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MNPOBJIEMBI 1 ITEPCIIEKTHUBBI UCITOJIb3OBAHUSA AJIIOMUHATHbBIX HIEMEHTOB
JJIA HOJTYYEHUA HE@OPMOBAHHBIX OI'HEYIIOPOB

KpusoGopoaosa C.10.!, Kopurynos A.B.!

'"HaumonanbHblii HecJaeno0BaTe bCcKuii MOCKOBCKHIA TOCY1apCTBEHHbIIl CTPONTEILHBINH YHHBEPCHTET

AHHOTAIMSI. Pocm npouzso0cmea u co8epuiencmeo8anuemM mexHoa02ull pasnuitbix Ompacieli npomMbluIeHHOCmU 00ycioenueaem
nompedHOCMb 8 MAMepUanax, 06ecnevusaruux 00J1208e4HOCMb ymepo8oK Meniosslx azpe2amos. Imo npedonpedeiiencs Heodxooumo-
CMbI0 CO30AHUSL BLICOKO2TUHOZEMUCBIX Yemenmoe (BI'L]) necmomps na ycnexu, docmueHymoie 6 001ACMu paculupeHuss Ux accopmumerHma
U YIYUUeHUs Kauecmed, m.e. UX cO30aHue AGI8emcs 8a)dCHOU u akmyanvHol 3adavetl. Cpedu pasiuuHblx HANPAsLeHUull UCCie008aHuil Ho
nosvlueHuio mexuuveckux ceoticme BI'L] enumanue ucciedosameneti npusiekaem GiusHue UsMeHeHUs MeXHOI0SUYeCKUX napamempos Ha
npoyeccol popmuposanus yemenmnoeo knunkepa. Cpeou makux napamempog ocoboe GHUMaHUe YOeusiemcs XUMULECKOMY COCMAsy Cbipbe-
601 CcMeclU, ee 20MO2EHHOCMU, memMnepamype 00icued, CKOpOCMU OXAANCOeHUsl, 86e0eHUI0 PA3TUYHbIX 006a80oKk u Op. OmoenvHo cmoum
60NPOC 06 02HEYNOPHBIX CEOLICMBAX BbICOKOIUHOZEMUCMbIX YeMenmos. 3aoauel OanHO20 UCCIe008aHUst BbLIO paccmMompenue u3uUKo-xu-
MUYECKUX U MEXHUYECKUX C80UCME AIOMUHAMHBIX YEMEHMO8 U YCMAHOBNIeHUe OCHOBHBIX NPOOIeM U NePCneKmus UCnoNb308aAHUs AIOMU-
HAMHBIX YeMeHMO8 OJisl NOLYYeHUS HePOPMOBAHHBIX OCHEYNOPOs. YyuuieHue HcapoCmotuKux c80lCme HeghOPMOBAHHBIX 0ZHEYNOPO8 HA OC-
HOB€E ATIOMUHAMHBIX YEeMEHMO08 Moicem Oblmb 00ecneyeHo 6edeHIeM 8 COCAB CbIPbEBOLL CMeCU NpU 00JcU2e KIUHKepa 601ee 02HEeYNOPHbIX
006as0k. OOHAKO, 8 SMOM CLYHAE MOJICHO 0CUOAMb 00PA308AHUE 8 COCMABE YEMEHMA UOPAMAYUOHHO HEAKMUBHBIX COCOUHEHUT, KOMOopble
Mo2ym npugecmu K CHUMCEHUO NPOYHOCMU yemeHma. Memoodonrocuueckol 0CHOB0U AGIAEMC AHANU3 TUMEPATNYPHBIX OAHHBIX HO 8ONPOCY
NOUCKa, CUHMe3a U NPUMEHEHUs1 02ZHEYNOPHBIX 006ABOK 05l ANIOMUHAMHBIX YeMenmos. Pezyibmamom ucciedosanus cmano gvissnenue ne-
peuns 006a8ok obecneuusarowux 6oee 8biCoKUe HCAPONPOUHbIE CEOUCMBA HePOPMOBAHHBIX OCHEYNOPO8 HA OCHOBE ANIOMUNHAMMHBIX YyeMeH-
mos. Haubonee nepcnexmusnvim u Haubonee 60cmpebo8antbiM 8 HACmosuee 8pemMs A6IAemca UCNOIb308aAHIUe COCOUHEHULl YUPKOHUS 8 CO-
yemaHuu ¢ MUHEpaIu3amopom obocuza. Taxsce 060CHOBAHA BAHCHOCIb WUPOKOMACUUMADHBIX HAYUHBIX UCCIe008aHUIL 8 SMOU 0OaCL.
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ABSTRACT. The growth of production and improvement of technologies in various industries stipulates the need for materials that
ensure the durability of thermal unit linings. This is predetermined by the need to create high-alumina cements (HAC) despite the successes
achieved in the field of expanding their range and improving their quality, i.e. their creation is an important and actual task. Among the
various directions of research on improving the technical properties of HAC, the researcher’s attention is attracted by the influence of
changing the technological parameters on the processes of cement clinker formation. Among such parameters, special attention is paid to
the chemical composition of the raw material mixture, its homogeneity, firing temperature, cooling rate, introduction of various additives,
etc. The question of refractory properties of high-alumina cement is also discussed. A separate issue is the refractory properties of high-
alumina cements. The task of this study was to consider the physicochemical and technical properties of aluminate cements and to establish
the main problems and prospects for the use of aluminate cements for the production of non-molded refractories. Improvement of heat-
resistant properties of non-formed refractories based on aluminate cements can be provided by the introduction of more refractory additives
into the raw material mixture during clinker firing. However, in this case, formation of hydration inactive compounds in the cement compo-
sition can be expected, which can lead to a decrease in cement strength. The methodological basis is the analysis of literature data on the
search, synthesis and application of refractory additives for aluminate cements. The result of the study was the identification of the list of
additives providing higher heat-resistant properties of non-formed refractories based on aluminate cements. The most promising and the
most demanded at present is the use of zirconium compounds in combination with a mineralizer for firing. The importance of large-scale
scientific research in this area is also substantiated.
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BBEJEHUE

CoBpeMeHHas TEHACHITUS MHPOBOTO Pa3BHUTHS MPOU3BOJI-
CTBa ¥ IPUMEHEHHUS OTHEYIIOPOB 00YCIOBJICHA CYIECTBEHHBIM
CHIDKEHHEM YIETBHBIX PAacX0JI0B OTHEYIIOPOB BO BCEX IPOU3-
BOJICTBaX, CBA3AHHBIX C WX NMpUMeHeHneM. OrHeyHnopHbIe Ma-
TepHaJIbl IPUMEHSIOTCS B METAJNIyprU4€CKOM, CTEKOJIBHOM, ca-
XapHOM, MAIIMHOCTPOUTENBHOM, XUMUYECKOM IPOMBIIIEHHO-
CTH, a TaKXX€ BO BCEX APYTHX OTpacisX, IJie MPOXOaUT paboTa
C IPUMEHEHHEM JIOMEHHBIX, IIAXTHBIX U BPAIAIOIIUXCS TTeUeH.

[Ton orneymopamy MOHMMAIOT TPYIIy MaTepHaioB (Be-
IIECTB W M3JICNINIT), KOTOPbIE HIMEIOT MUHEPAIBHOE IIPOUCXOXK-
JIeHHe W 00J1aaloT COCOOHOCTBIO COXPAaHATh OIpECICHHbIC
(hu3nyecKue XapaKTepPUCTHKH, HECMOTPS. HA BO3JCHCTBUE BEI-
COKHX TEMIIEpaTyp U arpEeCCUBHBIX XUMHUYCCKIX BEIIECTB, BHI-
JIEIIIEMBIX BO BPEMSI T€X WIJIM HHBIX TETUTOBHIX IPOIIECCOB B Me-
TALTYPTUU U APYTUX OOJNACTSIX MPOMBINUIEHHOTO HPOHU3BOJ-
ctBa. O0sacTh MPUMEHEHUS TaKWX W3JENUN ITUPOKa, HO BCE
MaTepHajbl MOXKHO KJIacCH(UIIMPOBATh B 3aBUCUMOCTH OT
cdepbl UCIOJIB30BaHUS Ha Te, KOTOPhIE MMEIOT 00IIee Ha3Ha-
YEeHHE, a TAaKXKe M3TOTOBJICHHBIE IS KOHKPETHBIX TETJIOBBIX
arperartos [1].

Orueynops! kiaccupuuupyroT Ha popMoBaHHbIE U Hedop-
moBaHHbIe ([TOCT 28874-2004). B HacTosimee BpeMst OoJbIiast
4acTb MPOU3BOJACTBA COCPEAOTOYEHA Ha BBITYCKE MPOCTBIX
(hOpMOBaHHBIX U3AEIHH MPSIMOYTOJIBHOW (POPMBI MIIM KHPIIU-
yeii. Takue OTHEYITOPBI ONTHMATBHO TOJXOIAT IS PyTepOBKH
pa3IMYHON TEOMETPHHU TEIUIOBOTO arperata. B mocnemHee
BpeMs IMPOUCXOIUT POCT 3HAYUTEIHHOTO HHTEPEca IPOU3BOIH-
TeJel B IOIb3Y YBEIMYSHHS TOIH IPOU3BOACTBA HE(OPMOBaAH-
HBIX OTHEYTIOPOB MJIM OETOHOB Pa3HBIX COPTOB U Macc C OTHe-
YIOPHBIMH CBOHCTBaMH [1].

CHWXeHHE yIeNbHBIX pacXoloB (POPMOBAaHHBIX OTHEYIO-
POB B 3HAUUTEJILHON CTETIEHHN JOCTUTHYTO 3a CYET pa3paboTKH
Y BHEIPEHUS HOBBIX He()OPMOBAHHBIX OrHEYIIopoB. HecMoTps
Ha OOIIYI0 TEH/CHIMIO COKpaIeHUs1 00beMa MPOU3BOICTBA U
MIPUMEHEHHST OTHEYIOpPOB, YZAEIbHAas 10N He(OpMOBaHHBIX
OTHEYINOpOB B 00111eM nx OanaHce BO3pacTaeT. ITO COMPOBOXK-
JTacTCs 3HAYUTEIBHBEIM COKPAICHHEM IPOU3BOJICTBA 000XK-
JKCHHBIX OTHEYTIOPHBIX M3/ICITHH.

TermeHIMH CHUKEHUS MPOM3BOJCTBA PA3NUYHBIX BHIOB
OTHEYIIOPOB CBSI3aHA TAKXKE CO CHIDKEHHEM CHIPHEBOU 0askbl, a
OCBOCHHE HOBBIX MECTOPOXKICHHH OTHEYIIOPHOTO CHIPhS H pe-
KOHCTPYKIIHUS IIPOU3BOCTB TpeOyeT Kak MaTepHaIbHBIX, TaK U
HMHTEJUIEKTyaJIbHBIX 3aTparT.

Tak, HEBBICOKOE IPOU3BOJICTBO BBHICOKOTJIMHO3EMHCTHIX OT-
HEYIOPOB BO MHOTOM 3TO CBSI3aHO CO 3HAYNTEIBHBIM Je(HIH-
ToM B Poccum 3anexeil GOKCHTOB HYXXHOTO KadecTBa. MBI
TaK)Ke MCIBITHIBAEM JICPHULUT CHIPbS KaK B KAUECTBEHHOM, TaK
1 KOJIMYCCTBCHHOM OTHOIICHUHN ITPOU3BOJANMBIX B Poccuu mar-
HE3UAJIBHBIX OTHEYNOPOB. MeAJIeHHO UAET OCBOEHHE TePCIIeK-
TUBHBIX THIIOB OorHeynopoB (rpymmsl MgO-Ca0O-Al,03-ZrO,-
C) npu HEOOXOMUMBIX 3aracax HUPKOHUSI.

K kmaccy He(OpMOBaHHBIX OTHEYIIOPOB OTHOCSTCSI OTHE-
yIopHBIE OeTOHBI (OETOHHBIE MAaCCHl U CMECH, a TaKKe ITpeBa-
pUTEIIFHO OT(OPMOBAHHBIC OETOHHBIE W3JENUs), TOPKPET-
Macchl, HAOMBHBIC 1 TIACTHYHBIE MacChl, MEPTENH (OTHEYIIOP-
HBIE PacTBOPBI), CyXHE CMECH, OTHEYIIOPHBIC TOKPBITHS, Kepa-
MHYECKHE BOJIOKHA M MaTepHalbl Ha UX ocHoBe. K orneymop-
HbIEe OETOHAM OTHOCSITCS )KapPOCTOHKHE W OTHEYTIOPHBIE CyXHe
cMecu. KapocTOMKUMM CUHUTAIOTCS CMECH C MOPUCTOCTHIO OT
25 1o 45%, KOTOpBIE UCTIONB3YIOTCS B TETUIOBBIX arperarax Jjis
3alUTHI OT TEIUIOBOTO M3IydeHus. [1].
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INTRODUCTION

The current trend in the global development of produc-
tion and use of refractories is due to a significant reduction
in the specific consumption of refractories in all industries
associated with their use. Refractory materials are used in
the metallurgical, glass, sugar, mechanical engineering,
chemical industries, as well as in all other industries where
work is carried out using blast, shaft and rotary furnaces.

Refractories are understood to be a group of materials
(substances and products) that are of mineral origin and
have the ability to retain certain physical characteristics
despite exposure to high temperatures and aggressive
chemicals released during certain thermal processes in
metallurgy and other areas of industrial production. The
scope of application of such products is wide, but all ma-
terials can be classified depending on the area of use into
those that have a general purpose, as well as those manu-
factured for specific heating units [1].

Refractories are classified into molded and unmolded
(GOST 28874-2004). Currently, most production is con-
centrated on the production of simple rectangular molded
products or bricks. Such refractories are ideal for lining
various geometries of a heating unit. Recently, there has
been a significant growth in interest from manufacturers
in favor of increasing the share of production of unshaped
refractories or concretes of different grades and masses
with refractory properties [1].

The reduction in specific consumption of molded re-
fractories has been achieved to a significant extent
through the development and introduction of new un-
molded refractories. Despite the general trend of reduction
in the volume of production and use of refractories, the
specific share of unshaped refractories in their overall bal-
ance is increasing. This is accompanied by a significant
reduction in the production of fired refractory products.

The downward trend in the production of various types of
refractories is also associated with a reduction in the raw
material base, and the development of new deposits of re-
fractory raw materials and the reconstruction of produc-
tion facilities requires both material and intellectual costs.

Thus, the low production of high-alumina refractories
is largely due to the significant shortage of bauxite depos-
its of the required quality in Russia. We also experience a
shortage of raw materials, both qualitatively and quantita-
tively, of magnesia refractories produced in Russia. The
development of promising types of refractories (MgO-
Ca0-AlL03-ZrO,-C group) with the necessary reserves of
zirconium is proceeding slowly.

The class of unformed refractories includes refractory
concretes (concrete masses and mixtures, as well as pre-
formed concrete products), shotcrete mass, ramming and
plastic masses, mortars (refractory solutions), dry mixes,
refractory coatings, ceramic fibers and materials based on
them. Refractory concretes include heat-resistant and fire-
resistant dry mixes. Heat-resistant mixtures are those with
a porosity of 25 to 45%, which are used in heating units to
protect against thermal radiation. [1].
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HawuGonee BocTpeOoBaHHBIMU B 00JacTH HE()OPMOBAHHBIX
OTHEYIIOPOB SIBJISIFOTCS JKApPOCTOMKUE OCTOHBI W TOPKPET-
Macchl (TOpKpeT-0eToHbI) [2].

O¢ddexTrBHOCTE HEYOPMOBAHHBIX OTHEYIIOPOB OIIPEIIEIIS-
€TCsl CBOMCTBaMM BSDKYILUEro W 3amonHutens. JKapoctohkuii
OCTOH U pacTBOP, UCHOIB3YEMBIC IS )y TEPOBKHU TEIUTOBBIX ar-
peraToB, JOJDKHBI 001a1aTh YCKOPEHHBIM POCTOM IIPOYHOCTH,
BBICOKOM OTHEYIIOPHOCTHIO. JKapocToiikuii 6eTOH MOIKEH Co-
XpaHATh TOCTATOYHYIO IPOYHOCTH IIPH HarPEeBaHHUH TIPH Tepe-
X0JIe THAPATOB B OE3BOIHBIE CoeAnHEHMs. Takoi 6eToH o0ia-
JTaeT CTOMKOCTBIO B arpeccuBHBIX cpenax [3]. [Tocmeanee Tpe-
0oBaHHEC MMEET 0CO00 BaKHOE 3HAUCHHE IJIsI arperaTtoB, MC-
MOJIb3YEMbIX B XMMHUYECKOH MPOMBIIIJICHHOCTH, B YaCTHOCTH
MIPY IPOM3BOJICTBE MUHEPAIBHBIX yI0OPCHUI.

B Hacrosiiiee BpeMs BeayTcS MOMCKH ONTHMAIBLHOTO CO-
CTaBa BSDKYIIEr0 MaTepualia U 3alOJIHUTEINS, YIOBICTBOPSIO-
X HauOoJiee MOJTHO yKa3aHHBIM TpeboBanusaM. K Hanbomee
MEPCICKTUBHBIM HAIMIPABICHUSM MPOU3BOJICTBA KAPOCTOMKIIX
OCTOHOB CIIeyeT OTHECTH TEXHOJIOTHIO MOIYYCHUS OTHEYTIOP-
HBIX ()yTEpOBOK Ha BBICOKOTIIMHO3EMHUCTHIX eMeHTax (BI'L).
XOTs 1 IMEIOTCS OTIpEIeIIEHHBIC YCTIEXH B O0IACTH CO3IaHUS
BBICOKOTJIMHO3EMHCTHIX [IEMEHTOB, JalbHEHIee pacIupeHne
MX aCCOPTUMEHTA U YIIyUIlIeHNE KauecTBa ABISETCS BEChbMa aK-
TyaJIbHBIM.

AJIIOMHHATHBIE IEMEHTHI M HX CBOMCTBA

AJ'IIOMI/IHaTHbIe HEMCHTBI — 3TO CHICIMaJIbHaA rpymnmna me-
MEHTOB, B COCTaBE KOTOPBIX MPEO0Iaqar0T aIFOMUHATHI Kajlb-
nus. AJIOMUHATHBIA LIEMEHT NPUMEHSIOT IS TMOJIy4eHHUS
OBICTPOTBEPICIOIUX CTPOUTEIBHBIX M JKAPOCTOMKHX PaCTBO-
POB U OCTOHOB, UCIOJIE3YEMBIX MPH CKOPOCTHOM CTPOUTEIIh-
CTBE, aBapUIHBIX PadOTaX, 3MMHEM OCTOHUPOBAHHU, TIPU CTPO-
UTEIBCTBE COOPYKEHHA, ITOJBEPTaIOIINXCS ACHCTBUIO MUHE-
paTM3UPOBAHHEBIX BOJ M CEPHUCTHIX Ta30B [4-8].

TexHuuyeckrue CBOWCTBAa LIEMEHTOB BO MHOI'OM OIIpenEs-
IOTCSI CBOMCTBaMH MIUHEPAJIOB, BXOIAIINX B UX cocTaB. CocTaB
BBICOKOTJIMHO3EMHCTOTO I[EMEHTAa MOXET OBITh yCTaHOBJICH
pu paccMotpenuun cuctem CaO — A1,03 u CaO — A1,0; —
Si0;,. B 3aBucumoctu ot cootHomeHust CaO : A1,03 B cucteme
Ca0 - Al,0; oo0pasyrorcs wmuHepansl: 3CaO-Al1,0;
(Ca3A1204, C3A); 12CaO-7A1203 (Calel 14033, C|2A7);
Ca0-A1,03 (CaAl,04, CA); CaO-2A1,03 (CaAl407, CAy);
CaO-6A1203 (CaAhzOlg, CA6) [4,5,9-14]

3Ca0-A1,03 (CazA1,04, C3A) sBrsieTcs: XapaKTEPHBIM
MHUHEpAJIOM MOPTIAHALIEMCHTHOT'O KJIMHKEpa U B aTFOMUHAT-
HBIX IIEMEHTaX He BcTpeuaeres [15].

OCHOBHBIM HAaIPaBJICHUEM COBEPIICHCTBOBAHMS CBOWCTB
AFOMUHATHBIX [IEMEHTOB SBISICTCS ONTHMU3AINS TEXHOJIOTH-
YECKHX MapaMeTPOB UX ITOTyIEHHS, a IMEHHO: MHHEPAJIOTHYe-
cKkuil M (ha30BBI cOCTaB KIMHKEpa TeMIIepaTypa M JIUTEIb-
HOCTB O0KHTa, CTENICHb N3MEIbYCHHS M TOMOTE€HHOCTh CHIPhE-
BOH CMECH, TOHKOC U3MCJIBYCHUC IEMCHTA OJIA CO3JaHUA OIITU-
MaJbHOTO TPaHYJIOMETPUYECKOTO COCTaBA.

MHoro ruccnenoBaHui MPOBOJATCS C LEJIbI0 YCTAHOBIIEHUS
BIIMSIHUSL PA3JIMYHBIX JOOABOK K UCXO/IHOM CHIPhEBOI CMecH Ha
00pa30BaHUE TBEPBIX PACTBOPOB PA3THYHBIX JIEMEHTOB C OC-
HOBHBIMH (pa3aMU KIIMHKEPOB aIFOMUHATHBIX [IEMEHTOB, QOp-
MHUpPOBaHHE MHUKPOCTPYKTYPHI KJIMHKCPOB H XapaKTepa KpH-
CTAJUTM3alli MUHEPAJIOB, BO3MOXKHOCTH HCIIOB30BAHUS Pa3-
JUYHBIX OTXOJIOB B KAYECTBE CHIPHEBOTO0 KOMIIOHEHTA.

PazpabaTrIBatoTCsl HOBBIE CITOCOOBI TOMYYEHHUS TIHHO3E-
MHCTOTO KJIMHKEPa, B YaCTHOCTH YCTaHOBIIEHA BO3MO>KHOCTH

The most popular in the field of unshaped refractories
are heat-resistant concretes and shotcrete mass (shotcrete)
[2].

The performance of unshaped refractories is deter-
mined by the properties of the binder and filler. Heat-re-
sistant concrete and mortar used for lining thermal units
must have accelerated strength growth and high fire re-
sistance. Heat-resistant concrete must retain sufficient
strength when heated during the transition of hydrates into
anhydrous compounds. This type of concrete is resistant
to aggressive environments [3]. The latter requirement is
of particular importance for units used in the chemical in-
dustry, in particular in the production of mineral fertiliz-
ers.

Currently, a search is underway for the optimal com-
position of the binder and filler that will most fully satisfy
the specified requirements. The most promising areas of
production of heat-resistant concrete include the technol-
ogy of obtaining refractory linings on high-alumina ce-
ments (HAC). Although there have been some successes
in the field of creating high-alumina cements, further ex-
pansion of their range and improvement of quality is
highly relevant.

Aluminate cements and their properties

Aluminate cements are a special group of cements, the
composition of which is dominated by calcium alumi-
nates. Aluminate cement is used to obtain fast-hardening
construction and heat-resistant mortars and concretes used
in high-speed construction, emergency work, winter con-
creting, and in the construction of structures exposed to
mineralized waters and sulfur gases [4-8].

Technical properties of cements are largely deter-
mined by the properties of minerals included in their com-
position. The composition of high alumina cement can be
established by considering the systems CaO - A1203 and
CaO - A1203 - SiO2. Depending on the ratio of CaO :
A1203 in the CaO-A1203 system the following minerals
are formed: 3Ca0O-A1203 (Ca3A1204, C3A); 12CaO-
7A1203 (Cal2A114033, CI12A7); Ca0-A1203
(CaA1204, CA); Ca0-2A1203 (CaA1407, CA2); CaO-
6A1203 (CaA112019, CAO6). [4,5,9-14]

3Ca0-A1203 (Ca3A1204, C3A) is a characteristic
mi-mineral of Portland cement clinker and is not found in
aluminate cements [15].

The main direction of improving the properties of alu-
minate cements is the optimisation of the technological
parameters of their production, namely: mineralogical and
phase composition of clinker, temperature and duration of
firing, the degree of grinding and homogeneity of the raw
material mixture, fine grinding of cement to create the op-
timal particle size distribution.

Many studies are conducted to establish the influence
of various additives to the initial raw material mixture on
the formation of solid solutions of various elements with
the main phases of aluminate cement clinkers, the for-
mation of the microstructure of clinkers and the nature of
mineral crystallization, and the possibility of using vari-
ous wastes as a raw material component.

New methods for producing alumina clinker are being
developed; in particular, the possibility of producing high-

335



Texuurxa u mexnonocus cunuxkamos. Tom 31, Ned4, 2024

MOJTy4eHHs] BBICOKOKaYEeCTBEHHOTO IIEMEHTA B Ie4ax I1a3MeH-
Horo Tumna [16].

HW3BecTHO, 4TO IPUCYTCTBUE B ChIpheBOii cMecu FerO3 oka-
3bIBacT BIHMsHUE Ha (ha30BBIH COCTaB KIMHKepa: IEpBOHA-
4aneHO HaOMoaeTcs BHenpeHue uoHa Fe*™ B pemerky
Ca0O-A1,03 (CaAl1,04, CA). Ilpn BBemeHUM OKCHIA KeJe3a
6osiee 4% B xnmHKepe nosBisercs: GpepputHas (aza, Konude-
ctBo CA 1pH 3TOM yMEHBIIAETCH.

B 3aBHCHMOCTH OT XHMHYECKOTO COCTaBa CHIPbS W MPUHS-
TOTO CIOC00a NMPOM3BOACTBA B AIFOMHHATHOM IIEMEHTE MOTYT
MPUCYTCTBOBAaTh CIIEAYIOUINE >KEIEC30COAEPKAIIUE COEAUHE-
Hus: BlocTHT FeO, marnetut Fe;O4, IByXKaIbIIUEBHIN (EppuUT
2CaO-Fe203 (CazFezos, CzF) [17].

ConepxkaHue OKCHIOB jKele3a B aJIIOMHHATHOM LIEMEHTE
HEKeJaTesIbHO. B X MpUCyTCTBIM CHM)KAETCsl OTHEYTIOPHOCTh
LIEMEHTa, a TaKXKe YXYIIIAIOTCS TEXHUYECKUE CBOWCTBA Iie-
MEHTHOT'0 KaMHsI B IIPOLIECCE eT0 CIIyKObI B COCTaBE KapOoCTOH-
KOTO OeToHa.

N3zyuyenne BimsHus nobasku SiO2 m MgO B chIpbeBYIO
CMECh, pacCUMTaHHyI0 Ha nosydyeHne CA, 1mokasaio, 4To co-
JIep)KaHue UX B cMecH 10 2% He M3MeHseT (pa3oBbIii cocTas
KIIMHKEPa, a yBeIH4YeHUe X 0osee 2% COMpOBOXKIAETCS MOSIB-
JICHUEM TElICHWTA, MAarHe3WajabHOW INNMMHENN M IEepHKIa3a
[18,19].

JIoKcH1 KpeMHHsI OTPULIATENILHO BJIMSET Ha Ka4eCTBO Lie-
MEHTa, BCIIEACTBIE 00pa30BaHuUs HETHPATHPYIOILETOC] MUHE-
pana renennta 2Ca0O-A1,03-SiO,. bonee BbICOKO# mpo4HO-
CTBIO 00J1a/IaeT TIIMHO3EMHCTBIN LIEMEHT, B KOTOPOM COZEpIKa-
uue SiO; menee 10% [20-22].

Oxcul MarHus IMOHMYKAET TEMIIEPATYpPY TUIABJICHHS U BSI3-
KOCTh aJIIOMMHATHOTO paciiaBa. [1o coBpeMeHHBIM Mpe/icTaB-
JICHUSIM OKCHJI MAaTHUSI B ATIOMUHATHBIX [IEMEHTAX MOJKET IpH-
CYyTCTBOBaTh B Buae Imepukmaza MgO, akepmaHuTa -
2Ca0-MgO-SiO, (Ca,MgSiOs) mmm mmmaenmn MgO-AlOs.
IIpn HeGompmoM conepxanmu MgO (mo 2-3%) oHa MOXeT
BOMTH B TBEpJBIE PacTBOPHI ¢ ApyruMu muHepaizamu [23]. C
YBEIMUYCHUEM COJEP)KaHHUs OKCHIA MarHusl B LIEMEHTE CBEpPX
2% obpasyertcsi MarHe3uasibHas mnuHesab MgO-Al,Os, uto or-
pHLIATEIBHO CKa3bIBaeTCsl HA aKTHBHOCTH LieMeHTa. OJTHaKo, B
BUJIy BBICOKOW TEMIIEpaTyphl IJIABJICHUS INIHHENIN, PaBHOM
2135°C, 3170 coeAHEHNE OBBILIAET OTHEYIOPHOCTh LIEMEHTA.
3to cBoiictBo MgO-Al,O3 ucronb3yeTcest is MOTy4eHHs JKa-
POCTOMKHX ajlOMUHATHO-MarHe3WajbHbIX IIEMEHTOB C OTHe-
ynopsoctsro g0 1750°C [19,24].

AJTIOMUHATHBIA IEMEHT HAaIlel IUPOKOE MTPUMEHEHHE /IS
MIPUTOTOBJICHUS KAPOCTONKHX OETOHOB M pacTBOpoB. OHAKO
Jlake TpU NPUMEHEHHH BBICOKOOTHEYIIOPHBIX 3aIlOJIHUTEINICH
TeMIepaTypa CIIy>)KObl Takux OeTOHOB He TpeBbimaer 1450-
1550°C.

B psine oGmacreli mpuMeHEHUsT KapOCTOWKHX OETOHOB M
pacTBOpOB Takasi TeMreparypa saBisiercsi HegoctaTouHoi. [lo-
BBILICHUE JKAPOCTOHKOCTH ATIOMMHATHOTO ILIEMEHTa MOXKET
OBITH JOCTUTHYTO IIyT€M YBEIHUYEHHUSI B €r0 COCTaBE KOJIHYe-
crBa AlbOs. B pesynbrare uccnenoBanuii [25-28] 6bu1a paspa-
00TaHa TEXHOJIOTHS IMOJYYEHHs BBICOKOTIIMHO3EMHCTOTO Iie-
MmeHTa (BI'L]) o0xurom cMecu, pacCUMTaHHON Ha MOJTyYCHUE
KJInHKepa, coaepxaiero CA u CA».

Taxoke ObUTa paspaboTaHa TEXHOJOTHUS MOTYYECHHUS TEXHHU-
YECKH YHCTBIX aFOMHHATOB KaJbLIUS METOIOM cIieKaHus [5].
Taxo¥ ieMeHT ObLUT Ha3BaH «TamomMy (COKpameHHO OT TEXHH-
YECKHEe ATFOMHHATEHI).
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quality cement in plasma-type furnaces has been estab-
lished [16].

It is known that the presence of Fe;Oj3 in the raw mix
affects the phase composition of clinker: initially, the in-
troduction of the ion Fe’' into the lattice CaO-A1,0;
(CaA1,04, CA) is observed. When introducing more than
4% iron oxide into the clinker, a ferrite phase appears, and
the amount of CA decreases.

Depending on the chemical composition of the raw
materials and the adopted production method, the follow-
ing iron-containing compounds may be present in alumi-
nate cement: wustite FeO, magnetite Fe3O4, dicalcium fer-
rite 2Ca0-Fe,03 (CaxFe,0s, CoF) [17].

The content of iron oxides in aluminate cement is un-
desirable. In their presence, the fire resistance of cement
decreases, and the technical properties of cement stone de-
teriorate during its service in heat-resistant concrete.

A study of the effect of adding SiO, and MgO to the
raw mix designed to obtain CA showed that their content
in the mix up to 2% does not change the phase composi-
tion of the clinker. And their increase by more than 2% is
accompanied by the appearance of helenite, magnesian
spinel and periclase [18,19].

Silicon dioxide has a negative effect on the quality of
cement due to the formation of the non-hydrating mineral
gehlenite 2Ca0-A1,0;-Si0;. Aluminous cement with a
Si0; content of less than 10% has higher strength [20-22].

Magnesium oxide lowers the melting point and viscos-
ity of the aluminate melt. According to modern concepts,
magnesium oxide in aluminate cements can be present in
the form of periclase MgO, akermanite - 2CaO-MgO-SiO,
(Ca;MgSiOs) or spinel MgO-Al,O3. With a small MgO
content (up to 2-3%), it can enter into solid solutions with
other minerals [23]. With an increase in the magnesium
oxide content in cement above 2%, magnesium spinel
MgO-AlLO; is formed, which negatively affects the activ-
ity of the cement. However, due to the high melting point
of spinel, equal to 2135°C, this compound increases the
refractoriness of cement. This property of MgO-Al,O3 is
used to obtain heat-resistant aluminate-magnesia cements
with refractoriness up to 1750°C [19,24].

Aluminate cement has found wide application in the
preparation of heat-resistant concretes and mortars. How-
ever, even when using highly refractory fillers, the service
temperature of such concrete does not exceed 1450-
1550°C.

In a number of areas of application of heat-resistant
concretes and mortars, this temperature is insufficient.
The heat resistance of aluminate cement can be increased
by increasing the amount of Al,Os. As a result of research
[25-28], a technology was developed for producing high-
alumina cement (HAC) by firing a mixture designed to
produce clinker containing CA and CA..

A technology for obtaining technically pure calcium
aluminates by sintering was also developed [5]. This ce-
ment was called “Talum” (short for technical aluminates).
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BbICOKOITIMHO3eMHCThIE IEMEHThI

BBICOKOTIMHO3EMUCTBIH [IEMEHT - OJHA U3 Pa3HOBMIHO-
CTeH aJIOMMHATHOTO IIEMEHTA - CPABHUTEJILHO HOBBIN BUJ Bsl-
JKYIIEro, HO OJjarojaps COYETaHHIO B HEM psijia LEHHEHIINX
CBOMWCTB, OH yX€ ceif4ac BO MHOTUX Pa3BUTHIX B IIPOMBIIIICH-
HOM OTHOIICHHUH 3apyOeXHBIX CTpaHax 3aHsUI BEIyIee MECTO
KaK BsDKyIIee IS )KapOCTOHKIX OeTOHOB [4].

JlepuuTHOCTD TEXHIYECKOTO IIIMHO3eMa TOPMO3UT IIIHPO-
KO€ MpOMbIIIIEHHOE npou3BoacTBO BI'Ll, u yBennuuBatoma-
sicsl TOTPEOHOCTh B KAPOCTOHKHUX OETOHaX Ha 3TOM LIEMEHTE
BBI3bIBAET HEOOXOIMMOCTD ITPOBEICHUS UCCIEA0BAHUII 110 pac-
mupennto 6a3el BI'T] u cHIkeHnto ero crouMoctu. [loaTomy
paspaboTka TexHosioruu nonydenus BI'T] ¢ ucnonb3oBanuem
HeNle(UIUTHOTO CHIPbSl M BHEIPEHHE MX B IMPAKTHKY >Kapo-
CTOMKHMX OETOHOB CTAJIO BayKHEHIIICH HAYYHOH M TPAKTHYECKOH
3aaueil.

Hawnlornee nepcrieKTHBHBIM HaIPaBIICHNUEM SIBJISIETCS TIOJTY-
YEHHE BBICOKOTTIMHO3EMUCTBHIX LIEMEHTOB C UCIOJIB30BaHHEM
OTXOJIOB PA3JIMYHBIX IPOU3BOACTB. [loMCKaMi MHOTOYHCIICH-
HBIX HccliefnoBaTenei [29-35] ycraHOBIeHa BO3MOKHOCTD HC-
M0JIb30BaHUs AJsl pousBojcTBa BI'Ll paznuyHbIX anomoco-
JIEpXKAIINX OTXOJOB IIPOMBINUICEHHOCTH, YTO IIO3BOJSET HE
TOJIBKO PaCIIUPUTH 00BEM NMPOU3BOACTBA, CHU3UTH CTOMMOCTD
LIEMEHTA, HO U PELUIUTh BAKHEHIIYIO HAPOJAHOXO3SMCTBEHHYIO
3a/1a9y - yTHIA3aLIUIO OTXO/I0B.

Bce amomoconepikamue OTXOAbI MPOMBIIIICHHOCTH, Kak
MIPaBUJIO, COAEPKAT pa3iIMyHbIe MpuMecH (OKCHUABI THUTaHa,
XpoMma, Opoma, Kaiusi U HaTpusi, Oapust), HaIN4YHUe KOTOPBIX HE
MOJKET HE YUUTHIBAaTbCA MPU MPOU3BOJACTBE BBICOKOTIMHO3E-
MHCTBIX [IEMEHTOB. DTH IIPUMECH MOTYT KaK MO (pUIIPOBATH
IIOMHHATBI KAIBIHS, TAK 1 00pa30BBIBATh CAMOCTOSITEIILHBIE
COEIMHEHUs yXyALlAlouIe rugparaunonnble cBoiicrea BI'LI.
OmHako MPH WX COJCPKAHUU MOXKET 3aMEeUIICTCS TEepeKpH-
CTAJUTM3alUs THAPATHBIX (a3, U4TO IOJIOKUTEIHHO CKa3bIBa-
€TCsl Ha TIPOYHOCTH 00PAa3IOB IIEMEHTOB, IIOABEPTHYTHIX BO3-
JIEUCTBUIO BHICOKOW TEMITEpaTyphl.

3HaHWE XMMHUYECKOTO COCTaBa AJIOMHUHATHOTO I[€MEHTa
camo 1o cebe BaKHO, HO HEJOCTATOYHO, YTOOBI CYAUTH O €ro
cBoiicTBax. BaxxHO 3HAaTh, Kakue cOeMHEHUs (MUHEpaIbl) 00-
pa3yroTcsl U3 ChIPbEBOM CMECH, UMEIOLLEN ONpPEeeICHHbIN XU-
MHUYECKHUH COCTaB, I10]] BO3/ICHICTBUEM TEPMHUECKOTO (haKTopa,
T.€. IPUMEHSIEMOI TeXHOIOTUH TPOU3BOICTBA.

B nHacrosee Bpemst 60JibIIoe BHUMaHHE YISIAETCS pa3pa-
0OTKE HOBBIX BHJIOB U COCTAaBOB OTHEYIOPHBIX [IEMEHTOB, 00-
JATAIOIIUX BEICOKOW MPOYHOCTHIO, OTHEYTIOPHOCTHIO, BO3MOXK-
HOCTBIO JKCIUTyaTalliil B BBICOKOTEMIIEPATYPHBIX YCIOBHUSX.
Oco6oe 3Ha4YeHnE TPHOOPETAIOT, IIEMEHTHI BBICIICH OTHEYTIOP-
HocTtH (Ooee 2000°C), mpegHa3HAYEHHBIC TSI H3TOTOBIICHUS
0c000 OTBETCTBEHHBIX OTHEYMOPHBIX OCTOHHBIX H3AenHid. B
Poccun H.I'. Nnroxa [36] paszpaboTan amoMOIupKoHOOapue-
BBIH, aJIOMOLMPKOHOCTPOHIIMEBBIM IIEMEHTHI, OOJaxaromye
orueynopHocThio 2500°C u BbIIIE, IPUMEHSIEMBIE TSI U3TO-
TOBJICHHUS OETOHA, pabOTAIONIET0 B CHIILHO arpeCCUBHBIX YCIIO-
BUSIX.

Jmst BI'LL, ucnonib3yeMoro Juist MOoJy4eHus KapoCTOMKOro
OeroHa, BecbMa Ba)KHBIM SBIISIFOTCS] M MX CBOWCTBA IIPH TEPMHU-
4ecKoi 00paboTKe IIEMEHTHOTO KaMHs (OeToHa).

Vayumenne cBoiicts BI'Ll mommkHO OBITH HampaBiIieHO Ha
BBEJICHHE B €r0 COCTaB COCNWHCHHH, MOBBIIAIONINX WX OTHE-
YIOPHOCTb U APYTHE KAPOCTOMKHE CBOMCTBA.

High alumina cements

High alumina cement is one of the varieties of alumi-
nate cement - a relatively new type of binder. But thanks
to the combination of a number of valuable properties in
it, it has already taken a leading place in many industrially
developed foreign countries as a binder for heat-resistant
concrete [4].

The shortage of technical alumina is slowing down the
large-scale industrial production of high-alumina ce-
ments, and the increasing demand for heat-resistant con-
cretes based on this cement necessitates research to ex-
pand the base of HAC and reduce its cost. Therefore, the
development of technology for obtaining HAC using
abundant raw materials and their introduction into the
practice of heat-resistant concrete has become a major sci-
entific and practical task.

The most promising direction is the production of
high-alumina cements using waste from various indus-
tries. The research of numerous researchers [29-35] has
established the possibility of using various aluminum-
containing industrial wastes for the production of HAC.
This allows not only to expand the volume of production,
reduce the cost of cement, but also to solve the most im-
portant national economic problem - waste disposal.

All aluminum-containing industrial waste, as a rule,
contains various impurities (oxides of titanium, chro-
mium, bromine, potassium and sodium, barium), the pres-
ence of which cannot be ignored in the production of high-
alumina cements. These impurities can both modify cal-
cium aluminates and form independent compounds that
worsen the hydration properties of HAC. However, their
presence can slow down the recrystallization of hydrate
phases, which has a positive effect on the strength of ce-
ment samples exposed to high temperatures.

Knowing the chemical composition of aluminate ce-
ment is important in itself, but not sufficient to judge its
properties. It is important to know what compounds (min-
erals) are formed from a raw material mixture with a cer-
tain chemical composition under the influence of a ther-
mal factor, i.e. the applied production technology.

At present, much attention is paid to the development
of new types and compositions of refractory cements that
have high strength, fire resistance, and the ability to oper-
ate in high-temperature conditions. Of particular im-
portance are cements with the highest fire resistance
(more than 2000°C), intended for the production of espe-
cially critical refractory concrete products. In Russia,
N.G. Ilyukha [36] developed aluminum-zirconium-bar-
ium and aluminum-zirconium-strontium cements with a
fire resistance of 2500°C and higher, used for the produc-
tion of concrete operating in highly aggressive conditions.

For HAC used to obtain heat-resistant concrete, their
properties during heat treatment of cement stone (con-
crete) are also very important.

Improving the properties of HAC should be aimed at
introducing into its composition compounds that increase
their fire resistance and other heat-resistant properties.
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I'maparanus u TBepJeHNe BLICOKOTIHMHO3EMUCTOTO
IeMeHTa

XapakTep TBEpACHUS LIEMEHTHOIO0 KaMHsl, €ro MPOYHOCT-
HBIE CBOHCTBa 00YCIIOBJICHBI TPOLIECCOM TH/IPATAIINH, €r0 CKO-
POCTBIO, COCTaBOM THIPATHBIX COEIMHEHUH, Mopdoornyie-
CKUMH OCOOCHHOCTSIMH KPHCTaJUIOTHIpaToB [37].

B cucreme CaO-A1,03-H,O B 3aBuCHMOCTH OT TeMmepa-
TYpBI, BIQXXHOCTH U JPYTHX yCIOBUH 00pa3yeTcs psii TUApo-
aJTIOMUHATOB KaJTbIIAS CaOAl,0310H,O (CAHy),
2Ca0ALOs8H,O (CoAHs), 3CaOAlLO3;6H.O  (C;AHg),
4Ca0Al,0;13-19H,0 (C4AH.19) [4,5,9].

Y CTaHOBIIEHO, YTO B 3TON CUCTEME OTKJIIOHEHUS OT COCTOSI-
HUS PaBHOBECHS HOCAT yCTOWYHMBBIN XapakTep M 3aBUCST OT
temnieparypel. I[Ipu 1-5°C cymectBytor CAHip, C,AHs,
Cs4AHy n ru66cur. Onnako C>AHg no [9] npu 1 °C Hecradu-
JIeH, HO U TIOBBIIIEHUE TeMIleparypsl cBbiie 25 °C Takxke co-
npoBoxaaercs nepexogoM C,AHg n C4AHiz B C3AHg. B mpe-
nenax 25-90 °C ycroitunBbiMu (azamu sBisitoTcss C3AHeu rn6-
6cut. MccnenoBanust HOATBEPXKIAIOT, YTO MIEPBONPHYMHON I1a-
JICHUS ITPOYHOCTH SIBIISIETCSI U3MEHEHHE 00beMa TBEpAOH (a3bl
(M3MEeHEeHNe TOPHUCTOCTH), COIPOBOXK/IAIOIIEE MPOIECCHI Tpe-
BpAIICHUH IIOMHHATOB KalbIIMs, IMEIOIINXCS B AITIOMHHAT-
HBIX IeMeHTax. Ilo cTexumomeTpudeckuM pacderaMm Tuapara-
IIMsI BBI3BIBAET OYCHH OOJIBIIIOE YBEIHMUEHHE 00BheMa TBEPIOH
(ha3sl, cIeI0BaTENbHO, CHUKEHHE TIOPUCTOCTH U yBEINYEHHE
npouHocTd. OHa ABIAETCSA MEPBOIPUINHON YPE3BBIUATHO BhI-
COKOU MPOYHOCTH ATFOMHUHATHBIX IEMEHTOB [4,5]

Ilepexon BO3HMKAIONIUX B MpOLIECCe TPeBpaIeHus (TpaHe-
(hopmarym) WM TuApaTanuu HecTaOMIIBHBIX TeKCAarOHaNbHBIX
THIPOATIOMHUHATOB Kajblusa (rinaBHeIM oOpazom CAHjp u
C,AHs) B kprucTaimm3ytomuecs B ctabmibHoM crcteMe C3AHg
n AH; BbI3BIBacT yMeHbLIEHHE 00beMa, BCIEACTBHIE YEro yBe-
JIMYUBACTCS TIOPUCTOCTh U CHIXKAETCS TPOYHOCTH [38].

N30TepMBbl KpUCTAIIIM3ALUH U PABHOBECHE B CUCTEME U3Y-
YeHHI B IIIPOKOM TeMIlepaTypHoM uHTepBajie ot 1 qo 1000 °C
[39-49] u ycraHOBIIEHO, YTO HapAAy C THIPOATIOMHUHATAMHU
KaJbLsl 00pa3yeTcsi THAPOKCHL AIFOMHHUS, a IIPU HOBBIIICH-
HOMW TeMmIeparype B pe3yibTaTe JeTHAPATAllUN OKCU aJTFOMH-
HUSI U aJIFOMHUHATBI KaJIbIIHS.

Taxk kak corimacao 'OCT 969-2019 «lleMeHThI TTHHO3EMHU-
CTBI€ U BBICOKOTJIMHO3EMUCTBHIE» B COCTAB AIIOMUHATHBIX Iie-
MEHTOB HE JIOITyCKaeTCsl BBEJCHUE KaKUX-TH00 MUHEPAIbHBIX
BEIIECTB NPHU UX MPOU3BOACTBE HCCIEIOBATENIAMU MPOBOAAT
MHOTOYHCIICHHBIC HCCIICJIOBAHUS 110 BIUSHHUIO MHHEPAIBHBIX
J00aBOK Ha THAPATALMIO U TBEPACHHS aJIOMUHATHBIX [IEMEH-
TOB W TIPOBOIAT M3y4eHHE MX CBOHCTB [50-54]. B coorser-
CTBHU C OOIIEH TeHICHIMEH B KauecTBE 100aBOK MCCIEAYIOT
JIOMEHHBIH TpaHymupoBaHHBI mDIak [50,51], merakaomwH
[54], m3BecTrsx [50] u np.

OCHOBHOE 3aKJIIOYEHNE TAKUX HMCCIEIOBAHUM CBOIUTCS K
TOMY, 4TO BBEJICHUE J00ABOK K JTFOMUHATHBIM [[EMECHTAM MPH-
BOJUT K CTaOWJIM3AlMH TEeKCArOHAJIbHBIX THIPOATFOMUHATOB
KaJIbIMS U MPUBOJUT K MHHUMHU3AIUK 00pa30BaHUs reKcaro-
HATBHBIX TUIPOATIOMHHATOB KallbIUsI. DTO 00YyCIOBIMBACT
CTaOMIBHOCTh POCTA MIPOYHOCTH IIEMEHTHOTO KaMHS U CHIKE-
HUIO IECTPYKTHUBHBIX MPOIECCOB MPH JUTUTSIEHOM TBEPICHUH.

Uccnenosanms B cucreme CaO-A1,03-H>O ucnone3yrorcs
pa3UYHbIle WHCTPYMEHTABHBIE METOIBI HCCIeNOBaHUA [55-
58], B TOM ymcle YUCICHHBIE METOIBI TIOCPEACTBOM MOJICIH-
POBaHUS THAPATAIINH [IEMEeHTa U GOPMHUPOBAHUS MUKPOCTPYK-
TypsI [59].
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Hydration and hardening of high-alumina cement

The nature of hardening of cement stone, its strength
properties are determined by the hydration process, its
speed, the composition of hydrate compounds, and the
morphological features of crystal hydrates [37].

In the CaO-A1,03-H>O system, depending on temper-
ature, humidity and other conditions, a number of calcium
hydro-aluminates are formed: CaOAl,0310H,0 (CAHy),
2CaOAle38H20 (CzAHg), 3CaOA12036H20 (C3AH6),
4Ca0OAL0313-19H,0 (CsAHi.19) [4,5,9].

It has been established that in this system deviations
from the state of equilibrium are stable in nature and de-
pend on temperature. At 1-5°C there are CAH,o, C,AHs,
C4AHp and gibbsite. However, C;AHg according to [9] is
unstable at 1 °C, but an increase in temperature above 25
°C is also accompanied by the transition of C,AHg and
Cs4AHps into C3AHg. In the range of 25-90 °C, stable
phases are C3;AHg and gibbsite. Research confirms that the
primary cause of the decrease in strength is the change in
the volume of the solid phase (change in porosity) accom-
panying the processes of transformation of calcium alumi-
nates present in aluminate cements. According to stoichi-
ometric calculations, hydration causes a very large in-
crease in the volume of the solid phase, and therefore a
decrease in porosity and an increase in strength. It is the
primary reason for the extremely high strength of alumi-
nate cements [4,5].

The transition of unstable hexagonal calcium hy-
droaluminates (mainly CAH;o and C,AHs) that arise dur-
ing the process of transformation or hydration into C3AHs
and AHj3 that crystallize in a stable system causes a de-
crease in volume, as a result of which porosity increases
and strength decreases [38].

Crystallization isotherms and equilibrium in the sys-
tem have been studied in a wide temperature range from 1
to 1000 °C [39-49]. It was established that, along with cal-
cium hydroaluminates, aluminum hydroxide is formed,
and at elevated temperatures, as a result of dehydration,
aluminum oxide and calcium aluminates are formed.

According to GOST 969-2019 “Aluminous and high-
alumina cements”, the introduction of any mineral sub-
stances into the composition of aluminate cements during
their production is not allowed, researchers are conducting
numerous studies on the effect of mineral additives on the
hydration and hardening of aluminate cements and study-
ing their properties [50-54]. In accordance with the gen-
eral trend, granulated blast furnace slag [50,51], me-
takaolin [54], limestone [50], etc. are being studied as ad-
ditives.

The main conclusion of such studies is that the intro-
duction of additives to aluminate cements leads to the sta-
bilization of hexagonal calcium hydroaluminates and
leads to the minimization of the formation of hexagonal
calcium hydroaluminates. This ensures stable growth of
the strength of the cement stone and a reduction in de-
structive processes during long-term hardening.

Research in the CaO-A1,03-H>O system uses various
instrumental research methods [55-58], including numer-
ical methods by modeling cement hydration and micro-
structure formation [59].
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CBoiicTBa BBLICOKOTJIHHO3eMHUCTBIX IHEMECHTOB

[TpouHoCTk siBNsieTcsl HanOoee BaXKHBIM CBOHCTBOM alTio-
MHHATHOTO 11leMeHTa. Ero cmocoOHOCTH OBICTPO 3aTBep/eBaTh
MpU 3aTBOPEHUU BOJOW SIBISIETCA OTJIMYUTENILHON YepToi
9TOro LeMeHTa. TpexHeBHas IPOYHOCTb, KaK MPaBHUIIO, COOT-
BETCTBYET 28-JHEBHOW MPOYHOCTH MOPTIAHIUEMEHTA.

[Ipo4HOCTH LIEMEHTHOTO KaMHs aTIOMHHATHOTO I[EMEHTa
3aBHCUT OT MHHEPAJOTHYECKOTO U TPAHYIOMETPHYECKOTO CO-
crana [4,5,60,61]. LlemeHnT MOHOQTFOMHHATHOTO cocTaBa (CA)
UMeeT CPaBHUTEIFHO BRICOKYIO IIPOYHOCTH B HAUAIBHBIE CPOKU
TBeplIeHHs 0e3 CYIIECTBEHHOTO IMPHPOCTa MPU UIUTEIEHOM
TBepaeHuH. LleMeHT, coepkauil JuaastoMUHAT KaJbLUs, IPU
HU3KO IPOYHOCTH B MEPBbIE CYTKU TOCTUTAET BHICOKHX MOKa-
3aTelledl IpU JUIMTEIbHOM TBEpACHUU. Perynupys cooTHolue-
uHue CA / CA; u IUCHepCHOCTH IIEMEHTa MOYKHO MOJIYyYaTh Iie-
MEHTHI C PABHOMEPHBIM HapacTaHUEM IPOYHOCTH BO BCE CPOKHU
TBepAeHus [4].

Kax u B ciayyae nmopTiaHAlleMeHTa MOBBILLIEHUE TEMIIEpa-
TYpHI TIPU THAPATAINH ATFOMUHATHBIX IEMCHTOB WHTCHCU(H-
UPYET TPOIECC THAPATAIlUH MHHEpAJIOB, YTO IMPHBOIHUT K
OpICTpOMY 00pa30BaHUIO OOJBIIOTO KOJMYECTBA MEIKOKPH-
CTAJUIMYECKHUX U TeJIe00pa3HBIX MPOAYKTOB PEAKIINA, KOTOPHIE
32 KOPOTKHUI MEepHoJa TBEPACHUS HE MOTYT 00pa3oBaTh MPOY-
HbI KpHUCTaluiMyeckuil kapkac. Ilepekpucramnuzanuu mnep-
BHYHBIX T1acTUHYATHIX KprcTtauioB CAH o u C,AHs, cTabumb-
HBIX IIpY KOMHATHOM TEMIIEpaType, B yCTOMUUBBII KpUCTAILIO-
runapar C3AHs Taxoke mpensTcTByeT o0pa30BaHUIO IMPOYHOIO
LEeMEHTHOro KaMHs. Hambosblliee CHM)KEHHE NMPOYHOCTHU Lie-
MEHTHOTO KaMHs HaOiromaetcs B Bo3pacte a0 28 cyT. Uem
BBIIIIE TEMIIEpaTypa U 4eM JJINTENIbHEE €€ BO3JCHCTBUE, TeM
3HAYUTENNbHEE CHHXKAETCS MPOYHOCTh. IloaToMy m3nenus us
TJIMHO3EMHUCTOTO I[EMEHTa HE PEKOMEHIYETCS IPOIaphBaTh
WIH TIOJIBEPraTh aBTOKIABHOW 0OpaboTke. [yt mpenoTeparie-
HUS CHIDKEHUS IIPOYHOCTH OETOHA Ha OCHOBE INIMHO3EMHCTOTO
[IEMEHTA UCIIOIB3YIOT XOJIOIHYIO BOAY U 3aIIOJHUTEIb, HHTCH-
CHUBHYIO TIOJIMBKY OCTOHA BOJION.

BBICOKOTIIMHO3EMHUCTHIN IIEMEHT, coaepikamuii CA,, BBUTY
MEJICHHOTO TBEPJCHHS B HadaJbHBIC CPOKH IeIecooOpa3HO
nponapuBath. [locne mpomnapuBaHus MPOYHOCTH I[EMEHTHOIO
kamHst u3 CA; NpakTUYECKU HAXOAUTCS Ha yPOBHE €ro 3-X Cy-
TOYHOW MPOYHOCTH, IPU TBEPJICHUU B OOBIUHBIX YCIOBUIX. Xa-
paKkTep M3MEHEHHUs MPOYHOCTH MpPU CYIIKE U JAajbHeilieM
HarpeBe LEMEHTHOI'O KaMHsl, [IOJBEPTHYTOr0 NpONapyuBaHuUIO,
HE OTIIMYACTCS OT U3MCHEHHS IPOYHOCTHBIX ITOKa3aTelNeH 1e-
MEHTa, TBEP/ICBIICTO B BOJIHBIX U BO3AYIIHBIX YCIOBHSIX.

JKapocroiikue cBOWCTBa ATFOMHHATHBIX IIEMEHTOB, TAKUX
KaK OCTaTOYHAs POYHOCTH, OTHEYITOPHOCTH, Te(hOPMALIUS IO
Harpy3Koi Ipu BBICOKHUX TEMIIEpATypax, TEPMOCTOMKOCTb 3a-
BHCST OT XUMHKO-MHUHEPATIOTHIECKOTO COCTaBa IIEMEHTa, BH/Ia
3amoyHUTENA. B KadecTBe 3amomHUTENS OOBIYHO IPUMEHSIOT
1aMoT, 60I1 OrHEYIIOPHOTO BEICOKOTIIMHO3EMHUCTOTO KUPIIHNYa,
aNIeKTpoKopyHaa. OTHEYOpHOCTh OETOHOB Ha OCHOBE TJIMHO-
3€MUCTOIO I[EMEHTOB, PACCUUTAHHBIX HAa MPEHMYILECTBEHHOE
conepxkanue B HUX CA,, cocraiset 1740-1770°C.

[ToBbimienne TtexuHuueckux cpoiictB BI'L[ Mmoxer ocy-
MIECTBIATHCS PA3IUYHBIMU criocobamu. OIHUM U3 TaKUX CIIO-
cO0OB SABIISICTCS U3MECHCHHE TEXHOJOTHYECKUX MAapaMeTPOB Ha
mporecchl (hOPMHUPOBAHUS IIEMEHTHOTO KIMHKEpa (XUMHYe-
CKHUH COCTaB CHIPBEBON CMECH, €€ TOMOT€HHOCTh, TEMIIepaTypa
00XWra, CKOPOCTh OXJIAXKICHHS U JIp.).

BBeneHns B CBIphEBYIO CMECH Pa3IIMUHBIX T00aBOK MOXKET
MPUBOANTh KaKk K WHTEHCH(HKAUM TIpoliecca CHHTEe3a

Properties of high alumina cements

Strength is the most important property of aluminate
cement. Its ability to harden quickly when mixed with wa-
ter is a distinctive feature of this cement. The three-day
strength is generally equivalent to the 28-day strength of
portland cement.

The strength of aluminate cement stone depends on the
mineralogical and granulometric composition [4,5,60,61].
Monoaluminate cement (CA) has a comparatively high
strength in the initial stages of hardening without a signif-
icant increase during long-term hardening. Cement con-
taining calcium dialuminate, with low strength in the first
day, achieves high values with prolonged hardening. By
adjusting the ratio of CA / CA; and the dispersion of ce-
ment, it is possible to obtain cements with a uniform in-
crease in strength throughout all hardening periods [4].

As in the case of Portland cement, an increase in tem-
perature during the hydration of aluminate cements inten-
sifies the process of mineral hydration, which leads to the
rapid formation of a large number of fine-crystalline and
gel-like reaction products, which cannot form a strong
crystalline framework during a short period of hardening.
Recrystallization of primary plate-like crystals CAH,¢ and
C>AHgs, stable at room temperature, into stable crystal hy-
drate C3AHs also prevents the formation of durable ce-
ment stone. The greatest decrease in the strength of ce-
ment stone is observed at the age of up to 28 days. The
higher the temperature and the longer its exposure, the
more significantly the strength decreases. Therefore, it is
not recommended to steam or autoclave products made
from aluminous cement. To prevent a decrease in the
strength of concrete based on aluminous cement, cold wa-
ter and filler are used, and the concrete is intensively wa-
tered.

High-alumina cement containing CA,, due to its slow
hardening in the initial stages, should be steamed. After
steaming, the strength of the cement stone from CA; is
practically at the level of its 3-day strength, when harden-
ing under normal conditions. The nature of the change in
strength during drying and further heating of the cement
stone subjected to steaming does not differ from the
change in the strength indicators of cement hardened in
water and air conditions.

Heat-resistant properties of aluminate cements, such
as residual strength, refractoriness, deformation under
load at high temperatures, heat resistance depend on the
chemical and mineralogical composition of the cement
and the type of filler. Fireclay, broken high-alumina re-
fractory bricks, and electrocorundum are usually used as
filler. The fire resistance of concretes based on aluminous
cement, designed for the predominant content of CA», is
1740-1770°C.

Improving the technical properties of HAC can be ac-
complished in various ways. One of such methods is
changing the technological parameters of the cement
clinker formation processes (chemical composition of the
raw mix, its homogeneity, firing temperature, cooling
rate, etc.).

The introduction of various additives into the raw ma-
terial mixture can lead to both the intensification of the
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ATFOMUHATOB KaJIBIHS, TaK ¥ K (POPMUPOBAHHUIO HOBBIX MUHE-
paJioB leMEeHTHOTro KiuHKepa. [losiBneHne HOBBIX (a3 CHIIbHO
BIIMSIET Ha TEXHUYECKHE CBOMCTBA MOJIy4aeMoro 1emenra [4].

C Henpro MoJTyYeHHs OTHEYITOPHOTO IIEMEHTA ITePCIICKTHB-
HO T00aBKO¥1, TOBBIMIAIOIIECH OTHEYITOPHOCTh U HE YXYAIIAK0-
el BSOKYIINE CBOMCTBA, SBISIETCS JOOABKa OKCU/IA IIMPKOHUS
[36]. Ota nobaBka BBOANTCS B CHIPHEBYIO IIUXTY HPH OOKUTe
KITMHKepa.

LemenTsl ¢ no6aBkoit ZrO> MOTYT cofep kaTh B CBOEM MH-
HepanorndeckoM coctaBe CaZrO; coBmectHO CasZrAlsOis
[62,63]. OTu coenmHEeHUs 00IaTAIOT BBICOKOH OTHEYIIOPHO-
CTBIO M BSOKYIIIMMHU CBOHCTBAMHU.

3akiarouenue

HecMmotpst Ha ycrnexu, JOCTUTHYTBIE B 00JIACTH CO3/1aHUS
BBICOKOTJIMHO3EMHCTBIX [IEMEHTOB, JalbHEHIIee pacliipeHue
MX aCCOPTHUMEHTA U YJIy4llIeHne KauecTBa SBJISIETCS BEChbMa aK-
TyaJbHBIM. JTO TIPEJONPENENISETCS POCTOM MPOM3BOACTBA U
COBEPIICHCTBOBAHNEM TEXHOJIOT U Pa3IMYHbBIX OTpaciei mpo-
MBIIIIEHHOCTH. B 3THX ycnoBusAX HEOOXOIMMBI IEMEHTHI,
00ecIIeuNBAaOIINE JOITOBEYHOCTH ()Y TEPOBOK TETIOBBIX arpe-
raToB, T.€. UX CO3J[AHUE SBIIACTCSA BaKHOHM U aKTyaJIbHOU 3a/1a-
Yew.

Cpenu pa3iauuHbIX HAMPaBICHUH UCCIIEIOBAHUNA 110 TIOBHI-
IIeHUIO0 TeXHU4YecKux cBoiicTB BI'll BHMMaHue ncciemoBaTe-
JIel mpuBIIeKaeT MpobiemMa HallpaBJICHHOTO BO3ACHCTBHS (T.€.
M3MEHEHHS TEXHOJIOTUYECKHUX IIapaMeTpoB) Ha mporiecchl (hop-
MUPOBaHMS LIEMEHTHOT'0 KIMHKEpa (XMMUYECKUH COCTaB ChIPb-
€BOH cMecH, ee TOMOTeHHOCTb, TEMIIepaTypa O0XwHra, CKO-
POCTb OXJIXKACHHSI, BBEJICHUS Pa3JIMIHBIX JOOABOK U Jp.).

OrHeynopHble CBOMCTBa BBICOKOTJIMHO3EMUCTBIX IE€MEH-
TOB MOBBIILIAIOTCA C yBeJndeHreM cogepxkanus Al,0s. Bmecte
C TeM, OT IIeMeHTa TpeOyeTcst ¥ OBICTPHI HAOOp MPOYHOCTH, a
3TO JOCTHUTAETCS TOBBIIMICHNEM OCHOBHOCTH MHHEPAIOB, T.€.
yBenmueHueM conepxannga CaO. Ucxons u3 paga omyOIuKo-
BaHHBIX JJAHHBIX M TEOPETUYECKUX MPEINOCHIIOK, IS HCCIIe-
JIOBaHWH IIPUHST COCTaB BBICOKOTIIMHO3EMHUCTOIO LIEMEHTA M3
pacuera noaydenus 10 % CA u 90% CA..

Ananus JIMTEPATYPHBIX TAHHBIX MMOKA3bIBACT, YTO YIIyUIIC-
HHUE >KapOCTOMKHX CBOMCTB MOXET OBITh ODECIIEYEHO BBEJE-
HHEM B COCTaB CHIPHEBOM CMECH IpH 00XKHTe KIMHKepa Ooiee
OTHEYNOPHBIX 100aBOK. OJJHAKO, B 3TOM CIIy4ae MOXKHO OXKH-
JaTh 00pa3oBaHKE B COCTAaBE IIEMEHTa TMIPaTalliOHHO Heak-
TUBHBIX COEANHEHUH, KOTOPhIE MOTYT NPHUBECTH K CHUKEHHIO
OJTHOTO M3 OCHOBHBIX TTOKa3aTeeil IEMEHTa - €ro MPOYHOCTH.

HanbGonee nepcnekTHBHBIM U Hanbosee BOCTpeOOBaHHBIM
B HACTOSIIEEe BpeMs SBISIETCS WCIOJIB30BAHUE COEAMHEHUH
IIUPKOHUS B COUYETAHNH C MUHEPAIN3aTOPOM O0KHUTra, ITO Tpe-
OyeT mMpOKOMAacIITaOHBIX HAYYHBIX UCCIICIOBAHMH.
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process of synthesis of calcium aluminates and the for-
mation of new cement clinker minerals. The appearance
of new phases greatly influences the technical properties
of the resulting cement [4].

In order to obtain refractory cement, a promising addi-
tive that increases refractoriness without worsening the
binding properties is the addition of zirconium oxide [36].
This additive is introduced into the raw material batch dur-
ing clinker firing.

Cements with the addition of ZrO, can contain CaZrO3
together with Ca;ZrAl¢O15 in their mineralogical compo-
sition [62,63]. These compounds have high fire resistance
and binding properties.

Conclusion

Despite the successes achieved in the field of creating
high-alumina cements, further expansion of their range
and improvement of quality is highly relevant. This is de-
termined by the growth of production and the improve-
ment of technologies in various branches of industry. In
these conditions, cements are needed to ensure the dura-
bility of the linings of thermal units, i.e. their creation is
an important and urgent task.

Among the various areas of research on improving the
technical properties of HAC, the attention of researchers
is drawn to the problem of targeted influence (i.e. chang-
ing the process parameters) on the processes of formation
of cement clinker (chemical composition of the raw mate-
rial mixture, its homogeneity, firing temperature, cooling
rate, introduction of various additives, etc.).

The refractory properties of high alumina cements in-
crease with increasing content of A1,0s. At the same time,
cement is also required to quickly gain strength, and this
is achieved by increasing the basicity of minerals, i.e. by
increasing the content of CaO. Based on a number of pub-
lished data and theoretical assumptions, the composition
of high-alumina cement was adopted for the research
based on the calculation of obtaining 10 % of CA and 90%
of CAz.

Analysis of literary data shows that improvement of
heat-resistant properties can be achieved by introducing
more refractory additives into the composition of the raw
mixture during clinker firing. However, in this case, one
can expect the formation of hydration-inactive com-
pounds in the cement composition, which can lead to a
decrease in one of the main indicators of cement - its
strength.

The most promising and most in-demand method at
present is the use of zirconium compounds in combination
with a roasting mineralizer, which requires large-scale sci-
entific research.
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