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Biausinne pexkuMa TepMOOOPaOOTKM W MEXaHOAKTHBAIMM KAOJMHHTA Ha
Mpolece MyJLUIMNTO0OPA30BaAHUSA

H. B. ®uaaroBa, H. ®. Kocenko, M. A. Bagano
MBaHOBCKMIT XMMHKO-TEXHOJIOTHUECKUii yHUBepcuTeT, Poccus, 153000, MBanoso, lllepemereBckuit np., 7

AnHoTanus. 3yueHo BnustHue ckopocTtH HarpeBa kaosnmuuTa Aly[SisO10](OH)s Ha ero npeBpaleHne B MyJUIUT
3A1,05-2Si0,. C yBenuueHHeM CKOPOCTH HarpeBa BBIXOJ MYJUIMTA HOBBIMIAETCS. BhICOKas CKOPOCTh MOIbeMa
TEMIIEpaTypbl CIIOCOOCTBYET OBICTPOH Jeruaparaldd KaoJMHHUTA, COIPOBOXAAIOIIEHCS —OTIIENJICHUEM
THIPOKCUAHBIX TPyNI M pasyHopspoueHHeM CTpYKTyphl. CONOCTaBJIE€HO BIMSHUE IpeABapUTEIbHOMN
MEXaHOAKTUBAIMHU KaoJIMHA B MIapO-KOJIBIIEBOH (MCTUpArOLel MaTepuall) U IulaHeTapHOi MENbHHILE, B KOTOPOH
mpeobaamaoT yIapHbeIe Harpy3Kd. Y CTaHOBIIEHO, YTO 00paboTka uctupanneM ManodddekrnBHa. MHTEHCHBHAS
yZIapHO-HCTHpamomas o0padoTKka B IIAHETAPHOW MENBHHIE DPa3OMBAET MAKETHl W CIOH; THAPOKCOTPYIIIBI
YACTHYHO OKAa3bIBAIOTCS HAa BHEIIHEH IOBEPXHOCTH IOJMKPUCTAJUINTOB, HYTO OOJErdaeT mporecc
JETHIPOKCHINPOBAHUSL.

KaroueBble ci10Ba: KAaONWHHT, KAOJUH, PEKHM TEpMOOOPAaOOTKH, MEXaHOAKTHUBALMs, HCTHPAaHHE, yoapHas
00paboTKa, MyIITITOOOpa3OBaHHE.
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Influence of Heat Treatment and Mechanoactivation of Kaolinite on the Process
of Mullite Formation
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Summary. Mullite is the most important product obtained from natural silicate raw materials, primarily kaolins.
We used enriched kaolin of the Sukhoi Log deposit; the content of impurities (TiO,, Na,O, MgO, K,0, Fe,0;)
did not exceed 1.5 %. Losses during calcination and the content of free quartz were 13.8 % and 4.4 %,
respectively. The Hinckley index, which characterizes the degree the structural order, was equal to 1.76, which
indicated a low degree of defectiveness of kaolin. The mullite formation is influenced by various factors, for
example, heat treatment mode and pre-machining. The effect of the heating rate of kaolinite Al4[Si;0,¢](OH)g on
its transformation into mullite 3A1,0;-2Si0, was studied. As the heating rate was increased, the mullite yield
increased. The high rate of the temperature rise contributed to the rapid dehydration of kaoliniteaccompanied by
the detachment of hydroxide groups and the disordering of the structure, especially at low temperatures. The
influence of the mechanical pretreatment of kaolin in a ball-and-ring mill (providing an abrasive effect on
material) was compared with the influence of the mechanical pretreatment in a planetary mill, in which impact
loads predominate. The abrasive effects on layered structures which can split during treatment are of interest. It
is established that mechanical attrition treatment leads to the sliding of individual packets (or their aggregates) of
layered silicate relative to each other, while hydroxogroups remain "sealed" inside the packets. The abrasive
treatment of kaolinite in the ball-and-ring mill contributes to a slight shift in the maximum of the
dehydroxylation process (by 6 °C) and does not contribute to an increase in the yield of the product (mullite).
Intensive impact-abrasion treatment in a planetary mill breaks up packets and layers; a part of hydroxogroups
appear on the outer surface of polycrystallites, which facilitates the dehydroxylation process. The number of
defects in the solid phase increases dramatically, and mechanical destruction cannot be eliminated ("healed")
with slow firing. As a result, the thermal effect generated by the detachment of hydroxogroups shifts to
temperatures which are lower by 18 °C; and the effect area reduces by 46 %; the Hinckley index decreases to
1.63. The increase of the mullite content - is almost 100 % of theoretically possible.

Keywords: kaolinite, kaolin, heat treatment mode, mechanoactivation, abrasion, impact treatment, mullite
formation.
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XIV Bcepoccuickas WwKona-koHdepeHLMA MONoabIX YY€HbIX C MeXAayHapoAHbIM yyactuem "KoMYy-2022"

BBEJIEHUE

Mynmut 3A1,03-2S10; — o1HO 13 HanboJIee BAXKHBIX CIIOKHBIX OKCHJIHBIX BEIIECTB, KOTOPOE
UMeEeT OTJIMYHbIC TePMUYECKHE M MEXaHWYECKHE CBOMCTBA M HAXOIUT IIMPOKOE NMPUMEHEHHE B
KEpaMU4eCKON MPOMBIIUIEHHOCTH [1]. MymuT — €IMHCTBEHHOE YCTOMUMBOE COEIUHEHUE B
cucteme AlbO; — SiO,. Haubosee SKOHOMHUYHBIM CIIOCOOOM €ro TIOJYYCHHS SIBIISCTCS
TepMooOpadboTKka kaonuHa [2, 3]. KaonuH sBiseTcst mouTH MOHOMUHEPAIBHOM OCAaJ0YHON TOpHON
OpoJ10ii Ha ocHOBe MHuHepasa KaosuHUTa Als[S14010](OH)g mimu cokpamenno Al,O3-2S10,-2H,0.
Kaonun mmpoko UCTOIB3YIOT B PA3IMYHBIX CEKTOPAX MPOMBIIIJIEHHOCTH: B COCTaBE OTHEYIIOPOB,
KepaMHUKH{, KaTallu3aTOpOB, MUTMEHTOB, KaK HAMOJHUTEIh B Oymare, Kaydykax, IUlacTMaccax,
KocMmeTuke U T.1. [4]. B xoxe oOxura kaojiuHa B Pe3ysbTaTe€ CTYNEHYATHIX MpEeBpalieHuil [5]
dbopmupyetcs daza MyJuTHTA:

Al,03-2510;,-2H,0 — Al,03-2S10, + 2H,0;

Kaonuuaur METaKaOJIUHUT
2(Al,03-2S10;) — 2A1,05-3S10; + Si0»;
Al-Si mmuHens amopQHBIN
3(2A1,05-3S10,) — 2(3A1,05-2810,) + 5Si0;.
Mynur aMOp(HBIIA

CpaBHuTENIBHO  HM3Kasg  peakuuoHHas  crnocoOHocts  (PC)  kaonuHuta  TpeOyer
BbICOKOTeMIeparypHoro obOxkwura. I[lpu narpeBanuu PC mnpekypcopoB HU3MeEHsETCS 3a Cuer
TepMoin3a (eClIM TAaKOBOW IMPOUCXOIUT), a TAKXKE YAaCTHYHOTO 3asiedrBaHUs Je(eKToB. Pexum
TepMOOOpaObOTKH OKa3bIBAE€T CYIIECTBEHHOE BJIMSHHE Ha 3TH Mpolecchl. Pa3zmuyaior OBICTPHIi
00XWT, IPH KOTOPOM COXPAHSETCS 3HAYMTEIbHAs 4acTh Ne(EeKTOB (TaK Ha3bIBacMasi TePMHUYCCKAs
aKTUBallMsA), M MEIJCHHBIA OOXUT, CIOCOOCTBYIOIIUMN pPEKpUCTANIM3AUU TBEpAOH (a3l u
CHIDKCHHUIO €€ yJIEIbHON TOBEPXHOCTH (TepMHUYeCKasl TacCUBaIIus).

s noseimenuss PC addextuBna mexanoaktuBanus (MA) [6 —8]. MA kaonuHa Hammia
MIPUMEHEHHUE MJI PETyIUpOBaHUs CTPYKTyphl Martepuana [9 — 12], momydeHusl MyLILIOJIaHOBBIX
no6asok [13 —16], kepamuueckux mwuToK [17], cuHTe3a reomomumepoB [18, 19], usmeHeHus
anexTponpoBoaHocTy [20], mHTEpKaNAIuu makeToB [21] u T.. MexaHOaKTUBALMIO YaCTO U3y4aroT
B COUETaHUU ¢ TepMooOpaboTKoil kaonuHa [11, 12, 14, 15, 19, 22]. Hamu 6bina mocTaBieHa 3agada
OIICHUTh BJIHUSHUE pEXKHMa TEPMOOOPAaOOTKM W MEXAaHOAKTUBAIMM KAOJMHHUTA Ha CTENEHb
MPOTEKaHUS MYJUTUTOOOpa30BaHUS.

IKCIHEPUMEHTAJIBHASA YACTb

Vcnonb3oBanu oOoramieHHbl kaonuH MectopokaeHus JKypasnunblit Jlor; conepxanue
npumeceit (T10,, Na,O, MgO, K,0, Fe,03) ne npessimano 1.5 %. [lotepu npu npokaqTuBaHuN U
cofiepkanue cBoOogHOro kBapua coctaBimsid 13.8 % u 4.4 % coorBerctBeHHo [23]. WHaekc
XUHKIM, XapaKTepU3yIOIIUNA CTENeHb YIOPSI0YEHHOCTH CTPYKTYphl, Obl1 paBeH 1.76, uro
CBHJIETEJILCTBOBAJIO O HU3KOH cTeneHn Ae)eKTHOCTH KaoIHHa.

s obecrnieueHus: OJHOPOJHOCTH OOKMIaeMoro MpPOAYKTa M3 KAojJuHA W BOJbI TOTOBUIIU
cycnensuto (kaonuH :Bojga = 1:1) B mpucyrctBuu 0.15 % TpudsTaHOIaMUHA B KadyecTBe
JUCIIEpCanTa, 3aMBald B TUTENb W Cymwad npu Temmeparype 120 °C (2 4). BeicymieHHbie
00pasiibl B TUTIIAX HArpeBaju 10 3aganubix Temmeparyp (1000 — 1300 °C) ¢ pasnu4HOii CKOPOCTHIO,
°C/mun: 3; 10 u 20. [Ipu MakCHMaIbHOM TEMIIEPATYPE Al BRIIEPKKY B TeueHue 5 u 30 MuH.

KonnyectBo oOpa3oBaBuierocs MyJUIUTa OINpPENENsId € IOMOUIbI0  KOJIMYECTBEHHOTO
penTreHoda3zoBoro aHaimsa, ucmoiab3ys NiO kak BHemHui 3TasnioH (0.05 r Ha 1 T U3MenbUeHHON
poOsl) [24]. Pacder BHIMOIHSUIM MO COOTHOIICHUIO TUToMIanei pediexcoB mymiuta ([220]) u NiO
([003]).

OneHnnM Takke BIMSHUE MPEIBAPUTEIBHOM MEXaHOAKTHBAIMK KaolHWHA B J1aOOpaTOPHOM
mapo-koibiieBoi (LLIKM) u nmmanerapuoit menpauIe (IIM) mapku AI'O-2. B IIIKM otHOCHTEIBHO
KpynHble 1mapsl  (25.4 MM) TmepekaThiBalOTCs MO KkenoOkaM, Torma kak [IM  ocHamieHa
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KOPYH/IOBBIMH IlIapaMu pazmepoM oT 5 10 10 mm. /laHHBIC BH/IbI aKTUBATOPOB BHIOPAHBI UCXOJIS U3
toro, uro B IIIKM wmarepuan mnojBepraercsi UCTUPAHUIO B YUCTOM BHUJE, Torna kak B [IM
npeo0yiafaloT yIapHble Harpy3ku (Hapsay ¢ wucTHparommmu). Mctuparomiee BO3IEHCTBHE
MHTEPECHO ISl CJIOUCTBIX CTPYKTYpP, CIOCOOHBIX PAaCIICIUIATHCS TP MEXaHHUYECKo 00paboTKe.
JMTenbHOCTh MeXaHudeckoi o0paboTku coctaBisuia 20 MuH. COOTHOIIEHHE MEXIy MaccaMu
o0pabaTbIBaEMOT0 MaTepuaia u mapoB coctapisuio 1 : 10.

Huddepennmansupiii Tepmudeckuii (DTA/DSC) aHanu3 BBITOJHSIN, WUCHONB3YS MPUOOP
METTLER TOLEDO STARe System TGA/SDTA851e/LF/1600. O6pa3ibl HarpeBanu 10 950 °C
co ckopocThio 5 °C/muH B atMocdepe Bozayxa. Judpakrorpammel nomyuniaun Ha npudbope DRON-6
C MEIHBIM aHOJIOM.

PE3YJIBTATBI 1 UX OBCYKJAEHUE

Ha puc. 1 npuBeaeHsl 3aBUCUMOCTH, XapaKTEPU3YIOUIUE BBIXOJ MYJUIUTA IPHU Pa3IMYHOMN
CKOpPOCTH HarpeBa ¢ pasHoN M30TEPMUYECKON BBIIEPIKKOM.
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Puc. 1. Beixox MyJuiuTa npu ckopocru Harpesa, *C/mun: 1 —3; 2—10; 3 - 20
¢ Pa3JIMYHOIl N30TepMHUYeCKOi BbIAePKKOI, MUH: a — S, b — 30

Fig. 1. Mullite output at heating rate, °C/min: / —3; 2 —10; 3 - 20
with different isothermal soaking, min: a — 5, b — 30

C yBenuyeHHEM CKOPOCTH HarpeBa BBIXOJ MYJUIMTa IOBBIIMIAETCA. Bpicokas ckopocTb
MoJbeMa TEMIIepaTypbl CIIOCOOCTBYET OBICTPOIl JAerujaparaliy KaoJIMHUTA, CONPOBOXKIAIOIIEHCS
OTILIEIUIEHUEM THJAPOKCUJHBIX TPYHN M Ppa3ynopsioueHueM CTPYKTypbl. OCOOEHHO SIpKO 3TO
MPOSIBIISIETCS. IPU HU3KUX TeMIIepaTypax, TOr/ia Kak B 00JIACTH BBICOKHX TEMIIEPATyp 3TO pa3iuuue
HuBenupyercs. Kaxxnas rpynna KpUBbIX C MOBBIIIEHUEM TEMIEPATYPbl CTPEMUTCS K OIPEICTICHHON
BEJIMYMHE, HE 3aBUCHIIEH OT CKOPOCTM HarpeBa. JTO 3HaueHHE OOYCIOBIEHO MaKCHUMAaJbHO
BO3MO>KHBIM BBIXOJIOM MYJUIUTA MPU KAXKIAOU JJIUTEIBHOCTH U30TEPMHUUECKOMN BBIJIEPIKKH.

CTpyKkTypa HCXOAHOTO KAOJMHUTA CIIOXKEHA
MakeTamy, COCTOSIIIIUMHU u3 CJI0eB
KPEMHEKHCIOPOAHEIX  TerpasapoB  SiO4"  m
rH6OCHTOMONO0HBIX  OKTa’mpoB  [AlOy(OH),]™
(puc. 2), oOpa3yloIIMX OTPHIATENBHO 3apsKEHHbIE
6aszanpHble miockoctd (001) m (001). BokoBble
nmoBepxHocTu (ycinoBHO pebpa) kpuctamios (010) u
(110) 3a cuer pa3pblBa KOBAJEHTHBIX CBA3EHl,
MPOTOHUPOBAHUSA U AenpoToHupoBanus rpynn AIOH
nu SiOH Moryr wuMeTh pa3iuyHble 3apsasl B
3aBUCHMOCTH OT pH. Fig. 2. Kaolinite structure

Puc. 2. CTpykTypa KaoJIMHHTA
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VcxonHble KpUCTAJUTBI KAaOJMHHUTAa HMEIOT MPEUMYILIECTBEHHO IICEBIOTeKCaroHaJIbHYIO
dbopmy (puc. 3, a), 9TO XapaKTEPHO ISl YIOPSIOYCHHON CTPYKTYPHI BEIIECTBA.

Mexannueckass o0pabotka xaonuuuta B [IIKM Mano Biuser Ha BBIXOJ MyJuuTa (puc. 4,
KpuBble la —3a), MOCKOJIBKY MCTHpPAHUE MPUBOAMUT K CKOJBXKEHHIO OTICNIbHBIX MaKeTOB WM UX
COBOKYITHOCTEN OTHOCHUTEJIBHO JAPYT Apyra; IMAPOKCOrPYIIbI OCTAIOTCS "3arneyaTaHHbIMU" BHYTpU
MAaKeTOB, YTO MMOATBEPHKAAETCS TUIOTHOW CTPYKTYpPOIl KAOJUHUTA MOcIie ucThupanus (puc. 3, b).

Stage Tem.p.: :

VEGA3 TESCAN

) )

Puc. 3. COM u3o0pakeHusi KaoJJMHUTA: 0€3 MeXxaHU4ecKoii 00padoTku (a), mocie ucrupanus B IIIKM (b),
nocjie 0opadorku B IIM (c, d)

Fig. 3. SEM images of kaolinite: without mechanical treatment (a), after attrition in BRM (b),
after treatment in PM (c, d)

[ToaTBepxknennem sBIstOTCS Takke KpuBble DSC (puc. 5) ayis kaonuHUTa 6€3 MEXaHUYECKON
obpabotku (kpuBas 1) u mocme IIKM (kpuBas 2). HabGnromaercs o4yeHb Malioe CMEUICHHE B
00nacTh MeHbIIUX Temmeparyp (~ 6 °C) 0e3 u3MEHEHHs aMILIUTY/IbI SKCTPEMyMa.
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Fig. 4. Mullite output at heating rate, °C/min: / —3; 2—10; 3 — 20 after mechanical pretreatment
in the ball-ring (a) and planetary mill (b). Isothermal soaking — 20 min
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Puc. 5. DSC-kpuBble 6e3 Mexann4eckoii 00padoTku kaoauHuTa (1) 1 mocJie NpeABaApUTEIHLHON MeXaHHYeCKOMH
00paGoTKHU B IIAPO-KOJIbIEeBOM (2) U mu1aHeTapHOH MeabHuUle (3)

Fig. 5. DSC curves without mechanical treatment of kaolinite (1) and after pretreatment
in a ball-ring (2) and planetary mill (3)

WNnTencuBHas ynapHo-uctuparomas oOpabotka B IIM pa3buBaer makeTsl U CIIOH;
TUAPOKCOTPYIIBI YACTUYHO OKAa3bIBAIOTCS HA BHEIIHEH IMOBEPXHOCTH MOJUKPUCTAILIUTOB, UTO
obnerdaet mporiecc aeruapokcunupoanus. KomudyectBo nedexktoB B TBEpAOH ¢ase B 1IETOM PE3KO
YBEJIMUUBAETCS, IPUUEM MEXAHUUYECKOE pa3pylLIEHUE HE MOXKET ycTpaHsThes ('3aneunBarbes’) npu
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MEJIEHHOM O0O0ure. DTO MOATBEpXKAAeTCs oOpa3oBaHMEM IOPHUCTHIX arperatoB (puc. 3, c, d).
DSC-kpuBas yrpaumBaeT oCTpyro (opmy, dkcTpeMyM cMmemaercs Ha 18 °C B cropoHy Goiee
HU3KHUX TEMIIepaTyp, a IJIOWAAb 110/l KpUBOW cokpauiaercsa Ha 46 %. JT0 CBUIETENBCTBYET O TOM,
YTO B XOJI€ MEXaHOAKTUBAIIMH YACTHYHO MPOTEKAET JETUIPOKCUIUPOBAHUE MUHEPAIIA.

B pesynprare ymapHo-uctuparomasi obpaborka mo3BoiseT gocthub mpakTaueckd 100 %
BBIXO0/1a IIEJICBOTO MPoyKTa (puc. 4, KpuBbie 1b — 3b).

Octpsie u y3kue aunuu (001) u (002) cBUIETENBCTBYIOT O JOCTATOYHO BBICOKOM CTENEHH
YIOPSAOYECHHOCTH KPUCTAJUTMUECKON PEIeTKH NCXOJHOI0 MUHEpalia. DTOT MoKa3aTellb OLCHUBAIN
unaexcom Xunkiu (Hinckley index, HI): HI = (A+B) /At.

Bemuuunbr A, B u At, HeoOXoaumble g pacyera, yKazaHbl Ha puc. 6 (Kpyrias Bpeska
cupaa). 3uadenust HI oObiuHO Bapeupyrorcs B npeaenax oT < 0.5 (pasymopsimodenssie) 1o 1.5
(ymopsimouennsie). Jlns ucxomHoro kaonuHa HI = (7.50+ 6.42)/7.91 = 1.76, 4yTo yka3blBaJlo Ha
HU3KYIO CTENeHb JeeKTHOCTH MuHepaina. [locie o6padotku B IIM mnaekce cHmkancs 1o 1.63

Puc. 6. Yactu nudpakrorpamm 6e3 MexaHnyecKoil 00pado0TKU KA0JUHUTA (a) U MOocje NpeaBapuTeabHOI
MeXaHHYeCcKOoii 00padoTKH B MJIaHeTaAPHOI MeabHuIe (b) 1y pacuera HHAeKca XUHKIN

Fig. 6. Parts of diffractograms without mechanical treatment of kaolinite (a) and after pretreatment in a planetary mill
(b) to calculate the Hinckley index

3AK/IIOYEHUE

VYcTaHOBIIEHBl 3aKOHOMEPHOCTH IpoOLecca MYJIMTOOOpa30BaHMs M3 KAOJIMHUTA MpU
pasIMYHBIX CKOPOCTSX HarpeBa ucxojaHoro BemtectBa (3, 10, 20 °C/mum). ITokaszaHo, 4TO C
YBEJIIMYEHUEM CKOPOCTH HarpeBa BBIXOJ MYJUIMTA MOBBIIAETCS. BBICOKas CKOPOCTh MOABEMA
TEMIIEpPAaTypbl  CHOCOOCTBYET  OBICTPOM  Jeruaparaliid  KaoJMHUTA, COIMPOBOXAAIOIIEHCS
OTIICTJICHHEM THJPOKCHAHBIX TPYIIl U pa3ylnopsIouyeHueM CTPYKTyphl. McTuparomias oopaboTka
kaomuauta B IIIKM cnocoGcTByeT HEOONBIIOMY CMEIIEHHWI0O MaKCMMyMma  Tpoliecca
neruapokcunrpoBanus (Ha 6 °C) U He cocoOCTBYET POCTY BBIXO/A MPOAYKTa (MyJuiUTa). Y 1apHo-
uctupawomas Harpyska B [IM mnpuBoguT K pa3ynopsIOueHUI0 CTPYKTYpbl (YMEHBIIEHHUIO
TepMo3(pexTa OoTHICNICHU THIPOKCOTPYII, CHIKEHHIO HMHIAeKkca XuHKIM ¢ 1.76 go 1.63),
a TaKKe K YBEJIMUEHUIO COJIepKaHus MyJutuTa rpaktudecku 10 100 %.

Hccneoosanue nposedeno c ucnonvzosanuem pecypcog Llenmpa KONIEKMUSHO20 NONb308AHUSL
Hayuuolm  obopyoosanuem HUI'XTY (npu noodepoicke Munobprayku Poccuu, coenawenue
Ne 075-15-2021-671).

The study was carried out using the resources of the Center for Shared Use of Scientific
Equipment of the ISUCT (with the support of the Ministry of Science and Higher Education of
Russia, grant No. 075-15-2021-671).
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