KaroueBsle cjioBa: KIMHKEPHBIC MUHEpaJbl, TEPMOJAUHAMUKA, YTIIEPOJ, MUHEPAIOOOpa30BaHUE,
sHeprus ['ub0oca.

The results of thermodynamic calculations of the main clinker minerals formation from natural raw
materials in the presence of carbon, which is the basis of solid fuel are presented. Found that in presence
of carbon-forming reaction of clinker minerals are thermodynamically possible at low temperatures, that
is clinker reactions begin to take place already in the reactor-calciner, which reduces the length of the fur-
nace, the achieved performance and quality of products to remain fairly high level.

Keywords: clinker minerals, thermodynamics, carbon, mineral formation, Gibbs energy.
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INPOI'HO3HBIE TEPMOJANHAMMNYECKHUE PACYHETDBI
BEPOSITHOCTHU TBEPJO®A30OBLIX PEAKIIUM ITPU
TEPMOOBPABOTKE MACC JIEKTPO®AP®OPA

O6cyxaatoTcst pe3yabTaThl TEPMOAMHAMHUYECKOTO aHalli3a peakuuil ¢pazooOpa3oBanus npu HOpMHUPOBA-
HUU KEPaMHUKH MYJUINTO-KPEMHE3EMUCTOr0 M KOPAMEPUTOBOI'O COCTABOB B HHTEpBajie TEeMIIEpaTyp
700 + 1800 K. Teopernueckre pacyeTsl CBUACTENLCTBYIOT O BO3SMOKHOCTH TIOJTyYeHHUsI MaTepHalioB, CO-
JepKalMX MPEUMYLIECTBEHHO MYJUIMT, KOPAMEPUT M KBapll IPU IMOHWKEHHOW TeMIlepaType CHHTe-
3a (1420 + 1520 K).

KnroueBble cjioBa: MyJUTUT, KOPAUEPUT, CUITMMAHUT, dHeprusa [ m60ca, TBepaoda3oBblii CHHTE3

CnoXHOCTh (PUBHKO-XUMUYECKUX TIPOIECCOB, MPOTEKAINUX TpH OOKUTE
AIEKTPOTEXHUYECKOW KepaMUKH, 00YCIOBIMBAET HEOOXOAMMOCTh TEOPETUICCKUX
MIOJIXOZIOB K MPOTHO3WPOBAHUIO TBepA0(ha3oBbIX peakiuii B cuctremax Al,O3— SiO,,
MgO - Al,O3 — SiO,. C 3To# TOYKH 3peHHUST pacueT TEPMOJNHAMUYCCKHX CBONCTB
KPUCTAIUNIMYECKUX HOBOOOPA30BAHHM TO3BOJIMT HE TOJBKO YCTAaHOBUTH HAIMUYUE
(a3, HO U OMpeNeNUTh YCIOBUS, MPU KOTOPBIX UX (OpMUpPOBaHUE HauboOJee BEpo-
STHO.

JIist MyuTo-KpeMHe3eMUCTOro gapdopa oaHUM U3 OCHOBHBIX (hazoo0pa-
3YIOIIUX COCAMHECHUH SBIISICTCS MYJUTAT. BOTPOCH TEPMOIMHAMUYECKOTO aHAIHM3a
peaknuii 00pa3oBaHUs MYJUINTA, a TaKKe YCIOBUH ero (hOpPMHPOBAHUS PACCMOT-
peHbl B pabotax aBTopos [1, 2].
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Y CTaHOBJICHO, YTO C TIOBBIIICHUEM TEMIIEPATYPhl 00KHUTa COCTaB MYJUIUTA
mensiercst ot 2Al,03:Si0, 1o Oonee  TEPMOAMHAMHUYECKH  YCTOWYHBOTO
3Al,03-2Si0..

B 3aBucEMOCTH OT MCXOAHOTO COOTHOIICHUS OKCHJIOB QIFOMUHUS W CHUJIH-
ITUST KPOME MYJIITUTa MOKET BBIICIATHCS TAKKE U CHILTUMAHUT.

KopauepuroBast kepamMuka XapaKTepu3yeTcs HaJIMYUEeM KOPAUEPUTOBOU (ha-
361 10 60 + 75 %, hopMupoBaHUEe KOTOPOH U3 paciiaBa KMEET P 0OCOOCHHOCTEH.

ABTtopamu [3] npoBesieH TepMOAMHAMUYECKHUIA aHATU3 TBEP0(a30BBIX peak-
U 00pa30BaHUS KOPAUEPUTA.

B To e BpeMs WM3BECTHO, UTO, NPU OXJIAXKJECHUH W3 PacCIlyiaBa, OTBEYAIOIIETO
o coctaBy 2MgO-2Al,03-5Si0,, nepBoHaYaIbHO KPUCTAUTU3YETCS MYJUTHT [4].

OTOT (PakT MOXKET OOBSICHATHCA TEM, YTO TOYKA, OTBEUAIOUIAs COCTaBY
kopaueputa (13,7 % MgO, 349 % Al,O; 51,4 % SiO;), Ha auarpamme
MgO — Al,O3 — SiO, HaxOUTCs B MOJIe KPUCTAIUIM3AIUN MYILINTA.

Nmeronuecs cBefieHUs HE JAIOT OJHO3HAYHOIO MPEJCTABICHUS O MpoIeccax
dbopMupoBaHus MYJJIUTOBOM U KOPIAUEPUTOBOU (a3 mpu 0OKUTe KEPaMUKH, CIIe-
KaIOIIEICS C y4aCTUEM pacIliaBa.

WuTepec npeacTaBisieT MPOTHO3UPOBAHNE YCIOBUN KPUCTAITU3AINH MYJLIN-
Ta U KopauepuTa npu (HOPMHUPOBAHWH MACC HHU3KOTEMIIEPATYPHOTO DIIEKTPOTEX-
Huueckoro dapdopa.

Ha mamr B3rmsm, aHanm3 TepMOAMHAMUYECKOTO TOTEHIMANA peakiuii ¢das3o-
o0pa3oBaHus MO3BOJUT HE TOJBKO YCTAaHOBUTH HanOoJiee BEPOSITHBIN (ha30BbIi CO-
CTaB MPOAYKTOB TEPMOOOPAOOTKH, HO W OMPEACIHUTH MPEAMOYTHTEIbHEIC Iapa-
METPBI HU3KOTEMIIEPATyPHOTO CHHTE3a 3aJJaHHbIX (a3.

JIJis ucciemyeMbIX BUIOB KEPAMHUKH OICHUBAIACH BEPOSITHOCTh KPUCTAIIIN-
3a0Mud MYJDTTa JBYX cocTaBoB (A,S, AsS;), cwummmanurta (AS), xopauepura
(M2A;Ss) 1 conyrerByronux (a3. Pacuer sneprun ['n606ca mpoBoAMIICS TyTEM UH-
TErPUPOBAHUS YPABHCHUS:

AG =AH, +T(%j :
oT J)p

rae  AHp — sHTanbpnUs 00pa30BaHUS U3 JIEMEHTOB MCXOJHBIX BEIIECTB M IIPO-
OyKTOB peakuuu, k/x/mons; T — temneparypa, K.

B ocHOBY peann30BaHHOTO TEPMOAMHAMUYECKOIO aHAIW3a IOJIOXKEH MpPUH-
IIUI pacyueTa, YYUTHIBAIOIINN COCTaB OKCUIHOW cMecH [5], KOTOpBIH 3aKIII0YaeTCs
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B TOM, 4YTO JJIsI BCEX PEAKIMU B JIEBOM YAaCTH YPABHEHUS 33Ja€TCSl OMPEICICHHOE
KOJIMYECTBO MCXOJIHBIX BELIECTB U PE3YyJbTaThl pacueToB sHepruu ['nb0ca MOKHO
COIIOCTABIISITh.

3a UCXOQHOE KOJIMYECTBO KAXKAOTO OKCUIa MPUHUMAIOCH KOJIMYECTBO MOJIEH,
COAEPKAIIUXCSA B COCTABE OKCUAHON KOMIIO3UIUU.

B 1aHHOM Ciydae pacueTHble 3HaueHHs AG. peakimii 0Gpa3oBaHHs COEIH-

HEHUM XapaKTepU3yIOT BEPOATHO 00pa3yIoIIeecs UX KOJTUYECTBO.

JKcnepuMeHTaIbHAs YacTh
TepMmonuHaMudeckass OICHKA MPOBOAMIACH JUIS MYJUITHTO-KPEMHE3EMHCTHIX
macc (MK), oTimuarormmxcst  copepskanneM Moaudukaropa (JooMuTa B KOJIHYE-
ctBe 3 u 6 %), a Taxxke kopauepuToBbix Macc (K), comepxaiux B KauecTBe HC-
TOYHUKA MarHHs pPa3HbIC COCAMHCHHUS (TaJIbK U MarHe3wT).
C yuetoMm conepxkaHus $a3zo00pa3yrmuX OKCUIOB B COCTaBE MacC PacCUH-
TaHa sHeprus ['m66ca mpeACTaBICHHBIX HIKE PeaKIIHii:

1) xA+yS=5A332+(y—3xjs
3 3
X X
2) XA+yS=—AS+|y——|S
) yS=3%A (y 2)
3) XA+YyS =xAS +(y-x)S

4) xA+YyS +:zM _—M JAS +| Y -

I\)lU‘I

( jS+(x—z)A
5) xA+yS+zM_—M2AQS (y——z——(x z)j8+( jASS
6) XA+ VS +zM _—M ,AS: +(y——z—(x—z)]8+( Z)AS

7) XA+ YS +zM _EM JAS +(y—§z—%j3+(xzszs

rae X, Y, Z — ko3 PuimeHTsl ypaBHEHUHN, paBHbIE MOJISIPHOMY COJIEpKaHUIO (Pazo-
00pa3yrInX OKCHIOB HCCIeayeMbIX Macc (Tadur. 1).
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Ta6muua 1 — Coneprkanue pazo00pa3yromux OKCHIOB B COCTaBAX UCCIIEIYEMBIX MAcC

LIndp Maccs: Copepxanue (ba3006p:f13y10mnx OKCHJIOB, MOJL.
Al,O4 SiO, MgO
MK-1 0,35 1,06 0,02
MK-2 0,34 1,05 0,04
K-1 0,31 0,94 0,29
K-2 0,36 0,86 0,28

,HJ'I?I YKa3aHHBIX peaKHI/Iﬁ YCTAHOBJICHBI YPAaBHCHUA 3aBUCHUMOCTHU SHCPIUU

['m66ca oT TemnepaTypbl, pacCUUTaHbl 3HAYCHUS AG? B MHTEPBAJIEC TEMIEPATYP

700+1800 K ¢ yuetoM mommMopdHBIX TPEBPaICHUN:

a TaKKe

p-xBapy ——

v-AlLbO3 ————> A-AlLO;5,

867 °C

1227° C

1470° C
—>  Y-TPUIUMHUT — > [-KpHCTOOAILTUT

I/ICXOI[HBIG JAaHHBIC AJI1 TCPMOJHMHAMHYCCKHX PACUCTOB IIPCACTABIICHBI B

TabI. 2.
Tabmuuna 2 — WHcxomHble TepMOIMHAMUYECKHE KOHCTAHTBI COEAMHEHHH CHCTEMBI
MgO — Al,O3; - SiO; [6]
Coe e AH gg . AGgg . Koo duumentsr ypasuerus Cp = f(T)
K JI2k/MOJIb K JIk/MOJIb a b c

AS -2730,00 -2560,00 42,24 6 -12,1
AS -4620,00* -4375,00* 73,15* 11,6* -23,75*
AsS; -7558,76 -7175,38 84,22 20 -25
M2A,Ss -2190931 -2069212 443,83 0,0258 -386000
MgO -143198 -136038 10,18 0,00174 -148000
v-Al,O3 -1639,55 -1543,60 17,64 12,1 0
a-Al,O3 -1672,19 -1578,67 27,43 3,06 -8,47
SiO2 (B-xBapm) -860,63 -806,16 11,22 8,2 2,7
SiO2 (y-Tpunumur) -858,11 -804,06 3,27 24.8 0

SiO; (B-kpucTo6amIUT) -858,95 -804,90 4,28 21,06 0

* TCPMOANHAMHNYCCKUC KOHCTAHTLI, pPACCUUTAHHBIC 1O METOAY CPAaBHCHUA

Pe3y.]'l]>TaTbI H X 06cy>1mefme

BeposiTHOCTE paccMOTpeHHBIX peakiuii ¢da3zoo0pa3oBaHus TPU TEPMOOOpa-
00TKe MYJUIUTO-KPEMHE3eMHCThIX Macc B mHTepBajie Temmepatyp 700 + 1800 K

WJUTIOCTPUPYIOT MOTyYEHHbIE HaMU rpadUuecKre 3aBUCUMOCTH AG$ = f(T), npen-
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CTaBJICHHBIC Ha puc. 1.

a) 0,00 ﬁ} 0,00
2 e @ Q Q9 Q Q9 Q Q Q @ g
rREREBEEREERERE w0 £-88 888588 58.8
20,00 o o T L AR "l"';:i - = v e el e FI..E— L ]
o -40,00 M
-
2 -40,00 2 -60,00 e i M“‘"’*«..“
:; = -80,00 - 2
! -60,00 el
Fs % -100,00 (A e
i_-; -80,00 :E =120,00
-140,00
-100,00
-160,00 W
-120,00 -180,00
Temmeparyvpa, K lemmeparypa, K
e M,AS: + S+ A; ==l M>A;S: + 5 + AsS); =l MA,S5 + S + AS;
+I\I*ﬂ=5 + 5+ FL_'!S.' + A;S} & S + AN+ 5 ﬁ:“'; + 5

0 o
Puc. 1 - 3asucumocts AGy st peakumii pa3006pa3oBaHms B MyJUIHTO-KPEMHE3EMUCTBIX

Maccax C pa3HbIM COOTHOLICHHEM (azoo0pasyronmx okcumos: a) AlO; : SiO; : MgO =
1,0:3,03:0,06 6) Al,O3 : SiO, : MgO =1,0:3,09:0,12.

CpaBHUTENBHBINA aHAIN3 3aBUCUMOCTEN YKA3bIBAET HA TO, YTO BEPOSITHOCTH
MPOTEKAaHUs BCEX PACCMOTPEHHBIX PEAKIUNA C YBEIMUYECHHEM J0JIU MoJauduKaTopa
MOBBINIAETCS, O YEM CBUJICTENLCTBYET YMEHbBIIIEHNE 3HaUeHUM sHepruu [ 'ndoca.

[Ipu 3TOM, HECMOTpsl Ha COXpaHEHUE OOIIEeH TEHICHIIMU O0pa30BaHUsl KpH-
CTaJUTHUYECKUX (a3, UIsl MacChl ¢ MEHBIIUM coJiep:kaHueM Moaudukaropa (coot-
nHomenue Al,O3 : SiO, : MgO = 1,0 : 3,03 : 0,06) mo Temneparypsl 1300 K o6pa-
30BaHue MyutTta AzS, (o peakiuu 1) OGojiee BEpPOATHO, YeM KPUCTAILIU3AIUSI
M,A,Ss u AzS; (1o peakiuu 5).

[Tpu moBeimennu Temmeparypsl 10 1500 K, 3nauenus sueprum ['mG6ca mis
o0enx peakiui MPaKTUYECKU OJMHAKOBBI, TOT/Ia KaK BbIIIE YKa3aHHOW TeMmIepa-
Typbl HauOojiee BEPOSITHOM SIBIISIETCS PEAKIMsSl O, COMPOBOXKIAIONIAACS OJHOBpE-
MEHHBIM oOpa3zoBanueM M,A,Ss n AzS,.

Jlnst mMacchl ¢ OONBIIMM COAepKaHMeM Moaudukaropa (COOTHOIIECHHE
Al,O3 : SiO, : MgO =1,0: 3,09 : 0,12) Bo BceM TeMIepaTypHOM HHTEpBaie OoJiee
BepositHa peaknus (5), MPOayKTaMH KOTOPOW SIBIISIOTCS KOPIUCPUT, MYJUIUT U
KBapil.

3aBUCUMOCTH AG$ =f(T) nmn91 KOPAWEPUTOBBIX MAacCC MPEACTABICHBI

Ha pucC. 2.
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a) 0,00 0,00
-50,00 50,00
-100,00 100,00
2 -150,00 150,00
S
3-_ -200,00 200,00
,; -250,00 250,00
2 300,00 300,00
-350,00 350,00
-400,00 -400,00
-450,00 = . -450,00
lemmeparypa, K Temmeparypa, K
e MoASs+ 85+ A; e \,A;S:+ S+ AaSy; e M:2A2Ss + 8 + AS;
+I‘L‘I:~f’k;~5§ + 85+ f'h'_SZ + ﬁ'.S: T S + AS 4 S ;“L:S 8

0 o
Puc. 2 — 3asucumocts AGy anst peakumii hpasoo0pa3oBaHns B KOPAMEPHTOBBIX Maccax ¢

pa3HBIM COOTHOIIEHHEM (a3oo0pa3yromux okcuaoB: a) Alb,Osz @ SiO; : MgO = 1,0 : 3,03 : 0,94
0) Al,O3 : SiO; : MgO =1,0:2,39:0,78.

s xomno3uiuu ¢ cootnomenuem Al,Osz @ SiO, : MgO = 1,0 : 3,03 : 0,94
mpu Temneparype 10 850 K mpeBanmupyet peaknust oOpa3oBaHUs MYJIIUTa COCTaBa
A3S;. C TOBBIIIICHHEM TEMITEpaTypPhl PE3KO BO3PACTAET BEPOSTHOCTh 00Pa30BaHUS
KOpJIMEPHTA 10 peakuusM (4 — 7), mpudeM mpeanoiaraeTcs oJHOBpeMeHHOe (hop-
mupoBanue (M;A;Ss), mymunta (AszS; u AyS) u crutumanuTta (AS).

Macca, mis xkoropoii cootnomierue Al,Os @ SiO, : MgO = 1,0 : 2,39 : 0,78,
XapakTepusyercs HauboJiee HU3KUMU 3HauYeHUsiMU sHepruu ['nbb6ca. [Ipuuem BO
BCEM HCCIICTyEMOM TEMIIepaTypHOM HHTEPBAJIC MPEANOUYTUTEIBLHBIM SBISICTCS OJT-
HOBpeMeHHOe oOpazoBanue M,A,Ss n mymmuTa A3zS; 1o peakmuu S.

[Tomy4ennble pacueTHbIe 3HaUeHUs YHeprun [ m60ca cormacyroTcst ¢ TaHHBIMH
aBTOpa [7] ¥ CBHIETENBCTBYIOT O TOM, YTO MPH TEPMOOOPAOOTKE UCCIICTyEMbIX OK-
CUIHBIX KOMTIO3uIMH B TemneparypaoM naTepBaie 1400 + 1500 K BeposTHO 00pa-
30BaHHE MYJUTUTA, KOPJUEPUTA U KPEMHE3EMA.

DTOT aKT MO3BOJIAET ClIeTaTh BEIBOJI O BO3MOXKHOCTH HU3KOTEMIIEPATYPHOTO
CUHTE3a DJIEKTPOU30IIIIUOHHOTO (aphopa MyJUTUTO-KPEMHE3EMHUCTOTO M KOPAHE-
PUTOBOTO COCTaBa.

3akioueHune
B cooTBercTBMM € TOCTaBJICHHOW 3ajaydeil, MpOBeIEHAa MPOTHO3HAS TeEp-
MO-JIMHAMHUYeCcKas OIleHKa peakiuii (a3000pa3oBaHus [JIs1 OKCHUIHBIX KOMITO3H-
WM, UCIIOJIB30BAHUE KOTOPBIX MNPEAMNONATAETCA JJISI CUHTE3a MYJUIUTO-KpPEMHE-
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36MHUCTOTO M KOpAUEpUT-cosiepxamiero ¢apdopa npu NOHMKEHHON TeMIeparype
(1150 + 1250 °C).

[Iporuo3Hsie pacueTsl MO3BOJIMIIM OLICHUTh TeOpeTUYeCKui (Ha3oBbIi coCTaB
MPOAYKTOB 00KHUTa MOJEIBHBIX MaccC MPHU 3aJJaHHON TEMIIEpaType U CBUETEIbCT-
BYIOT O BO3MOXXHOCTHU TOJYYEHHUS MATEPHAIOB, OCHOBHBIMU KPUCTALNTMYECKUMU
(hazaMu KOTOPBIX SIBISIOTCA MYJUIUT, KOPJUEPUT U KBapll, 00ECIICUNBAIOIINE BbI-
COKHE MEXaHMYECKHUE U dIEKTPO(hU3NIECKUE CBOMCTBA KEPAMHUKHU.
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OOroBOpIOIOTECA PE3YJIbTATH TEPMOAWHAMIUHOIO aHami3y peakuiid ¢a3zoyTBOpeHHS Hpu ¢op-
MYBaHHI KepaMiKi MYJIITO-KPEMHE3EMHOr0 Ta KOPIIEPUTOBOIO CKJIaiiB B iHTepBami Temmeparyp 700 +
1800 K. TeopernuHi po3paxyHKH CBiI4aTh MPO MOXKJIMBICTH OTPUMAaHHS MaTepiaiiB, IO MICTAThH Mepe-
Ba)XHO (ha3u MyJIITY, KOPIIEPUTY Ta KBapIly B yMOBax 3HWKeHOI TeMmeparypu cuaTtesy (1420 + 1520 K).

Kirouosi ciioBa: MyniT, kopaiepur, cuiiMaHiT, enepris ['i0ca, TBepaoda3oBuii cCHHTE3

The paper considers results of the thermodynamic analysis of the reactions of phases formation in
the mullite-silica and cordierite ceramics compositions in the temperature range 700 + 1800 K. Theoreti-
cal calculations indicate the possibility of obtaining materials which contain mainly mullite, cordierite
and quartz at low temperature synthesis (1420 + 1520 K).

Keywords: mullite, cordierite, sillimanite, Gibbs energy, solid-phase synthesis
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