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AHHOTALUA

B cmamve paccmampusaemcs nonyuenue Kanbyueo-aiomMopeppumosgozo Kiunkepa (YemeHma) u3 mpexKomMnoHeHmHou
cmecu (memodom cnekanus), eoe 56,2—57,4 mac.% cmecu cocmaegusom anioMo- U JHcene30co0eprcawie mexHoeeHHble om-
X00b1. Bvino ycmanosneno, 4mo ucnonb308anue mexHo2eHHbIX 0mxo008 8 Kauecmeae KOMHOHEHMA Cblpbesoll CMeCU NPUBOOUm
K CHUDICEHUIO KOIUYeCmea 0opasyowuxcs omxo0os a 4,9-5,4 %, npu nonyuenuu 300 000 moun kanvyueso-antomogheppumo-
6020 yemenma 6 200. Ilpedcmasnensvl pe3y1bmamol KAUeCMBEEHHO20 U KOIUUECMEEHHO20 PEHMEEHOPA306020 AHANUZA NOTIYYEH-
HbIX KIUHKEPOB, KOMOpble C8UOEMENbCMBYION 0 hOPMUPOBANUL 8 KAUECTNBE OCHOBHBIX KIUHKEPHBIX (ha3 — AMOMUHAMOB KAlb-
yus (CA,C34,C1247), anromogpeppuma xanvyus (Caz(AlFe),0s) u cunuxama kanvyus (o-, f-CaS) 6o scex obpasyax. Knunkep-
Hble ghazvl anomMunama u aromogeppuma Kaibyus oopasyromcs He 8 YUCmom uoe, d ¢ BHeOPEeHUeM NPUMECHBIX INEeMEHMO8
(Mg**, Ti**). Onpedenenue audpamayuonnoii axmuenocmu KADL] noxazano, umo Konuuecmeenoe coommouenue Kiunkep-
noix ¢paz CA: Caz (Al Fe);0s5 = 38,8:33,8 (KADK I) u CA: Caz(Al,Fe),0s = 27,6:23,9 (KADK 1) npusooum xk pocmy npouno-
CMU YyeMeHMHO20 KAMHs 8 HaudanbHble cpoku meepoenus Ha 48 u 32 Mlla, a 6 no3onue cpoku (28 cymoxk) k ospacmaro npoy-
nocmu na 28 u 8 MIla, coomeemcmeenmo.

KJIFOUEBBIE CJIOBA: mexnozenuvie mamepuabl, Kaibyuego-amiomopeppumosslii yemenm, azosviii cocmas, auo-
MUHAMbL KATbYUS, ANI0MODeppUm Kaibyus, SHepeo- U pecypcocoepedcenue
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ABSTRACT

The article discusses the production of calcium-aluminoferrite clinker (cement) from a three-component mixture (by sinter-
ing), where 56.2-57.4 wt.% of the mixture consists of aluminum— and iron-containing man-made waste. It was found that the
use of man-made waste as a component of the raw material mixture leads to a decrease in the amount of waste generated by
4.9-5.4%, based on the production of 300,000 tons of calcium-alumoferrite cement per year. The results of qualitative and
quantitative X—ray phase analysis of the clinkers obtained are presented, which indicate the formation of calcium aluminates
(CA,C34,C1247), calcium aluminoferrite(Cax(Al Fe)>O0s) and calcium silicate (a-, p-C5S) as the main clinker phases in all sam-
ples. Clinker phases of aluminate and calcium aluminoferrite are formed not in pure form, but with the introduction of impurity
elements (Mg?*, Ti**). Determination of the hydration activity of CAFC showed that the quantitative ratio of clinker phases
CA:Caz(AlFe),0s = 38.8:33.8 (CAFC 1) and CA:Cax(Al Fe),0s = 27.6:23.9 (CAFC II) leads to an increase in the strength of
cement stone in the initial periods of hardening by 48 and 32 MPa, and in later periods (28 days) - to an increase in strength
by 28 and 8 MPa, respectively.

KEY WORDS: technogenic materials, calcium-alumoferrite cement, phase composition, calcium aluminates, calcium alu-
minoferrite, energy and resource conservation

FOR CITATION: Borisov, I. N. Synthesis and properties of calcium-aluminoferrite cement using technogenic materials / I. N. Borisov,
A. G. Novoselov, M. A. Nikitina, V. E. Manuilov // Technique and technology of silicates. — 2024. Vol. — 31, No-2. — Pp. 108 — 117.

108



Technique and technology of silicates. Volume 31, No2, 2024

BBEJIEHUE

CoBpeMEeHHBI TIporpecc W pa3BUTHE TEXHOJOTMH HEH3-
0EXHO IPUBOAAT K MOSIBICHUIO BTOPUYHBIX NPOIYKTOB, H BO-
npoc 3¢ PexTHBHON U palMOHAIbHONW YTHIIM3aLUK CTAHOBUTCS
Bce Oosiee akTyanmpHOU mpobiemoit [1-2]. 3a mocieqHue rosr
HaKOMHMJIOCh OTPOMHOE KOJIMYECTBO OTXOJI0OB Pa3IM4YHOTO IIPO-
HCXOXJICHUS U C KQKIBIM TOZIOM KOJIMYECTBO TEXHOTEHHBIX OT-
X0m0B yBenuuuBaeTcst. OCHOBHBIMH MCTOYHHKaMu 00pa3oBa-
HUSI TEXHOTEHHBIX OTXOIOB SBJISIOTCS TAKUE BBl SKOHOMHYE-
CKOH JeATeNbHOCTH, KakK J0ObIYa IOJIE3HBIX HCKOMAEMBIX
(yrosip u MeTalIHYecKue pyIbl) 1 00padaThIBarOIIast TPOMBIIII-
neHHocTh  (Merammyprudeckas) [3]. Hexontpomupyemoe
HakoruieHne 1 Hea(heKTHBHAS YTHIM3ALHS STUX OTXO/0B CO-
3/1a10T MPOOJIEMy 3arps3HEHUs] OKPYKAIOIEH Cpe/ibl U BHOCST
pa3pyLIMTENBHBIA BKIaz B OaaHC IPUPOJHBIX PECYPCOB.

CrpemileHHEe K HKOJOTMYECKH YCTOHYMBOMY Pa3BUTHIO H
MOCTOSIHHBIN TTOMCK COBPEMEHHBIX HAIPABJICHUH YTHIM3ALUH
TEXHOT€HHBIX OTXOJIOB MPUBEIH K IOSIBICHNUIO HOBBIX SHEPIO-
U pecypcocOeperaromux crnoco0oB, KOTOPhIE 3aKITIOYalOTCS B
HCTIONIb30BaHIH TEXHOTEHHBIX OTXOJ0B TIPH IPOU3BOJICTBE IIe-
MEHTOB CIIE[HAJIBHOr0 Ha3HaueHHsA. ONBIT HCIOIb30BAHUA
JAHHOTO METoJa IpH IPOU3BOJACTBE OOIIECTPOUTEIHLHOTO
MOPTIAHALEMEHTA 10Ka3al, YTO ATO HE TOJbKO TEXHOJIOTHYE-
CKHU U 9KOJIOTHYECKH OOOCHOBAHHBIN IOIXO0/, HO M DKOHOMH-
YECKHU BBITOJIHBIN [4-13].

CrieniManpHble IIEMEHTHI BBITIONHSIOT BaXKHBIE (DYHKIMH B
pa3MYHBIX OTpAcisiX CTPOUTENBCTBA M IPOMBIILICHHOCTH.
OnHu 001a7al0T YHUKAJIBHBIMA CBOWCTBAaMH, KOTOpBIE 03BO-
JSIFOT pemarth crenuduyeckue 3a1add, Tpedyromue 0co0oi
TOYHOCTH M HaJie’)kHOCTH [14-17].

OpHol 13 OCHOBHBIX 00JIacTeH MPUMEHEHHS CIICIUAIBHBIX
[IEMEHTOB SIBJISICTCS] CTPOUTENBCTBO MOA3EMHBIX COOPYKEHUH.
HX mpo4HOCTh, YCTOMYMBOCTh K arpeCCUBHBIM CpeiaM M BO3-
MOXHOCTh CO3[JaHUSI BOJOHETIPOHHIIAEMBIX COCTUHEHHH Jie-
JAIOT CHEHHUATIbHBIC IIEMCHTHl HACATBHBIM PELICHHEM IS
CTPOUTEIbCTBA TYHHENEH, TOA3EMHBIX NAPKOBOK, XPaHUIIUII U
JIPYTUX MO3eMHBIX 00BeKkTOB [14, 16, 18].

CrienpanpHble [EMEHTHI, TOJIyYeHHbIE Ha OCHOBE TEXHO-
TeHHBIX MaTEepPHAJIOB, ITPEACTABIISIOT COO0 NHHOBALIMOHHBIH 1
9KOJIOTMYECKH Oe30MacHblii MaTepHal, KOTOpBIH o0Jiajaer
YHHUKaJIBHBIMH CBOMCTBAMHU M IIUPOKHM CIIEKTPOM IpHMEHe-
Hust. OHM NIPOM3BOZSTCS ITyTeM HepepabOTKH OTXOAOB IPO-
MBIIIIEHHOTO TIPOW3BOJICTBA, TAKUX KaK IILIAK, 30J1a U JIpyTHE
Marepuasl, KOTOPbIe paHee CUUTAINCh HEMPUTOJHBIMHU JUIS
WCTIONB30BaHMA. TEXHOJIOTHS IIepepadoTKH ITHX MaTepuaaoB
MO3BOJISICT TIOJYYHUTh BBICOKOKAYECTBEHHBIH M CTaOMIBHBIA
MIPOIYKT, KOTOPBIM MOXKET JaK€ MPEB30WTU IO CBOUM Xapak-
TEPUCTHKAM PSIOBOM BU IleMeHTa [19-24].

Taxkum 00pa3oM, crielHanbHbIE IEMEHTBHI, TIOJlyYeHHBIE U3
TEXHOT€HHBIX MaTEPUAJIOB, SBJISIOTCS TIEPEIOBBIM U IIEpCIIeK-
THUBHBIM pelIeHHEM B 00JIaCTH CTPOUTENBHON HHAyCcTpuHu. bia-
rojiapsi CBOMM YHUKQJIbHBIM CBOMCTBaM M PELIEHUSIM DKOJIOTH-
YECKUX BOIPOCOB, OHU CIIOCOOHBI HE TOJILKO ITOBBICUTH Kade-
CTBO M HAJEXKHOCTh KOHCTPYKIHH, HO M CHeNaTh OKpY’Karo-
IIyIo cpeay OoJiee yCTOMYUBOM U O€30IMacHON.

Heas naHHO# MCCIeA0BATEIbCKOH PAdOTHI OBLIO MOIY-
YEeHHE KaJbINEBO-ATIOMO(EPPUTOBOTO IEMEHTA U3 TPEXKOM-
MIOHEHTHOH cMecH (METOJIOM CIIEKaHHs), I'7Ie OCHOBHYIO 4acTb
COCTaBJISIOT ATIOMOCOJEPXKAIIUI M KEJIe30COAEPIKAIIUE OT-
XOAbl METaJUTypTUYeCKON MPOMBIIUICHHOCTH. PaccMoTpeTs
BIIMSHUE 3a7]aBaéMOr0 KallbIIMEBO-aIFOMOPEPPUTOBOTO MO-
nynsi (KAFm) ©Ha mpomece ¢opMupoBaHus OCHOBHOTO

INTRODUCTION

Modern progress and technological development inev-
itably lead to the appearance of secondary products, and
the issue of efficient and rational disposal is becoming an
increasingly urgent problem [1-2]. In recent years, a huge
amount of waste of various origins has accumulated and
every year the number of man-made waste increases. The
main sources of technogenic waste generation are such
types of economic activities as mining (coal and metal
ores) and manufacturing (metallurgical) [3]. The uncon-
trolled accumulation and inefficient disposal of these
wastes create a problem of environmental pollution and
make a destructive contribution to the balance of natural
resources.

The desire for environmentally sustainable develop-
ment and the constant search for modern directions for the
disposal of man-made waste have led to the emergence of
new energy and resource-saving methods, which consist
in the use of man-made waste in the production of special-
purpose cements. The experience of using this method in
the production of general-purpose Portland cement has
shown that this is not only a technologically and environ-
mentally sound approach, but also economically benefi-
cial [4-13].

Special cements perform important functions in vari-
ous sectors of construction and industry. They have unique
properties that make it possible to solve specific tasks that
require special precision and reliability [14-17]..

One of the main areas of application of special cements
is the construction of underground structures. Their
strength, resistance to aggressive environments and the
ability to create waterproof joints make special cements an
ideal solution for the construction of tunnels, underground
parking lots, storage facilities and other underground fa-
cilities. [14, 16, 18].

Special cements produced on the basis of artificial ma-
terials are an innovative and environmentally friendly ma-
terial with unique properties and a wide range of applica-
tions. They are produced by recycling industrial waste
such as slag, ash and other materials that were previously
considered unusable. The technology of processing these
materials makes it possible to obtain a high-quality and
stable product, which in its characteristics may even sur-
pass an ordinary type of cement [19-24].

Thus, special cements obtained from man-made mate-
rials are an advanced and promising solution in the field
of the construction industry. Due to their unique properties
and solutions to environmental issues, they are able not
only to improve the quality and reliability of structures,
but also to make the environment more sustainable and
safer.

The purpose of this research work was to obtain cal-
cium-alumoferrite cement (CAFC) from a three-compo-
nent mixture (by sintering), where the main part consists
of aluminum containing and iron-containing waste from
the metallurgical industry. To consider the influence of the
specified calcium-alumoferrite module (CAFm) on the
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(a3oBOro cocraBa W MPOYHOCTHBIC XAPAKTEPUCTHKH KOHEU-
HOT'O TPOJYKTA.

Marepuajabl 1 METOABI

B kauecTBe MCXOAHBIX KOMIOHEHTOB MCCIIEIOBAHUSI ObLIH
UCIIONIb30BaHbl TEXHOT'€HHBIE MaTepHaIbl - AIIOMOCOJEpIKa-
mui otxonx («KitoueBckas oboraturensHas Gpadbprkay), 0TX0x
KOHBepTepHOro (YepemoBenkuil MeTauryprudecKuii KoMOu-
Hat [TAO «CeBepcraiib») U arJIoMepaliOHHOTO IPOU3BOICTBA
(ITAO «Tymauepmer»), a Tak)Ke IIPUPOIHBIN KOMIIOHEHT — H3-
BecTHSK (OO0 «MuxaioBCKUN Kapbep»).

XuMudeckuit aHanmm3 (Tabnuma 1) TpoBOAMIN C UCTIONB30-
BaHHEM peHTreHodIryopectieHTHOrO criekTpomerpa ARL 9900
WorkStation, pentrenodazossrii ananuz Ha ARL X'TRA
Thermo Fisher Scientific B muamasoHe yrioB IBOWHOTO OTpa-
seHus 20 4...56°.

formation of the basic phase composition and strength
characteristics of the final product.

Materials and methods

Technogenic materials were used as the initial compo-
nents of the study - aluminum-containing waste
(Klyuchevskaya Concentrating Plant), waste from con-
verter (Cherepovets Metallurgical Combine of PJSC Sev-
erstal) and agglomeration production (PJSC Tulachermet),
as well as a natural component — limestone (LLC Mikhai-
lovsky Quarry).

Chemical analysis (Table 1) was performed using an
ARL 9900 WorkStation X-ray fluorescence spectrometer,
X-ray phase analysis on ARL X'TRA Thermo Fisher Sci-
entific in the range of double reflection angles 26 4...56°.

TABJIUIA 1 XUMUYECKHU COCTAB ChIPLEBbIX KOMIIOHEHTOB

Table 1 Chemical composition of raw materials

Copep:xanue oKCUI0B, %
KoMmoHeHTBI Oxide content, %
(ST E;‘::;; Si0: | ALO; | Fe0s | CaO | MgO | TiO: SO; R:0 | Others
AJTioMocoaepxamnii
oTXO0/ 0,7 4,0 68,7 0,7 9,5 4,4 11,6 - 0,2 0,2
ACW
OTX0/1 KOHBEPTOPHOIO
NPOM3BOACTBA 7,5 3,3 1,3 68,4 14,9 2,5 0,1 0,9 1,1 -
WCP
OTxo[ arjioMepanmnoH-
HOI'0 NPOU3BOJACTBA 11,0 8,0 1,3 65,8 10,8 1,5 - 1,2 0,4 -
WAP
Hspecruk 43,6 0,1 0,1 0,1 55,5 0.6 - : : :
Limestone

CornacHo, peHTreH0(ha30BOMy aHAIIM3y MUHEpaJIoTnye-
CKHIl COCTaB CBHIPHEBBIX MaTEpPHAIOB ObUI IMPEICTABIICH:
amomocozaepxkammii - otxog  (ACW) - Menmintom
(Cax(AlLMg,Si,Fe)Si,07),  MarHe3naqbHOM  IITHHENBIO
(MgAl,0O4), runparom renenura (Ca,AlSiO7H,0), a Taxke
ciegamu pytina (TiO,); oTXoM KOHBEPTEPHOTO TPOHU3BOI-
ctBa (WCP) - BioctutoMm (FeO), anemernTapHO# (hopmOit xe-
ne3a (Fe), a taxoke kanmpimuToM (CaCOs3); 0TX0I arfioMeparu-
orHoro npom3BojcTBa (WAP) -remarutom (Fe,O3), marae-
tutoM (Fes304), snmementapHoit ¢opmoii sxemeza (Fe), a
takke cinegamu kKanpruta (CaCOs3) u B—xBapua (Si0y); u3-
BecTHsK (L) ocHOBHBIM MuHepasoM - kabnutoMm (CaCOs).

HpI/I HUCIIOJIB30BAHUU TEXHOI'CHHBIX OTXOJ0B B CMECH
BBOJISITCS, KAK OCHOBHBIE OKCH/JIbI JUIsS 00pa30BaHUs AJIOMH-
HATHOH U amromodepputHoit da3 (mMac.%) — Al,Os (68,7) u
Fe,03 (65,0-68,4), a Takke HexeIaTeIbHBIC OKCU/IBI, HATIPH-
Mmep SiOs (3,3-8,0), MgO (1,5-4,4) u TiO (11,6). B pazoBom
COCTaBE OTXO/JOB KOHBEPTEPHOTO WU arjoMepanuoHHOTO
MIPOU3BOJICTBA OBLTH BBIABIICHBI Pa3IHYHBIC MOIU(PUKAIINN
okcuna xenesa FeO, Fe,O3 u Fes04, a Takoke aneMeHTapHas
thopma xemne3a (Fe).

J171s OTIeHKH 1 MPOEKTUPOBAHMUS (Pa30BOTO COCTaBA Kalb-
IUEBO—aIIOMO(eppUTOBOTO IEMEHTA B PE3yiIbTaTe aHAIN3A
tepmoanHamudeckoir cucremsl CaO—SiO>—AlLO3;—FexO3 u
paHee MPOTECTUPOBAHHOTO MapamMeTpa KauecTBa MOPTIaH/-
nementa — KH (wnmu LSF) Gbi1 mperyioskeH KajbI[EeBO—
amomogepputoBeii  Moayis  (CAFn). Moapyns  Obin
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According to the X-ray phase analysis, the mineralogical
composition of the raw materials was represented by: alumi-
num-containing waste (ACW) - melilite
(Cay(Al,Mg,Si,Fe)Si»07), magnesia spinel (MgAl,O4), gele-
nite hydrate (Ca,Al,SiO7H>0), as well as traces of rutile
(TiO»); waste from converter production (WCP) - wustite
(FeO), an elementary form of iron (Fe), as well as calcite
(CaCO:s); waste from agglomeration production (WAP) -
hematite (Fe,O3), magnetite (Fe3;O4), an elementary form of
iron (Fe), as well as traces of calcite (CaCO3) and —quartz
(Si0,); limestone (L) is the main mineral - calcite (CaCO3).

When using man—made waste, the main oxides are intro-
duced into the mixture to form the aluminoferrite phase
(Wt.%) - Al,O3 (68.7) and Fe,03 (65.0-68.4), as well as un-
desirable oxides, for example SiO; (3.3-8.0), MgO (1.5-4.4)
and TiO; (11.6).

Various modifications of FeO, Fe,Os; and Fe;Oy4 iron, as
well as elemental iron (Fe), have been identified in the phase
composition of waste from converter and agglomeration pro-
duction.

To evaluate and design the phase composition of cal-
cium—aluminoferrite cement, as a result of the analysis of the
thermodynamic system CaO-SiO,—Al,O3—Fe,O3 and the
previously tested quality parameter of Portland cement —
LSF, a calcium—aluminoferrite module (CAFm) was pro-
posed. The module was edited according to the phases that
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PENaKTHPOBAH, COTTacCHO (ha3aMm, KOTOPbIE MOI'YT 0OPa30BEI-

BaThCsl TIPU CHUHTE3€ KalbIIEBO — aJIOMO(EPPUTOBOTO
kiuHKepa, Hanpumep CA, C4AF, C,AS u np. PacuerHslii da-

30BbIi coctaB KA®DK npencrasien B tabnuie 2.

can be formed during the synthesis of calcium — aluminofer-
rite clinker, for example, CA, C4AF, C,AS and etc. The cal-
culated phase composition of CAFC is presented in Table 2.

TABJIMLIA 2 PACYETHBIN ®A30BbIA COCTAB KA®K

Table 2 Calculated phase composition CAFC

Coaep:xanue KIMHKepHBIX a3, %
HHQHTHg)a':falTeo{)DOﬁpama Content of clinker phases, %
P CA C4AF C:AS Others
KA®K I
CAFCI 31,6 46,0 12,7 9,6
KA®KII
CAFC II 28,3 452 17,3 9,2

KoMIOHEeHTHBIN cocTaB CHIPHEBBIX CMecel OB paccuu-
TaH ¢ UcIojb30BaHueM nporpammbl MS Excel, a perymupo-
BaHUE COOTHOUICHUH CHIPEBBIX MAaTEPUAIOB B CMECU OCY-
HIECTBIIAIOCH [T0 YHCIEHHOMY 3HaU€HHIO IIOKa3aTeNel kade-
ctBa CAFm=0,55 1 rimHo3eMucTOMy MO0 p=2,3.

Jliist mcenenoBaHus ObUTH TIPUTOTOBIIECHBI JBE CHIPHEBBIE
cMecH — cMech A U cMech b, XUMUUECKHA 1 KOMIIOHEHTHBIN
COCTaB CHIPHEBBIX CMECei MpUBeIeHBI B TadIuUIe 3-4.

The component composition of the raw materials mix-
tures was calculated using the MS Excel program, and the
regulation of the ratios of raw materials in the mixture was
carried out according to the numerical value of the quality
indicators CAFm = 0.55 and the alumina modulus p =2.3.

Two raw materials mixtures were prepared for the study
— mixture A and mixture B, the chemical and component
composition of the raw materials mixtures are shown in Ta-
ble 3-4.

TABJIAIA 3 XUMHAYECKH COCTAB CBIPLEBBIX CMECEN

Table 3 Chemical composition of raw materials mixtures

Copaep:kaHue OKcuaoB, %
Hnentnduxarop obpa3ua Oxide content, %
SRR E’)‘:;‘; Si0: | ALO:; | Fe:0s | Ca0 | Mgo | Tio» | SOs | R:O | Others
Cblpbe.Baﬂ cMech A 202 22 27.8 12,1 30,0 2,5 47 0,2 0,3 0,1
Mixture A
Cblpbe.Baﬂ cmecn b 213 3,0 26,9 11,7 29,9 2,3 4,5 0,2 0,2 0,1
Mixture B

TABJIAIA 4 KOMIIOHEHTHBIIA COCTAB CBHIPBEBBIX CMECER

Table 4 Component composition of raw mixtures

Conep:kaHue CbIpbeBbIX MAaTEPHAJIOB, %o
Content of raw materials, %
1L E G LTI D O BLE) Anromocoaep:xamuii oT-| OTxo1 KoHBepTOpHOro | OTX01 arjioMepanuoH-
Sample ID H3BecTHAK ep A prop A pa
Limestone X0 NMPON3BOACTBA HOT0 MPOMU3BOICTBA
ACW WCP WAP

CrIpbeBasi cMech A

Mixture A 42,6 40,1 17,3 -
CrpipbeBas cmech b

Mixture B 43.8 38.8 - 17,4

W3 Tabmuiel BUAHO, uTo cooTHomeHne CaO : Al,O3 co-
crasiser 1:1,08 (cmeck A) n 1:1,11 (emech B), cooTHOmEHNE
AL Os:Fe,O3 mnsa nByx cmecedd coctaBiseT 2,3:1, xomude-
ctBo Fe,O3 B emecsix coctasmster 12,1/11,7 (mac. %). Conep-
JKaHHWe OKCHIa KpeMHUs B cMecu A (mac.%) -2,2, MgO-2,5,
Ti0,-4,7, B cmecu b (Mac.%) Si0»-3,0, MgO-2,3 u TiO,-4,5.

Jns modydeHus: KalbIIueBO—aTtoMo(eppuTOBOM cMecH
CBIPBE MPEIBAPUTEIHHO BEICYIINBAIH ITPH TeMiiepatype 100
(£5)°C, Bpems cymku 24 daca, U3MENbYaH 10 COICPKAHUS
tdpaxmmu < 80 MKkM - 95(+2%). ITocne cmenBanus ¥ TOMO-
TeHU3alMy KOMIOHEHTOB OBUIM MOJyYeHbI 00pa3iibl B BUJIE
MUWIMHAPHUYCCKUX TaOJIeTOK Maccor HaBecku 15 T, @ 30 mm,
h 10 mm.

The table shows that the ratio of CaO:AlO; is 1:1.08
(mixture A) and 1:1.11 (mixture B), the ratio of Al,O3:Fe,Os3
for two mixtures is 2.3:1, the amount of Fe;O3 in the mixtures
is 12.1/11.7 (wt. %). The content of silicon oxide in the mix-
ture A (wWt.%) -2.2, MgO-2.5, TiO,-4.7, in the mixture B
(Wt.%) Si0,-3.0, MgO-2.3 and TiO,-4.5.

To obtain a calcium—alumoferrite mixture, the raw mate-
rials were pre-dried at a temperature of 100 (= 5) ° C, the
drying time was 24 hours, and crushed to a fraction content
of <80 microns - 95 (£ 2%). After mixing and homogenizing
the components, samples were obtained in the form of cylin-
drical tablets weighing 15 g, diameter @ 30 mm, h 10 mm.
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TepmooOpabOTKy NpPOBOAWIIM B JaOOPaTOPHOW IEYH C
HarpeBaTrelsIMH M3 KapOuja KpeMHHUs NpU TeMIlepatrype
1290 (+5)°C, 6e3 BBIAEPIKKH, C PE3KUM OXJIKICHHEM.

KavecTBeHHBIH 1 KOINYECTBEHHbIH aHaIN3 (ha30BOTO CO-
CTaBa IIOJIyYEHHBIX KaJbLHEBO—AIIOMO(EPPUTOBBIX KIIMH-
KEpOB IPOBOIMIIM C UCIIONIb30BaHUEM mporpamMm Match!3 u
Crystallographica Search-Match.

Jis moydeHus KaJlbIHeBO—aTIOMO(EpPPUTOBOTO Iie-
MeHTa KiIuHKep (0e3 MoOaBIeHHs THIICOBOTO KaMHS) W3-
MeNbYaii B JIaOOpaTOPHOH IIapoOBOW MENBHHUIIE IO COIEp-
xaHus ¢ppakuuu < 80 MM - 98(+2%).

[TpoyHOCTH Ha CXKATHE ONPEACISUIN IIyTeM (PU3UKO—Me-
XaHUUYECKHX HCIBITAaHUH 00pa3loB LEMEHTHOTO KaMHs B
BHUJIC HEOONBIIHNX KyOUUIECKUX 00pa3IOB C BOOLIEMCHTHBIM
OTHOIICHHEM (B/11=0,25), pazMepomM rpaHei
1,41x1,41x1,41 cM B TeyeHHE MEPUOJIa TBEPACHUS [IEMEHTA
6 uvacoB, 1 u 28 cyTok. YcnoBus XpaHEeHUS U NPOBEICHUS
UCTIBITaHHUH 00pa3noB rieMenTa, cootBeTcTBYIOT [[OCT 969-
2019.

IKcNnepHMEHThI H 00Cy:KIeHHe Pe3yJbTaTOB

®a30Bblil COCTAB KAJbIHEBO — AJIIOMOGepPPUTOBOr0
neMeHTa
Pentrenodazoseiii ananmm3z KADK mpencrasieH Ha pu-
cyrke 1. [Ipu momomu mporpammer Match!3 6b11 paccautan
(hazoBsIit cocTaB cuHTe3npoBaHHOr0 KA®K (Tabdmnmma 5)

PUCYHOK 1

®A30BEII COCTAB KAJBIIUEBO-
AJTIOMO®EPPUTOBOTI'O KJIMHKEPA

Figure 1

Phase composition of calcium — alumoferrite
clinker

A) KADK I (CAFCT)

The heat treatment was carried out in a laboratory furnace
with silicon carbide heaters at a temperature of 1290 (£ 5) °©
C, without exposure, with abrupt cooling.

Qualitative and quantitative analysis of the phase compo-
sition of the obtained calcium—aluminoferrite clinkers was
carried out using programs Match!3 and Crystallographica
Search-Match.

To obtain calcium—aluminoferrite cement, clinker (with-
out the addition of gypsum stone) was crushed in a laboratory
ball mill to a fraction content of < 80 microns - 98 (£ 2%).

Compressive strength was determined by physico—me-
chanical tests of cement stone samples in the form of small
cubic samples with a water-cement ratio (V/C = 0.25), with
a face size of 1.41x1.41x1.41 cm during the cement harden-
ing period of 6 hours, 1 and 28 days. The conditions of stor-
age and testing of cement samples comply with GOST 969-
2019.

Experiments and discussion of the results

Phase composition of calcium — aluminoferrite
cement
The X-ray phase analysis of CAFC is shown in Figure 1.
With the help of the program Match!3 the phase composition
of the synthesized CAFC was calculated (Table 5).

= 2.655_;;—j

2973

=
1.929{F+TF

2.768] HF

40 45 50

A-CA, M-C,A, B-CA AF-Cy(ALFe)0;, L-B-CS,
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TABJIAIA 5 PAKTHUYECKHI ®A30BBI COCTAB KAJIBIIMEBO-AJTIOMO®EPPUTOBOI'O

K/IMHKEPA

Table 5 The actual phase composition of calcium-aluminoferrite clinker

Copep:kanne KINHKepHBIX a3, %
Hnentnduxarop obpa3ua Content of clinker phases, %
FAMEELID CA C2(ALFe)205 CaS C:A CizA7
KA®K I
CAFCI 38,8 33,8 21,5 - 5,9
KA®K II
CAFC II 27,6 23,9 23,4 18,5 7,7

Kak BugHO Ha pucyHKe 1, OCHOBHBIM (pazamMy KaJIbLHEBO-
amomogepputoBeix kimHKepoB (KADK I, KADK II) sBins-
1oTcs amoMuHaThl Kabims CA (d =2,963-2,973A), CipA7(d =
4,901-4,912 A) u C3A (d = 2,692; 1,905 A), amomodeppur
kameiusa Ca(AlLFe):0s (d = 7,278-7,302; 2,692-2,695; 2,646-
2,658; 1,926-1,929 A) u cumuxar xamsimsa CoS (d = 2,870-
2,881;2,197-2,221 A).

O6pazoBanHas (aza amoModeppuTa KaIbIHsi OTHOCUTCS K
HENpepBIBHOMY psijly TBEPABIX pacTBOPOB ¢ o01eit popmyoit
Ca(AlFe)0s. Ina KADK I xapakrepHa xumuieckast hpopmyJia
coequnenus - CpAlpssFe; 4505, mms cocraa KA®K II -
CyAlpsesFer.1340s. JlaHHOE yTOYHEHHE OMPENCIsUIM TPU IO-
momu nporpammbl Match!3. OtHocurensHOe copepxKaHue
¢assr Co(Al Fe),0s B KADK [ Ha 17,7% Bbliiie, 110 CpaBHEHHIO
¢ KAOK II.

OCo0eHHOCTBIO JIBYX KJIMHKEPOB SIBJISIETCS 00pa3oBaHue B
KA®K II dazsr C3A. anHbli (hakT MOATBEPKAACTCS TEM, YTO
Ha peHTreHorpamme (puc. 1, b) MEXImIockocTHOH MakCHMyM
daser C3A (d = 2,692 A) nepexpbIBaeTcs ¢ MEXKILIOCKOCTHBIM
MakcUMyMoM amromodeppura kanbsius B Ipode KADK I [pu-
cyrctBue (aszel C3A B KADK I, monreepxnaercs (puc. 2) co-
IyTCTBYIOIMM OTpaxkeHHeM dassl d = 1,905 A (yron asoitHoro
otpakenus 47°). B KA®K I mexmiockocTHON MakcuMyM d =
1,929 A naxomutcs B 0671aCTH JBOMHOTO yria OTpakeHus 47°
U OTHOCUTCS K HENPEPhIBHOMY DSy TBEPIbIX pPacTBOPOB
Cz(Al,FG)zOs.

AmromunarHas ¢a3a — MoHoamoMuHaT Kanbuus (CA) co-
OTBETCTBYET, NpOeKTHOH ¢aze B moxyne CAF, = 0,55. Us-
BECTHO [25,26], uto npu cootHomennn okcuaoB CaO:AlL,O3 =
1:1 B ximHKEepe MoOryT mpucyTcTBoBaTh (asel CA, C3A u
Ci2A7, 1 IOCIIe 1OBATETHHOCTH BX 00pa3oBaHus nMeeT Bu CA-
C12A7-C3A (B mopsiiKe BO3pacTaHUS).

B namreit pabote dazer CA-Ci,A7 HabmonaoTest B 060mux
kiuHKepax. A ¢aza C3A Tonbko B o6pasne KADK II. Otaocu-
tensHOE conepkanue CA (d = 2,97 A) (puc.2) y KA®K I na
42,4% Boire, ueM y KAOK II. OTHocuTenbHOE KOJIMYECTBO
(a3 ompenensyM MO MOKa3aTEeII0 MHTCHCHUBHOCTH (UIIM/CEK)
ocHoBHbIX (a3 - CA u Cy(AlFe),0s (puc.3).

CTOUT OTMETUTD, YTO NMPOBEJICHHBIH Ka4ECTBEHHBIN PEHT-
reHo(a3oBbIil aHaNN3 MOATBEPIKAACT (HaKTUUECKUH (a30BBII
COCTaB KaJbLINEBO-AITIOMO(EPPUTOBOTO KIMHKEPa MPHBEAEH-
HBIH B TA0IHUIE 5.

W3 nurepaTypHbIX NaHHBIX U3BECTHO [25-27], 4TO B NpH-
CyTCTBHH OKcHa kpeMHHs B cucteme CaO-AlO3; mpouncxoaut
obOpazoBanme coequaeHust reneHUT (CoAS), mpu cuHTe3e
KA®K nanHoe coemuHenne He uaeHTH(uIUpyercs. B kade-
CTBe CHUIMKaTHOH (ha3pl HabmromaeTcst Hammane CoS B IBYX MO-
mudukanusx: B KAOK I — npennonoxurensho a-C,S u B-Cs,S,
a B nmpobe KA®DK II - tronbko B-C,S. B 000ux knmHKepax cBo-
6oaub1ii CaO OTCYTCTBYET, CIIEOBATEIILHO, (PU3UKO-XHUMHUYC-
cKkue nporecchl (a3o00pa3oBaHsl 3aBEPIICHBI.

As can be seen in Figure 1, the main phases of calcium-
aluminoferrite clinker are calcium aluminates CA (d =
2,963-2,973A), C12A7 (d = 4,901-4,912A) and C;A (d =
2,692; 1,905 A), calcium aluminoferrite C2(Al,Fe),0s (d =
7,278-7,302; 2,692-2,695; 2,646-2,658; 1,926-1,929 A)
and calcium silicate C,S (d = 2,870-2,881; 2,197-2,221
A).

The formed phase of calcium aluminoferrite belongs to
a continuous series of solid solutions with the general for-
mula C(AlFe),0s. CAFC 1 is characterized by the chem-
ical formula of the compound - CyAlgssFe; 4505, for the
COHIpOSitiOIl of CAFC II - C,AlgsssFer.1340s. This clarifi-
cation was determined using the program Match!3. The
relative content of phase Cy(Al, Fe),Os in CAFC 1 is
17.7% higher than in CAFC IL

A feature of the two clinkers is the formation of phase
Cs3A in CAFC II, compared to CAFC 1. This fact is con-
firmed by the fact that on the X-ray (Fig. 1, B) the inter-
plane maximum of phase C3A (d = 2.692 A) overlaps with
the interplane maximum of calcium aluminoferrite in the
CAFC II sample, the presence of phase C3A in CAFC Il is
confirmed (Fig. 2) by the concomitant reflection of phase
d=1.905 A (angle of double reflections of 47°). In CAFC
I, the interplane maximum d = 1.929 A is located in the
region of the double reflection angle of 47° and belongs to
a continuous series of solid solutions of C,(ALFe),0s.

The aluminate phase — calcium monoaluminate (CA)
corresponds to the design phase in the CAF,, module =
0.55. Tt is known [25,26] that with the ratio of CaO:Al,O;
oxides = 1:1, phases CA, C3A and C»A7 may be present
in clinker, and the sequence of their formation has the form
CA-Ci2A7-C3A (in ascending order).

In our work, CA-Ci2A7 phases are observed in both
clinkers. And the C3A phase is only in the CAFC II sam-
ple. The relative content of CA (d=2.97 A) (Fig.2) CAFC
I is 42.4% higher than CAFC II. The relative number of
phases was determined by the intensity index (imp/sec) of
the main phases - CA and C»(ALFe),0s (Fig.3).

It is worth noting that the qualitative X-ray phase anal-
ysis carried out confirms the actual phase composition of
the calcium-alumoferrite clinker shown in Table 5.

It is known from the literature [25-27] that in the pres-
ence of silicon oxide in the CaO-ALOs system, the for-
mation of the gelenite compound (C,AS) occurs, this com-
pound is not identified during the synthesis of CAFC. As
a silicate phase, the presence of C,S is observed in two
modifications: in CAFC I — presumably a-C,S and B-C.S,
and in the CAFC II sample - only B-C,S. There is no free
CaO in both clinkers, therefore, the physico—chemical pro-
cesses of phase formation are completed.
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PHCYHOK 2

COJIEP)KAHHE KJIHMHKEPHBIX ®A3 C3A

u C2(Al, Fe)20s o3,
[N

Figure 2

The content of clinker phases C3A and
C2(Al, Fe)20s5

CAFCI CAFCII

-1.929

%
— C2(AlFe)20s

5N 3

CsA

PUCYHOK 3

CPABHEHUE UHTEHCUBHOCTH
KJIMHKEPHBIX ®A3 CA u Cz(Al, Fe)20s

CAFCI

o
N
o
Figure 3

Comparison of the intensity of clinker phases
CA and Cz(Al, Fe)20s

Intensity (imp/sec)

Phase CA

Phase Ca(Al Fe):0s
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II'mapaTtannoHHble CBOWCTBA KaJbIeBoO—aaoModep-
PHUTOBOIO LIEMEHTA

Ha nuarpamwme (puc.4) n3o0paskeHbl MMOKa3aTeIn Mpoy-
HOCTH Ha C)KaTHe INOJYYEHHOro KajbIueBo—atroModeppu-
TOBOT'O LIEMEHTa B BO3pacTe TBepAeHuUs 6 yacos, 1 u 28 cyT-
Kax (0e3 BBOJIa TUTICOBOTO KaMHSI).

B Bo3pacte 6 yacoB npouHocts Ha cxatne KADK II co-
craBmsuta 12 MIla (coctaB CBIpHEBOM CMECH: M3BECTHSK-
ITIOMOCOEPKAINH ITAK — OTXOJ arJIOMEPalOHHOTO TIPO-
n3BozacTBa), oopazerr KADK I x 6 wacam Haxomwiics B mia-
CTUYHOM COCTOSIHUM M HE MOT MCIIOJIb30BaThCS IS (PU3UKO-
MEXaHUYECKUX MCIBITAHHMH.

[MpounocTs Ha panHuX cTaausx nementa KADK II obec-
nevrBanach HanuyreM B coctaBe a3 Ci2A7 u C3A, KOTOphIC
00J1a1a10T CBOMCTBaMHU OBICTPOTO CXBAaTHIBAHUS U ITOBBIILICH-
HoM npouHocTH [26]. B Bo3pacte 1 cyTok mpounocts KADK
I Bo3pacraer Ha 8,3% (48 MIla) orHocuTensHO KA®K II.
Oro cBs3aHo ¢ TeM ¢akToM, uro KADK I mmeer Bbicokoe
conepskanne ¢assl CA (38,8 %), o cpaBrennto ¢ KADK 11
(27,6 %).

YBenuueHne MPOYHOCTH MPU CXKATHU K 28-CyTOUHOMY
BO3pacTy HaOmomaeTcss y obouwx IieMeHTOB. IIpodHOCTh
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Hydration properties of calcium—aluminoferrite
cement

The diagram (Fig.4) shows the compressive strength of
the resulting calcium—alumoferrite cement at the hardening
age of 6 hours, 1 and 28 days (without the introduction of
gypsum).

At the age of 6 hours, the compressive strength of CAFC
IT was 12 MPa (the composition of the raw material mixture:
limestone-aluminum—containing slag - waste from agglom-
eration production), the CAFC I sample was in a plastic state
by 6 o'clock and could not be used for physico-mechanical
tests.

The strength in the early stages of CAFC II cement was
ensured by the presence of phases Ci,A7 and CsA in the com-
position, which have properties of fast setting and increased
strength [20]. At the age of 1 day, the strength of CAFC I
increases by 8.3% (48 MPa) relative to CAFC II. This is due
to the fact that CAFC I has a high CA phase content (38.8%),
compared to CAFC I (27.6%).

An increase in compressive strength by the age of 28 days
is observed in both cements. The strength of CAFC I is 78
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KA®K I cocransier 78 MlIla, uto Ha 31,6 % BbIIIIE IO CpaB-
HeHuto ¢ mpouHocThio KADK II (52 MITa).

BakHo 0TMETHTB, 4TO K 28 CyTKaM He HabJII01aeTCs CHHU-
JKCHHS MPOYHOCTH, KaK, HAPUMEpP, V KabIUCBO-ATIOMH-
HATHBIX [IEMEHTOB (TJIMHO3EMHCTHIX) [26,27].

MPa, which is 31.6% higher than the strength of CAFC II
(52 MPa).

It is important to note that by the 28th day there is no
decrease in strength, as, for example, in calcium—aluminate
cements (alumina) [26,27].

PUCYHOK 4 Compressive strength (MPa)
MMPOYHOCTD IIPU C’KATUU KAJIbLIU- CAFCII
EBO-AJIIOMO®EPPUTOBOI'O
HEMEHTA

CAFCI1 | |
Figure 4 0 20 40 60 80
Compressive strength of calcium-aluminofer- CAFCI CAFCII
rite cement m 28 day 76 52

1 day 48 44

6 hours 0 12

3aki0ueHue Conclusions

1. CocTaB pexoMeHayeMoil cMecH: u3BeCTHSK (42,6%) —
amomocozaepxamuit otxox (40,1%) - 0TX01 KOHBEPTEPHOTO
npoussoacTia (17,3%). JlabopaTopHbie YCIOBUS CHHTE3a -
temneparypa 1290 (£5)°C, 6e3 BbIICPKKH, C PE3KHUM OXJIa-
neHneM. Ha ocHOBe yka3aHHOTO cOCTaBa M PEKOMEHAye-
MBIX JJADOPATOPHBIX YCIOBUI BO3MOXKHO 3((HEKTHBHOE MO~
Jy4eHHE KaJIbIINEBO-aJIOMO(QEPPUTOBBIX LIEMEHTOB U3 TEX-
HOTCHHBIX OTXOJIOB.

2. Pa3paboTaHHBIA IMOKa3aTeNh KadecTBA KalbIIHEBO—
amroModeppuToBOro meMeHTa - Moy CAFm moxer ObITh
WCTIOJIB30BaH MPH pacyeTax CHIPbEBOM CMECH C YHCICHHBIM
3HaueaneM CAFm pasubmM 0,55.

3. Ha npounocts npu cxarnu KA®K Biuser cocraB u
KOJINYECTBEHHOE COAep)KaHHe OCHOBHBIX (a3 - CA u
Cy(Al,Fe)0s, a Taxke Hamuuue BTOPOCTENEHHBIX (a3,
Harnpumep, C,S.

4. KanpnueBo—amoMOpEpPUTOBBIN [IEMEHT MOXKHO HC-
MI0JIb30BaTh B KAaueCTBE PEMOHTHOT'O cOcCTaBa IpH paborTe,
HarpuMep, B arpecCHBHBIX Cpelax, Ilie KOppOo3usi aKTUBHO
BO3ZCHCTBYET Ha U3JICITHE.

5. Pacxox ceippeBOil cmecu A nis mpous3BoiacTBa 1
TOHHEBI KalbIiueBo—amomModepputoBoro xmHkepa (KADK)
cocrasisieT 1250 kr u 1270 kr cmecu b, u3 koropeix 56,2 -
57,4 % (mMacc.) COCTaBIISIFOT TEXHOTEHHBIE OTXO/IBI.

6. Mcmonp30BaHNe TEXHOTEHHBIX OTXOIOB B MIPOHM3BOJ-
CTBE KAJIbIIMEBO-ATIOMO(PEPPUTOBOTO LIEMEHTa HE TOJBKO
MO3BOJIT CHU3UTh HEIaTHBHOE BIIMSHHE HAa OKPYKAIOUIYIO
Cpejy, HO ¥ COKPAaTUTh KOJIMUECTBO 00Pa3yIONIMXCsl OTXO0B
Ha 4,9-5,4 % npu nonyueHuu 300 ThIC. TOHH KalbLUEBO-
oMo eppUTOBOTO KIIMHKEpA B TOJI.

Jluteparypa:
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HOT'0 METaJLTypriuuecKoro npousBoacTea //Yepuoie metamisl. — 2016.
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2. HoBble mmyTH HCHOJIB30BAHUS OTXOI0B METALTYPrUYeCKOH U dHep-
TeTUYECKOW TPOMBIIUICHHOCTH B TEXHOJOTHM BsDKymux / M.A.

1. The composition of the recommended mixture: lime-
stone (42.6%) — aluminum-containing waste (40.1%) - waste
from converter production (17.3%). Laboratory conditions of
synthesis - temperature 1290 (+ 5) °C, without exposure,
with rapid cooling. Based on the specified composition and
recommended laboratory conditions, it is possible to effec-
tively obtain calcium-alumoferrite cements from man-made
waste.

2. The developed indicator of the quality of calcium—alu-
minoferrite cement - the CAFm module can be used in the
calculations of a raw material mixture with a numerical value
of CAFm equal to 0.55.

3. The compressive strength of CAFC is influenced by
the composition and quantitative content of the main phases
- CA and Cy(Al,Fe),0s, as well as the presence of secondary
phases, for example, CsS.

4. Calcium—alumoferrite cement can be used as a repair
compound when working, for example, in aggressive envi-
ronments where corrosion actively affects the product.

5. The consumption of the raw material mixture A for the
production of 1 ton of calcium—alumoferrite clinker (KAFK)
is 1250 kg and 1270 kg of mixture B, of which 56.2 - 57.4%
by weight are man-made waste.

6. The use of man-made waste in the production of cal-
cium-alumoferrite cement will not only reduce the negative
impact on the environment, but also reduces the amount of
waste generated by 4.9-5.4% when producing 300 thousand
tons of calcium-alumoferrite clinker per year.
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