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CTPYKTYPOOBPA3YIOIIAS POJIb MUKPOKAJIBHUTA B HEMEHTHbBIX
KOMIIO3NIUAX AJA 3D-ITEYATH
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AHHOTANUA

Paccmompena akmyanvnas ona mexuonocuu cmpoumenvioti 3D-nevamu npobaema cmpykmypoodpazosanus u meepoenus cmecei. B
Kauecmee 00beKMOo8 UCCIe008AHUA UCNONb306AHbL CUCTEMbL MEEPOCHUS «YeMeHm — MUKPOKatbyum — moougpuyupyiowue dobaskuy. Le-
MeHm U MUKPOKATbYUM, KAK OCHOBHbIE KOMNOHEHMbL CUCEM MBEPOEHUs, XAPAKMEPUI0BATUCH CXOOHBIMU PASMEPHO-2COMEMPULECKUMU
xapakmepucmuxamu. B cocmasax cmeceii cobmo0anoce ROCMOSIHCNBO MACCO8020 COOMHOWEHUS BAACYUe20 U HANOTHUMEIS, 8aPbUPOBUIC
80 Moouguxamopa. B kauecmee Moougukamopos ucnoib308ansvl KOMIIEKCHble 000a8ku Ha ocHose Hanouacmuy Al203-Si0z, SiO2, nupo-
¢ocgpama kanua. /[ns uccnedosanus (haz08020 cocmasa, MUKPOCHPYKMYpPbl SUOPAMHBIX HOB00OPA3068AHUL NPUMEHSIUCH MEeMOObl peHmee-
Hoghaz06020 ananuza. Kunemuxa meepoenus yeMeHnmHbiX KOMRO3UYUL OYEHUBAIACH NO PE3YTbMAMaM UCRbIMAHUL 00pA3Y08 HA cocamue 6
eospacme 1, 3, 7, 14, 28, 60 u 90 cymok. Ycmanoeneno, umo s¢ghpexmusHvim 56711emcsi npuMeHeHue Moouguyupyrouux 006asok Ha 0CHO8e
nanovacmuy Al203-Si02, SiO2, mak kax oHy CHOCOOCMBYIOM Cuem 8061e4eHUI0 MUKPOKAIbYUMA 6 NPOYeCChbl CMPYKMYpooOpa3oeanus meep-
oerowux cucmem. Ilpu smom obecneuusaemcs usmeneHue OANAHCA MeHCOYy 2UOPAMHBIMU HOBOOOPAZOBAHUAMU 8 CIPYKIMYPE 8 CIOPOHY
yeeauuenusi cooepocanus CSH-gaz ¢ senuuunon C/S=0,5. Haubonee svblcokumu 3HaueHusmu npeoeia nPOYHOCMU NPU COHCAMuUU KaxK Ha
HayanvHom smane meepoetus (Rexe = 25 Mlla 6 1 cymxu), max u @ OnumensvHsie cpoku 061a0aiom yemenmHule CUChemMbl ¢ MUKPOKATbYUIMOM
mooughuyuposannsie dobaskoti na ocnose nanowacmuy Al203-SiOz2 (Rexe = 58 MIla 6 90 cymox). Cucmemvbi ¢ 0obaskamu Mooupuxamopos
Ha ocroge SiO2 u nupogocghama Kanus Xapakxmepuzyomcsi HegblCOKOL NPOUYHOCMbIO HA HA4aIbHOM dmane meepoetust (Rexe =2 - 10 Mlla ¢
1 cymxu); cxoonvimu ee snauenuamu @ onumenvhuvle cpoku (Rexe = 40 — 45 Mlla).
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ABSTRACT

The article deals with the current problem of structure formation and hardening of for 3D printable mixtures. The objects of the research
are the hardening systems “cement - microcalcite - modifying additives”. Cement and microcalcite, as the main components of hardening
systems, were characterized by similar dimensional and geometric features. The mass ratio of binder and filler was constant in the composi-
tion of mixtures, but the modifier type was varied. Complex additives based on nanoparticles AI1203-SiO>, SiO2, potassium pyrophosphate
were used as modifiers. X-ray method was applied to study the phase composition and microstructure of hydration products. The hardening
kinetics of cement systems was evaluated according to the compression tests of samples at the age of 1, 3, 7, 14, 28, 60 and 90 days. It has
been stated that the use of modifying additives with Al203-Si0,, SiO2 nanoparticles is effective, as they make microcalcite involved in the
structure formation of hardening systems. Also, the balance between hydration products in the structure is shifted towards an increase in the
content of CSH-phases with the value of C/S=0.5. The highest values of compressive strength both at the initial stage of hardening (Rc = 25
MPa in 1 day) and in the long term are typical for cement systems with microcalcite modified by the additive based on nanoparticles
Al>03:Si02 (Re = 58 MPa in 90 days). Systems with SiO:z and potassium pyrophosphate-based modifiers are characterized by low strength at
the initial stage of hardening (Rc = 2 - 10 MPa in 1 day); its values are similar in a long-term period (R. = 40 - 45 MPa).
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BBEJEHUE

OnHOlf M3 HEpEeUIeHHBIX MTPo0IeM MPOSKTUPOBAHUS CO-
CTaBOB CMECCH UISI CTPOUTEIBHBIX aJJJUTUBHBIX TEXHOJIOTHU
(3D-meyatn) siBIsIETCSI BRICOKOE COJCpKaHHEeM IeMeHTa. Kak
oTMeuaeTcs B 003ope [1], nist obecrneyeHrs HeOOXOUMBIX ISt
9KCTPY3MOHHOH TEXHOJIOTHH PEOJIOTMYECKUX CBOUCTB (TeKyue-
CTH M IUTACTHYHOCTH ) CMECEH pacxo/ [IEMEHTa B THIIMYHBIX CO-
cTaBax cMecel coctasinsieT He MeHee 30—50 % oT Macchl cyxux
KOMIIOHEHTOB. JTO TPUBOIUT K BBICOKOW CTOMMOCTH CMECEH,
C OJTHOW CTOPOHBI, & TAKXKE K PA3BUTHUIO MPOIECCOB TPEIIHHO-
00pa3oBaHUs B HaIEYaTaHHBIX O00BEKTaX W3-3a MMOBBIIICHHOU
ycamku cMmeceil. Beixon w3 maHHOW cUTyamuy OONBIIMHCTBO
HcCleloBaTeNed CBA3BIBAIOT C 3aMEHOM 4acTH LIEMEHTA B CO-
CTaB€ CMECHU TOHKOAUCTICPCHBIMU HAIIOJHUTEIAMHA, TO €CTh C
MEPEX0J0M OT CMecel Ha YHCTOM MOPTIAHAEMEHTE K CMECIM
Ha KOMIIO3UIIMOHHBIX BSXKYHINUX.

OnHako 3a(MKCHPOBAHO MTPOTHBOPEUYHNE MEXIy obecrie-
4eHHEeM HeoOXoauMbIX s 3D-medaTH TeXHOJIOTHYECKHUX
CBOMCTB CMecell M MPOYHOCTH II€YAaTHBIX KOMIIO3UTOB.
Hawmrydmme pe3ynbTaThl ¢ TOUKH 3pEHUS JTOCTHKCHUS 3a/1aH-
HOW TUIACTHYHOCTH M (HOPMOYCTOMIUBOCTH JOCTHTAIOTCS TPH
MPUMEHEHUH PEOJIOTHYSCKN aKTUBHBIX, HO PEaKIHOHHO-JIa-
TEHTHBIX HamonHuTenel (o xraccudukanmu B.M. Kanamrau-
KoBa [2]), TAKMX KaK HU3BECTHAKOBas MyKa [3,4], MOJOTHIH Tie-
cok [5-8] u np. [9-13]. OnHako, 3aKOHOMEPHO, YTO BBEACHUE
TaKWX HAIIOJHUTEINEH MPUBOAUT K CYIICCTBEHHOMY CHIKCHHIO
MPOYHOCTH KOMITO3UTOB B CBS3H C 3aMEHOM THAPOCHINKATHON
CBS3KH B O0BEeMe TBEpICIOIICH CHCTEMBl Ha WHEpPTHHIE Ya-
CTHIIBI HATTOJTHUTEIIA.

CornacHo moaxoaam, paspabdoranneiM C.C. Kampuerno-
BbIM 1 A.B. Uleitndensaom [14,15], nanHas npodieMa MOKeT
6I)ITI> peuicHa 3a CYET BOBJICUCHUSA MUKPOJUCIIEPCHBIX HAIIO0JI-
HUTENEH B IPOLECCH CTPYKTypoOoOpa3oBaHUs TBEPACIOINX
cucreM. [Ipn 3TOM HOMIKHO OBITH OOecrieueHo n3MeHeHune Oa-
JIAaHCa MEXJTy THIPAaTHBIMU HOBOOOPA30BaHUSIMH B CTPYKTYpE
B CTOPOHY YBEIHYCHI COICPKaHUs 00JIee MIPOYHBIX H YCTOM-
YUBBIX BTOPUYHBIX HU3KOOCHOBHBIX ruaparoB tuma CSH (I).

Ha ocHoBaHuM paHee NPOBEIEHHBIX HCCIEI0BAHUI
[16,17] ObUIO BBIIBHHYTO HPENNOIOKEHHE, YTO yKa3aHHBIN
3¢ ekt MoKeT OBITh TOCTUTHYT 32 CUST IPUMEHEHUS MOTUDH-
UpPYIOMUX 100aBOK Ha ocHOBe HaHOUacTHI Al,O3:Si0,, Si0O»,
a TaKKe YCKOpPHUTEJEeH TBEpIEHHS BTOPOTO THUIIA, MEXaHU3M
JIEHCTBUS KOTOPBIX CBS3aH C aKTHBH3AIHEH TOBEPXHOCTH, I10-
BBIIICHHEM PACTBOPHMOCTH MICXOJHBIX KOMIIOHEHTOB TBEpJe-
FOITIX CHCTEM

Heab pa6oTsl — onpenenuTb 3PPEKTUBHOCTD BIUSHHS MO-
JTUGUIMPYIONNX T00aBOK Pa3lNUYHOTO XMMHYECKOTO COCTaBa
Ha TOBBIIIEHHE CTPYKTYpooOpasylolieil poiu kKapOoHATHOTO
HAITOJIHUTECIII B HEMCHTHBIX KOMITIO3ULIUAX JJI 3D-meuarn.

MaTepnam,l U METOAbI UCCJICA0OBAHUSA

OOBEKT HCCIeIOBaHUS — CHCTEMBbl TBEPACHHS «IIEMEHT —
MHUKpPOKaJIBIUT — Mojuduiupytomue no6aBkm». LlemeHT u
MHKpPOKAJIBIUT, KAK OCHOBHBIE KOMITOHEHTHI CHCTEM TBEp/e-
HUSI XapaKTEePU3YIOTCS CXOAHBIMH pa3MEPHO-Te€OMETpHUC-
CKAMH XapakTeprucTukamu (tadi. 1). OTimane MeXay CHCTe-
MaMH 3aKJTI0YaIIOCh B BUIE 00aBOK MoanukaTtopos (Taba. 2),
OTJIIMYAIOIINXCS 110 COCTaBY M, COOTBETCTBEHHO, MEXaHU3MY
PETYJIMpOBaHUS IPOLECCOB CTPYKTYpOOOpa3oBaHUS IIEMEHT-
HBIX cuctem [16,17].
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INTRODUCTION

One of the unsolved problems in designing mixtures
for additive construction technologies (3D printing) is
high cement content. As noted in the review [1], in order
to ensure the rheological properties (fluidity and plastic-
ity) of mixtures required for extrusion technology, cement
consumption in typical mixture compositions is at least
30-50% of the weight of dry components. This determines
high cost of mixtures, on the one hand, and also causes
cracking in printed objects due to increased shrinkage of
mixtures. Most researchers propose to replace some
amount of cement in the mixture with fine-dispersion fill-
ers, i.e. to turn from pure Portland cement-based mixtures
to mixtures based on composite binders.

However, there is a contradiction between the tech-
nological properties of mixtures and the strength of printed
composites required for 3D printing. The best results in
terms of achieving the desired plasticity and shape stabil-
ity are achieved with the use of rheologically active, but
reaction-latent fillers (according to the classification of
V.I. Kalashnikov [2]), such as limestone powder [3,4],
crushed sand [5-8] and others [9-13]. However, it is only
natural that the use of such fillers causes a significant de-
crease in the strength of composites since the CSH-gel
bond in the volume of the hardening system is replaced by
inert filler particles.

According to S.S. Kaprielov and A.V. Sheinfeld
[14,15], this problem can be solved by microdisperse fill-
ers for structure formation of hardening systems. At the
same time, there should be a shift in the balance between
hydration products in the structure towards an increase in
content of stronger and more stable secondary low-base
hydrates of the CSH ().

Previous studies [16,17] lay the ground for the sup-
position that this effect can be achieved through the use of
modifying additives based on nanoparticles Al,03-SiO»,
Si0,, as well as hardening agents of the second type. Their
mechanism is associated with the activation of the surface,
increasing the solubility of the initial components of hard-
ening systems

The purpose of the study: to determine the effect of
modifying additives with different chemical composition
on increasing the structure-forming role of carbonate filler
in cement compositions for 3D printing.

Materials and methods of research

The object of the study is hardening systems “cement
- microcalcite - modifying additives”. Being the main
components of hardening systems, cement and microcal-
cite are characterized by similar particle size distribution
(Table 1). The systems differed in modifier additives (Ta-
ble 2), which varied in composition and, accordingly, in
the mechanism of regulation of structure forming pro-
cesses in cement systems [16,17].
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TABJINIA 1 XAPAKTEPUCTUKA MTIOPTJAHIEMEHTA U MUKPOKAJIBIIUTA
Table 1 Characteristics of Portland cement and microcalcite

XapakTepucTuka
H C de, JHUCTIEPCHOCTH
AUMEHOBAIMHE ocrap MKM Particle size Muxpodoto IpoussoauTean
uaeHTU(UKaTOP Chemical AT ’
ore de, distribution SEM-photo Brand
Name and ID composition
pm | d, MKM o
o, %
d, um
<15 34,7
HopTaanamemMent C3S-61,7%, 15-30 275 OS;{:STJ})K
IIEM I 42.5H (II) C2S — 14,9 %, ’ w
22,6 Sukholozhskce-
Portlandcement C3A-5,6 %, 30-55 282 ment branch of LLC
_ ) >
CEM 1 42.5R (C) C4AF - 12,6 % SLK Cement”
55-100 9,6
<15 57,1
MUKDOKATL LT CaCOs3 — 98,07 %, MIPOU3BOJUTEND
(ll)\/[KH) ! Si02 <0,06 %, 15-30 | 209 000 «IToneBcKoit
Microcalcite MgO <0,35 %, 17,2 Mpamop»
(MC) Fe203 + ALO3 30-55 18,4 «MP-2». “Polevskoy
<0,07 % Marble”
55-100 3,6
TABJINIA 2 XAPAKTEPUCTUKA MO/IU®UIIUPYIOIIINX TOBABOK
Table 2 Modifier characteristics
C XapakTepuCTHKA TUCHEPCHOCTH
HaumenoBanue u ID OCT?B Particle size distribution IIpousBoauTe b
Chemical
Name and ID \e d, amM Brand
composition o, %
d, um
24 1000
Merakaonun (MKJT) «BMK-455 ALO3 — 42 %, 65 2000 000 «Cunepro»
Metakaolin (MKL) “VMK-45” Si02-53 % 7 4900 00O “Sinergo”
«Kamenp + xunkoe crexion (KM+XKC), 31 25
cootHomeHue o macce KM : )KC=1:1 SiO2 — 33,76 %, 44 56 «HITO «Cunukary,
“Xanthan gum + silicate glass” (XG+ SG), Na20 - 10,63 % 5 73 “NPO Silikat”
mass ratio XG : SG=1:1
«Kamenp + mupodocdar xamus» (KM+TKIID), 38 150
cootHomenue o macce KM : TKII® =1 : 1 o 41 200 Sichuan Shifang
« . » K4P207-98 %
Xanthan gum + potassium pyrophosphate 16 250 Ylacheng Phosphate
(XG+ PP), mass ratio XG : PP =1 :1
Kamens FUFENG® 41 180 000 Xinjiang Fufeng Bio-
(B coctae Moauukaropos) (KM) (C35sHa9029)n ~ 91% 35 200 000 ) échn‘f) louingCo 0
Xanthan gum FUFENG® (XG) 15 250 000 ges Lo

XapakTepucTHKa COCTAaBOB HCCIICIOBAHHBIX CHUCTEM
npejacTaBiaeHa B Tabmuue 3. J[o3MpoBKa MOIU(HKATOPOB
YCTAQHOBJIEHA HA OCHOBAHHWHU MPEIBIAYIIUX HCCIIEIOBAHUIA,
KaK 00eCrevnBIIIas ONTHMYM PEOTEXHOIOMMYECKUX CBOMCTB
cmecett 1t 3D-nedatn [ 18], B/L[-oTHOmIEHNE TOIOMpaIoch
MO0 KPHUTEPUIO OOECIeUYCHHs] MOCTOSHHON KOHCHUCTEHIINU
cMecei.

O1eHKa AMCIEPCHOTO COCTaBa UCXOAHBIX KOMIIOHEH-
TOB MIPOM3BOINIIACH METOJIAMH: JIa3epHOW Audpakiuu (aHa-
JIM3aTop pa3Mepa YacTull « AHanu3eTTe 22%) — IS IeMEeHTa,
MHUKPOKaJIbIIUTAa ¥ METAKAO0JINHA, TMHAMHUECKOTO CBETOpac-
cestaus (cnektpomerp Photocor Complex) — miast skuakoro
CTEKJIa, TeTpakaiuii mupodocdara, kame Iu.

CMecH TOTOBIIIA B JIOTTACTHOM CMECHUTEJIC IIPUHYAUTEb-
Horo neiicteus CJI-5 (ITOCT 30744-2001) mpu nepementn-
BaHHU CYXHUX KOMIIOHEHTOB C PaCTBOPOM 3aTBOPHUTEIIS B Te-
YeHne 3 MUHYT.

Composition characteristics of the studied systems are
presented in Table 3. The proportion of modifiers was iden-
tified in accordance with the previous studies as providing
optimum rheotechnological properties of 3D printable mix-
tures [18]. W/C-ratio was selected by the criterion of ensur-
ing constant consistency of mixtures.

The particle size distribution of the initial components
was assessed by the method of laser diffraction (particle size
analyzer “Analyzette 22”) for cement, microcalcite and me-
takaolin; by the method of dynamic light scattering (spec-
trometer Photocor Complex) for liquid glass, tetrakali pyro-
phosphate and gum.

The mixtures were prepared in a forced-action agitator
mixer SL-5 (GOST 30744-2001) by 3-minute stirring of dry
components with the mortar solution.
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TABJIUIA 3 XAPAKTEPUCTUKA COCTABOB IIEMEHTHBIX KOMITO3UIIUI

Table 3 Mix composition

Jlo3upoBka 100aBKU-MoaupuUKaTopa,
% OT Macchl leMeHTa CooTHOLIIEHHE TI0 Macce
I/II[eHTI/;(ll;I/lKaTop Modifier dosage, % mass cement I : MKIT ‘]i,//Ié
MKJI KM + TKII® KM + KC mass ratio C : MC
MKL XG + PP XG + PP
+MKIL[+MKJI ) 0.4
C+MC+ MKL ) . ’
+MKI+(KM+TKIID) )
C+MC+H(XG+ PP) i 0.4 i =1 0.47
[+MKII+KM+XKC) ) )
C+tMCHXG+ SG) 0.4 0,45

PacTBOp 3aTBOpHTEIIS IPEABAPUTENIHLHO TOTOBIIIN ITyTEM
BBEJICHUS B BOAY MOAUDUIIUPYIOMIKX 100aBOK. M3 eauHOro
o0bema cMecH Kax 101 cepun OpMOBaInCh 00pasibl U BbI-
JIEPKUBAIIUCH 0 UCIBITAHUS HA MPOYHOCTH B HOPMAJIBHBIX
ycnoBusx. Kunetnky Habopa MpOYHOCTH UCCIIEIYEMBIX Iie-
MEHTHBIX CUCTEM TBEPJCHMsI ONPEAESIIIN IyTeM pa3pylie-
HUsI 00pa3oB-Ky0oB pa3MepoM 5 x 5 X 5 cM Ha UCTIBITaTENb-
Hoii Mammae INSTRON. HcnbiTanus o0pasoB MpoOBOIH-
quce B Bospacte 1, 3,7, 14, 28 u 90 cyTok.

[ocne ucmbITaHUit HAa TPOYHOCTH U3 KAKIOH cepuu 00-
pa3IoB METOIOM KBapTOBAaHUS OTOMPAIUCH IPOOKI s (H-
3UKO-XMMHYECKUX aHann30B. C IEnbi0 MpeJoTBpalICHUS]
JanpHeimei rugpaTanuy mpoos! 00€3BOKUBAIHCH U XPAHU-
JIMCh B TEPMETHYHOH yIIaKOBKE.

Jlna xadecTBEHHOH OIeHKH (Da30BOro cocTaBa 3aTBEp-
JICBIIMX [EMEHTHBIX CHCTEM INPHMEHSJICS peHTreHodazo-
BbIi aHanu3 (PDA), KOTOPBIi BBINOIHAICS Ha TOPOIIKOBOM
pertrenoBckoM audpakromerpe D8 Advance (Bruker AXS,
I'epmanns). PacmmdpoBka MEXIUIOCKOCTHBIX PAaCCTOSTHUI
MOJIy4eHHBIX 3(()eKTOB MpOoNU3BOAMIACH C TOMOIIBIO 0a3bl
JIAaHHBIX OPOIIKOBEIX audpakTorpamm ICDD PDF-4. Cre-
MIeHb THIPATalliH IIEMEHTHBIX CHCTEM PacCUUTHIBAIIH TI0 CO-
nepxananto 3Ca0-SiO; (C3S) myTeMm cpaBHEHUS UX JHQpaK-
TOorpaMM C OU(paKTOrpaMMoil obpas3la W3 IEMEHTHOTO
kiuHKepa [19]:

Co(C38) = (1 = Lo, /1) X 100, %

1€ Iyox — MHTEHCUBHOCTD AU(PPAKIMOHHOI0 MAKCHMYMa
npu d =2.75 A ase1 3Ca0-SiO, ruapaTHPOBAHHBIX 00-
pasios; [) — MHTEHCHBHOCTH JU(PPAKIIMOHHOTO MAKCH-
myma nipu d = 2.75 A ¢aspt 3Ca0-SiO, ucxoaHoro e-
MEHTa.

IKCIIepUMEHTBI H 00Cy:KIeHHEe Pe3yIbTaTOB

Dazoswtit cocmag uccnedogannvix cucmem. Ilo nan-
HEIM PDA BO Bcex HCCIIEOBaHHBIX IIEMEHTHBIX CHCTEMAax
JTIOMUHUPYIOIIEH 3aKOHOMEPHO SBIACTCS (a3a MUKpPOKAIb-
uta CaCOs (puc. 1, Tabm.4, 5). OOmuM I BCeX CHCTEM
aBisieTcst nmpucytctBue (a3 Ca(OH)2, HU3KOOCHOBHBIX THA-
POCHIIMKATOB KanbIlsl TepeMeHHoro cocrtaBa (xCaO
ySi0,°zH,0). OgHaxo ¢a30BbIi COCTaB THAPATHEIX HOBOOO-
pa30BaHMH CYyIIECTBEHHO OTIUYAIOTCS JJISl CUCTEM C pa3iiny-
HbIMH MoaudukaTopamu. [HIpocHInMKaTel B CHCTEME
+MKI+MKJI Ha HayanpHOM 3Tane MpeacTaBICHbI TOOSp-
MOpHUTOM ¢ cooTHOmeHHeM C/S=0,8, manee oH MEPEXOANT B
Momudukanuio TobepMopuT-M ¢ MeHBIIEH OCHOBHOCTBIO
(C/S=0,75), x 90 cyTtkam ToOepMopuTOBas  (a3za
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The mortar solution was prepared beforehand by adding
modifying additives to water. The whole volume of the mix-
ture of each series was used to mold specimens. They were
kept until strength testing in standardized environment. The
structure kinetics of the tested cement systems was deter-
mined by destructing cube samples with the size of 5 x 5 x 5
cm on the INSTRON testing machine. The specimens were
tested after 1, 3, 7, 14, 28 and 90 days of curing.

After strength tests, the quarting method was used to take
samples from each series for physicochemical analysis. In
order to prevent further hydration, the samples were dehy-
drated and kept in hermetically sealed package.

Qualitative assessment of the phase composition of hard-
ened cement systems was done by X-ray phase analysis
(XRF), which was performed on a powder X-ray diffractom-
eter D8 Advance (Bruker AXS, Germany). The interplanar
distances of the obtained effects were interpreted with the
ICDD PDF-4 powder diffractogram database. The rate of ce-
ment system hydration was calculated according to the con-
tent of 3Ca0-Si0; (C3S) by comparing their diffractograms
with the diffractogram of a cement clinker sample [19]:

(1)

where: Iyon — intensity of diffraction maximum atd =2.75

A of 3Ca0-Si0; phase of hydrated samples; I, — intensity
of diffraction maximum atd =2.75 A of 3Ca0-SiO; phase
of the base cement.

Experiments and discussion

Phase composition of the studied systems. According to
XRD data, microcalcite CaCO3 phase is predominant in all
tested cement systems (Fig. 1, Tables 4, 5). Ca(OH): phases,
low-basic calcium hydrosilicates of variable composition
(xCaO ySi0,-zH,0) are common for all systems. However,
the phase composition of hydration products differs signifi-
cantly for systems with different modifiers. At the initial
stage, hydrosilicates in the system C+MC+ MKL are repre-
sented by tobermorite with the ratio C/S=0.8. Further, it is
modified into Tobermorite-M with a lower basicity
(C/8=0.75). By the 90" day, the tobermorite phase is recrys-
talized into okenite with C/S=0.5. In the system
C+MCH(XG+ SG) hydrosilicates have the lowest basicity.
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nepekpucranu3oBbiBaeTca B okeHut ¢ C/S=0,5. B cucreme
L+MKI+KM+XC) ruapocunukatel HMEIOT HauOoiee
HHU3KYI0O OCHOBHOCTb, IPEJCTaBJICHBl IPEUMYIIECTBEHHO
OKEHUTOM, ToOepMopuToBas (haza c cootHomennem C/S=0,8
¢ukcupyercs B 3 u 28 cyrku TBepaeHus. B cucreme
H+MKI+(KM+TKII®) HOBOOOpa30BaHUs Ha MPOTSHKCHUH
BCETO CPOKa TBEPAEHUS INPECTaBICHbI IPEUMYIIECTBEHHO
TOOEPMOPUTOBOH C TMepeMeHHBIM cooTHomeHneM C/S =
0,75-0,8; aza okeHNTA HE PUKCHPYETCS.

They are represented mainly by okenite. The tobermoritic
phase with the ratio C/S=0.8 is fixed in 3 and 28 days of
hardening. In the system C+MC+(XG+ PP) hydration prod-
ucts are represented mainly by tobermorite with variable C/S
ratio = 0.75-0.8 throughout the whole period of hardening;
the phase of okenite is not recorded.
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Figure 1 X-ray diffraction patterns of

cement systems

a) C+tMC+MKL

0) C+tMC+(XG+SG)
B) C+MC+(XG+PP)
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TABJIMIA 4 OBO3HAYEHHUSA IMKOB HA PEHTTEHOI'PAMME

Table 4 X-ray peak symbols

Ne na
Munepan MeKIIOCKOCTHBIE PACCTOSIHUS
PEHTTeHOIpaMMe . q
Mineral Interplanar distances
Number on X-ray
Ca(OH), 4.95;3.12; 2.64; 2.45; 1.93; 1.8; 1.69; 1.49; 1.45
CsS 3.5;3.04;2.97,2.78; 2.75; 2.61; 2.19; 1.98; 1.77; 1.63; 1.54; 1.52; 1.49 1.45

4Ca0-5Si02-5H20

3.12; 3.04; 2.84; 2.63; 2.5; 2.28; 2.09; 1.91; 1.875; 1.83

9Ca0-128i02-7H0

4.74; 3.66; 3.5; 3.36; 3.12; 2.97; 2.89; 2.78; 2.6; 2.5; 2.32; 2.28; 2.19; 2.09; 2.04

Ca0-2Si0> 2H,0

3.57;3.12;2.97;2.84;2.74; 1.83

AN || |W|N[—

CaCOs3

3.9;3.04;2.84; 2.49; 2.29; 2.09; 1.91; 1.87; 1.63; 1.6; 1.52; 1.49; 1.44; 1.42

[TosryyeHHBIe aHHBIE MO3BOJAIOT MPEIIOKHUTH PA3iIU-
YHe B MEXaHU3Me BIHSHHS MOAU(PHUKATOPOB PAIUYHOTO XU-
MHYECKOT'0 COCTaBa Ha CTPYKTYpOOOpa3oBaHHE [IEMEHTHBIX
CHCTEM C KapOOHATHBIM HamosHuTenaeM. OKCHI KPEMHUS U
ATIOMOCHIINIKAaTHBIE (pa3bl METaKaoJMHA HMEIOT POJCTBEH-
HOE KPUCTAIUIOXMMHYECKOE CTPOCHHUE KaK K THIPaTHBIM (a-
3aM TBepAerolero reMenTa, Tak 1 kK CaCOsz. JTo MoxeT 00-
jerdatb 0Opa3oBaHWE 3apOJbIILIEH KPUCTAIM3ALMKA HE
TOJILKO B 00bEMe TBEP/ICIOIIEH CHCTEMBI, HO U Ha IOBEPXHO-
CTH YacCTHI] MUKPOKAJIBIIUTA, CIIOCOOCTBYS BOBJIEUEHHIO €TI0
B TIpoliecc CTpyKTypooOpaszoBanus. IIpu stom 3¢ dexTus-
HOCTh MOIHM(UKATOpa IOBBIMIACTCS C YMEHBIICHUEM pa3-
Mepa 4acTHl, T.€. C YBEIUYCHUEM HX Y/CIBHOW MOBEPXHO-
ctu. [Toaromy B cucreme LI+MKI+(KM-+XXC) mox Bo3aeii-
CTBHEM aKTHUBHBIX HaHOpa3MepHbIX yactuin SiOs (d = 150-
250 =M, cM. Tabm. 1) IPOUCXOIUT MPEeUMyIIIeCTBEHHOE (Op-
MUpOBaHHE HH3KOOCHOBHBIX CSH—-(a3 ¢ BemuunHOM
C/S=0,5. B nmnpucyrctBuu Oojee KpYNHBIX YacTHI]
Al,03-Si0; (d = 1000-4900 uM, cM. Tabm. 1) B cucteme
+MKI+MKIJI ocunoBaocte CSH—a3 cHmxaercs 10
C/S=0,5 Tonbko k 90 cyTkam TBepCHUSI.

The obtained data allow us to propose a difference in the
mechanism of influence of different chemistry modifiers on
the structure formation of cement systems with carbonate
filler. Silicon oxide and aluminosilicate phases of metakaolin
have a related crystallochemical structure to both hydrate
phases of hardening cement and CaCOs. This can facilitate
the formation of crystallization nuclei not only in the volume
of the hardening system, but also on the surface of microcal-
cite particles, contributing to its involvement in the process
of structure formation. At the same time, the efficiency of the
modifier increases while particle size decreases, i.e. their
specific surface area is extended. Therefore, the formation of
low-basic CSH-phases with C/S=0.5 is predominant in the
system C+MC+(XG+SG) under the influence of active nano-
sized SiO; particles (d = 150-250 nm, see Table 1.) With
larger particles Al,O3-SiO> (d = 1000-4900 nm, see Table 1)
in the system C+MC+MKL, basicity of CSH-phases de-
creases to C/S=0.5 only by the 90" day of hardening.
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MexaHu3m BinsiHUs upodocdara Kanus CBsI3aH C BIIU-
SSHAEM Ha JIUCICPCHOHHYIO cpeny cucTembl. [Tupodocdar
KaJIus, SIBIISSICH CUITBHBIM 3JIEKTPOJIUTOM, H3MEHSIET HOHHYIO
CHJIy PacTBOpa U TOBBIIIAET €r0 MEPECHINICHUE, TTOITOMY
MOXET BBICTYIIATh KaK YCKOPUTEb MPOIECCa PACTBOPECHUS
KJIMHKEPHBIX MUHepanoB. C Apyroit CTOPOHbI, B PEAKIIUIO C
00pa3oBaHHEM TPYJHOPACTBOPUMBIX MPOAYKTOB BCTYIAeT
TOJIBKO aHMOH J[00AaBKH, a KATUOH COXPAHSETCS B KHIKOU
(haze TBepACIOIIIEH CUCTEMBI, COOTBETCTBEHHO, TOBBIIIACTCS
pH cpengr. [Ipu aToM HenocTaromue it 00pa3oBaHUs ABOH-
HOW COJIM MOHBI KaJbIMSI MOTYT JOIOJHHUTEIBHO MOCTAB-
JATBCA € MTOBEPXHOCTHU YaCTUIl MUKPOKAJIbIUTA. B peE3yYIib-
TaTe IPOAYKTHI ruapatranuu CHCTEMBI
I+MKI+(KM+TKII®) B ocHOBHOM mpeacTasieHsr CSH—
(ha3oii ¢ 6onee BeicokuM 3HaueHuem C/S = 0,75-0,8 mo cpas-
HEHUIO c cucTeMamu L+MKI+KM+XC) u
L+MKI+MKJI.

The mechanism of potassium pyrophosphate influence is
related to the effect on the dispersion medium of the system.
Being a strong electrolyte, potassium pyrophosphate changes
the ionic strength of the solution and increases its supersatu-
ration, so it can act as an intensifier of clinker minerals dis-
solution. On the other hand, only the reaction of the addi-
tive's anion results in the formation of insoluble products,
and the cation keeps the liquid phase of the hardening sys-
tem. Hence, the pH medium increases. In this case, calcium
ions lacking in the formation of double salt can be addition-
ally supplied from the surface of micro-calcite particles. As
a result, the hydration products of the system
C+MCH(XG+PP) are mainly represented by CSH-phase
with a higher value of C/S =0.75-0.8 in comparison with the
systems C+tMCH(XG+SG) and C+MC+MKL.

TABJIUIA 5 ®A30BbIIl COCTAB ITPOAYKTOB I'MIPATAIIMA HIEMEHTHBIX CUCTEM B

PA3JIMYHBIE CPOKU TBEPJEHUSA

Table 5 Phase composition of cement systems hydration products in different time hardening

Cpok ®a3oBblii cOCTaB

TBep- Phase composition

”ec";;"’ +MKL+MEKJT +MKI+HEKM+KC) +MKI+(KM+TKII®)

Days C+MC+MKL C+MCHXG+SG) C+MC+(XG+PP)
1 CaCOs; Ca(OH)2; 4Ca0-5Si02-5H20 CaCOs; Ca(OH)2; CaO-2Si02-2H20 CaCOs; Ca(OH)2; 9Ca0-128i02-7H20
3 CaCOs3; Ca(OH)2; 4Ca0-5S102-5H20 CaCO3; Ca(OH)2; 4Ca0-5Si02-5H20 CaCOs; Ca(OH)2; 4Ca0-5Si02-5H20
7 CaCO3; Ca(OH)2; 9Ca0-12Si02-7H20 | CaCOs; Ca(OH)2; CaO-2Si02-2H20 | CaCOs; Ca(OH)2; 9Ca0-12Si02-7H20
14 CaCOs; Ca(OH)2; 9Ca0-12Si02-7H20 | CaCOs; Ca(OH)2; CaO-2Si02-2H20 CaCOs; Ca(OH)2; 4Ca0-5Si02-5H20
28 CaCOs; Ca(OH); 9Ca0-12Si02:7H20 | CaCOs; Ca(OH)2; 4Ca0-5Si02-5H20 | CaCOs; Ca(OH)z; 9Ca0-12Si02- 7H20
90 CaCO3; Ca(OH)2; Ca0-28i02-2H20 CaCOs; Ca(OH)2; Ca0-28i02:2H20 | CaCOs; Ca(OH)z; 9Ca0-12Si02- 7TH20

Kunemuxa zudpamayuu u meepoenus.

CormacHO JaHHBIM KoJW4ecTBeHHOTo PDA-anammza
(puc. 2) cucrema LH+MKI+HKM+XKC) otnmgaercss Makcu-
MaJIbHOM CKOpPOCTBIO M CTETEHBIO THIpaTallikl B TCUCHUE
BCETO nepuoza TBEPACHUSL. Cucrema
+MKI+(KM+TKII®) xapakrepusyercs camMoil HHU3KOU
CKOPOCTBIO TBEPJICHHSI Ha HAaYaJIBLHOM 3Tare (10 3 CyTOK), HO
K BO3pacTy 7 CyTOK CTENEHb I'MJIpaTalluy JOCTUraeT ee 3Ha-
yenuit nis cucremsl LI+FMKI+MKIJIL. K 90 cytkam TBepae-
HUs Juis CHCTEM H+MKU+(KM+TKII®D) u
H+MKI+(KM+XKC) 3HaueHHs CTETICHU THIPATAIIMH TOCTH-
raroT OpakTU4ecKu ofuHakoBoro 3HaueHus C. = 79 -80 %.
Cucrema LI+MKI+MKJI oTiinyaercs BBICOKOW CKOPOCTBIO
rUApaTaluy B IEpUOJ 10 3 CYTOK, B iepuos 3-14 cyTok npo-
I[ecC THAPATAINN CYIIECTBEHHO 3aMEAIISIETCS, B PE3YJIbTaTe
kK 90 cyTkaMm maHHas CHCTEMa XapaKTepuiyercs Hanboiee
HU3KUMH 3HadeHnsIMU C, = 74 %.

3aduKcupOBaHHbBIE OTIMYHSA [IPOLECCOB I'MpaTaLluH HC-
CIIEZIOBAaHHBIX CHCTEM 3aKOHOMEPHO CBS3aHO C Pa3NUYMsIMU
B MEXAHM3ME BO3JICHCTBHUS MOAM(DUKATOPOB pPA3THUHON
MIPUPOJIBI HA pa3BUTHE T€TEPOr€HHBIX IpolieccoB (hazoodpa-
30BaHUS  THApPAaTHBIX  coeaMHeHud. [lna  cucrtem
L+MKI+KM+XC) 310 cBs3aHO C POJNBI0 HAHOYACTHI]
Si0,, KOTOpbIE MHTEHCHBHO CBA3LIBAIOT KaTHOHBI Ca’’, Tem
CaMBIM CIIOCOOCTBYSI YCKOPEHHUIO PACTBOPEHHMS KIIMHKEPHBIX
muHepaios. s cuctemsr LI+MKIU+HKM+TKII®) pons mu-
podochara  Kamms ~ KaKk ~ CHJIBHOTO  BJIEKTPOJIUTA,
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Kinetics of hydration and hardening.

According to the data of quantitative XRD analysis (Fig.
2), the system C+MC+H(XG+SG) is characterized by the
maximum speed and degree of hydration throughout the
hardening period. The system C+MC+(XG+PP) is character-
ized by the lowest rate of hardening at the initial stage (up to
3 days), but by the age of 7 days the hydration degree reaches
its values for the system C+MC+MKL. By 90 days of hard-
ening, values of the hydration degree reach practically the
same value C, =79 -80 % for systems C+MC+(XG+PP) and
C+MCH(XG+SG). The system C+MC+MKL is character-
ized by high rate of hydration in the period up to 3 days,
within 3-14 days the hydration process is significantly
slowed down. As a result, by 90 days this system is charac-
terized by the lowest values of C; = 74 %.

The recorded dissimilarities in the hydration processes of
the studied systems are naturally associated with differences
in the mechanism of influence of variable chemistry modifi-
ers upon the development of heterogeneous phase formation
processes in hydrate compounds. As for the system
C+MCHXG+SQ@), it is connected with the role of SiO» na-
noparticles, which intensively bind Ca®" cations, thus pro-
moting acceleration of clinker minerals dissolution. As for
the system C+MC+(XG+PP), the role of potassium pyro-
phosphate, as a strong electrolyte changing the ionic strength
of the solution, is blocked by the presence of gum in the sys-
tem at the initial stage of hydration. The gum’s effect is
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M3MEHSIONIEr0 WOHHYIO CHJIy pPacTBOpa, Ha Ha4yaIbHOM
JTare THApaTalu OJOKHPYETCs HAMYAEM B CHCTEME Ka-
Menu. Ee neficTBUe CBA3aHO ¢ TeM, YTO, OYIy4Yr XHMUYCCKH
WHEPTHOH 10 OTHOIICHUIO K MUHEpaJlaM CMECH, KaMeJb OJ1-
HOBPEMCHHO TOBBIIIACT IIOTHOCTh U BS3KOCTH JUCICPCH-
OHHOM Cpefbl, TOATOMY M CHOCOOCTBYET 3aMEIJICHHUIO TIPO-
1[ecCOB rujparanuu. JlaHHbIl HEeraTUBHBIA d3PPEKT IPUCYT-
ctBus kamenu B cucteme L[+MKII+HKM+TKII®) xommneH-
CHpYETCS TOJBKO K 7 CyTKaM FHIpaTaIlUK, IPU 3TOM HE TPO-
spisierca npu B cucrteme L[+MKI+(KM+XC) B mpucyr-
CTBUHW aKTUBHBIX HaHOpa3MepHBIX dacTull Si0,. B cucreme
[[+MKII[+MKIJI 8 npucyrctuu Hanodactuil Al,Os3-SiO; ot-
MeuaeTcsl 3aMeJIeHHe Tpolecca rHpaTaliy B Mepuoj 3 -
14 cyTOK, 4TO MOXKET OBITH 00YCIOBIEHO MEPEKPUCTAIIIN3A-
rueit CSH—¢a3 (cMm. tabm. 5).

explained by the fact that being chemically inert in regard to
the minerals of the mixture, gum also increases the density
and viscosity of the dispersion medium, thus it contributes to
the slowdown in hydration processes. This negative effect of
the presence of gum in the system C+MC+H(XG+PP) is com-
pensated only by 7 day of hydration, and it is not apparent in
the system C+MC+(XG+SG) in the presence of active nano-
sized particles SiO;. In the system C+MC+MKL the hydra-
tion process is slowed down in the presence of nanoparticles
ALO3-Si0, within 3 - 14 days. That can be caused by recrys-
tallization of CSH-phases (see Table 5).
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PesynpraTom peanu3aiiy pacCMOTPEHHBIX MEXAHU3MOB SIB-
JSIFOTCSL OTJIMYMSL B KMHETHKE Habopa MPOYHOCTH LEMEHT-
HeIX cucteM (puc.Ommoka! HcToyHUK CCHIIKM He
HaiineH.3). B mepBble CyTKHM TBEpIEHHSI NPOYHOCTH IPHU
CKaTHH CHCTEM «LEMEHT + MHUKPOKaJIbIUT» OTINYACTCS
HanOoJiee 3HAUUTEILHO M HAaXOAUTCS B Auamna3one 1,9 — 23,8
MITa. Haub6onee Hu3Ko# poynocteio 1,9 MIla xapakTepu-
syercst cucrema L[+MKU+(KM+TKII®). B pnurensabie
cpoku TBepaeHus (90 CyTOK) TIPOYHOCTH CHUCTEM
L+MKI+(KM+TKII®) u H+MKIL[+KM+XC) cranoButcs
MpaKTUYeCKH OAMHAKOBOM M cocraBimsier = 45 MIla.

ITpoaomkuTeNnbHOCTh TBEPACHUS, CYT

The analysis of the considered mechanisms shows differ-
ences in the cement systems strength kinetics (Fig. 3). On the
first day of hardening, the compressive strength of the sys-
tems “cement + microcalcite” differs most significantly and
is in the range of 1.9 - 23.8 MPa. The lowest strength of 1.9
MPa is characteristic of the system C+MC+H(XG+PP). Over
long hardening periods (90 days) the strength of systems
C+MCHXG+PP) and C+MCHXG+SG) practically equals
and makes = 45 MPa. The system C+MC+MKL is the
strongest in all terms of hardening, by 90 days its value
reaches = 58 MPa. The hardening kinetics of the studied
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Cucrema I[+MKII+MKJI obnagaer HauOOJbIICH MPOYHO-
CTBIO BO BCE CPOKU TBepJeHHUs, k 90 cyTkaM ee 3HauUeHHE J10-
cturaetr = 58 MIla. Kunetnka TBepAeHHS HCCIIEIOBAaHHBIX
CHCTEM COOTHOCHUTCS C KMHETHKON I'MApaTaluy, a IepruobI
3aMe/ieHusi Habopa MPOYHOCTH COBIAJAIOT C MEPUOJaMHU
akTHBHOMU nepekpucraumzanun CSH—da3.

3akiarouenue

Kunernka mporueccoB CTpyKTypooOpa3oBaHHs M COCTaB
THIpaTHBIX (a3 CUCTEM «IIEMEHT + MUKPOKAJIBLUT» OIperie-
JsieTcsl, TIABHBEIM 00pa3oM BHIOM J100aBKH-MOAN(HKATOPA.
Haubonee 3¢ hexkTHBHBIM SABIISCTCS TPUMEHEHUE MOIH(UTIH-
pyrommx po0aBok Ha ocHOoBe HaHOYacTul Al,O3:Si0O», SiO»,
TaK KaK OHHU CIIOCOOCTBYIOT BOBJICUCHUIO MHUKPOKAIBIUTA B
MPOIECCHl  CTPYKTYpOOOpPa30BaHMSI TBEPICIOIINX CHCTEM.
IIpu 3TOM OGecneunBaeTcs M3MEHEHNE OanaHca MEXIy THI-
paTHBIMH HOBOOOPa30BaHUSIMH B CTPYKTYpPE B CTOPOHY YBe-
muyenust conepxkanusi CSH-¢a3 ¢ Benuuunoir C/S=0,5. Do
00YCIIOBJICHO BO3MOKHOCTBIO 00pa30BaHus 3apO/IbIIeH KpH-
CTaJUTM3aIMK HE TOJIBKO B 00bEMe TBEP/CIONIEH CHCTEMBI, HO
Y Ha NOBEPXHOCTH YaCTHULl MUKPOKAJIBIHTA.

Hanbonee BBHICOKMMH 3HAUCHUSIMHU TIpefieia IMPOYHOCTH
TIPH CXKATHU KaK HAa HAYAJIbHOM JTalle TBEPACHHMS, TaK U B IJTH-
TEJIFHBIE CPOKH OOJIAIAIOT IIEMEHTHBIE CHCTEMBI C MHKPO-
KaJIbIIUTOM MOIU(UIPOBAHHEIE METAaKAOMUHOM (Rex = 58
MIIa B Bo3pacte 90 cyTok). CucTeMBI ¢ TOOaBKaMI KOMILICK-
CBIX MOIU(HUKATOPOB KHUIKOE CTEKIO + KaMeIb, TeTpaKalii
mupodocdaT + Kamenp XapakTepU3yIOTCS CXOAHBIMH 3HaUe-
HUSMH IIPOYHOCTH B JUTUTENIbHBIE CPOKH TBEPACHHS (Rcx = 40
— 45 MIla). Hanbosee HU3KOM MPOYHOCTHIO B MEPBEIE CYTKH
TBepaeHus (Rex= 1,9 MIla) xapakrepusyercs cucrema ¢ 10-
0aBKoii TeTpakanuii mupodocdar + kame/Ib, TaK KaK poJib M-
podocthara Kanus Kak CHIBHOTO 3JICKTPOJIUTA, TOBBIIIAIO-
IIEro pacTBOPHMMOCTD MCXOIHBIX KOMIIOHEHTOB CHCTEMBI, Ha
Ha4yaJbHOM OJTalre TUAPATAlK OJIOKUPYETCSl yBETMYCHHEM
BSI3KOCTH JKHJKOH (ha3bl N3-32 HATMYHS B CHCTEME KaMe/IH.

BrnmstHIEe paccMOTPEHHBIX MOIU(HUKATOPOB HA KHHETHKY
TBEPACHUS U IPOYHOCTH IIEMEHTHBIX KOMITO3HITHIA OTIPEeIeIIsi-
eTcsl KOHKYPUPYIOIIMM BIUSHHEM KOJIWYECTBEHHOTO HAKOII-
neHns o0beMa HOBOOOPA30BaHWII 3a CUET MOBBINICHUS CTeE-
TICHN THIPAaTalliH ¥ Ka4eCTBEHHOTO COCTaBa THAPATHBIX HO-
BooOpazoBanmii. CHkeHne ocHoBHoctH CSH-(a3 B pac-
CMOTPEHHBIX CHCTEMaX CIIOCOOCTBYET MOBBILICHHIO HX TIPOY-
Hoctu. Kak mokasano B pyHmamenTansHoi MoHorpaduu [20],
MOBBIIICHUE TPOYHOCTH KPHCTAIOB TMAPOCHUIIMKATOB Kajlb-
LS TIPH CHWYKEHWH UX OCHOBHOCTH CBSI3aH C TIOBBIIICHHEM
KOHIICHTPAIlM KPEMHHHKHCIOPOAHBIX PaJUKalOB B KpH-
CTJUINYECKOH pemieTke. B pesynbrate B KpHUCTAUTMYECKON
peleTKe MpeBaTUPyeT KOBaJICHTHAs CBA3b Si—0, MPOYHOCTH
KOTOpOH B HECKOJIBKO pa3 Bhllle, yeM HOHHOHM Ca—O.
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systems corresponds with the hydration kinetics, and the re-
tardation periods coincide with the periods of active recrys-
tallization of CSH-phases.

Conclusion

The structure formation kinetics and the hydrate phases
compositions of the systems “cement + microcalcite” are de-
termined mainly by the type of modifier. The most effective
are the nanoparticles Al,03-SiO», SiO; - based modifying ad-
ditives, as they facilitate microcalcite involvement in the pro-
cesses of hardening systems structure formation. Additionally,
the balance between hydration products in the structure is
shifted towards increasing the content of CSH-phases with the
value of C/S=0.5. This is due to the possibility of crystalliza-
tion nuclei formation not only in the volume of the hardening
system, but also on the surface of microcalcite particles.

The cement systems with microcalcite modified with me-
takaolin have the highest values of compressive strength both
at the initial hardening stage and in the long-term period (Reomp
= 58 MPa at the age of 90 days). The systems with additives
of complex modifiers “xanthan gum + silicate glass”, “xanthan
gum + potassium pyrophosphate” are characterized by similar
values of strength within long-term hardening (Rcomp = 40 - 45
MPa). The lowest strength in the first day of hardening (Rcomp
= 1.9 MPa) is typical for the system with the “xanthan gum +
potassium pyrophosphate” additive. Being a strong electro-
lyte, potassium pyrophosphate increases the solubility of the
system'’s initial components. At the beginning of hydration,
potassium pyrophosphate activity is blocked by an increase in
the viscosity of the liquid phase due to the presence of gum in
the system.

The influence of the considered modifiers on the hardening
kinetics and cement composition strength is determined by the
competing influence of quantitative accumulation of the new
formations due to increasing the hydration degree and the
qualitative composition of hydrate new formations. Decrease
of CSH-phases basicity in the considered systems stimulates
their strength. As proven in the fundamental monograph [20],
the increase in the strength of calcium hydrosilicate crystals
with a decrease in their basicity is associated with an increase
in the concentration of silicon-oxygen radicals in the crystal-
line lattice. This results in the covalent bond Si-O predomi-
nance in the crystal lattice. This bond's strength is several
times higher than that of the ionic bond Ca-O.
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