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Beenenue

@eppoMarHUTHBIE MAaTEpUalbl C BBICOKUM 3HAYEHUMEM MAarHUTHOM IIPOHMIIAEMOCTH B
cBepxBbicokoyacToTHOM (CBY) nuanazoHe NPUMEHSIOT B Ka4eCTBE MOIVIOTHTENEH SIIEKTpPO-
MarHUTHBIX BOJIH, KOTOpPbIE MOTYT OBbITh MCIIOJB30BaHBbI /Ul OOPBOBI C AMEKTPOMArHUTHBIMU
noMexaMu M 00ecIeueHHs] AIEKTPOMArHUTHOM COBMECTHMMOCTH, a TaKXe Uil pa3paboTKu
Pa3INYHBIX (QUIBTPOB, CEPICUHUKOB UHIYKTOPOB, MOUIOKEK aHTEHH U T.A. D()(HEeKTUBHOCTD
IIPUMEHEHHUS TaKUX MaTepUajioB B IIPOMBIIIJICHHOM IIPOU3BOJCTBE CBA3aHAa C BO3MOKHOCTBIO
HalpaBJIEHHOTO U3MEHEHUS UX NIEKTPO(PU3NYECKUX IapaMeTpoB (MAarHUTHOW M AMIEKTPU-
YeCKOM MPOHMIIAEMOCTEH) Ha cTaAuK M3roToBineHus. MccnenoBanue 3mekTpohu3nyecKux sB-
JCHUH | MpOoLeccoB, (HOPMUPYIOMIMX JWHAMHYECKHE MAarHUTHBIE CBONCTBA MAaTepHAaJIOB,
a TaKkke pa3paboTKa METOI0B KOHTPOJIMPYEMOTO MOJyYSHHsI MaTepHaioB ¢ TpeOyeMOl CTpyK-
TypoH siBiseTcs pyHAaMEHTaIbHON 3a1a4eil COBPEMEHHON AIIEKTPOPU3UKY.

Komnosunmonseie mMarepuainsl ¢ NOPOUIKOBBIMA MarHUTHBIMHA HaIlOJHUTENH IIHPOKO
NPUMEHSIOTCS B MHIYKIIMOHHBIX KOMIIOHEHTaX IEKTPO(U3NYECKHX YCTAaHOBOK M B AHTCH-
HbIX cucreMax. Popma yacTul GeppOMarHUTHBIX BKIIOYEHUH UIpaeT BaXKHEHIIYIO pOJib MU
(bopMHUPOBaHUM 33J]AHHOTO YPOBHS HOIVIOLICHUs W3y4yeHus B Tpedyemoil yvactu CBY nuana-
30Ha, YTO CBA3aHO C P eKToM pazMarHuumuBanus. [Ipu 3TOM MarHuTHas CTpyKTypa Qeppo-
MarHUTHBIX BKJIIOYEHUN BHOCHUT CYLIECTBEHHBIN BKJIaJ B IMHAMMYECKYH) MarHUTHYIO IIPOHU-
1[aEMOCTb KOMIIO3UTOB. VccnenoBanrue B3aMMOCBA3U MEXKYy CTPOCHUEM MAarHUTHBIX MaTepH-
aJIOB U YaCTOTHOM 3aBUCHMMOCTBIO MAarHUTHON MPOHMIIAEMOCTH Ha TEKYIIHI MOMEHT 0COOEH-
HO aKTYaJIbHO, YYUTBIBAsl BBICOKHE TEMIIBI Pa3BUTHUS TEJIEKOMMYHUKAIIMOHHBIX CHCTEM.

OnHUM U3 NEPCHEeKTUBHBIX OOBEKTOB MCCIIEI0BAHNS C BBICOKOM MarHWTHOW MPOHHUIIAe-
MOCTBIO SIBJISIFOTCSL TOHKHME (peppOMarHuTHbIC TUIEHKU. BenencTBre cHiIbHO BBIpaXKEHHOH aHU-
30TponuH (POpMBI, KOTOpast 3aTPYyAHSAET BBIXOJ BEKTOpAa HAMAarHUYEHHOCTH U3 MJIIOCKOCTH IUIEH-
K{, JTMHAMUYECKass MarHWTHas MPOHUIAEMOCTh IUIEHOK MOXKET IpeBblmaTh npenen CHyka.
CrnenoBarenbHO, UCTIONIb30BaHNUE (ePPOMArHUTHBIX IUIEHOK IMO3BOJISIET CYIIECTBEHHO MOBBICUTh
BEPXHIOIO TPAaHUILy JMana3oHa pabouux 4acTOT YCTPOMCTB HA UX OCHOBE. 3a MOCIEeHHUE J1ecs-
THJICTHUS OTMEYAETCS 3HAUYUTEIbHBIA MPOrPECcC B UCCIIEIOBAHUHN IEKTPOPU3NUECKUX SBICHUN B
(beppOMarHUTHBIX TUIEHKAX, KOTOPBIN MO3BOJISET TOOMBATHCSA 33JaHHOTO YPOBHSI MAarHUTHBIX
MOTEPb U HEOOXOAUMON aMIUIMTYAbl MAaTHUTHON NMPOHUIIAEMOCTH B TpeOyeMoi MoJIoce YacToT.
B T0 )¢ BpeMsi npuMeHEeHNE MTOPOLIKOBBIX MaTepHAaIOB SBIIIETCS O0JIee TEXHOIOTHUHBIM.

B cBs3u ¢ 3TUM QyHIaMEHTANBHBIA UHTEPEC MPEICTABIISET MOMyYeHHE CPepuIecKUX
(beppOMarHUTHBIX YacTHUIl ¢ MOJON cTpykTypoil. Ilonas deppomarauTHas yactuua ¢ J0CTa-
TOYHO MaJIOW TOJIIMHOM CTEHKH SBJISETCS AaHAJIOIOM TOHKOIIEHOYHOIO (eppOMarHUTHOTO

ajaeMeHTa. BeaencTeue HpeHMYHlCCTBCHHOf/'I OpHUCHTAINU MAarHuTHOIrO MOMCHTAa BIOJIb IIO-
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BEPXHOCTH C(HEepUUYECKON YaCTHUIIBI JUHAMUYECKAss MArHUTHAs IPOHUI[AEMOCTh TaKUX YaCTHUI
OTIpeNieNIAeTCSl ABJICHUAMH, MPHUCYIIUMH (EPPOMArHUTHBIM IUIEHKAM, a JUAJIEKTpUYecKas
POHHUIIAEMOCTh OyZIeT UMETh XapakTepHbIe Ui CHEPUIECKUX YaCTHUI] HEBBICOKHE 3HAUCHHUS.
Kpome Toro, moysocTs B CTPyKTypE YaCTHULbI CHIKACT YIENbHBIA BEC Marepuana U CHHUKACT
BIMAHUE CKMH-3QdekTa Ha CBY MarHuTHyIO NPOHULAEMOCTh, YTO BaXKHO JUISL psijia MPaKTH-
YECKHUX 3a/1a4 [IPOMBIIIIIEHHOTO IIPOU3BOJICTBA.

Cy1iecTByIOT IPUKIIaJHbIE 3a7a4U B 00JIaCTH KaTalu3a, AMarHOCTUYECKOH U JieueOHoN
MEIUIUHBI, A5 KOTOPBIX BOCTPEOOBAaH M YCIEUIHO NMPUMEHSETCS CHHTE3 IOJIBIX JKEIe30C0-
JepKalMX 4acTull. BenencrBue BBHICOKOM HAMAarHUYEHHOCTH HACBILICHHS M BBICOKOM Mar-
HUTHOW MPOHMUIIAEMOCTH B CAHTUMETPOBOM JIMAIla30HE JUIMH BOJH HanOoJsee MepCreKTUBHbBI-
MU MarHUTOMSATKMMM MaTepuajaMu sIBISIOTCS kene30 Fe u TBepible pacTBOpPHI U3 CHCTEMBI
xene30-ko0anbT Fe1xCox. OnHako omucaHue NpenapaTuBHOTO METOJA IOJIyYEHHs IMOJIBbIX
(eppOMAarHUTHBIX YaCTHI] C BEICOKUM COZIEp)KaHUEM (peppOMarHUTHOM (pa3bl, a TaKkKe aHAJIN3
OKCTIEPUMEHTAIBHO W3MEPEHHBIX AEKTPOPUINIESCKUX XAPAKTEPUCTHK TAKUX YACTHI] B JINTE-
parype OTCYTCTBYIOT. TakuM 00pa3oM, HCCIEOBAHME B3aUMOCBSI3U MEXAY CTPYKTYpPHBIMU
XapaKTepUCTUKAMHU MOJbIX (PEPPOMArHUTHBIX YACTHI M HUX DJIEKTPOIUHAMUYECKHUMM CBOIi-
CTBaMH SIBJIIETCS aKTyaJIbHOM 3a7a4eH.

Henbio padoThl sBiIsETCSA NOIyUYEHUE MONbIX (DEPPOMArHUTHBIX YacTHI] Xkene3a Fe u
xene3o-kobanbTa Fe1xCOx, mcciemoBanue MeKTPO(U3NIECKIX XapaKTEPUCTHK, BKIFOYAS
JUHAMHYECKHE MarHUTHBIE CBOMCTBA, KOMIIO3UTOB HA OCHOBE ITOJyYEHHBIX YacTHLl, a TAaKkKe
OTIpeJieJIeHUe MapaMeTpoB, OKa3bIBAIOIMX HAauOOJbIIee BIUAHNE Ha (DOPMHUPOBAHUE YACTOT-
HOM 3aBUCMMOCTH MarHUTHOM MPOHUIIAEMOCTH TOJIy4eHHbIX MareprasioB B CBY nuanasone.

JIis noCTHKEHUS TOCTAaBICHHOM 1eJI OBLIIN PEeIIeHbI CIeAYIONINE 32 a4M:

1. ITonyuyenue eppoMarHUTHBIX MOPOIIKOB jkene3a Fe u cucremsl jkene30-KooaabT
Fer-xCOx ynbTpa3ByKOBBIM CIIPEH-MIUPOIU30M € MOCIETYIOIUM BOCCTAHOBICHHEM B BOJIOPOJIE
IIPU BapbUPOBAHUU TEXHOJIOTHUYECKUX MTapaMeTPOB MpoIiecca MOTyIeHHUS.

2. UccnenoBanue (HU3MKO-XUMUYECKUX CBOMCTB MOJTYYEHHBIX MMOPOIIKOBBIX MaTepHa-
JI0B. YCTaHOBJIEHUE 3aKOHOMEPHOCTEH, MO3BOJIAIOLIMX HANpPaBICHHO W3MEHATH pa3Mep 4a-
CTHI], TOJIIIMHY CTEHKH, TIOPUCTOCTh U XMMHUYECKYIO YHCTOTY TIOPOILIKOB.

3. UccnenoBanue yactoTHOM 3aBucuMocTH CBY MarHMTHOM MPOHUIIAEMOCTH KOMIIO-
3UTOB Ha OCHOBE IMOJIYYEHHBIX (DEPPOMArHUTHBIX MTOPOLIKOB.

4. Onpenenenre napaMeTpoB CTPYKTYphl YaCTULl HAIIOJIHUTENSI U CTPOEHUS] KOMITO3H-
TOB, OKa3bIBAIOIIMX HauOoJbllee BIUSHUE HAa (JOPMUPOBAHUE YACTOTHOIN 3aBUCHMOCTH Mar-

HUTHOM MPOHNLIAEMOCTH ITOJIy4YeHHBIX MaTepruaiioB B CBY auanazone.



Hayuynasi HoBu3Ha. BriepBbie mosrydeHbl MOJIble HAHOCTPYKTYPHUPOBaHHbBIE cheprue-
CKHE YaCTHIIBI XKeJie3a U ’KeJIe30-Ko0anbTa IMpy MOMOIIY MUPOJIN3a a3p030JIst BOAHBIX PACTBO-
POB HUTPATOB METAJJIOB C MOCJIEAYIONIMM BOCCTaHOBIEHHUEM B arMocdepe Bogopoaa. [Tpose-
JIEHO HCCIIEIOBAaHUE MAarHUTHOM MPOHUIIAEMOCTH KOMIIO3UTHBIX MaTe€pHalioB Ha OCHOBE IO-
Jy4eHHBIX (PepPOMAarHUTHBIX MOPOILIKOB B 3aBUCUMOCTH OT pa3Mepa v (opMbl YACTHI] HAIIOJI-
Hutens. OnpeneneHbl CTPYKTYpHbIE OCOOCHHOCTH YaCTHUI[ HAIOJHUTENS, OKa3bIBAIOIINE
HauOoJbllIee BIMSIHUE Ha MarHUTHYI0 npoHunaemocts B CBY nuanazoHe KOMIO3UTHBIX Ma-
TEpUAJIOB ¢ AuANeKkTpudeckod marpuied. [lokazano, 4to popma 4acTOTHON 3aBHCHUMOCTH
MarHUTHOM MPOHUIIAEMOCTH KOMIIO3UTOB C MOJyYEHHBIMU MOPOILIKAMU OMPEIENIIETCs CTPYK-
TYpOH YacCTHIl U CTENEHbI0 XUMUYECKOW YMCTOTHI MaT€pHaIOB.

JlocTOBepHOCTH Pe3yJIbTATOB OIPEEIISETCS MCIIOIBb30BAHUEM COBPEMEHHBIX anpoOu-
POBaHHBIX METOJIOB M3MEPEHMI Ha BBHICOKOTOYHBIX MPHUOOpax M yCTaHOBKAaX, 0OECHEeYMBAETCS
COIVIACOBAaHHOCTBIO IKCIIEPUMEHTAIBHBIX JaHHBIX, MTOJYUYEHHBIX PA3TMYHBIMU MO (PU3UIECKOMY
INPUHLUILY METOJaMM HCCIIEIOBaHUSA, MOATBEPHKIAETCS BOCIPOU3BOAUMOCTBIO PE3yIbTaToB, a
TaKXe UX COOTBETCTBUEM TEOPETUUECKUM U IKCIIEPUMEHTAIbHBIM pe3yiibTaraM B JIMTEparype.

IIpakTHyeckasi 3HAYMMOCTBH PE3YNIFTATOB IUCCEPTAIIMOHHONW pabOThl 3aKIIFOYaeTCs B
pazpabotke croco0oB hopMUpoBaHUsT HEOOXOMUMBIX ocodenHocTeil CBY MarHuTHOI mpoHuIa-
eMOCTH (PepPOMArHUTHBIX TTOPOIIKOBBIX MaTre€pUalioB, KOTOPbIE MOTYT OBITh HCIIOJB30BAHBI B
MPOMBIIIIEHHOM MPOU3BOJCTBE MOKPBITHH U 311eMeHToB CBY-Trexnuku. [lomyyeHHble MOpOIIKo-
BbIe MaTepHaibl 001aJal0T MOTEHIMAIOM MPUMEHEHHs B MarepuasiaX Uil aHTCHHOM TEXHUKH.
[TomydeHHble pe3ysbTaThl paCIIUPSIOT MPEACTABIECHUS O B3aUMOCBSA3U MEXKAY AMHAMUYECKHUMU
MarHUTHBIMH CBOWCTBAMH U CTPYKTYPOH (heppOMAarHUTHBIX OPOILIKOB C OJBIMUA YaCTHUIIAMHU.

OcHOBHbBIE pe3y/IbTATHI M N0JI0KeHH S, BBIHOCHMbIE Ha 3aLLUTY:

1. MeToauku NOITy4eHUs MOJIBIX MUKpocdep xkeneza U TBEPAbIX pacTBOpoB Fes3Cos7,
Fes4C036 1 FersCOzs ¢ ucnonb30BaHrEM yIbTPa3ByKOBOTO CHPEH-IIMPOIN3a € HOCIETYIONUM
BOCCTaHOBJIEHHEM B Bojiopoze rpu temmeparype 350 — 500°C. Cpennuii pazMep moIy4eHHBIX
gacTul HaxoauTces: B auanazone ot 0,5 mo 1,0 MkM. OTHOIIEHHE BHYTPEHHETO M BHEIIHETO
JIMaMeTpPOB TOJbIX YacTHIL B cperHeM coctanister 0,5 mis xene3a u 0,6 s gactur Fei1«Cox.

2. KoMno3uThl ¢ MOpOUIKaMH JKejIe3a UMEIT YacTOTHYI0 3aBUcuMocTh CBY Maraur-
HBIX MOTEPh C JByMs MaKCUMyMaMmH, IPU ITOM BBICOKOYACTOTHBI MakCUMyM OOYCIIOBIIEH
€CTECTBEHHBIM (EepPPOMATHUTHBIM pPE30HAHCOM. VI3MEeHeHHe CpeqHero pasmepa YacTHI]
ot 1,010 0,5 MKM NPUBOAUT K CABUTY B BHICOKOYACTOTHYIO 00JIaCTh MAaKCMMyMa MAarHUTHBIX
IIOTEPH, HO HE BIUAET HA 3HAYEHHUE YaCTOTHI PE30HAHCA KOMIIO3UTOB HA UX OCHOBE.

3. Temneparypa BOCCTaHOBJIEHHUSI HE H3MEHAET (OpPMY M pa3Mep YacTUll, KOTOpbIE

(GOpMHUPYIOTCS Ha CTaJWU THPOJIK3a a’p0O30Jisi UCXOJHOTO pacTBOpa, HO BIHUSET HAa TOpPHU-
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CTOCTh M XMMHYECKYIO YUCTOTY nponykra. Ilopomku kene3a, moydeHHbIE TP BOCCTAHOB-
nenun npu temueparype 400°C, xapakTepusyrTcsi HAUMEHBIIEH MOPUCTOCTHIO M BBICOKOMN
XumMuueckoil umcrotoi. Boccranosinenue mnpu Ttemneparype Bbime 400°C  npuBoaut
K (POPMHUPOBAHUIO I'yOUaTON CTPYKTYPBl M CONPOBOXKIAECTCS yBEIMUEHUEM YAEIbHOM IUIOLIa-
JY TIOBEPXHOCTH NOpoIKa. CHUKEHHE XMMUYECKON YMCTOTHI MTOJyYEHHBIX IOPOIIKOB HHMKE
80 macc.% mpHUBOIUT K MOIABICHUIO HU3KOUYACTOTHOrO MakcuMyMa CBY MarHUTHBIX IOTEPb.

4. Yactuusl TBEpHOro pacteopa Fe1xCOx 1€MOHCTPUPYIOT MEHBINYIO MOPUCTOCTH U
TOJILIMHY CTEHKH II0 CPAaBHEHUIO C IIOJIBIMH YaCTHILIAMH Kelle3a. KoMIo3uTel Ha OCHOBE IOITY-
YEHHBIX YaCTHI] 00J1aal0T KOIPIMTUBHON CHIION mopsiaka 250 D, a HAMarHWYeHHOCTh HAChI-
IICHUS 3aBUCHT OT COCTaBa U MakcuMaibHa Jis coctaBa FessCOzs.

5. Ananu3 yacToTHbIX 3aBUcuMocTel! CBY MarHuTHONW MPOHUIIAEMOCTH MOJYUYEHHBIX
MarepuasoB MOKa3bIBAET, YTO MOJIyUYE€HHbIE MOPOIIKH C MOJBIMU C(PepHUeCKUMHU YacTHUIIAMU
o0J1aa0T TMHAMUYECKMMH MarHUTHBIMU XapaKTEPUCTUKAMHU, IPUCYIIUMH TOHKOIIJIEHOUHBIM
(dbeppoMarHUTHBIM MaTepuajam.

Anpodanusi pe3yJbTaToB padoTbl. OCHOBHBIC Pe3yNIbTaThl PaOOTHI OBLIHM MPEICTAB-
JEHBl B BHJIE YCTHBIX M CTEHJOBBIX IOKJIAJOB Ha 14 MEXIyHapOOHBIX U BCEPOCCUHCKUX
Hay4HbIX KOH(epeHuusax: 63-1 Beepoccuiickas Hayunas koHdpepenuus MOTU (donromnpyn-
ueiid, 2020); IEEE International Magnetic Virtual Conference INTERMAG (France, Lyon,
2021); XII International Conference on Chemistry for Young Scientists «Mendeleevy» (CaHkT-
ITerepOypr, 2021); 50th International Conference on Parallel Processing (USA, Chicago,
2021); MexayHapoaHasi HayuHasi KOH(pEepeHIIUs CTYAEHTOB, ACIUPAHTOB M MOJIOABIX YUEHbIX
«JlomonocoB» (Mockasa, 2020, 2021, 2022); XXIV Mexnynapoanas kondepenuus «Hosoe B
Marneruame u MarautHeix Marepuanax» (Mocksa, 2021); Samarkand International
Symposium on Magnetism «SISM-2023» (Uzbekistan, Samarkand, 2023); Exerognast nayd-
Hast koHpepenyst UTITD PAH (2020 — 2024), a Takke Ha Hay4YHBIX CEMUHApax J1abopaTopuu
ANEKTPOPU3UKN HOBBIX QPyHKIIMOHAIBbHBIX MarepuaioB UTIID PAH.

Pesynbrarel auccepTalluOHHON pabOThl MCIONB30BAHBI MPH BHINOJHEHUHM IPOEKTa
PH® 21-19-00138, B koTopoM aBTOp ObLIa HCIOMHUTENEM. Pe3ynbrarsl paboThl UCTIOIB30Ba-
Hbl 1ipu BeinmonHeHun HUP UTIID PAH B pamkax rocynapcTBeHHOTo 3afaHus MUHOOpHayKH,
kox HayuHo# Tembl FFUR-20240005, per. Ne HUOKTP 124040800043-2.

yonuxauuun. [lo marepuanam auccepranuu OmyOIMKOBaHO 22 redaTHble pabOTHI.
Cpenu HuX 8 cTareil B pOCCHHCKUX M MEXAYHApOJHBIX JKypHaslax, B TOM uducie 6 paboT B
KypHasax, HHIeKcupyeMbIx 0a3amu nanHbix Web of Science u Scopus.

JInuHblil BKJIAA aBTOpa. ABTOpPY NPHHAJIEKUT OCHOBHAs pojb B BhIOOpE MeTOoAa

MOJIY4YCHHA MaTCpraioB, COBOKYITHOCTH METOAOB HCCIICAOBAHHWA IMOJTYYCHHBIX MaTr€pHajioB,
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pa3paboTKe W MPOEKTUPOBAHUHU YCTAHOBKH CIIPEH-TIMPOJIN3a, HHTEPIIPETAIIMA M 0000IEeHUH
PE3YJIbTaTOB UCCIIEAOBAHUN, (OPMYIHUPOBKE OCHOBHBIX IOJIOKEHHUI U BHIBOJIOB.

Crpykrypa m 00béM pabdorbl. /[uccepranus COCTOMT W3 BBEIACHMS, NATU IVIaB, 3a-
KJIFOUEHHUsSI M CIUCKA MCIOJIb30BAaHHOW JIUTEpaTyphl, BKiIrodaromero 151 cceuiky. Pabora u3-

noxkeHa Ha 126 ctpanumnax, cogepxut 70 pucyHkos, 21 tabmuiy u 40 Gopmy.



|. O030p JuTEpaTYpPBHI
§1 lmHaMu4ecKHe MAarHUTHBIE CBOVCTBA MATHUTHBIX MAaTEPHAJIOB

HaunOonpimmii BK1aa B JMHAMHYECKHE MarHUTHBIE CBOMCTBA MAarHUTHBIX MarepHajoB B
CBUY nnana3oHe BHOCHT €CTECTBEHHBIH (peppoMarHuTHBIN pe3oHanc (PMP). Ssnenne ®MP co-
CTOUT B BO30Y)KJICHHHU TIEPEMEHHBIM BBICOKOUACTOTHBIM TIOJIEM OJIHOPOJIHOM MPEIeCCUH MarHuT-
HBIX MOMEHTOB. [Ipeneccusi N30IMPOBAHHOIO MArHUTHOTO MOMEHTA B IIEPEMEHHOM MarHHUTHOM
1oJie omuchiBaeTcs ypasHeHueM Jlannay—JIndmuna [1].

Peakiusi cicTeMbl MAarHUTHBIX MOMEHTOB Ha MEPEMEHHOE T10JI€ ONMCHIBACTCS PE30HAHC-
HOI 3aBHCHMOCTBIO MAarHUTHOM NpoHHIaeMoctd u =y’ + iu” ot vacrorsl [2,3]. Yactora ®MP
fpes M aMIUTHTYA CTATUYECKOH MArHUTHOM MPOHHUIAEMOCTH Ller SIBISIOTCS (DYHKIMSMHU COCTaBa
Mareprala 1 3aBHCST OT €ro MArHUTHOM M KPUCTAILIMYECKON CTPYKTYphI [2,4].

VYenoBus pe30HaHCa TECHO CBSI3aHBI C MPHUPOIOH Pa3MarHUYMBAIOIIETO OIS, TO €CTh, C
dopmoit oopasia. Cornmacuo Teopun Kurress [5], uactora ®MP a5t chepsl ¥ IIICHOYHOM CTPYK-

TYpPbl OIUCHIBACTCS CIICAYOIIMMHU BBIPAXKCHUSIMMU.

Joes = VHi (1.1)

fpeSZy\/(47tMS+Hk)Hk. 1.2)

I7€ ¥ — HOPMHUPOBAaHHOE THUPOMAarHUTHOE OTHOIIeHUe (1 skene3a y = 2,81 Tw/kD, mst kobass-
ta— y = 3,1 Tw/kD [2]), Mg — HaMarHMYEHHOCTh HAChILICHHUS U H; — TOJEe aHW30TPOIHH,
BJIOJIb KOTOPOTO MPOMCXOAUT MPEIECCHsi MArHUTHOIO MOMEHTA B OTCYTCTBUH BHEIITHETO CTaTH-
YEeCKOr0 MarHUTHOTO TOJIS.

JIns onvcaHusl YaCTOTHOW 3aBUCHMOCTH MarHWTHOW TPOHUIIAEMOCTH (heppPOMarHUTHBIX
MaTepHalioB YacTo UCIOJIB3YIOT 3aKOH YacTOTHOW qucniepcun Jlopeia [6]:

ey~ |

V=i () - (75)

rae f — vactora u fpen — yactora penakcaimu. K 3akony vacrornoit mucnepcuu Jlopenna (1.3)

() =1+ (1.3)

NPUBOJNT perieHne ypaBHeHus Jlannay—JIudumia ¢ nuccunaruBHbIM dieHoM B popme broxa—
briombeprena [2].

B cootBerctBuM ¢ BbIpaxkeHHeM (1.3), MarHuTHas MPOHUIIAEMOCTh YBEJIUYUBAETCS C
YaCTOTOH 10 NOCTYKEHHS fpes, @ BbIme yactotel ®MP pesko ymenbinaercs. s momydeHus
BBICOKMX 3HAQUEHUN NMHAMUYECKOM MarHUTHOW IIPOHMUIIAEMOCTH B IIMPOKOM AMAIA30HE Ya-
CTOT HEOOXOAMMO, YTOOBI M CTATUYECKAsT MATHUTHAS TPOHUIIAEMOCTb Lcr, i YacTOTa ODMP foes
VMMEJU BBICOKUE 3HAYCHMUS.

I[J'IH OOJIBIINHCTBA MATHUTHBIX MaTCepHraJIOB BBITIOJIHACTCS 3aKOH CHy'Ka [7]
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U = 1Sy = 5 47, (14)
rae dakTop ycpemHeHus 2/3 yuuThIBACT CllydaifHOe pacrpe/esieHue JIErkux oceid. Bennmuuny B
npaBoi 4actu ypaBHeHus (1.4) gacto Ha3pIBaloT KOHCTaHTOM CHYKA.
3akoH CHyKa HCIHONB3yeTcs I XapaKTePUCTUKH CBOICTB MarHUTHBIX MaTepHAIOB.
Koncranta CHyka He 3aBUCUT OT I10JII aHU30TPOIIUU U SBISIETCS. XapaKTEPUCTUKOM COCTaBa
Marepuaia, MOCKOJIbKY CBSI3bIBACT fer U fpes ¢ HaMarHmueHHOCTHIO HachimeHus Ms [8]. dus
OLICHKH CBOICTB MOJUKPUCTAIIMYECKUX MAaTEPUAJIOB UM KOMIIO3UTHBIX MaTepuasioB, colep-
*Kaimux chepuueckre 1 6au3kue K chepruueckuM o Gopme BKIIOUEHHUs, UCIIONb3YeTC sl HHTE-
rpanbHbIil mapametp Crayka Ks[2,3]:

1

2 o0
Ks:m';!(ﬂ — 1df, (1.5)

rae P — 00bEMHas KOHLIEHTpALUs BKJIFOUEHHH.

3akoH CHyKa CIIpaBe/IMB JIjIsl ONIMCAHUS MarHUTHBIX IIOTEPb, BHI3BAHHBIX KaK JIBH)KECHH-
€M JIOMEeHHBIX rpanuil, Tak 1 ®MP [4]. 3akon CHyka HEe IPUMEHHUM, KOTJIa JIBa IIaBHBIX (akTopa
pa3MarHMYMBaHUS PABHBI MEXIy COOOW M OTIMYHBI OT TPEThEro (hakTopa pazMarHUUMBaHUs. B
YaCTHOCTH, TAKUE YCIJIOBUSI PEATNU3YIOTCS B TOHKUX (DEPPOMArHUTHBIX IUIEHKAX, B KOTOPBIX CHJIb-
HO BBIP@KEHHAs! aHU30TPOIHs (POPMBI MPENATCTBYET BBIXOLY HAMAarHMYEHHOCTH U3 IUIOCKOCTH
wi€HKH. Mcnonb30BaHue TUIOCKMX MarHUTHBIX BKJIFOYEHUH MO CBOEW CTPYKType ONMM3KHX K TOH-
KUM IUIEHKAM I103BOJISIET IOJYYMTh BBICOKME 3HAYEHHs MArHWUTHOW NMPOHMIIAEMOCTH. B aToMm

Citydae Jutst OleHKH 3 (EKTUBHOCTH MarHUTHBIX MaTepPUaIOB UCIIONB3yeTcs 3akoH Are [4,9]:
(e~ DS, = (rATM)” . (1.6)

Pasnunia mexny 3akonamu CHyka (1.4) u Ame (1.6) 3akmrouaercst B TOM, 4TO TPOHU3BE-
JICHUE CTaTUYECKON MarHUTHOW TMPOHUIIAEMOCTH [lcr HA YaCTOTY pe3oHaHca fpe; B mepBoM ciry-
yae MMEET JIMHEHHYI0 3aBUCHUMOCTh, 2 BO BTOPOM — KBaJparnyHyr. ClemayeT OTMETUTh, UTO
cootHomeHus (1.4) u (1.6) momydeHsl sl YaCTOTHOW 3aBUCUMOCTH MAarHWTHOM MPOHUIIAEMO-
CTH, KOTOPasi UMEET €MHCTBEHHBIN [TMK MarHUTHBIX MOTEPD, CBsi3aHHbI ¢ ®MP. [1pu Hanmmuum
HECKOJIbKUX OTIEJIbHBIX MUKOB MAarHUTHBIX MOTEPh YAaCTOTHYH) 3aBHCHUMOCTb JUHAMHYECKOMN

MarHUTHOM IMPOHHUIAEMOCTH OITHUCBIBAIOT CYMMOﬁ HECKOJIBKUX JIOPCHICBBIX YJICHOB!:

n

471:Xc .
— T
M(f) - uw+2 ' 2 (17)
Ul l_f _ f
4en,j 4e3,j

TIC Lo — OONTHYCCKAST MPOHUIAEMOCTh, N — YHCJIO PE30HAHCOB, j — MHIACKC, COOTBCTCTBYIOHII/Iﬁ

HOMEPY PE30HAHCA, Ycrj — MAPUHUATBHBIE CTATUYECKHUE BOCIPUUMYUBOCTA. CyMMa ONTHYECKON
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MIPOHUITAEMOCTH U BCEX MapIHUAIbHBIX MPOHUIIAEMOCTEN 4 7Zyc:j paBHA CTATUYECKOM MAarHUTHOM
MIPOHUIIAEMOCTH flcr.

Ecnu yacTtoTHas 3aBUCHMOCTH I[HH&MPI‘-IGCKOﬁ MarduTHOH MIPOHUIACMOCTH OIMUCHIBACT-
cst BeipakeHueM (1.7) 1y1si KoMM4YEeCTBEHHOM OLCHKM CYMMAapHBIX MarHUTHBIX MOMEHTOB Mare-
pHana, y4acTBYIOUIMX B MPELECCHH, BEI3BAHHON MEPEMEHHBIM MarHUTHBIM MOJIEM, MOXET OBITh

UCIIOJIB30BaH HHTErpanbHbIi mapamerp Arre Ka [10]:

o0

f L PSS, 1.8)

0

Kam 2
b pOan)t

WurerpanbHblil mapamerp Alle Mo3BOJSIET HOMYYUTh HH)OPMAIIMIO O MarHUTHOM CTPYK-

Type BKJIFOUEHU Marepuaa, a Takxke onpenenuts CBY cBolicTBa B 33 JaHHOM JIMaa30HE YacToT,
4TO 0COOCHHO BKHO C MPUKIAIHONW Touku 3penusi[4,11]. [Tpu BINOJHEHUH 3aKOHA YaCTOTHOM
nucriepcun Jlopenna (1.7) unterpanbheie napamerpbl CHyka U A1lie MOTYT OBITh MCTIOJIb30BaHbI
JUISL ONpeJIeTICHUs] MAarHUTHOM CTPYKTYPbI BKIIFOUCHUH U XapaKTepu3yIoT 3(PEKTHBHOCTh B3au-
MozeiictBus BeuiectBa ¢ CBY nonem. MakcumanbHOe 3HaueHUe nlapamerpa Ane, paBHoe 1, Mo-
JKeT HaOMIOaThCsl TONBKO B OJIHOPOJHO HAMAarHMUEHHBIX aHM30TPOIHBIX TUIeHKaX. [{is miockux

YaCTHUII, H30TPOIHO PACTIPEIEICHHBIX B 00bEME KOMITO3HTA, TTapamerp Amie Ka = Y.
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§2 MarnuTHble cBolicTBa clepuYecKNX YACTHII C MOJIOCTHIO
2.1 TeopeTuueckue padoThbI

[Tonumanue pu3MYECKUX MPOIECCOB OTKIMKA MAarHUTHOTO KOMITO3UIIMOHHOTO MaTepH-
aJia Ha BHEIIHEEe NMePEeMEHHOE MarHUTHOE IT0JIe UMEET KPUTUICCKH BAKHOE 3HAYCHUE TIPU MIPO-
EKTUPOBAHUU U Pa3pabOTKe yCTPOUCTB TEXHHUECKOTO MPHIIoKeHHs. CTPEMHUTENBHBIN Mporpecc
COBPEMEHHBIX METO/IOB CHHTE3a MO3BOJIAET MOIYYarh CIOKHBIE CTPYKTYPHI, TAaKUE KaK HaHO-
TpyOKH, ronycdepsl Wi mojbie chepbl ¢ pacrpeieIeHUEM pa3MepoB OT AECITKOB HAHOMETPOB
JI0 COTEH MUKPOH B IUAMETPE.

HccnenoBanne BbICOKOYACTOTHOM MAarHUTHOM MPOHUIAEMOCTH UM PE3OHAHCHOIO MOIVIO-
nieHust chepudeckux (eppoOMarHUTHBIX YACTHUI[, CONEPKAIIUX LIEHTPAIbHYIO MOJIOCTh, OBLIO
MPOBEACHO JIMIIb B OTPAHUYEHHOM KOJIMYECTBE TEOPETHUYECKHX W SKCIEPHUMEHTAJBHBIX paboT.
Crarudeckye ¥ TUHAMUYECKHUE MATHUTHBIC CBOMCTBA TAKUX MAaTEPHAIIOB MOTYT 3HAYUTEIIHHO OT-
JMYaThCsl OT OOBEMHBIX AHAIOTOB BCJICJCTBHUE BBICOKOW YICIBHOM IUIOMIAIU ITOBEPXHOCTH,
OoInbIIoMy 00BEMY TOp, MEHBIIIEH TIOTHOCTH 110 CPABHEHHIO ¢ 00BEMHBIMU MaTepraiaMu U 3¢-
dexramu oOMeHHOrO B3aumozeicTaus [12,13].

PacnpenencHre HaMarHM9EHHOCTH BHYTPH (PEPPOMArHUTHOTO CJIOS TIOJIOM YaCTHIIBI OT-
JMYaeTCs OT pachpeie/ieHusl HAMarHM4eHHOCTH B cheprueckoii vactuie. Pa3nmmdnbie pacrpe-
JieJIeHNsT HAaMarHMYEHHOCTH B TIOJION c()epruecKkoi 4acTuile ¢ BHYTPEHHHUM paguycoM Ry u
BHEIIHUM paguycoM R, Obuti mpoaHanu3upoBaHbl B padorax [14,15] Jlns onpeneneHus OnTu-
MAaJIbHOTO pacrpeiesieHnss HAMarHMY€HHOCTH C TOYKU 3PEHUSI COOCTBEHHONW MAarHUTHOM dHEp-
UM OBUTA PACCMOTPEHBI TPU KOH(DHUTYpaIUU: OTHOPOTHO HAMATHUYCHHOE COCTOSIHHE, COCTOS-
HUE C JIByMS JOMEHAaMH, a TaKK€ HEOJHOPOTHO HAMAarHWYCHHOMY COCTOSIHHE C BHXPEBOUN
CTpyKTypoil. Cxema pacrpeaenieHiuii HAMarHH4eHHOCTH BHYTPH YACTHIIBI C MOJIOCTHIO IS TPEX

BBIOpAaHHBIX MarHUTHBIX KOHQUTYpaluii peacTaBieHa Ha pucyHke 1.1.

Pucynok 1.1 — Pacnipenenenne HaMarHU4€HHOCTH B TI0JI0M (heppOMarHUTHOM YaCTUIIE, COOTBET-
CTByIOIIIEE (2) OMHOIOMEHHOMY, (0) ABYXJIOMEHHOMY H (B) BUXPEBOMY COCTOsIHUIO. CTpenKamu
yKa3aHbl HAIPaBJIEHUs] BEKTOPOB HAMarHUIeHHOCTHU. /{71 TpeThero ciryvast BEKTOpa HaMarHu-

YEHHOCTH 3aKPYUCHBI B ITIOCKOCTH XY, Ha MOJTI0CAX PaCONOkKEHbI MAarHUTHBIC JoMeHbI [14,15].
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Bbu10 ycTaHOBIEHO, YTO OTHOIOMEHHOE COCTOSIHUE HAMAarHUYEHHOCTH CTAHOBUTCS YHEP-
TeTMYECKH HEBBITOIHBIM, KOIJIa BHEIIHUM paauycoM Ry W TommmHa (eppOMarHUTHOTO CIIOS
d = R— R npeBbiator 0OMEHHY0 UIMHY los, 1 B YacTHIle BO3HUKHET JIOMEHHAs CTPYKTYypa.
Yucio TOMEHOB 3aBUCHUT OT pa3Mepa YacTHIl, HO BOJIM3U Mepexoia U3 OHOJAOMEHHOIO COCTOSTHHUS
ONTUMAIBHOE YKCIIO JIOMEHOB Oynet paBHO 1BYM (Pucynok 1.1, 6). IlonHas MmarHuTHas SHeprus
JIByXJIOMEHHOM YacCTHUIIBI C TOJIOCTHIO OyAeT OTIMYAThCs OT TOJIHOM SHEPTUH OTHOIOMEHHOH 4a-
CTUIIBI 32 CYET BBIUTPHIIIA B MATHUTOCTATUUECKON SHEPTUH MIPU 00Pa30BaHUU JIOMEHOB C YUETOM
SHEPruM JOMEHHOW CTEHKH.

B 10 ke Bpems, BuxpeBas KOH(MUTYpalys paclpelesieHuss HaMarHUMYeHHOCTH BHYTPU
deppomarauTHoro cinosi (Pucynok 1.1,B) siBnsiercst 6oJiee TPENNOYTUTEIBHOM C TOYKH 3PEHUS
MarHUTHOW SHEPTUH, €CIIH T0JIE MArHUTHOM aHM30TponuHu Hk Majo 1mo cpaBHEHHIO ¢ HAMAarHU-
YeHHOCThIO HachllleHus Ms [l BuxpeBoil koHGUrypanuu pacnpeneneHie HaMarHUHYeHHOCTU
HEOTHOPOIIHO U 3aKPYUYEHO B HEKOTOPOM IIOCKOCTH, a Ha MOJIF0CAX UMEIOTCSI MArHUTHBIE JOMe-
HbI (BEKTOp HAMarHUYEHHOCTHU NEPIEHIUKYISApeH I10ckocTn). Eciu Tonuna peppomarautTHo-
ro ciosi d 4acTuIlbl Majia 1Mo CPAaBHEHHUIO C Pa3MEpPOM YacTHIbl R, TO TaKyro 4acTHIly MOXHO
MPEICTaBUTh Kak ()eppOMArHUTHYIO TUJICHKY C OMHOOCHOM aHM30TpOIHUeH, CBEPHYTYIO B cdepy.
BeipaskeHue 11 OJTHOM MarHUTHOW SHEPIHH B 9TOM Cily4ae numeer Buj [14]:

2,2 . Ko 5
U = 2zMy logdlnl—— gHMSV, 1.9
06

rae V — 00béM GpeppoMarHUTHOM 00IacTH.

@akTophl pa3MarHUYMBAHUS CILIONIHON cepbl paBHBI BO BCEX HANpaBIICHUSIX M HE
BXOJT B ypaBHEHHE JUIA pacu€ra 4acToThl (heppOMarHUTHOTO pe3oHaHca. PasMarHu4mBaro-
mue GakTopbl MOJIOH chepbl MOTYT OBITh ONPEAEICHBl AHATUTUYECKH U3 OTHOILEHHS BHEII-

HEro ¥ BHYTPEeHHEro paauycoB P = R/R> u BeTMYMHBI MArHUTHON BOCTIPHUMYHUBOCTH Y [16]:

1 2py

N == _
"3 6yt 9

vl B tp+pY)
T3 9 U pp)

(1.10)

rae Nm 1 Nt — ycpenHeHHbIe 3HaYeHHsT KO3 PUIIMEHTa pa3MarHMYMBaHUS 110 00BEMY U CpeIHeH
TJIOCKOCTH, COOTBETCTBEHHO. B TpenensHoM ciydae TOHKOM 00O0JI0YKH WM TIJICHKH (hakTop pas-
MarHUYMBAaHUSI MOXKET PacCMaTpPHBATHCS KaK JIOKAIBHOE M3MEHEHHE aHU30TPOITHH: PaJdalIbHO-
TaHTCHIMAJIbHAsT aHu30Tponus [12] wim «3akputryeckoe coctostaue» [17,18] npu kotopoM mo-
SBJIAETCS NIEPIICHANKYIIIPHAs KOMIOHEHTA MOJISi MAarHUTHOM aHU30TPOITHH.

OCHOBBIBasICH Ha WCIOJIL30BAHAN MaTeMaTHYEeCKOW TOMOJIOTUH, OBUTH pPacCUMTaHBI J[BE
KOH(UTYpaIK pacrpeieieHns] BEKTOPOB HAMArHUUSHHOCTH st TToniol cdeps [19], onHa u3 ko-
TOPBIX COBIIAJIAET C PACCMOTPEeHHOM BbIie. [lomyueHHbIe KoHpUTypaly 001aIatoT a3UMY TaTbHON
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cumMeTpuei. B mepoM citydae (pucyHok 1.2, a), HAMarHHYEeHHOCTh UMEET JIBE€ CUHTYJISIPHOCTH Ha
CEBEPHOM M FOXKHOM TIONIFOCAX ToJoro mapa. Bo Bropom ciydae (pucyHok 1.2, 0), HAMarHu4eH-
HOCTb UMEET TPU CUHIYSIPHOCTU — Ha IOJIFOCAaX M Ha SKBAaTOpE IOJIOro I1apa, B3aUMOCBA3b KOTO-
PBIX IPUBOIUT K MOSIBJICHUIO MOJISIPU3ALIHS MO U «yTEUKE» MAarHUTHOTO MIOTOKA BOJIM3H MOJFOCOB.
CUHTYISIpHOCTH BO3HHKAIOT €CTECTBEHHBIM 00pa30M M3 MareMaruyeckoi 00pabOTKH 3a/1a4u, yuu-
ThIBad 'PAHUYHBIC YCIIOBHSA YPABHCHUA .HaHI[ay-.HI/IBH_H/ILIa B MaroHuToCTarTn4c€CKOM HpI/I6JH/DKeHI/II/I n
TEOMETPHIO TIOJION (heppOMarHUTHOU cepruieckoil 00onmouku. Vcnonp30BaHne TOMOIOTHYECKUX
METOJIOB aHaJIM3a [TO3BOJISIET MOHATH PACIIPeIeieHe MATHUTOCTATHYECKUX M JMHAMUYECKUX MOJI B
HETPUBHUAJILHBIX CpelaX U pacluIUpsieT TEOPETUUECKOE MPECTaBICHUE O MPOTEKAOIINX MAarHUTHBIX

nporieccax BHyTpY (heppOMAarHUTHOTO CJIOS TIOJION YaCTHILIBL.

(a) (6)

Pucynok 1.2 — Moznenb pacnpezienennsi BEKTOpOB HAMarHIYEHHOCTH TI0JI0TO C(HePUIECKOro
1Iapa, MoJy4YeHHas ¢ OMOIIBI0 MareMaTiHdecKkoi Toronoruu [19].
[TonpoOHOE onmcanue H300paKEeHHUH IPUBEICHO B TEKCTE.

BuxpeBast MarHuTHasi MEKPOCTPYKTYpa NONbIX cepudecknx yactui FesOs cyOMUKpoH-
HOTO pa3Mepa B OTCYTCTBHE IPHJIOKEHHOTO MOJISI BIIEPBBIE HAOMIONATIACh C ITOMOIIBIO METO/a
anekTpoHHoi ronorpadun [13]. Ha pucyske 1.3 mokaszaHsl puMepsl BOCCTaHOBICHHBIX (pa3o-
BBIX M300pakeHuil nonbix chepuueckux vactun (R1 = 210uM, R = 420uMm). beiio nokasaso,
YTO B MOJION c(hepryeckoi yacTuile CTadMIbHO (hopMHpyeTCs LUPKYIIPHO-OPHUEHTUPOBAHHBIM
MarHUTHBIA TIOTOK BOKPYT IIEHTpa dacTHIbl. OOyCIOBIEHHBIH BKJIAOM MarHUTHOTO IO, JIU-
HelHbI npoduitb (azoBoro capura (pucyHok 1.3,r) MMeeT MakCUMalbHOE 3HauYeHHe BOJIU3H
HeHTpa yacTulpl. JInHeitHsli npopuns auddepenimansHoro ¢gasooro casura (pucyHok 1.3,)
JaeT HHPOPMAIIUIO O TNIOTHOCTH MAarHUTHOTO MTOTOKA M XapaKTePH3yeTCsl CHMMETPHYHBIMA MaK-
cumyMamu Ha pacctostHur 100HM 0T 11eHTpa (C TPOTHUBOIIONIOKHBIM 3HAKOM). ITO TOTOIHUTEITh-

HO YKa3bIBaCT HAa HAJIMYUC TTIOJIOCTU U (pOpMI/IpOBaHI/Ie MAarduTHOIr'o BUXps B IIPEACIax 000JIOUKH.
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Pucynok 1.3 — BoccranoBiieHHbIE (ha30BbIe U300paKEHHUS IS MTOJIBIX CHEPUICSCKUX TACTHUIL
Fe304 pasmepom 420 HM, TIOIYYEHHBIE C TIOMOIIBIO IeKTPOHHOM rojorpadun [13]. da3oBsie
U300paXEeHUs, TOTyYSHHBIE MO ACHCTBHEM CPEIHETO BHYTPEHHETO MOTEHIIMAaNa (a) 1 MarHUTHO-
ro 1oJist (6-B) C IBETHBIM O0O3HAYEHUEM HANPABJICHUS MArHUTHON MHAYKIWHU. JIMHEHHBIH TIpo-
¢ub azoBoro ciura (r) 1 auddepeHranbHOe 3HaYeHUE (1) TIOTyYeHbI BIOJIb TyHKTUPHOU
JIMHUH HA PEKOHCTPYHPOBaHHOM (ha3oBoM n300pakeHuH (0).

C noMompI0 MUKPOMAarHUTHOTO MOJETMPOBAHUS MOTyYeHA TET/Isl THCTepe3nca Ui MO-
HOKPHCTALTHYECKOM 1oJIoi eppoMarauTHoi dactuipl Fes0s4 muamerpom 400 HM (BHYTpEeHHHI
mrametp 200 HM) ¢ KyOrueckoi aHu3oTporueit jJerkux oceit <111> (cm. pucynok 1.4). ITokazana
3aBUCHUMOCTbh MarHUTHOW CTPYKTYpbI U AuddepeHaabHoil BOCIPUUMYUBOCTH CYOMUKPOHHOM
noJIOW CepuIecKOil YacTHIBI OT M3MEHEHHs HAIpsHKEHHOCTH BHEIIHETO MAarHUTHOTO OIS
Boib ocu [100] B quanazone ot 500 go — 500mTa. [Ipyn MakcuMaabHOM U MHHHMAITLHOM 3Ha-
YEHHSIX BHEIIHEro MOJsl MarHUTHBIE MOMEHTBI BHYTPU (PEepPOMArHUTHOTO CIIOS PacIojararT-
Csl B/IOJIb HAIIPaBJIEHUSI MATHUTHOTO TOJISl ¥ IPEACTABISAIOT COO0M «IYKOBHUHYIO CTPYKTYPY».

[Ipu nanbHeleM H3MEHEHUM HanpspkeHHocTd monst (1o +240 mTi) um3Mmensiercs
HaMarHU4E€HHOCTb, IPOUCXOISAT MHOTOCTYIIEHYAThIe (ha30BbIe IEPEXO/IbI U PE3KHE aHOMAJIbHBIC
u3MeHeHus BocnpuumuuBocTH. [Ipu £240 MTn oOpasyeTcst JoMeHHast CT€HKa, CIUHBI KOTOPO
OPHEHTHPOBAHbI BJIOJIb MATHUTHOTO MO, ¥ Mapa BUXPEH, HAIPaBIEHHBIX MO U MPOTUB 4aco-
BOM cTpenku (cM. pucyHok 1.4,B8-1). OO6pazoBaHue B TOHKUX chepuyeckux 000I04YKax Moao0-
HOW CTPYKTYpBI C JIByMsI BHETIOBEPXHOCTHBIMH BUXPEBBIMHU SIPAMH COOTBETCTBYET TEOpEMeE
I[Tyankape-Xomga [20]: momasipHOCTE KaKIOTO BUXPEBOTO S/IPA ONPEAEIIETCS BHEITIOCKOCTHON
KOMITOHEHTON HaMarHU4E€HHOCTH LIEHTPAJILHOTO sifipa C JABYMs BO3MOXKHBIMH OpPHEHTALUSMH.
Jl1s TBEpABIX aHAJIOTUYHBIX YaCTHUI] HE XapaKTepHO (POPMHUPOBAHNE JBOMHONW BUXPEBOM CTPYK-
TYpbI, HHIYIUPOBAHHOW BHEUIHUM MarHUTHBIM TojieM. [Ipu mpuOIrKeHnn BHEIIHETO MO K
HYIIIO, IOMEHHAasl CTEHKa CY)KaeTcsi, ABOMHOM BUXpPb pacuupsieTcsi, 00pa3ys OJMHOYHBIA BUXPb
(ochb BUXpA cMeIaercs oT ocu MarHuTHoro noss [110] u u3-3a yMeHbIIEHUS! SHEPTUU MarHUT-
HOW aHW3OTPONHH TMPAKTHYECKH COBIAIAET C OCHIO JITKOW HAMarHUYEHHOCTH KyOHUYECKOTO
kpuctauia Fes0s). Pe3ymsrarbl 4uciIeHHOr0O MHKPOMArHUTHOTO MOJEITHUPOBAHUS UISL MO0
cyomuxponnoll cghepuneckoi uacmuyst [13] TEMOHCTPUPYIOT BO3paCTaIOIIYyI0 CTaOMIBHOCTD
MarHUTHOTO BUXPSI C YMEHBIICHUEM TOJIIIMHBI CTEHKH M TOSBICHUE WHAYLMPOBAHHOTO MOJIEM

JIBOMHOTO BUXPAL.

16



e e 20

. Ry i) o
e ! ',u"'«,‘ (6)
tRasi e rien $ ¢ Q’ 'P — 15
a2 'A fiyg ¥ ' tat e \ ’
1 T f . - p= 10 ly fl A
(@ S — | ik
Brpu [l . 1 / 5 P —_— \
N " o~ _.-/ -
+ e
02 o " f1003 % oF— 7 T
o et { | 400 -300 200 -100 0 100 200 300 400
. J -
s | 17 r' // ST A #,H (mT)
g $ 1 /‘{ ()8 =0°| Me=90 1 __ .
Bpsness / - oy T
or‘,‘—‘ -l “» k . i (‘,_‘ (BT '.Z
0.5 "\ % RS s o il sl
“ “ \§ r- e - :'_:._(“ | AL
‘.“. .‘;_ : " 7’_f "i -
g s o IR E =, 7 % S
400 -300 -200 -100 0 100 200 300 400 [ R L N7
P :
HH (MT) < T

Pucynok 1.4 — CmonenupoBaHHast HUCXOJSAIAS OCh METIN TUCTEPE3HUCa CO CXEMaMU MAarHUTHBIX
KOH(HUTYpannii MAarHUTHOTO COCTOSTHUS (DeppOMarHUTHOTO CJIOS TIOJION YacTHIIb (a) 1 audde-
peHIMaTbHAs MarHUTHAs BOCIPHUMYHBOCTD T0s10i cepsi (0) [13]. TpexmepHbie KoHMUTYpa-

1w (B-T) HamaranaeHHocTH nipu 240M T (0O6pazoBaHue TOMEHHOM CTEHKH),
rae & — yroa HaKJIOHa MEXKAY OChIO BUXPS (ITyHKTHP) U OCBIO X.

JInst nonvix HaHopasmepHvIX chepuyeckux yacmuy Py TTOMOIIN MUKPOMarHUTHOTO MO-
JIeNMPOBAHHS ObLIA PACCUUTAHBI CIIEKTPBI TMHAMUUYECKOI BocprumunBoctH [12]. Paccmarpu-
BAJIUCh JIBA CIIy4asi, YUYUTHIBAIOIIUX TOBEPXHOCTHYIO aHU30TPOIMIO HA BHEIIHEH MOBEPXHOCTU
HOJION Cepbl, B MPUCYTCTBUM BHEIIHETO 3JIEKTPOMArHUTHOTO IMOJIsl HanpspkeHHocThio 0,8-T,
MPUII0KEHHOTO B HAIIPABJIEHUU OCH Z, U B OTCYTCTBUU BHEIIIHETO MOJISI.

KoHurypanuss HaMarHU4eHHOCTH, MHUMasi U JeMCTBUTENbHAsT YacTH CpelHeH auHa-
MHYECKOW BOCIPHUMYHUBOCTHU )() MOJION Cepbl B MPUCYTCTBUH BHEIIHETO MArHUTHOTO MOJIS
npencraBieHbl Ha pucyHke 1.5. HuzkouactorHbiii pe3oHanc fi ¢ HauOoblnel aMImuTyIon Ha
yacrore 24 I'T'11 coorBercTByeT (peppomarauTHoMy pe3oHaHcy (OMP) u He 3aBuCHT OT pa3mepa
vactull [12]. Yactora ®MP B 1aHHOM Cilydae OMpeaensieTcsi BRIpaKEHUEM JUIS CIDIONIHOTO Iia-
pa: fres = p(Ho + 2Ki/Ms), tne Ho — BHemHee nmoctosiHHOE mosie, a K1 — KoHCcTaHTa KprcTamuiorpa-
¢uueckoit anuzorponuu. C yMeHbIIEHUEM TOJIIMHBI 000JI0UKH HaOMII0IaeTCs MOCTENEHHOE YBe-
JIMYEHHE YaCTOThl HECKOJIBKUX HEPAaBHOMEPHO pPacIIpeeNICHHBIX BHICOKOYACTOTHBIX PE30HAHCOB.
[Ipyn umcIeHHOM MOAENMMPOBAaHUM OBUIO YCTaHOBJIECHO, YTO YacTOTHI PE30HAHCOB fz2 3aBUCAT OT
BHEIITHETO Pajiyca YacTHIl ¥ U3MEHSIOTCS IponopiuonansHo 1/(R2)% PocT BHYTpeHHETO pajiy-
yca Tooi cdepbl MOXKET MPUBOIUTH K M3MEHEHUIO MarHUTHOM KOH(HUrypanuu dacTuisbl. [lo-
Ka3aHO, YTO BBICOKOYACTOTHBIE PE30HAHCHBIE MOJbI MOTYT HKCIIEPUMEHTATbHO HAOMIOIAThCS B
MOJIBIX YacTHIAX OKCHJIA jKeJie3a, KoOallbTa MM CIUIaBa XKejne30-KoOalbT Ha YacToTax OOpaTHO

MMPpONOPHUOHAIBHBIX HAMArHM4YCHHOCTHU HACBIIICHUA Ms
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Pucynok 1.5 — (a) Kondwuryparws HamaranaeHHOCTH 11010i cdepsl (R =50 uM, d = Sum)
¥ (0) cpenHsisi TMHAMUYECKasi BOCIIPUUMYUBOCTS ) 110J10i cepsl (R2 = 27,5uM, d = SHm)
B IIPUCYTCTBUH BHEIIHETO0 MarHUTHOTO 110j1st [12].

[Ipy MonmenMpoBaHWH CIIEKTPOB MPOHMIIAEMOCTH HaHOpa3Mephix moibix chep B CBU-
JIMAINAa30He MOKa3aHo, YTO B OTCYTCTBHE BHEIIHETO MAarHUTHOTO TIOJIsI JOPMUPYETCSI BUXPEBOE CO-
crosiHue HamarHumdeHHocTH [12]. TToka3aHo, YTO TeOMETPUYESCKHE MapaMeTphl MOMbIX (eppomar-
HUTHBIX c(pep Mo-pa3HOMY BIIMSIIOT Ha BUXPEBYIO IOMEHHYIO CTPYKTYpPY (TIOSIBJICHHE U CMEILEHUE
MOJI) ¥ TMHAMHYECKYIO BOCIIPUUMYHMBOCTD MOJIOH cdepbl (pUCYHOK 1.6) YMeHbIIICHHE TONIIMHBI
000JIOUKH TIOCIIE HEKOTOPOTO KPHUTHYECKOTO 3HAYEHHUS COMPOBOKIACTCS] BO3PACTAHUEM aMILTHTYIbI
BOCIIPUUMYMBOCTH U CIJBUI'OM PE30HAHCOB B HM3KOUACTOTHYIO oOnacTb. B HeOompImx obnacTsix
BOJIN3M IOBEPXHOCTH YACTHILIbI OTHOIOMEHHOM c(hepbl ¢ KOH(UTyparyei BUXps JJOKAIU3YeTCsl MO-
Jia, IMEIOITIasi Pe30HAHCHI 00JIee BRICOKOTO mopsizka, ueM @MP ¢ BrIcOKO MHTEHCUBHOCTHIO. DMP

OTHOZIOMEHHOM C(hepbl PABHOMEPHO PaCIIPEICIIsIeTCs TI0 BCEH YacTuIie.

(a)
— 46 1M

230 nwm % |

| s
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Pucynok 1.6 — (a) JluHamuyeckasi MarHUTHasi BOCIIPUUMYHBOCTB C(HEpPUUESCKON YaCTHIIBL, TTO-
JIepKUBAIOIICH BUXPEBYIO JOMeHHY0 CTPYKTYpy (R2 = 250HM, d = 25HM) U (0) AelicTBUTENb-
Has ¥ MHAMas 4acTh JMHAMUYECKOH BOCHIPUMMYHBOCTH TIOJION C()epbl BHEIIHIM THAMETPOM
R> =230HM ¢ U3MEHSIFOLICHCSI TOJIIUHON CTEHKH B OTCYTCTBHE BHEIIHETO mojst [12].

Pe3ynbraTthl MUKpOMarHMUTHOTO MOJIETMPOBAHUS, BBIOJIHEHHOrO B padorax [12,13],
MO3BOJISIOT TIOJIyYUTh OoJiee IeTaJbHOE MPEICTaBICHUE O CTAaTHYECKUX U IWHAMUYECKUX Mar-
HUTHBIX CBOWCTBAaX TMOJBIX CepuuecknX (EppOMAarHUTHBIX YaCTHUIl, XapPaKTEPU3YFOIHXCS
CIIOXKHOM KOH(UTypanueil HaMarHHIeHHOCTH, YTO UMEET BaXXHOE 3HAYCHHUE MPH pa3paboTKe H

npoeKTHpoBaHuu yctpoiicts anst CBY nuanasona.
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2.2 JKcnepuMeHTAIbHbIE Pa00ThI

Cpenu orpaHMYEHHOTO KOJMYECTBA SKCIIEPUMEHTAIBHBIX pa00T MOKHO BBIJICITUTH BCETO
HECKOJIBKO HCCIICIOBaHMI, HANPABJICHHBIX HAa WM3yu€HHE JUHAMUYECKUX MArHUTHBIX CBOWCTB
noJbIx cheprueckux GpeppoMarHUTHbIX YacTHLl. CIOXKHOCTh U HEAOCTYITHOCTh pa3pabOTaHHbBIX
Ha TEKYIIMHA MOMEHT (PU3MKO-XMMHYECKHX IPOIECCOB MOMYYECHUS MAarHUTHBIX TMOPOIIKOBBIX
MarepragoB C MOJOH CTPYKTYpPOH YacTHIl 3aTPYJHSIET UCCIEIOBAaHMUs CBOMCTB MaTrepHaoB IO-
IOOGHOTO poa. B MOCTYImHBIX SKCHEpUMEHTAIbHBIX PabOTaX OMHUCAHBI MOJIbIE YACTULIBI KapOo-
HUIbHOTO Kkene3a [21], depputoB [22] m  mMukpochepbl ¢  yIICPOAHON MaTpHIICH-
oboioukoit [23]. B aTux pabotax paccMOTpEHBI MPOLECCHI TONYYCHHSs, XapaKTePHbIC Pa3Mephl
YaCTHII, CTATUYECKUE U JUHAMUYECKHE CBOMCTBA KOMITO3UTOB HA UX OCHOBE.

Papnorexnnueckoe KapOOHUIIBHOE JKENe30 — HIMPOKO M3BECTHOE MOPOIIKOBOE KENe30,
KOTOpOE MPUMEHSETCSl B KaUECTBE HAIOIHUTENEH B PaJHONONIONIAIOIINX MOKPHITUsIX. OHO nMe-
€T JIYKOBUYHYIO CTPYKTYpY, BBI3BAaHHYIO IpolieccoM moiydeHus (cM. pucyHok 1.7) KapOonuiib-
HOE JKene30 00JaaeT BHICOKMM 3HAaYeHHEM HaMarHWYEHHOCTH HACBHIIIEHWS ¥ MarHUTHOH Ipo-
HHI[AEMOCTH B IIIHPOKOM JHara3oHe 4actoT [24]. OxHako, NpUMEHEHHE KOMMEPUYECKOro KapOo-
HUJIBHOTO Keje3a JJIsl TOHKUX M JIETKUX MOKPBITUH OrpaHUueHO M3-32 BBICOKOW IJIOTHOCTH, CO-
IIOCTaBUMOI ¢ TaONMYHOM BEJIMUMHON IJIA >Kene3a, U Beca. IIouck aHaIOrMYHBIX 110 CBOMCTBaM
MaTepHaioB, HO C MOJIOH CTPYKTYPOH, pacuIMpsieT MPAKTUIECKUEe BOZMOKHOCTH B PELIICHUH 33,124

BHGKTpOMaFHHTHOﬁ COBMCCTHUMOCTH.

Pucynoxk 1.7 — COM-u300paxkeHus JIyKOBUYHON CTPYKTYpPbI KApOOHUIIBHOTO Kejie3a [25].

Bbu1 ipeiiokeH mpoliece MOoMyUYeHHUs MOJIbIX YacTUI] KapOOHUIBHOTO JKene3a [21]. Me-
TOAMKA OCHOBAaHA HA MPUMEHEHHH TOYEYHOM (ITUTTUHIOBOW) KOPPO3UH U MO3BOJSIET COXPAHUTD
HCXO}IHBIﬁ pasMep YJaCTHII. CpaBHeHI/Ie JUHAMHUYCCKNX MArHUTHBIX CBOfICTB HNCXOOHOI'0 U I10JIOTrO
TIOPOIIKOB KapOOHUIIBHOTO Kejie3a MpuBeeHo Ha prucyHke 1.8. [IprMeHeHre MMTTUHIOBOM KOp-
PO3UH TPUBOAUT K YMEHBIIICHHIO KOMIUICKCHOM JMAJICKTPUUECKON MPOHUIIAEMOCTH TMOJbIX Ya-
ctuil. B manHO#M pabote 310 HE 00Cy)KmaeTcs, HO, MPEATIOIOKUTEIHHO, MOXKET OBITh CBSI3aHO C
COCTOSITHUEM HOBerHOCTI/I. HpI/I 9TOM, ﬂeﬁCTBHTeHBHaH U MHUMas1 4aCTHu Mal"HI/ITHOI\/II HpOHI/IHae-

MOCTH 3aMCTHO YBCIIMUNBAIOTCA B JUAINIA30HC YaCTOT 2-8 ITm. KpOMC TOro, BO3pacTacT aMIlIn-
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Ty[a CTaTHYECKOW MAarHUTHON MPOHHMIAEMOCTH Uem (C 2,570 3,3), 4TO MOKET OBITH CBS3aHO C
YBEJIMUEHNEM KOJIMUECTBA YACTHLL IIPU OJJMHAKOBOM MacCOBOM HaroJIHEHHU. YacToTa ecTecTBeH-
Horo ®MP npesbimiaer 18 1T 1. Io6poTHOCT M aMIUTUTY/Ia MArHUTHBIX ITOTEPh TaK K€ BO3pac-
tatoT. [Ipeanonaraercs, 4yTo ynydiieHHe AUHAMUYECKMX MAarHUTHBIX CBOMCTB CBSI3aHO C YCTpa-
HEHHEM CKHH-3((eKTa BCIECTBUE MOJON CTPYKTYPOil yacTul] U 3(G¢PEKTUBHBIM MOMIOIIEHUEM
MHKPOBOJIHOBOTO M3JIy4eHHUS] Ha BHYTPEHHEH CTEHKe MOJbIX MUKpocdep. [lomydeHHsie mobie
MHKpOchepbl KapOOHMIIBHOTO JKeJie3a 00J1aatoT 0oiee BBICOKUMH CBOMCTBAMU MUKPOBOJHOBOTO

IOTJIOIIEHMS 110 CPAaBHECHUIO C HCXOAHBIMU, YTO MOXKET OBITh UCIOJL30BaHO Ha IIPaKTUKE.
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Pucynok 1.8 — YacToTHas 3aBUCUMOCTh KOMIUIEKCHON TUAIEKTPUYECKON U MAarHUTHOM MPOHUTIA-
€MOCTH UCXOHBIX U MOABEP’KEHHBIX MUTTUHTY MOPOIIKOB KapOOHUIILHOTO KeJle3a C MOIBIMU
yactuiiamu (HanonmHenue 80 macc.%) [21].

Ocoboe BHUMaHHE 3acTyKHBaeT padoTa, HallpaBlIeHHAs Ha MOTYYeHHUE U UCCIIEI0OBaHNe
HanopasmepHbIx chep FesOs co cpenanm quamerpom 450 HM 1 TommuHO#N creHku 80 um [22].
[Momyuennsnii nopommok FesOs cyOMHKPOHHOTO pa3Mepa XapaKTepH3yeTcsi HU3KOH TUIOTHOCTBIO,
cocrapisronieit 3,78r/cm>, uto Ha 27% MEHBIIE MO CpPaBHEHHUIO C TAOJWYHOW TJIOTHOCTHIO
okcuaa FesOy (5,l7r/CM3). UccnenoBanne craTHYeCcKNX MAarHUTHBIX CBOMCTB C ITIOMOILBIO BHO-
PalMOHHOTO MarHeTOMEeTpa Mokasaio (cM. pucyHok 1.9,a), 4ro kodpuuTHBHAs cuia He mossix
cyomukpoHHbIX gacTull F&0s paBHa 60 D, a HAMarHUYEHHOCTh HACHIIIICHHUS TIPUMEPHO COOT-
BETCTBYET TEOpETHUEeCKOMY 3HaueHmio ~ 92 emu/g (92 c-cm®/r) m cocrasnser 86,7 emu/qy

(86,7Fc-CM3/r). JluHaMuyeckre MarHUTHBIE CBOMCTBA MCCIEAOBAIUCH B CTAHAAPTHOM KOAK-
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CHaJLHOM JTUHUM 7/3 ¢ mMOMOIIBbIO BeKTOpHOTO aHayim3aropa 1eneit (HP5230A) B nnanaszone ot
0,1 go 10 I'Tu. Jlnst u3aMepeHuii ObUIH U3rOTOBIICHBI KOMITO3UTHI HA OCHOBE CHIIMKOHOBOM Mar-
PHIIBI, HAOJIHEHHOM NONbIMU (eppoMarHUTHEIMU yacTuiaMu FesOs ¢ 60 macc.%.
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Pucynok 1.9 —Tletin MarHUTHOTO THCTEPE3UCa MONbIX HaHOpa3MepHbIx yacTuil F&04(a), cxema-
THYECKOE M300paKeHNE MO0 YacTUIIbI (0) ¥ YaCTOTHAS 3aBUCHMOCTbD JUAICKTPUIECKOH (B) U
MarHUTHO# (T') MPOHMIIAEMOCTH KOMITO3UTa ¢ mosbiMu dactriiamMu FesOs (60 mace.%) [22].

[Tonmyuyennbie YacTOTHBIE 3aBUCUMOCTH KOMILIEKCHOM IHUAIEKTPUYECKOM U MArHUTHOM
MPOHUIIAEMOCTH NpeACTaBIeHbI Ha pucyHke 1.9, B-T. KommiekcHas quanekTpudeckas MpoHHUIa-
€MOCTb OCTaeTCs MOCTOSSHHOW BO BCEM JMamna3oHe usMepeHuil. KoMmnosutel, copepikamiye mo-
Jbple cyOMUKpoHHBIE YacTHIbl FE&30s, XapakTepus3yloTCsl TOCTaTOYHO BBICOKOW aMILTUTYION
CTaTHYECKOW MAarHUTHOM MPOHHUIIAEMOCTH Ucm = 2,6 fia wactore 0,1 I'T1r), uro comocTaBumo ¢
KapOOHUIIBHBIM KeNe30M (Uem = 2,4 [22) u CylIECTBEHHO TPEBBINIACT 3HAUCHUE e IS HAHO-
npoBonioB Fe&304 (cM., Hampumep, [26]). elicTBuTeNbHAsS YacTh MarHUTHOW MPOHUIIAEMOCTH
HE3HAYUTEIBHO BO3pacTaeT Ha yactoTax MeHee | I'T u nanee ymenbiaercs ¢ yactotoil. Ecre-
crBeHHbli ®MP HaOmomaercst npu wacrore nopsaka 5,2 [T, korma u'(f) = 1. Makcumym
MHUMOW YacTH MarHWTHOW MpoHHIaeMocTu Habmomaercs mpu vactote 3 [T, Ilpu sTom am-
IUTUTYJAa MAarHUTHBIX TIOTEPh MO MOPSAAKY BEIMUMHBI COMIOCTaBUMA CO 3HAYEHUSIMU ISl IPYTUX
KOMITO3UTOB C BBICOKMM 3HAUEHUEM CTAaTMUECKOM MarHuTHOM npoHunaemMoctu. brnaronaps Hus-
KO TJIOTHOCTH M OCOOCHHOCTSIM (POPMBI, IPUMEHEHHUE MOJIbIX (PepPOMArHUTHBIX chepruuecKux
YacTHUI[ B KAYECTBE HAIIOJIHUTEIS MTO3BOJISIET BHIMTPATh B BECE 110 CPABHEHHIO C HATIOTHUTENISIMU
Ha OCHOBE (eppHUTa WM KapOOHWIBHOIO >Kejie3a MPH OJAMHAKOBOM MAacCOBOM HAIlOJHEHMHU.

HeO6XO,Z[I/IMO OTMCTHUTb, YTO KOPPCKTHOC CPABHCHHC CBOMCTB KOMITIO3UTOB, IMPCACTABICHHBIX

21



B [22], ¢ apyrumMu oOpasiiaMu M MaTepHajaMd HE MPEACTaBIsSCTCS BO3MOKHBIM H3-3a OTCYT-
CTBUSI JAHHBIX 00 00bEMHOM HAIIOJTHCHHUHU.

B pabote [23] npemiokeH MHOTOCTaAMUHBIN MTPOIIECC MOJYUYCHHSI HOBOTO THIIA TOJIBIX
MUKpocdep ¢ TOPUCTOHN yIIIepoAHON 000JI0UKOI, copeprkallell HaHOKpHUcTauibl cruiaBa FeCo
(50 HM), ¢ TOMOIIBIO CHIPEH-TMPONIN3a C MOCICAYIONIeH MPOKAIKOH B BOCCTAHOBUTEIBHOM
armocepe CO». IlomydeHHBIE YaCTUIBI UMENH ITUPOKUN JMANA30H PACIPEICICHHS 110 Pa3-
MepaM OT 5 10 25 MKM B uameTpe ¢ ToamuHoi creHku oT 300 uM o 1 mxwm. Ilpu uccneno-
BaHUU CTAaTUYECKUX MArHUTHBIX CBOMCTB ObUIO MOKAa3aHO, YTO HAMArHWYEHHOCTh HACBIIECHUS
nuHeitHo yMmenbmaercsa ¢ 206,44 no 94,53 emu/g(I'c-cM®/T) IpH yBEIMYEHHH COIEPKAHHS
yriepoaa B coctaBe MukponopoiinkoB FeCo/Cot 1,63 no 31,74 macc.%. KospruutusHas cuia
u3MeHs1ach B mpeaenax ot 51,51 mo 231,64 O 1 He UMeNU YETKOM 3aBUCUMOCTH OT COCTaBa.
DNeKTPOMarHuTHhIE CBOMCTBA Mapa(HOBBIX KOMIIO3UTOB ¢ HamoiHeHueM 35 macc.% Obliu
u3MepeHbl B auanasone 2 — 18T ¢ moMOIIb0 BEKTOPHOIO aHanmu3aropa memnei Anritsu

MS4642A M. pucynok 1.10.
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Pucynok 1.10— YactoTHas 3aBUCMMOCTb MATHUTHOW U IUAJIEKTPHUYECKOM TIPOHUIIAEMOCTH I10-
neix mukpochep FeCo/Cc mopucroii yritepomHoi obomouxoit (60 mace.%). MHmekcom 0603Ha-
YEeHO MaccoBOE colieprkanue yrepona B yactuiax FeCo/C [23].

B pesynerare aBTOpBI NOMYYHMIM HE YMCTBIA METAJUI, 3 METAJUT ¢ MPOAYKTaMH IMHPOIH3a

yrieporna u3 COp. Bputo mokazaHo, TpH yBETMYEHHWH JIONTU yIIEpoaa B COCTaBE MHUKPOYACTHUI]
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FeCo/CymeHnbInaercst arperaiyst 4acTuil B mapadUHOBOM MaTpHIIE, YTO MPHUBOINT K YMEHbIIIE-
HUIO KOMIUIEKCHOM JUAIEKTPUYECKON MPOHUIIAEMOCTH. AHAJIOTMYHAsI 3aBUCUMOCTh OT COCTaBa
HaOJIr0/1a1ach ¥ B YaCTOTHOM 3aBMCUMOCTH MarHMTHOM IPOHULIAEMOCTU. AHAIN3 IPEICTaBIICH-
HBIX aBTOpaMHU JAHHBIX [MOKA3bIBAET, YTO CTATUUECKAs] MArHUTHAS! IIPOHUIIAEMOCTb Ly TIPAKTHYE-
CKH{ HE 3aBECHJIa OT COCTaBa MOPOIIKOB M cocTaBmia mpuMepHo 1,1 — 1,2. PaGounii nuana3oH 4a-
crot orpanudeH 10 — 111T, a anst oOpasia ¢ MUHUMAIIBHBIM COICPYKAaHUEM YIJIepojia — 3Hade-
aueM 5 ['T11 (Kak clecTBHE BHICOKOUM TUAIEKTPHUYECKON MPOHUIIAEMOCTH O0YCIOBICHHOMN TOMS-
pu3arpeii). MarHuTHbIC TIOTEPH XapaKTePU3YIOTCsl HU3KOM aMIuuTyoi. [Ipu aTom, HecMoTpst Ha
HU3KUE 3HAYEHUS] MArHUTHON MPOHUIIAEMOCTH 10 CPABHEHUIO C JPYTMMHU MaTrepuanaMu, KOMIIO-
3utbl FeCo/CrnepcnekTrBHBI 1711 pa3pabOTKU JITKOTO U TOHKOTO MOKPBITHS ¢ 3(Q(MEKTHBHBIM I10-
IJIOIIEHUEM IEKTPOMArHUTHOTO B IIMPOKOM Jrarna3one yactor 10 — 18T,

Cremyer OTMETHTh, YTO B JIUTEPAType OTCYTCTBYIOT APYTUe MyOIHKAIIUH, TOCBSIICHHBIC
UCCTIEJIOBAHUIO TMHAMHUYECKUX CBOMCTB MArHUTHBIX MaT€pHUajoB C TMOJIOH CTPYKTypOW YacTHII,
MOTYYEHHBIX C IOMOIIBIO TEXHOJIOTUH CIPEH-NTMPOIH3a.

CpaBHeHHE TMHAMUYECKUX MarHUTHBIX CBOMCTB KOMIIO3UTOB HAa OCHOBE MTOPOIIKOBBIX
MaTrepuayioB C MOJIOH CTPYKTYpOM, MPEACTaBICHHBIX B MyOJMKALUAX, C MOPOIIKOM KapOo-
HuibHOrO *ene3a (CI) mpuBenens! B Tabmune 1.1. YacToTHbIE 3aBUCIMOCTH KOMIIO3UTOB, CO-
JIeprKaIMX NOPOILIOK KapOOHMIIBHOTO JKejle3a C MacCOBBIM HarojHeHueM ot 36 1o 85 macc.%,
NOJTyYeHBI U3MEPEHHUEM B CTAHIAPTHOM KOAKCHAJIBHOM BOJIHOBOZIEC cTaHaapra 7/3 [24]. Mar-
HHUTHBIE cBoMcTBa monbix wacTuil Cl [21] Hanbomee mpuOIMKEHBI K CBOWCTBAM HMCXOIHOTO
obpasua. [lockonbky mporecc nomydeHus noisix cTpykTyp Cl mpoucxonuT B arpeccuBHON
Cpele XJIOpH/Ia JKeJle3a, 3TO MOKET NMPUBOJUTH K HEKOHTPOJIUPYEMOMY OKUCIIEHHUIO YacTHIL C
BBIPOXK/IEHUEM METaJlIa J0 IMapaMarHUTHOTo okcuaa kene3a FexOs, uro TpeOyeT 3ammThl OT
OKHCIICHHSI W 3HAYUTENBHO OrpaHuumBaetT npuMeneHue. [lopomkun FesOs [22] obmanmaror
MEHbIIEH CTaTUYeCKOH MarHMUTHOW MPOHHUIAEMOCTBIO lcm MO CpaBHEHUIO ¢ ucxoaHbM Cl,
OJTHAKO MAaKCHMyM MarHUTHBIX HOTEPb Umax CMELIAeTcsl B 00NacTh BBICOKMX 4YacToT (3 —
6 I'T). Buemmnnii muamerp momnsix yacTun FE&Os 1 ToNIMHA CTEHKH BIMSIOT HA TTOJIOKEHHE
gactoTel ®MP: s wactur 100 u 1000 HM yactota fe; coctaBisier npumepHo 3,2 u 6,5 T,
COOTBETCTBEHHO [27]. Hanbompmnii mpakTH4ecKuii HHTEpeC MPEICTaBISIeT MOPOLIKH Kene3a
paszmepom 0,5 — 1 MKM ¢ oot cTpykTypoit yactuir [14,15] Takue gacTuIlbl cCOUeTarOT B ceOe
BBICOKYIO HAMarHU4E€HHOCTh HACBILIEHUS, BBICOKYI0 MAarHUTHYIO MPOHUIIAEMOCTh B IIIUPOKOM

JAruara3oHe 4aCToT U 0COOEHHOCTH IOJIBIX qacTuIl.
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Tabnuma 1.1. CpaBHEHHE BIEKTPOMATHUTHBIX CBOMCTB KOMITO3UTOB HA OCHOBE MOPOIIKOBBIX Marepha-
JIOB C TIOJIO# CTPYKTYpOit Yactuil, rie fp, — yactora dpeppomarautaoro pesonanca (u' = 1); pem — cTaTH-
YyecKasi MarHUTHAS TIPOHHUIIAEMOCTb, Umax () — aMInTy1a MakcHMyMa MarHUTHBIX TOTEPh ¢ YKa3aHHEM
YacTOTBI, [JIe JOCTUTAETCSl COOTBETCTBYIOIIEE 3HAUCHHE.

Hwna- Tommm- | Hamon- f
_ pess " CTa-
O6pazen MeTp, | Ha CTeH- | HeHHe, Uem tmax (f)
N ITx Ths
MKM Ku, HM | Macc.%
' 36 1,25 0,15(21Tu)
(Pglopl;fg) 3 _ 66 >20 2.0 045(21Tw) | [24]
8 85 4,0 1,4(21Tn)
Cl(nomie 1y 5 | 300 80 | ~20 3,3 15(3IT) | [21]
YJaCTHUIIBI)
FeOs (nomie | ¢ 45 80 60 5.2 26 133y | [22]
YaCTHUIIbI)
FeCo/C
(moJIBIE TIOPH- B 300- 10- 0,10...0,15
CTbI€ MHKDO- 2-25 1000 35 12 L1..12 (6TTm) [23]
chepsnl)
FeO 0,10 - 3,3 1,55 1,3 (2I'T)
fac‘; 1(4“‘1’;1)"“" 0,65 100 70 5,5 1,80 0,9 (4I'Tu) [27]
B 1,00 | 280 6,6 1,85 0,9 (4,5T)
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§3 MeTonbI noJrydeHusi NOPOIIKOBBIX MATEPHAJIOB € MOJIOI CTPYKTYPOH YacTHIL

JUis uccnenoBaHusl B3aMMOJCHCTBUS JIEKTPOMArHUTHOIO TOJIA C IIOJBIMU YacCTULAMUY,
NPEJCTaBISIOT UHTEpEC (eppOMArHUTHBIE IOPOLLIKH B CyOMUKPOHHOM JIMANa3oHe pa3MepoB, B KO-
TOpPOM CKMH-3()(EKT He oka3biBaeT BiusHuA Ha CBY mMarnuTHyto nponuriaeMocts. [lonyyenue ma-
TEpUAJIOB C MOJION CTPYKTypol, coneprkamx Fe Ni u Co, — cioxkHas 3aja4a, HHTEpeC K KOTOPOit
HIOCTENICHHO PacTeT Y MCCIIEOBATeNe 0 BCeMY MHUPY IMOCIEIHHE HECKOJbKo et [21]. JlanHyto
3a/1a4y MOXKHO PEINTh TAaKUMU METOJIaMH, KaK CIIpei-iposiu3, HaHopa3MepHas tud@ysus, ruj-
poTepMaIbHBIMU MPOLIECCAMH, C MIPUMEHEHUEM THOPHIHOTO IJIa3MaTpoHa U JAPYTUMH METOIaMU.
BonpimucTBO paboT HanpaBiIeHO Ha MOMyYCHHE MapaMarHUTHBIX WM JTUAJIEKTPUYECKUX TTOPOIII-
KOBBIX MaTepHasioB, IPEAHA3HAYECHHBIX JUIS KaTaan3a, MEKTPOHUKY, JOCTABKH JIEKApCTB, CEHCOPOB
U Tak janee. JJOBOJIBHO PelKo BCTPEUarOTCs MyOIMKAIMK, MOCBSILEHHBIE MOTyYeHUIo deppomar-
HEeTUKOB. Kaxkplii MeTo O3BOISIET KOHTPOIUPOBATh CTPYKTYPY U CBOMCTBA, YTO MO3BOJISET MPH-
MEHSTh TIOJyYeHHBIE MaTepHaibl B PasiIMYHBIX OONACTSIX MPOMBIILIEHHOCTH. Jlanee mpuBeaeHb
OCHOBHbIE Pa0OTBHI, HAIIPABJIEHHBIE HA [TOJTy4YEHHE TOPOILIKOB C I0JI0H CTPYKTYpOH.

3.1 YabTpa3ByKoBOii cripeii-nuposin3

Crpeii-nuponu3 — TEXHOJIOIHs, TIO3BOJISIONIAs [OTy4Yarh MIMPOKUNA CHEKTP BBICOKOUHMCTBIX
(YHKIMOHANIBHBIX MaT€pPUANIOB U3 KUIKUX PACTBOPOB, CONEPIKAIIMX METAJUTMYECKUE HOHBI, MPU
HCIIOJIb30BAHMH a3PO30JIbHBIX PACHIBUIUTENIBHBIX crcTeM [28,29] TexHomorus crpei-nmuponunsa He
TpeOyeT BBICOKOTO BaKyyMma, uTo sBIISieTCsl BaXHBbIM mpenmyiiectBoM [30]. Meron oTHOCHTCS K
nporieccaM ocCaxJIeHUs M3 ra30Boi (asbl ¢ yuactreM asposoist (Aerosol assisted chemical vapor
deposition 1 u3BecteH ¢ 80-X TO0B MPOIILIOTO BeKa KaK MPOCTON, SKOHOMHYHBIN, YP(HEKTUBHBIN 1
MacCIITabUpyeMBblii CIOCOO MOIYYEHUsI TOHKHX MOKPBITHIA U MOPOILIKOB C OHOPOIHBIMHU Hearperu-
poBaHHBIMU cepuueckumu dacTuiiamu [29,31,32] Hebosnbiioe KoMuuecTBO paboT MOCBSIIICHO
MOJTYYCHHIO METAJUTHUYECKUX TIOPOIIKOB B ofiHy cTauio [33]. TIpomykramu cripeii-Iiposisa, mpe-
MMYILECTBEHHO, SIBJIFOTCSI OKCHJIBI, KOTOPbhIE HAXOMAT IIMPOKOE MPUMEHEHHe B karanm3e [34], -
THH-HOHHBIX aKKyMmyssitopax [35,36] MarHUTHOM XpaHEHHH JTaHHBIX, JTOCTABKE JIEKAPCTBEHHBIX
cpencts [37]. B nuTeparypHBIX MCTOYHHKAX OTCYTCTBYIOT PaOOThI MO TOMYYCHHIO TEXHOJIOTHEH
CMpeN-MUpoir3a MaTepraioB, KOTOPbIe MOIIH ObI UCONIB30BaThCs B KAYECTBE MOIIOTUTENEH dIIeK-
TPOMAarHUTHOTO HM3JIy4eHMs. YIIBTPa3ByKOBOHM CIIpei-MUpoin3 00ecleunBaeT IMONHBIA KOHTPOIIb
YCJIOBUI M TTapaMeTPOB Ka)KIOT0 dTala CHHTE3a: YacTOTa YAbTPA3BYKOBBIX BOJIH, COCTaB HCXOTHOTO
pacTBoOpa-IipeKypcopa, CKOPOCThb MOTOKA U TEMIIEpaTypa peakTopa. ITo MO3BOJISIET CHHTE3UPOBATh
Marepuasbl C HWHAWBHAYaTbHBIMHA CBOWCTBAMH — HACTpaWBaTh pasMep, COCTaB, MOP(OIOTHIO,

CTPYKTYpY U IIPOUME XapaKTEPUCTUKU ITPOLYKTa.
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3.1.1 Mexanu3m 1 napamMeTpbl CHHTe3a

Iporiecc cripei-nuposn3a BKII0YAaeT HECKOJIBKO OCHOBHBIX cTaauii [28,29}

Pacnvinenue: GopmupoBaHue a’po30isi U3 MOATOTOBICHHOTO MCXOMHOTO PacTBOpa, CO-
JIeprKaIero MeTal MpeInoiaraéMoro poayKTa.

Tepmuueckoe paznodicenue BKITIOYAET MIEPEHOC a3PO30IIs ¢ TIOMOIIIBIO ra3a-HOCUTENSI B 30HY
BBICOKOTEMIIEPaTypHOH 00pabOTKH, TJie TIPOUCXOIHUT MCIIAPEHUE PACTBOPHUTENS (PEaKIys pasiioxe-
Hus1) ¢ quddy3ueit ¥ KpucTauTM3alueil paCTBOPEHHBIX TBEPIbIX BEIIECTB BOIM3M TOBEPXHOCTH
00pa3yIoIIMXCsl TBEP/IBIX HAHOYACTHIL MM TOHKUX TICHOK.

Cbop rkoneuno2o npodykma. B 3aBUCUIMOCTH OT THIIA M KOJTMYECTBA MaTepuaia, UCIONIb-
3yIOTCSI IIMKJIOH, 3nekTpodmistp, ceryarsiii ¢pwistp u apyrue [38]. Ilpu HeoOxomumocTw,
(GUIBTPBI OJOTPEBAIOT BO M30S)KAaHUE KOHICHCAIIMH TIPOIYKTOB IPOIIECCa.

Cmaodust pacnvlienus — KITFOUeBasi CTaus, onpeestomas pasmep yactuil [38]. B kadectse
OCHOBHOTO MEXaHHM3Ma T'€HEpAaIMy a’pOo30Jsd WCIONB3YIOTCSl MTHEBMATUYECKHE, HIEKTPOCTaTHye-
CKHE WM YJBTPA3BYKOBBIE PaCIIBUIMTENBHBIE CUCTEMBI, KOTOPbIE BHIOMPAIOTCS B 3aBHCHMOCTH OT
Tpedyemoro pasmepa kanenb [30]. TTo cpaBHEHHIO ¢ IPYTHMMH METOIAMH, IS YJIBTPa3BYKOBOIO
pacIbUICHUS XapaKTEePeH HaOOIIBILHI Taia30H pa3MepoB a3po30ibHbIX Karenb ot 0,1 10 10 Mkm
[39] npu pacnibiiennu ¢ yacroroit ot SOk 10 3 MI' [40]. [pemiokeHo Tpu Teopru, OOBSICHS-
IOIIMX MEXaHU3MBI 00pa30BaHMUS Karlelb O] BO3IEHCTBIEM KOJIeOaHHUH MhEe302JIEKTPUIECKOH TI1a-
CTUHBI PACTBUIMTENS: JIBMKeHUE BOJH Dapajies (Teoprst KamWUIIPHBIX BOJH), 3QQEKT KaBUTAIUH
U TEOpHsI KOHBIOHKTYpPBI (cM. pucyHok 1.11) [41,42] Teopwst KamWUBSIPHBIX BOJH XOPOIIIO KOppe-
JIMPYET MEKIAY CPEIHUM Pa3MEPOM KAIUTH U JUTMHOW KaWJUISIPHOW BOJTHBIL.

KanunnapHbe
BOMH

Iy 3t
—— e S0MNHe
MosepxrocTs = M ~
MALOCTH /\O_/a\ \\\\‘/6}0/0_\
~— o 5 o

TeopHs KAMNWINAPHEIX S0NH Tecps KaakTEUMN TECOS KOHBIHET YRS

Kapstraypraenie )
YNET PS8y N0 ESE

Pucynok 1.11— MexaHu3Mbl 00pa30BaHus Kareilb Ha TOBEPXHOCTH JKHIKOCTH [41].
JInvHa KanuUSIPHOM BOJIHBI A CBsi3aHA C YaCTOTOM CTOSYUX BOJH f, BBICOTO# cTonba
KHUIKOCTH h W CBOWMCTBAMH pacmbLISIEMOr0 pacTBopa (MOBEPXHOCTHBIM HATSDKCHUEM O U

TUIOTHOCTBIO KHUIKOCTH p) 1o hopmyre KenbBuna [43]:

1 1/3

2min\1? 2no

Atg|— =|— (1.11)
A pf

[Ipeamonaraercs, YTO Karik XHJIKOCTH 00pa3yrOTCs B pe3ysibTare HECTAOMIbHBIX KO-

nebaHuil Ha TPeOHIX KamWUIIPHBIX BOJH. Korma ammmTyna yiabTpa3ByKOBBIX KosieOaHUiA Tpe-

BBIIIACT KPUTHIECKOE 3HAYCHHUE, HA TPEOHE BOJIHBI TIPOUCXOIHUT OTPBIB Karelb (CM. prcyHok 1.12),

B pe3yJibTare 4ero oopasyercst OONbIIoe KOIMYECTBO a3p030JIbHOM B3BECH (TyMaHa).
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Pucynok 1.12— Wumoctparmst pactipoctpanerust BoyiH dapajiest B 3aBUCUMOCTH OT aMIUTUTY/IBI KO-
sebaHuid, B CTydae, KOrjla [UTMHA BOJIHBI A POIOPIMOHATIbHA pasMepy d (2) 1 B cUcTeMe ¢ MaKCH-
MaJsIbHOM nHTepdepeHIre H BoH 1 aMmiuuty (0) [43].

e 1 als

Pazmep normyuaeMbIx Kareb npsiMo TPONOPIMOHANICH JUTMHE KAIJUIPHOH BoHbI [43,44]
Ha Oonee BbICOKHMX 4acToTax 00pa3yroTcs 0osiee MENKUE KAl ¢ OOJIBIIMM PACIPEAEICHUEM T10
pazMepaM. YuMTbIBas MapaMeTpbl CUHTE3a U IE€peMEeHHble, BXOIsMe B ypaBHeHHe KenbBu-

Ha (1.11), MOXXHO OIIpeNEeUTh MEAMAHHBII TUAMETP Kalellb, HCTIONb3ys ypaBHeHue Jlanra [45]:
1/3

8
Do=Coh=Cr| —= (1.12)

A A 2 b
P we I
e C; — kodbGUIMEHT NPONOPIMOHATBHOCTH, G — MOBEPXHOCTHOE HaTspkenue [H/m], p_ — mior-
HOCTB pacTBopa [KI/M], f; —4acToTa paboThl YIBTPa3ByKOBOIO pacrbliuTens [ ).
CrieyroIyM BaKHBIM 3TAIlOM CHHTE3a [10CJIE PACTBUICHUS SIBISACTCS Crmaous mepmMuiecKo-
20 paznodiceHus. PacribICHHBINA a3p030J1b IIEPEHOCUTCS B AEKTPHUYECKYIO T1eub, Iuiams [46,47 | wiu
maddy3ronHbI ocymTenb [48] ra3oM-HOCHTENIEM U HArpeBacTCs JIO 33JaHHOW TEMIIEPaTyphl.
Kaknast otnenbHast Karwis peTeprieBaeT HECKOIbKO (PU3MKO-XUMHYECKHUX MPEBPAILEHHUH, BKII0Yast
UCIIApEHUE PACTBOPUTEINS C TIOBEPXHOCTH, TU(D(Y3HI0 M KPUCTAIUIU3ALMIO PACTBOPEHHOIO Bellle-
ctBa [31,38] B padorax [49,50] npeioskeHbl MaTeMaTHIECKHE MOJICIH TIPOIIECCOB TPEBPAILICHHSI
MaTepuajIoB TP CHpel-TMponu3e. B momydeHHbIX TPOMyKTaX (BBICYIICHHBIX YacTHIAX) COIEp-
KaTcsl KOMIIOHEHTBI, 00pa30BaHHBIE B pE3yJIbTaTe PEaKLMK Pa3IoKEeHHs HCXOAHOTO BEIIECTRA.
Onucanue MexaHu3Ma oOpa30BaHUs YacTHIl ¢ 00004Koit u3 okcuga Fe&Os mpu crpeit
nuposu3se npuoautes B [51]. Hactuma obpasyercs us karmau FeClo npu 600°C B pesysbrare
IByX xumudeckux peakuuid. [Tpu Bzaumopeiictuu FeCl2 ¢ kucmoponoM Ha MOBEpXHOCTH, B
o0béMme karm obpasyercs FeCls, kotopslii, B3aumozeictus ¢ mapom H2O, npuBoaUT K BbI-
JIeNIEHHIO ra3a U BblNaeHuto B ocanok F&Os (cm. pucynok 1.13. B pesynsrare, BOIN3HU MO-
BEPXHOCTH 00pasyercsi mepBblid cinoii kpuctamwioB FeOs, KOTOpBI yBETHUMBACTCS O TEX
0P, TTOKa B PAaCTBOPEHHOM COCTOSTHUM HMEETCSI TOCTaTOYHOE KOJMYECTBO BEHIECTB JUIst 00pa-
30BaHUsS 000JIOYKH, TaM caMbIM (popMHUpPYs 1TOITYIO cepy, HTOBEPXHOCTh KOTOPOI MpeacTaBs-
eT co0oit Habop 3epeH-arioMepaToB HaHouacTHIl okcua xkenesa (l11). B pabore He npencras-
JeHbl yOeTuTeIbHbIE JOKA3aTeIbCTBA MOIyUYEHHs TOJIbIX MOPOIIKOBBIX MaTepHaoB: Ha N300-

PaXCHUAX NPCACTABICHBI TUTIMYHBIC ITPOAYKTBL cnpeﬁ-nnponma.
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Kana FeCl, FeCl, + 0, FeCl, + 1,0 lonus cepariccran |
yneTHEm Fe,

Pucynok 1.13— Mexanusm obpa3oBanus mosnoit chepuueckoit yactuinsl FeO3 [51].

CBoiicTBa pacnbUICHHOTO pacTBOPA MO-Pa3HOMY BIMSIIOT Ha MPOLIECCHI, MPOTEKAIOIINE Ha
CTaJIMU BBICOKOTEMITEpATypHON 00paboTKH. XMMUYECKHI COCTaB PacTBOpa JOJDKEH COIEPKATh
PacTBOPUTEIB, JICTKO YJICTyUYHBAIOIIUNCS NIPU 3aIaHHON TEMIIepaType, 1 BEIIeCTBa, KOTOPEIE,
B pe3yJbTaTe PeakilMH, MO3BOJIAT IOJIYYHTh MPOAYKT Tpebyemoro cocraBa [30,31] Bribop
MCXOHOTO BEUIECTBA BIHUSET HAa MOP(OJIOTHIO MOBEPXHOCTH YACTUI[ IMPOAYKTa CIpEii-
nupoiu3a [52]: mo cpaBuenuio ¢ FeClz u3 pacrBopa FENOz)3 hopmupyrorcs 6onee riaakue
chepuueckue yactuipl FeO3. [Tpuunna B ToM, uto npeaen pacrBopumoctu FENO3)3 6oib-
e, ueM y FeCls, uto mo3BosseT 6oablieMy KOJIMYECTBY HOHOB FE™ HaxonuThes B pacTBOPEH-
HOM COCTOSTHUH M HE TIPUBOAUT K aMOP(HBIM 00pa30BaHUSM Ha TTIOBEPXHOCTH.

KoHmeHTparyst HCXOqHOTO pacTBOpa BIHMSET Ha BA3KOCTh, PACTBOPUMOCTD, a TAKKe I10-
BCPXHOCTHOE HATSDKEHHE M IUIOTHOCTh PacTBOpa, 4TO, coracHo ypaBHenuio KesbBuna (1.1)
u psiy uccrenosanuii [38,52,53] mo3Bossier KOHTPOIMPOBATH CPEAHHIA pa3Mep Kameib H, CIEI0-
BaTeJIbHO, YacTHIl. B pacTBopax ¢ BBICOKOW PacTBOPUMOCTBIO (HUTPATHI, XJIOPUABI, IPOYee) MO-
I'yT 00pa30BBIBATHCS KaK HAHOYACTHIIBI, TAK M YACTHUIIBI CYOMHKPOHHOTO pa3Mepa, YTo ONpeaess-
€TCs CKOPOCTBIO MCMAPEHUs paCTBOPUTENS U TU(PQy3UH PaCTBOPEHHOTO BEIIECTBA K MMOBEPXHO-
CTH, TO €CTh BpeMeHeM npeObiBanus B peaktope [54,55].

BnmsiHue KOHIIEHTpaIMy pacTBOPEHHOTO BEUIECTBA HAa pa3Mep MOXKHO OIHCATh C ITOMO-
mipto Mozenu Jleonra [52,56] CormacHO Mojenu, TOMOT€HHOE 3apOJIbIico0pa3oBaHue W KPH-
CTaJUTM3allis HAauuHAeTCs BOMU3U TOBEPXHOCTH, INIe KOHIEHTPAIlHsI paCTBOPEHHOTO BEIleCcTBa
JOCTUTAET KPUTUYECKON OTMETKH ObICTpee, YeM B IIEHTpe Kariin. BHyTpeHHUl poCcT KaTtanusu-
pyercs TepBHYHBIMH KPHCTAJUTAMH OOOJIOUKH TIOCIIE 3aBEpIICHHS MCIIAPEHUS] PACTBOPUTEIIS.
Ecnu KOHIIEHTpanuu pacTBOPEHHOTO BEIIECTBA JIOCTATOYHO — (HOPMHPYIOTCSI TpaBUIIBHBIC
CTPYKTYPBI, B IPOTHBHOM CITydae MOKET HapYIIaThCs MEITOCTHOCTh MOBEPXHOCTH WM 00pa3o-
BaTbCsl CBOOOHOE MPOCTPAHCTBO, KOTOPOE HE MOTYT 3aMOHUTH KPUCTAIUTUTHI M3-32 OCTAHOBKHU
pocta. CKOpOCTh UCIApEHHs, PACTBOPUMOCTh U Macca PacTBOPEHHOTO BEIECTBA BIUSIOT Ha
AKTHBAIMIO 3apOJIBIIIIE00Pa30BaHUsl U POCT KPHUCTAIUIUTOB M, CIIEAOBATENILHO, KOHTPOIUPYIOT
Mopdosoruto [56]. Micromnb3ys Mozienib, MOXKHO MPECKa3aTh, Kak H3MEHSAETCS 00bEM UCXOIHON
Karuiy Tocje MOTHOTO UCTIapeHus pacTBopUTeNs Vm 1 BHaUaje Kpuctaum3anuu Vs:

dnric,, dnric
=—ubl,= ———.

Vin = - *
" 3p, S Yo

(1.13)
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/e 0 — UCXOIHBIN PaJnyC, Cm — CPEIHSS KOHLICHTPAIHsI, Co — KOHIIGHTPAIIUS pacTBOpa B IICHTPE
KArlIH, pp — TNIOTHOCTh YacTHIIBI, C,, — CPEHsS KOHIIEHTPAIU TIPH HEPBUYHOM KPHCTAITH3ALNN.
YucaeHHo moka3aHo [52], 4To yBelmueHne KOHIICHTPAIIMK KCXOmHOro pacreopa ot 0,002 mo 2 M
NPUBOJUT K yBennueHuro pasmepa karnenb FeClz 1 FNOs)s ot 160 um 10 1,6 MKM.

B Tabmune 1.2 cobpana ocHoBHas1 HH(OPMALWS U3 JIMTEPATYPHBIX HCTOYHUKOB O MPOLIECCaxX
TIOJTYYCHHST JKEIIe30COEePIKAIIIX MaTePHAIOB METOIOM CIIpei-Tporm3a. Hanbomee mpocTsiM U pac-
IPOCTPAaHEHHBIM 00BEKTOM HccienoBannii seisiercs okcua skenesa (I1). FexOs momyuator B omy
cramuto npu pasioxenun conerr Hutpara xenesa (Ill) Fe(NQOs)s, cynbdara xenesa (Il) Fex(SC)s
i xstopuna xenesa (1) FeCl (B mpucyrcreum O2) B BHjIe TIOPOLIKOBOIO Marepraiia Wik aMophHo-
TO/TIOJIMKPUCTAITMYECKOrO MOKPBITHS Ha momyiokke. Cunre3 Meramios (Fe, Co, Ni) mwm ux cruiaBoB
HaNpsSIMyI0 METOJIOM CHPEH-TIMPOIN3a TPAaKTHYSCKH HE BCTpedYaeTcs B Jjmteparype. B omHoi
pabore [33], cruiaB NizoFes nosydeH B ofHy CTajuIO MPU UCIIONb30BAaHUH PACTBOPEHHBIX B U30IPO-
naHone C3HgO merammooprannueckux coemnunennii — (epporena (CoNs)2Fe u  HukemnoreHa
(CoHs)2Ni — B nneprroit armochepe. TTonyueHnsli opoiiok NizoF&o cocTont u3 chepruueckux va-
CTHIl ¥ XapaKTepH3yeTcsi OMMOIANIbHBIM pactipesienieHreM ¢ Makcumymamu 10 u 80 um. B apyrom
TIOZIXOZIE, JUTSl TTOTYYEHUS] METAJUTMIECKUX TTOPOIIKOBBIX MaTeprasioB, MIPUMEHSIETCS CO3IAHUE BOC-
CTAHOBHUTEJIbHOM arMochepsl, Hanpumep — [52] wiu [57], wim nobaBiieHHe BOCCTAaHABIUBAIOIIHX
areHTOB B HCXOIHBIN pacTBop [58].

l'a3-HOCHTENF MOXKET Y4acTBOBAaTh B XUMHYECKOH PEaKIIUH, JUIS YerO UCIIOIb3yeTCs BO3-
JyX, WHEPTHBIE WIIM BOCCTAHOBUTEJIBHBIC Ta3bl, a TaKke cMecu. [Ipu pasiokeHuH coleit
FE(NOs)3 i FeCls ucnions3oBanue ra3oBoit cmecu Haz ¢ ureptabiM razom (N2, Ar) mos3Bossier
nomy4yarh MaraHeTuT Fe304, a Hcnonp30BaHne YMCTOrO BOOpoa 0e3 mprUMecei PHBOIUT K TI0-
JTydeHuto xene3a Fe ymepenHoi xumuueckor unctothl [52,59] u cuaBa Fe-Ni [57]. B nemsx
obecrieueHust 6E30MaCHOCTH PEAKTOp JODKEH OBITh M30JMPOBAH OT MOCTYIUICHUS KHCIOPOAaA
KOHCTPYKTOPCKUMH PEIICHHUSMH, a TaKoKe 33 CUET CO3MAHUSI MHEPTHOW arMocgepsl 10 U 1Mocie

BBOJIa Bojiopoza [59].
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Tabmura 1.2 — O630p BCTpeHaeMbIX B JUTEPAType Pe3yIbTaTOB HCCICAOBAHMS MIPOIIECCOB TOMYUSHHUS METAIUIOCOICPKAIINX TTIOPOIIKOB C TIOMOIIBIO TEXHOJIOTHH CIIpei-Tpori3a. O003HaYeHHS:
f — yactora pacnbuienusi, Tj7 — TeMIeparypa Ha cTajuu nmupoimsa, 6/B — 6e3Boxubiii, C — como, JIT — mo/mocre, 6/1 — 6e3 n06aBok, At — sranon (EtOH), OI' — stunenrmukons (CoHgOz), MK —
mypasbuHas kucinota (CHOy), JIK — mumonnas kuciota (CeHsO7-H20), PK —kpaxmai ((CeH100s)n), 9P — anekrpodmstp, Cx — caxaposa (CizH22011), HA — mutpar ammonust (NHaNOz).

& = Ipekypco VYcioBust ONyYeHUs
g = [poaykr PP d Jlobas- | Pasuep, KomMeHTapuii
&) 5 o Konuertpa- PacTBOpEHI f T, IMotoxk, armocdepa KH MEM P
© s p MI't °C ’ p
. el (C2Hs)2Ni: (C2Ns)2Fe: 3 750— N2 (40 n/muH, B [psimoii curre3 Ni-Fe B ofiHy cTaquo B HHEPTHOM
[33] | 1 NizoFep | 1:0.5:0,125 CsHsO 950 0,18MITa) 6/n | 0,01-0,08 aTMoctepe
0,01M Fe(NG)s, H.0 850 HccrnenoBanne BIMsSHUS COCTaBa IpeKypcopa Ha
1 FeOs Bosznyx, 7 n/muH o/n - ¢dopmy dacTui: Tmaakue chepuaeckue u3 FeNOs,
0.01M FeCh, H.0 850 HenpaBuIbHOM popmel u3 FeCls
Kopotkoe Bpemst TeMiieparypHoii 00paboTKH UMeeT
1 FeOs 0,002M Fe(NG)s, H.0 850 Bosnyx, 15 n/mun o/n — KPUTHYCCKOE 3HAUCHHUE IS TIOTyUCHHSI YaCTHUI]
C IIOJIOH CTPYKTYpOil
B ciiyyae HU3K0H CKOpOCTH MOTOKA YaCTULIBI UMEIOT
1 FeOs 0,01M FeCk, H,O 850 Bosnayx, 15 n/mun o/n — Gosee cepucciyio Gopmy, 1pu BLICOKOH —
HEMPaBWIHHYIO GOPMY C OCTPBIMH KpasiMH
[52] C (u3-3a OBICTPON CKOPOCTH HCIIAPEHHM).
1 0002-2M |  Fe(NQ)s, H:0 820 oo
, VYBenu4yeHue KOHIIEHTPAIIUI HCXOIHOTO PacTBoOpa
Fe0s Boszyx, 7 amun o/n 0,167— MPUBOJIUT K YBEINYECHHUIO CPEHETO pa3mMepa YacTUI]
1 0,002-2M FeCk, H20 800 1675
(1) FeOs (1) Boznyx, 7 n/muH [onyuenne Fe B nBe cragnn
2 (2) Fe 0,02M Fe(NQ)s 820 (2) 100%H>, 400°C o/n a (cuHTE3 + BOCCTAaHOBJIEHHUE)
1) Np, 7 n/mun
0,02 + Fe(NQy)s + ( i i [onyuyenne Fe B oqHy cTramuro 3a cueT mo0aBiIeHUS
1 Fe 0,03-0,1M H>O/EtOH 820 @ OXJ;E)/KS:HM B or - areHTa-BOCCTAHOBUTENSA — 3TAHOJIA
(1) 20%H/N2,
2 FeOs 0,25 M Fe(NG;)s 9H0 60 n/muH o/n 0,86
(2) Bostyx 800°C Jlo6aBieHre 3TUIICHITIUKOIIS TIO3BOJISIET MOTYYUTh
[60] 1,7 900 (1) 20%H/N YACTHIIBI C TIOJION CTPYKTypoit. Kornenrparms O
5 (1) FeOs 0,25 M + Fe(NQ)s9H;0 + T 50 /0 2 5 1,72 BIMSIET Ha XapakTepucTuku mopoikos FeoOs u Fe.
2)Fe | 0,1-0,7M s PR (0,5M)
(2) H, 615—700°C
6/n 0.5 (6/n) Hcnonp3oBanne cmecu ra3oB Hyo/Ar mpuBoauT K 1O-
700— Ho/Ar, 2/1 n/Mun .y Y i nyuyernnto Fez0s, nobasnenne SiOz MpensTCTByeT
(591 | 1 Fe0 05M Fe(NQ)s9H:0 L7 950 (T Ar 1 n/mun) SiC;, | 0.8 (SiQ), BOCCTaHOBJICHHIO, 100aBieHne Pt mpuBoauT
Pt 0,6 (Pt)
K hopmuposanuio pa3 FesOs u Fe (Mano)
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. FeCb-4H,0 + 100%Hh, 1 n/Mun 0,08- 0,87 IMpsimoii curTes crutaa Fe-Ni
[57] FeNi 0,05-0.4M NiCl,-6H,0O 2.1 900 (JI1 Np) 6/ (0,4M) B BOCCTAHOBHTEIBHOM arMocdepe
B B (1) Bozoyx [ToxazaHo BIUSHHE TEMIIEpaTypbl CHHTE3a U BOCCTA-
{g;} (1()2?%24 10mace.% Co(NO3)2'6H0 12’72 E;_?_%O (2) 100%Hh (220— 6/1 15 HOBJICHUSI HA COCTAB U MarHUTHbIE cBoicTBa CO
' 3500C) (Ms = 105,9- 178,3 Am%kr, Hc = 257— 3059)
59| 2 | (i | 1oween | NOgzero | 17 | gy | VSRR | oa | 0a-10 Y e oo N
FesOs
! Fe(NQ)s, 3 o o [NonyueHa TpEXKOMITIOHEHTHAsE CMECh TIOPOLIKOB ISt
[63] ?:ae;ré?j’ 0,5M CsHeBaly, 2,4 ?.%%0 90 /OZMJ;}L}I?HA& o/1 - Li-6arapeit co coiicteamu Ms(Fe;04) = 57,7 emu/g
; TiCla4 Hc(FesO4) = 1405
BaTiOs
FeCk 6/8, 400- Hanecernne aMmopHOM/TOMMKPHCTATITHIECKOM
[64] FeOs 0,05M FeSQ-7H,0O C 500 Boszyx 6/ B IJICHKY C 3¢pHOM ~150HM Ha CTEKJITHHYIO TOJIOXKKY
CoCh-6H0 + 100%H 1 n/mun 0,1-0,92 [psmoit curTe3 criaBa Co-Fe
[65] CoFe 0,05-04M FeCp-4H,0 2.1 800 (AITN>) 6/ (0,4M) B BOCCTaHOBMTEIbHOM atMocdepe
. Fe(N()g,)3~9H20:
FeNi Ni(NO3)2:6H20 + 31 o 0284 Tun BOCCTAaHOBUTEJIS BIIUSIET HA CTENIEHb BOCCTAHOB-
FeNi 0,IM (1:1) + _Fe(NOg,)3-9H20: 5%H./Ar, 5 n/mun or 0,399 JIeHUs! ¥ Ha MOP(OJIOTHIO YaCTHIl B IIpoIiecce
[58] 10- Ni(NO3)2-6H.0 +0I' | 1,7 1200 ]
3006.% Fe(NQ)s-9H;0: (TT N2, 5 n/mun) CUHTE3a: Zi/ITK— crutonrHele, DI — moskle,
FeNi + ’ . ' — CHETOBUKI
Ni(NO3)2:6H0 + MK 0,396
FQ;O4
MK
FeCl-6H,0: 0 0(’5226(;’?_9 [TokazaHo, 4TO HEBO3MOKHO HAHECTH PABHOMEPHOE
[66] FeO:@Au 0,1-4M HAUCI .312_1 O 2,5 1100 No/Haz, 4/2 n/mun o/ 0 037% 07 MOKPBITHE AU Ha TOBEPXHOCTH Fe 6e3 n3MeHeHus
M ' (Au) ' a/Ir€3MOHHBIX CHJI PU (POPMHUPOBAHNH YACTHIL
YacTHIbI CO CIOUCTOM 0001049KO# U3 rpadeHa co
[67] FeFesC@C 5:1 C2Hs0:Fe(CO3 700 N2, 11/Mun 6/m | 0,03-0,05 ClTabbIMU MATHUTHBIMH CBOHCTBAMH:
Ms = 5495 emul/g, i = 866640
40.4:29 1- Fe(NG)39H20: (1) Ny, 7 n/mun HccnenoBaHo BIUSHUE MOJISIPHOTO COOTHOIICHUS
[23] FeCo/C 6,3'.9 r’ ' Co(NOs)2 6H20: C 220 + IUKIIOH JIK, 5_ 95 FeCo/C u Temriepatypsl IpOKaJIKU HA CTPYKTYpY H
550 N;J'I H.0 CeHgO7-H20: (2) npoxanka PK CBOICTBa MOPHCTHIX MOJIBIX MUKpocdep ¢ yriepoa-
2 (CeH100s)n 500-700C HOH 000J104KOH, 3anosHeHHOH HaHoyactiunamu FeCo
1
osu. | Cutous @ o |, Lo o potns o
[68] C/FeO. 0,06M, Fe(NQ)s 9H0 + L7 700 Cop O® 180°C HA 0.6 NIEKTPOXUMHUUECKHE Xa aKTZ I:::TI/IKI/I B Ka4eCTBE
0,5M 8 H.0 NH/NOs (2) Mpoxaka 110°C P PAKTED

AHOAHBIX MaTepHAJIOB JUIS JUTHI-HMOHHBIX OaTapeil.
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Paznenenue mporecca CHHTE3a M BOCCTAHOBJICHHS SIBIISICTCSI PEIIICHUEM, CBSI3aHHBIM C
0e30macHOCThIO M 3(P(PEKTUBHOCTHIO KOHTPOJISI MarHUTHBIX CBOWCTB MarepHajioB HA CTaJUU
BoccTaHoBleHHs. B padorax [54,60,61]npemiaraercs nonyuenne GeppoMarHUTHBIX MOPOIII-
KOB KOOaJIbTa, yKeJie3a U HUKEJIS B JIBa dTara: CHHTE3 OKCHJA C MOMOIIBIO CIIPEH-TUPOIIN3a U
BOCCTaHOBIICHHE B arMmocdepe Bomopona. [Ipu cmpeit-nuponuse Temiieparypa CHHTE3a HE
BIMAET HA COCTaB IOJy4yaeMoro BhICHIEro okcuia. OgHaKo Temreparypa BOCCTAaHOBJICHUS
BJIMSAET Ha COCTaB METAJUIMYECKOTO MOpoIka. Hampumep, mpu BOCCTaHOBIEHHH KOOajabTa B
armocdepe Bogoposa npu Temneparypax meree 300°C, B coctaBe o0pa31oB coaeprkarcs ¢a-
3b1 0-Cou CoOQ, mpu 300°C obpaszyercst a-Co, mpu 6osee BRICOKHX Temreparypax K a-Co 10-
oasisiercs B-Co. [1pu BeIOOpe TeMIiepaTypHOTo JAuana3oHa BOCCTAaHOBIEHUS B BOJAOPOJE TaK-
’Ke HEOOXOJMMO yUUThIBaTh, uTo HaHopa3MmepHbie mopomku NiO, FeOs u C0304 MOITHOCTHIO
BOCCTaHABJIMBAIOTCSA MPH Temrieparypax 1o 420°C, 600°C u 500°C [69,70], cooTBETCTBEHHO.

MeTozMka Cripei-IMpou3a MO3BOJISET CO3IaBaTh CIOKHBIC CTPYKTYPBI «SIIPO-000I0UKaY,
HanpuMep, Metaumueckue dactuibl FEFeC@C M. pucynok 1.14,a-0), IOKpPBITHIE YIIEPOIHOM
000JI0UKOI M3 YHOPSIOUeHHBIX ciioeB rpadena, u dactui TIO2@RuUQ (cm. pucynok 1.14,B-r).
st nonyuennst FEFeC@C rcnonb3oBaicst pactBop nenTakapoonuia xenesa Fe(CO)s B aTuiio-
BoM crupre [67]. Tlokazano, uro mpucyrctBue (asbl FEC oka3biBaeT HEraTMBHOC BIHMSHHC Ha
HaMarHu4eHHOCTh HackimeHus Ms: crpykrypbl FEFeC@C muamerpom 30...50 #M u 10...100 HM
XapakTepu3yroTcsi BenmmanHod Ms coorBercTBeHHO paBHOM 54,95 u 25Tc-em®r, 4TO MeEHBbIIE
HamarandenHoctr Haceienus 100...193 Te-em®r vactun a-Fe pasmepom 300 am. Bosmoxken
MHOTOCTYTIEHUaThIi BapUAHT YJIBTPA3BYKOBOTO CIIPEN-TTUPOIN3a, TIIE OTACIBHO CO3IAeTCS «SIIPO» U
«000JI04Kay, JUISl Yero MCIONB3YITCs He3aBUCHUMBIC YIbTpa3BykoBbie pacmbumrenn (0,8MI u
2,5MI'1) 1st KaKI0r0 IpeKypcopa M TOPH30HTATIBHBIE PEAKTOPHI TSI TEPMIUYECKOTO Pa3JIOKEHUSI
TiO2 u RUG[71]. AHanOrHYHBIM CIIOCOOOM BO3MOXHO HaHecenue 000souku SiO2 [72]. TIpemio-

JKCHHBIC ITOAXOAbI paCIIUPAOT BO3MOXKHOCTH METOA cnpeﬁ-nﬂponma " NCPCICKTUBHBI 1JII CUH-

Te3a Pa3IMYHbIX TUIOB (PYHKIMOHAJIBHBIX YaCTHII.

A : -
—— cmmmny . o~

Pucynok 1.14— Mukpogororpapun C.Tp AAp0-000JI0UKa, ndnyquHLIe C MTOMOILIBIO YIBTPaA-
3BYKOBOTO cripeii-ruponu3a: (a-6) FEFeC@C [67], 6-r) TIO.@RuQ [71].

Takum 06pa3om, Ipu MOMOIIM CIIPENH-NIMPOSIU3a B PA3IMUHBIX [EOMETPUSIX PACHIBUICHHS,

W3MEHSS TTapaMeTphl CHHTE3a, BOZMOXKHO TOJTyYaTh IMIUPOKUA MEPEYeHb YacTUIl pa3HOOOpas-
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HBIX (opM U pazmepoB oT 10 HM 70 5 MKM yJIBTPa3BYKOBBIM pacmbuiuteneM [73] u comiom —
10 25mkM [23]. Ontumuzaius TpeOyeMbIX XapaKTEPUCTHK MPOIYKTa MOXKET ObITh JIOCTUTHYTa
MyTeM YIPABIECHHsSI COCTABOM M KOHIIEHTpPAIEel HCXOAHOTO pacTBOPa, CKOPOCTHIO U COCTaBOM
raza-HOCUTEJs, 00bEMOM U FeOMETPHEH KaMephbl, a TAKXKe TeMIeparypoii mpouecca [38].
3.1.2 CuHTe3 MoJIbIX YACTHUIL € IOMOLIBIO CIIPe-TIUpo/In3a

TexHonorust crnpen-nmuposiv3a MO3BOJSET MOMy4YaTh YaCTUIBI C TOJOM CTPYKTYpOM.
Hawubonpiee pnusaue Ha (GOPMUPOBAHKE MOJIBIX YACTHUI] OKA3bIBAET BHICOKAs! CKOPOCTh HCHape-
HUS KUJKOCTH M3 KaIUM, YTO PEryJupyercss TeMIepaTypoi, CKOPOCTBIO TIOTOKA U MapaMeTpaMHy,
CBSI3aHHBIMU C TEIUIONepeiaveii: BpeMEHEM JOCTH)KEHHUSI HACHIICHUS] PACTBOPEHHOTO BEIIECTBA
BOJIM3U TIOBEPXHOCTH JUTsi 0Opa30BaHMsI TBEPIOW 0OOJIOUKH, TEIUIONEePEaaueii OT IOBEPXHOCTH K
LICHTPY KaIUTi ¥ BPEMEHEM BbIZICPKKH 1pu rirpoituse [38,74,75]

Ha pucynke 1.15 npusenen mexanu3m ¢opMupoBanusi 1 Mukpodortorpaduu cheprye-
CKMX YaCTHI[ C TOJOH CTpyKTypoil. CKOpOCTh IepeHOca a’po30iisi 4Yepe3 PeakTop BIIHsET
Ha cTpyKTypy yactuil [38,52] B 3aBUCHMOCTH OT CKOPOCTH MOTOKA (BPEMEHH IPOJIETa Yepe3 pe-
aKTOp), U3MEHSIETCSI CKOPOCTh MCIAPEHUsI PACTBOPUTEIIS U KOJIMYECTBO 3apOJIbIlieli HOBOU (ha3bl
BOJIM3M NMOBEPXHOCTH Karuid. [Ipr HU3KHUX CKOPOCTSIX 00pa3yroTCs TUIOTHBIE CIUIONIHBIE YaCTHIIBI,
TaK KaK 3apoJbIIIN YCIIEBAIOT 00pa30BaThes Mo BceMy 00bEéMy Karumi. [lombie gactuipl hopmu-
pyIOTCs TipH 6oJiee BBICOKHX CKOpocTsX 10 60 yi/m [60], 4To cBs3aHO ¢ OHOBPEMEHHBIM 00pa3o-

BaHHEM TOHKOM IIJIEHKH OKCHAA BOJIM3H IMOBEPXHOCTHU 6LICTpLIM HUCIIapCHUCM pACTBOPUTECIIA.

Henaperue

o o° o ® 2 Py TROMD OF CHOD UMK BONADEHIS DACHAOTTINRS C n CTRAA YaCTHI
) cn 0N NOBCPXHOTCTHIO

S 2 } C} N

Hoxopran kanns
IopepxHoOCTHOS HpOBARHE [Tonaz vacTuna
og)prmncuuc %W«(‘m

Pucynok 1.15— (a) MexaHu3Msl (bopMI/IpOBaHI/m YaCTHUI] B MPOIIECCE TEPMUUECKOH 00paboTKH B
3aBHCHMOCTH OT ckopocTy ucrapenus [38] u mukpodororpaduu nomsix gactuir (0) ZrO- [38],
(8) NiO [54], (r) Fe0Os [52], (1) Agl [76].

Hcnonp3oBanue OPraHnvdCCKuUX IMOBEPXHOCTHO-AKTUBHBIX BCIHICCTB YBCIMYUBACT BBIXOM

MOJIBIX YaCTHII. HOKaBaHO, YTO BBLICOKAsA CKOPOCTb IOTOKA I'a3a-HOCHUTCIIA (60 a/ MI/IH) 1 KOHIICH-

Tpauust stiwieHrmKomst C2HeOz, pacTBOpeHHOTo B MCXOIHOM pacTBope HuTpara skeresa (1)
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FE(NOs)3, BIUSIIOT Ha XapaKTEPUCTUKH TTOPOIIIKOB OKCHIa xkese3a FeOs, moaydeHHBIX METOIOM
crpeii-mupormmsa npu 900°C [60]. YBenmuuenue koHeHTpaimu twieHnmkois ot 0,1 go 0,7 M
MPUBOAUT K YBEIMUSHHIO TOJIOCTH M cpeqHero pasmepa yactuil FexOs ¢ 0,9 mo 1,7 Mxm, 9to 110-
MOJTHUTEIHHO MO3BOJISIET KOHTPOJIUPOBATh XAPAKTEPUCTUKU MpoaykTa. CrenyeT OTMETUTb, YTO
CIHPTHI B YUCTOM BHUJIE TUIOXO PACHBUISIOTCS YJIBTPa3BYKOBBIMHU PACHIBUIUTENSIMH, 00pa3ys (oH-
TaH JKUJIKOCTA W HEOOJBIIOE KOJIMYECTBO MUKPOIY3bIPKOB [41], TO3TOMY HMCHOB3YIOTCS B Ma-
TIBIX KOHIICHTPAIMAX MpU JT00aBICHHH K OCHOBHOMY pactBoputenro. [lomydenHrpie Takum oOpa-
3oM mnopouku FeOs comepxar g0 20 macc.% OCTaTOYHOrO YIIEPOTHOIO KOMIIOHEHTa U
11 macc.% conmu FENOs)s. [1j1st MOIHOTO yaaaeHus KUJAKAX PACTBOPHUTEIICH MTOPOIIKH OTHKUTAIN
Ha Bo3ayxe mpu 800°C, 4ro mpuBeno K (HOPMHPOBAHHIO MMOPUCTONM CTPYKTYPBI U Pa3pYIICHUIO

yactur Fe Ha Menkyio Gpakuuio rmocie BOCCTaHOBIECHUS (M. pUCyHOK 1.16, a-T).

Pucynok 1.16— M300paxkenus yactuil FeO3 B 3aBUCMMOCTH OT KOHLEHTPALMH STHJICHIIIUKONIS OT
OM 10 0,5 M (a-6), (B) FeOs iocie omkwra u () noporok Fe [60] a Takke — moporikos Fe moy-
YeHHbIX MpH 100aBieHnu 15 —2000.% sraHona (1-e) u 25 — 3000.% stusnenrmmkons (k-3) [58].

KoHteHTparyist ¥ THIT BOCCTAHOBUTEIS OKa3bIBAaeT PA3IMYHOE BIMSHHUE Ha CBOWCTBA TPO-
nykra [58]. Mcnionb3oBanue 10 25 00.% pacTBopa OpraHUYECKHX areHTOB B ClIa00H BOCCTaHOBH-
tespHOM armocdepe (5%H2/Ar, 5 n/mun ipu 1200°C) mo3BosisieT momyyars mosbie yactuipl FeNi
B OJIHY CTaJMI0 Crper-muponusa. [IpeiokeH BO3MOXKHBIA MexaHi3M oOpa3oBanus yactuil FeNi
B MPUCYTCTBHM X)uAKO(Da3HbIX BoccTaHoBUTeNer [58]: (1) ucnapeHune pacTBOPUTENS U XHUMHYEC-
CKas peakItus mpekypcopa u (2) BocctaHoBiIeHHE OKCH OB kene3a u Hukesst (FENIO) mo yactui
FeNi. PasnuuHbie BOCCTAHOBUTEIH MPUBOISAT K Pa3HBIM CKOPOCTSM oOpasoBanus raza Hz, HeoO-
XOAVMOTO JUIsl BOCCTAHOBJICHUS COJIEH METAJIJIOB. YBEINYEHHE NPEJEIbHON KOHIIEHTPALMH areH-
Ta TPUBOIUT K 0OPa30BAHMIO M3JIMIITHETO yIyiepoaa Ha moBepxHocTh dactuil. JDtanon CoHeO u
stuneHrKoNb C2HgO2  criocoOCTBYIOT 00pa30BaHHIO CyOMUKPOHHBIX C(HEPUUECKHX YaCTHUIY
FeNi ¢ magkoit moBepXHOCTHIO (cM. prcyHOK 1.16, 1-3). IIpu 100aBIeHNH 3TaHONA B HCXOMHBIH
pacTBOp 00pa3yroTCsl IUIOTHBIE YACTHLIBI, TAaK KaK 3TaHOJ MMeeT OoJbliee JaBlICeHUE HACHIIICH-

HBIX [ApOB IO cpaBHEHHIO ¢ BoaoH [5,85Vs 2,34kI1a mpu 20°C] 1 MEHBIIYIO TEMIIEPATypy Ku-
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nenust — 78,37°C. Ilpu Takux yCIOBHSIX, 32 KOPOTKOE BpeMs HAXOXKIICHUS B PEAKTOPE, pacTBO-
PEHHOE BEIIECTBO B MEJIKUMX KaIUIAX ycreBaeT MU yHIUpoBaTh K HEHTPY, B KPYIHBIX — CKOH-
HEHTPUPOBATHCS BOIU3HM MOBEPXHOCTH. DTHIICHIIIMKOIB [0 CPABHEHHUIO C BOJIOW XapaKTePH3yeTCs
MEHBIIMM JaBiieHueM HacbieHHbIX napoB [0,81 klla npu 20°C] u kunut npu 197,3°C. B pe-
3ynbTaTe, Korna Bojia HChapsieTcs, B Kaluiax oopasyercsi TpaJueHT KOHIIEHTPALuU pacTBOPEHHOTO
BerecTBa B C2HeO2, 4T0 pUBOAUT K (HOPMHUPOBAHHEIO YACTHIL C TIOTIOH CTPYKTYPOIL.

Texnomnorus cripei-nmuponn3a — MOIIHBIM HHCTPYMEHT IS ITOTy4YeHHs pa3HOOOPa3HbIX Ha-
HO- U MUKPOCTPYKTYp B IIMPOKOM JMaria30He COCTaBOB, GOpM U pa3MepoB. [1okazaHbl BO3MOXKHO-
CTU TONYYEHHs METAUTMYECKUX YaCTHUIl U OMMCaH Ipouecc (JOPMUPOBAHHS MOJIBIX U CIUIOIIHBIX
YACTHULL [IPY U3MEHEHNH THUIIA U KOHLIEHTPALMK ar€HTOB-BOCCTAHOBUTENIEN ITPY CUHTE3E.

3.2 3¢ ¢ext Kupkennanpia

JUI cCMHTE3a HAHOCTPYKTYP € IOJIOM WJIM IIOPUCTOU CTPYKTYPOM B XUMUH U METAJLTY PrUU
npumensiercst dpdext Kupkenpamta (cm. pucynok 1.17) [51]. TTomsie cTpyKTypbl 00pa3yroTcst
npu nuddy3un BakaHCUM, KOHAESHCUPYIOIIMXCS B TaK Ha3bIBaeMble «ITyCTOTHI Kupkenmarmiay,
BONM3M TpaHHIIbl pasznena (a3 u3-3a pa3nuuusi ckopocted auddy3HOHHBIX MOTOKOB U3 OIHOTO
BEII[CCTBA B Jipyroe. B umeanbHo Mojenu crarmoHapHoi auddysuu [77,78] koTopas moguuHs-
ercst mepBoMy 3akoHy Duka, mokazaHo, 4to nud@y3us BaKaHCUH 1 MacChl MHIYLIUPYETCS Pa3HU-
1[ei B KOHILIEHTpAIIUK aTOMOB KOMITOHEHTOB sijipa u obonouku. [Tycts simpo A u obonouka B pea-

THPYIOT ¢ 00pasoBanyieM (asbl poykTa AmBr, TOrIa CKOPOCTH pocTa ciiost pojtykTa [77]:
dr,  nyDACri(1)
dt 10l — r@®]’

I v, U r; — IOJIOKCHUEC BHYTpeHHeﬁ U BHEIIIHEH T'paHULbL, 1y — 00BEMHAs J0JI1 KOMITIOHCHTA AB

(1.14)

cioe npoxaykra, D4, — muddysus u 4C, — pa3HUIa KOHIICHTPAITHA.

Ial

Pucynok 1.17— Paznuunblie qud@y3noHHbIE TPOIIECCH] PU POCTE MOJIBIX HAHOCTPYKTYP, UH-
nytupoBaHHOM 3¢ dexrom Kupkennamna [77]: (a) muddy3ns KOMIIOHEHTOB Yepe3 rpaHuIly pas-
nena, oOpa3zoBaHue N30BITOYHBIX BakaHcui; (0) oOpa3oBaHue MycToT npu 00bEMHON auddy3un

Ha TpaHuIle pasaena; (B) yBeJIMUYEHHUE MOJOCTH BAOJIb 00pa30BaHHBIX «MOCTOBY; (T') 00pa3oBa-

HUE MOp Ha MOBEPXHOCTH MPU UCTIAPEHUH (B ra3oBoi (aze); (1) IBOTFOLMS MOJIBIX YACTHUIL
npu Hu3kux (HT) u Beicokux (BT) temneparypax [78].

Huddy3us repmoarHamMuyecky 00ycIOBIE€Ha pa3HUIEH XMMUYECKOro MOTEHIMaa aro-
MOB U COOTBETCTBYIOLEN pa3HUIIEH PABHOBECHBIX KOHIIEHTPAIMK MEX/y BHYTPEHHEN BOIHYTOM
Y BHEIIIHEH BBIMYKIJIONW moBepXHOCTAMH. HeoOXomumMbIM yciioBreM (hopMUpOBaHHS TIOJIBIX CTPYK-

TYp SIBJIIETCSI BBIPAXKECHNUE!
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n-Dy4C
% +1>r,0° =y’ (1.15)

Huddysuto Kupkenganina npuMEHSIOT B COYETaHUH CO CIPEH-MTUPOIU30M JUIS TTOTyYe-
Hust osibix Hanowactuir Cos04 [79], NNO@SIOQ co crpykrypoii simpo-obosouka [80] u Gosnee
cnoxkubie koMro3utel — NIFEO3@NIO [81]. [Ipouece monydeHus 3aKiIO4aeTCsi B TOM, YTO
CHHTE3UPOBAaHHBIC CIIPEH-IMpon3oM HaHonopoiku okcuaoB (Coz04, NIO@SIiQ) BoccTanas-
muBai B cmecu Ho/Ar no meramna (Co, Ni@SIiQy) u, nposormpyst npouece auddysun Kup-
KeHJIaJTa OTKUTOM B KHUCJ0pose, nomydanu nosbie yactuiibl C0304 1 NIO@SIQ. Mcxonnbie
yacTulpl (MOCe paclbUIeHUs]) UMEIOT CyOMUKPOHHBIE pa3Mephl, OJHAKO IOCIE HECKOJIbKUX
cTanuii 06pabOTKH, COIPOBOXKAAIOLIECICS POCTOM 3€peH U JAerpajaluell MOBEpXHOCTH, B pe-
3yJIbTaTe MOMYYar0TCs MOJIbIE HAHOYACTHUIIBI, pa3Mep KOoTopsix coctasisieT ot 10 m1o 20 am. Cra-
OMJIBHOCTh W CTPYKTYpa YaCTHIl 3aBUCHT OT TEMIIEPATyphl Iporecca, CKOpocTH auddysuu,
KOHIIEHTPAIIMH SJIEMEHTOB B PACTBOPE HA TpaHMIIaX pas3zaeia (a3 u mpoyux mapameTpos.

Dddexr Kupkenaamia MoxeT ObITh UCHOIB30BAH JIJIsI ONTUMHU3ALIMHU MIPOLIECCOB MOMY-
YEeHUS PA3TMYHOIO COCTaBa HAHOPA3MEPHBIX TIOPOIIKOB C MOJION CTPYKTYPOH ISt MCTIONIB30Ba-
HUSI B TIPOW3BOJICTBE, BKITIOYAst XpaHEHUE YHEPTHH U U3TOTOBIICHHUE JINTUH-MOHHBIX Oarapeii.

3.3 [IutTiHIrOBast KOPPO3us (hepPOMATHUTHBLIX YACTHI

[IpencraBieH cuHTE3 MOJBIX MUKpOCHEp U3 KapOOHMIIBHOTO XkKeJle3a ¢ TOMOIIBIO MUT-
TUHTOBOW Kopposuu [21]. TluTTuHrOBass KOppo3us — GopMma JIOKaIM30BAaHHOW KOPPO3HH Me-
TaJUIMYECKOW TMOBEPXHOCTH, OTPAaHMYEHHAs] TOYKOW WMIU HEOOJBIIUM Y4acTKOM, MPUHUMAIO-
mas Gopmy nonocteit. st momydeHus monbix cdep, UCXOIHbIE MUKPOC(ephl KapOOHMITEHOTO
JKejie3a TIOMEIAI B MPUTOTOBIICHHBIN pacTBop, coneprkanii 0,18M xmopua xene3a FeCk B
stuneHrukone (Boxe win 3ta”one). [locne 1 — 10 MUHYT Tpu MOCTOSHHOM TepeMEIIMBAaHHH,
o0pa3el] MPOMBIBaIM a30THOM KUCTIOTOM, BOIOM M 3TAHOJIOM, 3aT€M CYIIIIN B BAKyyMHOM TEUH.
[TuTTUHTOBasT KOPPO3Us — ABTOKATAIUTHUYECKUH MPOoLecC, KOTOPbIA BbI3BaH 00pa30BaHUEM SUEEK
C MPOCTPAHCTBEHHBIM pa3/IeJICHNEM KaTOJHOW M aHOMHOM IMOTypEeaKIril MPOIecCOB OKUCICHUS
JKeJe3a. ITO MPUBOAUT K TPATUEHTY 3JIEKTPOXUMHUECKOTO TMOTEHIIMANA, YTO BBI3BIBACT JAllb-
Helmee paspyuienne Metaia (cM. pucyHok 1.18). /luamerp mukpochep kapOOHHITEHOTO JKene-
3a He U3MEHSETCS MOCiIe MUTTHHTA B ocTaercs B nuana3one 1 — 5wkM. TonmmHa CTEHKH TpH
3TOM cocTtapiseT npumepHo 300 HM, a pa3Mep MOJOCTH pa3iMyaeTcs. YIenbHas IUIOM@Aab IMo-

BEPXHOCTH yBeIMunBaeTcs ¢ 2,5 10 11 M2/,
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Pucynok 1.18 — Cxemarnueckoe n3o0paxxeHue poiiecca MUTTUHIOBOW KOPPO3UHU U U300paske-
HIE MHKpOCchep KapOOHMILHOTO *kere3a: (1) 3apokieHIe MUTTUHTOBOM KOPPO3UH, CO3IaHIE
IPajMeHTa MEKTPUIECKOro MoTeHIHaa; (2) poct nosioctu ¢ Murpanuei annonos Cl~ BHyTpb;

(3) penaccuBaryis (0OCTaHOBKA IIUTTHHIOBOM Koppo3uu) [21].

MeTon IUTTUHIOBOM KOPPO3MHU JOCTATOYHO HPOCT, MOAXOAUT JAJIsl MOTyYEHUSI KPYIHBIX

00BEMOB MMPOJIYKTA MOJIBIX YaCTHI KAPOOHUIIBHOTO JKelle3a, HUKeIsl, kobansra 1 menu [21].
3.4 OcTBajIbJACKOE CO3PEBAHHE

[Momneie Hanochepsr FE304 muamerpom 450 HM u TOMIIUHON cTeHKH 80 HM IOIYyYCHBI C
MIOMOIIIBI0 MOTU(HITMPOBAHHOTO TIporiecca co3peBanus OcBaiibaa [22] — siBjieHHe, IPH KOTOPOM
B pacTBOpPE MEJIKUE YaCTHUI[bl CHAaYaJla PACTBOPSIIOTCS, a 3aT€M OCAXKIAIOTCs Ha Oojiee KPYIHbIX.
Bonbime yacTuibl TepMOIMHAMUYECKH 00JIee SHEPreTHYeCKH YCTOWYMBBI, UeM MEJIKHE YacTu-
1B, TIOATOMY JUISl CHIDKEHHUS OOIIEH SHEPTUU CHCTEMBbI, MOJIEKYJIbI MEJIKHX YacTUI] OymyT mepe-
XOIWTH B PaCTBOP M B MOMEHT IE€PEHACHIIICHNSI 3aHOBO KOH/ICHCUPOBATHCSI Ha TIOBEPXHOCTH 00-
Jee KpyNHBIX YacTull. B kadecTBe LIEHTPOB I'eTEPOreHHOr0 3apOXKICHUsI HAHOKPUCTAIIOB Fe304
u3 cmecu pactBopoB (FECk 6H0, H2NCONH,, CoHeOz) nocmyxumu my3eipeka NHaH20, 06-
JafarolIe BBICOKOW MOBEPXHOCTHOM 3Heprueil. Arperaimus MCXOAHbIX HaHouacTHll Fe&sOs Ha
TPaHUIIEe pa3ziena >KUAKOCTh-TTY3bIPbKH TPHBOIUT K (HOPMUPOBaHHIO CHEpHUECKON OOOIOUKH.
[pu Beinepxke B aBrokiase npu 200°C B Teuenune 10 — 16 gacoB NHzH20 ucnapsiercsi, ocraror-
Csl TOJIBKO TOJIbIE HAaHOCTPYKTypHpoBaHHbIE 000504ku FE304. [TpoayKThl nmpoMbIBaiy BOAOH U
STUJIOBBIM CITUPTOM, 3aTe€M CYIIWIM B BakyyMHOW meuun npu 60°C nBa yaca. M300paxenus mno-

JYYEeHHBIX YacThIl Ha pucyHke 1.19moarBepkaaroT moaydeHne noibx HaHocgep.

Vo we
WATAR AN

Pucynok 1.19— Mexanu3sm popmupoBanust yacTuil mpu OCTBAIBICKOM CO3PEBaHUT
U N300paKeHUsI TIONYYEHHBIX MONbIX HaHochep Fes04[22).
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MoHonucnepcHble CyOMHKPOHHBIE YacTULIBI HE arfIOMEPUPYIOTCS M MPEACTaBISIOT
co00¥l MHAMBHyallbHBIC MEJIKHUE HAaHOCHEPHI, POPMHUPYIOIIYIO MOIYIO CTPYKTYPY, MOTyUeH-
HYI0 B pe3yibTare rupoTepMabHOro mpouecca. MazoBblii cOCTaB MOMYyYEHHBIX HaHOCHEP
cootBercTByeT (aze F&0Os (JCPDS 85-1436) pasmepom KpUCTALTUTOB 46 HM.

3.5 30s1b-res1b Mpomece

[lony4yeHue MOpOLKOB C MOJOM CTPYKTYPOH 4YacTUI[ MOXXKHO OCYIIECTBUTH C IOMOUIBIO
30J1b-T€JIb MPOIIECCa, KOTOPBIN SBJISETCS YHUBEPCAILHOW TEXHONOTUEH MOTyUeHHUs Pa3HOOOpa3HbIX
HAHOCTPYKTYp OT a3pOreis U TOHKUX MOKPBITHI J0 TOPOIIKOBBIX MaTepuaioB. VccienoBaHsl orl-
TUMAJIbHBIE YCIIOBUS MOTYYEHHS MOJbIX CyOMUKPOHHBIX YacTul] rematuta FeO3 ¢ oMOIIBIO 30I1b-
relfib METo/Ia C TMOCIIEAYIONMM OTXKUTOM B Krciopoje [82]. B MaruuTHO# Merajke B TeucHue 49
yacoB 1pu 70°C co ckopocthio 35000/MuH mepeMenmBaiun cMech pactBopoB HxO (800mu),
FE(NO3)3-9H20 (200mi1) 1 mumonnoit kucinotel CeHgO7-H20 (0,1...0,2 M) 1st IpuroToBiieHus
3oms. [locne BbIMapuBaHUsl OCTATKOB KUCIIOTBI M BOJBI, renu cyuid rnpu 40°C B TedueHue JByX
CYTOK /Ul yJaJleHUsl IpuMecei, o0pa3oBaBIIMXCs B pe3yibrare ruapoim3a. OTKUT IpeKypcopoB
npoBouics 12 4acoB B TOKE KMCIOpoJa B TpyOuaroii meun npu temmeparype ot 180 1o 600°C.

Takum 00pa3om, Mpu pasIUYHBIX TEMIIEpaTypax MOIy4eHBI MOJIble CyOMUKPOHHBIE MHK-
pocdepst a-FeOs co cpeaanm muamerpom 700 HM, COCTOSIIME U3 36PSH Pa3MEPOM OKOJIO 48 HM.
B 3aBucumocTH OT Temneparypsl OT)KUTa, METOAAMHU PEHTIeHOBCKOHM nudpakuun u Méccbaya-
POBCKOH CHEKTPOCKOIIMM B COCTaBe MOPOIIKOB OOHapyxkeHbl Ga3zbl F&30s, v-F&Osz u a-FeOs.
INokazano, 4TO TeMIepaTypa OT)KHra OKa3bIBaeT 3aMeTHOe BiustHue hopmy (prcyHok 1.20) u co-

cTaB mpoaykTa: uncTas (aza o-FeOs obpasyercs nocite orxura mpu 600°C.

Pucynok 1.20— COM-mukpodororpaduu nonsix gactun FeOs, noayuyennsix npu 600°C.
Crpenkamu 0003HaUYEHBI pa3pyHICHHBIE TOJIbIE YacTUIBI [82].

&R Y

dopmupoBaHKe MONBIX cep MPOUCXOTUT C 00pa30BaHUEM MPOMEKYTOUHOM CTPYKTYpHI
THIA «SIPO-000JI0UKa» MPU OTXKHUIe MPOAYKTOB 30JIb-Telb Mpoliecca. M3HauaribHO OKCUIBI Keme-
3a 06pasyroTCs TIPU TIOBBIILIEHHN TEMIIEPATYPhI B pe3yiibTate peakiun FE* ¢ mpoykramu pasio-

xennst CsHgOy7. Tlpu temmeparypax 250...400°C y-FeOs okucsercs o a-FeOs (obpasyercs
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CTPYKTypa «siapo-o0omoukay), mpu 600°C obpazyercs mopuctas odonouka a-FeOs. PactBope-
HHE Pa3JIMYHbIX TUIIOB SIEP TeMaTuTa IMPOUCXOAUT ¢ 0OpazoBaHueM Nonbix chep FeOs.
3.6 [Lma3mennnlii cuaTe3 nopomkoB Feu FesO4 ¢ modioii cTrpykTypoid

[Nopomku xene3za Fe u marneruta FE304 MOXHO MONYYHUTH € MTOMOIIBIO HU3KOTEMITEpa-
TypHOI1 ma3mel. [Ipeiosken MeTon cuHTe3a, B OCHOBE KOTOPOTO JISKUT OO MPHHIMIT «ce-
pouu3armm (GopMUPOBaHUS) MOBIX chep: B pe3ysIbTaTe MOBEPXHOCTHOTO OKHMCIICHHS arperaroB
JKeje3a B IUIa3Me, MPOMCXOAUT aKTMBHOE BBIAEIEHHE TEIUIA, IPUBOAILEE K PACIIMPEHUIO rasa
BHYTPH 9acTHUI] U (POPMUPOBAHHIO TIOJIOCTH BHYTPH Cep.

B pa6ore [83] paccmorpen mporiece MOMydYeH s JKeIe3HbIX C(HEPHUECKUX YACTHUIl B T'H-
OpUIHOM IIIa3MOTPOHE, MO3BOJLIIOMIMM coBMmemars CBU-u3myuenne u mxyroBoii paspsia. Mcxon-
HBII Kene3HbIi roporrok ¢ 0,5 macc.% npumeceit (Mn, P, C, Si, O u S) BBomuics B 1iasmy uepes
OTBEPCTHE B Karojie TiasMoTpoHa. Pasmep uactuir xemne3a cocrapisieT oT 50 10 240 MKM ¢ TOMIIH-
Ho# crenku oT 1 10 10 MxMm (cm. prucyHOk 1.21). Boixon cheprdeckux 4acTHIl KOHTPOIUPYETCS
MorHocThio CBU-m3nyyenus u npu 5 kBT cocraBnsier 95%. Mopdornorus yacTuil He 3aBUCHT OT
UIa3MOO0OPA3YIOIIHX Ta30B, HO U3-32 OKUCIUTENHHON OKpYXkaromiel arMocdepbl, YaCTHUIbI OKUC-
JISIFOTCSI, 9TO CIISYEeT U3 Pe3yJIbTaTOB PEHTTCHOBCKOW au(pakimy. BoaMokHOCTh 00pa3oBaHus va-
CTUI] C TOJIOW CTPYKTYpOU ONpeNessieTcsl HaIMYMEM MOp B MCXOIHOM IOPOIIKE U OOYCIIOBIEHO
JEUCTBUEM KOHKYPHPYIOIIMX CHII: JaBJICHHEM 3aKyIOPEHHOIo B MOpaxX HAarpeToro rasa u moBepx-
HOCTHBIM HaTsDKEHUEM PACIIaBIEHHOIO MeTaia. B TakoM ciydae, BBIXOJ MOJIBIX YaCTHUI] 3aBUCHT

OT HAJIMYMA IOP B UCXOAHOM PECAr€HTC U MOXKCT UMETh HU3KOC 3HAYCHUC.

I yran H yrun I yrun

Yactnun - S — o -
s - ™ '«

NOPOUIED " o

opid —1 { — . . ey v| e [ I'as

Pucynok 1.21— Cxema hopMHpOBaHHS TIOJIBIX YaCTHUI] TP CHEPOUIN3AIIH U
CTPYKTypa MOPOIIKa JKeJie3a MOCIIe MOTy4eHHs] B THOPHIHOM I1a3MoTpoHe [83].

B npyroit padote [84], mosbie mukpochepst Fe30O4 momyydeHbl ¢ MOMOIIBIO TIa3MO/IHU-
HaMUYECKOro CHMHTe3a. MeTo1 OCHOBaH Ha MMITYJIbCHOWM CHCTEME, OCHOBHBIM 3JIEMEHTOM KO-
TOPOH SIBIISETCS KOAKCHAIIBHBI MarHUTOIUIA3MEHHBIH YCKOPUTENb C CHCTEMOW 3JIEKTPOJIOB,
U3TOTOBJICHHBIX U3 HEPXKABEIOIIEH CTanu. B oTiM4me oT MpeabIayIero ciyJas, re B KaMmepy
nonaercst HeoOpaboranHas pyaa. CHHTE3 OCYNIECTBISUICS B BBICOKOCKOPOCTHOW CTpye IIIa3-

MBI, KOTOpasA «BBITCKACT» B MPOCTPAHCTBO 3aIl0JIHEHHOM KHCJIOpOAOM FepMeTHqHOﬁ KaMCphbI
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(mpu 1 atm). [IpogeMOHCTpHPOBAaH BBICOKHMI BBIXOM MPOAYKTA, KOTOPHIH COCTAaBHII 8 rpamwm,
3a KOpOTKu# padoumii nuki S00 MUKPOCEKYHI.

[TosrydeHHbIE MOPOIIKK XapaKTEPU3YIOTCS IMIMPOKUM JIMANA30HOM pacCIpe/ieiieHUs Ya-
CTHII 110 pa3MepaM C AUAMETPOM OT HECKOJIbKHUX JIECATKOB HaHOMETPOB JO COTEH MHKPOMET-
poB. ToinHa CTEHKH BapbUPYETCsl B 3aBHCUMOCTH OT pa3Mepa 4acTHUIlbl (CM. pucyHOK 1.22).
CornacHo pe3ynbraraM pEeHTTeHO(a30BOr0 aHajIHM3a, MOPOIIKA COCTOAT U3 (ha3pl MarHeTuTa

Fes04 ¢ mpumechio npyrux okcuaoB xkenesa (o-FeOs, e-Fe0z3), 00pazoBaHne KOTOPHIX CBI3aHO

C 0COOEHHOCTIMU Ppa3BUTHA I1JIa3MBI B IIPOCTPAaHCTBE ra3oBOM KaMEpEhI.

Pucynok 1.22 — Mukpodotorpadun yactui Fe304, OITyYeHHBIX € TOMOIIBIO
IUIa3MOIMHAMUYECKOr0 cuHTe3a [84].

[1na3mMeHHble TEXHOIOTMH TOTyYEHHsI IOPOLIKOBBIX MaTepUaioB UMEIOT sl PEUMYIIIECTB
U HEJOCTaTKoOB. /{1 M3roToBNEHUST M pa3pabOTKH COOTBETCTBYIOIIETO 000pYIOBaHUS TpeOyroTCs
3arparbl. Kpome Toro, MypoKuil 1uara3oH pacnpeiesieHs YacTHIL IO Pa3MepaM B MaTpULIE MOXKET
OKa3bIBaTh KPUTUYECKOE BIMSHUE HA TUHAMUUYECKUE MarHUTHBIE XapaKTEPUCTUKU U3TOTOBJIEHHOIO
KOMITIO3UIIMOHHOTO MaTepuara, Ui 4ero morpedyercs cenaparys 1o (Gpaxkiysm (B MAarHUTHOM T10-
ne, B xuakoctu). Hanpumep, pasnenenue nopomku FesOs Ha Tpu (pakiym (MeHee 30 MM,
30...100 mxM, 60mee 100 MKM) TTO3BOJISIET U3TOTOBUTH KOMITO3UTHI, KOTOPBIE IEMOHCTPUPYIOT 3(-
(PeKTUBHOE TIOIIONICHNE IEKTPOMArHUTHOTO M3nyueHus [84]. Yka3aHo, 4TO BBIXOJ YacTHI] C TIO-
JIOW CTPYKTYpOi MOXKET OBbITh OrpaHWYEH, TaK KaKk HEOOXOIUM IMOPHUCTBIA HMCXOMHOW MaTepHal.
OxwuciurenbHas arMocdepa, B KOTOPOH MPOUCXOAUT MPoLiecc 00pa30BaHUsl MOJIBIX YaCTHLL, TPUBO-
JT K (JOPMHUPOBAHUIO OKCHIIOB B JKelNe3e U MprMecel B MarHetute. OHaKo, pe/IoyKeHHbIE Me-
TOZIbI UIMEIOT MPEUMYIIIECTBO — BBICOKAsI CKOPOCTh CUHTE3a M BBICOKOE KOJIMUECTBO MPOITYKILIUH.

3.7 IlppuMeHeHMe MOPOLIKOBBIX MATEPHAJIOB € M0J10ii CTPYKTYPO# YacTHI|

Pa3Butne 31eKTPOHHBIX CUCTEM BBI3BIBACT MIMPOKUI MHTEPEC K Marepuagam, CioCOOHBIM
MOVIONIATh AEKTPOMAarHUTHOE n3mydyeHre. OMHUM U3 OCHOBHBIX MaTepHajoB, IPUMEHSIOIINXCS
npu pa3paboTKe MOMIOTUTENECH W KOHIIEHTPATOPOB SJIEKTPOMATHUTHOTO W3IYYEHUS, SIBISETCS
KOMMEpUECKOe KapOOHMIIbHOE PaIMOTEXHUUECKoe xene30 Mapku P-20. OnHako ero npuMeHeHue
OTPAaHUYECHO TPY WCIOIB30BAaHUH B JIETKUX W TOHKUX TMOKPBITHSIX W3-3a TUIOTHOCTH M 3JIEKTPO-
MarHUTHBIX CBOMCTB. DeppOMarHUTHBIC YAaCTUIBI C TIOJION CTPYKTYpOW OONagaroT MEHBIIeH
IUIOTHOCTBIO U BECOM T10 CPAaBHEHUIO CO CBOMMH TBEPAOTEIbHBIMU aHAJIOTaMU (B YCIOBUSX OU-

HaKOBOI'O O6’béMa), YTO ITO3BOJIACT paspa60TaTL TOHKOC paArononIomaromee nNoKpbITUC, Xapak-
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TepU3yIolLeecss HU3KOM IUIOTHOCTBIO M BBICOKMM MONIOLIEHHMEM B INMPOKOM IOJIOCE YacToT
[21,84] Braromapsi BEICOKOMY COOTHOIICHHIO 00bEMa M YBEIMUYCHHOW IUIOIIAJN TTOBEPXHOCTH,
YaCTHUIIBI C TIOJION CTPYKTYPOH MOTYT HOIABIISTH BUXPEBBIE TOKH U CIIOCOOCTBOBATH XOPOIIEMY
COMIACOBAaHMIO MUMIIEIAHCA, YTO IO3BOJIAET NPUMEHSATh MX JUIA PELCHUs 3a]ad 3J1eKTPOMarHuT-
HOI coBMecTMOCTH [21,22,84]1 5KxpaHHpOBaHUS IIEKTPOMArHUTHBIX moMex [85,86].

Cpenu HaHOMaTepHasIoB NOJIbIE MArHUTHBIE YAaCTULIbI JEMOHCTPUPYIOT 0COObIE CBOMCTBA:
OOMBIIYIO YACNBHYIO IUIONIA b TOBEPXHOCTH, HU3KYIO IUIOTHOCTh, MaJbIi BEC U YIydllIEHHbIC
MarHuTHbIE CBOMCTBA, YTO HAXOAUT NMOTEHIHAIBHOE IPUMEHEHUE B BEICOKOIUIOTHBIX MarHUTHBIX
HAKOITUTENSIX JaHHBIX, KaTallu3e M JOCTaBKe JiekapcTB [87], a Tak ke MPH MCKYCCTBEHHO THMIIO-
TEPMHH JUTSL JICYCHHS] OHKOJIOTHYECKHX 3a00seBanuii [88]. MarHUTHBIC OPOLIKK C MOJION CTPYK-
TYPO 4acTHUI] — YHUBEPCAIIbHBIC MAaTEPHUAIIBI C IMMPOKAM CIIEKTPOM MIPUMEHEHUS Oaromapsi CBo-

UM YHUKAJIbHBIM CTPYKTYPHBIM U MAI'HUTHBIM CBOMCTBaM.
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3akiioueHue K 0030py JIMTEpPaTyphbl

B 0030pe nuTeparypbl IPUBEICHBI TEOPETUICCKUE U SKCIICPUMEHTAIIBHBIC TAHHBIE O CTa-
TUYECKUX U JMHAMUYECKUX MArHUTHBIX CBOMCTBaX KOMIIO3UTOB, COAEpKalluMX Molibie (heppo-
MarHuTHbIe YacTulibl. [loka3ano, 4To MONOCTH B CTPYKTYpE YACTHUIL IIPU TOCTATOYHO MAJION TOJN-
[IMHE CTCHKH MOXKET PUBOJUTH K PeaTN3aIli HEOOBIYHBIX MATHUTHBIX KOH(PHUTYPAIU HAITOI0-
Ore BUXPEBOTO paCHpe/ie/ieHHs] MAarHUTHBIX MOMEHTOB TI0 TIOBEpXHOCTH cephl. Teoperndecku
MOKa3aHO, YTO MOIO0OHBIE MarHUTHbIE KOH(MUTYpAIlMd MOTYT CMEIIaTh YaCTOTy €CTECTBEHHOIO
(beppOMarHuTHOTO KeJle3a B BBICOKOYACTOTHYHO 00macTh, Bbime 20 T Ilomumo ¢ynmamen-
TaJIbHOTO MHTEPECAa OTMEYAETCS, UTO MOMYUYCHHE TMOJIBIX YACTHI] MOTEHIIUAIBHO PUBOIUT K CHH-
YKEHHIO Y/IEJIbHOTO Beca MarHUTHOTO Marepuaia. Taxke moiocts B 00bEMe yacThlbl (heppomar-
HETUKAa MOXKET NMPUBECTU K CHIKEHHUIO BKJIaAa ckuH-3pdekra B CBU MarHuTHyr0 NMpoHHIIAe-
MOCTh KOMITO3UTOB Ha UX OCHOBE. AHAJIHM3 MPUBEAEHHBIX B JIUTEPAType JAaHHBIX TOBOPUT O BHICO-
KO AaKTyaJIbHOCTM TEMAaTHKH TaKWX HCCIENOBAaHMMA. OTO TMO3BOJSIET C/AENarh BBIBOM, YTO
HanOOJBIINNA TPAKTUYECKUN UHTEPEC ISl CO3aHUS COBPEMEHHBIX JIEKTPOAMHAMUYECKIX MaTe-
pHAJIOB MPEICTABIAIOT YacTUIlbl tuameTpoM oT 0,5 1o 1 Mxm.

Ha nacTostimii MOMEHT B JMTEparype MPHCYTCTBYET JIUIIb HEOOBIIOE KOJHMYECTBO pa-
00T, ONUCHIBAIOIINX MOTYYECHUE UCTUHHO TOJIBIX MAarHUTHBIX YacTull. [1omy4eHbl 4YacTHIIbI OKCH-
na xene3a FesOy, Takke Berpewaercs onucanue yactul] FeCo, MMMOOWMIM3NPOBAHHBIX HA ITHAPO-
nuTUdeckoM yriepone. COBepIIeHHO OTCYTCTBYIOT pabOThl CTOPOHHHX TPYIII, JOKJIAAbIBAIOIINE
MOJTy4eHHe TIONBIX YacTHll (PeppPOMAarHUTHBIX METAJIOB, U TaKKe HE BCTPEUaeTcs B IUTEpaType
aHaJIM3 SKCIEPUMEHTATLHO U3MEPEHHBIX YACTOTHBIX 3aBUCUMOCTE MarHUTHOW MPOHUITAEMOCTH
KOMITO3UTOB Ha OCHOBE TOJIBIX MAarHUTHBIX YACTHII.

PaccmoTpenbl MeTozIbI MONTyueHHs MTOPOIIKOB C TMOJION CTPyKTypoil yactul. [lokaszaHo,
YTO HauboJee MePCIEeKTUBHBIM SBJISIETCS. METO] CIIPEH-TIMPONIN3a, KOTOPBINA MO3BOJISET MOIyYarh
MOPOIIKOBBIE Marepuajabl B MHTEPECYIOIIEM JUarna3oHe pa3MepoB, U MOAPA3YyMEBAET IIUPOKUE

BO3MOKHOCTH KOHTPOJISI CTPYKTYPBI ITOJTy4a€MbIX ITOPOIIKOB.
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[1. MaTepuaJbl 1 MeTOIbI HCCJIETOBAHMS
§4 OoopynoBaHue 1J1s1 NOTy4YeHHUs! MIOPOLIKOB C NMOJIOH CTPYKTYPOii YacTHI

JI1s TOSTyYeHUs MTOPOIIKOBBIX MAaTEPUAIOB C TOJIOW CTPYKTYPOH YaCTHII, HCIOIb30BaH
METOJ] YJIBTPa3ByKOBOTO CIIPEW-TIMPONIN3a C MOCIECAYIOUIMM BOCCTAaHOBJIEHHEM B armocdepe
BOJIOpO/Ia. B mporiecce 3KCIepruMeHTOB BBISIBIICH Psifl HETraTHBHBIX COIMYTCTBYIOIINX MTPOIECCOB,
YMEHBIIAOIIUX BBIXOA MPOAYKIKH. MoauduKaus yCTpoicTBa BBOAA MPEKypcopa yCTPAHUIIO
npo0JieMy KOH/ICHCAIIMH TTapOB M KUIICHUS JKUAKOCTH B HU3KOTEMIIEPATYPHOU 30HE peakropa
neun. [Ipumenenue cenaparopa nepen (GuiIbTpoM MO3BOIMIO YBEIUYUTH COOP MPOAYKTA peaK-
[IUH CIIPEU-TIMPOIIH3a 32 CUET YMEHBIICHHS 3a30pa U CO3aHMUS 30HBI HU3KOTO JIaBJICHHS.

CxeMa yCcTaHOBKH YJBTPa3ByKOBOTO CIIPEH-MUPOIIN3a MPeICTaBlIeHa Ha pUCyHKe 2.1.
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Pucynok 2.1— Cxema ycTaHOBKH sl IIPOBEJIEHHUS TIpoLiecca Clpei-Nupou3a, Te
1 - yneTpa3ByKOBOM reHeparop, 2 — pacTBOp coiH, 3 — TpyOuarasi reub, 4 — KBapleBbIi peakTop, 5 —
BO3/IYIIHBIN ceraparop (IpepbIBaresib MoToKa), 6 — puisTp, 7 — 6apoboTep, 8 — ycTpoicTBO BBOA
npeKypcopa (ropprpoBaHHas TpyOKa) M WILTIOCTpAITHs MpeoOpa3oBaHkst: Karuist aspo3oist [45] —
YacTHIIa OKCHJIa — YacTHIa MeTaJlIa.

Ha mepBoii craguum ynsTpa3ByKOBOIO CIPEH-TIMPOJIA3A MO BO3JECHCTBHUEM BBICOKOUA-
CTOTHBIX MEXaHMUYECKHX KOJIEeOAHUH IMbe303IEeKTPUYECKOTO YIIBTPa3ByKOBOTO PAaCIbUIMTENS C
pabourMu yactoTamu fr1 HaJ1 MTOBEPXHOCTHIO )KUAKOCTH U3 BOAHOTO PAaCTBOPA METAIICOAEPIKA-
niel conu Gopmupyercs B3Bech a3posoiisi. [loBepXHOCTHOE HaTsKEHHE M IUIOTHOCTh PacTBOpa
KOHTPOJIMPOBAJIM KOHIIEHTpauuen pactBopa . llomydeHHbI a3po30ib MOCTyHaAl B TOPSIYYIO
30HYy pEaKTopa, rae Mmoj Bo3aeiicTBrueM Bbicokoil Temneparypsl 1000 + 10°C npoucxoaumno pas-
JIOKEHUE Kallellb a’dpo30J1s C UCIIAPEHUEM PAaCTBOPEHHOIO BEIIECTBA U KPUCTAJUIM3ALEH HOBOU
¢a3pl. B xauecTBe peakTopa HCIONb30BaHa KBaplieBas TpyOa JUIMHOM 1 M ¢ BHYTpEeHHUM Jua-
merpoM @ 40 MM, pacnionioxxeHHast B Tpybuaroit meun JIOMUIT LF-50/5004200 (Poccust) mu-
HOH 56 cM. COOp TBEpABIX OKCHUIOB METAJUIOB MPOUCXOIMI HA (PHIIBTPE C METAJUIMIECKON CeT-
KO, YCTaHOBJIEHHOM Ha BBIXOJE M3 pPEaKkTopa. YCTaHOBKAa BO3AYLIHOI'O CENaparopa IHepen
(GUIBTPOM MO3BOJIMJIA YBETUUUTH BBIXOJ MPOAyKTa 10 2 1/4. [lepeHoc yacTuil ocymiecTBIIsICs
arMoc(epHbIM BO3IyXOM C MOMOIIbI0 BAKYyMHOIO HAcOCa, PacIlOOKEHHOTO Ha BBIXO/E CH-

43



cteMbl. CKOpOCTh MOTOKA, U3MEHEHHAs C MOMOIIBIO POTaMeTpa, KOHTPOJIUPOBAIACH C MOMO-
IIBIO OJTHOTO WJIM TPEX OYHCTUTEIBHBIX 0apOOTEPOB M cocraBmia 10 u 5 1/MUH, YTO COOTBET-
CTBYET BPEMEHHU IpOJIeTa YacTull yepe3 peakrop 7,5 u 15 c.

Ha Bropoii craguu ObuM MPOBEIEHBI MPOLIECCHl BOCCTAHOBIICHHUS MOTYYEHHBIX TOPOIIKOB
OKcuia Metauia B armocdepe Bogopona. B kadectBe rictounuka urictoro Bomopona Hz 99,995%
ucroib30oBaH reHeparop Bozxopona I'B-12 (Poccus). [lomyueHHblii Ha nepBoi cTajuM HOPOLIOK
NIOMEIIAJIA B TPyOUaTyto nedb, CM. pUCyHOK 2.2. B Teuenue 20 MUHYT peakTop MpoayBalii ra3000-
Pa3HBIM aprOHOM BBICOKOW YMCTOTHI Mapku 4,8 /Ui yAaJeHUsI OCTaTOYHOTrO arMoc(hepHOro BO3my-
Xa, Jlajiee MOoAaBalii BOAOPOI M 3allyCKaJli HarpeB J0 TeMIIeparypbl BOCCTAHOBIEHUS [red OO
OKOHYAaHHH TIPOIIECCa BOCCTAHOBJIEHHSI KOCBEHHO CBHIETEILCTBOBAJIO TIOJTHOE HUCTIApEHHE KOHICH-
cara Ha CTEHKaX B XOJIOJHOM YacTH KBapIIEBOTO peakTopa. Jlaiee MOpoIIoK OXJIKAAICS 10 KOM-
HATHOM TeMIepaTypsl B HHEPTHOU arMocdepe Al i MacCUBalMK TOBEPXHOCTH YaCTUIL U TIPEIOT-

BpaleHrs CaMOBOCINIAMEHCHUS ITIOPOIIKA Ha BO3AYXC.

BocoranaEnenne

350...500°C

ey ]| RT H.T
Pucynok 2.2— Cxema ycTaHOBKH JIJIsI TIPOBE/ICHHS TIPOIIECCa BOCCTAHOBIICHHUSI.

B nacroseil pabore nporeccsl yabTpa3sByKOBOTO CHpPEH-NIMPOIN3a U BOCCTAHOBIECHHS
peanusyrorcst B ogHoM neuu. [locne TmarenbHOro coopa NpoayKTOB, YHCTKH JIEMEHTOB U CO-
CTaBJISIIOIIMX YCTAHOBKM IPOUCXOIUT IEPEXO K CIEAYIOIIEMY ATally BBINOJHEHUS paOOThI.

BHuemnuil Buz1 ycTaHOBKH NPECTABIIEH HA PUCYHKE 2.3.

Pucynok 2.3— BHemnuii BU pacbUIMTENBHOM YCTAHOBKH JUTS TOTyYEHHs] TIOPOILKOBBIX MaTepHa-
JIOB C TTOJION CTPYKTYpO# YacTuil, e 1 — kosba ¢ yIsTpa3ByKOBBIM T€HEPATOpOM, 2 — YCTPOMCTBO
BBOJIA [IPEKypcopa B peakTop, 3 — TpyOuarasi neub, 4 — KBapLEBbIi peakTop, S — BO3AYyILHBII cenapa-
TOp (BHYTpH), 6 — pustsTp, 7 — 6apOOTED, 8 — YCTPONUCTBO YyIpaBIIEHHUs MAacIIsIHBIM HAcCOCOM, 9 — reHe-
parop Bomopona, 10 —razopacnpesenuresbHas cucrtema (Ar, Ho).

4.1 lMonyyenue nopoumkos Fe
@DeppoMarHUTHbIE MOPOLIKHU XKEJIe3a C MOJNO0M CTPYKTYpOH NMOITy4eHbl paclbUICHUEM W3

BOZHBIX pacTtBopoB HuUTpara xenesa (I11) FENOz)3-9H20, npuroToBieHHBIX pacTBOPEHHEM KpPH-
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CTAJUIOTHJIpaTa B JUCTWILIMPOBAHHOM BOAE C KOHILIEHTpauueil pactBopa @ ot 10 mo 25 mace.%
(0,4...1 M). KontieHTpanuu orpaHMu€Hbl MPEACIOM PACTBOPUMOCTH OE3BOJJHOTO HUTpATa Ke-
ne3a(Ill) B Boge okono 45 macc.% mpu KOMHATHOM TeMIeparype U TEXHOJIOTMUYECKHUMH BO3-
MOXHOCTSIMH pacIibUIEHUs] pacTBOPOB C KOHLIEHTpaiuei He Oosnee 25 macc.%. B kauectBe uc-
TOYHHMKOB a3pO30JIis HCIIOJIb30BaHbl Y3-reHeparopsl — Ansoemo-MHE (Poccus) u Mist Maker
(Kutait) ¢ yacroramu pacnsuienus fri = 2,64MI' u frp = 1,7MI 11, COOTBETCTBEHHO.
B pesysbrare Bo3aeiCTBYS TEMIIEpaTyphl B PEaKTOpe MPOUCXOAUT PA3JIOKEHUE CONH C KPHU-
crayum3anei TBepabix yactuil okcuza skenesa (1), cobupaembix Ha GuabTpe:
4Fe(NQ)3 — 2Fe203 + 4N, + 110. (2.1)
Jlanee monyuyeHHble mopoinku okcuma skenesa (Ill) BoccTraHaBnmuBaiu Ui MOMyYCHHS
YacTUL METANIMYECKOTO JKeJe3a COMIAaCHO PEeaKLUu:
FeOs + 3H2 — 2Fe+ 3H.0. (2.2)
Boccranosnenue npopoawiu npu temneparype B auanasone 350 — 500°C ¢ marom B
50°C B Teuenue 75 MuHYT. JIOMOJHUTEIBHO MPOBEIEHBI BOCCTAHOBIICHUS MPHU O0JIee JTUTEIh-
HOM BpeMeHH BbliepkkH 120 u 180 MUH ITpH pa3InyHbIX TeMIIEpaTypax Tred
4.2 Tloy4uenue nopoukoB Fe1xCox
[Tpu oMo MeTONUKH, pa3padOTaHHOH IS TIOTYYCHUs IMOPOIIKOB F€ pacrbuicHIeM
cMmecu BogHBIX pactBopoB HuTparoB skenesa (1) FENO3)z9HO u kobansra (1) Co(NOs)2 ¢
OJIMHAKOBOM KoHIeHTpanuel @ 10 macc.%., cormacHo peakuun (2.3) mpu 1000°C, nomyuen dep-
put kobansra CoFeOs:
2Fe(NQ)s + Co(NQGs)2 — CoFe204 + NG + 20. (2.3)
Conepxanue ko06anbTa peryaupoBaii Ha MEPBOM CTAINK CHHTE3a CMEIIEHHEM PacTBO-
poB Fe(NOz)z u Co(NO3)3, B3sThIX B 00beMHBIX cooTHOIIEHUsAX 50:50, 70:30 u 80:20. YMeHb-
meHue copepxanust oobemuon 1o Co(NOz)2 B cMecH pacTBOpOB BIHSET Ha COOTHOIICHUE Fe
u Co uroroBoro npoaykra. Boccranosienne geppura kodasra CoFeOs ipu 300 — 500°C B
arMocdepe BoAopo/ia MPOTEKAET COTTIAaCHO PEaKIuu:
CoFeOq + 4H, — 2Fe? + Cd + H:0. (2.4)
Takum 00pa3zoM MOTyYeHBI MOPOIIKH Jkene30-kobanmsra FexCOox ¢ HOMHHAIBHBIM CO-
craBoM FeysCos7, Fe;4C 036 1 FersCops.
4.3 HaneceHue anajieKTpuuecKoii 00010uxku SiOQ2
Hanecenue ToHkoi quanexkrpudeckoit 000mouku SiO2 Ha MOBEPXHOCTh YaCTHIL Jkee3a Fe
ocymiecTBIsUTH  ruapoin3oM Terpadtokcucmiana  (CoHsO)4SI(TOC) B BOAHO-CIIUPTOBOMA
cpene [89]. K MeTayummueckoMy MOPOIIKY B KOJIOY TOCIIENOBaTelIbHO H00aBsu 3taHon u TOC.
KonOy momeranu B ynbTpa3ByKOBYIO BaHHY, yepe3 30 MUHYT 100aBIsUTH BOAHBIN PacTBOP aMMHU-

aka NH4OH. O6némuoe cootHormenne Mexxay C2HsO : (CoHs0)4Si :NH4OH cocrasmsumo 10:1:1,
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COOTBETCTBEHHO. llomyueHHy0 cMech MOABEPrajiv YAbTPa3BYKOBOM 00paboTke B TeueHHE
2 4acoB ¢ JIOMOMHUTENLHBIM MEXaHHYECKUM TIepeMelBaHneM Kaxpie 15 muH. [1o okoHUaHMIO
pEaKI|y, OCaJIOK JEKAHTUPOBAIM C MTOMOIIBIO BHEIIHEr0 MarHUTa U MPOMBIBAJIM TAHOJIOM JI0
MPO3PAYHOCTH «CIUBHOWY >KUAKOCTHU. [lomydeHHbII TOPOIIOK CO CTPYKTYPOM «sAap0-00010uKay
cyuu npu temrneparype 60°C B Teuenue 8 yacos. [Ipusec SiO2 coctasui okono 10%.
§5 MeTtonbI ucciie10BaHuse
5.1 Cxanupyomasi ¥ NpOCBeYMBAOLIAS IeKTPOHHAS] MUKPOCKOIHS

UccnenoBanre MOphoI0ruu 1 MUKPOCTPYKTYPBI MPOBEACHO C MOMOIIBIO CKAHUPYIOIIETO
anekTpoHHoro Mukpockona (COM) LEO EVO 50XVP (I'epmanust). M300paxeHus: OTy4eHbI TP
yckopsirorieM HarpsbkeHnH 20 — 30kB Bo BTropiuHBIX 35ekTpoHax B Bakyyme He MeHee 4,1 k[la. B
Ka4eCTBE OOBEKTOB HMCCIICIOBAHUS MCIIONIB30BaHbI mopoiku Fe Fa xCox, ux okcuabl u Fe@SiO»
PAaBHOMEPHO pacIpe/ieieHHbIe Ha YIIEPOJHOM BaKyyMHOM cKoTde. PacripeseneHus yacTHIl IO
pazMepamM MOCTpOeHbI N0 m300paxkeHusM COM BpyuHyto 1o uzmepeHuto auamerpos 500 — 1000
UHIMBUTYaJIbHBIX CPEPHUECKHMX YaCTHIL IS KKI0ro odpasiia B nmporpamme ToupMew Cpenauii
pa3Mep YacTHII MOPOIIKOB OMPEACIICH KaK MAKCUMYM HOPMAJIbHOTO PACIIPEICIICHUSL.

KavyecTBeHHBIN M MOIYKOJIMYECTBEHHBIN 2JIEMEHTHBIN aHalU3 cOCTaBa 0OpaslioB OCY-
IIECTBJICH C TOMOIIbIO CKAHUPYIOIIEro 3MeKTpoHHOro Mukpockona JEOL JCM7000(Smnonwust)
CO BCTPOEHHBIM JETEKTOPOM HSHEPrOJUCIIEPCUOHHON peHTreHoBckoil crekrpockornuu (DC).
W3mepenust mpoBomwiid Ha OOJBIION TUTOMAM (B IECSITKH MUKPOH) MPU MTOHMKEHHOM YCKO-
psirorieM Hanpspkenuu, Menee 20 kB. HccnenoBanucek cooTHotenus sementoB FeSiu FeCo.
PaBHOMepHOCTDH pacmpenernenust TBepaoro pactsopa Co B Fe ompenenena no peHTTeéHOBCKUM
KapTaM pacrpeieIeHHsl HIEMEHTOB I10 TUIOIA/IH.

JIyis monTBEpKACHUST HAIMYHMS TOHKOW AMAIeKTpudeckoi 00omouku SiOz, OPOIIKHA CO
CTPYKTYPOH «SIp0-000JI0YKa» HCCIETOBAaHBl C MOMOIIBIO MPOCBEUYMBAIOIIETO SJIEKTPOHHOTO
mukpockona JEOL EM-1400 (SAnonus). M300paskeHns MOIydYeHbl B CBETJIONOIBHOM PEXUME,
JUISL SKCIIEPUMEHTA TIOPOILIOK HAHOCHJICS HA MEIHYIO CETKY C YITIEPOIHBIM CII0EM.

5.2 PenTrenoBckasi nudppaxuust

Wnentudukammsa $HazoBoro cocraBa M OnpeseieHNe CTPYKTYPHBIX XapaKTEPUCTUK I10-
JYYEHHBIX MTOPOIIKOBBIX MaT€PHaIOB BHITOIHEHBI C TIOMOIIBI0 PEHTTEHOBCKOTO TH(pPAKTOMET-
pa dudpeit 401 (Poccus) ¢ ucnonszosanueMm Cr Ky, o, usnydenus (A = 2,2909 A) B reomer-
pun bperra-bpenrtano. M3mepenus nposenens! ¢ marom B 0,01° B quanasone ymios ot 14 1o
140° 26. AHanu3 peHTTeHOBCKUX IH(paKTOrpaMM M MACHTU(HUKALUS PEHTIEHOBCKUX JMHUN
BBITTOJTHEHBI C MOMOIIBIO mporpaMMuoro obdecredenuss CSD [90] npu wcmonbp3oBaHun 0a3bl
JMaHHBIX TopomkoBor mudpakipm ICDD PDF2. [TapameTp pemeTkn paccyuTaH U3 MEXIIOC-

KOCTHOTO PACCTOAHUSA IJIA Ky6PI‘-ICCKOI>i PCHICTKU C HUCIIOJIb30BAHUEM HMHICKCOB MIOJ'IJ]Cpa, HUH-
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JTUITUPOBAHHBIX I KOKI0W peHTreHoBCcKoW ymanK. Cpeaauii pasmep kpuctamumutoB (OKP) t
paccuMTaH Mo yIUpeHUIo TU(PAKIIMOHHBIX TTHKOB, allIPOKCUMUPOBAHHBIX (PYHKIIUEH TICEBIIO-
Boiira ¢ ucnonszoBanrieM nporpammbl PROFAN (13 akera CSD), o smnupudeckoit hopmyiie
leppepa [91], rae popma KPUCTATUTUTOB HPHHATA cheprueckoit. Takxke sl OLIEHKH Pa3MepoB
KPHCTAJUTUTOB UCIIOIh30BaH METOl YHIIbSIMCOHA-XO0JIJIa, KOTOPBIA YYUTBIBAET 00pasyroIyecs B
CTpyKTYpe aedopMaliuy u3-3a 1eeKTOB yIIaKOBKH, TOYCUHBIX U Mpounx jaedextos [92].
OnpeneneHne MOTyKOINISCTBEHHOTO CONIEPYKaHMsI BEIIECTB B CMECH BBITIOJHEHO TPU
nomoru Meroga kopyHaoBeix uncenl RIR (Reference Intensity Ratio) [93]is nByxdasnoii
CMECH OTHOIIICHHE U3MEPEHHBIX HHTEHCUBHOCTEH |4/l 4 BRIpaskaeTcst ypaBHECHHUEM:
la _ U/1)a Xa
Iy /1Dp Xg

e Maccosas nons ¢pakuun X, = 1 — Xp. Benuunna I/l ¢, KopyHI0BOE 4KCII0, PUBOIUTCS B

(2.5)

kaproukax 6as3bl manusix PDF (Powder Diffraction Filg u yka3biBaeT Ha OTHOILICHHE WHTEH-
CHBHOCTEH ompenesieMoil Gpa3bl K HHTEHCUBHOCTH peduiekcoB a-Al 203, kak K cTaHIapTHOMY
Mmarepuaiy. Pacuér MaccoBbIX J071€i MO3BOMISET MPUMEPHO OLIEHUTH KOJUYECTBEHHOE COOTHO-
HIEHHE METANTNYEeCKOM U OKCUAHOM (pa3 B MOTyUYEeHHBIX 00pa3iax.
5.3 'nmma-pe3oHaHCHASE CIIEKTPOCKOMUS

MarHuTHOE COCTOSHUE IOPOIIKOBOTO elie3a U CTPYKTypa JIOKAILHOTO OKPYKCHHS
aromoB Fe aromamu CO B TBepmoM pactBope FerxCoOx mcciemoBaHo ¢ MOMOIIBIO TaMMa-
PE30HAHCHOM crieKTpocKonuu B reomeTpuu npomyckanus mpu 78 K u 300 K. MéccbayapoBckue
CHEKTPHI MOTIOLIEHHS MTOTyYeHbI MECCOAYIPOBCKUM CIIEKTPOMETPOM C MOCTOSHHBIM YCKOPEHHU-
eM Ms-1104 En (Poccus) ¢ paanoakTuBHeIM HcTounukoM °'Co (Ritverc, 10mKu). {ns pasio-
JKEHUSI U3MEPEHHBIX CIIEKTPOB HCIONIb30Baiu nporpammy UnivemMS 9.08. M3omepHbie ciBu-
T OTIPEICISUTA OTHOCUTEIILHO CIIeKTpa o-Fe mpu KOMHATHOM Temreparype.

5.4 CUHXPOHHBII TepMUYECKHIT aHAIN3

Tennmoduznyeckue cBoiicTBa MOPOIIKOBBIX MarepUalIOB UCCIIEOBAHBI METOAAMHU TEPMO-
rpasumerpun (TT') u muddepenumansaoii ckanupytomeit kanopumerpun (JICK) ¢ nmomormisio
npubopa CHHXpOHHOTO Tepmuueckoro ananusa Netzsch STA 449 FJupiter(I'epmanwust). Tepen
HAYaJI0M WU3MEPEHUH TOTYYCHHBIX IMOPOIIKOBBIX MATePHAJIOB MPOBE/IeHa KATMOpPOBKa Mprudopa
Mo Temreparype u TerioBoMy 3hdeKTy (HhazoBbIX MEPEeX00B MeTaTMYecknx cTanmapToB (In,
Zn, Al, Au u nip.) ¢ uucroroir He meHee 99,999%. Koppekrupyromias KaInOpoBOUHAas KpUBast
OXBaThIBaeT TeMreparypHbii uatepsai 10 1500°C. [epen kaxapIM 3KCIIEPUMEHTOM MIPOBOIAUTCS
U3MEpEHUE IyCTOr0 KOPYHJIOBOTO THUIVIS B JHHAMHUYECKOM PEXHMME HarpeBa MpH JIMHCHHOM H3-

MEPEHUH TEMIIEPATYPBIL, TIOCIIE TPOBOIUTCS N3MEPEHNE MOTyYEHHBIX MAaTEPHAIIOB.
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N3MepeHnss Macchl U TEIJIOBOTO MOTOKA MPOBOIWIIUCH B MHEPTHOM U OKHCIUTEIBHON
cpeaax mpu HarpeBe OT KoMHaTHOM Temmeparypsl A0 1000°C co ckopoctbio 10°C/mMun mipu
arMoc(epHOM JIaBIeHUH. B KauecTBe ra3za-oKHCIHUTENS HCIOIb30BaH arMoc(hepHbIil BO3IyX
WK aproH ocoboi unctotsl 99,999%. Macca uccnenyemMbix MOPOLIKOB, MOMEIIEHHBIX B KO-
pyHnoBbie TUIIIN (O 6,8 MM), KOHTpOIMpoBaack B nuana3one ot 10 go 20 mr. HuwkHuii mipe-
Jenl 00yCIIOBJICH YYyBCTBHUTEIBHOCTHIO MPHOOpPA K MPOTEKAIOIIMM XHMHUYECKUM PpEaKIUsM,
CBSI3aHHBIX C NOTEpeii/HabopoM Beca ¥ BBIICICHUEM/TIOIIONICHHEM Teruia. Bepxuuil npenen
00ycJIoBJIeH BO3MOXKHBIM HEpPaBHOMEPHBIM IporpeBoM oOpaszna. OOpaboTka SKCIEpPUMEH-
TaJbHBIX CUTHAJIOB B 3aBHUCHMOCTU OT TE€MIIEpPAaTyphbl WJIM BPEMEHH OCYLIECTBIIEHA C IOMO-
IIBIO TIpOrpaMMHOTO obecniedenus: Proteus Analysis.

Jlns usmepenus Touku Kropu siueiiky ¢ o0pa3ioM noMeniaiyu B OCTOSHHOE MarHUTHOE
noJie B uHepTHO# armMocdepe [94]. BHelHee MarHuTHOE 110JIe 00ECIIEUUBATIOCH BHEITHUMH I10-
CTOSITHHBIMHM MarHUTaMH, pa3MeIIeHHbIMU Ha Kopmyce neuu. [lepexon uepes Touky Kropu peru-
CTPHUPYETCS M0 CKauKoOOpa3HOMY M3MCHEHHIO Beca oOpasna (CM. pUCYHOK 2.4), KOTOpOE BbI-
3BaHO (ha30BbIM nepexoqoM || pona, uTo BhIpaxkaercss B mpeKpallieHUH JeHCTBUS CUIIbl Ha dep-
POMarHeTHK cCO CTOPOHBI BHEIIHEr0 MarHUTHOTO Mofsi. Temmneparypa ¢a3zoBoro nepexona ornpe-
JIeJIeHa KaK MaKCUMyM I1epBoil mpou3BogHou TI'-kpuBoii.

TT % dTr, Yl MKH

Fea h

=

FAD

L ES] L Bsl
1E"|I'EZI:IT:|1:|:I. hH

Pucynok 2.4 — ®a3osblii iepexon || pona Ha KpUBOI TEPMOTPaBUMETPUH.

(=] AED T THl

5.5 Onpenesienne yeabHOI 101U IOBEPXHOCTH
AncopOunoHHbIE N3MEPEHUs TOPOIIKOBOTO JKeJIe3a MPOBEACHBI C MTOMOIIBIO aHATH3a-
TOpa ynenpHON moBepxHocTH U pazmepoB nop AIM TOP-200 (CILIA) meronom Bbpynayspa-
Ommerta-Temtepa (B3T). M3orepma amcopOumu m3MepeHa MHOTOTOYEYHBIM aHAJHM30M MpPU

TeMmreparype kunenus skuakoro azora N2 (77 K), ucrnonb3yeMoro B kayecTBe ajgcopoara, B 00-
2
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JIaCTH 3HAYCHHH TapIHaabHOTO AaBjieHus P/po B auamaszone ot 0,05 mo 0,30 arm. DKCriepuMeHT
MPOBEICH B CTAIIMOHAPHOM pexuMe: oOpasen oxnaxnamm a0 77 K moa Bakyymom, anee BBO-
auTest Ta3000pasublid N2 10 JTOCTHKEHUS 3aJIaHHOTO JIaBlicHUs P/Po. YaenbHas Iuiomans Io-
BEPXHOCTH MEPECYMTHIBACTCS M3 OTHOMICHHUS TOMIOIICHHOTO Ta3a B 3aBUCUMOCTH OT P/po. Jlist
3TOro (PUKCUPYIOTCSl BEIMYMHBI BHEUIHETO JaBJCHUs Mapa, 00bEM BBEIEHHOIO rasza U macca
HABECKU HA aHAJIMTUYECKUX BECaAX.
5.6 OnpenesieHue MJIOTHOCTH U NOBEPXHOCTHOTO HATSIZKEHHSI PACTBOPA

[11oTHOCTB MCCHEAYEMBIX KUIKUX PACTBOPOB OIPENENSIIACH [0 OTHOLIEHHUIO K INIOTHOCTH
JVMCTHUTMPOBAHHON BOJIBI IPH TIOMOIITH MHKHOMETpa 00béMoM 10 cM> 1 1aG0paTopHBIX BECOB.

KoaddunueHT moBepXHOCTHOTO HATSDKEHHSI JKUAKUX PACTBOPOB OIpPEIENIEH METOI0M
OTpbIBa Kanenb. 3agukcupoBanHyto 0roperky 1-1-2-50-0,1 ¢ kpanom (I'OCT 29251-91) 3amon-
HSUIA UCCIIEyEMbBIM PACTBOPOM COJIU. B IMycTyr0 €eMKOCTb, PACIIONOKEHHYIO Ha aHATUTUYECKUX
BECax, OTMEPSUIN 3aJaHHOE KOJIMYECTBO 0moenbHbIX (HE CIMBAIOMIMXCS MEXIy COOO0i) Karenb
*uakocTd. OTCI0/1a MOKHO PaCCYUTATh CPETHIOI0 MAcCy OIHOM Karli My AJIst KaKJ0TO Cyydasl.

Cuia mOBEpXHOCTHOTO HATSHKEHUS JIEHCTBYET BIIOJIb OKPYKHOCTH KOHYHMKA TPYOKH pa-
mycom I' = 0,8 MM. B MoMeHT OTphIBa, Korza o0pasyeTcs Tak Ha3blBaeMas «IICHKa», CHia I10-
BEPXHOCTHOTO HATSDKEHUS KaIlIM YMCICHHO paBHA cuiie Tshkectn Mug. Torna koadduiment no-

BECPXHOCTHOTI'O HATSXKCHUA PABCH CUJIC, I[eﬁCTBYIOHlefI Ha CANMHULY UIMHBI JIMHUU pa3/iciia (1)83:

5= 218 (2.6)

2nr’

Cpennee 3HaueHne kod(puieHTa MTOBEPXHOCTHOTO HATSHXKEHUS PACCUMTAHO IS pac-

tBopoB FE(NO3)3 u cmecu (FENO3)3, CO(NO3)2) 1 Kax10ii KOHIIEHTPAITUH.
5.7 N3roroBiieHre KOMIIO3UTOB U onpesiesienue 3p(peKTUBHOM IUIOTHOCTH

B kauectBe 00mexkmos uccnedosanus BHIOpaAHbI KOMIIO3UTHI HA OCHOBE NMapaduHOBOM
MaTpUIIbI, HAOJHEHHBIC CHHTE3NPOBAHHBIMHE ITOPOIITKAMHU Jkejie3a Fewn mopormkaMu cucTeMbl
xkee30-ko0anbT Fe1 xCox. KoMIo3uThl M3roTOBICHBI ITyTEM CMEIICHHSI HABECOK TOTYYSHHOTO
MOpOIIIKa MeTasia U mapaduHa B MacCcOBbIX cooTHomeHusx 3:1, 1:1, a taxke 1:2, 1,5:1,2:1u
3,5:1 nmns umccrnenoBaHWs KOHIIGHTPAIMOHHBIX 3aBucuMocTed. [lapadun u HamomHUTENb
B3BCIIMBAIM HAa aHATUTHUYECCKUX Becax, HarpeBaJM JI0 TEMITepaTyphl IUIABICHHS MapadpuHa
(~65°C) n mepemMeImBaIu 0 3aTBEPACBAHUS TPH OXJIKICHHUH. [[0oydeHHy0 cMeCh TIpecco-
BaJIM B npecc-(hopMe B BUJIC KOAKCHAIBHBIX MIa0 ¢ BHYTPEHHUM M BHEIITHUM JraMeTpaMu di
u o, paBHBIMU 3 U 7 MM, COOTBETCTBEHHO. TOUHOCTh M3MEPEHHsI MACChl KOMIIOHEHTOB, pa3Me-
pPOB 00pa3iia M TUIOTHOCTH Marepuaja IMpH OIpeIeIeHUH 00BEMHOTO COICPKAHUS BKITFOUCHHIMA
MarHeTuKa MMEIOT KPUTHUYECKOe 3HAYCHUE JIIs onpeneneHus 3Q(EeKTHBHBIX CBOHCTB KOMITO3H-

HUOHHBIX MaTCpUaJIOB U UX IJICKTPOANHAMUYICCKUX MMapaMCTPOB.

49



Jnist orteHkr 3(h(HeKTUBHBIX MArHUTHBIX CBOMCTB KOMITO3UTOB Ha OCHOBE Mapa)MHOBON Mar-
PHUIIBI ¥ MaTepUaIoB BKITIOUCHHH, MIPOBEACHBI KOIUUECIBEHHbIE OYEHKU UX IGDPEKMUBHbIX NIOMHO-

cmett. DhPEKTUBHAS TNIOTHOCTh H3TOTOBJICHHOTO KOMITO3UTa PACCUUTRIBACTCS 110 (hopmyIie:

m,

pe=V_eo (27)

rae Me — 3G deKkTuBHas Macca KOMIO3UTa, Ve — 3 GEeKTUBHBINA 00BEM, PaBHBINA MPOU3BEICHHIO
mtomaay cedenust S = n((d2/2)? — (ch/2)?) Ha TommuHy obpasia d.
Hcronb3yst cripaBOYHbIe 3HAYCHUST COOCTBEHHOM TUIOTHOCTH Matpuilbl ph (i napadu-
3
Ha — 0,92 r/cm® [95]), a TakKe M3MEPEHHBIC MAaCChl MATPHUILBI Mh M HAIIOJHHUTEIS MM, TIOIYyYUM

COOCTBEHHYIO TUIOTHOCTh BKIIIOUCHUIA i
m; me —my me — my
p' = e— T = .
L Ve ="V me/pe - mh/ph

(2.8)

O0BEMHOE conepkaHie BKIIOUEHUH P 1 00BEMHOE COMepKaHHe MarHeTHKa Pm B KOM-

MIO3UTE OIMPEIEIISIOT 0 (POpMYyIam:

Vi
pi = Z’ pm :pi.pm(i)' (29)

T1€ Pm() — 00BEMHOE cozlepKaHie MarHeTHKA BO BKITFOUCHHUSX.

[110THOCTH HAaBECKU MOPOIIKOB JKeJie3a U JKelle30-Ko0aabTa ONpeAessuid TaKkke THAPO-
CTaTMYECKUM B3BEIIMBaHUEM B dTaHoJie. Macca HaBecok cocrapiisiia okoio 0,5 — 1t ¢ TouHo-
CTBIO JI0O YETBEPTOTO 3HAaKa Iocie 3ansatoil. st ynanenus: aqcopOMpoBaHHOTO Tra3a C IMOBEpX-
HOCTH YacCTHI] MTUKHOMETP C MCCIEAYEMbIM MaTepUaIoM IMOJBEPrajl KpaTKOBPEMEHHOMY BO3-
NEUCTBUIO yabTpa3Byka. [IMOTHOCTh 00paslioB ONMpeneNsiif Mo pa3Huile 00bEMOB 10 U MOCIe
J00aBJICHHS TIOPOIITKA U3BECTHOM MacCHhI.

5.8 Maraurocraru4eckue u3MepeHust

KpuBbie HamMarHu4YMBaHMs TOTYYEHBI C TIOMOIIBIO U3MEPEHUM Ha BHOPAIIMOHHOM Mar-
HETOMETPE B MAarHUTHOM TI0JI€ HANPSDKEHHOCTHIO 10 17 k3. [l onpeneneHus yenbHOTO 3Ha-
YEeHUSI HAMarHMYEeHHOCTHU HachlleHus: Ms ucrnonb30BaHbl mapauHOBBIE KOMITO3UTHI C BKITIOYE-
HUEeM (eppOMarHUTHBIX MOPOIIKOB FE B MaccoBoM cooTHoIIeHUH ¢ HamonHuteneM 1:1. Iomy-
YEHHBIC PE3YIIBTAThl N3MEPEHUI CKOPPEKTUPOBAHBI C YYETOM BHYTPEHHETO pa3MarHUIUBAOIIIE-
ro IOJIsi, KOTOPOE 3aBHCUT OT reomerpru (KoddduimenTa pasmMarnnunBanus) oopasma [96].
OO6pa3zer npeacTapisieT coOOW IUIMHAPUIECKYIO TAONETKy AUaMETPOM 7 MM M TOJIIMHOW B
npeaenax 0,5 — 2 MM, H3MEPSAEMYIO MUKPOMETPOM.

N3mMepenust merenh MarHATHOTO THCTEpE3Wca ITOPOIIKOB JKelle30-kobampra Fei«Coy,
CIIPECCOBAaHHBIX  0€3  CBS3YIONIETO, TMPOBEJACHHI Ha  BHOPAIMOHHOM  MarHETOMETPE

LakeShore 7404pu komMHaTHOU TemIieparype B moysix o 15 k0.
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5.9 N3mepennsi CBU MarHUTHBIX CBOICTB

B kadecTBe OCHOBHOTO METO/Ia MCCIIEIOBAHUS XapaKTEPUCTUK (hepPOMArHUTHBIX MaTepra-
JIOB B BBICOKOYACTOTHOM 3JIEKTPOMArHUTHOM 1ojie ObUT BbIOpaH meron Hukoncona—Pocca—Yupa
[97,98]. U3mepenust 4aCTOTHOM 3aBUCHMOCTH MAarHHUTHOM M IHAJICKTPUYCCKON MPOHUIIAEMOCTEH
KOMITO3UTOB TIPOBE/ICHBI C MOMOIIBI0 BeKTOpHOro aHamm3aropa ueneid Keysight N5224Bg cran-
napTHoM 7/3 xoakcuanbHoM BoHoBoze N-tuna B amanaszone yactot 0,1 — 30T, M3mepurensHbie
MOPTHl BEKTOPHOTO aHANM3aTopa OTKAIMOPOBAHBI C HCHOJIB30BaHMEM Merona KaimmbOpoBku TRL
(Through-Reflection-Line) [99], cocrosimeii 13 n3MepeHus S-mapaMeTpoB B TPEX KOHPUTYpaIHsX:
Ha TIPOXOX/ICHHE, Ha OTPayKEHHE C KOPOTKO3aMBIKAaTeIeM BMECTO SUCHKU M M3MEpEeHHs KaauOpo-

BOYHBIX CTaHIapTOB. KoakcnalbHbI 00pasel 1 pa3pe3 BOTHOBO/A MPE/ICTABICHBI HA PUCYHKE 2.5.

T -~

- d
Zg ﬂ//A?%jg Zp
Wi

PucyHok 2.5 — M300pakeHne KOaKCHATBLHOTO 00pasiia i CXeMa ero pasMeriieH s B BoHoBoze [97].

B ocnose metona Huxoncona—Pocca—Yupa nexxut oqHOBpeMeHHOE U3MepeHre K03 puiu-

SHTOB MpOXOKIeHus (S21 1 S12) U oTpakeHus (S11 U Sp2) 0Opasiia usBectHoi Tomumubl d. Koad-
(HIEHT OTpa)KEHUsI BOJIHBI [ OT rpaHUIIbI pa3ziena «00pa3er-Bo3ayx» onpenessercs (hopMyIoi:

o Z=2Z_ Jwe—1

Z+Z Jwe+1

e Z = ZO\/ M/ - XapaKTepI/IC'I‘I/I‘leCKI/Iﬁ HUMIICHAHC, it U &€ — KOMIUICKCHBIC MalrHUTHAA U JU3JICKTPH-

(2.10)

yeckas nponuraeMoct. [t permenust ypapaenue (2.10) ¢ qByMst HEU3BECTHBIMH (1 U €) BBOITUTCS

BBIpaKEHHE TS KOd(hHIMeHTa 3aTyXaHus Z B CJI0€ Marepraia TONMHON d:
7= e_jw usd = e_j(w/c) HSd. (2.11)
Pemenue ypasuennii (2.10 u (2.11) otHocutensHo €9, e k = \/|ie, cBOIMTCA K KBaApaTHOMY

ypaBHernto I = X £ (X? — 1), oTkyza nonydaem:

L
e \1—-1) v

o= (5 (O e

Taxkum o6pa30M, MCTO HI/IKOJICOHa—POcca—yI/Ipa MO3BOJIACT ONPEACIIATE OAHOBPEMCHHO KOM-

(2.12)

IIJICKCHBIC MAHUTHYIO U TUBJICKTPUYICCKYIO IIPOHUIIACMOCTHU Marepuajia o6pa3ua:
p=ycicy = p +ip",

o (2.13)
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Jlnig aHanu3a JTUHAMHYECKHX MAarHUTHBIX XapaKTePUCTUK MU3MEPEHHBbIE YaCTOTHHIE 3a-
BUCHUMOCTH MarHMUTHOHW MPOHHUIIAEMOCTH OBUIH anmpOKCUMHUPOBAHBI BBIPAKCHHUEM YaCTOTHON
nucriepcun Jlopenna (1.7) [6]. B kadecTBe 0OCHOBHOIO THapamerpa Ui OLCHKH U CPaBHEHHSI
MarHUTHBIX CBOMCTB MOJTYYEHHBIX (PEPPOMArHUTHBIX IMOPOIIKOB C MOJION CTPYKTYpOi BbIOpaH
napamerp Ame (1.8).

IIpu u3mepennn MarepuanbHbIX IapaMeTpoB MeronoM Hukoncona—Pocca—Yupa B koak-
cuanbHOM BoHOBOAE N-tuma Ha dactore ~ 18T momumo ocHoBHOM TE-mMombl BO3MOXHO
pacrpocTpaHeHue BbIcIIel Mobl. Pe30HaHCHI BBICIIMX MO/ UCKAXKAIOT Pe3yabTaThl U3MEPEHHI,
HO TIpY 3TOM OBICTPO BO3HUKAIOT U OBICTPO 3aTyxaroT. DopMUpPOBAHKE BBICIIUX MOJ] B IIPSAMO-
YTOJIbHOM M KOaKCHAJILHOM BOJTHOBOZAX MOAPOOHO mccienoBaHo B padorax [100,101].ITossie-
HUC BBICIIMX MOJ 3aBUCHT OT JICKTPOAMHAMUYCCKHX MapaMeTPOB M TONIIUHBI oOpasma. s
YMEHBIICHUS MX BIMSHUS Ha Pe3yJbTaTbl U3MEPEHH, 00pa3iibl JOIKHBI ObITh W3TOTOBJICHBI
MaKCHMaJIbHO OJHOPOIHBIMH, C TUIOCKUMHU M IIaJKUMU TPaHHUIIAMU, PACTIOIIOKEHHBIMH Tep-
MEHIUKY/ISPHO Tajiatomieit BomHe. [Ipy 3ToM He J0ITycKaeTcsl Halmdue 3a30pOB MEXKIY 00pas-
IIOM U MTOBEPXHOCTSMH BOJHOBOJA. YUET BBICHIMX MOJ] U IPHUMEHEHHE alPOKCUMAIIAN ITO3BO-

JACT IPOBOAWTD KayeCTBEHHBIN aHAIIN3 PE3yibTaroB I/ISMepeHI/Iﬁ A0 4aCTOT IMOopsAaKa 30IT II.

52



[11. UccrenoBanue 3aBHCUMOCTE JUHAMHYECKHX MATHUTHBIX CBOICTB
0T pa3Mepa MoJIbIX YACTHII KeJie3a

§6 IlpenesibHbIE pa3Mepbl MOPOLIKOB 7KeJie3a, MOJIy4eHHbIX ¢ IOMOIIbIO YJILTPAa3BYKOBOIO
CHpei-IIMPOoJIN3a ¢ MOCJIeTYIOIIMM BOCCTAHOBJICHHEM B BOIOpo/ie

Merton ynbTpa3ByKOBOTO CIpEH-MUPOIN3a MO3BOISET MOIYyYaTh YaCTHIBI Pa3MepOM
OT HAHOMETPOB JI0 HECKOJIBKUX MUKPOMETPOB B IMaMeTpe. XapaKTepHbIE pa3Mephbl YaCTHUII
3aBUCAT OT JIByX MMapaMETPOB CHHTE3a: 4acCTOThI paclblieHUs f7 U KOHIICHTPALUKA HCXOJI-
HOT'O PacTBOpa COJU , ONPENENAIONIe MOBEPXHOCTHOE HATSXKEHUE ¢ U IUIOTHOCTD KU /I-
KOCTHU p,e. B HacTosileM paszene paccMaTpPUBAIOTCSA CBOICTBAa MaTepUalioB, MOTYyUYEHHBIX
BOCCTaHOBjIeHUEM B TeueHue 75 munyt npu 400°C. Biausaue temneparypbl BOCCTaHOBIIE-
HUS OyzneT paccMoTpeHo nanee. KoHTponupys ycloBUsl paclbUICHUS MOKHO JIOCTHYb yBe-
JUYEHUs CPEeIHEro pa3Mepa YacTHUll MPUMEPHO B 1Ba pasza, oT 0,5 go 1 mkm. YacTtoTHbIe
3aBUCHUMOCTH JIUIJIEKTPUUECKOM M MArHUTHOM MPOHHUIIAEMOCTEH KOMIIO3UTOB, COJIEpKa-
IIMX MUHUMaJIbHO U MaKCUMaJIbHO JOCTUTHYTBIE CPEIHHUE pa3Mephl JKEJEe3HBIX YaCTHIl C

MOJION CTPYKTYpOM NpUBEIEHBI HA pUcyHKe 3.1.
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Pucynok 3.1— YacToTHble 3aBUCUMOCTH KOMIUIEKCHBIX TUIEKTPHYECKOM U MATHUTHOM TIPOHHIIAC-
MOCTEH OPOIIIKOB eJe3a Fe MUHUMAaIbHOTO M MaKCHMAJTbHOTO IOCTUTHYTHIX pa3MepoB. ToukaMu
Ha PUCYHKE YKa3aHbI SKCIIEPUMEHTAIIBHBIE TAHHBIE, JIMHUAMU — alllIPOKCUMALUH, a TAKXKE YKa3aHbI
CpeIHUE pa3Mephl YacTHIl M YPPEKTHBHAS TUIOTHOCTh KOMITIO3UTOB C MaCCOBBIM HaromHeHueM 3:1.
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YCTaHOBJIEHO, UYTO ¢ YMEHBIIEHHEM pa3Mepa YacTHILl MPOUCXONUT YBEJTMUCHUE aMIUTUTY/IbI
U CMEICHHE TIOJIOKEHHUS] HanboJiee MHTEHCHBHOTO MAKCHMyMa MAarHUTHBIX TIOTEPh B 00J1aCTh BbI-
COKHX 4acToT. HecMoTps Ha pa3nuyust B pa3Mepax, KOMIIO3UTHI C TIOyYEeHHBIMU TTOPOIIKAMH 00-
JI4/IAF0T OMHAKOBBIMH 3HAYCHUSMH YaCTOThI €CTECTBEHHOTO (heppPOMArHUTHOIO Pe30HaHCa fye; ~
201 T, onpenensemoro nipu w1’ = 1, ¥ BETMYUHON CTAaTUYECKOM MArHUTHOM MTPOHUIIAEMOCTH Llcm.

Poct 3HayeHUst AMANEKTPUYECKON MPOHUIIAEMOCTH C YBEJIMYEHHEM pa3Mepa YacTHIL,
NPEANOIOKUTEIBHO, BBI3BAH CICAYIOUIMMHU MPUYMHAMU: YBETHUECHHEM 3(PPEKTUBHON 00bEM-
HOW KOHLIEHTpAlMM BKJIIOYEHHUN 3a CUET MOJOCTU B CTPYKTYpE YacTHUI, HAJUYUIO OCKOJIKOB
c(heprvecKuX 4acTull, MPUCYTCTBUIO YacTUll Hechepruueckoil popmbl u 0Opa3oBaHHEM arpera-
TOB BCJIEJICTBUE AIIEKTPUYECKUX KOHTAKTOB MEXIY YAaCTHLAMH C YHCTOM MOBEPXHOCTHIO (J10
90— 95 macc.% da3ssl o-Fe) DxcriepuMeHTaIbHO TOKa3aHo, 4TO 3(GEKTUBHBIM METOOM CHH-
KEHUS AUIIEKTPUUECKOW MPOHMIIAEMOCTH SIBIISIETCS HAHECEHUE TOHKOM IHAIEKTPUYECKOM
0000uky K3 AuoKcHaa KpeMuus SiOp u3 skuakoi cmecu terpostokcucuiana (CoHsO)uSi ¢
aMMHaKOM M 3TaHOJIOM ¢ nomolnsio Merona Illtobepa [24]. HabGmonaemblii MakcuMyM Ha KpH-
Boii ¢'(f) B nuamaszone 3 — 7 I'T'11 ¢Bsi3aH ¢ TOTYBOJHOBBIM PE30HAHCOM Ha JUTHHE 00pasiia.

B cootBerctBuM ¢ ypaBHenuem Jlanra (1.12), mpu UMEIOIIMXCS TTapaMeTpax MPOBEICHUS
SKCIIEPUMEHTOB, YBEITMUCHUE PAa3MEPOB YaCTHUI] IOCTUTAETCS MPU YMEHBILICHUU YacTOThI paciblie-
st ¢ 2,64 1o 1,7 MI'i ¥ yBelMUYEHHH KOHIICHTPAIMH HMCXOIHOTO PAacTBOpa (0, pac) ¢ 10 10
25wmacc.%. Hanbormpiniee BIMsHUE HA pa3Mep OKa3hIBACT YacTOTa PACHBUICHUS (PACCMOTPEHO Ja-
nee). B kpaliHuX BapuaHTax MCIIONIB30BAaHHBIX TEXHOJIOTMUECKUX MapaMeTpOB HaOIOIaeTCs IOUTH
JIByKpaTHOe yBenuueHue cpenero pasmepa Dc ¢ 500 1o 900 HM, uTo HaOIrOAaeTcst Mo TUCTorpam-

Me pacrpezieNieHuns 10 pasMepam 1 MUKpodoTorpadusm Ha prcyHke 3.2.

() g e s J100 B L -
A+ . E R
L\ ;
20} *k : 1
T f ':I| : D, =0,5 Mxm g
st da D_=0,9 mxm E_
g N % 1 =
- » -
2l b g
=| | E
:.2‘
of 0

Heamerp, Mxm =] =

Pucynok 3.2— ['ucrorpamMma pacnpesieieHnst YacTHII 110 pa3MepaM (a) 1 NH/IKpod)ororpaq)m/I TIOPOIII-
KOB kerne3a co cpeaauM pasmepom Dc— 0,5 (6) u 1 MxMm (B), cienaHHbIe PY OMHAKOBOM YBEJHUYe-
HHH, a TAKKE — CXEMATHYECKOe N300paKeHNE TIOTyYeHHBIX (opM dacTuil (T).
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[pu pacnbutenun ¢ yactotoi f7; = 2,64 MI'I| yacTHIIBI paciipeiesieHbl [0 pa3MepaM OT
0,1 no 1,5 Mxm. bonee 50% uvacTuil umMeroT XapakrepHblii cpennuil pasmep 500 HM, YTO BUJHO
U3 KyMYJISTUBHOM KpuBoii. [1pu 3tom ymenbmenue fi7 mo 1,7 MI' u yBenmuenue o Goinee yem
B JIBa pa3a MO3BOJISIET YBEJIMUUTh MAaKCUMAJIbHbBIE pa3Mephl YacTHUL], KOTOPbIE JOCTUTat0T 3Haue-
HUH B ABa M Oosee MUKpOMETpOB. M3-3a HeOOsIbLIOro KonuyecTBa OOHApYKEHHBIX B KaJpe
OCKOJIKOB, JIETAJIbHOE CTaTUCTUUYECKOE MCCIIEIOBAHNUE OKa3ajloCh HEBO3MOXHBIM. TojlnHa
CTEHKHU OIICHHWBAJIACh MO0 MUKPOQPOTOrpadusiM OCKOJIKOB MOJIBIX YACTHUI] C YCPEAHEHHEM IOIY-
YEHHO! BEJIMYMHBI B paMKaxX KaXJI0ro o0pasla. YCTaHOBJIEHO, YTO OTHOIIEHUE BHYTPEHHETO U
BHEIIIHETO IMaMETPOB MOJIbIX YACTHIL XkKeJe3a B cpeHeM cocrasiser 0,5. Taxke MOXHO yTBep-
/1aTh, YTO y KPYIHBIX YaCTHUI[ IPU YBEJIMYEHUN KOHLEHTPALIMM UCXOJHOI'O pacTBOpa TOJIIMHA
creHku yBenuuuBaercs ¢ 700 1o 900 HM. YCTaHOBUTH TOJIIMHY CTEHKH y MEITKHUX YacTHUIl HE
Hpe/ICTaBIsETCS BO3MOXKHBIM. KOHTpOJIb MapaMeTpoB CHHTE3a MO03BOJISAET MOIy4YaTh CIUIOLIHbIE
U T10JIbI€ YACTHIIbI C Pa3INYaOLIeHCs TOIIMHON 000704k (CM. PUCYHOK 3.2, T).

JlocToBepHOE MOATBEP)KACHUE HAJIMYMS TTOJIOCTU B MOTYUYEHHBIX MOPOILIKAX OCIOKHAETCS
U3-3a OTCYTCTBHUS IPSAMBIX METOJOB aHain3a. OOIIENpUHITON NPAaKTUKON SBIISIETCS MOCTYJIUPO-
BaHUE IOJIOCTU B 00bEME YaCTUILBI [0 OOHAPYKEHUIO OCKOJIKOB COOTBETCTBYIOIIEH (OpMBI Ha
U300paXEHUSIX AIEKTPOHHOM MHUKpPOCKOIMU. J[i1s MoMy4YeHHs MakCUMallbHO BO3MOXKHOM MH)Op-
Malliy O HAJIMYUU [IOJIOCTH B 00bEME MOTYUYEHHBIX YaCTHIL ObUIO UCIIOIBb30BAHO HECKOJIBKO HE3a-
BUCHUMBIX (pr3ndeckux MeTos10B. POpMHUPOBaHUE MOJIBIX YACTHIL TIOATBEPIKIACTCS CAECAYIOIMM:

1. BbIsIBI€HO, YTO OCKOJIKM YacTHI] C MOJOH CTPYKTYpOil PUCYTCTBYIOT HA MUKPO(OTO-
rpadusx Bcex Moy4eHHbIX 00pa3LoB.

2. YCTaHOBIIEHO, YTO IJIOTHOCTh MapaUHOBBIX KOMIIO3UTOB C CHHTE3UPOBAHHBIMU TIOPOLLI-
KaM{ HIDKE, YeM IUIOTHOCTh KOMITO3UTOB, HAIMIOJHEHHBIX IUIOTHBIM skene3oM Mapku P-20. Mcxons
13 U3MEPEHHON TUIOTHOCTH KOMIIO3UTOB, TIPOM3BECHA OLICHKA pa3Mepa MojocTH yactull. it ato-
ro napa(uHOBBIA KOMIIO3UT PacCMaTpHBAETCsS KaK TPEXKOMIIOHEHTHas cMech (kene3o-mapaduH-
BO3/YILIHAs NONOCTh). OlLleHKa CpeJHEl TOMIIMHBI CTEHOK MOJIBIX YacTHIL IPOU3BOIUTCS B MPEIIO-
JIO’KEHUH, YTO BCE YACTHUIIbI NUMEIOT OIMHAKOBBIN CPEAHUM pa3Mep Ha OCHOBAHUH OOBEMHBIX J0JIEH
KOMIIOHEHTOB, PACCUMTaHHBIX U3 COOCTBEHHOM TNIOTHOCTH BKITFOUEHHUH.

3. Ucnonb3ys ypaBHenue P. Jlanra, paccunTtan cpeqHMii pa3Mep Karuld a3po30is IIPeKyp-
copa. YcbIxaHHe KallIi, COMPOBOXKAAIOLIEECS XUMIUUECKUMHU MTPEBPALLIEHUSIMH, IPUBOAUT K 00pa-
30BaHUIO TBEPAOHN YacTHibl. HecooTBeTCTBHE CpeHEro AuaMeTpa YacTHIl, ONpeNeEHHOro 1o
JTAHHBIM SJIEKTPOHHONW MUKPOCKOITUM U JHaMeTpa KpUCTAIOrpadMuecKu IUIOTHOM YacTHUIIbI
FeOs, paccunTaHHOTO MCXOAS M3 KOHLEHTPALMU MCXOIHOTO BEIECTBA JAET OLIEHOYHOE 3Have-

HHC cpe)]Heﬁ TOJIIMHBI CTCHKHU YaCTHUII.
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4. TlokazaHo, YTO U3MEPEHHAsl MO BBHITECHECHUIO JKUIKOCTH TUIOTHOCTh MOMYYCHHBIX Ya-
CTHII, B CPEJHEM, COCTABJISIET 6,6 I/CM>, UTO CYIIECTBEHHO HMKE H3MEPAEMOM IUIOTHOCTH I
KOMMEPYECKOTO KapOOHMIBHOTO Kernesa (7,6-7,8r/cmd).

OrieHKa TOMIIIMHBI CTEHOK TOJIBIX YaCTHI] YKA3aHHBIMU METOIAMH TIO TIOPSIIKY BEJIMYHH CO-
OTBETCTBYET [TAHHBIM CKAHUPYIOIICH IEKTPOHHOW MUKPOCKOIHUU. Pa3Mephl MONIOCTH B CTPYKTYpe
YACTHI] 3aBUCST OT PABHOBECHUSI MKy CKOPOCTBIO HCIIAPCHHsI PACTBOPHUTEIS M3 KaIUTH adpOo30Jisi U
BPEMEHEM HAXOXK/ICHUS KaIUIM B 30HE Harpesa. J1si KOHTPOIIsL TOJIIMHBI CTEHKU YAaCTHIL B pasyM-

HBIX IIPEACIaxX BO3SMOXKHO BaApbHUPOBATh TCMHepaTypHBIfI PEXKUM U CKOPOCTh IIOTOKA ra3a.
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§7 UccienoBanue BIUSHUS KOHIEHTPAIIMHM UCXOHOIO PACTBOPA ( HA pa3Mep YacTHUll
U TUHAMUYECKHe MATHUTHBIE MOPOLIKOB Kejie3a

7.1 JlnHaMI4yecKHe MArHUTHbIE CBOKCTBA
VBenuyeHne KOHLIEHTPAlUKM PacTBOpa (» MPUBOAUT K BO3PACTAHUIO CPETHUX pa3sMEpOB ya-
CTHII TIOPOIIIKOB B paMKaX SKCIIEPUMEHTA C pacibUIeHHeM IpH ofHoi yacrore fr7 mpu Treq = 400°C.
YacToTHbIE 3aBUCUMOCTH KOMIUIEKCHOM THANIEKTPUUECKON M MarHUTHOM MPOHUIIAEMOCTH KOMITO3H-
TOB, HATIOJTHEHHBIX TTOPOIIIKAMH KeJie3a, MOTyYSHHBIX TIPU PACTILIICHUH PACTBOPOB C YIIBTPA3ByKO-
BO# wactoroii fr;; = 2,64MI11 ¢ mocieay oMM BOCCTAHOBICHHEM TP Temrieparype Tred= 400°C,
npuBesieHbl Ha pucyHke 3.3.MaccoBoe cootHoienre Fek napadpuny cocrapiser 3:1, yto nmpumMepHO

COOTBETCTBYeET HaroiHeHuto B 30 00.%.
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Pucynok 3.3 — YacToTHbIe 3aBUCUMOCTH AUANIEKTPUIECKON M MATHUTHOM MPOHUIIAEMOCTEN MOPOIII-
koB FeB 3aBrcMOCTH OT KOHIIeHTparmK pactBopa o (fr; = 2,64MI ).

KoMmo3uThl ¢ BKJITHOUEHHEM MOPOIIKOB «f777» JTEMOHCTPHPYIOT BRICOKOE 3HAYECHUE CTa-
TUYECKOW MArHUTHOMW MPOHUIIAEMOCTH fem U YACTOTHI €CTECTBEHHOTO (heppOMAarHUTHOTO pe-
3oHaHca fye; B muamasone 21 — 22T Ty BHE 3aBUCHMOCTH OT KOHIIEHTPALUH UCXOIHOTO pac-
TBOpa . MHUMAast 4aCTh MarHUTHOM MPOHUIIAEMOCTH IEMOHCTPUPYET JIBA MAKCUMyMa — HU3-
KOYACTOTHBIA U BBICOKOYACTOTHBIM. HU3KOUaCTOTHBIN MakCUMyM IPEANOIOKUTEIBHO CBA3aH
C JIBIDKEHUEM JIOMEHHBIX TpaHHIl Uiu d(H(HEKTOM CKMHUPOBAHUS, YTO TPEOyeT HOMOTHUTENb-
HOTO M3yYEHHS], @ BBICOKOYACTOTHBIN — C €CTECTBEHHBIM ()epPOMArHUTHBIM pe30HaHcoM [28].

OO6pa3zelr «m20%» TeMOHCTPUPYET MUHUMAIBHBIC JUAICKTpUUECKUEe oTepu. Bricokue 3Haue-
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HUSl MAarHUTHOM MTPOHUIIAEMOCTH KOMITO3UTA YKa3bIBAIOT HA BBHICOKYIO JOJII0 XMMHUYECKOU Yh-
CTOTHI MTOPOIIKOB KeJie3a U OTCYTCTBHE MPOBOJIUMOCTH HM3-32 KOHTAKTOB YACTHII, YTO BBIpa-
JKAeTCsl B HU3KUX 3HAYCHUSAX KOMILIEKCHON AUAIEKTPUUYECKON MPOHUIIAEMOCTH.

YMeHBIIICHHE YacTOThI pacmbiieHus ¢ 2,64 10 1,7 MI'11 103BOJIAIIO MPEOA0IETh OrpaHu-
YeHHE M0 PACHbUICHUIO PacTBOPOB-TIPEKYPCOPOB C KoHIeHTpanuei 6oiee 20 macc.%. B pe-
3yAbTaTeé M3  BOJHBIX  PAacTBOPOB,  COJAEpPXKAIIMX  PACTBOPEHHBIM  KpHCTaLUIOrUApar
Fe(NO3)3-9H-0 ¢ maccoBoit moneii 10 — 25 %, momydeHsl 1 BOCCTaHOBJICHBI TOPOIIKH JKeJe3a.
[Tomy4yeHHbIE KOMITO3UTHI HA UX OCHOBE IEMOHCTPUPYIOT JOCTAaTOYHO BHICOKUE 3HAUCHHUS Licm U
fpes. AHAIOTMYHO MPEABIIYIIIEMY CITY4al0, MArHUTHBIC MOTEPH XapaKTEPU3YIOTCS IBYMsI MaKCH-
MyMamu (cM. pucyHOK 3.4). OTIMYHYIO OT IPOYUX YACTOTHYIO 3aBHCHMOCTb KOMILIEKCHOMN
MarHUTHON TTPOHHUIIAEMOCTH UMEET 00pa3ell «w10%»: HIDKE BEIMYMHA ficn M AMILTUTYIA MAKCH-
MyMa MarHMTHBIX [IOTE€Pb, KOTOPHII CMEIIEH B BHICOKOYACTOTHYIO 001acTh. OCHOBHOW MpPUYU-
HOW TaKOrO OTIIMYMSI MOXKET SIBIATHCS BBHICOKOE 3HAYEHUE AMAIEKTPUUECKON MPOHHUIIAEMOCTH,
KOTOPOE B LIEJIOM XapaKTEpHO Il AaHHOU cepur 00pa3noB. [lonydyeHHbIe HOPOLIKY UMEIOT J0-
CTaTOYHO BBICOKYIO JIONIO JKeJe3a B cocTaBe — oKosio 90%, cormacHo peHTreHOBCKOM Judpak-
UK 1 TepMorpaBuMeTpun. OTHAKO U3-3a COMPUKOCHOBEHHUS YaCTUI] C YHUCTOU MOBEPXHOCTHIO B
CTPYKTYype KOMIIO3UTa MOXKET MPOUCXOAUTH 00pa30BaHUE aryIOMEPATOB WM MPOBOJAIINX IIETIO-

YCK, UTO INPHUBOAUT K USMCHCHUIO I[HBJIGKTpPI‘-IGCKOfI IMPOHHUIIACMOCTH.
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Pucynok 3.4 — YacToTHbIe 3aBUCHMOCTH JIUISKTPUIECKON W MATHUTHOM TIPOHUIIAEMOCTEH ITOPOIII-
KoB FeB 3aBricMocTH OT KOoHLIeHTpaIwH pactBopa @ (frz = 1,7MI ).
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B Tabmuue 3.1 mnpuBeneHbl OCHOBHBIE XapaKTEPUCTUKU IOJYYEHHBIX KOMIIO3HMTOB,
BKJIFOYas IUIOTHOCTU M 00BEMHOE conepkanue HanonuuTesst. HaGmonaercs yBennueHue craru-
YECKOM MarHUTHOW NTPOHULIAEMOCTH LUcm. IIpH 3TOM, MAKCUMYM MarHuTHBIX [IOTEPh IPAKTUYECKU
He u3MeHseTcs. Hanbonpimm 3HaueHreM MHUMOM 4acTH MarHUTHOW MpOHUIIaeMocTu u'' obmna-
JTaeT KOMITO3UT, COAEP KAl BKJIFOUEHHS KEJIE3HOTO MOPOIIIKa, TOTYYEHHOI0 MPY PaCTIbUICHUH C
vactoToil 2,64MI'11 pacTtBopa ¢ koHeHTpanuei 20 mace.%. ITOT ke odpasel 1eMOHCTPUPYET
HAaUMEHBIIICE 3HAYCHHE JUAICKTPUUCECKOM MPOHUIIaeMOCTH (cM. pucyHOK 3.7). DddekTuBHas
TIJIOTHOCTh KOMIIO3HTOB Ipy HanonHeHnu 30 06.% B cpemHeM cocTasnseT 2,5 r/cm>. [InoTHOCTS
METAJUTMYECKUX BKIIIOYEHUH, pacCYMTaHHAs M3 MAacChl KOMIIOHEHTOB UM 00bEMa KOMIIO3WTA
TIPMMEPHO COOTBETCTBYET M3MEPEHHON MUKHOMETPHYECKOH BEIMYMHE MOPOIIKOB — 6,6 r/cM>,
O0BEMHOE coslepikaHue BKITFOYCHHN U 00BEMHOE CONEpKAHWE MarHUTHOW (ha3bl MarHeTUKa B
KOMITO3UTE COCTaBISIIOT cooTBeTcTBEHHO 0,30 1 0,24. KonuuecTBeHHAst XapaKTEpUCTUKA TUHA-
MHUYECKUX MarHUTHBIX CBOMCTB — mapamerp CHyka — B psiie CIy4yaeB MPEBBIIIAET TUIIHMYHOE
Uit chepryecKux 4acTHUIl 3HaUYeHUE %5. DTOT (aKTOp OrpaHUYMBACT PUMEHEHHE M BBIITOJIHE-
Hue napamerpa CHyKa JUIsl TOJTyYeHHBIX TOpOIIKOB. KomniecTBeHHas XapaKTepUCTHKa — Mapa-
MeTp Allle — pacCMOTpEH B KOHIIE maparpada ¢ yueTom pe3yabTaTroB U3MEPEHH CBOMCTB MOMy-
YEHHBIX IMOPOILIKOBBIX MAaTEPHAIOB METOIaMU U3MEPEHHSI TBEPIIOTO Tea.

Tabmuua 3.1. CpaBHeHHE TMHAMUYECKUX MAarHUTHBIX CBOWCTB KOMITO3UTOB Ha OCHOBE MOPOIIKOB Fe rmpu
M3MEHCHUH KOHIICHTPAIIMH HCXOIHOTO PACTBOPA (), TIE [om — CTATUYECKAS. MaTHUTHAS TIPOHHUI[AEMOCTD, fe;
— YacToTa €CTECTBEHHOIO (hepPOMArHUTHOTO PE30HAHCA, U max — HAMOONbINAs BETMYMHA MArHUTHBIX T10-
Tepb, Pe — IPPEKTUBHAS IUIOTHOCTh KOMITO3UTA, Pinc — YP(EKTUBHAS TNIOTHOCTH BKIIFOYEHHH, [ — 00BEM-
HOE COJIEPYKaHHE BKIIIOUCHHH, Pm — 00BEMHOE COllepKaHNe MarHeTHKa B KOMITO3HUTE, Pmi — 00BbEMHOE CO-
Jiep)KaHue MarHeTHKA BO BKITIOUCHHSIX .

fIL , f €3y " e incy i
Ml | mace.% Hem Fpl“u # max F/EM?’ F‘/)CMB P Pm oo ksint
2 64 10 2,4 21 0,7 2,52 6,1 0,31 0,24 0,77 0,67
! 20 2,4 22 0,8 2,57 6,5 0,30 0,24 0,83 0,60
10 2,0 16 0,7 2,49 5,8 0,32 0,24 0,73 0,35
17 15 2,4 17 0,7 2,59 6,7 0,29 0,25 0,85 0,43

20 25 21 0,7 2,54 6,3 0,30 0,24 0,80 0,66
25 25 20 0,7 2,56 6,5 0,30 0,24 0,82 0,52

7.2 CkaHupyomas N1eKTPOHHASI MUKPOCKOIMSI

CoOcTBeHHass MPOHMIIAEMOCTb BKIIIOUEHUM M IPOCTPAHCTBEHHOE paclpesieeHue
BKJIFOYEHHUH ONpeIeIeHHOI (GOopMBbI U pa3Mepa B MATPUUHOM CTPYKTYpe ONpPENestoT AUHAMU-
YeCKME MAarHUTHBIE XapaKTEPHUCTHUKH KOMITO3MLIMOHHOro marepuana [4]. Ilopomku sxenesa
NPEACTaBISIOT ChepuueCcKre YaCTULbI, KOTOPBIE COCTOSIT U3 MENIKUX 3€pEH, 00bETMHEHHBIX B
amomepar chepuueckoit gopmbl. [logo6HOE HAHOCTPYKTYPUPOBAHHOE CTPOCHHUE THIIHMYHO
JUISL TIOPOIIKOB, MOJYYEHHBIX C MOMOIIBI0 TEXHOJIOTHH YABTPa3ByKOBOIO CHped-upoin3a, u
OTpa)kaeT 0COOEHHOCTH (POPMUPOBAHUS TBEPABIX YACTHUI] U3 a3PO30JbHBIX Kanenb [28]. Pa3-

MCPBI YaCTHULl YBCIIMYNBAOTCA KaK IIOA BJIMAHHUEM KOHICHTPALIMH UCXOOAHOI'0 paCTBOpA, TaK U
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4yacToThl pacnblieHud. [locTpoeHune rucrorpaMm pacnpeseneHus Mo pa3MepaMm 1o H3Mepe-
HUIO TuameTpoB Oonee 500 gacTuir Iuisi KaXXI0T0 00pasiia MO3BOJSET OLICHUTH BIIHSHHC I1a-
paMeTpoB CHHTE3a Ha pa3Mep KOHEYHOTO MPOIYKTa.

Menkumuy 4acTuLiaMy ¢ pa3MepoM MeHee 1 MKM B JIMaMeTpe XapakTepu3yrTcsl OPOLIKY,
nonyueHnsle npu fr; = 2,64MI 1. Mukpodororpadun 4acTuIl 1 TUCTOrpaMMa PacIpeiesIeHuUs 110
pazMepam TpeACTaBlIeHbl Ha prUCyHKE 3.5. IIoBepXHOCTh YacTHII IIEpOXOBaTast U XapaKTepH3yeTcs
HOBBIILICHHOH MOPUCTOCTBIO, YTO MOXKET OBITh CBSI3aHO C BHICOKOM XHUMHYECKOW aKTUBHOCTBIO TIPH
BOCCTAHOBJIEHNH (M3-32 MEHBLIETO pa3Mepa YacTHLl). YBEIMUEHUE TTOBEPXHOCTHOIO HATSHKEHUS 0 1
IUIOTHOCTH PAcTBOpPA p Kak (DYHKLUM KOHLIEHTPALMHU 0 TIPUBOIUT K CIBUTY MAaKCUMyMOB paclipe-
nenenust Ha 200 HM. B pesynerare, cpemauii pasmep vactail, Dc, yBemmausaercs ¢ 0,5 10 0,7 MM,
CormacHO KyMyJISITHBHBIM KPHBBIM, TONbKO 10% dacTuil umerot pasmep Oomblie 1 MkM cpeaun va-
CTHIl MOPOLIKA «W20%». Y JPYroro IHOpOIIKA MPAKTUYECKU HE BCTPEYAIOTCSl YACTHUIbI OOJIbIe
1 mxm. [upuna pacnpenenenust (FWHM) ocraercst nocrosiHHO#M B 000ux ciny4dasx — 0,387mkm.

Ha mukpodororpadusx npakruaecku OTCYTCTBYIOT OCKOJIKH MOJBIX YaCTHII.

== (ORI » . o ’i )
~ p “ .

bd

Boemacrmy N
KywsTeranean spenan

Pucynok 3.5—I'ucrorpamma pacrpesiesieHus 1o pasmepam (a) 1;1‘1\41/H<p0(1)0r0rpa(1)1/11/1 MIOPOLIKOB Ke-
J1e3a, onydeHHbIX pu fr7; = 2,64MI 11 1 koHIeHTparmu pactopa 10 macc.% (6) u 20 macc.% (B).

IIpu ymeHbIIeHUH YacToThl pacnbuieHus ¢ 2,64 10 1,7 MI'n cpeauii pa3mep 4acTuil BO3-
pacraetr. Hanpumep, eciu paccmarpuBarh KoHIeHTpauio @ = 10macc.%, yMeHblIeHHe 4acTOThI
pacnibiieHus ;7 IPUBOIMT K YBETMYEHHIO CPeaHEro pasmeHa mpumepro Ha 200 uM — ¢ 0,5 10
0,7vkm. TToBepXHOCTh HYacTHIl OTIAMYAeTCss OOJNBIIEH OTHOPOIHOCTHIO C HHU3KOM IIEpPOXOBATO-
CThIO, 110 CPABHEHHIO C YacTUIaMU 771, 4TO BUTHO HA 2NEKTPOHHBIX MUKpOGOTOrpadusx Ha pu-
cyHke 3.6. OCKOJIKH MOJIbIX YaCTHIL C JOCTATOYHO TOJICTOM CTEHKOW 4acTo BCTPEYAOTCs Ha N300-

PaKEHUSIX, IPEUMYIIIECTBEHHO CPEIN KPYIHBIX YacTHI] (CM. PUCYHOK 3.6, B).

-‘ E

:"' - . > . 1-u.,_. <, 8 J oM N _ 4 y

PcyHOK 3.6 — MukpooTorpad iy MOPOIIKOB KeJe3a, MoydeHHbIX 1pH fr2 = 1,7MI 11 B 3aBucHMO-
cru ot KoHneHTparmu FENOg)s: 10macce.% (a), 20 mace.% (6) 1 OCKOIIOK TOI0i YacTHIHI (B).
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VBeJMUeHUEe KOHIICHTPAIMKM MCXOMHOIO pacTBOpa MpH 7z MPUBOIUT K CKAYKOOOpasHOMY
yBenmueHuto cpenHero pasmepa Dc ¢ 0,7 mo 0,9 mxm. Pasmep vactui usmensercss or 100 Hm 10
2 MKM (cM. pucyHok 3.7,a-0). HarOomnbimii ciBUT 10 pa3Mepy YacTHIl U YBEITMUYCHHUE TTOMYIITUPHHBI
Ha niomyBbicore (FWHM) Ha 200 HM HaOmOmaeTcss MeXIy pactpeeseHUsIMA TTIOPOIIKOB «(015%) H
«w209». COmIacHO KyMYJISITUBHOM KPHBOM, IIPOLIEHT YacTHIl B JUara3oHe pa3mMepoB Ooree 1 Mk co-
craBisieT okoJio 15% it 00pasmoB «w10%» U 0Komo 35% myst «w20%» To ecTh, MaKCUMATBHBIN pas3-

MCP YBCIIMYMUBACTCA € YBCIIMYCHUEM KOHLICHTPAIMN HCXOAHOI'O paCTBOpa .
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Pucynok 3.7 — Pa3mepHbIe XapaKTepUCTHKY YaCTHII IPH YBEIIMYSHUH MacCOBOTO COICPKAHUS KPH-
craswioruapara FENOg)s B HCXOIHOM pacTBOpE: THCTOrPaMMa PACTIPEIeIICH S YaCTHII [0 pa3Me-
pam (a), cpemHuii pa3mep dactur] Dc v monHast mvprHa Ha roioBuae Makcimyma FWHM (6), Bem-
YHHA IOBEPXHOCTHOTO HATSHKEHUSI 0 ¥ TUIOTHOCTH YKHJIKOTO PacTBopa p (B).

[IprunHol yBenudeHus: pazmepa yacTull Fe sBisercs JTMHEWHBIH pOCT MOBEPXHOCTHOIO
HaTsHKEHUS 0 U IFIOTHOCTH PAacTBOpa p MPH YBEIUYEHUH MACCOBOM JIOJIM KPUCTAJUIOTHIpaTa HUT-
para sxene3a(Ill) FE(NOz)s B ricxomaoM pactBope (cM. pucyHok 3.7,B) ¢ 10 mo 25 mace.%. Bemu-
YHHA ¢ OTpezieieHa METOIOM OTpbIBa Karenb u yBenmmunBaercs ot 83 1o 103mH/m. IInotHOCTS
pactBopa p Bo3pactaeT co 1110 1o 1300 xr/m3, 9TO YCTAaHOBIEHO C TIOMOIIBIO ITHKHOMETPA.
JlanpHeiimee yBeqMYeHWE KOHIIGHTPAIMM HEBO3MOXKHO NPH paclbUIeHHH ¢ Yactotoi fr =
1,7MI'11 u3-3a BO3pacTaHusl BI3KOCTH PACTBOPOB: YaCTOThI KOJIEOAHHsI MEMOpaHBbI Mbe303IeMEH-
Ta HEJOCTATOYHO TSl 00pa30BaHMUs adPO30IBHON B3BECH.

7.3 PenTrenoBckasi nuppaxuust

CocraB Marepraia, HATMYNE B HEM MIPUMECEei OKCHUTHBIX (a3 U X KOJIIMUECTBA BIUSET HA
COOCTBEHHYIO MarHMTHYIO MPOHHIIAEMOCTh Marepuana [4]. [lonydeHHbIe MOPOIIKH Keje3a Co-
crosaT u3 o-Fe u HesnauntenpHOU mpuMecu okcunoB (FeOs, Fes0s), pacnpeneneHHBIX HA TO-
BEPXHOCTH WJIM BHYTPH YaCTHI TIOCIIE HE3aBEPIIEHHOTO MPOIiecca BOCCTAHOBICHUS 3 UCXOIHO-
ro nopomika FeOs. [ludpakunonsie pediekchl ¢ HanOobIIel HHTEHCHBHOCTBIO, PACTIONOKEH-
Hble Ha ymiax gudpaxmuu 68,78 u 106,03° 20, coorBercTBYIOT (paze KyOmueckoro oObEMHO-

uenrpuposannoro (OLIK) skenes3a a-Fe ¢ mpocrpancTsenHoii rpymmoii Im3m (kaprouka ICDD
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PDF-60696)BHe 3aBUCHMOCTH OT YCJIOBHIA CHHTE3a M TEMIIEPaTyphbl BOCCTAHOBIICHHS 00Pa3IIOB,
napameTp pelieTKy o-FecooTBercTByer TabnuyHOMy 3HaueHuIo 2,866 A.

MeHee UHTEHCUBHBIC PEPICKCHI COOTBETCTBYIOT OKCHIHBIM (hazam xkeneza Fe&Os u a-
FeOs. IlpeumymecTBeHHO B o0pa3max coaepkUTCsS KyOumdeckuit wmarHeTuT Fe&Os
(o =B =y=90°), UMEIOIHMIA KPUCTALIMYECKYIO CTPYKTYpY LINMUHEIN ¢ KyOMYECKOH ILIOTHO-
ynaxkoBaHHOM rpanenieHTpupoBanHoi (I'LIK) pemierkoil n oTHOCSIIMICS K MPOCTPaHCTBEHHOM
rpynme FA3m. ITapamerp penterku ¢assl Fe3Os B MccnenoBaHHbIX 00pa3iax OIM30K K TaOmuy-
HoMy 3HaueHmio 8,38A (PDF-11111) [102]B kpucramie oosémoM V= 588,54° conepsxurcs
56 aromoB [102]. Oxcun xene3a FesOs (FeO-FexOs) conepsxut oaun noH Fe?* Ha kaxpie 18a
noHa Fe3*, monoBuHa KOTOpBIX PACMONOKEHA B TETPAYIPUUYECKHX TTOPaX KPUCTAITHIECKOH pe-
mietku (octanbHbie Karnonsl Fe(Il) u Fe(Ill) pacronoxensl B okrasgpudeckux nopax). Okcun
xene3a o-FeOs uMeeT CTPyKTYpy KOpYHIa U OTHOCHTCS K TeKCArOHaJIbHOW KPHUCTALTNYECKOU
cucreme (o0 =B =90°, y = 120°), otHocsmeiicsa k rpynne R3C. [lapameTp pemieTku reMaruTa o-
FexOs paBen a= b = 5,04A u ¢ = 13,77A [103]. B kpucramie o6sémom V= 309,342 conep-
xuTcs 30 aromos. Atom Fe®' cBA3aH ¢ mecThio SKBHBAIEHTHBIMU aroMamMyu O B OKTadapHye-
cKHX nopax ¢ amuHHbIME (2,12 A) u koporkumu (1,97 A) cazamu Fe-O.

Pe3ynbrarhl peHTIeHOBCKON JAU(PAKIIUU TTOPOIIKOB, MMOJYUYCHHBIX MpH fr77, PUBEICHBI
Ha pucyHke 3.8.IlomydeHnHble TOPOIIKH conepkar o-Feu okcuapl. Pazmeps! kpuctamuros da-
36l 0-F€ He U3MEeHSI0TCS B 3aBHCUMOCTH OT KOHIIEHTPAIIUU (@ U COCTAaBISIOT 36 — 37 HM u 44 —

48 HM, YTO YCTaHOBJIICHO COOTBETCTBEHHO MeTonamu [lleppepa n Bunbsmcona—Xomna.
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PricyHok 3.8 — PeHTreHOrpaMMbI MOPOIIIKOB efe3a, omyYeHHbIX npH fr7; = 2,64MI 11 (), u tirpux-
PEHTTeHOTpaMMbI CTaHIapTOB, COITTACHO KapToukaM 0a3bl qaHHbIX JCPDS PDF40).

JudpakionHas KapTHHA B XpPOMOBOM M3JIyYEHHH MO3BOJISET JOCTUTATh HAWIYUIIEero
paspeiieHust ¢a3 B Jkenes3e, CTalu U KapOuaax, OHAKO HE JIOIMYCKaeT BBICOKOTO pa3pelleHus
IPY HU3KUX MHTEHCUBHOCTAX NU(pakimu (a3 oKcUIoB xkenesza. B coctaBe 00pa3oB «w109»
U 209 COOTBETCTBEHHO OOHApYy>KEHO NMPHCYTCTBUE IeKCaroHajabHOTo remaruta o-FeOs u
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kyondeckoro marmeruta FesOs. Otkinonenne mapamerpa pemetku FeOs uccnemyembix 00-
pasloB OT TabJIMYHOrO 3HaueHus cocrasiser He Gomee 0,02 A. Pasmephl sneMeHTapHOM
SAYEUKHA T€KCArOHAJIbHOW KPUCTAJUIMYECKON CUCTEMbI ONPEACIIAIOTCS PELICHUEM YPABHEHUS C
JIByMsI HEHU3BECTHBIMH, JUIsI 4ero TpeOyeTcs KaKk MUHMMYM JIB€ WHIULMPOBAHHBIC JHMHUU
pentresorpaMmel. [lapamerp pemerku remarura o-FeO3 paccunTan TOJIBKO 17151 HECKOJIBKHUX
00pa31oB U3-3a2 HU3KOM MHTEHCUBHOCTU pedIIeKcoB 00pasla, pacloiIoKEeHHBIX Ha yIVIax -
dpakum 54,04° (101) u 101,35° (103) 26.

[Tonoxxenune Hambomee sspkux pediaekcoB a3 o-FeOz u FesOs ¢ MakcumanbHOM WH-
TEHCUBHOCTBIO COBIAJAIOT C JOCTATOYHO OOJBIIOW TOYHOCTBIO, APYrHe PeQIeKChl UMEIOT
HU3KYI0 HHTEHCHBHOCTH (CM. ITPUX-PEHTIeHOrpaMMbl Ha pucyHke 3.8,0). Manoe conepxka-
HUE TPUMECHOHN (ha3pl, a TaKkkKe €€ HHU3Kash KPUCTAUTMYHOCTHIO BBIPAKACTCS B YIIMPEHHBIX
pediekcax ¢ HEJOCTATOUHOW JJIsl JOCTOBEPHOI'O aHAJIM3a CTAaTUCTUKOW HAKOIJIEHWS MHTEH-
cuBHOCTH. Takum oOpa3oM, paszaeneHue (a30BOro COCTaBa MPUMECHBIX aTOMOB C ITOMOILBIO
peHTreH0(a30BoOT0 aHAIN3a 3aTPYAHEHO.

Pacnonoxxenuro qudpakimonHbix tuHAN 54° 1 101° 26 okcuaHO# ¢a3sl ¢ HANOOJBIICH
MHTEHCUBHOCTBIO COOTBETCTBYIOT OIpeE/IeIeHHbIE 3HAaYeHus1 MHAEKcoB HHTepdepeHunn HKL:
11s1 rekcaronaibHoro o-FeOsz — (110) u (124), mis kyoudeckoro FexOs— (311) u (440). Ipu
WHIUIMPOBAHUN OKCUIHOU (hasbl u pacuére mapameTpoB pemeTku ¢ naaekcamu HKL, kak mst
reKCaroHaJIbHOM, TaK M KyOMYeCKOH pelIeTKH, TOMydaroTCsl pEaTMCTUIHBIE Pe3yJbTaThl pacué-
TOB, COOTBETCTBYIOIIME OHOBpeMeHHO (a3zam F&Os3 u FesO4. [IpuMep MHIUIMPOBAHUS OKCHU-
nubIX a3 FeOs, FesOs4 u pacuera mapamMeTpoB pEIIETKH Ul MOPOIIKA, MMOJYYEHHOTO MpH
2,64MI'1 ¢ kxonneHntpanueii 20 macc.% npuBeneH B tadmune 3.2. g yTodHEHHS cocTaBa
MOYKHO MCIIOJIB30BaTh METOBI PEHTT€HOBCKOH (POTOAIEKTPOHHOMN CIIEKTPOCKOIHU WIIH SIACPHO-
ro ramma-pezoHanca. Opnako, 1oist okcugHod ¢a3sl F&Os3 wmm FesOs He npesbiaeT
10macc.%, ux HU3Kash KOHLEHTpALUs HEe OKa3bIBAET 3HAYUTENHLHOIO BO3/IEHCTBUS Ha MarHWT-
HBIE CBOWCTBA (DePPOMArHUTHOTO Keje3a, MPEBATMPYIOIIETO B COCTABE TOIyYSHHBIX 00Pa3IoB.

Tabnura 3.2. Pe3ynbrarsl MHIUIMPOBAHKS OKCHUIHOM (ha3bl MOPOIIKOB, MOMYYCHHBIX NpH fr7; = 2,64MI 11
u ® = 20 macc.%, o HanbosIee MHTCHCUBHBIM JIMHUAM: 26 — yron audpakimy, Ok — MEKILTIOCKOCTHOES
paccrostaue, HKL — nanexcsl natepdeperHunn Musiepa, & 1 C — napaMeTpbl peieTki. TabnuuHble 3Ha-
YEeHMsI MEKTUTOCKOCTHOTO paccTostHust Oy Jutst coorBeTcTByrommx HKL Taxske mpeacTaBieHs! B TaOMHIIE.

Tun TabnaHbIC BETHINHBI IIepuon
peutetku | 26, rpan. | Ouke | HKL | ®aza (xaprouku PDF) peleTKH
Bpasa 20, rpap. HKL Orke a C
53,978 | 2,52 | 311 53,81 311 2,53
T 101,008| 148 | 440 | 7% | 10135 | 440 | 148 | 88 | ~
lexcaro- | 53,978 | 2,52 | 110 o- 54,04 110 2,52 505 1352
mampHas | 101,008 | 1,48 | 124 | FeOs | 101,35 124 1,48 ’ '
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PentreHoBckue audpakrorpaMMbl TOPOIIKOB JKele3a, MOMy4YeHHBIX npu fp =
1,7 MI ' u KOHIIEHTpaIK pexypcopa w ot 10 go 25 macc.%, comepkar unuctyro ¢azy o-Feun
FesO4 n nmpuBenens! Ha pucyHke3.9, a. [lapameTpsl pemeTky nMorydyeHHbIX 00pa3oB OJIM3KH K
TabaruHOMY 3HadeHu o Ui ¢assl o-Fe PDF-60696cMm. pucynok 3.9,0). Pasmep kpucramim-
TOB mopouikoB fr7; mpumepro Ha 20% Gosblire, yem y nopomuikoB frz2. TTo ypaBuenwuto Illeppe-
pa, pazmep kpuctauuToB o-Fe pactet ¢ 30 1o 35 am, F&04 — ¢ 5 1o 10 am. [To Bunssamco-
Hy — XoITy, pasmepsl o-Fe menstorcst 3uauntensuee — ot 30 7o 70 M (cM. pucyHok 3.9,B).
I'papuueckuii pacuét no Bunbsimcony — Xosuty 6oubliie TOAXOIUT 7Sl OTPEIeTICHUS pa3Mepa
KPUCTAJUTUTOB, MOCKOJBKY JOIMOJHUTEIBHO YUWUTBHIBACTCA YIIMPEHUE PEHTTEHOBCKOTO MHKA
u3-3a nedopmannu. TOYHOCTH JAHHOTO METOJIAa BO3PACTACT MPU YBEIMUYCHUH KOJINYECTBA OT-

paxenHbix nuHui (B nsnydenun Cug y o-Fe tpu pedumekca, B Crg, — 1Ba B M3MEPEHHOM

muarazone ot 20 10 140°26) u mo3BOISET ONEHUTh MUKPOHAIPSIKCHHSI B PEIICTKE.
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Pucynok 3.9— BiusiHre KOHIIEHTpallMK HCXOTHOTO pacTBOpa Ha (ha30BbIii cOCTaB MOPOLIKOB F€ mo-
aydeHHbIX 1ipH T = 1,7 MI 1, e (a) — peHTreHoBcKas audpakTorpamma, (0) — mapaMeTpsl PeIieTKH
¢azel 0-F€ (B) — pasmepb! kpucTammroB (OKP).

VY obpasna «w1o%w» HabmomaeTes BhICOKUi (GoH (cM. pucyHok 3.9). Haubonee nHTEH-
CUBHBIN MHTEPPEPEHIIMOHHBII MAKCUMYM OKCHIHOW (a3bl mmmHenn FesOs, pacronoxeHHbIH
npu  54,22° (311)20 rpan, wmeer ymwmpeHHbd — peduekc. [lo  kiaccudukarmm
M. A. Kpuornaza [104], 3o MokeT yKka3bIBaTh a 1e()EKTHOCTh KPUCTAJUTUMUECKOTO CTPOCHHUS
Il-ro xnacca, a UMEHHO — Ae(EeKThl YIMaKOBKH, JUCIOKAIUHA WX TTPOYHE NePEKTHI C aabHO-
NENCTBYIOIMME MOJIIMU cMeleHnil. Hannune nogo6HbIX 1e(eKTOB MOKET OKa3bIBaTh BIIMSI-
HUE Ha YaCTOTHYIO 3aBUCHUMOCTb JMHAMUYECKHX MAarHUTHBIX CBOWMCTB. ABJATHCS NMPUUUMHON

YMCHBIICHUSA MarHUTHOM IMPOHUIACMOCTHU U YBCIIMYCHUSA ,HH3HCKTpH‘lCCKOﬁ IMPOHUIIACMOCTHU
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(cm. pucyHok 3.4). ludpakirioHHass KapTHHA TPEX APYTUX 00pa3lioB MPAKTUUCCKH HUICHTHY-
Ha, KaK ¥ YaCTOTHAsl 3aBUCUMOCTh MAarHUTHOW TTPOHUIIAEMOCTH.

[onykonuuecTBeHHBIE OLIEHKU (Da30BOTO COCTaBa IMOMYYEHBI C TOMOILIBIO METO/A KO-
PYHAOBBIX YMCEJ, OCHOBAHHOTO Ha YMCICHHOM OTHOIIEHUH UHTEHCUBHOCTEH JU(PPAKLIMOHHOTO
OTpaKEHHsI UCCIIeyeMOol (a3bl C y4eTOM MacIITaOHBIX KOA(PPHUIIMEHTOB MEXY ATAIOHHBIMU U
usmepenHbiMu peduiexcamu: I/l c = 10,77m1s o-Fe, I/l c = 4 s a-FeOs, I/l c = 4,81 mis FeOa.
KonudecTBeHHOE M3MEPEHUE OTHOIICHUS Han0o0JIee MHTEHCUBHBIX pediekcoB | /| s B nByxdazHoii
cucteme (Kee30 U OKCHJT) MOKa3hIBaeT MPUCYTCTBUE B 00pasiiax okono 90 macc.% 4ucToro xe-
ne3a a-Fe Haubomnbrmeid goneit o-Fe xapakTepu3yeTcsi MOPOIIOK, MOTYYSHHBIN TIPU KOHIICHTpa-
IIMM UCXOIHOTO PacTBOpa, paBHOW 25 macc.%. Takum 0Opa3oM, MOTy4YEeHHbIE MOPOIIKH HMEIOT
JOCTaTOYHO BBICOKYIO CTENEHb XMMHUYECKOW YMCTOTHI, YTO BBIPAKAETCS B BBHICOKMX MapaMeTpax
JTMHAMHYECKUX MarHUTHBIX CBOMCTB.

KayecTBeHHBIE M KOJTMYECTBEHHBIE OLIEHKH 3JIEMEHTHOTO COCTaBa COOTHOIICHHs «Fe»y u
«Oy B MOTyYEHHBIX MaTepHaIax ¢ MOMOIIBIO JJOKATLHOTO SHEPTOMUCIIEPCHOHHON PEHTTEHOBCKOM
CHEKTPOCKONMU HE TPOBOIWIIACH M3-32 BBICOKOM CHCTEMAarH4ecKOW MOTrPEIIHOCTH, MOCKOJIbKY
KHCIIOPOJI COIEPIKUTCS HE TOJIBKO B 00pasiiaX v UX MOBEPXHOCTH, HO M B BAKYyMHOM CKOTHYE.

7.4 CHHXPOHHBII TepMUYECKHIl aHAJIH3

DK30TepMHUYECKasi pEaKiusl OKUCIICHHUS MOPOIIKOB KeJe3a CO CPEAHHUM pa3MepoM 4a-
crur; 0,7 u 0,9 MKkM mpoTekaeT B auamnazoHe Temreparyp ot 100 mo 570°C (pucynok 3.10).
CpaBHeHue pe3yinbpTaToB TepMorpaBuMerpun npuseaeHo B tadmuie 3.3. Ha TI-JICK 3aBucu-
MOCTSIX CPAaBHHBAIOTCSI 00pa3Ilbl «@20%», TOIyYCHHBIC PacbUICHHEM Ipu dacTotax fr; u fmo.
[Tpu TropeHnH B KUCTIOpO/Ie HAOMIOIAeTCs IBE CTaquu Habopa Macchl, KOTOPBIE COMPOBOXKIAIOT-
Csl IBYMS DK30TePMUYCCKUME TTMKaMu BhiAeneHus Terwia Ha JICK-kpuBOi, 9TO THITUYHO IS
JKEJIe3HBIX MOPOIIKOBBIX Marepuaiios [28]. Tlpu yBemmueHur CpeaHero pasMepa (yMEHbIICHHH
YacTOThI pacnbuieHus f7) Temmeparypa Hauaia peakiiMy CIBUTacTCsl B CTOPOHY BBICOKHX TEM-
neparyp. MakcuMyM BBIZICTICHHS Teruia jgocturaercs B jauarnazone 390 — 400°C. Ipu stom
OJIMH M3 00pa3IOB JIEMOHCTPUPYET JBA BHIPAKCHHBIX MAaKCHMyMa BBIJICIICHHS TEIUIA, YTO MO-
JKET OBITh CBSI3aHO C MCXOIHBIM COCTOSTHUEM HCCIIEYEMBIX 00pa3IoB M HX XUMHYECKHM COCTa-
BoM. CyMMapHO€ KOJTMYECTBO BBIAECIUBIIEHCS SHePTuu AH y TIOPOIIKa ¢ MEHBIITUM pa3MepoM
yactu (fr7;) Gonbine, yem y kpymHoro mopomika (f72) u cocrasister 6120 mporus 6054 JIx/T,
COOTBETCTBEHHO. bonbiniee 3HaueHre AH MOXET yKa3bIBaTh Ha OOJIBIIYIO PEAKIIMOHHYIO CIIO-
COOHOCTH TOPOIIIKA MPU B3aUMOJEHCTBUU C KUCIOPOAOM. Paznmuuusi B KOJHMUYECTBE BBIJICIINB-
HIelicsl DHEPTUM TaKXkKe CBA3aHbl C OTKJIOHEHHUSMH B pa3Mepax YacTUI] M KPHUCTALTUTOB

[105,106] a Taxxe B pa3TuuuH yAeIbHON TUTOIIAH TOBEPXHOCTH.
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OKCTepUMEHTANTBHBINA CHTHAT JU(dHEepeHITHATbHON CKaHUPYIOIIEH KaJJOPUMETPUH BKITFOUAET
MH(OPMAIIMIO O TETUIOBBIX d(deKTax, 3aTpaueHHbIX Ha HArPeB THIVI U HCCIeyeMoro oopasua. J{ms
KOppeKLMHU cUrHaia rposenieHa aekonsomonus kpusoit JICK. TIpyu moMomy iekoHBOMIOLMM yCTa-
HOBJICHO, YTO MPOLIECC OKUCIIEHHS MOTyUYEHHBIX MTOPOIIIKOB Keje3a MPOUCXOIUT B HECKOJIBKO CTa/INi
B COOTBETCTBHH ¢ peakuusvu: Fe — (Fa—x0) — FeOs — FeOs [107] B peakux ciaydasx MOKET
HAOMIONATHCSL PeaKIysl, OTHOCAILASACA K 00Opa30BaHUIO HEPAaBHOBECHOTO BiocTUTa FE-xO, KoTOphIi,
comtacHo (ha3oBoii auarpamme «Fe— Oy, cylecTByeT B paBHOBECHOM COCTOSIHUM TOJIBKO TIPH TEM-
nieparype Boime 570°C. Broctut okucnsercs no mMarHetnta F&Os u manee 10 BBICIIETO OKCHA
FeOs. I'ekcaronanshblii remarut Fe&Oz o0pasyercs: napayuielibHO U3 Feu KyOrmueckoro MarHeTura
F&304, ocTarok KOTOPOro 3areM OKUCIISIETCS 10 BBICILIETO OKCHIIA Ha BTOPO cTaauu peakiuu. Koad-

(primenTsI KOppensH RP, mommyYeHHbIe ¢ MOMOIIBIO IEKOHBOMIONH, Bbe 0,99.
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Pucynok 3.10 — Pe3ynbrarsl TepMorpaBUMETPHH MTOPOLLIKOB JKeJIe3a, MOTyUYEHHbBIX PACTIbUIEHUEM
20t %-Horo pactBopa ¢ yactotou fr;; =2,64MI1 (a) u f2 = 1,7MI 11 (0)
Y BOCCTaHOBJICHHBIX MPH Tred = 400°C.

Tabma 3.3. Pe3ysbrarsl 3MepeHHil MOPOLIKOB JKele3a B OKUCIUTENBHOI atMocdepe ¢ TIOMOIIBI0 CHH-
XPOHHOTO TEPMHUUYECKOTO aHAIN3a, T€ Tonset— TEMIIEpATypa Havala PeaKLuH, peak— TEMIIEpaTypa MaKCH-
MyMa BBIJICTICHHS TEIUIA, Tend— TEMIIEpaTypa OKOHYAHUS peakiuu, AH — KOIM4ecTBO BBIIEICHHOTO TeIlIa,
Am— urorosblid Habop Maccel ipu 900°C.

fo,MI'n | o, Macc.% Tonses °C Tpeak °C Teng °C AH, Jx/r Aam, %
> 64 10 1045 358,2 436,7 5660 35,12

’ 20 128,3 392,7 455,9 6120 37,62

10 158,3 236,6 490,1 4803 32,09

17 15 145,8 3725 498,3 5742 39,11

! 20 187,6 396,1 562,4 6054 36,82

25 167,6 459,3 482.6 5979 30,79

Konnuecrrennas OLICHKa XMMHYECKOM YHCTOTHI JKejle3a IMOJIy4YCHa M3 pPEC3YJIbTATOB CHH-
XPOHHOTI'O TCPMHUUCCKOI'O aHaJIn3a 10 UTOrOBOMY Ha60py MAcCChI ITPpU IIOJIHOM CrOpaHHU KCJIC3a B

kuciopose. [Ipu momHOoM niepexone FeB Beicmmii okena FeOs o peakmmu 4Fe + 3G — 2Fe0s
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pUPOCT Macchl cocTaBisieT 42,97%. CooTHOCS KCIEPUMEHTAIbHBIE PE3YJIBTAThI IPUBECA MaC-
CBl C PAaCCYUTAHHBIM, MOJKHO OLIEHUTH 100 0-F& Obpasusl Ha pucyske 3.10 UMEOT BBICOKHIA
IPUPOCT 10 Macce AM, YTO YKa3blBaeT HA BBICOKYIO CTEIEHb XMMHUYECKOH UMCTOTHI XKEJe3a,
ommkoit k 90%. CommacHo CTA, MakCUMAaIbHOM JOJEH YMCTOTO JKene3a XapaKTepU3yroTCs 00-
pasipl, IOJyYEHHBbIE U3 PACTBOPOB ¢ KOHLeHTpauuen 20 macc.%. Kommno3uTel Ha uX OCHOBE Je-
MOHCTPHUPYET HU3KOE 3Hau€HHE TUAJIEKTpUdYeckol mpoHuraeMoctu. I[IpeamnonoxurensHo, mpo-
KaJIka Ha BO3yXe WIN B BaKyyMe HCXOIHBIX MOPOIIKOB okcHuaa Fe,Oz3 MOKeT mpuBECTH K CHUDKE-
HUIO JUJIEKTPUYECKUI POHULIAEMOCTH Y TIOPOIIIKOB JKENe3a.

[pu u3MeHeHNH KOHILICHTPAIMK pacTBopa B ciydae f7; HaGmromaeTcss MOHOTOHHOE YBEIIH-
YeHHE TEeMIIepaTyphbl Hauyasla PEaKIUU Tonsetd KOIIMUECTBO TEIUIOTHI AH, YTO HE MPOUCXOIUT B CIIY-
yae f7> 1 MOXeT OBITh CBSI3aHO C MEHBILICH Maccoil HaBecku oOpasiia npu m3meperun [108], Hanmm-
YHMEM IOPUCTOCTH Ha MTOBEPXHOCTH YACTHIl U pa3iuueM B pasMepax. Touka TonsetorpezneneHa mno
Havaly TEIIOBBIICNEHNUsT 1 HA0Opy MacChl Ha KPUBOW TEPMOIPABUMETPUH IO TIEPBOM MPOU3BOA-
Hoit TT" u JICK. MakcumyMm ¢ HauOosblield HHTEHCUBHOCTBIO BBIACICHHS TEIUIA |peak UMEET YET-
KYIO 3aBUCHMOCTb: MOJIOKEHNE MAKCUMYMa CIIBUTAETCsl B 00J1aCTh BBICOKUX TEMIIEpATyp IpH yBe-
JIMYEHUU KOHIIEHTPALIMU » JI71s1 000MX Cepuii 00pa3IoB.

Pesynsratel POA 1 CTA B COBOKYITHOCTH YKa3bIBAaIOT HAa BBICOKYIO CTEIIEHb YHCTOTHI MO-
JIy4EHHBIX TIOPOILIKOB ee3a Py U3MEHEHUH KOHIIEHTPAIIMK UCXOIHOTO PACTBOPA.

7.5 Biusinue XuMHY€eCKOi YMCTOTHI HA MATHUTHBIE CBONCTBA MOPOIIIKOB KeJie3a

JliHaMU4YecKre MarHUTHBIE CBOMCTBA IMOJYYEHHBIX KOMIIO3UTOB 3aBUCAT OT XapakTe-
PUCTHK MarepHualia BKJIIOUEHHUH, UX (OpMBI, pa3mepa, CTPYKTYpbl U cocTaBa. Pa3zmepsl u
CTPYKTypa Tnomy4aemMbix dactull FE&O3 3aBUCIT OT KOHIEHTpAIMKA KOHIIEHTPAIHUS UCXOIHOTO
pacTBOopa @ M psAla MapamMeTpoB INpH cHpei-nuponuse (TeMieparypa mnpolecca, cKopocTb
MaccornepeHoca Kanellb-4acTHIl U 1p.). Temmneparypa BoccTaHOBIeHUS Tred = 400°C F&Os 1o
(beppoMarHiUTHOrO keje3a Fe okas3biBaeT BIMSHUE HA XUMUYECKUN COCTaB MPOAYKTa U MOp-
dosoruto moBepxHOCTU. B Tabnuie 3.4 npuBeneHbl XapaKTEPUCTHKH TOPOIIKOB jKelesa,
olpeJiesIeHHbIe MeTo/laMu HccaenoBanus TBepaoro tena (POA, CTA), u napaMeTpbl AUHAMU-
YECKHUX MarHUTHBIX CBOMCTB KOMIIO3UI[MOHHBIX MareprajioB Ha UX OCHOBE.

Tabmuma 3.4. CpaBHeHNE TUHAMUYCCKUX MAarHATHBIX CBOWCTB KOMITO3UTOB Ha OCHOBE ITOPOIIIKOB K-
Jie3a ¥ XMMUYECKHI cocTaB BKJIoUueHUH, rjae Dc — cpenHuit pa3Mep 4acTHil, fin — CTaTUYeCKash Mar-
HuTHas nponunaeMoctb, CTA u POA — nonu o-Fe 1o CTA u POA, Kyint — mapamerp Are.

fr, MI'g ®, Macc.% Dc, Mkm CTA, % PDA, % Kaint
2 64 10 0,51 95 90 0,19

’ 20 0,68 96 90 0,18
10 0,66 92 90 0,20

17 15 0,66 96 90 0,18

’ 20 0,85 98 90 0,18

25 0,88 91 95 0,18
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[Ipu yBenu4eHnn KOHIIEHTpAlUA UCXOAHOTO pacTtBopa ¢ 10 mo 25 macce.% HabmogaeT-
Cs U3MEHEHHE psAsla mapaMeTpoB. Bo-lepBbIX, pacTeT cpegHuil pasMmep dactul. Bo-BTOpBIX,
MOJIYYEHHBIC MOPOILIKH XapaKTePU3YIOTCS BBHICOKMM 3HAYEHHMEM JIOJIM YUCTOro Xkene3a o-Fe
(= 90macc.% cornaco POA u CTA). B-tpeTbux, HHTErpalibHbIN napaMeTp Allle 0JUHAKOBO
BBICOKHI JUIsI BceX 00pa3ioB U u3MeHseTcs B mpeaenax ot 0,18 mo 0,20. Ha Benmuuuny Ky ine
MOTYT OKa3bIBaTh BIUSHUE JIBA KIFOYEBBIX (PAKTOpa — 3TO aMIUIUTYAa HAOIIOMAaeMbIX PE30-
HAHCOB (B 0COOCHHOCTH (hePPOMArHUTHOTO PE30HAHCA) M PACUET IO ANMPOKCUMAIIUN KCIIe-
PUMEHTAJIbHBIX JAHHBIX, YTO BHOCUT CUCTEMAaTH4YECKYIO MOrpenHocTh. [IpuHrmas Bo BHUMa-
HUE W3MEHEHHUE Dsijia XapaKTepUCTHK MPH M3MEHEHUHM NapaMeTpoB CHHTE3a, Habomaercs
KOppeJsiusl MEXAYy XUMHYECKUM COCTAaBOM IOPOILIKOB M JIMHAMHUYECKUMU MAarHUTHBIMU
CBOMCTBaMHU KOMIIO3UTOB Ha UX OCHOBE.

3aki04eHne K TpeTbeil IiaBe

[Topomiku ¢ moapIMU CHEPHUUSCKIMH YaCTHIIAMH JKeJe3a MOTYYCeHBI ¢ HUCIIOL30BaHHEM
METOJIa YIBTPa3BYKOBOTO CIIPEH-MUPOIIN3a C MOCIEAYIOIINM BOCCTAHOBICHUEM B BOJOPOZAE NpU
400°C. HccnenoBaHo BIMSHUE YCIOBUM CUHTE3a Ha pa3Mmepsl yactull. [lokazano, uyto pazmMep mno-
JYYEHHBIX YaCTHUII MPSIMO MPOIMOPIIMOHATIBHO U3MEHSETCS C KOHLIEHTPAIIUEH UCXOIHOTO BOIHOTO
pactBopa Fe(NO3)3 11 00paTHO MPOMOPIMOHAIBEHO 3aBUCUT OT YaCTOThI YJBTPa3ByKOBOTO PACIIbI-
nenusi. CpeqHuid pa3mep MOMYYEHHBIX YacTHII jkene3a cocTapisieT 0,5 — 1 MkM, MakCUMasIbHBIHA
pasmep — IPUMEPHO 3 MKM.

[TokazaHo, 4TO TIpU YBEIMUYEHHH CPEIHEr0 pa3Mepa YacTHl] YBEJTUYMBACTCS MarHUTHAsI
MIPOHUIIAEMOCTh KOMITO3UTOB C TIOPOIIKAMH W3 TIOJIBIX YACTHIL JKeJIe3a U IUPUHA TTUKa MarHuT-
HBIX ToTeph. OOpa3iibl, MOTyYEeHHbIE TPU KOHIIEHTpAIMKU MCXOAHOTO pactBopa 20 macc.% ne-
MOHCTPHUPYIOT Hanbosee ONTHUMalIbHbIE JHHAMHUYECKUE MAarHUTHBIE CBOMCTBA U MUHUMAJBbHYIO

JVDICKTPUICCKYTO ITPOHUIACMOCTD.

68



|V. Bausinue Temneparypbl BOCCTAHOBJIEHHUS HA JUHAMUYECKHE MATHUTHBIE CBOWCTBA
KOMIIO3UTOB C MOPOIIKAMH MOJIbIX YACTHII 7KeJIe3a

§8 Bisinue ycJ10BUii BOCCTAHOBJIEHHUsI B BOJIOPO/Ie HA CBOICTBA MOPOIIIKOB 7KeJie3a

Boccranosnenune Fe2Oz 10 Merammmueckoro xene3a Fe mpeacrasiser co00i CII0XKHBIHA
MHOTOCTaIMHHBIN Tpoliece, BKIOYAIIINN nocieaoBarensHoe oopazoBanue FesOs u FeQ Co-
miacHo auarpamme bayspa-Iieccuepa [109] (pucynok 4.1, a), MeTaIMUECKOE JKETE30 MOKHO
MOJYYHTh JaXKe MPH HEBBICOKUX TEMIIEPaTypax BOCCTAHOBJIICHHUS, & TAKXKE B MPUCYTCTBUU HE-
KOTOPOTO KoyimdecTBa Kuciuopona. OCHOBBIBASCH Ha IKCIEPUMEHTAILHO MOMYyYSHHBIX JaHHBIX
BOCCTaHOBJIEHHs ucciienyeMmbix nopomkoB FexOz B armocdepe Bomopona Hp, momydeHHBIX ¢
nomoIipo auddepernnansaoi ckanupyromiei kamopumerpun JICK (pucynok 4.1, 6), st uc-

CJICZIOBaHMSI BEIOpAH JUAIa30H TEMIIEparyp BOCCTAHOBICHUS Tred OT 350 1o 500°C.
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Pucynok 4.1— lnarpamma bayspa-Iieccaepa mist cuctemsl Fe— O—Hz (a) u
pesynbrarsl CTA BoccTanoBieHust nexoaHoro nopomika FeOs B armochepe Bomopona Hz (6).

8.1 /lunamMnyecKkne MarHUTHbIE CBOHCTBA

Temmeparypa BoccraHoBnenus: Fe u3z FexOs cymectsenno Bmmsier Ha CBY cBoiictBa. B
kayecTBe 00bekTOB HccienoBanusi CBY cBOICTB ncnonb30Baauch napauHOBbIE KOMIIO3UTHI C
(beppOMarHUTHBIMU NOPOIIKaMU F€ Moy4yeHHBIMH pacibUIEHHEM U3 pacTBOpa KOHIIEHTpaluen
20wmacc.% c yacroramu fr7; = 2,64MI' u T2 = 1,7MI'1. MaccoBoe coneprkaHue HaroJIHUTENS B
KOMIIO3HUTE COCTaBysieT 75 Macc.%, o0béMHOE conepkaHure HanoiHutens [ okoio 30 06.%. Ha
pucyHkax 4.2 u 4.3 npuBeneHbl YaCTOTHBIE 3aBUCHUMOCTH MAarHUTHOM U JAMAJIEKTPUYECKOH Mpo-
HHLIaeMOCTel 00pa3LioB MPH U3MEHEHUH TEMITEPATypbl BOCCTAHOBJICHUSL.

Komnosutsl ¢ yactuiiamu mMeHbiiero pasmepa (f7;) 1eMOHCTpUPYIOT MEHBIIYIO JHAJICK-
TPUYECKYIO MMPOHUIIAEMOCTD 110 CPaBHEHHIO ¢ KpymHbIMH dactuiiamu (fr2). Cpemu obpasios fr2
HalMeHbIIIee 3HAYCHUE JTUAJIEKTPUYECKOW MPOHUIIAEMOCTH JIOCTUTAETCS Y MOPOIIKOB, BOCCTa-
HosieHHbIX IIpu 400°C. Iopomiky, nomyyeHHble BoccTaHoBiIeHHeM npu 500°C, MeroT HMpoKoe
pacnpeseneHle YacTUIl 10 pa3MepaM, YTO MOXKET SIBJISITCSI OCHOBHOW MPUYMHOM OOJIBIIIOro 3Ha-

YEHUS KOMIUIEKCHOM TUAJIEKTPUYECKOM MTPOHNUIIAEMOCTH.
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Pucynok 4.2— YacToTHble 3aBUCUMOCTH JAUTSKTPUICCKON Y MATHUTHOM TIPOHHUITAEMOCTEH

Hapa(l)I/IHOBBIX KOMIIO3UTOB C ITOPOLIKAMMU KEJIC3a, IIOJTYUCHHbBIX IIPU YaCTOTC PACIIBLICHU A f]]], B 3a-

100

BHCUMOCTH OT TEMIIEPATYPbI BOCCTAHOBJICHUSI.
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Pucynok 4.3— YacToTHble 3aBUCHMOCTH JUICKTPHICSCKOW 1 MATHUTHOM TIPOHHIIAEMOCTEH

Hapa(pI/IHOBBIX KOMIIO3UTOB C ITOPOIIKAMMU KEJIC3a, ITOTYUCHHBIX ITPU YaCTOTC PACIbUICHUA f172, B 3a-

BUCHUMOCTH OT TEMIIEpaTypbl BOCCTAHOBJICHHSI.
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N3 pucynkoB 4.2 u 4.3 BUIHO, YTO NPU yBEIWYCHUH TEMIIEPaTypbl BOCCTAHOBJICHUS
CTaTuyecKkas MarHUTHAasl IPOHUIIAEMOCTb KOMITO3UTOB Kcm BO3pacTaer ¢ 2 1o 3. Yacrora ecre-
CTBEHHOTO (heppOMArHUTHOTO pe30HaHCa fye; CITA00 3aBUCUT OT TEMIIEPATYPhl BOCCTAHOBJICHHUSI.
AMIIIUTY1a MHUMOM 4aCTU MAarHUTHOW IPOHUIAEMOCTH KOMIIO3UTOB BO3pAacTaeT IpPHU IMOBBI-
IICHUU TEMITepaTypbl BoccTaHoBieHus [28]. YacToTHAs 3aBUCHMOCTh MHUMOM YacTH MarHUT-
HOM IPOHUIIAEMOCTU UMEET JIBa MAaKCUMyMa MarHUTHBIX NOTEph: HU3KouacToTHRIN (HY) 1 BbI-
cokouactotHblil (BY). [Nonoxenus HY u BU mMakcuMyMOB MarHUTHBIX MOTEPh 3aBUCAT CMe-
IIAFOTCS B 00JIACTh HU3KUX YaCTOT MPU YBEIMYECHHH TeMIleparypbl BocctaHoBineHus [28]. [Tpu
3TOM CMEILIEHNE MAKCUMYMOB MAarHUTHBIX MTOTEPh HE 3aBUCUT OT JIPYI'MX MapaMeTpPOB CUHTE3a
fru w (cm. Tabnuiy 4.1).

Tabnua 4.1 MarautHble XapakTepHCTHKH TOPOIIKOB Keje3a, MOTYUYSeHHBIX U3 PacTBOPa ¢ MacCOBBIM
conepxanueM FENOs)s 20 macc.% mpu yBelTHUEHHH TEMIEPaTypbl BOCCTAHOBICHUS Treq Ta€ fr7 — ua-
CTOTa PACHBUICHHS PACTBOPA, Uem — CTATUYECKAsI MATHUTHAS TIPOHULIAEMOCTD, f,e; — yacToTa ecrecTBeH-
HOTO (heppOMAarHUTHOTO pe3oHaHca, fyy u fzy — yactoret HY 1 BY MakcCMMyMOB MarHMTHBIX TIOTEPb, Pe —
3¢ QeKTUBHAS TUIOTHOCTh KOMITO3HTA, Pinc — 3Q(EKTUBHASA IUIOTHOCTh BKIIIOYEHHH, i — 0ObEMHOE CO-
JiepyKaHue BKIIFOYEHHUH, Pm — 00BEMHOE CollepKaHie MarHeTHKA B KOMITO3UTE, Pm() — 00BEMHOE comepiKa-
HHE MarHeTHKa BO BKJIFOUCHUSIX.

f”v o fp£’3i fHL[’ qul pe, piﬂCh . .
Ml Trea °C | fiem ITh ITu ITu r/em® | r/em® P Pm Py
350 2,2 22 2,5 13,1 2,54 6,2 0,31 0,24 | 0,78
400 2,4 22 1,7 11,0 2,57 6,5 0,30 0,24 | 0,83

2,64 450 2,7 19 1,0 9,0 2,55 6,3 0,30 0,24 | 0,80
500 31 22 0,8 7,9 2,60 6,7 0,29 0,25 | 0,85
350 2,0 21 2,5 12,4 2,57 6,6 0,29 024 | 0,84
17 400 2,5 21 14 10,4 2,54 6,3 0,30 0,24 | 0,80

450 2,9 23 1,0 8,8 2,60 6,9 0,28 0,25 | 0,88
500 3,2 23 0,8 55 2,64 7,0 0,28 0,25 | 0,89

[1OTHOCTR TIOPOIIKOB, OMpENeNieHHAs THIPOCTATHUECKUM B3BEIIMBAHUEM B CITHPTE,
cocTaBmia 6,6 r/cm°. DTa BeMMUMHA HE M3MEHSETCS B 3aBUCHMOCTH OT YCIIOBHii CHHTE3a M T10-
BTOpsUIach AJs psfa oOpasuoB. Ilomyuennsle pacuéTHble 3Ha4eHUs 3()(HEKTUBHOM MIOTHOCTU
YBEJIMYHMBAIOTCS TIPU BO3PACTaHUM TEMIIEPaTyphl Tred, XOTs 00bEMHOE HAMOIHEHUE i OCTAeTCs
HEM3MEHHBIM. PacuéTHasi MI0THOCTD BKIIFOYEHHH pinc TPUMEPHO COOTBETCTBYET M3MEPEHHOH B
KHUJIKOCTU. YBEJIIMYEHUE pe IPU HEU3MEHHOM MaccoBOM (3:1) 1 0ObEMHOM COOTHOILIEHUSX MO-
KET yKa3bIBaTh HA YBEJIMUEHHE KOJMUYECTBA YACTHUI] 32 CUET HAIWYHUS TOJIOCTH, YTO MOXKET SIB-
JSITHCS IPUYMHON BO3pacTaHUS AUAIEKTPHUUECKON MTPOHUIIAEMOCTH.

[Tpn momomyn GHU3UKO-XUMHYECKUX METOIOB aHAIN3a TIOKa3aHo, YTO (HAaKTOPOM, BITHS-
IOIIMM Ha MarHUTHBIC CTIEKTPHI TIOJTyYSHHBIX KOMITO3UTOB, SIBIISICTCS KOJTMYECTBO COZEPIKaIICH-
csi a3bl YUCTOro *keje3a o-FE To ecTb XMMHUYecKas YUCTOTa CHHTE3UPOBAHHBIX METaJUIUYe-
CKHUX MOpOIIKOB. KOMIO3UTHEI Ha OCHOBE YacTHUIl, BOCCTAHOBIEHHBIX NpU Tred = 500°C, nemoH-
CTPUPYIOT HAHOOIBIIYIO aMILTUTYTy MAaKCUMyMa MarHUTHBIX TIOTEPh, COIIOCTABUMYIO CO CBOM-

cTBaMHU KapOoHMIbHOTO kene3a P-20 [24]. HUu3ko4acTOTHBIH MaKCHMyM YaCTOTHOW 3aBUCHMO-
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CTH MHHMMO¥ 9aCTH MarHUTHOM NMPOHUIIAEMOCTH, IPEIOIOKUTENBHO, CBS3aH C BIUSHUCM BHX-
peBbIX TOKOB [3] win ABMKeHHEM AoMeHHBIX rpanull [110] dusuyeckas npupoga 3TOro Mak-
CHMyMa TOIJIOIIeHUsT TpeOyeT NalbHEHIero M3ydeHus. BBICOKOYaCTOTHBIAH MaKCHMyM OOY-
CIIOBJICH €CTECTBEHHBIM (heppPOMArHUTHBIM PE30HAHCOM [24].

VBenu4yeHne TeMIIepaTypbl BOCCTAaHOBICHHUS Tred IPUBOJHUT K POCTY HU3KOYACTOTHOTO U
BBICOKOYACTOTHOIO MAaKCMMYMOB MarHUTHBIX MOTepb. HaOmromaercst Koppelsiiys MexXIy yBe-
JMYEHHEM MacCOBOTo coiepkanusi (a3bl o-Fe B mopolike M yBEIMUCHUEM aMILTUTYIIbI MaKCH-
MyMOB MarHUTHOTO HoriomeHus. Kommo3uTsl ¢ yactunamu pasmepamu nopsaka 1 Mxm (frr)
UMEIOT 00Jiee BBICOKYIO JOOPOTHOCTh HU3KOYACTOTHOIO MakcuMyMa. KoMIio3uThl ¢ yactunamu
pazmepom 0,5 mxm (fr72) XxapakTepu3yroTcsi BRICOKUMU 3HAYCHUSMH aMIUTATY/Ibl MATHUTHBIX T10-
Tepb, a pH Tred = S00°C mocturaercs HanboIbIIEE 3HAUYCHHE.

Jlnst anammsa 3(GEKTOB, BHOCAIIMX BKJIAA B MArHUTHYKO IPOHUIAEMOCTH HCCIICAYEMbIX
koMi103uToB (f772, Tred= 450°C), ObLTH MPOBECHBI U3MEPEHHUSI BO BHELITHEM TIOCTOSIHHOM MarHUTHOM

nosie Besmuntoi 2400 D (pucyHok 4.4).
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Pucynok 4.4— 3MepeHHble 4aCTOTHBIE 3aBUCHMOCTH MarHUTHOM MIPOHUITAEMOCTH KOMITO3UTOB C Fe
BO BHEIITHEM TTOCTOSIHHOM MAarHUTHOM T1071e€ HanpspkEHHOCTRIO (0 3 1 2400 .

VBenrueHre BHEIIHETO MO MPUBOIUT K cHIbkeHHIo HY MakcuMyMa, a Takke K MOBbIIIIEe-
HUO aMIuuTyabl BU MakcumyMma 1 ero ¢iBUTY B 001acTh Oosiee BHICOKHX 4acToT. Takoe moBefeHe
MOKET OBITh HHTEPIPETUPOBAHO KaK TMOBBIIICHUE OJTHOPOHOCTH MAarHUTHOW CTPYKTYPhI YaCTHII C
JIOCTIDKEHHEM OJTHOIIOMEHHOTO cOoCTOsiHUS. OTNrcaHHbIe M3MEHEHUs (POPMBI CIIEKTpa CBUICTEIh-
CTBYIOT O CYILIECTBEHHOM BKJIAJIE €CTECTBEHHOTO (DEpPOMAarHUTHOTO PE30HAHCA B BHICOKOUACTOT-
HBI MAKCIMyM MarHUTHBIX TIOTEPb.

VYBenuueHne CKOpOCTH BO3MYIIIHOTO IEPEHOCA YACTHI] YEPE3 PEAKTOP B MPOIECCE MTEPBOM
craguu cuHTe3a ¢ 5 10 10 1/MuH 3a cyeT U3MEHEeHHUs KolmuecTBa 6apOoTEPOB MPUBOIUT K YBEIH-
YEHHUIO CTAaTUYECKOM MarHUTHOM MPOHMIIAEMOCTH U K XopoiueMy pazzaeneHuto HU n BY makcu-
MYMOB MarHUTHBIX TIOTeph (M. pucyHoK 4.5). [TomoOHOe pa3neneHue MaKCUMYMOB MOYKET OBIThH

CBA3aHO C YBCIIMUYCHUEM OTHOIICHUA BHCHIHEIO M BHYTPECHHETO AUAMETPOB ITOJIBIX YaCTHII. HpI/I
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YBEIMYEHUU CKOPOCTH Halmtonaercs cnalblii casur BU makcumyma B 0071acTh HU3KUX YacTOT.
BbICOKOYACTOTHBI MakcUMyM oOmpezeiseTcs (heppoMarHUTHBIM PE30HAHCOM, HaOIOTaeMbIM
npu 20 [Tu. [TogGop onTHMaNBHBIX YCIOBHIA CHHTE3a M BOCCTAHOBJICHHSI HEOOXOIMM ISl MHTEH-

cuBHOro nononieHusi CBY-uzmyueHus.
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Pucynok 4.5-YacToTHbIe 3aBUCMOCTH MATHUTHOM POHULIAEMOCTH KOMITIO3UTOB
¢ noporkamu Fe (fr2, @ = 10macc.%), momydeHHbIX co ckopocTsiMu 5 1 10 j1/MuH.

8.2 Crarnyeckue MAarHMTHbIE CBOWCTBA

HamarHn4eHHOCTh HACHIIEHHUS PAAUOTEXHUUECKOTO KapOOHHMIBHOTO JKene3a MapKu P-
20 mMeHsieTcs B pefenax ot 190 mo 250 emu/g (c-em®/r) [89,111,112] Benuunna HaMarsu-
YEHHOCTU HachIleHus Ms 3aBHCHUT OT pa3Mepa MarHMUTHBIX YACTHIl U JUIS 4acTHll 2 — 3 MKM
cocrasisger 190 + 8 emu/g ['c-em®r) [111]. TTonydeHHbIe 3HAYEHNs HAMATHUYEHHOCTH HACHI-
mennss Ms MeHbIe, dyeM TaOnuyHas BeIMumHA IS kenesa 215 emu/g [c-em®/r) u Gombie,
ueM ans MarHeTnTa F&sOs — 84,1emu/g [c-em®/r)[113].

Bennunna Ms u3MeHseTcss MpOMOPLIHMOHATHFHO KOJHMYECTBY MarHeTHKa, YTO MOATBEp-
xnaercs pesynbraraMu POA u CTA. Ilnomaas NoBepXHOCTH M MTOBEPXHOCTHASI SHEPTUS MIPU-
Mecel OKCHJIOB OTIIMYAETCS OT JKelie3a, YTO MOXKET MPUBOANTH K YMEHBIIIEHUIO HAMarHAMYeHHO-
ctu [114]. OOGHapykeHO, YTO HAMOOJBINCH HAMArHUYEHHOCTHIO HachlleHus Ms paBHOM
181,4Tc-cM3/1, obmamaeT obpaser, BoccTaHosIeHHbIH ipu 400°C. B ero cocrase 06GHAPYKEHO
HamOoJbIIee KOJINIECTBO (eppoMarHUTHON (as3wl a-Fe (oxomo 90%, cormacao POA u CTA).
HaunmeHnplieli HaMarHMYEHHOCTBHIO HACBIIIEHUs o0nazaeT oOpasell, BOCCTAaHOBJIEHHBIA MpU
450°C, 4yTO MOXKET OBITh CBSI3aHO C OCOOCHHOCTSIMHU BoccTaHOBNeHUs F&Os npu gaHHON TeM-
neparype. 3HaueHHE OCTAaTOYHON HaMarHMueHHOCTH Mg u3MeHsiercs B mpenenax oT S 10
26Tc-cM®/r. Benmunna Mg onpeniensieTcsi B3aMMOIEHCTBUSIME METy MAKPOMATHUTHBIMH dJIe-
MEHTaMH BEIIEeCTBA — 3epHAMH, YACTUIIAMU ¥ MUKPOMArHUTHBIMHA 00pa30BaHUSIMU, TAKUMH KaK

JoMeHHbIe cTeHkr [115].
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Ha pucynke 4.6 npencrapieHbl NMETIM MarHUTHOTO THCTEpe3uca JIjisi KOMIIO3UTOB C TI0-
POILIKaMH JKeJie3a, MOMYYCHHBIX MTPU paciibuieHuu ¢ 4actotoit fr; = 1,7MI'11 1 BOCCTaHOBIICHHBIX
B TemreparypaoM unTepBaiie 350 — 500°C B armocdepe Bomopona. M3mepenus: mpoBOAMIHUCH
Ui TapaMHOBBIX KOMITO3UTOB C MacCOBBIM HamosnHeHueM 50%. 3HaueHus HaMarHH4eHHOCTH

— con3
HOPMHPOBAHbI HA MaKCUMaJILHOE 3HaY€HUE HaMarHU4eHHOCTH HachimeHuss Ms= 181,4"c-cm/r.
B Tabnuie 4.2 npeacTaBiieHbl MOTYYEHHBIE MArHUTOCTATUYECKUE XapaKTEPUCTUKU TMOPOIIKOB

JKCJIC3a B 3aBUCMMOCTHU OT TEMIICPATYpPbl BOCCTAHOBJICHHA.
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Pucynok 4.6— [letmu ructepesuca napadGuHOBBIX KOMIIO3UTOB C TIOPOIIKAMHU JKejle3a B MACCOBOM
COOTHOIIIEHNH 1:1 TIpH pa3IMYHBIX 3HAYEHUSIX TEMIIEPATYPhI BOCCTAHOBJICHUSI Tred (a-0) 1 3aBUCH-
MOCTb KOIPIUTUBHOM critbl He OT Tred (B).

OO6Hapy>keHO TUHEIHOE YMEHbIIIeHHE KO3pIuTHBHOM cuitbl He €356 1o 100 O ¢ yBenu-
YEHHEM TEMIIepaTypbl BOCCTAHOBIIEHUS Tred (CM. pucyHOK 4.6, 0-B). M3BecTHO, 4TO MHKpO-
CTPYKTYpa, OCOOEHHO pa3Mep 3epeH, ONPEAENsIoT MarHUTHbBIE XapaKTePUCTUKU (heppOMarHuT-
HbIX Marepuanos [116]. B ciyuae, koraa 3epra 6onbine 100 HM, cormacHo auarpamme epiiepa
[116], xosprmTHBHAS CHiIa JIEMOHCTPUPYET OOpPATHO MPOMOPIHOHATIBHYIO 3aBHCUMOCTH OT
pasmepa 3epeH. YMeHblIeHne Hc CBsI3aHO ¢ pOCTOM 3€peH YacTull JKejle3a B pe3ysibrare BOc-
CTaHOBJICHUS, YTO Habmomaercss Ha MuUkpodotorpadusx COM u npu pacuére pa3mepa obna-
CTel KOTepPEHTHOIO pacCesHUs 10 PEHTTeHOBCKUM JHdpakrorpammaM. J[aHHbIE CKaHUpYIOLIeH
3NIEKTPOHHON MUKPOCKOIIMHU B 3TOM CiIydae 00jiee KOPPEKTHBI, TOCKOJIbKY TEMOHCTPUPYIOT (QU-
3UYECKHUI POCT 3epeH, U3 KOTOPBIX COCTOSIT YACTHIIbI, B TO BPeMs KaK PEHTTEHOBCKas JU(pak-
IIUs1 YKa3bIBAET HA CTPYKTYpHBIC U3MEHEHUs. YMeHblIeHue He Takxke ykas3bIBaeT Ha yBelnue-
HUE XMMHYECKOW YMCTOTHI ITOJIyYEHHOIO Marepuaia. BenrmunHa KoSpUUTUBHON CHIIBI CTPEMUT-

Csl K XapaKTePHBIM 3HAUYEHHUSIM KOMMEPUYECKHX TTOPOIIKOB KapOOHHIBHOTO *kene3a (3 — 200),
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HO OCTaeTCsl JOCTAaTOYHO BBICOKOHW. Bbicokue 3HaueHus Hc B 1iesom trnmdHbl st heppomar-
HUTHBIX TOPOILIKOB, ITOJyYEHHBIX YJIBTPA3BYKOBBIM CIPEU-IIUPOIU30M C IOCIECAYIOIIUM BOC-
CTaHOBJICHHEM B arMocdepe Bomopona [61].

Tabmuna 4.2 MarHUTOCTaTHYECKHE XapaKTePUCTUKH MTOPOIIKOB FE B 3aBUCHMOCTH OT TeMIIepaTyphbl BOC-
CTaHOBJIeHHS, Tie Ms — HaMarHMYeHHOCTh HachiIeHus, Mr — OCTaTOYHas HAMarHUYEHHOCTh, He — Koap-
iutHBHas cuiia, Mr/Ms— OTHOIIICHHE OCTATOYHON HAMATHWYSHHOCTH K HAMArHHUCHHOCTH HACKIIIICHHSI.

Trea °C Ms, T'c-em®/r Mg, T'c-em®/r Hc, D Mr/Ms
350 160,4 26,1 356,2 0,16
400 181,4 19,5 259,5 0,12
450 94,6 55 146,0 0,06
500 120,3 5,6 103,2 0,05

[Toy4eHHble MOPOIIKH >Kejie3a OONagaoT CaMOIIPOM3BOJILHONW CIIOHTAHHOM HaMarHu-
YEHHOCTBIO U OMpPEeNEHHON MarHUTHO-KPUCTAJUTUUECKON CUMMETpuel 10 Temrieparypsl Kropu
Tc. Temneparypa azoBoro nepexona Il pona, onpeneneHnas ¢ MOMOIIbIO MPHOOpPa CHHXPOHHOTO
TEPMHUYECKOTO aHaliu3a, IMIOJYYEHHOTo TIOpOIIKa kejeza Haomonaercss oxono 770°C
(cm. pucynok 2.5). [IpumeuarensHo, uto Temieparypa Kiopu B ciydae comepskanust oenee 50%
npUMecel B COCTaBe MOPOIIIKOB JKele3a, CHkaeTcs 1o temneparyp Kiopu 440°C, xapakTepHbIX
st marHetuta Fe04 [53]. Beoime Temneparypsl Kiopu deppoMarHuTHOE Kene30 CTaHOBHTCS
napaMarHeTHKOM U TIePecTaeT B3auMOJICHCTBOBATh C BHEITHUM MAarHUTHBIM IIOJIEM, YTO MPUBO-
JIAT K CKa9KOOOpa3HOMY KaXKyIlleMycsi HF3MEHEHHIO MacChl Ha KpUBOW TepMorpaBumerpun. [lpu
OXJIQKICHUN HW)KE TeMIleparypbl [c BOCCTaHABIMBAIOTCS MAarHUTHBIE CBOMCTBA M MAarHUTHOE
CTPOEHHUE, a Macca OCTAETCsl HEM3MEHHO.

8.3 PenTrenoBckasi qudppaxuust

[Topomku kene3a XapakTepU3yIOTCS HaHOKPUCTAIUIMYECKUM CTpOCHUEM. PeHTreHoB-
ckas AuQpaKus — 3TO CTAaTHCTUKA HAKOIUICHUS SHEPTUH (MHTEHCHBHOCTH) OTPAXCHUN TPU
najieHuN M3JIydyeHHs MoJ 3afaHHbIM yriioM. B m3myuenun Cr-K, nocrturaercs Hawityuniee
paspenieHne peHTTeHOBCKUX TU(PPAKIMOHHBIX pedIIeKCOB KPUCTAJUIMYECKUX (a3 xene3a U
cTainell, Takux Kak kapoupl. OIHAKO CYIIECTBYIOT CIOKHOCTHU B pa3/ielieHuu GpeppuTa u Map-
TEHCHTA M3-3a OJM3KOrO MOJOKEeHUs yriaoB mudpakuuu [117], uro ObLIO MOKAa3aHO BBILIE.
AHAJIOTUYHO MPEIBIAYIIMM 00pa3iiaM, Ha MOJYYSHHBIX PEHTICHOTpaMMaXx B M3ITyYeHHH XPO-
ma (A = 2,2909A) nabmonaercs 1Ba pedrekca (cm. pucynok 4.7) ¢ unnexcamu (110)u (200)
00BEMHO-IIEHTPUPOBAHHOTO KyOHueckoro xene3a o-Fe. Tperuit peduekc (211) naet orpaxe-
Hue npu 156,4 26, uto BEIXOIUT 3a MpeJiesibl U3MepeHHi BeIOpanHoro audpakromerpa. Pac-
CUMTaHHBIE MapaMeTphbl KPUCTAIMUECKUX peleTok o-Fe copmamaror ¢ TabmumuneiM 2,866 A
(rabmuna 4.3). CnaboMHTECHCUBHBIC Pe(IICKChl YKa3bIBAIOT HA MPHCYTCTBHE OKCHUIHOW (asbl.
[Tony4eHHBIE TIOPOMIKK AEMOHCTPHUPYIOT XHUMHYECKYIO CTaOMIBHOCTH. COCTaB 00OpasloB HE

HU3MCHACTCA B TCUCHUC JIMTCIIBHOTO BPECMCHHU ITOCJIC MMOJTYUCHU .
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Pucynok 4.7— JludpakrorpaMmbl OPOILIKOB KeNe3a, TOTyYEHHBIX ITPY YBEITNUEHUN TEMIIEpPATypbI

BoccTaHoByeHus ¢ 350 no S00°C. Pe3ynbrars! npeacTaBieHb! B JIOrapru()MUIECKOM (@) ¥ JIMHEHHOM

maciirradax (6). Mumexest (HKL ) mpocrasnenst st Kyonueckoro okcuaa FesOa.

PesynbraTel M3MepeHHii TpeCTaBICHBI B JIOTapU(MUYIECKOM M JIMHEHHOM Macirtabax
ISl IBYX cepuii mopomkoB: fr7; u f72. TlocTpoeHre peHTIeHOBCKHX JTAaHHBIX B JIOTapU(MUUECKOM
MaciTabe MO3BOJISIET BBISABUTH MIPUCYTCTBUE OKCHJIOB, B TOM YHUCIIE C HU3KOW MHTEHCUBHOCTBHIO
JTUHUN. ANNpoKcuMaIys npoQuisi peHTIeHOBCKUX peduiekcoB (yHKuuel nceBno-Boiita mo3Bo-
JSIeT TIONMYYUTh YCPETHEHHbBIC 3HAYCHUs YIIMPEHHs PEHTTEHOBCKOTO peduiekca 3 U paccuurarb
pa3mepsl obnacteit korepeHTHoro paccesiHust (OKP), To ecTs pa3mepbl KPUCTAJUIUTOB. YBEIMYE-
HHE TEMIIepaTypbl BOCCTAHOBIICHHUS IPUBOAUT K YMEHBIIICHUIO 3HAYSHUH MOTYIIUPHHBI HA TTOITY-
BbIcOoTe [3 pedexca. Bennunna 3 o6parHo nponopiuonaibHa pasmepy OKP. Ilpu pacuere ¢ no-
Moibio ypaBHeHus Llleppepa, cpennuil pasmMep KpUCTaJUIUTOB o-F€ pacTeT B /1Ba pas3a ¢ yBenu-
YEeHHEM TeMIIeparypbl BoccTaHoBIeHus (cM. Tabmuity 4.3). Pasmep kpucramuturos (OKP) yBenu-
4yBaeTcs MpU pacyeTe Mo rpaduueckoMy Metony BuibsiMcona — Xoita, OTHaKoO JJ1s1 KOPPEKTHO-
ro onpeneneHusi MUKpoHanpspkernii € 1 OKP HeoOXomMo Kak MUHHMYM TPH PEHTT€HOBCKHE
muHuu. Pacuér xapakrtepHbIX pasmepoB KpuctaimuToB no Illeppepy m Bumbsmcony — Xommy
COBMAJAET B Mpeeax NOrpelrHOCTH METOAOB U3MEpPEHH. BeencTere HU3koi MHTEHCUBHOCTH
pediekcoB OKCUITHOM (ha3bl, pazMepbl KPUCTAJUTUTOB HE OL[CHUBAJINCH.

W3 u3o0paxkeHus: B TMHEHHOM MacIiTabe BUAHO, YTO JIMHUHM JKeJle3a UMEIOT BBICOKYIO
WHTEHCUBHOCTH, YTO YKa3bIBa€T Ha BBICOKYIO JOJIO (ha3wl o-Fe B obpasmax. [yt oreHoK uc-
NOJIb30BaHbl TAJIOHHBIC 3HAYCHUS KOPYHIOBBIX umcen misi da3z o-Fe (PDF-60696: 14 =
10,77), a-FeOs (PDF-40755: I/t = 4) u FesO4 (PDF-11111: I/t = 4,81).13-3a cinoxxHOCTH
TOYHOTO YCTAHOBIIEHUS (pa3 OKCHIa, KOIMYECTBEHHAs OIIEHKA MPOBEJIeHa C YYETOM BO3MOXK-
HBIX BapuaHTOB. Habmonaercs yBenuuenue 4uctoTsl (assl a-Fe ¢ poctom temneparypsl Tred

B ciyuae menkux nmopomuikos (f77) mpu 350°C mons okcuna cocranisieT He 6onee 10 mace.%, a
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npu 500°C — He 6onee 3 macc.%. B ciydae kpynHbix nopomkos (f772), KoTuuecTBO OKCHIHON
dassl ipu 350°C — He 6onee 13 macc.%, npu 500°C — He 6os1ee 9 macc.%. B ciyuae frz2 mons
a-Fe xonebnercs okono 90 macc.% ¢ MeHee BBIPaKEHHBIM POCTOM B 3aBUCHUMOCTH OT TE€MIIe-
parypbl BOCCTAHOBJICHHS. YUUTHIBasi BBICOKYIO MOIPEUIHOCTh MeTona, okoio 10%, mpouecc
BOCCTaHOBJICHUS ITPOUCXOAUT HAaKOOIee MOIHO rpu Temmeparype Tred= S00°C.

Ta6nuna 4.3 Pe3yibTarsl aHaU3a PeHTTeHOBCKOH qudpakun Jiist oopasios xenesa (o = 20Mace.%) B
3aBUCHMOCTH OT TEMIIEpaTypbl BOCCTAHOBIICHHS, T/I¢ & — ITapaMeTp PEIleTKU xene3a o-Fe B — mmpuna
edurekca Ha monyBbIcoTe, Uy — pasmep kpuctammuToB (OKP) mo Ileppepy.

0 B, pan
fH, ITo Tred, C a,A 110 200 tu[, HM

350 2,8656+ 0,0007 0,0087 0,0137 27

264 400 2,8649+ 0,0008 0,0068 0,0100 36

’ 450 2,8664+ 0,0009 0,0061 0,0086 41
500 2,8647+ 0,0005 0,0055 0,0068 49

350 2,8655+ 0,0001 0,0076 0,0168 24

17 400 2,867+ 0,001 0,0073 0,0112 33

’ 450 2,8666+ 0,0003 0,0064 0,0090 39
500 2,8667+ 0,0003 0,0057 0,0075 46

8.4 'amma-pe30oHAHCHAS CIIEKTPOCKOMUS

MeccOayspoBckue criekTpbl noinydeHsl mpu komHaTHoW 300 K u nmonmxkennon 78 K
Temreparypax u npuseneHsl Ha pucyHke 4.8 [89] CriekTpbl cOCTOST U3 IBYX MOJACIEKTPOB,
KOTOpbIe Jydiie pasperieHbl npu 78 K. OCHOBHOM MOJACHEKTP BKIKOYAET JIBE CEKCTETHBIC
KOMIIOHEHTBI CO CBEPXTOHKHMMH IapaMeTpaMu (M30MepHBIA cIBUT |S, KBajpynoabHOE pac-
mervienne AEQ u cBepxronkoe marautHoe nose Hf cocrasistror 0 mm/c, 0 mm/c, ~33 Tit nipu
300K u 0,1 mm/c, 0 mm/c, ~ 33,8 T ipu 78 K, COOTBETCTBEHHO), COOTBETCTBYIOIUMHU Me-
Tamty o-F€. CekcTeT ¢ MUPOKNMY THHHSIMHI OTPAXKAET HEOMHOPOIHOE OKpYKEeHHe aToMoB Fe
B METAJUTMUECKOH (haze, MPeArnoIoKUTEIbHO H3-3a Pa3IMYHbIX CTPYKTYPHBIX AedekToB. Cek-
CTETHBIE KOMIIOHEHTBI BTOPOTO TIOJCIIEKTPa XapaKTepU3YIOTCsl 0oJiee BBICOKUMHU 3HAYCHUSIMU
ceepxronkoro moust (Hf ~ 36 — 44 T ipu 300 K u Hf ~ 37 — 50 Tt ipu 78 K), uem y meran-
mmueckoro Fe®. CormacHo ux M30MEpHBIM CABUTaM, yacTh U3 HuUX ~ 1llar% c IS ~ 0,24~
0,4mm/c ipu 300 K u IS ~ 0,3- 0,45 mm/c mpu 78 K coorsercTyer Fe®', a apyras wacts ~
5— 6ar.% cooterctByer Fe?* (IS ~ 0,9vmm/c ipu 78 K) [118]. D10 X0pomo Koppeaupyer ¢
JAHHBIMH PEHTT€HOBCKOTO (ha30BOTO aHajM3a, KOTOPBIA Moka3biBaeT Hammune FezOas, comep-
xaiero katnousl Fe?" u Fe®'. HecMoTpst Ha To, 9TO KOMITOHEHTHI OKCHIHBIX CyOCIEKTPOB
ITIPOKHE, MEPEKPHIBAIOTCA ¢ KoMIOHeHTaMH Fe® U MMeloT HU3KYI0 HHTEHCHBHOCTB, 00IIas

TUIOMIA/Ib MOKET OBITh o1leHeHa 1o crekTpy 78 K okomno 15 — 17 at.%.
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Pucynok 4.8— MéccOayspOoBCKHE CIIEKTpPBI [T TIOPOIIKA HKeJle3a
npu 300K (a) u 78K (6), momyuernoro npu fr2 1 Tred=450°C.

8.5 CHHXpOHHBIH TepMUYECKHIA aHAIH3

O6napy»xkeHo, uro B quamnazone temmneparyp ot 100 go 500°C mpoTekaeT 5K30TepMHU-
YyecKasi peakiusi OKUCICHHUS kKelle3a C UTOTOBBIM HA0OPOM MacChl, OJIM3KHUM K PacCUUTaHHOMY
U3 ypaBHEHUSI XUMUYECKOW PEAKIUH TeOpeTuYecKoMy 3HaueHuto 42,97%. Pesynbrarsl nsme-
pEeHMIA XapaKTEPHBIX TETUIOBBIX 3aBUCHMOCTEH npuBeneHsl Ha pucynke 3.10u B Tabmune 4.4.
Benuunna MmakcumanbHOro Habopa mMaccsl ipu 900°C yBenu4yuBaeTcst ¢ pOCTOM TeMIIEPaTyphl
BoccTaHoBieHUs oT 34 1o 38%, 4TO 0COOEHHO 3aMETHO y OOpa3IOB C MEHBIIUM PazMEpPOM
vactuil (fr77). Poct Habopa Maccel AM yka3biBaeT Ha yBEIWYCHUE JOJU YUCTOrO MeTasuia (o-
Fe) B o6pasue. Hanpumep, cropanue nopouka kapOOHUIBHOTO kese3a Mmapku P20 B kucio-
poJie MPUBOAMT K 3K30TEPMUUYECKON peakiuu ¢ BbaeneHuem 6,1 x/[x/r renna u Habopy mac-
col B 38,79% [119], uro B mepecueTe yKa3bIBaeT Ha cojuepkaHue okoiio 3% npumeceit. Xots
pe3yJIbTaThl PEHTTEHOBCKON NU(PAKIMK YKa3bIBAIOT Ha cl1a0ble KOoJeOaHUsI XMMHUYECKOTO CO-
craBa, KpymnHbie nopotiku (f72) 1eMOHCTpHUPYIOT HepaBHOMEpHOE U3MeHeHue AM. Benuunna
Habopa Macchl U XMMUYECKHH COCTaB KOHEUHOTO MPOIYKTa SBISETCS COBOKYMHOCTBIO IPO-
[IECCOB BOCCTAHOBJIEHMS, IACCHBALIU U MEPBOTO B3auMOAEHCTBUs ¢ Bo3nyxoM. [Ipu pa3Bu-
TOM MOBEPXHOCTH MOXKET MPOUCXOAUTH MOBTOpHOE okucieHue. [Ipu Tred = 400°C y Bcex 00-
pas1oB HaOmomaeTcs HanOobIIas BeIMUYMHA AM, YTO YKa3bIBaeT Ha ONTUMAJIbHYIO YUCTOTY
’KeJle3HOH (a3bl, U JOCTUTAETCs BBICOKOE 3HaU€HNE HAMarHH4eHHOCTH HACHIIICHHUS.

OK30TepMHUUECKasl PEaKlysl OKUCIIEHHs MOIYYEHHBIX IMOPOIIKOB Keje3a MPOMCXOAUT B
HECKOJIBKO CTaJIui, YTO OINPENEIEHO MPU IOMOIIM JAECKOHBOJIIOIMU KPHUBOW TEIUIOBOTO ITOTOKA
JCK, u xapakrepusyercs JByMs OCHOBHBIMH MaKCUMyMaMH BblieieHHs Teruia. CyMMapHBIA
TerI0BoH 3(h(HEeKT OKUCIEHUSI NMPEUMYIIECTBEHHO BO3PACTAET C POCTOM TEMIIEpaTyphbl BOCCTa-
HOBJICHUS, YTO CBU/IETEILCTBYET O MOBBIIIEHUN PEAKIIMOHHOM criocoOHOCTH Metaia. [lopomku

C MCHBIIMM pPasMEpPOM YaCTHL[ BBIACIIAIOT 0o0JIbIlIee KOIUYECTBO OHCPIruu 1IpU OKHUCIICHUU
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(6,6mpotus 5,9 k/Ix/r). [Ipu yBeIMUIEHHH TEMITEPATYPhl BOCCTAHOBICHUS Tred TOPOIIKOB HAOITIO-
JTAETCsl CMELIEHUE IK30TepMUUecKol peakiuu BIIPaBO (Tonset Tpeak Tend. HadanbHas Temmepary-
pa peaKiuy yBEIMYMBACTCS C POCTOM pa3Mepa METAJUIMYECKUX YAaCTHIl, YTO M3BECTHO IS TI0-
pomkoB Ti u Zn [120] Veenuuenue cpemHux pa3mMepoB dacTuil mopoikoB Fec 0,7 10 1 Mk,
MIPUBOIIUT K YBEIMYCHUIO Tonset(co 118 mo 140°C). YBenudueHnue temneparypbl BOCCTAaHOBICHUS
pUBOIUT K cIBUTY Tonsetc 120 1o 140°C y menkux (0,7 mxm) u co 140 no 190°C y kpynHbIX 10-
porkoB (1 mxm). Cnabble oTkIOHEHHs B pasmepe [105], momiaaym moBepXHOCTH M MOPUCTOCTH
YaCTHII, & TAKKe B 3epHAX U KpucTauTHIHOCTH [106] MOTYT BBI3BIBATH OTKJIOHEHHUS B 3HAYCHHSX
Ha4YaJIbHOM TeMIIepaTyphbl, KOJTMYECTBE BbIACTUBLICHCS SHEPTUU U IPUPOCTA MACCHI.

Tabmuua 4.4 Pesynbrarel W3MepeHHM CHHXPOHHOTO TEPMUYECKOTO aHajiM3a MOPOIIKOB JKee3a
(o =20macc.%) npu U3MEHEHUH TEMIEPaTypbl BOCCTAHOBICHHS Tred, TIE Tonset— TEMIIEpaTypa Hadasa
peakmu, Tpeak— Temrieparypa Haubombirero mika Ha JICK, Tend — TeMmeparypa OKOHYAHUS pEaKIiH,
AH — obmiee Bienenne Temia, AmM— odmuii Habop Maccel ipu 900°C.

fr, MI'n Treq °C Tonses °C Tpeak °C Tena °C AH, x/t am, %
350 118,1 359,7 409,1 5850 35,56

2 64 400 128,3 392,7 455,9 6120 37,62

’ 450 135,8 383,2 440,9 5820 36,09
500 136,0 428,1 461,9 6570 38,64

350 139,7 372,1 548,9 5710 34,66

17 400 187,1 396,1 446,3 6056 36,82

' 450 191,2 419,6 480,2 4803 17,73
500 195,2 430,7 517,6 5933 30,92

8.6 Cxanupyomas 31eKTPpOHHAs MUKPOCKOIHS
YacTuibl MOMy4YEeHHBIX MOPOIIKOB COXPAHSIOT CPEITHUE PasMephl U chepruecKyro Gpop-
My B pe3ysbTare Mpolecca BOCCTAHOBICHHUS. YBEITMUYECHHUE Ired OKAa3bIBAET CYIIECTBEHHOE BIINUS-
HUE Ha MOP(OJIOTHIO OBEPXHOCTH, 3 UMEHHO NMPHUBOAUT K POCTY 3€peH (U3 KOTOPBIX COCTOSAT
cpepryecKre YacTHIIbI), KOTOPOE COMPOBOXKIACTCS MOCTECIICHHBIM YBEITMUCHUEM MOPUCTOCTH.
Cxemarndeckoe N300pakeHUEe M3MEHEHUS CTPYKTYPBI M IIEPOXOBATOCTH TTOBEPXHOCTH ITOJIBIX
YaCTHUI] B 3aBUCMOCTH OT TEMITEPaTypbl BOCCTAHOBJICHHS Tpe/ICTaBlIeHa Ha pucyHke 4.9.

Fe,0, 350°C 400°C 450°C 500°C

Pucynok 4.9— Cxemarndeckas WWUTFOCTpAIis W3MeHeHNs: Mopgotoruy Jactuil Fe
TPY BOCCTAHOBJIEHNH 13 okcuza F&Os B 3aBUCHMOCTH OT TEMIIEPaTypsbl Tred

BoccranoBnenue npu Huskux temmneparypax (mMeree 400°C) mo3BossieT MOMY4YUTh ya-
cTulbl Fe ¢ magkoit moBepXHOCThIO U HU3KOW IepoxoBaTocThio. Ilpu Temmeparypax Boccra-
HoBieHus 6onee 400°C, HaOmonaeTcst 3epHUCTAst CTPYKTYPa U YBEJIMUMBAIOIIASICS TOPHCTOCTb.
N300paxkeHus] MOIMKPUCTAIIIMYECKUX TOPOIIKOB, MOTYYEHHBIX C MOMOIIbIO METOJa YIbTpa-

3BYKOBOTO CIIPEH-ITUPOJIN3a C MOCIEAYIOUMM BOCCTaHOBIEHHEM B Ha, mpencTaBieHbl Ha pH-
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cynke 4.10. M300paxkeHuns1 SIEeKTPOHHONH MHKPOCKOIIUU HE MO3BOJISIIOT KOJMYECTBEHHO OMpesie-
JUTH CPETHUN pazMep 3epHa. AHaIH3 MOPGOJIOTHH | MIEPOXOBATOCTH MOBEPXHOCTH TTOKA3hIBA-
€T, 4To 3€pHa PACTYT C YBEIMYCHUEM TeMIIepaTypbl BoccTaHoBIeHus. [Ipu HanbombIel Teme-
parype BOCCTAHOBJICHHUS HAOJIIOMACTCsl YaCTUUHOE paspylieHue yactuil (pucyHok 4.10, 1), mpu-
BOJIAIICE K BBIZACICHUIO MEIIKUX YacTHI] B OTACIBHYIO (pakiuio. Bricokas audnekTpruecKast
MMPOHHUIACMOCTb KOMIIO3UTOB, HAITIOJJHCHHBIX HaI/I6OJ'Iee XUMHUYCCKHU YHUCTBIM ITOPOIIKOM XKCJIC3a,
MOXKET OBITh BbI3BaHA Pa3pylIEHHUEM MCXOAHBIX cepudeckux yacTuil Ha Oonee menkue. [Ipu-
CYTCTBUE B CTPYKTYpE KOMITO3UTa MEJIKUX YacTull pazmepoM 50 — 300HM MOXKET CyIIeCTBEHHO

BJIMATH Ha BEJINYUHY I[PIBJ'IGKTpPI‘IGCKOfI IMPOHHUIIAEMOCTH.

B - 5 _ y a

Pucyrok 4.10 — 3J'IéKI‘pOBI€ Mukpogororpaduu opoIkoB xenesa fr; (a-r) u fn (,11-35,-
TIOJTyYEeHHBIX BOCCTaHOBIIEHHEM B arMochepe Ha ripu Temmeparypax 350, 400, 450 u 500°C.

BoccranoBnenue okcuaa A0 MeTajula BKIIIOYAeT KaK MUHHUMYM JIBa KMHETHUECKHX
nporecca: quddy3uto peareHToB (BKIOUasi MPOAYKT PEakliu — BOAY — B BHJIE raza UM mapa
py JaHHBIX TeMIleparypax), U Kpucrammmsanuio o-Fe [lpu 6onee HU3KOM TeMmeparype pe-
aKI[MsI MPOUCXOJMT B PaBHOBECHBIX ycioBusax [109]: oOpasyrommuiicss MeTamn KpUCTaLTH3yeT-
csl ObICTpee, YeM OCYIIECTBIISETCS MOJBOJ M OTBOJ PEAareHTOB. DTO MPUBOIUT K MOIYUYCHHUIO

YaCcTHUI] C HU3KOM ILC(I)CKTHOCTBIO IMOBCPXHOCTH. HpI/I 0oJiee BBEICOKOI TEMIICPATYpPC KUHCTUKY
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npouecca onpezaenser quddysus. THTeHcHBHOE BhlACIEHUE TPOAYKTOB PEAKIIUU IIPU TeMIIe-
parype BocctaHoBiaeHUs 500°C MOXeT ObITh IPUUMHON HAPYIIEHUSI LIETOCTHOCTH YaCTHII.

OO6pazoBanue Nop CBA3aHO C MOTEped MaccChl (0 MaKCUMAaJIbHOTO 3HaueHust ~43% mo
peakiuu Fe&O3 — F€) n 00béma BelecTBa P XUMUYECKOM TMpEBpaIieHun (00bEM KpUCTaII-
JTMYECKOH UK Vg, = 23,47 A3, sueiixa comepxut 2 atoma Fe VoFe,05 = 309,29A3, sueii-
Ka cogepxxut 12 atomoB Fe ymenblieHne 00bEMa sIUCHKU HA OAMH aTOM JKejle3a COCTaBIISET
oxoio 44%). Ilotepu Macchl U 00bEMA COMPOBOXKAAIOTCS YCAAKOM BEIIECTBA 3a CUET yBelude-
HUS pa3Mepa 3E€pPeH, YTO M3BECTHO U3 PACU€TOB IO YIIMPEHUIO PEHTTEHOBCKOTO mpodwis. B
pesyabTare HabIIAAaeTCsl BO3pacTaHUe MOPUCTOCTH YaCTHIL ¥ YACTIHHOM TUIOIIAIN IOBEPXHOCTH
¢ 10 10 60 M?/T IpH yBEIHYCHNN TEMIIEPATyphl BoccTaHOBIeHHs ¢ 350 1o 500°C. JlaHHas Be-
JMYMHA OTpeJieNieHa SKCIEPUMEHTAIbHO MO u30TepMe aacopOrmu. [lo maHHBIM TUTEparypsl,
JUld KapOOHWIBHOTO JKejle3a H3MepsieMasl yielbHas IUIOIAJb IOBEPXHOCTU COCTaBIISIET
1,2m%/r [121]. Beicokoe 3HaueHHE yAeNbHON IOBEPXHOCTH Ui 006pasiia, BOCCTAHOBIEHHOTO
npu 500°C, MOXKET SBISATHCA TAKKE CIIEACTBUEM YACTUYHOTO pa3pyIlIeHUs YACTHUIL.

Yacrora pacnbuicHUs 7 OKa3biBaeT 3aMETHOE BIMSHHE Ha CPEIHHIA pa3Mep YacTHII
nopomkoB Feun ncxomaupix okcuaoB FeOz. Cpennnii pazmep yactun FeOs oneHuBaeTcs pae-
ueiM 0,7 u 1 MxM, cootBercTBeHHO 1 fr77 (2,64MI') u frz2 (1,7 MI'1r), 4TO BUIHO W3 THCTO-
rpaMMbl paclpeeeHus] 4YacTull Mo pa3mepam Ha pucyHke 4.11. KadecTBeHHO HM3MEHEHUE
pa3MepoB MOXKHO HabmonaTh Ha MukpodoTtorpadusx (cpaBHHBas U300pakeHUs IO BEpPTHUKA-
U ¥ TOPU3OHTAJM, YYUTHIBAs MPHUBEICHHYIO pa3MepHyIo mikany). HaOmromaeTcss He3Hauu-
TeIbHOE KOJIeOaHWEe CPEHEr0 pa3Mepa YacTHIl MPOMOPLHOHAIBHO U3MEHSIOUIECS TeMIiepa-
Type BoccTaHoBiIeHUs. CpelHre pa3Mephl YacTHUll, ONpe/ieJIeHHbIE 10 MAKCUMYMY pacripejie-

nenus Dc, npencrasiens! B Tabnuie 4.5.
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Pucynok 4.11 — T'ucrorpaMMbl pacriperiesieHrs 9acTHI TT0 pa3MepaM s TIOPOIIIKOB KeJie3a, IoIy-
ueHHBIX 1pH f777 (a) 1 fr2 (0) B 3aBUCHMMOCTH OT TeMIiepaTypbl BOCCTAHOBIICHHS
W3 UCXOTHOTO Toporika okcuia FeOs.
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JluameTp yacTull U TOJIIIMHA UX CTEHOK 3HAYUTEIBHO MPEBBIMIAIOT Pa3Mepbl KpUCTaIl-
autoB (20 — 80 HM), pacCUMTaHHBIX M0 YIIUPEHHUIO MPOGMIIs peHTreHOBCKoW auHuM. [lomyden-
HblE c(hepuyeckre YacTUIbl UMEIOT TONYI0 CTPYKTYpY, YTO IMPEACTaBICHO Ha pucyHke 4.12.
Tonmmua creHku cocraBisieT 2 paguyca. IlonoOHbIe Mosble YacTUIbl TaKKe HAOMIONAI0TCS B
HCXOJHBIX MOPOLIKAX OKCHJA. Pa3Mepbl MOJIOCTH COXPaHSAIOTCS MPU BOCCTAHOBICHUU YaCTHIL

Feus FeOs [89]. Onnako, HaOmOMaeMble IPH BHICOKHX TEMIIEPATypax U3MEHEHHS MOTYT CBH-

ACTCIILCTBOBATDH B MOJIb3Y HE3HAYUTCIIBHOI'O «KYIIUPCHUA TOJIIUHBI CTCHKHU YaCTHUILIbI.

Pucynok 4.12 — M300pakeHus1 271eKTpOHHON MUKPOCKOIIMH YaCTHI] JKesle3a C MOJoN CTPYKTYPOH,
MOTyYEHHBIX U3 pacTBopa HuTpara kesne3a (I1I) ¢ konuenTpanueit 10 mace.% npu yactore paciiblie-
aust fr2 = 1,7 MI 'y, 1pu yBeIIMYCHNN TEMIIEPATypbl BOCCTAHOBJICHHSI.

8.7 OnpeneneHune paMepa MmoJiocTH B 00bEMe YaCTHIL

Pa3mepsl yacTuIl ¢ OJION CTPYKTYPOH M TOJIIUHA CTEHKU ONPEAEISIOTCS HECKOIbKUMU
(daxropamu, KOHTPOIMPYS KOTOPBIE MOXXHO TIOJyYUTh YacTHIBI TpeOyemoro pasmepa. Hampu-
Mep, B padore [59], mpu pacmbuiennu ¢ wacroroit 1,7 MI'i ucxomsoro pactBopa FENOs)s
(6 =0,072%/m, p = 1000kr/m) ¢ konnenTparueit 0,5 M muameTpsl karmmu Dy i wactuipr D,
1o pacuetam ObuTH paBHBI 2,29 u 0,445 mxm. TeopeTnyeckoe 3HaUe€HHUE JMaMETpa YacTUl] IpH-
MepHO Ha 20% MeHbIlle MOJYYEHHOIO SKCHEPUMEHTAIbHO U3 T'MCTOTPaMMbl paclpeesIeHuUs
(~540HM), 4TO OOBSCHSETCS CIICKAHUEM U arperanueid Ipu ObICTPOM MPOJIETE CO CKOPOCTHIO
3 n/mMuH Yepe3 peaktop npu cunTese. CornnacHo ypaBHenuto Jlanra (1.12) cpennuii tuamerp
a3p030JIbHBIX Karenb Di [M], oOpa3syrommxcs HaJ| MOBEPXHOCTHIO pacTBOpa IMpPHU YIIBTPa3ByKoO-
BOM pacIbUICHHH, 3aBUCHT OT NEPEMEHHBIX, BXOASAIINX B ypaBHeHune Kempeuna (1.11) muist ka-
NHUIIPHBIX BOJH Ac [122]. U3 ypaBuenus (1.12) cneayet, uTo pasMep monydaeMbix dacTuil Dy
BO3pACTaeT ¢ yBEJIMYCHHUEM KOHLIEHTPALMU PACTBOPEHHOIO BEIECTBA W(MJIM) CHIKEHHUEM Ya-
CTOTBI YIIBTPa3BYKOBOTO pacmbliutens fr7. [IIOTHOCTE M MOBEPXHOCTHOE HATSHKEHHE pacTBOpa
ornpeaessui dKcrepumenTanbho. P Jlanr onpenenun koaddurment C, pasusiM 0,34 [45], uro

WCIIOJIB30BAHO YISl PACUETOB M COMIACYIOTCS C AJIEKTPOHHOM MUKpockonueil. bonee coBpeMeH-
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HBIE WCCIICIOBAHUS MTOKA3BIBAIOT, YTO JAHHAS BEJIMUYMHA 3aBHCUT OT XapaKTEPUCTUK PACITBLIHU-
TEJSl K MOXKET U3MEHATRCS B Tipenenax ot 0,17 mo 0,65 [43].

CormacHO ypaBHEHMIO XMMUYECKON peakiuu (2.1), B mporecce pasioKeHus a3p030JIbHON
karu pactBopa coir FE(NOs)s o6pasyercs tTBepaas yactuna FeOs. JlnameTp mI0THON YaCTHIIBI
D, MOXXHO paccuuTaTh HCXOJIsl U3 KOJIMYECTBA PACTBOPEHHOTO BEIIECTBA, HAXOMAIIETOCS B 00BE-
M€ OJIHOM a3p030JIbHOM Karuti auameTpoM Dy, U yuauThIBas XuMuueckoe npeppaiterue (2.1).

B omHoii karie a3po301s COAEPIKUTCS KOIMYECTBO BEIIECTBA Vi [MOJIB|:

0, =C,Vy (4.1)
rne C, — MOIApHAs KOHIEHTpPALHs pacTBopa coiu [Momb/MI] U Vi — 00BEM Karm a’dpo3o-
st [M], paccunTanHbIi ¢ yaetoM ypaHeHns (1.12). MonspHas KOHIEHTPALMs yBETHIHBACTCA
IPOTIOPIIOHATIBHO YBEITHMUSHUIO MAaCCOBOM JOJIM PACTBOPEHHOTO KOMITOHEHTA, (.

KommgecTBo BeriecTBa, KOTOPOE CONEPKHUTCS B TBEPAOH CIUIOMIHOW YacTHUIE, 00pa3o-

BaBILICHCS TIPU PA3JIOKESHUH KAILTH, Vy [MOJIB |, BRIYUCIISETCS KaK:

D, = % 4.2)
rae, K — crexuoMerpudeckuii KO3 PUIHEHT, YIUTHIBAIOIMH KOJHYSCTBO (HDOPMYIIbHBIX CIHHHII
BEII[ECTBA, YYACTBYIONIMX B XUMHYECKOH peakiuu. B paccmarprBaeMoM citydae, Mpu pas3Jioxke-
uuu 4 Mok FE(NOs)3 obpasyercs 2 monb FeOs, mostomy koabdurmeHt K paseH 2 MOJb.

Macca oOpa3oBaBIieiicsi TBepIoil 4acTUIlBI M, okcuaa xene3a FeOs BeumcIseTcs Kak

NpOM3BEACHUE KOIMYECTBA BEIIECTBA v, Ha MOJSIpHYTIO Maccy Fe&Os, M.

m,=v, M,. 4.3)
OOBEM YacTHUIIBI TOTAA PABEH:
y, = 2
T T 44
m (4.4)

TJI€ py — INIOTHOCTh YaCTHUIIbI, paBHast 5242 kr/me st FeOa.
Hcrons3yst BBIYHMCICHHBIH O0BEM KAl a’po30iisi ¢ ydeToM ypaBHeHwuit (3.2— 3.6),

MOYHO MOJIy4UTh BBIpayKEHHE AJISl pacuéra quamerpa TBepaon yactuisl D, [M]:

Cyer M\?

e (4.5)

D,=D,

OcHoBBIBasICh Ha OajlaHCe Macc MpU 0Opa30BaHWM YACTHII B TIPOIECCE CIPEH-TTMPOITN3a,
MOXKHO TIpeZICKa3aTh pa3Mep MPOAyKTa peakiuu. AHaymormdHas (GopMmysia IPUBOAUTCS B JPYTHX
pabotax 1o cnpeii-uponusy [123,124]06e3 BbIBoa U ydeTa CTEXHOMETPHUUECKOTO KO3 PHIIUCH-
Ta MPU XUMUYECKOM TIPEBPAIICHUH.

CymiecTByeT HECKOJBKO MOIXOJ0B K pacu€Ty TeOMETPHUECKUX MapaMeTpoB 00pasyro-
IIUXCS TTOJIBIX YaCTHI], UCXOAS U3 AMaMeTpa adpososist. Hampumep, MOXXHO BBECTH ITOITPABOY-

HBI K09()(DULIMEHT, MO3BOJIAIOIINN ONPENEIUTh AUaMETpP MOTy4aeMOi 4acTULIbI B 3aBUCHUMO-
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CTH OT 9BOJIIOIMHU KaIlW TPH e€ YChIXaHUH B pe3ynbrare ucnapenus [54]. Bropoit moaxon 3a-
KJIIOYAETCs B pacyéTe TOJIILMHBI CTEHKU 4YE€pe3 CPaBHEHHE OOBbEMOB YACTHII, MOITYYEHHBIX C
MIOMOIIIbIO CKaHUPYIOIIEH IEKTPOHHONM MHUKPOCKOIMM W3 THCTOTPAMMBbl PACIIPENEIECHUS 110
pasmepam, ¢ 00bEMOM KpucTauyeckoro okcuaa Fe&Os, paccunTaHHOro U3 AMaMeTpa Karuiu
a’po30J1s1, IPUMEHSIS TAOIUYHYIO IIJIOTHOCTh FEMaTHTA.

IIpensioken Meron pacuéra, MO3BOJIIOLIUMN OCYLIECTBUTH OLEHKY TOJIIHMHBI CTCHKH
00pa3yoIKXcsl 4acTUll, a TAaKXKe KaueCTBEHHO OLIEHUTh U3MEHEHUE TOJIIUHbBI CTEHKU B 3aBU-
CHUMOCTH OT HACBIIIEHHOCTH MCXOAHOIO PacTBOPA U YacTOThl paclblieHus. Pasmep nomyuen-
HBIX IOJIBIX yacTul Dc HeCKobKO MpPEBBIIAeT PACCUUTAHHBIM JUAMETpP CIUIOIIHON IJIOTHOM
yactuubl D, (cMm. pucynok 4.13, a). Eciiu npeanonoxuTh, YTO yBEJINYEHUE pa3Mepa PUBOIUT
K 00pa30BaHUIO IMOJIOCTH BHYTPHU YACTHUIIBI, @ 00bEM Marepuaia CIUIONTHONW YaCTHUIBl PaBEeH
00bEMyY MaTepHalia Mool YaCTULIbl, MOXKHO OLIEHUTh TOJILUHY CTEHKH. [l 3TOro, uCXons u3
cpeaHero o0bEéMa 4acTHIIbI, OIPEAETIIEMOro Yepe3 MaKCUMYM paclipe/lelIeHUs] YaCcTHI] OKCH/Ia
10 pa3Mepy, BEIUUTAIOT 00BEM OKCHJIA, pACCUMTAHHBIN Yepe3 CpeAHUil pa3Mep Karid a’po30-
JI1 ¥ KOHIICHTPALUIO HOHOB JKEJIe3a B MOJISIX.

a 1 . i 6 |

Mycrora

Pucynok 4.13 — Cxembl 1715 TOSICHEHUS PACYETOB TOJIIUHBI CTEHKU YaCTHUIIBL.
O0BEM CBOOOTHOTO TIPOCTPAHCTBA MOYKHO BBIPA3UTh YE€PE3 PA3HOCTh M3BECTHBIX 00HEMOB
U TIepeCYUTaTh B TMaMeTp ceprueckoit moiaoctu De,:
Vcn = VC - Vtu
13
(3 3
D.,=(D¢-Dj) .
Torga TonuwHy CTEHKU t MOKHO paccuMTarh, Kak MOJOBUHY Pa3HOCTU MEXKIY TUAMET-

(4.6)

pamu MOJI0M YacTUIIBI U C(PepUIECKON TTOTOCTH:
t = ———. 4.7)
C yuyerom ypaBHeHHS (4.6) TONIMHY CTEHKH ITOJION YacTHITHI t MOXKHO OTIpE/IeINTh, KaK:
3 3\1/3
D¢ — (D¢ - D3) (4.8)

2

TommuHa CTCHKH, onpcacirsieMasa TakKuM METOHAOM, COOTBETCTBYCT BCIMYHUHEC, OIIPCIAC-

t1:

JIsIeMOoil U3 3J'ICKTp0HHOI71 MHKPOCKOIINH. Takxe u3 pacqéTa CJICOAYCT, UYTO IIPpU pOCTC JUAMETpPaA

YaCTUlbl MOXXHO OXHAATh YBCIWYCHHUEC TOJJIOHWHBI CTCHKH IIOJIBIX YaCTHII. HpenﬂomeHHas{ B
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HaCTOsIIeH paboTe MeToAMKa pacuéra MO3BOJISIET OCYIIECTBUTh 00Jiee TOUHYIO OIEHKY TOJI-
IIMHBI CTEHKH 00pa3yIoIIMXCS YaCTHIl, a TAK)KE KAYeCTBEHHO OLIEHUTHh M3MEHEHHE Pa3MepoB
YaCTHUIl MPOAYKTA U TOJIIUHBI CTCHKH B 3aBHCUMOCTH OT BEIOpAaHHBIX MTApaMETPOB YIABTPA3BY-
KOBOT'O CIIpeH-TIpOIIn3a.

B tabnurie 4.5 npecrasieHsl OLEHKH pa3MepoB aspo3oibHoii Karmn FENOs)s, TBepaoit
gacTuilbl F&O3 1 TONIMHBL CTEHKH 1 B 3aBUCUMOCTH OT BBEIOPAHHOM YaCTOTHI YJIBTPa3BYKOBOTO
pacnbuatens (2,64 u 1,7 MI't) 1 HaCBIIIEHHOCTH UCXOHOTO PAacTBOPA, MOJIYUYEHHBIE C UCIIONb-
3oBanueM ypaBHeHui (1.12) u (4.5). Pe3ynbrarsl pacueToB MPUBOIATCS B CPABHEHUH C Pa3sMEPOM
yactull FeOs, MomydyeHHBIX U3 TUCTOTPaMMbl pacIipeieiieHus 0 pa3MepaM, M MOITBEP KIAt0T
BBIZIBUHYTOE paHee yTBEP)KICHHE 00 YBEIMYESHHH Pa3MEPOB IPU U3MEHEHUH KOHIIEHTPALIUH Pac-
TBOPA M YacTOTHI PACHBUICHHUS, a TAKXKE MO3BOJISIOT MPECKa3arTh MPUMEPHBIE pa3Mepbl YaCTHUI]
NpY U3MEHEHHHU MTapaMeTpoB cUHTe3a. B Tabnuiie 4.5 npuBeneHa oleHKa pa3MepoB B CiIydae Hc-
OJIb30BaHMs YJIBTPA3BYKOBOI'O PACIIBUIUTENS ¢ HAMMEHBIIIEH HOCTYITHON 4acToToi pabotsl fr7 =
0,8MI'u. B cpemnem, rpu TakuX yCIOBUSX BO3MOXKHO TMOTyYEHHE Karu ¢ quamerpoM D, okoo
4,8 — S5MKM U TBEpIOW YacTHUIICH ¢ TUAMETPOM OKOJIO (Wm 0oJiee) OJHOTO MHUKPOMETpA, YTO
MIPEBBIIIAET JOCTUTHYThIE pa3Mepsbl IpH yactorax 2,64 u 1,7 MI'n.

Tabmuma 4.5 Pacuér pazmepoB karwm D, n wactumpl F&O3z D, B 3aBUCHMOCTH OT YCIIOBHiT CHHTE3a — Ya-
CTOTBI pactibUIeHUsI f;7 1 KOHLIEHTpaIKK pacTBopa ® (C yKa3aHHEM MOJISIPHON KOHLICHTPAIMH B CKOOKaX),
T7ie G — MIOBEPXHOCTHOE HATSHKEHUE PAcTBOPa, p — INIOTHOCTH pacTBopa, Dc — MakcuMyM pacnpe/iesieHnst

yactuil Fe&Os o pasmepam, t— TOJIIMHA CTCHKH, TOJTYYSHHAs C MOMOIIBI0 hopmyibl (4.8).
fr, MI'n | o, mace.% c, H/m p, kr/m3 Dy, MKM D., MKkM Dc, MKkM t1, HM

264 10(0,4M) 0,083 1108,5 2,20 0,406 0,53 50
’ 20(0,8M) 0,095 1185,1 2,25 0,524 0,71 55
10(0,4M) 0,083 1108,5 2,95 0,545 0,67 74

17 15(0,6M) 0,089 1137,5 2,99 0,633 - -

’ 20(0,8M) 0,095 1185,1 3,02 0,703 0,96 73
25(1M) 0,103 1290,0 3,01 0,754 0,96 96

0.8 10(0,4M) 0,083 1108,5 4,88 0,901 - -

’ 20(0,8M) 0,095 1185,1 4,99 1,16 - -

JUst TOTIOSHUTENBHOM OLEHKU TOJIIMHBI CTEHKH TOJIBIX YaCTHIL MPEATIOXKEeH pacuér Toj-
IIMHBI CTEHKH YaCTUIBI HA OCHOBE OOBEMHBIX JIOJICH JKEJIE3HBIX BKIIIOUCHUH M BO3IyXa B TPEX-
KOMITOHEHTHOM KoMmo3uTe. [lomxom OCHOBaH Ha HECOOTBETCTBHM BEIMYUHBI 3(D(EKTHBHOM
IUIOTHOCTH BKJIFOUEHUH pincl YacTul] Fe B mapaduHOBBIX KOMITO3UTaX OT TaOJIWYHOW BETMUYMHBI
TIIOTHOCTH Kene3a — 7,874r/cm>. TIycTh BKIIOYEHHS CONEpIKaT MATHUTHBIA MaTepual U BO3IyIII-
HYIO TIOJIOCTh ¥ UIMEIOT OIMHAKOBBIN JMaMETp, ONPEIeTICHHBIN 13 TUCTOIPAMMBI PACTIpEIeICHHS
no pasmepam. Toraa, oTHoIIEHHE 00BEMOB MONOCTH V1 K 00bEMY YacTUIlbl Vo MOXKHO BBIPa3UTh

KaK 00bEMHOE COZIEpyKaHKE BO3TYIIHOM MOPHI B YACTHUIIE BKIIFOUCHUS Ph() = 1— Pm():
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Vi ry _ 4.9
UK (’”_0) =1 ~ Py’ (4.9)

v, Puo
BeipasuB paauyc nonoct r1, ypasHerue (4.9) MOXHO NPUBECTH K BUY:
13 4.1
rlzro'(l_pm(i)) ' (+.10)
TonmmHYy CTEHKH MOXKHO HaWTH U3 Pa3HOCTH PAINYCOB OKpYyKkHOCTEH (prucyHok 4.13, 6):
t2:VO—VI. (4]-1')

TommuHa cTeHKH, onpezeseMas ¢ UCIob3oBanneM ypasHennii (4.10) — (4.11), o mo-
PSAZIKY BETMYHMHBI COOTBETCTBYET PE3YJIBTATaM JJICKTPOHHONW MHKPOCKOIUH (CM. Pe3y/IbTarhl B
tabmuiie 4.6). C moMOIIBI0 MPETIOKEHHOTO METOIa pacyéra MOKa3aHo, YTO TONIIHHY CTCHKH
MOYKHO OLIEHUTD U3 3((PEKTHBHOM IUIOTHOCTH BKJIFOUeHHA. TomHa cTeHKy t (kak 1 pasmep da-
CTHII) 3aBUCHUT OT YCJIOBUH CIIPEH-ITHUPOJIH3a; TPSIMO MPOHOPIIMOHAIBHO KOHIIEHTPAIIMH HCXOIHO-
0 pacTBOpa ® U 00PATHO MPOTIOPIIMOHATIBHO YaCTOTE paciblieHus 7.

Tabmuna 4.6. Pacuér pasmepos tomuunbl cteHKH YacTull Fe (Treq = 400°C) u3 3 PeKTUBHBIX MIOTHOCTEH
napa(pUHOBBIX KOMITO3HUTOB, TIE Pinc — YPPEKTUBHAS TUIOTHOCTD BKIFOUEHUH, Pm() — 00BEMHOE comepxka-
HHE MarHeTHKa BO BKIIOUCHUSX, Dc — MakcuMyM pacripeniesieHust 9acTuIl 1o pa3Mepam, lo — paJuyc Ja-
crutpl (0,5-Dc), r — pagayc cBOOOAHOTO MPOCTPaHCTBA (MyCTOTHI), I, — OIEHOYHAS TOJIIMHA CTEHKH,
HOJTyYeHHast C TOMOIIBI0 hopmyisl (4.11).

fr, M | o, macc.% | pincl, I/cM® Pma) Dc, MKM l'o, MKM r1, MKM to, HM
264 10 6,1 0,77 0,51 0,26 0,16 98

’ 20 6,5 0,83 0,68 0,34 0,19 150

10 5,8 0,73 0,66 0,33 0,21 117

17 15 6,7 0,85 0,66 0,33 0,18 154

' 20 6,3 0,80 0,85 0,43 0,25 176

25 6,5 0,82 0,88 0,44 0,25 190

Pe3ynbrarsl pacuéTa TOMMIMHBI CTEHKU YacTHILbl o popmynam (4.8) u (4.11) ommuatorcst
MEXITy co0O0i MPUMEPHO B JiBa pa3a, OMHAKO COIIACYIOTCS C AIEKTPOHHOU MUKpockoruen. Ot-
Horrerne auameTpoB Din/Dc Takke oTmyaroTcs: npu MeHbiel t orHorrerue coctasiser 0,9,
npu Oonpiieit — 0,6. OnHaKo JaHHOE OTHOILIEHUE U3 UMEIOLIUXCS MUKpOGOoTOrpaduii MONbIX Ya-
cThL Xkene3a cocrasiseT 0,5. B 3aBUCMMOCTH OT MapaMeTpoB CUHTE3a PE3YIIBTaThl pacueéToB t1 n
t2 MO3BOJISIOT OLIEHUTD TPeJIeNIbl U3MEHEHHSI TONIIIMHBI CTEHKH.

8.8 BiusiHne XUMH4Y€eCKOii YHCTOTHI HA MATHUTHBIE CBOICTBA MOPOIIKOB >KeJie3a

Pesynbrarhl nccienoBaHus cocTaBa UCCIEyeMbIX MOPOIIKOB METOJIaMU TBEPAOIO Te-
na (P®A u CTA) u MarHuTHbIE CBOWCTBAa KOMIIO3UTOB, MTOJyYEHHBIX HAa UX OCHOBE, IIPUBEJIE-
Hbl B Tabnuue 4.7. HaOmonaemoe He3HauuTeNbHOE YMeHbIeHHe noiu o-Fe mpu 450°C cs-
3aHO C JIOKAQJIbHBIMU M3MEHEHUSIMU NP BOCCTAHOBJIEHUH: MEPEKPUCTAILIN3ALNN, OKHCIECHUS
u3-3a 0osee aKTUBHOIO (IO CPaBHEHUIO C JPYTUMHU TEMIIEpPaTypHBIMHM PEKHMaMH) B3aUMO-
JeHCTBUsI ¢ mapooOpa3HOW BOMON WM MOAOOHBIMU B3aUMOACHCTBUSIMH, KOTOPhIE HE MOTYT

OBITh YCTAaHOBJICHEI ITOCJIC 3aBCPIICHUS ITPOLICCCa. I/IHTCFpaHBHBIﬁ napamMeTp CHYKa IIpu 5TOM
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3aMETHO IPEBBIIIAET %3, YTO HE MO3BOJISET UCIIOIb30BaTh Ks A1 OLIEHKN AMHAMUYECKUX Mar-
HUTHBIX CBOMCTB IOJyYEHHBIX MOPOIIKOB. [ oreHKH 3PPEeKTUBHOCTH MOTyYEHHOTO KOM-
MO3UIIMOHHOTO Marepuana s npumenenuss B CBU-ycrpoiicTBax HCIONB30BaH MHTETPAJb-
HbII 3aKOH Ame. PaccuMTaHHBIH M3 3KCIIEPUMEHTAJIBHBIX JaHHBIX YaCTOTHOM 3aBUCUMOCTH
napamerp Ame Ka yBeIMUUBaeTCs ¢ pOCTOM XUMHUYECKOW YMCTOTHI kene3a. J{ias mopoKoB.,
MOJTyYEHHBIX MpH Temneparype BoccranoBieHus 400°C u Gonee, mapaMeTp Alle MpeBhIIIaeT
XapakTepHoe Ui KapOoHmIbHOTO skene3a 3HadeHue (Ka = 0,2). CpaBHeHHE CBOICTB MOIy-
YEHHBIX MOPOILKOB OJMHAKOBOI'O pa3Mepa MOKa3bIBACT, YTO XMMUYECKHH COCTaB CyILeCTBEH-
HO BJIMSIET HA YaCTOTHYIO 3aBUCUMOCTh MarHUTHOM NPOHUIIAEMOCTH. Bbicokue 3HaueHus na-
pamerpa Ame Ka CBHIETENBCTBYIOT O TOM, YTO MAarHUTHAas MPOHHUIIAEMOCTb IOJyYEHHBIX
cheprudecknx 00bEKTOB 00IaJaeT MPU3HAKAMHU TOHKOTUIEHOUYHBIX ()eppPOMAarHETUKOB.

Ta6muria 4.7. CTpyKTypHbIC 1 MATHUTHBIC XapaKTEPHCTHKH TTIOPOIIKOB KeJie3a, MOMYYCHHBIX U3 PacTBOpa
¢ mMaccoBeiM comeprkarreM FENOs)s 20 macc.% B 3aBHCHMOCTH OT TEMITEPATypPbl BOCCTAHOBICHUS T red,
e Dc — cpenumii pasmep wactui (MakcumyM pacnipenenenusi), CTA™ u POA™ — nomm o-Fe mo CTA u
P®A, Ka — mapamerp Arre, Ks—napamerp Cryka.

fi, Mg Treq °C Dc, MKM CTA™ % PPA™ % Ks Ka

350 0,68 95 91 0,66 0,18

264 400 0,68 96 91 0,60 0,18

’ 450 0,74 95 91 0,69 0,19
500 0,68 97 97 0,72 0,21

350 0,79 94 89 0,56 0,20

17 400 0,85 96 90 0,66 0,18

: 450 0,80 82 81 0,76 0,21
500 0,78 92 91 0,80 0,25

YcTaHOBIIEHO, YTO BBICOKOE COJIEpKaHUE MpUMecei B 00paslie xese3a NpUuBoAUT K (op-
MHPOBAHUIO €IMHCTBEHHOTO MAaKCHMyMa MarHUTHBIX MOTEPh, COOTBETCTBYIOIIETO €CTECTBEHHO-
My (eppoOMarHUTHOMY pe3oHaHCy (pucyHOK 4.14). KomuuecTBo mpumeceil OKCHIOB MOXET CO-
cTaBisATh OT 25 10 15 mace.% mpu HU3KUX TeMIieparypax BoccTaHoBieHus. B paborax [22,53]
MOKA3aHO, YTO TMOPOIIKHU KeJie3a ¢ JUAMETPOM YacTuIl | MKM u TOMIUHON cTeHKH 0,5 MKM, Co-
nepxkanme 10 70 macc.% FesOs, m mopomku umcroro okcuma FesOs4 ¢ auamerpoMm dacTHIl
0,45MkM u TommumHOM creHkn 0,08 MKM JEMOHCTpUpPYET €IMHCTBEHHBIM BBICOKOIOOPOTHBIN
MaKCUMYyM MarHUTHBIX [OTEPb B JMANa30He HU3KUX 4acToT. [Ipu 3TOM, IO CpaBHEHUIO C YUCTHIM
okcrnoM FesOs mopormiok kemnes3a ¢ IpruMecsiMU JIEMOHCTPHPYET OONBIIYIO aMIDIATYAYy MarHWT-
HBIX NTOTEph U (peppomMarHUTHBIN pezoHaHc Ha yactote 20 I'T. C yBenuueHrneM XUMHYECKOH YH-
CTOTHI JKeJie3a, BO3pacTaeT HU3KOYACTOTHAS! COCTABIISAIOIIAs MHUMOM YaCTH MarHUTHOM MPOHHIIA-
€MOCTH, YTO MO3BOJISIET PacCMaTpUBaTh JIBIKEHUE IOMEHHBIX T'PAHUI] B KaYeCTBE OCHOBHOTO SIB-
JeHuss OPMHUPOBAHUS ITOTO MAaKCHMyMa. B Toke Bpemsi 3TO MPUBOAUT K POCTY CTAaTHIECKOM
MarHUTHOW TPOHHUIIAEMOCTH, YacTOThI ()eppOMArHUTHOTO PE30HAHCA (B KOHKPETHOM CIIydae), a,

CIICIOBATEIILHO, IIPUBOJIUT K YBEJIMUEHHUIO KOHCTAaHThI Aiie ot 0,16 1o 0,22 (cm. Tabmuity 4.8).
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Pucynok 4.14— Briusirue coneprxanns ¢aspl o-Fe B moporikax »xernesa, MoaydeHHbIX 3 PacTBOpa C
MaccoBbM cozeprkanreM Fe(NO3)z 10 mace.% (frz = 1,7MI'r) ipu yBeMUeHHHN Tred HA YACTOTHYIO
3aBUCHMOCTh MAarHUTHOM MPOHUIIAEMOCTH.

Tabnuma 4.8. CTpyKTypHBIC U MarHUTHBIC XapaKTEPUCTUKH MOPOIIKOB kene3a (o = 10 macc.%, T =
1,7MTI') npu U3MEHEHUH TEMIepaTypbl BOCCTAHOBIEHUS Treg IAe Dc — cpeanuit pasmep vactun
(makcumym pacnpenenerusi), CTA u POA — nomn a-Fe mo CTA u POA, yen — craTmdeckass MarHATHast
HIPOHHIAEMOCTB, fpe; — YaCTOTA €CTeCTBEHHOTO (hEeppOMArHUTHOrO pe3oHaHca, Ka — mapamerp Aiue,
pe — 3 heKTUBHAS TUIOTHOCTh KOMITO3UTA, Pinc — YPPEKTUBHAS TUIOTHOCTh BKIIIOYCHUH, i — 00bEMHOE
COJIepKaHKe BKIIIOUYCHUH, Pm — 00BEMHOE COEpPIKaHUEC MAarHETUKA B KOMITO3UTE, Pm() — 00bEMHOE CO-
Jiep’KaHe MarHeTHKA BO BKJIFOUCHHUSIX.

Ter | oo | e % | P, %6 | g | | Ka | P P | g
350 0,60 77 88 16 | 155 | 0,16 2,42 5,3 0,34 | 0,23 | 0,67
400 0,66 90 92 19| 176 | 0,20 2,49 5,8 0,32 | 0,24 | 0,73
450 0,70 80 81 24 | 274 | 0,19 2,49 59 0,32 | 0,24 | 0,75
500 0,43 92 85 29| 24,7 | 0,22 2,55 6,4 0,30 | 0,24 | 0,81

Cpemnnii pazmep gactur] nopomika Dc yBenmmurBaeTcs py yBEJIMYSHAH TEMITEPATypPhI BOC-
craHoBieHus1 10 foctwkeHus 500°C, rae mpouCcXOOUT paspylIieHHe YacTull ¢ (OpPMHPOBAHUEM
Menkol (pakimu. OO0bEMHOE HaroIHeHHe KoMmo3uTa Pi coctapisger ~ 3000.%. O0béMHOE conep-
YKaHME MarHEeTHKa BO BKITFOYEHHSIX () BO3PACTAET NIPH YBEIIMUCHUN |red MUHUMAJIBHBINA pa3mep
3epHa ¥ MIOPUCTOCTh, HAOMIOMaeTcst y 00pasuos, noiay4deHHbIX mpu 400°C. Dta npumeyarensHas
XapaKTepUCTHKAa yKa3bIBaeT Ha TO, YTO BoccTaHoBIeHHe mpu 400°C mo3BOMNSET MOMYyUUTh MaTe-
puai ¢ 3pPEKTUBHBIM MOIVIOMICHHEM B IIMPOKOM JHMAMAa30HE YaCTOT, TNIAAKON OBEPXHOCTHIO U
BBICOKOM MaccoBOi1 o€l xene3a okosio ~90% B XUMUYECKOM COCTaBE. Y UUTHIBAsI PE3YJIbTaThl
WCCJIEIOBAHUIN METOIaMH TBEPIOTO Teja, yCTaHOBJIEHO, uTo Temmneparypa 400°C sBisieTcst orn-
TUMAJTLHOW TSI BOCCTAHOBJICHHSI HCXOTHOTO TIopoika okcruiaa FeOs B armocdepe Bomopona u
MOJYYEeHUsI XUMUYECKH YHCTOTO TIOPOIIIKA JKene3a o-Fe ¢ miaakoil moBepXHOCThIO YaCTHIl, HHU3-

KOI OPUCTOCTHIO U OOJIBIIUM Pa3MePOM KpUCTALTUTOB [28].
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§9 CBoiicTBa HCXOTHBIX MOPOLIKOB OKCH/IA Kejle3a

[Mopomiku okcuma FeOs sBistoTes npoaykramu peakiuu pasinoxenus cond FENOs)s B
pe3yabTare YIbTpa3ByKOBOI'O CIIPEH-IIUPOIIN3a U, OAHOBPEMEHHO, SIBIISIFOTCSA PEareHTOM JUis 110~
JTy4eHusl mopouikoB Fe mpu BoccTaHoBieHHu B Bojopozae. CBOMCTBa OKCHA, KOTOPbIE 3aKiia-
JBIBAIOTCS B IIPOLIECCE CHpeN-NIUpoiIn3a (pa3Mep YacTULl U HAJIMYUE TOJIOCTH), UTPAOT KIIoUe-
BYIO POJIb TIpH (POPMHUPOBAHUM YacTHIl MeTasuia. Yacrora pacmbuieHus f;7 u koHIeHTpamus uc-
XOJJHOTO PacTBOPa  SIBJISIFOTCS OCHOBHBIMU ITapaMeTpaMy KOHTPOJIS Pa3MepOB YACTHIL.

N306paxenust nopoukoB F&Os n pacnpenenenue 4acTull [0 pa3Mepam MpeICTaBIeHbI
Ha pucyHke 4.15. YacTuipl OKcHa UMEIOT INIaJKYy0 OBEPXHOCTh, YTO OCOOEHHO 3aMETHO IIpU
CpaBHEHUH C M300paKCHUSMH MOPOIIKOB Kejne3a. MakCUMyM pachpeieNieHHsI YacTHIl 110 pa3-
MepaM BO3pacTaeT MpU YBEJIMYCHHH (© MPH MOCTOSHHOW yactoTe pacnbuieHusi f7. B ciydae
pacnbiieHus ¢ yactotoi 2,64 MI't cpennuii pazmep yactuil yBenuuusaetcs ¢ 0,5 no 0,7 MxkM; B
ciydae yactotsl pacnbuieHus 1,7 MI'n — ¢ 0,7 1o 1 MKM npu yBeIM4eHUU KOHLeHTpauu ¢ 10
1o 20 macc.%. TonmuyHa CTEHOK MOJbIX YacTull u3Mensercs ot 0,1 70 1 MKM U mpuMEpHO co-
OTBETCTBYET MOJIy4YeHHBIM pacuéramu 1o ¢opmyse Jlanra 1 HaOm0aeMbIM TONIIMHAM Ha ya-
cThnax xemuesa Ha Mukpodororpadpusx COM. Pazmepsl MOJTOCTH B CTPYKTYPE YaCTHUI] 3aBUCST
OT PABHOBECHSI MEXAY CKOPOCTbIO MCIIAPEHUsl PACTBOPUTENS U3 KaIId a3po30Jii U BPEMEHEM
HaXO)KAEHUs KalUId B 30He Harpesa. [loaToMy TemneparypHbli peUM U CKOPOCTb ITOTOKA ra3a
HE00X0IMMO ONTUMU3UPOBATH IS IPEUMYIIIECTBEHHOTO MOTyUeHHS 1IeJIEBOTO MPOIAYKTa.

[110THOCTH MOJYYEHHOTO MOPOIIKA COCTAaBIAET OKolo 5,1 r/cM3, uTo HEe3HAYMTENHHO
MeHbIe TabnuyHoi Bemmauubl (5,241/cM), UTO KOCBEHHO MOKET OBITH CBSI3AHO C HATHYHEM
MIOJIOCTH B CTPYKTYPE 4acCTHULL OPOILLIKA.

B cooTBeTcTBHM C pe3ynbTaTaMi TEPMOTPaBUMETPHH B Boopoae (pucyHok 4.1, 6), Boc-
cranoBiienne FeOs mpoucxomut ¢ norepeit okoio 33% mo macce. Cormacao JICK, mportecc
NOJHOCTHIO 3aBepiiaercs okono 500 — 550°C. Kak mokaszanu pe3ynsrarbl peHTT€HOBCKOH -
(bpakiuy, MOPOIIOK MPEUMYIIECTBEHHO COCTOUT U3 ¢a3bl F&Os (kapTouka PDF-11053) ¢ rek-
caroHaJIbHOM KpHUCTalIMuecKkoil pemérkoit (pucyHok 4.15,6). B cocraBe Takxke NpuCyTCTBYET
He3HaunTeNbHOe KomnuecTBo Fe304 (kaprouka PDF-30862).

KommoszuTs! ¢ mopomkamu okcuga FE&O3 He o0nmaaeT MArHUTHBIMEA CBOMCTBAMHU H OT-
HOCHTCS K KJIACCY JJMaMarHeTUKOB. JlefcTBUTENbHAS YacTh MarHUTHON NPOHMUIIaeMOoCTH ' <,
MHHUMas 9acTh /' Omm3Ka Hyiro (pucyHok 4.16). Jlusnexrprdeckas IPOHUIIAEMOCTh 3aBUCUT OT
pasmepa yacTull BKIroueHH. YacTulbl ¢ OOMBIIMM pa3MepOM JIEMOHCTPUPYIOT MEHBIIIEE 3Ha-
YEeHUE JICHCTBUTEIBHON M MHUMOW YacTH JUIEKTPUUYECKON mpoHunaemoctH. [Ipennonoxu-

TCJIbHO, 3TO BBI3BAHO O6p830BaHI/ICM arperaroB B KOMIIO3UTC.
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Pucynok 4.15— Pacnpeﬁenemle YaCTHII 110 pa3MepaM (a), peHTTCHOBCKas T (PPAKIWST NCXOIHOTO IT0-
potka okcuza FeOz (0), n300paxeHus CKaHUPYIOLIEH MEKTPOHHON MUKPOCKOIUY JUTS YACTHUL]
pazmepom 0,5 MM (B) 1 0,7 MKM (T) ¥ I300payKEHHS ITOJTBIX YACTHIL (1I-€).
7 1,0

o Fe,O,

11’0ww:1 0,1t

0,5 0,0
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Pucynok 4.16— YacToTHbIE 3aBUCHMOCTH IMANIEKTPHYECKON i MATHUTHOW MPOHUIIAEMOCTEH
KOMITO3UTOB ¢ roporirkamu okcria FeOs co cpemrmm pazmepom gactuir 0,5 1 0,7 MKM.
M3mepenns mpoBeeHb! Jy1sl KOMIIO3UTOB C MACCOBBIM HaNoOJIHEHueM 3:1.
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§10 U ccaenoBanne BJIUSIHASL BpeMsl BLIIEP/KKH B BOJIOPoOIe
Ha IMHAMHYeCKHe MATHUTHbIE CBOICTBA MOPOIIIKOB JKejie3a

DKCIIEPUMEHTAIBHO YCTAHOBJICHO, YTO YBEIMUCHNUE BPEMEHH BBIJICPKKHU TIPH BOCCTAHOB-
JICHUU TIOPOIIIKOB OKcuzaa B armocdepe Bomopona ot 75 ao 180 munyT npu 350°C He oka3biBacT
CYHICCTBCHHOI'O BJIMAHUA HA HACTOTHYIO 3aBUCUMOCTD MarHuTHOI MMPOHUIIAEMOCTH, XUMHUYECKHUU

COCTaB MPOIYKTa K MOPQOJIOTUIO OBEPXHOCTH YacTHIL (PUCYHOK 4.17).
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Pucynok 4.17—Pe3ynsrars! rccieoBaHus CBOMCTB MOPOIIIKOBOTO skerne3a mpu 75 u 180 MunyTax
OT)KHTA B BOZIOPOJIC: YACTOTHAS 3aBUCMMOCTh MArHUTHOM MPOHUIIAEMOCTH (),
peHTreHoBcKast tudpakiws (0), S7eKTpOHHAsT MUKPOCKOTIHS (B).

[Ipu yBenmueHnr BpeMEHH BBIIEPKKH, CTaTHUECKass MarHUTHASI IPOHHUIIAEMOCTh U Ya-
cToTa (eppOMAarHUTHOTO PE30HAHCA COXPAaHAIOTCA HeW3MEeHHbIMU. ComlacHO pe3yibraram
PEHTTeHOBCKON AU(PAKIINH, KOJIUYECTBO O-F€& mpakTHUecKy He U3MEHSTCSI U COCTaBIsIeT 85 —
90 macc.%. [Ipennonaranock, 4TO BOCCTAHOBJIEHUE MPU HU3KOW TeMmIeparype MO3BOJMUT CO-
XPaHUTh MIAAKYI0 (JOpMYy TTOBEPXHOCTH U YBETHYHTH A0MI0 (asel a-Fe [lpucyrcTBue okcua-
HOM (pa3bl B MOITYUYEHHBIX MOPOIIKAX MOXKET OBITh OOBSICHEHO HEIOCTYMHOCTHIO YaCTH BHYT-
peHHero o0bEéMa OKCHJAA >Keie3a JJIs IMOJIBOJIa ra3a-BOCCTAHOBUTENS, a TaKKe IMOBTOPHBIM
OKHUCJICHHEM TMOBEPXHOCTU YAaCTHUII MIPH BCKPHITUH peakTopa. Ha mukpodororpadusx oTcyT-
CTBYIOT SIBHBIC MPU3HAKU BIMSHUS BPEMEHH BBIICPKKU HA MOBEPXHOCTHh YaCTHII. BBIIEpKKU

JIIUTCIIbHOCTBIO 75 MHHYT JOCTAaTOYHO IJId BOCCTAHOBJICHHA IMOPOIIKOB CO CPCIAHHWM pa3Me-
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pom 500 — 800HM. [y1s1 MOPOMIKOB IPYTUX pa3MEPOB BPEMs BBIACPKKH NpH ModydeHun Fewus
FeOs3 MoxeT UMeTh KPUTHUECKOE 3HAYCHHE.

OO0pa3oBanue Mop NpU BBICOKOH TeMIleparype MPUBOIUT K (POPMHUPOBAHHIO «TyO4aTo-
rO» JKeye3a — CTPYKTYpPbl, XapaKTePHOU AJIsi MPOMBIILIEHHOTO BOAOPOAHOTO BOCCTAHOBJICHUS
Kene3a U3 keae3HoW pyapl. ComacHO MOMy4YEeHHBIM JaHHBIM, HaUOOJee YUCTBINA MPOIYKT CO
CTPYKTYpOH «ry04aToro jkene3a» TMONy4aeTcss NMPU BOCCTAHOBICHHWH IONyYEHHBIX CIIPEii-
nuposnu3oM nopomkoB Fe&Os mpu remneparype 500°C.

Boccranosnenue B Teuenue aByx dacoB mpu 500°C mopormikoB FeOz (firz = 1,7MI ',
o = 10...25macc.%) TpUBOAUT K 3HAUYUTEIbHBIM HM3MEHEHHSIM JUHAMHYECKHX MarHUTHBIX
cBoiicTB (cM. pucyHOK 4.18).IIpu 00paboTKe B TeUeHUE ABYX 4aCOB CTAaTHYEeCKas MarHHUTHas
MPOHUIIAEMOCTD [cm COCTABISIET OT 3 110 3,5 1O CPaBHEHHIO C KOPOTKOH BBIIEPIKKOW B TEUe-
Hue 75 MuH (Harpumep, cM. pucyHok 3.4). HactoTa peppOMarHUTHOTO pe30HAHCA HAXOAUTCS
B auamazone 20 — 251 Tu. AMmiuTyaa MarHUTHBIX MOTEPh JOCTUTAET 3HAYCHHM, OIM3KUX K
eauHUIle B auamna3zoHe yactoT oT 5 1o 10ITu. Bpems BoccTaHOBIEHHS 3aMETHO BIUSIET Ha
JUDJIEKTPUYECKYIO0 TIPOHHUIIAEMOCTh Mapa)uHOBBIX KOMITO3UTOB C HCCIICTYEMbIMH TOPOIIKA-
mu. [Tpu 500°C nmpoucxoaut pa3pynieHNe YacTUIl TOPOIIKA HAa MEJIKUE 3epHA, YTO MOXKET SIB-
JSATHCS OCHOBHOM MPUYMHON YBEIHUEHUS TUAIIEKTPUUECKOW mpoHunaemoctu. Hamomuurens
o0pasiia, MpoAEMOHCTPUPOBABILIEIO HAUMEHbIIIEEe 3HAYCHHUE JAUAIEKTPUUYECKON MPOHUIIAEMO-

CTH UCIIOJIB30BAaH B I[ﬁJII:HGﬁHIHX OKCIICPpUMCHTAax.

100 100

500°C
120 muH
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10 mace.%
— 15 macc.%
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— 25 macc.%

0 T T 0.0 T T
0.1 1 10 0.1 1 10

YacroTa, My YacteTa, MU
Pucynok 4.18— YactoTHast 3aBUCUMOCTb AUAJIEKTPUYECKON 1 MArHUTHOM IMPOHUIIAEMOCTEH KOMITO-
3UTOB, HAITOJHEHHBIX ropornkamu Fe (3:1) BoccraHoBIeHHBIX B TedeHue 2-x dacoB mpu S00°C.
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JIst uccnenoBaHust B3aUMOJICHCTBHIS MEXKy YaCTHIIAMH HAIOJHUTEIS B 00bEME N3TOTOB-
JICHHBIX KOMIIO3UTOB 6BIJII/I HUCCIICAOBAHbI KOMITO3UTHI C Pa3JIMYHBIM COACPKAHUCM HAIIOJIHHUTCIISA
(pucynok 4.19). YBenuueHue 0ObEMHOM JIOJIM YaCTHUIl HAOIHUTEIS TIPUBOIUT K HE3HAYUTEIILHO-
My CMEIICHHIO MAKCHMyMa MarHUTHBIX TIOTEPb, YTO CBUICTEIBCTBYET O CJ1a00OM MarHUTHOM B3a-
UMOJICUCTBUH. AMITUIUTY]a MAKCUMyMa MarHATHBIX TIOTEPh M CTATUYECKAsi MATHUTHAS TIPOHMIIA-
€MOCTh BO3PACTAIOT C YBEJIMUCHUEM MarHUTHOTO MarepHraia B KOMIIO3HTE, a yacToTa (eppomar-
HHUTHOTO pe3oHaHca fhe; coBmamaer s Bcex 00pasuos. [Ipu koHieHTpanuu Menee 28 00.% au-
ANEKTPUYECKasi MPOHHUIIAEMOCTh YBEJIMYHUBACTCSI JIMHEWHO MPOIOPIIMOHAILHO KOHIICHTPAIIUH

HanoyauTens. [Ipu koHeHTparuu Boie 28 00.% oOpaser CTaHOBUTCS IPOBOISIIM.

20
v | "'l — 28 06.%
€
4 ——24 06.%
—_—17 00.%
—12 06.%
:ﬁ-——\.n‘
10 + )
L 2
v
0 T T T L L AL | T 0 T T LA | T T L L L LR |
4 127
W T
[ 1.0
3 [
I 0,81
2t 0,6F
I 0,41
1 :
I 0,2}
0- T T L | T T L LR | T Oyo-h' T L L | T T T T
0,1 1 10 0,1 1 10
YacTtoTa, My YacroTa, My

Pucynok 4.19—YactoTHble 3aBUCUMOCTH AUAJIEKTPHIECKON M MAarHUTHOM ITPOHUIIAEMOCTEH KOMITO-
3UTOB IIPH PA3IMYHOM OOBEMHOM COAEP/KaHMHU YaCTHL] TIOPOILLIKA HKEJIEe3a.

V3MepeHHble YacTOTHBIE 3aBUCHMMOCTH JIUANIEKTPUYECKON MPOHHMIIAEMOCTH TI03BOJISIOT
OLICHUTH MOPOT MEPKOJIALIMN UCCIIETYyEeMON CUCTEMBL. 3HAYEHHs SMITUPHUYECKUX NTApaMETPOB, TAKHX
Kak ¢ dexTuBHbIi popM-hakTop BKIFOUEHUH Nypg U TIOPOT TPOTEKAHHS CUCTEMBI ¢, ONIPE/IETIEHbI
W3 3aBUCHMOCTH KBa3uCTaTHUecKoro 3HaueHus &' (Ha yactore 0,1 I'T'r) o 06sEMHOTO comeprkaHus

HAIOJTHUTEJS B CMECH METAJIT-TUAICKTPHUK TIPH TIOMOIIM Mojiesi cMernenust Onesesckoro [125]:

1 p
Eam oy = &y | 1+ ————— . 4.12
b Nopo 1= /P, (4.12)

Trae &, — JAUIJICKTPUYCCKas NMPOHUIACMOCTb MaTpullbl, P — KOHLICHTpaus (I)eppOMaFHI/ITHBIX

BKJTIOUEHUI.
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[Tpu 3amene P Ha koaddument aenomspuzanuu N, popmyna cmermenus: OeneBcKoro me-
pexomut B Teopuro addextuBHOI cpenpl bpyrremana (TOC), mpu 3aMeHe e HA SAUHMILY, TIEPEXO-
it B opmyity cmerieHns: Makcgesua-I apuerta [119], Tem cambiM 0000111ast 06e hopmysisr. Dop-
mysa (4.12) npumeHrMa B iuana3one koHreHtpamuii 0 < p < R, U BOMHM3U KPUTHYECKOTO HAITON-
HEHHsI TOYHOCTh MOJENU CHIDKaercs [126] 3HadyeHue Pc OMUCHIBACT B3aUMOJCHCTBUE MEXKIY
BKJTFOUCHUSIMH M TIPY BBICOKUX KOHIICHTPAIUSX OIMMCHIBACT OTKJIOHEHHE KOHIICHTPAIMOHHOH 3a-
BUCHMOCTH OT JIMHEHHOMH, IJIe KOJUIEKTUBHBIC 2(p(heKThI OKa3hIBAIOT HAMOOIIbIIIEE BIUsIHYE. Bemm-
yrHa N,p¢ OMMCHIBACT UHIMBUyalbHbIE CBOICTBA BKItoueHU. OTanune (hopM-hakTopa BKIIO-
yeHuil Nogg OT '3 yKa3bIBaeT Ha 3aMeTHOE OTIrYKe POpMBbI YacTHIl OT cheprudeckoi. Pe3ynsrare

pacyera npezcTaBlieHsl Ha pucynke 4.20.
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Pucynok 4.20— 3aBUCHMOCTb KBa3UCTATHUECKOTO 3HAYCHUH ACHCTBUTEIBLHON YacTH UAIEKTpHYe-
CKOM MPOHHUIIAEMOCTH OT OObEMHOM IO YaCTHIL HATIOTHUTEJTS.

Paccuurannsiii popm-daxrop Nopg pasen 0,18. JlaHHOe 3HaYeHNE OTIMYAETCS OT TEOPETH-
YeCKOro 3HaueHHs Uil CHEepUYecKMX YacTHUIl U OT SKCIEPHUMEHTAJIbHO ONpPEAeNEHHOro (hopm-
dakropa xapoormbHOTO *kene3a (Nogp = 0,2). [TomyueHHOE pacXoKIeHHe, MO-BUIMMOMY, 00BSIC-
HSIETCSl HATMYMEM B COCTaBE TIOPOIIKA JIONM HECPEepUUECKUX OCKOJIKOB YACTHII, a TAaKKe 00pa3oBa-
HHMEM KJIaCTEpPOB YACTUI] HATIOJHUTEINS B 00bEMe KoMmo3uTa. [Topor nmepkosium Pe MOTy4eHHOM
cucrembl paBeH 0,37, 4TO CyILIECTBEHHO HMIKE 3HAYEHHS JUIST KOMMEPUYECKOro KapOOHUIBHOTO Ke-
ne3a mapku P-20 (x = 0,6). CHmkeHure Topora MepKOJISIIUK CBA3aHO C TEM, YTO CHHTE3MPOBAHHBIC
MIOPOIIKK O0JIaal0T BBICOKOW YHMCTOTOM TIOBEPXHOCTH, M KOHTAaKTHOE COMPOTHBJIICHHE YaCTHII
MEHBbIIIe, YeM JIJI MaTepHaoB ¢ OoJee MacCUBUPOBAHHON OBEPXHOCTHIO.

§11 /lunaMuyecKrne MArHUTHbIE CBOWCTBA KOMIIO3UTOB € YACTULIAMH SIIPO-000/104Ka

deppoMarHuTHBIE MEJIKOTUCIIEPCHBIE MOPOIIKOBbIE MarepHaibsl Ha ocHoBe Fe, Co u
Ni orpaHu4eHbl B CBOEM HCIIOJIb30BaHUU U3-32 HEKOHTPOJIUPYEMOTO OKHCIEHHS U CaMOBO3-
ropaHus MPH KOHTAaKTe ¢ BO3ayxoMm [127] MHkamcymsuuss XMMHYECKH aKTHBHBIX YacTHIl B
HEOPTaHMYECKYIO 3alTUTHYIO 000JI0OUKY C METhI0 CO3MaHUS CTPYKTYPHI «SIAPO-000JI09Kay SIB-
asiercst 3PPEKTUBHBIM CIIOCOOOM 3alUTHI OT OKUCIEHUs. B KauecTBe 3alUTHOTO Marepuasia
MOXKET OBITh MCIIONIb30BaHa 0000uKa n3 Anokcuaa kpemuus SiO2 [128-130] MukpowacTu-

bl SIPO-000JI0YKa HE TOJIBKO 00JAA0T TOBBIMIEHHONW XWUMHUYECKOW CTaOMIIBHOCTBIO, HO M
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JEMOHCTPUPYIOT YIyUIIEHHbIE IEKTPOMarHUTHBIE CBOMCTBA, TaK KaK AUAJIEKTpHUEcKas 000-
Jouka pu3MYecKH NpeoTBpaIlaeT KOHTAKThI MEXIy yactuiiamu [24,131].

YacToTHBIE 3aBUCUMOCTH JUAJICKTPUUECKOW U MarHUTHOW MpPOHMIIaeMOcTel mapadu-
HOBBIX KOMIIO3UTOB, HATIOJIHEHHBIX Mopolinkamu Feu Fe@SiO B MaccoBOM COOTHOIICHUH 66,
50 u 33 macc.% npexacrasnenbl Ha pucyHke 4.21 [89]. HexkoTopbie 00pasiibl 1eMOHCTPHPYIOT
PE30HAHC JTUAIEKTPUUECKOM MpOHUIaeMOCTH Ha vactoTax okosno 10 I'T'm, xoTopeiii Moxer
OBITH CBSI3aH C BOSHUKHOBEHHMEM B KOAKCHAILHOM BOJHOBOJAE Moj Bbiciiero mnopsjaka (TE11)
Ha TpaHUIIe pasliena «o0pa3en-Bo3ayX» ¢ MOCIEAYIOUUM PE30HAHCHBIM MOITIOIICHHEM DJIEK-
tpomarauTHO# BoiHbI [101]. DTr moTepu He cBs3aHbl ¢ 3G GEKTHBHBIMU CBOMCTBAM 00pasiia

U ABJIAIOTCS NOI'PCIIHOCTBIO H3MepeHHfI.
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Pucynok 4.21— YacToTHble 3aBUCHMOCTH MAarHUTHOM M TUAJIEKTPUYECKOM MPOHUIIAEMOCTEH
JI0 ¥ TTOCIIE HAaHEeCEHHs UANIEKTpryecKkoi 000s104ku SiO; Ha yacTuiipl Fe

IIpu HaneceHnn 0OOJIOUKHU 3HAYEHUE CTATUYECKOM MarHUTHOW MPOHUIIAEMOCTH CHIKAeT-
cs1 ipumepHo Ha 209 ¢ 2,1 g0 1,7. MakcuMyM MHUMOM 9acTH MarHUTHOMW MPOHHWIIAEMOCTH He-
3HAYUTENILHO CMELIAETCs B CTOPOHY 0ojiee HU3KMX YacTOT C yBeJIHMYeHHeM 00bEMHOM Aomu. Mak-
CHMMYM MarHMTHBIX MOTepb HaOmogaeTca Ha yactote okoio 10 I'Tu mis o6oux cepuii 00pasios.
VBenuueHne 00bEMHON JTOIM HAIIOIHUTEIIS MPOIOPIIMOHAIBHO YBEJIMUEHNI0 MArHUTHOM TPOHHU-
[IaEMOCTH KOMIO3UTOB ¢ yactuiamu Fe@SiO2, 4To yka3plBaeT Ha OTCYTCTBUE 3HAYUTEIBHOTO

MAarsuTHOIO BSaHMOHGﬁCTBHH MCXIY YaCTULIaMU.
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B pesynbrare HaHeceHus auanekTpudeckoii 00omouku SiOp Ha MOBEPXHOCTD yacTuil Fe
MIPOUCXOIUT YMEHBIICHUE TAHTCHCA TUAJICKTPUICCKUX MOTEPh U JAUAIICKTPUUYCCKON MPOHUIIAe-
MOCTH, YTO OCOOCHHO 3aMETHO JJIsi KOMITO3UTOB C BBICOKOW KOHIIEHTpaluel BkitoueHuit. O00-
JIOYKa CHHYKAET MPOBOIMMOCTh KOMITO3MTOB, TaK KakK yacTHIbl Fe oraenensl 06omoukoit SiOp
Ha HEKOTOPOE MHUHHMMAJIbHOE PACCTOSIHUE JIPYT OT ApYyra, YTO HE MO3BOJIIET UM OOPa30BbIBAThH
SJICKTPUUYECKHUE LIEMOYKHA M3 arioMeparoB (kak B ciaydae ¢ dactuiiamu F€). Taroke crmoit SiO2
MIPUBOIUT K YMEHBIIICHUIO MATHUTHOTO B3aMMOJICHCTBHSI MEXK]Ty YaCTUIIAMH B KOMIIO3HUTAX.

[Ipouecc ocaxaenust o6omouku SiO2 HA MOBEPXHOCTD KEJIE3HBIX YaCTUIl HE OKa3bIBa-
eT BIMSHHS Ha XMMHYECKOe cocTosiHue jxene3a [24]. Tlopornok sxene3a o0agaeT BHICOKOH
CTENEHbI0 XMMUUYECKOW YUCTOTHI U COJEPKUT OKOJIO 5 Macc.% OKCHJIa, COIIACHO PE3YIbTaTOM
PEHTTeHOBCKON audpaknuu W ramma-pe3oHancy. [IpucyTcTBHE KpPHCTAUIMYECKOH (GOPMEI
SiO; metonamu PDOA He oOHaApykeHO.

Hamaran4eHHOCTh HaCBIIIEHHs TMOPOILIKOB CHIbKaercs ¢ 184 £ 9T ceMr mo 157 +
12T c-eM®r npu Haneceruu obonouku SiO2 (pucyHok 4.22, a). OCHOBHOM NPUYHHON YMEHbIITE-
Hust BenmurHbl Ms opomika FE@SIQ o cpaBHeHuto ¢ Fe sBisiercst 3aMeleHue MeTalITIeCKOn
(a3bl yacThto HeMarHuTHOH (has3bl. Onenka 1o SiOp M0 OTHOIIEHHI0 HAMArHUYEHHOCTH 00pas3-
II0OB U JIOKAJIbHOM SHEPrOIUCIIEpCHOHHON peHTreHoBcKol criekTpockomuu (3IC) xoporo coBna-
JIaeT U COCTaBIIsieT okoio 15 macc.%. Oobemuas poist SiOp, nmepecuynTaHHas U3 MACCOBOM JIOIH C
YYETOM IUIOTHOCTH amopdHOro juokcuaa kpemuns 2,10 r/em® [132] m n3MepeHHO# 3a cyeT BbI-
TECHEHWS JKHIKOCTH IUIOTHOCTH TONBIX YACTHI[ Keme3a 6,1 T/cM°, COCTaBIseT MpUMEPHO
2500.%. TInoTHOCTh MOMYyYeHHBIX TIOPOIIKOB >Kene3a mpuMepHo Ha 20% Huke, ueM I KapOo-
HUJEHOTO kenes3a (7,8 r/cM’), 9To JaeT MOTeHIHATbHOE TIPEUMYIIECTBO TPU HCTIONb30BAHNN B

KOMIIO3UTAaX C OOJBIION ):[oneﬁ MarduTHOI'O HAITOJITHUTECIIA 3a CHET MCHBIICTO BECA KOMIIO3HTA.

FHa) M

( 0
Noos 3 J—

Pucynok 4.22— [1etnm MarHUTHOTO THCTEpe3uca (a) u n300paxenus dactuil FE@ SIG, nomyueHHbIe
C TIOMOIIIBIO CKaHUpYIoIIIeH (0) v pocBeurBaroIiei (B) AMEKTPOHHON MUKPOCKOITHH.

Ha u300paskeHHsX MOpOIIKa CO CKaHUPYIOIIEH U MPOCBEUYMBAIOIIEH 3IEKTPOHHON MMK-
POCKOTIMH Ha pUCYHKE 4.22 IPUCYTCTBYIOT MTOPHCTHIC YACTHUIIBI, TIOKPHITHIE TOHKUM CIIOEM JTH-
OKCHJIa KPEMHHUS, a TaKXkKe OTIeNIbHbIe Noyrpo3padnbie ceprl SiO2. Pasmeps! yactuly usme-

ustores ot 0,1 1o 2 MkM, cpenuuii pazmep cocrasisieT okono 0,6 MkM. MHIuBHyanbHbIe ya-
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cruisl SiOp, BuauMBIe Ha MuKpodoTorpadusx Ha pucynke 4.2, umeror pasmep 200— 600uM
Y HE3HAYMTEJbHO BIMAIOT HA pacHpeAeieHUe YacTull XkKese3a. ToMIMHa JU3IeKTPUIECKOro Mo-
KPBITHS 3aBUCUT OT ycioBuit HaneceHus [133] u cocranisier meree 50 HM.
3akir04eHune K YeTBepToi IIaBe

Hccnenoano BiIMsiHEE TEMIIEPATyphl BOCCTAHOBIICHHUS HA CBOWCTBA MOPOIIKOB JKejle3a
C MOJION CTPYKTYpOM YacTHIl. YCTaHOBJIEHO, YTO TeMIIeparypa BOCCTAHOBJICHHS HE U3MEHSET
dopMy M pasMep YacTHIl, HO BIHSIET HAa MOPUCTOCTh U XUMHYECKYIO YHCTOTY HPOIYKTA.
Cpe/Hsis IIOTHOCTH MOMYy4EHHBIX YACTHI] COCTaBJIsAET 6,6 r/cM>, uTo Ha 16% MeHbIIe MIoT-
HOCTH KOMMEPYECKOT0 KapOOHUIILHOTO XKele3a

YcTaHOBIIEHO, YTO BOCCTAHOBJICHUE MOPOIIKOB kene3a npu temneparype 400°C no3s-
BOJISIET ITOJIYYUTh ITOPOLIKHM C HU3KOM IMOPUCTOCTBIO U BBICOKOM XMMHUYECKOM 4nCTOTOM. Boc-
craHoBieHue npu temneparype Boime 400°C npuBoauT K GOPMHPOBAHUIO T'y0UaTOTO XKele3a
¥ COMPOBOKIAETCS yBEIMUEHHEM yAeIbHOH MIIOMAIH TOBEPXHOCTH mopoika ¢ 10 10 60 M/r.
C moMoIIpI0 CKaHUPYIOLIEH 3JEKTPOHHON MHKPOCKONHMH MOKa3aHO, YTO OTHOILICHHE BHYT-
PEHHEr0 W BHEIIIHEro JUaMEeTPOB MOJIBIX YacTull xkenes3a cocrasiseT 0,5. [Tomydensl Beipaxe-
HUS AJI pacy€ra pa3MepoB YacTULIbI U TOJIIIMHBI CTEHKH B 3aBUCUMOCTH OT YCIIOBUM CHUHTE3A.

[Toka3zaHo, YTO KOMITO3UTHI C MOJBIMU YaCTULIAMU JKE€JI€3a JIEMOHCTPUPYIOT CIOXKHYIO
CTPYKTYpY YaCTOTHOW 3aBHCHMOCTHM MHUMOW YaCTH MAarHUTHOW NMPOHUIIAEMOCTH, BKJIIOUAIO-
LIYIO JIBa OCHOBHBIX MaKCUMyMa. HU3K04acTOTHBIN MaKCUMYM, IIPEIIIOIOKHUTEIBHO, CBSI3aH C
OCOOEHHOCTSMU MAarHUTHOW JIOMEHHOM CTPYKTYPBI MOJIBIX YaCTHI], & BBICOKOYACTOTHBIN Mak-
CUMYM OOYCJIOBJIEH €CTECTBEHHBIM ()€pPPOMArHUTHBIM PE30HAHCOM. YCTAHOBJIEHO, YTO Mapa-
MeTp Allle BO3pacTaeT ¢ pOCTOM XMMHUYECKON YMCTOTH MaTepuania. IloinydeHHble KOMIIO3UTHI
UMEIOT BBICOKOE 3HaueHMe Iapamerpa Alle, YTO CBUJETEIbCTBYET O OJIM30CTH MAarHUTHOU
CTPYKTYpbl YacTUI[ K CTPYKTyp€ TOHKOIUIEHOYHBIX (peppomarHeTukoB. OOHapyX eHO, YTO
CHI)KEHHE XMMHYECKON YMCTOTHI MOJIYYEHHBIX MOpOoIKoB Hibke 80 mMacc.% MPUBOAMT K MO-
JIABJICHUIO HU3KOYACTOTHOTO MakcuMmyMma u ¢opmupoBannto CBY mMarHuTHON mpoHHIIaeMo-

CTHU C CAUHCTBCHHBIM MAKCUMYMOM YaCTOTHOHM 3aBUCHUMOCTHU },l".
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V. CBoiicTBa NOPOLIKOB KeJ1e30-Ko0aabT Fe1:xCOx € 1m0J10¥ CTPYKTYpOii YacTuiy
§12 Biusinue TeMIneparypbl BOCCTAHOBJ/IEHHS] HA CBOICTBA MOPOIIKOB cucTeMbl Fe1xCox

Cpenu M3BECTHBIX MarHUTHBIX MaTepHalioB, METAJUIOB M CIUIABOB, CIUIABBI KEJe30-
K0OaJIbT 00J1a/1a10T HauOOJIbIIEN HAMAarHUYEHHOCTBIO HACBILIEHHUS, UTO JI€TAET UX MEePCIEKTHUB-
HBIMHU JUIsI Pa3IMYHBIX MpUIoKeHwd. [lopomiky crutaBa xene30-Ko0ainbT MOMYYeHbI paciblie-
HUEM CMECU XHUJKHX PAacTBOPOB HHUTPATOB METAJUIOB C MOMOIIbIO YIBTPAa3BYKOBOTO CIIPEH-
MUPOJIN3a C MOCTEIYIOIIUM BOCCTaHOBIIEHHEM B atMocdepe Bogopoaa Hz. CornacHo pesynbTa-
TaM PEeHTreHo(})a30BOro aHaIW3a, MPOAYKTOM peakiuu pasiokenus cmecu coneit FENO3)z u
Co(NOs)> B mporecce crpeii-iponusa ssisercss cMmech okcunoB — CoFeOs (PDF-21045),
Coz04 (PDF4741656) ¢ xybuueckoii pemérkoii 1 rematut FeOz (PDF-11053) ¢ rekcaronasib-
HBIA KpucCTaJuTMYecKol pemierkoil. KommuectBennas onenka cootHouienus (a3 CoFeOs
(INc =5,15),Cx0s (I/lc =4,76) nu FeOs (I/Ic = 4,76)BbI0NHEHA C TOMOIIBIO METOA KOPYH-
noseix yrcen (RIR), u ato cootHorrenue cocrapuiio 60, 25 u 15 macc.%, COOTBETCTBEHHO.

brnarogaps npeumytectBeHHOMY coziepkanuio eppura kodansra COFeOs, momydeHHbIH
MIOPOIIOK 00Maaan crnadbMi MAarHUTHBIMU CBOWMCTBAMU TIPU KOMHATHOM TeMmreparype (B OTIM4Me
ot HemarautHoro Fe03). Okorno 40 mace.% npumeceit HemarauTHBIX (paz CozOs 1 F&O3 B uccrte-
nyemoM deppure kodamsra CoFeOs MoryT BiMsTh Ha yMeHbIIeHHe 3HadeHnit Msu He. Bemmanaa
HAMArHAYEHHOCTH Hachlmenus Ms opomkoBoro depputa coctapmseT 381 c-cM>/r, 4To MpUMEpHO
B JIBa pa3a MeHbIIE, 4eM [yl 00bEMHOro Marepuana (74,08 I'c-em/r) [134]. KospumruBHas cuna
MOJKET 3aBUCETh OT 00pa30BaHKs JIOMEHHBIX CTPYKTYp U pasMepa dactuil [134]. J{ns momyueHHoro
Marepraia kodprruBHas ciiia He cocrasmia 4000, 9to MeHbIIe, YeM y HaHopasmepHoro (20 —
30uM) CoFeOs (Hec =5193) [134].

Ha pucynke 5.1 npencraBneHsl pe3yabTarbl peHTTEHOBCKOW TU(PaKIU, METIH MarHUT-
HOTO TUCTEPE3HCa U YaCTOTHBIC 3aBHCUMOCTH JIUAICKTPUICSCKON U MAarHUTHOW ITPOHHUIIAEMOCTEH
niopomika ¢eppura kobansra CoOFeQs. Marauroctarnieckue M JUHAMHYECKUE CBOWCTBA OBLIH
MCCTIEZIOBAHbI s Mapa)HOBOTO KOMITO3UTA C HAMOIHEHHEM 66 Macc.% MOIy4YeHHOTO TOPOIIIKa
depputa kobansra CoOFeOs (00beMHOE COOTHOIIIEHHE UCXOAHBIX pacTBopoB 1:1). IlomyueHnHbie
KOMITO3UTHI XapaKTEePU3YIOTCs HU3KMMH 3HAYCHUSIMA MAarHUTHOM W JTUAJICKTPHUYCCKON TIPOHUIIA-
€MOCTH, a TaK)Ke HU3KMMH MarHUTHBIMHU TIOTEpsIMH. BenmunHa cTarnaeckoil MarHUTHOW TTPOHH-
[IAEMOCTH em 9yTh Oobie 1 Ha yactote 0,1 [T s wnctoro deppura kodansra COFeOs pen
MOJKET JIOCTHTaTh BenM4uHbl, paBHo 1,1 — 1,4 [135,136] VuuteBas popMy MeTIM MarHUTHOTO
THCTEpE3Uca M CIIOCOOHOCTH IMOPOIIKA MPHUTATUBATECS K MArHuTy, MAaKCHMyM JTUHAMHYCCKUX
MarHWTHBIX CBOWCTB HAXOMUTCS BHE Tpejeia M3MEPSHUH W MOXKET HaOIOIarhCsi B METPOBOM
mranasone JuiuH BonH (Hrke 100 MI'mm). EcrecTBeHHBIN (eppruMarHUTHBINA pe3oHaHC HaOIona-

ercs Ha dyactore ~ 20 IT. KomrmnexcHas JUBJICKTpUYCCKAd IMPOHUIACMOCTL KOMIIO3UTOB
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CoFeQq Bblle M0 CPAaBHEHUIO ¢ KOMITO3UTAMH Ha OCHOBE MOPOIIKOB FE&Os (1t cpaBHEHHS CM.

pucyHok 4.16), HO He NpPEeBBIIACT BETMYUHBI CTATUYCCKON HAICKTPHUYCCKON MPOHUI[AEMOCTH

¢’ =11,5(na vacrore 1 I'Tu) nins CoFeOs [136].
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Pucynok 5.1— PentrenoBckas ugpaxius nopouka gpeppura kodaiasra CoFeO, (a), memm MarauT-
HOro rucrepesuca (0) ¥ YacTOTHas! 3aBUCHMOCTb KOMILUIEKCHBIX MArHUTHOM M AUANIEKTPUYECKON MPo-
HUIaeMocCTeH (B) /U1 apaMHOBBIX KOMIIO3UTOB € MOPOIIKOM (hepprTa KoOasbTa.

Boccranosnenne CoFeQOs B armocdepe Hz — CIIOKHBIN MHOTOCTaUIHBIN MpoIiece,
KOTOpBIN BKITFOUaeT peakuuu [137]:
CoFeOs + Hy — FexOs + Cd + H0
3Fe0s + Hy — 2Fe304 + 4H0
FeO4 + H2 — 3FeO + H20
CoFeO4 + 4H, — 2Fe + Cd + HO.

(3.14

Meranmuueckue kobansT C® u xene3o FE obpasyrorcs onHoBpemenHo u3 CoO u

FeOs, xoTophle BXOAAT B CTpyKTypy beppura [138]. Ilpuuem, peakuus obpasoanus Fe
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TIPOMCXOUT TIOCTaNIHO ¢ 00pa3oBaHMeM KaTHOHOB sxeneza Fe®' u Fe?*. TIpomecc Boccra-
Hosienus CoFeO, nportekaer B nuana3one temmneparyp ot 400 mxo 700°C [139]. s mosmy-
yeHus (PeppOMAarHUTHBIX MOPOIIKOB Fe1 xCOx ¢ onTUManbHBIMUA JTUHAMUYECKUMU MAarHUTHBI-
MU CBOWCTBaMH, IPOBEACHBI SKCIEPUMEHTHl 0 BOCCTAHOBJICHHIO (QeppuTa KobaibTa
FessCos7, monmydennoro u3z cmec CO(NOz)2 1 FENO3)3 ¢ cootnomerunem 50:50 06.%, B qua-
nazone temreparyp 300 — 500°C ¢ marom B 50°C. TemneparypHblii UHTEpBa ONPEILICH C
MIOMOIIBI0 UMEIOIIUXCS JINTEPATyPHO-IKCIIEPUMEHTAIbHBIX AaHHBIX [53], a Takke pe3ysbra-
TOB, NOJYYEHHBIX Mpu pabore ¢ FE u ckoppekTHpoBaH C ydeToM auarpammbl bayspa-
[meccuepa 1u1s xenes3a, COrIacHO KOTOPOM BO3MOXKHO MOJTYYUTh YMCTBIA METalsl IPU HEBbI-
COKHUX TEeMIIepaTypax, Jake B MPUCYTCTBHH MUHUMAIBHOTO KoirmdecTBa Oo.

OOGHapy>xeHO, 9TO TemIieparypa BoccTaHoBeHus (hepputa kodarsra CoFeOy okasbiBaer 3a-
METHOE BIIMSHUE HA JUHAMUYECKHE MArHUTHBIC CBOMCTBA Mapa(UHOBBIX KOMIIO3UTOB C BKIIIOYEHUEM
nopoiika FesCas7 (eM. pucyrok 5.2) Huskast uyBCTBUTEIBHOCTh MeTOa Ha Yactore Hinke 1 [T, a
TakKe 00pa30BaHKe KIACTEPOB YACTHUIL B CTPYKTYPE KOMITO3HUTA ITPU BBICOKOW KOHIICHTPALIMH BKITFOUE-
Hui nobix gactuil (P ~ 3000.%, Pm ~ 21006.%) MpUBOAUT K BEICOKOM ITOrPEITHOCTH M3MEPEHHUI Mar-
HUTHOM MPOHUIIAEMOCTH. KOMITO3UT C BKITFOUEHHEM TOPOIIIKa, BoccTaHoBIeHHOTO rpu 400°C, neMoH-
CTPUPYET BBICOKOE 3HAYEHHE CTATMYECKOM MAarHUTHOM mponuuaemoctd (~2,1) u ¢eppoMarHUTHbIHA
pe3oHanc Ha yactore Bbime 101 T . Habmronaercst eMHCTBEHHBI MAKCUMYM MAarHUTHBIX TIOTEPb, Xa-
PaKTEePH3YFOIIMICI HAaOOMBINCH aMILTHTY/ION Ha YacToOTe OIM3KOM K fpe:. [pyrrie 0Opasiibl XapakTepu-
3yIOTCSl BBICOKUM 3HAYEHHEM JIUAIIEKTPUUECKOM TMPOHUIIAEMOCTH 13-32 HEPABHOMEPHOIO pacrperiene-
HUSI BKJTFOUEHHUI B MAaTPHIIE, YTO TAKKE OCIIOXKHSET KOPPEKTHOE M3MEPEHNE YaCTOTHBIX 3aBUCUMOCTEH
MarepuaIbHBIX TTapaMeTpoB. Takum 00pasom, HCXOIISI U3 aHAJIN3a JINTEPaTyphl M SKCTIEPUMEHTAIIBHBIX
JIAHHBIX, C TOUKH 3pEHUs] JMHAMUYECKUX MarHUTHBIX CBOWCTB HanOoee Ah(EeKTHBHON TeMIeparypoil

BOCCTaHOBJIEHHSI ITOPOLIIKOB Jkefe30-kooansTa Fe1«Cox, srsiercst Temneparypa Treq=400°C.
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Pucynok 5.2— YacToTHast 3aBUCUMOCTH KOMIUICKCHOM MarHUTHOM TIPOHHUITAEMOCTH KOMITO3UTOB C
BKItoueHneM Fes4Czs (MaccoBoe HamosHeHue 3:1), BOCCTaHOBJIEHHOTO U3 eppuTa Kodaasra
CoFeOs B muanazone temmieparyp 300 — S00°C. s anami3a pe3yisraTbl H3MEPEHHUI aImpOKCHMH-
poBaHbl (pyHKIHeH JlopeHna (CIUIoHast KpuBas).
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§13 Bimsinue conep:kaHusi KoOAIbLTA HA TMHAMUYECKHE MATHUTHbIE CBOMCTBA (DePPOMATrHHUT-
HBIX MOPOIIKOB cucTeMbl Fe1xCox

[Topomku GMHAPHOTO CIUIaBa ¢ HOMUHAIBHBIM cOcTaBOM F&3C0s7, F&s4Cozs u FersCops
NOJNy4eHbl  YIBTPA3BYKOBBIM  crped-mupoin3oM u3  cmecd 10 %-HbIX  pacTBOpOB
FE(NO3)3 Co(NOz)2, B3saThIX B 00beMHBIX cooTHOIIeHHs X 50:50, 7030 u 80:20, ¢ nocnemyronmm
BoccraHoBieHneM B Bomopoze npu 400°C B teyenue 75 munyT. CornacHo (a3oBoi Juarpamme
COCTOSIHHS, KOOAJIBT XOPOILIO PACTBOPSIETCS B JKeJie3e C 00pa3oBaHUEM HETIPEPHIBHOTO psijia TBEP-
neix pactBopoB [140] Ilpu temmeparype Hmke 733°C daza FeCoO ynopsgounBacTcs 1o THITY
CsCl (B2) u npencrapisier codoit kyonueckyro OLK pemieTky, B KOTOpO# IIEHTPaILHOE MOJIOKE-
Hue 3anumaeT arom Co. ['paruiier 001acTH TOMOTEHHOCTH TBEpIOTO pacTBopa FeConaxomsrces B
muanazone ot 20 no 70ar.% conepxanus kobansra Co. [Ipu kpucTammzanuu B mporecce Boc-
cranopiieHus: Fe1xCOx MOXeT CyIiecTBOBaTh B Pa3HBIX COCTOSHUAX — B (popMe TBEPAOro pacTBO-
pa wiu obnacTel HEOTHOPOJHOCTH 0 COCTABY C BKJIFOUCHHUEM OTHOM MU JPYTroi (a3l

13.1 N'nimma-pe3oHaHCHAsE CIIEKTPOCKOMUS

Jnst viccneioBaHusl TOMOTEHHOCTH TIOyYEHHOTO JIByXKOMITOHEHTHOTO CITIaBa MPU KOM-
HATHOW TeMIleparype MPUMEHSJIM TaMMa-pPE30HAHCHYIO CIIEKTPOCKONHUIO B TEOMETPUH Ha Mpo-
xoxeHne. ['amma-pe3oHaHCHasE CIIEKTPOCKOIUS TTO3BOJISET aHAIM3UPOBATh CTATHCTHKY pealu-
3allMy PA3IMYHBIX MATHUTHBIX cocTosHui FE€' B 00beme 06pasia. Ilomyuennsie MéccHayspos-
CKHE CcHeKTpbl opoukoB Fe1.xCOx 1eMOHCTPUPYIOT YIIMPEHHBIE CEKCTETHI (10 CPABHEHUIO C 0i-
Fe), uto xapaxrepHo mist OLIK pemérku o-FeCo [l BBIONHEHNS! CTaTUCTUYECKOTO aHAIN3a
OCYUIECTBIISUTH JIEKOHBOJIIOINIO SKCIIEPUMEHTAILHO MOTYyYEHHBIX JaHHBIX CUCTEMOW IMOJICEeKCTe-
TOB, HA OCHOBE aHAJM3a MHTErPaJbHOW MHTEHCUBHOCTU CTPOMJIM PACIIPEAEIEHHE CBEPXTOHKOTO
nons Ha siapax °'Fe Pesynsrarel nmpuBenens! B Tabmume 5.1u pucynxke 5.3

Ta6muma 5.1. [Tapamerpsl M€ccOay3poBCKUX CIIEKTPOB MOpoiikoB Fe1xCox (0TaenbHbIe MOIEIH KOMIIO-
HEHTOB): O — M30MepHbIi ciBur, AEQ — kBajpymonsHOe paciieruieHne, H — CBEpXTOHKOE T0JIe Ha sIpax
>'Fe A — OTHOCHMTENIbHAS IJIONIA/Ib, | — INMPUHA IMHUM.

OoOpazenr | KommoneHT S, MM/C AEQ, MmM/c H T A % I, mm/c Daza
sl 0,04 -0,01 36,2 26 0,42 a-FeCo
FeuCosr s2 0,02 0,00 34,5 29 0,25 a-FeCo
s3 0,02 0,02 33,4 37 0,31 a-FeCo
di 0,31 1,12 — 8 1,36 Fe**
sl 0,04 -0,02 37,0 37 0,34 a-FeCo
FesCoze s2 0,03 0,00 35,6 32 0,26 a-FeCo
s3 0,02 0,03 34,4 31 0,32 a-FeCo
sl 0,04 -0,02 37,4 40 0,33 a-FeCo
FersCozs s2 0,03 0,01 35,1 32 0,27 a-FeCo
s3 0,02 0,02 34,5 28 0,37 a-FeCo
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Pucynok 5.3— MéccOayapoBckue crieKTpbI OpoikoB Fe1.xCox (a—B) 1 pacnipesieNieHns CBEPXTOHKUX
MAarHUTHBIX [1OJIEH, OJTyYEHHBIE PU IOMOILIM CTATUCTUYECKOTO aHaM3a (T).

M3BecTHO, 4TO 3HAUYEHHE CBEPXTOHKOIO MAarHuTHOro nomns H ans yucroro o-Fe paBHo
~33T. 3amernieHne aroMOB JKeJie3a Ha KoOaIbT B IIEPBBIX JIBYX KOOPAMHALMOHHBIX cepax penep-
HOT'O aTroMa TIOBBIIIAET 3HAYCHUE CBEPXTOHKOTO TIOJIS HA Spax Keje3a C JOCTH)KCHHEM MaKCH-
MyMa TIpH cozieprkanun kodanbsra ~25 ar.% Co [141] Bo Bcex mccienoBaHHBIX 00pasiiax 3Haue-
HHME CBEPXTOHKOIO MOJIS MPEBBIIAIO0 TUMWYHOE 3Ha4eHHs Ui o-F& DTo yka3plBaeT Ha OTCYT-
CTBUE 00J1acTeil KOHIIEHTPUPOBAHHUS aTOMOB JKeJie3a BOKPYT PENEPHOro aroMa jkeie3a U TOBOPUT
O TOM, YTO CIUIaB HaXOJUTCS B COCTOSIHUM MCTUHHOTO TBEpJOro pacTBopa. Takke B cocTaBe
TBEPIOTO pactBopa FessCos7 00HapyEeHO MPUCYTCTBHE HE3HAUYNTEILHOM MPHUMECH TapaMarHuT-
HO¥ OKcHHO# (asbl, BepositHO Fe™*,

13.2 PentrenoBckas qudpaxumsi

[IpucyTcTBUe B 00pa3nax MojlydeHHbIX MOPOIIKOB eqUHCTBeHHOU (a3bl a-FeCorakxke
HOATBEPIKJIAECTCS pe3yibTaraMu peHTreHogaszoBoro axanuza. [lopomku Fei1xCox oGnamaror
OLIK pemeTkoif 1 OTHOCATCS K KyOM4eCKol CHHTOHHH C HPOCTPAHCTBEHHOM rpymmoii Im3m.
Pentrenorpammel Fe1.xCOx nipencraBiensl Ha pucyHke 5.4 Peduekcsl pacnonararorcst Ha yrax
madppaxiuu 68,99° u 106,53° B usmyuennun Crg_ M COOTBETCTBYIOT MHAekcaM Mumepa hkl
(110) u (200) kpucraina FeCo (kaprouka PDF-491567) [142])[IudpakirionHbie KapTuHbI (a3
FeCowu a-Fe nocrarouno 6mu3ku. CoracHo kaprouke PDF-654899, nunuu o-Fe pacnonaratot-

cs Ha yrax audpakiun 68,842° (100)u 106,199° (200) 26.
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Pucynok 5.4— JTudpaxrorpammel rmomydeHHbIX TOpoirkoB Fe1xCox B morapudmmdeckom Macirade
(2) v 3HAYEHMS MTapaMeTpa KpUCTAITNIeCcKol sueiikn Fe1.xC0ox B 3aBucHMOCTH 0T coneprkans Fe(0).
YépHpIMHU TOUKAMH HaHECEHBI JaHHbIe 0a3bl aHHbIx PDF s da3 o-Fe FeroCaoso, FasdCaoso,
FesCoro, Co.

[Tapamerp pemetkn B TBepabix pacTBopax FeixCOx yMeHbIIAeTCs C yBEIUYCHUEM CO-
nepxanusi Co ¢ MOJNIOKUTEITLHBIM OTKJIOHEHHEM OT TipaBwiia Berapia [143). 3naueHus napamer-
pos pemterku a(FaxCox) HEMHOro MeHblle, ueM TabnuuHble 3HadeHus a(FeCos) = 2,863A
(PDF-481816), &a0C0s0) = 2,857A (PDF-441433), desoCoro) = 2,841A (PDF481818), uto
MOYKET ObITh CBA3aHO C PA3IMUMEM B aTOMHBIX paguycax Feu Co (1,56vs 1,52A) wm ¢ pasymo-
psIOYeHHEM B CTPYKType TBeproro pactBopa (aromel CO B y37ax, arombl Fe B MeXI0y3mmsix)
[143]. Tlonyuennbie mapamerpsl penieTku o0pasiuoB Fei1xCox (cM. Tabmuiyy 5.2) Haxomsarcs B
JManasoHe MexTy TabmmuyHeiMK 3HaueHusMu OL[K sxenesa a(a-Fe) = 2,866A [PDF060696] u
kyouueckoit OLIK mMomudukanueii kobansra a(Co) = 2,80...2,83 A [144]. D1o no3BossieT OkoH-
YaTelbHO YTBEPIKAATh O TOM, YTO B TPOIECCE CHHTE3a METOIOM CIIPEH-IIMPONIN3a U BOCCTAHOB-
JICHUS TIOJTYYEHBI MTOPOIIIKU TBEPIOTO PACTBOPA KOOAIbTa B JKENe3e.

Tabmma 5.2 VMeauipoBanre pedrekcoB audpaKTorpaMM MOPOIIKOB xKele30-kooansT FeixCoy, tme | —
WUHTEHCHBHOCTh JiHKH, 26 — yron mudpakuun, hkl — nrgexcer Muiiepa, @ — napamerp pemierku, S —
IIMPUHA Ha TOJYBBICOTE PEHTIEHOBCKOTO Mpoduis, ty; — pa3mepsl obnacTeld KOTEPEHTHOTO PacCesHUs
(xpuctaimTsl), IC — pe3ynbrarsl JJOKAJIbHON SHEPrOANCIIEPCUOHHON PEHTTEHOBCKOM CIIEKTPOCKOIIHH.

0

Oopazer | I, abc. | 26, rpan. hkl a A B, rpan. | tu, um F3eﬂ C ar /CO:O
100 69,212 110 0,724

FeizCos7 18 106,985 | 200 2,851+ 0,002 1343 17 45 55
100 68,895 110 0,488

FessCoss 29 106,437 | 200 2,861+ 0,001 0.724 28 63 37
100 68,935 110 0,538

FersCops 26 106,248 | 200 2,8637+ 0,0005 0.878 25 75 25

Pazmep 00nmacT KOTEpEeHTHOTO paccesHUsl PacCUMTaH MO YIIMPEHUIO PEHTTEHOBCKOTO
npodust f no ypasaeruto [lleppepa u B cpennem cocranisiet ot 20 1o 30 am. CpaBHEHHE TOITY-
YEHHBIX 3HAYEHUH MapaMeTpa KPUCTALTMYECKOW PEMIETKU C JIMTEPATYPHBIMU JAHHBIMUA TMOJ-

TBEPKIAAIOT 3JICMEHTHEIA COCTaB IMOPOIIKOB, paCC'-II/ITaHHI)If/Il HUCXOOs U3 COOTHOILICHUA UCXOAHBIX
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pPEareHTOB U OMNpPEAEAEHHBINA TOMOIHUTENBLHO MPH MOMOUIM JIOKAJIFHON SHEProAUCIePCHOHHOM
PEHTTEHOBCKOW CIIEKTPOCKOIHUH C UCTIONB30BAHUEM CKAaHUPYIOIIETO IEKTPOHHOTO MHUKPOCKOIIA.
13.3 CuHXpOHHBII TepMHYECKUI aHAIN3

AHAJIOrU4HO TPOIECCY BOCCTAHOBICHHSI, XMMUUECKAsl PEAKIIMs OKUCIICHUS CIUIaBa JKeJle-
30-KOOAJIBT — CII0KHBIM MHOTOCTAIUIHBIN MPOIIECC, IPOTEKAIOIINI B HECKOJIBKO CTAIHM, TTPH KO-
TOPOM TIOCIIEIOBATEIIHHO HJTM OHOBPEMEHHO 00pa3yrorcs Beiciue okcuabl FeOs, Coz04 u dep-
pur kobamsta COFgOs CormacHo pesyiabraraM CHHXPOHHOTO TEPMHYECKOTO —aHaN3a
(cM. pucyHok 5.5), ¢ ymenbienuem coneprkanusi CO cTpykrypa TerioBoro 3¢ dexra B Oombiie
HAIIOMUHACT PE3yJIbTat, MOTyYCHHBINH MPU OKUCICHUH YUCTOro jkernesa [28]. B 3aBucumoctn ot
cootHouieHus: CO kK Fe n3MeHsieTcsi KOJIMYeCcTBO CTa/iuil MPOUCXOAUT MX IepepacipeesieHue.
Tpu cramuu BbIICICHUS TeIUIa M HaOOpa Macchl HabmromaeTcst y oopasna FeCos7 u verbipe y
obpasua FersCops (ananmornyno okucienuro Fe). JlekonBosronumst KpuBoid auddepeHmaisHom
CKaHUPYIOIIEH KaJOpPUMETPHUH MO3BOJISIET COOTHECTH okucieHne COou Fe 1o BhICINX OKCHIOB C
o0pazoBaHueM MpoMexyTouHbix okcuoB COO, FeO (HectabuseH mpu HU3KUX TEMIIepaTypax) u
FesO4 [28,145] obasienue kobansra ot 25 10 57 ar.% OpUBOAMT K CIBUIY TEMIICPATyphl Hava-
J1a SK30TEPMUUYECKON peakiuu OKUcieHus: Tonsetc 150 1o 180°C, TO ecTh, TEPMOOKHCIUTEIHHAS
crabunbHOCTh MOpomkoB Fe1xCOx yBenmnumBaeTcs. JK30TepMUYECKas Peaklusl OKUCICHUS YH-
croro kobaspTa HaunHaetcs npu Temreparype 300°C, okucnenne Hanodactui Co (56 M) mpo-
UCXOIUT TpH Oostee HU3KUX Temreparypax okoio 160°C [145]. OxHoBpeMEHHO ¢ HauyaaoM OKHC-
JeHus: HaOmoaeTcss Habop Macchl oOpasla Ha KpHBOM TepMorpaBuMmeTpun. Habmomaemble n3-
menenust TT-JICK 3aBucumocTeii npu okuciieHnn mopomkoB Fei«COx yka3pIBaloT Ha yMEHbIIIC-
HHUE PEaKIMOHHON aKTUBHOCTH mopokoB Fe1.xCox mpu nobapienun CO, 4TO MPUBOIUT K CHU-

JKEHHUI0 uToroBoro Habopa mMaccel 4m (ipu 800°C) 1 Konu4ecTBy BbIIeIeHHOro Teria 4H.

140 - 140 - 140 Yo
Fe,;Coy, Feg,Coyg 1 Fe;sCo,4 v
AH = 4.2 Kb ] AH = 4,7 K ] AH = 4.8 hwir
A 15d 6% ] AM=1347% 4 ! Am = 135,3%
v

a ] 130f s 1 130
. g ]

120F 120

T, %

1101

497 1 110

V. ]
& S —] _/
100 p——" 1 100f———
T T T T T T T T T
200 400 600 800 200 400 600 800 200 400 600 800
Temnepatypa, °C Temnepatypa, °C Temnepatypa, °C

Pucynok 5.5— TepmorpaBuMeTprst OPOIIKOB jkene30-kooasbra Fe xCox.

o
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13.4 Cxanupyomas 3J1eKTPOHHAsi MUKPOCKOTIHSI
[NomyueHHBIE YaCTUITHI TOPOIIKOB JKEJIE30-KOOATIBT UMEIOT ONM3KYH0 K chepudeckoid ¢op-
My C IIaJKOH MOBEPXHOCTBHIO (PHCYHOK 5.6). ComiacHO TUCTOrpamMMe PacIpeiesieHUsI, pa3Mepbl
YaCTUIl U3MEHSIOTCS B JIMANa30HE OT HECKOJIILKUX HAHOMETPOB 0 2 MKM, BCTPEYAroTCs U Oosee
KpynHble yactuibl. Cpennuil pasmep Dc, ornpeneneHHblii kak MakcuMyM pactpeneneHus (~50%

qactui), cocrasisiet 0,6 — 0,7 mxm. Cpenneapudmernueckuii tuametp Day o mmeperuto ~500

YacTuIl coctapiser npuomusuteapHo 0,7 — 0,8 kM (cMm. Tabmmuiry 5.3).

NoawsacTan wacrel *.

Pucynok 5.6— Mukpodortorpaduu mopomkos sxesne30-ko0anst FeszCos7 (a), FessCaoss (0), FersCaps
(B) ¥ THICTOTrpaMMa pactpe/IeSICHUs YacTHI] 110 pa3Mepam (T).

C ucnonb30BaHUEM SKCIEPUMEHTAIBHBIX M3MEPEHUN TMOBEPXHOCTHOTO HATSHKEHUS U
wioTHOCTH cMecu FENOs)z 1 Co(NO3), (1:1) moryueHbl OLIEHKU JHaMeTpa CIUIOMIHON (TTOTHOI)
gacTuilpl 1o ypaBHeHusM (1.12) u (4.5). AsposonbHast karuist pasmepoM 3,17 MKM yChIXaeT Mpu
BBICOKOTEMITEpaTypHOil 00paboTKe B MpolIecce CIper-MUpoIin3a 10 TBEPOU CIUIONIHON YacTh-
bl CoFeOs (FeysCos7) mmamerpom 0,7 MKM, 4TO TONagaeT B qUana3oH pasmepoB Mexay 0,5 u
0,9mKkMm, xapakrepubix aisi FeOsz (Fe) u CozOs (Co) [62]. Konnentparus CO B cocrase 1o-
pomikoB Fe1 xCox okasbiBaeT BiusHuE Ha pasmep. Pasmeps yactui Fe43Cos7 HeckombKo OombIie
10 CPABHEHUIO C APYTUMH 00pa3liaMy, YTO BUIAHO KaKk Ha MUKpodoTorpadusx, Tak 1 Ha THCTO-
rpamMMe pacrpeesieHus o pa3MepaM (CM. pucyHOK 5.6 u Tabmuity 5.3). Ilpu npeobnamaromieit
noJe xenesa B cocraBe Fe1.xCOx pa3mep dacTHIl MPaKTUYECKU UICHTHUEH pa3MepaM MOPOIIKOB
YHCTOro FE MmoIy4eHHOro MU aHAIOTUYHBIX YCIOBHUSX.

Tabmura 5.3 DkcneprMeHTabHbIe OLIEHKH CPEIHNX pa3MepoB dacTuil nopoikoB Fe1Coy, rae Dc — cpen-
HUH pasMep dYacTll (MakCHMyM pacripesiefieHus), [3 — TMONYIIMpHHa MaKCHMyMma Ha TIOITYBBICOTE,
Dav— cpenHeapudMeTHIecKuil pa3mMep YacTHIl.

Oopasen Dc, MkM B Day, MKM
FesCosr 0,67 0,5 0,80
Fes4Coss 0,61 0,4 0,80
FersCos 0,61 0,4 0,67

B cocrase nopomnikoB Fe1.xCOx HaOmonaeTcsi CyIecTBeHHO OOJIbIIIee KOJINUECTBO MOJIBIX
YaCTHII 110 CPABHEHHUIO C MOPOIIKAMH JKejie3a. 3a CUeT MOJIOCTH B CTPYKType, 00pasyrollieiics B

pesynbrare nud@dy3ur pacTBOPEHHOTO BEIIECTBA K MOBEPXHOCTH, pa3Mep TBEPAON YaCTHIIBI B
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JICCTBUTEIILHOCTA OKAa3bIBACTCSl OOJIBIIIE PACUETHON BEIMYMHBI (CM. THCTOTPAMMY pacrpeaese-
HUSI TI0 pazmepam). C y4eToM 3TOro 0O0CTOSITENhCTBA, TOMIIMHA CTEHKH, OIIEHEHHASI C TIOMOIIBIO
ypaBuenus (4.8), cocranisier ~100 HM. DKCIIEPUMEHTAIBHO OIPE/IE/ICHHAs TONIIIMHA CTCHKH HE
M3MEHSETCS MPU BOCCTAHOBJIEHHUH, cocTapisieT oT 60 no 600 HM M 3aBHCHUT OT pa3Mepa camoi
yactuipl. COOTHOIICHHE BHYTPEHHEr0 W BHemHero auaMerpoB Di/Dc monbix gactuiy FeixCox
MEHBIIIE 110 CPaBHEHUIO ¢ nopouikamMu Feu cocrasmser 0,6. Pe3ynbrarbl OLEHKH 1MaMETPOB Ya-
crunl 1 TomuuHel creHkH st CoFeOs, FeOs n Cos04 npuBeneHs! B Tadmmie 5.4.

Tabmura 5.4 OneHouyHbIe 3HAYCHNS TUAMETPOB YaCTHI] M TOJIIIMHBI CTEHKU: G B P — SKCIICPIMEHTAIHHO
OIpe/ICIICHHBIC 3HAYCHUS TTOBEPXHOCTHOTO HATSDKEHHS U IDIOTHOCTHA MCXOJHOTO pacTBOpa ¢ KOHIICHTpa-
et 10 macc.%, Dy — muamerp xammn, Dp — muaMeTrp TBepaod YacTHIBI OKCHaa (NMPOAYKTa PEeaKiuu

a3JI0kKeHus HUTPaTtoB), Dav— cpeiHeapuMeTHIeckuil TuaMeTp 4acTull, t — TONMHA CTEHKH YaCcTHIIbI.

Peakmus o,MHM | p,kr/M® | Dy, MM | Dp, MkM | Day, MKM t, HM
2Fe(NQ); — Fe 03 83,3 1108 2,95 0,55 0,5 74
Co(NQGs)2 — Co304 95,1 1078 3,11 0,87 1,5[62] 52

Fe(NQ)s + CONQ) (LD = | 46554 | 1082 | 317 0,66 08 98

CoFeO,

13.5 Crarnyeckne MarHUTHbIE CBOIiCTBA

JlernpoBanue >xene3a kodansroM oT 30 10 50 ar.% yBenuuumBaeT NPOYHOCTH CILIABA,
yIAEeTbHOE COMPOTUBIICHUE, HAMArHUYEHHOCTh HACBHIIICHUS, a TaKXe TeMIeparypy (a3oBoro
nepexona Broporo poma ¢ 770 mo 920...985°C [146-148] B OunapHOM CIUIaBe eje30-
K00aneT, coneprkamieM 35 mace.% (33 at.%) Co, nocturaercss HanOOIbIIAsS HAMAarHUYEHHOCTh
Haceimenus 2,45 T, uro Ha 13% Oombie, yem y gucroro xenesa (2,15 — 2,20T) wmu va 23%
Ooinbiire, yem y kobaiera (1,8 T) [149]. Beicokue 3HaueHHsS HAMarHUYEHHOCTH HACHIIICHHS
craBoB Fe1xCox ob6ecnieunBaroT MperMMyIecTBO U HEOOXOAMMOCTH MOBBIIIEHUS YPeKTHB-
HOCTH SIEKTPOANHAMUYECKHX MaTepPUaJoB.

[leTr MarHUTHOTO THCTEPE3NCa KOMITO3UTOB C TIOPOIIKAaMHU CIUTaBOB crcTeMbl Fe1xCox
NPUBEICHBI HAa PUCYHKe 5.7. BennunHa HaMarHM4eHHOCTH HachleHus: Ms u3MeHsiercs mpu
U3MEHEHUH XUMHUYECKOr0 COCTaBa MOPOUIKOB. MakCUMallbHOE 3HAauYeHHEe HAMAarHWYeHHOCTH
Haceimenns — 2200c-M3/r — nocturaercs mpu coxepkanuu 36 at.% CO, 4T0 COOTBETCTBYET
nauteparypHbM gaHHbIM [147,150]. OtHotienre Mr/Ms yMeHbIIaeTcsi ¢ YMEHBIICHHEM JIOJTH
CoB cocrage. [l obpaszna Fey3C0os7, B KOTOPOM TpH TTOMOIIH TaMMa-pe30HAaHCHOM CIIEKTPO-
CKOITUH JIETEKTUPYETCSI MPUCYTCTBUE HE3HAYUTEIHLHOTO KOJIMYECTBA OKCUHOM (ha3bl, KOIPIIH-
TUBHas cuia Hc yBenuueHa, B OCTaJIbHBIX Cllyyasx cocTapiseT npumepHo 2500. Xapakre-
PHUCTUKH CTaTHYECKUX MAarHUTHBIX CBOWCTB TpeCTaBiIeHbl B Tabiwuie 5.5. [IpeBsimienne skc-
NepUMEHTAIBHBIX 3HaueHui Hc mo cpaBHenuto ¢ tabmuunbivu (100 — 1703 [150]) moxer
yKa3bIBaTh Ha MPUMECh OKCHIHON (pa3bl B 00pasiax, 1e(eKTHOCTh HAHOCTPYKTYPbI YaCTHIL, a

TAKKC Ha 3aBUCHUMOCTH OT pasMepa IMOJTYYCHHBIX YaCTHII. B cootBercTBHU C [89], BBICOKHEC
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3HAYEeHUS KOIPILUTHUBHOW CHUJIBI TUIHUYHBI JUIsl (DEPpPOMArHUTHBIX MOPOIIKOBBIX MaTepUasoB,

IIOJIYYEHHBIX YIBTPa3BYKOBBIM CIIPEU-IIMPOIIH3OM.

C 60
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Pucynok 5.7— ITemm MarHUTHOTO rUCTepe3rca mopomkoB Fel xCox.

Tabmuma 5.5 Crarndeckre MarHUTHBIE CBOWCTBA MOpomKoB Fe1.xCO: Ms— HaMarHu4eHHOCTh HaChIIIIe-
nuss, Mg — ocrarounas namarauueHHOCTb, MR/Ms — OTHOIIEHHE OCTATOMHONM HAMATHMYEHHOCTH K

HaMarHm4€HHOCTH HACBIIICHN, H, ¢ — KOO

IIUTHBHAS CHJIA.

OGpasen Ms, Tc-em®/r Mg, I'c-em®/r Mr/Ms He, D
FeisCosy 180 30 0,17 368,0
Fe4Coss 220 21 0,09 248,5
FersCos 210 21 0,10 248,5

13.6 /lunamuveckue MArHUTHBIE CBOICTBA

JUist MccnenoBaHusT MarHUTHOM 4/ + i-4/' W quanekTpudeckoit & + i-£' mpoHuIaemMocTei

ObUTH MOATOTOBJIEHBI MapaHHOBBIE KOMIIO3UTHI ¢ MaccoBbIM HaromHeHueM 50 u 75 macc.%. Pe-

3YJIbTaThI H3MepeHHI>i YaCTOTHBIX 3aBUCHMOCTEN I[PIBJ'ICK’I’pPI‘lCCKOﬁ 1 MarHUTHOM HpOHHHaCMOCTCﬁ

npuBeieHbl Ha pucyHkax 5.8u 5.9, C yBenueHreM KOHIIEHTPAIMU BKJIFOYEHHH B KOMIIO3HUTE CTa-

THUYECKash MarHWTHAasi MPOHUIIAEMOCTb L, yBeaMuuBaercsi. Haubosnblee 3HaU€HUE fim TEMOH-

crpupyet obpasenr FesCoss (cMm. Tabmuity 5.6) xapakTepu3yrOIIMIACS TakkKe HAHOOJBIINM 3HaYe-

HUEM HaMarHW4YeHHOCTHW HachleHus. [lpu Hamomnenum 75 macc.% MakcUMaibHas YacToTa

fres =21 1T mocTUTaeTCs y KOMITO3UTA, BKITFOYAIOIIETO MOJIbIE YacTHIIbI roporika Fes4Coge.
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Pucynok 5.8— YacToTHble 3aBUCHMOCTH AUICKTPHICSCKON U MATHUTHOM TIPOHHUIIAEMOCTEH KOMIIO-
3UTOB C nopoikamu Fe1.xCox B MaccoBoM cootHoteHuH 1:1 k mapaduHoBoii Marpuiie.
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Pucynok 5.9— YacToTHbIe 3aBUCHMOCTH JAUTCKTPHICSCKON 1 MATHUTHOM TIPOHHUITAEMOCTEH KOMITO-
3uToB ¢ noporkamu Fe1.xCox B MaccoBoM cooTHoIeHnH 3:1 k mapaduHoBOi Marpuie.
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TaOmuna 5.6 [luHaMHyecKkrie MarHUTHBIE CBOMCTBA KOMIIO3HMTOB ¢ ropomkamu FeCoy (3:1 mo Macce), rie
Lon — CTATHYECKAS MATHUTHAS TIPOHUIIAEMOCTB, fre; — 4acTOTa €CTECTBEHHOTO (hDEPPOMATHMTHOTO PE30HAHCA,
Ka—miapameTp A€, puuw — MUKHOMETPUYECKAs INIOTHOCTD ITOPOIIKOB, Pe — Y(PHEKTUBHAS IIOTHOCTH KOM-
TIO3UTA, Pinc— dYPPEKTUBHAS IIOTHOCTH BKIFOUCHUM, |3 — 00bEMHOE ConepyKaHue BKITFOYCHHH, Pm— 00BEMHOE
colepkaHre MarHeTHKA B KOMITO3UTE.

O6paserr Lom o, ITIL | Ka | Pu, T/eM® | pe, T/eM® | ping, T/eM® pi Pm

FexsCos7 2,1 17 0,26 3,9 2,53 6,2 0,31 0,21
Fes4Coss 2,7 21 0,26 3,2 2,17 6,2 0,24 0,17
Fe:sCos 2,6 19 0,26 5,0 2,58 6,3 0,31 0,22

JluHaMu4ecKre MarHUTHBIE CBOMCTBA MOIYYEHHBIX IMOPOIIKOB XapaKTEepU3YIOTCSl HATMYH-
€M JIByX MakCHMYMOB MarHUTHBIX ITOTEPb — HU3KOYACTOTHOTO U BBICOKOUACTOTHOTO. YBEIMYEHUE
coneprkanus kobansra ¢ 25 1o 60 at.% (FesCos7) mpuBOIUT K CHIDKEHHMIO aMIUTHTY/IbI HU3KOYa-
CTOTHOTO MakcuMyMa U K (POpMHUPOBAHHIO €JMHCTBEHHOTO BBICOKOYACTOTHOTO MaKCHUMyMa, 00Y-
CIIOBJIEHHOTO €CTECTBEHHBIM (peppOMarHUTHBIM pe3oHaHcoM. CpaBHenue Fer.xCox ¢ mopormkamu
a-Fe [28] u kapOoHmbHOTO sKkene3a Mapku P-20 [24] (mpu onrHaKoBoM 00BEMHOM HAITOIHEHUH)
MIOKa3bIBACT CHIDKEHHUE aMIUTUTYAbI HU3KOYAaCTOTHOTO MaKCHMyMa, BBI3BAHHOTO, TIPE/ITOI0KHUTEb-
HO, CKUHUPOBaHHUEM, KOTOPOE MOKET OBITh CBSI3aHO C OCOOEHHOCTSIMU TOJION CTPYKTYPBI MOPOIII-
koB Fe1.xCox u ¢ nobaBneHuem kobanbTa B cocTaB. [Ipy ymeHblleHNH 0N KOOajbkTa B COCTaBe
FerxCox HabmonmaeTcst cMenieHne MakcuMyMa MarHuTHBIX motepb ¢ 11 mgo 9 I'Tm. Tlonoxkenue
MaKCHUMyMa TPAKTHYECKH OIMHAKOBO Yy KOMIIO3HMTOB C BKItodeHHeM F&4Cozs 1 FersCops (kak
Mr/Ms u Hc). AMiumaTyna MakcCHMymMa MarHMUTHBIX MOTepb jJocTuraeT 3HadeHust 0,9 BONMM3M
10ITw, gyro mpumepHo Ha 10% Gorblie, yeM y MOpOILIKOB 0-F& B 3aBucuMocTH OT cocTaBa He-
OOJIBIIION CIBUT MAKCHMyMa MarHUTHBIX TIOTEPh 110 YacTOTE MOXKET YKa3bIBaTh Ha M3MEHEHHE (-
(dexTrBHOTO (hopM-paKTOpa YaCTUII, KOTOPOE MOXKET BO3HUKATH MPU OOBEIMHEHNH YacTHII B arpe-
rarbl UM KJIACTEPHI B CTPYKTYPE KOMIIO3HTA.

Ha uacrore nwke 1ITn y OGonmbiimHCTBa 00pa3loB HE3aBUCHMO OT KOHIIEHTPALUH
HAOJFOIAIOTCS CHCTEMAaTHYECKHE TTOTPEITHOCTH M3MEPEHNH M3-3a MAJIOW SHEPTUH OTPKEHUS H
HEJIOCTaTOYHOTO KOJIMYECTBA M3MEPEHHBIX TOUeK Ha 3THX dacrtorax. OmmOKa BO3ZHHMKAET W3-3a
TOTO, YTO JUIA pacyeTa KOMIUIEKCHON AMAIEKTPHIECKON &'+i & 1 MarHuTHOM u'+i u” mpoHwuIiae-
mocteit metonoM Hukoncona—Pocca TpeOyroTcst KaueCTBEHHO U3MEpeHHbIe KOA((UIMEHTHI OT-
paXEeHHs ¥ TIPOITYCKaHUsI. BOZMOXKHBIM pelIeHHeM yCTpaHEeHHS T YMEHBIIICHUS TOTPEITHOCTEH
W3MEPEHHsI, CBSI3aHHBIX B TOM YHCIIE C KATMOPOBKON M3MEPUTEIHHON KOAKCHAILHOHN JIMHHH, SB-
JsleTesl yBeJIMYeHHe JUIMHBI 00pasia. OHako B TaKOM CIIydae Ha pe3ysbTaTbl U3MEPEHUH MOTYT
OKa3arhb BIUSHUE Jpyrue 3(p(heKThl — pe30HAHCHI BBICIIMX MOJ] U MOIYBOJIHOBOM pe3oHaHc. Yem
JUTHHHEE 00pa3el] ¢ TEMH JKe TTapaMeTPaMu, TEM HIDKE YaCTOTHI STHX PE30HAHCOB.

JIist TToITydeHus] MarHUTHBIX MaTepUaioB C BEICOKAM 3HAYCHUEM TUHAMHYECKON Mar-
HUTHOH NMPOHUIIAEMOCTH B IIMPOKOM JHMANa30HEe YacTOT, MaTeprabl JOJKHBI UMETh BHICOKHE

3HaA4YCHHUA HAMAaraHn4€HHOCTH HACBIIICHU A, CTaTUYE€CKON MarHUTHOM MPOHUIACMOCTH U YaCTO-
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Tl pe3onanca [3,151] a Taxke 00aaaTh MEHBIINM BECOM, YTO OCOOCHHO BayKHO JIJIS MTPaK-
TUYECKOTO NpuMeHeHUs. [lomyueHHbple MOPOIIKK JEMOHCTPUPYET HU3KYIO IJIOTHOCTb, YTO
YKa3bIBa€T Ha HAJIMYUE NOJIOCTU B CTPYKTYpE, U BBICOKOE 3HaUeHUE napameTpa Ame Ka, pac-
cuutanHoro cornacuo dopmyne (1.8) [53] IMapamerp Ame Fe1xCox cocraBmser 0,26, uro
npumepHo Ha 20% Oomblie, yeM y MOpOIIKOB F€ u nmpulimxaercs: K BeIMYUHE Y3, KOTOpas
XapakTepHa Ui UeaabHOro Mareprasia, 00IaaaroIiero cBoicTBaMu mieHku [11].

[Tpu BICOKOW KOHIIEHTpalu BKItoueHu# (Pi = 0,3), komro3utsl ¢ nopomkamu Fep-«Cox
JEMOHCTPUPYIOT BBICOKOE 3HAUYEHHE TUAICKTPUUYECKOM MPOHUIIAEMOCTH, YTO YKa3bIBaeT Ha 00-
pa3oBaHUE MPOBOASIIUX IEKTPUUECKUX LENOYEK B CTPYKType kommo3uTa. [Ipu yacrorax oko-
70 6 — 81T HekoTOpbIe 0Opa3Lbl IEMOHCTPUPYIOT 3aMETHOE PE30HAHCHOE MOBEACHUE MHU-
MOM U IEHCTBUTEIIBHON YaCTH AUAJIEKTPUUECKON IPOHUIIAEMOCTH. PE30HAHCHBIE TUAIEKTprYe-
CKHE TIOTEpU He CBs3aHbI ¢ 3(h(EeKTUBHBIMU CBOMCTBAMH 00pasiia U 0OBSICHAIOTCS BOZHUKHOBE-
HUeM Mo Bbiciiero nopsiaka (TEzr) Ha rpanuie pa3aena «obpasel — KOaKCHAIbHBIA BOTHOBO,

MMPpUBOAAIICMY K PE30HAHCHOMY IOITIOIICHUTO BHGKTpOMaFHHTHOﬁ OHCPIruu.

§14 JlunaMuyecKne MarHUTHbIE CBOIICTBA KOMIIO3UTOB
¢ YacTHIIAMH SIPO-000.104uKa Ha ocHoBe Fe1xCox@S O2

CHWwKeHUs TUAIEeKTPHYECKO MPOHMIIAEMOCTH TIOPOLIKOB C TONbIMU dacTunaMu FeixCox
MOXXHO JIOOUTHCSI HAHECEHUEM TOHKOH JIUAJIEKTPUYECKON O0OIOUKM THOKCH A KPEMHUSI Ha TTOBEpX-
HOCTh YaCTHII, aHAJIOTWYHO TPOLIEype, ONMCAHHOM JUIs OPOIIKOB skene3a. Ha pucynke 5.10 npen-
craBneHbl Mukpodotorpadun yactun FezsCops o 1 mocne HaneceHus: obonouku SiOp. McxomHbie
HAaHOCTPYKTypupoBaHHble ~ yacTuubl  FersCops  MMenn  IIepoxoBaryrd  TOBEPXHOCTb
(cM. pucyHok 510, a). ToHKuIA cIOM JUOKCH A KPeMHMS MPAKTHUYECKH HEPA3IMIMM Ha TIOBEPXHOCTH
yactull Fe7sCOps, 9T0 HE TIO3BOJISIET TOYHO OIEHUTH TOJIIMHY TOKPBITHS JTaXKe TP MHOTOKPATHOM
yBENMYEHUH. [J1a/1Kkast TIOBEpXHOCTh YacTHI[ CO CIIOEM JIHOKCHAA KpeMHUs (CM. pucyHok 5.10, 6-B)

yKa3bIBaeT Ha (GOPMHUPOBAHHE CTPYKTYPbI «SIPO-000I0UKa.

Pucynok 5.10— Muxpodororpadpun yactun FezsCaps (a) u FersCops@SiQ (6-8).

CO3,Z[aHI/Ie CTPYKTYPEIL «slz[p0-060noq1<a» MNpUBOAUT K Bq)(peKTI/IBHOMy CHMXKCHHUIO -

IEKTPUYECKON IIPOHULIAEMOCTH KOMIIO3UTOB. M3MepeHHbIE YaCTOTHBIE 3aBUCUMOCTU JUDIIEK-
TPUYECKOM W MarHUTHOW TMPOHUIIAEMOCTEH KOMIIO3UTOB C TOpOIIKaMu 00OpasIoB

FerxCo@SIiQ npencrasiensl Ha pucyrke 5.11 J{uanexrpudeckas odomouxa SiOp m3onupyer
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gactuisl Fe1xCOx n npenoTBpamiaer arperanyio. Kpome Toro, yMeHbIIaeTCsi MarHUTHOE B3au-
MOJICHCTBHE MEX/y YaCTULAMU B KOMIIO3UTE M3-32 YBEIMUYCHHOTO PAcCTOSHHUA MEXIy (eppo-
MarHUTHBIMHM YaCTHLIAMH. 3aMelIeHHue HEKOTOPOH Jomu (eppoMarHeTuka Ha HEMarHUTHOE Be-
mectBo SiO, B koMITI03uUTeE ¢ MapaduHOM MU paBHOI MaCCOBOM JI0JIE HAIIOIHHUTENSI IPHBOIUT K
00IIEeMy CHIDKEHHIO CTaTHYECKOH MarHUTHOM NMPOHHMIAEMOCTH W aMIUTUTY/bl MAarHUTHBIX I10-
Tepb. OIHAaKO YacTOTa €CTECTBEHHOro (heppOMArHUTHOIO PE30HAHCA YBEIUUUBACTCS [0
24...28 I'Tu (cm. Tabmuny 5.7). [Ipu 3TOM, YacToTa MaKCMMyMa MarHMUTHBIX MOTEPb MPAKTHYC-

CKH HE M3MEHSETCS MPH HaHeceHuH 000104ku SiOp.

; 6
& " —— Fe,,Co,,@SiO,
4
e =
101 —
2 L
m
0] i 0 i
IJ' 1,0
n
af H
0,8+
2AAAAA i
0,4
1 L
0,2
O T T 0,0 r T T
0,1 1 10 0,1 1 10
YacTtoTa, Ty YacTtoTa, My,

Pucyrok 5.11—YacToTHble 3aBHCHUMOCTH IUAIEKTPUYECKON W MATHUTHOM MPOHUIIAEMOCTEI KOMITO-
3utoB ¢ roporkamu Fe1 xCo«@SIQ B MaccoBoM cootHomerwH 3: 1 k mapadMHOBO# Marpuiie

Tabnuia 5.7. CpaBHeHHE JUHAMUYECKHX MAarHUTHBIX CBOMCTB 00pasiioB Fe1xCow u FeixCo@SIiQ, rae
Mem — CTATHYECKAS] MATHUTHASL IPOHUIIAEMOCTb, f,e; — 4aCTOTA €CTECTBEHHOTO (hDEPPOMArHUTHOTO PE30-
HaHCa, 1 'ma(f) — aMIuIMTY/1a MAKCHMYMa MATHUTHBIX TIOTEPh 4 'maxHa yacTote f.

O6paser Lem fpes, T 111 1" max(f)

FeisCos7 2.1 17 0,9(13ITn)

FesCops 2,6 19 0,9 (I0ITn)
FeiCos@SIG 1,8 28 05 (13ITn)
FersCos@Sio 2,5 24 0,8 (12 T)
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3akinioueHue K NATOM I1aBe

C moMoIpio crpeil TMposiu3a U BOCCTAHOBJICHUS BIIEPBBIC MOMTYUYEHBI ()epPOMATHUTHBIC
nopoiku Fe1«Cox ¢ namenstonmmMcest copepkanueM koodansta ot 25 1o 57 ar.%. Cocras, pazmep
YacTUL, HAJIUYUE IOJIOW CTPYKTYphl, CTATUYECKHE U TUHAMUYECKUE MArHUTHBIE CBOWCTBA KO-
HEYHOI'0 IPOIYKTA ONPENEIIIIOTCS TapaMeTPaMHU KakK IepBOM, TaK U BTOPOM cTaauu cuHresa. 11o-
POIIKH JEMOHCTPUPYIOT BHICOKOE 3HAYEHUE XMMUYECKON YUCTOTHI U IIPEUMYLIIECTBEHHO COCTOSIT
u3 ¢asbl a-FeCo, uto nonTBepkaaeTcs pesyiasraraMu MéccOay3pOBCKOM CIEKTPOCKOITNH U PEHT-
reHoBckoi audpakuuu. [Tonsie yactuipr Fei1xCox umeror cpennuii pazmep okono 700 HM, OTHO-
LIIEHUE BHYTPEHHETO K BHELTHEMY JUaMEeTpy dacTull olieHuBaeTcs paBHbIM 0,6. ITomyuennsle mo-
POIIKH XapaKTEpU3YIOTCsl MEHBILIEH IOPUCTOCTHIO IO CPAaBHEHUIO C Mopolkamu F& YcosepiieH-
CTBOBAaHUE METOUKH MO3BOJIUT JOCTUTHYTH MPEIEIbHO BO3MOKHBIX 3HAUEHUI, YKa3aHHBIX B pa-
6ote [12], 3a cuer CHIKEHHS TOPUCTOCTHU U MOTYUYCHHS [T4KOH TTOBEPXHOCTH YaCTHII,

Hanecenue ausneKTpu4eckoil 000I0YKH M3 JUOKCHIA KPEMHHS TI03BOISIET (PpdHeKTHBHO
CHMXKATh JAUAIEKTPUUECKYIO TPOHULIAEMOCTD MOPOIIKOB. KOMIIO3UTHI ¢ OPOIIKaMH CILJIaBOB CH-
creMbl Fe1«COx UMEIOT BBICOKME 3HAUEHHs Mapamerpa Allle, YTO CBHIETEIbCTBYET O ONU30CTH
MarHUTHBIX CBOMCTB MOTY4YEHHOIO MaTepHaia K TOHKOIUIEHOYHBIM (eppoMarHeTukam. Bricokue
3HAUEHHs HAMArHUYEHHOCTHU HACBILLEHUS U NapameTpa Allle MOJy4YeHHbIX TOPOIIKOB 00eceyn-
BalOT MPEUMYIIECTBO IPU HEOOXOIUMOCTH CHMKEHHS BECa KOMIIO3UIIMOHHBIX MATEpPHAJIOB, YTO

MOJKET OBITh MCITOJIb30BAHO IIpU pCIICHUU 3a1a4 SHGKTpOMaFHHTHOﬁ COBMCCTHUMOCTH.
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3akoueHne

1. ITosrydeHbl MOPOIIKH C MOJBIM CPEepUUIECKUM YaCTHIIAMU JKeJie3a C UCII0Ib30BaHU-
€M METoJa YJIBTPa3ByKOBOIO CIHIPEH-IUPOIM3a U MOCIEAYIOUIUM BOCCTaHOBICHHEM
B Bojopozie B auanazone temmeparyp 350 — 500°C. Cpennuii pazMep MOJyYEHHBIX YaCTHI]
cocrasister 0,5 — 1,0MKM, MaKCUMaITBbHBIN pa3Mep — MPUMEPHO 3 MKM.

2. YCTaHOBJICHO, YTO TEMIIEpaTypa BOCCTAHOBIEHUS HE U3MEHSET (popMy U pasmep ya-
CTHUL, HO BJIMSIET HA IOPUCTOCTh U XMMHUYECKYIO YUCTOTY Ipoaykra. CpenaHss IIOTHOCTh IO-
JNyYEeHHBIX YACTHUI[ COCTaBIAeT 6,6 r/cM>, uto Ha 16% MeHbIIe MIOTHOCTH KOMMEPYECKOTO
KapOOHMIIBHOTO XKele3a.

3. Ilopouiku, nosydyeHHsle npu BoccraHoBieHuu npu 400°C, xapakTepusyroTcs Mu-
HUMaJIbHOM MOPHUCTOCTBIO U BBICOKOM XMMHYECKOW YMCTOTOM. BoccraHoBiieHHe mpu Temie-
parype Bbite 400°C npuBoAUT K (POPMUPOBAHUIO I'yOUATOrO XKejle3a U CONMPOBOXKAAETCS yBe-
JTIMYEHHNEM Y/ETBHOMN MIOMAAN TIOBEPXHOCTH TTOPOIIKA 10 60 MZ/T.

4. KoMIo3uThl ¢ IOJBIMU YaCTULIAMU JKEJI€3a UMEIOT 00Jiee BBICOKOE 3HAaUEHUE mapa-
MeTpa Allle, 4eM KOMIO3UTHI ¢ KapOOHHUIBHBIM JKEI€30M, YTO CBHUJIETEIBCTBYET O OJIIM30CTH
MarHUTHON CTPYKTYpbI YacCTULl K CTPYKType TOHKOIUIEHOYHBIX (peppOMarHETUKOB. YCTaHOB-
JIEHO, 4TO MapameTp Allle BO3pacTaeT ¢ POCTOM XMMHUYECKOH YNCTOThI MaTepurasa.

5. KomMno3uts! ¢ mopomkaMu kene3a JEMOHCTPUPYIOT CIOKHYIO CTPYKTYpy 4acTOT-
HOW 3aBUCUMOCTH MHMMOM 4aCTH MarHUTHOM ITPOHULIAEMOCTH, BKJIFOUAIOLIYIO J1Ba OCHOBHBIX
MakcuMyMma. HHU3KO4aCTOTHBI MaKCUMYyM CBSI3aH C OCOOCHHOCTSIMM MarHMTHOM JIOMEHHOMH
CTPYKTYpbI MOJIBIX YACTHI], & BBICOKOYACTOTHBI MAaKCHUMyM OOYCIIOBJIEH €CTECTBEHHBIM (ep-
POMAarHUTHBIM PE30HAHCOM.

6. OOHapy»XEHO, YTO CHMYKEHHE XMMHUYECKOH YHCTOTHI MOJTY4YEHHBIX MMOPOIIKOB JKene3a
Hwke 80 macc.% TPUBOAUT K IMOJABICHUIO HU3KOYACTOTHOTO MaKCMMyMma M (hOPMHUPOBAHUIO
CBY mMarHuTHOM TPOHHUIIAEMOCTH C €IMHCTBEHHBIM MaKCUMYyMOM YaCTOTHOM 3aBUCUMOCTH .

7. 1Ipr mOMOIIM TEXHOJIOTHH CIPEN-TIMPOIN3a BIEPBBIE MOIYYEHBI IIOPOIIKU C MOJIBI-
MU c(epUYecKUMH YacTUIIaMu TBEPIBIX pacTBOpoB Fes3C0s7, F&4Cos6 u Fe7sCozs. CoctaB u
CTPYKTypa MOPOILIKOB MOATBEPKACHBI MPU MOMOIIM I'AMMA-PE30HAHCHOM CIIEKTPOCKONHMU U
peHTreHo(a3oBoro aHajiuza. B omiMuue OT MONbIX YacTHIl Xkele3a, MOJIble YaCTULbI JKeJe30-
Ko0ajabTa JEMOHCTPUPYIOT HU3KYIO IMMOPUCTOCTh M MEHBIIYIO TOJNUIMHY CT€HKU. OTHOIIEHUE
JUaMeTpa BHYTPEHHEH IOJIOCTH K AMAMETPY YaCTHULbI, YCTAHOBJIEHHOE IIPH MOMOIIN JIEK-
TPOHHON MMKPOCKONHH, AocTUraet 3HaueHus 0,6.

8. Jlst komrto3uToB ¢ opommkaMu Fe1.xCOx mapamerp Alre He 3aBHCHT OT COCTaBa 4a-

ctunl U coctapisieT 0,26. IT0 MO3BOJISIET 3aKIIOYUTh, YTO TOJYYCHHBIE TIOJIbIE ChepUIECKHe
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HaCTHIIbI O6J'Ia,Z[aIOT ANHAMHUYCCKUMHU MAarHuTHBIMU XapaKTCPpHUCTUKaMU, CBOMCTBEHHBIMH

TOHKOIIJIEHOUHBIM (pepPOMArHUTHBIM MaTepHajam.
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