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CIIMHOBAS XUMUSA HEMEHTHBIX CHCTEM
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[IpencraBneHsl pe3ynbTaThl HCCICIOBAHUA CYyXUX LIEMEHTOB H Iie-
MEHTHBIX CHCTEM Ha MX OCHOBE METOIOM DJICKTPOHHOTO ITapamar-
HuTHOTO pe3onanca (DIIP). IlokazaHo, 4TO mpollecC yBEIHICHHUS
yIEeTNbHON MOBEPXHOCTH YaCTHI MOPTIAHIIEMEHTA COPOBOXKIACT-
CA POCTOM CIHMHOBBIX HEHTPOB. HpOBe}IeHbI uccieaoBaHusd Mmpov-
HOCTHBIX XAapaKTCPUCTUK MNOPTIAHAUEMCHTA, AKTHUBHUPOBAHHOI'O
MOPTJIaHALEMEHTa, a TAK)KE UX CMECEei B Pa3IMYHBIX COOTHOIICHH-
aX. OTpa)KeHI)I HN3MCHCHUA KOHICHTpAIUM CIOHWHOBBIX LCHTPOB B
X0Jle Ipoliecca 3aTBEPACBAHMA IIEMEHTOB. BbICKazaHBI HepcHeK-
THBHBIC HAIPABJICHUS M3YYCHHUS LIEMEHTHBIX CHCTEM METOJIOM pa-
JHOCIEKTPOCKOIHH.

KuroueBble ciioBa:
CBoOOHBIC paguKabl, §-hakTop, IEMEHT, MUHEPAJIHI.

BBenenne

LleMeHT sIBNISieTCSl OTHUM U3 TJIaBHBIX CTPOHUTEIBHBIX
MaTepHajOB U NPUMEHSETCA Ul W3rOTOBJIECHUS OeTOHa, XkKe-
ne300eToHa, acOECTONEMEHTHBIX W3JICNUi, CTPOUTEILHBIX
pacTBOpOB, MHOTHX JPYTHX HCKYCCTBEHHBIX MaTepHallOB
Pa3InYHOr0 TEXHMYECKOTO Ha3HAYEHHUSI.

VYiyumieHue CBOWCTB IIEMEHTa NPH MHHUMAJIbHBIX
3aTpaTax SHEpPTUH, a TaKKe CO3JaHHE LIEMEHTHBIX CHUCTEM C
YHHUKaJbHBIMA CBOWCTBAMH IMO3ULMOHUPYETCS, KaK OJHA U3
aKTyalbHbIX 33/1a4 B XUMHH [IeMeHTa [ 1-4].

CoBpeMeHHBIE TCHACHIIUH PAa3BUTHUS CTPOUTEIBHOTO
MaTepuaOBEIEHNs CBA3aHbI C N1EPEX0J0M K CO3JaHHI0 MHO-
TOKOMIIOHEHTHBIX, MHOT'OCJIOMHBIX, MHOTOYPOBHEBBIX KOM-
MO3HUIIMOHHBIX MaTEPUAIOB C 3a/JlaHHBIM HaOOpOM CBOWCTB,
UX CTPYKTYpPHOW M (PYHKIIMOHAJIBHOHM OpraHuzaiuei, obec-
NEYMBAIOIINX HMX IOBEJCHUE, aJalTHPOBAHHOE K INEPEMEH-
HBIM (haKTOpaM OKpY’Karolleld cpelbl Ha MPOTSHKEHUH BCETO
CpOKa IKCIUTyaTalluy, HO ¥, KAK MUHUMYM, COXPaHHOCTb WJIH
TIOBBIIIICHHE KAYeCTBa CPeIbl OOUTaHHSI.

JocTmwkeHre 3TUX Lelei, Ha Halll B3I, BO3SMOXKHO
Ha TyTH CJICIOBaHUS TPUHIIMIIAM HEIMHEHHON Xummuu, Ouo-
HUKU [5] u reonukn [6, 7], cOracHO KOTOPBIM NIPHUOPHUTET
OTJaeTcsl NPUPOTHOCOATaHCUPOBAHHBIM OHOC(EpHOCOBME-
CTHMBIM MaTepHajiaM U TEXHOJOTHAM UX TOIy4EHHS.

B monHOM Mepe K TakuM MaTepraigaM MOKHO OTHECTH OETOHBI HOBOTO mokonenus [8]. Otiu-

YUTEIBHOW OCOOEHHOCTHIO MMpOU3BOJACTBA TAKUX LNEMCHTHBIX CHUCTCM SMBJISICTCA YYCT (1)I/I3I/IKO-
XHUMHUYECKHUX BO3MOKHOCTEH KaXXJ10Tr0 KOMIIOHCHTa OCTOHHBIX U CTPOUTCIIbHBIX CMeCCﬁ, OpeaAbICTOpUN
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Kucenes CranuciaaB AHape-
eBHY, acrupanT kadeapsl Qu-
3MYECKOW U KOJUIOWJIHOW XUMHHU

Tomckoro TroCya1apCTBECHHOI'O
YHHUBEPCUTETA.
E-mail:

stanislav.kiselev.89@mail.ru

MOJITOTOBKK MX B3aUMOJCUCTBHS JPYr C JPYrOM, OCO3HAaH-
HBIIi BHIOOP METOJOB WX AKTUBAIUM U MOJIUDUITUPOBAHHUS
MEXaHMICCKUMH, (PHB3HICCKUMH, XHUMITUCCKAMHE, OHOJIOIHMICCKH-
MH 1 KOMOMHHUPOBAHHBIMH BHEITHUMH Bo31ecTBIsIME [9, 10].

TexHOMOrusT IIEMEHTOB OTJIMYACTCS MOMBITKOW MHO-
TUX HCCICIOBaHMI MPUBJICYh K OMUCAHUIO MPOIIECCOB TBEP-
JICHHS TIOCIIETHUE JOCTHXKCHUSI COBPEMEHHOW XUMHH U (U-
3WKH: KBAaHTOBOW MEXaHUKH, TEPMOJUHAMUKU HEOOXOUMBIX
MPOIIECCOB CHHEPTETUKH U (PU3UKU TBEPJIOTO TEJIA U JIp.

Uro kacaeTcs (QHU3HKO-XUMHYECKHX METOJOB HCCIIC-

O6mactb HAy4YHBIX HHTECPECOB: JAO0BaHUs, B U3YYCHUU LEMCHTHBIX CUCTEM MOXXHO BBIACIIUTH

KBaHTOBas  XHMHA,  Macc- CIICYIONIHE MEPCIICKTUBHBIC U YCICIIHO MPHUMCHSIOIIHECS
CIICKTPOMCTPHSI, MCIUIIMHCKAC METOMBI: SACPHBI MarHUTHBIA pe3oHanc (SIMP), snexTpon-
MENOIIEETE QpITELi0= HBII TapamMarauTHe pesoHanc (DI1P), MK-crekTpoCcKoIus,
ZI(I;I::IE);:[IBHBIG B e pentrenopasoseiii ananus (PMA), ckaHupyromas 3JIeKTPOH-

Has mukpockornus (COM) [11-14]. OcraHoBUMCS Ha MeETO-
nax paguocnekrpockonuud. Meton SIMP neMeHTHBIX cHCTEM
Noy4na OypHOE pa3BUTHE HA NMPOTSLKEHUM HOCIEAHUX TpeX

YHrep AJjiena @DeluKCOBHA,
acipaHT Kadeapsl  usnye-
CKOW ¥ KOJUIOMJHOW XHUMHHU

TOMCKOTO  TOCYZAPCTBEHHOTO NECATUIICTUH, 3TO CKOpEE CBI3aHO C MOJCpPHHU3AIMEH MpH-
YHUBEPCHTETA. OOpHBIX MapKOB (yBENMYCHHE YYBCTBUTEIHLHOCTH U paspe-
E-mail: usbee@sibmail.com IICHUA) U OTKPBHITHEM HOBBIX BO3MOXHOCTEW JaHHBIX arma-

OO0nacTp Hay4HBIX HHTEPECOB:
KBaHTOBas XUMHS, CTPYKTypa
MHKPOYACTHII.

patoB. Ha cerogHsAumHui AcHb CYIECTBYET OTPOMHOE KOJIU-

4ecTBO paboT, MOCBALICHHBIX HCCIEAOBAHUIO ILIEMEHTHBIX

CHUCTEM 3THM METOAOM, OCHOBHBIM IIPEUMYIIECTBOM KOTOPO-

ro sIBISIETCS M30MPATENbHOCTh HM30TOMNOB SICPHBIX CIIMHOB

(*H, *C u mp.). Pe3oHaHCHI 9THX siIep M3GHPATENTbHO OTpa-

JKAIOT COOTBETCTBYIOLINE CTPYKTYPBbI, IPH 3TOM aMOpQHbIE U

KpUCTAIUTHYECKUE (Pa3bl OJWHAKOBO XOPOIIO HACHTHU(DHUIH-

PYIOTCS, 4TO, B CBOIO OYEpEe[b, OMONHICT TUPPAKIUOHHBIE

Metosl. SIMP uccnemoBaHus EMEHTHBIX CHCTEM MOXKHO pa3JIeNuTh Ha Tpu BeTBH [15]:

e SIMP Boicokoro paspenienust B TBepabix tenmax (High-resolution magic-angle spinning NMR) —
TOJTydeHHE CTPYKTYPHBIX H KOJIHYECTBEHHBIX 0COOEHHOCTEH OT smep ~°Si u °'Al B Ge3BOIHBIX U
THJIPaTUPOBAHHBIX (hazax EMEHTa,

e SIMP 'H — nonyuenne HEGOPMALMH O IOPHCTOCTH IEMEHTA, KOJTHIECTBE CBOOOIHOM/CBS3aHHOM BOJIB;

® MarHuTHO-pe3oHaHcHas Tomorpadus (MPT) — uccnenoBanus Ha ypoBHE MKM-MM JUIsI XapaKTepu-
CTHKH TIOP, TPEUTHH, AU Py3un BOIBI.

Hcnonb3oBanue metona DIIP niis n3yyeHrs: HEMEHTHBIX CUCTEM B CPAaBHEHUH C IPYTUMH Gu-
3UKO-XMMHUYECKMMH METO/IaM{ JOCTaTOYHO Majo paclpoCTpaHEeHO cpeau uccienoBaTeneit. OTMeTnm,
yto OIIP criekTpoMeTphl pearupyroT TOJIBKO Ha CHCTEMBI, COJIEpKalllie HECTIAPEHHBIE 3JIEKTPOHBI, U
MO3BOJIAIOT OOHAPYKUBATh U BO MHOTHX CIIy4YasiX WACHTH(QHULIMPOBATH CBOOOTHBIE paanKaibl. B nute-
paTtype MOKHO BCTPETUTh OTHOCHTEJILHO HEOOJIBIIOE KOJINYECTBO MaTepuaa, MOCBIILEHHOTO JaHHO-
My HalnpaBJeHHIO. B OCHOBHOM pa0oThl HAIIPaBJICHBl HA HCKYCCTBEHHOE BBEJICHUE pajHKaja MU €ro
MOJIy4eHHUE IyTeM BO3JCHCTBUS Ha CHCTEMY Y-O0JIlydeHHEM, U yXKe XapaKTep U3MEHEHHsI 3TOro pajiu-
kana (mmpuHa ymaun JI1P, xoncranTta CTC u ap.) WccienoBaTeny MBITAIOTCS CBSI3bIBATH ¢ KAKMMH
1100 0COOEHHOCTSIMU CHCTEMBI. DTOT OTpOMHBIN pazaen DIIP criekTpockonuu nMeeT Ha3BaHUE METO/]
CIMHOBBIX MeTOK. Eme B 70-e TT. ObUIM OMyOJIMKOBaHBI paOOTHI MO MCCIECIOBAHUIO KIIMHKEPHBIX MU-
HepanoB MeroznoM OIIP myTem BBe[eHHs MapaMarHUTHBIX YacTHULl MapraHIia, a TaKXkKe FreHepupys CIu-
HoBble TIeHTpHI (CLL), Bo3aeicTBys y-00aydeHHeM, T. €. OIATh JK€ UCKYCCTBEHHO CO37aBasl rmapamar-
HETU3M CHCTEeMHI [16].

1o Bceit BugumMocTu, B padore [17] Buepsble ObUIO0 3aMKCUPOBAHO HAJTHYHE CIIMHOBBIX IIEH-
TPOB B CyXMX LEMEHTHBIX CUCTeMax 0e3 JOMOJHUTEIBHOTO BO3ICHCTBHS HA CUCTEMY U OTMEUYEHO, YTO
CII >xene3a 1 MapraHiia MOTyT OBITh MCIIOJIb30BaHbI B KAUECTBE CIMHOBOIM METKH JUIA U3yYEHHs MpPO-
[IECCOB KPHUCTAUTM3ALINU 1 3aTBEpACBaHMS [IeMeHTHOW nacThl. OIHAKO SKCIIEPUMEHTAIBHBIN MaTepu-
aj, OTPaKaOIUH KUHETUKY IPOIEcca TBEPACHUS BSKYIIMX MAaTEpHUAJIOB C MCIOJIB30BAHUEM CIIMHO-
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BOH METKH, MPEACTABICH B padoTte [18], rme BrICKa3aHO MPEAON0KEHUE O MPOTECKAIONTNX PaTnKalb-
HBIX MIPOIleccax M TaKKe YCTaHOBJICHO, YTO BBEACHHUE BEIICCTB, TEHEPUPYIOIIUX CBOOOAHBIC paaHKa-
JIBI, IPUBOJNT K YBEITMYEHHUIO TPOYHOCTH IIEMEHTHOTO KaMHs. Buanmo, rccienoBaren ObUIH MTEPBHI-
MH, KTO TOJYEPKHYJ BO3MOXKHOCTh NMPOTEKAHHUS PaJWKAIBHBIX IMPOILECCOB MPH 3aTBEPACBAHHUH Iie-
MEHTa, KpOME TOTO B CTAaThe OTMEUYAETCS, YTO XUMUYECKHE PEAKIINH, IPOTEKAIOIINE IO PaIUKAILHOMY
MEXaHH3MYy B TEUEHHE JUIUTEILHOIO BPEMEHH, TPYAHO OOHAPYKHUTH MPAMOW PaIuOCHEKTPOCKOIHEH
00pasmoB MEeMEHTa, TIPH 3TOM TPHOOpP Iy cHATHA criekTpa DIIP momkeH o0mamaTh BEICOKOM paspe-
HIarouiel CIocCOOHOCTHIO M YYBCTBHTEILHOCTBIO.

OnHako, KaK MOKa3bIBaeT MPaKTHKA, B IIEMEHTaxX 00Iee KOIUYECTBO CIIMHOBBIX LIEHTPOB A0-
cruraer 10%...10% comn/r [19], koTopbie o0pazyrot B criektpe DIIP, xak mpaBuiio, MUPOKYIO HEpas-
pEIIeHHYI0 CTPYKTYpy, 0Opa3oBaHHYIO B CBOIO oudepe/b HAOOpOM TaK Ha3bIBAEMBIX JHMHUWA TOHKOM
CTPYKTYpBI CHEKTpa. JTO JaeT BO3MOXKHOCTH HCCIEIOBaTh M3MEHEHHE OOIIeH MapaMarHUTHOH CO-
CTaBIIAIONIECH [IEMEHTHBIX CHCTEM, T. €. KOJIMYECTBEHHbIE M3MEHEHHs BCEX MapaMarHUTHBIX YaCTHII,
XapaKTEepU3yOIINX CHCTEMY B MPOIECCE TBEPACHUS MyTEM aHAIN3a CIEKTpa B IMIMPOKOM JHAIra30He
pa3BepTKU MArHUTHOTO TOJII METOAOM MPSIMOM PagUOCIEKTPOCKONHUH C IIEJBI0 HAXOXAECHUS HOBBIX
KOPpENSIUN CO CBOMCTBaMU NOJy4aeMoro MaTepuana. KoHeuyHo, HauOOJbIIHA HHTEPEC KaK Hay4YHbIH,
TaK W MPaKTHYECKUH MPEACTABISET MOBBIIICHHE pabodeil 4aCcTOTHI U COOTBETCTBEHHO MAarHUTHOTO
nonst DIIP-criekTpoMeTpa ¢ 1epio moydeHus 0oyiee pa3pemeHHON CTPYKTYPBI CIIeKTpa, KOTopas OT-
pakasia Obl OoJiee KOHKPETHYIO CHUTYalUIO MPOTEKAIOMINX PaJUKaIbHBIX MporeccoB. Takxke Ajs 1e-
MEHTHBIX CHCTEM C XapakTepHoi cBepxToHKOH cTpykTypoir (CTC) cmextpa OIIP, oueHb mONE3HBIM
MOJKET OKa3aThCsl TMPUMEHEHHE METOJla ABOWHOTO 3JIEKTPOHHO-saepHoro pe3onanca (JIDAP) mis
I/II[CHTI/I(bI/IKaHI/II/I nmapaMariuTHBIX YaCTHII.

B naHHO# paboTe MpOAODKEHBI M 3HAYUTEIBHO JOMOJHEHBI UCCIICIOBAHUS IICMEHTOB U Iie-
MEHTHBIX CHCTEM Ha uX ocHoBe MeToaoM DIIP criekTpockonuu, B 4aCTHOCTH MPOBEACH aHATN3 KITUH-
KEPHBIX MaTepUaIOB, 100aBok B 1ieMeHT — nonmiiact CII-1/CIT1-3/CII-4; paccMOTpEHO BIIMSHUE YBeE-
JTUYCHUS YACNbHONU ToBepxHOCTH TopTianaunementa M-400 mo ~18000 cM’/r Ha rnapaMarHuTHBIE
CBOIicTBa "acTuIl U (ha30BBIA COCTaB MaTepwiia. BBUIy WHANBHIYaTbHOCTH IOJYY9a€MBIX CIIEKTPOB
OI1P neMeHTHBIX CHCTEM JIaHHBIA METO MPEIOKEH KaK OWH M3 SKCIPECCHBIX METOJIOB HACHTH(OUKAIIN
BSDKYIIIEro BemecTBa. Kpome Toro, B paboTte npoaHaIn3upoBaHa CBSA3b MPOYHOCTHBIX M CIIMHOBBIX XapaK-
TEPUCTHUK [IEMEHTOB 1 BBICKAa3aHO MPEIIIOJIOKEHHUE O CITOCO0e CO3MaHMsI POYHOTO MaTepHaa.

3KCHepHMeHTaJIbHaH 4acTb

B pabore mpumensiercs KOMIUIEKC (DU3HKO-XMMHUYECKHX METOJIOB HCCIIEIOBAHHS: METOJIbI
OIIP, 124P, POA, penrrenodmyopecuentroro anainmusa (POnA). B kauecTBe 0CHOBHOTO MeTO/1a HC-
cnenoBanus ucronszoBaica JIIP cnexrpomerp JEOL JES-FA200 Tpex caHTUMETPOBOTO AMANa3oHa C
yactotoi CBY u3nyuenus ~ 9,4I'T'u. Pa3sepTka MarHuTHOro nojst ocyuiectsisuiack oT 0 1o 500 mTo.

Jua pacuera kommuecta CLI mpousBoautcs aHanu3 GOpPMBI IEPBOM MMPOU3BOHON JTHMHHUH T10-
rnomienust DIIP ¢ mocneayromuM HHTETPUPOBAHUEM B PACUETOM IIIOMIAAH MO KPUBOW TP TTOMOIITH
CTaH/IaPTHOTO MPHUKJIAHOTO MTPOTPaMMHOTO 00eCIIeYeHus, IOCTABIISIEMOTO C TIPUOOPOM.

C menbio npoBeieHNs 60JIee TOYHBIX KOJUYECTBEHHBIX M3MEPEHUH, HE3aBUCAIIINX OT JIUAJICK-
TPUUECKUX MMapaMeTPOB 00pa3iia, UCIIOJIb30BANICS TATIOH PYOMHOBOTO CTEPXKHS, «OKECTKO» 3a(hUKCH-
POBaHHBIN B pe3oHaTope. M3HauaibHO Mpou3BoaMIIcs pacyet koHieHTpauu CL[ pyOuHa o u3Bect-
HOW KOHIIEHTpaluu obpasiia BaHamuianeTuwianeronara (Cyaa = 5,50-10%° CHI/IH/CM?’). ITocne gero Bece
BBIUMCIICHUS JIJISl KICCIIeIyeMBIX 00pa3IoB MIPOU3BOAMINCH OTHOCUTENHHO pyOnHa. [liist pacuera KoH-
neHTparuu Cl B criuH/T HCnob30BaIach HACKITHAS IIOTHOCTH B r/em’.

LleMeHT 3aTBOPSUIM AMCTUILIMPOBAHHOW BOJOM B COOTHOILICHMM BOja/lieMeHT paBHOM 0,34,
Jlnst akTHBUPOBAaHHOM (JOPMBI MTOPTIIAHIIEMEHTa M CMECH Ha €€ OCHOBE 3TO COOTHOIICHUE BapbUPO-
Banock ot 0,34 o 0,87. OTBepAeBaHUE LIEMEHTA IPOUCXOAUIIO B BO3AYITHO-BIAXKHBIX YCIOBUSIX.

Pe3yabTaThl M 00CYyXKIEHUS

Cnextpsl OIIP OCHOBHBIX MHHEPAJOB U IJIMH, MCIOJB3YIOLIIMXCS B MPOU3BOJCTBE LIEMEHTA,
MIpeJICTaBIEHBI B Ta0M. 1.
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HasBanue OO1mas KoHIEHTpauus
obpasia CIMHOBBIX IEHTPOB, CIIMH/T Bun cnexpa
I
Tunc «Eprauy» 3,46.10%° dj‘i"'.ﬁr‘ﬁf‘fﬂr o
il
M3BecTHAK 6,10-10%° ‘I\J{WMW\\W——‘——
\ A
/ v \
T'nuna xenras 9,22.10% \\\N/M—N/
/ m\n
I'muna Oypast 3,73-1021
o \h\
.
I'muna nectpast 4,35.10% k\/»\%’/
I'nHa kpacHo- 6.70-10% /M\\
Oypas /
T'nuHa cunsas 4,53.10% /
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W3 manHBIX Tabm. 1 BuaHO, uTOo oOmas koHmeHTpanus CLI s qaHHBIX 00pa3IloB JOCTHUTACT
3HaueHuit nopsaaka 10% crmm/r.

Crextp DIIP 00pa3IioB MIMH COCTOUT M3 HEPa3peUICHHOW IMMPOKOM JTMHUH U C1aO0BBIPaKEH-
HOI'O CeKCTeTa B 00JacTu g ~2, NOJIY4YEHHOIO OT B3aUMOAEHCTBHUS MarHUTHOTO MOMEHTA 3JIEKTPOHA
napaMarHUTHOW YacTHILIBL C SIIPOM CO COMHOM paBHBIM 5/2 (Al, Mg, Mn). 3HaueHHs COOTBETCTBYIO-
mux g-hakTopoB NpUBEACHBI B Ta0I. 2.

Tadauna 2. 3naueHus g-hakTOpOB CEKCTETHOM MTuHMU B criekTpax DI1P o0pasnos rivH

HazBanue o6pa3ua g-dakrop

I'nuna xenras 2,1536 | 2,0934 | 2,0363 | 1,9790 | 1,9246 | 1,8711
['nmuuHa Gypas 2,1535 | 2,0941 | 2,0362 | 19796 | 1,9241 | 1,8702
I'muna nectpast 2,1537 | 2,0950 | 2,0367 | 1,9788 | 1,9241 | 1,8713
I'nuna xpacuno-0ypast | 2,1530 | 2,0946 | 2,0362 | 1,9799 | 1,9256 | 1,8716
nuna cusss 2,1533 | 2,0942 | 2,0356 | 1,9798 | 1,9249 | 1,8704

Jus o6pastoB: u3BecTHsK U ruric «Eprawy CTC cnexrpa DI1P, mo Bceit BUAUMOCTH, SBISETCS
Pe3yIbTaTOM B3aUMOJICHCTBUSI MAarHUTHOTO MOMEHTA 3JIEKTPOHA ¢ Oosiee YeM OAHUM siapoM (puc. 1).
Crektp OIIP rumca «Eprau» B obmactu 286...386 MTn mMmeeT AOCTAaTOYHO CIIOKHBIA BHI, a CIIEKTP
OIIP n3BecTHsika B obmacTu 286...386 M npeacTaBiIsieT CeKCTeT, KaKaas INHUS KOTOPOTO OTYETIIHU-
BO paclleIUIeHa Ha J1Be. BO3MOXKHO, 3TO SIBICHHUE CBA3aHO C HAJO0KEHUEM JIMHUN CBEPXTOHKOIO B3au-
MOJIecTBUS, 00pPa30BaHHOTO OT ABYX PAa3UUHBIX SIIEP CO CITUHOM Spa paBHBIM 5/2.
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Puc. 1. Cnextpst OIIP B obsnactu marautHOTro mons 286...386 mTun s oOpas3noB: a) U3BECTHSK; O)
rurnc «Eprauy»

HccenenoBanre dlIeMEHTHOTO cocraBa MeToqoM P®DnA (tabm. 3) mokaszano, 94To CEKCTET B
cnektpe DITP moxer 6BITH 00yciioBiIeH HamnureM 3mementoB Al, Mg u Mn. Xots comepskaHve Map-
raHia B oOpasiax CymecTBeHHO MEHBIIIE 110 CPABHEHUIO C MarHUEM, €CTECTBEHHOE PaCIPOCTpaHEHHUE
M30TOIOB ATHX 3NeMeHTOB ¢ | = 5/2 mpupaBHHBaeT X BO3MOXHOCTH 00pa3oBbiBaTh CTC crektpa
OIIP. [Ins pemieHust HOJOOHBIX 3a7a4, T. €. YCTaHOBJICHUs NMPHUPOAbI sipa, faromiero CTC crekrpa
OIIP, moxer ObITh UcnONb30BaH MeTon IDSP. OgHako 3KcrepUMeHTHI, TOCTAaBICHHbIE aBTOPAMHU B
9TOM HaIIpaBJICHUH, HE IIPUBEIM K yCHeXy, T. K. ”HTeHCuBHOCTh MHUN CTC cnekrpos DIIP nemeHT-
HBIX CUCTEM HE JOCTAaTOYHA AJIS MOJIY4YCHUs aieKBaTHOU KapTuHbl JJ2AP.

Ta6.1mua 3. KommuecTBeHHOE COJACPIKAHNEC HCKOTOPBIX MECTAJIJIOB B 06pa3uax

ConeprxaHue MeTaia B oopasie, Mac. %
Merann
MsBectnsik | I'nuna xxenraa | ['unc «Eprauy»
Mg 0,42 0,95 1,73
Ca 19,49 2,33 11,71
Al 0,35 3,38 0,29
Fe 0,57 2,72 0,28
Mn 0,02 0,07 0,02
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Cnextp OIIP mopTiaHANEMEHTHOTO KIMHKEpa, MOJYYCHHBIH COBMECTHBIM TTOMOJIOM TJIHHH-
CTBIX M U3BECTHSKOBBIX MHUHEPAJIOB C MOCICIYIOIIAM OTXKUTOM, XapaKTEPU3yeTCs ABYMS IIMPOKHMHU
JUHUSIMA U CITA00BBIpAKECHHBIM ceKcTeToM (Tabi. 4). Kak m3BecTHO, OCHOBHBIME (Da3aMH TOPTIIAH]I-
[EMEHTHOTO KJIMHKEpAa SBISIOTCS: TPEXKAIBIUCBBIN CHJIMKAT, ABYXKAJIbIIHEBbIA CUIINKAT, TPEXKATb-
IIUCBBIA ATFOMUHAT U aOMOQeppuThl Kanblus [4]. DIIP criekTpbl JaHHBIX MHUHEPAJIOB TAKXKe TPE/I-
CTaBJICHHI B Ta0II. 4.

Tabanna 4. OI1P naHHble KITMHKEPA U KIMHKEPHBIX MUHEPAJIOB

KonuenTpauus

CIIMHOBBIX LIEHTPOB,
HasBanwne obpasna CIMH/T Bug cnektpa

*
Con C4,2

Kinskep 3,80-10% | 3,12:10% | - | fi‘
|

g=4.2229

. - |
TpexkanbLueBsblii 32210 | 1,03-108 \..__,“’___/ ‘. /’/MW
CHJIHKAT Y

430
o e T T T AR T A T T T e

|
JIByXKajbLueBbII 1,11.10° | 3.71.10" &//,V\/""
CHJIUKAT
g=4.‘1714
I 1
TpexkanbLueBsblii 20 18 \.J"
N 2,04-10%° | 2,72:10 W“r—"f
I

[Ipomomkenue TabIUIBI 4 HA CIEAYIONISH CTpaHUIIe.
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g=2.0164
|
MoHOKaIbIHEBHIN W
2,73-10" | 7,03-10%
AFOMHUHAT
/\ \ g=2.1618
JIByXKabIIHEBBIA __J

I"‘-‘,‘|
eppur 2’31.1023 a \\/——i

§=2.0421

I-IeUTI,IpeXKaJILI_U/IeBLI 1.54.10% B \_/\ /
it amomodepput : \

* C,; — xoHuentpanus CL] B obmactu g ~4,2

HauGosnee mapaMarHUTHBIMA MHUHEpAIaMU SIBJISIFOTCS JBYXKAJIbIIUCBBIA (PEPPHUT M YESTHIPEX-
KaIbIUeBbIi amomModeppuT, konteHTpanus CL[ nocturaer 2,31 102 u 1,54-1021 COOTBETCTBEHHO. J{J1st
TPEXKABI[HEBOTO ATIOMHUHATA HAOJIOAETCS CIa00BBIPAKEHHBIN CEKCTET, 3HAYCHUS] COOTBETCTBYIO-
nux g-(hakTopoB MPEACTABICHBI Ta0I. 5.

TabJuna S. 3HaueHns g-QpakTopoB ceKCTeTHOM NMHUM B criekTpe DIIP TpexkanblueBoro agroMuHaTa
g-daxTop
2,1442 | 2,0881 | 2,0340 | 1,9806 | 1,9299 | 1,8797

OIIP criekTpsl MOPTIAHIIIEMEHTa U JPYTUX IIEMEHTHBIX CHUCTEM IIpeJICTaBIeHbI B Tabm. 6. Bee
[IEMEHTHI B TOW WM MHOM CTENEeHH SBJISAIOTCS MapaMarHUTHeIME oOpa3namu. Kornentpanus CLI ms
1 22
JIAHHBIX 00BEKTOB HccieoBanus cocrasmser 10%. .. 10%coun/r.
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Ta6auua 6. OIIP naHHbIE [IEMEHTOB

http://sjs.tpu.ru

HasBanue nnementa

Konuentpanus
CIIMHOBBIX LIEHTPOB,
CIIMH/T

Co6m C4,2

Bun cnekrpa

pPY6UH

g=4.2178
pyb6uH ‘ |
IlopTnanauement M- 5.73.10% | 4.26.10% W f/«‘“'w.-k‘ / ‘/,,
400 I Y
g i
Hanpsararomuit HIT- 1,03-102 _
10
g=2.0094
Cepblii CTPOUTEID- 21 ///\/\// ‘
Hb1i M-400 1,64-10 - I\ K
V
g=2.7654
Pacumpsitoruiics 8,42.10% -
g=2.8386
BricokonpouHslii 21
M-600 9,60-10 -

T

ST T ot 0T T

[Ipomomkenue TabIUIBl 6 HAa CIEAYIONICH CTpaHUIIEe.
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BeicTpoTBepaeronmii

22
M-500 J1-20 1,01-10 -

My
Lt

TS T G T T T T

g=4.2060

| ,‘\
w'_'/'\ /"/_N f”Wr»l{,W/"""——

Typenkuii Genprit 4,49-10%° | 2,71.10

M-500
g=4.2036
HlypoBckuii Genblit 20 18 ——”_‘J\/*“"“"\JW i
500 1,22:10” | 4,65:10" | ° ,”(’H{z'r”/_—

Cnextpst JI1P naHHBIX IEMEHTOB MOYKHO Pa3/ICIUTh Ha TP TPYMIILI IO (OpME JTUHUH:

1. C mmpoxkoit nuHuel B quamaszone MarHuTHoro noist oT 0 go 500 mTn (memeHTHI: OBICTpOTBEpHE-
foutuit M-500 [1-20, Beicokonpounsiii M-600, pacmmpsirorumiics, Hanpsaratomumid HI[-10). Konuen-
tparus CL] 10%...10%coun/r.

2. Co cnabo niaM Hepa3peleHHOW JTUHKEH B 00s1acT ¢ ~2 U CIa0OMHTEHCUBHBIM NTMKOM B 00J1acTu g
~4,2 (uemeHTHI: cepwiii crpoutenbHbi M-400, mopriarmuement M-400). Konnenrpamms CLJ
10%°...10% crmn/r.

3. C cekcreToM B o0nactu § ~2 U cuHriieToM B o0iactu g ~4,2 (eMeHThl: Typelkuii oenbrit M-500,
mrypoBckuit 6erbiit M-500). Konrerrpars CLL 10*...10%crmn/r.

B xuMuu niemeHTa OUH U3 IMyTeH MOBBIIIEHUS TPOYHOCTHBIX XapaKTEPUCTHK — ATO yBeJInde-
HHUE yJIeJIbHOW TIOBEPXHOCTH YacTHil. B paborax [20-22] oTmevaeTcs, YTO MEXaHOXMMHUYECKHU TPO-
1ecC U3MeNbUEHHsI MaTepPHaIOB CHIIMKATHOTO COCTaBa COIPOBOXKAAETCS Pa3pyIIeHHEM KpHCTaJuInde-
CKOM peIIeTKH U Pa3phlBOM CHIIOKCaHOBOM cBsi3H (Si—-O—Si), B pe3ynbTare 4ero Ha MOBEPXHOCTH MO-
ryT 00pa3oBbiBaThcss HOHBI O,Si- 1 O3Si3-, KOTOpBIE, B CBOIO 0Yepe/lb, MOTYT SIBJISTHCS AKTHBHBIMH
LEHTpaMu NpHcoeIuHeHus. Bo3HuKaeT BOmpoc, Kak BIMSET HPOLECC OUCIIEPTHPOBAHUS YaCTHUIl Ha
KoHueHTpanuto CI1?

Ha puc. 7 mpusenensl cnexktpbl OIIP, modydeHHble B OJMHAKOBBIX YCIOBHSX (yCHJIEHHE,
MomHOocTh CBY m3nmydeHus u T. 1.), moptriaanainemMenTa M-400 1o akTuBupoBaHUs (KOHTPOJIBHBIN) C
YIeIbHOM MOBepXHOCThI0 3057 cM’/I' M TOC/Ie aKTMBMPOBAHHS (AKTMBMPOBAHHBII) C YAEIbHOM MO-
BepxHOCThIO 18130 cM?/r. Kak BUIHO, MPOLECC MOBBIIEHUS YJIETbHONW MOBEPXHOCTU YACTHUIL COMPO-
BOJKJIA€TCs 3HAYUTEIBHBIM yBelHueHreM obuiel konneHTpanuu CL| noptiananemenTa. JneMeHTHBIN
1 (pa3oBbIi cOCTaBBI OTpPaKEHBI B TabJ. 7 ¥ Ha pHC. 2 cooTBeTcTBeHHO. DazoBBIi cocTaB mocie Auc-
MEPTUPOBAHUS HE N3MEHAETCS, MOKHO 3aMETHTh YMEHBIIEHNE HHTEHCUBHOCTH KPUCTAJUIMYECKUX pe-
(JIeKCOB, a Kak CIIeACTBHE, IOHWKEHHUE CTEIIEHN KPUCTALTUYHOCTH ¢ 72 % 110 59 %.
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Puc. 2. Crnektpel JIIP u pentreHodazoBoro anammsa oOpasnoB mopTiaHaneMeHToB M-400 koH-
TPOJIBHOI'O 1 aKTUBUPOBAHHOT'O

Tabauua 7. DneMeHTHBIN cocTaB 00pa3noB nopmianaiemMeHToB M-400 HCXOTHOTO ¥ aKTHBUPOBAHHOTO

ConeprkaHne 31IeMeHTa B o0pasiie, Mac. %
DIIeMEeHT - -
KOHTPOJIBHBIH AKTUBUPOBAHHBIN
@) 43,44 43,50
Ca 26,17 26,05
Si 24,07 20,44
Al 1,71 2,44
S 1,42 2,97
Fe 1,31 1,85
K 0,65 1,13
Mg 0,64 0,79
Na 0,27 0,32
Ti 0,15 0,21
Cr 0,04 0,09
Sr 0,04 0,05
Mn 0,03 0,05
P 0,02 0,04
C 0,02 0,04
Zn 0,01 0,02
Ni 0,01 0,01

[IpouHocTs Ha c)kKaTHEe aKTHBUPOBaHHOW (opmbl mopriaHueMeHta M-400 3HaAUHUTENHEHO
yCTyMaeT ero KOHTPOJIBHOW (JopMe Ha BCeX MCCIEOBaHHBIX CpOKax cxBarbiBaHus (Tabu. §). OgHako
nobasneHne HeOoMbINX KodaudecTB A0 10...15 % mac. akTuBHpOBaHHOH (POPMBI B MCXOAHBIH HOPT-
JIaHIIEMEHT MPUBOMT K MOBBIIIEHUIO €T0 MPOYHOCTH Ha cxartue o 15 %. [lanbHeliniee yBennueHne
— Oosiee 15 % mac. akTHBUPOBAHHOU (HOPMBI CONPOBOXKIACTCS CHM)KEHHUEM IMPOYHOCTH Ha CXKATHE,
YTO, MO-BUAUMOMY, CBSI3aHO C YMEHbBIICHHE INIOTHOCTH MOJIY4aeMOro eMeHTHOro kamus. Jlo0Oasie-
HHUE aKTUBUPOBaHHON (GopMbl 10 15 % Mac. IPUBOAMT K HE3HAYUTENILHON MOTEpe IUIOTHOCTH, KOTO-
PYIO KOMITEHCHPYET BbICOKAasi aKTUBHOCTD JOOABIAEMBIX YaCTHII.

[lo ncreyennn ogHOTO JHS TBEPACHHUS JIyYIIMH pe3yibTaT MPOYHOCTH Ha CXKAaThe Cpelu 00-
PasloB NOPTIaHALEMEHTa [ToKa3all 00pasel ¢ coAep)KaHHeM akTUBHpoBaHHOU (opmbl 15 % mac. Ox-
HAKO TIOCJIe OTBEpJEeBaHUs B T€UeHHE 7 M 28 NHEH MaKCUMalbHBIE 3HAYCHHS MPOYHOCTH Ha CXKaTHE
OTBEUaloT o0pasiiaM ¢ cojep)kaHueM akTuBupoBaHHOU (hopMbl 10 u 5 % mac. coorBeTcTBeHHO. Takue
Pe3ybTaThl OOBACHIIOTCA TEM, YTO B HayaJIbHBIE CPOKU CXBATBIBAHMS YIPOUYHEHHE CTPYKTYPBI IPO-
UCXOJIUT MPEUMYIIECTBEHHO 32 CUET aKTUBHPOBAHHOW (pakilvy, a JaibHellee yIpoYHEHUE CTPYK-
TypHI B CYIIECTBEHHOH Mepe 3aBHCHUT OT IJIOTHOCTH MOJIYYaeMOro MaTepuaja, KOTopas CHH)KAETCs C
YBEITMUEHHEM COZACPIKaHMUs AKTUBUPOBAHHON (POPMBI.
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Tabauua 8. 3HaueHNs NPOYHOCTH HA CKATUE IEMEHTHBIX CUCTEM 3a MIEpUoJ] TBepaeHus 1, 7 u 28 nHei

Bux wemerta ITpouHocTh Ha cHxarue, Kr/cnf2

1 meun | 7 guer | 28 mHer
Konrposnsusrii (K) 174 415 603
K+5%A 183 456 670
K+10% A 185 469 616
K+15%A 201 429 502
K+25%A 168 355 402
K+50%A 161 261 368
K+75%A 107 214 305
AKTUBUpPOBaHHBIH (A) 84 141 212
Bricokonpognsiit M600 /10 261 660 720
E"ICTE/?ST(‘;SPESOIO‘“”“‘ 147 | 680 720

Ecnu mpoBecTu CpaBHUTENBHBIM aHAIU3 TPEX XapaKTEPUCTHK HCCIECIOBAHHBIX LIEMEHTOB!
IPOYHOCTb, MJIOTHOCTb, KOHIEHTpauusa CLI, To MOKHO 3aMETHTh, YTO LIEMEHTHI, 00IaJatoIe MaKCH-
MaJIbHOW IPOYHOCTHIO — ObIcTpoTBepActontuii M500120 u Beicokonpounsit M600/10 — Taxke xapak-
TEPU3YIOTCS MAaKCUMAJIbHOW IJIOTHOCTBIO M MAaKCUMAJIbHBIM 3HaYeHHeM kKoHleHTpaiuu CLI (tadi. 9).
CrenoBaresbHO, MOXKHO MPEATIONOXKHUTD, YTO AJIsl YIyYLICHUS TPOYHOCTHBIX XapaKTEPHUCTUK LIEMEHTa
MIPU MPOYUX PABHBIX YCJIOBUAX HYKHO CO3/1aTh CUCTEMY C BBICOKHM COJIEp)KaHHEM MapamMarHUTHBIX
YaCTHIl M IOCTATOYHON MJIOTHOCTBIO, KOTOPasi MOXKET OBITh JOCTUTHYTa COOJIOACHUEM ONpPEAETICHHO-
TO pacrpeaeieHus Mo pa3MepaM YacTHUIl coriacHo Kpuoi Dymnepa [23].

Tadauua 9. 3HaueHus] KOHIIEHTPAIIUH CIIMHOBBIX IIEHTPOB IIEMEHTHBIX CUCTEM 3a MIEPUOJ] TBEPACHUS
3, 14 u 28 maen

Bux temenra OO61ast KOHIIEHTpaIUs TapaMarHUTHBIX HGHTPOB, .10% CHI/II:I/I‘
Cyxue CUCTEMBI 3 mHsa 14 nuent 28 nHel
KonTponsnsrii (K) 0,38 0,71 0,46 0,32
K+5%A 0,69 0,74 0,75 0,65
K+10% A 0,87 1,13 0,92 0,78
K+15%A 1,26 1,14 1,04 1,04
K+25%A 1,61 1,35 1,31 1,24
K+50% A 2,46 2,10 1,94 1,90
K+75%A 3,63 2,74 2,69 2,42
AKTHBHPOBaHHEII (A) 4,93 4,44 3,28 3,16
BricoxonpouHslii
M600 J10 9,83 11,3 8,38 7,56
BrictpoTBepaeomuit
M500 J120 10,1 12,1 9,80 8,39

OI1P criekTpsl Mccaeq0BaHHBIX J00aBOK — CYIepIUIacTH(GHUKATOPOB TpuBeneHb! B Tadu. 10.
Kak BugHO, MaHHBIE COCMUHEHUS TaKXKe O0JIATal0T CIIMHOBBEIMU CBOMCTBaMH, CHeKTphl DIIP mmeror
CXO0KHE OCOOCHHOCTH, & UMEHHO: y3Kas JIMHUS B 001acTH § ~2, IMPOKas JIUHUS B 00sacTH §>2 U JIH-
HUs C g-hakropom ~4,2. Jlns oOpasiia kpuoract cilS-1 mmpokas auHUs B obnactu ¢ ~2,3 MeHee
BBIpa)KEHA.
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Ta6auna 10. O1IP nannasie 106aBOK — cynepruracTU(hHUKATOPOB

KoHnuenTpauus cnuHo-
HaszBanue o0Opasia BBIX LICHTPOB, CIIHH/T Bup cnextpa
Coom Ca2 Co _
g=2.1261
. \
IToaumnact CII-1 2,2:10% 42 1'015 ¥=2.0036
g=2.0038
|
g=4.2390 g=2.1408
66107 | — |
20 ) ;
- R ‘f
TTomurutact CII-3 1,3-10 4’2‘1016 '|
g=2.1948
g=2.0038
1,210 |
TTomurutact CII-4 3,2-1020 32. 101 \\
)
|
g=2.0036
g=4.2476 ‘
3,7-10%; i.
K I15-1 10" ' ’ o
puorutact CIT15 2,4-10 7.4-10% {

*Cz — xonnentparus CL B obmactu g ~2

Bricokue 3HaYeHHS CITMHOBOM MIIOTHOCTH MOTYT ONPEACIATh IIaCTH(OUIIMPYIOIINE CBOMCTBA

HCCICAYCMbIX ILO6aBOK.

BriBoabI

1. TlokazaHo, 4yTO Bce MaTepuabl, UCHOIb3YEMbIE B TEXHOJOTHYECKOM CXeMe MOJIy4YeHHUsS MOpT-
JAH/ALIEMEHTa, SBIIOTCS MapaMarHuTHBIMU BemecTBaMu. Criektpsl OIIP meMeHTHBIX cucTeM B
OCHOBHOM TPEJICTaBIISIIOT OO0 HepaspenieHHYI0 IUPOKYI0 JIMHUI0, KOTOPYIO B TIEPCIIEKTHUBE
CIIEAYeT MBITAThCSI pa3pelnTh, Mproeras K SKCIepUMEHTaM Ha 0osiee BBICOKMX 4acTOTaxX U COOT-
BETCTBEHHO Ha 00Jiee BBICOKMX MarHUTHBIX TOJIAX.
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oa &

10.

11.

12.

13.

14.

15.

ITokazano, 4To eMEeHTH 001aNal0T WHANBHIyanbHBIMU criekTpamu JIIP, uTo mo3BomseT peko-
MEHJIOBATh MCIIOJB30BaHUE ATOTO METOAA IJIsl MACHTH()HUKAUKN BOKYIIET0 MaTepraia Kak B HC-
XOJTHOM — CYXOM COCTOSIHUH, TaK ¥ B TOTOBBIX KOHCTPYKIIHSX.

OTMedeHo, 9TO €CITM MPUHSITH BO BHUMaHWE (aKT yIacTHs MapaMarHUTHBIX YacTHIl B YIIPOYHE-
HUH TOJy4aeMOT0 IIEMEHTHOTO KaMH$, PETUCTpalusl CTPYKTYp C HECIIAPEHHBIMHU 3JIEKTPOHAMU
KOTOPBIX, UCXOJSl M3 KOHLEHTPAMOHHBIX 3HadeHuil DOIIP, HacuuThIBaeT AOCTATOYHO OONBLIOE
Kom4aecTBO, MetogoM SAIMP Oyzner 3arpymHeHa. DTO CBSI3aHO C YMEHBIIEHHEM BPEMEHH pellaK-
CaIlM U Kak CJEICTBUE YIIHPEHUEM JIMHUU IMOTJIOUICHH, a TaKXKe C TaK Ha3bIBa€MbIM MapamMar-
HUTHBIM CIBUTOM B criektpax SIMP. B nmanHom ciiydae MOXKET OKa3aThCsl MEPCICKTUBHBIM MPH-
MeHenne meroma JDSP, mo3Bomstomero momy4yath cuekTpbl AMP ¢ pa3Bs3koil aieKTpoHHO-
SIIEPHOTO B3aMMOJICHCTBUSIL.

[Tokazano, 4uTo mpouecc akTuBauuy noptriaananemMedTa M-400 — yBenndeHue ynenbHON MOBEPX-
HocTH 710 ~18000 cM’/r — compoBOXKmaeTcsi yBelnmueHueM Kouentpauuu I ¢ 5,7-10% mo
5,1-10% criun/r, IpH STOM M3MEHEHHUH B (ha30BOM COCTABE HE HAOIIOIACTCS.

Brickazano mpeanosoxeHue, UCXOAs U3 IMOJIYYEHHBIX Pe3yJbTaTOB MPOYHOCTHBIX XapaKTepu-
ctuk u OI1P maHHBIX IIEMEHTOB, YTO IS TIOTYYCHUS MPOYHOTO [EMEHTHOTO KaMHSI HEOOX0IUMO
CO3/aTh JOCTATOYHYIO TUIOTHOCTh MaTepHaia ¢ BRICOKAM (BO3MOXHO OTIPE/ICIICHHBIM) 3HAUCHHEM
KOHOCHTpAalWU IMapaMarHuTHBIX HEHTPOB IIPpHU MaKCHUMaJILHOM COTJIaCOBAHHOCTH PasMCPHBIX Xa-
PaKTEPUCTHUK YacTul] ¢ KpuBoi Dyiuepa.
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