Joxkaaast VII MexaynapoaHoii kongepenunu «HaHOTEXHOJIOTHH B CTPOUTEILCTBE»,
28—30 mapra, Illlapm-3a6-1lleiix, Ernner

YK 666.949:6-022.532

AH. TPULLNHA, kaHa. TexH. Hayk, E.B. KOPOJIEB, a-p TexH. Hayk (KorolevEV@mgsu.ru)

MoCKOBCKMIM FOCYAapCTBEHHbIV CTPOUTENbHLIV YHMBepcuTeT (129337, MockBa, fpocnaBckoe L., 26)

J(hheKTUBHOCTL MOAMMULUPOBAHUSA LLEMEHTHbIX KOMNO3UTOB
HaHOpPa3MepHbIMK rMAPOCUNIMKaTaMu Bapus

0aHUM W3 MONYNAPHBIX NPUEMOB NOBbILLEHNS NOKa3aTenel CBOICTB CTPOUTENbHbIX MaTEPUAnoB ABNSETCSA UX HaHOMoAMUUMpoBaHue. OfHako Ans
NONY4eHNs 04eBMAHOIO M CTABUNLHOMO 3dhdheKTa HAHOMOAMPULNPOBAHUS ANS KOMNO3UTOB C HEOAHOPOAHON CTPYKTYPOIA HEOBXOAUMO YCTPaHUTL
[eeKTbl HA PasNNYHbIX CTPYKTYPHBIX YPOBHAX. O4EBUAHO, YTO A5 NOBbILLEHUS 3(PEKTUBHOCTM HAHOPASMEPHbIX L06ABOK HEOOXOAMMO YMEHbLUUTD
KONNYECTBO KanunnApoB 1 KPYMHbIX MaKponop B CTPOUTENbHOM Matepuane nyTeM NpeaBapuTesbHON ONTUMU3ALMKM CTPYKTYPbl HA MUKPOYPOBHE.
Ip1MeHMMOCTb 3TOro noAxoAa 6bina pacCMOTPEHa NPY HAHOMOAMULMPOBAHUN LIEMEHTa U NPeABapUTENbHO ONTUMU3NPOBAHHOTO HA MUKPOYPOBHE
KOMMO3NLIMOHHOTO BSKYLLErO C MCMONb30BaHWEM MUKPOPa3MepHbIX ruapocunukatos 6apus coctasa BaO-Si0,-6H,0. MokasaHo, 410 06Las
NOPUCTOCTb MaTepuana 3HaYnTeNbHO CHUXXAETCA NpU YBENUYEHUN Jonu HaHonop. iccnefoBaHne NPOYHOCTU NOMY4EHHbIX HAHOMOAMMULMPOBAHHBIX
NCKYCCTBEHHBIX KaMHel MOATBEPXKAAET NPEAnoNoKeHNe 0 TOM, YTO KOMNO3UThbI, ONTUMU3MPOBAHLIE HA BCEX CTPYKTYPHbIX YPOBHSAX, 06nafatoT 6onee
BbICOKMMM NOKA3aTENAMM.
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Effectivness of Cement Composite Nanomodification with Nanoscale Barium Hydrosilicates

Nanoscale modification of building materials often leads to significant improvement of operational properties. To obtain apparent and stable nanomodification effect for composites with
inhomogeneous structure (cement, gypsum and similar matrices) it is necessary to eliminate defects on different spatial levels. It is evident that to increase the effectiveness of
nanoscale additives it is necessary to reduce the amount of capillaries and large macropores in material. The necessary preliminary operation is the optimization of structure at micro-
scale level. Only after such stage the nanomodification should be performed. The applicability of such approach was examined with the most used binder which is subject to further
nanomodification — portland cement, and also with the binder composition, which is the mixture of portland cement optimally matched with the mineral additive based on micro-scale
reactive barium hydrosilicates (with diameter d ~ 6 mm) of the composition Ba0-Si0,-6H,0. The composition of the nanoscale additives with barium hydrosilicates was obtained in
dilute solutions by means of low-temperature sol-gel synthesis. It is shown that total porosity of the material significantly changes due to of the decrease in the proportion of macro-
scale pores. The variation in pore size distribution is examined and the effect of nanoscale modification on the structural parameters of the pore space is established. Examination of the

strength of the obtained artificial stone confirms the assumption that composites which are optimized at all structural levels possess higher properties.

Keywords: nanomodification, barium hydrosilicates, building materials.

B Hactosiiiee BpeMsl OOZHUM U3 TIOMYJISIPHBIX METOJOB
yIpaBJIeHUST TIOKa3aTeIsIMU CBOMCTB CTPOUTEbHBIX MaTe-
pUaJioOB SIBJISIETCSI BBeIeHUE HAHOMOAM(UKATOPOB pa3inyg-
HOTO cocTaBa U cTpoeHus [1]. AHanu3 pe3yabTaToB HAHO-
MOJUMUIIMPOBAHUS MTOKA3bIBAET, YTO HaUbOJIEe BbIpaKEH-
HBIN U CTaOWIbHBIN 2 deKkT HabaoaaeTcs MpU UCTIOIb30-
BaHUM HAHOYACTUIL TIPY MOAUMDULIMPOBAHUU TTOJUMEPHBIX
U METAJUTMYECKUX MaTpull (MaTepuasioB, OJHOPOIHBIX Ha
MUKpPOpa3MepHOM MacIilITabHOM ypoBHe). 17151 KOMITO3UTOB
C HEONHOPOAHON CTPYKTYPOW — LIEMEHTHBIX, TUTICOBBIX U
JNIPYTUX — U3MEHEHME I0Ka3aTeieid CBOMCTB MEHEE BbIpaxe-
HO UM 4acTo pa30poC 3KCMEPUMEHTAIBbHBIX JAHHBIX HE MO-
3BOJISIET JOCTOBEPHO 000CHOBATH 3((HEKTUBHOCTh BHIOPAH-
HOTO TEXHOJIOTMYECKOro npuemMa. [IpuuuH 3T0ro sIBIeHUs
HECKOJIbKO: MMPUPOJIa UCTIOIb3YEMOT0 HaHOMoauduUKaTopa,
€ro arperaTvBHasi YCTOMYMBOCTb, OCOOEHHOCTU XUMMYE-
CKOT'O COCTaBa U CTPOEHUS MOBEPXHOCTU HAHOYACTUIL, JIe-
(eKTHOCTb CTPYKTYPbl MOAUMDULUMPYEMON MaTpULbI U JP.
YkazaHHOe MPUBOAUT K HEOMHOPOAHOMY PACTIPENETICHUIO
YyacTUIl HaHOMOAUDUKATOpa, COOTBETCTBEHHO, TOYEYHAS
JIMKBUOALMS Ne(eKTOB arperaTaMyd HaHOYACTUL] TIPUBOAUT
K TIOBBIIIEHUIO TUIOTHOCTU CTPYKTYPbI OTIpeAeIeHHBIX
y4acTkoB MaTepuaioB. CoriacHO TEOPETUYECKUM pacueTaM
IJISI CTPYKTYPUPOBAHMSI BCEro 00beMa BSDXYIIEro Heo0XO-
IIUMO COepXaHWe HaHOJacTHIl okojio 10% ot o6beMa Ma-
Tpuiisl [2]. [Tpu 3TOM ycTaHOBJIEHa CHJIbHAs 3aBUCUMOCTD
CoNepKaHUsl HAHOYACTHUI] OT UX pa3Mepa:

v,~d,,
rae v, — oObeMHasl 10J1s1 HAHOYACTUII; d,

', — pa3Mep HaHo-
YaCTHII.

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

At present, there is a common way to improve the materi-
als properties and to control operational performance of
building materials. Such a way consists in the introduction of
nanomodifiers with different composition and structure [1]
— so-called nanoscale modification procedure, nanomodifica-
tion. Analysis of the nanomodification results shows that the
most apparent and stable effect is observed when nanoparti-
cles are used in combination with polymer or metal matrix
(such matrix materials are homogeneous on the micro-scale
level). For composites with inhomogeneous structure, includ-
ing ones based on cement, gypsum and similar matrices, there
are no obvious alteration of parameters and operational prop-
erties. Moreover, the data obtained during research and de-
velopment of nanomodified constructional composites with
mentioned matrix materials are often subject to great variation
and scatter. This fact complicates the judgment about effec-
tiveness of selected technological reception. The latter is also
due to several reasons — the nature of the nanomodifier and its
aggregate stability (especially, chemical composition and
structure of the surface of nanoparticles), defects in the struc-
ture of the matrix to be modified, and some others. This leads
to an inhomogeneous distribution of the nanomodifier parti-
cles. Targeted elimination of defect by means of introduced
aggregates of nanoparticles leads to an increase of the struc-
tural density in certain portions of materials. According to
theoretical calculations, for the structuring of the total volume
of the binder the nanoparticles content must be about 10% of
the matrix [2]. At the same time there was established a strong
dependence between content of nanoparticles and their size:

v, = d

ns

where v, — volumetric rate; d, — size of nanoparticles.
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O6Lwas nopncTocTb, %
Total porosity, %

C(Fe(OH)3), %

Puc. 1. O6waa nopucTocTb HaHOMOAUDULNPOBAHHOIO LLEMEHTHOIO
KaMHsi: 0 — cogepxaHue npekypcopa; C(Fe(OH)3) — koHUeHTpauus ruapo-
Kcupoa xeneaa, %

Fig. 1. Total porosity of the nanomodified cement stone: a — content of
precursor; C(Fe(OH);) — content of iron hydroxide, %

YKazaHHOe pelleHUe SIBJSIETCSl 3aBEIOMO KOHOMUYE-
cku HeapGeKTUBHEIM. [103TOMy HEOOXOOMMEI MHBIE ITOM-
XO/Ibl K HAHOMOAN(UITMPOBAHUIO MUHEPATBHBIX BSKYIIIHX.

CormlacHO CUCTEMHO-CTPYKTYPHOMY MOAX0AY, chopMy-
supoBaHHoMy B.M. ConoMaToBbIM, CTPOUTEIbHbBIE KOMITO-
3UTHI TIPEICTABIISIIOT COOOI «CTPYKTYPY B CTPYKType». Ecnmn
MPUMEHUTh YKa3aHHBIM TOAXON K IIEMEHTHOMY KaMHIO,
CTAHOBUTCSI OUYEBUAHBIM, UTO HAHOYACTUIIBI CTIOCOOHBI U3-
MEHSTh CTPYKTYpPY Ha HaHoypoBHe. OIHaKO TMoKazaTeian
CBOICTB OIIPENEIsSIIOTCS B 00JIbIIEH CTeIIeHU MUKPOpa3Mep-
HbIMU AedekTamu. Tak, yBeJuueHue 10J1 MUKPO- U Me30-
nop (d<50 HM o Kjaccudukauy HAHOMOP, YTBEPXKIEH-
Hoit [UPAC) nipu nmpounx paBHBIX YCJIOBUSIX (OOMHAKOBOM
0011Ielf MOPUCTOCTH) CIIOCOOCTBYET POCTY IPOYHOCTH.
CrenoBaTeIbHO, IJI MOBHIIEHUS 3¢ (GEKTUBHOCTA HAaHO-
J100aBOK HEOOXOAMMO YMEHBIIIUTh 00beM B MaTepurajie MaK-
POIIOpP U KPYMHBIX KAMWLISAPOB (d>50 HM CcOrJIacHO KJ1acCU-
¢ukanuu, npeacraBiaecHHO B [3]).

OOBEKTUBHOCTb TAKOTO TOX0Aa Oblia TpoBepeHa Ipu
HaHOMOAMDUIIMPOBAHUM HanbOJIEe UCIIOIb3YEeMOTO BSIKY-
IIETO BeIlleCTBA — MOPTIAHALIEMEHTA, a TAKXKE KOMITO3UIIN-
OHHOTO BSKYIIIETO, TIPEICTABISIONIET0 COO0 ONTUMAIBLHO
MoA00paHHYI0 CMECh TMOPTIAHILIEMEHTa C MUHEpalbHOM
JI06aBKOI Ha OCHOBE MUKPOPA3MEPHBIX XMMUUECKN aKTUB-
HBIX TUAPOCUIUKATOB Gapus (d~6 MKM) [4], cocTaB KOTO-
poix mpencrasieH BaO-SiO, 6H,0 (momomHuTenbHO TIpo-
TYKT CUHTE3a CONEPXKUT KPEMHUEBYIO KUCIIOTY M KapOoHaT
6apust [5]). Beibop MukpopasmMepHoil 106aBKU 00yCIOBIEH
3¢ HEeKTUBHOCTBIO TUAPOCUIUKATOB METALIOB MPU MOIM-
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Puc. 2. O6was nopuctoctb HAHOMOANDULNPOBAHHOIO UCKYCCTBEHHOIO
KaMHsi Ha OCHOBE KOMMO3WLIMOHHOIO BSIXYLLLEro: (L — CoaepXaHue npexkyp-
copa; C(Fe(OH)3) — KoHUeHTpauusa rnapokcuaa xenesa, %

Fig. 2. Total porosity of the nanomodified stone based on composite
binder: a. - content of precursor; C(Fe(OH)3) — content of iron hydroxide, %

Obviously, such amount of nanoparticles is unacceptable
due to high cost of the nanoscale admixture. Because of this,
several other nanomodification methods (which can be ap-
plied to the constructional composites with mineral matrix)
must be developed.

According to the approach based on system analysis,
composite material can be viewed as multi-level hierarchical
«systems inside systems». Such approach to the definition of
constructional composites and circumscribing their internal
structure was developed by scientific team lead by Acad.
V.I. Solomatov. During application of this approach to the
cement stone, it becomes apparent that the nanoparticles are
able to change the structure at the nanoscale. However, the
performance properties are mostly determined by micro-
scale defects. Thus, the increase in the proportion of micro-
and mesopores (according to the approved IUPAC classifica-
tion, the diameter d should be less than 50 nm), everything
else being equal (same total porosity) promotes strength. It is
therefore evident that to increase the effectiveness of na-
noscale additives it is necessary to reduce the amount of
capillaries and large macropores in material (d¢>50 nm, ac-
cording to the classification presented in [3]).

The applicability of such approach was examined with the
most used binder which is subject to further nanomodification
— portland cement, and also with the binder composition,
which is the mixture of portland cement optimally matched
with the mineral additive based on micro-scale reactive bari-
um hydrosilicates (with diameter d~6 mm) [4] of the compo-
sition BaO-SiO,6H,0 (the synthesized product also contains

Ta6nuua 1
Xumuuyeckasa 6pyTTo-dpopmMyna CUHTE3UPOBaAHHbIX FTMAPOCUINKATOB Gapus
KoHuentpauus Fe(OH);, %
a Concentration of Fe(OH),, %
0,3 0,5 0,7
0,5 Ba0-5,56Si0,'nH,0 Ba0-9,21Si0,'nH,0 Ba0-12,72Si0,'nH,20
1 Ba0-10,97Si0,'nH,0 Ba0-17,99Si0,'nH,0 Ba0-24,86Si0,'nH,0
1,5 Ba0-16,23Si0,'nH,0 Ba0-26,47Si0,'nH,0 Ba0-36,12Si0,'nH,0
MpumeuaHme. oL — KOIMHECTBO NPEKYPCOPa KPEMHUEBOI KNGIOThI (FMAPOCUIMKATOB HAaTpus) 13 pacyeTa [Na*]/[CI].
Note. o is the amount of silica precursor (sodium hydrosilicates), calculated as a ratio [Na*]/[CI'].
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Tabnuua 2
OTHOCUTENbHOE CHUXKEHUE NOPUCTOCTH
HaHOMOANDULUPOBAHHOIO LLEMEHTHOr0 KaMHS Mo
CpPaBHEHUIO C LeMEeHTHbIM KaMHeM, %

Ta6nuua 3
OTHOCUTENbHOE CHUKEHUE NOPUCTOCTH
HaHOMOAUDULNPOBAHHOIO KOMMO3ULIMOHHOIO
UCKYCCTBEHHOr0 KaMH$l N0 CPaBHEHUIO

C KOMMNO3ULMWOHHBIM UCKYCCTBEHHbIM KaMHEM, %
KoHueHTpauus, %
a Concentration, % KoHueHTpauus, %
a Concentration, %
0,3 0,5 0,7
0,3 0,5 0,7
05 15 10,65 17,25 0,5 59,54 68,04 73,59
1 20,81 5,87 8,02 1 58,4 53,58 26,14
1,5 17,58 17,94 14,72 1,5 55,15 52,97 27,24
Ta6nuua 4
MapameTpbl CTPYKTYpPbI MOPOBOro NPOCTPAHCTBA B UCKYCCTBEHHOM KaMHe
O6was 3 o
Martepuwan o 06bem MUKpPO- 1 Me30omnop, CM°/r CpepnHuin pnameTp nop, HM | Mopa, HM
: nopucTocTb, % . 3 .
Material . Volume of micro- and mesopores, cm®/g | Average pore diameter, nm | Mode, nm
Total porosity, %
LlemenTHbiit kameHb 19,6 0,069 1,614 3,468
Cement stone
HaHomoamnbuumpoBaHHbIin
KOMMO3MLMOHHBIA NCKYCCTBEHHbI KAMEHb 8,9 0,079 0,771 1,384
Nanomodified artificial composite stone
Mpumeyanue. Moza — pasmep nop, CoiepxaHne KOTOPbIX B pacrnpefeneHnn «<pa3Mep nop — CoAepXaHue nop» MakCMMasbHO.
Note. Mode was determined according to the definition (pore size which corresponds to the maxima of the distribution).

GULIMPOBAHUY LIEMEHTHBIX cucTeM [4, 6] 1 1ie1ecO00pa3HO-
CTBIO WX WCIIOJb30BAaHMS IS CO3MAHUS CIeIUaIbHbIX BSI-
Kymux BemecTB [7]. CoctaB HaHOpa3MepHOU H00aBKU
MpeACTaBIeH TUAPOCWIMKATaMU Oapusi, TOJYYeHHLIMU B
pas30aBJeHHBIX PACTBOPAaX HU3KOTEMIIEPATYpHBIM CHUHTE-
30M. llenecooGpa3HOCTb MCTIOIB30BaHUSI HAaHOPA3MEPHBIX
TUIPOCUIIMKATOB 000CHOBaHa B paborax [8, 9]. YIx cocTaB B
3aBUCHMOCTU OT KOHIEHTPAIIUU MCXOTHBIX KOMITOHEHTOB
npuBeneH B Tab. 1.

Pa3zpaboTtaHHBI pexXyM CHMHTe3a HaHOPa3MEPHBIX TWI-
pOCUIMKATOB Oapusl obecIieurBaeT MoJydeHe HaHOYaCTUIL
pasmepoM 13—84 HM.

HccnenoBanusi cpenHeld MJIOTHOCTM U OOIIEH Mopu-
CTOCTH LIEMEHTHOTO KaMHSI M MCKYCCTBEHHOTO KaMHSI Ha
KOMITO3MIIMOHHOM BSIKYIIIEM TTOKa3aJIM pa3HOHAIpaBJIeH-
HOE BJIMSIHUE HAaHOPa3MEePHBIX TMAPOCUINKATOB Oapusl Ha
rnmapamMeTpbl UX CTPYKTYpHI (puc. 1, 2), 4To 0OyCIOBIEHO
U3MEHEeHUEeM MexXaHu3Ma BIUSHUSI TUAPOCUIMKATOB Oapust
Ha MPOoIIECChl HAYaJbHOTO CTPYKTYpPOOOpa3oBaHUSI B KOM-
no3ute [10]. CymiecTBeHHO M3MEHSETCS OO0Imas IMOpHU-
CTOCTb Marepuaja (puc. 2), 4YTO BBI3BAHO YMEHBIIEHUEM
oy Makpornop. JlaHHbIe O BIMSHUM HAHOMOAU(ULIUPO-
BaHUS MOPTIAAHALEMEHTA U KOMITO3ULIMOHHOTO BSIXKYIIIETO
Ha MOPUCTOCTb NMPUBEJEHbI B TabJ. 2 U 3 U MOKa3bIBAIOT,
YTO ONTUMM3ALNS MUKPOCTPYKTYPHI BSKYIIETO TTO3BOJISIET
CYIIECTBEHHO MOBBICUTH 3P (MEKTUBHOCTH HAHOMOIUMU-
KaTopa.

OO0111as1 TOPUCTOCTh KOMIIO3UTOB SIBJISIETCSI MHTETpajb-
HBIM TMOKa3aTesieM, KOTOPBIil He MO3BOJISIET TOYHO MPOTrHO-
3UPOBaTh €€ BIMSIHME Ha 9KCIUTyaTallMOHHbIE CBOWMCTBA U
JIOJITOBEYHOCTh M3aeauii. JIJiss yCTaHOBJIEHUST BIUSTHUST Ha-
HOMoOIU(UKaTOpa Ha TapaMeTpbl CTPYKTYPHI MTOPOBOTO
MPOCTPAHCTBA BaXKHO YCTAHOBUTH U3MEHEHUE pacripe/iesie-
HUS TIOP 110 pa3MepaM: OCOOEHHO BaXKHOE 3HAYCHUE NMEEeT
cojiep:KaHue HAaHOIOP pa3MepoM IO 2 HM (MMKPOIIOPHI) U
2—50 HM (Me30mOphl). YBEIMYEHHWE MX KOJMYECTBA MPU
MPOYUX PABHBIX YCIOBUSIX IPUBOIUT K MTOBBIIIIEHUIO CTEITe-
HU YIIAKOBKM KPUCTAINTMIECKUX HOBOOOPA30BaHUI B MEXK-
3¢pHOBOM IPOCTPAHCTBE (YMEHBIIEHHWE TOJU MaKpOIop U
KPYITHBIX KaMWIISAPOB), UYTO OOECIeYrMBAaeT MOBBIIICHUE
npenesa MPOYHOCTH TPU CKATUHM, BOJOHETTPOHUIIAEMOCTH,
MOPO30CTOMKOCTU U IPYI'MX CBOMCTB LIEMEHTHOIO KaMHS.
WccrnenoBaHuss Me30MOPUCTOCTH ITTOKa3bIBalOT (Tabi. 4),

silicic acid and barium carbonate [5]). The choice of micro-
scale additives was made due to the effectiveness of metals
hydrosilicates during the modification of cement sys-
tems [4, 6] and also because of the appropriateness of their use
for the creation of special binders [7]. The composition of the
nanoscale additives with barium hydrosilicates was obtained
in dilute solutions by means of low-temperature sol-gel syn-
thesis. Practicability of the use of nanoscale hydrosilicates is
proved in earlier research works [8, 9]. The composition of
admixtures depends on the concentration of the initial com-
ponents in reaction mixture and is presenter in table 1.

The designed synthesis mode of nanoscale barium hydro-
silicates provides nanoparticles with sizes 13—84 nm.

Studies of average density and total porosity of the result-
ing cement stone and artificial stone based on the composite
binding were performed. It was shown that the impact of
structural parameters of nanoscale barium hydrosilicates to
the obtained stones has the opposite effect (Fig. 1, 2).

As it follows from the presented Fig. 1 and 2, admixture
with nanoscale barium hydrosilicates of composition
Ba0-17,99Si0,-nH,0 has the opposite effect on the density
and porosity of the resulting structure. This is due to an alter-
nation in the mechanism of influence of barium hydrosili-
cates during the initial structure formation in the compos-
ite [10]. The total porosity of the material significantly
changes (Fig. 2) because of the decrease in the proportion of
macro-scale pores. The results concerning efficiency of
nanomodification for the portland cement and composite
binder are shown in Tables 2 and 3. The results indicate that
the optimization of the microstructure of the binder leads to
significant improvement of nanomodification efficiency.

At the same time, total porosity of the composites is an
integral parameter which may not indicate accurately the im-
pact on the performance characteristics and durability of
products. To determine the effect of nanoscale modification
on the structural parameters of the pore space it is important
to establish the variation in pore size distribution. The content
of nanopores with sizes up to 2 nm (micropores) and 2—50 nm
(mesopores) is of particular importance. Thus, the increase in
their amount (in other equal conditions) leads to the increase
of packing degree and crystalline growths in the intergranular
space (decrease in the proportion of macropores and large
capillaries). In turn, these effects lead to the increases the
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Ta6nuua 5
3HauyeHusa aMnupuyeckmnx KoapPULUNEeHTOB 3KCNepuMeHTaNbHO-CTaTUCTUYECKUX Moaeneit
. 3HayeHUs aMNUPUYECKNX KOIOPULMEHTOB
Ceoticteo Cocras Parameters of statistical models
Property Composition
by by by b b by, by b1y by
3 LK 1491,37 | 1667,59 | -891,9 | 2004 -6901,5 3735 -1566,25 5945 -3300

CpepnHss nNoTHOCTb, Kr/M CS
Average density, kg/m® KB

CB 2369,13 | -738,38 | 307,25 | -1355 3290 -1340 1537,5 | -3662,5 1475

LK 37 | 7052 | 3836 | 744 | 27,78 | -1554 | 5375 | —2065 | 131
061Las NoprUCToCTb, % CS
Total porosity, % KB

CB 6,12 -31,85 | -85,38 | 12,16 -112,2 230,13 -3,48 41,4 -90,25
Mpenen NpoYHOCTM Mpu lég -78,81 | 464,93 | 243,82 | 598,2 | -1845,65 | 972,9 -445,11 | 1492,35 | -809,74
cxartum, MMa ¥B
Compressive strength, MPa CcB 182,09 | -438,75 | 499,63 | -228,5| 1181,6 | -1303,2 | 114,07 -569,8 613,5
Mpumeyanue. LIK — HaHOMOANDUUMPOBAHHLIV LEMEHTHbIN KameHb; KB — HaHOMOAMULMPOBAHHbIA NCKYCCTBEHHBIN KaMeHb Ha KOMMO3ULYOHHOM
BSDKYLLIEM.
Note. CS - nanomodified cement stone; CB — nanomodified artificial stone based on composite binder.

MpoyHoCTb Npu cxatum, MMa
Compressive strenght, MPa

C(Fe(OH)3), %

1,
1,5
Puc. 3. lpezen npo4yHOCTU NpU CXaTUM HAHOMOANDULMPOBAHHOIO
LlEMEHTHOr0 KaMHsi: o — cogepxaHue npekypcopa; C(Fe(OH);) — KOHUeH-
Tpaums rmgpokcmnaa xenesa, %

Fig. 3. Compressive strength of the nanomodified cement stone:
a — content of precursor; C(Fe(OH);) — content of iron hydroxide, %

YTO B HAHOMOANDUIIMPOBAHHOM KOMITO3UIIMOHHOM MCKYC-
CTBEHHOM KaMHe 00beM Me30Iop Bo3pacTaeT Ha 14,5%, a
CpeIHUI TruaMeTp Mop yMeHblaeTcs B 2,1 pa3a 1o cpaBHe-
HMIO C IEMEHTHBIM KaMHeM. BBeneHue HaHoMonudukaTo-
pa B KOMITO3MIIMOHHOE BSIXKYIlee MO3BOJISICT YBEIMUUTD
00beM Me30IOp TIPY YMEHBIIEHUH UX AMAMETpa, T. €. TPo-
HCXOINT NU3MEHEHNE IMapaMeTPOB CTPYKTYPHI MaTepraja Ha
HaHOYPOBHE.

O4eBUIHO, YTO M3MEHEHWE CTPYKTYpbl Marepuana —
yBeJMYeHEe KOJIMYeCTBa KOHTAKTOB MeEXIY OTAEIbHbIMU
CTPYKTYPHBIMU 3JIEMEHTaMM MPUBEIET K CYIIECTBEHHOMY
M3MEHEHMIO TToKa3aTelieil ero CBOMCTB, B TOM YMCIIE ITPOY-
HocTH (cortacHo 3akoHy PebGunaepa) [11]. UccnenoBanue
MMPOYHOCTH TIOJYy4aeMOTO MCKYCCTBEHHOTO KaMHS TOMI-
TBEPXKIAEeT MPEINOJOXKEHUE, YTO KOMITO3UTHI, ONMTUMU3H-
pPOBaHHbBIE Ha BCEX CTPYKTYPHBIX YPOBHSIX, UMEIOT Oosiee
BBICOKHME TTOKa3aTeIu CBOMCTB (puc. 3 u 4). Tak, HAaHOMOIU-
(pUUMpPOBaHHBIN KOMIO3ULIMOHHBIA WMCKYCCTBEHHBIN Ka-
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Puc. 4. lpegen npo4yHOCTM NpU CXaTUM HAHOMOANPULMPOBAHHOIO
MNCKYCCTBEHHOIO KaMHSl Ha KOMMO3ULIMOHHOM BSIXYLLIEM: Ol — CoAepXaHne
npekypcopa; C(Fe(OH)3) — KoHUeHTpauma ruapokcuaa xenesa, %

Fig. 4. Compressive strength of the nanomodified composite artificial
stone based on composite binder: a — content of precursor; C(Fe(OH)3) —
content of iron hydroxide, %

compressive strength, water resistance and frost resistance;
other operational properties of the cement stone are also im-
proved. The performed examination of mesoscale porosity
(Table 4) shows that for the nanomodified composite artificial
stone the volume of mesopores increases up to 14,5% and an
average pore diameter reduced 2,1 times (comparison with
the cement matrix). Introduction of nanomodifier in compos-
ite binder leads to increase of mesopores volume and to de-
crease of their diameter, i.e. the alternation of the parameters
of the material structure at the nanoscale takes place.
Obviously, the alternation of the material’s structure (in-
crease in the number of contacts between the individual struc-
tural elements) leads to significant change in values of opera-
tional properties, including the most important property —
strength (according to the Rebinder law) [11]. Examination of
the strength of the obtained artificial stone confirms the as-
sumption that composites which are optimized at all struc-
tural levels possess higher properties (Fig. 3 and 4). In particu-
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28—30 mapra, Illlapm-3a6-1lleiix, Ernner

MEHb UMeeT IIPOYHOCTh Ha 27—73% BblIllle, 4eM HAHOMOIU-
GULIKMPOBAHHbIN LIEMEHTHBII KAMEHbD.

AHaiu3 H3MeHeHHUs OOIlel TMOPUCTOCTU, CpeaHel
IUIOTHOCTU U MPOYHOCTU MPHU CXKATUM HCKYCCTBEHHOTO
KaMHS B 3aBUCMMOCTHM OT COCTaBa HaHOMoJudpUKaTopa
MTOKa3bIBaeT, YTO U3MEHEHMS OOIIEel TOPUCTOCTH aleKBaT-
HO OMUCHIBAIOTCS 3KCIEPUMEHTAIBHO-CTAaTUCTHIECKOM
MOJIEJIbIO BUA:

- b112a2C(F‘e(OH)3)+ bZZC(Fe(OH)3)2 +
+ b1, C(Fe(OH);3)* + by 10> C(Fe(OH)3)?,

rae b, — smnupudeckue Ko3hOUIUEHTbI, 3HAYeHUST KOTO-
PBIX IPUBEIEHHI B TA0JI. 5.

Taxkum o6pa3om, ISt TIOBbIIIEHUs 3(PHEKTUBHOCTA Ha-
HOMOIMMPUIIMPOBAHUSA HEOOXOAMMO TIpeIBapUTEIbHO
OTNTUMU3UPOBATh MUKPOCTPYKTYpY Marepuaia. [1moTHOCTD
ONTMMU3MPOBAHHOTO Ha MUKPOYPOBHE WMCKYCCTBEHHOTO
KaMHsI (Ha OCHOBE KOMITO3UIIMOHHOTO BSIKYIIIET0) TIPU BBe-
JIeHUY HaHoMomuduKaTopa Bo3pacTtaeT a0 73% (xoadhdu-
IIMEHT KOHCTPYKTMBHOTO KayecTBa IMOBBIIMIAETCS 10 65%),
TOT/Ia KaK LlIeMEeHTHOTro KamMHs — 10 20%.
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lar, the strength of the nanomodified composite artificial
stone is 27—73% higher than strength of the nanomodified
cement stone.

The analysis of total porosity, average density and com-
pressive strength of artificial stone was performed. The
amounts of precursor a and iron hydroxide C(Fe(OH); (i. e.
composition of nanomodifier) were selected as control vari-
ables. It was shown that total porosity can be adequately de-
scribed by statistical models of form

Y= by + bja+ by,02 + byC(Fe(OH)5) + by,0 C(Fe(OH)s3) —
— by1p0? C(Fe(OH)3)+ by, C(Fe(OH);)* +
+ b]zzQC(Fe(OH)3)2 + b1122a2C(Fe(OH)3)2,

where b, — parameters determined during experimental ex-
amination (Table 5).

The results of the research indicate that for the micro-scale
optimized artificial stone based on composite binder nano-
modification leads to the 73% increase of density, while for the
ordinary cement stone such increase is only about 20%.

Thus, as a conclusion, it can be stated on the basis of the
obtained results that effective method of nanoscale modifica-
tion has to be multiscale one. The necessary preliminary opera-
tion is the optimization of structure at micro-scale level. Only
after such stage the nanomodification should be performed.
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