia
TTpoOIKHTEIBHOCTD Cpennuii pasmep yactun, d, HM YaenbHast OBEPXHOCTS, S, M%/KT
1nomona (t), MuH TIeCOK CCM TIeCOK CCM
—* 1350 1 17
5 672 1113 781 1861
10 559 828 992 2081
20 406 764 1667 2416
30 329 664 2860 2821
60 - 519 — 3728
90 - 445 — 5067
* apaMeTp He Orpeessiics
Tabauya 3
KpaeBble yriibl cMauMBaHUS /ISl ONBITHBIX 00PA310B C PA3HOI NPOJO/IKUTEILHOCTBIO (T) IOMOJIA
Kpaesbie yriibl cMauuBaHus, Oge +0,1
Oopasen T, MUH JIeKaH 3TUICHIJIHKOJIb TJIHIEPUH BOJIA
0 cos 0 0 cos 0 0 cos 0 0 cos 0
0 8,76 0,988 13,45 0,973 16,37 0,959 15,55 0,963
5 5,36 0,996 11,88 0,979 13,65 0,972 12,98 0,974
ITecok 10 4,10 0,997 12,80 0,975 14,12 0,970 8,30 0,990
20 8,13 0,990 9,48 0,986 10,64 0,983 3,98 0,998
30 14,66 0,967 7,99 0,990 9,70 0,986 4,30 0,997
0 10,09 0,985 7,16 0,992 15,34 0,964 4,09 0,997
5 7,45 0,992 9,64 0,986 13,45 0,973 3,45 0,998
10 6,98 0,993 9,05 0,988 12,37 0,977 2,64 0,999
CCM 20 7,05 0,992 13,58 0,972 10,32 0,984 1,87 0,999
30 9,89 0,985 14,00 0,970 9,77 0,985 2,09 0,999
60 10,11 0,984 13,89 0,971 9,16 0,987 2,87 0,999
90 9,76 0,986 13,93 0,971 9,02 0,988 2,17 0,999

HUE 3) TTOBepXHOCTHOE HATsDKeHUE (M €TO COCTaBIISIIO-
IIMe) IS UCCIEAYSMBIX TTOPOIIKOBBIX CUCTEM TOPHBIX
TIOpOI. DTU 3aBUCUMOCTH (BBIpaKeHME 3) XOPOIIIO O -
CHIBAIOTCSI JIMHCMHBIMY YPaBHCHUSMHU BUIA Y = a+<X + b
C BBICOKMM 3HauYeHeM KO3((UIINEHTA TOCTOBEPHOCTH
anmpokcumaimu (R? = 0,98). 3nauenust koadbuimeH-
TOB 3TUX YPaBHEHUI W pacCUMTAHHOE TTOBEPXHOCTHOE
HaTSDKEHHUE aHATU3UPYEMBIX ITOPOIIIKOB TOPHBIX ITOPO]T
TpeacTaBiieHHI B Ta0I. 4.

[IpencraBneHHbIc JaHHBIC (Ta0J. 4) ITOKA3BIBAIOT,
YTO IJIST BCEX MCCIICAYSMBIX IIPO0 MOISIpU3aIIMOHHBII
a3 deKT npeodagaeT Hasl TUCTIEPCUOHHBIM B3aMOIEii-
ctBreM. [1o Mepe Bo3pacTaHUsI yIEIbHOM ITOBEpXHOCTH
YUCJIEHHOE 3HaYeHUe OTHOIIEHUA 0"/, yBenunpa-
etcs. JJaHHbBIN (aKT MOKET CBUICTEILCTBOBATH 00 yBe-
JIMYCHUH KOJIMIECTBA aKTUBHBIX LIEHTPOB IIOBEPXHOCTH,
YTO CBSI3aHO C TIepepacIpeesieHIeM ee SHepreTHIeCKOo-
ro MOTeHIIMaa, TaK KaK JJis BCeX TOHKOIUCIIEPCHBIX

MUHEPATbHBIX TTOPOITKOB HAOTIONAIOTCS MTPAKTUIEeCKU
ONIMHAKOBBIE 3HAUYEHUSI CYMMAapHOTO MTOBEPXHOCTHOTO
HaTskeHus (65,68 ... 68,00) « 103 Ix/Mm?.

B nponomkeHune ncciaenoBaHui 111 TOHKOIUCIIEPC-
HBIX (PpaAKINIT MUHEPATTLHBIX TTOPOIITKOB OBUTM Paccuu-
TaHBl BETMYMHBI CBOOOTHON TTOBEPXHOCTHOM IHEPTUMN
(E), akTMBHOCTH MOBEPXHOCTHU (K ) ¥ OTHOCHUTEIb-
HOE U3MEHEHUE CBOOONHOM MOBEPXHOCTHON SHEPTUN
(AE(/E,) (Tabm. 5).

DHepreTuYecKkne XapakKTepUCTUKU TMOPOIIKOB
(Tabis. 5) moka3aiad, YTO aKTUBHOCTH ITOBEPXHOCTU
U OTHOCUTEJIbHOE M3MEHEHUE MMOBEPXHOCTHON IHEP-
TUW CUCTEMBI BO3PACTAIOT 10 MEPE YBEJIMYEHUS TIPO-
TMOJKUTETbHOCTU TUCIIEPTUPOBAHUS MUHEPATbHBIX
KOMTIOHEHTOB.

7151 BBISIBIIEHUSI BO3MOXHOM B3aMMOCBSI3U MEXIY
3HAYEHMSIMU BEIMYMHBI AKTUBHOCTU MOBEPXHOCTH (K )
TOPHBIX TIOPOJL 1 OTHOCUTEJIEHOTO U3MEHEHUS CBOOO/T -
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Tabauya 4

3HavyeHus MOBEPXHOCTHOI'O HATA2KECHUA MOPOUIKOB TOPHBIX MOPO/I B 3ABUCUMOCTHU OT NMPOAO/LKUTEJIbHOCTH (T) nomMo.J1a

Koad. munHeiiHoro ypaBHeHus
Oo0pasen T, MHH . - o.’, MIIx/m? o>, MIx/m* ¢, * 103, Ik /M
0 6,82 4,38 46,52 19,16 65,68
6,87 4,39 47,18 19,25 66,43
TMecok 10 6,93 4,36 48,05 19,01 67,06
20 6,99 4,35 48,85 18,97 67,81
30 7,03 4,32 49,35 18,66 68,00
6,97 4,34 48,65 18,85 67,50
6,98 4,35 48,70 18,93 67,62
10 6,98 4,36 48,77 18,98 67,75
CCM 20 7,00 4,34 49,01 18,81 67,82
30 7,01 4,32 49,20 18,68 67,88
60 7,01 4,32 49,20 18,69 67,89
90 7,02 4,32 49,22 18,70 67,92
Tabauya 5
DHepreTHYECKHE XaPAKTEPUCTHKH NOPOIIKOB
CoOognas AKTHBHOCTb
Oo6pasen T, MHH MOBEPXHOCTHASA MOBEPXHOCTH oo Ss.,/ SspO AE/E
aueprus, E , Jlx/kr k.10°
0 8,08 0,27 — 1,00 0,00
51,94 1,71 0,011 6,36 5,28
Tlecok 10 66,52 2,19 0,021 8,07 6,90
20 113,04 3,72 0,032 13,55 12,11
30 194,50 6,40 0,035 23,25 21,43
11,40 0,42 — 1,00 0,00
125,84 4,67 0,002 11,02 10,00
10 140,99 5,23 0,004 12,32 11,28
CCM 20 163,83 6,08 0,005 14,30 13,23
30 191,49 7,11 0,006 16,70 15,61
60 253,09 9,39 0,006 22,07 20,94
90 344,05 12,77 0,006 30,00 28,82
HOM MOBEPXHOCTHO# oHeprun cuctembl (AE,/E ) Obiin — it CCM
MOCTPOEHBI (PYHKIMOHAIbHBIE 3aBUCUMOCTH BUIa K = B AEg _
f(AE/E,)) (puc.). ks, = (4,29- a +4,07)-107" . (5)

HOJ'Iy‘IeHHbIC ¢)YHKHHOH8HLHBI€ 3aBUCUMOCTH ks =

f(AE(/E)) s nccnenyeMbix 06pasiioB MOJMMUHEPaTb- IIpu 3TOM KO3(DGUIMEHT «a», TI0 HAIlleMy MHEHHIO,

HOTO TlecKa M CAITOHUTCOIEPKAIIIero MaTepraia UMeIoT
JIMHEWHBIN XapakTep. MaTeMaTH4eCKUM BBIpakeHUEM
TAHHBIX 3aBUCUMOCTE IBIISIOTCS ypaBHEHMS (4) 1 (5):

XapaKkTepu3yeT IMHAMUKY N3MEHEHMSI PeaKIIMOHHOM CITO-
COOHOCTH MaTepHasia IIpy N3MEHEHIH IIPOIODKUTCIIBHOCTH
MEXaHMIECKOTO Pa3MoJia, a ITapaMeTp «b» — ero peaKImoH-

— JUTS TIecKa HYIO aKTHUBHOCTb B MAKPOCOCTOSTHIH (IO HavyaJIa Iporecca
AE; MeXaHOAKTUBALMK). [laHHbIe, TIOTy4aeMbIe TT0 yPAaBHEHM-
k., =(2,87- e +2,27) - 1077 ; (4)  am(4) u(5), XOPOLLO COIIACYIOTCS C KCIEPUMEHTATbHBIMU

S0

pea3yabTaTtaMu, NpEACTABJICHHBIMUA B TaoI. 2.
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Puc. 3aBUCHMOCTh OTHOCHUTEILHOTO M3MEHEH!SI CBOOOIHOI MOBEPXHOCTHO! SHEPTrUH
OT AKTHBHOCTH TIOBEPXHOCTH TOHKOUCTIEPCHBIX MUHEPAJIbHBIX MOPOLIKOB rOPHBIX MOPO

CpaBHeHHNE KO3(GGUINECHTOB «a» MCCICOYEMBIX
THUCTIEPCHBIX CUCTEM II0Ka3a10, YTO B OTJIMYME OT I10-
JIMMHUHEPAJIBHOTO TeCcKa peaKIIMOHHAsI CIIOCOOHOCTD
CaITOHMTCOEPKAIIero MaTepraja Bo3pacraeT B 1,5 pasza
OBICTpEe B CAMHUILY BpEMEHH I10 Mepe YBEIMICHUS TIPO-
TMOJDKUTEIIBHOCTH TIOMOJIA.

Takmm 06pa3oM, MOXHO YTBEPXKIATh, UTO ITOJTYICH-
Has (YHKIIMOHATbHAS B3aMOCBSI3b MEXKIY MCIIOb-
3yeMbIMH KPUTEPUSIMH OLICHKM IIpoIlecca MeXaHOaK-
TUBAaIlUM MUHEPATLHOTO CHIPhSI pa3IUYHOI TIPUPOIHI
TOKAa3bIBaeT KOPPEKTHOCTH IIPUMEHSICMBIX MOJICTICHA.

3AKTIOYEHUE

Paccuutannsie MaKpOSHEPIreTUYCCKUEC XapaKTCpU-
CTUKHN 06pa3HOB TOPHBIX MTOPOJ C UCITIOJIb30BAHUEM pPE-
3yJbTaTOB peHTFCHOd}J’IIOOpeCHCHTHOFO aHaJIM3a ITOKa-
3aJIM, YTO SHEPIUg aTOMU3alU IJIA MOJIMMHUHEPAIbHOTO

CIINCOK NCTOYHUKOB

rmecka cocraBmia 1910,72 kJIxx/MoIb, a IJIsI CATIOHUTCO-
nepkaitero Mmatepuana — 1826,94 kJIxx/mounb. [1pu aTom
MaccoBasl yAelbHasl 9HEPrust aTOMU3ALMU IJIs ITecKa
u CCM pasHa 30,41-10° xIx/kr u 26,94.10° xkJIx/Kr,
COOTBETCTBEHHO.

B kxauyecTBe MaTeMaTUYEeCKMX MOJEIel OLEeHKHU
9¢hdGEKTUBHOCTH Mpoliecca MeXaHOAKTUBALIUKM MUHE -
PaJbHOTO ChIPbS MOXHO MCIIOIb30BaTh OTHOCUTEIb-
HOE U3MEeHEHHUe CBOOOIHOM TOBEPXHOCTHOM SHEPTUU,
CBSI3aHHOE C U3MEHEHUSIMU ITOBEPXHOCTHOIO HATSI-
JKEHMSI ITIOPOLIKOB U YAEIbHO! MOBEPXHOCTU B IIPO-
Liecce pa3MoJia ChIpbsi, WM aKTUBHOCTD ITIOBEPXHOCTH,
OIIpeneJIAIoNIyIO [epepacipeaeieHre MOTeHINalIbHOK
SHEPIUM CUCTEMbBI B MAKPOCOCTOSIHUM U IIOCJIE IIPOLIEC-
ca MeXaHMYEeCKOTO AUCIEPrupoBaHus. YCTaHOBICHA
(byHKLIMOHAIbHAS B3aMOCBSI3b MEKIY TaHHBIMU KPU-
TEPUSIMHU, KOTOPAsI XapaKTepU3YeTCs MPSIMOIMHEMHOM
3aBUCUMOCTBIO.
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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
JKYpHAaJl OTKPBITOTO JOCTyTa ¢ OBICTPOi TyOInMKaimeit
crateil, GOKYCUPYIONIUIACA Ha MEXIUCIUTUIMHAPHBIX
WICCIIETOBAHMSIX MEXKIY MaTepUaIOBEICHUEM W IPYTUMU
JTUCIUTUIMHAMM,, TAKUMU KaK (hU3UKa, XUMUSI, MaTeMa-
TUKa, MEXaHHWKa, OMOJIOTHSI, SHEPTeTUKA, OKPYKaroIast
cpena, naHdopmaus, nHxXeHepus u T.11. ZKypHai cTpe-
MUTCSI TIPEICTABISATH MHMOPMAIIUIO O TMepeIOBbIX Pa3-
paboTKax B 00JIaCTU HAYKW U TEXHUKU IT0 BCEMY MUDY.

Oxumaetcs, uTo Interdisciplinary Materials OymeT mc-
MTOJTb30BaTh MEKIUCIIMILTMHAPHBIN, 0COOBIN MTePeI0BOIA
Y KOMIUIEKCHBIN TTOJX0J KO BceM 00JIacTsSIM MaTepua-
JIOBEJICHWST, OMHOBPEMEHHO CTIOCOOCTBYST OOMEHY HIe-
SIMU MEKITY YYEHBIMM, 3aHUMAIOITUMUCS Pa3TUIHBIMU
HaIpaBJICHUSIMU UCCIICOBaHUI. AYTUTOPYS XypHaia
OyIeT BKITIOYATh YICHBIX-(DU3MKOB, XUNMUKOB, MaTeMa-
TUKOB, MEXaHUKOB, GOJIOTOB, CIIEIIMAIMICTOB B 00JIaCTH
SHEPreTUKM, OKPYKAIOIIEH Cpellbl, MaTeprUaOBEeICHMS,
WHXXEHEPOB-TEOPETUKOB U TIPAKTUKOB, a TaKXKe TIOJTU-
TUYECKUX JesITesei.

XKypnan Interdisciplinary Materials ipuTIIamiaet Bac
MPEICTaBUTh BHICOKOKAYECTBECHHbIC, MTHHOBAIIMOHHBIC
MOJTHO(OPMAaTHBIE UCCIIEIOBATEILCKUE CTAThH, 0030DHI,
TOYKHU 3pEHUSI, KOMMEHTApUK 1 IPYTO peIaKMOHHBII
KOHTEHT, TIPEACTABIISIONINIA OO MHTEpEC B 00JacTh
MEXTUCIUTITMHAPHBIX UCCIICTOBAHU.
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Study on the influence of the additives for the thermophysical
properties of paraffin-containing dispersed systems
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ABSTRACT: Introduction. Particular interest for research has dispersed systems. Dispersed systems are multiphase systems, consist-
ing of a quantity of smallest particles, evenly distributed in the liquid, gaseous or solid medium. Such systems are the majority of
the real bodies around us: soil, bodies of plant and animal life, clouds and fogs, many industrial products, such as building materials,
metals, polymers, paper, leather, fabrics and foodstuffs. Disperse systems have many unusual physical properties, which require
separate study and are of great importance in practice. Methods and materials. This article explores the influence ion-forming
additives on the thermophysical properties of paraffin-containing disperse systems. The widespread use of ion-forming additives is
associated with a number of positive features. lon-forming additives is a new type of modifiers of crystalline solid phase and liquid
crystals, significantly affect the process of micelle formation of paraffin in dispersed paraffin-containing environment. Therefore,
studies on their effect on the processes of nucleation and growth of crystals are of particular interest. During the research, samples
were prepared with various ion-forming additives and obtained temperature dependences of dielectric permittivity for dispersed
systems petrolatum — methyl ethyl ketone — water solution of NaCl and KCI. Polynomial models are selected as the model type, which
are widely used in the processing of various data, including experimental, and are also an effective tool for solving a wide range of
scientific and technical problems. Results and discussion. It has been established that an increase in the degree of crystallinity of
the solid phase with the introduction of additives is associated with a decrease in surface tension and increase in secondary nucle-
ation. Resulting universal regression dependence of permeability allows us to describe the experimental results with the reliability
of the approximation 0.99. Conclusion. The analysis of the obtained results shows reliability of the considered regression models
and their applicability in practice, as well as in further studies of the dynamics of the process in disperse systems and the process
of nucleation and growth of crystals.

KEYWORDS: dispersed systems, the dielectric constant, ion-forming additives, coefficient of determination, polynomial model,
x-ray diffraction analysis, degree of crystallinity, response function.

FOR CITATION: Rakhmatullina R.G., Yarmukhametova G.U., Maskova A.R., Rusinov A.A. Study on the influence of the additives for
the thermophysical properties of paraffin-containing dispersed systems. Nanotechnologies in construction. 2023; 15(3): 251-257.
https://doi.org/10.15828/2075-8545-2023-15-3-251-257. - EDN: EVUKJZ.

INTRODUCTION dispersion, state of aggregation, interfacial interaction
between particles.
The world around us, like ourselves, consists of dis-

persed systems. They are ubiquitous in nature and can

ispersed systems represent uniform distribution in
the form of very small particles (dispersion) of one

body (dispersed phase) in another (dispersion medium).
The properties of such systems are determined by their
degree of dispersion, particle size of the dispersed phase,
and the presence of a highly developed interfacial surface.
The particles of the dispersed phase are aggregates, made
up of many molecules or ions. A huge variety of objects
of dispersed systems classified according to the degree of

be found in various technological processes. Knowledge
of patterns, inherent in dispersed systems, it is necessary
to obtain various materials with desired properties: poly-
mers, medicines, foodstuffs, lubricants, cement, ceramics,
paper, as well as in solving problems of environmental
protection. Therefore, the study of such systems is of
particular interest. A special place in disperse systems is
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occupied by solutions of macromolecular substances and
solutions of surfactants.

Methods and ways for obtaining disperse systems are
very different. Dispersed systems can be obtained by dis-
persion and condensation methods. Dispersion methods
include methods of mechanical, ultrasonic, electric, etc.
fragmentation of the phase substance in the medium with
the presence of a stabilizer, contained in the system or
introduced into it from outside. The most common sta-
bilizer is the electrolyte. Condensation methods include
methods of “physical” or “chemical” condensation, that
is, condensation, which is a consequence of a physical or
chemical process occurring in the system [1—5].

Dispersed systems are formed during deparaffination
and de-oiling in the process of cooling the raw mate-
rial solution, in which the phase is solid hydrocarbons,
and the medium is a solution of liquid components in
the solvent used. In such systems, under the influence of
electric fields electrokinetic phenomena occur, the study
of which is very important in solving practical problems,
associated with paraffin deposits in pipelines, separation
of the dispersed phase in the form of a precipitate and
electrocoagulation.

In deparaffination and de-oiling processes, based on
the release of solid hydrocarbons by method of crystal-
lization from a solution in selective solvents, of great im-
portance is the cooling rate of suspensions. This is one
of the main factors determining the size and degree of
aggregation of crystals, on which the rate of phase separa-
tion also depends. When solid hydrocarbons are released
in inhomogeneous electric fields the cooling rate of sus-
pensions has practically no effect on the performance of
the separation process, since the size of the crystals is not
decisive due to the lack of a filtration step.

In the method of de-oiling of dispersed systems a new
type of crystal structure modifiers is used. The latter allow
to increase the filtration rate and the depth of de-oiling.

When de-oiling dispersed systems, an important role
is played by the process of crystal formation. During the
crystal formation of dispersed systems (petrolatums) many
factors has influence, for example, composition of raw
materials, solvent composition, temperature conditions
of crystal formation. From how the solid phase is formed,
the productivity of the plant for raw materials depends
[6—15]. Structure modifiers have a significant effect on
the solid phase, because of that, the study of their impact
on processes is of both theoretical and practical interest.

METHODS AND MATERIALS

Petrolatum de-oiling method uses a new type of crys-
tal structure rearrangement modifiers. The widespread
use of ion-forming additives is associated with a number
of positive features. Additives, in fact, are criminally ac-
tive phenomena, concentrated on the interface, forming

thin adsorption layers or being captured by osmotic traps.
In this case, the nature of the ionic interaction and the
properties of the interfacial surfaces change sharply. As
a result, it is possible to enhance the transition of a sub-
stance through the phase interface due to the compression
of the electrical double layer.

Despite the existing theoretical prerequisites for ex-
plaining the mechanism of action of ion-forming addi-
tives in low molecular weight dispersed polymer systems
[16—21], the complexity of these systems in some cases
predetermines the ambiguous interpretation of the experi-
mental results. To clarify the mechanism of action of ad-
ditives, we undertook additional studies of these systems.

The purpose of the research is to study the effect of
ion-forming additives on the thermophysical properties of
paraffin-containing dispersed systems using the resonance
method (Q-metry) and the regression modeling method.

Among the resonance methods used in this area, the
Q-metry method is the simplest in terms of the nature of
the work. Obtaining the studied compositions was car-
ried out as follows: petrolatum at a temperature of 50°C
to 65°C was mixed with a polar solvent (in our case with
methyl ethyl ketone (MEK)). Sodium chloride dissolved
in water was added to the solution at the same tempera-
ture. With constant stirring, cooling was carried out in
a bulk crystallizer.

Dielectric measurements were performed at a fixed
frequency 15 kHz using the resonance method. The mea-
surements were carried out using a series equivalent circuit
of a dielectric cell with a sample in accordance with its
significant conductivity.

The functional dependence of temperature and di-
electric permittivity of disperse systems with ion-forming
additives was studied by regression modeling methods.
As the type of model, polynomial models are chosen,
which are widely used in the processing of various data,
including experimental, and are also an effective tool for
solving a wide range of scientific and technical problems.
Their prevalence is due to the possibility of expanding the
studied functional dependence in a Taylor series, which
has a fast convergence, which allows limiting the num-
ber of expansion terms. Polynomial models are used to
predict the value of a function at any point in the interval
under study with a given degree of accuracy, which in turn
gives the prospect of reducing the number of experiments
[22-25].

RESULTS AND DISCUSSION

During the research, samples with various ion-forming
additives were prepared and the temperature dependences
of the dielectric permittivity for dispersed systems were
obtained. On Fig. 1 and 2 present data on the dielectric
constant versus temperature for dispersed systems petro-
latum — MEK — water.
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From Fig. 1 and 2, it can be seen that with increasing
temperature, a linear increase in the dielectric permit-
tivity. A linear relationship can take place only when the
electrical double layer moves with the surface, and its
resulting electrical capacitance is determined by the ca-
pacitance of the electrical double layer.

On Fig. 3—5 shows changes in the temperature de-
pendence of the dielectric constant of the system petro-
latum — MEK — water solution of NaCl.

On Fig. 6—8 shows changes in the temperature de-
pendence of the dielectric constant of the system petro-
latum — MEK — water solution of KCI.

The results given above in the system petrolatum —
MEK — water solutions of NaCl and KCl salts (Fig. 3—8)
indicate changes in the dielectric permittivity.

It should be noted that there are slight changes in the
dielectric permittivity before the phase transition and
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296 308 313 317 321 330 337 340 344
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Fig. 3. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
0.5% water solution of NaCl

208 308 313 317 321 325 330 337 341 343
T,K

Fig. 1. Temperature dependence of the dielectric permit-
tivity of the petrolatum system 1:8, methyl ethyl ketone
100% and 5% H,O

20

298 314 318 322 324 330 337 340 344
T, K

Fig. 4. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
1% water solution of NaCl

208 308 313 318 321
T.K

330 337 340 343

Fig. 2. Temperature dependence of the dielectric permit-
tivity of the petrolatum system 1:8, methyl ethyl ketone
100% and 15% H,O
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T T T 1
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Fig. 5. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
2% water solution of NaCl
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Fig. 6. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
0.5% water solution of KCI
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Fig. 7. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
1% water solution of KCI1
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Fig. 8. Temperature dependence of the dielectric permit-
tivity of the system with the addition of ion-forming ad-
ditives of petrolatum 1:8, methyl ethyl ketone 100% and
2% water solution of KCI

a sharp increase in its value in the region of the transi-
tion itself. Since in this case the electrical capacitance
of the crystallites increases sharply due to the rapidly
growing crystal faces, associated with a decrease in sur-
face tension during the formation of osmotic traps. In
a real situation, apparently, further growth is possible
only due to the penetration of molecules on the crystal
surface.

In the absence of water solutions of salts, the degree
of crystallinity reaches a low 10—15%. In the presence
of aqueous solutions of KCI and NaCl salts B cucteme
MEK — petrolatum the degree of crystallinity increases
and is, respectively 40% and 70%.

In this case, the degree of crystallinity especially in-
creases in the presence of an water solution of KCl, in this
case, large crystals grow, while small crystals form in an
water solution of NaCl.

Polynomial regression model in general:

e=a,taT+al’+aT +aT +al +
+a’+. .. +aT + .., (1)

wherea, a,a, a, ..., a — coefficients of the model
calculated by the method of least squares, 10*/K; ¢ — the
dielectric constant of dispersed systems with low molecu-
lar polymer additives, 10%; T'— temperature, K.

To assess the quality of the constructed models and
limit the terms of the expansion (1) used the coefficient
of determination R?, which characterizing the degree of
similarity between experimental and calculated values.
Obviously, if the models do not correlate well with the
original values, they are unlikely to have good predictive
power. The coefficient of determination is ranked accord-
ing to the Chaddock scale, according to which, at values
of 0.7 and above, there is a close relationship between the
response function (¢) and factor (7).

Calculations of the main parameters (1) were carried
out using the “Data Analysis” add-on in the Microsoft
Excel environment [22—25]. In Table 1 shows the calcu-
lated coefficients of models and determinations.

According to the results of the calculations (Table 1),
it follows that the coefficient of determination for the
constructed models lies in the range from 0.76 to 0.99.
This indicates a high relationship between the dielectric
permittivity and temperature of the systems under study,
as well as the applicability of models (1) for predicting
intermediate values of the experiment (Fig. 9).

In Table 2 shows an example of calculating the pre-
dicted value of the dielectric permittivity of the MEK
100% + 10% H,O disperse system using model (1).

CONCLUSIONS

Using the resonance method and regression model-
ing, the influence of additives and the mechanism of ac-
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Table 1
Regression analysis results
. Model Coefficients Determination
Response function, £ . 2
a, a, a, a, coefficien, R
Dielectric permittivity of MEK
100% + 15% H,0 3562.3 —331.85 1.0272 —0.0011 0.98
Dielectric permittivity of MEK
100% + 10% H,0 3852.9 —37.675 0.1217 —0.0001 0.98
Dielectric permittivity of MEK
100% + 5% H,0 3764.8 —34.561 0.1052 —0.0001 0.99
Dielectric permittivity of P—M—water
solution of NaCl 0,5% system 3929.6 —37.07 0.1162 —0.0001 0.76
Dielectric permittivity of P—M—water
solution of NaCl 1% system 4901.2 —43.569 0,1277 —0.0001 0.99
Dielectric permittivity of P—M—water
solution of NaCl 2% system —5549.2 56.932 —0.1941 0.0002 0.97
Dielectric permittivity of P—M—water
solution of KCI 0,5% system 65.752 —0.4773 0.0009 — 0.86
Dielectric permittivity of P—M—water
solution of KCI 1% system 319.54 —2.1304 0.0036 — 0.95
Dielectric permittivity of P—M—water
solution of KCI 2% system 418.11 —2.8334 0.0048 — 0.82

Note: P — petrolatum, M — methyl ethyl ketone

Table 2

The results of the calculation of the dielectric permittivity of the system MEK 100% + 10% H,O

Observation Experimental value £, 10* Predicted £, 10* Calculation error
1 17 17.64 0.64
2 19 16.48 2.52
3 20 20.19 0.19
4 24 25.70 1.70
5 27 29.54 2.54
6 46 41.53 4.47
7 47 49.10 2.10
8 51 51.27 0.27
9 53 52.55 0.45

290 300 310 320

330

340 350

tion of additives on paraffin-containing dispersed systems
has been studied. It has been established that an increase
in the degree of crystallinity of the solid phase with the
introduction of additives is associated with a decrease
in surface tension. Research results laid the foundation

Fig. 9. Polynomial model
of dielectric permittivity

and temperature of a dispersed
system MEK 100% + 10% H,O
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for new technological processes of high-temperature de-
oiling of ceresins and paraffins.

A universal regression dependence of the permeability
is obtained, which makes it possible to describe the experi-
mental results with the reliability of the approximation 0.99.
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UccnepoBaHme BAMAHNA A06aBOK Ha Teniopunsnyeckmne
CBOWCTBa NapadunHcogepKamx ANCNepCcHbIX CUCTeM

Pesupa lNanédynnosHa PaxmatynnuHa'
Anb6vHa Pa¢putoBHa MackoBa?*

, TynbHapa Ynb¢atoBHa fipmyxameroBa? =,
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AHHOTALIUA: BBegeHme. Ocobblii IHTepecC ANst UCCNe[oBaHs NPefCcTaBnsAoT cCOOoM AucnepcHble CUCTEMbI — MHOFOdasHble cucTe-
Mbl, COCTOALLME 13 MHOXECTBA MEJIbYAMLLKX YACTUL, PaBHOMEPHO pacnpefeneHHbIX B XKUAKOW, ra3000pa3Hoi 1y TBepaol cpefax.
JucnepcHbIMK crcTeMamMm ABNAETCS GONbLLUMHCTBO OKPY»KaIoLMX HAC PeasibHbIX TeJl: NMOoYBa, TeNla PacTUTENIbHOTO U XKMBOTHOTO MUPA,
obnakKa 1 TymaHbl, MHOTUE NPOAYKTbI MPOMBILLIEHHbBIX MPOV3BOACTB, B TOM UMCIIE CTPOUTENIbHbBIE MaTeprasbl, MeTaslibl, MOJIMMEPDI,
Oymara, KoXa, TKaHV 1 NPOoAYKTbl NUTaHWA. [lucnepcHble cucTemMbl 06/1a4al0T MHOTUMY HEOObIUHBIMY GU3NYECKUMI CBOCTBaMU,
KoTopble TPeOyIoT OTAENBbHOIO N3yUYeHUs U UMEIOT BOJIbLLOe 3HaueHUe Ha NpaKkTrke. MeTogbl u maTepuanbl. B faHHOW cTaTbe U3y-
YeHO BIUsIHME NOHOO6Pa3yoLKX 400ABOK Ha Tennodusnyeckme CBONCTBA NapadnHCOgepKaLLMX ANCNepCHbIX cuctem. Lnpokoe
NpUMeHeHre MOHOO6Pa3yioLLMX JOOABOK CBA3AHO C PALOM MOJIOXKUTESNIbHbIX 0CObeHHOCTEN. loHoobpa3ytoLre A06aBKM — HOBbI BUL
MOAUGMKATOPOB KPUCTANINIMUYECKON TBEPAON Gasbl U XKUAKNX KPUCTANIIOB, CYLLECTBEHHO BAMAIOT Ha MpoLiecc 06pa3oBaHne MU
napadviHa B ANCNepcHbIX NapaduHcogepaLmx cpeaax. [oatomy nccnefoBaHWs Mo MX BO3AENCTBUIO Ha MPOLIECChbl 3apoXKAeHs
1 POCTa KPUCTAJINIOB NPEeLCTaBAsAIOT 0CO0bIV MHTEpec. B xone nccnenoBaHmuii 66111 NoaroToBieHbl 06pasLbl C pasnvyHbIMU UOHO-
obpasyoLmmn fobaBKamy U NoTyYeHbl TeMNepaTypHble 3aBUCUMOCTY AN3MEKTPUYECKON MPOHMLIAEMOCTU AN AUCTIEPCHDBIX CUCTEM
neTponaTyMm — MeTUN3TUIIKETOH — BofHoro pactBopa NaCl n KCl. B kauectse Braa mogenu BbibpaHbl NOMMHOMUANbHbIE MOAENM,
KOTOPbIE LMPOKO NPUMEHAIOTCA NP 06paboTKe PasNUYHbIX JaHHBIX, B TOM YMCIIE Y SKCMEPUMEHTASIbHBIX, @ TaKXKe ABNATCA dpdek-
TUBHbBIM VHCTPYMEHTOM MPU PELLEHNI LUMPOKOTO Kpyra HayYHO-TEXHUYECKIMX 3aAau. Pe3ynbraTbl v 06CyKaeHMe. YCTaHOB/IEHO, UTO
MOBbILLEHWE CTENEHUN KPUCTAJUTMYHOCTU TBepAoli da3bl Npy BBEAEHUN JO6ABOK CBA3aHO CO CHUMXEHUEM MOBEPXHOCTHOTO HaTSKeHNs
1 yBeNMUYeHNs BTOPUYHOIO 3apofbilieobpa3oBaHus. [onyyeHa yHUBepCcanbHas perpeccrnoHHas 3aB1UCMMOCTb MPOHULIAEMOCTH,
No3BoNALLaA ONKUCbIBaTb SKCMEePUMEHTasbHblE pe3ynbTaTbl C JOCTOBEPHOCTbIO annpokcMmaumm 0,99. 3aknioueHune. AHanus no-
JIyYeHHbIX pe3ybTaToB MOKa3asa AOCTOBEPHOCTb PacCMaTPMBaEMbIX PperpecCUOHHbIX Mogenen 1 NPUMEHNMOCTb NX Ha NPaKTUKe,
a TakXe B flaNibHeLWMX NCCNefoBaHNAX AMHAMUKN NpoLiecca B ANCMePCHbIX CUCTeMax 1 NpoLecca 3apoXKAeHNA 1 poCTa KpUCTanoB.

KJTIOYEBDIE CJIOBA: gucnepcHble cMCTEMbI, AM3NIEKTPUYECKas MPOHULIAEMOCTb, MOHOO6pasytLue fobaBky, KoadduureHT ge-
TepMUHALMK, NONIMHOMMA/bHAA MOLENb, PEHTTEHOCTPYKTYPHBbI aHaNI3, CTEMNEHb KPUCTAINIMYHOCTY, GYHKLMA OTKIMKA.

OnAa UNTUPOBAHUA: PaxmatynnuHa PI., ipmyxameTtoBa I.Y., MackoBa A.P, PycuHoB A.A. ccnepoBaHue BnvaHmnA fo6aBok
Ha Tennodur3nyeckne cBorCTBa NapaduHcodepKaLLmx AncnepcHbix cuctem // HaHotexHonorum B ctpoutensctae. 2023.T. 15, Ne 3.
C.251-257. https://doi.org/10.15828/2075-8545-2023-15-3-251-257. - EDN: EVUKJZ.

BBEJIEHUE NUCTIepCHOM (pa3bl IIpeICTaBIISIIOT COOOM arperarthbl, Co-
CTOSIIITIE 3 MHOXKECTBA MOJICKYJI MJIN MOHOB. OrpoMHOE
pa3HOo00Opa3ne 0OBEKTOB TUCIIEPCHBIX CUCTEM KJIacCH-
ummpyeTcs Mo CTereHN TUCIIEPCHOCTH, aTPeTaTHOMY

COCTOSTHUIO, MeXK(ha3HOMY B3aMOICHCTBUIO MEXKIY

WCTIEPCHBIE CUCTEMBI TIPENCTABIISTIOT COO0 paBHO-
MEpHOE pacrpe/ieieHre B BUJIe OUeHb MaJIbIX Ya-
CTHII (IMCIIEPCUIO) OMHOTO Tesla (IUCTIePCHOM (Da3hl)

B IpyTroM (mmcriepcuoHHOM cpene). CBoiicTBa TOm00-
HBIX CHCTEM OIIPEACIISIIOTCS UX CTEIICHBIO TUCTICPCHO-
CTU pa3MepaMM YaCTHUII TUCTICPCHOM (ha3bl M HATMIUEM
BeCchMa pa3BUTOI Mexk(a3HOI ITOBEpXHOCTH. YaCTHUIIEI

YaCTUIIAMH.

OKpyxXaromuii Hac MAP, KaK M MBI CAMH, COCTOUT
U3 OUCTepCHBIX crucTeM. OHM TTOBCEMECTHO pacIIpo-
CTpPaHECHBI B IPUPOJIEC, BCTPEUAIOTCS B PA3INIHBIX TEX-
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HOJIOTMIECKUX TTpolleccax. 3HaHNe 3aKOHOMEPHOCTEH,
MPUCYIINX TUCIIEPCHBIM CUCTEMaM, HEOOXOIUMO KaK
IS TIOJTYIeHUSI Pa3IMIHBIX MaTepHAJIOB C 3aIaHHBIMU
CBOMCTBAMM: TTOJIUMEPOB, JIEKAPCTB, MUIIEBHIX TIPO-
IYKTOB, CMa30YHBIX MaTepHUAaJIOB, IIEMEHTA, KEPAMUKH,
OymMarm — Tak W IJIs peIIeHUS 3adad OXpaHbI OKPY-
XKatotneit cpensl. [loaToMy M3ydeHME TaKUX CHCTEM
MIpencTaBiIsIeT 0coObIi mHTEpec. Ocoboe MeCTO B IHC-
TEPCHBIX CUCTEMaX 3aHMMAIOT PACTBOPHI BHICOKOMO-
JIEKYJISIPHBIX BEIIESCTB M pACTBOPHI IOBEPXHOCTHO-aK-
TUBHBIX BEIIIECTB.

MeTonpl 1 CITOCOOBI TTOTYUYCHUST TUCTICPCHBIX CH-
CTEM BeCbMa pasInJHbIL. JucIiepcHBIC CUCTEMBI MOXHO
TIOJTYIUTh TUCTICPTAIIMOHHBIMY 1 KOHICHCAIIMOHHBIMUI
MmeTomamu. K mucrieprailiOHHBIM OTHOCSTCS METOIBI
MEXaHNUYECKOTO, YIbTPa3BYKOBOTO, JICKTPUICCKOTO
" T.O. IpO0OJICHNS BellecTBa (ha3bl B cpele B IIPUCYT-
CTBHMU CTaOWIN3aTOpa, COMEPKAIIETOCS B CUCTEME WITA
BBOIMMOTO B Hee M3BHe. Yalle Bcero cTadbmiIm3aTopom
CITY>KUT 2JIeKTposNT. K KOHIeHCAITMOHHBIM OTHOCSITCS
METOBI «(PU3NIECKOI» MITN «XMMUYECKO» KOHIeHC ca-
11U, T.€. KOHIEHCALINU, SIBJISIIOIIMECS CIEACTBUEM TTPO-
TEKAaIOIIEeTo B CUCTeMe (DM3MUECKOTO WIIN XMMUYIECKOTO
npouecca [1-5].

JucrniepcHbIe CUCTEMBI 00pa3yroTcst Ipu Aernapadu-
HU3aLMUU U 00e3MacIMBaHUM B MPOLIECCE OXTAXKICHUST
pacTBOpa ChIPbsI, B KOTOPHIX (ha30it IBIISTIOTCS TBEPIBIC
YIJIEBOIOPOMIBI, a CPEAOM — pACTBOP KUIKUX KOMITOHEH-
TOB B IIPMMEHSIEMOM pacTBopuTesie. B Takux cucremax
MO BO3ACHCTBUEM 3JIEKTPUIECCKUX TOJIC BOSHUKAIOT
BIIEKTPOKMHETUUECKUE IBJICHUS, N3YICHNE KOTOPBIX
OYCHB BAXXKHO IIPU PEIICHUN IPAKTUICCKIX IIPOOJIEM,
CBSI3aHHBIX C OTJIOXKCHUSIMU TTapadrHa B TpyOOIIpo-
BOJAX, BEIIEJICHNEM OTUCIIEPCHOM (Da3bl B BUIE OcamKa
¥ 3JICKTPOKOATYIISIINCH.

B mporeccax gemapadpuHA3annyl 1 00e3MacanBa-
HUSI, OCHOBAaHHBIX Ha BBIICJICHUN TBEPOBIX YIJIEBOIO-
pPOIOB METOIOM KPUCTAIM3ALIMU U3 pacTBOpa B U30U-
paTebHBIX PACTBOPUTEIISX, OOJIBIIOE 3HAYCHUE UMEET
CKOPOCTh OXJIAXKICHUS CYCIICH3U. DTO — OOWH U3 OC-
HOBHBIX (PaKTOPOB, OIPEIEISIONINX pa3MepHl U CTe-
TIeHb arpeTUPOBAHMUS KPUCTAIIOB, OT KOTOPBIX 3aBUCUT
¥ CKOPOCTH pa3nesieHus da3. [1pu BeIAeIeHUN TBEPIBIX
YIJIEBOIOPOIOB B HCOMHOPOIHBIX 3JICKTPUUCCKHX 10~
JISIX CKOPOCTh OXJIAXKICHUST CYCITIeH3UI TTPaKTUICCKHI
He BIMSET Ha TTOKAa3aTeIn IIpoliecca pa3mesIeHUsI, Tak
KaK pa3Mep KPUCTAJIIOB He SIBIISICTCS OTIPEACIISTIOIINM
13-3a OTCYTCTBUSI CTaAuU (DVIIBTPOBAHUSI.

B cnocobe obGe3amaciuBaHus TUCTIEPCHBIX CUCTEM
HCIIONIB3YETCSI HOBBIN BUI MOAM(PUKATOPOB KPUCTAIIIN -
YeCKOU CTPYKTYpHl. [TocenHue o3BOISIOT YBETUUNTh
CKOPOCTh (UIBTPALIMU U TJIyOMHY 00e3MacIMBaHUsI.

[Ipu o6e3MacIMBaHUM TUCIIEPCHBIX CUCTEM BaXK-
HYIO POJIb UTPACT MPOLIeCC KPUCTaTooopa3oBaHust. [1pu
KPHUCTAJUI000pa30BaHNM AUCIICPCHBIX CUCTEM (TICTpOJIa-

TYMOB) BIUSIIOT MHOTHE (DaKTOPBI, HAIIPUMEP, COCTaB
CBIPbSI, COCTaB PACTBOPUTEJISI, TEMIIEPATYPHbIE YCIOBUS
KpucTaurooopaszoBanusi. OT TOro, Kak cpopMrupoBaHa
TBepHas (aza, 3aBUCUT MIPOU3BOAUTEILHOCTD YCTAHOB-
KM T10 chIpbio [6—15]. Ha TBepayro ¢asy cymecTBeH-
HOE BJIMSIHUE OKa3bIBAlOT MOAU(MUKATOPHI CTPYKTYPHI,
MO3TOMY UCCJIENOBAaHUE UX BO3IEHCTBYS Ha MPOLIECCHI
MPEACTaBISIOT KaK TEOPETUYECKHU, TaK 1 MpaKTUye-
CKHWIi UHTEpEC.

METO/bI 1 MATEPHAJIBI

B cniocobe obe3macauBaHus METPOJATYMOB MC-
TTOJTb3YETCST HOBBINM BII MOAM(PHUKATOPOB IMEPECTPOUKH
KpUCTa/UIMYECKOM cTpyKTyphl. LIIupokoe nmpumeHeHue
MOHOOOpa3yorX 100aBOK CBSI3aHO C PSIIOM MOJIOXM-
TeJILHBIX 0cO0eHHOCTEe!. JI00aBKU, IO CYTU, SIBISIIOTCSI
MOBEPXHOCTHO-aKTUBHBIMU BEILIECTBAMU, KOHLIEHTPU -
PYIOTCSI Ha TTIOBEPXHOCTH pazaeia ¢a3, oopasyst TOHKHIE
alCOPOLIMOHHBIE CJIOW, WX 3aXBaThIBAIOTCSI OCMOTHU -
YyeCKMMU JOBYyIIKaMU. [Tpu 3TOM pe3Ko u3MeHseTcs
XapakTep MOHHOTO B3aUMOJECHCTBUS U CBOMCTBA MEX-
dazHbIX MOBEepXHOCTEM. B pe3ynbTaTe BO3MOXHO ycue-
HUeE Mepexo/ia BEIIecTBa Yyepe3 MOBepXHOCTh pasnena (a3
BCJIEICTBUE CXKATUSI IBOMHOTO 3JIEKTPUUECKOTO CJIOS.

HecmoTps Ha nmeronyecst TeopeTUudeckue mpearno-
CBUIKU JIJISI OOBSICHEHUST MEXaHU3Ma JeUCTBUSI MOHOO-
Opasylolux 100aBOK B HU3KOMOJIEKYJISIPHBIX TUCTIEPC-
HBIX MIOJIMMEPHBIX crcTeMax [16—21], CIIOKHOCTD 3THX
CHUCTEM B psiie c/TydaeB MpeaonpeaeisieT HeOAHO3HAYHOe
TOJIKOBaAaHUE 3KCIIEPUMEHTAJbHBIX Pe3yJbTaToB. s
YTOUHEHUS MeXaHu3Ma JeicTBUs 100aBOK HaMU ObLIU
MPEANPUHSITHI TOTOJHUTEIbHbBIE UCCAETOBAHUST ITUX
CHUCTEM.

Llenb nccienoBaHuii — pe30HAHCHBIM METOIOM
(Q-MeTpuM) U METOIOM PErPECCUOHHOTO MOJIEINPO-
BaHUS U3YYUThb BIUSTHUE MOHOOOPA3YyIOIIUX JOOABOK
Ha Teruropu3nIecKre CBOMCTBA IMapachMHCOIePKAIIIX
JIMCIIEPCHBIX CUCTEM.

Cpenn pe30HaHCHBIX METOIOB, UCITOIB3YEMbIX B 3TOM
obmactu, MeTon Q-METpUU CaMBbIil TIPOCTOM TT0 XapaK-
Tepy padothl. [TonydeHue uccienyeMbiXx COCTaBOB OCY-
LLIECTBJISIIIOCH CAEAYIOIIUM 00pa3oM: METPoJaTyM Mpu
temriiepaTtype ot 50 go 65°C cMmelnnBaIcs C OIS PHBIM
pacTtBopuTesieM (B HallleM CTy4ae ¢ METUIATUIKETOHOM
(MBK)). B pactBop mmpm 3T0i1 XKe TeMIepaType 100aB-
JISLIICSI XJIOPUCTHIM HATPUA, pacTBOpPeHHBIN B Boae. [1pu
MOCTOSTHHOM TepeMEeIIMBAHNM OCYILECTBIISLIOCH OXJIaXK-
JIeHWe B 00bEMHOM KPMCTAJUIU3aTOPE.

JusnekTpuueckue u3MepeHus ObLIM BBITTOJHEHBI
Ha (PUKCUPOBaHHOU yacToTe 15 KI'1I ¢ Mcronb30BaHU-
€M pe30HaHCHOTO MeTona. M3MepeHus: mMpoBOIUINUCH
C TIpYMEHEHKEM MOCJIeI0BaTEIbHOM CXeMBbl 3aMEIEHUST
JNUBJIEKTPUUECKON STYElKM ¢ 00pa3lioM B COOTBETCTBUM
CO 3HAYUTEIBLHOU €€ MPOBOANMOCTBIO.
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DyHKIMOHATBPHYIO 3aBUCUMOCTD TEMIICPATyPHI
¥ TUBJICKTPUIECKON MPOHUIIAEMOCTHU TUCTICPCHBIX CHU-
CTEM ¢ MOHOOOPA3YIOIIUMHU T00aBKaMH MCCICI0BAIIN
METOIaMU PErpPeCcCMOHHOTO MOICIMpoBaHUs. B kaue-
CTBE BUIA MOJEIIN BEIOpaHBI TOTMHOMUAIBHBIC MOJIE -
JIN, KOTOPBIE IINPOKO IIPUMEHSIIOTCS TIpU 00paboTKe
Pa3IMYHBIX JAHHBIX, B TOM YHCJIC U 9KCIICPUMEHTAIb-
HBIX, a TAKKE SIBJISIOTCS 3 (PEKTUBHBIM MHCTPYMEHTOM
TIPY PEIIeHUN IIIPOKOTO KPyTra HAyITHO-TEXHUUECKIX
3amad. MIx pacripocTpaHe HHOCTb 00YCIIOBIeHA BO3MOX-
HOCTBIO Pa3JIOKECHUS UCClIenyeMoit (DYHKIIMOHATBHOMI
3aBUCUMOCTHU B psia Teitiopa, KOTOPHI OTIMYaeTCs
OBICTPOI CXOAMMOCTBIO, YTO TTO3BOJISICT OTPAHNIUTH
KOJIMYECTBO WICHOB pa3yiokeHUs. [lommHOMIaIbHBIC
MOJIEITN MCITOIB3YIOTCS IS IIPOTHO3a 3HAYCHMST (DYHK-
UM B IIOO0OM TOYKE MCCIIeIyeMOTO MHTepBaia ¢ 3a-
MaHHOU CTCIICHBIO TOYHOCTHU, YTO, B CBOIO OUepelb,
IAaeT TePCIEKTUBY COKPATUTD YHUCIIO 3KCIIEPUMEHTOB
[22-25].

PE3YJIbTATBI 1 OBCYKJIEHUE

B xone uccnenoBanuii ObUIM MOATOTOBIEHBI OOpa3LIbI
C Pa3IMYHBIMU KOHOOOPA3yIOIIUMU 100aBKaMM U TTOJTY-
YeHbI TeMIIepaTypHbIE 3aBUCUMOCTH TUIJIEKTPUIECKOM
MPOHMILIAEMOCTHU [IJIST JUCIIEpCHBIX cucteM. Ha puc. 1
¥ 2 TIpeICcTaBlIeHBI JTaHHBIC TUAJICKTPUICCKON IIPOHN-
11aeMOCTU OT TEMIIEPATYpPhI JIS1 TUCIIEPCHBIX CUCTEM
nerpoiatyM — MBOK — Bona.

W3 puc. 1 1 2 BUIHO, YTO C YBEIMICHUIEM TeMIIepa-
TYpbl JIMHEMHOE YBEIMYEHUE TUIEKTPUUECKOM MTPOHU -
aeMocTu. JImHeliHas 3aBUCUMOCTb MOXET UMETh MECTO
TOJIBKO B TOM CJIy4ae, KOTJa JBOMHOW 3JIEKTPUYECKUIA
CJIOM TIepeMelaeTcsl BMECTe ¢ TIOBEPXHOCTBIO, a €T0 pe-
3yJbTUPYIOLLAS DJIEKTPHUUECKAsl EMKOCTb ONPEIEsIeTCs
€MKOCTBIO JBOMHOTO 3JIEKTPUUECKOTO CJIOSI.
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Puc. 2. TemnepatypHasi 3aBUCHMOCTD JTUIIEKTPHIECKOiT
MPOHUIIAEMOCTH CHCTEMBI meTpoaaTym 1:8, MeTHiI3 THII-
keton 100% u 15% H,0

Ha puc. 3—5 nokazaHbl U3MEHEHUS TEMIIEPATYPHOMI
3aBUCUMOCTH AUDJICKTPUUECKOM IIPOHUILIAEMOCTH CU-
creMbl TieTposiatyM — MOK — Boguerii pactBop NaCl.
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Puc. 3. TemnepaTypHasi 3aBUCHMOCTD JHIIEKTPHIECKOiT
MPOHMIIAEMOCTH CHCTEMBI C I00aB/IeHHEM HOHOO0PAa-
3yIomux 100aBoK nmerpojaryma 1:8, MeTHIdTHIIKeTOHA
100% u 0,5% BomHoro pacteopa NaCl
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Puc. 1. TemnepaTrypHasi 3aBUCHMOCTD TUIJIEKTPUIECKOM
MPOHUIIAEMOCTH CHCTEMBI meTpoJaTym 1:8, MeTiIaTHI-
keron 100% u 5% H,0

Puc. 4. TemnepaTypHasi 3aBUCUMOCTb JUIJIEKTPHYECKOM
NMPOHUIAEMOCTH CHCTEMBI C 100aBJIEHHEM HOHOO0PA-
3yI0IIUX 100aBOK neTpojatryma 1:8, MeTHITHIKETOHA
100% u 1% Boanoro pacteopa NaCl
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Puc. 5. TemnepatypHasi 3aBUCHMOCTD TUIJIEKTPUIECKOM
MPOHUIIAEMOCTH CHCTEMBI C 100aBIeHEM HOHO00pa-
3YIOHIMX 100aBOK meTpojarymMa 1:8, MeTHIITHIIKETOHA
100% u 2% Boanoro pacrsopa NaCl

Ha puc. 6—8 nmokaszaHbl UI3MEHEHMSI TEMIIEPATYP-
HOI 3aBUCUMOCTH AUDJIEKTPUUYECKOM IMPOHULAEMOCTH
cucteMsl rretponatyM — MOK — BomgHsIif pactBop KCl.

PesynbraThl, IpUBEIEHHbBIE BBILIE B CUCTEME IIETPO-
nmatym — MBOK — BomabIe pacTtBopHI coseit NaCl u KCI
(puc. 3—8), CBUOETEIHCTBYIOT 00 M3MCHEHUM TUDJICK-
TPUYECKON MpoHuLaeMocT. Heo6XoauMo OTMETUTD,
YTO UMEIOT MECTO CJIa0ble U3MEHEHUS AUDJIEKTPUUECKON
MPOHUILIAEMOCTH 10 (ha30BOro mepexoia 1 pe3Koe yBeIIn-
YyeHUe ee 3HaUeHUsI B 00J1aCTH caMoro repexoa. Tak Kak
B 9TOM CJIydae dJIeKTpUYECKask EMKOCTh KPUCTAILJIUTOB
PE3KO YBEIMYMBAETCS U3-3a OBICTPO PACTYIIUX IPaHEeit
KPUCTAJUIOB, CBS3aHHBIX C YMEHbBILIECHUEM ITIOBEPXHOCT-
HOTO HATSKEHUsI IIPU 00pa30BaHUU OCMOTUYECKHX JIO-
BYIIIEK, B peaJIbHOM CUTYaIlii, TTI0-BUINMOMY, TaTbHE -
LM POCT BO3MOXKEH TOJIBKO 32 CUET IPOHUKHOBEHUSI
MOJIEKYJI Ha [IOBEPXHOCTb KPUCTAJLIA.

I1pu oTCYyTCTBUM BOIHBIX PACTBOPOB COJIEH CTEIICHD
KPUCTAJNIMYHOCTH TOCTUTaeT HeBbIicOKUX 10—15%.
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Puc. 6. TemnepaTypHas 3aBUCUMOCTbD AUIJIEKTPHYECKOI
MPOHUIIAEMOCTH CHCTEMBI C 100aBIeHHEM HOHO00pa-
3YIOHIMX 100aBOK meTposarymMa 1:8, MeTHIITHIIKETOHA
100% u 0,5% BomHoro pacteopa KCI
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Puc. 7. TemnepaTtypHasi 3aBUCUMOCTD JUIJIEKTPUYECKOI
MPOHUIIAEMOCTH CHCTEMBI C 100aBJIeHHEM HOHO00pa-
3yI0IINX 100aBOK meTpojatyma 1:8, MeTHIdTHIIKeTOHA
100% u 1% Boanoro pacrsopa KCI
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Puc. 8. TemnepaTypHasi 3aBUCHMOCTD JHIIEKTPHUIECKOiT
MPOHMIIAEMOCTH CHCTEMBI C 100aB/IeHHEM HOHOO0Pa-
3yI0ImuX 100aBOK nmerpojaryma 1:8, MeTHITHIIKeTOHA
100% u 2% Boanoro pactBopa KCI

B mpucyrcTBum BomHbIX pacTBopoB coieil KCI u NaCl
B cucteMe MBOK — meTposaTyM cTerneHb KpUCTaJTY -
HOCTH ITOBBIIIAETCSI M COCTABJISIET COOTBETCTBEHHO 40%
n70%.

[Ipu 3TOM cTereHb KPUCTATTUIHOCTH OCOOEHHO
IMOBBIIIIACTCSA B TIPUCYTCTBHE BomHOro pactBopa KCl,
B 3TOM CJIydae BBIPACTAIOT KPYITHBIC KPUCTAJUIBI, TOT-
Ia Kak B BomHOM pacTtBope NaCl 06pa3yroTcss MeJIKue
KPUCTAJUTBL.

[NommHOMMATBHAS PETPeCcCHOHHAS MOICIB B O0IIEM
BUIIC:

e=a,taT+al’+aT +aT +al +
tal’+.. +al +.., (1)

Tae a, a, a, a, ..., a, — Koo OUIUEHTHI MOJIEIH,
paccuuTaHHBIC METOIOM HAMMEHBINUX KBaJIpaToB,

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (3):
251-257

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobuli

PA3PABOTKA HOBbIX MATEPUAJIOB

10*/K; € — nuaneKTpuyeckasi IpOHULIAEMOCTD AUCIIEPC-
HBIX CUCTEM C HU3KOMOJICKYISIPHBIMH TTOJIMMEPHBIMUI
nobaskamu, 10%; T — temmepatypa, K.

st OLICHKM KayecTBa ITOCTPOCHHBIX MOIeieit
¥ OTPaHWYCHUS WICHOB pasoxXeHus (1) Mcmoab30Bamm
Koa(dumeHT geTepMuHaLuy R?, xapakTepu3yroLumii
CTEIIeHb CXOICTBA SKCIIEPUMEHTAJBHBIX U pacCUNTaH-
HBIX 3Ha4eHU. OYeBUIHO, €CITM MOICIIH TIOXO KOppe-
JIIPYIOT C UCXOTHBIMU 3HAUCHUSIMU, OHU BPSIIT JIN OYIyT
MMETh XOPOIIIYIO TIpeacKa3aTe/IbHyIo cmry. Koadduim-
SHT JeTepPMUHALIMU paHXUPYeTCs 1o IKaie Yemmoka,
COTJIACHO KOTOpOI mpu 3HaueHUsIX 0,7 1 BBIIIE CYIIe-
CTBYeT TeCHasI B3aMMOCBSI3b MEXKIy (DYHKIIMEI OTKIMKA
(¢) 1 bakropom (7).

PacueTbl ocHOBHBIX mapamMeTpoB (1) mpoBoguIn
¢ TIOMOIIBIO HAJACTPONKU «AHAIU3 JAaHHBIX» B CPELE
Microsoft Excel [22—25]. B tabx. 1 mpeacTaBiieHBI pac-
CUMTAaHHBIC KO3(PUIIMEHTHI MOICIICH 1 IeTePMUHALINN.

ITo pesysnbTataM MoaydyeHHbIX pacueToB (Tabdu. 1)
cleayeT, 4To KO3 GUIMEHT IeTepMUHAIINHT TSI TI0-
CTPOEHHBIX MOJIEIeH JeXUT B mipenenax ot 0,76 mo 0,99.
DTO CBUICTEIBCTBYET O BEICOKOI B3aMMOCBSI3M MEKITY
IU3JICKTPUICCKON ITPOHUIIAEMOCTRIO U TeMITepaTypoit
M3y4aeMbIX CMCTEM, a TaKKe TIPUMEHUMOCTHU MOJICIei
(1) mmst IpoTHO3a TTPOMEXKYTOUHBIX 3HAUCHUI SKCIIe-
puMeHTa (puc. 9).

B 1abm. 2 mpencraBicH IIpuMep pacdeTa IpeacKa-
3aHHOTO 3HAUYCHUS TUBJICKTPUICCKON IMIPOHNUIIAEMOCTH

v

290 300 310 320 330 340 350
T.K

Puc. 9. IlommHoMuaIbHASI MOIENb THIJIEKTPHYECKOM
MPOHMIIAEMOCTH M TeMIEePaTypPbl IUCIIEPCHOI CHCTEMbI
MD3K 100% + 10% H,O

aucnepcHoi cuctembl MOK 100% + 10% H,O mo mo-
memn (1).

3AKJTIOYEHHME (BBIBO/IbI)

C NoMOIIbIO pe30HAHCHOTO METOAA U PETPECCUOH-
HOTO MOJICIMPOBAHNS N3YUeHBI BIMSHIE T00aBOK 1 Me-
XaHU3M JIeficTBUS J00ABOK Ha TapaduHcoaepKalme
JINCIIEpCHBIE CUCTEMBI. YCTaHOBJIEHO, YTO TTOBBIIIEHNE
CTETICHN KPUCTAJUTMYHOCTH TBEPIOit (hasbl MpU BBEICHUN
JI00aBOK CBSI3aHO CO CHIDKEHMEM TTOBEPXHOCTHOTO HATS-

Tabauya 1
Pe3yabTaThl perpecCHOHHOrO aHAIN3a
Koadpunmentsi monenn Koaddpunmenr
PynKumA OTIIHKA, £ a, a, a, a, JerepvuHanuu, R?
ﬁ;‘oageffs“;;“gﬂ npotttiaemocts MOK 35623 ~331,85 1,0272 | —0,0011 0,98
2
?&S;Zefﬁ)'gefl"g" mpormiaemocTs MOK 38529 | 37,675 | 0,1217 | —0,0001 0,98
2
f[g:)s;;efsf’;‘fféa“ nporiutaesocts MK 3764,8 —34,561 0,1052 | —0,0001 0,99
2
JAunanekTpuyeckast IPOHUIIAEMOCTh CUCTEMBbI
L. M_somettt pactoap NaCl 0.5% 3929,6 ~37,07 0,162 | —0,0001 0,76
JunsnaekTpuyeckast IPOHUIIAEMOCTh CUCTEMBbI
1. Msomematt paotsop NeCl 1% 49012 | —435569 | 0,127 | —0,0001 0,99
ﬁ‘fﬁ?};‘;ﬁ;}iﬁ;ﬁ;ﬂfﬁ;&gg“’ CHETEMPL | 55492 | 56,932 | —0,1941 0,0002 0,97
Z[I/ISJ'[CKTPI/I‘{@CK&H IIPOHULIAEMOCTb _ _
I1-M-Bonusiii pacrBop KC10,5% 65,752 0,4773 0,0009 0,86
HI/ISJTCKTPI/I‘{CCKEIH TIIPOHULIACMOCTb CUCTEMbI _ .
1. M.sonemuct pactaop KCL 1% 319,54 2,1304 | 0,0036 0,95
HHSHCKTPI/I‘{CCK&H IIPOHULAEMOCTb CUCTEMbI
1. M-sonetuct pactaop KCL 2% 418,11 | —2,8334 | 10,0048 - 0,82

Tpumeuanue: I1 — nerposatym, M — METUISTUIIKETOH
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Tabauuya 2
PesynbTaThl pacuera aua/ieKTpHIECKoi nponunaemoct cuctembl MOK 100% + 10% H,O
Haomonenue SK;::}:;I:::::?"IIB?OE TIpeackasannoe &, 10* ITorpemHOCTh BHIYMCIEHUS

1 17 17,64 0,64
2 19 16,48 2,52
3 20 20,19 0,19
4 24 25,70 1,70
5 27 29,54 2,54
6 46 41,53 4,47
7 47 49,10 2,10
8 51 51,27 0,27
9 53 52,55 0,45

KeHusd. Pe3ybraThl MCCIIEN0BAHNIA MTOJIOXEHBI B OCHOBY
HOBBIX TEXHOJIOTUUYECKMX ITPOLIECCOB BLICOKOTEMITEPATYP-
HOTO 00e3Mac/IMBaHUA LEPE3UHOB U MapaUuHOB.

IMonyueHa yHUBepcalbHas PErPECCUOHHAA 3aBU-
CUMOCTb NTPOHULIAEMOCTH, TIO3BOJIAIONIAA OMKUCHIBAT
SKCIEPUMEHTAbHBIE PE3YJILTATEI C JOCTOBEPHOCTHIO
arnmpokcumanmu 0,99.
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Regulation of the aggregate stability
for binary polymer-mineral dispersions
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ABSTRACT: Introduction. In the binary dispersed systems of different origins (mineral and polymer) with particles differing in
size by an order of magnitude, heterocoagulation is observed. Regulation of the aggregate stability is crucial in controlling the
properties of functional dispersed materials based on such mixed dispersions. This study focuses on the investigation of water-
borne mono and binary dispersions of polyvinyl acetate, Portland cement, and chalk by means of static laser light scattering and
optical microscopy. Materials and research methods. In order to investigate the action mechanism of the FF modifier based on
phloroglucinol furfural oligomers as disperse phase we used chalk (CaCO, - chalk dispersed technical MTD-2, LLC “Technostroy’,
Kopanishchenskoe deposit), Portland cement CEM | 42.5N (JSC “Belgorod Cement”), and polyvinyl acetate (LLC “Kuban-Polymer”).
Particle distribution and the aggregate stability of dispersions were studied with an Analysette 22 NanoTecplus device. The particle
sizes were determined by optical microscopy with “Axio.Scope.A.1” microscope, and the adsorption of oligomers on the particles
of dispersions was analyzed using a UV spectrometer (SPECORD UV). Results and discussion. It has been established that the
phloroglucinol furfural modifier contributes to the stabilization of binary polymer-mineral dispersions. Integral and differential
distribution curves of polymeric particles have been obtained in a wide range of 0.01-2100 um. Research has shown the regularity
of the modal diameter reduction of adsorption-modified particles with a transition from a narrow to a wider distribution with the
absence of large coagulums. Conclusion. The hypothesis has been proposed that the adsorption-solvation factor of aggregate
stability makes a significant contribution to the aggregate stability of binary polymer-mineral dispersions. The impact of this factor
is different for mono-mineral and binary polymer-mineral dispersions and depends on the hydrophilicity of the surface, increases
with the transition from mineral surface to the polymer surface as the Hamaker constant increases.

KEYWORDS: binary dispersions, aggregate stability, adsorption, oligomers, nanomodification, differential distribution, modal
particle radius.
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INTRODUCTION

Mixed dispersions are widely used in scientific prac-
tice currently [1, 2]. In binary dispersed systems
with particles of different nature and differing sizes by an
order of magnitude, for example, polymer and cement
particles, heterocoagulation is observed [3—5]. As a re-
sult of this process, a layer of smaller polymer particles
is formed on the surface of larger particles in mineral
dispersion [6, 7].

Regulation of the particle size for the dispersed phase
and the aggregate stability, determined by the balance
of repulsion and attraction forces between particles of
hybrid dispersed phase, is a key aspect in controlling
the properties of functional dispersed materials based
on mixed dispersions [§—11]. One of the most effective
ways to regulate the aggregate stability of dispersions is to
use chemical modifiers that possess surface activity at the
nanoscale — at the phase boundary [12, 13]. However, in
binary dispersed systems, manifestations of synergy and
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antagonism are possible due to the presence of several
modifying additives in the system. Issues related to the
study of such effects are of great practical importance for
solving rheotechnological issues in the innovative con-
struction industry — additive technologies [14].

A complex of modifiers possessing water-reducing
properties in the dispersed system and allowing the regula-
tion of the mixture’s rheology can lead to the appearance
of a number of effects, which are determined as follows:
additive action — the components act as individual sub-
stances, but the result of their action is summed up; an-
tagonism effect — in the combination, one component
reduces the effectiveness of another component action,
leading to an increase in their optimal dosages in the pres-
ence of both; synergism effect — the components in the
combination are capable of enhancing each other’s action,
due to the manifestation of activating action, which results
in a reduction of the optimal dosages compared to found
additive determinations [15, 16].

The aim of this study is to study the aggregate stability
of binary polymer-mineral dispersions and to justify theo-
retically the possibility of regulating their aggregate sta-
bility through the nanomodifying effect of an oxyphenol
furfural series modifier, in the view of surface phenomena
and colloid-chemical regularities at the phase boundary,
while considering the specifics of hybrid surfaces.

MATERIALS AND METHODS

In this study, a modifier based on phloroglucinol fur-
fural oligomers (hereinafter referred to as FF modifier)
was used to modify particles at the nano level in the in-
vestigated mono- and binary dispersions. The modifier
was synthesized by the authors through polycondensation
and was obtained as a brownish-yellow aqueous solution
with a concentration of 20% for dry matter; M = 1200 &
30; p = 1210 kg/m?. The following materials were used as
the dispersed phases:

— Technical dispersed chalk MTD-2, LLC Technostroy,
Kopanishchenskoye deposit; specific surface area Ssp =
8336 cm?/g. Chemical composition, weight %: CaO —
55.42, CO, — 43.61, Fe,O0, — 0.08, SO, — traces,
H,0 — 0.39, insoluble residue — 0.2;

— Portland cement CEM 142.5N (GOST 31108), LLC
Belgorod Cement. Composition, mass %: chemical,
CaO - 66.3, SiO, — 22.5, AL O, — 5.0, Fe,0, — 4.4,
MgO — 0.7, SO, — 0.2; mineralogical, C,S — 64.0,
CS-16.0,CAF —13.0,C,A—-4.0,CaO, —0.37.

— Polyvinyl acetate (C,H,0,), , LLC Kuban Polymer,
grade D51S (GOST 18992-80).

The aggregate stability of the investigated binary
dispersions was evaluated by the method of static laser
light scattering based on the most probable particle ra-
dius (modal diameter). The Analysette 22 NanoTecplus
device was used, which operates in the range of 10 nm to

2000 um. Two semiconductor lasers were used for mea-
surement: a green laser with a wavelength of 532 nm and
7 MW is used for small and ultra-small particles, and an
infrared laser with a wavelength of 850 nm and 9 MW
was used for measuring the sizes of larger particles. The
study of nanosized particles requires the registration of
light scattered in the opposite direction. For this pur-
pose, a third laser is used, which allows measurements
to be carried out by backscattering. In this case, the laser
beam is directed at the sample, which is located in front
of the detector.

The sizes of particles in aqueous mono- and binary
dispersions were determined by the method of optical
microscopy (Axio.Scope.A.l microscope). The analysis
was carried out after establishing the adsorption equi-
librium and ensuring the amount ratio of the dispersed
phase to the dispersion medium. In parallel tests, at least
5 snapshots of each composition of the investigated sys-
tems have been obtained with changes in magnification
and local changes in the study area. The interpretation of
the microscopy results was based on the images with the
similar magnification and taking into account the total
area of the particles captured by the objective.

We studied the adsorption of modifiers on particles
in mono- and binary dispersions by spectrophotometric
analysis of the dispersion medium on a SPECORD UV
device at a wave number of 50X 103 cm~' by reducing
the adsorbate concentration in the system after setting
the adsorption equilibrium. For this purpose, a series of
modifier solutions were prepared by dilution method,
and the amounts of adsorbent (mineral, polymer compo-
nent, or their mixture) were the equal. After 30 minutes
of stirring, the investigated systems were centrifuged at
3000 rpm, and the concentration of unadsorbed modifier
was determined from the calibration curve. The amount of
adsorbate was calculated, and adsorption isotherms graphs
were presented for mono- and binary systems.

RESULTS AND DISCUSSION

Upon introducing a polymer component into a chalk
dispersion, the chalk particles begin to coagulate. Micro-
photographs of mono- and binary dispersions are pre-
sented in Fig. 1a and 1b. The average diameter of particles
in the polymer-chalk dispersion increases compared to
the control chalk dispersion.

For the monomineral chalk dispersion, the presence
of large coagulum with sizes ranging from 10 to 40 um is
characteristic, the percentage content of which is 44%,
while the modal diameter of particles in this fraction is
approximately 17 um (Fig. 1a). The introduction of a
polymer component and the analysis of the coagulation
structure of the binary dispersion (Fig. 1b) has shown
an increase in the number of large coagulum with sizes
of 10 to 40 um up to 53%, and the formation of particles
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Fig. 1. Microphotographs of mono- and binary
dispersions: a — chalk; b — polymer-chalk;
¢ — modified polymer-chalk

ensembles with larger sizes of 40 to 50 um — 11%. While
the modal diameter of large coagulum increases up to
19.5 um.

With the adsorption nanomodification with phloro-
glucinol furfural oligomers of particles in the binary poly-

mer-chalk dispersion (Fig. 1b, 1c), the peptizing of large
heterocoagulum 20—50 um fraction is observed. Thus, in
the microphotograph (Fig. 1c), the largest ensembles of
particles are represented by the 10—20 um fraction. At the
same time, their content as a result of nanomodification
has increased from 27% (Fig. 1b) to 79%, and the modal
diameter of large coagulum has decreased from 19.5 um
to 14 um.

Similar results were obtained in a comparative analysis
of cement and polymer-cement dispersions (Fig. 2).

Upon introducing the second component (polymer)
into the cement monodispersion, an increase in the per-
centage content of coagulum of the largest size is also
observed, as well as the formation of a coagulation struc-
ture of a new size fraction of 60 to 85 um (Fig. 2b). The
modal diameter of particles in the binary polymer-cement
dispersion has increased up to 27 um compared to 20 um
(which is characteristic of the monodispersion cement
system) (Fig. 2a).

The nanomodification of particles in the binary poly-
mer-cement system with phloroglucinol furfural oligo-
mers leads to the peptizing of coagulum (Fig. 2c). In the
microphotograph, the largest coagulum of particles with
a content of about 20% is represented by the size fraction
of 10 to 20 um with a modal diameter of 13 um.

To investigate the effects of nanomodification on
monodispersions of polymer particles, we studied the
coagulation structures of polyvinyl acetate particles. The
polymer dispersion was diluted with water to match the
amount of dispersion medium in the series of studies on
various mono- and binary dispersions with the same ini-
tial characteristics. Particle nanomodification was carried
out with phloroglucinol furfural oligomers at a modifier
concentration of 0.2% of dry substance from the mass of
the dispersion phase (Fig. 3).

Comparative analysis of microscopic studies has al-
lowed us to record the slowing down coagulation process
as a result of adsorption nanomodification at the phase
boundary by phloroglucinol furfural oligomers. At the
same time, a decrease in the modal particle size of the
polyvinyl acetate monodispersion to 5 um was observed.
The formation of large coagulum, which is characteristic
of the unmodified monodispersion with a modal particle
size of 30 um (Fig. 3a), was not recorded (Fig. 3b).

The results of microscopy are in good agreement
with the data obtained on a laser particle size analyzer
in a broad range. There were large agglomerates in the
polyvinyl acetate monodispersion, while their complete
absence was observed in the dispersion nanomodified with
phloroglucinol furfural oligomers.

The differential distribution curves of nanomodified
polyvinyl acetate monodispersion particles in a wider
range, obtained from Analysette 22 laser particle size
analyzer, have shown that at the initial time point, the
process is characterized by a wider distribution and a slight
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Fig. 2. Microphotographs of mono- and binary
dispersions: a — cement; b — polymer-cement;
¢ — modified polymer-cement

decrease in the modal particle diameter compared to the
unmodified monodispersion. Thus, the modal particle di-
ameter of the polymeric monodispersion is 6.8 um, while
in the modified one it is 5.9 um, which means that the
modal particle size has decreased by only 13%. Research

Fig. 3. Microphotographs of the polymeric
monodispersion with an increased content

of the dispersion medium in 25 times: a — unmodified;
b — modified with phloroglucinol furfural oligomers

data have confirmed the presence of large aggregates
(50—60 um) in the control polymeric monodispersion,
which are visually determined by optical microscopy; and
complete absence of large aggregates in the nanomodified
polymeric dispersion is observed [17] (Fig. 4).

However, it should be noted that the investigated bina-
ry dispersions also contain an additional polymeric phase
boundary modifier — polyvinyl alcohol (PVA), which is
added at the production stage of the polyvinyl acetate dis-
persion. It is present, as a result, in all investigated binary
dispersions. The authors [ 18] have studied previously the
process of PVA molecule desorption in the presence of
the FF modifier. The research was carried out using the
addition method with a developed refractometric analysis
technique. It was found that the introduction of phloro-
glucinol furfural oligomers led to an increase in the num-
ber of desorbed PVA molecules compared to the value
of desorption during simple dilution of the polymeric
dispersion. The difference in desorption values was 39%.
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Fig. 4. Differential distribution curves of the control polyvinyl acetate monodispersion (PVAD) without
additives and the modified PVAD monodispersion particles

At the same time, there is a joint competitive adsorption  tion of primary particles is observed, probably due to the

of molecules of two modifiers. bridging effect of interaction (formation of associates) of
Dispersion analysis on a Microtrac S3500 laser dif-  adsorbed modifier molecules.

fractometer in the small range up to 6.5 um of nano- In previous research [19—21], some authors have

modified polyvinyl acetate monodispersions has shown  found that oxyphenolfurfural oligomers, when adsorbed

that with an increase in the FF modifier concentration  on the surface of monodispersion particles, form a na-

(Fig. 5), a decrease in the modal particle diameter has  noscale monomolecular layer. In this article, adsorption

been observed, while at the same time there is a transi-  isotherms of oligomeric molecules on the surface of bi-
tion from a narrow to a wider distribution after a certain ~ nary dispersion particles have been obtained (Fig. 6).
concentration of the FF modifier. This allows us to fix the Analysis of the adsorption isotherms of the nanomodi-

concentration limit of oligomers, above which coagula- fier FF on the particles surface in monodispersions of

a)D =59 um b) D =5.6 um ¢)D =49 um d)D, =3.4um

% Channel
%ePassing
% Channel
%ePassing
% Channel

%Passing
% Channel
% Passing

1 10

Fig. 5. Dispersion analysis of modified PVAD dispersions: a) 0% modifier; b) 0.01%; c¢) 0.2%; d) 0.3%
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Fig. 6. Adsorption isotherms of the FF modifier on the particles of mono and binary systems

(polymer-mineral ratio 0.1)

mineral nature allows us to attribute them to the Lang-
muir-type isotherms (by the characteristic convex initial
segment). However, the obtained adsorption isotherms
on the particles of monodispersions polymer nature and
on binary polymer-mineral dispersions have a clearly pro-
nounced S-shaped form (Fig. 6). Multiple changes of the
solvent have shown that physical adsorption is observed
in all studied mono and binary systems.

According to the S-shaped form of the obtained adsorp-
tion isotherms, the following conclusion can be drawn. The
interaction energy of the adsorbate-adsorbate in the binary
system between the FF and the polymeric stabilizer PVAC,
introduced at the suspension polymerization stage, on the
one hand, and with an increased content in the cement
monodispersion due to the surface hydrolysis of acetate
groups in an alkaline environment of the cement gel, on
the other hand, is higher than the interaction energy of
the adsorbate-adsorbent. This is due to the fact that oligo-
mers of the modifier molecules are adsorbed, rather than
individual molecules. However, we should not exclude
the possibility that at FF concentrations lower than those
required for complete filling of the adsorption monolayer,
heterocoagulation of binary particles occurs, which also
affects the shape of the adsorption isotherm.

Thus, there are two substances capable of adsorption
in the dispersion medium of a binary system: molecules of
the nanomodifier FF and the polymeric stabilizer PVAC.
Phloroglucinol furfural oligomers are ionogenic surfac-
tants at the solid-liquid interface with hydrophilic oxy
groups and hydrophobic aromatic and furan rings. Poly-
vinyl alcohol is a non-ionic surfactant with hydrophilic
OH~-groups and a hydrophobic hydrocarbon skeleton.
Attractive interaction in the adsorbate-adsorbate system
determines the manifestation of one of the synergism
or antagonism effects considered in the introduction,
depending on the nature of the binary system.

Analysis of the adsorption isotherms of the adsor-
bent complex on the hybrid surface in a binary system
has shown that in the case of a polymer-chalk disper-
sion, the experimental value of G, _is less than the value
(Fig. 6a) calculated according to the additivity rule, and
in the binary polymer-cement system, on the contrary,
the experimental G, is greater than the additive value
of adsorption (Fig. 6b). This with a high degree of prob-
ability indicates the attractive interaction in the adsorbate-
adsorbate system. With the Frumkin equation and analysis
of typical isotherms, an estimate is given for the degree of
this interaction in accordance with the equilibrium G and
maximum adsorption G _values, g/m’.

0=G/G,,,b*C=(6/1-6)+ e,

where C is the equilibrium concentration of the ad-
sorbate, g/m?; b is the adsorption equilibrium constant;
a is the attraction constant.

In the case of @ > 0, the isotherm takes on an S-shaped
form, which is characteristic of attraction between ad-
sorbed particles. With a < 0, the isotherm has a loga-
rithmic form, indicating a repulsive interaction between
adsorbed particles. When a = 0, a compensation of attrac-
tion and repulsion effects is observed, and formally, the
Langmuir adsorption isotherm is satisfied.

In case of the adsorption of FF nanomodifier molecules
on mineral particles, the attraction constant is a < 1, which
is characteristic of the predominance of repulsion between
the adsorbed particles. When the competitive adsorption
of FF and PVAC on monodisperse polymer particles ex-
ists, then @ = 0. When adsorption on the hybrid surface of
binary polymer-chalk and polymer-cement dispersions
takes place, then a > 0 according to the typical isotherms
(Fig. 7), calculated with the equation presented in [22].

The value of the attraction constant a for adsorbates
during their adsorption in monodisperse systems is prac-
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Fig. 7. Adsorption isotherms calculated with the Frumkin
equation at various values of the attraction constant:
l-a=-1;2—a=0;3—a=1;4—a=15;5—a=2;
6—a=25

tically zero. When studying the adsorption process of the
adsorbate complex in binary systems, an increase in attrac-
tive interaction is observed, which is probably due to spatial
difficulties during their joint competitive adsorption. The
increase in the value of the constant a to 2.5 indicates the
increase in the interaction energy between the adsorbates
and explains experimental values of G, , which are higher
than calculated values according to the additivity rule. In-
teraction in the adsorbate-adsorbate system taking into
account the presence of different hydrophilic groups leads
to the adsorption of associates in the form of chains. As a
result, in the binary polymer-cement system, a synergis-
tic effect is manifested, which slows down (in the studied
time range, it is completely absent) the coagulation and
heterocoagulation of particles in binary systems due to the
complex action of the FF and PVAC modifiers (Fig. 4),
resulting in the aggregate stability that system acquires.

In the binary polymer-chalk system, an antagonistic
effect has been determined during the adsorption of the
FF and PVAC modifier complex, which can be explained
by the relatively equivalent interaction between the adsor-
bates and in the adsorbate-adsorbent system. According
to the results of microscopy (Fig. 1), incomplete preven-
tion of particle coagulation has been visually observed
during nanomodification with phloroglucinol furfural
oligomers, while for monodispersions, this amount of
modifier is optimal for the peptization of chalk particles
into primary particles.

The aggregate stability of binary dispersions is due to
the presence of hydrophobic and hydrophilic ionogenic
and non-ionogenic groups in the FF and PVAC modi-
fier, which leads to the joint action of various factors of
aggregate stability. As the research results have shown,

the aggregate stability of mono- and binary dispersions
is different and probably depends on the hydrophilic-
ity of the hybrid polymer-mineral surface. The action
of adsorption-solvation is due to the hydrophilization of
the surface, which leads to a decrease in the Hamaker
constant. As the Hamaker constant increases, which is
typical for the transition from a mineral surface to a poly-
mer surface for monodispersions, the contribution of the
adsorption-solvation factor to the aggregate stability of
binary systems with a modifier complex will increase.

CONCLUSION

On a laser diffractometer in the range of 0.8 nm to
6500 nm, we have found that the dispersion of polyvinyl
acetate loses its aggregate stability as the amount of dis-
persion medium increases. The modal diameter of par-
ticles increases from 4.5 to 6.0 um. Microscopic analysis
has clearly shown the formation of large polymer particle
ensembles up to 40 um in diameter. Analyzing the ob-
tained results, one can disagree with the statement made
in [23] that the polyvinyl acetate dispersion is diluted with
water in any ratio and mixes well with cement without
any signs of coagulation. Heterocoagulation of binary
dispersions is observed.

It is proved that the phloroglucinol furfural modi-
fier contributes to the stabilization of binary polymer-
mineral dispersions. According to the differential curves
of particles distribution in a wide range from 10 nm to
2100 um, a pattern of reducing the modal diameter of
adsorption-nanomodified polymer particles in the in-
vestigated concentration limits has been established, also
complete absence of large coagula, and a transition to
a wider distribution. Regularities of the interaction of
complex modifier components and their influence on
the properties of binary dispersions have been obtained.

New patterns of the interaction of complex modi-
fier components and their influence on the properties of
binary dispersions have been obtained. In the polymer-
chalk system, an antagonistic effect has been observed in
the presence of an additive complex; effect is caused by
the relatively equal action of forces both in the adsorbate-
adsorbent system and in the adsorbate-adsorbate system.
In the polymer-cement system, on the contrary, a syner-
gies effect has been observed that significantly slows down
the coagulation processes through the joint action of the
modifier complex, resulting in the binary system acquiring
aggregate stability.

We hypothesized that the adsorption-solvation factor
contributes significantly to the aggregate stability of binary
polymer-mineral dispersions. The degree of its action is
different for mono- and binary polymer-mineral disper-
sions and depends on the hydrophilicity of the dispersed
phase surface. The role of this factor increases with in-
crease in Hamaker constant.
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BBEJIEHUE

CMeH.[aHHLIe IVICTICPCHUH B HACTOSIIIIEE BPEMSI IIIIPO-
KO HCITOJIB3YIOTCS B MUPOBOIT HAYYHOM TTPaKTHUKE
[1, 2]. B GuHapHBIX AUCTIEPCHBIX CUCTEMAaX C YacTUIIa-
MU pa3HO# MPUPOIBI, OTIUYAIOIIMMUCS Ha TTOPSIIOK
10 pa3Mepy, HarpuMmep, TIOTUMEPHBIMUI 1 LIEMEHTHBIMU
JacTULIaMU, HaOIomaeTcst rerepokoaryinsauus [3—5].
B pesymnbTaTe 3TOrO MpoIrecca MpoucXoauT GopMupo-

BaHUE CJIoS Dosiee MEJIKMX YacTUll TTOJTMMEPHOTO TUIIA
Ha MOBEPXHOCTH 00J1ee KPYIHBIX YaCTULL MUHEPaTbHOM
nucnepcun [6, 7].

PerymmpoBaHme pa3mepa 9acTHUIL TUCTICPCHOM (ha3bl
U arperaTuBHON YCTOMYMBOCTH, ONIpeaesIsieMOoii OajlaH-
COM CHUJI OTTAJIKMBAHUS U MPUTSKEHUST MEXXIY YaCcTULIA-
MM THOPUIHOM TUCTIEpCHOM (ha3bl, SIBIISICTCS KITIOUSBBIM
MOMEHTOM B YIIPAaBJIEHUM CBOUCTBAMM (PYHKIIMOHAb-
HBIX IUCTIEPCHBIX MAaTEPUATIOB HA OCHOBE CMEIIaHHbBIX
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nucniepenii [8—11]. Onanm n3 Hanbosee 3PHeKTUBHBIX
CIIOCO00B PEryINPOBaHUS arpeTaTUBHON YCTOMYMBO-
CTBIO TUCIIEPCUI SIBJISICTCS MPUMEHEHNE XUMINICCKIX
I00aBOK-MOIU(UKATOPOB, 00IaHAIOIINX ITOBEPXHOCT-
HOI aKTUBHOCTHIO Ha HAHOYPOBHE — Ha TpaHUIIE pa3-
nmena ¢das [12, 13]. OnHako B OMHAPHBIX JUCIEPCHBIX
crcTeMaX BO3MOXKHEI TIPOSIBJICHUS SIBJICHUI CUHEP-
TM3Ma M aHTarOHM3Ma BBUIY IMPUCYTCTBHS B CCTEME
HECKOJILKMX MOAU(PULIPYIOLINX 100aBOK. Borpocsl,
CBSI3aHHBIC C MCCIIeTOBaHUEM 3THX 3(P(PEKTOB, MMCIOT
0O0JIBbIIIOE TTPAKTUICCKOE 3HAUCHUE TS PEIICHUS PEOTeX-
HOJIOTMYECKUX 3a7a4 B MTHHOBAIIMOHHON CTPONTEIBHOM
OTpaciu — aIIUTUBHBIX TEXHOIOTHSIX [ 14].

Kowmmiekc MmogugukaTopoB, o01agallnX BOIO-
pPEeIyIUPYIOINIMMH CBOICTBAMY B TUCIIEPCHOI CHICTEME
¥ TIO3BOJISIIOIINX PETYIMPOBATh PEOJIOTHIO CMECH, MOXKET
MPUBECTU K TOSIBJICHUIO psiga 3PPeKToB, 00yCIOBIN-
BAIOIINX CIICAYIONIee: alINTUBHOCTD IEUCTBUS — KOM-
TIOHEHTHI ACHCTBYIOT KaK MHIVBUAYaIbHEIC BEIIIECTBA,
HO Pe3yabTaT UX JCUCTBUS cyMMUpyeTcs; 3P deKkT aH-
TaroHW3Ma — B KOMIUIEKCE OMMH KOMITOHCHT CHIKACT
53¢ HEeKTUBHOCTD AEUCTBUA IPYTOr0 KOMIIOHEHTA, YTO
TIPUBOINUT K YBEIMICHHIO MX ONITUMAJIBHBIX TO3UPOBOK
TIPY COBMECTHOM IIPUCYTCTBUU; 3P (PEKT CHHEepru3mMa —
KOMITOHEHTBI B KOMITJICKCE CTIOCOOHBI YCUITUTh IEHCTBIE
IIPYT IpyTa Ojarogaps IPOSIBJICHUIO aKTUBU3UPYIOIIETO
IEHCTBYSI, YTO OOYCIIOBIMBACT CHIDKCHIE ONITHMAJIBHBIX
IO3UPOBOK IT0 CPABHEHUIO C aIIUTUBHO HalimeHHOM
BesmunHoi [15, 16].

Llesbro MJaHHOTO MCCIIeOBAHUS SIBJISIIOCH M3YUYCHUE
arperaTUBHOM YCTOMYMBOCTH OMHAPHBIX TTOJIMMEPMMU-
HEepaIBHBIX TUCTICPCUN K HAYIHO-TEOPETUIECKOE 000-
CHOBaHME BO3MOXKHOCTH PETYINPOBAHMS arpeTaTUBHOMN
YCTOMYMBACTH 32 CYET HAHOMOIU(DUIIUPYIOIIETO Meii-
cTBUs MonupuKaTopa okcudeHo¢pyphypoJbHOTo psiga
C TOYKHM 3PCHMUS IOBEPXHOCTHBIX SIBJICHUI W KOJUIOWI-
HO-XMMMUYECKUX 3aKOHOMEPHOCTEI Ha TpaHMIIEe pa3mesia
a3 ¢ yueToM crienmpuKy THOPUIHBIX TTOBEPXHOCTEH.

METO/bI 1 MATEPUAJIBI

B pabore nia mogudupoBaHus 4acTULl HA HAHO-
YPOBHE MCCIIEAYeMbIX MOHO- 1 OMHAPHBIX IUCIICPCUIA
TIPUMEHSITA MOIU(GUKATOP Ha OCHOBE (DJIOPOTITIOIIMH-
bypdyporbHBIX ouroMepoB (maiee Mmomudukatop FF).
HaaHbIii MogudUKaTOp OBUT CHHTE3NMPOBAH aBTOPaMU
METOIOM TOJIMKOHICHCAIINY B BUIE BOMHOTO pacTBOpa
Oypo-3KeJITOro LBeTa ¢ KoHLeHTpauueir 20% 1mo cyxoMmy
BewtectBy; M = 1200£30; p = 1210 xr/m>. B kauectBe
IUCTICPCHBIX (pa3 OBUTM MCIIOIB30BaHBI CIICAYIOIINE Ma-
TepUAJIbL:

— MeJ qucriepcHblin Texundeckuiit MTI-2, OO0 Tex-
HocTpoii, KomaHnuieHCKoe MeCTOPOXKICHIE; YIeTb-
HasT TOBEPXHOCTh S ,=8336 cm?/r. CocTaB xummye-
ckuit, Bec. %: CaO - 55 42, CO, — 43,61, Fe,O,—

0,08, SO, — caenpr, H,O — 0,39, HepacTBOpUMBIIA
octatok — 0,2;

— mnoptinangnemeHnT LHEM 1 42,5H (I'OCT 31108),
00O benropoackuit uemenr. Cocras, Mac. %: xu-
muueckuii, CaO — 66,3, SiO, — 22,5, ALO, — 5,0,
Fe,0, —4,4, MgO—-0,7, SO, — 0,2; muHepaornye-
ckuit C,S — 64,0, C,S — 16,0, CAF — 13,0, CA —
4,0, CaO_, —0,37.

— mnomusuHuiauerar (C,H.O,) , OO0 Ky6anp-Ilo-
numep, mapka JI51C (I'OCT 18992—80).
ATperaTuBHYIO YCTOMYMBOCTh UCCIICAYEMBIX OMTHAp-

HBIX JUCTICPCHIA OLICHMBAJIM METOIOM CTAaTHUYECKOTO pac-

CeSTHMST JTA3ePHOTO U3IYICHUS TT0 HAMBEPOSTHEHIIIEMY

paaunycy (MoaajlbHOMY AUMaMeTpy) dyacTull. Mcnosb-

3yeMbIii ipubop Analysette 22 NanoTecplus paboraer

B auartazore ot 10 M mo 2000 mMxMm. Jist u3aMepeHus

HCTIONIB3YIOTCS IBA TTOIYIIPOBOMHUKOBEIX JIa3epa: 3elIe-

HBII ¢ IIMHHOM BOJHEI 532 HM 1 7 M BT ncrionb3yercs

IIJIST MEJIKMX Y CBEPXMAaJIbIX YaCTHII, MH(ppaKpacHBIN

¢ ImuHHOM BOHBI 850 HM, 9 MBT — mis n3amepeHMin

pa3MepoB Oosiee KPYITHBIX YacTull. McciemoBaHme ya-

CTHUII HAHOPAa3MEePHOTO AMaIla30Ha TPeOyeT PeruCTpallimi

M3IIy4eHUsI, pAaCCeSTHHOTO B TIPOTUBOITOIOKHOM HaIIpaB-

JIeHnH. J171sT 9TOTO IIPUMEHSICTCS TPETHUI Jla3ep, KOTOPBI

ITO3BOJISIET IIPOBOIUTH M3MEPEHUS IO OOPAaTHOMY CBe-

TopaccessHIIO. B 3TOM cirydae jra3epHBIi JIyd HallpaBIcH

Ha 00pa3ell, KOTOPHIN pacIioIOKeH TTepeI IeTEKTOPOM.
MeTomoM ONTUYECKON MUKPOCKOIUHU (MUKPOCKOIT

Axio.Scope.A.1) onpemensii pa3Mepbl YaCTUII B BOTHBIX

MOHO- ¥ OMHAaPHBIX TUCTICPCUSIX. AHAIN3 TIPOBOIVIIN

ITOCJIe YCTAaHOBJICHMS aICOPOLIMOHHOTO PaBHOBECHS

1 TIPY COOJTIOCHUM OTHOIICHUS KOJTMYSCTBA TUCIIepC-

HOI1 (ha3sl K IUCIIEpCUOHHOI cpene. B mapamrenbHBIX

HUCTIBITAHUSX TIOJIyYaI HE MeHEee 5 CHUMKOB KaXXIOTO

COCTaBa UCCIIEAYeMbIX CCTEM C U3MEHEHHUEM yBeJIMYIe-

HUS ChbeMKH U JOKAIHbHOW CMEHOM 00JIaCTH MCCICIO-

BaHUs. HTeprpeTaniiio pe3yIbTaTOB MUKPOCKOITUH

IIPOBOIMIIN IO M300paXeHUSIM OTNHAKOBOTO YBEJIM-

YeHHS M C YICTOM CyMMAapHOM TUIOIIAAN 3aXBauYCeHHBIX

OOBEKTUBOM YACTHII.

Ancopbunio MoauGuKaTOpoB Ha YaCTUIIAX MOHO-

1 OMHAPHBIX JUCTICPCUIT M3YJalld CIIEKTPODOTOMETPH-

poBaHUeM aucrnepcruoHHoi cpensl Ha SPECORD UV

pu BoiHOBOM umcie 50X 1073 cm~! 1o yMeHbIIEHUIO

KOHIICHTPAIINH amcopbaTa B CUCTEME TI0CIIe YCTaHOBIIC-

HUST aICOPOIIMOHHOTO paBHOBeCHs. [IJIsT TOro rOTOBUIN

CepuIo pacTBopa MomudrKaTOpa METOIOM pa30aBIcHNS,

HaBeCKHM ancopOeHTa (MIHEPaIbHOTO, TIOJIMMEPHOTO

KOMITOHEHTA WJIM UX CMECH) ObUTM OIMHAKOBbIMU. [1o-

cie 30-TUMHHYTHOTO TIEpeMEIIMBaHUS NCCIeayeMbIe

cuctembl eHTpudyruposanu pu 3000 06/MUH, KOH-

IICHTpAILINIO HEamcopOMpoOBaHHOTO MoamduKaTopa

OIIPEIEIISIIIN 10 KaTUOpOBOYHOMY TpacuKy, paccuu-

THIBAJIM KOJIMYECTBO afcopdaTa U CTPOMIN U30TEPMEI

anCcopOILINH 1T MOHO- I OMHAPHBIX CHCTEM.
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PE3YJIbTATBI 1 OBCYKJIEHUE

[1pu BBeAeHNM TOIMMEPHOTO KOMITOHEHTA B MEJIO-
BYIO TUCIICPCUIO YACTUIIBI MeJIa HAYMHAIOT KOATryJINpO-
BaTh. Mukpodororpacdun MOHO- U OMHAPHOI AUCIIEP-
chii TIpeacTaBieHbl Ha puc. la n 16. CpenHuii nuameTp
YaCTUII TTOJIUMEPMETIOBOM TUCIIEPCUN YBEIIMINBACTCS
IO CPAaBHEHMIO C KOHTPOJBbHOM MEJIOBOI TUCIIEPCUECIA.

st MOHOMHWHEPaTbHOM TUCIICPCUU MeJla Xapak-
TePHO HAJIMYKE KPYITHBIX KOAryJIOMOB C pa3MepaMu
B nuarma3oHe 1040 MKM, TIpOIIEHTHOE COJepKaHUe
KOTOPBIX cOCcTaBWIO 44%, mpy 5TOM MOIAJIbHBIA A1a-
METP YacTUIL 3TOI (ppaKIIUM MPUOITU3UTEITBHO 17 MKM
(puc. la). BBemeHmMe moIMMepHOTO KOMIIOHCHTA 1 aHA-
JIN3 KOATYJISIITMOHHO CTPYKTYPBI OMHAPHOI TUCTICPCUH
(puc. 16) ToKa3ai, 9To HAOIIOMACTCS YBEIMICHIE KO-
YecTBa KPYITHBIX KOATYIIIOMOB ¢ pazMepaMu 10-+-40 MKM
10 53% 1 hopMUPYIOTCS aHCaMOJIM YacTUL] OoJiee KPyII-
HbIX pa3mepoB 40+50 mxm — 11%. [Ipu aTOM MOaasIb-
HBIU IUAMETP KPYITHBIX KOATYJITIOMOB YBEIMUNBACTCS
10 19,5 MKM.

IIpu apcopbumoHHOM HaHOMOAUMULIMPOBAHUU
dopormonH-hypdypOTBPHBIMYI OJIMTOMEPAMA YaCTHUII
OMHapHOI MoIMMepMeIoBOI nucnepcuu (puc. 16, 16)
HaOIIogaeTCs MENTU3AINS KPYITHBIX TETEPOKOATyIIIO-
MoB ppakinm 20+50 mxm. Tak, Ha MuKpodoTorpadun
(puc. 1B) cambie KpyITHbIC aHCAMOJII YaCTHII ITPEACTaB-

siensl ppakumeit 1020 mxm. [Tpu aTOM MX comepkaHne
B pe3yJbTaTe HAHOMOIN(PUIIMPOBAHUS YBEININIIOCH
¢ 27 (puc. 16) 1o 79%, a MogaIbHbII TUAMETDP KPYITHBIX
KOaryJIfoMOB YMEHBIIMICA ¢ 19,5 mo 14 MKM.

AHaJIOTUYHBIC PE3YIbTAThI OBLIN MTOTYICHBI W TIPU
CPaBHUTEIILHOM aHaJIM3¢ EMEHTHBIX U TTOJIMMepIIe-
MEHTHBIX IUCITepCcHil (puc. 2).

[1pu BBemeHUM BTOPOTO KOMITOHEHTA — ITOJIMMEPHO-
IO — B IIEMEHTHYIO MOHOIUCIICPCHIO TaKKe HAOTIOIaeT-
¢S YBEeJIMICHNE TIPOLICHTHOTO COMEPKaHMS KOATYJIIOMOB
HanOOJIBIIIETO pa3Mepa 1 (hOPMUPOBAHNE KOATYIISIIIIOH-
HOI CTPYKTYPhI HOBOI pa3mepHoii ppakimu 6085 MkM
(puc. 20). MoganbHBII THaMETp YaCTHUIl OMHAPHOM IT0-
JIMMEPILIEMEHTHOM TUCTICPCUY YBEIMUMBACTCS 0 27 MKM
10 cpaBHEHUIO ¢ 20 MKM, XapaKTepHBIMU IIJIST MOHOI -
CIIepCUU IIEMEHTHOM CHCTEMBI (pHC. 2a).

HanomonudunmnpoBanue yactuil OMHAPHON T1OJIM-
MEPIIEMEHTHOI CCTeMBI (PITOpOTTIOIIMHGYPDYPOITBHBI-
MM OJTUTOMEPaMU IPUBOIUT K TICTITU3AIINU KOATyTIOMOB
(puc. 2B). Ha MukpodoTtorpaduu cambie KpyITHBIE KOa-
IYJIOMBI YaCTHII € cofepxkaHueM okoiio 20% mnpencras-
JIEHBI pa3MepHoi ppakimeit 10+20 MKM ¢ MOTaTbHBIM
IUaAMETPOM 13 MKM.

B mporiecce nccnenoBaHus BIUSHIS HAHOMOIU (DT~
LIMPOBAaHUS HAa MOHOIMCIIEPCUU YACTHUII TTOJIUMEPHOM
TIPUPOIBI OBLTH N3YUeHBI KOATYIISIIIMOHHEIC CTPYKTYPHI
YaCTHII TOJIMBUHIUIAIIeTaTa. [louMepHast TUCIIepCHsT

Puc. 1. MukpogoTorpaduu MoHO- M OMHAPHBIX TUCIIEPCHIL: a — MEJIOBOIL; 6 — IMOJIMMEPMEIIOBOIA;

B — MOIUGUIIMPOBAHHON MOJUMEPMETOBOM

Puc. 2. MukpodoTtorpaduu MoHO- U OMHAPHBIX TUCTIEPCHIi: 2 — IIEMEHTHOI; O — TTOIMMEPIIEMEHTHOIA;
B — MOIMMUITMPOBAHHON TTOIMMEPIIEMEHTHOM
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Puc. 3. MukpodoTorpaduu noJuMepHoii MOHOAUCTIEPCHH C YBEJIMYEHHBIM COJePKAHNEM IUCIIEPCHOHHOM Cpe bl
B 25 pa3: a — HemoauduLpoBaHHas; 6 — MoaudUIIMPOBaHHAs (hIOPONTIOLUHMYPDYPOJbHBIMU OJIUTOMEPaMU

IUIST CO3MaHUS OMMHAKOBBIX HAYaIbHBIX XapaKTePUCTUK
CHCTeMBI ObLIa pa3baBjicHa BOIOM IUISI COOTBETCTBUS
KOJIMYECTBa JUCIIEPCUOHHOM Cpeabl B CEPUM MCCIICIO-
BaHUI MOHO- 1 OMHAPHBIX IUCIIEPCUI Pa3IMYHON MTPU-
ponbl. HaHoMomnduiimpoBaHue YaCTUII OCYIIECTBIISIIN
dropormonHDYPGhYPOTLHEIMI OJINTOMEPAMU B KOH-
ueHTpauuu 0,2% moaudukaropa 1mo cyxomy BEILIECTBY
OT MAacCHI AucIepcHoit da3sl (puc. 3).

CpaBHUTEIBHBIN aHAIN3 MUKPOCKOITMIECKUX MC-
CJIeOBAaHUI MTO3BOJIMI HATJISIAHO 3a(bMKCUPOBATh 3a-
MeIJICHIE KOaTyJISIIIMOHHBIX TIPOIIECCOB B PE3YIbTaTe
aICcoOpPOIIMOHHOTO HAHOMOIU(UIIMPOBAHMS TPAHUIIBI
pasnena ¢a3 dpropormonuHGYPOYPOTHLHBIMUA OJIUTO-
Mepamu. [1pu 3ToM HaOIIOOAIN CHIDKEHIE MOIATTBHOTO
pasMep JacTHII MOHOIMCIICPCUHN TTOJIMBUHUIIAIICTATA
mo 5 MkMm. OOpa3oBaHUE KPYITHBIX KOAryJIlOMOB, Xa-
paKTEepHBIX 111 HeMOAU(PUIIMPOBAHHON MOAUCTIEPCUN
MomaibHOTO pa3mepa dactuil 30 MkM (puc. 3a), 3adpuk-
CHpOBaHO He OBLTO (puc. 30).

Pe3yabTraThl MUKPOCKOIIMI XOPOIIO COTIACYIOTCS
C TaHHBIMU, TIOJYIYCHHBIMU Ha JIJa3epHOM aHaJII3aTope
pa3MepoB YaCTHUII B IIMPOKOM Auana3oHe. B MmoHomuM-
CIIepCUH TTOJIMBUHIJIAIIETaTa 3a(pUKCUPOBAHBI KPYITHEIC
arJIoMepathl, a B HAHOMOIU (UM POBAHHOM (hJIOPOTITIO-
HGYPGYPOTEHBIMA OJIUTOMEPAaMU — TIOJTHOE MX OT-
CYTCTBHE.

JuddepeHunaibHble KpUBbIE paclpeacsieHUsI Ha-
HOMOIN(PUIIMPOBAHHBIX YACTUIL MOHOIMCIIEPCUH T10-
JIMBUHUJIAIIETAaTa B OoJIee IIMPOKOM JHAITa30He, IOy~
YeHHBIC TT0 pe3yJbTaTaM MCCICIOBAaHUN Ha JIa3epHOM
aHaJIM3aTope pa3MepoB YacTull Analysette 22, moka3aiu,
YTO B HaYaJIbHBIM MOMEHT BpEMEHHU XapaKTepHO OoJiee
IIIPOKOE pacIIpeie/icHe M He3HAYNTEIbHOE YMEHBIIIC-
HHE MOIAJBHOTO IMaMeTpa YacTHII IT0 CPaBHEHUIO C He-
MonuGUIIMPOBAaHHOW MOHOAMCTIEpcreid. Tak, Momab-
HBIIA TMaMeTp YaCTHUII IIOJIMMEPHO MOHOIUCIIEPCUH CO-

craBisieT 6,8 MKM, a B MOAM(ULIMPOBAHHON — 5,9 MKM,
TO €CTh MOITATLHBIN pa3Mep YaCTUL] YMEHBIITUJICS JINIITh
Ha 13%. JlaHHbIe UCCaEAOBAHKS OATBEPANIN HAJIM -
yye KpymnHbix arperatoB (50—60 MKM) B KOHTPOJIbHOM
MOHOIMCIIEPCUH TTOJIMMEpa, ONpeaesseMble BU3Yyallb-
HO METOJAO0M ONTUYECKON MUKPOCKOITUHU, U UX MOJHOE
OTCYTCTBHME B HAHOMOIU(DUIIMPOBAHHOW TTOJMMEPHON
nucniepcun [17] (puc. 4).

OmoHaKO CTOUT OTMETHUTh, YTO B MCCIICAYEMBIX OM-
HapHBIX TUCIIEPCUSIX IMPUCYTCTBYET MTOMOTHUTEIHHO
ellle W MOJIMMEPHBIN MOIU(UKATOP TPAHUIILI pa3aeia
da3 — momuBuHMNOBHI ciupT (ITBC), ero BBomAT e1ie
Ha CTaInU MOJYICHUS TTOJIMBUHUIIALICTATHON AUCIIep-
CHM, U, KaK CJICICTBIE, OH IIPHUCYTCTBYET BO BCEX MCCIIC-
JIyeMBIX OMHApHBIX Aucriepcusx. Panee aBropamu [18]
OBIJT MCCIIENOBaH TIpoliecc mecopouuu monekyn [TBC
B nnpucyrctBuu Moaudukatopa FF. Mccnenosanus npo-
BOIVIIA METOIOM 00ABOK IT0 pa3pabOTaHHOM METOTMKE
pedpakTOMeTpHIEeCKOTro aHanmmn3a. beuTo ycTaHOBIICHO,
YTO TIPY BBeACHUM (PIOPOTTIOH(GYPDYPOTEHBIX OJTH-
TOMEPOB ITPOMCXOIUT YBEJIMICHIE KOJTMIECTBA 1eCOPOH-
poBaHHBIX MOJIeKyJ [1BC 110 cpaBHEHUIO ¢ BETUINHOMN
IecOpOIUM IIPU TIPOCTOM pa30aBICHUU TTOJTUMEPHOM
IUCIepcruu. Pa3HOCTb BeJIMUMH AeCOPOLIMU COCTaBUIa
39%. I1pu 5TOM IPOUCXOIUT COBMECTHASI KOHKYPEHTHAS
aacopOLMsI MOJIEKYJ IBYX MOAM(UKATOPOB.

JWcIiepCMOHHBIN aHAIM3 Ha JIa3epHOM IUdpaKTo-
MeTpe Microtrac S3500 B MasioM auarnasoHe 10 6,5 MKM
HaHOMOIN(MUIINPOBAHHBIX MOHOIHUCIICPCHIA TTIOTMBIHHU-
JIareTaTa Imokasaj, 4To ¢ YBeJIMICHUEeM KOHIICHTPAIINT
MomupukaTopa FF (puc. 5) HabmomaeTcss yMeHBIIICHIE
MOJaJIbHOTO JMaMeTpa YacTUll MPU OAHOBPEMEHHOM
Tepexoe OT Y3KOTo K 6oJjiee IMPOKOMY pacIpeaeIcHIIO
IIOCJIe OTpeIesIecHHOM KOHIICHTpaluy MoaurKaTopa
FF, uto no3BosieT 3a(puKCUpPOBaTh KOHLIEHTPALIMOH -
HBII TIpeelT OJITMTOMEPOB, BBIIIIE KOTOPOTO HAOII0maeT-
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Puc. 5. JIucnepcuoHHblii anaam3 MoauduiupoBanHbix qucnepcuii [ITBA:

a) 0% momudukaropa; 6) 0,01%; B) 0,2%; 1) 0,3%

Csl KOAryJsilvsl TepBUYHBIX YACTULL, BEPOSITHO, 3a CUET
MOCTHKOBOTO 3((heKTa B3auMoaeHCcTBHS (00pa3oBaHe
aCCOIIMATOB) aICcOPOMPOBAHHBIX MOJICKYJI MOIM(MUKA-
TOPOB.

B npenpioymumx pabotax [19—21] aBTopaMu OBLIIO
YCTaHOBJICHO, UYTO OKCHDEeHOIPYPPYpPOIBHEBIC OJIUTO-
MEpBI, aACOPOUPYSICh HA TOBEPXHOCTU YAaCTULL MOHO-
JTUCIIEpCUii, 00pa3yloT HaHOPa3MEPHbIE MOHOMOJIEKY-
JISIpHBIN cjioil. B naHHO# paboTe nmojiydeHbl U30TEPMbI
acCOpPOLIMU OJIMTOMEPHBIX MOJIEKYJI HA TTOBEPXHOCTHU
YacTUL OMHAPHBIX AUCIIepcuii (puc. 6).

AHanmm3 n30TepM agcopoumm HaHomonudukaropa FF
Ha TTOBEPXHOCTHU YaCTHUI MOHOINCTICPCHUIA MUHEPATbHOMN
IIPUPOIHI TTO3BOJIMII OTHECTHU UX IO XapaKTEPHOMY BbI-
IMyKJIOMY Ha4aJbHOMY YYacTKy K M30TepMaM JICHTMIO-
poBckoro tua. [ToaydeHHBIe ke N30TepMbI aICOPOLINT
Ha 9acTUIaX MOHOAMCIICPCUIA TIOJTUMEPHOM TIPUPOIHI
1 OMHAPHBIX TOJIMMEPMUHEPATBHBIX TUCTICPCUIA 00J1a-
JIAIOT SIPKO BBIPaXKeHHOI S-00pa3Hblii hopMoii (puc. 6).
MHOTOKpaTHOI CMEHOIT pacTBOPUTEIISI OBLIO YCTAaHOB-
JICHO, YTO BO BCEX MCCIIEMYEMBIX MOHO- ¥ OMHAPHBIX
cucTeMax HabmomaeTcst (hmu3mIecKast alcopOIIHs.
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Puc. 6. 3otepmsl ancopouun Mosieky1 Moaudukaropa FF Ha yacTuiax MOHO- 1 OMHAPHBIX CHCTEM

(nommepmMuHepabHoe oTHomenue 0,1)

CoracHo S-00pa3Hoif (hopMe TTOTYIeHHBIX N30~
TEPM aICOPOLIMU MOXKHO CIeIaTh CICAYIOIINI BEIBOI.
DHeprust B3auMoJeicTBUS ajcopbar-ajcopobar B 61-
HapHOU cucTteMe Mexny Mojekyiamu FF u mommmep-
Horo ctabunusatopa [1BC, BBeneHHOTO ellle Ha cTa-
AW CYCIICH3MOHHO TTOJIMMEpHU3alii ¢ OTHOM CTOPO-
HBI ¥ C YBEJIMYCHHBIM €T0 COIepXKaHWEeM B IIEMCHTHO
MOHOINCIICPCHUU 3a CUET ITOBEPXHOCTHOTO THIPOJIH -
3a alleTaTHBIX TPYMIT B IIEJOYHOU cpelie LIEMEHTHOTO
TeJIst ¢ IPYTOi CTOPOHBI, OOJIBIIIE, YeM SHEPTHS B3aUMO-
JIeicTBUS agcopbaT-aIcopOeHT. DTO OOBICHSIETCS TEM,
YTO Ha YPOBHE aICOPOMPYIOTCS HE OTICTBHBIC MOJICKYITHI
MomnbHUKaTOPOB, a MX acconurarhl. OIMHAKO He OyIeM Hc-
KJTI09aTh U BEPOSITHOCTH TOTO, YTO TIPY KOHIICHTPAIIHSIX
FF, MeHbIIuX, yeM TpeOyeTcs AJ1s1 TIOJTHOTO 3aIOTHEHUST
aJICOPOIIMOHHOTO MOHOCIIOST, TIPOMCXOIUT FeTePOKOary-
JISIIHAST OMHAPHBIX YaCTHII, YTO TAKIKE BIMSICT Ha (hopMy
M30TEPMEI aICOPOITNH.

Takum o6pa3om, B IUCIIEPCUOHHOM cpeie OMHAPHOM
CHCTeMBI HAaXOISITCSI IBa alCOPOLIMOHHO CITOCOOHBIX Be-
1ecTBa: MoJIeKyabl HaHoMmonudukaropa FF u monumep-
Horo crabmm3saropa [1BC. ®dnopormounHbyphypoasb-
HbIE OJIUTOMEpPBI — 3TO MOHOreHHoe [TAB Ha rpaHuie
TBEPIOE TEO-KUIKOCTh C TUIPODMITHLHBIMUA OKCUTPYIT-
naMu ¥ TUAPOGOOHBIMI apOMaTUISCKUMU U (pypaHO-
BBIMHU KoJIblIaMU. [10TMBUHUIIOBRII CIIUPT — 3TO He-
noHorenHoe ITAB ¢ runpodunsaeiMun OH--rpynmmamn
¥ ruapoGOOHOM YIJIEBOIOPOIHBIM CKEJIETOM. ATTpaKIIM-
OHHOE B3aMMOJICHCTBUE B CUCTEMe afcopbar-amcopoaT
00yCTIOBIMBACT IIPOSIBIICHNE OMHOTO M3 PACCMOTPEHHBIX
BO BBeZeHNN 3(pHeKTOB CUHEPTU3Ma MJIN aHTarOHM3Ma
B 3aBUCMMOCTH OT BUIa OMHAPHOI CHCTEMBI.

AHanu3 n30TepM aIcopOIM KOMILIEKca aacopOeH-
TOB Ha TMOPUIHOM ITOBEPXHOCTH B OMHAPHOIT cHCTeMe
ToKa3aJ, 4TO B Cllydae IMOJIMMEpPMEIOBON TUCIICPCUN

9KCIEPUMEHTaIbHAS BEIMYKMHA [ MEHBIIE BETMYUHbI
(puc. 6a), pacCUYMTAHHOI 110 MMPAaBUIY aIIUTUBHOCTH,
a B OMHapHOU ITOJIMMEPIIEMEHTHOI CCTeMe, Ha000pOoT,
9KCTepUMeHTaIbHas I]  OOJIbILE alIMTUBHOM BETMYMHbI
ancopouuu (puc. 60). DTo ¢ OOJIbILION H0JICi BEPOSITHOCTH
CBUIIETEIBCTBYET 00 aTTPaKIIMOHHOM B3aMMOICICTBUN
B cucteMe agcopbar-amcopoar. Mo ypaBHeHnio @pymKu-
Ha 1 aHAJIN3Y TUITMYHBIX M30TePM JIaHa OIIcHKA CTCTICHN
5TOTO B3aMOICHCTBUS B COOTBETCTBUHU C BETMIMHAMM
paBHOBECHOM /"M MaKCUMasIbHOM ancopouum I, /Mm%

O="T/I, b+ C=(0/1-0)+ e,

rome C — paBHOBeCHas KOHIICHTpaIUs amcopoara,
r/m3%; b — KOHCTaHTa afCOPOLIMOHHOIO PABHOBECHUSI; d —
aTTpaKIIMOHHAsI TIOCTOSTHHAS.

B cayuae a > 0 u3otepma rmprodpeTaeT S-o00pa3HyIo
dbopmy, XxapaKTepHYIO TSI TIPUTSDKEHUST MEXKIY aIcop-
6upoBaHHBIMU YacTuLiaMu. [1pn a < 0 hopma n30TepMbI
AMeeT JoTapu(OMUUSCKII BUI, YKa3bIBAIOIINIA HA OT-
TaJIKABATCIIbHOE B3aMMOICHCTBIE MEXKIY aIcopOUpo-
BaHHBIMM Yactuiiamu. [1pu a = 0 HaOMOmaeTCsI KOM-
reHcanyst 3pMOEKTOB MPUTKECHUS U OTTAIKUBAHUS, TIPU
5TOM (DOPMAIIFHO BBITIOJHSIETCS M30TepPMa amcopoIInm
Jlenrmiopa.

I1pu apcop6uum Moiiekysn HaHoMmonugukatopa FF
Ha YacTUIaX MUHEPAIBHON IIPUPOIBI AaTTPAKIINOHHAS
KOHCTaHTa a < 1, 9TO XapaKTepHO IS IIpeodIagaHus
OTTAJIKMBAaHUS MEXKIY aICOPOMPOBAHHBIMU YACTUIIAMH.
ITpu xoukypentHoii ancopouun FF n I[1BC Ha yactu-
IIax MoHoaucnepcuu mommmepa a = 0. [1pu amcoporum
Ha THOPUIHOM TTOBEPXHOCTH OMHAPHBIX TTOJTMMEPMEIIO-
BBIX 1 TIOJIMMEPIIEMEHTHBIX TUCIIepcuii a > 0 cormac-
HO TUIWYHBIM M30TepMaM (pHc. 7), pacCCUMTaHHBIM
110 YpaBHEHMIO, TIPEACTAaBIeHHOMY B padore [22].
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Puc. 7. I30Tepmbl aicopoOLum, pacCUMTAHHBIE IO YPAB-
HeHui0 PPYMKHMHA NPH PA3IMYHbIX 3HAYEHUAX ATTPaAK-
IMOHHOM MOCTOSAHHOM: | —a=—1;2—a=0;3—a=1;
4—a=15,5—a=2;6—-—a=2>5

3HaueHNe aTTPAKIIMOHHON KOHCTAHTHI ¢ JIJIS aICOP-
6aToB IIpH aACOPOIINH UX B MOHOIMCIIEPCHBIX CICTEMAax
MIpaKTUYeCKN paBHO Hy0. [1pn n3ydeHnu mpoiiecca
azcopOLMKU KOMILJIeKca aacopObaToB B OMHAPHBIX CU-
creMax HabJIIo1aJIvu pOCT aTTPaKIIMOHHOTO B3aMMOIE-
CTBHSI, UTO, BEPOSITHO, CBSI3aHO C TIPOCTPAHCTBEHHBIMH
3aTPpyOIHCHUSIMU TIPA UX COBMECTHON KOHKYPEHTHOM
afmcopOIny. YBeIn4eHNe BSTUINHBI KOHCTAHTHI @ 10
2,5 CBUAETEILCTBYET O POCTE SHEPIUU B3aMMOICHCTBUS
MeXIy ancopdaTaMu U OObSICHSIET 9KCIIEPUMEHTAIbHBIE
BEJIMYMHBI /] BBIIIE PACYETHBIX 3HAYECHUIA 110 TIPABUITY
aaIuTUBHOCTU. B3anMonelicTBue B cucteme aacopoar-
azmcopbaT ¢ Y4eTOM HAIMYUS pa3HBIX TUAPOPIHBHBIX
TPYIII IPUBOIUT K aCOPOIINI aCCOIIMATOB B BUJIE IIETIO-
YyeK. B pesynbraTe 3TOr0 B OMHAPHOI IMOJIMMEPIIEMEHT-
HOI crcTeMe TIPOSIBIISIIICS CUHEPTeTHIeCKuid 3(pdeKT,
o0ecTieynBaroIINii 3aMeUIeHIE (B M3y9aeMOM BPeMEH-
HOM JMaIta30He ITOJTHOE OTCYTCTBHE) KOATYJISIIAN U Te-
TEPOKOATyJISILIMY YaCTULl OMHAPHBIX CUCTEM KOMILIEKC-
HBIM neiictBrueM momudukatopoB FF u [IBC (puc. 4),
B pe3yJIbTaTe Yero CHCTeMa IIPHo0peTacT arperaTuBHYIO
YCTOMYUBOCTb.

B GuHapHOI TOIIMMepMETOBOIT CHCTEMe OIpenecH
addexT aHTaroHn3Ma TP anCOPOIINKN KOMITIIEKCa MO-
mndukatopoB FF n TTBC, 4T0 MOXHO OOBSICHUTH OT-
HOCHUTEIIBHO PaBHOCUJILHBIM B3aMMOICUCTBIEM MEXIY
afgcopbataMu U B cucteme ancopbar-aacopoeHT. 1o pe-
3yJIbTaTaM MUKPOCKOTIUU (puc. 1) HATJISIAHO BUAHO He-
TIOJTHOE TIPEIOTBPAIICHNE KOATYIISIIIY YaCTUII TIPY Ha-
HOMOIU(ULIMPOBAHUU (PIIOPOrTIOLUMHPYPDYPOIHHBIMU
OJIMTOMEpaMU, TIpU 3TOM [JI1 MOHOIUCTIEPCUI JAHHOE
KOJIMIECTBO MOIM(UKATOPA SIBIISICTCS ONTUMATBHBIM IS
TMEeNTU3AINN MEJIOBBIX YaCTHII 0 TIEPBUYHBIX YACTHII.

ArperatuBHasi yCTOMINBOCTH OMHAPHBIX TUCIICPCHI
o0ycioBiieHa HalIM4YueM B cocTaBe mogudukaropa FF
n [1BC ruapodoOHBIX M THAPOPUILHBIX MOHOTEHHBIX
1 HEMOHOTEHHBIX TPYIIII, BCJICICTBHE YETO TIPOSIBIISIETCS
COBMECTHOE JIelicTBUE psAma (paKTOpOB arperaTUuBHOMN
ycToumBoCTH. Kak mokasanm pe3yabTaThl UCCIIEIO-
BaHMSsI, arperaTuBHAasl YCTOMIUBOCTh MOHO- M OMHAp-
HBIX TUCIICPCUN pa3IMdHa M, BEPOSITHO, 3aBUCHUT €IIe
OT TUAPOMDUIEHOCTH THOPUIHOM TTOJIMMEPMUHE PATBHOMN
IMOBEpXHOCTH. JleiicTBUEe amcopOIIMOHHO-COIBBAaTHO-
IO 0OYCJIOBIICHO TUAPOGIIN3ANEH TTIOBEPXHOCTH, YTO
IIPUBOINT K CHIDKEHWIO KOHCTAHTH ['amakepa. A 110
Mepe YBeJIMUeHMSI KOHCTAHTHI [ amakepa, 9To XxapakTep-
HO IUTS TIepexoa OT MUHEPaJIbHOM ITOBEPXHOCTH K ITOJH-
MEpHO1 TSI MOHOIUCIICPCHUIA, OyIEeT BO3pacTaTh BKJIAM
anICcopOIIMOHHO-COJIBBATHOTO (haKTOpa B arpeTaTUBHYIO
YCTOMYMBOCTH OMHAPHBIX CCTEM ¢ KOMIUIEKCOM MO -
¢GuKaToOpoOB.

3AK/IIOYEHUE

Ha nazepHom mmdpakTomeTpe B muarma3oHe ot 0,8
110 6500 HM oIpeneeHO, YTO AUCIIePCHUs ITOTMBUHIIIA-
1eTara IIpy yBEeJIMICHUN KOJMIECTBa TUCIIEpCUOHHOMN
cpemsl TepsieT arperaTUBHYIO YCTOMIMBOCTh. Momaib-
HbII TMaMeTp YacTUll yBeauduBaercs ¢ 4,5 10 6,0 MKM.
MUKpOCKOMMICCKUIA aHaIN3 HATJISIIHO IToKa3an (hop-
MMpPOBaHME KPYITHBIX aHCAMOJICH TOJTMMEPHBIX YaCTHUIT
1o 40 MKM B mramMeTpe. AHATU3UPYS TTOTyIeHHBIC pe-
3yJIBTaThl, MOXKHO HE COTJIACUTLCS C YTBEPXKIACHUEM, ClIe-
JIaHHBIM B padote [23], 0 TOM 4TO TTOTMBUHMIIAIIETATHAS
IHUCTIEPCUS pa30aBIIIeTCST BOOOM B JTI0OOOM OTHOIICHUN
M XOPOIIIO COBMEIIAETCS C IIEMEHTOM 0e3 KaKUX-JIU00
MIPU3HAKOB Koaryisainu. HabmromaeTcsa retepokoary-
JISIMs OMHAPHBIX TUCTIEPCUIA.

JloxazaHo, uTo iopormounH@ypdypoabHbIN MO -
¢uKaTOp CIIOCOOCTBYET CTAOMIN3ALIMY OMHAPHBIX TTOJIN-
MepMUHepanbHbIX nuctiepcuii. [1o nuddepeHmaatbHbIM
KPUBBIM pacIipee/ICHIST YaCTHUII B ITIPOKOM IUATIa30He
ot 10 aM 1o 2100 MKM ycTaHOBJICHA 3aKOHOMEPHOCTh
CHIDKEHMST MOAJTBHOTO JUaMeTpa afcopOIIMOHHO HaHO-
MOINUITIPOBAHHBIX TTOJIMMEPHBIX YaCTUII B KICCIICye-
MBIX KOHIICHTPAIIMOHHBIX TIPeeax, TIOJTHOE OTCYTCTBUE
KPYITHBIX KOAaTryJIIOMOB, TIepeXo K 0oJjiee IMMPOKOMY
pactpeneneHnio. [1omydeHBI 3aKOHOMEPHOCTH B3aMO-
IEeCTBHUSTI KOMIIOHEHTOB KOMIUIEKCAa MOIM(MDUKATOPOB
1 UX BIWSTHUS Ha CBOIICTBAa OMHAPHBIX TUCTICPCUIA.

B mommmepMe1oBoii cricteMe BEISIBIICH (P deKT aHTa-
TOHHM3Ma B IIPUCYTCTBUY KOMILIEKCa 100ABOK, O0YCIIOB-
JICHHBI! OTHOCUTEIBHO PAaBHBIM JACHCTBEM CIJT KaK B CH-
creMe ajacopbar-aacopOeHT, Tak u aacopbaT-aacopoar.
B mronmmMepiieMeHTHOM ccTeMe, HaIIPOTUB, HAOJTIOMAeTCsT
sddexT cHepru3ma, 00yCIOBIUBAIOIINIA 3HAUNTEIIEHOES
3aMeJIeHIe KOATYIISIIIMOHHBIX ITPOIIECCOB COBMECTHBIM
IEeUCTBIEM KOMILIEKCa MOTU(PUKATOPOB, B pe3yIbTaTe
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yero OMHapHas cucTeMa IMpUoOpeTaeT arperaTuBHYIO
YCTOMYMBOCTb.

ITpenyoxeHa runoTesa, YTO B arperaTUBHYIO YCTOM -
YUBOCTb OMHAPHBIX TOJIMMEPMUHEPATbHBIX JUCTIEPCUIA
BHOCUT 3HAaUMMBbII BKJIaJ aACOPOLIMOHHO-COJIbBATHbIN

dakrop. CrereHp IeMCTBUS €TO pa3InyHa TSI MOHO-
1 OMHAPHBIX TTOJTMMEPMUHEPATbHBIX TUCIICPCHIl 1 3a-
BUCHUT OT THAPODUILHOCTA TTOBEPXHOCTH TUCIICPCHOMN
(azp1. Posb 3TOTO (hakTOpa BO3pacTaeT IMpU YBEIIMUCHUN
BEeJIMYMHBI KOHCTaHTHI ['amakepa.
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Influence of a nanostructural modifier from automobile
tires on consumer properties of bitumen
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ABSTRACT: Introduction. Used tire rubber cracking with organic solvents leads to rubber devulcanization and dispersion of the
material to nanosized particles. The process can be carried out in a flow reactor. The obtained nanomodifiers are compatible with
bitumen and predictably change the bituminous binder technical characteristics. Various practical solutions have been proposed
for the use of the resulting modified bituminous binders in the road construction and strengthening soil foundations. Methods
and materials. It has been proposed to use a method of joint cracking of rubber with organic solvents to obtain a nanostructured
modifier of bitumen. The obtained nanostructural modifier has been studied by the methods of analyzing the sizes of nanoparticles
and solubility in toluene. For the bituminous binders obtained with the use of nanomodifiers, standard characteristics for bitumen,
such as needle penetration depth, softening temperature, brittleness temperature and extensibility have been determined. Results
and discussion. It is established that during the proposed process, a nanostructural modifier compatible with bitumen is formed.
It is shown that the addition of a nanomodifier to bitumen makes it possible to purposefully change the properties of the resulting
bitumen binder, improve the consumer properties of the bitumen binder and expand its application areas. It is proposed to use the
obtained product as a component of waterproofing mastics for waterproofing the underground parts of buildings and structures.
Conclusion. Joint cracking of rubber with organic solvents in a flow reactor allows obtaining a nanostructural modifier compatible
with bitumen. The resulting product has improved properties compared to the original bitumen, which expands its scope of appli-
cation. It is proposed to use the resulting product for the manufacture of waterproofing mastics. The proposed technical solutions
make it possible to reduce the environmental load of automobile tires wastes.

KEYWORDS: nanostructural modifier, bitumen, automobile tires.
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INTRODUCTION

ptimization and selection of suitable materials for spe-

cific applications have long been the main goals of
material processing and design engineers around the world.
Polymer-modified bitumens are no exception. Research
has shown that adding polymers to bitumen to produce
binary [1] or multi-component blends [2] can improve the
final properties of the resulting modified bitumen, produc-
ing materials with improved properties for applications
where pure bitumen by itself would not work properly.

The issue of using bitumen nanomodifiers for the pro-
duction of asphalt concrete is ultimately due to economic
feasibility [3]. On the one hand, when the cost of the
modifier is higher than the cost of bitumen, replacing part
of the bitumen with a modifier is economically unreason-
able. But, on the other hand, the result of the impact of
nanomodifiers is usually an increase in the technical and
operational properties of asphalt concrete.

Therefore, the use of crumb rubber obtained from
waste tires for the production of bitumen nanomodifi-
ers has not only an economic, but also an environmen-
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tal effect. Thus, the well-known modifier “Unirem” is
obtained in a rotary disperser, where not only grinding
of the material, but also partial devulcanization of rub-
ber occurs [4, 5]. In the general case, an increase in the
temperature and specific surface area of crumb rubber
during the synthesis of modified bitumen leads to partial
decomposition of crumb rubber in the asphalt concrete
matrix and improvement of consumer characteristics of
the product [6].

Directed chemical synthesis of nanomodifiers seems
to be more promising due to low specific mechanical
costs and the possibility of high productivity. A bitumen
fixer of the dicyandiamine class at various ratios gives the
modified product elasticity and increased resistance to
softening with increasing temperature and has polymer-
binding properties that provide high adhesion to the base
of the road surface and resistance to aggressive climatic
conditions due to the formation of a nanodispersed sol-gel
bitumen structure». [7].

The use of thermochemical pressure treatment of the
used tires rubber in the presence of oxygen-containing
oil makes it possible to obtain a nanostructured product
compatible with bitumen for the further use of the result-
ing modifier in the production of asphalt concrete [8].
The proposed method of recycling the used tires allows us
to reduce the environmental burden on the environment
as a result of the safe disposal of tires and the absence of
hazardous emissions.

METHODS AND MATERIALS

Rubber crumb fraction of 1-3 mm produced by the
Bumatika LLC was used as waste tire rubber.

The size of the resulting particles was determined us-
ing a Zetasizer Nano analyzer of the Malvern company
(Great Britain).

The compatibility of the obtained products with bitu-
men was determined by the solubility in toluene, accord-
ing to GOST 20739-75. “Petroleum bitumen. Method for
determining solubility».

Characteristics of the obtained bituminous binders
were determined according to standard methods: soften-
ing temperature by the “Ring and Ball” method — accord-

Table 1
Conditions for the synthesis of modifiers

ing to GOST 33142-2014; determination of the needle
penetration depth — according to GOST 33136-2014;
determination of the brittleness temperature according
to Fraas — in accordance with GOST 33143-2014 and
determination of extensibility in accordance with GOST
33138-2014. The following equipment was used for the
analysis: KiSh 20-2200 device (manufacturer: Infra Test
Pruftechnic GmbH, Brackenheim, Germany); low-
temperature laboratory electric furnace SNOL 58/350
(manufacturer: AB “Amega”, Lithuania); automatic pen-
etrometer (manufacturer: Infra Test Pruftechnic GmbH,
Brackenheim, Germany); automatic apparatus for deter-
mining the brittleness temperature of oil bitumen (manu-
facturer: JSC BSKB “NEFTEKHIMAVTOMATIKA”);
ductility meter (manufacturer: Infra Test Pruftechnic
GmbH, Brackenheim, Germany); and contact digital
thermometer TK-5.06.

To implement the process, an installation was made,
which is a series-connected horizontally located single-
screw extruder and a tubular reactor operating in a flow
mode. The extruder and reactor are equipped with inde-
pendent electric furnaces. Two types of organic solvents
were used. Sunflower unrefined oil of the “Blago” brand
was chosen as an oxygen-containing solvent, low-ash
fuel oil according to GOST 10585-2013 was chosen as an
oxygen-free solvent.

Conditions for the synthesis of modifiers are given
in Table 1.

In all the cases, the period of the reaction mass stay-
ing in the extruder was 15 minutes, and in the reactor —
45 minutes.

To prepare samples of modified bitumen, we used the
bitumen with indicators determined according to GOST
22245-90, see Table 2.

Optimization of the mixture composition and proper-
ties can be achieved through an experimental mixture de-
sign process. It has been proven [9] that such procedures
are useful for establishing relationships between the type
of polymer modifiers and the expected modified bitumen
properties. The essence of the method is to determine
the response functions that characterize the properties of
bitumen, on the parameters of the additive synthesis. The
standard additive content of 20% by weight is assumed.

The proportion of solvent Extruder Reactor
N Organic solvent in the composition with temperature. °C temperature. °C
rubber, wt.% p > p ’
Ml Sunflower oil 33 300 400
M2 Sunflower oil 18 300 400
M3 Fuel oil 33 300 380
M4 Fuel oil 33 300 400
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Table 2

Nanobm

Characteristics of the original bitumen and requirements according to GOST for BND 60/90 and BND 40/60

. GOST 22245-90 GOST 22245-90
. Explored oil road . q
Indicator bitumen BND requirements requirements
for BND 60/90 for BND 40/60

Needle penetration depth, 0,1 mm, 55 61-90 40—60
at the temperature of 25°C, mm not less than 20 not less than 13
E;)]flte?éng temperature for ring and 50 not lower than 47 not lower than 51
Extensibility, min, at 0°C, cm 3.9 not less than 3.5 not standardized
Brittleness temperature, °C -20 not higher than —15 not higher than —12

Conditions for the synthesis of a nanostructured
bitumen product

To prepare a nanostructured bitumen product,
a modifier in an amount of 20 wt.% was added with stir-
ring to bitumen at the temperature of 220°C and kept
under stirring for 30 minutes. As a result, four samples
of a nanostructured bitumen product (NSBP) were ob-
tained, further having the corresponding designations of
NSBP-1 — NSBP-4.

Conditions for the synthesis of NSBP mastic

To test the applicability of the proposed direction of
using the obtained NSBP, NSBP-mastic was prepared
and applied onto the concrete base. The mastic was made
on the basis of lime-clay emulsion paste having the com-
position of NSBP-4 — 50%; clay — 7%; lime — 7%; wa-
ter — 36%. Clay and lime were mixed dry in the ratio of
1:1, and then the required amount of heated water was
gradually added with constant stirring into the dry lime-
clay mixture (emulsifier), until the mixture reached the
consistency of thick sour cream.

The time for preparing the pasta was 2 minutes. The
components were mixed with an electric mixer. NSBP
mastic was prepared by mixing the finished emulsion
paste and heated NSBP. NSBP was gradually added to
the mixture of the lime-clay emulsifier with water, until
the mixture thickened, then water was added and the op-
eration was repeated until the components of the emulsion
paste were fully loaded. The mastic preparation time was
5 minutes.

To test the applicability of the proposed direction of
using the obtained NSBP, NSBP-mastic was prepared
and applied to the concrete base. The mastic was made on
the basis of lime-clay emulsion paste. In order to improve
the adhesion of NSBP mastic, before applying the water-
proofing composition the concrete base was primed with
a primer made from a mixture of NSBP with gasoline.
After applying the primer, the surface was completely
dried. The readiness of the surface for applying the mastic

was checked with a clean white cloth, on which no traces
remained after applying it to the primed surface.

RESULTS AND DISCUSSION
To determine the compatibility of modifiers with bitu-

men, the solubility of modifiers in toluene was studied.
The results obtained are presented in Table 3.

Table 3
Solubility of bitumen modifiers in toluene
Samole Proportion of the substance
p insoluble in toluene, wt. %
Ml 45.12
M2 28.21
M3 21.13
M4 33.63

From the above assumptions about the cracking of
polymer molecules and the devulcanization of the three-
dimensional structure of rubber, one can suppose that the
continuous three-dimensional structure of rubber is de-
stroyed during thermochemical treatment to the particles
of molecular and colloidal sizes. These assumptions were
confirmed by determining the size of particles in a toluene
solution. Particles size distribution curves in solutions of
the modifier samples are shown in Fig. 1.

It is obvious that thermochemical treatment leads to
a deep cracking of the rubber polymer composition, and
as a result not only the three-dimensional structure of the
vulcanized rubber is destroyed, but also the formation of
predominantly low molecular weight compounds soluble
in toluene takes place. The toluene-insoluble components
of the composition are nanosized particles less than 1 um
in size with predominant sizes of 200—800 nm. The tolu-
ene-insoluble part of the modifier in its chemical structure
can be both inorganic additives in the original composi-
tion, such as carbon black, silicon and magnesium oxides,
and rubber residues, in which the most stable three-di-
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Fig. 1. Particles size distribution curves in solutions of the modifier samples

mensional structure was formed during vulcanization.
With any of these options, particles insoluble in toluene,
and hence in bitumen, are heterogeneous inclusions of
a colloidal type and cannot prevent mixing the modifier
with bitumen and creating a homogeneous composition.
To test this assumption, modified bitumens were made
and their main consumer characteristics were determined.
The results are presented in Table 4 in comparison with the
changes in properties in relation to the original bitumen.
To compare the properties of modifiers with untreated
rubber crumb, a sample was additionally prepared with
20 wt. % rubber crumb in the original bitumen accord-
ing to the standard method for modifiers. However, it
turned out to be impossible to determine the main char-
acteristics of the resulting bitumen modified with rubber
crumb according to GOST 22245-90: when the binder

Table 4

sample was heated to 160°C, a homogeneous liquid state
was not achieved, and it was also not possible to filter the
sample through a 0.7 mm sieve. Thus, it is obvious that
rubber crumb in its original form cannot be considered
as a bitumen modifier.

In terms of the level of thermochemical impact, the
described method surpasses the well-known method
of high-temperature shear grinding [10, 11], in which
the diffusion of aromatic hydrocarbons from the bitu-
men component into the modifier particles, and sulfur
compounds from the modifier particles into bitumen,
has been proven. Therefore, the proposed method of
thermochemical cracking leads to the enhancement of
such types of mutual diffusion and creation of a more
homogeneous composition. It should be noted that it is
the poor solubility of polymer modifiers in the bitumen

Characteristics of the modified bitumen according to GOST in comparison with the corresponding characteristics

of the original bitumen

MBI (in relation | MB2 (in relation | MB3 (in relation | MB4 (in relation
Indicator to the original to the original to the original to the original

bitumen) bitumen) bitumen) bitumen)
Needle penetration depth,
0.1 mm, at the temperature 41 (—14) 191 (+136) 139 (+84) 152 (+97)
of 25°C, mm
Softening t ture for ri
o deb‘;‘li%,gmpera Hreforming 36 (—14) 43 (-7) 47 (-3) 44 (~6)
Extensibility, min, at 0°C, cm 11.6 (+7.7) 10.5 (+6.6) 9.8 (+5.9) 10.1 (+6.2)
Brittleness temperature, °C =31 (=11) —26 (—6) —26 (—6) -29 (-9)
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matrix that is considered to be the main disadvantage of
most polymer additives [12]. Therefore, the removal of
this limitation can be unambiguously characterized as an
important advantage of the proposed method.

For the studied bitumen modifiers, the most obvi-
ous conclusion is the fact that all the obtained modifiers
improve the consumer properties of bitumen. In fact, in
terms of the needle penetration depth, bitumen used for
the research formally does not meet the requirements of
either BND 60/90 or BND 40/60. At the same time, three
of the four modifiers dramatically improve the viscous
properties of bitumen, increasing the value of the needle
penetration depth by two or more times.

Similarly, there is an improvement in extensibility and
brittleness temperature. Thus, in accordance with the
requirements of GOST 22245-90, the lower limit for ex-
tensibility at 0°C is set at 3.9 cm, and the use of modifiers
increases this indicator for all the samples by about two
times. The brittleness temperature for all the samples also
decreases. The only indicator by which the properties of
the modified bitumens deteriorate slightly is the soften-
ing temperature. This is probably due to the cracking of
organic molecules and decrease in the average molecular
weight of the bitumen composition. It is possible, how-
ever, to use the bitumens with a lower softening point
in areas other than road construction. In addition, the
possibility of creating complex modifiers using polymer
molecules that will increase the softening temperature is
known [13].

Thus, the joint pyrolysis of rubber crumb of used tires
and vegetable oil under pressure results in the produc-
tion of a nanostructured product compatible with bitu-
men. One of the possible directions of using the obtained
nanostructured bitumen product (hereinafter referred
to as NSBP) is its use for waterproofing underground
parts of buildings, structures and communications, as
well as for sealing expansion joints in underground parts.
Recommendations for the prospective use of NSBP were
formulated taking into account [14].

It seems promising to use NSBP in asphalt mastic
compositions (NSBP-mastic), which can be applied in
one or several layers in the form of mechanized or manual
basting on concrete (reinforced concrete) or brick bases,
forming a plastic plaster coating.

NSBP mastic is made from a mixture of NSBP emul-
sion paste with a powdered mineral filler. Various mate-
rials can be used as an emulsifier for the preparation of
NSBP emulsion paste, for example, mineral powder, talc,
chalk, clay, phosphogypsum, soot, cement, lime [15]. It
should be noted that lime or lime-clay compositions will
be most preferable as emulsifiers. Tripoli and diatomite
are low-quality emulsifiers. To prepare NSBP-emulsions,
only easily crushable low-cemented varieties of tripoli and
diatomite can be suitable. In any case of using tripoli or
diatomite, only unstable coarse pastes can be prepared,

therefore these emulsifiers are not recommended for the
preparation of NSBP emulsion pastes. To prepare NSBP
mastic, limestone or brick powders and fly ash from ther-
mal power plants can be used as fillers. The use of up to
10% of Portland cement is allowed. It must be borne in
mind that the use of fly ash is unacceptable in case of
sulfate aggression of groundwater. Accordingly, cement
in case of sulfate aggression must be sulfate-resistant.
Water for the preparation of NSBP-emulsion pastes and
NSBP-mastics must be suitable for the preparation of
concrete (GOST 23732-2011).

The adhesion of NSBP-mastic applied to the concrete
surface was tested by a peel test in accordance with [14].
The pull test was performed by applying a pull-off load
to a 3030 mm steel plate. The plate was glued to the
surface of the applied mastic coating with thermoplastic
adhesive. During the pull-off test, a breaking force of 60 N
(6.7 N/cm?) was applied to the steel plate, which was held
for 180 seconds, then the force was increased to 100 N
(11.1 N/cm?), and after that the separation of the plate
with mastic occurred after 40 seconds. Thus, the adhesion
of NSBP mastic to a concrete base meets the requirements
for asphalt mastic to waterproof underground parts of
buildings and structures [14].

The obtained characteristics of NSBP-mastic make
it possible to assume high performance characteristics
typical for mastics with dispersed aggregates [16] and
for an asphalt concrete binder [17]. An increase in the
resistance of mastics to deformation, high rigidity and
impact strength usually observed are associated with the
appearance of a stable nanostructure of bituminous mas-
tic [18, 19].

The results on the applicability of the obtained nano-
modified bitumen are consistent with the results of other
researchers proving the comparability of bitumens modi-
fied with rubber crumb processing products with a com-
pound made from rubber waste [20].

CONCLUSION

The use of thermochemical pressure treatment of
waste tire rubber allows producing a nanostructured
modifier compatible with bitumen in a flow reactor.

The resulting nanostructured bitumen-containing
product can be used as a binder in waterproofing mas-
tics for insulating underground parts of buildings and
structures. NSBP mixes well with an emulsifier, and the
prepared mastic is easily applied to the surface to be insu-
lated. Components for the manufacture of waterproofing
mastic (clay, lime) are available and inexpensive. Water-
proofing NSBP-mastics are quickly prepared directly at
the construction site in the quantities required for appli-
cation, which makes it possible to practically eliminate
construction waste from waterproofing and does not have
an additional burden on the environment.
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AHHOTALINA: BBegeHme. KpeKUHT pe3rHbl 0OTPaboTaHHbIX MOKPbILLEK COBMECTHO C OPraHN4YeCcKUMM PacTBOPUTENAMY NPUBOANT
K AeBY/KaHM3aLUMmn pe3rHbl 1 ANCNePrnpoBaHNio MaTepriana Ao HaHopPa3MepHbIX YacTuL,. Mpouecc MoXeT ObiTb OCYLLeCTBAEH
B NMPOTOYHOM peakTope. MonyyeHHble HAHOMOANGMKATOPbI COBMECTVIMbI C GUTYMOM 1 NPefCcKasyeMo U3MEHAIOT TEXHYEeCKMe Xa-
PaKTEPUCTMKN GUTYMHOTO BAXYLLero. MpeanoXeHbl pasnnyHble MpakTUYecKkre peLleHns no NCnonb30BaHMIo NOYYeHHbIX MOandH-
LIPOBaHHbIX GUTYMHbIX BAXKYLLMX B JOPOXKHOM CTPOUTENBCTBE 1 ANA YKPenieHnua rpyHTos. MeTogbl n maTtepuansl. [1peasioxeHo
MCMONb30BaTb METO COBMECTHOrO C OPraHMYecKUMIN PacTBOPUTENAMI KPEKUHIa pe3nHbl AN1A MoslyYeHn HAHOHOCTPYKTYPHOIO
mopandukatopa 6utyma. MonyyeHHbI HaHOCTPYKTYPHbIN MoaudmMKaTop UCCIeAOBaH METOAaMU aHau3a PasmMepoB HaHOYaCTHL,
1 pacTBOPUMOCTU B ToNTyose. [1f GUTYMHBbIX BAXKYLLMX, MOYYEHHbIX C MPUMEHEHNEM HAHOMOANPMKATOPOB, ONpeAeneHbl CTaHAaPT-
Hble AnA OUTYMOB XapaKTePUCTVKU, TaK1e Kak rybrHa NpOHMKHOBEHWA UMbl, TeMMepaTypa pasmaryeHns, Temnepatypa XpynKkoctu
N pacTAXMMOCTb. PesynbTaTtbl n 06cyKaeHme. YCTaHOB/IEHO, UTO B XOAE NPEAJIOKEHHOTO NpoLecca 06pasyeTca HaHOCTPYKTYPHbII
MoandUKaTop, COBMECTUMbIN ¢ GiTymoM. [ToKasaHo, uTo fjobaBneHne HaHoMoAMdrKaTOpa K GTyMy NMO3BONAET HanpPaBneHHO 13-
MeHATb CBOICTBA MOJyYaemMoro 6UTYMHOIO BAXYLLETO, yiyyllaeT NoTpebnTenbCcKme CBONCTBa OUTYMHOIO BAXKYLLErO 1 paclumpaeTt
obnactu ero npymMeHeHus. MNpeanaraeTcsa NPYMEHUTL NOAYYEHHbIV NPOAYKT ANA M’MAPOU30NALMMN NMOA3EMHbIX YacTel 3aaHuni
1 COOPY>KEeHNI B COCTaBe MMAPOU30NALMOHHbIX MacTUK. 3akntoyeHune. COBMeCTHbIV C OPraHNYeCKMU PaCcTBOPUTENAMU KPEKUHT
pe3Hbl B MPOTOYHOM peakTope NMo3BOSIAET NONYUNTb HAHOCTPYKTYPHbI MOANPUKATOP, COBMECTUMbIN C 61UTYMOM. [onyyeHHbli
NPoAyKT obnafaeT ynyylweHHbIMU CBONCTBaMY B CPaBHEHUM C NCXOAHBIM GUTYMOM, YTO paclivpsAeT 061acTb ero NprMeHeHus.
MpepnaraeTca npumeHeHre NOYyYEHHOro NPOAYKTa ANA U3rOTOBEHNA MMAPON30IALMOHHBIX MacTUK. [peanoxeHHble TeXHUYecKke
peLleHnA NO3BONAT CHU3NTb SKONOMMYECKYO Harpy3Ky OTXOA0B aBTOMOOWIIbHBIX MOKPbILLEK.
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BBEJIEHUE

OHTI/IMI/IBaLH/ISI ¥ BBIOOP MOIXOISIINX MaTepPUaIOB
IS KOHKPETHBIX IIPUMEHEHUI TOJITOe BpeMsI ObLITI
IJIaBHBIMU 1IEJISIMU WHKEHEPOB IO 00pabOTKe MaTe-
pHAIOB M TIPOCKTUPOBAHUIO IO BceMy MHUPY. BUTyMBI,
MOIUMUIINPOBAHHEIC TTIOJIMMEPaMHU, HE SIBJISTIOTCS UC-

KimoueHreM. VicciremoBaHmMs TToKa3alln, 9T0 JOOaBICHIE
MOJIMMEPOB K OUTYMY C LIEJIbIO TTOTY4eHMsI OMHAPHBIX [ 1]
I MHOTOKOMITOHEHTHBIX CMeceit [2] MOXKET YIIy4IInTh
KOHEYHBIC CBOMCTBA MOIM(DUIIMPOBAHHBIX OMTYMOB,
obecrieunBast MaTepPHUAIIBI C YIIYUIIeHHBIMI CBOCTBAMM
IIJIST TIPUMEHEHW, TIe YUCTBIM OMTYM caM II0 cede He
OyzeT paboTaTh JOIKHBIM 00pa30M.
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Bompoc ucrnonbs3oBaHus HaHOMOAM(UKATOPOB Ou-
TYMOB JIJTSI TIPOU3BOICTBA ac(PalbTO0ETOHA B KOHEYHOM
cJeTe 00yCIOBICH SKOHOMUIECKOM 11eIecO00pa3HOCTHIO
[3]. C omHOi#T CTOPOHBI, TIPY CTOMMOCTH MOIU(MUKaTOpa
BBIIIIE CTOMMOCTH OMTYyMa 3aMeHa 4acTu OuTyMa Moauu-
KaTOpOM SIBJISIETCSI 9KOHOMUYECKU HeoOocHOBaHHOM. Ho,
C APYro¥i CTOPOHBI, Pe3YJILTATOM BO3AEHCTBUSI HAHOMOIU-
(brkaTOpPOB OOBIYHO SIBJISIETCS TIOBBITIICHIE TEXHITIECKIX
¥ 3KCITUTyaTaIlMOHHBIX CBOMCTB achaabTOOCTOHA.

IToaToMy ucnonb30BaHKE PE3UHOBOM KPOIIIKH, MO-
JlydaeMoi 13 0TpabOTaHHbIX MOKPbILLIEK JJIs1 IPOU3BO/I -
CTBa HAHOMOIU(UKATOPOB OUTYMa, UMECT HE TOJIBKO
SKOHOMUYECKUI, HO U 3KoJiorndyeckuit adekr. Tax,
M3BECTHBIA MOAM(PUKATOP «YHUPEM» ITOIY4aloT B PO-
TOPHOM AUCIEPTraTope, MPU 3TOM IMTPOUCXOIUT HE TOJIb-
KO U3MeJIbueHHe MaTepuasa, HO U YacTUYHasl J1eByJIKa-
HU3ALNS pe3uHH [4, 5]. B ob1mem cirydae mOBEIIICHIE
TeMIlepaTypbl U YIEJbHOU MOBEPXHOCTU PE3UHOBOM
KPOIIKU MPU CUHTE3e MOAUDUIIMPOBAHHOTO OUTyMa
BEIET K YaCTUYHOMY Pa3JIOKEHUIO PE3UHOBOI KPOIIKU
B ac(aabTOOETOHHOM MaTPULIE 1 YIAYUILICHUIO TIOTPeOU-
TEJIbCKUX XapaKTEPUCTHUK IIPOAYKTa [6].

HanpaBieHHbIlt XMMUYECKUI CUHTE3 HAHOMOIU -
dukaTopoB TnpeacTaBasieTcsl 0oJiee MepPCreKTUBHBIM
BCJIEJICTBUE HEBBICOKUX YAEIbHBIX MEXaHUYECKUX 3a-
TpaT U BO3MOXKHOCTH BBICOKOH MPOM3BOIAUTEIbHOCTH.
3akpenuTesb OUTyMa Kjacca OIUIIMAHINAMIHOB TP
Pa3JIMYHBIX COOTHOLIEHUSIX MPUAAET MOAUDULIMPOBAH-
HOMY MPOAYKTY 3JJaCTUMHOCTb U TTOBBIIIIEHHYIO YCTOM-
YUBOCTb K pa3MSITYEHUIO MIPU YBEJIUYEHUM TeMIIepaTy-
pbl U 00JIalaeT MOJUMEPHO-BSIKYILIMMU CBONCTBAMH,
o0ecreyrnBaloIMMKU BbICOKOE CLIETJIEHHE C OCHOBOM
JIOPOKHOTO TTOKPBITUST M CTORKOCTBIO K arpeCCUBHBIM
KJIMMaTUYECKUM YCIIOBUSIM 3a CUET 0Opa3oBaHUS Ha-
HOIMCIIEPCHOM CTPYKTYPhI OMTyMa TUIIA «30JIb-TeJIb» [7].

Mcnonb3oBaHue TEPMOXUMUYECKOM 00pabOTKM MOJ,
JIaBJI€HUEM PE3MHbI OTPAOOTAHHBIX MOKPHILIEK B MPU-
CYTCTBUM KHUCJIOPOICOIEPXKAIIETO Macyia TO3BOJISIET
MOJIyYUTh HAHOCTPYKTYPUPOBAHHBIN MPOAYKT, COBME-
CTUMBII C OUTYMOM J1s1 JAJbHEMIIETO NCTIOAb30BaHUS
TOJTYIYCHHOTO MOoAM(pUKaTOpa B IPOU3BOACTBE achalib-
To6eToHa [8]. [1pemToXeHHBII MeTO TTepepadoOTKH OT-
paboOTaHHBIX MOKPHILIEK MO3BOJISIET CHU3UTh 9KOJIOTU-
YECKYl0 Harpy3Ky Ha OKPYXaloUlylo Cpely BCIEeICTBUE
0e30MacHON yTUJIM3allUY TTOKPBIIIEK U OTCYTCTBUS
OITaCHBIX BEIOPOCOB.

METO/JbI 1 MATEPUAJIBI

B kadecTBe pe3nHBI OTPAOOTAHHBIX TOKPHITIIEK HC-
TIOJTH30BAIA PE3MHOBYIO KPOIIKY (hpakumu 1—3 MM TIpo-
n3BoactBa OO0 «bymaTtuka.

Pazmep 00pa3yommxcst 9acTUIl OTIPEACISIN aHa-
mm3atopoM Zetasizer Nano dupmbel Malvern (Bemmko-
OpuTaHusl).

COBMECTHMOCTB MOJTYICHHBIX ITPOAYKTOB C OUTYMOM
OIIPENIEIISIIIA TI0 PACTBOPUMOCTHU B TOJIYOJIE COTJIACHO
TI'OCT 20739-75. «butyMbl He(TIHBIE. MeTon onpene-
JICHUSI paCTBOPUMOCTH».

XapaKTepUCTUKH TTOJYICHHBIX OMTYMHBIX BSIXKY-
WX OMPEIeIIsUTN TI0 CTaHAAPTHBIM METOINKAM: TeM-
reparypy pasmsardeHus — metogoM «Kompmo u Ilap»
o 'OCT 33142-2014; omnpeneiieHre TIIyOUHBI TIPO-
Hukanusg uriasl — o F'OCT 33136-2014; onpenene-
HUe TeMrnepaTtypsl Xpynkoctu 1mo ®paacy — mo TOCT
33143-2014 n onipenenenue pactsekumoct — 1o FOCT
33138-2014. s mpoBeAeHUST aHATN30B UCTIOIh30BaIN
obopymosanue: ipuoop Kulll 20-2200 (13roToBUTEE:
Infra Test Pruftechnic GmbH, Brackenheim, Germa-
ny); 3J1eKTpoIiedb HU3KOTEeMIIepaTypHast JabopaTopHast
SNOL 58/350 (mpousBoautenb: AB «Amega», JIutsa);
aBTOMAaTHUYCCKUI TIeHeTpOMeTp (M3roToBUTENb: Infra
Test Pruftechnic GmbH, Brackenheim, Germany);
armapaT aBTOMaTUYCCKUI 1T OTIpeAe/ICHUS TeMIIepa-
TYPBI XPYIIKOCTH HeDTeOUTYMOB (M3roToBHTEIb: AO
BCKBb «<HEOPTEXMMABTOMATUKA»); nyKTuio-
MeTp (m3rotoButenib: Infra Test Pruftechnic GmbH,
Brackenheim, Germany); TepMOMETp KOHTAKTHBIA
mrdposoit TK-5.06.

s ocylmecTBICHHS TIpoliecca OblIa M3TOTOBJICHA
YCTaHOBKA, IIPEICTABIISIONIAS COOOI TTOCIeI0BATEIIHHO
COeTMHEHHBIC TOPM30HTAIBHO PACTIOIOKEHHBIC OTHO-
ITHEKOBBII KCTpyaep U TpyOUaThIil peakTop, padoTa-
[OIIEe B IPOTOYHOM peXrMe. DKCTPyIep U peakTop
CHAOXeHBI He3aBUCUMBIMHU 3JIeKTporedaMu. [Ipmme-
HSIJTY IBa TUIIA OpTaHWMYECKMX pacTBopuTesei. Kmcmo-
poIcoaepXKalIuM PacTBOPUTEIEM OBIJIO BEIOPAHO TTOI-
COJTHEYHOE HepaMHUPOBAaHHOE MAacjIo MapKu «biaro»,
OCCKUCITIOPOTHBIM PACTBOPUTEIEM — MAa3yT TOITOYHBIMN
Masto3o0JbHEBIH o 'OCT 10585-2013.

YcnoBust cmHTe3a MOAN(PUKATOPOB IIPUBEICHBI
B Tab. 1.

Bo Bcex cimygasix BpeMsT IpeOBIBaHHS B KCTPYIEpe
PEaKIIMOHHOM MacChl COCTABIISIIO 15 MUHYT, B peakTo-
pe — 45 MUHYT.

Jlns mpurorosieHusT 00pa3L0B MOAUMUILIPOBAH-
HOTO OMTyMa MCIIOJIb30BaJId OUTYM C ITOKa3aTeISIMU,
onpenenéHHbIMU 110 TOCT 22245-90 w1 mipeacraBieH-
HBIMU B Ta0JI. 2.

OnTuMur3aIms CocTaBa U CBOMCTB CMECU MOXKET
OBITH TOCTUTHYTA C TIOMOIIBIO SKCIIEPUMEHTATBHOTO
IIpoIriecca MpoeKTUpoBaHusa cMecH. JlokazaHo [9], uTo
TaKOTO POjIa IMPOIECAYPHI TTOJIC3HBI IS YCTAHOBJICHUS
B3aMMOCBSI3¢il MEXIYy TUIIOM MOIN(PUKATOPOB IO-
JIMMEPOB U OXUIACMBIMHU CBOMCTBAMM MOIN(PUIIN-
poBaHHOTO O6UTYyMa. CyITHOCTh METOAA 3aKJI0IACTCS
B ompeneicHN (DYHKIIMI OTKIIMKA, XapaKTePU3YIOIIIX
CBOIicTBa OMTYMOB, OT ITapaMETPOB CHTE3a JOOABKH.
[IpenmonaraeTcs cTaHIapTHOE COAepXKaHUE T00ABKU
B 20 macc.%.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (3):
267-273

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

MPUMEHEHWE HAHOMATEPUAJIOB U HAHOTEXHOJ1IOTV B CTPOUTE/IbCTBE

Tabauya 1
YcaoBus cunTe3a MoauU(pUKATOPOB
Ne n/n Oprannyeckuit o pacTBopuTEIS B KOMIO3HIUH TemnepaTtypa Temmepatypa
: pacTBOpHUTEb ¢ pe3unHoii, macc.% 3KCTpyaepa, °C peakTopa, °C
M1 PacturtensHoe Macio 33 300 400
M2 PacturensHOe Macio 18 300 400
M3 Maszyt 33 300 380
M4 Masyt 33 300 400
Tabauya 2
XapakTepucTHKH HCX0aHoro outyma u Tpedoanus o 'OCT k BHJI 60/90 u BH/I 40/60
HccaenoBannbiii TpedoBanus TpedoBanus
HaumenoBanue nokasareJei outym Hedranoii | mo TOCT 22245-90 | mo T'OCT 22245-90
nopoxubiii BHJI k BH/I 60/90 k BH/I 40/60
I'myOuHa mpoHUKHOBEeHMST UTJIHL, 0,1 MM, 61-90 40-60
55
npu Temrieparype 25°C, MM He meHee 20 He MeHee 13
TemnepaTypa pa3MsirueHus o KoJjiblly U mapy, °C 50 He Huxe 47 He Huxe 51
PactsxkmmMocTth He MeHee, Tipu Temiteparype 0°C, cm 3,9 He MeHee 3,5 HE HOPMUPYETCS
Temmnepatypa xpynkocta, °C -20 He BbIIe —15 He BbIe —12

YcaoBus cHHTE3a HAHOCTPYKTYPHPOBAHHOTO
OMTYMHOTO MPOIYKTA

s IPUrOTOBIEHKUSI HAHOCTPYKTYPUPOBAHHOTO
OUTYMHOIO IPOAYKTa MOAM(PUKATOP B KOJIUYECTBE
20 macc.% mobGaBisiid Ipy IepeMellMBaHUN B OUTYM
npu TemrepaTtype 220°C 1 BBIIep>KUBAIM IIPHU TIepeMe-
muBaHuu B Teyenue 30 MuHyT. B pe3ynbraTe mosydeHo
yeThIpe 00pa3ia HAaHOCTPYKTYPUPOBAHHOTO OUTYMHOIO
nponykta (HCBII), nMerommx gajee COOTBETCTBYIOIIE
o6o3naueHuss HCBII-1 — HCBII-4.

‘Yeaosus cunre3a HCBIT-macTuku

151 TpoBepKU TPUMEHUMOCTH TIPEUIOKEHHOTO Ha-
npaBJeHus ncIoab3oBanus mogydeHHoro HCBIT 6nuta
MIPUTOTOBJICHA M HaHECeHa HAa OCTOHHOE OCHOBAaHUE
HCBII-mactnka. Mactrka OblJIa M3TOTOBJICHA Ha OC-
HOBE M3BECTKOBO-TIMHUCTON 3MYIbCHOHHON ITaCTHI
cocraBa: HCBI1-4 — 50%; riunHa — 7%; uzBectb — 7%;
Bona — 36%. ['uHa 1 U3BeCThb ObLUINA CMELIAHBI B CYXOM
BHUJIC B COOTHOIICHUH 1:1, a 3aTeM B CYXyI0 N3BECTKOBO-
TIIMHSHYIO CMECh (3MYJIBraTop) IMPH ITOCTOSTHHOM TIepe-
MEIIMBAaHUM TTOCTEIICHHO T00aBIISLIOCh TpedyeMoe KO-
JIMYECTBO HATPETOM BOMBI IO JOCTIKCHUST CMECHIO KOH-
CUCTCHIIUM TYCTOM CMeTaHBI. Bpemst mpuroToBieHus ma-
CTHI cocTaBWIO 2 MIH. [lepeMemnmmBaHe KOMIIOHEHTOB
ocymiecTBIIsIIoCh aekTpoMukcepoMm. HCBIT-macTuka
ObLTIa TIPUTOTOBJICHA ITyTEM TIepEeMEIITNBAHUS TOTOBOM
aMyJIbcMOHHOM TTacThl 1 Harpetoiit HCBIT. HCBIT no-
0aBIsUTach B CMECh M3BECTKOBO-TJIMHUCTOTO SMYJIbIaTo-

pa ¢ BOJIO¥ MOCTENEHHO, 10 3aryCTEBaHUS CMECH, 3aTEM
J00aBIsIach BoJa, U Orepalms OBTOPSUIACh 10 MOJHOMN
3arpy3ku KOMIIOHEHTOB 9MYJIbCMOHHOM TMacThl. Bpemsi
MPUTOTOBJIEHUS MACTUKW COCTABUJIO 5 MUH.

JI1 mpoBepKU MPUMEHUMOCTH TTPEAJIOKEHHOTO Ha-
MpaBjaeHus ucnonb3oBaHus rmoaydyeHHoro HCBIT 6bi1a
MPUTOTOBJIEHA Y HaHeceHa Ha 0ETOHHOE OCHOBaHUE
HCBII-mactnka. Mactrka O6blTa M3TOTOBJICHA Ha OC-
HOBE M3BECTKOBO-TJIMHUCTON dMYJILCUOHHON TacCThl.
C uenbio ynyumrenus cueruiennss HCBIT-mactuknm 6e-
TOHHOE OCHOBAHME Mepes HAHECEHNEM TUAPOU30JISILIN -
OHHOTO cOCTaBa ObLJIO OTPYHTOBAHO MPatMEpPOM U3 CMe-
cu HCBII ¢ 6ensunom. Ilocie HaHeceHUS TIpaliMepa
MOBEPXHOCTh ObLIa MOJHOCTBIO TTpocyllieHa. [ 0TOBHOCTh
MOBEPXHOCTU K HAHECEHUIO MACTUKU Oblia TPOKOH-
TpOJIMpOBaHa YUCTOI 0eJloil candeTKoil, Ha KOTOPOit
HE OCTaJIOCh CJIEIOB MOC/Ie TPUIOXKEHMUS €€ K OTPYHTO-
BaHHOW MOBEPXHOCTH.

PE3YJBbTATBI 1 OBCYXJIEHUE

J71s1 onipeiesIeHrsT COBMECTUMOCTH MOAM(PUKATOPOB
¢ OUTYMOM MCCJIETOBAIN PACTBOPUMOCTE MOIU(PUKATO-
poB B TosyoJie. [ToaydeHHbIE pe3yJIbTaThl IPEACTABICHBI
B Tab. 3.

Hcxons 13 BEILLIEONTMCAHHBIX TTPEIITOIOKEHNI O Kpe-
KUHTE TTOJIMMEPHBIX MOJIEKYJI U I€BYIKAHN3ALINU TPEX-
MEPHOI1 CTPYKTYPBI PE3UHBI, MOXKHO TMPEANIOIOKUTH, YTO
HEeTMpephIBHAS TpeXMEPHast CTPYKTypa pe3rHBI paspylia-
€TCSI B XOJI€ TEPMOXUMIYECKOTO BO3IECTBHS 1O YACTHII
MOJIEKYJIIPHOTO M KOJUIOMIHOTO pasMepa. DTH IPeIro-
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Tabauya 3
PacTBopumocTh MOIH(PHUKATOPOB OUTYMA B TOJIYOJIE
ey Jond BenmecTBa, HEPACTBOPHUMOTO
B TOJIyOJIe, Macc. %
Ml 45,12
M2 28,21
M3 21,13
M4 33,63

JIOKEHUSI ObUIH ITOATBEPKICHBI OIIpeIe/IEHEM pa3Mepa
YacTUIl B pacTBOpe Tojyosia. KpuBbie pacipeneieHust
pa3MepOoB YacTUll B paCTBOpax 00pa3LoB MoaudUKaTopa
MpeacTaBieHbI Ha puc. 1.

OYeBUIHO, YTO TEPMOXUMUYCCKas 00pabOTKa IIpH-
BOIUT K [JIyOOKOMY KPEKUHTY ITOJIMMEPHOI KOMITO31 -
LIMY PE3UHBI, B pe3y/IbTaTe YeT0 He TOJIbKO Pa3pyLIaeTCsI
TpexMepHasl CTPYKTYpa BYJIKAHU3UPOBAHHOM PE3UHBI,
HO U MPOUCXOAUT 0Opa3oBaHUE MPEUMYIIECTBEHHO
HU3KOMOJIEKYJISIPHBIX COCAMHEHUI, paCTBOPUMBIX
B ToJIyoJie. HepacTBOpuMEBIE B TOJIyOJI€ KOMIIOHEHTBI
KOMITO3HIINHU TIPEACTABISIOT CO00I HaHOpa3MepHEBIE
YACTULIBI pa3MepoM MeHee | MKM C IIperMYILEeCTBEHHbI-
mu paszmepamu 200-800 HMm. HepacTBoprMast B Toryore
YyacThb MOAMDUKATOPA 10 CBOEMY XUMUYECKOMY CTPOE-
HUIO MOXKET IIPEICTaBISATh COO0M KaK HeOpraHu4IecKue
JI00aBKM B MCXOIHOM KOMIIO3MIIUM, TAKME KaK caxa,
OKCHUIbl KPEMHUSI X MAarHusl, TaK U OCTATKU PE3HHBEI,
B KOTOPBIX IIPY BYJIKaHMU3ALMU 00pa3oBajach Haubo-
Jlee yCToiumMBast TpexmepHas cTpykrypa. I[Ipu mo6om
M3 3TUX BApUAHTOB HEPACTBOPUMBIE B TOJIYOJIE, a 3HA-
YUT U B OMTYMe YaCTHIIBI TIPEACTABIISIIOT COOOI TeTe-

pOTeHHbIE€ BKJIIOUEHMST KOJUIOUIHOTO TUIIA U HE MOTYT
TIPEIISITCTBOBATH CMEIICHUIO MOIU(UKATOPA C OMTYMOM
U CO3AaHUIO OJHOPOIHON KOMIO3ULIUH.

711 TpoBEepKYU 3TOTO MPEAIONOXEHUS ObUIA U3TO-
TOBJICHBI MOTUMDUIIMPOBAHHBIC OUTYMBI 1 OTIPEICICHBI
WX OCHOBHBIE MTOTPEOUTENBCKIE XapaKTepuCTUKu. Pe-
3yJIBTATHI TIPEACTABIICHBI B TA0JI. 4 B CpaBHEHUM C M3MeE-
HEHUSIMU CBOMCTB M0 OTHOLIEHUIO K UICXOAHOMY OUTYMY.

s cpaBHEHUSI CBOCTB MOIM(PUKATOPOB C HEOO-
paboTaHHOI PE3MHOBOM KPOIIKOH ObLI TOMOJIHUTEIEHO
rpuroToBieH odpasel ¢ 20 macc. % pe3rHOBOM KPOILKU
B MCXOJJHOM OMTYME I10 CTaHAAPTHOM 17151 MOAU]PUKATO-
poB MeTonuke. OQHAKO OIPEeAeINTh OCHOBHBIC XapaK-
TEPUCTUKU MOJTYYEHHOTO MOAU(PUIIMPOBAHHOTO PE3U-
HOBOI1 Kpomkoit ourtyma mo 'OCT 22245-90 oka3anoch
HEBO3MOXHO: IIPY Harpese Mpo0bl BsKyiero 1o 160°C
OIHOPOIHOTO XUAKOTO COCTOSIHUS HE ObLIO TOCTUTHYTO,
TaKxXe He MPeACcTaBIsiIOCh BO3MOXHBIM TTPOGUILTPO-
Bath Ipo0y yepes cuto 0,7 MMm. TakuM 06pa3oM, OUeBUI-
HO, YTO PE3MHOBAsI KPOIIIKA B UCXOJTHOM BUIE HE MOXET
paccMaTpuBaThCcs Kak MOIM(UKATOp OUTYMOB.

ITo ypoBHIO TEpMOXUMHUUYECKOTO BO3/IEHCTBHUS OIM-
ChIBa€MbII METOJl TPEBOCXOAUT U3BECTHBIN METOII BbI-
COKOTEeMIIEPaTypHOTO CIBUTOBOTO M3MelIbucHU |10,
11], mpu KoTopoM nokazaHa Tuddy3ust apoMaTHIECKIX
YIJIEBOJOPOJIOB U3 OUTYMHOW COCTABJISIIOLIEH B YaCTUILIBI
MOIU(PUKATOPOB, a COEAUHEHUI Cepbl — U3 YACTUIL MO-
nudukaropoB B outyM. [1oaToMy npenioXeHHbBI METOL,
TEPMOXMMUYECKOTO KPEKMHTIa MPUBOIUT K YCUJICHUIO
TaKUX BUIOB B3anMMHOM mrdy3um 1 co3maHuio 0ojiee
OOHOPOMHO¥ KOoMITO3UIUH. CIeayeT OTMETUTD, UTO
WMEHHO TIJI0Xasi paCTBOPUMOCTD MOJIMMEPHBIX MOIU-
$UKaTOpOB B OUTYMHOM MaTpUIIE CUMTAETCS OCHOBHBIM
HEJIOCTATKOM OOJIBITMHCTBA MOJIMMEPHBIX 100aBOK [12].

Volume (Percent)

10

Size (d.nm)

100 1000 10000

Puc. 1. KpuBble pacnpeesieHusi pa3MepoB YacTHIL B PACTBOpax o0pa3uoB MoaudukaTopa
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Tabauuya 4

XapakTepucTuku MoaupumupoBaHubix 0uTymMoB no 'OCT B cpaBHeHUH ¢ COOTBETCTBYIOIIMMHU XaPAKTEPUCTHKAMMI

HCXOIHOro OuTYMA

MB1 MB2 MB3 MBb4
MokasaTems (M0 OTHOIIEHUIO (10 OTHONIEHUIO (1Mo OTHOIIEHUIO (10 OTHOLIEHUIO
K HCXOJHOMY K HCXOHOMY K HCXOJTHOMY K HCXOHOMY

ouTymy) ouTymy) ouTymy) ouTymy)
I'myGrHA TPOHUKAHUS UTJIBI
0.1 My rpit 25°C, Mu 41 (—14) 191 (+136) 139 (+84) 152 (+97)
TemmnepaTtypa paaMslorquHsI 36 (—14) 43 (=7) 47 (=3) 44 (—6)
MO KOJIBIY 1 mapy, °C
Pactsoxumocts nipu 0°C, cm 11,6 (+7,7) 10,5 (+6,6) 9,8 (+5,9) 10,1 (+6,2)
Temmnepatypa xpynkoct, °C, =31 (—11) —26 (—6) —26 (—6) —-29 (-9)

IToaTOMyY CHSITME 3TOrO OrpaHUYEHUS] MOXHO OJHO-
3HAYHO XapaKTepu30BaTh KaK BaXKHOE MPEUMYILECTBO
npemiaraeMoro MeToia.

715t mccemoBaHHBIX MOIM(MDUKATOPOB OMTYMa Hau-
00J1ce OUCBUIHBIM BEIBOIOM SIBIISIETCS (DaKT, UTO BCE T1O-
JIydeHHbIe MOIM(UKATOPHI YIyUIlIAIOT TOTPEOUTENBCKUE
cBolicTBa OuTyMa. [leficTBUTEIbHO, IJISl UCCIeAOBaHUMI
MPUMEHSIM OUTYM, KOTOPBIH MO TJIyOMHE MPOHUKHO-
BEHUSI UTJIBI (hOPMAJIBHO HE YIOBJICTBOPSET TPEOOBAHN-
am 1 K BHJI 60/90, uu x BHJI 40/60. I1pu sTOM Tpu
M3 YeThIpeX MOAU(MUKATOPOB PE3KO YIYUIIAIOT BI3KHE
CBoiicTBa OMTYMa, YBeJMUKMBasl 3HaYe€HUE TITyOUHbI TTPO-
HUKHOBEHUS UTJIbI B IBa 1 OoJiee pas.

AHaJOTMYHO MTPOUCXOAUT YAy4llleHUEe MoKa3aTeaei
PacCTSKMUMOCTU M TeMITepaTyphbl XpyNKocTu. Tak, B co-
otBeTcTBUH ¢ TpeboBanusamu 'OCT 22245-90 ycranas-
JIMBAETCS HIDKHUMA TIpeelt Mo pacTsskuMoctr mipu 0°C
B 3,9 cM, a mpuMeHeHHe MOAN(PUKATOPOB YBEIMUNBACT
3TOT MOKa3aTelb ISl BceX 00pa3loB MPUMEPHO B ABa
paza. [lys1 Bcex 00pa3loB CHUXKAETCS U TeMIiepaTypa
XpynkocTu. EnMHCTBEHHBIN MOKa3aTesb, 0 KOTOPOMY
CBoOicTBa MOAU(DUIIMPOBAHHBIX OUTYMOB HE3HAUUTEIb-
HO YXYyIILIAIOTCs, 9TO TeMIlepaTypa pa3msiraeHus1. Bepo-
SITHO, 3TO CBSI3aHO C KPEKMHTOM OPraHWYECKUX MOJIEKYJT
Y CHYDKEHUEM CpeIHel MOJIEKYISIPHON MacChl OUTYMHOM
Komtmo3unu. OTHAKO BO3MOXKHO IIPUMEHEHIE OUTYMOB
C TIOHWKEHHOM TeMIlepaTypoi pa3MsIrdeHusI B MUHbBIX
00J1aCTSIX, TIOMUMO JOPOXHOTO CTpoUTeNbcTBa. Kpome
TOTO0, U3BECTHA BO3MOXHOCTb CO3AaHUS KOMILIEKCHBIX
MOI(HUKATOPOB ¢ IIPUMEHEHUEM TTOJIMMEPHBIX MOJIe-
KyJI, KOTOpbIe OYAyT MOBBILIATh TEMIIEPATYpPy pa3MsIr-
yenwns [13].

Takum oOpa3oM, COBMECTHBII MUPOJIU3 MO 1aB-
JIEHUEeM PE3UMHOBOI KPOIIKU OTPAOOTAHHBIX MTOKPHI-
1IeK ¥ PaCTUTEIBLHOTO Macjia IPUBOIUT K MOJIYYEHUIO
HaHOCTPYKTYPUPOBAHHOTO MPOAYyKTa, COBMECTUMOTIO
¢ ourymom. OTHUM 13 BO3MOKHBIX HaIIpaBJICHUI MC-
MO0JIb30BaHUS MOJIYyYeHHOTO HAHOCTPYKTYPHUPOBAHHOTO
outymHoOro mpoaykTa (manee o Tekery HCBIT) sBs-

€TCsl ero MpUMEeHEHUE TSI TUAPOUBOJISILIUN TTOA3EM-
HBIX YacTell 30aHull, COOPYXKEHUIN 1 KOMMYHUKALINA,
a TakKe IS repMeTU3alum 1eopMallMOHHBIX IIIBOB
B MOA3E€MHBIX YacTsX. PekoMeHaauuy no nepcnekTrB-
Homy ucnonb3oBannio HCBIT 6b1m1 cpopmympoBaHb
c yuetoM [14].

INepcriekTuBHBIM BUaUTCS ncnonb3oBanne HCBIT
B coctaBax acanpToBbix MacTuK (HCBII-MacTuK), Ko-
TOpPbIE MOXKHO HAHOCUTD B OAMH WU HECKOJIBKO CJIOEB
B BUJIE MEXaHU3UPOBAHHOTO WM PYYHOIO HaMeTa Ha Oe-
TOHHBIE (3KeJIe300€TOHHbBIE) WM KMPIUYHbBIE OCHOBA-
HUS, GOPMUPYS TIACTUIHOE IITYKATyPHOE IIOKPHITHE.

HCBII-mactuky usrorasiausaioT u3 cmecu HCBIT-
9MYJbCUOHHOM TMAcCThl C MOPOILIKOOOPa3HBIM MUHE-
paJibHBIM HamoHuTeNeM. B KauecTBe aMysibratopa s
npurotoBienuss HCBIT-aMyIbcMOHHOI TACThI MOTYT
MPUMEHSTHCS pa3IMyHble MaTepralibl, HATPUMED, MU-
HepaJbHbII MOPOIIOK, TabK, MeJI, INIMHA, (hOoCchOTHUTIC,
caxa, IeMeHT, u3BecTh [15]. [Ipu 3ToM HEOOXOIUMO OT-
METUTb, YTO HanboJIee IPEANOUTUTETbHBIMY B KAYECTBE
9MYJILFaTOPOB OYIYT U3BECTKOBBIE WY U3BECTKOBO-TJIU-
HUCTBIE cocTaBbl. Tperes U AMaTOMUT SIBJISTIOTCSI HU3KO-
KauyeCTBEHHBIMU AMYJbraTopaMu. J1Jis MpUroTOBIEHUS
HCBII-aMmynberii MOTYT OBITH TPUTOIHBI TOJILKO JIETKO
nojaaarolecs IpodJeHUI0 MaJTOCLIEMEHTUPOBAHHbIE
Pa3HOBUIHOCTU Tpernena U auaromuta. B modom ciy-
yae ¢ UCIOJIb30BaHUEM Tpernesa Wiu IMaToOMUTa MOTYT
OBITh TPUTOTOBJIEHBI JIUILIb MAJIOYCTONYMBbBIE KPYITHOIM -
CMHEPCHBIE MACThl, TOATOMY 3TH AMYJIbraTOPbl HE PEKO-
MeHayroTcs i npurotosiieHnst HCBIT-aMyTbCMOHHBIX
nact. B kauecTBe HanmoJHUTEENW 11T IPUTOTOBJIECHUS
HCBII-MacTK BO3MOXKHO MCITOJIb30BaHME N3BECTHSIKO-
BOTO WJIA KUPITMIHOTO MOPOIIKOB 1 30/1bI-yHOCa TOII.
HonyckaeTcs npuMmeHeHue 10 10% nopriaHaLueMeHTa.
Heob6xonumo nmeTsb B BULY, YTO MPUMEHEHHE 30J1bl-
YHOCA HEIOMYCTUMO MPU CyJIb(aTHON arpeccuu rpyH-
TOBBIX BOI. COOTBETCTBEHHO, IIEMEHT ITPU CYIh(aTHOMN
arpeccuy JOJDKEeH OBITh cyimbdaTocToiknmM. Boma mis
npurotosienuss HCBIT-smynbcnonnbix mact 1 HCBIT-
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MAaCTHK JOJIKHA OBITh IPUTOMHA IJISI IIPUTOTOBICHUS
oetona ('OCT 23732-2011).

Anre3ns HaHECEHHOI Ha OCETOHHYIO MOBEPXHOCTH
HCBII-macTuku Obl1a TpoBepeHa UCTTBITAHEM Ha OT-
PBIB B COOTBETCTBUH ¢ [14]. cribITaHWe HA OTPBIB OBLIO
BBITIOJTHEHO ITyTeM TIPUJIOXKEHUS BBIACPTUBAIOIICH Ha-
TPY3KHU K cTajibHOM miactruHe 30X30 mM. ITmactuHa
ObIIa IMPUKJICCHA K TTOBEPXHOCTH HAHECEHHOTO MaCTHY-
HOTO MOKPBITHS TEPMOIUIACTUYHBIM KJleeM. B xome mc-
MIBITAHUI HAa OTPBIB K CTAIBHOM TIJIACTUHE OBLIO TTPUIIO-
JKeHo BeiaepruBaoiee ycuaue 60 H (6,7 H/cm?), koTo-
poe O6BITO BBIAEPKaHO B TeueHUe 180 cek, 3aTeM ycmmme
6bu10 yBesmueHo o 100 H (11,1 H/cm?), mocie yero
OTPHIB ITIACTUHKY ¢ MACTUKOM TIpom3o1iies yepes 40 cex.
Taxnm o6paszom, aare3uss HCBIT-macTuku K 0eTOHHOMY
OCHOBAHMIO COOTBETCTBYET TPEOOBAHUSIM, TIPCIBSIBIIS-
e€MBIM K ac(aIbTOBBIM MAaCTHUKAM JIJIST TUAPON3OJISIIIAN
TOI3eMHBIX YacTeil 3MaHuil U COOpYKeHMIA [14].

ITonyuennslie xapakrepuctnku HCBIT-macTuku mo-
3BOJISIOT MIPEANOJIaTaTh BEICOKME SKCIUTyaTallMOHHEIC
XapaKTePUCTUKHU, XapaKTepPHBIC TSI MACTHUK C TUCTIEPC-
HBIMU 3aMoJHUTEIAMU [16] 1 TUTIMYHBIE 1T achalib-
TOOeTOHHOTO BsLKylIero [17]. O6sr9HO HabmogaeMoe
yBeJIMUeHNE B YCTOMIMBOCTH MAacTHUK K Ae(opManmu,
BBICOKYIO JKECTKOCTD M YIapHYIO BSI3KOCTh CBSI3BIBAIOT
C BO3HMKHOBCHHNEM CTAOMIIBHOM HAHOCTPYKTYPHI OM-
TyMHOM MacTtuku [18, 19].

CIINCOK NCTOYHUKOB

[MosydgeHHBIC PEe3yABTATHl O IPUMEHUMOCTH TIOJIY-
YEHHOTO HAaHOMOIM(DHUIIMPOBAHHOTO OMTYMa COTJIaCYIOT-
csI ¢ pe3yabTaTaMy IPYTHUX UCClIeqoBaTeeil, moKa3hIBa-
OIIMX COTIOCTABIMOCTh OUTYMOB, MOTU(UIINPOBAHHBIX
MIPOAYKTaMU TTepepabOTKH pe3NHOBOI KPOIIIKH C KOM-
ITayHIOM, M3TOTOBJICHHBIM M3 OTXOI0B KayayKa [20].

3AK/IIOYEHUE

Wcnonb3oBaHue TEPMOXUMUYECKON 00pabOTKM 1O,
JIaBJIECHUEM Pe3UHBI OTPA0OTAHHBIX MMOKPHIILIEK ITO3BOJISI-
€T B IIPOTOYHOM PeaKTOpe ITPOU3BOIUTH HAHOCTPYKTY-
pUpOBaHHBINA MOAU(DUKATOP, COBMECTUMBII C OUTYMOM.

IMonyyeHHBINT HAHOCTPYKTYPUPOBAHHBIN OUTYMO-
coaepXaliuii MPOIYKT MOXKET MPUMEHSTHCS B KAUECTBE
CBS3YIOLIETO B TUAPOU3OJISLIMOHHBIX MAaCTUKAX MJIsI
M30JISIIUN MOA3E€MHBIX YacTel 30aHU U COOPYKEHUIA.
HCBII xopolro cMeImmBaeTcsl ¢ 9MYIbraTopoMm, a Ipu-
TOTOBJIEHHASI MACTUKA JIETKO HAHOCUTCS Ha U30JIUpye-
MYIO TIOBEPXHOCTh. KOMITOHEHTHI 1J1s1 U3TOTOBJICHUS TH-
JIPOUBOJISILIMOHHONM MAaCTUKY (TJIMHA, U3BECTh) TOCTYITHbI
n Hegoporu. I'mapousonsumonubie HCBIT-macTuku
OBICTPO TOTOBSITCS HEMOCPEACTBEHHO HA CTPOMIIONIAI -
Ke B TpeOyeMBbIX 11 HAHECEHUST KOJINUeCTBaX, YTO I10-
3BOJISIET MTPAKTUYECKU UCKITIOUUTh CTPOUTEIBLHBIE OTXO0-
IIbl OT TUAPOM3OJISILIMI U HE OKA3bIBaTh IOMOJHUTEILHOMN
Harpy3Ku Ha OKPYKaloIIyiO Cpey.
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Acoustooptic shutter for glass units
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ABSTRACT: Introduction. The use of liquid crystals is attractive for solving technical problems when creating a new generation of
monitors, pressure sensors, seismic activity, determining the level of dry or liquid media, indicators of the concentration of harm-
ful substances due to the small size of devices, low power consumption, simple design, low cost, and easy controllability of liquid
crystals by various external fields. Under the action of mechanical shear, the liquid crystal layer is deformed, as a result of which
surface polarization occurs. The purpose of the research is to conduct an experimental study of the effect of an electric field on
flexopolarization occurring in a thin layer of a liquid crystal to create an acousto-optic shutter. Materials and methods. Nematic
liquid crystals 10 - 100 pm thick with homeotropic orientation of molecules were used as materials: n — methoxybenzylidene n -
butylaniline; 4 - octyl - 4 - cyanobiphenyl; nitrophenyloctyloxybenzoate; cyanophenyl ester of heptylbenzoic acid. Methods. The
experimental setup consisted of a charge-sensitive amplifier with a high input resistance of 10 GQ and a selective amplifier (2 MQ).
The design of the amplifier made it possible to apply a constant voltage of up to 100V to its input, as well as linear and synchronous
signal detections, which were then fed to the ADC that recorded them. Results and discussion. The behavior of charges induced
on the surface of a liquid crystal due to internal mechanisms of molecular-orientation polarization was considered as a function of
the magnitude and direction of the external electric field. For this, a liquid-crystal layer (MBBA) was placed in an electric field. The
dependences of the first U, and second U, harmonics, when a positive potential is applied to a deformable plate, reach lower values
than with a negative one. The electric field at a positive potential stabilizes the molecules of the polarized layer, and at a negative
potential it makes it less stable, which leads in one case to a decrease in the slope angle on the surface, and in the other to an increase,
which leads to an increase in the second harmonic. Under weak boundary conditions, a polar deformation occurs in the bulk of the
NLC. When the field is applied to the homeotropic layer of NLC (CPEHBA), the value of the second harmonic U,  increases linearly
from the voltage U_up to the achievement of “saturation’, which is due to an increase in the stabilizing dielectric moment over the
viscoelastic one. At low fields (E < 10* V/cm), the value of U, firstincreases and then decreases due to an increase in the tilt angle
of the director relative to the normal to the surface. At low polarizing voltages U_< 15V (CPEHBA) dependence U,  is approximated
by a power function of the U’ type, at U_>> 15V the second harmonic U, depends as U . At low bias voltages, the position of the
minima of the values of the first U, and second U, harmonics (for MBBA and CPEHBA) does not coincide with the zero point along
the abscissa at U_= 0. The harmonics U, and U, have a maximum when a positive potential is applied to the moving electrode. In
the region of positive displacement voltages, the molecules stabilize, while at negative voltages, the molecules are less resistant to
orientational perturbations. The value of the second harmonic U, sharply decreases with the perturbation frequency. Conclusion.
The obtained research results can be used in the development of pressure sensors, seismic sensors for buildings and structures,
light modulators, as well as an acoustooptic switch for glass units.

KEYWORDS: liquid crystals, flexoelectric effect, acoustooptic effect, flexoelectric polarization, orientational transition, optical switch.
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INTRODUCTION the small size of devices, low power consumption, sim-

plicity of design, low cost, easy controllability of liquid

Despite the variety of existing liquid crystal (LC) de-
vices, scientists around the world continue to search
for solutions to scientific theoretical and experimental
problems, engineering projects to develop new generation
information display systems, as well as optical devices.
The use of liquid crystals is attractive in this sense due to

© Denisova O.A., 2023

crystals by various external fields (mechanical, electrical,
magnetic, thermal).

Liquid crystals are used as a matrix for doping with
various nanoagents [1, 2] using the guest-host effect,
which change the physical and chemical properties of the
working substance. There is a search for options for the
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quality of the surface of the electrodes and their process-
ing for the creation of light filters, light intensity regula-
tors, light-oriented lenses [3], the simultaneous influ-
ence of, for example, electric and magnetic fields is being
studied [4]. In paper [5], the formation of a molecular
crystal in the volume of an nematic liquid crystal (NLC)
in the vicinity of the p-# junction was considered, the bi-
refraction of which can be controlled by an electric field.
Researchers are looking for new piezoelectric materials
and effects to create sensors, transducers, and frequency
controllers [6]. The article [7] theoretically studies the
conditions for the formation of spatially modulated phases
due to the action of a flexi pair in condensed media and
liquid crystals. Computer modeling has shown common
features of ferroics and liquid crystals. In both substances,
spatially modulated structures are formed. Similar prop-
erties will give more opportunities in terms of the practi-
cal use of these substances. The authors of papers [8, 9]
studied the direct flexoelectric effect in the vicinity of the
phase transition from the nematic phase to the isotropic
one, as well as the parameters affecting the nature of the
flexoelectric polarization. In [10], the authors studied
the orientational instability of a liquid crystal director in
a flat flexoelectric cell in a constant electric field applied
normally to the cell surface. It has been found that under
a quadratic action of an electric field, the orientational
instability is threshold, but non-threshold under a linear
action. Using the elastic properties of LC and introduc-
ing additives into its volume, the relationship between
flexoelectricity and mechanotransduction was studied
[11]. Liquid crystals are used in the search for solutions to
a number of applied and fundamental problems [12—37],
which is justified by the economic and technological com-
ponents.

Thus, the analysis of scientific works of recent years
shows an interest in the issue of studying the phenom-
ena and effects associated with flexoelectricity in liquid
crystals and in materials similar in properties. Under the

action of mechanical shear, the liquid crystal layer is de-
formed, as a result of which surface polarization occurs.
This paper presents the results of an experimental study
of the effect of an electric field on this surface polariza-
tion. The article is devoted not only to the study of flexo-
electricity in condensed media, but it is also proposed
to use the flexoelectric effect to create an acoustooptic
switch based on liquid crystals for double-glazed windows.
When, with one orientation of the molecules of the liquid
crystal, the light flux passes through the cell, but not with
the other. Also, the results obtained are relevant for the
implementation and development of memory devices in
nanoelectronics and LC monitors of a new generation.

MATERIALS AND METHODS
Materials

Liquid crystals with a homeotropic orientation of
the director were used: n — methoxybenzylidene — n-
butylaniline (MBBA) with ¢ < 0; 4 — octyl — 4-cyanobi-
phenyl (OCB) with ¢_> 0; nitrophenyloctyloxybenzoate
(NPOOB) with ¢ > 0; cyanophenyl ester of heptylbenzoic
acid (CPEHBA) with ¢ _>> 0, which were in the nematic
phase. The main parameters of liquid crystals are pre-
sented in Table 1.

Methods

The cell was a flat capacitor, it was assembled from
two plates, between which the LC under study was placed.
One of the plates was thin, it was connected to the vibra-
tion source by means of a waveguide about 10 cm long
and 0.5 mm thick. The frequency range of oscillations
is from 20 Hz to 20 kHz. In our case, the exposure fre-
quency was 1 kHz. The LC thickness could be changed
using a micrometric screw (layer thickness h from 10 to
100 um). The cell was placed in a thermostat to main-

Table 1
Basic physical parameters of liquid crystals
Mesophase e, 10~ e, 107 Dipole Dielectric
Liquid crystal temperature, un. CGS/ | un. CGS/ moment, | anisotropy,
°C cm cm p,D g,
cyanophenyl ester of heptylbenzoic acid o o ~ _
(CPEHBA) K 45° N 56° 1 5,5 3 4,5 19
nitrophenyloctyloxybenzoate (NPOOB) | 4% A 01N 5,0 1,0 ~4,1 >0
n-methoxybenzylidene — o o ) B .
n-butylaniline (MBBA) K18 N4l 43 10 26 0,56
4-octyl — 4-cyanobiphenyl (OCB) K22CNT 6o 1,0 ~5,0 ~9
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Fig. 1. Block diagram of the experimental setup: 1 — sound generator; 2 — selective voltmeter; 3 — differential
thermocouple; 4 — DC microvoltmeter; 5 — thermostat with LC cell; 6 — preliminary charge-sensitive amplifier;
7 and 8 — selective amplifiers; 9 — phase difference meter; 10 — analog converter

tain the required temperature, which was controlled by
a thermocouple [35].

For an experimental study of the effect of an electric
field on the polarization induced by acoustic action, an
experimental setup was assembled (Fig. 1). The main ele-
ment of its recording part is the amplifying path, which
consists of a charge-sensitive amplifier with a high input
resistance of 10 GQ and a selective amplifier (2 MQ2). The
charge-sensitive amplifier in the studied frequency range
had a gain of 2-10?, as well as a relatively low noise level of
about 50 uV. It provides for the possibility of applying a
polarizing bias voltage U, to the sample in the range from
0 to 2-103 V. The selective amplifier made it possible to
record electrical signals in the range of 20 — 105 Hz, the
lower level of which is 4-102 uV, and the upper level is 1 V.

The design of the amplifier makes it possible to apply
a constant voltage of up to 100 V to its input, as well as
linear and synchronous detection of signals, which were
then fed to the ADC that records them. If it was necessary
to simultaneously analyze and study the spectral composi-
tion of the signal under study, two paths were used, each
of which, independently of each other, made it possible
to process spectral harmonics.

Let us now turn to the analysis of the process of mea-
suring electrical signals according to the method described
above. Since the investigated anisotropic molecular lig-
uids — liquid crystals are weak electrolytes (imperfect
dielectrics) and have a sufficiently high impurity conduc-
tivity o, it will significantly affect the process of measur-
ing the magnitude of signals induced by orientational
perturbations.

Consider a dielectric with an average permittivity <e>
and conductivity o. Let us assume that, due to some rea-
sons, a charge of density ¢ appeared in its volume, which
is compensated by its own conduction mechanism for
the characteristic time 1= <e¢>¢_o0~'[34]. In the case of
liquid crystals, the process of compensation and charge
transfer is determined by the physicochemical mechanism
of dissociation and recombination of impurity conduction
ions. In weak electric fields, when the time of passage of
ions between the electrodes:

T=2m(u, +u ) EY, I

(where h — LC layer thickness; u, and u_ — charge
carrier mobility; £ — potential gradient) much longer
than the recombination time, the current-voltage char-
acteristic of the liquid crystal is linear with respect to the
field; therefore, one speaks of the electrical conductivity
constant o.

If, as a result of the orientation perturbation of the LC
layer, the polarization P is generated, then for the charge
Q = [ P dS, induced on the capacitor plates, equivalent
to a cell with a capacitance, one can write the relaxation
equation:

dQ/dt=&/R—Q/C, 2

where & — emerging emf; R — ohmic resistance LC;
1= <e>¢ o' — relaxation time.

Let us assume that <¢> = (w)&“ and Q = Q &',
then for Q  the next solution is obtained:
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0,=v/(Pé, (1+w’ )™, 3)

where 8§ — EMF value, determined by the polariza-
tion mechanism and depending on the perturbation fre-
quency.

Thus, in reality, the value will be measured:

8' = wte(1)/(1+w? ). 4)

It follows from the last expression that at low frequen-
cies w << 17! the measured EMF is defined as & = wt
&(1), which reflects the process of masking the LC po-
larization by conduction ions. In the frequency range ®
> 1!, the EMF is defined as follows: & ~ /wt, this cor-
responds to dielectric losses that increase with increasing
excitation frequency.

RESULTS AND DISCUSSION

The behavior of charges induced on the surface of
a liquid crystal due to internal mechanisms of molecular
orientation polarization depending on the magnitude and
direction of the external electric field £ will be considered.
To do this, an LC layer (¢, < 0) with an initial homeo-
tropic orientation, for example, an MBBA, will be placed
in an electric field. In this situation, when the director
n and the electric field F are colinear, as is known [34],
a number of structural-phase transformations of the type
of the Freedericksz effect occur, electrohydrodynamic
instability (EHDI). It should be expected that the orienta-
tional transitions and the electric field itself will affect the
magnitude and behavior of the recorded harmonics U,
and U, , for at least two reasons: first, when the orienta-

tion changes (appearance of a director tilt to the surface),
there is a contribution to the total polarization bend — de-
formation (flexocoefficient e,,), which has a slightly higher
value than e, [36]; secondly, the electric field polarizes
the medium. Indeed, with an increase in the polarizing
voltage U_on the plates of the cell representing the capaci-
tor, the values of the harmonic signals U, and U,  first
increase, and then, after reaching a minimum, they enter
a linear section of the dependence on the field, which is
due to the capacitor effect. It is necessary to take into
account this contribution in the dependences; it appears
due to a change in the thickness of the LC layer during
periodic oscillations of one of the cell surfaces. It can be
measured experimentally by converting the mesophase to
an isotropic state. In this case, this value will depend on
the plate oscillation amplitude a and the average permit-
tivity <e>=(g|+2¢)/3 and slightly differs from the similar
value in the mesophase.

The dependences of the harmonics U, and U, on
the field should be analyzed (Fig. 2). Their values are
sensitive to the direction of the electric field, that is, when
a positive potential is applied to a deformable plate, the
harmonics reach lower values than with a negative one.

This is due to two reasons: on the one hand, the elec-
tric field at a positive potential stabilizes the molecules
of the polarized layer (in MBBA they are directed with
their negative end to the surface [34]), and at a negative
potential it makes it less stable, which in one case leads to
a decrease in the tilt angle by surface, and in the other —
to its increase, which leads to an increase in the second
harmonic. On the other hand, as shown in [36], under
weak boundary conditions, polar deformation can be real-
ized in the NLC volume. In this case, a similar situation

é Uip101V

*-U,
“Uto

U,V -20 -10

10 20U,V

Fig. 2. Dependences of the values of the first U, and second U, harmonics on the bias voltage U :
1 — U, without the contribution of the capacitor effect; 2 — U, (dashed straight line — contribution
of the capacitor effect; MBBA e <0 a=0.2 um; 2= 15 um; = 1 kHz)
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¢
0.3 g
> 0.2]
) o -OCB
0.1 % -CPEHBA
= -NPOOB

20 40 60 UV
Fig. 3. Field dependences of the second harmonic U, in
NLC with e, >>0 (a~ 0.3 um; h = 15 um; OCB at

T, =35°C; CPEHBA at T, = 48°C; NPOOB at
T,=63°C)

takes place due to the non-equivalence of the surfaces,
which arises as a result of the induction of surface angles
0, (—E, a) # 6 (E, a) by acoustic perturbations and the
electric field. In addition, the signals U, and U, , regard-
less of the polarity of the field, reach their maximum in
the vicinity of the Freedericksz transition. The decrease
in the signals then is a consequence of the development
of the EHD instability, the structure of the liquid crystal
becomes finely dispersed with the wave vector 9’>>q2,3
(g, , is the vector that determines the orientational defor-
mation), which leads to the suppression of the flexo effect.

Along with the considered reasons for the change in
the values of harmonics U, due to reorientation mecha-
nisms, it is necessary, apparently, to take into account
the polarization effects of amplification of the recorded
signals. In this case, the induced orientational molecular
polarization is recorded as a result of its periodic modula-
tion in the volume. A similar effect can be registered in the
absence of parasitic phenomena such as the Freedericksz
transition and EGDN. This is possible in LCs with a large
anisotropy of the permittivity (¢, >> 0). Moreover, using
the analogy with surface polarization, the largest value
of the recorded signal should be observed at the second
harmonic, since U, ~ P, <02 > exp(2wf) (P, — bulk
polarization). Studies confirm this assumption: the ratio
between the harmonics U, ™ U, ™ <<'1 takes place in
all studied nematic liquid crystals. In contrast, in A- and
C-type smectic liquid crystals U, ~ U, , thatis, U, is
much less than in nematics.

The behavior of harmonics U, in an electric field
should be analyzed in more detail. When a field is applied
to a homeotropic layer of NLC, for example, CPEHBA
(h =15 um; a = const; w = 1 kHz), the value U,  linearly
increases from the voltage U, up to reaching “saturation”

13] Ul >U;

;Q.V

01 05 09

1.3 a.um

Fig. 4. Dependences of the value of the second harmonic
U, on the amplitude of the action at different polarizing
voltages: U, =90V, U,= 60V, U,=40V; U,=30V;
U,=20V; U=10V (h=15um)

(Fig. 3), which is due to an increase in stabilizing dielec-
tric moment over the viscoelastic one.

Accordingly, the value of U,  in this case is 1.5-10° —
2-103 times greater than without an electric field. If we
consider the dependences of U, on the disturbance am-
plitude a at fixed values of the electric field (Fig. 4), then
it should be noted that at low fields (£ < 10* V/cm), the
value of U, first increases and then decreases due to an
increase in the tilt angle of the director relative to surface
normal and transition to turbulent motion in the layer. At
relatively high fields £ < 5-10* V/cm, such a state is not
achieved. The value of the signal U, in this case is ~1 V
(a ~ 1 um). In the nematic phase of NPOOB and OCB,
the second harmonic U, has approximately the same
order (Fig. 4), although in cyanobiphenyl it is somewhat
higher, which is apparently explained by the large dipole
moment of its constituent molecules.

Thus, as a result of the application of an electric field
to the homeotropic NLC layer, polarization increases in
the crystal volume, the presence of which is recorded by
means of orientational modulation and measurements of
the charges induced on the conducting substrates.

To exclude alternative explanations for the appearance
and increase of U,  in fields, studies were carried out of
its behavior on conductivity o (the mechanism of orien-
tational polarization — its anisotropic part), dielectric
anisotropy ¢ , and thickness of the liquid crystal layer 4.
Model experiments were carried out on CPEHBA and its
mixtures with NLC MBBA. When doped with ionic addi-
tives, the value of the signal U, decreases due, apparently,
to the screening effect. This means that the contribution
of this mechanism is negligible (Fig. 5a).

Changing the anisotropy of the mixtures €, > 0 from
20 t0 0.05, the U, value was measured at the same polar-
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Fig. 5. a) Field dependences of the second harmonic U, (CPEHBA) at different initial conductivity of the samples ¢
(@~ 0.3 um; 2= 15 um); inset — dependences of U, on dielectric anisotropy & (1 — experiment; 2 — theory);

b) field dependences of the second harmonic U, (CPEHBA) at different thicknesses of LC films (1 — 4, =70 um;
2—h,=55um;3—h,=45um; 4 —h,= 30 um; 5 —h,;= 15 um; 6 — A = 10 um); inset — dependences of the
tangent of the slope of the curve U, (U) on the thickness & (1 — experiment; 2 — theory)

izing voltages and perturbation a depending on the value
of e (Fig. 5b). The signal due to the dielectric mechanism
in this case willbe U, ~ g £<0,> /e, .

According to this relation, with a large anisotropy € ,
the functional dependence U, (¢ (at £'= const) becomes
asymptotic — a straight line parallel to the abscissa axis € ,
and for small ¢ << 1, the signal value will tend to zero, as
shown in Fig. 5b. In contrast to this, in practice, the value
of the signal U, fore <<1 does not tend to zero, and for
¢ >> 1 does not reach the above asymptotics.

But it is obvious that the contribution of the dielec-
tric permittivity is not equal to zero and, according to
estimates, is about 10—15% of the recorded value U, .
The results of measurements of the value of the second
harmonic on the thickness of the NLC layer (Fig. 5b)
showed that the tangent of the slope of the dependence
U, to the abscissa axis Uc increases with the thickness 4,
while with the dielectric modulation mechanism the value
tga~ h~' (soas U, ~ E=U/h, thentga~ U, /U~ h™").

The behavior of the first harmonic in an electric
field should be discussed, the CPEHBA has been stud-

ied in detail. The perturbation amplitude, for example,
a ~ 0.3 um should be fixed and the dependence U, (U)
for this deformation should be analyzed (Fig. 6).

At low polarizing voltages U <15V (h = 15 um), the
dependence U, is approximated by a power function of
the U type (where n ~ 3); at U, >> 15V the second
harmonic U, depends as U_'. Qualitatively, this behav-
ior can be explained by a change in the amplitude of the
director oscillation, which follows from the formula for

the phase difference:

2 [h/2 2mh
d = —f An(z)dz =—— < An(z) >, (5)
A Jpp A

where <An(z)> — averaging over the thickness of the
crystal layer; 4 is the LC thickness; A is the wavelength
of light.

Considering the term describing the acting field
¢ (En)*/4m, in the initial equations, then the deviation
amplitude of the LC director can be approximately writ-
ten [34]:
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Fig. 6. Field dependences of the first harmonic U,  for
different sample thicknesses / (a = const, ® = 1 kHz):
h,=15um; h,= 30 um; h,= 45 um; h,= 55 um
(CPEHBA)
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where A(v) — function of the oscillation velocity of
one of the surfaces and volumetric gradients v(z, r).

In this case, the magnitude of the first harmonic sig-
nal U, is proportional to the thickness of the LC and
the angle of deviation of its director U, ~ e 40, that
is, under the condition yw >> ¢ E?/4n (small fields),
a power dependence will be U, ~ U_’. In the case when
yo <e E*/4m, it willbe U, ~ U "

Thus, in low fields, the signal increases due to the
amplification of the director oscillation amplitude, but
at a certain critical field £= (4mryw/e )'/? it is suppressed,
since the layer is stabilized by a constant electric field.

Previously, it was established [8, 9, 12, 13, 16, 22,
25, 28] that during periodic shear oscillations of one
of the substrates limiting the liquid crystal, an EMF
arises in the crystal layer due to both the flexoelectric
polarization mechanism and the surface polarization
modulation mechanism by acoustic vibrations. In this
paper the influence of an external electric field £ on
the behavior of the first U,  and second U, harmonics
induced by the shift will be considered. In the general
case, the behavior of the first harmonic in the studied
substances is similar to the behavior of U,  excited by
bending vibrations of one of the liquid crystal surfaces.
However, the field dependences U, also have their own
specific features associated with the symmetry of the
perturbation and its spatial localization.

According to the solution for the distribution of the
angle of deviation of the director from the normal to the
cell © along the z coordinate, in general terms, can be
written:

a~

Nanobm

exp [— gq(z - S)] cos [g q(z - S)] coswt, (7)

9= PYo
mq

where 1, — viscosity coefficient; g — the real part of
the roots of the characteristic equation; p — the charge
density; § — the distance at which the director deviates
from the equilibrium position; w — the oscillation fre-
quency; v_— the speed at z = 0) the oscillating electrode
is a source of a rapidly damping elastic-viscous wave with
the wave vector |g| > h™! (h is the thickness of the actu-
ally studied layers 10 < h < 100 um). For example, in an
MBBA NLC, at the initial homeotropic orientation of
molecules, a perturbation with the wave vector |g| ~ 3-10°
cm~', which makes the spatial scale of their localization
about 3-10~* + 5-10~* cm, and this value is less than the
liquid crystal thickness (h = 20 um). It follows that under
weak boundary conditions, we can assume that the main
role will be played by orientational surface perturbations.

The field dependences of the first U, and second U,
harmonics at low bias voltages, for example, in nematic
liquid crystals MBBA and CPEHBA (Fig. 7) will be con-
sidered, and the sign of the field relative to the direction
of the vibrational velocity gradient dv /0z will be varied.
This gradient is not parallel to the normal vector to the
surface of the oscillating plate-substrate.

Note that the position of the minima of the values of
the first U, and second U, harmonics does not coincide
with the zero point along the abscissa when U, = 0. The
harmonics U, and U, have a maximum when a positive
potential is applied to the moving electrode. We also note
that the characteristic polarizing voltage is U, ~ +1V, at
which the harmonics U, and U, are minimal.

The behavior of the component harmonics U, within

the framework of the approach outlined earlier should

= S e
Uip102 V ®- }w
¢ a-TT
+6 lo
“UN A 0 1 U,V

Fig. 7. Field dependences of the values of the first U,
and second U, harmonics at low polarizing voltages
(solid lines — MBBA at T, = 24°C; dotted lines —
CPEHBA at T, = 48°C)
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be discussed. To do this, first, the behavior of the second
harmonic of the signal U, should be analyzed. In the
absence of a field, the value of the second harmonic ac-
cording to the formula

U, =[P (2)() <6 > dz=PS <0 > cos<O > =
= U, cos<0_> <0 >, (8)

where P_— surface polarization value; U = P S — volt-
age drop on the surface layer; <6 > — the average value
of the stationary tilt angle of the director; <6 > — the
square of the average value of the angle characterizing
the director oscillations) is proportional to the tilt angle
of the director on the surface <6 > and the value of the
surface polarization P,, the vector of which has a certain
direction relative to the substrate. The latter is the reason
for the asymmetry in the field dependence U, .

If the direction of the external field coincides with
the direction of the surface polarization, then the total
recorded signal:

U, ~S,P.<82>—P,5%<02>, )

where Se/. — effective surface polarization thickness;
P, — orientational polarization induced by an external
field.

Or can it be written more simply:

U,, ~U<0>—U (Sh)y~'<6>. (10)

From this it is clear that with an increase in the exter-
nal polarizing voltage, the value of the second harmonic
U, will have a minimum. In the opposite case, when P,
and P, have the same direction, the signal U, increases,
which is confirmed by experiment.

In particular, this result makes it possible to determine
the orientation direction of the molecules of the surface
layer, i.e., the surface polarization, and to estimate the
voltage drop Uj on this polarized layer from the position
of the minimum. In the case of NLC MBBA, the mol-
ecules are directed with their negative end to the surface,
and the value of U ~ 1 V. For NLC CPEHBA, U ~ 0.7
V, and the molecules of this crystal are also directed with
their negative end to the surface.

The asymmetry of the first harmonic signal U, is
closely related to the presence of surface polarization.
The solution of this problem presents significant difficul-
ties and, in the general case, is non-linear [31]. However,
it can be shown that such an asymmetry arises even in the
linear approximation. Since the perturbation is localized
near the surface of the oscillating electrode, the moment
conditions on the surface can be used [36]:

W(<O > — <0 >) + k (0<0 >)/0z =
t(e,, ¥ P)E, (11)

where e,, — flexoelectric coefficient. The signs are
chosen depending on the direction of the field relative to
the substrate and the direction of the polarization vector.
Assuming that 0 is small and <0 > << <0 > (<0 > is the
director oscillation angle on the surface). Then in (11) one
can substitute an approximate solution of type (7) when 0,
~ 0 ’exp(igz). From here at z = 0 for the angle can be get:

W <0, > +(es3 FPE

0, >=
<P W + ik, (12
0ratkq>W:
W <0, >+(e33 FPHE
<9£1 - o k( 33 s) I (13)
q

It follows from this expression that the value of the an-
gle of oscillation of the director will depend significantly
on the ratio of the value of the flexoelectric coefficient e,,,
the value of the surface polarization P, and the sign of the
field. That is, in one case the LC structure stabilizes, in
the other case it is less resistant to external disturbances.

As applied to a specific case, for example, to a nem-
atic liquid crystal MBBA, the following picture can be
seen. Since the dipole molecules are directed with their
negative end to the surface, in the case when there is a
positive potential on the surface, it can be written in the
following way:

<O >~ |W<O >+ (e, — P)H, (14)
when there is a negative potential:
<O >~ [W<O > + (e, — P)E, (15)

Thus, in the region of positive displacement voltages,
the molecules are stabilized, and at negative voltages, the
molecules are less resistant to orientational perturbations,
under the condition |e, ;| <|P].

Next the behavior of the recorded signals of the first
U, and second U, harmonics at high polarizing voltages
should be considered. The behavior of the first harmonic
U, in this case is similar to the behavior of the first har-
monic excited during bending vibrations [8, 9, 12, 16], so
this question is of no independent interest.

The study of the influence of an external electric field
on the magnitude and change of the second harmonic
should be considered in more detail. The study will be
carried out on the example of NLC CPEHBA. A distinc-
tive feature of the influence of the electric field E in the
case of shear oscillations is that the second harmonic U,
reaches its maximum value in the low-frequency region
o ~ 100 Hz (Fig. 8), while in the case of bending oscilla-
tions, the frequency regression of the second harmonic
begins in the kilohertz range.

From the frequency dependence U, (w) (v = const) it
follows that the value of the second harmonic U,  sharply
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Fig. 8. Field dependences of the value of the second harmonic U,  at different perturbation frequencies ® (CPEHBA
at T, = 48°C); inset — frequency dependences of the slope tangent tgb and the magnitude of the acoustooptic effect

IZ(u/ [0

decreases with the frequency of the perturbation (Fig. 8).
For example, the values of the second harmonic at w ~ 100
Hz and at w ~ 750 Hz at a given value of the bias voltage
differ by 5-10? times. A possible reason for this change is
the localization of the orientational perturbation near the
oscillating electrode with increasing frequency. Since ini-
tially, according to the equation [35], the phase difference:

_ 2mh(t)

4 A

< An(z, p;,t) >, (16)

where 4 — LC layer thickness; A — optical wavelength)
perturbation wave vector |g| > #~' and with increasing
frequency, the characteristic area of perturbation .S ~ |g|~!
~ "2 and at a frequency of 1 kHz can be S~ 10~*cm.

The latter is confirmed by the study of the frequency
dependence of the magnitude of the second harmonic of
the optical signal 7, /I under the simultaneous action of
the polarizing voltage (Fig. 8). The acoustooptic effect,
which consists in the modulation of the light flux polar-
ized in the light transmitted through the cell, is strongly
weakened with increasing frequency w, and is not ob-
served at all at a frequency w ~ 1 kHz.

CONCLUSION

Thus, the influence of the action of an electric field on
the surface polarization arising due to the flexoelectric ef-

fect was experimentally studied in the article. It was found
that the harmonics of the flexoelectric signal depend on
the direction of the electric field; when a positive potential
is applied to the movable plate, they take on smaller values
than with a negative one. Under the action of weak fields,
the magnitude of the signal at the excitation frequency
is directly proportional to the amplitude of the oscilla-
tions of the liquid crystal director, and increases due to
its increase.

It is theoretically substantiated that under weak bound-
ary conditions, the main role is played by orientational
surface influences. The sign of the electric field can be var-
ied with respect to the direction of the vibrational velocity
gradient. It was found that the values of the first and second
harmonics take on a maximum when a positive potential is
applied to the moving electrode. The characteristic polar-
izing voltage at which the U, and U, harmonics are mini-
mal is U, ~ +1 V. The asymmetry of the U, dependence
on the applied field is explained by the proportionality of
the director tilt angle on the surface <0 _> and the surface
polarization P. It was also found that the LC molecules
(MBBA and CPEHBA) are directed with their negative
end to the surface of the cell substrate.

The obtained research results can be used in the devel-
opment of pressure sensors, seismic sensors for buildings
and structures, light modulators, as well as an acoustoop-
tic shutter for double-glazed windows.
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A0 100 B, a TakXe n1MHenHoe 1 CMHXPOHHOE AieTEKTUPOBaHME CUTHANIOB, KOTOPble Aanee noctynanu Ha ALIM, ocyuwecTeaaAowmn nx
3anucb. PesynbraTtbl n 06cyKaeHmne. PaccMaTprBanoch noBefeHne HAYLMPOBaHHbIX Ha MOBEPXHOCTY XULKOrO KprCTana 3aps-
[0B 3a CYET BHYTPEHHMX MEXaHU3MOB MOJIEKYSIAPHO-OPUEHTALMOHHON NOAPU3aLMN B 3aBUCMOCTM OT BEIMUMHbI U HanpaBneHnsa
BHELLHEro 3N1eKTpuyeckoro nons. [ina storo nomewanu cnoi KK (MBBA) B anekTpuueckoe nose. 3aBucumocTu nepson U, 1 BTopon
U, TapMOHVIK NPy MPUIOXKEHUM NONOXKNTETbHOTO NOTeHUMana K AepopmMrnpyemon NiacTHe AOCTUTAIOT MEHbLUMX 3HAYEHWI, Yem
npwv oTprLATENbHOM. DNEKTPUYECKOe Mosie Npw NOoXKNTENbHOM NOTEHLMane CTabnnsrpyeT MoNeKysbl MoNAPU30BaHHOIO CJO4,
a npu oTpuLaTesIbHOM AefnaeT ero MeHee YyCTOMUYMBLIM, YTO NPUBOANUT B OAHOM Cillyyae K YMEHbLUEHMIO Yrila HakNoHa Ha NoBepx-
HOCTU, @ B PYrOM — K YBEJIMYEHUIO, KOTOPOE BEAET K BO3PacTaHWIio BTOPOI rapMOHMKM. [py cnabbix rpaHnYHbIX YCIOBMAX B 06b-
eme HXK Bo3HuKaeT nonapHas gedopmaums. Mpu npunoxeHun nona K romeotponHomy cioto HXK (LIO3IBK) BennyrHa BTopoi
rapMOHMKM U, NHeHO pacTeT OT HanpsxeHns U_BNnoTb A0 AOCTVKEHNA «HACbIWEHVA», KOTOpoe 06yCNOBIeHO BO3pacTaH/em
CTabunM3NpyoWero AN3NeKTPUYECKOro MOMEHTa Hafy BA3KOYNpyrm. Mpu HeGonbwmx nonax (E < 10* B/cm) Benuunta U,  cHavana
BO3pacTaeT, a 3aTeM YMeHbLUAeTCA BCIeACTBIE YBEMYEHWA YI1a HaK/IOHa ANPEKTOPa OTHOCUTESIbHO HOPMarnu K noBepxHocTu. Mpn
maJibix nonapusytowmx HanpsskeHnax U < 15 B (UO3IBK) 3aBucumocTb U,  annpokcummpyeTca cTeneHHom GyHkumei Tuna U2, npu
U_>> 15 B BTOpas rapmoHuka U, 3aBucnT Kak U . TTpy Manbix HANPSXKEHNAX CMELLEHUA MOJOXKEHNSI MUHMYMOB BENINUVH NepBOn
U, v BTopon U, rapmoHuk (ana MBBA n LUOIIBK) He coBnagaeT c Hynegoii Toukoli no ocu abcuyncc npu U_= 0. BennunHbl rapmo-
HUK U, n U, VMeT MakcumyMm B TOM CiTyuae, KOrAa Ha MOABUKHbIV 311eKTPO/ MOAAETCA NOOXKMTENbHbIA noTeHuman. B obnacty
MONOXKUTENbHbIX HAMPAXKEHNI CMELLeHNA MoKy bl CTabVUNM3NPYIOTCA, @ MPU OTPULATENbHBIX HAaNPAXKEHWAX MOSIEKYbl MeHee
YCTOMYMBbI K OPUEHTALMOHHBIM BO3MYLUEHMAM. BennunHa BTopoi rapmoHmki U,  pe3ko yMEHbLIAETCA € HacTOTON BO3MYLLEHVS.
3akntoueHme. NosyyeHHble pe3ynbTaTbl MCCIE[OBAHN MOXHO MCMOJIb30BaTb NPU pa3paboTKe JaTuMKOB AaBneHus, ceificmonaT-
YMKOB AJ1A 3[aHUIN 1 COOPYXXEHWIA, MOLYNATOPOB CBETA, a TaKXe aKyCTOONTMYECKOro 3aTBOpa /1A CTEKNOMNaKeTOB.

KJTIOYEBbBIE CJIOBA: xugkue Kpuctansbl, pnekcoanektpuueckuin 3bodekT, akyctoontuueckux adodekT, dpnekcosnekrpmyeckas no-
NApU3aLKs, OPUEHTALNOHHDBIN Nepexos, ONTUYeCKuii 3aTBOp.

ONA UNTUPOBAHUA: [leHncosa O.A. AKycToONTUYECKIMIN 3aTBOP ANA CTeKonakeTos // HaHoTexHONornn B ctponTtenbctae. 2023.
T. 15, Ne 3. C. 274-284. https://doi.org/10.15828/20758545-2023-15-3-274-284. - EDN: DUYMVK.

BBEJIEHUE

HeCMOTpH Ha MHOroo0Opa3ue yxe CyIIeCTBYIOIIUX
YCTPOMCTB Ha XXuaknx Kpuctayuiax (2KK), yaeHbpMu
BCETO MHpa IIPOIOIIKACTCS TIOMCK B PEIICHUN HAyYHBIX Te-
OPETHYECKIX 1 3KCIIEPIMEHTAIBHBIX 3a1a4, MHKCHEPHBIX
MPOEKTOB T10 pa3pabdOTKe CUCTEM OTOOpaxkeHust MHGOP-

© [leHncosa O.A., 2023

MAaII1 HOBOTO TTOKOJICHHS, a TAKKE ONTHUYECKUX ITPHUO0-
poB. [IpuMeHeHNe KUIKIX KPUCTAJIIOB IIPUBJICKATEIIHHO
B 9TOM CMBICJIC 3-3a MaJIOCT! TabapuUTOB YCTPOICTB, Ma-
JIO¥ TTOTPEOIISIEMOI MOIITHOCTH, IIPOCTOTHI KOHCTPYKITUH,
TIEIIIeBU3HEI, JIETKOH YIIPABIIEMOCTH XXUIKUMH KPUCTAII-
JIaMU pa3TMIHBIMI BHEIITHUMU TTOJISIMU (MEXaHUIECKIM,
3JICKTPUICCKIM, MATHUTHBIM, TCPMUYCCKIM).
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Kunkre KpucTaiibl UCITOJIb3YIOT B KAUeCTBE MaTpU-
bl IJ1S1 TOTMTMPOBAHUS Pa3IUYHbIMU HaHOTO0ABKAMU
[1, 2], ucrionn3ys 3PDEKT «rOCTb—XO03IUH», KOTOPHIE
M3MEHSIOT (hM3UUIecKre U XUMIUIeCKIe CBOMCTBA pa-
Oouero BeliecTBa. MaeT mouck BApMaHTOB MO Ka4eCTBY
MOBEPXHOCTH 2JIEKTPOJOB U X 00pabOTKE IS CO3MaHUST
CBETO(MIBTPOB, PETYISITOPOB MHTCHCUBHOCTHU CBETA,
CBETOOPMEHTUPYEMBIX IMH3 [3], M3y4aeTcss OMHOBpe-
MEHHOE BJIMSHUE, HATIpUMep, DJIEKTPUIYECKOTO U Mar-
HUTHOTO T1o/1eit [4]. B pabore [5] paccMaTpuBaioch
(opMupoBaHTe MOJIEKYIIPHOTO KPHUCTAJIa B 00BEMe
H2KK B okpecTHOCTM p-n Tiepexoa, IBOMHBIM Jydye-
MpeOMIEHUEM KOTOPOTO MOXHO YIIPaBJISITh DJIEKTPU-
yeckuM mosieM. MccaenoBaTean HaxXoasITCSl B TIOMCKE
HOBBIX TTh€302JIEKTPUYECKUX MaTepraioB U 3(PPeKTOB
IIJIS1 CO3IaHMSI JaTYMKOB, MpeoOdpa3oBaTesieil, 4aCTOTHbBIX
peryisaTopos [6]. B cratee [7] TeopeTHYECKU UCCIIELY-
I0TCSl YCJIOBUSI 00pa30BaHMS TPOCTPAHCTBEHHO-MOTYIU-
pOBaHHBIX (Da3 BCieacTBUE BO3ACHCTBUS (hiieKcorapbl
B KOHAEHCUPOBAHHBIX CpeJax U XKUIKUX KpUCTasiax.
KomMmnbloTepHoe MoaeMpoBaHUE MOKA3aa0 00II1e 0CO-
O6eHHOCTU (hePPOUKOB U XKUIKUX KPUCTAIIIOB. B 06onx
BelecTBax (pOpMUPYIOTCSI MPOCTPAHCTBEHHO-MOTYJIU -
poBaHHBIC CTPYKTYpHI. CXOXMe CBOMCTBA JamyT Oojiee
LIMPOKKE BOBMOKHOCTHY C TOUKU 3pEHUS MPAKTUYECKOTO
HCTIOJTb30BaHMS 3TUX BelecTB. B paborax [8, 9] m3ygai-
csI TIpSIMOM (hJIEKCORTIEKTPUICCKIA 3P (PEKT B OKpecT-
HOCTU (pa30BOTO Tepexosa U3 HeMaTuueckoi (asbl
B U30TPOITHYIO, a TAKXKE MapaMeTphl, BAUSIONINE HA Xa-
pakTep (IreKcoaneKTpuIecKoii monsgpusaunu. B [10] aB-
TOPBI UCCIEA0BAI OPUEHTALIMOHHYIO HEYCTOMYUBOCTh
IUPEKTOpa XKUAKOTO KpUcTajljla B TIOCKOU (iiekco-
2JIEKTPUUECKON STYEHKE B TIOCTOSTHHOM 3JIEKTPUUYECKOM
noJjie, TpUIOKEHHOM MEePHEHAMKYISIPHO K TTOBEPXHOCTH
sueiikn. OOHapyKeHO, YTO MPU KBAIPAaTUIHOM BO3-
NeCTBUHU JIEKTPUYECKOTO T10JIsI OpUEHTAllMOHHAsI He-
YCTOMUYMBOCTD SIBJISIETCS TOPOTOBOM, HO OECTIOPOTOBOM
pu JIMHEHOM Bo3aeiicTBuu. Mcrionb3ys yrpyrue cBoii-
ctBa 2KK 1 BHOCS B ero 00beM 100aBKU, MCCIeI0BaIN

CBSI3b (PIICKCO3ICKTPUUECTBA U MEXaHOTPAHCIYKIINK
[11]. 2ZKuakue KpucTaibl UCIOJb3YIOTCS TIPU TMTOUCKE
pelIeHYs psiaa TPUKIATHBIX U YHIAMEHTAIBHBIX 33124
[12—37], 9T0 060CHOBAHO S3KOHOMWYECKOI 1 TEXHOJIO-
TUIECKOI COCTABIISIIOIINMU.

Takum oOpa3zoM, aHaIM3 HAYYHBIX PA0OT MOCIETHUX
JIeT TOKa3bIBaeT MHTEPEeC K BOIIPOCY UCCIICIOBAHMSI SIB-
JIeHU 1 3P (PEKTOB, CBI3aHHBIX C (DIEKCOIIEKTPIIC-
CTBOM B XXUIKWNX KPUCTAJUIAX ¥ B CXOIHBIX TI0 CBOMICTBAM
Matepuanax. [lox meiicTBeM MeXaHUYECKOTO CIOBUTa
CJIO¥ JKUAKOTO KpHCTalia 1e(hOPMUPYETCS, BCICICTBHEC
Yero BO3HMKAET IIOBEPXHOCTHAS TTOIsIpU3anust. B maH-
HO# paboTe MpencTaBiICHBI Pe3yIbTaThl SKCIIEPUMEH -
TaJIbHOTO MCCJICTOBAHMS BIMSHUS 3JCKTPUIECKOTO
ITOJIST HA 3Ty TMTOBEPXHOCTHYIO Moisipu3annio. CTaThs
ITOCBSIIIICHA HE TOJIBKO BOIIPOCY M3YyIeHUS (PIEKCO3TCK-
TpUYECTBA B KOHICHCHUPOBAHHBIX Cpelax, HO M TIpe-
JIaraeTcs MCITOIb30BaTh (hIeKCORICKTPUICCKIX 3P PeKT
IIJIST CO3MAaHMS aKyCTOOIITHYECKOTO 3aTBOPA Ha SKUIKIX
KpHUCTaIIaX IS CTEKJIONAKeTOB, KOTIa IIPU OTHOM OpH-
SHTAILIMM MOJICKYJ KUIKOTO KPUCTAaJIjIa CBETOBOM T10-
TOK IIPOXOIUT Uepe3 STIeiiKy, a IIpu Ipyroii HeT. Takke
ITOJIy9eHHBIC pe3yJIbTaThl aKTyaJIbHBI IUIST BHCIPCHUS
1 pa3pabOTKM YCTPOUCTB MaMSITH, B HAHOIJICKTPOHHNKE
n ZKK-MoHUTOpaxX HOBOTO MTOKOJIEHUSI.

MATEPUAJIBI 1 METObI
Marepuasnbl

Hcriomb30Banich XKUIKIE KPUCTAJUTBI C TOMEOTPOTI-
HO# OpHeHTAlMEeH TUPEKTOpa: N — METOKCUOCH3IIN -
neH — n-Oyrunanunud (MBBA) ¢ e, < 0; 4 — okt —
4-umanodbudennn (OLB) ¢ €, > 0; HUTPOHEHUTOKTH-
nokcubensoar (HPOOB) ¢ ¢ >0; umanopeHnI0BbIM
aup renrrunbensoitHoi kucnorsl (LPOITBK) ce >> 0,
KOTOpPBIC HAXOMIJINCHh B HeMaTrndeckoit haze. OCHOB-
HBIC TapaMeTPhl KUIKNX KPUCTAJIJIOB TIPEICTaBICHBI
B Tab. 1.

Tabauya 1
OcHoBHbIe hr3nMYecKHE MapaMeTPhl KIUIKHX KPUCTALIOB
e, 10 e, 107 . JlnanekTpuye-
ZKunkuii KpucTawt LI g en. CICE/ | en. CTCE/ i cKas aHU30Tpo-
Mme30¢asbl, °C MOMeHT, p, D
™M ™M s, €
LMaHOMEHWIOBBII 3(pUp renTUadeH- o R _ B
30itHOI KucIoTh (LIPDI'BK) K45 N 561 3,3 3 4,5 19
HUTPO(PEHWITOKTUIOKCUOEH30aT K45°A61°N ~
(HPOOB) 680 1 5,0 1,0 4,1 >0
N-METOKCUOEH3WINAEH- N~ R R 5 ~ .
oyruianuiuH (MBBA) K18 N42°1 4,5 10 2,6 0,56
4 — okt — 4-umanooudenmn OLLb K fo g IAO N 6,0 1,0 ~5,0 ~9
http://nanobuild.ru 275 info@nanobuild.ru
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MeTtonpl

Slueiika nipeacTabiisiyia COOOM MIOCKUI KOHAEHCA-
TOp, OHA COOMpajach U3 OBYX IUIACTUH, MEXKAY KOTO-
peiMu TioMetajcs ucciaexyembrii 2QKK. Omxxa m3 mna-
CTUH OBIJIa TOHKOI, OHa COCOUHSIIACH C UICTOYHUKOM
KoJIeOaHMI TIPU TTOMOIIY BOJIHOBOIA IIMHOM OKOJIO
10 cM 1 TommmHo 0,5 MM. YacTOTHBIN q1ana3oH KoJje-
6anmii — ot 20 I'ir mo 20 xI'11. B HameMm ciyyae yactora
Bozaeiicteus Obu1a 1 kI'. Tonmuny 2KK MoxHO ObLIO
M3MEHSATH C TIOMOIIBI0 MUKPOMETPHUECKOTO BIHTA (TOJI-
mwHa cioeB 4 ot 10 o 100 mxm). Sgeiika momeranrach
B TEPMOCTAT TS TTOAAePKaHUS HCOOXOMUMOI TeMIIe-
paTypbl, KOTOpast KOHTPOJIMPOBaach TepMoIIapoii [35].

7151 3KCIIepMMEHTAIBHOTO MCCIIeTOBAHUS BIUSTHUS
3IIEKTPUICCKOTO TTOJISI Ha TOSIPU3AIINI0, MHIYIIAPO-
BaHHYIO aKyCTUYECKUM BO3[eHCTBUEM, ObLIa coOpaHa
SKCIIepUMEHTaIbHas yCTaHOBKaA (puc. 1).

OCHOBHBIM 3JIEMCHTOM €€ PETUCTPUPYIOIICH YacTH
SIBIISICTCS] YCWJIUTEIbHBIN TPAKT, COCTOSIIIINI M3 3apsi-
MOYYBCTBUTEIIFHOTO YCYJINTENSI C OOIBIITM BXOIHBIM
comnpotuBicHreM 10 'OM 1 CeIeKTUBHBIM YCUITUTEIIEM
(2 MOwm). 3apstmodyBCTBUTEILHBINA YCUITUTEIh B ICCTIC-
IyeMOM IHAaIla30He YaCTOT MMeJT KO3(M(MUIINEHT yCuIe-
Hust 2-102, a TakKe OTHOCUTEILHO MaJIblil YPOBEHb 1Y~
MoB nopsinka 50 MkB. B HeMm mmpemycMoTpeHa BO3MOXK-
HOCTB TTOIaYX Ha 00pa3el] IMOJIIPU3YIOIIEeTO HAIPSSKEHUST
cMenteHus U, B ipenenax ot 0 mo 2-10° B. CenleKTUBHBIIt
YCUJIUTEITh TI03BOJISIET PETUCTPUPOBATD SJIEKTPUICCKIE
curHansl B nuanasone 20—10° I'u, HUKHUI ypoBEHb
KoTopbIX cocraisieT 4-10->MkB, a Bepxumii 1 B. Kon-
CTPYKIINS YCUIIUTEIS TIO3BOJISICT IIOJAaBaTh HA €TI0 BXOI

‘11

1 _|
NN \r3
_HSY L s H 10

(3]
I
[0}

Puc. 1. Baok—cxema 3KcnepuMeHTaIbHOI YCTAHOBKH:
1 — 3BYKOBOI1 TeHepaTop; 2 — CeeKTUBHbII BOIb-
T™eTp; 3 — nuddepeHmanbHas TepMonapa; 4 — Mu-
KPOBOJIBTMETP IMOCTOSTHHOTO TOKA; 5 — TepMOCTaT

¢ XK-sueiikoii; 6 — rpeaBapuTeIbHbIN 3apsII0dyB-
CTBUTEJIbHBIN YCUIIUTEND; 7 U 8 — CEIEKTUBHbBIC YCU-
IuaTenu; 9 — u3MepuTenb pasHocTu das; 10 — aHano-
roBbIii MpeoOpa3oBaTeib

ImocTosTHHOE HanpskeHne 1o 100 B, a Takke muHetHOE
1 CHHXPOHHOE ICTEKTUPOBAHNE CUTHAJIOB, KOTOPHIC /1a-
nee noctynaipT Ha ALITT, ocyliecTBIsSIIOIINI UX 3aITUCh.
B ciygae He0OXOOMMOCTH OTHOBPEMEHHOTO aHAIM3a
1 MICCIIEIOBAHUS CTICKTPAILHOTO COCTaBa M3y4aeMOTO
CUTHAJIA UCTIOIB3YIOTCS IBA TPAKTa, KasKIbIi 13 KOTOPHIX
HE3aBUCHMO IPYT OT APyra MO3BOJSIET 00pabaThIBaTh
CIIEKTpaIbHbIC TAPMOHUKH.

[lepeiimem Temephb K aHAIU3Y TIpoliecca M3MEPEHUS
SJIEKTPUYECKIX CUTHAJIOB MO BRIIIICONMCAHHON METO-
nnke. Tak Kak mccliemyeMble aHU30TPOITHEIC MOJICKY-
JISIpHBIC XKUOKOCTH — XKUIKWE KPUCTAJIIBI — SIBJISTFOTCST
CJ1a0BIMU JIEKTPOJIUTAMU (HECOBEPIICHHBIMU TU3JICK-
TPUKAMM) 1 00J1aJaI0OT TOCTATOUHO BEICOKOI IIPUMECHOM
IIPOBOIMMOCTBIO O, TO OHA OYIET CYIIeCTBEHHO BIUSIThH
Ha IIpolIecC M3MEPEHMS BETMINHBI CUTHAJIOB, MHIYIIN-
PYEMBIX OPMEHTAIIMOHHBIMH BO3MYIIICHUSIMH.

PaccMoTpnM IUBIEKTPHUK CO CpeaHei TUDIICKTPU-
YeCKOM MPOHUIIAEMOCTBIO <€> U MPOBOINMOCTBIO O.
JoImycTiM, 4TO BCIIEACTBUEC KAKMX-JIMOO TIPUYNH B €TI0
00BeMe BO3HUK 3apsil INIOTHOCTHIO O, KOTOPBII CKOM-
TIEHCHPOBaH COOCTBEHHBIM MEXaHN3MOM ITIPOBOINMOCTH
3a XxapakTepHoe Bpema T = <e> ¢ o' [34]. B ciayyae KK
IIpoliecc KOMIICHCAIINH 1 TIepeHoca 3apsiiaa Opeaesi-
eTCsT GUBNKO-XUMUISCKIM MEXaHU3MOM TVCCOLIMAIIAN
1 PEKOMOMHAIINY MOHOB IIPMMECHOM TTPOBOTUMOCTH.
B c1abBIX 31eKTpUUYECKUX TTOJISIX, KOTIa BpeMsI IIPOXoaa
HMOHOB MEXKITY 3JICKTPOIAMU:

T=2m(u, +u ) EY, 1

(rme h — TommuHa cnos 2KK; u, 1 u_ — moaBux-
HOCTU HOCUTeNel 3apsiia; £ — HaNpsSsKeHHOCTD TI0JIS)
3HAYUTEJIFHO OOJIBIIIC BpeMEHU PeKOMOWHALINH, BOJIBT-
aMIIepHas XapaKTepUCTHUKA KUIKOTO KPYCTaJIa SBIsI-
eTCST TMHEHHOM OT T0JIsI, [TI03TOMY TOBOPSIT O KOHCTaHTE
3JIEKTPOTIPOBOIHOCTH O.

Ecnu B pe3ynbpraTte OpUeHTAIIMOHHOTO BO3MYIIICHUS
ciost KK reHepupyetcs mmonsipusaius P, To IS 3apsiga
Q =[ P dS, nHOyumpyeMoro Ha 00KJIagKaxX KOHICHCA-
TOpa, KBUBAJIICHTHOTO STYEiKe ¢ eMKOCThIO, MOXKHO 3a-
IMCaTh peJlaKCAallMOHHOE YpaBHEHME:!

dQ/dt=&/R—Q/C, 2

rae & — Bo3HuKalomag DJ1C; R — oMHUYecKoe co-
nporusnenne XKK; 1= <e>¢ o' — BpeMs penakcauuu.

[Monoxum, uyro <e> = &(w) & u Q = Q &, Torna
1 Q| TIOJly4UM pEIleHUeE:

0,=1/(P& (1+0’T)™), (3)
rae 8 — BeauunHa DJ1C, onpenenseMas MexaHU3-

MOM IOJApU3alIUA U 3aBUCAIIAA OT 4aCTOTbI BO3MY-
IIECHUA.
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Takum o6pa3oM, B IeHiCTBUTEIILHOCTU OYIET U3Me-
PSATHCST BETMYMHA!

& = wte(1)/(1+w ). 4)

W3 mociemHero BIpaXkeHHSI CIICMyeT, YTO IIPH MaJIBIX
gactotax o << 1-1 m3mepseMast DJ1C ompemensieTcss Kak
> = T &(T), 9TO OTpaXkaeT MPOIeCC MACKUPOBKH II0-
nmsgpuzanun KK noramm mpoBomumocTt. @ > 7! BAC
ompenensgeTcs Tak 8 ~ 8/wT, 3TO COOTBETCTBYET TUAJICK-
TPUUYECKUM TIOTEPSIM, BO3PACTAIOIINM C YBEIMICHUEM
YacTOTHI BO30OYKICHUS.

PE3YJIbTATBI 1 OBCYKIEHUE

BymeM paccMaTpuBaTh OBEeICHIE MHAYIIMPOBAHHBIX
Ha TTOBEPXHOCTHU XHMIKOTO KPHUCTaJIJIa 3apsII0OB 3a CUCT
BHYTPEHHUX MEXaHN3MOB MOJICKYJISIPHO-OPUCHTALIH -
OHHOM MOJSIpU3allMM B 3aBUCUMOCTU OT BEJUYUHBI
¥ HaMpaBJICHUs BHEITHETO BJIEKTPUUECKOTO oSt E.
s sroro momectum cioit KK (e, < 0) ¢ HavanbHOM
TOMEOTPOINHON opueHTauuen, Hanpumep, MBBA
B DJIEKTpHYECKOE moJie. B 3Toif curyaumu, Korma am-
PEKTOp 1 1 3JIEKTpUIECKOe moiie £ KolmmHeapHBI, Kak
W3BECTHO [34], MPOUCXOIUT PSIIT CTPYKTYPHO-(Pa30BBIX
npeBpamieHnit Tnma 3pdexra Ppegeprkca, JIECKTPOTH-
IpomrHamMmudeckoit HeycToitunBoct (BI'IH). Cnemyer
OXWIATh, YTO OPUEHTALIMOHHBIC TIePEXOIbI M HETIOCPEI-
CTBEHHO 3JICKTPUIECKOE T10JIe OYICT BIUSATH Ha BeJIMUN-
HY U [TOBEIEHNUE PETUCTPUPYEMbIX rapMOHuK U, u U, ,
10 KpalfHe#t Mepe, TI0 IBYM IIPUIMHAM: BO-TIEPBEIX, TIPH
M3MEHEHUN OPUEHTAINH (ITOSIBJICHNE HAKJIOHA TUPEK-
TOpa K ITOBEPXHOCTH) BO3HUKAET BKJIAI B OOIIYIO IT0-
nsgpu3anuio bend-ngedopmannn (haeKcoKodhPUITUEHT
e,,), KOTOPbIii UMEET HECKOJILKO OOJIbIEE 3HAYEHHUE,
4eM e, [36]; BO-BTOPBIX, 2JIEKTPUYECKOE TI0JIE TIOJIA-
pu3syeT cpeny. deiicTBUTEIbHO, IPU YBEIMICHUHU T10-
JApU3YIOLIEro HanpsokeHus U, Ha 0OKJIanKax Sa4eiku,
TIPEICTaBIISIONICH KOHIEHCATOP, IIPOMCXOAUT CHavYaja
YBEJIMYEHNUE BEJIMYMH CUTHAJIOB TapMOHuK U, u U, ,
a 3aTeM OHM TOCJIe JOCTMKCHUS MUHUMYMa BBIXOIST
Ha JJMHEHBIN y4aCcTOK 3aBUCUMOCTH OT TIOJIST, KOTOPBIi
00ycoBJIeH KOHAeHcaTOpHBbIM 3P dekTom. Heobxomu-
MO YYECTb 3TOT BKJIAl B 3aBUCUMOCTSIX, OH TTOSIBJISIETCS
BCJICIICTBYE M3MEHEHMSI TOJITMHEL 1051 2KK 1mpm mreprio-
JNUYECKUX KOJIEOAHUSIX OMHOM 13 MIOBEPXHOCTEN SUEKMU.
Ero MoxXHO M3MepHUTh 3KCIIEpUMEHTAIBLHO, TIEPEBOIS
Me30(da3zy B M30TpomHoe cocTossHue. [1pu aToM maHHast
BEJIMYMHA OYIET 3aBUCETh OT aMIUIATYIBI KOJICOaHMS
TUTACTUHBL a4 U YCPEeTHEHHOM TU3JICKTPUIECKOI TIPO-
HuLaemoctn <e> = (g + 2¢,)/3 u cnabo oTanIaThCst
OT aHAJIOTUYHOU BEJTMUMHEI B Me30o(da3e.

[MTpoanamsupyem 3aBUCUMOCTH rapMoHuK U, w U,
ot oits (puc. 2). OTMeTUM cpasy, 9TO NX 3HAUYCHHS TyB-
CTBUTEJILHBI K HAIIPABJICHUIO 3JICKTPUICCKOTO TTOJIS,

§ U,10: B

*-Ua,

-U,B-20 -10 0 10 20U.B
Puc. 2. 3aBucumocTn Benmyunn nepsoii U, u BTOpOi U,
rapMOHMK OT HanpsuKenusi cvemenus U: 1 — U, 6e3
BKJIa[ia KOHIeHcaTopHoro addekra; 2 — U, (1yH-
KTUpPHas NpsiMasi — BKJIaJ KOHIEHCcaTOpHOTO addex-
ta; MBBbA € <0 a = 0,2 Mmxm; £ = 15 MkM; @ = 1 KI'n)

TO €CTh IIPH TIPIIIOXKESHNH ITOJIOKUTEILHOTO TTOTCHITNAIIA
K necopMHUpyeMOii TIJIACTUHE TAPMOHUKH JOCTUTAIOT
MEHBIINX 3HAYCHUI, YeM TIPU OTPUIIATCITHHOM.

DTO cBA3aHO ¢ IByMs nmprnunmHaMu. C OTHOM CTO-
POHBI, 3JIEKTPUUCCKOE TI0JIe TIPH TTOJIOXHUTEIHEHOM II0-
TEHITMAJe CTAOMIN3UPYET MOJICKYJIBI TTOJISIPU30BAHHOTO
ciost (orn B MBBA HampaBJIeHBI OTPHUIIATEIHHBIM KOH-
1IOM K ITOBEpXHOCTH [34]), a IIp1 OTpUILIATCIIEHOM JeJIaloT
€ro MeHee YCTOMUMBBIM, UTO IIPUBOIUT B OMHOM clTydae
K YMEHBIIICHUIO YIJIa HAaKJIOHA Ha IIOBEPXHOCTH, a B APY-
TOM — K €T0 YBEJIMUCHUIO, KOTOPOE BEIET K POCTY BTOPOI
rapMoHuKH). C Ipyroii CTOPOHbBI, KaK ITOKa3aHo B [36],
MpU cJ1a0bIX TPAHUYHBIX YCIIOBUSIX B 00beMe H2KK Mo-
JKeT peaTn30BaThes MoJigpHas necdopmanus. B tanHHoM
ciy4yae TTomoOHas CUTYallusl UMeeT MECTO 3a CUeT He-
SKBUBAJICHTHOCTU MTOBEPXHOCTEM, KOTOpPAasi BO3HUKACT
B pe3y/IbTaTe MHAYIIMPOBAHUSA aKyCTUICCKIMMI BO3MY-
MIEeHUSIMA U JICKTPUICCKUM TI0JIEM TTOBEPXHOCTHBIX
yrios 0 _(—E, a) # 0 (E, a). Kpome Toro, curnainst U,
1 U, HE3aBUCHMO OT MOJIAPHOCTH T0JIst IOCTUTAIOT CBO-
€ro MaKCUMyMa B OKpecTHOCTH nepexona dpenepukca.
YMeHbIIICHIE 3aTeM CUTHAJIOB SIBJISICTCST CJICACTBUEM
pazButusg OI'Jl-HEyCTOMUYMBOCTH, CTPYKTYpa KUIKOTO
KpHCTaJJIa CTAHOBUTCSI MEJIKOIHUCTICPCHO C BOJTHOBBIM
BEKTOpOM ¢’ >> q, 5 (g, , — BEKTOP, OMpEEISIOLINIA OpH-
SHTALIMOHHYIO Te(pOpMaIInio), YTO BeAeT K IOIABICHUIO
daekcoaddexra.

Hapsimy ¢ paccMOTpeHHBIMU IPMYMHAMEI U3MCHEHMST
3HaYeHUi rapMoHuK U, 3a CYET peOPUEHTALIMOHHBIX
MEXaHN3MOB HEOOXOINMO, TTO-BUINMOMY, YIUTHIBATh
MTOJISIpU3aIMOHHBIC 3(P(PEKTH YCUICHUS PETUCTPUPY-
eMBIX CUTHAJIOB. B 3TOM ciiyyae HaBemeHHasl OpMCHTA-
LIMOHHASI MOJICKYJISIPHASI TTOJISIPU3AIINS PETUCTPUPYETCS
B pe3yJbTaTe MepHOINIECKOI ee MOAYJISILINYI B 00BhEeME.
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IMTomo6HBIN >PdeKT MOXKET OBITh 3apeTrUCTPUPOBAH
TIpY OTCYTCTBUM TTapa3UTHBIX SIBICHUI THIIA TIepexoaa
Ddpenepnkca u DIIH. Bto Bo3moxkHo B KK ¢ 60J1b-
IO aHU30TPONUEN AUAIEKTPUIECKOU IMTPOHUILIAEMO-
cru (g, >> 0). [lpuyem, NoNb3ysACh aHAJIOTUEH ¢ 1O~
BEPXHOCTHOM ITOJISIpM3alineil, HauOOJIbIIas BEJIUIM -
Ha PEeTHUCTPUPYEMOTO CUTHAJIA MOJI>KHA HAaOJI0maThCs
Ha BTOPOii rapMOHuKe, Tak Kak U, ~ P,<60 > exp(i2wt)
(PV — o0BeMHas TIoJisIpu3anus). McciemoBaHus IO -
TBEP:KIAIOT 3TO MPEAITOIOKCHIE: COOTHOIICHIE MEXKITY
rapmonukamu U, ™. U, ™ << 1 umeer MecTo BO BCeX
M3y4aeMbIX HeMaTH4YecKuX XXunkux Kpucramiax (HXKK).
B IpoTHBOIIOI0XKHOCTD 3TOMY B CMEKTHUIECKIX SKUIKIX
kpucramiax A- u C-runa U, ~ U, , 1o ectb U, TOpasmo
MEHBIIIe, YeM B HeMaTHKaXx.

[Ipoanamu3upyeM moapoOHee ITOBeICHNE TApMOHUK
U, B snextpuyeckoM mose. [1py npuaoxeHuu moJs
K roMeotportHoMy citoto H2KK, nanpumep, HPDBTBK
(h =15 Mxm; a = const; w = 1 kI'n) Bemuuna U, n-
HEIHO pacTeT OT HaNpsKEHUA U, BILUIOTh 10 TOCTHXKEHUS
«HACHIIIEHNS» (pHC. 3), KOTOpOe 00YCIIOBICHO BO3pacTa-
HUEM CTaOMIM3UPYIOIIETO TUIICKTPUICCKOTO MOMEHTA
HaJI BI3KOYIIPYTHM.

CoorBeTcTBeHHO, BesimuuHa U, nipu sToM B 1,5-10° —
2-10° pa3 GoJiblire, 9yeM 0e3 3JIeKTpruIecKoro mosst. Ecim
paccMaTpuBaTh 3aBUCUMOCTH U, OT aMILIUTYIbI BO3-
MYIIEHUS a TIpu PUKCUPOBAHHBIX 3HAUCHUSIX JICK-
TPUUECKOTO TIOJIS (pHC. 4), TO CIEMyeT OTMETUTh, YTO
rpu Hebombinux mosstx (£ < 10* B/cM) cHavasa Benu-
4uHa U, BO3pacTaer, a 3aTeM YMEHbBIIAETCS BCIENCTBIE
YBEJIMUCHMUS YTJIa HAKJIIOHA TUPEKTOPAa OTHOCHUTEIIHLHO
HOPMaJTH K TIOBEPXHOCTH U TIepexoa K TypOyJICHTHOMY
IBUKEHUIO B ciioe. [Ipy OTHOCHUTENTFHO OOIBIINX IT0-
ax E < 5-10* B/cMm Takoe cOCTOSIHKME He JOCTUTAeTCs.

4
/M 0.21
S
o o - OIIb
0.1 % -L[®DIBK
n -H®OOb

20 40 60 U,B
Puc. 3. IToaeBbie 3aBUCMMOCTH BTOPOJi rapMonnku U,
BHXKce >>0

(a=0,3Mxm; A= 15mxm; OB npu T, = 35°C;
H®OI'bK npu T, = 48°C; HO®OOBD npu T, = 63°C)

Bennuuna curnana U, B 9TOM cilydyae MMEET 3HAaYE-
Hue ~1 B (a ~ 1 Mxm). B HemaTnueckoii paze HOOOD
1 OLLb Bropas rapMonuka U, vMeeT NpUOIMXKEHHO TOT
JKe TIOPSIOK (pHc. 4), XOTSI B IaHOOM(peHMIIC HECKOb-
KO BBIIIE, UTO OOBSICHSIETCS, IIO-BUINMOMY, OOIBIITAM
THATIOIBHBIM MOMEHTOM Y COCTABJISTIOIINX €TO MOJICKYIT.

TakuM oOpa3om, B pe3yabTaTe TIPIIIOKCHUS 3JICK-
TPUYECKOTrO 1oJist K romeorpornHomy cior H2XKK B 00b-
eMe KpUCTaJlIa pacTeT MOoJIIpru3alivs, (pakT HATMIUs KO-
TOPOM PETUCTPUPYETCS IIOCPEACTBOM OPHEHTAIIMOHHOM
MOMYJISIIINN ¥ M3MEPEHUS HaBeICHHBIX Ha TTPOBOISIIINX
ITOIUTOKKAX 3apsIIOB.

JJ1st UCKITI09eHUsI aJIbTepHAaTUBHBIX O0BICHECHUM
BO3HMKHOBEHMSI M Bo3pacTanus U, B MOJIAX MPOBOIK-
JINCH MCCIICIOBAHMS €€ TTOBEACHUS OT IIPOBOIUMOCTH O
(MexaHU3M OPUEHTAIIMOHHON TTOISIPU3ALINU — €€ aHU-
30TPOIHOM YaCTH), AUIJIEKTPUIECKOH aHU3OTPOIIMH €
1 TOJIITMHBI XKUIKOKPUCTAIINIECKOTO ¢J10sT 1. Moneb-
HbIe SKcTiepuMeHThI TpoBomwnch Ha LIOBTBK u ero
cmecsix ¢ HXKK MBBA. Tlpu nonmupoBaHUM MOHHBIMU
no6aBKaMy BeJIMYMHA curHasia U, yMeHbIIaeTcs BCIe/-
CTBHUE, TTO0-BUANMOMY, 9KpaHU3UPYIOIIeTo 3¢ deKTa.
3HAYUT, BKJIAI 3TOTO MeXaHN3Ma MPEeHEeOPEKMMO MaJl
(puc. 5 a).

W3amenas anusorponuio cmeceit €, > 0 ot 20 10 0,05,
NPOBOIMIIV M3MEPEHUS BENMYMHBI U, TIPU ONHUX U T€X
Ke TOJISIPU3YIOIINX HAIIPSDKEHUSIX U BO3MYIICHUH a
B 3aBUCHMOCTH OT BEJIMYMHBI € (pUC. 5 0).

CurHaj, 00yCIIOBIICHHBIN AUAJICKTPUICCKIM MeXa-
HHM3MOM B 3TOM ciydae Oynet U, ~ g £<6>/e,. Co-
IJIACHO TOMY COOTHOIICHUIO, IIPU OOJIBIIION aHU30-
Tponuu € (PyHKIMOHAIbHAs 3aBUCUMOCTD U, (g )(rpu
E = const) BEIXOOUT Ha aCUMIITOTHKY — IIPSIMYIO, TTapa-
JIEJIHYIO OCH a0CLIUCC € , a PU Mauiblx €, << 1 BeM4ynHa

131 UsU>.>Us

0.9 U
m
s U,
S 0.5

L}
0.1{ S
001 05 o009

1.3 a, MKM

Puc. 4. 3aBucumocTH BeIMIMHBI BTOPOii rapMonuku U,
OT aMILTMTY/IbI BO3AECTBUS MPH PA3JTHYHBIX MOJISIPU3YIO-
mux Hanpsukennsix: U, = 90 B; U, = 60 B; U, = 40 B;
U,=30B; U;=20B; U,= 10 B (h = 15 MKm)
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Puc. 5. a) Ilosesbie 3aBucumoctu BTopoii rapmonnku U, (II®DI'BK) npu pasimanoii Ha4aabHO NPOBOAMMOCTH 00-
pasuos ¢ (a ~ 0,3 MKM; 4 = 15 MKM); Ha BCTaBKe — 3aBUCUMOCTH U, OT BEJIMYMHBI IMI/IEKTPUYECKOii AHH30TPONUU
¢, (1 — axcnepuMeHT; 2 — Teopus); 0) mosiesbie 3apucumoctu BTopoii rapmonnku U, (II®DOI'BK) npu pasimanbix
TomuHax mienok KK (1 — 4,= 70 Mmkm; 2 — h,= 55 MkM; 3 — h,= 45 MkM; 4 — h, = 30 MKM; 5 — h; = 15 MKM;

6 — h,= 10 MKM); Ha BCTaBKe — 3aBUCHMOCTH TaHTeHCa yI.1a HaKkaoHa kpusoid U, (U, ) ot Tommmnbl A (1 — oKcre-

PUMEHT; 2 — Teopus)

CHUTHaJIa OyIeT CTPEMUTBCS K HYITIO, KaK M300paxkeHO
Ha puc. 5 6. B mpoTUBOMOJOXHOCTb 3TOMY Ha MpakK-
THKe BelmunHa curiana U, mnpu ¢ << 1 He cTpeMuT-
Cs K HyJIIO, @ TIPU € >> | He BBIXOAUT Ha YIIOMSAHYTYIO
acUMIITOTUKY. Ho oueBMIHO, 9TO BKIIAM IMA3ICKTpHUUC-
CKOM TIPOHUIIAEMOCTH HE paBeH HYIIO W IO OIICHKAM
cocraBiseT nopsaka 10—15% oT perucTpupyemMoro
3HayeHus U, . PesynbTaTel IPOBENECHHBIX U3MEPEHUI
BEJIMYMHbBI BTOPOU rapMOHUKM OT TOMIIUHBI 105t HXKK
(puc. 5 0) moka3aja, 9TO TAHTCHC yIJIa HAKJIOHA 3aBH-
cumoctr U, K ocu abeumce U yBemanBaeTcs ¢ ToJI-
IIMHOI A, TOTIA KaK IIPY MEXaHU3Me TUAJICKTPUICCKOM
MOMYIAUMHY BenuuHa fga. ~ h™! (tak kak U, ~ E= U/h,
togo~ U, /U~ h").

OOcyoum Terephb MoBeACHUE MIEPBOI TapMOHUKHI
B anekTprmiaeckoM 1oe. ITogpooHo n3yyen LIOITBK.
3acdukcupyeM aMIUIMTYIy BO3MYIICHUS, HaTIpuMep,

a ~ 0,3 MKM 1 TIpoaHaIM3upyeM IpH 3TOI gedopMalinm
zapucumoctsb U, (U) (puc. 6).

IMpw MasTbIX mosApU3yIonMX Hanpspkenusx U < 15 B
(h =15 Mxm) 3aBucuMOCTb U, anmpoKCUMUPYETCS CTe-
neHHoi ¢pyHkuuei tuna U (toe n ~ 3); npu U, >> 15 B
BTOpas rapMoHuka U, 3asucut Kak U ~'. KauecTBeHHO
TaKoe MTOBEACHIE MOXHO OOBSICHUTh N3MEHCHUEM aM-
IUTATYIBI KOJIeOAHUS TUPEKTOpa, 9TO clieayeT 13 dop-

MYJIBI [IUIST Pa3HOCTH (ha3:

21T h/2
5="
7l

rae <An(z)> — ycpeaHeHUE TI0 TOJIIIHE CI0ST KPH-
craina; h — rommuHa XKK; A — myinHa BoJTHEI cBeTa.

Ecnu yuecTb B MCXOMHBIX YPaBHEHUSIX CllaraeMoe,
onuchiBaloLlee AeicTBylouee none € (En)’/4m, Torna

2mh
An(z)dz =— < An(z) >, (5)

h/2
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Puc. 6. Iloaesbie 3aBuCMMOCTH NepBoii rapMonuku U,
NpPH Pa3JINYHOl ToJIIMHE 00pa3uoB i (a = const,

o = 1klin): 2, = 15 MkM; h,= 30 MKM; /1, = 45 MKM;
h,= 55 Mxm (IP®SBI'BK)

JUIS aMIUTUTYAbL AeBruanuu qupektopa 2KK MoxHo npu-
OMMKeHHO 3amucarhb [34]:
e E2A(V)

) 6

(v + ()

roe A(v) — QYHKIMS CKOPOCTH KOJICOAHMST OMHOM
M3 TIOBEPXHOCTEI 1 00BEMHBIX TPAIUECHTOB V(Z, 7).

B aTOM cirygae BeIMumHA CUTHAJIA TICPBOI TapMOHM-
ku U, miportopioHanbHa TofmuHe KK u yriy neBu-
auuu ero nupekropa U, ~ e, h0,, TO €CTb IIPU YCIOBUM
Yo >> ¢ E?/4m (Manble noss) OyaeM UMETh CTENEHHYIO
3apucumoctb U, ~ U?. B ciyyae, korma yo < g E*/4m,
umeem U, ~ U

Taxmm 06pa3oM, B MaJIBIX MOJISIX BEJIMUMHA CUTHA-
JIa pacTeT 3a CYeT YCUJICHUST aMIUIMTYIbI KOJIeOaHUs
IUPEKTOpa, HO TIPU HEKOTOPOM KPUTUUECKOM TI0JIe
E = (4mryw/e )"/ NPOMCXOMNUT €O MOAABIEHHE, TAK KaK
CJIOIt CTAOMIM3UPYETCS MMOCTOSTHHBIM 3JICKTPUICCKAM
TIOJICM.

Panee 6bL10 ycTanosieHo [8, 9, 12, 13, 16, 22, 25,
28], 4TO TIpM TIEPUOTNICCKNX CABUTOBBIX KOJICOAHMSIX
OJTHOW M3 OrpaHUYMBAIOILIMX XXUIKUNA KPUCTAJLT MOIJIO-
JKeK B clIoe KpucTayuia BosHuKaeT BJ1C, o0ycaoBIeHHAS
KaK MeXaHU3MOM (PIIEKCO3JICKTPUIECKOI TTONISIPU3aIIH,
TaK U MEXaHU3MOM MOIYJISILIMA TOBEPXHOCTHOM MOJISI-
pU3aIN aKyCTUIeCKIMHU KojlebaHnsIMH. B maHHOI cTa-
The OyIeM paccMaTpUBaTh BIMSHIE BHEITHETO JICKTPH-
YecKoro noiid E Ha rmosesieHue 1epBoii U, v Bropoit U,
TapMOHUK, UHAYLIMPYEMBbIX CIBUTOM. B o0l1em ciydyae
TIOBEJCHNE TIEPBOI TAPMOHUKH B M3y4aeMBbIX BEIIIECTBAX
AHAJIOTUYHO TIOBeIEeHNIO U, , BO3OYXKIECHHOM M3INOHBI-
MU KOJICOAaHUSIMU OTHOM M3 MOBEPXHOCTECH KUIKOTO
Kkpuctamia. OgHaKO UMEIOTCS B TIOJIEBBIX 3aBUCHMOCTSIX
U,, v cBou criennduyeckrue 0COOEHHOCTH, CBA3aHHbIE

a~

C CUMMETpHEN BO3MYIIIEHUSI U eT0 MPOCTPAHCTBEHHOM
JIOKAIA3aLCH.

CoracHO pelIeHUIo Il pacIipeieJIeHusI yIia OT-
KJIOHEHUS TUPEKTOpa OT HOPMAaJIK K sS4eiike O 1o Ko-
opauHATE B Z 00IEM BUIE MOXKHO 3aIlMCaTh:

Py, V2

V2
0 " exp —Tq(z—S)] cos [TQ(Z—S)] coswt, (7)

rae M, — Ko3(OUIKMEHT BA3KOCTU; ¢ — pealbHasd
YacTh KOPHEH XapaKTepUCTUIECKOTO YPaBHEHMUS, 0 —
IUTOTHOCTD 3apsiaa; S — pacCTOsTHHE, Ha KOTOPOM M-
PEKTOP OTKJIOHSAETCS OT TTOJOXKECHUSI PAaBHOBECHUS; () —
JacTora KosnebaHuii; v, — CKOpOCTh 1pu z = 0.

Komneomommiicss 371eKTpOI IBISICTCS NCTOYHUKOM
OBICTPO 3aTyXaIOIIei YIIPYTO-BSI3KOM BOJTHBI C BOJTHOBEIM
BEKTOPOM |g| > A~! (h — ToJIIUHA pealbHO M3yIaeMBbIX
cioeB 10 < 4 < 100 mxm). Harpumep, B HXKKK MBBA
IIPpY HaYaJbHOI TOMEOTPOITHON OpMEHTAIIMN MOJICKYJI
B oobeme cinost 2KK pacripocTpaHsieTcss BO3MYILIEHUE
C BOJIHOBBIM BEKTOPOM |g| ~ 3-10° cM~!, uTO cocTaBisieT
IIPOCTPAHCTBECHHBIM MACIITA0 UX JIOKATM3AIUI TIOPSIIKA
3-10~* = 5-10~* cM, a 9TO 3HAYEHNE MEHBIIIE TOIIIUHEI
Kugkoro kKpuctamwia (4 = 20 mxm). OTciona clemyer,
YTO TIPY CJIAOBIX TPAHNIHBIX YCIIOBHUSIX MOXKHO CUNTATh,
YTO OCHOBHYIO POJIb OyIyT UTPaTh OPUEHTAIITMOHHEIC
ITOBEPXHOCTHBIC BO3MYIIICHUS.

PaccMoTpuMm moJsieBbie 3aBUCUMOCTH 1epBoii U
1 BTOpoi U, TapMOHMK IIPY MaJibiX HANPIKEHUAX
CMEIICHUS, HATIpUMEP, B HEMaTUICCKUX KUIKUX KPHU-
cramnax MBBA u LIOBT'BK (puc. 7), mpuaem Oymem
BapbMpPOBaTh 3HAK ITOJIST OTHOCUTEILHO HampaBIeHUS
rpaareHTa KoJIebaTeIbHOM CKOPOCTH du /0z. DTOT rpa-

L}w-lo? B o-U,,

¢ & =17
16 C]w

B -1 0 1

—EL, U,B
Puc. 7. IloieBble 3aBUCHMOCTH BeIM4uH nepoii U,

1 BTOPOii U, rapMOHMK NPH MAJIbIX HOIAPU3YIONIMX HA-
npszKeHusx (crutomHbie TuHU — MBBA npu

T, = 24°C; nynkrupHble tuHun — HOBTBK

npu T, = 48°C)
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JIUEHT He MapajijieJIeH BEKTOPY HOPMaJIu K TTOBEPXHOCTH
KOJIEO IO CS TIJIaCTUHBI—TIOIJIOXKH.

OTMeTUM, YTO MOJOKEHNEe MUHUMYMOB BEJTMYUH
nepBoit U, v BTOpO¥i U, TapMOHMK HE COBIIAAET C Hy-
JIEBOI TOUKO 110 OCH abCLIMCC, KOTaa UC = (. Bemmunusl
rapmMoHuK U, wn U, WMEIOT MaKCUMYM TOIZa, KOTaa
Ha TTOABVKHBIN DJIEKTPOJI TTOIAETCI TTOTOKUTETBHBIN
noreHIa. OTMETUM TaKKe, YTO XapaKTepHOE MOJISIPU-
sytoee Hanpskenue U, ~ +1 B, npu KOTopoM 3HaueHust
rapmMoHuK U, u U, MWUHHUMAaJbHBI.

OGcynum MoBeaeHUE COCTABIIAIOIIUX FapMOHUK U, |
B paMKax I10Jx0Ja, 0003Ha4eHHOTro paHee. J1sT aTOro
pa3dbepeM cHayvaia IoBeieHUEe BTOPOi TApMOHUKM CUT-
Hana U, . B oTcyTcTBME NOIA BEIMYKMHA BTOPOI rapMo-

HUKHU COTJIACHO (hopmye

U, =[P (2)() <6> dz=PS <0 > cos<O > =
= U, cos<0 > <0 >, (8)

(rme P, — BeJMYMHA MOBEPXHOCTHOIA TOJISpU3aLINY;
U = P S — mageHue HanpsoKEHU Ha TIOBEPXHOCTHOM
crioe; <6 > — cpelHee 3HaYEHUE CTALIMOHAPHOTO YIJia
HAKJIOHA IMpeKTopa; <0 > — KBaapaT CPeHEro 3Have-
HUS yIia, XapaKTepU3yIOLIEro OCUWIISILIMU AUPEKTOPA)
MpOIOpLUKMOHAJIbHA YTy HAKJIOHA AUPEKTOPA Ha TTIOBEPX-
HocTH <6 _> 1 BEJIMYMHE TIOBEPXHOCTHOM MOIAPU3ALIMI
P, BEKTOp KOTOPO#T MMEET OTIPeie/IECHHOE HaTpaBlieHUe
OTHOCUTEJIbHO Noaj10XKu. [TociieaHee v siBIsieTCs Mpu-
YMHOW aCUMMETPHH B TTOJIEBOM 3aBUCHMOCTH U, .

B cityuae ecniu HaripaBiieHHEe BHEIITHETO T10JIs1 COBIA-
JlaeT ¢ HarpaBJI€HUEM MMOBEPXHOCTHOM MOJISIpU3aLIUY,
TO OOLLMIT PErUCTPUPYEMBIIA CUTHAI:

Uy~ Sacb P <ed2> - P, S <ed2>’ )

rae S, . 5 deKTUBHAS TOIIIMHA TOBEPXHOCTHOM
TOJIAPU3ALNH; P, — MHIyIMPOBaHHAS BHEIITHUM ITOJIEM
OpHMEHTAIIMOHHAS TIOJISIPU3aIINS.

Wi MoXXHO 3amcaTh MpoIIe:

U,, ~U<0>—U (Sh)y~'<6>. (10)

Ortcrona sICHO, 9TO TIPY BO3pAaCTaHNY BHEIITHETO T10-
JISIPU3YIOIIETO HAMIPSIKCHUST BEJIMIMHA BTOPOIT rapMo-
HukK U, Oyner uMeTb MUHUMYM. B IPOTHBOTIONOXHOM
ciydae, Korna P v P, MMEIOT OHO U TO K€ HampasJie-
Hue, curHan U, yBeJIMYMBaeTCs, YTO MOATBEPXKAAETC
9KCIICPUMEHTOM.

B gacTHOCTH, 3TOT pe3yabTaT IO3BOJISICT OTIPEACITUTD
HarpaBJieHUE OPUEHTALIMM MOJIEKYJT MTOBEPXHOCTHO-
TO CJIOST — TIOBEPXHOCTHOM TTOJISIPU3aINU — 1 OLICHUTH
IO MTOJIOKEHWI0 MUHUMYMa MaaeHne HarpsokeHus Uy
Ha 3TOM T1oJisipu3oBaHHOM cioe. B ciiyuae HZKKK MBBA
MOJICKYJIBI HaIIPaBJICHBI CBOUM OTPHUIIATEIIHHBIM KOH-
LIOM K TIOBEPXHOCTH, a BeanyuHa U ~ 1 B. s HXK

LH®BI'BK U, ~ 0,7 B, a MOJIEKyJIbl 3TOTO KPUCTAJLIA
TaK>Ke HaIpaBJICHBI CBOMM OTPUIIATEIIFHBIM KOHIIOM
K TTIOBEPXHOCTH.

AcMMMETpUs CUTHaJIa epBoii rapmonuku U, Tec-
HBIM 00pa30M CBsI3aHa ¢ HAJTMIMEM ITOBEPXHOCTHOM T10-
JIsIpu3anuy. PemreHue 3Toii 3amaun IpeacTaBIIsIeT 3Ha-
YUTEIbHBIC TPYIHOCTU 1, B OOIIEM CiIydae, HeIMHEIHO
[31]. OmHAKO MOXHO MOKAa3aTh, UTO YK€ B JIMHEITHOM
MIPpUOTKEHUY TaKast aCUMMETPpHSI BO3HUKaET. Tak Kak
BO3MYIIICHNE JOKAJIM30BaHO Y IIOBEPXHOCTU KOJIEOJTIO-
IIEeToCs 3JIEKTPOAa, TO BOCTIOIB3YEMCSI MOMEHTHBIMU
YCIIOBUSIMU Ha ITOBepxHOCTH [36]:

W(<0 > — <0 >) + k (<0 >)/0z =
+(e, T P)E, (11)

e e, — (GIEKCOTEKTPUIECKUA KOI(DHULMEHT.
3HaKU BEIOMPAIOTCS B 3aBUCUMOCTHU OT HAIlPaBIICHMUS
TTOJIST OTHOCUTEJILHO TTOIJIOKKY M HAIIpaBICHUEM BEKTO-
pa nongpusauun. Cunraem, 4to 6 Man u <0 > << <0 >
(<0,> — yroz KosiebaHMi IMPEKTOPaA HA MOBEPXHOCTH).
Torga B (11) MOXHO TIOICTaBUTH TPUOJIKEHHOE PeIlre-
Hue tuna (7), korna 0, ~ 6’ exp(igz). Orcrona noay4nm
npu z = 0 p1s1 yria:

W <0, > +(es3 FP)E
W + ik,

<0, >= (12)

VI TIPU kq > W

, W <80, > *(ez; ¢PS)E|
<0y >= T | (13)
q

W3 3TOTO BEIpaXkeHUS CIIEIyeT, UYTO BeIMIMHA yTjIa
KOJICOaHUS TUPEKTOpa OyIeT CYIIIeCTBEHHBIM 00pa3oM
3aBUCETH OT COOTHOIICHMS BEIMUNHBI (DIIEKCORJICKTPH-
4ECKOro Koa(pGuIMeHTa e,;, BETMYMHbI TOBEPXHOCT-
HO¥i Tospusanuu P, a Takxke 3Haka moJjsd. To ectb
B ogHOoM ciaydae KK-cTpykrypa ctabunusupyercs,
B APYTOM clydae OHa MCHEe YCTOMUYMBa K BHEITHUM
BO3MYIIICHUSIM.

[TpuMeHUTETPHO K KOHKPETHOMY CITy4aro, HaIIpH-
Mep, K HeMaTU4YeCKOMY Xuakomy kpuctamry MBBA,
OyIeM UMeTh CIIeOYIOIIyIo KapTiHY. Tak KaK TUIOJIbHEIC
MOJICKYJIBI HaITpaBJICHBI CBOMM OTPHUIIATEILHBIM KOHIIOM
K TTIOBEPXHOCTH, TO B Clydae, KOTIa Ha IIOBEPXHOCTH
ITOJIOXKUTEIBHBIN ITOTCHITNAJ, TTOJTyJacM:

<O >~ |W<O >+ (e, — P)E, (14)
a TIpY OTPULIATEIILHOM:

<O >~ |W<O >+ (e, — P)E, (15)
Takum obpa3zom, B 00JIaCTH MOJIOXUTETbHBIX Ha-

MIPSCKeHUIH CMETIEHIST MOJIEKYIbI CTaOMIN3UPYIOTCS,
a TIpY OTPUILIATEIFHBIX HATIPSDKEHUSX MOJICKYITBI MEHEe
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YCTOMYMBEI K OPMECHTAIIMOHHBIM BO3MYIIICHUSIM, TIPA
ycnosun e, | < |P|.

[lepeiimem Terepb K paCCMOTPECHMIO TTOBEICHUS
PETUCTPUPYEMBIX CUTHAJIOB TiepBoit U, u BrOpoii U,
FapMOHUK TP OOJIBIIKX MTOISIPU3YIOIIMX HATIPSIKEHH -
sax. [losenenue neppoii rapmonuku U, B 5TOM Ciyyae
AHAJIOTMYHO ITOBEICHMIO TIePBOM TaApMOHMKH, BO30Y>KIa-
€MOI1 ITpY N3rMOHBIX Kostebanusx [8, 9, 12, 16], mostomy
CaMOCTOSITEJIBHOTO MHTEPECa 3TOT BOIIPOC HE MMEET.

OcTaHOBMMCS TTOAPOOHEE HA U3YICHUN BIIMSHUS
BHEIITHETO JICKTPUICCKOTO TIOJIST HAa BEJIUUNHY U 13-
MCHCHUS BTOpPOU rapMoHUKHU. MccnenoBanne Oymem
nposoauth Ha ipuMepe HXKK LIDODTBK. Otmmanrens-
HO# 0COOCHHOCTBIO BIIUSIHUS 3JIEKTPUUECKOTO TOJIsT £
B CJIyJae CABUTOBBIX KOJICOAHUI SIBIISICTCS TO, YTO MaK-
CHUMAJIbHOM BEJIMYMHBI BTOpas rapMoHuKa U, nocturaer
B HU3KOUYacTOTHOMU obmact w ~ 100 I'tr (puc. 8), Torma
KaK TIpY M3TMOHBIX KOJCOAHMSIX YaCTOTHAST PEerpecCus
BTOPOIf TApMOHUKY HAYMHAETCS B KMJIOTSPILIOBOM 1A~
Ta3oHe.

W3 yacrorHoii 3aBucumoctu U, (w) (v = const)
CJIENLYET, YTO BEIMYMHA BTOPOK rapmMoHuku U, pe3Ko
YMEHBIIIAeTCSI C YaCTOTOM Bo3MyIleHus (puc. 8). Ha-
TIpUMeEp, BETMIMHEBI BTOPOU TapMOHUKHY T1pr  ~ 100 I'g
u mpu o ~ 750 I'n mpu maHHOM 3HAYeHUM HATIPSKCHUST
cMelneHns oTamdaroTes B 5-10? pas. BosmoxHoM nipuyn-
HOI TaKOTO U3MEHEHUSI SIBJISICTCST JIOKATN3AIIIs OPHCH-
TAlIMOHHOTO BO3MYIIICHUS Y KOJICOJTIOIIETOCS JIEKTPOIa
C YBeIIMICHNEM YacTOTHI. TaK KaK M3HAYAJIbHO COTIACHO
ypaBHeHUIO [35] pasHOCTb (has:

(rme h — TommmHa KK-cmost; A — IIMHA CBETOBOIT
BOJIHBI) BOJIHOBO# BEKTOD BO3MYILIEHM |g| > A~ 1 ¢ yBe-
JINYEHNEM YaCTOTBI XapaKTepHast 00JIaCTh BO3MYIIIEHUS
S~ |gI' ~ ®'? Ha yactore 1 KI'll CMOXET COCTABIIATh
S~ 10"*cM.

IMocnegHee ToaATBEepPXKAAETCS UCCISAOBAaHUEM Ya-
CTOTHOM 3aBUCUMOCTH BEJIUUYNHBI BTOPOI TApMOHUKI
onTUYecKoro curnana [, /I npu oMHOBPEMEHHOM JI€Hi-
CTBHU TOJIIPU3YIOIIETO HATIPSLKeHUS (puc. 8). AKYyCTO-
ONTHUYECKU 2 hEKT, 3aKITIOYAIONINIICS B MOIYJISILINNA
CBETOBOTO ITOTOKA, TTOJIIPU30BAHHOTO B CBETE, IMPOIIIEI -
IIIETo Yepes STIYEUKY, CUITLHO OCIA0JISIETCS C YBETMIEHU -
€M Y4acTOTHI M, a Mpu yactote o ~ 1 KI['11 He HaOMomaeTcst
BOBCE.

3AK/IIOYEHUE

Takum 00pa3oM, B CTaTbe SKCIIEPUMEHTAIBHO HC-
CJICMIOBAJIOCH BIMSTHUE IEUCTBUS SJICKTPUUECKOTO TTOJIST
Ha TTOBEPXHOCTHYIO IMOJISIPU3AIINI0, BO3ZHUKAIOIIYIO
BcIencTBHUe (hIeKCO3IeKTprUIecKoro addekra. Beisas-
JIEHO, YTO TAPMOHUKH (hJIEKCORICKTPUICCKOTO CUTHAIA
3aBHUCAT OT HAIIPaBIICHUSI SJICKTPUIECKOTO TIOJIS, TIPU
MIPUJIOXKEHUH TTIOJIOXKUTEILHOTO IMMOTEHITNAA K TTOIBIIK-
HOH TUIaCTUHE OHU IIPUHUMAIOT MEHBIIINE 3HAYCHMS,
yeM IIpU oTpuiaTeIbHOM. [1pu meicTBUM CIa0BIX T10-
JIel BeIMYMHA CUTHAJIA Ha YaCTOTEe BO30YKICHUS TIPSIMO
MPONOPLIMOHAJIBHA aMITIATY/IE OCIMJUISIINI TUPEKTOpa
JKAIKOTO KPUCTAJIIA M BO3PACTACT 3a CUCT e¢ YBEIMICHMSI.

TeopeTnueck 000CHOBAHO, YTO IIpU CIa0BIX Tpa-
HUYHBIX YCIIOBUSIX OCHOBHYIO POJIb UTPAIOT OPHUEHTA-

6= ZnTh(t) < An(z, p;,t) >, (16)  1MOHHBIE TTOBEPXHOCTHBIE BO3MEHCTBHS. 3HAK dJIEK-
¢ tgd
% -100Tx 4 ¢ v s c';"LS"
4 W - 250 f
®-500 3 3 =
&-750 2 2 5
Q3 1 18
S .
3 ¢ 02 0.6 ©. KT
bl 2 - - H
x10
x100
1
0 " ; :
10 20 U.B

Puc. 8. IToneBblie 3aBMCMMOCTH BeJIMYMHBI BTOPOii rapMonnku U, npu pasamunoii yactore Bosmymenns o (LI@3I'BK
npu 7, = 48°C); Ha BCTaBKe — YACTOTHbIE 3aBUCMMOCTH TAHIE€HCA YIJIA HAKJIOHA (g0 ¥ BeJMYMHBI AKYCTOONTHYECKOTO

apexra I, /1.

http://nanobuild.ru

282

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (3):
274-284

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

PE3Y/IbTATbI UCC/IE4OBAHUW YHYEHBIX U CMIELUAJIUCTOB

TPUYECKOTO ITOJIST MOXXHO BapbHMPOBATh OTHOCUTEIIHLHO
HampaBJIcHUS TpaareHTa KoebaTeabHoi ckopocth. O0-
HapyXeHO, YTO 3HAUYCHUS TIePBOM M BTOPOI TApMOHUK
MPUHIMAIOT MAaKCUMYM TIPU TIPUJIOXKEHUH Ha TTOIBIIK-
HBII 3JIEKTPOI, MOJIOKUTEILHOTO TTOTeHIINAa. XapaK-

Nanobm

JUPEKTOPA HA MOBEPXHOCTH <O > ¥ BeJIMYMHE TIOBEPX-
HOCTHOI monpusaiuu P . Takxke 0GHapyXeHO, YTO MO-
nexynbl QKK (MBBA n H®BI'BK) HampaBiaeHbI OTpH-
IIaTeIPHBIM KOHIIOM K ITOBEPXHOCTH TTOJTOXKHU STICIKI.

[ToxydyeHHBIC pe3yIbTaThl UCCACIOBAHUIT MOXHO

HUCIIOIb30BaTh MPU pa3pabOTKe NATUMKOB JaBICHUS,
CEMCMOIATYNKOB IS 3MaHUI U COOPYXKECHUI, MOILYJISI-
TOPOB CBETA, a TAKXKe aKyCTOONTUYECKOTO 3aTBOpa IJIsI
CTEKJIOIIAaKETOB.

TEPHOE MOJIAPUBYIOIIEE HANPSIKEHUE, ITPY KoTopoM U, |
u U, rapMOHMKM MUHUMAaJIbHBI, cocTabiser U ~ +1 B.
AcummeTpus 3aBUCUMOCTH U, | OT TIPUIIOKEHHOTO MOJIS
OOBSICHSICTCS TPOITOPIUOHAIBHOCTBIO YIJTy HaKJIOHA
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PUBLICATION ETHICS AND PREVENTION
OF MALPRACTICE PUBLICATION

Compliance requirements of publication ethics in the preparation and publication of the journal Science Editor
and Publisher apply to all members of the publishing process, i.e., authors, editors, reviewers, and the publisher of
the journal. The editorial board monitors compliance with the ethics requirements based on the manuals prepared
by international specialized organizations, associations and publishers, as well as the Association of Science Editors
and Publishers. The main standards relied on by the journal «<Nanotechnologies in construction» are those developed
by the Committee on Publication Ethics (Committee on Publication Ethics) in the United Kingdom, by the publisher
Elsevier (Netherlands), and other non-Russian editorial associations and information systems, as well as the declara-
tion of «Ethical Principles of Scientific Publications», adopted by the Association of Science Editors and Publishers
(Russia).

The responsibility of the authors of material for the journal «<Nanotechnologies in construction»

1. The author submits materials for review, which have not been previously published. If the article is based on
previously published material which are not academic articles or based on materials presented on the Internet, the
author should notify the editorial staff of the journal.

2.The author does not submit the same article to different journals for review.

3. All co-authors consent to the submission of their articles to the journal.

4.The author should inform the editorial staff about a potential conflict of interest. In the case of the absence of
any competing interests the author should claim that by writing «Author declare the absence of any competing in-
terests» in the paper.

5.The author takes the necessary steps to ensure the correctness of citations in the submitted article.

6. The list of authors included only individuals who have made significant contributions to the research.

7.The author correctly cites his or her previous work as to avoid self-plagerism in the manuscript and the artificial
increase of volume of publications (salami-slicing).

8. The author, who is acting as the contact with journal, informs all other co-authors of all changes and sugges-
tions from the editorial staff, and does not make decisions regarding the article alone without the written consent of
all co-authors.

9.The author properly corresponds with the reviewer through contact with the editor and responds to comments
and observations if they arise.

10. If necessary, the authors either adjust the data presented in the article, or refute them.

Responsibility of the editors of the journal <Nanotechnologies in construction»

1.The editors are personally and independently responsible for the content of the materials published and recog-
nize that responsibility. The reliability of the work in question and its scientific significance should always be the basis
in the decision to publish.

2.The editors of the journal can check the materials with anti-plagiarism system «Antiplagiat» detecting borrowed
fragments to provide copyright protection.

3. The editors make fair and objective decisions, regardless of any commercial considerations and provide a fair
and efficient process for the independent review.

4. The editors evaluate manuscripts’ intellectual content without regard to race, gender, sexual orientation, reli-
gion, origin, nationality, and/or the political preferences of the authors.

5.The editors do not work with articles for which they have a conflict of interest.

6. The editors resolve conflict situations arising during the editorial process, as well as use all available means to
resolve these situations.

7.The editors of the journal publish information concerning corrections, rebuttals, and review articles in case the
need arises.

8.The editors of the journal do not publish the final version of the article without the consent of the authors.
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The responsibility of the reviewers of the journal <Nanotechnologies in construction»

1. The reviewer evaluates his or her own availability before the examination of the manuscript and accepts materi-
als for review only if the reviewer is able to allow for sufficient time as to ensure the quality his or her work.

2. The reviewer must use the form created by the editors and delivered with paper. The reviewer may give ex-
tended review.

3. The reviewer notifies the editorial staff of any conflict of interest (if one exists) before the start of the review of
the paper.

In the case of the absence of any competing interests the reviewer should claim that by writing «The reviewer
declares the absence of any competing interests» in the review.

4.The reviewer does not send information about the article and or any of the data contained within the article to
any third party.

5. The reviewer does not use the information obtained from the article for any personal and or commercial pur-
poses.

6. The reviewer does not make conclusions about the quality of the article on the basis of subjective data, e.g. the
personal relationship to the author, gender, age, religion, etc.

7. The reviewer uses only proper and appropriate language and explanations in respect to the articles, avoiding
any personal remarks.

The responsibility of the publisher of the journal <Nanotechnologies in construction»

1. The publisher not only supports scientific communication and invests in the process, but is also responsible for
complying with all current guidelines and standards for publishing scientific work.

2.The publisher does not affect the editorial policy of the journal.

3. The publisher provides legal support to the journal if necessary.

4.The publisher provides for the timely release of futures issues of the journal.

5.The publisher publishes changes, explanations, and recalls articles that have been identified to contain scientific
misconduct and or critical errors.

The responsibility of the editor-in-chief of the journal «<Nanotechnologies in construction»

1. The editor-in-chief is responsible for making a decision which of submitted papers are to be published in the
journal. This decision always must be based on the examination of paper reliability and its importance for scientists
and readers. The editor-in-chief may be guided by methodical recommendation elaborated by the editorial board of
the journal. He also may take into account legal requirements, such as exclusion of libel, infringement of copyright
and plagiarism. When making decision on the publication, the editor-in-chief may consult with the members of edito-
rial board, reviewers.

2. The editor-in-chief evaluates submitted papers by the intellectual content, regardless of the race, sex, sexual
preference, religion, ethnic origins, citizenship and political views of the author.

3. The editor-in-chief, editorial staff, members of the editorial board must not disclose information on the submit-
ted manuscript to the third person except for the author, reviewers, potential reviewers, and the publisher.

4.The information contained in the submitted paper cannot be used in the paper of the editor-in-chief, members
of the editorial board without author’s written permission. Confidential information or ideas obtained during review
must be kept in secret and must not be used for self-profit.

5. The editor-in-chief should not review the paper if there is a conflict of the interests evolving from competition, co-
operation or other relations with someone from the authors, companies and organizations which are related to the paper.

6. The editor-in-chief should ask all authors to present information on the certain competitive interests and pub-
lish corrections if the conflict of the interests has been revealed after the publication. If necessary another appropriate
action such as publication of disproof or expression of a concern can be performed.

7. The editor-in-chief should take reasoned and prompt measures if he gets complaints of ethnic character in re-
spect to the submitted manuscript or issued paper, contacting with the editors and publisher.

Complaints and appeals handling

In the case of incoming complaints and appeals a commission is formed. The commission can consist of the pub-
lisher, the editor-in-chief, deputy editor-in-chief, members of editorial council, authors and specialists which are com-
petent in the considering subjects.

An investigation is held and the results of it are reported to all interested parties. According to laws, if it is neces-
sary, the materials are delivered to competent state bodies.
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Policy of disclosure and conflicts of interest /competing interests

Unpublished data from manuscripts submitted for consideration can not be used for personal research without
the expressed written consent of the author.

Information or ideas obtained through peer review and related actives, which potentially can be beneficial to any
party other than the author, must be kept confidential and not be used for personal gain.

The editors and reviewers should not participate in the examination of manuscripts in the event of a conflict of
interest that is a result of any competitive, cooperative, and or other interactions and relationships with any of the
authors, companies, and or other organizations involved in the creation or presentation of the works.

The politics of the journal concerning data exchange and reproductibility

The journal papers (metadata of papers) are available for free access at the journal’s website and at the websites of
different citation systems (data bases).

The authors of the materials published in the journal permit using their content according to the license Creative
Commons CC-BY «Attribution». This kind of license allows other people to distribute, edit, correct and base on the
work of the authors, even with commercial purpose, while the authors mention them as co-authors. The license is
recommended to distribute widely and use licensed materials.

The politics of the journal concerning data exchange and reproducibility are aimed at providing «transparent» sci-
ence and transparency is a guarantee of high-quality research and innovations.

Ethical oversight of the published materials

The publisher and the editor-in-chief should deal with protection of reputation of the published materials by
studying and evaluating claimed or potential delinquency (research, publications, reviews and editorial activities)
jointly with scientific community.

That means interaction with the author of the manuscript and detailed consideration of the complaints or declared
reclamations. To detect such delinquencies as plagiarism, the editor must use proper license software or systems.

If the editor-in-chief obtains proved evidence of delinquency, he must inform the publisher and the members of
editorial council about this, as well as immediately notify the author about necessity to correct the paper or paper
retraction (in dependence on the situation).

Derivation and plagiarism

During the consideration of an article, the editorial staff of the journal «<Nanotechnologies in construction» may
conduct a verification of the submitted materials with the help the Anti-plagiarism system. In the case of the discov-
ery of multiple incidents of content matching, the editorial staff acts in accordance with the rules of COPE.

Intellectual property
The editors should carefully deal with the issues concerning intellectual property and interact with the publisher
when settling the cases of probable delinquencies and agreements on intellectual property protection.
The editors aside from using plagiarism detecting tools can also:
- support the authors whose copyright was infringed or those who suffered from plagiarism;
- cooperate with the publisher to protect copyright and to pursue infringer (for example, by applying for paper
retraction or removing materials from websites).

Discussion of the papers published in the journal. Corrections made after publication

The editors must be open for the researches that oppose the papers published earlier in the journal; to encourage
and to be ready to consider valid criticism of the papers published in the journal.

The authors of the criticized works should have an opportunity to respond the criticism. The papers describing
only negative results can also be published.

Preprint and postprint policy

During the submission process, the author must confirm that the article has not been published and or accepted
for publication in any other journal. When citing articles published in the journal «Nanotechnologies in construction»,
the publisher requests the authors to provide a link (the full URL of the material) to the official website of the journal.

Articles, which have been previously posted by the author on personal and or public websites that have no rela-
tionship to any other publishers, are allowed to be submitted to the journal.
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On the procedure in case of abusive practice (infringement)

Publisher, editor-in-chief, each member of editorial staff member of editorial board, author, reviewer or reader
must comply journal’s Publication Ethics and are obliged to report any known facts concerning committed or poten-
tial infringement.

The journal’s editors immediately launch investigation on all messages that state abusive practice (infringements).
If the information is confirmed, the measures to eliminate claimed abusive practice (infringements) will be taken. Ac-
cording to legislation, all materials, if it is necessary, are referred to proper state bodies.

In response to all author’s claims the editors give full and substantiated replies and make great efforts to resolve
any conflicts.
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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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The structure of the paper
IN ENGLISH

NAME OF THE SECTION (In English)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In English)

Authors’ first name and last name (In English)

place of employment of each author, city, country (In English)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
*Corresponding author: e-mail: XXXXXXXXXX

ORCID author:
first name and last name — https://orcid.org/xxxx-XXxx-XXXX-XXXX

Abstract: the source of information, which is independent on the paper and which allows Russian and foreign
specialists to make conclusion about the quality of the content of the paper (extended abstracts must be informative,
original, novelty, contain main results of research, structured according to IMRAD (Introduction, Methods and Materi-
als, Results and Discussion), compact — 200-250 words) (In English):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In English)

Acknowledgments: (if available) (In English)

For citation: (In English)

Example.

For citation: Sinitsin D.A., Shayakhmetov U.Sh., Rakhimova O.N., Khalikov R.M., Nedoseko I.V. Nanostructured
foam ceramics for building purposes: production technology and applications. Nanotechnologies in Construc-
tion. 2021; 13(4): 213-221. https://doi.org/10.15828/2075-8545-2021-13-4-213-221.

© authors, 2021

Text of the paper: (In English, number of words 3000-6000)
- INTRODUCTION

« METHODS AND MATERIALS

« RESULTS

- DISCUSSION

- CONCLUSIONS

References (In English) (Vancouver Style)

Information about the author (authors) (In English)

— first name, last name (full);

- academic degree;

—-name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc.;

- address of the institution (organization), its department at which the author works or studies (city and country);

- authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.
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Example.

Zhanna V. Pisarenko - Dr. Sci. (Econ.), Assistant Professor, Saint-Petersburg State University, Economic Faculty,
Department of Risk Management and Insurance, Saint-Petersburg, Russia,

z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In English):

author’s last name and initials; author’s personal contribution in article writing is briefly described (concept, col-
lection of materials, analytical work, article writing, scientific editing of the text, all authors made equal contribution
to preparation of the article, etc.).

Example.

Marina S. Morozova - scientific management; research concept; methodology development; participation in
development of curricula and their implementation; writing the draft; final conclusions.

Elena V. Bokova - participation in development of curricula and their implementation; follow-on revision of
the text; final conclusions.

The authors declare no conflicts of interests.

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.

IN RUSSIAN

NAME OF THE SECTION (In Russian)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In Russian)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In Russian)

Authors’ first name and last name (In Russian)

place of employment of each author, city, country (In Russian)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
* Corresponding author: e-mail: xxxxxxxxxx

ORCID author:
first name and last name (In Russian) - https://orcid.org/xxxx-XxxX-XXXX-XXXX

Abstract: the source of information, which is independent on the paper and which allows

Russian and foreign specialists to make conclusion about the quality of the content of the paper (extended ab-
stracts must be informative, original, novelty, contain main results of research, structured according to IMRAD (Intro-
duction, Methods and Materials, Results and Discussion), compact — 200-250 words) (In Russian):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In Russian)

Acknowledgments: (if available) (In Russian)

For citation: (In Russian)

Example.
Ona yntuposaHua: CunnuuH A.A., Laaxmvetos Y.LU., Paxumosa O.H., Xannkos PM., Hegoceko /.B. HaHocTpyk-
TYpUpPOBaHHasA NeHOKepaMurKa CTPOUTENbHOIO Ha3HAYeHNA: TEXHONOMMA NPOU3BOACTBA U NpMeHeHusa // Ha-
HoTexHonoruu B ctpoutenbctae. 2021. T. 13, N2 4, C. 213-221. https://doi.org/10.15828/2075-8545-2021-13-4-
213-221.

© authors, 2021
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Text of the paper: (In Russian, number of words 3000-6000)
- INTRODUCTION

« METHODS AND MATERIALS

- RESULTS

- DISCUSSION

- CONCLUSIONS

References (In Russian) (Vancouver Style)

Information about the author (authors) (In Russian)

— first name, last name (full);

- academic degree;

—name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc.;

- address of the institution (organization), its department at which the author works or studies (city and country);

— authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.

Example.

MucapeHko XaHHa BUKTOpPOBHa — [-p 3KOH. HayK, AOLEHT Kadenpbl ynpaBneHus prckaMm U CTPAaxoBaHMWsA
3KkoHOMUKYecKoro ¢akynbteta CaHKT-IeTepbyprckoro rocyfapctBeHHoOro yHmsepcuteta, CaHKT-TeTepbypr,
Poccus, z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In Russian):

author’s last name and initials; author’s personal contribution in article writing is briefly described (concept, col-
lection of materials, analytical work, article writing, scientific editing of the text, all authors made equal contribution
to preparation of the article, etc.).

lMpumep.

Mopo3oBa M.C. - HayyHOe PYKOBOACTBO; KOHLENUUA UCC/IefOBaHUA; Pa3BUTME METOAONOrMK; ydyactue
B pa3paboTke yueOHbIX MPorpamMm 1 nx peannsaunm; HanMcaHne NCXOAHOTO TEKCTA; NTOrOBble BbIBOAbI.
bokoBa E.B. - yuyacTve B pa3paboTke yueOHbIX MporpaMm 1 Ux peanvsauuu; [opaboTka TEKCTa; UTOroBble
BbIBOADbI.

The authors declare no conflicts of interests. (In Russian)

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.
(In Russian)

Manuscript text

File format
The editors accept texts saved using Microsoft Word in .rtf format.

Text layout

Use the font Times New Roman, font size — 14 pt., and 1.5 line spacing;

Do not use an underscore in the text (for subtitles — use bold, to highlight text — use italics);

Non-Russian languages titles (journals, organizations, etc.) should be left in the original, enclosed in quotes.

http://nanobuild.ru 292 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3): '
HaHoTexHonorum B cTponTenbcTBe 289-293 NanObL" ]

Abbreviations
All abbreviations should be defined when first used. If the article contains a large number of abbreviations, a list
deciphering each of them can be included before the text of the article

Tables and Figures

All tables and figures must be numbered and identified, they should be a reference in the text. The tables should
not contain empty columns. Figures should be of good quality, suitable for printing. Figures should be submitted
together with the article, with each figure submitted as an individual file.

One way to check the quality of the image, is to increase its size using any image manipulation software. A high
quality image is not burred or distorted when enlarged.

Footnotes
If necessary, use footnotes with continuous numbering (Arabic numerals) throughout the document. Footnotes
can be quotes from the works mentioned in the text, for more information.

Citations and bibliography
The journal requires the use of the Vancouver citation style (a reference in the text in square brackets, full biblio-
graphic description of the source in the bibliography in the order mentioned in the text of the article).

References

The list of references includes sources used in the text.

References accepted for publication but not yet published articles must be labeled with the words “in press”;
authors should obtain written permission to refer to these documents and evidence that they are accepted for pub-
lication. Information from unpublished sources must be marked with the words “unpublished data / documents,” the
authors must also receive written confirmation of the use of such materials. The journal adopted the Vancouver style
of reference design and citation.

Copyright Notice

Authors who publish in journal agree to the following:

1. Authors retain copyright of the work and provide the journal right of first publication of the work.

2.The authors retain the right to enter into certain contractual agreements relating to the non-exclusive distribu-
tion in the published version of the work here form (eg, post it to an institutional repository, the publication of the
book), with reference to its original publication in this journal.

3.The authors have the right to post their work on the Internet (eg in the institute store or personal website) prior
to and during the review process of its data log, as this may lead to a productive discussion and a large number of
references to this work.

Privacy Statement

Specified when registering the names and addresses will be used solely for technical purposes of a contact with
the Author or reviewers (editors) when preparing the article for publication. Private data will not be shared with other
individuals and organizations.

http://nanobuild.ru 293 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3):
HaHoTexHONorum B cTpouTtenbCcTBe 289-293

MPABWUJIA AN1d ABTOPOB

Mpuem craTten

ABTOpbI NpeaCTaBnAIOT B pefakuuio:
+  PYKOMUCK B 311eKTPOHHOM Buge no e-mail: info@nanobuild.ru;
+  COMpPOBOAMTENbHOE NMMCbMO (pefaKLmMA BbiCbIIaeT aBTopam obpaseL, no nx npeBapuTesibHOMYy 3anpocy).
ABTOpbI NY6NMKYeMbIX B XypHane MaTepuanos [OMycKaloT UCMONb30BaHNE KOHTEHTA B COOTBETCTBUM C JINLIEH-
3uen Creative Commons Attribution 4.0 International (CC-BY 4.0); cornacHbl ¢ pa3melleHnemM B OTKPbITOM JOCTyre
MOJIHbIX TEKCTOB CTaTel (MX COCTABHbIX YacTel Uy MeTafaHHbIX) B VIHTepHeTe Ha canTe nsgaHua (www.nanobuild.
ru), B crctemax UMTnpoBaHus (6aszax faHHbix). O6 3STOM aBTOPbI YKa3biBatoT B CONPOBOANTENIbHOM NUCbMe. [ogpo6Ho
o nuueH3um Creative Commons Attribution 4.0 International (CC-BY 4.0)cmoTpuTe 3gech https://creativecommons.
org/licenses/by/4.0/deed.ru.

MpepcTaBneHne cTaTby B XKypHan nogpa3yMeBaeT, uTo:
+ paboTa He Gbina onyb6MKoBaHa paHee B APYrom XKypHare;
+  He HaXOAWTCA Ha PaCCMOTPEHUN B IPYrOM XKypHarne;
+  BCE COABTOPbI COMacHbI C NyGNMKaLuein cTaTby;
+  MOJNyYEHO COoracue — HeIBHOE WM ABHOE — OpraHm3aLmm, B KOTOPOW nccnefoBaHme 6bi1o NPoBeaeHo.

NHdopmauums o KOHPNNKTe MHTepecoB
B cTtaTbe crniepyeT yKkasaTb Ha peanbHblii NN NOTEHLMANbHbIN KOHPANKT MHTepecoB. Ecnn KoHpnnKTa nHtepecos
HeT, TO ClelyeT HanncaTb, YTO «aBTOP 3aABNAET 00 OTCYTCTBUM KOHGNUKTa MHTEPECOBY.

Mpwu npeacTaBneHNN PyKONuCK B }KypHaJl aBTOpbl JOMKHbI Y6eAUTbCA, UTO COAEP>KaHNE CTaTbll COOTBECTBY-
eT TeMaTUuKe XypHarna; CTPyKTypa CTaTb 1 opOpMIIEHNE COOTBETCTBYIOT TPEOOBaHUAM peflakLmy; BCe LMTUPOBAHNA
obopMIEHbI KOPPEKTHO, YKa3aHbl MCTOUYHVIKYM /st TabnuL, U pYCYHKOB (eC/Y He YKa3aHO MHOE, NPeAnonaraeTcs, 4to
TabnULbI U PUCYHKU CO34aHbl aBTOPOM).

OCHOBHbIe pasaenbl XKypHana:
+  CTpOWTENbHOE MaTepunanoBeaeHye;
«  UCCnefoBaHMe CBOWCTB HAHOMATepPUanos;
«  pe3ynbTaTbl NCCNIE[OBaHUIA YUEHbIX 1 CNeLuanncTos;
«  TEXHOMOIMM NPOV3BOACTBA CTPOUTENbHBIX MAaTEPVANOB U U3LENNiA;
«  MeXAyHapoLHOe HayYyHO-TEXHNYECKOE COTPYAHNYECTBO;
+ 0630p n306peTeHun B 0611aCT HAHOMHAYCTPUN
+ pa3paboTKa HOBbIX MaTEPMAsOB;
+  pauroHaibHOE MCMONb30BaHNe NPUPOLHbBIX PECYPCOB;
«  3pdEKTUBHOE NCMONb30BaHNE BTOPUYHOTO ChIPbs;
+  MPVIMEHEHME HAHOTEXHOMOIMIN 1 HAHOMATEPUASIOB B CTPOUTENBCTBE;
+  CUCTEMHbIE PELLIEHUA TEXHONOMMYECKNX Npobnem;
+ B CMeXHbIX OTpacnax;
«  ¢$OopyMmbl, BbICTaBKM, KOHbEPEHUMY, MEPONPUATUSA CTPOUTENIbHON OTPAC/ Y HAHOUHAYCTPUN.

B xxypHane ny6aunKyiotca paboTbl nNo cnepylowWwym TeMam: Co3faHne HOBbIX GYHKLMOHaNbHbIX MaTepPUasos;
pa3paboTka Teopun GOPMUPOBaAHNUA MPOUYHOCTV U HEMPOHULLAEMOCTN HAHOCTPYKTYPMPOBAHHbBIX CUCTEM; Npobne-
Mbl MPUMEHEHUSI HAHOMATEPMASIOB U HAHOTEXHOMOMMIA B CTPOUTENIBCTBE U CTPOUTENbHBIX MaTepuanax; LLeMeHTHble
N Apyrvie BsXyLve C MUHEePanbHbIMU 11 OpraHMYecKMy fo6aBKamuy; AVArHOCTVIKA HAHOCTPYKTYP M HAaHOMATepuasnoB
CTPOVTENbHBIX CUCTEM; TEXHOJIOTMU NCCIIefOBaHNsA CBOWCTB HAaHOMATEPUANOB; MOANDULNPOBAHNE CTPOUTENBHbBIX
MaTepranoB HAHOBOJIOKHAMY; ANCNEPCHbIE KOMMO3VLMOHHbIE MaTeprarbl C HAHOMOKPbITMEM; GOPMMPOBAHME Ha-
HOCTPYKTYPHbIX MOKPbITUN Jla3epHbIM HarblIEHWEM; CUCTEMbI MPENOAaBaHNA OCHOB HAHOTEXHOOMMIA; TEXHOJIOI -
yeckre NPUHLMIbI CO34aHNA HAHOCTPYKTYP (pacnnasbl, 30/b-refeBblil CMHTE3 U Ap.). TeMaTrKa cTaTell MOXeT ObITb
WHOW, MPAMO UM KOCBEHHO CBA3AHHOW C MepeUYnCTIEHHbIMU HamnpaBaeHUsAMU.

http://nanobuild.ru 289 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://creativecommons.org/licenses/by/4.0/deed.ru
https://creativecommons.org/licenses/by/4.0/deed.ru

Nanotechnologies in construction 2023;15(3): '
HaHoTexHonorum B cTponTenbcTBe 289-293 NanObL" ]

>KypHan MPUHNMaET K I'Iy6J'II/IKaL|,VIVI2 Hay4Hble CTaTbH, o63opr|e CTaTbW, pefakuMOHHbIe CTaTbN, ANCKYCCUOHHbIE
CTaTbW, PeAAKTOPCKNE 3aMETKU, PeLeH3N Ha KHUTY, peleH3UN Ha CTaTblo U T. M.

Crpykrypa cratbu (B coorBercTtBuum ¢ FOCT P 7.0.7-2021)
HA AHITTUNCKOM A3bIKE

HA3BAHWE PYBPUKWN U PA3LENA XKYPHAJA (In English)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
paper reviews, etc.) (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

3arnaBue ctatbu (In English)

Umsa OtuectBoO (Npu Hannuum) @®amunusa asropa (-os) (In English)

06s3aTeNIbHOE yKa3aHUe MecTa paboTbl KaXAoro aBTopa, ropog, ctpaHa (In English)

(HaumeHogaHue opzaHu3zayuu (yupexoeHus), 20e pabomaem usu y4umcs asmop ykassigaemcs 6e3 0603Ha4yeHus
0pedHU3ayUOHHO-NPAsosouU (opmsl opuduydeckozo nuya: ®FbYH, ®I6OY BO, [1AO, AO um.n.)

* Corresponding author: e-mail: XXXXXxxxxx

ORCID aBTOpa (-0B):
Oamunua n nHnLManbl — https://orcid.org/Xxxx-XxXX-XXXX-XXxx

Abstract: He3aBMCKMbIN OT CTaTbW MCTOYHUK MHPOPMALLMK, KOTOPbIV MO3BOMSIET YYEHbIM 1 CMELMANNCTaM caenaTb
BbIBO[ O KauecTBe U COAepKaHuM CTaTby (pe3tome A0MXKHbI ObiTb MHPOPMALIMOHHbBIMM, OPUTMHAMBbHBIMM, COAEPKATb
HOBW3HY, OCHOBHbIE pe3ynbTaTbl UCCNefoBaHUI, CTPYKTypupoBaHHbiMy Mo IMRAD (Introduction, Methods and Mate-
rials, Results, Discussion, Conclusion), KoMnakTHbIMY — yKnagpiBaTbcs B 200-250 ¢10B) (Ha aHIIMNCKOM AI3bIKe):

Abstract: Introduction... Methods and Materials... Results... Discussion...Conclusion...

Keywords: (In English)

Acknowledgments: (npu Hannunu) (In English)

For citation: (In English)

lMpumep.

For citation: Sinitsin D.A., Shayakhmetov U.Sh., Rakhimova O.N., Khalikov R.M., Nedoseko L.V. Nanostruc-
tured foam ceramics for building purposes. Nanotechnologies in Construction. 2021;13(4):213-221. https://doi.
org/10.15828/2075-8545-2021-13-4-213-221.

© authors, 2021

Cratbs ((In English) o6bem - 3-6 TbiC. C/10B):
- INTRODUCTION

- METHODS AND MATERIALS

- RESULTS

- DISCUSSION

- CONCLUSION

References (In English) (cornacHo Vancouver Style)

Information about the author (authors) (In English)

- IM#l, 0TYECTBO, pamMunns aBTopa (NOJIHOCTbIO);

— yuyeHoe 3BaHUe;

— yUeHasi CTerneHb;

— HaMMeHOBaHUe opraHn3auun (YUpexkaeHus), ee nogpasgeneHns, rae pabotaet nnm yuntca aBtop (6e3 o603Ha-
YyeHUs opraHn3aLoHHO-NpPaBoBol Gpopmbl topuanueckoro nuua: GreyYH, ®re0y BO, MAO, AO u T. n.);

— agpec opraHusauuu (yupexzaeHus), ee nogpasgeneHus, rae paboTaeT unv yumnTcs aBTop (ropog v cTpaHa);

http://nanobuild.ru 290 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3): '
HaHoTexHonorum B cTponTenbcTBe 289-293 NanObL" ]

— JNIEKTPOHHbIV aapec aBTopa (e-mail);

— OTKpbITbIN ngeHTndrKatop yuyeHoro (Open Researcher and Contributor ID — ORCID) (npu Hanuuun).

OneKTPOHHbIN afpec aBTopa NpuBoAAT 6e3 cyioBa “e-mail’, nocne anekTpoHHOro agpeca Touky He ctasAt. ORCID
npuBoaAT B popme 3NeKTPOHHOTO aapeca B cetu «/HTepHeT». B koHue ORCID TouKy He cTaBaT. HaumeHoBaHue opra-
HU3auum (yupexxgeHus), ee agpec, anekTpoHHbIn agpec n ORCID aBTopa oTaenaAT apyr OT gpyra 3anAaTbIMy.

Pefakuua n3gaHmna MoXeT pacluMpuTb JOMONHUTENbHbIE CBeleHNs 00 aBTOPe: yKa3aTb ero OMIKHOCTb, MOYETHble
3BaHVA, YIIEHCTBO B OpraHM3aumax 1 T. .

lMpumep.

Zhanna V. Pisarenko - Dr. Sci. (Econ.), Assistant Professor, Saint-Petersburg State University, Economic Faculty,
Department of Risk Management and Insurance, Saint-Petersburg, Russia,

z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In English):

nmM#A, NepBas 6yKBa oTyecTBa 1 GaMuIMs aBTOPA; B KPaTKOM GopMe OMMCbIBAETCS IMYHBIV BKag aBTOpa B Hanu-
CaHue cTaTby (uges, cbop matepuana, 0b6paboTka MaTepuana, HanncaHve CTaTbl, HAYYHOE PeaKTMPOBAHME TEKCTA,
BCe aBTOPbI CAENaNV SKBMBANEHTHbIV BKNAA (PaBHbI BKag) B MOArOTOBKY Ny6AVKaLUN U T. 4.).

lMpumep.

Marina S. Morozova - scientific management; research concept; methodology development; participation in
development of curricula and their implementation; writing the draft; final conclusions.

Elena V. Bokova - participation in development of curricula and their implementation; follow-on revision of
the text; final conclusions.

The authors declare no conflicts of interests.

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.

HA PYCCKOM A3bIKE

HA3BAHWE PYEPUKI UITA PA3LEJIA XKYPHAJIA (Ha pyccKom Ai3bIKe)

HayuHas ctaTbs (0630pHanA cTaThs, pefakuMOHHasA CTaTbs, AUCKYCCMOHHAs CTaTbA, NEPCOHANMK, pefakTopcKas
3aMeTKa, pPeLieH3mA Ha KHUTY, peLieH31A Ha CTaTbio 1 T. N.) (Ha pyCCKOM A3bIKe)

YOK XXX

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

3arnaBue cTaTby (Ha PyCCKOM A3bIKe)

Uma OtuectBo (Npu Hanuunn) @amunua aBTopa (-0B) (Ha PyCcCKOM A3bIKe)

06s3aTesIbHOE YKa3aHue MecTa paboTbl KaXaoro aBTopa, ropop, CTpaHa (Ha pycCKOM A3blKe)

(HaumeHogaHue opzaHu3zayuu (yupexoeHus), 20e pabomaem usu y4umcs asmop ykassigaemcs 6e3 0603Ha4yeHus
0p2adHU3ayUOHHO-NPAsosoU (hopmebl topuduydeckozo nuya: OFbYH, ®F6OY BO, MAO, AO u m. n.)

* ABTOp, OTBETCTBEHHDIV 33 MEPENUCKY: e-Mail: XXXXXXXXXX

ORCID aBTOpa (-0B):
Oamunua n nHnLmnanbl — https://orcid.org/xxxx-xXxxX-XXXX-Xxxx

AHHoTauusA (unv Pestome): He3aBMCUMbIY OT CTaTbW MCTOUYHMK MHPOPMALLMM, KOTOPbI NMO3BOJIAET YUEHbIM U Crie-
UManuncTam cenatb BbIBOA O KauecTBe M CoAepKaHUM CTaTby (pe3tome AOMKHbI 6biTb MHGOPMALMOHHBIMU, OPUTU-
HaNbHbIMU, COAEPKaTb HOBU3HY, OCHOBHbIE pe3ynbTaTbl UCCeA0BaHUN, CTPYKTypupoBaHHbiMK no IMRAD (BBegeHme,
METOAbl U MaTepuarsbl, pe3ynbTaTbhl, OOCY>KAeHMe, 3aKiioueHne (BbIBOAbI)), KOMMAKTHbIMW — YKnaabiBaTbcs B 200—
250 cnoB) (Ha pycCKOM fA3bIKe):

AHHoTauus (unv Pesome): BBegeHue... Metoabl u maTepuanbl... Pesynbrartbl... O6¢cyKaeHue... 3aknioueHme
(BbIBOAPDI)...

KnioueBble cnoBa: (Ha pycCKoMm fA3bike)

http://nanobuild.ru 291 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3): '
HaHoTexHonorum B cTponTenbcTBe 289-293 NanObL" ]

BnaropapHocTu: (Npy HanMumm) (Ha PyCCKOM A3bIKe)
Ona umTupoBaHuA: (Ha PyCCKOM A3bIKE)

lpumep.

Ona yntuposaHua: CunnuuH [.A., Laaxmvetos Y.LU., Paxumosa O.H., Xannkos PM., Hegoceko /.B. HaHocTpyk-
TYpUpPOBaHHasA NeHOKepaMurKa CTPOUTENIbHOrO Ha3HauyeHus // HaHoTtexHonorum B ctpoutenbctee. 2021.T. 13,
Ne 4. C. 213-221. https://doi.org/10.15828/2075-8545-2021-13-4-213-221.

© aBTOpbl, 2021

CraTtbs (Ha pycCKOM si3blKe, 06beM — 3—6 TbIC. CJIOB):
- BBepgeHune

- MeTopgbl 1 maTepuanbl

+ Pesynbrartbi

+ O6¢cyKpaeHue

- 3aKknoueHune (BbiBoAbl)

CnnCcoK NCTOYHUNKOB (Ha A3blKe OpPUTHana CTaTbl — PYCCKOM W aHTIIMNCKOM)

Undopmauus 06 aBTope (-ax) (Ha pycckom A3bike)

- GaMmnnA NMs 0TYECTBO aBTopa (MOMHOCTbIO);

— y4yeHoe 3BaHue;

— yUeHasi CTerneHb;

— HaMMeHOBaHUe opraHn3auun (yupexxkaeHus), ee nogpasaeneHns, rae pabotaeT unm yuntca aBtop (6e3 o603Ha-
YyeHUs opraHn3aLoHHO-NpPaBoBol Gpopmbl topuagnueckoro nuua: GroyYH, ®re0y BO, MAO, AO u T. n.);

— agpec opraHusauuu (yupexzaeHus), ee nogpasgeneHus, rage paboTaeT Uy yumnTcs aBTop (ropog v cTpaHa);

— 3MIeKTPOHHbIN agpec aBTopa (e-mail); — oTKpbITbI naeHTUdKKaTop yueHoro (Open Researcher and Contributor
ID — ORCID) (npwn Hannunn).

OneKTPOHHbIN afpec aBTopa NpuBoAAT 6e3 cyioBa “e-mail’, nocne anekTpoHHOro agpeca Touky He ctaBAt. ORCID
npuBoaAT B popme 3NeKTPOHHOTO aapeca B cetu «/HTepHeT». B koHue ORCID Touky He cTaBaT. HaumeHoBaHue opra-
HU3auum (yupexxgeHus), ee agpec, anekTpoHHbIn agpec n ORCID aBTopa oTaenaAT apyr OT gpyra 3anAaTbIMu.

Pefakuua n3gaHmna MoOXeT pacluMpuTb JOMONIHUTENbHbIE CBefleHNs 00 aBTOPe: yKa3aTb ero JOJIKHOCTb, MOYETHble
3BaHWsA, YNIEHCTBO B OPraHmM3aLmsx v T. .

lMpumep.

MucapeHko XaHHa BUKTOpPOBHa — [-p 3KOH. HayK, AOLEHT Kadenpbl ynpaBneHus prckaMm U CTPAaxoBaHMWs
3KOHOMUMYecKoro dakynbreTa CaHKT-IeTepbyprckoro rocynapCcTBeHHOrO yHMBepcnTeTa, r. CaHKT-TeTepbypr,
Poccus, z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Bknag aBTOpPOB (Ha pyCcCKOM A3bIKe):

— pamunus HUUKManbl aBTopa;

— B KpaTKoW GpopmMe OnmCbIBAETCA NIMYHbIN BKNAaZ aBTOPa B HanucaHume cTatbu (nged, cbop matepmana, obpaboTka
MaTepwuana, HarnMcaHue CTaTbl, HAy4YHOE pefaKTMPOBaHVEe TEKCTA, BCe aBTOPbI CAeNanu SKBMBANIEHTHbI BKNag (paB-
HbI1 BKNag) B MOATOTOBKY Nybnukauum u T. g.).

lMpumep.

Mopo3soBa M.C. - HayYHOe PYKOBOACTBO; KOHLIENUUA NCCNef0BaHNSA; pa3BUTE METOLONOMMY; yYacTue B pas-
paboTKe yuebHbIX MPOrpamm 1 UX peanu3aunm; HanvcaHue NCXOLHOro TEKCTA; UTOrOBbIE BbIBOADI.

BbokoBa E.B. - yuacTue B pa3paboTke yueOHbIX MPOrpamMm 1 Nx peannsauuu; oopaboTka TeKCTa; UTOrOBbIE Bbl-
BOAb.

ABTOpbI 3aABNAIOT 06 OTCYTCTBUM KOHPNNKTa UHTEpPECoB.

CraTtbs nocTtynuna B pegakuuio XX.XX.202X; ogobpeHa nocne peueHsnpoBaHna XX.XX.202X; nprHaATa K nybnrka-
uum XX.XX.202X.

http://nanobuild.ru 292 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2023;15(3):

HaHoTexHonorun B cTpouTenbcTee 289-293 NanObL" ]

OdopmneHme TeKcTa pyKkonucm

®opmar
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OdopmneHne

« uncnonb3ynte wWpndT 14 Times New Roman v uHtepsan 1,5 ctpoku;

+ He UCMonb3ynTe NoaYepKrBaHUe BHYTPY TeKCTa (4NA Nof3arofioBKOB MCMOMb3yTe MOMY>KUPHOe HavepTaHue,
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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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