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ABOUT THE INFLUENCE OF CARBON NANOMATERIALS
ON THE PROPERTIES OF CEMENT AND CONGRETE

EXTENDED ABSTRACT:

The article presents the results of studies on the modification of the ce-
ment stone and concrete with carbon nanomaterials, which were obtained
as a by-product in the plasma gasification of coal. Under the action of plas-
ma arc from the electrode material and coal supplied for the gasification,
carbon nanomaterials — fullerene-containing soot are formed simultane-
ously in one apparatus. This method of production of carbon nanomateri-
als is a perspective due to a smaller effect on the increase in the cost of the
final composite. These carbon nanomaterials have both compact and ultra-
disperse fibrous structure, which indicates the presence of such basic forms
of nanoparticles as «onion carbon structures» (multiwall, hyperfullerens)
and «filamentous carbon structures» (nanotubes, nanofibers).

Considering the problem of introduction and uniform distribution of
carbon nanoparticles in the cement matrix, that are prone to aggregation,
ultrasonic treatment of carbon nanomaterials and mixing water was car-
ried out. The optimal dosage of carbon nanomaterials is 0.01 wt. %, which
led to improved physical and mechanical properties of cement stone. It is
found that when using various superplasticizers carbon nanomaterials ef-
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fectively distributed in the mixing water amount, but the complex effect of
improving cement varies depending on the type of superplasticizer.

Changing of hydration temperature of the cement with carbon nano-
materials and various superplasticizers is determined. It has been shown
that the introduction of carbon nanomaterials increase the maximum tem-
perature during hydration.

The introduction of carbon nanomaterials improves the physical, me-
chanical and performance properties of cement and concrete by accelerat-
ing the hydration process of Portland cement, improving the microstruc-
ture and reduction of porosity of cement stone. Lower total porosity of
cement stone with the introduction of carbon nanomaterials was found by
the method of mercury porosimetry, as well as changes in the number of
micropores of cement stone of various sizes was shown.

Physical and mechanical properties and performance of the concrete
with the introduction of carbon nanomaterials were determined. The im-
provement in strength at different times of hardening, frost resistance,
water absorption and water resistance of concrete were found.

Key words: Portland cement, carbon nanomaterials, hydration temper-
ature, porosity, mechanical properties.
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he widespread use of a variety of physical and chemical research

methods of hydration processes and hardening of cement, as the
main component of concrete, has allowed extending idea of its structure
and properties, the relationship between construction and technical prop-
erties of concrete and phase composition, microstructure, porosity of a ce-
ment stone [1]. Modification of cement and concrete using various nano-
modifiers is promising because their introduction significantly improves
the physical-mechanical characteristics at low dosages of additives and en-
ables to adjust the material structure through various effects [2—13].

Carbon nanomaterials (CNM) can allocate as perspective additive from
wide range of nano-additives for cement and concrete modification. The
development and commercialization of carbon nanomaterials requires the
optimization of methods and conditions of their production. A special place
in this regard takes ways in which CNM formation occurs simultaneously.
Carbon nanomaterials which were produced by these methods, along with
their beneficial structure-forming effect on the material, will affect a less-
er extent on the cost increase of the final product.

In current research for modification of cement stone CNM was used,
which was produced in the apparatus for plasma processing of coal. Un-
der the action of plasma arc from electrode material and coal supplied for
gasification in a single apparatus synthesis gas (CO+H,), activated carbon
(sorbent) and a carbon nanomaterial - fullerene-containing soot (FCS) were
formed [14, 15]. Fullerene-containing soot is simultaneously formed in
the apparatus, which favorably distinguishes this method of production of
carbon nanomaterials in comparison with others. The results of the phase
composition of the FCS indicate that the content of C_  in additive is about
1.5-2% . According to the electron microscopic analysis, carbon nanomate-
rial has an average primary particle size of less than 100 nm [15].

For high-strength cement and concrete it is preferred to obtain ultra-
fine nano-carbon suspension, as well as to ensure the stability of the uni-
form distribution of the composite volume. For the distribution of FCS ul-
trasonic treatment was performed in a volume of mixing water.
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Optimal content FCS as a part of Portland cement (PC) is 0.01 wt. %
with the highest strength characteristics, but when the amount additive is
0.1 wt. % thereis a decrease of strength of cement composites (Fig. 1). This
fact is associated with a complex action mechanism of nanosized FCS, to the
greatest extent manifested at very low dosages. With increasing of ultra-
sonic treatment time from 10 to 20 minutes, the cement stone strength in-
creases by 5—15% . Obviously, nanosized carbon particles act as nucleation
sites of cement hydration products that accelerate hydration and harden-
ing processes, particularly in the initial period of hardening.
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Fig. 1. Physical and mechanical properties of cement stone with the FCS at the age
of 2 days (a) and 28 days (b) at different times of ultrasonic treatment
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Recently, studies on the distribution of carbon nanomaterials are fo-
cused on methods that are compatible with the chemistry of Portland ce-
ment. In this regard, the use for this purpose organic solvent (benzene,
toluene) will negatively effect on the cement hydration process. The basic
approach is to apply commonly used superplasticizers (SP) as dispersing
agents of nanoadditives[16, 17].

Introduction of additives in an amount of 0.01% together with SP S-3
lead to cement strength increasing to 21% compared with a control compo-
sition (Fig. 2). There is a slight increase in strength by 5—11% in the case of
using SP «Steinberg GROS -63 MB» together with the FCS. This might due
to the fact that SP based on polycarboxylates («Steinberg GROS-63 MB»),
although effective for uniform distribution of nanomodifier, but when it is
used to a greater extent to envelop the nanomodifier particles preventing
interaction with the cement grains.

m2days m28days
70
60
50
40 -+
30 -
20 +
10 A

Compressive strength, MPa

PC+5-3 PC+FCS5+5-3 PC+FCS+Steinberg Control

Fig. 2. The strength of the modified cement stone when using superplasticizer S-3
and «Steinberg GROS-63 MB»

The effect of the polycarboxylate type SP is based on steric effects in
contrast to the SP on basis of sulfonated naphthalene-formaldehyde poly-
condensates («S-3»), where the electrostatic repulsion effect predominates
[18—20]. Both types of SP provide around the FCS the particles adsorption
layer, and in the case of SP «S-3» structure of its molecules is character-
ized by a linear form of the polymer chain.
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Typical structure for SP «Steinberg GROS-63 MB» is the cross-linked
molecules with two- or three dimensional form. This form of cross-linked
molecules contributes to creation of a larger adsorption layer than the lin-
ear form of the molecules, wherein repulsion force the particles caused by
SP of the polycarboxylate type nearly twice that when using SP based on
naphthalene-formaldehyde polycondensates.

The properties of the cement are changed due to the fact that the in-
troduction of carbon nanomaterials accelerates the hydration process. Ac-
cording to different authors effect of nano-additives on the cement hydra-
tion process can detail study and reveal by determining the thermo-kinetic
characteristics [21—24].

In order to identify changes in the hydration process study of cement
hydration temperature was conducted (Testo 176 T4) (Fig. 3). From these
results it is clear that at introduction FCS in an amount of 0.001% and
0.01%, there is an increase of maximum temperature of 5—10 degrees com-
pared with a control composition. Temperature growth at given concentra-
tions is more intensive compared to the control composition. At the same
time, when the content of FCS is 0.1% change in temperature is slightly
compared to the control composition, which correlates with the data of
physical and mechanical properties of cement.
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Fig. 3. Changing the temperature during cement hydration at various dosages of FCS
(% of cement weight)
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It is observed an increase in hydration temperature by 10-15% when
co-introducing FCS and SP of both types (Fig. 4). It is proved that carbon
nanoparticles act as active nucleation centers that accelerate the hydration

processes by increasing the hydration temperature with introduction of
FCS[21].

= FCS+Steinberg  =——=Steinberg — =—==——F(S45-3 ====S5-3 = withoutadditive
50,00

45,00 /\
/

/S
. N
25,00 \

0,0 2,6 5,4 7.9 10,4 12,9 15,4 17,9 20,4 231
Time, hours

Temperature, °C
w w =Y
o) _U'I _O
o [ o
(] = o

Fig. 4. Changing the temperature during the cement hydration
with various superplasticizers

Comparison of hydration temperature of cement systems at introduc-
tion different types of SP shows that the polycarboxylate type of SP sig-
nificantly increases the hydration temperature compared with SP based on
sulfonated naphthalene-formaldehyde polycondensates. The compositions
with SP «S-3» show «delayed» heat dissipation compared to compositions
with SP «Steinberg GROS-63 MB».

Increasing the strength of cement is not only due to the acceleration of
the hydration processes, but it also includes changes in the structure and
porosity of the cement stone. It is found by mercury porometry (Quanta-
chrome PoreMaster 33) that the introduction of FCS reduces the total po-
rosity by 12% compared with the control composition (Table 1, Fig. 5).

Analysis of the data shows an improvement of capillary-porous struc-
ture of the cement stone with FCS in comparison with the structure of the
cement stone without additives. In concrete technology it has developed
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Table 1
The porosity of the cement stone after 28 days of hardening

Total The pore diameter, pm

Composition | porosity, 1-0.1 0.1-0.01 0.01-0.001
cm3/g

cm3/g % cm?/g % cm3/g %

Control 0.094 0.02 21.2 0.072 76.4 0.002 2.4
PC+FCS 0.083 0.008 9.6 0.073 87.7 0.002 2.7
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Fig. 5. Histograms of the pore size distribution in the cement stone:
a — control sample, b — with introduction of FCS (0.01%)
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a generalized representation that in cement concrete structure prevail mi-
cro- and macropores with a radius no greater than 10™* cm, which should be
mostly enclosed [25]. Pore size distribution in the cement stone with FCS
shifts toward increasing the amount of small pores, the pore diameter of
1-0.1 microns content decreased to 11.6%, while the content of pores in
the range of 0.1-0.01 microns increased to 11.3% . The changing porosity
character in towards increasing amount of small micropores with FCS con-
tributes to a dense cement stone and improves its physical and mechanical
properties.

The positive impact of the FCS on the properties of Portland cement
leads to improved properties of modified concrete. In modified concrete com-
positions FCS was used with the optimal concentration of 0.01% by weight
of binder, whose consumption was 300 kg/m?3. The main technological, phys-
ical, mechanical and performance properties of the concrete mix and con-
crete have been identified (Table 2). Introduction of FCS increases concrete
compressive strength by 15-20% compared with a control composition.
Complex influence the FCS at different stages of hardening contributes to
a high-density structure, change the character of porosity and improve the
hydro-physical and operational indicators of the modified concrete.

Table 2
Technological and physical-mechanical properties
of modified concrete
Indicators
Characteristic
Control FCS
Workability of the concrete mix, cm 17 17.5
Compressive strength, MPa, at the age
3 days 8.9 10.6
7 days 17.7 18.9
28 days 24.5 32.8
Water resistance 0.86 0.91
Water absorption, wt. % 1.4 1.1
Frost resistance, cycles 100 150
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As a result of the research, there are the following conclusions:

— The introduction of FCS leads to improved physical and mechanical
properties of cement;

— Cement hydration temperature analysis confirmed that FCS at op-
timum content of 0.01% leads to accelerated hydration process, which is
associated with a complex structure-effect of FCS;

— Reduction of the cement stone porosity is found at introduction of
FCS. Changing the structure of the porosity is due to the complex effect of
FCS on the processes of hydration and hardening of cement stone;

— The introduction of FCS leads to improved physical-mechanical,
hydro-physical and performance properties of modified concrete.

The work carried out as a part of the base government assignmentsin the sphere
of scientific work N 13.892.2014/K on the topic «Production of new composite mate-
rials from molten rocks and slag waste in plasma reactor and research of their physi-
cal and technical and operational characteristics» of East Siberia State University of
Technology and Management.

DEAR COLLEAGUES!
THE REFERENCE TO THIS PAPER HAS THE FOLLOWING CITATION FORMAT:

Urkhanova L.A., LEhasaranov S.A., Buyantuev S.L., Kuznetsova A.Yu. About the
influence of carbon nanomaterials on the properties of cement and concrete. Nano-

tehnologii v stroitel’stve = Nanotechnologies in Construction. 2016, Vol. 8, no. 5,
pp. 16—41. DOI: dx.doi.org/10.15828/2075-8545-2016-8-5-16-41.

1 D
http://nanobuild.ru



10.

2016 - Vol.8 - no.5 /2016 - Tom8 - Ne5 Nanobm

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

References:

Artamonova O.V., Sergutkina O.R. Construction Nanomaterials: Trends and
Prospects. Nauchnyj Vestnik Voronezhskogo gosudarstvennogo arhitekturno-
stroitel nogo universiteta = Scientific Bulletin of the Voronezh State Architecture
and Construction University. 2013, Issue 6, pp. 13—23.

Pukharenko Yu.V., Aubakirova I.U., Nikitin V.A. Staroverov V.D. Structure and
properties of nano-modified cement systems. Intern. Congress «Science and In-
novation in» the SIB-2008 construction. «Modern problems of building materials
and technology». Voronezh, 2008. Vol. 1, B. 2, pp. 424-429.

Li GY., Wang P.M., Zhao X. Mechanical behavior and microstructure of cement
composites incorporating surface-treated multi-walled carbon nanotubes. Carbon,
2005, no. 43, pp. 1239-1245.

De Ibarra Y.S., Gaitero J.J., Campillo I. Atomic force microscopy and nanoinden-
tation of cement pastes with nanotube dispersions. Phys. Status Solidi A. 2006,
no. 203, pp. 1076-1081.

Cwirzen, A., Habermehl-Cwirzen K., Penttala V. Surface decoration of carbon nano-
tubes and mechanical properties of cement/carbon nanotube composites. Adv.
Cem. Res. 2008, no. 20, pp. 65—73.

Korotkikh D.N., Artamonova O.V., Chernyshov E.M. About requirements to
nanomodified additives for high-strength cement concrete. Nanotehnologii v
stroitel’stve = Nanotechnologies in Construction. 2009, no. 2, pp. 42—49. (In Rus-
sian).

Falikman V., Vajner A. New high performance nanoadditives for photocatalytic
concrete: synthesis and study. Nanotehnologii v stroitel’stve = Nanotechnologies
in Construction. 2015, Vol. 7, no. 1, pp. 18-28. DOI: dx.doi.org/10.15828/2075-
8545-2015-7-1-18-28.

Ivanov L.A., Muminova S.R. New technical solutions in nanotechnology. Part 1.
Nanotehnologii v stroitel’stve = Nanotechnologies in Construction. 2016, Vol. 8,
no. 2, pp. 52-70. DOI: dx.doi.org/10.15828/2075-8545-2016-8-2-52-70. (In Rus-
sian).

Gusev B.V., Petrunin S.Y. Cavitation dispersion of carbon nanotubes and modifica-
tion of cement systems. Nanotehnologii v stroitel’stve = Nanotechnologies in Con-
struction. 2014, Vol. 6, no. 6, pp. 50-57. DOI: dx.doi.org/10.15828/2075-8545-
2014-6-6-50-57 (In Russian).

Tolmachev S.N., Belichenko E.A.Features of theinfluence of carbonaceous nanopar-
ticles on the rheological properties of cement paste and technological properties of

e 20
http://nanobuild.ru



11.

12.

13.

14.

15.

16.

17.

18.

19.

2016 - Vol.8 - no.5 /2016 - Tom8 - Ne5 Nanobm

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

the fine-grained concrete. Nanotehnologii v stroitel’stve = Nanotechnologies in
Construction. 2014, Vol. 6, no. 5, pp. 13—29. (In Russian).

Yakovlev G.I., Pervushin G.N., Korzhenko A., Buryanov A.F., Kerene Ya. Maeva
I1.S., Khazeev D.R., Pudov I.A., Senkov S.A. Applying multi-walled carbon nano-
tubes dispersion for producing silicate autoclaved aerated concrete. Stroitel’nye
materialy = Construction Materials. 2013. No 2. pp. 25—29. (In Russian).
Yakovlev G.I., Pervushin G.N., Kerene Ya., Polyanskikh 1.S., Pudov I.A., Khazeev
D.R., Senkov S.A. Complex additive based on carbon nanotubes and silica fume for
modification autoclaved gas silicate. Stroitel’nye materialy = Construction Mate-
rials. 2014, no. 1-2, pp. 3—7. (In Russian).

Pudov I.A., Yakovlev G.1., Lushnikova A.A., Izryadnova O.V. Hydrodynamic method
of dispersion of multiwalled carbon nanotubes in the modification of mineral bind-
ers. Intellektual nye sistemy v proizvodstve = Intelligent systems in production.
2011, no. 2, pp. 285-293. (In Russian).

Buyantuev S.L., Kondratenko A.S., Damdinov B.B. A method for producing carbon
nanomaterials using low-temperature plasma energy and the installation for its
implementation. Patent RU 2488984. 2013. (In Russian).

Buyantuev S.L., Kondratenko A.S., Khmelev A.B. Peculiarities of carbon nano-
materials by plasma integrated coal processing. Vestnik VSGUTU = Bulletin of
ESSUTM. 2013, no. 3 (42), pp. 21-25. (In Russian).

Nisina T.A., Kochetkov S.N., Ponomarev A.N., Kozeev A.A. Assessment of the ef-
fectiveness nanomodifiers effects on strength and rheology of cement compos-
ites, depending on the type of plasticizing additives. Regional'naja arhitektura i
stroitel 'stvo = Regional architecture and engineering. 2013, no. 1, pp. 43—49. (In
Russian).

Ponomarev A.N., Nikitin V.A., Rybalko V.V. Study multilayer polyhedral nanopar-
ticles fulleroid type — astralenes. Poverhnost'. Rentgenovskie, sinhrotronnye
i nejtronnye issledovanija = Surface. X-ray, synchrotron and neutron research.
2006, no. 5, pp. 44-47. (In Russian).

Ohta A., Sugiyama T., Tanaka Y. Fluidizing Mechanism and Application of Poly-
carboxylate-Based Superplasticizers. Proceedings Fifth CANMET/ACI Int. Con-
ference. Rome, Italy. 1997. SP 173-19.

Uchikawa H., Hanehara Sh. Influence of Characteristics of Sulfonic Acid-Based
Admixture on Interactive Force between Cement Particles and Fluidity of Ce-
ment Paste. Proceedings Fifth CANMET/ACI Int. Conference. Rome, Italy. 1997.
SP173-2.

)]
http://nanobuild.ru



20.

21.

22.

23.

24.

25.

2016 - Vol.8 - no.5 /2016 - Tom8 - Ne5 Nanobm

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

Kaprielov S.S., Batrakov V.G., Sheynfeld A.V. Modified concretes new generation:
Reality and Perspectives. Beton i zhelezobeton = Concrete and reinforced con-
crete. 1999, no. 6, pp. 6—10. (In Russian).

Pukharenko Yu.V., Ryzhov D.I. The effect of nanoparticles on carbon fulleroid heat
of cement paste. Vestnik grazhdanskikh inzhenerov = Bulletin of Civil Engineers.
2013, no. 4, pp. 156-161. (In Russian).

Khuzin A.F. Kinetics of heat during hydration of the cement with complex nano-
modified additive. Izvestija KGASU = News of Kazan State Architecture and Con-
struction University, 2016, no. 1 (35), pp. 216—220. (In Russian).
Usherov-Marshak A.V. Additives in concrete: progress and problems. Stroitel nye
materialy = Construction Materials. 2006, no. 8, pp. 8—12. (In Russian).

Senff L., Labrincha J A., Ferreira V.M., Hotza D., Repette W.L. Effect of nano silica
on rheology and fresh properties of cement pastes and mortars. Constr. Build. Ma-
ter. 2009, no. 3, pp. 2487-2491.

Bazhenov Yu.M., Demyanova V.S., Kalashnikov V.I. Modified high-quality con-
cretes. Moscow, Izdatelstvo Assotsiatsii stroitelnykh vuzov, 2006, 368 p. (In Rus-
sian).

1 O
http://nanobuild.ru



2016 - Vol.8 - no.5/2016 - Tom8 - N°5

PE3V/IbTATbI HCCJIEQOBAHNI YYEHBIX H CEYHAJTUCTOB
YK 666.972.16, 691.32

Astop: YPXAHOBA Jlapuca AnekceeBHa, I-p TeXH. HaYK, Ipodeccop, 3aBeayroiasa Kadeapoit
«IIpou3BOACTBO CTPOUTEIBHBIX MATEPUAJIOB U U3Aeanii», BocTrouno-CubupcKuii rocysapCcTBeHHBI
YHUBEPCUTET TEXHOJIOTUH U yIIpaBjenus; yia. KiaoueBckas, 40B, r. Yiaar-¥Y 13, Poccuiickas ®Pegepanus,
670013, urkhanova@mail.ru;

Astop: IXACAPAHOB Con6on AnexcaHapoBuy, KaHJ. TeXH. HAYK, CTAPIINH ITpenogaBaTeab Kadeapbl
«IIpou3BOACTBO CTPOUTEIBHBIX MAaTEPUAJIOB U U3AeAU», BocTouno-CubupcKmii rocysapCTBEHHBII
YHUBEPCUTET TeXHOJOTHUH 1 yIpaBiaeHus; yia. KiaoueBckas, 408, r. Yaau-Yus, Poccutickaa @egepanus,
670013, solbon230187@mail.ru;

Astop: BYAHTYEB Cepreii JIyocanoBuu, 1-p TeXH. HaYK, Ipodeccop Kadeapsl «IIeKTpocHaAOKeHTe
IIPOMBIIILICHHLIX IPEAIPUATAN U CEJIbCKOI0 X03AMCTBA» , BocTouHO-CHOUPCKUI roCy4apCTBeHHbII
YHUBEPCUTET TeXHOJIOTUH U yIrpaBjenus; yia. KiaoueBckas, 40B, r. Yiaae-¥Y 13, Poccuiickas ®Peneparnus,
670013, buyantuevsl@mail.ru;

Astop: KYSBHEIIOBA Anacracusa IOpeeBna, maructpanT, BocTouno-CubupCcKuil rocygapcTBeHHBIH
YVHUBEPCUTET TeXHOJIOTUH 1 yIIpaBjenus; yia. Kiaouesckas, 408, r. Yiaan-¥Y s, Poccuiickasa ®@egepamnus,
670013, nastasyul994@mail.ru

0 BJIUAHUN YT NEPOAHbIX HAHOMATEPUAJOB
HA CBOMCTBA LIEMEHTA U BETOHA

AHHOTAHI/IH K CTATBHE (ABTOPCKOE PE3IOME, PE®EPAT):

B craTse mpencraBieHbI pe3yabTaThl HCCIAETOBAHUNA MO MOTU(PHUIIUPOBAHUIO
IIEMEHTHOTO KaMHA M 0eTOHA yIrJIePOIHHIMU HAHOMATEPHAJAMU, MOJyY€HHBIMH
B KadeCTBe COIYTCTBYIONIETO NMPOAYKTA NPHM ILJIa3MEeHHOW rasmpuKamuu yrid.
Ilox meilicTBMEM BJIEKTPOAYTOBOM IJIa3MbI U3 MAaTepHaJia 3JeKTPOIOB H yIJiid, oga-
BA€MOro IJIA ra3u(puKaIui, B OJJHOI YCTaAHOBKE IOIIyTHO 00Pa3yIOTCS yriIepOaHbIe
HaHOMaTepuaJasl — (yrepeHcoaep:;kaman casxka. JJaHHabIil c1I0co0 MPOM3BOACTBA
yIJIEPOJHBIX HAHOMATEPHAJIOB SIBJIAETCS MEePCIeKTHBHHIM BBUIY MEHBIIETO BJIU-
STHUSI HA yBeJIWYEeHHEe ce0eCTOMMOCTH KOHEYHOro Kommo3urta. IlosyuyeHHbIE mpu
IJIa3MEeHHOH 00pa0doTKe yriaepoaHble HAHOMATEPHAJIbl HMEIT KaK KOMIIAKTHYIO,
TaK U BOJOKHHCTYIO YJIBTPAJMCIEPCHYIO CTPYKTYPY, YTO YKa3bIBaeT Ha HAJIUYUE
B Hell TAKMX OCHOBHBIX (hOPM HAHOYACTHUII, KAK «JIYKOBHYHBIE YIIIEPOIHbIE CTPYK-
TYypbI» (MHOTOCJIOIHBIE, TUIIEP(]YIIepEeHbI) M «HUTEBUIHBIE YIJIEPOTHbIE CTPYKTY-
psI» (HAHOTPYOKU, HAHOBOJIOKHA).

Y4YuUTHIBasi CJOKHOCTH BBEJEHUSA M PAaBHOMEPHOTO pacIpelejieHusaA B Iie-
MEHTHOH MAaTPHIEe YIJIePOTHBIX HAHOYACTHI, CKIOHHBIX K arperipoBaHUIO, MPO-

e 20
http://nanobuild.ru



2016 - Vol. 8 - no.5/2016 - Tom 8 - N25 Nanobm

PE3V/IbTATbI HCCJIEQOBAHNI YYEHBIX H CEYHAJTUCTOB

BOJUJIACH YJIbTPa3BYKOBasg 00pPa0OTKA yIJIepoaHbIX HAHOMATEPHAJIOB U BOABI 3a-
TBOPEHHA. Y CTAHOBJIEHA ONITHMAJbHAA JO3UPOBKA yIIePOIHBIX HAHOMATEPHAJIOB
B KoamuectBe 0,01 macc.% , Mpu KOTOPO# MOJIyd4eHbI MAKCHUMAJIbHBbIE (DU3HKO-Me-
XaHUYECKHe MOKa3aTeJId IeMeHTHOT0 KAMHSA. ¥ CTAHOBJIEHO, YTO IIPH UCII0JIb30Ba-
HUHU CynepIiacTu(hMKaTOpPOB Pa3IMIYHON MPUPOIHI YIIEePOAHbIe HAHOMATEPUAJIbI
3(pr(eKTUBHO pacIpeaeaITca B 00beMe BOAbI 3aTBOPEHU T, OTHAKO KOMILJIeKCHBIN
a(ppeKrT yaydnieHuA MoKas3aTejieil ieMeHTa BapbupPyeTcs B 3aBUCHMOCTH OT BHIa
cynepmiaactTudgurarTopa.

HccremoBaHo U3MEHEeHNE TeMIIEPATYyPhI THAPATAIIMY IIEeMEeHTa IIPH BBEIeHUH
YIJIepOAHBIX HAHOMATEPHAJIOB U PA3JIMYHBIX cynepiiactuguraropos. Ilokazano,
YTO IIPY BBEI€HUH yII€POTHBIX HAHOMATEPHAJIOB IPOMCXOIUT YBeJINUeHNe MaKCH-
MaJIbHOM TeMIIepPaTyphI IPHU TUAPATAIMH.

BBemeHue yriiepoaHsIX HAHOMATEPUAJIOB MOBHIMIAET (PU3NKO-MEeXaHUYEeCKHe
M SKCILIyaTAIlMOHHBIE CBOMCTBA I[eMEeHTa M 0eTOHA 3a CUeT YCKOPEHHUS IIPOIeCCOB
rUApaTalii MOPTIAHAIEMEeHTa, yIyYlIIeHNI MUKPOCTPYKTYPSI U CHUKEHU I ITIOPH-
CTOCTH I[EMEHTHOT0 KaMHA. MeToaoM PTYTHOI MOPOMETPHH YCTAHOBJIEHO CHUKE-
HHe 00Ieil MOPUCTOCTH I[EMEHTHOTO KaMHS IIPM BBEJeHUHU YTJIePOIHBIX HAHOMA-
TEePHAJIOB, 4 TAKKE U3MEeHEeHH e KOJINYEeCTBA MUKPOIIOP IIeMEHTHOTO KaMHS Pa3HbIX
pa3MepoB.

Onpenenensl (PpU3NKO-MEeXaHUUECKHE CBOMCTBA M 9KCILIyaTAIIMOHHBIE CBOM-
cTBa 0ETOHOB ITPU BBEAEHUHU YIJIE€POTHBIX HAHOMATEPHAJIOB. ¥ CTAHOBJICHO YJIyd-
HIeH’e MIPOYHOCTH 0eTOHA B Pa3HbIe CPOKHU TBEPAEeHU A, MOPO30CTOMKOCTH, BOIOIIO-
IJIONIeHN I ¥ BOZOCTONKOCTH OeTOHA.

KaroueBbie cjIoBa: IIOPTJIAHAIIEMEHT, YIJIEPOAHBIE HAHOMAaTePHAaJbl, TeMIIepa-
Typa ruapaTamnui, IoOPUCTOCTh, (PU3NKO-MeXaHnuYeCKue CBOCTBA.
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MAIIHHOYUTAEMASI TH®OPMAIHS 0 CC-TUIEH3UN B METATAHHBIX CTATHH (HTML-KOx):

<arel="license” href="http://creativecommons.org/licenses/by/4.0/"><img alt="Jlumensusa Creative Commons"”
style="border-width:0" src="https://i.creativecommons.org/l1/by/4.0/88x31.png" /></a><br />IIpoussenenue «<span
xmlns:det="http://purl.org/dc/terms/" href="http://purl.org/dc/dcmitype/Text" property="dct:title" rel="dct:type">0
BJINMSHUY YTJIEPOAHBIX HAHOMATEPUAJIOB Ha CBOMCTBA IleMeHTa 1 6eToHA </span>» CO3JaHHOE aBTOPOM II0 MMEHU <a
xmlns:cc="http://creativecommons.org/ns#" href=" Hanorexnonoruu B crpourenbcrse. — 2016. — Tom 8, Ne 5. — C. 16—41.
— DOI: dx.doi.org/10.15828,/2075-8545-2016-8-5-16-41" property="cc:attributionName" rel="cc:attributionURL">¥pxano
Ba JI.A., JIxacapauos C. A., Byauryes C.JI. Kysuemnosa A.J0. </a>, ny6iukyercs Ha ycaoBuax <a rel="license” href="http://
creativecommons.org/licenses/by/4.0/" >nunensuu Creative Commons «Attribution» («Arpubymus») 4.0 Bcemupuaa</
a>.<br />OcHoBaHo Ha mpoussegeHnu ¢ <a xmlns:dct="http://purl.org/dc/terms/" href="http://nanobuild.ru/ru_RU/
nanobuild-5-2016/" rel="dct:source”>http://nanobuild.ru/ru_RU/nanobuild-5-2016/</a>.<br />Paspelenus, BbIXO0-
IAIINe 32 PAMKY JaHHOM JIMIIEH3UHU, MOI'YT OBITh JOCTYITHBI Ha cTpaHulle <a xmlns:cc="http://creativecommons.org/ns#"”
href="solbon230187@mail.ru" rel="cc:morePermissions">solbon230187@mail.ru</a>.

1 O[]
http://nanobuild.ru



2016 - Vol.8 - no.5 /2016 - Tom8 - Ne5 Nanobm

PE3V/IbTATbI HCCJIEQOBAHNI YYEHBIX H CEYHAJTUCTOB

MPOKOEe IIPUMeHeHe Pa3INnYHbIX (PUBUKO-XUMUUYECKUX METOI0B

MCCJeqOBAHUU ITPOIECCOB TUAPATAIIMY U TBEPAEHUA IleMeHTa
KaK OCHOBHOT'O KOMIIOHEHTa 0eTOHA ITI03BOJINJIO PACIIIUPUTD IIPEeACTaBIeHU I
0 er0 CTPYKTYpE U CBOMCTBAX, CBA3U MEKIY CTPOUTEIbLHO-TEXHUUYECKUMU
cBolicTBaMu OeTOHA 1 (PA3OBBIM COCTABOM, MUKPOCTPYKTYPOil, MOPUCTO-
CThIO IleMeHTHOTO KaMHusd [1]. MoguduiinpoBaHue 1ieMeHnTa 1 6eToOHA ¢ Ipu-
MeHEeHUEeM PAa3JUYHBIX HAHOMOAU(PUKATOPOB SABJIAETCS IIEPCIEKTUBHBIM,
IMOCKOJbKY X BBEJeHUE 3aMETHO yJaydIiaeT (U3NKO-MeXaHNUeCKHue XapakK-
TEPUCTUKU IIPU MaJIbIX JO3UPOBKAaX M00aBOK 1 ITO3BOJISIET HAITPABJIEHHO pe-
ryJIIPOBaTh CTPYKTYPY MaTepuaJa IryTeM pasjandHbIX a(gekToB [2—13].

B unciie MupoKo IpuMeHAeMbIX IJIsI MOAu(MUIINPOBAHU S IleMeHTa u Oe-
TOHA HAaHOL00aBOK MOMKHO BBIJEJIUTE YIJIepPOoaHbIe HaHoMaTepuasbl (YHM).
PasBuTue u mpoMBbIIIIEHHOE BHEAPEeHNE YIJIePOIHBIX HaHOMATEPUAJTIOB TPe-
OyeT OITUMM3aIIY CIIOCO00B 1 YCJIOBUM UX mosiyueHusa. Ocoboe MecTo B 3TOM
CBA3U 3aHUMAIOT CIOCOOBI, B KOTOPBLIX oOpasoBanue YHM mpoucxogut 1o-
IIyTHO. YTJIepOAHble HAHOMATEePUAaJIbl, IMOJyUYeHHbIe TaHHBIMU CIIOCO0aMM,
HapAOY C UX 0JIarOIIPUATHBIM CTPYKTYPOOOPAa3yIONINM BO3IeICTBUEM Ha Ma-
TepuaJj, B MEHbIIIel cTelleHn OyAyT BIAUATL HA MOBBIIIIeHNE ce0eCTOMMOCTH
KOHEUYHOTO IIPOyKTa.

B mpoBoAMMBIX MCCHIEJOBAHUAX AJIA MOAU(MPUKAIIUUA IIeMEHTHOTO KaM-
HA ObLI 1Mcmoab3oBad ¥ HM, mosiyueHHBIN HA YCTaHOBKE IIPU IJIa3MEHHOM
obpaboTke yrus. Ilog meiicTBumeM 3JIEKTPOAYTOBOM ILJIa3Mbl M3 MaTepHaJia
BJIEKTPO/IOB U YTJIS, II0JaBaeMOTr0 IJis rasuuKauu, B O4HON yCTAaHOBKeE 00-
pasyiorca cunres-ras (CO+H,), akTMBMPOBaHHBIN YroJb (COPOEHT) U yrJie-
POAHBIM HaHOMaTepuaa — QyJuiepeHcomep:kamiaa caxka (PCC) [14, 15].
dynnepeHcoepIKaIiasa caka B JaHHON YCTaAaHOBKe 00pas3yeTcs IIOIMYTHO, YTO
BBITOJTHO OTJIMYAET AAHHBIN CIIOCO0 MOJyUeHUA YIJIEPOAHBIX HaHOMAaTepua-
JIOB TIO0 CPaBHEHMUIO ¢ IpyruMu. Pe3yabTaThl onpeaeaeHus ()a30BOT0 COCTaBa
@CC cBUIETENBCTBYIOT, UTO cofeparanue gyiepena C, B nob6aBKe mpubau-
suteabHo 1,5—2% . ITo faHHBIM 3JIEKTPOHHO-MHUKPOCKOIIMYECKOTO aHaIn3a
MMOJIYyUYEeHHBIN YIJIePOAHBINT HaHOMATepuaJa UMeeT CPeIHUN pasMep mepBUU-
HBIX yacTuir He 6osee 100 M [15].
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s moayuyeHUs1 BBICOKOI ITPOYHOCTHM ITeMeHTa M OeTOHa ITpeaIouTH-
TEJbHO MOJYUYUTh YIbLTPAANCIIEPCHYIO HAHOYTJIEPOAHYIO CyCIIeH3UIO, a TaK-
JKe 00ecIeuuTh YCTOMYMBOCTHL PAaBHOMEPHOTO pacHpefesieHus Mo o0beMy
komnosura. [aa pacupenenenua @PCC B o6'beMe BOABI 3aTBOPEHUA TPOBO-
I1JIaCh YJIBTPa3sByKoOBasd 00padoTKa.

OnTtumanbHoe cozep:kanne ©OCC B cocraBe MOpTJaHAIEeMEHTA
0,01 macc. %, mpu yBeaumueHHU KoJumuecTBa gobaBkm go 0,1 macc. %
HabJIfoaeTcsd CHUMKEHUE IIPOYHOCTH I[€MEeHTHBIX KOMIIO3UTOB (pmc. 1).
HaHHBIN (paKT cBA3aH C KOMIJIEKCHBIM MeXaHU3MOM AeMCTBUSA HaHOPA3-
MmepHo# PCC, B HanboIbINel Mepe MPOSBIAIONIMIMCS IPU OYeHb MAJIBIX 10~

= 10 muH m 20 MUH

MpoyHocTb Npu cxkaTtum, Mlla

0 0,001% 0,01% 0,10%

CopeprkaHue pobaBku, mac. %

® 10 MmuH m 20 MUH

MpoyHocTb Npu cxkatum, MMMa

0 0,001% 0,01% 0,10%

CopepxaHue pobasku, mac. %

Puc. 1. Dusnro-MmexaHHUYECKHeE MOKa3aTeu neMeHTHoro kamusa ¢ @CC B Bo3pacTte
2 cyT (a) u 28 cyT (0) mpu pa3JINIHOM BpeMEeHH yJIbTPAa3BYKOBOH 00pabOTKHI
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3UpoBKax. IIpu yBeanueHnn BpeMeHU yJIbTPa3BYKOBOM obpaboTku ot 10
mo 20 MUHYT IIPOUYHOCTh IIEMEHTHOTO KaMHA yBeJamuuBaeTca Ha 5—15%.
OueBUAHO, UTO YACTHUIILI YIJIEPOAHOTO HaHOMOAUG(UKATOPA CIYKaT B Ka-
YeCcTBe IeHTPOB KPUCTAJIN3AINYU IIPOAYKTOB TUApaTaIllii IIeMEeHTa, UYTO
YCKOPSEeT IIPOIeCChl ero rupaTaliuil U TBEePAeH!sI, 0COOeHHO B HaUaJbHbIE
CPOKMU TBepIeHU.

HcciemoBaHuA 10 pacipeieleHuI0 YIJIEPOAHBIX HAaHOMaTepPHaJOB CO-
CpeloTOUYeHbl Ha MeTOJaX, COBMECTHMBLIX C XMMWell HOpTJaHAIleMeHTA.
B sT0i1 cBABM mpuMeHeHUE OJIA 9TOUN IeJu OpraHNYeCKUX pPacTBOPUTeEJEN
(6ensoJ1a, TOoyosa) OyaeT HeGJIATOMPUATHO CKa3bIBATHCA HA IIPOIleccax I'u-
nparanuu meMeHTa. OCHOBHOM ITOAXOJ 3aKJIOUAETCA B TOM, YTOOBI IIpUMe-
HSTh IIOBCEMECTHO MCII0JIb3yeMble cynepiniactuuraTopsl (CII) B KauecTBe
IUCIePTrUPYINX areHTOB HaHog00aBoK [16, 17].

BBezgenue no6aBxku B xKosuuectBe 0,01% cosmectHO ¢ CII C-3® mossbI-
II1aeT IIPOYHOCTE IeMeHTa Ha 21% II0 cpaBHEHMUIO ¢ KOHTPOJbHBIM 0e310-
0aBouHBIM cocTaBoM (puc. 2). B cayuae ucnonb3doBanusa CII «IlITaiiabepr
GROS-63 MB» coBmecTHO ¢ @PCC mponcXoauT HEBHAUNTEIbHOE YBEJINUEHUE
nmpouHocTHr — Ha 5—11% . 9To cBaA3aHo ¢ Tem, uTo CII Ha ocHOBe MOJIUKaPOOK-
CUJIATOB XOTSA U 3PPEKTUBEH AJd PAaBHOMEPHOTO paclpeaesieHus HaHOMO-
nuuKaTopa, HO IPU ero UCIOJb30BAHUMN B OOJIbINEl CTeIIeHU IPOUCXOIUT
00BOJIaKMBaHME YaCTHUI[ HAHOMOIM(PUKATOPA, IIPEIATCTBYIOINIEro B3auMO-
IeCTBUIO C IIEMEHTHBIM 3€PHOM.

W 2cyr. W28 cyT.
70
60
50

30 -
20 -
10 -

MpoyHocTb Npu cxkaTtuK, Mla

nu+ c-3 Nnu+®CCc+C-3 Nu+®CC+LUTanHbepr KOHTPOAbHbIMA

Puc. 2. IIpounocts MOTU(DUIMPOBAHHOTO I[EMEHTHOT0 KaMHSA IIPHU MPUMEHEeHU
cynepmiaactugpuratTopon C-3 u «Illtaitn6epr GROS-63 MB»

33 mm
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Iddexr meiicrBusa CII mommkapOOKCUIATHOTO THIIAa OCHOBAH Ha CTEPU-
yeckoM a(pdexTe B orauune ot CII HA ocHOBe CyJIb(PUPOBAaHHBIX Ha()TaJIUH-
(hopMaIbaeruAHBIX MMOJUKOHIAEHCATOB, Iae mpeodiagaeT 3PEeKT 3JeKTPO-
cratTuueckoro orrajdkuBaHuA [18—20]. CII oboux THUIIOB CO34AIOT BOKPYT
yactuil @CC azcopOIMOHHBIH 10, mpuueM B caydae CII C-3° ctpoeHue ero
MOJIEKYJI XapaKTepusyeTrcs JInHeitHoi (popmoii mosumepHoit menu. s CII
«IMIraitr6epr GROS-63 MB» xapaKkTepHO CTPOEHIEe MOJIEKYJI C IOIePeUHbI-
MU CBA3SIMU U IBYX- UJIU TpexMepHasa opma. [lanHas (popma MOJIEKY.JI C II0-
IIePEeUYHbIMH CBA3AMU CIIOCOOCTBYET CO3IaHMI0 0oJjiee 00 beMHOI0 aJIcoOPOIH-
OHHOTO CJIOS IO CPaBHEHMIO ¢ JIMHEHOUN (popMOii MOJIEKYJI, IPU 9TOM CUJIBI
OTTAJIKUBAHUS YACTUIL, BbI3biBaeMble CII mosmnkapOOKCUIATHOTO TUIIA, TIOU-
TU BABOe 00JbIlle, ueM npu mciosb3oBaHuu CII Ha ocHoBe HapTamImH-GOP-
MaJIbAETUIHBIX TOJNKOHIEHCATOB.

M3MmeneHUe CBOICTB IleMeHTa 00yCJIOBJIEHO TeM, UTO BBeIeHUe yrJe-
POAHBIX HaHOMATEPUAJIOB CIIOCOOCTBYeT YCKOPEHHUIO Ipollecca ruipara-
nuu. [lo JaHHEBIM pasHBIX aBTOPOB 3(h¢eKT Bo3aeiicTBIUA HAHOMOAU(PUITH-
pyoIuX 106aBOK Ha IPOIlecC r'uApaTaliuy IeMeHTa MOKHO 0oJiee ITOAPOOHO
U3YYUTh U PACKPBITH MYTEM OIIpeJeieHIs TePMOKNHETUUEeCKUX XapaKTe-
puctuk [21-24].

15 BBIABICHUSA M3MEHEHUS IIPOIIECCOB T'UApaTaluu ObLIO IIPOBEIEHO
KhccJeqOBaHNe TeMIlepaTyphbl THUApPATAIlUU IIeMeHTa TePMOCHBIM CIIOCOO0M
(Testo 176 T4) (puc. 3). I3 mpeacraBaeHHBIX Pe3yJIbTATOB BUIHO, UTO IIPU
BBegeunu @CC B Koauuectse 0,001 1 0,01% npomcxoAUT IOBLIINIEHNE MAK-
cuMaJIbHOM TemMIiepaTypsl Ha 5—10 rpaj. Mo cpaBHEHUIO ¢ KOHTPOJIbHBIM 06€e3-
I00aBOYHBIM cocTaBoM. TeMIlI HapacTaHUS TeMIOepaTyphl IPU JaHHBIX KOH-
IeHTpanuax 0ojiee MHTEHCUBEH 10 CPAaBHEHUIO C KOHTPOJBHLIM COCTABOM.
B T0 ke Bpemsa, pu comgep:xannu gobasku 0,1% maMeHeHIe TeMIIepPaTyPhI
He3HAUYUTEJHbHO IT0 CPABHEHUIO C KOHTPOJIbHBIM COCTaBOM, UTO KOPPEJIUPYET
¢ JaHHBIMU (PUBUKO-MeXaHUUYEeCKNX CBOMCTB IleMeHTa.

ITpu BBegenun PCC B coctaBax ¢ CII oboux TumoB HaOIIOLAETCS IIOBLI-
mieHue TeMmnepaTtypsl ruapatanuu Ha 10—-15% (puc. 4). IloBbilieHne Tem-
nepatypbl rugpartanuu npu BBegeHun PCC moKasbiBaeT HPEIIOJIOMKEHUe
0 meficTBUM YTJIEPOAHBIX HAHOYACTHIL B KaUecTBe aKTUBHBLIX I[EHTPOB 3a-
POIBINITIE00Pa30BaHUA KPUCTAJJIOTUAPATOB, CIIOCOOCTBYIOIINX YCKOPEHUIO
mporiecca ruaparamnuu [21].

IIpu cpaBHeHHHU TeMIIEPATYPBLI THAPATAIIMN IIEMEHTHBIX CHCTEM IIPHU
BBegeHuu CII pasiaumuHBIX THUIIOB ycTaHOBJIEHO, uTo CII mosmmnkapboKkcuiaT-
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Puc. 3. UsmeHeHMe TeMIepaTypsl IPU THAPATAIMY IleMeHTa
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Puc. 4. U3meHeHMe TeMIIEPATYPhI IIPU THAPATAIMY IleMEeHTa
C PA3JIMYHBIMHU cyHepIuiacTu(uKaTopaMu

S 00
http://manobuild.ru



2016 - Vol.8 - no.5 /2016 - Tom8 - Ne5 Nanobm

PE3V/IbTATbI HCCJIEQOBAHNI YYEHBIX H CEYHAJTUCTOB

HOT'O THIIA 3HAUMTEJLHO MOBBINIAET TeMIIEPATYyPY T'HUApATAIIMU II0 CpaBHe-
Huio ¢ CII Ha ocHOBe CyIb(PUPOBAHHBIX HAPTAJINH-(POPMAIbIETUIHBIX ITOJIK-
KougencaToB. CocraBel ¢ CII C-3 moKkasaiu «0TJIOKEHHOEe» TeIJIOBLIAeIeHIIe
o cpaBHeHuIo ¢ coctaBamu ¢ CII «IIlrafin6epr GROS-63 MB».

IToBuIIIeHTE TPOUYHOCTY MOAUMUIIMPOBAHHOTO IIeMEHTA IPOUCXOAUT He
TOJIBLKO 0JIarogaps YCKOPEHUIO IIPOIECCOB ero I'UAPAaTaIli, HO B TOM UKCJIe
0sarogaps M3MEHEHHNIO0 CTPYKTYPhI U IIOPUCTOCTU IIeMeHTHOro Kamusa. Me-
TOAOM PTYTHOH mopoMeTpuu (Quantachrome PoreMaster 33) ycranoBieHo,
uTo BBefeHne @CC IpuBOAUT K CHIMKEHUIO CYMMapHOM mopuctocT Ha 12%
II0 CPAaBHEHUIO C KOHTPOJIbHBIM cocTaBoM (TadJi. 1, puc. 5).

Ananus pmaHHBIX IIOKa3bIBaeT VJYUYIIEHNEe KalWIIAPHO-IIOPHUCTOMR
CTPYKTYPHI IIeMeHTHOT0 KaMHusA npu BBegeHnn @CC B cpaBHEHUH CO CTPYK-
TYPOH IIeMeHTHOTr0o KaMHs 0e3 mo0aBoK. B TexHosoruu 6eToHAa CI0MKIIOCH
0000II[eHHOe IIPeACTaBIeHIIe, UTO B CTPYKTYPE IleMEeHTHBIX 0€TOHOB JOJIKHEI
mpeobJagaTh MUKPO- 1 MAKPOIOPEI C PaguyCcoM, He mpesbiinaoum 107 cm,
KOTOpPBIE JOJYKHBI OBITH OOJIBIIIEH UYAaCTbI0 3aMKHYTBIMU MJIN TYINKOBLIMU
[25]. Pacupenenenue mop mo padmepam B ieMeHTHOM KamHe ¢ @PCC caBura-
eTCs B CTOPOHY YBeJIHNUEHU I KOJIUUeCTBa MeJKIX 110D, COAep KaHiie Iop A1a-
merpom 1-0,1 mxM cHusugoch Ha 11,6% , B TO Ke BpeMs cofepsKaHMe Iop
B uHTepBaJse 0,1-0,01 mKm moBwicuaochk Ha 11,3% . IsMeHeHne xapakTe-
pa IMOPUCTOCTU B CTOPOHY YBEJIUUEHUA KOJINUYECTBA MEJIKUX MUKPOIOP IPHU
BBegeHnu PCC cmocoOCTBYeT CO3MAaHUIO IJIOTHOW CTPYKTYPhI IIeMEHTHOIO
KaMHSA 1 YJIYUIIeHII0 eTo PU3NKO-MeXaHNUeCKUX CBOMCTB.

ITono:xkurenbuoe Bausaue @CC Ha cBOMCTBaA MOPTJIaHAIIEMEHTA ITPUBO-
IUT K YJIYUYIIeHNIO CBOMCTB MoAu(HUIIMpoBanHoro beroua. Ilpu mogbope co-

Taobnuua 1
IlopucTOCTh IEMEHTHOTO KaMHS Mocje 28 CYTOK TBepAeHU

Cymmap- AunameTp mop, MKM
Cocras Hast mo- 1-0,1 0,1-0,01 0,01-0,001
PHUCTOCTBD,
cm®/x cM®/T % cM?/T % cm?/T %
Romrpomsrerid | g 59 4 0,02 21,2 | 0,072 | 76,4 | 0,002 2.4
(6e3 m006aBOK)
II[+®CC 0,083 | 0,008 9,6 0,073 | 87,7 | 0,002 2.7
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Puc. 5. 'mcrorpaMmmMsl pacnpeaesieHUs IIOP MO pa3MepaM B IieMEHTHOM KaMHe:
a — KOHTPOJIbHBII ob6paserr, 6 — ¢ BBegerueMm @CC (0,01%)

cTaBOB MOAU(DUITUPOBAHHBIX 60eTOHOB KJacca B20 ucmosnszoBana ®CC c om-
TUMaJbHOU KoHIleHTparnueii 0,01% oT Macchl BAMKYIIIEro, pacxol KOTOPOTo
coctaBua 300 xkr/m3. BeLiu onpegesieHbl OCHOBHBIE TeXHOJIOTUUYECKUe, (Pu-
3UKO-MeXaHnUeCKUe U 9KCIIyaTallioOHHbIe CBOMCTBa O€TOHHOI cMecHu u Ge-
ToHa (Tads. 2). Beegenune ®CC yBesimunBaeT IPOYHOCTD IIPU CHKATUU OETO-
Ha Ha 15—20% 10 cpaBHEHUIO C KOHTPOJBHBIM 0€3100aBOUHLIM COCTABOM.
Komniaekcuoe BoaaeiictBue @PCC Ha pas3HBIX dTalaxX TBepAeHUS OeTOHA CIIO-
CcOOCTBYET CO3JaHUI0 BLICOKOIIJIOTHOII CTPYKTYPHI, U3MEHEHHNIO XapaKTepa
IMIOPUCTOCTH U YIYUIIEHUIO TUAPOPUINUECKUX U dKCILIyaTaIlMOHHBIX ITOKA-
3aresieit MOAU(MUIITPOBAHHOTO OeTOHA.
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Tabauua 2
TexHomornuecKkue u GPu3nKO-MeXaHUUYECKHe CBOICTBA
MOIM(PUITMPOBAHHBIX OETOHOB

IToxa3zaTean
XapaKTepucTuKa
KoHTpoabHbIIH dCC

IToaBu:KHOCTL OETOHHOM CMECH, CM 17 (I14) 17,5 (I14)
IIpounocTs npu cixkaruu, Mlla, B Bogpacre

3 cyT 8,9 10,6

7cyT 17,7 18,9

28 cyT 24,5 32,8
BogocToiKoCTb, Rpm 0,86 0,91
Bopomorsomenue mo macce, % 1,4 1,1
Mopo030CTONKOCTD, ITUKJIbI 100 150

B pesysbTaTe IpoBeAeHHBIX MCCAeLOBAHNI MOMKHO CAeJIATh CJAeLYIOIIe
BBIBOJbI:

— BBegeHue ®CC HIPUBOAUT K YJAYUIIEHUIO (PU3UKO-MeXaHNUYECKUX
CBOMCTB IIeMEHTAa;

— aHaJIN3 TeMIepaTyphl T’UAPATAIlIN IIeMeHTa IIOATBEePIKIaeT, UTO BBe-
nerne @CC npu ontumaabaHoM cogeps:kanuu 0,01% OIpUBOAUT K YCKOPEHUIO
Impoliecca ruapaTani, YTO CBA3aHO CO CTPYKTYPOOOPa3yIOIINM KOMIIJIEKC-
HBIM gerictBueM @CC;

— METOJOM PTYTHOM IIOPOMETPUU YCTAHOBJIEHO CHUKEHIE IMOPUCTOCTHU
meMeHTHOro KaMHsa pu BBegeHun PCC. sameHeHne CTPYKTYPhI IIOPHCTO-
CTH IIPOUCXOIUT OJiarozaps KoMiLIeKcHoMy BoszaeiicTeuio @PCC ma mpoiiec-
CBHI THAPATAIINN 1 TBEPAEHUA IeMEeHTHOTO KaMHs;

— BBegeHne @CC IpUBOAUT K YIAYUIIEHNIO PU3NKO-MEeXaHNUYEeCKUX, I'i-
IpopUBUUECKUX 1 S9KCIJIYaTaIlIOHHBIX CBOMCTB TsKeJIOro OeToHA.

Cmambva nodzomoénena 6 pamkKax 6bINONHEHUA NPOEKMHOU “acmu zocydap-
cmeéenHozo 3adanus 6 cghepe HaywHou deamenvhocmu N 13.892.2014/K no meme
«Ilonywenue HO6bLX KOMNOZUUUOHHBLX MAMEPUANLOE U3 PACILIAE06 20PHbLX NOPOJ
U 30710ULAKO06bLX OMX0006 6 NIA3MEHHO00Y2060M pPeaKkmope u ucciedosanue ux Guau-
KO-MmexXHu1ecKux u IKCnayamayuonnovix céoticmé» BCI'YTY .
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