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AHHOTAIIUA

Bospacmarowuii unmepec kK yemenmam Ha 0OCHOGE CYNb@OANOMUHAMHBIX U CYAbHOATIOMODEPPUMHBIX KIUNKEPOE, NOJYYEHHbIX
npu Oonee HUKUX MeMnepamypax, uem nopmiaHOyeMeHmHbslil KIUHKep, 00yCio8usaenm Heodxo0uMocmy U3yueHus npoyeccos auo-
pamayuu yemenmog Ha ux ocrose. Ilpu smom ocobulil unmepec 6bl3vieaenm nNoseoeHue dMUX YeMeHmos npu PasIuyHblX PeHCUMax
meepoenus u ycmauosneHue npooyKkmoeg ux 2uopamayuu, a 8 YacmHoCmu IMmpUHeUmMa u Jicene303ameujeHno2o smmpuneuma. Le-
JIbI0 OAHH020 UCCNIe008aHUs ObLIO U3YHeHUe KUHeMUKY 00pa306aHls SMMPUHSUMA U3 CYAbGOANIOMUHAMA KATbYUS U CYTbDOATIOMO-
Geppuma xanvyus npu pazIuLHbIX YCI08UAX MEEPOCHUS, MAKUX KAK 800d, GIANCHBII U CYXOU 8030VX, A MAKIiCe YCMAHOBLEHUE KO-
yecmea 06pazyIOue2ocs IMmpuHauma u cmenenu pacuupenus oopasyos. Iloxkasano, umo odpasysl, 3ameepoesaiowjue noo 60001
eudpamupylomcs ovicmpee, yem 06paszyvl, 3ameepoesaiowue Ha 61aNCHOM 6030yxe. [Ipu smom pasnuya 6 Koauvecmae 006pa308as-
we2ocs IMmMpuUHSUMa He cauwkom eenuxa. Hanpomues, npoyecc eudpamayuu 6 ucnubimamensHulx 00pasyax, meepoesuiux 6 cyxom
6030yxe, NPAKMU1ECKU OCMAHOBULCA @ eYeHUe HeCKOIbKUX OHell U3-3d NOMEPU 3HAYUMETbHOU Yacmu c80000HOU 600bl 8 IMUX YCO-
susx. Ycmanoeneno, ymo kunemuka oopazo8anus JMmpuHeuma 8 UCCie008aHHbX 00pasyax u3 cyibghoanomopeppuma Kaiyus 8
VCIIOBUAX MBEPOCHUSL 80 GIAICHOM B030YXe U 600€, 3aMEMHO MedaenHee, Yem npu udpamayuu cyrvgoanomunama xanvyus. Ilonu-
JiceHHOe pacuiupenue nacm u3 cyrbpoaniomopeppuma Kaibyus 00ycro61eHo MeOIeHHbIM 00PA3068anUueM dIMmMpUuHeuma npu meepoe-
nuu. Cpagnenue pacuupenus oopasyos, NPOUCX00AUe20 60 GLAACHOM 6030yXe U 8 600e, NOKA3AN0, YMO NPU OOUHAKOBLIX KOIUYe-
cmeax smmpunauma pacuupenue 6oavue y 0opasyos, meepoesuiux 8 600e, 4mo 00yclo61eHO NOGLIUEHHBIM B00ON02NI0WEHUCM 8
omux ycroguax. Takum o6pazom, yCmanogieno, ymo cmenenb paculupenus, CeA3aHH020 ¢ IMMPUHSUMOM, 3A6UCUM OM YCIO8UL
meepoeHusl.
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CEMENT EXPANSION ASSOCIATED WITH ETTRINGITE FORMATION
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ABSTRACT

Interest in cements based on sulfoaluminate and sulfoaluminoferrite clinkers is growing. These clinkers are produced at lower
temperatures than Portland cement clinker, which reduces their carbon footprint. Therefore, there is a need to study the hydration
processes of cements based on them. Of particular interest is the behavior of these cements under various hardening conditions and
the identification of their hydration products, in particular ettringite and iron-substituted ettringite. The aim of this study was to
investigate the kinetics of ettringite formation from calcium sulfoaluminate and calcium sulfoaluminoferrite under different curing
conditions such as water, humid and dry air. The amount of ettringite formed and the degree of expansion of the samples were also
studied. It has been shown that samples hardening under water hydrate faster than samples hardening in humid air. However, the
difference in the amount of ettringite formed is not too great. In contrast, the hydration process in testing samples cured in dry air
virtually stopped within a few days. This is due to the loss of a significant portion of free water under these conditions. It was estab-
lished that the kinetics of ettringite formation in the studied calcium sulfoaluminoferrite samples under conditions of hardening in
humid air and water is noticeably slower than during the hydration of calcium sulfoaluminate. The reduced expansion of calcium
sulfoaluminoferrite pastes is due to the slow formation of ettringite during hardening. A comparison of the expansion of samp les
occurring in humid air and in water showed that, with the same amounts of ettringite, the expansion is greater in samples hardened
in water, which is due to increased water absorption under these conditions. Thus, it was established that the degree of expansion
associated with ettringite depends on the curing conditions of the samples.

KEY WORDS: ettringite, iron-substituted ettringite, calcium sulfoaluminate, sulfoaluminoferrite clinker, kinetics of ettringite
formation, hydration, expansion, hardening conditions in water, in humid and dry air.
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BBEJEHUE

Bospactaromue NOTpeOHOCTH NPUMEHEHHS CIEIHAIbHBIX
[IEMEHTOB O0YCIIOBIHMBAIOT HEOOXOAUMOCTh Pa3pabOTKH HOBBIX
BUJIOB IIEMEHTOB, COYCTAIONINX B ccO€ NMpEenMyINecTBa Cylle-
CTBYIOIIUX CIHEIMAaNbHBIX LIeMEHTOB. OTpaHUYEeHHOCTh ChIphE-
BOW 0a3bl ISl MPOU3BOCTBA PACHINPSIOMINXCS X HAIPSTAIOIINX
LIEMEHTOB 00YCIJIOBMIIa HEOOXOJUMOCTh Pa3padOTKH HOBBIX CO-
CTaBOB PACIIUPSIOIIUXCSI KOMIIOHEHTOB ¥ TEXHOJIOTHH MX TOJY-
4yeHus. B 5ToM ruiaHe nepcreKTUBHbI CyIb(aTupOBaHHbIE MIHE-
pamsr [1-4]. U3BectHBI cynbdoamoMHHAT U CyIb(odeppur
KaJIBIHs, MMEIOINE CBOM CIenn(HIECKHe CBOWCTBA, coYeTas
KOTOPBIE MOKHO ITOJIY49NTh IEMEHTHI C HOBBIMH, 3apaHee 3a/1aH-
HBIMH CBOWCTBaMH. Bce 3TH cBoiicTBa coderaioT B cebe Cyib-
(hoamomodeppuTh KambIws [5,6].

Cynb(hoamtoMIHATHBIN KIUHKEp IOy4aroT OO0KHTOM IIPH
temneparypax 1250 — 1350°C ceIpbeBoii cMecH, cocTosIme u3
W3BECTHSIKA, TIIMHO3EMCO IeprKalllero KOMIIOHEeHTa U rumca. Tem-
neparypa o0Kura ornpezessieTcsi B 3aBUCHMOCTH OT BU/IA TIIMHO-
3eMCO/IepIKaIllero ChIPhs, B KaueCTBe KOTOPOTO MOTYT BBICTY-
narthb Ae(UIHUTHbIE OOKCHTHI WM HPOMBINIICHHBIE OTX0bI. Da-
30BBII COCTaB CyJb(OATIOMUHATHOTO KIMHKEpa IMPEACTaBlICH
CyIb(pOATIOMIHATOM KaJbIUa (HEIUMUT), OCTUTOM, aFOMO-
(deppuTaMu KaJibMs U APYTHMH BTOPOCTEIICHHBIMH MHHEpa-
namu [6,7].

CynbhoamoMoDeppUTHEIA KIMHKEP MOMYYaroT OOKUTOM
npu temneparype 1300°C cblpbeBOl cMecH, COCTOALLIEH U3 U3-
BECTHSIKA, TIINHO3EMa M JKEJIC30CO 1P KAIINX OTXO00B MPOMBIIII-
JIEHHOCTH U Tunca. Pa3oBblil COCTaB KIMHKEpa IMpeACTaBIeH
anuToM, 0enuToM u cyibhoamomodeppuTamMu Kanbius [S].

B Hacrosiee BpeMsi BayKHOU ITPpOOIIEMOH SBIISIETCS yTOUHE-
HHE yCJIOBUI (pOpPMHUPOBaHMS U yCTOWYMBOCTH STTPHHTUTA MIPH
TBEPJICHUH 00Pa3LOB, COMEPKAIINX PA3TUUHBIC ATFOMHUHATHBIC
COE/IMHEHUsI KaJbLMs B CBOEM COCTaBE B BOJIE, BO BIAXHOM U
cyxoM Bozayxe. OcOOCHHO 3TO BaXKHO JUISl CYXHX CTPOUTEIBHBIX
CMecei, Tak KaKk OHM HaHOCSITCS Ha TIOBEPXHOCTh OETOHA TOHKHM
CJIOEM WIJIM HCHOJIB3YIOTCS B PECTaBpalMOHHBIX padoTrax. Ilo-
TepH 3HAYUTEIBHON YacTH CBOOOJHOW BOZBI B YCIOBHSIX TBEp-
JICHUSI B CyXOM BO3/yX€ MOKET IPHBECTH K Pa3JIOKECHHUIO T'HI-
paTHbIX (a3, CHIKEHUIO MMPOYHOCTH LIEMEHTHOTO KaMHS U €ro
CIIETIJICHHUSI C TOBEPXHOCTHIO PECTaBPUPYEMOTO0 OOBEKTa, U B
UTOT€ K CHIDKEHHIO JOJTOBEYHOCTH HAHECEHHOTO CIIOSI CMECH
[8].

OTTPUHTUT SBJSIETCS BBICOKOCYNb(ATHON (opMOH THIpO-
CyJb(hoaTIOMUHATA KAIIBIMS U CONEPIKUT A0 32 MOJIEKYJ BOJIBI
(3Ca0-Alb03-3CaS04-32H,0). 3TOT KpHCTAILIOTHAPAT OTHO-
curcs k AFt-dase, npencrasmsomnieii co0oi TBepble pacTBOPHI
W cMmeraHable kpuctaiuisl ot 3Ca0- Al,03-3CaS04-32H,0 no
3Ca0O-Fe;03-3CaS04-32H,0 [9,10].

OTTpUHTHUT 00pa3yercs MpH THApATAlM{ PA3INYHBIX HEOp-
TaHUYECKHX CBS3YIOIIUX, B TOM YHUCJIE U NPU THUAPATALUU H
TBEPJICHUH MMOPTIIAHALIEMEHTOB. [Ipu 3TOM 00pasyercs orpaHu-
YEeHHOE KOJIMYECTBO 3TOW (a3bl, KOTOPOE PEryIHpyeT CPOKH
cxBateiBaHus [3]. OgHAKO B HEKOTOPHIX IEMEHTaX KPHCTAIIIH-
3yeTcsl Ype3MepHOe KOJIMYECTBO O0pa3yIoIIerocs 3TTPHUHIHTA,
YTO MOJKET BBI3BaTh PACIIMPEHHE M JJa)K€ PACTPECKUBAHHE 3a-
TBepAeBILel nacTol [2,6]. O4eHb 4acTo pU KOPPO3UOHHOM BO3-
JIEWCTBUN Ha OETOH B TPEUIMHAX MOKHO HaOMIOaTh KPUCTAIUIU-
3allUI0 UTOJbUATHIX KPUCTAIIOB ITTPUHIHTA [6,8].

B MHOTOYHCIICHHBIX MCCIICIOBAHUX, TIOCBALIEHHBIX THIpa-
Taluy ATIOMO(EpPPUTOB KaJbLHUS U COCTaBY HOBOOOPAa3OBaHUM
THIpATHBIX (a3, OKa3aHo, YTO MPOLECC UJIET MEJICHHEE, YeM
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INTRODUCTION

The growing demand for the use of special cements ne-
cessitates the development of new types of cements that
combine the advantages of existing special cements. The
limited raw material base for the production of expanding
and stress-straining cements has necessitated the develop-
ment of new compositions of expanding components and
technologies for their production. In this regard, sulfated
minerals are promising [1-4]. Calcium sulfoaluminate and
calcium sulfoferrite are known, each having its own specific
properties, and by combining them it is possible to obtain
cements with new, predetermined properties. All these
properties are combined in calcium sulfoaluminoferrites
[5.6].

Sulfoaluminate clinker is obtained by firing a raw mix-
ture consisting of limestone, an alumina-containing compo-
nent and gypsum at temperatures of 1250—-1350°C. The fir-
ing temperature is determined depending on the type of alu-
mina-containing raw material, which may be scarce bauxite
or industrial waste. The phase composition of sulfoalumi-
nate clinker is represented by calcium sulfoaluminate (ye-
limite), belite, calcium aluminoferrites and other minor
minerals [6,7].

Sulfoaluminoferrite clinker is obtained by firing at a
temperature of 1300°C a raw mixture consisting of lime-
stone, alumina, iron-containing industrial waste and gyp-
sum. The phase composition of clinker is represented by
alite, belite and calcium sulfoaluminoferrites [5].

At present, an important problem is to clarify the condi-
tions of formation and stability of ettringite during the hard-
ening of samples containing various calcium aluminate
compounds in their composition in water, in humid and dry
air. This is especially important for dry building mixtures,
as they are applied to the concrete surface in a thin layer or
used in restoration work. The loss of a significant portion of
free water during hardening in dry air can lead to the de-
composition of hydrated phases, a decrease in the strength
of the cement stone and its adhesion to the surface of the
restored object, and ultimately to a decrease in the durability
of the applied layer of the mixture [8].

Ettringite is a highly sulfated form of calcium hydrosul-
foaluminate and contains up to 32 water molecules
(3Ca0-Alb03-3CaS04-32H,0). This crystal hydrate be-
longs to the AFt phase, which is a solid solution or mixed
crystals from 3Ca0-Al,03-:3CaS04-32H,0 to
3Ca0-Fe;03-3CaS04:32H,0 [9,10].

Ettringite is formed during the hydration of various in-
organic binders, including the hydration and hardening of
portland cements. In this case, a limited amount of this
phase is formed, which regulates the setting time [3]. How-
ever, in some cements, excessive amounts of the resulting
ettringite crystallize, which can cause expansion and even
cracking of the hardened paste [2,6]. Very often, during cor-
rosive action on concrete, crystallization of needle-shaped
ettringite crystals can be observed in cracks [6,8].

Numerous studies devoted to the hydration of calcium
aluminoferrites and the composition of newly formed hy-
drated phases have shown that the process is slower than the
hydration process of calcium aluminates, but much more
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IpoLece THAPaTaluy aTIOMUHATOB KaJIbLUs, HO Topa3io Ooiee
cinoxHo [11-14]. MHeHUs UcclieioBaTeIeii OTHOCUTEIILHO TH/I-
PaBIIMYECKON aKTUBHOCTH aTtOMO(EppPUTHBIX (a3 CBOIATCA K
TOMY, 9TO THIPATALIOHHAS aKTHBHOCTH B PsILy TBEPABIX pac-
TBOPOB aIOMO(EPPHUTOB KalbIMs CHIDKACTCS C YBEITHUCHHUEM
conepxanus Fe;O3 [5,11,13], a oTHOCUTENBHO MPOAYKTOB TH-
paranuu anoMopeppUTOB KajIbLuUs B IPUCYTCTBUH THIICA, MHE-
HUS BeCbMa NIPOTUBOPEUuBHI [ 14].

O0pazoBaHue KKeNe303aMeNeHHOr0 ATTPUHTUTA IPU THAPa-
Tauuu cyibdoanromodeppuro Ha ocHoBe C4AF Habmonaercs
B IIepBBIC CyTKH ruzaparanun. [Ippaem B nepsrie gack (1-12 ga-
coB) oOpa3zyercst MOHOCY/Ib(aTHast hopMa THAPOCYIb(oaToMo-
(eppura Kampius. ['ekcaroHaJmbHBIC THIPOATIOMO(EPPUTHI
kaipuus coctaBa Cs(AxFi«)Hi3 HaOrOmatoTCst B CyTKH U BO BCe
MOCJICIYOIINE CPOKH, a 3apPOIBIIIHN KyOHUECKUX THAPOATIOMO-
tdeppuroB C3(AxFix)Hs 0Opaszyrorcs B 28 cyToK, IpH 3TOM KO-
JIMYECTBO, 00pa30BaBLIErOCs B MIEPBbIE CYTKH THApOATtoModep-
putoB coctaBa Cs(AxFix)Hi3, ocTaercsa HemsmeHHbIM [9,14].

H3BecTHO, 4TO 00pa3oBaHUe ATTPUHTHTA IPOMCXOAUT C yBeE-
JUYeHHeM oO0beMa B 3 pasa OT epBOHAYaIbHOTO. DTO CBOMCTBO
OBUIO MCHOJB30BAHO AJISl CO3JaHUsl PACIIUPSIIOIIUXCS U HAMPSI-
raloUyX [IEMEHTOB, B OCHOBE KOTOPBIX JIEXKAaJI0 PaclIupeHHe Lie-
MEHTHOTO KaMHs, OCHOBaHHOE Ha 00pa30BaHWU ATTpUHTHUTA. B
HEKOTOPBIX PACIIMPSIONINXCS EMEHTax 00pa30BaHHWE ITTPHH-
THTa UCTIONB3YETCS U CO3MaHHUsA TPEOYEMbIX PacHIMpPSIONINX
HanpsbkeHud [5,6,8,15,16].

3arBepaeBIIas [IEMEHTHAs MacTa MOCTOSHHO HpeTepreBacT
M3MEHEHHS TOoA JeHCTBHEM psina (GpakTopoB u B Oousblmeii cre-
IICHU OT L[eﬁCTBH}I BJIard, 4YTO BbI3BIBACT UBMECHCHUS B CTPYKTYpPE
Y COCTaBe MaTepHaJIOB, U MOKET IPUBOAUTH K X pa3pyLICHUIO,
HN3MCHCHHIO BHCIIHCTO BHJA. HOE)TOMy AKTYAJIbHBIM ABJIACTCA
M3y4YEHUE BIUSHUS YCIIOBUI 00pa3oBaHus rHpaTHBIX (a3 B pas-
JIMYHBIX YCJIIOBUAX U UX yCTOIﬁ'—IHBOCTB.

Oco0eHHO 3TO OTHOCHTCSI K CyXHM CTPOUTEIILHBIM CMECSM,
TaK KaK BO MHOTUX CYXHMX CTPOMTEIbHBIX CMECSIX B COCTABE BSI-
JKYILETO MPUMEHSIOTCS PACIINPSAIOIINECS KOMIIOHSHTHI ATIOMH-
HAaTHOTO U CYJIb()OUTIOMHHATHOTO TBEPACHHUS, IPU THAPATALN
KOTOPBIX 00pa3yeTcst STTPHHIUT, MOP(OIIOTHSI KOTOPOT'O CyIIle-
CTBEHHO 3aBHCHT OT BHJa HICXOJHOTO KIIMHKEPHOTO MUHEpaIa, a
Takke OT ycloBUil oOpazoBanus [9,16,17].

Iesabl0 JaHHOTO McCIeA0BAaHNS ObUTO H3ydYeHHE KMHETHKH
00pa3oBaHKs JTTPUHTHTA U3 CYJIb(GOATIOMHHATA KalbIMA H
cynab(oanoModeppuTa KalbIUs [PH PA3TUYHBIX YCIOBHIX
TBEPACHUS, TAKUX KaK BOJIaA, BJIQXKHBIN U CyXOﬁ BO34YyX, a4 TAKKE
YCTaHOBIIEHHE KOJIMUECTBA 00Pa3yrOLIErocsl STTPUHTUTA U CTe-
TIEH! paclInpeHus 00pa3IoB.

Martepuajbl M1 MEeTOABI HUCCJIeJOBAHUIA

B pabore rcnonb3oBaics cyib(hOaTIOMIHATHBINA IEMEHT MHU-
HEepaJIOTHYeCKUI cocTaB, KOTOPOTO IIPEJCTaBIICH, OEIUTOM
(C2S) — 37 %, cynboamomunarom xanbius (C4A;S) — 56% u
npodne cocTapusiomue 7 %. XUMHYECKHH COCTaB IEMEHTa
mpencTaBieH B Tadumie 1.

B kagecTBe HCXOAHBIX MaTePHAIOB B pa0OTE MCIIOIB30BAJICS
cynsdoamomodepputHsiil KiauHKEp (CADK), BHIMTYIICHHBIA Ha
ITomonscKkOM 1IEeMEHTHOM 3aBojie. XUMHUUECKUH COCTAB U MUHE-
panoruueckuii coctaB CADK ximHKepa npeacTaBieH B Ta0m. 2.

complex [11-14]. The opinions of researchers regarding the
hydraulic activity of aluminoferrite phases boil down to the
fact that the hydration activity in a series of solid solutions
of calcium aluminoferrites decreases with an increase in the
content of Fe O3 [5,11,13], and regarding the hydration
products of calcium aluminoferrites in the presence of gyp-
sum, the opinions are very contradictory [14].

The formation of iron-substituted ettringite during the
hydration of sulfoaluminoferrites based on C4AF is ob-
served in the first day of hydration. Moreover, in the first
hours (1-12 hours) the monosulfate form of calcium hy-
drosulfoaluminoferrite is formed. Hexagonal calcium hy-
droalumoferrites of the composition C4(AxFix)His are ob-
served in 24 hours and at all subsequent times, and the nu-
clei of cubic hydroalumoferrites C3(AxF1-x)He are formed in
28 days, while the amount of hydroalumoferrites of the
composition C4(AxFix)Hi3 formed in the first day remains
unchanged [9,14].

It is known that the formation of ettringite occurs with
an increase in volume by 3 times from the original. This
property was used to create expansive and stress-resistant
cements, which were based on the expansion of cement
stone, based on the formation of ettringite. In some expan-
sive cements, the formation of ettringite is used to create the
required expansive stresses [5,6,8,15,16].

Hardened cement paste is constantly subject to change
under the influence of a number of factors, and to a greater
extent, moisture, which causes changes in the structure and
composition of materials and can lead to their destruction
and changes in appearance. Therefore, it is relevant to study
the influence of the conditions of formation of hydrate
phases under various conditions and their stability.

This is especially true for dry building mixtures, since in
many dry building mixtures, expanding components of alu-
minate and sulfoaluminate hardening are used in the binder
composition, the hydration of which forms ettringite, the
morphology of which significantly depends on the type of
the original clinker mineral, as well as on the conditions of
formation [9,16,17].

The aim of this study was to investigate the kinetics of
ettringite formation from calcium sulfoaluminate and cal-
cium sulfoaluminoferrite under different curing conditions
such as water, humid and dry air, and to determine the
amount of ettringite formed and the degree of expansion of
the samples.

Materials and research methods

The work used sulfoaluminate cement, the mineralogi-
cal composition of which is represented by belite (C,S) —
37%, calcium sulfoaluminate (C4A3S) — 56% and other
components — 7%. The chemical composition of the cement
is presented in Table 1.

The starting materials used in the work were sulfoalu-
minoferrite clinker (SAFC) produced at the Podolsk cement
plant. The chemical composition and mineralogical compo-
sition of SAFC clinker are presented in Table 2.
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TABJIALA 1 XUMAYECKHANA COCTAB CYJb®OATIOMAHATHOI'O IIEMEHTA

Table 1 Chemical composition of sulfoaluminate cement

Conep:xanne oKcuI0B, %
Martepuan Oxide content, %

Material Si0: ALO; | Fe:03 Ca0 MgO SO; R:0 e
CyIbhOAMOMHHATHBIH UCMEHT | ) 75 14,73 3,20 51,45 1,76 10,45 1,14 2,70
Sulfoaluminate cement
TIIII — TIOTEPH NIPH ITPOKATUBAHUH
ignition losses

TABJHMIA 2 XUMHYECKHA 1 MUHEPAJIOTUYECKHNIM COCTAB CA®K KJIUMHKEPA
Table 2 Chemical and mineralogical composition of SAFC clinker
Conep:xanue OKCHI0B, Macc. % Conep:kaHue MHHEPAJIOB, %o
Oxide content, wt.% Mineral content, %
SiO2 14,76 CyabsdoanomodeppurHas dasza 55.60
AlLO3 10,87 Sulfoaluminoferrite phase
Fe203 13,78 Agur 10-15
Ca0O 56,39 Alit
MgO 2,04 Bbeaunt
SO 2.39 Belit 25-30
R0 1,09
T 0,51

LemenT Ha ocHOBE cynb(hoamoMoPeppUTHOTO KINHKEPA 1
rurnca B konmuectBe 10 Macc.% moinydanu COBMECTHBIM MIOMO-
JIOM JI0 Y/IeJIbHOM noBepXxHOCTH 350 M2/KT.

LlemeHTHast macta M3 CyJb(QOATIOMHHATHOTO HIIH CYJIb-
(hoamoMoeppUTHOTO IIEMEHTa FTOTOBHUJIACH MIPU BOJOIIEMEHT-
HoM otHomienuu 0,40. M3 neMeHTHO# macTel opMoBaau 00-
pasubl A ucnbiTanuii pazmepom 10 x 10x 30 mm. [Mocne cxBa-
THIBAaHUS M U3BJICUCHHS U3 (OPMBI OHH XPAHIIIHCH JIO UCTIBITA-
Hull npu Temnepatype 20 °C B CyXoM BO3/lyXe B IKCUKAaTOpe
HAJl CHJIMKArelieM, B BO3/IyX€e, HACBHIIIICHHOM BOISTHBIM TApOM,
U B BOJIC, HACKHIIIICHHOI M3BECTHIO.

[Ipu TBepreHNH 00pa3IOB B MPOIIECCE THAPATAIIUH IIPOTE-
KaJa cleyromas XUMUYIecKas peakius:

Cement based on sulfoaluminoferrite clinker and gypsum
in an amount of 10% by weight was obtained by joint grind-
ing to a specific surface area of 350 m?/kg.

Cement paste from sulfoaluminate or sulfoaluminoferrite
cement was prepared with a water-cement ratio of 0.40. Test-
ing samples measuring 10 x 10 x 30 mm were formed from
cement paste. After setting and removal from the mould, they
were stored until testing at a temperature of 20 °C in dry air
in a desiccator over silica gel, in air saturated with water va-
pour, and in water saturated with lime.

During the hardening of the samples during the hydration
process, the following chemical reaction took place:

3Ca0-3A1,03-CaS0O4 + 8 CaS0O4-2H,0 + 6 Ca(OH); + 74H20 — 3Ca0-3A1,03-3CaS0O4 32H,0

M3MeHeHne reoMEeTPHIECKHX Pa3MEPOB U Macchl 00pa3oB
OTIPEICIISIIMCH OCNIE PAa3JIMYHOr0 BPEMEHHU THApATalMy WIIN
J0 TeX IIOp, II0Ka OHM HE Paclalich U3-3a YPEe3MEPHOro pac-
mmpeHus. ['uaparanuo o0pas3ioB OCTAaHABIMBAIY, BbIACPIKH-
Bast 00pasLbl B allETOHE, MOCIE Yero CyLIMIM Ha Bosayxe. Ko-
JMYECTBO 00pa30BaBIIErOCS STTPUHIHTA ONPEICTSIA METO-
oM auddepeHmanTsHoro TepMmdeckoro anammsa (I TA).

Pe3yabTaThl U 00cy:KIEHNE

JlanHble 0 paciMpeHuHn (CpeHIe 3HaYeHUs Tpex 00pas1oB
JUTSL UCTIBITAHKI ) JUTS T1ACT, U3TOTOBJIEHHBIX C UCIIOIb30BAaHUEM
C4A3S npencrasnensl Ha puc. 1.

CpaBHeHI/Ie PE3YIBTATOB, MMOJTYUYCHHBIX HAa UCTIBITATCIIbHBIX
o0pasiax, KOTopble TBEpJeld B BOJE, MOKa3blBaeT OOJIbIINE
pas3inurg Kak B OTHOIICHUN KHHCTUKH ITpoHecca paClIupCHUs,
Tak u obmiero pacmmperus. OOpasipl 04eHb OBICTPO PACIITH-
PHWIIHCH U pacnajiich MeHee 4eM 3a 1 MecsI] U3-3a Ype3MEpHOro
pacumpenus. OOpasupl, TBEpACBIIME BO BIAXXHOM BO3AYyXeE,
pacIIMpSIFOTCS TaK ke, KaK TBEpACKOLIME B BOJAE, HO MEJICH-
Hee. Bce 00pasisl 1Jist UCTIBITAHK PACainch MeHee YeM 3a |
TOJI U3-32 YPE3MEPHOTO PACIIHPEHUSL.

OO0pasiibl, TBEPCBIIKNE B CYyXOM BO3/yX€, MOKA3aIH OTYET-
JIMBOE, XOTS M MEHbIIIEE PACIIUPEHHUE.
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The changes in geometric dimensions and mass of the
samples were determined after different hydration times or
until they disintegrated due to excessive expansion. Hydra-
tion of the samples was stopped by soaking them in acetone
and then air-drying. The amount of ettringite formed was de-
termined by differential thermal analysis (DTA).

Results and discussion

Expansion data (average values of three testing samples)
for pastes made using C4A;S are shown in Fig. 1.

Comparison of the results obtained on testing samples
that were cured in water shows large differences both in terms
of the kinetics of the expansion process and the overall ex-
pansion. The samples expanded very rapidly and disinte-
grated in less than 1 month due to overexpansion.

The samples hardened in moist air expand in the same
way as those hardened in water, but more slowly. All testing
samples fell to pieces in less than 1 year due to excessive ex-
pansion.

Samples cured in dry air showed a distinct, albeit smaller,
expansion.
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PUCYHOK 1 250
PACIIUPEHUE OBPA3IIOB U3 CsA3S, 200
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CremnieHp pacmmpeHus 00pasIoB U3 cyab(oanomMopeppuTa
KaJbLUs [IPEACTABICHBI Ha pHC.2.

Kak BHIHO U3 IIPEACTaBICHHBIX JAHHBIX 00pa3Iibl PacIlu-
pSUTHCH MEUICHHO, M 3aMETHOE TPEUIMHOOOPa30BaHUE CTAIO
OYEBHIHBIM TOJIBKO 4epe3 12 mecses.

PUCYHOK 2

The degree of expansion of calcium sulfoaluminoferrite
samples is shown in Fig. 2.

As seen from the presented data, the samples expanded
slowly, and noticeable cracking became evident only after 12
months.

70
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Wzyuenne KMHETHKH 00pa30BaHUs STTPUHTHTA B HCCIIENO0-
BaHHBIX 00pa3lax M3 CyJIIO(OATOMUHATA KAJIBIHs, TBEPIEB-
[IMX B YCJIOBUSX BJIQXKHOTO BO3yXa M BOABI OKA3aJI0, YTO 3T-
TPUHTUT 00pa3yercs O4YeHb OBICTPO B TE€UYEHHHU TEPBBIX 7 Cy-
ToK. B cnenyromue 14 cyT Bmiots 10 21 cyT 0Opa3oBaHue 3T-
TPUHTHTA TPOJIOIDKACTCS, OJHAKO HE TaK MHTEHCUBHO H K 28

Bpems TBepaeHN, MecC,

—®—BJA:KHBIH BO3AYX —®—Boja

A study of the kinetics of ettringite formation in the stud-
ied calcium sulfoaluminate samples, hardened in conditions
of humid air and water, showed that ettringite forms very
quickly during the first 7 days. In the next 14 days up to the
21st day, the formation of ettringite continues, but not as in-
tensively, and by the 28th day its formation stabilizes (Fig.

CyTKaM ero obpas3oBanue crabunuzupyercs (puc.3). 3).
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CpaBHeHHE pacmUpeHus 0O0pa3IoB, MPOMCXOMANINX BO
BJI&)KHOM BO3JlyX€ M B BOJIE, [I0KA3aJI0, YTO MPU OJUHAKOBBIX
YPOBHSX 3TTPUHTUTA pacIIipeHue ObUIo OobIIe y 00pasos,
TBepIeBIINX B Boje (puc.4). MOXXHO 3aKIIOYHTH, YTO TIOBBI-
LIEHHOE BOJIOMOTJIOIICHHE B 3THX YCIOBHAX CTUMYJIUPYET pac-
NIMPCHUE 3aTBepleBInel macThl. [I0CKONBKY paciiupeHue B
000MX YCJOBHUSX CONPOBOXKIAIOCH IMOTJIOMICHUEM BOIBI U3
OKPY’KaIOMIEeH CpeIbl, MPECTABISICTCA BEPOSITHBIM, YTO B TIPO-
[[eCCe PACIIMPEHUS MPOUCXOIMIH SBJICHUS HAOYXaHUS.

PUCYHOK 4

W
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PACIIMPEHHUE B 3ABUCUMOCTHU OT
KOJIMYECTBA OBPA30OBABIIEIOCA

3TTPUHIUTA B OBPA3LIAX U3 C4AsS,
TBepAEeBIUHX B BO/Ie H BO BJIA’KHOM BO31yXe
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Figure 4

Expansion as a function of ettringite formation in
C4A3S samples hardened in water and moisture air
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Ha puc.5 nokazaHa KnHeTHKa 0Opa30BaHUs STTPUHIUTA B
HCCIEeIOBAaHHBIX 00pa3iax u3 cynbdoanoMopeppuTa Kaablus
B YCJIOBHSIX TBEPACHHI BO BIAXKHOM BO3IyXe U Boje. Peakius
00pa3oBaHus ITTPUHTUTA 3aMETHO MEJUICHHEE, YeM MPH TUjl-
paranuu cyiab(oaaroMuHaTa KaabIus.

W3yyenue pacluupeHuss MCCIEAYEMbIX IAacT U3 CyJjb-
(hoamomodeppuTa KaIbKs B 3aBUCHMOCTH OT KOJIHYECTBA 00-
Pa30BaBIIErOCs] STTPUHTUTA MOKA3aJ0, YTO CHOCOOHOCTh IT-
TPUHTUTA BBI3bIBATH PACHIUPCHUEC JIA IMOJTYUYCHUA 3a}IaHHOﬁ
CTCTICHU paCHIMpEHUd B MacTax, TBEPACHOMIUX B BOJAC MU Ha
BJIQXKHOM BO3/Iyxe TpeOyeTcs pa3Hblie KOJMIECTBA ITTPHHTUTA.
[oHMKXEHHOE PaCIIMPEHUE MACT OOBSICHACTCSI MEJICHHBIM 00-
pa3oBaHUEM ITTPUHTUTA MPH TBEPACHHHU Cyibdoanomodep-
puta Kanpnus (puc.6).

PUCYHOK 5

A comparison of the expansion of samples occurring in
humid air and in water showed that, at the same levels of
ettringite, the expansion was greater in samples hardened in
water (Fig. 4). It can be concluded that increased water ab-
sorption under these conditions stimulates the expansion of
the hardened paste. Since the expansion in both conditions
was accompanied by the absorption of water from the sur-
rounding medium, it seems likely that swelling phenomena
occurred during the expansion process.
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W
=]

KHHETHUKA OBPA3OBAHUsI DOTTPUHI'UTA
INPU TUAPATALIUU CYJIbPOAJTIOMODEP-
PUTA KAJIbLIUSA

Figure 5

Kinetics of ettringite formation during hydration of
calcium sulfoaluminoferrite
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Figure 5 shows the kinetics of ettringite formation in the
studied calcium sulfoaluminoferrite samples under hardening
conditions in humid air and water. The reaction of ettringite
formation is noticeably slower than during the hydration of
calcium sulfoaluminate.

A study of the expansion of the investigated pastes made
of calcium sulfoaluminoferrite depending on the amount of
ettringite formed showed that the ability of ettringite to cause
expansion to obtain a given degree of expansion in pastes
hardening in water and in humid air requires different
amounts of ettringite. The reduced expansion of the pastes is
explained by the slow formation of ettringite during the hard-
ening of calcium sulfoaluminoferrite (Fig. 6).
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PUCYHOK 6
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AJTIOMO®EPPUTA KAJIbIIUSI B 3ABUCUMO-
CTHU OT KOJIMYECTBA OBPA30OBABIIEI'OCS
OTTPUHI'UTA, TBepAeBIIUX B BO/I€ U BO BJIAKHOM
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Figure 6

n

Expansion of calcium sulfoalumoferrite samples de-
pending on the amount of ettringite formed, hard-
ened in water and in humid air
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3akiaroueHue

B pesynbrare IpOBEAEHHBIX HCCIEAOBAaHMI MOXHO Clie-
JaTh CIEAYIOIINE BBIBOJIBI:

1. YcraHOBNIEHO, YTO CTENEHb PACIIUPEHHUS, CBSI3AHHOTO C
STTPUHTUTOM, 3aBUCHUT OT YCJIOBUil TBepAeHus oopasuos. I1o-
Ka3aHo, 4TO 00pas3libl, 3aTBEPAEBAIOIINE [10]] BOJOW THIPATH-
pyloTcs ObIcTpee, ueM 00pasiibl, 3aTBEP/ICBAIOIINE HA BIaXKHOM
Bo3nyxe. [Ipu 3TOM pa3HuUIIa B KOJMYECTBE 00Pa30BaBLIEIOCS
OTTPUHTUTA HC CJIMIIKOM BEJIMKA.

2. Ilpouecc rugpaTaIiy B HCTIBITATENbHBIX 00pa3nax, TBEp-
JIEBIINX B CyXOM BO3/yX€, IPAKTHUECKN OCTAHOBHJICS B TEUe-
HHE HECKOJBKHUX JHEH. DTO 00yCIOBIEHO ITOTEpEl 3HAUNTEIb-
HOH 4acTH CBOOOIHON BOABI B 3THUX YCJIOBHSX.

3. Uzyuenune oOpa3oBaHus ITTPUHTUTA B 00pasiax U3 CyJib-
(boaHIOMI/IHaTa KaJIbIUsA, TBEPJACBIINX B YCJIIOBHAX BJIAXKHOT'O
BO3ayXa U BOJBI IMOKa3aJ10, YTO OTTPUHTUT o6pa3yeTCﬂ O4YCHb
OBICTPO B TEUEHHM MEpBHIX 7 CyTOoK. B cienyrommme 14 cyt
BILIOTH 110 21 cyT oOpa3oBaHME STTPUHTUTA MPOJIOJDKACTCS,
OJIHAKO HE TaK WHTEHCHBHO U K 28 CyTkaM ero oOpa3oBaHHe
CTaOMIIN3HpYeTCS.

4. DTTPUHTHT TpH TUApATalUHU cylb(oamomMopeppuTa
KaJIbIUsE 00pa3yercs MeUICHHEe W B MEHbBIIEM KOJIHMYECTBE,
4TO 00yCIIOBIMBAET HEOOIBIIIOE pacIIMPEHHE 00Pa3IOB.

5. CpaBHEHHE pacHIMpeHHs: 00pa3loB KaK U3 CyJb(oalio-
MHHaTa KallblMs, TaK U U3 CynbhoaroModeppura KaibIus,
MPOUCXOIAIIETO BO BIAXKHOM BO3/yX€ U B BOJIE, I0Ka3ajo, 4TO
Ipyu OAWHAKOBBIX KOJIMYECTBAX OTTPUHIHUTA PACIIUPCHUC
Oomnpire y 00pasIoB, TBEPAEBIINX B BOJAE, YTO 0OYCIIOBICHO
TMMOBBIIIEHHBIM BOJOIOTJIONICHUEM B OTHUX YCJIIOBUAX.
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Conclusion

As a result of the research conducted, the following con-
clusions can be drawn:

1. It was found that the degree of expansion associated
with ettringite depends on the curing conditions of the sam-
ples. It has been shown that samples hardening under water
hydrate faster than samples hardening in humid air. However,
the difference in the amount of ettringite formed is not too
great.

2. The hydration process in test samples cured in dry air
practically stopped within a few days. This is due to the loss
of a significant portion of free water under these conditions.

3. A study of the formation of ettringite in calcium sul-
foaluminate samples hardened in humid air and water showed
that ettringite forms very quickly within the first 7 days. In
the next 14 days up to the 21st day, the formation of ettringite
continues, but not as intensively, and by the 28th day its for-
mation stabilizes.

4. During the hydration of calcium sulfoaluminoferrite,
ettringite is formed more slowly and in smaller quantities,
which causes a slight expansion of the samples.

5. A comparison of the expansion of both calcium sul-
foaluminate and calcium sulfoaluminoferrite samples in hu-
mid air and in water showed that, with the same amounts of
ettringite, the expansion was greater in samples hardened in
water, which was due to increased water absorption under
these conditions.
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