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AHHOTALUS

Hccredosanwvl npoyeccuol ¢pasoobpasosanus 6 mpounou cucmeme CaO-Al,03—ZrO; 8 ycrosuax 8vblcokomemMnepamypHuix
meepooghasHbIX peaxkyuli NPUMEHUMENbHO K NOLYYEHUIO 02ZHEYNOPHBIX 8bICOKOTUHOZEMUCBIX YEMEHMOG. YCmanoeneHo, ymo
8 CMECAX «Meil — MeXHUYECKUU 2IUHO3EM — OKCUO Yupkonuay npu nazpesanuu 0o 900°C npoucxooum dvicmpoe pasiodicenue
CaCOs u e3aumooeticmeaue oopasosasuiecocs CaO ¢ Al;Oz ¢ oopaszosanuem Ci2A7. Ipu 1000-1100 °C 6 peaxyuonHbix cmecax
Guxcupyemcs nossnenue mpoiinozco coedunenusn 7Ca0-341,03-ZrO;. Iokaszano, umo obocue cvipvesoii cmecu npu 1200-
1400°C nossonsem noayuums 6vblCOKO2NUHO3EMUCMbIN KIUHKep ¢ npeobnadarowumu gaszamu CAz CA u C7A3Z; 6 nebonbuiux
Konuuecmeax 8 npooykmax oboicuea npucymemeyiom CaZrQOs, Al>Oz u ZrO;. Bsedenue 6 cmecu oxkcuxnopuda amomurust AIOCI
YcKopsem npoyeccbl MUHepanooopaso6anusl.
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ABSTRACT

The processes of phase formation in the ternary system CaO-Al,O3—ZrO;under conditions of high-temperature solid-phase
reactions as applied to the production of refractory high-alumina cements were studied. It has been established that in mixtures
of “chalk — technical alumina — zirconium oxide” when heated to 900°C, rapid decomposition of CaCO3 occurs and the re-
sulting CaO interacts with AL,O3 to form CiA4;. At 1000-1100°C, the appearance of the ternary compound 7CaO-341,03-ZrO;
is recorded in reaction mixtures. It has been shown that firing the raw mixture at 1200-1400°C allows obtaining high-alumina
clinker with predominant phases CA,, CA and C7A3Z; CaZrOs, Al,Os and ZrO; are present in small quantities in the roasting
products. The introduction of aluminum oxochloride AIOCI into the mixture accelerates the mineral formation processes.
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BBEJEHHE

WHaTeHCHUKAINS TETUIOBBIX MPOLECCOB M (P (PEKTHBHOCTD
pabOTHI TEMJIOBBIX arperaToB B Pa3JIMUHBIX OTPACISAX HPOMBIII-
JICHHOCTH CBSI3aHa C IPUMEHEHHEM MaTEPHAIIOB, CIIOCOOHBIX BbI-
JEp)KUBaTh COBMECTHOE NEHCTBHE psina (haKTOpOB — BBICOKHE
TeMIIepaTyphbl, TEIUIOBBIE YIaphl, arpeCCUBHBIE Cpe/bl. B HacTo-
slIee BpeMsl ISl OTHEYHOPHOU (hyTEepOBKH HCTIOJIB3YIOTCS IITYY-
Hble u3zienust u gyrepoBounsie cMmecu [1,2]. OraeynopHsie Ma-
TepHaJIbl OTHOCATCS K YUCITy HanOoJiee JOPOroCTOSIIUX U Ne(u-
IUTHBIX MaTEpUaNoB. Y BEINYEHUE IPOU3BOICTBA OTHEYTIOPHBIX
MaTepuagoB CONPSDKEHO C OONBIINMHU KaITUTAIOBIOXKCHUSIMH,
pacxofaMy HEPreTHYECKUX PECYPCOB, TPYJAOBBIMH U IPYTHMHU
3aTrparamu. B mocnennee BpeMs Bce Oorblniee puMeHeHne B Qy-
TEpOBKAaX TEIUIOBBIX arperaToB HaXOIST XKAPOCTOMKHE OETOHBI
[2]. [IpakTrKka mOKa3ana, YTO WX MCIIOIB30BAHKE B3aMEH IITY-
HBIX OTHEYMOPHBIX MaTepuagoB 00ECIEeYNBACT YCKOPEHUE TEM-
TIOB CTPOUTENBCTBA B 3-4 pa3a, yMEHBIIIEHHE TPYAOBBIX 3aTpaT B
2-3 pa3a, a TaK)Ke CHWXKECHHE CTOMMOCTH CTpOHTeIbCcTBa Ha 20-
40%, TMOBBIIIEHUE CPOKA CIYKObI ¥ MPOU3BOJAUTEIHHOCTH TETl-
JIOBBIX arperaTtoB ¥ YKOHOMHUIO JICHEKHBIX 3aTpaT Ha TeKyIIui 1
KallUTaJIbHBIN peMOHTHI [3,4].

D dekTUBHOCTE KAPOCTONKUX OCTOHOB OMPEICIIACTCS CBOM-
CTBaMH BSDKYIIETro U 3armonHuTens. JKapocToiikuii 6eToH 1 pac-
TBOpP, HCIIOJb3yeMble Uil (YTEpOBKH TEIUIOBBIX arperaros,
JOJDKHBI 00J1aiaTh YCKOPEHHBIM POCTOM HPOYHOCTH, BBICOKOH
OTHEYTIOPHOCTBIO, COXPAHCHNEM JOCTaTOYHON MPOYHOCTH NpHU
HarpeBaHnH, KOTa MPOMCXOANT IIEPEX0 THAPATOB B OE3BOIHBIC
coenuHeHUA [5]. IIpn M3rOTOBICHUH KapOCTOMKOTO OETOHA Ha
OCHOBE BBICOKOTTTMHO3EMUCTHIX IleMeHTOB (BI'Tl) B kauecTBe 3a-
TIOJTHUTEJIS MPUMEHSIOT KopyHa. OmHaKo OH o0yagaeT HU3KOM
aATe3MOHHON CIOCOOHOCTBIO K THIAPATHPOBAHHOMY IIEMEHTY,
COOTBETCTBEHHO OTCYTCTBYET CILEIUICHHE 3allOJHUTENS C Iie-
MEHTHBIM KaMHEM, YTO NPUBOJUT K PE3KOMY CHHKECHHUIO MPOY-
HOCTH OeToHa npu HarpeBaHuu. Kpome Toro, 6osbinas oobemMHas
Macca OETOHOB Ha OCHOBE KOPYH/Ia, 3HAUUTENIbHAasI pa3HUIIA B KO-
s pureHTax TepMUIECKOro pacmmpenust kopyHna u BI'L] cy-
IIECTBEHHO OTpaHWYMBaeT cepy MX mpuMeHeHus. Bompoc no-
Jy4eHHs 3aIOJHUTENS, M0 COCTaBy HJICHTHYHOTO BSDKYIIEMY,
MOXHO PEIINTh, €CIIM IOJy4aTh €ro M3 TOTO XK€ CBHIPbS, 4TO U
camo BsDKyIee. B 3TOM miaHe MepCreKTUBHBIM SIBISETCS HC-
MOJIb30BAHNE B KAYECTBE 3AIIOJTHUTENS KIMHKEpa BHICOKOTIIMHO-
3eMHUCTOrO eMeHTa [6,7]. M31m0keHHOe TOATBEPIKIaeT aKTyallb-
HOCTh M HEOOXOIUMOCTH IIPOBEACHUS HCCIEAOBAHHHA B 3TOM
HalpaBJICHUH.

J11s1 OBBINIEHNST CTOWKOCTH (DyTEPOBKH B YCIIOBHSX BOCCTA-
HOBUTEJIBHOH CpEeIbl B COCTaB CBHIPHEBOW CMECH NP OOXKHre
KIIMHKEpa WM K IIEMEHTY IIPU €ro 1MoMoJie (WM NP MPUTOTOB-
JeHun OeTOHa) MOXKHO BBOAMTH OTHEYIIOpHBIE N00aBku. On-
HaKo, B 3TOM CJly4ae MOXKHO OXHIAaTh 00pa3oBaHHE B COCTaBE
[IEMEHTa THJPATAMOHHO HEAKTUBHBIX COEAMHEHHH, KOTOpBIE
MOTYT IPUBECTH K CHIDKCHHIO OJTHOT'O M3 OCHOBHBIX ITOKa3aTe-
JIel 1IeMEeHTa - ero NpoYyHoCTH. BmecTe ¢ TeM, yCTaHOBJIEHO, YTO
P OJJMTHAKOBOM XUMHYECKOM COCTaBe MPOAYKTOB 00Xxwura, 60-
Jiee Ka4eCTBEHHBIH IIEMEHT MOJy4JaeTcsl Ha OCHOBE KIMHKEpa, B
KOTOPOM TOJIHEE MPOIUIN MPOIECChl MHUHEPAIo00pa3oBaHUI U
TEM CaMbIM MOKHO JIOCTHYb ITOBBIIICHHUS TEXHUYECKIX CBOWCTB
uemenTa [8-10].

OnHUM M3 pelIeHnH yKa3aHHON POOJIEMbI MOKET SBISITHCS
UCIIOJIB30BaHUE COEIMHEHUN IUPKOHMS B COUETaHUU C MUHEpa-
nr3aTopoM ookura. MzBecTHO, 9T0 1pKoH ZrSiO4 ¥ OKCHJ IIHAP-
koHus1 ZrO; (Gannenent) UCHoiIb3yIOTCs ISl MIOJdy4eHHs Kepa-
muku  [11].  Oxcupg uwmpkonus ZrO, oOpasyer Tpu

INTRODUCTION

The intensification of thermal processes and the ef-
ficiency of thermal units in various industries is associ-
ated with the use of materials that can withstand the
combined action of a number of factors - high tempera-
tures, thermal shocks, aggressive environments. Cur-
rently, individual products and lining mixtures are used
for refractory lining [1,2]. Refractory materials are
among the most expensive and scarce materials. The in-
crease in production of refractory materials is associated
with large capital investments, energy consumption, la-
bor and other costs. Recently, heat-resistant concretes
have been increasingly used in linings of thermal units
[2]. Practice has shown that their use instead of individ-
ual refractory materials ensures a 3-4-fold acceleration
of construction rates, reduction of labor costs by 2-3
times, as well as a reduction in construction costs by 20-
40%, increasing the service life and productivity of heat-
ing units and saving money on routine and major repairs
[3,4].

The efficiency of heat-resistant concrete is deter-
mined by the properties of the binder and filler. Heat-
resistant concrete and mortar used for lining thermal
units must have accelerated strength growth, high fire
resistance, and maintain sufficient strength when heated,
when hydrates are converted into anhydrous compounds
[5]. In the production of heat-resistant concrete based on
high-alumina cements (HAC), corundum is used as a
filler. However, it has low adhesive capacity to hydrated
cement, and accordingly there is no adhesion of the filler
to the cement stone, which leads to a sharp decrease in
the strength of concrete when heated. In addition, the
large bulk density of corundum-based concretes and the
significant difference in the thermal expansion coeffi-
cients of corundum and VGC significantly limit the
scope of their application. The issue of obtaining a filler
that is identical in composition to the binder can be re-
solved by obtaining it from the same raw materials as
the binder itself. In this regard, the use of high-alumina
cement as a clinker filler is promising [6,7]. The above
confirms the relevance and necessity of conducting re-
search in this direction.

To increase the durability of the lining in a reducing
environment, refractory additives can be added to the
raw mix during clinker firing or to the cement during its
grinding (or during the preparation of concrete). How-
ever, in this case, one can expect the formation of hydra-
tion-inactive compounds in the cement, which can lead
to a decrease in one of the main indicators of cement -
its strength. At the same time, it has been established
that with the same chemical composition of the firing
products, higher quality cement is obtained on the basis
of clinker, in which the mineral formation processes
have occurred more completely and thus it is possible to
achieve an increase in the technical properties of cement
[8-10].

One solution to this problem may be the use of zir-
conium compounds in combination with a firing miner-
alizer. It is known that zircon ZrSiO4 and zirconium ox-
ide ZrO, (baddeleyite) are used to produce ceramics.
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KpHUCTAIITMYECKHE MOIU(UKAIIIH: MOHOKIIMHHYIO, TETParoHalb-
HYI0 U KyOHYECKyIO, CTa0IJIFHO CYIIECTBYIOMINE B PAa3THIHBIX
TEeMIIepaTypHBIX HHTepBaiax. [Ipuuem KyOmueckas moauduka-
ISl TIPY OXJIKACHUH MIEPEXOANT B TETPArOHANBHYIO, YXYAIIast
CBOICTBa MaTepurana BeieacTere ycaaku [12,13]. Jlnsa ctabumu-
3anuu CTPYKTYphl ZrOs IPUMCHSIOT OKCHIIBI KaJIbIIHs, UTTPHS U
apyrue no6asku [14]. ITockonbKy B BBICOKOTJIMHO3EMHUCTOM Iie-
MmeHte umeercst CaO, TO 3TO MOXKET, BO-NIEPBBIX, 00CCICUUTH
HYXKHBIH 3 (eKT cTadMIu3auy CTPYKTYpPhl OKCHIA IIUPKOHUS,
BO-BTOPHIX, B coueTannu ¢ CaO u Al,O3; OKCH IIUPKOHUS MOKET
00pa30oBEIBaTh THUAPATAIMOHHO-aKTHBHOE coeamHeHne C7A3zZ
[15-17].

AHanu3 JTUTEepaTypHBIX NAaHHBIX ITOKA3al, YTO PE3yJIBTaTHI
WCCIICIOBAaHUN BBICOKOTEMIEPATYPHBIX PEAaKIUH B CHCTEME
Ca0O-ALLO3—ZrO, npUMEeHNUTENHFHO K TOJIYYCHHIO KIMHKEPHBIX
MaTepHaJiOB HEMHOTOUHCIICHHBL. B CBS3H ¢ 3TUM 1LeJIbI0 HACTO-
simei paGoThl SBISIIOCH H3YUYCHHE COCTaBa (a3 M KHHETUKH UX
00pa3oBaHMs B yKa3aHHOU TPOHHOHN CHCTEME B ITUPOKOM HHTEp-
Bajie TEMIIEpaTyp.

MaTepna.m,l M MeTOAbI HCCJAeTOBAHNM

Jnst uccaemoBanust Obutn ucmoib3oBanel CaCOs, AlLOs,
ZrO; MapKH 4.11.a., BBICOKOTIIMHO3EMUCTHIN 1leMeHT Mapku BI'TI-
70, a TakKe MaTepHabl, UCIOIb3yeMbIe MIPU BBIMYCKE BBHICOKO-
TJIMHO3EMHUCTOTO IIeMEHTa (MeJl, TEXHHYSCKHI TIInHO3eM) (Tal-
yama 1).

Zirconium oxide ZrO, forms three crystalline modifica-
tions: monoclinic, tetragonal and cubic, which exist sta-
bly in various temperature ranges. Moreover, the cubic
modification turns into a tetragonal modification upon
cooling, worsening the properties of the material due to
shrinkage. To stabilize the structure of ZrO,, calcium,
yttrium and other additives are used. Since high-alumina
cement contains CaQ, it can, firstly, provide the desired
effect of stabilizing the structure of zirconium oxide,
secondly, in combination with CaO and Al,Os, zirco-
nium oxide can form a hydration-active compound
C/AsZ [15-17].

An analysis of literary data showed that the results
of studies of high-temperature reactions in the CaO—
ALOs—ZrO, system as applied to the production of
clinker materials are few. In this regard, the aim of this
work was to study the composition of the phases and the
kinetics of their formation in the specified ternary sys-
tem over a wide temperature range.

Materials and research methods

The study used CaCOs, Al,O3, ZrO; grade analytical
grade, high-alumina cement grade HAC-70, as well as
materials used in the production of high-alumina cement
(chalk, technical alumina) (Table 1).

TABJIAIA 1. XUMAYECKH COCTAB HCXOJIHBIX MATEPUAJIOB

Table 1. Chemical composition of starting materials

Copaep:xanue okcuaoB, %
Dﬁ:f;?:;l Oxide content, %

SiO; Fe:03 ALO3 Ca0 MgO Na:0 K20 ZrO;
Tmosen 0,1 0,13 96,56 0,63 0,15 0,34 0,15 -
Alumina
Men
Chalk 1,56 0,40 0,66 54,10 0,22 - - -
Kopysn 1,35 0,15 98,0 - - - - -
Corundum
Banenent
Badeleyite 0.2 0,1 0,3 0,5 0,0 0,05 - 98,6
OkeixI0pA amoM i 0.2 03 95,2 0,1 . 0,1 0,1 4,0
Aluminum oxychloride
BI'1-70
HAC-70 0.8 0,15 74,3 24,7 - 0,03 - -

[Tpu BEIOOpE 3aIOTHUTEIIS TSI TSHKEIIOTO XKAPOCTOMKOTO Oe-
TOHA, CTOMKOTO B arpeCCHBHOI BOCCTAHOBHUTEILHOM Cpelie, yuH-
TBIBAJIM, YTO COAEP)KaHWE B HEM OKCHJIOB JKeJe3a M KPEeMHHMS
JIOJDKHO OBITh MHHUMAJIBHBIM. B KauecTBe TOHKOMOJIOTHIX 100a-
BOK NPHMEHSUINCH: OKCHJ ITUPKOHHSA, OKCOXJIOPHJ ATIOMHHUSA,
TEXHUYECKUN TIIMHO3eM (Taour. 1).

[Ipu BEITTOTTHEHNH YKCIIEPUMEHTAIBHON paboThHI HCIIOIB30BA-
JIMCh CIIEIYIONINEe METOABI (PU3UKO-XMMHYIECKOTO aHAIN3a: XH-
MHUYECKHUH, TepuBaTOrpaguIecKuil, peHTreHorpadnIecKuii, JIo-
MHHHUCLEHTHBIH, criekTpanbHblil (MKC), 31eKTpoHHOMUKPOCKO-
MUYECKUI U METOJ| ONTUYECKOM MUKPOCKONMHU. XUMHUECKUN
aHau3 NPUMEHSUIM JUIs KOJUYECTBEHHOTO OIpEJeNIeHHs die-
menToB: Ca, Al, Si, Fe, Zr, Na n ap. Onpenenenue copepx anus
OKCH/JIOB yKa3aHHBIX 3JIEMEHTOB IIPOU3BOAUIHN B COOTBETCTBHH C
T'OCT 5382-91 "LleMeHTBI 1 MaTepUabl LEMEHTHOTO IPOU3BO/-
ctBa". PentreHorpaduueckne ncciaeaoBaHUsl MPOBOIWINCH Ha
npubope JAPOH-7 mpu crenyronmx ycnoBusx: m3mydenue Cu
Ko, ckopocts caera 1000 umr/c, HanpspkeHue Ha TpyOke 26 kB,
cuIta Toka 26 MA, yriioBoit uHTepBain 20=5-70°. da3oBklii cocTa
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When selecting a filler for heavy heat-resistant con-
crete, resistant to aggressive reducing environments, it
was taken into account that the content of iron and sili-
con oxides in it should be minimal. The following finely
ground additives were used: zirconium oxide, aluminum
oxochloride, and technical alumina (Table 1).

The following methods of physical and chemical
analysis were used in the experimental work: chemical,
derivatographic, X-ray, luminescent, spectral (IR), elec-
tron microscopic and optical microscopy. Chemical
analysis was used for the quantitative determination of
elements: Ca, Al, Si, Fe, Zr, Na, etc. The content of ox-
ides of the specified elements was determined in accord-
ance with GOST 5382-91 “Cements and materials for
cement production”. X-ray studies were carried out on a
DRON-7 device under the following conditions: Cu K
emitting, count rate 1000 pulses/s, tube voltage 26 kV,
current 26 mA, angular interval 26=5-70°. The phase
composition of the analyzed material was determined by
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aHATM3UPYEMOTO MaTepuala ONpeIesuIn MO MOI0KEHNIO COOT-
BETCTBYIOIINX JH(PPAKINOHHBIX MAKCHMYMOB Ha PEHTI€HOTpaM-
Max. [Ipy KOJIMYEeCTBEHHOM aHaIN3€ M3MEPSIM WHTETPAIbHYIO
MHTECHCUBHOCTH HanboJee SPKO BBHIPAKCHHBIX AN(PPAKIIHOHHBIX
MaKCUMYMOB COOTBETCTBYIOIINX coeanHeHHU. Tepmorpadudae-
CKHUE HCCIIeI0BaHUS IPOBOIMINCH C UCIIOIB30BAHUEM TEPMOaH-
anuzaropa SDT q600 B TemneparypHoM untepBane 20-1500°C.
CkopocTh HarpeBa 00pa31oB MOAICPKUBAJIH IIOCTOSIHHO U paB-
Ho# 10 K/mun. UK-criekTpockonuyueckue uccie0BaHus MpoBo-
qunuch Ha cnektpoMerpe IS-10 ¢ npusmamu KBr B criexrpans-
Hol o6mactr 400-4000 cvm™!. OGpasLbl 4y HCCIEAOBAHKS TOTO-
BWJIH TIPECCOBAHMEM TINATEIBHO M3MEIBUYEHHOTO UCCIIELYyEMOTO
BEILIECTBA CO CIEKTPAIbHO YUCTHIM OPOMHUCTBIM KaJIeM. DIleK-
TPOHHOMHKPOCKOIINYECKHE HCCIIEJOBAaHNS BBINOMHINCE Ha
pacTpoOBOM AIEKTPOHHOM MHpOcKore " Stereoscan' U 3JIEKTPOH-
HOM MHKPOCKOIIE METOZIOM YTOJBHBIX perutuk. [lns ompenene-
HHS COCTaBa CUHTE3UPOBAaHHBIX ()a3 MPUMEHSUIM MUKPOPEHTIe-
HOCIIEKTpPalbHBIA aHAJIN3 C UCIOJIb30BAaHHUEM 3HEPrOAMUCIEPCH-
OHHOT'O PEHTreHOBCKOTO0 crniekTpomerpa "Link System-860" coB-
MECTHO C PacTpPOBBIM CKaHHPYIOIMUM MHKpockoriom ISM-35 CF.
OnTuyeckre MUKPOCKOMMYECKHE MCCIEIOBAaHUS IPOBOAMIH C
nomoltiso Mukpockona MH-8 B mpoxofsiiem cBeTe B MOPOIII-
KaX C IMMEPCHOHHBIMH >KUAKOCTSIMH.

Pe3yabTaThl U X 00cy:KIeHHE

OTrHEeyNmopHOCTh ATFOMHHATOB KaJblHs (OCHOBHBIX MUHEpa-
JIOB TIIMHO3EMICTOTO IIEMEHTA) TIOBBIIIACTCS 110 MEpe CHIKCHHUS
ocHOBHOCTH MuHepana B pany: CsA (Tw,=1395°C) — CA
(1600°C) — CA» (1765°C) Eme Gomnee BBEICOKOW OTHEYHMOPHO-
ctbto obnanaroT CAg u uucteiii Al,O3, HO OHM TUIPATALMOHHO
uHepTHBI. Clie0BaTeIbHO, OCHOBHOM TEXHOIOTHYECKOH 3aaa-
Yyell MOJy4eHHs OTHEYHOPHBIX IIEMEHTOB SIBJISIETCS MOJyYeHHE
MPOAYKTa, COAepsKaIlero Bo3MoxHoe konngectso CA; u o0ma-
JIAfOIIero B TO K€ BPEeMsl BBICOKUMH T'MJpATallHOHHBIMHU CBOWi-
CTBaMH, YTO IO3BOJIET 00ECIIeYNTh HEOOXOIMMbIE TPOYHOCT-
HBIC MTOKA3aTeH H3ICIHUI B KOPOTKHE CPOKU. JlOCTHTArOTCS 3TH
mapaMeTpsl IMyTeM MoI00pa PeKIMa TePMUIECKOH 00pabOTKU 1
MOTU(PHUIIMPOBAHUS COCTaBa. B CBSI3U ¢ ATHM pacCMOTPUM pe-
3yJBTATHl HCCICHOBAHMS IPOIIECCOB MHHEPaIo0o0pa3oBaHUS B
cucreme, coaepxkaieit CaO, Al,Os u ZrO,. B 3toii cucteme us-
BeCTHBI cienyomue mMuHepanbsl: CipA7, CA, CAjz, CaO-ZrO,,
C7A3Z, C3A u CAg. Ilocneqaue 1Ba MUHepana He PeICTaBISIOT
uHTepeca mockonbky C3A o0pasyeTcst B BBICOKOOCHOBHBIX CMe-
CsIX MOPTIAHALIEMEHTHOTO KinHKepa, a CA¢ He o0iamaer ruj-
PaBIMYECKUMH CBOMCTBAMHU M MOXKET 00pa30BbIBAThCS B CBEPX-
HHU3KOOCHOBHBIX CMECSIX.

Jis ompezneneHHs MOCIEI0BATEILHOCTH MHHEPAIoo0pa3o-
BaHUS B CMECAX MEN-TEXHHYCCKHIA TIIMHO3EeM (CMech 1) i Men —
TEXHUYECKUH TTIMHO3EM — OKCH/I IMPKOHMS (CMech 2) ObUTH Noa-
TOTOBJIEHBI 00pa3UbI-IMIHHIPEI, KOTOpble oOxuram npu 600-
1400°C c unrepanom B 100°C B Teuenue 1 uaca. Cmecu roto-
BWIM U3 pacuera nonydeHus: CA,, Ipu 3ToM B cMech 2 100aB-
s 10% ZrO,. 3mMenbyeHHbIE CMECH JI0 TOJHOTO MPOX0XkKAe-
HUs ckBO3b cuTo Ne 0056 TmiaTenbHO MepeMeENnBali, a 3aTeM
(hopmoBay 00pa3BI-IIIHHIPE! pasMepoM 10x20 MM mox naB-
neaneMm 20 MIla. PerrrenogazoBsiii ananmm3 mokasai (Tadi. 2),
YTO B3aMMOJICHICTBHE MEXTy KOMIIOHEHTAMH Ha0JII0JaeTCs yKe
npu 700°C. Ha penTtreHorpammax o0pas3rioB HaOIIOJAIOTCS TH-
¢dpakuuonnsie muHNK ¢ d= 0,483; 0,268; 0,218 HM, cBHIETEND-
CTBYIOIIHE 0 HAIMYHU B 00pa3ie CrA7.

the position of the corresponding diffraction maxima on
the X-ray diffraction patterns. In quantitative analysis,
the integrated intensity of the most pronounced diffrac-
tion maxima of the corresponding compounds was meas-
ured. Thermographic studies were carried out using an
SDT q600 thermal analyzer in the temperature range of
20-1500°C. The heating rate of the samples was main-
tained constant at 10 K/min. IR spectroscopic studies
were carried out on an IS-10 spectrometer with KBr
prisms in the spectral range of 400-4000 cm™!. Samples
for the study were prepared by pressing carefully ground
test substance with spectrally pure potassium bromide.
Electron microscopic studies were carried out on a "Ste-
reoscan" scanning electron microscope and an electron
microscope using the carbon replica method. To deter-
mine the composition of the synthesized phases, micro-
X-ray spectral analysis was used using a Link System-
860 energy-dispersive X-ray spectrometer together with
an ISM-35 CF scanning microscope. Optical micro-
scopic studies were carried out using a MIN-8 micro-
scope in transmitted light in powders with immersion
liquids.

Results and discussion

The refractoriness of calcium aluminates (the main
minerals of aluminous cement) increases as the basicity
of the mineral decreases in the series: C3A (Tn=1395°C)
— CA (1600°C) — CA; (1765°C). CA¢ and pure Al,O;
have even higher fire resistance, but they are hydration
inert. Consequently, the main technological task of ob-
taining refractory cements is to obtain a product contain-
ing the possible amount of CA; and at the same time pos-
sessing high hydration properties, which allows for the
necessary strength indicators of the product to be
achieved in a short time. These parameters are achieved
by selecting the heat treatment mode and modifying the
composition. In this regard, let us consider the results of
a study of mineral formation processes in a system con-
taining CaO, Al,O3 and ZrO,. The following minerals
are known in this system: Ci2A7, CA, CA,, CaO-ZrO,,
C7A3Z, C3A and CAs. The last two minerals are of no
interest since C3A is formed in highly basic mixtures of
Portland cement clinker, and CA¢ has no hydraulic prop-
erties and can be formed in ultra-low basic mixtures.

To determine the sequence of mineral formation in
chalk-technical alumina (mixture of 1) and chalk-tech-
nical alumina-zirconium oxide (mixture of 2) mixtures,
cylindrical samples were prepared and fired at 600-
1400°C with an interval of 100°C for 1 hour. The mix-
tures were prepared based on the production of CA,,
with 10% ZrO; added to mixture 2. The crushed mix-
tures were thoroughly mixed until they completely
passed through sieve No. 0056, and then 10x20 mm cy-
lindrical samples were formed under a pressure of 20
MPa. X-ray phase analysis showed (Table 2) that inter-
action between the components is observed already at
700°C. The X-ray diffraction patterns of the samples
show diffraction lines with d= 0.483; 0.268; 0.218 nm,
indicating the presence of Ci2A7 in the sample.
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TABJIMILA 2. AHAJIN3 PEHTTEHOT'PAMM OBPA3IOB, OBOXKEHHBIX ITPH PA3JTMYHbIX

TEMIIEPATYPAX

Table 2. Analysis of X-ray diffraction patterns of samples fired at different temperatures

e, Hamunuue aﬂannane.cKnx.nanﬁ MHHEPAJIOB, B HM
Tempera ture’ oC Presence of analytical lines of minerals, in nm
i CaCOs ALO3 CnA7 CA CA2 CaO

600 0,303 0,386 - - - -
700 0,303 0,387 0,489 - - 0,2405
800 0,303 0,387 0,490 0,296 - 0,2405
900 0,303 0,386 0,491 0,296 - 0,2408
1000 0,303 0,386 0,490 0,297 0,446 0,241
1100 - 0,387 0,490 0,297 0,448 -
1200 - 0,3862 0,490 0,296 0,448 -
1300 - 0,3868 0,490 0,296 0,446 -
1400 - 0,387 - 0,297 0,446 -

I[Io Mepe MOBHIIICHHS TEMIIEPaTyphl HHTCHCUBHOCThH [TH-
(paxmmroHHbIX THHUN Ci2A7 MOBHIIIACTCS, OJHOBPEMEHHO TIPHU
800°C mosBnstorcs muanu CA (d= 0,466; 0,287; 0,252 M), a
npu 1000°C — mudpakimonnsie tunun CA, (d= 0,446; 0,26;
0,206 um). IIpu 3TOM, Cyas 11O UBMEHEHUIO UHTEHCUBHOCTH JU-
Huil konmudyectBo Ci2A7 yBenmuuBaerca no 1100°C, a 3atem
HauMHAaeT pe3Ko yMeHbIaThed (pucyHok 1). B atoT mepmon
pe3ko yBennuuBaeTcs konnuectBo CA, B 00030KeHHOM 00pasiie.
B unrepsane 1100-1300°c ero konu4ecTBO yBeIHYUBAETCA IO-
4yTH B 2 pa3a. OQHOBpEMEHHO yBenuyuBaeTcs konuuectso CA» B
o0pasie, ogHako ¢ MeHbIIei nHTeHcuBHOCTRIO. [Ipu 1400°C B
obpasue comepxarcs CA, CA, u cBoOogubIi rimHO3eM, Ci2A7
OTCYTCTBYET.

PUCYHOK 1

N3MEHEHUE HHTEHCUBHOCTHU
AHAJIMTHYECKUX JUHUIA MAHEPAJIOB
INPU OBKUT'E CMECH (CaCOs + ALO3)

1-CaCOs; 2 — AL2O3; 3 - C2A7;
4-CA;5-CA2

Figure 1

Change in intensity of analytical lines of minerals
during firing of the mixture (CaCOs + Al203)
1-CaCOs; 2 — AL2O3; 3 - C2A7;

4-CA;5-CA2

As the temperature increases, the intensity of the
C12A7 diffraction lines increases, and at the same time,
at 800°C, the CA lines (d= 0.466; 0.287; 0.252 nm) ap-
pear, and at 1000°C, the CA, diffraction lines (d= 0.446;
0.26; 0.206 nm) appear. Moreover, judging by the
change in line intensity, the amount of Ci2A7 increases
to 1100°C, and then begins to decrease sharply (Figure
1). During this period, the amount of CA; in the fired
sample increases sharply. In the range of 1100-1300°C
its quantity increases almost 2 times. At the same time,
the amount of CA; in the sample increases, but with less
intensity. At 1400°C the sample contains CA, CA; and
free alumina, C12A7 is absent.

PentreHorpaduueckne HccaeMOBaHUS  MMOATBEPKIAOTCS
MHKPOCKOIIMYECKUMHU HUCCJIEAOBAHUSIMU, BBIIIOJHEHHBIMU Ha
mukpockorie MUH-8. UccnenoBanusi MpoBOAWIM B MPOXOJS-
IIEM CBETE€ B MMMEPCHOHHBIX Mopolnkax. Hamuure mMuHepanos
OTIPEJICIISIIIN TI0 BEIMYMHE CBETONpenomiieHus. [Tockobky 00-
pa30BaBUIMECS MUHEPAJIBI OUY€Hb MEJIKOAUCTIEPCHBI, OTPEAEISIIN
cpenHuid KOoA((QUIMEHT CBETOIPEIOMIICHUS U 10 €ro M3MEHe-
HUIO CyAWIH O HaJWYUU TOTO WJIM MHOTO MUHEpPAJIA, K TOMY K€
Hanuuue Ci2A7 Olpenessuid MyTeM UCCIIe0BaHUsI MUKpOIIpena-
paToB, CMEIIAHHBIX C TUCTUILIUPOBAaHHOM Bo10o#. V3BecTHO, uTO
npu runpparanun Ci2A7 00pa3yroTes xapakTepHbIe U Hero cde-
pOJNUTBL  THUAPOATIOMUHATOB  Kanblui.  M3BECTHO,  4TO
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X-ray studies are confirmed by microscopic studies
performed on a MIN-8 microscope. The studies were
carried out in transmitted light in immersion powders.
The presence of minerals was determined by the magni-
tude of refraction. Since the resulting minerals are very
finely dispersed, the average refractive index was deter-
mined and its change was used to judge the presence of
a particular mineral. Moreover, the presence of Cj2A7
was determined by examining microscopic preparations
mixed with distilled water. It is known that during the
hydration of Ci2A7, characteristic calcium hydroalumi-
nate spherulites are formed. It is known that the
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Kkoa(¢utneHTs cBetonpenomiieHnss CA HaXOoIATCS B Tpeenax
N, = 1,663, N, = 1,643; CA» — Ny = 1,652, N, = 1,617; Ci2A7
nMeeT Kyondeckne kpuctaywisl ¢ N=1,608. Cyns mo u3MeHeHHIO
KoddumerTa cBeTonpeIoMiIeHus (pUCYHOK 2), Ga30BEIi co-
ctaB npu 800°C Gompieit gacTeio npenctasieH Ci2A7, a 3aTeM
M0 Mepe MOBBIIICHUS TEMIIEPATypPhl 00XKHUIa IIPOUCXOJIUT Tepe-
pacmpenenenue antoMuHaTtoB Kaibius. o 1200°C yBenuuuBa-
etcst koauaectBo CA, a cBoitre — CAj. O Hamuunu Ci12A7 B 00-
pasuax, oboxokeHHBIX Tpu 800 u 1000°C CBUAETENBCTBYIOT H
Ppe3yabTaThl MUKPOCKOIINYECKOTO aHaIN3a.

Pucynoxk 2
N

U3MEHEHUE KOS®PUIIUEHTA
CBETOIIPEJIOMJIEHU S OBPA3IIA, i
OBOX)XEHHOI'O IIPH PA3JIMYHOU 1,65
TEMIIEPATYPE

1,64 |
Figure 2 1,63_
Change in the refractive index of a sample
fired at different temperatures 1,62_

1,61 |

AHaNorn4HbIe UCCIIEI0BaHUsI OBUTH ITPOBECHBI U JUIs aHa-
TM3a MUHEPaao00pa3oBaHus MPU 00KHUTE CMECH, COJIEpIKaIIeH
Zr0O,. Ha pucyHke 3 npuBeieHbl pe3yibTaThl peHTreHorpadu-
YEeCKOT0 aHalln3a 000K KEeHHBIX TIPU Pa3IMYHBIX TEMIIEPATypax
00pa3IoB CMeCH, COCTOSMICH M3 Mena, TIIMHO3eMa M OKCHIA
uupkonus. Kak BunHo u3 nanHeix puc. 3, 10 900°C npoucxo-
mut OpicTpoe paznoxxkerne CaCOs3 u B3aUMOIEHCTBHE 00pa3o-
BaBmierocst CaO ¢ Al,Os, Ha pertreHorpamme npu 700°C 06-
HapyxuBaroTcs audpaxnuonaeie THHAN Ci2A7. XUMUYIECKUM
METOJIOM B créke, oboxokeHHOM mpu 700°C, obHapyxeHO 4%
cBOOOTHOHM M3BECTH, B TO BpEMs KaK II0 pacyeTy ee coaepika-
HUE, UCXO/IS 3 Pe3yIbTaTOB ONpEACICHNS IOTEPh P MPOKa-
JIMBaHWH, TOHKHO OBITE 10,8%. ComocraBiieHHe 3THX JaHHBIX
MOKAa3bIBACT, UYTO MICT aKTUBHOE cBs3biBaHue CaO ¢ oOpa3oBa-
HueM CppAj. B mpenenax 1000-1100°C nmpoucxoauT O4eHb
osicTpoe pasnoxxkenue CaCO; M CBSA3BIBAHUE W3BECTH, O YeM
CBHUJICTENIECTBYIOT JAHHBIE XUMHUECKOTO aHAIN3a MTOTEPh IPH
npokasmBaHuu cBobomHoro CaO u HecBszanHoro AlLO; u
ZrO,. B 3T0T epro1 HaYMHAET 00Pa30BBIBATLCS TPOMHOE CO-
equaenne 7Ca0-3Al1,03-ZrO,, oOHapyXuBaeMoOe Ha PEHTTEHO-
rpaMMax Mo JAUPPAKIHOHHBIM JIMHUSAM C MEXKIIOCKOCTHBIM
paccrosaueM d= (0,284; 0,224; 0,196 am. CMech, 000K KEeHHAS
npu 1400°C, comepxutr CA, CA; u C7A3Z, a takke AlO3,
CaO-ZI‘Oz, ZrOs.

HccnenoBanus ¢ momomiplo WHQpakpacHOW CHEKTPOCKO-
MK NoKasany, (pucyHok 4), uto UK-cnexrp ucxonHo# cMmecu
COJIEPXKUT TOJIOCHI, XapaKTEPHbIE ISl OTAEIbHBIX KOMIIOHEH-
TOB: monockl noraomeHus 740, 790 cm™' (BaneHTHEIE Koneba-
aus Al-O cBasu), 867 u 1430 cm™' (neopManroHHEIE U Ba-
JEeHTHBIE KoneGanus 368 m 421 cm!, xapakTepusyrommue Ba-
nenTHble Koebanus Zr-O cBszu. O6xur mpu 700-1000°C co-
MIPOBOXKIAETCS MOSIBJICHHEM HOBBIX ToJioc B oomactu 500-800

refractive indices of CA are within the range N, = 1.663,
N, = 1.643; CAy — N, = 1.652, N, = 1.617; Ci2A7 has
cubic crystals with N = 1.608. Judging by the change in
the refractive index (Figure 2), the phase composition at
800°C is mostly represented by Ci2A7, and then, as the
firing temperature increases, a redistribution of calcium
aluminates occurs. Up to 1200°C the amount of CA in-
creases, and above that — CA,. The presence of Ci2A7 in
samples fired at 800 and 1000°C is also evidenced by the
results of microscopic analysis.

80 10 12 14  x10%°C

Similar studies were conducted to analyze mineral for-
mation during the firing of a mixture containing ZrO. Fig-
ure 3 shows the results of X-ray analysis of samples of a
mixture consisting of chalk, alumina and zirconium oxide
fired at different temperatures. As can be seen from the
data in Figure 3, up to 900°C, rapid decomposition of
CaCO;j and interaction of the formed CaO with Al,O3 oc-
cur; diffraction lines Ci2A7 are detected on the X-ray dif-
fraction pattern at 700°C. A chemical method revealed 4%
free lime in the sinter fired at 700°C, while according to
calculations based on the results of determining losses dur-
ing calcination, its content should be 10.8%. Comparison
of these data shows that there is active binding of CaO
with the formation of C;,A7. In the range of 1000-1100°C,
very rapid decomposition of CaCOs and binding of lime
occurs, as evidenced by the data of chemical analysis of
losses on ignition of free CaO and unbound AlO; and
ZrO;. During this period, the ternary compound
7Ca0-3Al,05-ZrO; begins to form, which is detected in X-
ray diffraction patterns by diffraction lines with an inter-
planar distance of d = 0.284; 0.224; 0.196 nm. The mixture
fired at 1400°C contains CA, CA; and C7A3Z, as well as
AlO3, Ca0-Zr0O», ZrO;.

Studies using infrared spectroscopy have shown (Fig-
ure 4) that the IR spectrum of the initial mixture contains
bands characteristic of individual components: absorption
bands at 740, 790 cm™ (stretching vibrations of the Al-O
bond), 867 and 1430 cm™' (deformation and stretching vi-
brations at 368 and 421 cm™!, characterizing the stretching
vibrations of the Zr-O bond. Firing at 700-1000°C is ac-
companied by the appearance of new bands in the region
of 500-800 cm™', indicating the formation of calcium
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cM™!, cBUIeTENbCTByIOMME 00 OOPa30BaHMM ATIOMHHATOB

kanpuus. [Ipu moBemmennn temmnepatypsl ¢ 1000 mo 1200°c
MHTEHCUBHOCTE 110J10C 675, 875 cM™' yBenMUMBaeTCA U KpoMe
TOTO BUJOU3MEHSCTCS MOJIOCH! TOTIIOMCHNUS, MPUHAIC)KAIINE
ZrO,. UK-cniexTp obpasmna, oboxokerHoro mpu 1400°C comep-
xuT nonockl 530, 570, 683,770 cMm™! (anmFOMMHATEHI KanbLus) U
nonocel 390, 432, 470 cM™! (aIFOMOLMPKOHAT KabLus).

PUCYHOK 3

MHTEHCUBHOCTb AHAJINTUHYECKHUX
JIUHUU COEJUHEHUU B 3ABUCHUMOCTH
OT TEMIIEPATYPBI OB)KUT'A CMECH

1-CaCOs; 2 — AL2O3; 3 — C12A7; 4 — CA;
5-CA2; 6 —Zr0Oz; 7-7Ca0-3A103-ZrOz;
8 - Ca0-Zr0O;

Figure 3

Intensity of analytical lines of compounds depend-
ing on the temperature of firing of the mixture

1 - CaCOs; 2 — A2O3; 3 — C12A7; 4 — CA;
5-CA2; 6 —Zr0Oz; 7—-7Ca0:3A1203:ZrOz;
8 - Ca0-Zr0O:

PUCYHOK 4

HUK-CHEKTPbI OBOXKEHHBIX OBPA3LIOB
IIPA PA3JIMYHOM TEMIIEPATYPE

1 — ucxoansrii; 2 — 700°C; 3 — 1000°C;
4 -1200°C; 5 —1400°C

Figure 4

IR spectra of fired samples at different tempera-
tures

1 - initial; 2 — 700°C; 3 — 1000°C;
4 -1200°C; 5 - 1400°C

DJIeKTPOHHO-MHUKPOCKOITMUECKHE HCCIIeIOBaHUS 00pas3-
1I0B, 000 KEHHBIX MPU Pa3IMYHBIX TEMIepaTypax, MoKa3aiH,
YTO MCXOJHAs CHIPbEBasi CMECh COCTOUT U3 OeCOPMEHHBIX ar-
peraroB U OTHeNbHBIX Tabnuuek. [1o Mepe MOBbIICHHUS TeMIIe-
patypsl o0Knra Ha IMOBEPXHOCTH CKoJia 00pas3IoB HaOIOga-
toTcst xapakTepHbie 17151 CaO OKpyTIIbIe KPUCTAIUTBI, HCUE3at0-
mwe npu 1200°C (pucynok 5). IIpu temmeparype 800°C u
BBILIE MOSBISIIOTCS TI'€KCArOHAJbHBIE M TaOJMTYaThIe KpH-
craibl. TakuM 00pa3oM, IpH OOXKHTE CMECH, CopaepKaiei
MeJl, TIIMHO3EM U OKCHJI IMPKOHMUS IEPBUYHOH (ha30¥ SBIIsIeTCS
Ci2A7, 3atem obpasytotces CA, CA, u C;A3Z. Kak u3BecTHo,
sHeprus xumuueckor cea3u Ca-O B cpennem cocrasisier 170
k/x/Moms, a miust Al-O komeGnercst B mpeaenax 255-380
kJ>K/MOJIb B 3aBHCHUMOCTH OT CTPYKTYpHOTO MOTHBa CBSI3U
ATIOMUHUS C KHCIOpoaoM: TeTpadapbl [AlO4] wim oKTa’apsl
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aluminates. When the temperature increases from 1000 to
1200°C, the intensity of the bands at 675 and 875 cm™! in-
creases and, in addition, the absorption bands belonging to
ZrO; change. The IR spectrum of the sample fired at
1400°C contains bands at 530, 570, 683,770 cm™' (calcium
aluminates) and bands at 390, 432,470 cm™! (calcium alu-
minozirconate).
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Electron microscopic studies of samples fired at differ-
ent temperatures showed that the original raw material
mixture consists of shapeless aggregates and individual
tablets. As the firing temperature increases, rounded crys-
tals characteristic of CaO are observed on the chipped sur-
face of the samples, disappearing at 1200°C (Figure 5). At
temperatures of 800°C and above, hexagonal and tabular
crystals appear. Thus, when firing a mixture containing
chalk, alumina and zirconium oxide, the primary phase is
C12A7, then CA, CA; and C7A3Z are formed. As is known,
the energy of the chemical bond Ca-O is on average 170
kJ/mol, and for Al-O it fluctuates between 255-380 kJ/mol
depending on the structural motif of the bond between alu-
minum and oxygen: tetrahedra [AlO4] or octahedra
[AlOg]. Calculations of the ZrO, bond of the tetrahedral
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[AlOg¢]. Pacuersr cBsizu ZrO; TeTpa’apuydecKOil TPYIIHPOBKH
[ZrOs] moxazanmu, 4TO eOUHWYHAS XUMHYecKas cBsa3b Zr-O
nMmeer 3Hepruro 505 kJ/[x/Momb, a okTadapudeckas — 354
KJI>K/MOJIb.

PUCYHOK 5

MNOBEPXHOCTbD CKOJIA OBOKKEHHBIX
OBPA3IIOB, POM

a— 800 °C yseaunuenue 1000 xpart;
6 — 1400 °C, yseauuenue 2000 xpat

Figure S

Surface of the cleavage of fired samples,
SEM, magnification 2000

a — 800 °C, magnification 1000;
b — 1400 °C, magnification 2000

Hcxons U3 3THX DaHHBIX M C YYETOM BBIMICHPHUBEICHHBIX
pe3yIbTaTOB HCCIENOBAHUHA, MEXaHW3M o0Opa3oBaHus ¢a3
MOJKHO TIPEJCTaBUTh cieaytomum obpazom. Ipu obxure cMe-
ceil BHauasie Ipoucxoaut pa3psiB cBsizu Ca-O u 3a cueT nud-
¢y3uu Ca>* B ALO; 6yayT 00pa30BHIBATECS ATIOMUHATHI Kajlb-
1us. [loBbllieHre TeMneparypsl CIIOCOOCTBYET pa3ynpodHe-
nuio cBsazu Al-O, cooTBeTcTBeHHO Zr'™ OyseT BHEAPATHCS B
KPHUCTAJUTMYECKYIO PEIIETKY AIOMHHATOB KaJIbLMA, 3aMelias
MO3WIMHM aTIOMUHHUA C YYEeTOM KOMIICHCAlUM 3apsja
4A1=3Zr". Beumy TOro, 4to MOHHKIH paguyc Zr™ (0,83 A)
6onbme, uem Al™ (0,57 A), npu BHepeHNH B peIIeTKy aio-
MHUHATOB KaJbLUs OyleT MPOUCXOINUTh €€ PacIIMpPEHUE U TPH
orpezieIeHHOM KoindecTBe ZrO; HaUYMHAETCS ee paclIupeHue
¢ obpazoBaHreM HOBOH (azbl. COOTBETCTBEHHO Ha PEHTT€HO-
rpamme, VK-criekTpax, MHUKPOCHMMKax IMOBEPXHOCTH CKOJIa
00pa3ioB ObLIO0 00OHAPYIKEHO, YTO 0OPA30BaAHKE ATFOMOIIMPKO-
HaTa KaJbIHs MPOUCXOAUT Tociie (OPMUPOBAHHS aJFOMUHA-
TOB Kajiblws. [Ipu 3ToM BhIsIBIIEHO (Tabmauia 3), 4TO MpH JI0-
6apnennu k ucxoauoit cmecu (CaCOs + Al,Os3) okcuaa mupko-
HHS MEXIUIOCKOCTHBIE PACCTOSIHUSI KPHCTAJUIMUECKHX pelle-
TOK BCeX 00pasyromuxcst (a3 CylecTBeHHO U3MEHSIETCSI.

group [ZrO4] showed that a single chemical bond Zr-O has
an energy of 505 kJ/mol, and an octahedral bond has an
energy of 354 kJ/mol.

Based on these data and taking into account the above
research results, the mechanism of phase formation can be
represented as follows. When firing the mixtures, the Ca-
O bond is first broken and calcium aluminates will form
due to the diffusion of Ca?" into Al,Os. An increase in tem-
perature promotes the weakening of the Al-O bond, and
accordingly Zr** will be introduced into the crystal lattice
of calcium aluminates, replacing the positions of alumi-
num, taking into account the charge compensation
4AI3=3Zr". Due to the fact that the ionic radius of Zr**
(0.83 A) is greater than that of A1 (0.57 A), when calcium
aluminates are introduced into the lattice, its expansion
will occur, and at a certain amount of ZrOs, its expansion
begins with the formation of a new phase. Accordingly, in
the X-ray diffraction pattern, IR spectra, and micrographs
of the cleavage surface of the samples, it was found that
the formation of calcium aluminozirconate occurs after the
formation of calcium aluminates. It was revealed (Table 3)
that when zirconium oxide is added to the initial mixture
(CaCOs + Al,0O3), the interplanar distances of the crystal
lattices of all the resulting phases change significantly.

TABJIMIA 3 MEXIIJIOCKOCTHBIE PACCTOAHUA MUHEPAJIOB B 3ABUCUMOCTH OT

TEMIIEPATYPbBI
Table 3 Interplanar distances (nm) of minerals as a function of temperature
T, O KosmuectBo ZrO: Me)l(l'lJ'l'OCKOCTHbIe PACCTOSHHS (am) MHHepaios
Tempera ture"‘ C The amount of The interplanar distances (nm) of minerals
’ Zr0O: Ci2A7 CA CAz

800 - 0,490 0,296 -
800 10 0,493 0,298 -
900 - 0,492 0,296 -
900 10 0,494 0,298 -
1000 - 0,490 0,297 0,446
1000 10 0,496 0,299 0,448
1100 - 0,490 0,297 0,446
1100 10 0,497 0,299 0,449
1200 - 0,490 0,297 0,447
1200 10 0,497 0,299 0,450
1300 - 0,490 0,297 0,446
1300 10 0,497 0,299 0,449
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ITonydyenHble AaHHBIE CBUAETEILCTBYIOT 00 00Opa3oBa-
HHUH TBEPJIBIX PACTBOPOB ATFOMHHATOB KAJIBIUA C OKCHAOM
1upKoHHs. [10CKOIBEKY HOHHBIN pamdyc Zr*" Gonpme Al
TO €r0 BHEJIPEHHE B PEIIETKY aIFOMUHATOB KaJbIUs IIPUBO-
JIIT K €€ PAaCIIUPEHHIO, YTO X OTPAXKAETCS HEOOIBbIINM CIBH-
roM Ju(PaKIUOHHEIX MAKCHMYMOB B CTOPOHY MEHBIIUX Y-
no0B. OOpazoBaHue TBEPIBIX PACTBOPOB, BUANMO, OTpaHHYH-
BaeTcd, T.K. yxke npu 1000°C conepxanue ZrO;, B Konude-
crBe 10 mac.% mpuUBOOUT K 0OPa30BaHUIO CaMOCTOSITEINb-
Horo coeanHenust C7A3Z, aHATUTUYECKHUE JIMHUM KOTOPOTO
UMEIOTCS Ha peHTreHorpamMmax, Haunaas ¢ 1000°C u Beimie.
IIpu nobarnennn ZrO, MOCIENOBAaTEIFHOCTh 00pa3OBaHM
MHHEPAJIOB COXPAHSETCS, HO COCTAB CABHTAETCS B CTOPOHY
yBenmaeHus cogepxanus CA,, 4T0 MOKHO OOBSICHUTH 00pa-
30BaHHEM Ooiree ocHOBHOTO MuHepaina C7A3Z u Mmoaudunu-
pyrouM BiusHHEM nobaBku ZrO;. Takum obOpasom, mpu
OJIMHAKOBOM TeMIIepaType COCTaB KIMHKEpa NpH J100aBKe B
chIpbeBYl0 cMech ZrO, Oyzaer conepxkarb Oonbiie CA, a
CJIe/IOBATENILHO, U O0JIee BHICOKYIO OTHEYOPHOCTb.

BeinosiHeHHbIE HCCIeIOBaHUS MMOKA3ajM, YTO IPOLECC
cunrte3a muHepasioB B cucteme CaO—AlO3—ZrO, muMuTH-
pyercsi kak ckopocTbio cBsizbiBaHusi AlOs, Tak u ZrO,.
JanbHeiimme wcciienoBaHus MHHEpPanooOpa3oBaHUs OCY-
IIECTBILUIN ¢ 100aBKOH OKCHXJIOpHIa IIOMHUHHUSA. BbIOOp
3TOi1 100AaBKHM C/eNaH, NCXOS U3 IPEIIIOCHIIOK, YTO OHA MO-
JKET MHTEHCU(UIIMPOBATh IPOIECC MUHEPATO00pa30BaHHUS.
I'maBHOE ¢ ee MOMOIIBI0 MOXKHO YJIYYIIHTh COCTaB IIEMEHTA
3a cyer oOmeHHBIX peakmuii AIOCI ¢ Fe;Os, u BO3roHKH
FeCl;. Cmecu u3 CaCOs, AlLO3 u ZrO,, paccynTaHHbIC Ha
nosyueHue, B ocHoBHoM, CA; (cMmech 1) 1 To xe ¢ 100aBKoi
AIOCI (cmech 2) obxkuranu npu 600, 800, 1000, 1200 u
1400°C. BpI10 yCTaHOBNIEHO, YTO B IPHCYTCTBUU OKCUXJIOP-
Wa aJIOMHUHUSA MPOHCXOIUT Oojiee ObICTpOE pas3loKeHHE
CaCO:s, B cMmecw, cBszpiBanne CaO u Al,Os3 (Tabmuna 4). B
CMeCsX, COJIePXKAINX OKCUXJIOPH/] ATIOMUHUS, COAEpKaHNe
CaO u HecpszaHHOTO Al,O3 MEHBIIIE BCETO MIPH BCEX TEMIIe-
parypax oOxwura. OJHOBPEMEHHO I10 JaHHBIM XHMHUYECKOTO
aHanM3a Jaucconuanus KapOoHaTa KaJbIUs HAYMHAETCS
paHblie U KojuuecTBO pasznoxusiierocs CaCOs, 3Hayu-
TENILHO CHIDKaeTcsl pu odxure cMmeceit ¢ noodaskoit AIOCI.

The obtained data indicate the formation of solid solu-
tions of calcium aluminates with zirconium oxide. Since the
ionic radius of Zr*" is greater than that of Al**, its introduc-
tion into the calcium aluminate lattice leads to its expansion,
which is reflected in a slight shift of the diffraction maxima
towards smaller angles. The formation of solid solutions is
apparently limited, since already at 1000°C the ZrO; content
in the amount of 10 wt.% leads to the formation of an inde-
pendent compound C;A3Z, the analytical lines of which are
present in the X-ray diffraction patterns, starting from
1000°C and above. When ZrO, is added, the sequence of
mineral formation is preserved, but the composition shifts to-
wards an increase in the CA» content, which can be explained
by the formation of a more basic mineral C7A3Z and the mod-
ifying effect of the ZrO, additive. Thus, at the same temper-
ature, the clinker composition with the addition of ZrO, to
the raw mix will contain more CA,, and therefore higher re-
fractoriness.

The studies performed showed that the process of mineral
synthesis in the CaO-A1,03—ZrO; system is limited by both
the rate of binding of Al,O3 and ZrO,. Further studies of min-
eral formation were carried out with the addition of alumi-
num oxychloride. The choice of this additive was made
based on the assumption that it can intensify the process of
mineral formation. The main thing is that it can be used to
improve the composition of cement due to exchange reac-
tions of AIOCI with Fe,O3 and sublimation of FeCls;. Mix-
tures of CaCOs3, Al,O3 and ZrO,, designed to obtain mainly
CA2 (mixture 1) and the same with the addition of AIOCI
(mixture 2) were fired at 600, 800, 1000, 1200 and 1400°C.
It was found that in the presence of aluminum oxychloride,
the decomposition of CaCOs in the mixture is faster, and
CaO and Al,O3 are bound (Table 4). In mixtures containing
aluminum oxychloride, the content of CaO and unbound
ALOs is the lowest at all firing temperatures. At the same
time, according to chemical analysis data, the dissociation of
calcium carbonate begins earlier and the amount of decom-
posed CaCQOs is significantly reduced when firing mixtures
with the addition of AIOCIL.

TABJINIA 4 KOJIMYECTBO CBOBOJHOI'O CAO U CBA3AHHOI'O ALO3: B3ABUCHUMOCTHU

OT TEMIIEPATYPbI OBKUT'A

Table 4 Amount of free CaO and bound Al:O3 depending on the firing temperature

Temnepartypa, .Cmem, 1 .CMeCL 2
oC Mixture of 1 _ Mixture of 2 _
Temperature, T CaOcB mﬂ:i‘;g;’m I CaOcs cmﬁi‘g"m
oC LDC* CaO unbound ALOs bound LDC* CaO unbound ALO: bound
600 14,0 0,3 0,5 13,2 0,1 0,8
800 9,2 6,5 22,7 7,1 0,5 35,3
1000 5,6 2,2 40,1 32 1,0 51,8
1200 - 1,0 56 - 0,2 60
1400 - - 64 - - 67
* TloTepu pu NPOKaIMBaHUN
* Losses during calcination

Ilo mamHBIM peHTreHo(da3oBOro aHamm3a oOpa3oBaHUE
Ci2A7 ipu oOxwure cmecu ¢ podaBkoit AIOCl HaumHaeTcs
paHbIIE U POCT €ro KOJIMYECTBA MPOUCXOIUT OBICTPO, a 3a-
TEM PE3KO CHIKAeTCs. PeHTreHorpaduuecKuMH, XUMHYC-
ckuMu uccienoBanusamMu U merogom HK-cnextpockonuu
YCTaHOBIIEHO, YTO Tiporiecc ookura B pucyTcTBuH AlOCI
Hapsimy ¢ CAx m C7AsZ oOpasyroTes XJIOpcoaepKaiine
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According to X-ray phase analysis, the formation of
Ci2A7 during firing of the mixture with the addition of AIOCI
begins earlier and its quantity increases quickly, and then de-
creases sharply. X-ray, chemical studies and IR spectroscopy
have shown that the firing process in the presence of AIOCI,
along with CA, and C;As3Z, produces chlorine-containing
compounds. Calcium dialuminate CA; is characterized by
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coenuHeHus. JnamromuHaT Kaneius CA; XxapakTepusyercs
JMHUSIMH noryomenusmu 417, 430, 533, 573, 637, 743, 810
n 920 cm~! (puCyHOK 6), a IMEET JIMHMH MOTIJIOIEHHs 327,
390, 432, 470, 865 cM™'. BBeneHHE OKCUXIIOPHIA B CHIPBE-
BYIO CMECh B KOIHM4ecTBe | Mac. % MPUBOANT K MOSIBIICHUIO
Ha UK-cnekTpax cneka nunHuii norjomenus 463, 680, 837
cm !, JlanpHeliee yBeaudeHHe KOJIMYECTBA OKCHXJIOPHUA
IIOMHHUS 10 2 Mac.% CONpPOBOXKIAETCS MOBBIIICHUEM HH-
TEHCUBHOCTH YKa3aHHBIX JIMHUH IOTJIOIIEHUS! Ha KPHUBBIX
CIIEKTpPa, YTO CBUJICTEIBCTBYET O YETKOW 3aBHCUMOCTH KO-
JIUYIECTBa 00Pa30BaBILIETOCS XJIOPCOAEPIKAIIETO ATFOMUHATA
KanmbIms oT KonmuecTBa BBeaeHHOTO AlOCI B chIppeByIO
cMech. PeHTreHorpaMMbl 000%CKEHHBIX 00pa3IioB XapaKTe-
pusyrorcst 6mmskumMu ¢ CA; nupakIMOHHBIMH JTHHUSMH,
MaKCHMyM KOTOPBIX CIBHHYT B CTOPOHY OOJBIINX yTJIOB.

PUCYHOK 6

HUK-CIIEKTPBI OBOXKEHHBIX
OBPA3I1OB

1 —cmecsh 15 2 — cmech 2;
3 — cmech 1 ¢ podaBkoii 2% oxcuxJjiopuaa
AJITIOMHUHUSA

Figure 6

IR spectra of fired samples

1 — mixture 1; 2 — mixture 2;

3 — mixture 1 with the addition of 2% alumi-
num oxychloride

DJIeKTPOHHO-MHUKPOCKOITMUECKHE HCCIIE0BaHUs 00pas-
1I0B MOKa3aiH (pucyHok 7), uro B npucytctBuu AIOCI kpu-
CTATM3aLMs] MUHEPAJIOB OoJee YeTKast B CPaBHEHHH C XapaK-
TEPOM UX KPUCTAJTU3AIMK 0e3 T00aBKH OKCUXJIOPUAA aJro-
MUHUS B CBIPbEBYIO CMeECh. [Ipy 3TOM Ha HayaJbHOH CTanUU
tBepaodazoseix peakiwmii (900-1100°C) obpasipl xapakre-
PU3YIOTCS MEJIKO3EPHHUCTOM CTPYKTYpPOM, KOTOpasi B OT/EIb-
HBIX ydacTkax nutda coxpansiercs u npu 1300-1400°C.
3epna muHepanos pu 900-1100°C umeroT BUJI YelIyeK, a mo
Mepe noBbiIeHus Temrepatypsl (1400°C) paspes rpaHyiisl
000XCKeHHOT0 00pa3na XapakTepusyercs: (pUCYHOK 7) Hau-
uyheM 4eTkux m1actTuHok CA; u C/A3Z.

PUCYHOK 7

MHUKPOCTPYKTYPA CIIEKOB.

a — 0e3no0aBouHblii yBeauuyeHue 100 kpar;
0 — c nob6aBkoii AIOCl yBenrnuyenne 2000 kpat

Figure 7

Microstructure of sinters.

a - additive-free magnification 100x;
b - with AIOCI additive magnification 2000x
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nornoweHune

absorption lines at 417, 430, 533, 573, 637, 743, 810 and 920
cm™! (Figure 6), and has absorption lines at 327, 390, 432,
470, 865 cm™!. The introduction of oxychloride into the raw
material mixture in an amount of 1 wt.% leads to the appear-
ance of absorption lines at 463, 680, 837 cm™ in the IR spec-
tra of the sinter. A further increase in the amount of alumi-
num oxychloride to 2 wt.% is accompanied by an increase in
the intensity of the indicated absorption lines on the spectrum
curves, which indicates a clear dependence of the amount of
formed chlorine-containing calcium aluminate on the
amount of AIOCl introduced into the raw mixture. The X-ray
diffraction patterns of the fired samples are characterized by
diffraction lines close to CA;, the maximum of which is
shifted towards larger angles.

| | 1 1 | |
400 600 800 1000 1200 1400 v,cm™

Electron microscopic studies of the samples showed
(Figure 7) that in the presence of AlOCI, the crystallization
of minerals is clearer in comparison with the nature of their
crystallization without the addition of aluminum oxychlo-
ride to the raw material mixture. At the initial stage of solid-
phase reactions (900-1100°C), the samples are characterized
by a fine-grained structure, which in certain areas of the sec-
tion is preserved even at 1300-1400°C. At 900-1100°C,
mineral grains have the appearance of scales, and as the tem-
perature increases (1400°C), the section of the granule of the
fired sample is characterized (Figure 7) by the presence of
clear CA; and C7A3Z plates.
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BoiBoabI

Ha paHHUX CTaqusIX MOJy4EeHUS BBICOKOTJIMHO3EMHUCTOTO
KIIMHKepa OJHOBpeMeHHO ¢ pasnoxeHueM CaCO; npoucxo-
JUT XUMHYECKOE B3aMOJICHCTBHIE MEXIy OKCHAAMH C 00pa-
3oBaHneM Ci2A7. [To Mepe NOBHIIIICHHS TEMIIEPATyPhl peaK-
U yCKOpSAETCs, HO OJHOBPEMEHHO O0O0pa3yrolnecs IMpo-
IYKTHl B3aMMOJAEUCTBHSI CIIOCOOCTBYIOT (HOPMHUPOBAHUIO
CII0s1, 9epe3 KOTOPEIH 3aTpyIHsAeTCs QU PY3HUT HOHOB, COOT-
BETCTBEHHO Tporiecc B3aumoseiicteus CaO u Al,O3 numu-
THUpYETCs CKOpOCThI0 M dy3un HoHOB. BBenenune B cmech
CaCO3-Al,O3 okcupa IUPKOHUS, HECMOTPS Ha OOJBLIYIO
MPOYHOCTH CBS3U Zr-O, HECKOJIBKO YCKOPSET IPOLECC MHU-
HEPaNooOpa3oBaHKs Kak 3a CUET BHEIPEHUS KaTHOHOB Zr™
B KPHCTAJUIMUECKYIO PEIICTKY aJTIOMHUHATOB KalbLUs, TaK U
cesspBaansd CaO u Al,O3 ¢ oOpazoBaHHEM aTFOMOITHPKO-
Hata C7A3Z. DddexruBnoit sBnsercs nodaska AIOCI k chI-
PBEBOM CMECH, B IIPHCYTCTBHN KOTOPOTO MPOIECC MUHEPA-
noo6pa3oBanus uHTeHCHuIMpyercs. Hammune Cl-moHoB
CIIOCOOCTBYET OCJIAOJICHUIO CBSI3€H B MCXOMHBIX COCIUHE-
HUSAX ¥ MHUIMUPYET 00pa3oBaHNe aJIOMUHATOB KaJbIKs, a
TaKKe UPKOHUH COJIEPIKAILETO COCANHEHUS.

Jlutepartypa:

1. HedopmoBanHusie oraeynopsl: CipaBouHoe uznanue: B 2-x To-
max. T. 1. Kaura 1. O6mue Bonpock rexnonoruu / 0. E. [TuBun-
ckmit. — 2-¢ u3g. — M.: Temnorexuuk, 2004, — 448 c.

2. HehopmoBanusie oraeynopsl: CpaBoyHoe u3aanue: B 2-x To-
max. T. U. CBoiicTBa 1 npuMeHeHHne He()OPMOBAHHBIX OTHEYIIO-
poB / Ilon pen. Y. JI. KameeBa. — 2-¢ uzn. — M.: TemIoTexHUK,
2004. — 400 c.

3. Hekpacos K.JI. XKapoymopusrii 6eToH. - M.: [IpomcTpoiin3aar,
1957. — 283 c.

4. Kykones I'.B., Poitzer A.. OraeynopHble OETOHBI C TTOBBHI-
IIEHHBIMH OTHEBBIMH cBOMcTBamU // OrHeynopsl, 1949, N2, C.
11-12.

5. Kysnenosa, T. B. V3MeHeHHsI CBOWCTB BBICOKOTJIIMHO3EMHU-
CTOro LeMeHTHOro kamHs npu HarpeBanuu / T. B. Ky3nemnosa //
Cyxue crpoutenbhbie cmecu. — 2018, — Ne 1. — C. 26-28. — EDN
XQIBHV.

6. Krivoborodov, Y. R. Refractory Concrete Based on High-Alu-
mina Cement and Clinker Filler / Y. R. Krivoborodov, T. V. Kuz-
netsova, S. V. Samchenko // Refractories and Industrial Ceramics.
—2021. — Vol. 62, No. 2. — P. 153-156. — DOI 10.1007/s11148-
021-00575-8. — EDN HCXKHL

7. Krivoborodov, Y. R. Structural Changes in Refractory Calcium
Aluminate Cement Concrete / Y. R. Krivoborodov, T. V. Kuz-
netsova, S. V. Samchenko // Refractories and Industrial Ceramics.
—2018. — Vol. 59, No. 2. — P. 151-155. — DOI 10.1007/s11148-
018-0197-1. — EDN BREKVE.

8. BimsHue pexXmMoB TepMOOOPaOOTKM Ha MPOIECC CHHTE3a
KabIUH-aTIOMIHATHBIX (a3 B TEXHOJIOTHU 0CO00 YHCTOTO BBICO-
KOTJIMHO3eMHCTOTO IeMeHTa / M. A. Tpyouns, M. H. Snpeia-
ues, JI. B. ®ypna [u np.] / Becruuk benropoackoro rocymap-
CTBEHHOI'0 TEXHOJIOrM4Yeckoro ynusepcurera um. B.I'. llyxo.a.
—2022. —Ne 2.—-C. 84-93.—-DOI 10.34031/2071-7318-2021-7-2-
84-93. — EDN TOWZFY.

9. AHamm3 CTPYKTYpHO-(a30BOTO COCTOSHHS MOHOAIIOMHHATA
kaneums / FO. A. A63aes, 10. C. Capkucos, T. B. Ky3nenosa [u
1p.] // ImxeHnepHO-CTpOUTENbHBIHN xKypHaIL. —2014. — Ne 3(47). —
C. 56-62. — DOI 10.5862/MCE.47.6. - EDN SBZAHX.

10. I'yces, b. B. CBolicTBa IIMHO3EMUCTHIX IEMEHTOB IpU pas-
JIMYHBIX PeKUMaxX KpHcTamn3anuu paciiasa / b. B. T'yces, T. B.
Kysuenosa, C. B. Camuenko // XX MeHaeneeBckuii che3z 1o 00-
uiel u npukiiagHoi xumui : Te3ucel noknanos B 5 Tomax, Exare-
punOypr, 26-30 centsabps 2016 roma / Ypanbckoe oTaeneHHe

60

Conclusions

In the early stages of obtaining high-alumina clinker,
simultaneously with the decomposition of CaCOs3, a chemi-
cal interaction occurs between the oxides to form Ci2A7. As
the temperature increases, the reaction accelerates, but at the
same time the resulting reaction products contribute to the
formation of a layer through which the diffusion of ions is
impeded; accordingly, the process of interaction between
CaO and AlO;s is limited by the rate of ion diffusion. The
introduction of zirconium oxide into the CaCO3-Al,O3 mix-
ture, despite the greater strength of the Zr-O bond, somewhat
accelerates the process of mineral formation both due to the
introduction of Zr*™ cations into the crystal lattice of calcium
aluminates and the binding of CaO and Al,O;3 with the for-
mation of aluminozirconate C;A3Z. The addition of AIOCI
to the raw material mixture is effective, in the presence of
which the process of mineral formation is intensified. The
presence of Cl -ions helps to weaken the bonds in the origi-
nal compounds and initiates the formation of calcium alumi-
nates, as well as a zirconium-containing compound.
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