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BJIMAHUNE NPECCOBAHUA CbIPbEBO CMECU HA CHUXKEHUE
DHEPTO3ATPAT NPV NPON3BOACTBE LLEMEHTA

B. N. Yeltsin

AHHOTaUuMA

IIpepcTaBaeHbl pe3yAbTaThl MSYICHUA BANAHNA
IPECCOBaHNA HA CHIDKEHNE SHEPTO3aTPaT P MPOU3-
BOJICTBE [1EMEHTA, [IPHUBEJIEHbI PE3YALTATEL AKCTITyaTalluy
OIIBITHO-ITPOMBILIZIEHHOTO Y4acTKa 110 NPOHM3BOJCTBY MC-
KYCCTBEHHOT'O THIICOBOTO KaMHA METOJIOM I1PECCOBAHMA.

Knwuesbie cnosa: UeMeHm; aHepzosampamanli; npec-
cosaHue.

Hamm nccneposanus MOCBALIEHB! BIMAHUIO TIPeC-
COBaHMA Ha (PUBNKO-MeXaHMIecKie CBOMCTRA BAKYILNX
BEIIECTB, KOTOPhIE OCHOBAHBI HA JOCTUIKEHMAX MEXaHO-
XUMuK B 06IACTH AKTUBAIMY KPUCTATIIMYCCKUX MaTepH-
QJIOB C Le/IbI0 IIOBBIIEHIA UX PEAKIIMOHHOM cIOCOOHO-
¢ty 1 BasupyioTcs, B OCHOBHOM, Ha paboTax akajeMuKa
B. B. bonmsrpesa.

Jlo mocnesHero BpeMeHN MccnefoBaTeN noxaranm,
HTO aKTHMBALINA CUIUKATHDBIX MaTepia/oB myTeM NX TOH-
KOTO II0MOJIA [I0 BBICOKMX y/ie/IbHBIX MOBEPXHOCTEN TM0-
BBIIIAET MX PEAKIUOHHYIO CIIocoOHOCTL. B psage pabor
B. B. Bonppipesa [1, 2, 3, 4] ykassiBaeTcs, 9T0 [OBBIIEHNE
PeaKIMOHHOI CHOCOOHOCTH B GOMbIIell CTETIEHN CBA3aHO
C M3MEHEHMEM He AMCIIePCMOHHOTO COCTARA, 4 BHY TPEeHHEI
IHEPIUM AKTUBUpYeMoTo Matepuana. [IpumenntensHo K
BH}K}’I.L[HM MarepuanaM 3ToO HOJIOMKEHWE MMEeT peltaioniee
3HayeHMe, MOCKOIbKY YBeIMIeHne yAeNbHOM IOBEPXHO-
CTH BAXKYIIMX MaTEPUATIOB IPUBOANUT K YBEIHYCHUIO UX
BOZIONOTPEOHOCTN 1, B KOHEYHOM CYETe, K CHMXKEHUIO
npounoctu. OcofeHHO faHHOE MOMOMKEHNE BAXKHO 15
TUTICOBBLX BAKYIINX.

[Nopbinrenne peakOHHON CIOCOOHOCTH BAMKYLIMX
MaTepHasioB CBASAHO C YBEeMMYeHUeM KOMHIecTBa i M3Me-
HeHWeM THITA Te(eKTOB B MX KPUCTAIIMIECKOI pelIeTKe
[5, 6, 7], obpasyiomnxcs, B OCHOBHOM, B Pe3yjIbTaTe Me-
xaHugeckoro Bospeiicteus [8]. D1u gedexTsr npuBogAT K
M3MeHEHMIO 3al1aca CBOﬁOﬂl‘lOﬁ' SHEPTHH 3a cHeT KaK 9H-
TaNbIMITHOLO, TAK 1 SHTPONMITHOTO (PAKTOPOB, KOTOPOE
MOXKeT OBITh OTIpejieNieHo Yepes MOHATHE AKTHBHOCTH AJ,
Beegennoe [ XiortuHrom [9],

AAI=AG}-AG,, (1)
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INFLUENCE OF COMPACTING RAW MIX ON REDUCTION
OF POWER CONSUMPTION FOR CEMENT PRODUCTION

Abstract

The results of studying the influence provided by com-
pacting on the reduction of power consumption for cement
production, presented are the results of operation of the
site for the production of synthetic gypsum by method of
compaction.

Key words: cement; power consumption; compacting.

Our investigations are focused on the effects pro-
vided by compacting on the physico-mechanical pro-
perties of binding materials. They are based on mech-
anochemistry achievements in the field of crystalline
materials activation with a goal of increasing their re-
activity, and mainly based on the works of the academi-
cian V. V. Boldyrev.

Until recently, researchers believed that the activation
of silicate materials by their fine grinding to high specific
surface area increases their reactivity. A number of stud-
ies by V. V. Boldyrev [1, 2, 3, 4] indicated that increase in
reactivity is rather based on the internal energy of the
material being activated, than on the change in the par-
ticle size distribution. With respect to the binding mate-
rials, this provision is crucial, since an increase in specific
surface area of binding materials leads to the increase of
their water demand and, finally, decrease of their strength.
This provision is particularly important for gypsum-based
binding materials.

Increase of reactivity of binding materials due to the
increase in quantity and change in the type of defects in
their crystal lattice [5, 6, 7] is formed mainly as a result
of mechanical action [8]. These defects lead to a change
in free energy reserve due to both, enthalpy and entropy
factors, which can be determined through the concept of
activity , introduced by G. Hutting [9],

AA*=AG:-AG,, (1)

where AG} — free energy of activated material, AG; —
free energy of non-activated material, AA} — activity of
the material. As can be seen from the formula, activity has
the same dimension as of free energy. Activity coefficient




rae AG; — ceo6oHas sHEPrusa aKTUBHPOBAHHO-
ro marepuana, AG, — csobopHas sHEpTrUs HEAKTUBU-
poBaHHOro matepuana, AA; — aKTUBHOCTH MaTepua-
na. Kak sujHo u3 npusenedHoil Gopmynsl, aKTUBHOCTD
HMEeeT PasMEPHOCTD, TAKYI0 JKe, Kak U cBOOOJHAA aHep-
rus. bonee HAaTTATHBIM IIOKA3aTelIeM CTelleHM aKTUBHO-
CTH MaTepuana MOXKeT ABAATHCA Koa(puIMeHT aKTiB-
HOCTH, PABHbIH

(AG}-AG,)

AT BG

100% - @

B pAfie MCTOYHMKOB IIPUBONATCA JaHHBIE, TOATBEPIK-
fatoliye M3MeHeHue CBOOOIHOM SHEPIUM 1 PeAKIIMOHHOM
crocobHOCTH MexaHnYeckn 06paboTaHHbIX KpUCTa/l/IMye-
CKUX BEIIECTB, CBOAANIMECS K OTPEeeHII0 TEPMUIECKIX
acdexron wa kpusbix [ITTA u nnorga tunos gedexros,
BOZHUKAIOLINX IpK 00paboTKe.

B nccnegosanuax [10, 11, 12] nsmenenne cBoboHOM
aliepr}m OHPEI{QJ'IHETCH. Hy'l'EM H3MEPEHH}T Imomamm mm-
k0B 3H02( dexToB Ha fuddepeHnanibHON KPUBOI TEp-
MOTPaMu, COOTBETCTBYIOILIX OTKUTY ledeKToB, 0b6pa3o-
BABIIMXCA B KPUCTAJUIMYECKON pellleTKe TBEP/IOTO Tesia B
peayibrare MeXxaHU9IecKkoil 06paboTku.

Cornacuo uccnegopanuam [13, 14], usmenenne sana-
ca BlinPeHHﬁf“I 3H3PI'HI-‘I HpOﬂBHH&'TCH B BbIICTECHUH JO-
MOTHUTENIBHOTO TeTUIa MO0 B CMelleHn To9Kn GasoBoro
[IpeBpanieHiis B CTOPOHY HM3KMX TeMIepaTyp.

B pa6ote [15] npuBogATCs JaHHBIE MO BAMAHNIIO
pasnMYHBIX BUIOB MeXaHM4YecKoit o6paboTku Ha Tep-
MIYecKMil pacmaj nepxaopara ammonus. Crarudeckoe
npeccopatue npu 20 MITa npMBOAUT K CMEIEHUO 3K-
30TIMKa, COOTBETCTBYIOLETO NpEBpalleHnio pombuye-
ckoit mogudukannyu B Kybugeckyio, ¢ 240 go 850 °C,
a 9HJIONMK, COOTBETCTBYIOUIMI TEPMUUECKOMY Pasio-
JKEHUIO, CMEIIAETCA B CTOPOHY Oo/ee HUSKUX TeMITepa-
Typ (c 330 o 310 °C).

B cooTsercrBmu ¢ mepBhIM ¥ BTOPBIM 3aKOHAMM Tep-
MOJMHAMUKY, paboTy, 8aTpaYeHHYIO Ha ITONTyYeHue JIo-
60ro MHHEPATbHOTO BSKYIETO BEI[eCTBA, MOXHO BbI-
pasuThb 06IMIMM BbIpaskeHueM

SA = TdS-dU-PdV , 3)

rge A — pabora, 3arpadeHHas HA MOTyUYeHIE MU-
HEPaTbHOTO BAKYIEro BemecTsa; 1T — reMmeparypa;
dS — mamenenue suTponuy; dU — n3aMeHeHNe BHYTPeH-
Heil aHepryy; P — nasnenue; dV — usmenenne obbema.

Ucxopma ns ganHOTO BhipaskeHusd, pabory, saTpayueH-
HYI0 Ha TIO7TyYeHle MUHEPATbHBIX BSUKYLINX BEleCTs,
MOJKHO YMEHBIUUTD 3a CYET yBEIUYEHUA BKIAa MeXa-
Hiuyeckoit aneprun (PdV) n BHYTpeHHel 9HEPTUN CH-
cremst (dU). TTockonpKy KpucTanaudeckue Marepuarbl
ABNAKTCA KOHIEHCHPOBAHHBIMU CHCTEMAMH ¥ ¥ HUX
npu npeccoBaiuu dV — 0, TO 1 BK/Iaf MEXaHMYECKOM
anepruu Toxe — 0. CnefoBaTensHo, 0bmIyio paboTy, 3a-
TpadeHHYI0 Ha MO/My4eHye MUHEePalbHBIX BKYIINX Be-
LIECTB, MOXKHO YMEHBIIUTD TOMBKO 32 CUET YBEeTUIeHU s
BHYTpEHHEl 9HepIruiu.
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can be used as a more demonstrative index of the activity
of the material, calculated as
_(AG;-AGT)

KA—T]OO% . (2

Information confirming the changes in free energy
and reactivity of mechanically treated crystalline sub-
stances are provided in several sources. Generally, such
information comes to determination of the thermal ef-
fects on differential curves of thermo-gravimetric anal-
ysis, and sometimes the types of defects caused by the
treatment.

In the research works [10, 11, 12], changes in free en-
ergy are defined by means of measuring the peak areas of
endothermal effects on a differential thermograph curve
corresponding to annealing of defects being formed in a
crystal lattice of a solid matter as a result of mechanical
treatment.

In accordance with the works [13, 14], changes in re-
serve of the internal energy are exerted in the release of
additional heat, or in a shift of phase transformation to
lower temperatures.

The source [15] provides data on the influence of dif-
ferent mechanical treatment methods onto the thermal dis-
integration of ammonium perchlorate. Static compacting
at 20 MPa results in a shift of the exothermal peak lead-
ing to a transition of the orthorhombic modification into
a cubic one from 240 to 850 °C, and the endothermic peak
corresponding to a thermal disintegration, shifts to lower
temperatures (from 330 to 310 °C).

In accordance with the first and second laws of ther-
modynamics, the work done to produce any mineral bind-
ing material, can be expressed with the following formula

dA =TdS-dU-PdV, (3)

where 04 — work done to produce mineral binding
material; T — temperature; dS — entropy change; dU — in-
ternal energy change; P — pressure; dV — volume change.

On the basis of this formula, the work done to pro-
duce mineral binding materials can be reduced by increas-
ing the contribution of mechanical energy (PdV) and inter-
nal energy of the system (dU). As crystalline materials are
condensed systems, their dV — 0 when being compacted,
and respectively the contribution of mechanical energy
also — 0. Therefore, the total work done to produce min-
eral binding materials can be reduced by increasing the
internal energy only.

After we had established that compacting calcium
sulfate dehydrate before thermal treatment leads to a
shift of endothermic effects peak when gypsum dehy-
drate is transformed to hemihydrate [16], it becomes
possible to determine the absolute value of the internal
energy supply change through the shift of the tempera-
tures of endothermic effect. When standard values of
enthalpy and entropy are equally taken, the value is ex-
pressed as follows:
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[Mocne Toro Kak Hamu 6BIIO0 YCTAHOB/IEHO, YTO TIPec-
coBaHMe JUIUJpaTa CynbdaTa KaabLys Mepes TepMuye-
CK0i1 00pabOTKOIT IPUBOJUT K CMEIIEHNIO TMKOB 9H03(]-
(exTOB NPV MEpeBOIE TUIICA UTMpaTa B moxyruapar [16],
10 CMelIeHNI0 TeMIepaTypel 3HA03¢ddekToB GbiIo ompe-
AENEHO abconTHOE 3HAYEHNE M3MeHeHMs 3a1Taca BHY-
TPEHHEl SHEPTHI, KOTOPOE NP JOTNYIEHII PABEHCTBA
CTaHOaPTHBIX 3HA4YEHWIT SHTANBIUY 1 SHTPOIINHN BBITTIA-
[AT CefyomuM obpasom:

Tl T2
AU= z[ ACpIdT- [ ACp2dT+AS), (T2-T1)+
298 298

T2 T1
T2 [ (ACp2dT/T2)-T1 | (ACPIAT/T1) @)
208 298

rae AU — usMeHeHye BHYTpeHHe! SHEPTUH OT TIpec-
coparum; ACpl, ACp2 — yuenbHble TEMIOEMKOCTH CO-
OTBETCTBEHHO HETIPECCOBAHHOIO U [PECCOBAHHOTO Ma-
Tepuanos; ASSs — CTaHJAPTHAS SHTPOINA MATEPUANa;
T2, T1 — remueparypsl Ha4ana Kakoro-nmubo ¢pusmnko-
XMMMYECKOTO Tponecca, HallpuMep Havyajma CreKaHus
CBIPHEBOI CMeCU IIPECCOBAHHOTO 1 HelIPeCCOBaHHOTO
MaTepuana.

Kak cnefryer ua Boipaxkerns (4), BHyTPeHHASN aHep-
THUA TP IPEeCCOBAHMN MOXKET M3MEHATHCA 34 CHET KaK 2H-
TPOIUITHOIO, TAK U AHTAAbINUITHOTO hakTopos. B cinyuae
yBEIMUeHN A SHTAMBINITHOTO aKTOpa yBeNNIMBaETCs
CTeleHb KPMCTaIMYHOCTY MITHEPA/IOB ChIPbEeBOil cMecH,
YTO HPUBOAUT K MOBBILEHMIO TEMIIEPATYPbI MPOTEKAHMA
TBepAOQa3HBIX PEAKIIL, HATIPMMEp TeMIIepaTyPhbl Havama
cHeKaHyA cbipbeBoil cMecn. Ilpn yBenmyeHun e SHTpo-
MitHOTO PaKTOPA YBeNMIMBACTCH CTEHEHD Te(eKTHOCTH
MMHEPA/IOB CbIPbEBOIN CMECH, YTO HPUBOAUT K CHUKEHILIO
TeMIlepaTyphl NpoTekaHus Teeprodasuex peaxuuit, Cre-
IOBATENbHO, CHIPHEBYI0 CMECh Mepeji OOKUTOM ChaenyeT
PeCccoBaTh P JABIEHNUAX, 0OeCHeuBAIONINX HANOOTD-
LIYIO CTEIeHb Je(eKTHOCTH MMHEPATIOB ChIPheBOi CMeCH.

CobipbeBble CMECH [I/15 [TOJIyYeHUs LIeMEHTOR JMe-
FOT MOTMMUHEPATbHBIN COCTAB, M BCIEICTBIE PasIudns
MPOYHOCTEN MUHEPAIOB OHU HE MMEIOT APKO BBIPaKeH-
HBIX 30H MOBBIIIEHHOI KPUCTATIHIHOCTY U fAedexTHO-
CTH. CTEHEHb KPHCTEUTJTH‘-}HOCTH MOMHO Ollpeﬂ.eﬂHTh 1o
HBaHHBIM peHTreHodasosoro ananusa (PPA) mo ussecrt-
HOI MeTOquKe:

1,100, 1,
S, IR e

rie K — crenmenb kpuctananasoctu, %; Iy — un-
TEHCHMBHOCTD ped)IeKcoB aTaoHHoM (HeobpaboTaHHoil)
pobsi; Uy — ocHOBaHue nunun pednexca sranona; U, —
ocHOBaHWe TuHNN pedrekca 06paboranuoit npods; I, —
MHTEHCUBHOCTH pednexcos o6paboTaHHOM TPOOEHL.

®)

Ha puc. 1 npuBegeHs! faHHBIE 110 CTEHEHN KPUCTAT-
JIMYHOCTU OCHOBHBIX MUHEPAJIOB CBIPHEBOI CMeCcH /s
NPUTOTOBIEHNA MOPTIAH/IIEMEHTA B 3aBUCUMOCTH OT
HBaBACHWUA NIPECCOBaHMA.

Taxum o6pasom, KameuuT U KBapL| Kak 6onee mpou-

HBbIE MUHEPA/IBI MMEKT OHY 30HY TIOBBILIIEHHOI Kpucran-
MUYHOCTH, & Ta/l/IyasuT — JBE. Kaxk 6p110 YCTAHOBIEHO
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Tl T2
AU= [ ACp1dT- [ ACp2dT+AS., (T2-T1)+
298 208

T2

_ &
(ACp2dT/T2)-T1 | (ACpIdT/T1) @)
208

=
£ "t

298

where AU — change of internal energy caused by com-
pacting; ACpl, ACp2 — specific heat capacities of non-com-
pacted and compacted materials respectively; AS5s — stan-
dard entropy of material; T2, T1 — temperature of the start
of a certain physico-chemical process, for example, the start
of clinkering of compacted and non-compacted material.

As it follows from the expression (4), the internal en-
ergy can change due to both entropy and enthalpy fac-
tors when being compacted. In case the enthalpy factor
increases, the crystallinity degree of minerals compos-
ing the raw material mixture increases, which leads to
the increase of temperature of solid-phase reactions, for
example, the temperature at the start of the raw material
mixture clinkering. When the entropy factor increases,
the quantity of defects in minerals of the raw material
mixture increases, and this leads to the decrease of solid-
phase reactions temperature. Therefore, raw material mix-
ture before clinkering should be compacted at pressure
ensuring the maximal rate of defects in minerals content
of the raw material mixture.

Raw mixture for cement production have a poly-min-
eral composition, and no strongly marked zones of in-
creased crystallinity or defect structure, due to the differ-
ence in the minerals strength. The degree of crystallinity
can be detected based on the data of X-ray phase analysis,
according to a known method:

1,-100 I,
K__"——U, J{Un’

where K — degree of crystallinity, %; [y — reflex in-
tensity of the reference (untreated) sample; U, — reference
reflex baseline; U, — reflex baseline of the treated sample;
I, — reflex intensity of the treated sample.

(5)

Fig. 1 demonstrates the data on degree of crystallin-
ity of main minerals of the raw mixture for the production
of Portland cement as a function of compacting pressure.

Thus, calcite and quartz being minerals with higher
strength, have one zone of increased crystallinity, and two
zones for halloysite. As we found earlier, decrease in the
degree of crystallinity is caused by accumulation of defects
in a crystalline lattice with the increase of compacting
pressure. When compacting pressure exceeds strength of
crystalline structure, its destruction takes place. Because
defects of the crystalline lattice are centres for stress con-
centration, destruction process goes along the defects and
accompanied with a drastic decrease in their quantity. Af-
ter destruction of crystals, degree of the crystals crystal-
linity drastically increases. Based on the data provided
earlier, it is reasonable to carry out compacting of the raw
mixture for production of Portland cement at a pressure
of 150 MPa, because at this pressure a zone of increased
defects is observed in all minerals. Therefore, compacting
at this pressure should lead to decrease of the clinkering
temperature of the raw mixture,
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Puc. 1. CreneHo KEPUCTANNWYHOCTY OCHOBHLIX MUHERANOB CblpheBOﬁ CMECKH ONA NPUIroTOBNEHWA NOPTNaHAUEMEHTA B 3aBMCMMOCTH OT AaBNEHWA NPECCoOBaHnAL

a — KanbumT; 6 — KBapL; 8 — rannyazuTt

Fig. 1. Degree of crystallinity of main minerals of the raw mixture for the proeduction of Portland cement as a function of compacting pressure:

a — calcite; b — quartz; ¢ — halloysite

HaMW paHee, yMeHbLIEHNE CTENeHN KPUCTa/LIMYHOCTH
CBA3aHO C HAKONAEHHEM ieeKTOB B KPUCTAITNTECKO
pelleTKe NPy yBenn4yeHuu fapaennd npeccopanus. [lpu
TIPEBLIIEHUHN YK€ AaB/IeHNS IPECCOBAHUS NPOIHOCTH
KPUCTAIOB IPOMCXOIUT paspylieHne kpucrannos. [To-
CKOTBKY JlepeK Tl KpUCTA/ITMYECKOM PEeIeTKI ABTAOTCA
KOHLIEHTPATOPaMU HATIPAYKEHNI, PaspyllieHie IPOXOauT
10 flepeKTaM 1 COMPOBOXKIACTCA PE3KUM YMeHbIlIeHIeM
ux kommyectsa. [Tocne paspymenusa kpucranios nmpouc-
XOJUT pe3Koe yBeIM4eHue CTeNeHN KPUCTAIIMYHOCTI
Kpuctannos. Mcxona U3 mpuBefeHHbIX TAHHBIX, CHIPbe-
BYIO CMeCh JI/Isl IO/IYHUeHNs NOPTAAHeMEHTa LeIeco0-
6pasHo npeccopathb mpu gasmennn 150 MIla, tak kax mpu
5TOM JIAB/ICHUN ¥ BCEX MITHEPATIOB HAO/TI0AaeTCs 30Ha 110~
BbIIIEHHON Jed)eKTHOCTH, CllefoBaTeIbHO, TIPecCOBaHe
TIPU 3TOM AABIEHUY JOIKHO MPUBECTH K CHUKEHMIO TeM-
repaTypbl 00KUTa CHIPbEBOI CMeCH.

Mesx1y TeM pesyIbTaThl SKCIEPUMEHTaTbHbIX MC-
CTeoBaHMI 1I0KA3a/y, YTO 3TO HE COBCEM TaK, TIOCKO/Ib-
KY, IOMUMO DOPMUPOBAHNA B KPMCTaANIaX ChIPbeBO
cmecH 30H JedeKTHOCTH M KPUCTalInYHOCTH, Ha IIPO-
Lecc BIUAET U PAR APYruX PakTopoB, NPUBOAAINX K
MOHOTOHHOMY CHMKEHUIO TeMIeparyphbl o6xxura mpn
yBenUYeHUN TaBAeHus npeccoanns. B pabore T. B. Kys-
Heloroi [17] mokasano, 9TO CMHTE3 aIOMUHATHBIX U
cynbhoaTOMUHATHBIX [IEMEHTOR TIpOTeKaeT npu Gonee
HUSKHMX TeMIIepaTypax, 4eM [Moay4eHe NOpTAanalenMeH-
Ta 1 6e3 obpasoBaHus Kuakoi dasel. CuHTES MUHEpPa-
OB TUMUTHPYIOT Hponeccs guddysun TBeprodasHbx
peakunii. ITpeccopaume chIpbeBoii CMeCH NMPU BHICOKMX
AaBleHNAX obecrneyyupaer paspymieHNe ee YacTHll IIpn
OJIHOBPEMEHHOM UX cOMMIKEHUU BIJIOTH JIO yCTAHOBIIE-
HUs MeXaTOMapHBIX CBA3el 1 o6eryaer npoTeKanme
npoueccos gnddysun npu obxure. CyMMapHO BCe 3TH
dakTopel ofecrnednBaOT MOHOTOHHOE CHUKEHUE TeM-
neparypbl 06Kura npu yBenudeHnM JaBIeHNA IPecco-
BaHUA CHIPbEBOI CMeCH.

3-3a HM3KOI TeMnepaTypbl 0OpasOBaHUA U BBI-
COKMX (pM3MKO-MeXaHMYECKUX CBONCTB HaMu B [EPBYIO
OYepesih M3y4ya/ioch BAMAHNE MPECCOBAHMA Ha CUHTE3
cynbhoamomMuHaTHeIx LeMenTos cocrasa CsA5CS. [lpu
TIPOBEfIEHNM JJAHHOI paboThl 06KUTY TOfBEpranach chl-
pbeBad CMECh, PACCUMTAHHASA 110 MOXY/NbHBIM XapaKTe-
PUCTHKAM Ha TOTyYeHIe 3a/JaHHOTO MUHEPAIOTMIECKOro
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Meanwhile, the results of the experimental studies
showed that this is not exactly so, because the process is
not only influenced by formation of defects and crystalline
zones in crystals of the raw mixture, but also by several
other factors which lead to a steady decrease of clinkering
temperature while the compacting pressure increases. As
shown in the work of T. V. Kuznetsova [17], synthesis of
aluminate and sulfoaluminate cements proceeds at lower
temperatures than the synthesis of Portland cement, with-
out the formation of a liquid phase. Synthesis of minerals
is limited by diffusion processes of solid-state reactions.
Compacting of the raw mixture at high pressure ensures
the destruction of its particles as well as their simultane-
ous approach, to the extent of interatomic bonds formation,
and facilitates the progress of diffusion processes during
the clinkering. All these factors together ensure the mono-
tonic decrease in clinkering temperature, with increasing
compaction pressure of the raw mixture.

Due to low formation temperature and high physical-
and-mechanical performance, we first studied the effects of
compacting on the synthesis of sulfoaluminate cements with
the composition C:A;CS. In the course of the work, a raw
mixture composition which had been calculated by modular
parameters with a purpose of obtaining a preset content of
minerals, underwent clinkering. Based on the availability
of raw material components in the region where production
of artificial raw brick is launched, and conditions of the raw
mixture compacting, as the lime component is considered
only as an inspirational metallurgical lime consisting mainly
of calcium oxide with activity of 85-90 %, apart from this,
technical alumina and phosphogypsum were used. The tech-
nology of preparation of the raw mixture before clinkering
was based on the accepted technology for the production
of artificial gypsum brick (AGB) by compacting. The raw
mixture was prepared based on calculated modular para-
meters, and mixed under natural moisture content. Because
of the exothermic reaction, the raw mixture was heated up,
and all the free water was bonded into crystalhydrates due
to formation of calcium hydroxide. After cooling, water was
added to the mixture necessarily to reach the optimal value
for compacting, and the raw mixture was compacted at the
pressure of 0, 100, 200 and 300 MPa. Burning of the com-
pacted raw mixture was carried out at temperatures of 700,
900, 1100 and 1300 °C. The obtained samples were studied
applying X-ray phase analysis.




cocrasa. Mcxona U3 HAMMUNA CHIPHEBBIX KOMIIOHEHTOB B
pernoHe, rje OpraHn30BaHO POU3BOCTBO UCKYCCTBEH-
HOTO CHIPHEBOTO KaMHSI, M YCIOBUIL IIPECCOBaHMsA Chipbe-
BOIT CMeCH, B Ka4eCTBe M3BECTKOBOTO KOMITOHEHTA paccma-
TPUBAIACH TOJBKO ACHUPALMOHHAS METaTy pruveckas
M3BECTD, COCTOANAA B OCHOBHOM M3 OKCUJIA KaNbLus ¢
AKTUBHOCTBIO 85-90 %; KpoMe TOT0, MCHO/Nb30BA/INChH
TexXHUYecKuit rmnHoseM u gocdorunc. Texnonorus moj-
TOTOBKM ChIPheBOI cMecH repef; 00KUTOM OTpesieisaIach
IPUHSATOI TEXHOTOr'Mel IOy 9eH s UCKYCCTBEHHOTO THIT-
cosoro kamua (UI'K) npeccoBauuem. ChIpbeByI0 CMeCh
TOTOBHU/IN 110 PaACYE€THBIM MOAY/IbHBIM XapaKTEPUCTUKAM
1 CMeIMBaIN IPY eCTeCTBEHHOM BrakHocTu. Benencreue
9K30TepMMYECKON peaKiuyu ChipbeBas CMECh pasorpe-
BAIACH, IPU 3TOM BCst CBOOOHAA BIATa CBA3bIBANACH B
KPUCTANIOIMAPATHYIO 32 CueT 00pasoBaHus IMAPOKCHIA
kaabius. [Tocie oxnax/eHns B cMech pu Heo6XONUMO-
CTH BBOJIMTIACH BOJIA JI0 ONITUMA/IBHOTO /151 TPecCcoBaHUA
3HAYEHUI, U CBIPbEBAs CMeCh MOJIBEPrajiach MPecCcOBaHMIO
npu pasnedusx 0, 100, 200 u 300 MITa. O6xur npecco-
BAHHOW CHIPHEBON CMECH OCYIIECTBAN [IPK TeMIepa-
rypax 700, 900, 1100 u 1300 °C, ITonydeHHble 06pasiibl
uccnegopann Metogamu POA,

Pesynbrarel peHTreHo(gasoBoro aHanusa CMHTE3a
cynbdoanoMIHATA Kabliys IPeACTABIEHb HA puc. 2.

Ha npuBeeHHBIX PEHTTEHOrPaMMaX XOPOIIO BUJI-
HO, UTO C yBe/IMYEHNEM [JaBIEHUA MPECCOBAHNS WH-
TEHCMBHOCTb PEHTTEHOBCKMX MKOB CUHTE3HPYEMOro
MUHepana, NoAYYeHHOTO NPU OJHOM U TON XKe TeMmiie-
patype, Bo3pactaer. Ha puc. 3 npencrapneHsl n3onm-
HUM PABHBIX 3HA4YeHMIT 1U(PAKIMOHHOIO MAaKCUMYyMa
cynboantommusara kanbuus ¢ d = 3,72 A B 3aBucumo-
CTH OT JaBJIeHUs [1PeCCOBAHMUA 1 TeMIIepaTypbl 06K u-
ra ChIpheBOit CMecH.

Pesynbrarpl 06paboTku 9KCIIEpUMEHTANIBHBIX JIaH-
HBIX CBUJIETE/ILCTBYIOT, 4TO 6e3 mpeccoBaHus 3apOJibl-
i HOBOI (assl (MuTeHCHBHOCTD Oonee 100 ej.) Ppuxcu-
pywrca ipu Temneparype 1050 °C, a npu npeccopanun
coipbeBoil cMecu nipu gasnennu 300 MIla — yike npn
remmeparype 900 °C. CHiKeHe TeMTieparypbl ofkura
mpeccoBaHHoi cmecn coctasnseT 150 °C. [Tpuyem cneny-
eT OTMETHTD, YTO 3TH pPe3yabTarsl OpIIN nonyyersl 6es
usoTepMmuueckoil Buigepkku. Cinres CyabdoanioMunara
Ka/lbLisl B TPECCOBAHHON CMECH MMO/THOCTbIO 3aBepilaeT-
ca go remneparypsr 1200 °C.

B pabote [17] nocnefgoBatenbHOCTb CHHTESa Cyb(ho-
ANIOMIHATA KanbliNA ONNChIBACTCA CENYI0UINM 0613330M:
CiA> — CA — C3A;CS. B ycnoBusix namiero akcrepimMeH-
Ta coefunenue Ci2A; He 06HAPYIKEHO BO BCeM IMANasoHe
TeMieparyp obKura, a cMHTes CynbdoanoMnHaTa Kajb-
115 MOKHO MPEICTaBUTD MOC/IEA0BATENbHOCTHI0: CA; —
CA — (CA); — (CA); — C3A;CS. TocKkonbKy MOHOANIO-
MMHAT Kanbiia obpasyerca yke npu remnepatype 700 °C,
MBI M3YY /M BOSMOXKHOCTB CHHTe3a Cynb(oanioMiuHaTa
Ka/bLins € [OHVKEHHBIM KO3(PPUIIMEHTOM HaChIILEHN
10 OKCHY Ka/IbIMA U CTENEeHbI0 HACHIINEHNA MO CYlb-
dary npu Goee HUBKMX TEMIEPATYPAX U BO3SMOXKHOCTD
HaChIEHNA [1eMEHTA HEeIOCTAIONMMY OKCUIAMM Yepes
rugparannio. [1o MOLyITbHBIM XapaKTEPUCTHKAM Paccyn-
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Fig. 2. Results of X-ray phase analysis of calcium sulfoaluminate synthesis

Results of X-ray phase analysis of calcium sulfoalu-
minate synthesis are shown in the fig. 2.

As it can be easily seen from the shown X-ray patterns,
the intensity of X-ray peaks of the synthesized mineral
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THIBA/INCh ChIPbEBbIe CMECH Ha NOJydYeHMe COeMHeH Ml
cocraBa CA;CS, CA:CS, C,A;CS ¢ nonmxennpim Koad-
(ULMEHTOM HACHILEH N,

Taxum oﬁpasom, ObLnn YCTAHOBJIEHBI TIOC/IEjOBA-
TEIBHOCTb CMHTE3a 1 (a30Bblil COCTAB MPOJAYKTOB 06-
xwura, Onpenenes NopARoK B3auMopeiicTena cynodoa-
JIIOMMHATOB Ka/IbLiis C MOHMKeHHBIM KO3 puiinernTom
HACHIIEHUs C MPOAYKTAMM IMAPATALNKM UHBIX KIWH-
KepooOpasyoluX MUHEPAIOB. YCTAHOB/IEHO, YTO JIaH-
Hbl€ COeIMHEHN CIIOCOOHBI MPU MUPATALIMY MOTTIONATH
M3BECTh M CyAb(daThl KaNbLUsl 3 BHEUTHUX MCTOUYHM-
KOB, hOpMUPYA MPOAYKTHI THAPATALIMM € MAKCHMATBHOM
MPOYHOCTBIO TPU CTEXMOMETPUYECKOM COOTHOUIEHWM,
6nuskom K npogykram rugparaunu C;AsCS. Iro o3ua-
9aeT, YTo [/1A NOMyUeH!sA Cy/Nb(OATIOMUHATOR Ka/lbLUA
€ BHICOKUMM (PUBHKO-MEeXaHHYECKUMU CBONCTBAMMU HET
HeoOXoMMOCTH 00XKUTraTh Bech 00'beM CHIPbEBOIl cMe-
cut s nonydennsa CiA;CS. MoxHo obxkeus npeccopaH-
HYIO CbIPbEBYIO CMech U3 pacyera monydenusa CiAs unm,
nanpumep, CAj, a HeJJoCcTaOIIee KOMUYECTBO CynbdaTa
Kanblina WIK OKCU/A Ka/IbLMs BBECTH B IIPOLiecce NOMO7a.
ITpu 3TOM SKOHOMMUSA 3HEPrOPECYPCOB MPONOPLUOHATb-
Ha 06beMy CbIpbeBOIL CMeCH, BhIBEieHHOI n3 obxura, u
MoxeT gocturars 40 %.

Takoit TEXHOMOTUYECKUIA MOAXOM MO3BOAAET HE
TONbKO COKPATUTh SHEPro3aTpaThl Ha HOTyYeHHE CY/ib-
doamoMUHATHOTO IEMEHTA, HO U CYIIECTBEHHO YIy4-
WHUTh ero GU3NKO-MexaHuveckue cpoiicTea. B yact-
HOCTH, IIYTE€M BBEJE€HUA B LIEMEHT HEJOCTAIINX
KOMIIOHEHTOB B BUJI€ HEPACTBOPUMOI'O AHIMIPHUTA M/TH
AUTHAPATA M THAPOKCH/IA KabLUsA YAAI0Ch CYIEeCTBEH-
HO 3aMEeANIUTE CKOPOCTh TBEPHAEHUA TAKOTO LHeMeHTa U
C/IeNAaTh ero XOpOIIO COBMECTUMBIM C ODBIYHBIMY MTOPT-
NaHJUeMeHTaM# 3a CHeT MOT/IOUEHUA UM THIIPOKCH-
lla KanblUus, BBIJIENANIUIErOCs MPY TUIpaTanuy mopT-
TAHJ[IIEMEHTA,

Jina peanusanum npejnaraeMoil TEXHONTOTUY Ha Tep-
PUTOPHMH OTHOTO M3 XMMMUYECKMX 3aBOJIOB MYLIeH MePBbIi
OTIBITHO-TIPOMBIIIJIEHHBIH YUACTOK IPOM3BOJCTBA MCKYC-
cTBeHHOro runcosoro kamusa (MI'K) meromom npeccosa-
HIA (CM. puc. 4).

B Hacrosamee BpeMs MOTHOCTbIO pealu30BaH Mep-
BBIiT 3Tan npoekra — ocBoeHo npoussoacteo MI'K n
NpoBOAATCA PabOTHI O peanusaluu BTOPOTO 3Tana npo-
€KTa — OCBOEHUIO IPOMSBOACTBA I'UIlca (B TOM YKC/Ie
MOBBLILIEHHON BOXOCTOMKOCTH) € ucnonbzosanmnem UT'K.
O6opynoBaHue yyacTKa IMO3BOMAET TAKKE U3TOTOB/ATh
METOJIOM IIPEeCCOBAHUA ChipbeBble GPUKETHI /1A MPOU3-
BOAICTBA CY/Nb(aTUPOBAHHBIX LIeMEHTOB C TOHMKEHHOI
aHeproeMkocTbio. OCBOeHME NPON3BOJCTBA ITH/IPABIN-
YECKMX BAXKYIIMX NPECCOBAHMEM ABIAECTCH TPETHUM
sranom npoekra. Komnaekr rakoro obopynosanus no
MOJATOTOBKE CHIPbEBOJ CMECH MpeccoOBaHueM, BMeCTe ¢
00KUTOBOI TTEYBI0 U TIOMOIBHBIM KOMIIIEKCOM, MOXKET
UCTIONB3OBATHCA KaK MUHU-32BOJI 11O POU3BOJCTBY Lie-
MEHTa.

Peanusanmus ganHoro MpoOeKTa U ero pacnpocrpa-
HEHME MO3BONMAT COKPATHTh BO3/IeliCTBME TEXHOTEHHBIX
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Fig. 3. Isolines of equal values of the diffraction maximum of calcium
sulfoaluminate with d = 3.72 A depending on the compacting pressure
and temperature of the raw mixture burning

obtained under the same temperature, increases with in-
creasing compaction pressure. Fig. 3 demonstrates isolines
with equal values of the diffraction maximum of calcium
sulfoaluminate with d = 3.72 A depending on the compac-
tion pressure and temperature of burning the raw mixture.

Results of analysis of the experimental data demon-
strate that new phase nuclei (with intensity over 100 units)
can be found at a temperature of 1,050 °C — without com-
pacting, and they are found at a temperature of 900 °C, at a
pressure of 300 MPa — when the raw mixture is compact-
ed. Decrease of burning temperature of the compacted raw
mixture is 150 °C. It should be stressed that these results
were obtained without the isothermal extracts. Synthesis
of calcium sulfoaluminate in a compacted raw mixture is
fully completed at a temperature below 1,200 °C.

The sequence of calcium sulfoaluminate synthesis
is described in the work [17] as follows: Ci2A; — CA —
C3A;CS. Under conditions of our experiment, the com-
pound C;A; is not found within the whole range of burn-
ing temperature, and calcium sulfoaluminate synthesis can
be represented with the following sequence: CA; — CA —
(CA); — (CA); — C3A;CS. Since calcium monoaluminate
is formed at temperature of 700 °C already, we studied the
possibility of calcium synthesizing sulfoaluminate with a
low saturation of calcium oxide, and the degree of satura-
tion of sulfate at lower temperature, and also a possibility
of cement saturation with missing oxides through hydra-
tion. Raw mixtures for production of compounds CA,CS,
CA,CS, C:A;CS with low coefficient of saturation were
calculated on the basis of modular parameters.

Thus, the sequence of synthesis and phase composition
of calcined products were determined. The procedure of
calcium sulfoaluminates (with low coefficient of saturation)
interaction with products of other clinker-forming miner-
als with hydration products was also determined. It was
found that these compounds are capable of capturing lime
and calcium sulfates from external sources in the course
of hydration, forming hydration products with maximal
strength at the stoichiometric ratio close to that of prod-




OTXO0J0B Ha OKPYKAIYK cpely npu OJJHOBpPEMEHHOM
COKpalleHny noTpebnenns SHepropecypeos ais Hyx/1
HeMeHTHOI MPOMBITITIEHHOCTH, YAYHIIEHW N ElJHIIHKO-MC“
XaHUYECKNX CBOMCTB MOPTIAHIEMEHTA  TH/PaBINYe-
CKMX CYNb(aTHPOBAHHBIX BAKYIUMX. ¢
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Fig. 4. General view of a line for production of artificial gypsum brick

ucts of C;A;CS hydration. It means that there is no need
in burning the whole volume of the raw mixture in order
to produce C;A4CS for obtaining calcium sulfoaluminates
with good physical-and-chemical properties. It is possible to
burn a compacted raw mixture at the rate of obtaining C;A;
or, for example, CAj;, and to introduce the missing quantity
of calcium sulfate or oxide through grinding. In such a case,
energy saving rate is proportional to the volume of the raw
mixture eliminated from burning, and it may reach 40 %.

This technological approach does not only help to re-
duce energy consumption required to produce sulfoalumi-
nate cement, but also to improve its physico-mechanical

properties considerably. In particular, by introducing into

the cement lacking components in the form of insoluble
anhydrite or dihydrate and calcium hydroxide which could
significantly slow the rate of hardening of the cement and
make it highly compatible with conventional Portland ce-
ment due to the absorption of calcium hydroxide produced
during the hydration of Portland cement.

The first experimental-industrial line for production
of artificial gypsum brick (AGB) by applying compacting
method (see fig. 4) has been launched on the territory of
a chemical plant with the purpose of implementing the
suggested technology.

Presently, the first stage of the project has been fully
implemented: production of AGB is mastered. Currently,
works on implementation of the second stage of the pro-
ject aimed at mastering gypsum production (including that
with increased water resistance) with the use of AGB are in
progress. Equipment used at the line also enables the man-
ufacturing of raw materials briquettes for the production
of sulfated cement, with reduced energy consumption, by
applying compacting method. The third stage of the pro-
ject consists of mastering the production of hydraulic bind-
ing materials by applying compaction method. Such sets of
equipment for the preparation of raw mixture by means of
compacting, together with a kiln and grinding unit, can be
used as a mini-plant for cement production.

Implementation of this project and its duplication will
reduce the load of technogenic waste on the environment,
with the simultaneous reduction of energy consumption
in cement industry, improvement of physico-mechanical
properties of Portland cement and hydraulic sulfated bind-
ing materials. #
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