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PACS: 62.20.Fe

&.3. Y1aweB

HAHOCTPYKTYPUPOBAHME METAJTTMYECKNX MATEPUAJIOB
METOOAMW MHTEHCUBHOW MNACTUYECKOW OE®OPMALIAN

WMuctutyt npobnem ceepxnnactnyHoctn metannos PAH
yn. C. XantypuHa, 39, r. Yda, Poccus

Cratbsa noctynuna B pegakumio 1 mapta 2010 roga

Yaempamenxozepuucmoie (YM3) memanivt u cniagvl ¢ pazmepom 3eper om cyOMuKpo-
(1-0.1 um) 0o nHanomempuuecxkozo (meuvuie 100 nm) ouanasona omauuaromcs HeoObl-
YAHO BLICOKUMU U NONE3HbIMU PusuKo-mexanuveckumu ceovcmeamu [1]. Taxue mame-
pUanvl YCneuwiHo NoJay4aiom, UcCnoawb3ys pasHoxananvhoe yenogoe (PKY) u eunmosoe
npeccosanie, 6CeCMOPOHHIONN KOGKY U Opyaue Memoobl UHMEHCUBHOU NAACMUYeCKOU Oe-
Gdopmayuu (UI). B Oaunou pabome paccmampusaiomcsi OCHOGHbIE 0COOEHHOCU
CMpoeHUss U MeXaHuyeckux ceoucmea oeghopmayuonnvix Harnomamepuanos. O6cyacoa-
FOMCSL BO3MOJCHbIE NYMU NOGbIUEHUS UX KOHCMPYKYUOHHOU NPOYHOCMU, (MEXAHUZM»
Gopmuposanus nanosepen u Heodxooumvle 05 9mo2o yciosus oepopmuposanus. Cpas-
HUBAIOMCSL 803MOACHOCIMIU Memodo8 UII/] ¢ mpaduyuonnvimu memooamu ooOpabomxu
memannog oasnenuem (OM/]). Ilpusooamcsa npumepsl nonyuenus, oopabomku u npume-
HeHUsl HAHOMAMEePUAnNo8 KOHCMPYKYUOHHO20 HAZHAYEHUS].

KiioueBnle cioBa: YIBTPAMCIKO3CPHUCTBIC METAJJIbI, HWHTCHCHBHAA IIJIACTHUYCCKas
,Z[eq)OpMaI_II/IH, PaBHOKAaHAJIIbHOC YIJIOBOC IMPECCOBAHUEC, HAHOMATCPUAJIbI

BBenenne

B nocnieqaue roabl GU3MKM U MEXaHHUKH, 3aHUMAIOIIHECS 3a/1a4eil TTOBBIICHUS
KOHCTPYKLUHMOHHBIX CBOWCTB METAJUIMYECKUX MAaTepUaIoB, 0c000€ BHUMAaHUE Y]e-
JSIOT U3YYCHHUIO BO3MOKHOCTEH €€ PelIeHUs] MOCPEICTBOM OOJBIIMX IJIacTHYe-
ckux nedopmaruii. HeobxoaumMo OTMETHTBH, YTO Takue aedopMalvy H3JaBHA
MPUMEHSIIU [IPU U3TOTOBJICHUH YKpAIICHUH, O€K/Ibl U3 IPArOLICHHBIX METAJIOB,
TOHKUX TOKPBITUH (CyCallbHOTO 30J10Ta), PHIIAPCKUX JTOCIEXOB M XOJOJHOTO
OpYy>KHS M3 TPOYHBIX CIUIABOB, B YaCTHOCTU W3 OynaTHo cranmu. OIHAKO Mexa-
HU3MBI 00JIBIION JedopMalui METATUMYECKHX MAaTEpHAlIOB U MPOUCXOAIINE B
HUX W3MEHEHUS CTPYKTYpbl U CBOWCTB MPOSICHWINCH CPAaBHUTEIHLHO HEJIABHO
[2,3], mpuyeM JHIIb B OTHOLICHWH MPOKATKH, SKCTPY3UU, BOJOUYECHUS U APYTUX
TpaauuOHHBIX MeToqoB OMJI, B KOTOpBIX cTemeHb aedopManuud 3aroTOBOK
0OBIYHO OTPAaHUYUBACTCS 3HAYCHHEM e = 4—5. B oTiMuue oT TpaJAuIIMOHHBIX Me-
To10B Aedopmaruu MeToasl MIT/] mo3BONISAIOT HAKAIUIMBATh YKa3aHHBIE U OOJIb-

© ¢.3. YT1auwes, 2010
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mue nedopMalvu He TOJbKO B TOHKOCTEHHBIX, HO U B OOBEMHBIX 3arOTOBKaXx,
oOecrnieunBasi UM BCIIEACTBHE 3TOT0 PEKOPJHO BBICOKHME MEXaHUUECKHE CBOWCTBA.

[Toka3aTenbHbl UCTOpPUYECKHE MNPEANOChUIKM pa3BuTus meromoB WIIJ, Ha-
NpaBJICHHbIC Ha ONpEACTICHHE YCIOBUH, MOBHIIAIONINX I1e()OPMAIIMOHHYIO CIIO-
COOHOCTBh MaTE€pHAaJIOB U MPUBOIAIIUX K (POPMUPOBAHUIO B HUX Y M3-CTpYKTYpHI,
B TOM 4YHcCIIe ¢ HaHoMeTpuueckumu (< 100 nm) 3epHamu.

M3BecTHO, YTO B €CTECTBEHHBIX YCIOBHAX Jepopmanuu (Ipu KOMHATHOM TeM-
nepatype U aTMoc(hepHOM JABIIEHUU OKPY’KAIOLIEH Cpelibl) METAJUIMYECKUEe Ma-
Tepuanbl MOJl BO3JEHCTBUEM pACTITMBAIOIIMX HANPSHKEHUH paszpylIaroTcs Hpu
crenensix aepopmamuu ~ (0.2—0.5). JlehopmannonHasi ciocOOHOCTh MaTepHAIOB
CYILIECTBEHHO IOBBIIIACTCA NPU BO3JIEHCTBMM HAa HUX BBICOKOI'O TMIpOCTaTHYe-
CKOT'O WJIM KBa3UTHIAPOCTATUUECKOTO JAaBiieHUs cxxarus. [lo-Buagumomy, nepBbIM,
KTO Ha 0OJIBIIOM KOJIMYECTBE SKCIIEPUMEHTOB (OMUCAHHBIX B [4]) MpOIEMOHCTPH-
poBaJl CIOCOOHOCTh Pa3HBIX TBEPABIX T€N K OOJIBLIMM IUIACTUYECKUM Jedopma-
UM TIOJ BO3JIEMCTBUEM JaBJIEHUs CXKaTus, ObLI M3BECTHBIN (hpaHIly3CKUM HH-
xxenep-mexanuk A. Tpecka (1814—1885). [loznuee, B cepennHe MpoOILIOTO CTOJIE-
THSl, 3HAUNTENIbHBINA BKJIAJ] B U3YYEHHE 3aKOHOMEPHOCTEH BIIMSHUS BBICOKUX J1aB-
JeHUM Ha (PU3MKO-MEXaHWYECKUE CBONCTBAa MaTEpUalOB BHEC aMEpPUKAHCKHM
yuenslit P. bpuxkmen [5]. K ToMy BpeMeHH ObIIO YCTaHOBIIEHO, YTO K IJIacTHYE-
CKOM Je)OopMalui METALUTUYECKUX MaTepUAIOB MPUBOIUT POXKICHUE H MEpeMe-
IIEHUE JHUCIOKALUH, a K pa3pylICHHIO — BO3HUKAIOIINE B 30HAX UX CKOIUICHHS
HECIJIOUTHOCTH — TPEUIMHBI U opbl. OKa3anock, YTO MPH JABJIEHUU p = G (T G —
HanpspKeHUEe TeueHHs) oOpa30BaHME HOBBIX M Pa3BUTHE IMPEXkKAE CYIIECTBOBAB-
IIMX HECIUIOLIHOCTEH HE MPOUCXOUT, a IpH p > 100 HabmromaeTcs 3aneynBaHue
HOCJETHUX.

B 50-70-€ rr. mpouuioro croneTvs AajbHEHIIee N3yYeHUE BINUSAHUS AaBJICHUS
Ha CBOICTBa MaTepHallOB pa3BUBAIOCh B OCHOBHOM B AHriauu (HaumonanmbHas
uHxeHepHas naboparopus, [llornannusa) u 8 CCCP (MacTUTYT (DU3HKM BBICOKHX
nasieHuit, Mocksa) [6]. [IpakTuyecky OAHOBPEMEHHO M HE3aBUCUMO OBLIH CO3-
JTaHbl YCTAHOBKH JUIsl CABUTA (KPy4YEHMsI) MAaTEPHAJIOB MO JaBICHUEM BIUIOTH JI0
50 GPa, yTO MO3BOJIAIO IIACTUYECKU Je(POPMHUPOBATEH PA3IMYHbIE MATEPHUAJIBI CO
CBEPXBBICOKMMH CTeIeHsAMU e > 10.

B at0if cBsi3u B 1991 r. npuHIunuansHoil crana padora yhUMCKHUX UCCIIe0Ba-
Teneit [7], BIEpBbIE MOKAa3aBIIMX BO3MOXXHOCTb MOJydeHUs YM3-MeTamioB u
CIUIAaBOB METOJIOM KpydeHHs moJ OonbpIiMM JaaBieHueM. HemHorum mosgHee (B
1992 r.) Takke BHepBble OblIa MPOJEMOHCTPUPOBAHA BO3MOYKHOCTH IOJyUEHUS
YM3-marepuaiaoB METOIOM MHOTONPOXOJHOTO PAaBHOKAHAJIBHOI'O YIJIOBOTO
IIpeccoBaHus (PKYH)l npyTKoB [8]. BaxkHO#1 0COOEHHOCTBIO ATOTO METO/A SBIIS-
€TCsl TO, YTO TOBBIIIEHNE A€(POPMUPYEMOCTH METAJUIMYECKUX MATEPHAIOB B HEM
JOCTUTAeTCsl HE CTOJBKO B pPE3yJibTaTe HAJOXKEHUS KBa3UIMJIPOCTATUYECKOTO
JTaBJICHUsI, 3HaYCHHE KOTOPOTO CpPaBHUTENIBbHO HeOoisblioe — p = ¢ < 2 GPa,

! Cxema PKYII 6b11a paspaboTana B 1972 r. MUHCKMMH y4yeHbIMU Bo riaBe ¢ B.M. Cera-
JIOM.
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CKOJIbKO Onarojjapsi IpOCTPaHCTBEHHO-PAaBHOMEPHOMY pacIpeesieHuio edop-
MalUy B 3arOTOBKE BCJIEICTBUE peal3allMd CXEMbI IPOCTOrO CIBUra B Pa3HbIX
HaIpaBJICHUSAX.

Hcnonb3oBanHbIi B 3TOM MeToze noaxon k OM]] cran ocHOBO# [yis pa3paboT-
KU B TeueHue nocneanux 10—-15 ner MHorux HOBBIX MeTOJO0B [1,9], momyuuBIINX
o0o0marornee Ha3BaHUE — METO/Ibl HHTCHCUBHOH IUTACTHYECKOH edopmaryu.

B nanHOI craThe paccMaTpHBarOTCsl yCJOBHUsS JAe(hOpMHpOBaHMS, OOecredu-
Baromue (popMUpOBaHNE B METAUIAX MHOXECTBA OOJBIICYTJIOBBIX TPAHHIl TPU
HNI1/I, uTo, COOCTBEHHO, U MPUBOJIUT K MOJIy4YeHHIO B HUX YM3-cTpykTypbl. O0Cy-
KIAIOTCI OCOOCHHOCTH CTPOCHUSI M MEXaHWYECKHUX CBOWCTB TAaKMX MAaTEPUANIOB, B
TOM 4YMCJIE C HAHOMETPUUYECKHUMM pasMepaMH 3epeH. B 3akioueHne npuBOIATCS
IIPUMEPBI IPAKTUYECKOro ucrnonb3zoBanusa UII/I 1 noydenuss HaHoMaTepHaoB.

1. OcoGenHocTn CTPOCHHUA U MEXAHUYCCKUX CBOMCTB HaHOMaTEpPHUajaoB

I'panuywr 3epen. 1lpon3BoAMMbIE METALUTyPTrUUYECKUMH MPEANPUATHIMHI Jie-
dbopmupoBaHHbIe MOy (}hadpUKaThl B OCHOBHOM HUMEIOT KPYIHO3EPHHUCTOE CTPOE-
Hue. CpeqHuil pa3Mep 3epeH B HHUX, KaK IPaBUJIO, COCTABISAET JE€CATKU, COTHH, a
WHOTJA U THICSYH MUKpOMETpoB. OOBIYHO TaKue 3€pHA paccMaTpPUBAIOT KaK paB-
HOOCHBIE MOHOKPHUCTAJIIBI-IONUAAPHL ¢ 12—14 rpansimu B BusE 4—6-yrOIbHUKOB.
B TakoM mpencraBieHMHM NPUMEPHO MOJIOBHHA T'PaHEW BCEX 3€pPEH-IMOJIM3POB,
coJiepKaluxcs B MaTepualie, U MOYTH OJIHA TPETh UX pedep 00pa3yroT rpaHHULIbI,
TaK KaK Kaxaas TpaHb pasJeiseT JBa, a Mo pedpy CTHIKYIOTCS TpH monudapa. B
PEeaNbHOCTH T'PaHUIIbl 3€PEH UMEIOT 0oJiee CI0kKHYI0 (OpMy — HA aTOMHOM YpPOB-
HE Ha ee IJIOCKOCTAX U pedpax BO3HUKAIOT CTYNEHBKU U Teppachl. Bmecte ¢ Tem,
MMOCKOJIbKY OCHOBHBIE MEXaHWYECKHUE CBOMCTBA MaTepHalia MPEACTAaBISIOT OO0
YCPEIHEHHbIE MAaKPOCKOIMYECKHE XapaKTEPUCTUKU MPOYHOCTH U IUIACTUYHOCTH,
JIeTaJbHOE aTOMHOE CTPOCHHE TPAHUI] 3epEH HE YUHUTHIBAIOT, OoJiee TOro, Gopmy
TPaHUIl 3€PEH OIMUCKHIBAIOT KaK CPEPUUYECKYIO C AUAMETPOM d, PaBHBIM CpEeIHEMY
3HAUEHUIO JJISl BCEl COBOKYNMHOCTH 3epeH. OYEeBUIHO, YTO YEM MEHbILE AUAMETP
TaKUX 3epeH, TeM OoJibllie KpUBHU3HA WX TpaHull k = 1/2d, uncno HemocpeacTBEH-
HBIX COCEZIEH U yTIOBbIE Pa30PUEHTUPOBKU MEXKy HUMHU.

K GonbieyrioBbeIM OTHOCST TPAaHUIIbI, HA KOTOPBIX YTOJ MEXAY BBIXOASIIUMU
Ha HUX CXOJIHBIMU aTOMHBIMU TIJIOCKOCTSIMU CMEKHBIX 3€peH IpeBbImiaer 12—15°.
Tonmuua takux rpanui O = (1-2)a = (0.25-0.5) nm, re a — pacCTOssHUE MEXKIY
COCETHUMH aTOMaMH B KPUCTAJLIMUYECKON pelnieTke. 3HaunuTeNbHasl YacTh aTOMOB
B OOJIBIICYTJIOBBIX TPAHUIIAX 3aHUMAET MO3UIUHU, TTOYTH COBMAAIOIIUE C UX Tpa-
BUJIbHBIM PACIOJIOKEHUEM B KPUCTAITIMUYECKON peIIeTKe JIMIb OJHOIO U3 COCe-
CTBYIOILIUX 3€PEH, U 3aMETHO CMEILECHHBIE MO3UIMHU MO OTHOLIEHUIO K PaCIOio-
JKEHUIO B KPHUCTAJUIMYECKOM pemeTke Apyroro 3epHa. [Io 3Toil mpuunHe Mex-
ATOMHBIE PACCTOSHUS 3€PHOTPAHUYHBIX aTOMOB B CpelHEM OOIblle, a UX IIIOT-
HOCTb MEHbIIIE, YEM B KPUCTAJUIMYECKUX PEILIETKaxX 3epeH. Benencreue aroro yn-
pyrue HanpsHKEHUS G, U SHEPIHsl CBSI3U MEX]ly aTOMaMU B TPAHUIIE BbILIE, YEM B
0e3aeeKTHOM 00IaCTH KPUCTATNINYECKON PEIIETKH 3epeH.
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Bkiag 3epHOrpaHMYHBIX aTOMOB B YIIPYyTHe€ HalpsDKEHUS MaTepuaia B LEIOM
3aBUCHT OT X 00beMHOU 1o f ~ O/d. B kpymHo3eparcTom metaimie ¢ d = 100 pum
9Ta JI0JIs1 HUITOKHO Mana — f = 0.5-10 ~%, a B HaHOMeTaiie ¢ d = 10 nm oHa BO3-
pactaet 110 5%. Tem He MeHee Jaxke MPU CTOJIb MAJIOM pa3Mepe 3epeH YUCIIO 3ep-
HOTPAaHUYHBIX aTOMOB OCTA€TCS HEOOJBIIMM, YTO HE IO3BOJISET JIMIIb 32 CYET
YBEJIMYEHUSI SHEPTUH CBSA3U MEXIY HUMU OOBSICHUTH 3—4-KpaTHOE IMOBBILICHUE
IPOYHOCTH HAHOMATEPUAIOB B CPaBHEHUM C KPYHMHO3EPHUCTBIM COCTOSHHEM.
MHOro4YHMCIeHHBIMM HMCCIIEIOBAaHUAMHU OBIJIO YCTaHOBJIEHO, YTO CYILIECTBEHHBIN
BKJIaJ| B MOBBILLIEHNE MPOYHOCTH HAHOMATEPHUAJIOB BHOCST JajJbHOJEHCTBYIOIINE
HaNpsHKEHUs B IPUTPAHUYHOM 00JIacTH 3epeH, co3JaBacMble TpaHULlaMH B HepaB-
HOBECHOM COCTOSIHMH. B pesynbrare y HaHOMaTepHajoB OO0mIas AONS YIpyro-
CMEILEHHBIX OT PAaBHOBECHOT'O MOJIOXEHUS aTOMOB, PACIOJI0KEHHBIX B I'PAaHHUIIAX
U UX OKPECTHOCTSX, MOJTYUYMBIIMX Ha3BaHHE 3epHOrpaHudHoil ¢assl (3['D) [10],
3HAYUTEIbHO BO3pACTaeT, B YaCTHOCTH 10 50% B HaHOMETaJuIe CO CPEAHUM pa3-
MepoM 3epeH d = 10 nm.

Ycnosusa noevimenusa xoncmpykyuonnoit npounocmu. B HaHomatepuanax
3aTPyIHEHO JIelcTBUE OOBIYHOTO MeXaHW3Ma JAedopMmalnuyu — BHYTPU3EPEHHOTO
JMCIIOKAIMOHHOTO caBHra. [TpudunHoOil ciry>kaT BbICOKOE HamlpsKeHHe, Heo0X0au-
MoO€ JUIsl T€HEPALlK PELIETOYHBIX AUCIOKAIUM, 3HAY€HUE KOTOPOIro MpPOMOpILHUO-
HaJIBHO OOMBIION KpUBU3HE TpaHHIl 3epeH (o o« k = 1/2d), a Takke MHOXKECTBO
NPENSTCTBUNA, YAHUMBIX TEPEMEIICHUIO JNUCIOKAIUI CO CTOPOHBI YPE3BBIYANHO
pa3BUTOM ceTkH OousblIeyrnoBbiX rpanul u 3I'® B nenom. Benencrsue storo Ha-
HOMaTepHualibl, 00J1a/1asi BBICOKOW MPOYHOCTHIO, OOBIYHO IEMOHCTPUPYIOT HH3KYIO
IUTACTUYHOCTh, YTO BO MHOTHX CIy4asiX OrpaHUYMBAET UX UCIIOJIb30BaHHUE B Kaue-
CTBE KOHCTPYKIIHOHHBIX MaTEpPHAJIOB.

BwMmecTte ¢ Tem Ob110 BbIsIBIIEHO [11], 4TO psii THIMYHBIX HAHOCTPYKTYPHBIX Ma-
TEpPUAJIOB MPHU PACTSDKEHUU JIEMOHCTPUPYIOT HE TOJBKO MPOYHOCTH, B 3—4 pasa
OOJBIIYIO 110 CPAaBHEHUIO ¢ OOBIYHBIM KPYITHO3EPHHUCTBIM COCTOSIHUEM, HO U Xa-
paKkTepHOE MJIsl MOCJIEIHET0 BBICOKOE 3HAYEHUE OTHOCUTENBHOIO YJUIMHEHUS J10
paspyienus — & ~ 40—-60%.

JleTabHOM SICHOCTH B MMPUYHMHAX ITOTO Mapaiokca MoKa HET, MOAPOOHO OH 00-
cyxpazucs B padorax [12,13]. 3aech auIIb OTMETUM, YTO K IUIACTHUYECKON 1edop-
MaIlMy MPUBOJUT HE TOJIBKO BHYTPU3EPEHHBIH, HO W 3€PHOTPAHUYHBIN CIBUT IO
TaK Ha3bIBAEMBIM I10JIOCAM KOONEPATUBHOTO 36pHOIPAHUYHOTO NMPOCKAIb3bIBAHUS
(K3I'TI). O6pazoBanue monoc K3I'TI mpoucxoaut, ecinu B maTepualie UMEETCs
JIOCTATOYHOE MHOKECTBO I'PAHUIL U JUIS 3TOT0 TpeOyrOTCsS MEHbIINE HaNpsKEeHNU,
YyeM JUisl CABUra BHYTpH 3epeH. s neopmaruu ¢ OOJIBIIMMH CTENEHSMU T1O-
cpeacteoM K3I'II BaxHO Takke, 4YTOOBI MpOIECC YIPOUHEHHUs] HAXOJWICS B JU-
HAaMHYE€CKOM PaBHOBECUU C MPOLIECCOM Pa3yNpoyHEeHHUs Marepuana. Takue ycio-
BUS peasu3yl0TCs NPAKTUYECKU B MOJIHOM Mepe MpH CBEpXIUIacTUYecKol nedop-
manuu (CIIJ]) matepuanos ¢ pasmepom 3eper 1-10 pum co ckopoctsimu (10 —
10! npu remnepatype cBoiie 0.57,, (rae 7, — Temneparypa MjaBjIeHHs MaTe-
puana). Marepuanbsl ¢ MEHBIIMMHU pa3MeEpaMU 3€pEH TaKHUE CBEPXIUIACTUYECKUE
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CBOICTBa MPOSBIAIOT U Mpu Oosnee HU3Koi Temneparype ~ 0.47,. MoxHo npen-
HOJIOKHTh, YTO (DEHOMEH BBICOKUX MPOYHOCTH U IUIACTUYHOCTH HaHOMAaTEepHAaIOB
npu Temreparypax, MeHbiux 0.47,,, Takke o0ycnosnen pazsutiuem K3I'TI, koto-
poe mpoucxoauT npu Oosiee BbIcOkHX, yeM npu CII/], HanpsoxeHusX casura, HO
COIPOBOXKAAETCA HE MOJIHOM, @ YACTUYHON peJlaKcalliell HaKalJIMBaeMbIX B MaTe-
purasne HanpsLKeHUH.

Bbicokasi KOHCTPYKLUMOHHAs! MPOYHOCTh MOKET OBITh CBOMCTBEHHA HaHOMaTe-
puanam, o01a1aroIUM:

— OMMOJIAJIBHOM CTPYKTYpPOM, COCTOSILEH N3 OTHOCUTEIBHO KPYIHBIX 3€pEH, OT-
BETCTBEHHBIX 3a IUIACTUYHOCTh, U MEJIKHUX 3€PEH, OTBETCTBEHHBIX 3a IPOYHOCTH;

— 3epHOTPaHUYHBIM JU3aHHOM — ONpEEICHHBIM COOTHOLICHUEM OO0JIbIIEYTIIO-
BBIX M MaJIOYTJIOBBIX I'PAaHUL], COOTBETCTBEHHO MPEMATCTBYIOUINX U HE MPENSTCT-
BYIOIIMX JBM)KEHHIO JUCIOKAlMM, a TAaKKe CIEUUAIbHBIX T'paHUl] (Hampumep,
JTIBOMHUKOBBIX) W TPaHUI] C JO3UPOBAHHOW CErperamueil mpumecei, 3amemisio-
IIMX CKOPOCTbh IMHAMUYECKOTO BO3BPATa;

— OIpe/eNIEHHBIM YPOBHEM HEPaBHOBECHOCTH OOJIBILIEYTJIOBBIX TPAHMUII, PETY-
JUPYyEMON YaCTUYHBIM CHH)KEHUEM KOHIICHTPALMU 3€PHOIPAaHUYHBIX JUCIOKALNM
IpU TEpMOOOPaOOTKE;

— ONTUMAJIbHBIM COOTHOLIEHHEM Pa3MepOB U 00BEMHOM o (a3, B YaCTHO-
CTH, 3@ CUET NMPUCYTCTBUS TUCHEPCHBIX YACTHII, CO3JAIOUINX YIPYIrHe HampsiKe-
HUS B MAaTPULE U/UIM U3MEHSIONIMX HAIIPaBJICHUE NEPEeMEIeHUs TUCIIOKAIUH.

2. ®opmupoBanue Y M3-cTpyKTypHI

Deonwyua cmpykmypel. Ha ornpeneneHHoM 3tarne neGopMupoBaHUs Kak Tpa-
JUIIUOHHBIMHU METOAAMHU, TaK U METOJaMU I/IHI[ CTPYKTYPHBIC U3BMCHCHHSA B MC-
TAJTMYECKUX MaTepHaiax BO MHOIOM aHAJIOTHYHBI. Kak yke oTMeuaioch, K Iia-
CTUYCCKOMY CIABUTY B KPYINHO3CPHUCTLIX MCTAUIMYCCKUX MaTCpUaiaX IMPUBOAUT
JIMCIIOKAIIMOHHOE CKOJILKCHHUE T10 TUIOTHOYTAKOBAHHBIM TIOCKOCTSIM KPUCTAILIH-
YECKOM pemeTKku. bobIieyraoBele rpaHUllbl TPENATCTBYIOT NEPEXOAY AMCIOKA-
Ui U3 OJHOTO 3€pHA B JIPYro€, YTO MPHUBOAMUT K UX HAKOIUICHHIO B 3epHax. [Ipu
nedopMaruu co creneHpio e > 0.2—0.3 CKOIUIeHHS TUCIIOKAWK YIUTOTHSFOTCS,
00pa3ysi CIIOKHOIEPEIICTEHHYI0 TMPOCTPAHCTBCHHYIO CETKY HECOBEPIICHHBIX
TpaHUIl, Pa3AeisAIoNIyI0 3epHa Ha MHOXKECTBO MeENKHX syeek. OcoOeHHOCThIO
STYCHCTOU CTPYKTYPBI SBIISIOTCSI OTHOCUTEIBLHO HEOOJIbIIAs MIIOTHOCTh JAMCIOKA-
U BHYTPH SYEEK 10 CPABHEHUIO C UX IPAaHHULIAMHU M HEOOJbIas pa3opUEHTH-
pPOBKa MEXIy HHMH, COCTaBIsomas Aoiau rpaayca. CToiab manas pa3opuUeHTH-
POBKa AYCCK HC MPCIATCTBYCT AMCIOKAOIMOHHOMY CABHIY, OJJHAKO €TI0 Pa3BHUTHUC
TpeOyeT HEeNpPEephIBHOTO TOBBIMICHHUS BHEIIHETO HANPSIKCHHUS, TaK KaK IOJIsA Ha-
Hpﬂ)KeHHﬁ, CO31aBaCMbIC HCCOBCPUHICHHBIMU T'paHULIAMH SYCCK, HpOTHBO[[GfICT-
BYIOT JIBIDKCHHIO AMCIOKaiuil. KpoMe HUX K MOBBIIICHUIO HAINPSDKEHUS CIBHTA
MMPUBOAUT POCT HaHpH)KCHHﬁ, H606XOILI/IMBIX AJI1 TCHepalu peIICTOYHBIX JUC-
Jokanuii B Menkux sueiikax. C oOpa3oBaHHeM MOCIEAHUX JaibHEHIas 3BOJIO-
s CTPYKTYPBI IPU OOBIYHON M MHTCHCUBHOW Ae(pOpMaIusaxX OTIMIACTCA.
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Cmpykmypooopaszoeanue npu 00blunbix depopmayusax. B Takux npoueccax
NOYTH OJHOBPEMEHHO ¢ oOpa3oBaHueM siueek Bo MHOTUX Metamuiax (Cu, Ni, Fey)
HaOJII01aI0T MOSIBJICHHE MPOJOIbHBIX M0JIOC, OPUECHTUPOBAHHBIX B HAlpaBJICHUH
BBITSDKKM MaTepuana 3arotoBku [14]. IIpuumna oOpa3zoBaHMs 3TUX TOJIOC, U3-
BECTHBIX Kak jaedopManuoHHbie [15], oOycioBieHa pa3HOW KMHEMATUKOW Tede-
HUS BHEIIHUX U BHYTpPEHHUX oOnacteil Matepuana B ovare nedopmanuu [16]. C
YBEJIMYEHUEM CTENeHH JedopMaluud B Mpoxoaax JAedopMalMOHHbBIE IOJIOCHI
YMEHBIIAIOTCS B MOMEPEUYHOM CEUEHHH U IPOOSATCS MO JUIMHE, a UX TPAHUIBI Ha-
OuparoT OOJIBIIECYTIOBbIE PA30pPUEHTUPOBKU. ['paHMIBI S4YeeK, KpOME COBIMAJIAK0-
IIMX C TPaHMIIAMHM I10JIOC, OCTAKOTCSl MAJIOYIJIOBBIMH, HO IIPU 3TOM COBEPIIEHCT-
BYIOTCSI ITyTE€M ITPeoOpa30BaHUs U3 COCTABIAIONIETO MX ToJIcTOro (~ 10a) xaoTu-
YECKOI'0 CKOIUIEHUS JUCIIOKALMI B TOHKHUE (~ 2a) YyNOPsI0UYE€HHBIE TNCIOKALMOH-
HbIE CTEHKU. J[BMKYyIIEH CHJIOW COBEPIICHCTBOBAHUS TPAHMUI] SYEEK SBISAETCA
CHIJKCHHUE HAKOIUIEHHOM B MaTepHalie YIpyrou 3HEPTruH.

ITponiecc popmupoBaHus NPOJOIBHBIX A€()OPMALIMOHHBIX MOJIOC 3aBEPLIAETCS
npu e ~ 3—4 [16,17]. Ilpu Takux cTeneHsX MonepevHbie pa3Mepsl (TOJIIIKHA) T0-
JIOC ¥ PACIOJIOKEHHBIX B HUX SIY€EK YMEHBINAIOTCSA 10 IECATBHIX A0JIEH MHKpOHA
(~ 0.1-0.3 pm). BenenctBue 3TOT0 HaANpsHKEHUS, HEOOXOUMBIC ISl TCHEpAIluH B
HUX PEIIETOYHBIX AMUCIOKALUI, CTAHOBATCA OOJIblIE HaNpsKEHUH, TpeOyeMbIX
JUIS IPOJIOJDKEeHUs AepopMariiy myTeM 00pa3oBaHMsI MOJIOC C/IBUTA.

[Tomockl cnBura BO3HHUKAIOT MO yTJIOM, OJMU3KUM K +45° OTHOCHUTENBHO Ha-
npaBJeHUs BBHITSDKKM Matepuana. [To mepe pasButus aedopmanuu oHHU, Kak Jie-
(opMaLMOHHBIE MOJIOCHI, YTOHSAIOTCS 110 JECATHIX JOJIeH MUKPOMETPOB, U MX I'pa-
HUIIBI HAOUPAIOT OOJBIICYTTIOBBIE pa30pUeHTUPOBKH. [lepeceuenne MHUKpOIOIOC
CIBHIa C paHEE BO3HUKIIUMU IPOAOIBHBIMA MUKPOIIOJI0CAMHU IIPUBOJINUT, B IIPHH-
urne, K 00pa3oBaHUIO MENKHX 3epeH ~ 0.1 pm, oHaKO 3TO MPOUCXOIUT MPHU CY-
IIECTBEHHOM YTOHEHUU MaTepHaja B LIeJIOM (J10 pa3MepoB ~ 1 mm u MeHee), 4To
CHJIPHO OTPaHMYMBAeT 00JacTh MOJYYEHHBIX TaKuM oOpazoM YM3-marepuanos.
Ecnu nponecc nedopmupoBanuss 0ObIYHBIMH METOJAMM MPOJOJDKUTh O YTOHE-
HUS [ONEPEYHOI0 CEYEHMsI METAJUIA 10 HECKOJIBKUX MUKPOH, TO B HEM, KaK IOKa-
3aHO Ha mpumepe BosoueHus Fe, Ni [18], popmupyroTcst ype3BpIuaiiHO MEJIKHE
~ (2-3) nm ¢parmMeHTsI ¢ aMOP(HBIM CTPOCHHUEM.

Cmpykmypooopazoeanue npu HIIJ]. B otnuyuve OT TpaJULMOHHBIX METOJIOB
npu UITJI mocne nedopMupoBaHus co CTENEHbIO e ~ 3—4 BO MHOTHX MaTepuanax
OOBIYHO BBISIBIIIETCSI HE IOJIOCOBAsi, a PaBHOOCHAs 3€PEHHO-CyO3epeHHast CTpyK-
Typa [1]. B oTAenbHBIX 30HaX OCTAIOTCS TakXke U Mekue siueiiku. C gaibHermmum
HapacTaHueM jaedopMaiiy IMOCIEeAHsAs HCYe3aeT BOBCE, a J0Jsl MPENeibHO H3-
MEJIbYCHHBIX 36pEH B CMEIIaHHOW CTPYKTYpE BO3PACTaeT M CTAHOBHUTCS Mpeodia-
ArONIEH.

OTtnnyaercs TaKke U xapakrep KpuBoii o(e). Ecnu npu 0oObIuHBIX MeTOAaxX Jae-
(opmanuy HanpspKEHUE TEYEHNUs MOHOTOHHO BO3pPAacTaeT U nocie e > 3—4, To npu
UITM, nocTurHyB npu yka3aHHbIX Aedopmarusax 6osee BBICOKOTO 3HAYCHHS, Aa-
J€€ G C HApACTaHUEM e IIPAKTUYECKH HE U3MEHSETCSI.
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Mexanuszmot popmuposanun Y M3-cmpykmypot. VI3BeCTHO HECKOJBKO TMpeEI-
CTaBJICHHN O MeXaHW3Me 00pa30oBaHUS OOJBIICYTIIOBBIX T'PAHUI], TPUBOISAIINAX K
dbopmupoBanuio YM3-ctpykrypsl ipu U/, OqHo 13 HUX OCHOBaHO Ha TIPOXOXK-
JICHUH TIpoIiecca HU3KOTeMIEpaTypHOUW pekpuctaiu3anuu [19], kotopyro Ha3bl-
BAIOT TaKkxke «xojiogHow» [20] m pekpuctamumzanueid Ha mecre [3]. YuuTeiBas
mudPy3uOHHYIO MPUPOY PEKPUCTAIUIM3ALNU, €€ TPOXOXKICHUE TPHU OOJIBITUX
XOJIOJHBIX JedopMalusix CBA3BIBAIOT C HAKOIUIEHHEM B MeTalllaX 4pe3BbIUaifHO
BBICOKOM KOHIIGHTPAIlMM TOYEYHBIX AE(PEKTOB U CO 3HAYUTEIbHBIM T'PaTUCHTOM
YOPYTUX HAMpPSOKEHU, CO3/1aBaeMbIX AUCIOKAIMOHHBIMH CKOIUICHUSIMH. B mOJb-
3y PEKPUCTALIM3AIMOHHOTO MEXaHW3Ma 00pa3oBaHUsl OOJBIICYTIOBBIX TPAHUI]
CBUJICTEJILCTBYET TAKXKE H3BECTHAs 3aKOHOMEPHOCTh CHIXKEHHUSI TEMIIEpaTyphl
Hayaja peKpUCTaUIM3allMi B METaulaX BIUIOTH O TEMIEpaTyphbl BO3BpaTa C yBe-
JUYCHUEM CTETICHH HAKOTUICHHOH nedopManuu.

BwmecTe ¢ TeM criemyeT OTMETUTH, YTO TOJl TEMIEpaTypoil Bo3BpaTa OOBIYHO
MOHUMAIOT TEMIIEPATy Py, MPU KOTOPOH JUCIOKAIIMN B HECOBEPIIICHHBIX IPAHHUIIAX
A4YeeK MepecTpauBaloTCs, 00paszysl COBEpPILIECHHbIE MaJOYIJIOBbIe TPAHULIBI SYECK-
6s10k0B (cy03epeH). [TogaBuTh BO3BpaT MOJTHOCTHIO JIaXKe MPHU HU3KOW TeMIlepa-
Type nedopmanyu HEBO3MOKHO, TOCKOJIBKY Ha CTaauu (GOPMUPOBAaHUS HECOBEP-
[ICHHBIX TPAHMII TYEEK OH YaCTUYHO PEANU3YyeTCs MyTeM aHHUTUJISIUN TPOTHBO-
MOJIOKHBIX MO 3HAKYy auciokanuii. [losToMy B HaOIIOgaeMbIX CKOIUICHUSX IHC-
JIOKAIM COCPETOTOUEHBI CETMEHTHI MX METeIh OJHOTO 3HAaKa W OJHOTO THIIA, U3-
BECTHBIC KaK 3apsiioBbIe quciokanui. CaMompon3BOIBHO 0€3 aKTUBAIIMM HArpe-
BOM TaKu€ I'paHUllbl (CKOIJICHUS 3apsAJ0BBIX AUCIOKALN), O-BUIUMOMY, HE CO-
BEPILICHCTBYIOTCS U TeM 00JIee HE CTAHOBSITCS OOJBIICYTIIOBBIMHU, YTO, COOCTBEH-
HO, ¥ TIOJITBEPIKJACT MPUCYTCTBHE B XOJOIHOAC(HOPMHPOBAHHOM MaTepHaje He-
COBEpIICHHBIX s4eek. HeoOxomumasi TeruroBasi akTWBamus Tpu JaedopMamnuu
obecrieunBaeTCs MOBBIIIEHUEM TEMIIEpaTyphl B 30HAX JoKanu3anuu casura. [lpu
OOJIBIITUX CIBUTAX 3TO TOBBIIIEHUE, KaK OTMEYEHO B [21] MmO 3KCIepUMEHTAIIb-
HBIM HM3MEPEHUSIM U 0 PaCYETHBIM OIleHKaM [22], MOXKET KpaTKOBPEMEHHO J0C-
TUTaTh COTEH I'PaJyCoB, YTO BIIOJIHE JOCTATOYHO JJISl IEPECTPOUKH 3epHOTPAHUY-
HOM CTPYKTYpbl, OCOOEHHO B YHCTHIX MeTalljaX, OTJIMYAIOUIUXCS BBICOKON MOJ-
BIKHOCTBIO IUcioKamidi. OqHAKO A TOTaJbHOTO COBEPIICHCTBOBAHUS TPAHMII
HEoO0X0 UM 001U HarpeB MaTepuana, o MEeHbIIEH Mepe, A0 TeMIIepaTypbl BO3-
Bpara, a Juid opMupoBaHust OONBIICYTIIOBBIX TPAHUL] IPU ATOM TpeOyeTcs TakKe
3HAQUUTENIbHBIN MIPUTOK PELIETOUHBIX TUCIOKALUNA B TPAaHUIIBI STUEEK.

VYuureiBas, yro npu UI, kak Oyaer mokazano Huxke, nehopmaiys HOCUT He-
MOHOTOHHBIN (pa3HOHANPABICHHBIA) XapakTep, JJIsi 00pa3oBaHUS OOJBIICYTIIO-
BBIX TPaHUIl coryiacHo [23] gaxke He TpeOyeTcsi HaKomIeHue B 1eOpMHUPOBAHHOM
MaTepHualie Ype3BBIYAHO BBICOKON KOHIIEHTPAI[MM TOYEYHBIX AedekToB. Poib
HU3KOTeMIepaTypHoil Aud@dy3ur B 3TOM cllydyae HIpaeT poTaluoHHas (TypOy-
JeHTHast) MoAa aAedopmanuy, BO3HHUKAIOUIas MOJ BO3JEUCTBUEM MOMEHTOB
BHEIIHUX HarpspbkeHui. C mol0OHBIM MPe/ICTaBICHUEM COTJIACYyeTCsl TaKXkKe yCIo-
BHE BO3HUKHOBEHHUE POTAIIMOHHBIX HEYCTOMYUBOCTEW HEOOJBIINX TPYII aTOMOB
MOJT BO3ICMCTBMEM MOMEHTHBIX HANpsKEHUM, BETUYMHA KOTOPBIX MPHU PA3BUTHIX
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negopManusx CTaHOBHTCS COM3MEPHMON C MOMEHTAMH, CO3/1aBaéMbIMU BHEIII-
HUMU HAIPSHKEHUSAMH [2].

B 1iesiomM BBIIIIEOTMEUEHHBIE MPEICTABICHHUSI PACCMATPUBAIOT CTAIUIO MPE0O-
pazoBaHus yxe cpopMHpPOBaHHBIX B X0J€ edopMalii HECOBEPIICHHBIX TPaHUI]
sueek B OosbmieyrioBbie. K Gonee mo3aHelt craguu popmMupoBaHust 00JIBIICYTIIO-
BBIX T'PaHUI] MEJIKMX 3€pEeH ClIeyeT OTHECTH MO/JIeNIb, OCHOBAaHHYIO Ha Ipoliecce
JIBOMHUKOBaHMS [24]. DTOT mpoliecc aKkTUBU3UPYETCs, KOT/1a BO3HUKAIOIINE TTPHU
nedopMmaiuu 00JIacTH pa3opHeHTaluu (s4eiiku, cyO3epHa, 3epHa) MpUOOPETAIOT
HACTOJIBKO MaJble pa3Mepbl, YTO MO BBHIIIEOTMEUECHHBIM MPUYMHAM T€Hepalus B
HUX PEIIETOYHBIX AUCIOKALUI CTAHOBUTCS HEBO3MOXKHOM. OTMETUM TaKXke, YTo
JBOMHUKOBBIE TPAHUIBI OTJIIMYAIOTCS KOTEPEHTHBIM CTPOCHHEM U XAOTHUYHBIM
pacnpeneneHueM B marepuaie. [loaToMy mpuBoasimue K UX 0Opa3oBaHHIO CIie-
MUUIHBIE KPUCTAIUIOTpAaQHUECKUE CABUTH HE BHOCST 3aMETHOTO BKJIaJa B aK-
TUBHYIO JedopMaliio MaTepuaia. B 9ol cBsi3M ABOWHUKOBAHWE, MO-BUANMOMY,
MOJKET OBITh JIUIIb BCIIOMOIAaTEIbHBIM (aKKOMOJAIIMOHHBIM) MEXaHU3MOM JOU3-
MeJbUEHUS 3€pPEeH.

OcHoBHast posib B GOPMUPOBAHUN MEJKUX 3€PEH MPUHAICKHUT TEM WU UHBIM
BHJIaM JIMHEHHBIX Je(heKTOB, 0€3 yuacTusi KOTOPBIX HEBO3MOXHA HU COOCTBEHHO
aKTUBHas Aedopmalis MaTepuaia, Hu oOpa3oBaHHE B HEM MPOU3BOJIBHBIX O0Jb-
[ICYTJIOBBIX TPAHHUIl, B TOM YHCJE MyTeM MpeoOpa3oBaHUs B HUX JABOWHHUKOBBIX
TpaHuIl.

MOXHO BBIZICTUTH J[Ba MPEJICTABICHUS O (OPMHUPOBAHUU MEJKUX 3€pEH, 00Y-
CJIOBJIGHHBIX 3BOJIIOLIMEH TUHEHHBIX 1e(ekToB B xoe Aedopmaru. OQHO U3 HUX
paccMaTpuBaeT mpolecc 0O0pa3oBaHUs I'PaHUIl 3€pPeH U CyO3epeH Kak pe3ysIbTar
0O0JIBIIEr0 MM MEHBLIETO HACHIIIEHNS HECOBEPLIEHHBIX IPAHUL] SYEEK PElIeTOY-
HBIMM JUCJIOKAalUMsAMU. BO3HUKAIOMUNA NPU 3TOM HM30BITOK AWUCIOKALMH OJHOIO
3HaKa MPUBOJAUT K MOBBIIIEHUIO SHEPTUU TPAHUI] SY€eK, KOTOpasi CHUXKAETCS Iy-
TE€M pelaKkCallMOHHON MEPECTPONKH 36pHOTPAHUYHON CTPYKTYPBI, TAK YTO IPaHU-
bl SYEEK COBEPILEHCTBYIOTCS M YBEJIUYUBAIOT YIJIOBbIE Pa30PUEHTHUPOBKU IO
OorbieyTIoBBIX. bosee monpoOHOe ommcaHue Takoro NnpeoOpa3oBaHUs TPaHUIL
s4YeeK B TPAHUIIBI 3epeH MpuBeaeHO B padoTe [1].

Jpyroe npenacTaBieHre OCHOBaHO Ha 0Opa30BaHWU U JIBIKEHUU YK€ Ha paH-
Hell ctaauu aedopmanmu npu e > 0.2—0.3 CUIbHO B3aUMOJICHCTBYIOIINUX KOJUICK-
TUBHBIX (pOpM AMCIOKaIMi — yacTHUHbIX quckiauHanwii (U/]). B otnnume ot muc-
nokanuit Y/l mepemMernarorcsi He MO KPUCTAJUIOTPAPHUUECKUM IUIOCKOCTSM, a T10
IUIOTHBIM CKOIUICHHSIM JIUCIIOKALUWA, KAaKOBBIMU U SIBJISIIOTCS HECOBEPIICHHbBIC
rpaHuibl sueek. [lpu sTom pesynbrarom nepemenienus YJ1 ssnsercs oOpa3osa-
HUE OOJBIICYTIOBBIX TPAHWI] MHUKPOIOJIOC, Wiu (1o TepMmuHONOTHH [2]) dpar-
meHTOB. K opmupoBanuto 3epeH, kak mokaszaHo B [25], mpuBoAsT IpoOieHue
MPOAOIBHBIX MUKPOIIOJIOC U UX MHOXECTBEHHOE MEPECEUYCHNE C BOZHUKAIOIIUMHU
BITOCJICJICTBUH MONEPEYHBIMHU MTOJIOCAMH CIIBUTA.

He ocranaBnuBasich Ha aHaau3e paziUUUil 3TUX MEXaHU3MOB, OTMETHM, YTO
OCHOBHBIM (paKTOPOM, OMPENEISIONINM pa3Mepbl POPMHUPYEMBIX 3€PEH, SBISIOTCA
MHUHHMMaJbHbIE pa3Mepsl stueek. K HuM 6e3 601b11ol OIMOKH MOKHO NPUPABHSATD
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pa3Mepsl 3epeH U cy03epeH, MoJlydaeMbIX KaK MpHU HEMOCPEICTBEHHOM HACHIIIe-
HUUW TPAHUIL STYEEK UCIOKAIIUSIMHU, TaK M BCIEJICTBUE MPOXOXKICHUS IO HUM Yac-
TUYHBIX JUCKIMHALUN, TTOCKOIBbKY B MOCIEAHEM CIydae pa3Mephl sSUeeK ompese-
JSIOT PACCTOSIHUSI MKy IPaHULIAMU TI0JI0C U IEPUOAUYHOCTD UX MEPECEUCHUH.

Camu xe si9elKH MPHOOPETAIOT pa3Mephbl B COOTBETCTBHH C MPUHIIUIIOM CO-
BMecTHOCTHU JedopMarinu. BriepBrie Takasi 3aKOHOMEPHOCTD Obllla HATJIATHO MPO-
nemoHcTpupoBaHa P. Kanom Ha mpumepe CTpyKTypooOpa3oBaHHs MPH H3THOE
MJIACTUHBI IMHKA [26]. B 3TOM 3KcnepuMeHTe M3rud TUTACTHHBI C MOCIEIyIomen
TEepMOAKTHUBALIMEN B HEH mpoliecca Bo3BpaTa HEOOIBIINM HAarpeBOM MpUBEN K 00-
pazoBaHHIO 0JI0KOB (CyO3epeH) ¢ TpamenueBuaHONH GOPMOM, Yy KOTOpOU OoJbIee
OCHOBaHHUE pacroyiaraioch B 30HE pacTSKEHMsI, a MEHbILIEE — B 30HE CXKaTHS IUIa-
ctuHbL. [IpHHIMT COBMECTHOCTH JeOpPMALIUH 3[1€Ch OTPA3UIICS HE TOJIBKO B TPH-
oOperennu cyO3epHaMH yKa3aHHOUN (POPMBI, HO U B TOM, YTO YTJIOBBIE PA30PUECH-
TUPOBKH MX OOKOBBIX I'PAaHUIl (CTOPOH TpAIenuii) B CyMMe COOTBETCTBOBAIH YTy
n3ruoa MiIacTUHBI.

[Tpu r00BIX OPYTHX CXEeMax HarpyKeHHs MaTepual Takke HEM30EKHO IMOJ-
BEpraeTcs MiacTUYeCKOMY MCKPUBICHUIO MO/ BO3ACHCTBUEM MOMEHTOB M3rubda u
KpyuYeHUs, TIEpEMEHHBIX MO BEJIMYMHE W 3HAKy. B dacTHOCTH, Tak MPOUCXOAMT
IpU UCTIBITAHUM 00pasiia Ha pacTskeHue [20], XOTsS BO3HHMKAIOIIEe MPHU ITOM HC-
KpUBJICHHE BHEUIHE Majl03aMETHO BBUJY TOT0, YTO oOpaszel mojasepraercsi 60ib-
[IOMY KOJHMYECTBY HE3HAYUTENIbHBIX U pa3HOHampaBiIeHHbIX KM3rudoB. Kak mpa-
BUJIO, HE 3aMETEH TaK)Ke M3TH0 U y MPOKAaTaHHBIX 3ar0TOBOK, MOCKOJIbKY B oyare
negopManu MEeXIy BaJIKaMH 3arOTOBKY M3THOAIOT JBa OOBIYHO PABHBIX 1O a0-
COJIFOTHOW BEJIMYMHE, HO MPOTUBOIOJIOKHO HanpasieHHbIX MoMeHTa. [Ipn PKVII
KPUBH3HA 00pasiia OYCBUIHA 10 M3MCHEHUIO €r0 ()OPMBI U MPOJOIBHBIX JTHHHMA
ToKa B ouare aedopmanun. [Ipu 3T0M ¢ yMEHBIIEHHEM pacCTOSIHUS (paguyca) OT
[IeHTpa oBopoTa (u3ruda oOpasia) KpUBHU3HA STUX JMHHUA BO3pPACTAET, a pa3Me-
pel 00pasylonuxcs B MaTepuaie sueeKk W 3epeH B 30HE HUX PaCIOJIOKEHUS
yMeHbIIatoTes [25].

Ouyenka mMuHuUManIbHO20 pazmepa Aveex. Eciu UCMONb30BaTh U3BECTHOE CO-
otnomenue J[.JI. Xonta [27], TOo cpennuii pa3mep sueek d = Cp_o'5 (roe p — cka-
JsipHAs MJIOTHOCTH Auciokanuii; C — MOCTOSHHASA, U YUCTHIX MeTaiioB C = 16).
[Tpu MakcUManbHO JTOCTHKUMOM B MeTallIaX CKAISPHOM TUIOTHOCTH TUCIOKAIIUN
Pmax ~ 310"
Me:xny Tem moclie BOJIOUYEHHUs o cTeneHblo aedopmanmu 99.98% B TOHKOIM xKe-
JIE3HOW TIPOBOJIOKE HaOMoaanu GopMHUpoBaHKe sueek pasmepoM 3 nm [18], a BO
MHOTHX METaJNIMYeCKNX MOpOIIKax, BKIovas u Fe, mocne nepopmanuu B mapo-
BOHM MeJBHUIIE TOJIyJaJId 3epHa ¢ pa3zMepamu ~ (3—7) nm [28].

3HAYUTENIBHOE OTJINYUE PACUETHOIO 3HAUYEHUS MUHMMAJIbHO BO3MOXKHOI'O pa3-
Mepa S4YEeK OT IKCHEPHUMEHTAIBHOIO CBSI3aHO C TEM, YTO MX pa3Mephl 3aBUCAT HE
OT CKaJISIPHOM, @ OT TEH30pHOM MJIOTHOCTU AMCIOKAINM, XapaKTepHu3yrolenl KOH-
LEHTPAIUIO 3apsIOBBIX AMCIOKAIMI OJTHOTO 3HaKa W OJHOTo Tumna. IMeHHo me-
peCTpoiika TaKuX JUCIOKAIMN B CKOIJICHUSIX MPHUBOJUT K 00pa30BaHUIO TPaHUII,

-2 N .
m ~ MHUHUMAJIbHBIN CPEIHUI pa3Mep sueeK B MeTaiax dmyi, > 0.1 pum.
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NpEeCTaBIAIOIMUX COO0M B MpocTelleM BHJE AUCIOKALMOHHBIE cTeHKU. Oco-
OEHHOCTh TEH30pHOW IJIOTHOCTH AMCIOKALUH 3aKJI0YaeTcs B TOM, YTO OHA Xa-
paKTepU3yeT KPUBU3HY-KpyUYEHHE KPHCTAIMUYECKOM PelIeTKH, BHOCUMYIO 3aps-
JIOBBIMM JHUCIIOKALUSAMH, KOTOpas NMpH AeopManui yBeauduBaeTcs. Mexay Tem
CKaJIsIpHasl INIOTHOCTb JUCJIOKAlMH, TOCTUTHYB OIPEEIIEHHOIO Npejiena — 00bIu-
HO p < (1014—10 15) m_z, Janee ¢ HapacTaHueMm aedopmanuu He TOJIBKO HE BO3-
pacTtaet, HO 1ake CHUxkaercs [2].

C nmocraToyHO# [Tt (PU3NIECKON OICHKH TOYHOCTHIO MUHUMAIILHBIE pa3Mepbl
MaJIOYTJIOBBIX sfiueeK (IMpooOpa3bl MpeaebHO MEIKUX 3€pEH) MOXKHO ONpPEEeTUTh
1o cooTHomeHuto [16,25]:

d . Pmin — Pmin (1)

min ~ b »
B max Pmax

I71€ Qmin — MUHUMAJIbHAS YIJIOBas Pa3OpPUEHTHPOBKA MEXKIY SYEHKaMHU, Pmax —
MaKCHUMaJIbHasl TEH30PHas IUIOTHOCTh. DKCIIEPUMEHTAIBHO OOHApYKUBaeMble 00-
JacTtu pasopueHTanuu (OJOKHM M T.[.) UIMEIOT MUHUMAJIbHBIE YIJIbl Pa30pUEHTH-
POBKH, OJIM3KHE K QOmin ~ 1° (~ 0.02 rad). J{iast MHOrEX MeTaimioB b ~ 3-10 ~ m,
Toraa Bmax = HPmax ~ 100m "B pe3ysbTaTe MoMydYnuM 3HaUeHUE dpi, ~ 2 Nm, OT-
BEYarollee M0 MOPAIKY BEINYMHBI BBIIIECIPUBEICHHBIM JKCIIEPUMEHTAIBHBIM Pe-
3yJbTaTaM.

O1eHMM MUHUMATIBLHO BO3MOXKHBIA pa3Mep sIMeUKH (WK 3epHa) HHAYEe: UCXOIS
U3 MOTEPU YCTOMUMBOCTU KPUCTAUIMUECKOW PEIIeTKH (JanbHero mopsnaka). W3-
BECTHO, YTO IIPH IUIABJICHUH METAJUIA JAIbHUN MOPSIOK B PACIOJIOKEHUN aTOMOB
MCUE3aeT U 3TO MPUBOJIUT K YBEIMYEHUIO ero o0bema npumepHo Ha 3% [29]. Ilo-
CKOJIBKY CYILECTBYET aHAJIOTWYHbIM (Da30BbIi mepexoa OT KPUCTAIMYECKOTo K
amMoppHOMY (KHIKOMOZOOHOMY) CTPOCHHMIO MeTajla, IMPUMEM, UYTO BBEICHHUE
JMIIB OJHOM NHCIOKALMK B KPUCTAUIMYECKYIO STYEHKY MUHUMAJIBHBIX Pa3MEpOB
BBI30BET B HEHl Takoe ke m3MeHeHueM odwvema V u ¢aszoBoe mpespaiuenue. Ipu-
HSIB JUIMHY AMCJIOKAI[MOHHOM TpyOKHM paBHOI AMaMeTpy PaBHOOCHOW SUYEHKU diyip,
nony4uM 06beM TpyOku h2dmin = 0.03V ~ 0.015d>. . OTcloa HAXOMUM TO KE

3HAYCHHE MHUHUMAJIBHOTO pa3Mepa sIMeUKu — dpin ~ 2 nm.

Taxum obpazom, popmupoBanue Menkux siaeek npu UITJ] B koHeuHOM cuere
3aBHCHT OT HAaKOIUIEHHOT'O B MaTEpHaje 3HAYEHUS TCH30PHOW IJIOTHOCTH AMCIIO-
kauii. B cBoto ouepens, B u nporecc mpeodpazoBaHUs sUEEK B 3epHA 3aBUCST OT
IPUPOABI U YCIOBUH Ae(OpMUPOBaHUS MaTepUania.

3. Bausinve nmpupoabl MaTepuasia u ycjaoBuii 1e¢opMuUpoBaHus
Ha oOpa3oBanue Y M3-CTpyKTYypbI

Ilpupooa mamepuana. IIpn npounx paBHbIX ycioBusx ocymectBienus: U
Oosblllee M3MENbUYEHHE HAONI0/aeTcss B MaTepuaiaX, B KOTOPBIX MO TeM WIH
WHBIM TPUYMHAM TOJIaBJIeHa CKOPOCTh BO3BpaTa. ITOMY CIIOCOOCTBYET HEOOIb-
mrasi ToMoJiornyeckas Temmneparypa nedopManuu, omnpesenseMas HECKOJIbKUMU
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JOJIIMH OT TEMIIEpaTypbl €ro IuiaBiieHus. Kpome Toro, mpoxoskiaeHue BO3BpaTa
C/ICPKUBAIOT HU3KAst DHEPTUs e(EKTOB YIAaKOBKHU, CIOKHBINM XUMUYECKHN U (a-
30BBbIIl COCTaBbl MaTepuajga U MEHbBIIAsl CUMMETPUS KPUCTAJUNIMYECKONW PELIETKH,
BCJIE/ICTBUE KOTOPOM COKpAIlaeTCsl YUCIIO IUIOTHOYNMAKOBAHHBIX aTOMHBIX ILIOC-
KOCTEH, HEOOXOIUMBIX AJISl CKOJIbXKEHUs Iuciokanuidl. B psnge mMHorogasHsix
CIUIaBOB (HAIlpUMeEp, B 3aKaJ€HHBIX MEPJIUTHBIX CTaJsAX, IUCHEPCHOHHO-TBEp-
JCIOIUX WM JUCTIEPCUOHHO-YIIPOUYHEHHBIX CIIJIaBaX) M3HAYaJIbHO CTPYKTypa Xa-
pakTepu3yeTcs pa3BUTBIM MHOKECTBOM MeEK(a3HbIX I'PaHULl U OOJIBIION JoJei
BBIJICJIEHUH, Y KOTOPBIX, IO MEHbLIEH Mepe, OAUH pa3Mep CyOMUKPO- WIM HaHO-
MeTpUYecKuil. B Takux marepuanax mpH Mpovrux paBHBIX YCIOBHUSX aAedopMmupo-
BaHU MOJIy4aloT OoJjiee MEJKUe 3€pHa, YeM B OAHO(A3HBIX CIIJIaBaX, MOCKOJIBKY
npu aedopMalii HE TOJBKO M3MEBUAIOTCS 3epHa (peppuUTHON MAaTpHIbl, HO U
JIpoOATCS HA YacTW TOHKHME IUIACTHHBI IIEMEHTHTa. B UTOre MHOXXECTBO TpaHMIL
pacimupsieTcsi 3a CueT YBEJIWYEHHs] NPOTSHKEHHOCTH KaK BHYTpU(A3HbBIX, TaK U
MeX(a3HbIX TPaHUL, KOTOPbIE CTAHOBSITCS HEKOTEPEHTHBIMH.

Tepmomexanuueckue pexcumuvl oepopmayuu. J{ns GopMHUpOBaAHUS MEITKUX
3epeH HeoOXOoaMMO, yToOB! Temneparypa aegopmanuu 7,; Obula 3aBEIOMO HIKE
TEeMIIepaTypbl, MPUBOJAIIECH K peKpUCTAIU3AMK (TIpoleccy o0pa3oBaHUS Mell-
KHX 3€pEH MyTEM MUIPALIMHA HEPABHOBECHBIX YUACTKOB OOJIBIIECYTJIOBBIX I'PAHULL).
B npotuBHOM citydae chopMupoBaHHbBIE 3epHA B MeTaJlJIaX U OJHO(pA3HBIX CIUIA-
Bax BBIPACTAIOT J0 Pa3MEpPOB, CONOCTABUMBIX C pa3MepaMU HCXOJHBIX 3€peH U
Jla)ke MPEBBIIAIONINX OCIEAHNE.

bonee Toro, Ba)xHO HE JOMYCTUTh HE TOJBKO PEKPUCTAIUIM3ALMH, HO U MOJIHO-
ro MPOXOXKJIEHUs BO3BpATa, MPUBOAALIETO K 00pa30BaHUIO CyO3epEeHHON CTPyK-
Typbl. OrpaHrueHue Mo TEMIEPAType BO3BpaTa BAKHO TaKXKe JJis MOTYUYEHHs He-
PABHOBECHBIX TPAHHUL], COACPXKAIIUX M30BITOUHYIO IUIOTHOCTh BOLIEAIIMX B HHUX
PELIETOYHbIX TUCIOKALNN, YTO obecrieunBaeT Y M3-maTepranaM MakCUMalbHOE
ynpouHeHue. KOHKpeTHBIH BBIOOp TemmepaTypbl JedopMalui METAIIOB U CIUIa-
BOB Ipu UII/] npon3BOAST HA OCHOBE NMPEABAPUTENIBHBIX IKCIIEPUMEHTOB C yde-
TOM HCXOJHBIX Je(OpMaIlOHHBIX CBOMCTB MaTepuala: MpeJeabHON IIaCTHYHO-
cte U conpoTtusienus aedhopmuposanuio. [Ipu PKYII remneparypy aedopmarim
00bI9HO BBIOMPAIOT He BbIlIe 0.27), 11 YUCTBIX MeTaioB U He Bbime 0.47,, i
CIUIaBOB. MaJloIulacTU4HbIE CIUIABBI, KaK IPaBUIIO, OT MEPEXOAA K MEpEXoay Ac-
(GOopMUPYIOT C TOCIIEIOBATEIbHBIM MOHMKEHUEM TEMIIEpaTyphbl, BbIOMpaeMon ¢
y4€TOM M3MEHEHMSI UX IIPOYHOCTH U 3aIaca INIaCTUYHOCTH.

Bnustane ckopocmu degpopmayuu € Ha n3MeNbUCHHUE 3€PEH HEOJHO3HAYHO. Ee
NOBBIILIEHUE pACIIMpsAeT TUCIOKAIMOHHbIE MOABI JedopMally, «BKIIOYACT»
JBOMHMKOBAaHME M B LIEJIOM HHTEHCU(ULUPYET 3BOJIIOLMIO JUCIOKAIIMOHHOM
CTPYKTYpbl. BMecTe ¢ TeM MOBBIILIEHHE £ MPUBOAUT K POCTY CONPOTUBIICHHUS Jie-
GOpMHUPOBAHUIO U K 3aMETHOMY AehOpMAIIMOHHOMY pa3orpeBy martepuana. Ilo-
stomy nipu UITJl 0ObIvHO MPUMEHSFOT HEOOBIINE CKOPOCTH aAeopManuu — € ~
~(10 2103 s
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Henpemennbsim ycnoBuem MIIJl, xak yxe oTMedanoch, SBISETCS CO3JaHHE B
ouare nedopmanuu keazueuopocmamudeckoeo oaenenus (KIJ[), no MeHblen
Mepe, 10CTaTOYHOIO JJIsi COXPaHEHUs CIUIOIIHOCTH MaTepuana. B pa3HbIX meTo-
nax MIIJ Benmmunba KI'J[ 3ametHo ornmuaercs: npu PKVYII ona He npesbimaet
2 GPa, a npu Kpy4yeHHUHU MO JaBieHueM oObIYHO cocTaBisteT 6—8 GPa, HO MokeT
ObITh U Oonbineii (~ 20 GPa). Bricokoe naBieHHe HE TOJNBKO MOBBIMALT jaedop-
MHUPYEMOCTb MaTe€pHajoB, HO U AKTUBU3UPYET T'€HEPALIUIO TUCIOKAIUN, CHIDKAeT
ckopoctu nud¢y3un aToMOB | mporiecca Bo3BpaTta. Tem cambim KI'Jl criocober-
ByeT (OpMHUPOBAHUIO 00jI€e IUIOTHBIX AMCIOKALMOHHBIX CKOIUIEHUH M, B KOHEY-
HOM CYeTe, IPUBOANT K 00pa30BaHHIO 00Jiee MEIKIX 3E€PEH.

Tpebyemyro s ¢dopmupoBanus YM3-CTpyKTypel cmeneHb Oegopmayuu
OOBIYHO OLIEHMBAIOT 3HaUY€HUEM e > 6—8. BMecTe ¢ TeM BelIMYMHA e 3aBUCUT OT
cxeMbl Aeopmanuu U pa3mMepoB oOpasia. B 3Toil cBs3u paccMoTrpum 1Ba mo-
cnenHux (hakTopa moapooOHee.

Cxema Oegpopmayuu. PaznuyaroT cxeMmbl MPOCTOro M 4YucToro casura. Ha-
[JISTHBIM TIPE/ICTABICHUEM TOCIEIHErO SABISETCS MpeoOpa3oBaHUe TaKoW perep-
HOM (urypsl, Kak kBaapat, B poM0. [Ipu Takom npeoOpa3oBaHUM OJHA JUArOHAJb
(Gurypsl HEPEPHIBHO yAJIUHSETCS, Apyras yKOpauMBaeTcs, a yIJibl MepeceuyeHus
JMaroHanel B poMOe OCTaroTcs TaKUMU K€ MPSIMBIMH, KaK B KBaJpare. JTol cxe-
Me neopManuy BO MHOTOM OTBEYAIOT MPOKATKa, BOJIOYEHHE, TPSMOE TPECCOBa-
Hue. [TockonbKy HanpaBjeHHE BBITSHKKU MaTepHuajia B HUX HE MEHSETCs, UX OTHO-
CAT K KBa3UMOHOTOHHBIM IpPOLIecCaM, B KOTOPhIX BO3HUKAET JJAMUHApHOE (CTpyii-
HOE) TeUeHHE MeTajula, MPUBOAsIIee K 00pa30BaHUIO B HEM MPOJOJIbHBIX Jedop-
MalMOHHBIX NoJioc. Takoe mosocoodpazoBaHuE MPOIOIKAETCS 10 TEX MOp, MOKa
HOJIOCHI HE YTOHSAIOTCS 0 MUKPOMETPHUECKUX Pa3MEpPOB U MO BBIIIEOTMEYEHHBIM
IPUYMHAM HE CMEHSIOTCS APYTMMHU IOJocaMu — cOpoca U CABUTa, OPUEHTHUPO-
BaHHBIMHU B HAIPaBJICHUU JI€HCTBHUS MAaKCHMAJIbHBIX KacaTEeJIbHBIX HaNpsKEHUH,
T.€. TIOJl YTJIOM MpUMEpHO +45° Mo OTHOIIEHUIO K MUKponosiocaM. [lepeceuenne
H0JIOC CABMIra MEXIYy cO0O0M M ¢ MUKpOIIOJIOCAMH, B IPUHLIUIIE, TPUBOJUT K (op-
MHUPOBaHUIO 00JIacTel, 000COOJIEHHBIX OOJBIICYTJIOBBIMA TPAHHUIIAMH, OJHAKO
JI0J1s1 3epeH, 00pa3yroIuxcs B TAKUX MPOLEccax, He CTOJb Benuka, kak nmpu UIT/I.
Kpome Toro, mockospky 3T0 NpOMCXOAUT MPU 3HAUUTEIbHOW pEAYKIHUHU MONepey-
HOT'O CEYEHMs 3arO0TOBKH, 00J1aCTh MPAKTUYECKOTO MPUMEHEHHS MOTy4aeMbIX Ta-
KUMH METOJIaMU TOHKOCTEHHBIX MaTepHalioB ¢ YM3-CTpyKTypoil CHUIBHO Orpa-
HUYEHA.

Panee ormeuanocs, uyto npu PKYII mocne HakoruieHus: 601b10i qedopmManuu
e ~ (3—4) obpazoBanue AedpOopMAIIMOHHBIX MOJIOC B METaJUIax He HaOII0AaeTcs, HO
3TO HE O3HAYaeT, YTO IOJIOCHI HE BO3HMKAIOT BoBce. Mx (opmupoBanue mocie
OJTHOT'O MPOX0Ja MPECCOBAHUS CO CTENEHbI0 aedopMaluu e ~ 1 NpOoUCXOoaUT B
amomunnu [30,31], menu [32] u Bo MHOTUX JIpyrux Meramiax. O0pasyrorcs mo-
JOCBHI M B METAJUIMYECKUX JUCKAX MpH KpydeHuu noj nasienueMm [33]. He ocra-
HABJIMBAsICh HA TIPUYMHE BO3ZHUKHOBEHUS IMOJIOC, MOJPOOHO PacCMOTPEHHOM B pa-
6orax [16,25], oTMeTUM, YTO UX OTCYTCTBHUE, TOUHEE JEMACKHPYIOIIEE «Pa3Mbl-
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tue» npu PKVII ¢ GonbmmMu cTeneHs MU, CBA3aHO C TEM, YTO B 3TOM Ipoliecce
peanmusyercsi cxema nedOpPMHPOBAaHUs, OJM3Kasg K CXeMe MpocToro casura. Ee
0COOEHHOCTBIO SIBJIICTCSI HEMOHOTOHHBIM XapakTep nedopMaluy, HarJsgHo Je-
MOHCTPUPYEMBIA U3MEHEHHEM JJIMH U yIJIa IIepeceueHusl uaroHaie KBajpara
npu npeoOpa3oBaHUM €ro B paBHOBENUKUI mapaiuienorpamm. OHa U3 JUaroHa-
Jeil ¢ yBEeIMUEHUEM yIJla CJIBUra Y HEMPEPBHIBHO YJUIMHSETCA, a Apyras — 10 J0cC-
THXKeHus Y = 45° ykopauuBaercs, a 3aTeM npu y > 45° yanunsercs. CyliecTBeH-
HO, YTO TP TPOCTOM CJIBUT€ HarpaBlIeHUE HAHOOJBIIEr0 YATUHEHUS (BBITSIKKH)
MaTepuaga MEHSAETCs, KaK U IOJIOKCHHE HETPEPHIBHO YMIMHAIOLIECICS quaroHa-
mu”. COOTBETCTBEHHO B KaX/Iblii MOMEHT B HallpaBJICHUH €€ BBITSKKH 00pa3yroT-
csi 1eopMaIMOHHBIE TTOJIOCHI, @ TIOCKOJIBKY 9TO HaIllpaBJICHHE U3MEHSETCS C poc-
TOM yIJla CIIBUTa Y, BO3HUKAIOT HOBBIE IOJOCHI, KOTOPBIE NIEPECEKAIOTCS 110JI0Ca-
MU, 00pa30BaBIIMMHUCS TIPEXKIE.

Kpome toro, npu PKVYII kK HeMOHOTOHHOCTH, CBOMCTBEHHON IPOCTOMY CJIBH-
Ty, JOIMOJIHUTENbHO A00aBiseTCSd aKTUBHAsE HEMOHOTOHHOCTh, CO3/laBaeMas IIy-
TEM II0BOPOTA 3arOTOBKU BOKPYT MPOAOJIBHOM ocu Ha 90° mexny nepexonamu. B
pe3ynbTare xapakrep JaedopMaluyd IpU TaKOM HPOCTPaHCTBEHHO-pa3HOHAINPAaB-
JIEHHOM CJIBUT'€ BO MHOI'OM CTaHOBHUTCS MOAOOHBIM TypOYyJIEHTHOMY TEUYEHHIO.
OTO MPUBOIUT K emie OOJbIIeMy NMEpeceueHHI0 U Pa3MBITHIO paHee 00pa3oBaH-
HBIX ITOJIOCOBBIX I'paHul] 0ojiee MO3AHUMH MOJIOCAMU, OPUEHTALUs T'PaHMIl KOTO-
PBIX OTIMYAETCS OT MpPEeXIeo0pa3oBaHHBIX. AHAJOTHYHAS KapTHHA, MACKHPYIO-
11as BBISBJIICHUE MOJIOC, HAOIIOAAETCs U MIPU CBEPXIUIACTUYECKOM nedopmaryi, B
X0J1€ KOTOPO B MIEPECEKAIOIINXCS HAMIPABIEHUAX 00pa3yercs, Kak u3BecTHO [34],
MHOkecTBO nojoc K3I'TI.

HemoHOTOHHOCTE cBOMCTBEHHA U ApyruM Meronam MIIJ[: BUHTOBOM BKCTpPY-
3UM, BCECTOPOHHEW KOBKE, «aKKyMyJHpyromei» npokatke [35]. B wactHOCTH,
U3MEHEHHUE HaIPaBJICHUs OCAJIKU MaTepuaia B Mpolecce KOBKU MPUBOJIUT K 00-
pPa30BaHUIO HOBOW 30HBI JIOKANIHM3AIMK JAeopManuy COBUTA, M3BECTHOM Kak
«KOBOYHBIH KpecT», KOTOPBIA MO MEpEe M3MEHEHMs HaIlpaBJICHUS C)KaTHs 3aro-
TOBKH B IEPEX0ax MOCIEAOBATEIHHO OXBATHIBAET BECh €€ 00beM. [Ipu akkymy-
JUpYIOLIEH MPOKaTKe CHayajla TOHKOCTEHHYIO 3ar0TOBKY O0KMMAlOT IO TOJIIIH-
He Bankamu Ha 50%, 3aTeM ee pa3lelnsaioT Ha BE YAaCTHU U HAKJIAJbIBAIOT UX OJI-
Hy Ha Jpyryto. /lanee nmosry4eHHYIO IBYXCIONMHYIO 3arOTOBKY BHOBB IPOKATBI-
BAlOT C TakKOM e CTeNeHblo Aedopmaii. MHOrOKpaTHOE MOBTOPEHUE 3TUX
omepanuii 10 HaKOIUICHHS CyMMapHOW aedopmanuu e ~ 6—8 NMPUBOIUT K Jie-
(dopManMOHHON cBapke clloeB UM (OPMUPOBAHHIO BO BceM cedeHuH YM3-
CTPYKTYphl. B CyIIHOCTH B 3TOM MeTOJ€ NPOKATKHU CJIOU IMPEACTABISAIOT cO00M
HCKYCCTBEHHO CO3/[aBaeMbleé JOCTaTO4YHO TOHKHE (~ 100 pum) momocsl, B KOTO-
PBIX B MpoIiecce MPOKATKH 00pa3yloTcs TAaKKe M €CTeCTBEHHBIE Ne(OpMaIIMOH-
HblE MUKPOIIOJIOCHI. 3-3a MaJIbIX MONEpPEYHBIX pa3MEpPOB TE€X U APYTHUX IOJIOC

2

TouHoe M3MEHEHHE HaIlpaBJICHUA MAaKCUMAJIBHOT'O YIJIMHCHUA COOTBETCTBYCT U3MCHC-
HUIO MOJIOKEHUA HC JUAroHaIM mnapajuiejorpamMmma, a 0OJIBIIIONH OCH BIMCAHHOI'O B HETO
SJLIHIICA.
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nedopMmarsl TakoW 3aroTOBKH OCYHIECTBIISICTCS IMyTeM OOpa30BaHHS IIOJIOC
CIBUTa, HAIIPABJICHHBIX IO OTHOIICHUIO K CJIOSIM TOJ] yIioM, Oau3kuM kK +45°. B
pe3yabTaTe MHOTOYHMCIEHHBIX CABUIOB IPOUCXOIUT B3aMMHOE IEpEeMEICHHE
aTOMOB W3 OJIHOTO CJIOsi B Apyroi [23], 4To U mpuBOAMUT K AedhOopMallMOHHON
CBapKe Marepuaia U o0pa30BaHUIO B HEM MEJKUX 3€pEH.

Hemonotonnoctes aedopmanmu B Meromax MIIJ| Be3eiBacT Oosiee paHHEe
dbopMupOBaHHE PABHOOCHBIX MEJIKUX 3€pEH B CPAaBHEHUU C TPAAUIUOHHBIMU Me-
tonamu nedopmanuu. [Ipu oquHAKOBOM yIUie CIBUTA Y BEIMYMHA HAKOTUICHHOM
nedopMaluu CylecTBEeHHO OOJbIIEe TPU MPOCTOM CIBHIE, YEM MPH YUCTOM [36].
[To sroit mpuunne mpu PKVII yxe nocne nedpopmaruu odpasiia ¢ UICTHUHHOM cTe-
NeHbI0, paBHOM 3—4, B HeM (OPMHPYETCS 3HAUUTENbHAS JI0JISI IPEAETBHO MEITKUX
3epeH, MEX/ly TeM KaK B TPAJIMLIMOHHBIX METOAaX MPU TaKUX CTENEHIX JAedopma-
uu GOPMUPYETCS MPEUMYIIIECTBEHHO Cy03epeHHas1, a He 3epeHHas CTPYKTypa.

Macwmaénwiit pakmop. B pabore [37] npuBeneHbl JaHHBIC, TOKA3BIBAIOIIINE,
YTO YeM MeHbIe ovar aedopmarun npu ucrnonszyemom meroae UIT, tem Gonee
ry0OKOe HU3MeJbUEHUE JOCTUTaeTcs B MeTaulnueckoil 3arotoBke. [lpuumna
BJIMSIHUSI MacIITaOHOTO (pakTopa Ha pa3Mepbl 3epeH CBA3aHa CO CMEHOM MeXaHu3-
Ma aedopManuu OT BHyTpu3epeHHoro nuciaokannonHoro casura (BJIC) k K3I'TI
[38]. o Tex mop mMoKa JOMUHUPYIOIIUM MEXaHH3MOM AepopMalii B €€ ouare
apnsercss BJIC, 3epHa u3menpuatorcs. OHaKo O Mepe YMEHBIICHUS X pa3Mepa
BO3pacTaeT HampsbKeHUE, HEOOXOAMMOE AJis TeHEepalud PelIeTOYHBIX JHUCIOKa-
U ¥ A7 pa3BUTHS AUCIOKAIMOHHOTO c/1BUTa. OCHOBHBIM MEXaHU3MOM Jieop-
MallMi B 3TOM CUTyallMd CTAHOBHUTCS MEX3EPECHHBIM CIBUT, KOTOPBI HE BIUAECT
Ha pa3Mepsl 3epeH. [lockonbky Bo MHOrHX Metoaax UIIJ] pasmeps! ouara nedop-
MalUy HE U3MEHSIOTCS WIM U3MEHSIOTCS HE3HAUUTENBHO, TO JJISl HUX IIPU 3ajaH-
HBIX TEMIEpPaTypPHO-CKOPOCTHBIX YCIOBHAX 1e(OPMHUPOBAHUS CYIIECTBYET OIpe-
JIEJIEHHBIN Mpeies U3MENbUEHUs 3€pPEH.

B 00bIyHBIX METOJaX BCIEACTBUE PEIYyKIUU MOMEPEUHOIO CEYCHUs MaTepuaa
pasMepsl oudara naedopmanuu ymeHblnaiotrcs. Eciu B TakoM odare ocTaHeTcs
JIMILb HECKOJIBKO MEJIKUX 3€pEeH, a B Mpejiesie — JIUILIb OJTHO 3€PHO, TO U3-3a OTCYT-
CTBHUS JIOCTATOYHOTO MHOXKECTBA T'PAHMUII, a B Tpeene — Jake OJHOM TpaHHUIIbI
K3I'TI craner HeBO3MOXXHBIM. EMMHCTBEHHBIM MEXaHHU3MOM JAeopMaliu ocTa-
Hetcs BJIC. OTor MmexanusMm OyAeT JOMUHUPOBATH 0 TeX MOP, OKa BCIEACTBUE
BBIIIIEPACCMOTPEHHON HBOJIOIMH TUCIOKAIIMOHHON CTPYKTYphl B odare nedop-
MallMi BHOBb HE BO3HMKHYT 3€pHa, HO y)ke Ooyiee MeNKue, yeM Mpekie, U MHO-
KECTBO MX I'paHUI] He cTaHeT aoctatoyHbM s pa3Butus K3I'TI. Heobxoaumo
OTMETHUTh, YTO 10 MEpPE YMEHBUIEHHs pa3MepoB oyara aedopMaluy BO3pacTaroT
POJb M KOJIHYECTBO (B HOPMHUPOBKE HAa OOBEM Ouara) MOBEPXHOCTHBIX MCTOYHH-
KOB JIUCJIOKAIMM, AJi pabOThl KOTOPBIX TPEOYIOTCSI 3aMETHO MEHBIIIUE HATpsKe-
HUS, 9YeM JIJIs paboThl BHYTpU3epeHHBIX [20].

[Tpu UITJl B MHOTOdA3HBIX cIu1aBax GOPMHUPYIOTCS Oojiee MEJKHE 3epHa, YeM
B MeTaiiax. MacmraOHbIi (hakTop B TaKMX CIUIaBaX OMPEENAeTCs HE pa3MepaMu
ouara nedopmMaliiy, a pacCTOSHUEM MEXAy CTaOUIbHBIMU JUCTIEPCHBIMU YaCTH-
aMu Wid c1abopacTBOPSIIOIIMMHUCS B TBEPJIOM pacTBope mpu nedopmanuu. B
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npezenax yKa3aHHBIX pPAcCTOSHHUHA cHadana (OpMHPYIOTCS SUYEHKH, a 3aTeM —
3epHa, IPUYEM BO3MOXKHBIN POCT TeX U Apyrux Onokupyercs yactunamu. [1ogo6-
HO BHEITHEH moBepxHOCTH Mexdaszuble rpanusl npu UITJ urparot pons ucrou-
HUKOB JIUCIIOKALUH, HEOOXOAUMBIX AJISl TITyOOKOT0 U3MEIbUEHHS 3€pEH.

B 1ieniom pa3mep noimydyaeMbIX 3€peH 3aBUCUT OT KOMOMHAIIMH M B3aUMOBIIHSHUS
BBILIEPACCMOTPEHHBIX (PaKTOpoB. B yacTHOCTH, OorpaHMYMBarOllee BIUSHHUE Mac-
mrabHoOro (hakTopa B OMPENIEICHHON Mepe MOXKET OBITh CKOMIICHCUPOBAHO TPHMe-
HEHUEM KPUOTEHHBIX TeMIeparyp AedopMaluK W/WIK JErMpOBaHUEM MaTepuana,
NPUBOJALIMX K CHIKEHHIO CKOPOCTH BO3BpaTa. /[y ITucnepcuOHHO-TBEPACIOMINX
U JMCHEPCHOHHO-YIIPOYHEHHBIX CIUIABOB HE 00s3aTEIbHO AKTUBHO M3MEHSATH Ha-
npasieHue 1epOpMUPOBAHUS, HAIPUMED, UCTIONB3YsI BCECTOPOHHIOIO KOBKY. B Ta-
KX MaTepuajlax JAake IPU HEM3MEHHOM HalpaBICHUU BHEINHEW HArpy3KH BO3HU-
KaeT BHYTPEHHsISI HEMOHOTOHHOCTb, OOYCIIOBJIEHHAsI TEM, YTO HeTepepe3atoinecs
JBYKYIIAMUCS TUCIIOKALMAMHU YaCTHULIBI M3MECHSIOT HAIIPABJICHUE CIIBUTA.

4. HexoTopble npuMepsbl MOJIyYeHHs U IPMMEHEHUs HAHOMAaTepPUAaIoB

Hapsiny ¢ He00X0AMMOCTBIO BBIIOJHEHHS BBIILIEPACCMOTPEHHBIX YCIOBUH Je-
¢dopmupoBaHus BaxkHo, 4To0bl MeTo el UITJ[ obecnieunBain MUHUMANbHBIE TPY-
JI0-, MaTepHUaJIO- U SHEPro3aTparhl MpU U3rOTOBICHUU Y M3-nonyhadpukaToB u
nerasnei. BeImomHUTh Takue TpeOOBaHUS BO3MOXKHO Ha OCHOBE HOBBIX MOJXO0/I0B
B IIPOU3BOJICTBE MEJIKO3EPHUCTON METAIIONPOAYKIMY, HAYNHAS C METOJIOB ILJIaB-
KU, JIUThs, 00pabOTKH JaBlIieHUEM U TEpMOOOPaOOTKH. B oTHOLIEHUN MOCIEeaHUX
METaJUTyPrHYECKUX MEPENESIOB Ha MIEPBOM 3TAle PalMOHAIBHO IPUMEHSATh METO-
Il IEPBUYHON MM JUHAMUYECKOM PEKPUCTAIUIM3ALUU, TTO3BOJISIIOLIUE MPU MU-
HUMaJIbHBIX PECYPCHBIX 3aTpaTax U3MeJbuaTh 3epHa a0 pa3mepoB 1-10 um [39].
3aTeM, WCHONb3ysl TIOBBIIEHHBIE IUIACTUYECKUE CBOMCTBA Takux YM3-
MaTepuasoB, neiaecoodpasno noaseprath ux UIIJ] ¢ mocnenoBaTenbHbIM CHUKCHH-
€M TeMIlepaTypsl 1edopMaIii B IEpeXoiax, JOCTUTas TeM caMbiM (POPMUPOBAHHE
Ha Ka)XXJI0M 3Tarie Bce 00s1ee MEJIKUX 3€peH, BIUIOTh 10 HAHOPa3MEPHBIX.

He ocranaBnmBasich Ha GOJBIIOM MHOTO0OPa3WU KOHKPETHBIX MPHUMEPOB 00pa-
OOTKHM pa3IMYHBIX MAaTEPUAIOB C MCIIOJIB30BAaHUEM TAKOT'O MOJX0/a, IPUBEICHHBIX
BO MHOTHX pa0oTax, OTMETHM TEXHOJIOTHUECKHE BO3MOXKHOCTH MeTonoB PKVYII u
BCECTOPOHHEW KOBKH, MPUMEHSEMBIX JJISl TOTyUYeHHs] 00bEMHBIX HaHOMAaTEepHaJIOB.
Tak, B HacToOsIIIee BpeMsi, BAPbUPYS TEMIIEpaTypy U CTeNeHb AedopMaiui B Tpo-
xonax, merogom PKVYII nonyuator YM3-nipyTku quamerpom 10 60 mm u JUIMHON
10 200 mm u3 pa3MYHBIX METAUIOB W CIIABOB, BKJIIOYAs MAaJOIIaCTHUYHBIE U
TpyaHonehopMupyeMble MaTepuaiibl [9]. MUHMMATBEHO JOCTUTAeMBIA pa3Mep 3e-
pPEeH B TaKMX MPYTKaX B 3aBUCUMOCTH OT MPUPOJbI MaTepuajia U AUaMeTpa npyTka
006140 cocrtasisier 200—400 nm. Pa3ssutnem storo merona ssisterca PKVYII B ma-
paJIeNBHBIX KaHalax, MOBBIIIArOIIee KOI(D(UIIMEHT WCIOIB30BAHUS METaia U
BJIBOE COKpAILAIOIIee YHCIIO MPOXO0I0B, HEOOXOAUMOE I U3MENIbYCHHUS 3€PEH.

Hpyrast texHonoruueckas pazHoBugHocTe PKVYII m3BecTHa mox Ha3BaHHEM
«xoM(OopM» — TpoIlecC, MOCPEACTBOM KOTOPOTO M3rOTaBIMBAIOT JAJIUHHOMEPHbBIE
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(2-3 m) npyTku nuametpom 06b19HO 10 10 mm. [lepcrneKTUBHBIM MpeICTaBIsIeT-
Csl TaKXKe METOJ| POTAIlMOHHO-CIIBUTOBOM JAedopMariy, Ipu KOTOPOM TPYTOK C
OBaJIbHBIM TONEPEUYHbIM ce€YeHHeM nojsepraercs ogHoBpemeHHo PKVYII u kpy-
YeHHIO0 B ouare AeQOpMaluH, YTO MO3BOJSET YMEHBIIUTH YHCIO MPOXOAOB O
OJTHOTO, a Harpy3Ky Ha MHCTPYMEHT — 10 MUHUMYyMa [40]. DddexTuBHOCTH NpU-
MEHEHHUS MpoIlecca TIACTHYECKOTO KPYUYCHHS UIs U3MENbYCHHS 3epeH B 00beM-
HBIX 3arOTOBKax (MpyTKax) yOeauTenbHO MPOAEMOHCTPUPOBAHA TAKHM METOIOM
WI1/, xak BuHTOBas 3KCTpy3us [41].

Hcnone3yst 0ObIYHBIE METOIbI AeopMaliiu (MpsMoe IpeccoBaHUE, MPOTSIKKY,
BOJIOUEHHE, NMPOKaTKy) ¥YM3-nipyTkoB, noimydeHHbx MetogoM PKVYTI, usrorasnu-
BalOT TOHKOCTEHHbIE U3JeHs ¢ Oosiee TITyOOKUM M3MENbYCHHEM 3€PEH, U4TO MPH-
JTACT UM JIONOJHHUTEIBbHOE YINPOYHEHHOE COCTOSHUE. B 4acTHOCTH, Tak MOKHO
MPOU3BOAUTH CTAJIbHYI0 U MEIHO-CTaJbHYIO MPOBOJIOKY [42] cO CBOMCTBaMH,
IPEBOCXOAIIMMH CBOMCTBA, OJYyUYEHHBIE IO TPAJUIIMOHHON TEXHOIOTHH (BOJIO-
YeHHe ¢ MPUMEHEHUEM MaTeHTUPOBAHMUS).

st momyuenust 60ee MacCUBHBIX Y M3-MaTepuaioB UCIONIb3YIOT BCECTOPOH-
HIOKO KOBKY. TakuMm meronom UITJ[ momyyaror 3aroroBku nuamerpom 10 200 mm u
nmuHOM 10 300 mm W3 TUTaHa W ero CIulaBoB ¢ pasmepamu 3epeH 300—400 nm
[43]. XoTs Takas KOBKa — TPYIOEMKHI IpoLecc, TEM HE MEHE OHa OIpaBiaHa MpHu
IIPOM3BOJICTBE YHUKAIBHBIX JETalIed, a TaK)Ke KPYMHOrabapUTHBIX JIMCTOB, KOTO-
pble U3rOTAaBIMBAIOT U3 KPYMHOrabapuTHEIX Y M3-1okoBoK [44].

[TpuBneKaTeTLHOCTh MPUMEHEHUST KOHCTPYKIIMOHHBIX HAHOMATEPHAJIOB 00b-
SCHSETCS ABYMS 0OCTOSITENIbCTBAMU. BO-TIEPBBIX, BO3MOKHOCTBIO M3TOTaBIMBATh
neTanu ¢ 6osee BHICOKMM YPOBHEM KOHCTPYKLIMOHHOW MPOYHOCTH, YTO MO3BOJISET
CHU3HUTh UX BEC M MOBBICUTh PECYPC IKCIUTyaTaluu. Bo-BTOPBIX, UX BBICOKUMU
TEXHOJIOTUYECKUMHU CBONCTBAMHU: CBEPXILIACTUYHOCTHIO, (DOPMYEMOCTHIO U CBa-
pPUBAaEMOCTBIO MPU HU3KUX TemnepaTtypax ~ 0.47,.

B »7T0i1 cBsi3u 0cOOBIIl HHTEpEC BBI3BIBACT MPUMEHEHNE HAHOCTPYKTYPHUPOBAH-
HBIX MaTepHaJIOB JUIsl U3TOTOBJICHMS CIOXHBIX JOPOTOCTOSIIMX MAIllUH, HaIllpH-
Mep Ta30TypOUHHBIX ABuraresneil. [lockoiabKy B TakuX JBHUraTeNsX U aHAJIOTHY-
HBIX YCTPOICTBAaX MCIOJIB3YIOTCSI 0COOO LIEHHBIE KApOMPOYHbIE CIUIaBbl HA OCHO-
BE€ jKelle3a, HUKENSl U TUTaHa, CIeAyeT OTMETUTh BIUSHUE HAHOCTPYKTYpPHUpPOBA-
HUS Ha UX cBoMcTBa. XKapornpoyHOCTh B 3TUX MaTepuagax 00ecreunBaeTcsl Halu-
yreM Oonbiioro (cBeimie 50%) KoarmuecTBa HAHOPA3MEPHBIX WHTEPMETALTUIHBIX
YaCTHII C KOTEPEHTHBIMH TPaHUIIAMH WJIH TOHKOIUTacTuHYaTol (~ 100 nm) ¢assl.
B npoTHBOMONIOKHOCT TAKOMY COCTOSHHIO CKOAryJIHMpOBaHHBbIC WU chepouau-
3UpPOBAaHHBIC BBHIJICIICHUS YIPOUYHAIONMX (a3 ¢ HEKOTEPEHTHBIMH MEX(pa3HBIMU
rpaHUIaMU MPUAAIOT 3TUM CIUIaBaM npu Temnepatypax csbime 0.57,, He xapo-
IIPOYHBIE, a CBEPXILJIACTUYHBIE CBOMCTBA, a MPU TEMIIEPATypaxX HUKE YKa3aHHON —
BBICOKYIO IIPOYHOCThH B COUYETAHHH C IUIACTUIHOCTHIO. [loaToMy Ha sTame gpopmo-
o0pa3oBaHMs TaKHX JAeTalei, Kak TUCKH, JIOMATKH, KOJIbIlA, U3 3TUX CILIABOB Iie-
Jecoo0pa3HO CHayajla WCIIOJIb30BaTh TEXHOJIOTHIO, TIOCTPOCHHYIO Ha 3¢ dexTte
CBEpXIUIACTUYHOCTH, a 3aTeM (MPUMEHssl Ha 3aBEpIIalolleM dTame TepMooOpa-
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6OTKY) 00ecreyuTs UM HaI/IJ'Iy‘II_HI/Iﬁ KOMILIEKC MEXaHWYECKMX CBOMCTB 3a CUET
ONTUMAJIBHOT'O paCpCaAciCHus 3€PCH U HAHOBBIJCIICHHI I10 pasMepam.

3akjaoueHue

B paboTe paccMOTpEeHBI TEOPETHUECKHE M TIPAKTHUECKHE acIIeKThl HAHOCTPYKTY-
PHUPOBaHMS MaTEPHAJIOB C LIENbIO MOBBINICHUS UX CBOUCTB. [loka3aHo, 4TO METOMABI
UI1[] obecrieurBaroT MOMy4YEHHE HAHOMATEPUATIOB C BBICOKOM KOHCTPYKIIMOHHOM
MPOYHOCTHIO, COYETAIONIECH BBHICOKOE COMPOTHBICHNUE NePOPMUPOBAHUIO U MJIACTHY-
HOCTh. PaccMOTpeHbl MeXaHM3MBbI M OCHOBHBIE 3Tarbl (POPMUPOBAHUS HAHO3EPEH
npu UI1J], a Taxoke HeoOXoauMble At 3Toro ycioBus nedopmupoBanus. Cyiect-
BEHHBIM OTiIM4neM MeTofoB MIIJ] oT TpaauimoHHBIX METOAOB AehOPMHUPOBAHUS
ABJISIETCSI HEMOHOTOHHBIA XapakTep AehopMHUpoBaHUs, O00ECIIEUHUBAIONIUN PaBHO-
MepHOE HakoruieHue aedopmaruy B ee ovare. BaxkHbIMU (haKTOpaMu TIPU 3TOM CITy-
*at peanuzaims B meronax MI1/] cxembl pocToro cABUTa U y>KeCTOUEHHE Pa3MEpOB
ouara aedopmaruu. B kauecTBe 0HOTO U3 MPUMEPOB MPUMEHEHUSI IehOopMaIHOH-
HBIX HAHOTEXHOJIOTH TOKa3aH PallMOHABHBIN MOIXO/ MPU W3TOTOBICHUH JeTalei
OTBETCTBEHHOTO Ha3HAYCHMSI U3 HAHOCTPYKTYPHUPOBAHHBIX KAPOMPOUYHBIX CILJIABOB.
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@.3. Ymsawes

HAHOCTPYKTYPYBAHHA METAJIEBUX MATEPIANIB METOOAMU
IHTEHCWBHOI MNACTUYHOI JESOPMALIIT

Yaerpaapionosepaucti (YJI3) Meranu Ta cruiaBu 3 po3MIpOM 3€peH Bif CyOMiKpo-
metpuyHoro (1-0.1 um) mo HaHomerpruHoro (MeHme 100 nm) aiana3zoHy BiAPi3HIIOTHCS
HA/I3BUYAafHO BHCOKUMH 1 KOPHCHUMH (i3UKO-MEXaHIYHUMHU BIACTUBOCTAMHU. Taki Ma-
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Tepia| YCIIITHO OTPUMYIOTh, BUKOPUCTOBYIOUN piBHOKaHambHE KyToBe (PKK) 1 rBUHTO-
Be MpecyBaHHsI, BceOiuHe KyBaHHS Ta iHIII METOAM IHTEHCHUBHOI IIACTUYHOI e opmartii
(IT1D). Y maniit poOOTi po3TISIAIOTECS OCHOBHI 0COOIMBOCTI OyIOBH 1 MEXaHIYHHX Bia-
cTUBOCTeH nedopmariitHux HaHomarepianmiB. (OOroBOPIOIOTECS MOMIHMBI  [UIAXH
MIIBUIIECHHS iX KOHCTPYKITIHHOT MIIHOCTI, «MeXaHi3M» (OpMyBaHHS HAHO3EPEH 1 He-
00XigHi 1A 1BOro yMOBH AedopmyBanHA. [lopiBHIOIOTECS MoxauBocTi meroni IT1/ 3
TpamuitHuMu MeTogamu oopoOku MetaniB TuckoM (OMT). HaBoasThes mpukiamu ot-
puMaHHs, 0OpOOKH Ta 3aCTOCYBaHHS HaHOMAaTEpiadiB KOHCTPYKIIHOTO MPHU3HAYEHHS.

Kirouori cioBa: ynbTpaapiOHO3EpHUCTI METalM, IHTCHCHBHA IUIACTHYHA aedopMarris,
piBHOKaHAJIbHE KYyTOBE MPECYBaHHS, HAHOMATEpiain

F.Z. Utyashev

NANOSTRUCTURIZATION OF METALLIC MATERIALS BY METHODS
OF SEVERE PLASTIC DEFORMATION

The ultrafine-grained (UFG) metals and alloys with submicro (1-0.1 um) to nanometer
(less than 100 nm) grain size are notable for high and efficient physical and mechanical
properties [1]. Such materials are successfully produced by the equal-channel angular
(ECA) and twist extrusion, uniform forging and another methods of severe plastic
deformation (SPD). The paper treats the specific features of structure and mechanical
properties of deformation nanomaterials. Possible ways of incresing structure strength,
the «mechanism» of nanograin formation and deformation conditions are discussed.
Potentialities of the SPD methods are compared with those of conventional methods of
metal working by pressure. Examples of production, processing and application of
structural-purpose nanomaterials are given.

Keywords: ultrafine-grained metals, severe plastic deformation, equal-channel angular
extrusion, nanomaterials
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SIMPLE SHEAR AND TURBULENCE IN THE METALS
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The paper shows that metal in microvolumes behaves as turbulent flow during large
plastic deformation under simple shear scheme. This gives a unified explanation of the
following effects: saturation of strain hardening; abnormally fast diffusion in the metals
under large plastic deformation, specimen lengthening in free end torsion test (known as
the Swift effect); equalization of metal properties in different directions after sufficiently
many passes of Twist Extrusion.

Keywords: Simple shear, Severe plastic deformation, Swift effect, Turbulence, mixing

Introduction

Simple shear test are done by twisting cylindrical specimen and are widely
used for determining metal flow lines. There are two problems with transferring
the results of these experiments to other types of deformation. The first problem is
choosing a measure for equivalent strain that would let one combine the results of
shear and tension experiments into a single «unified flow curve». There is no une-
quivocal solution in the literature. A short but comprehensive survey of this sub-
ject appears in [1].

The second, more serious problem was revealed by Bridgeman [2] in his high
pressure experiments. He discovered that in large deformations, the stress-strain
curves for tension and shear diverge sharply: the first one continually increases
while the second one saturates. The same saturation effect in metal strengthening
during deformation according to simple shear scheme was also observed in High
Pressure Torsion (HPT) [3], Equal Channel Angular Pressing (ECAP) [4] and
Twist Extrusion (TE) [5].

In this work, we give an explanation of this effect based on a hypothesis that
metal in microvolumes behaves as turbulent flow [6,7]. This concept allows us to
give a unified explanation of the following effects related to deformation accord-
ing to simple shear scheme: saturation of strain hardening [2]; abnormally fast dif-
fusion in the metals under large plastic deformation [5,8]; specimen lengthening
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in free end torsion test (known as the Swift effect) [9]; equalization of metal prop-
erties in different directions after sufficiently many passes of TE [10].

Note that we consider cold deformation, i.e., we assume that once loading stops
all processes in the metal stop as well.

1. External and internal vorticity
Simple shear is defined using the following velocity field V:
I/x:yy’Vy:Vz:O’ (1)

where v is the shear strain rate, the axis x is the shear direction, the axis y is nor-
mal to the shear plane xz. Every material point of this field has a non-zero vortic-
ity with absolute value y. A non-zero vorticity can be either due to the curvature
of the point’s trajectory (we called external vorticity), or due to a vortex motion
inside the material point (we called internal vorticity). In order to picture internal
vorticity, recall that each material point is the representative volume element
(RVE) of a polycrystal, which contains a great number of structural elements [11].
There are regions of polycrystal where dislocations get plugged during plastic de-
formation. Such regions cause bending of the crystalline lattice. Its relaxation im-
plies rotation, grains refinement and growth of the misorientation angle [12,13]. The
transformations above can be described using a random vortex velocity field v, ex-
isting inside a representative volume element. As a quantitative measure of this in-
ternal vorticity we take the average value of the velocity curl inside the RVE:

<|cur1v|> =

I I curlv-ndS
S

1
S
Here angle brackets denote the average with respect to the RVE, integration is
done along the cross-section of the RVE, n is the unit normal vector of the cross-
section, and S is the area of the cross-section.

In [6,7], we establish an analogy between velocity field v and a velocity field
of a turbulent liquid flow. The two velocity fields have the same structure since
they are formed via gradual self-similar fragmentation of larger curls into in-
creasingly smaller curls. Furthermore, both fields have a limiting curl size when
fragmentation stops. In metals, this phenomenon is caused by grain boundary
sliding, while in liquids it is caused by viscous friction [14].

Under simple shear, according to Eq. (1), trajectories of material points are
rectilinear. This leads to two important conclusions: (a) under simple shear, vor-
ticity is only internal; (b) to realize simple shear, a material must be able to sup-
port an internal vorticity equal to shear strain rate. We argue that under internal
vorticity constraints, solid bodies cannot be deformed via simple shear. Internal
vortex is replaced with external vortex. This curves the trajectory of material
points. As a result, deformation becomes complex and non-homogenous. Thus we
will distinguish between «simple shear» and «deformation according to the simple
shear scheme».
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We believe that the length changes during free end torsion test (Swift effect)
[9] is caused by annealed metals not being able to realize simple shear. As a re-
sult, twisting the material produces a velocity field with an axial component,
which changes the length of the specimen.

2. The main idea

We are making the following hypothesis. Under «deformation according to the
simple shear scheme», metals successively go through two stages: (a) Develop-
ment of Turbulence when there are constraints on the internal vorticity,

<|cur1v|> = ky\/i , k < 1; (b) Fully Developed Turbulence when internal vorticity is

unconstrained, < curlv|> =y,k=1.

Parameter k is a coefficient characterizing the degree of rotational freedom in
the RVE. The value of £ is determined by defects enabling rotations of the crys-
talline lattice (e.g., disclinations or non-equilibrium grain boundaries). Before
grain refinement starts, there are no such defects and thus £ = 0. Once grain re-
finement starts, such defects start to appear, and their number grows as strain in-
creases. When k reaches 1, grain refinement stop, turbulence reaches the second
stage, initiating simple shear.

In liquids, the fully developed turbulence stage is stationary [14]. By analogy,
the velocity field of simple shear Eq. (1) and the random vortex velocity field v
are independent of strain during this stage, where strain acts as an analog of time.
This means that under constant axial pressure P, metals do not harden under sim-
ple shear, since flow stress should also be independent of strain [6].

Strain rate hardening is possible, as in viscous liquid. Moreover, if there is no
strain rate hardening, the material loses its stability under simple shear, and the
deformation gets localized in a thin layer [15].

The hypothesis about the two stages of deformation naturally explain results of
classical experiments of Henri Tresca about hole punching [16]. The first stage
corresponds to the hardening phase, while the second stage — to the liquid-like
flow of metals without strain hardening. The fate of the two stages discovered by
Tresca about 150 years ago turned out to be very different. The first stage is scru-
pulously studied to this day, while the second stage was immediately overlooked
and was rediscovered only relatively recently, when studying severe plastic de-
formation (SPD) processes.

3. The two stages of deformation under the simple shear scheme

Strain hardening was investigated for different loading processes. Paul Ludvik
was the first to propose and experimentally justify a hypothesis about the equiva-
lence of hardening via pure and simple shear. This is how the notion of equivalent
strain came into existence. We give a different explanation for the experimental
results observed by Henri Tresca and Paul Ludvik. When deforming a metal
specimen according to the simple shear scheme, there are two consecutive stages:
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(a) a complex, inhomogeneous strained state that is not simple shear, and (b) sim-
ple shear. Stage (a) exists due to constraints on internal vorticity. A given total
curl is composed of internal vorticity plus external vorticity, which curves the
trajectory of material points making deformation complex and non-uniform.
These ideas explain the emergence of macroswirls during the early stages of HPT,
an interesting effect recently observed in [17]. Deformation during stage (a) cre-
ates additional degrees of rotational freedom, causing a gradual transition from
pure to simple shear. This explanation is in agreement with the experiments in
[17], which show that as the number of HPT revolutions increases, macroswirls
gradually disappear and a uniform simple shear strain pattern settles throughout
the disk.

The appearance of this «gradually disappearing» pure shear is mistakenly taken
as experimental evidence that simple and pure shear affect metals in the same
way. In fact, they do not. Therefore, such notions as «single stress-strain curve»
and «the equivalent strain» make sense only when strain is relatively small. Since
the seeming equivalence of different loading schemes is explained by the gradu-
ally disappearing pure shear, a good candidate for the role of equivalent strain
during stage (a) are Eichinger’s relations based on nonlinear mechanics [1]. They
take into account the lengthening and rotations of material fibers. When the shear
strain is in the range 0 < y < 2, we can substitute Eichinger’s relations for
e=vy / NE) , obtained via integrating strain rate y / 3 over time. Since the obtained

results are very similar, this relation can also be used to compute the equivalent
strain in this interval. During simple shear (b), its strain y is analogous to time in
the theory of turbulence in liquids.

4. Deformation-induced intermixing

Strong evidence in support of the analogy is the deformation-induced inter-
mixing of different phases and inclusions [5,8]. This effect is one of the most im-
portant manifestations of a turbulent flow and is explained by active mixing [14].
We hypothesize that it is turbulent motion, rather than a large increase in the dif-
fusion coefficient, that causes rapid mixing during large plastic deformation.

We propose a simple computer model for investigating turbulent mixing. Sup-
pose that we have a polycrystal with an inclusion. We will represent the poly-
crystal by a matrix of zeros, with the inclusion corresponding to the set of ones in
the matrix (Fig. 1,a). Turbulent velocity field is represented as a sequence of ran-
dom curls superimposed on this figure. Each curl rotates the region under it by a
random angle. The Fig. 1,6 shows how the matrix looks after 100 steps. It’s easy
to see that such motion mixes the material quite rapidly.

5. Several implications of the proposed model related to SPD processes

Let’s analyze several implications of the proposed model related to SPD proc-
esses based on simple shear (HPT, ECAP, TE). It’s well known that strain hard-
ening has a limit in these processes. Here is why. Deformation according to the
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Fig. 1. A two-dimensional model for investigating turbulent mixing in the metals: a —
polycrystal with an inclusion (shown as a block of 1s) and a curl (the boundary of a curl
shown as dashed line with arrows); b — inclusion after 100 successive curls

simple shear scheme gradually creates a turbulent motion inside the RVE. Rota-
tional freedom increases and the material gradually transitions from the first stage
to the stage of Fully Developed Turbulence. The deformation gradually trans-
forms into simple shear, under which there is no strain hardening.

If the answer is correct then the ultrafine grained (UFG) materials obtained
with SPD processes should showcase two interesting effects.

Effect 1: Materials with a structure corresponding to the Fully Developed Tur-
bulence stage must be isotropic.

It has been convincingly shown that the velocity field of the Fully Developed
Turbulence stage must be locally isotropic [12]. If the proposed analogy is valid,
metals under SPD will eventually become isotropic (under very large strain). We
noted the isotropy tendencies on Al in [10]. Fig. 2 shows how the hardness of CP
titanium specimen in two orthogonal directions experimentally depends on num-
ber of TE passes. Fig. 2 shows the flattening of hardness in the two directions,
strongly supporting the hypothesis we made above.

Effect 2: The Swift effect should disappear in UFG materials

Indeed, by gaining a UFG structure via deformation according to the simple
shear scheme, metals transition into the stage of Fully Developed Turbulence.
Rotations are localized inside the material points, streamlines straighten during
free end torsion test, and the swift effect should disappear.

Fig. 3 shows free end torsion test results for Al alloy specimen after two passes
of twist extrusion. As we can see, the increase in gauge length AL is much
weaker here than in control, annealed specimen.

The arguments above lead to the following conclusion.

Conclusion

Due to constraints on internal vorticity, a complex stress-strain state is realized
in the specimen volume during early stages of deformation according to the simple
shear scheme; this is not simple shear. A given total curl is composed of internal
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Fig. 2. A hardness of CP titanium specimen in two orthogonal directions depends on
number of TE passes: % — initial state, ® — axis direction, A — cross-section direction.
Twist extrusion temperature — 100°C

Fig. 3. Free end torsion test results for Al-3 wt.% Mg—0.3 wt.% Sc alloy: —0— — initial, —o— —
after TE. Twist extrusion temperature — 100°C. Gauge length — 38 mm, diameter — 5 mm

vorticity plus external vorticity, which curves the trajectory of material points
making deformation complex and non-uniform. Increasing strain when deforming
according to the simple shear scheme creates new degrees of rotational freedom.
This creates a flow in the material, a process similar to the development of turbu-
lence in liquids. When strain is sufficiently large, constraints on internal vorticity
disappear, leading to simple shear and the formation of a stationary UFG struc-
ture. Deformation hardening disappears, and the movement of metal in the RVE
becomes analogous to fully developed turbulence. UFG structures thus represent
«turbulence snapshots» of solid bodies. A turbulent motion can quickly transfer a
substance inside a solid body, much more efficiently than diffusion. This is of
both practical and theoretical interest.

The author thanks O. Prokof’eva, R. Kulagin, V. Bakhmatsky and M. Orlov for
the help in experiments.
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A FO. beticenv3umep

MPOCTUW 3CYB TA TYPBYJIEHTHICTb B METAJIAX

BucyHyTo rinore3y mpo BUXpOBY TE€Uil0 METaNiB MPY BEJIWKIH TIIacTU4HIN Aedopmarii 3a
CXEMOI0 MpocToro 3cyBy. Ha ii OCHOBI 3 €IMHOT TOYKHM 30py MOJAHO TPaKTyBaHHS Ha-
CTymHHUX e(eKTiB: MexXi MehopMaIiifHOTO 3MIITHEHHS B MpOIlecaX iHTCHCUBHOI IIaCTHY-
HOi gedopmariii; Tak 3BaHOT aHOMAaJbHO IIBUIKOT TUQY3ii MpH MIIACTU4HIN aedopmarii;
MOJIOBXKEHHS 3pa3KiB NpW Kpy4eHHi 3 BilbHUMH KiHIsAMuU (Swift effect); BupiBHIOBaHHS
BJIACTUBOCTEW METAaJiB 3a PI3HUMH HAINPSAMKAMU TPH BEIUKIN KiTBKOCTI MPOXOJIB METO-
JIOM TBUHTOBOI eKcTpy3ii. HaBemeHO pe3ysbTaT eKCIIEpUMEHTIB, IO CBiAYaTh Ha KO-
PHUCTh BUCYHYTIH rimoTesi.

KarodoBi ciioBa: nmpoctuii 3cyB, iHTEHCHBHA IUIACTHYHA Aedopmaiis, cBipT-edeKkT, Typ-
OyJIEHTHICTh, TIEpEMIIITyBaHHS

A E. beticenvzumep

MPOCTOW COBUI U TYPBYJIEHTHOCTb B METAJIIAX

W3noxeHa rumore3a 0 BUXPEBOM TCUCHHUH METAJUIOB MPH OOJIBINON IIACTUYECKOH Je-
(opmarmu 1o cxeme npocToro casura. Ha ee ocHOBe ¢ eMHON TOYKM 3peHHS JaHa Tpak-
TOBKa cienyrommx 3¢¢dexToB: mpenena AedOpMaNUOHHOTO YHPOYHEHHS B IIPOIECCAX
MHTEHCUBHOM IIACTHUECKOH AedopManny; TaK Ha3bIBaeMOW aHOMAJIBHO OBICTpOW Am(-
¢by3nu B ulacTHuecku 1eopMHUPyeMbIX MeTalllax; yAIHHEHUS 00pa3oB IpH KPydeHNH
co cBoboaHbIMH KoHIamu (Swift effect); BelpaBHHBaHUS CBOMCTB METAIOB IO pa3iiny-
HBIM HalpaBICHUSAM NpU OOJBIIOM YHCIIE MPOXOIOB METOJOM BHHTOBOH SKCTPY3HH.
[TpuBeneHsl pe3yabTaThl SKCIIEPUMEHTOB, CBHICTEIBCTBYIONIHE B IIOJIb3Y BBIABHHYTOM
THIIOTE3bI.

KuroueBble cjioBa: MpoCcTOil CABUT, MHTEHCHBHAs IUTacTHYecKas aedopmanus, CBUPT-
addext, TypOyJICHTHOCTD, TIepeMEIINBaHNE
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C.B. Nabenkos, P.B. Tapacos, A.l'. MupoHoBa, M.A. Ogenuyk

3BOMIOUMA CTPYKTYPHOW OPFAHU3ALIMN HAHOPA3MEPHOIO
MOPOLLKA MAFHUN-ANMKOMUHWEBOW LUMWHENW NPW PA3SMOINE
N NMPECCOBAHNA

HauunoHarnbHbIN Hay4YHbIN LEHTP «XapbKOBCKUN (PU3NKO-TEXHUYECKUA MHCTUTYTY»
yn. Akagemudeckas, 1, r. Xapbkos, 61108, YkpauHa
E-mail: gabelkov@list.ru

Cratbsa noctynuna B pegakuuio 21 anpens 2009 roga

Hccnedosana 260110yusi CMpYKIMypHOU Op2anu3ayuu ¢ psody Mamepudanog: Kcepozeib
2UOPOKCUO08 MASHUA U AIOMUHUS —> HAHOPA3MEPHbIU NOPOUOK MASHUU-ATIOMUHUEBOU
WNUHeIUu — NOpPUCmulil 00bEeKM, NOJYYeHHbL npeccosanuem nopowka wnunenu. Ilpu
pasmoine u npeccosanuy nopowKa npoucxooum paspywenue 75.8% aenomepamos. O6w-
eM NOpOBbIX KAHANI08 MeNCOY A2NoMepamamu 6 nopucmom obvekme cokpamuics 6 2.7
pasa, a medcoy azpecamamu 8 aznomepamax — 6 4 paza. Obvem nopoevix KaHAI08 Medic-
0y «NEePeUYHBIMU HACTUYAMUY 6 a2pe2amax CYWecmeeHHO He USMEHUICS, paspyuieHue
azpez2amog npaKmuiecku He npoucxooum. B pe3yiemame npeccoganusi nopowKa cym-
MapHulil 00vem yMeHbuaemcs npakmuiecky moavko 3d cuem Cokpawenus oovema no-
POBLIX KAHAL08 MeXHCOY a2loMepamamu, m.e. YMeHbUuleHUs OUamMempos ux Wupokux ce-
yenuti. OOHaKo ouamempyvl uX Y3Kux ceueHui e usmensiomcs. Ipu smom gpaemenmuol
Da3pyUUSIUXCcsa a2iomepamos 3anoaHAIOm 4acms 00bemMa WUPOKUX CeyeHull nopoeuIx
Kananog mexcoy aznomepamamu. Ilpu npeccoganuu nopowika wnuxeiu Habm00amecs
0ge cmaouu: 1) nepecpynnuposka u HPOCKALb3bIGAHUE A2IOMepamos u 2) paspyuieHue
aznomepamos.

KuroueBble cjioBa: arjoMepar, arperar, TMAPOKCHUIbl MarHWs M aJIOMHMHHUS, MarHui-
AIFOMHMHHEBas NINWHEIb, HAHOPa3MEPHBIN KCEPOTeb, IOPOIIOK, TOPOBBIE KAHAIIBI, «IIEP-
BUYHBIC YaCTHUI[BI», IPECCOBAHUE, Pa3MOJ, CIIPECCOBAHHBIA MOPUCTBHIH OOBEKT, CTPYK-
TypHas OpraHu3aus

BBenenne

HeoObraHOE coueTanue (hU3HKO-XMMHYECKHX CBOHCTB 00ECIICUMIO OKCHIHOU
KepaMHUKE U3 MarHUil-aJIlOMUHUEBOM IIMHHEIN HIMPOKOE MPUMEHEHUE IPHU CO3-
JJAaHWM KaTaJUTUYECKN aKTUBHBIX, TEPMOCTOUKHUX, JIEKTPOTEXHUUECKUX, ONITHYE-
CKH NPO3PavYHbIX, KOPPO3UOHHO-, XUMUYECKU U PATUALMOHHO-CTOMKUX U3IEIHM.
OHa yCrHenrHo MCHONb3yeTCs IJisi U3TOTOBJICHUS OKOH XHMUYECKHUX PEaKTOPOB,
KaTajau3aTOPOB M OCHOB JJISi HUX, CEHCOPOB, MEMOpaH, WITIOMUHATOPOB KOCMH-
YECKUX anmnaparoB, KOHCTPYKLIHMOHHBIX MaTEpPUAJIOB JJIEKTPOXHUMUYECKUX TOI-
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JIMBHBIX SYEEK, OTHEYHNOPHBIX TUTJIEH, JIOJ0UYEK, IEKTPOU30JIATOpOoB U T.1. [1-3].
Bricokas koppo3noHHast U pajvalliOHHAsl CTOMKOCTh BBI3BIBAET MHTEPEC K Mar-
HUI-aTIOMMHUEBON IIMUHENN MPU PEIIEHUH 3KOJIOTHYECKUX MPOoOJieM aTOMHOM
SHEPreTUKU M TOBBIIMICHUN HAJEKHOCTH SIIEPHBIX peakTopoB. VIHTEHCHBHO Be-
JYTCSl UCCIIEZIOBAHMs MO €€ NMPUMEHEHHIO NPU CO3AaHUU SJEPHOrO TOIUIUBA C
WHEPTHOW MaTpuIiiel [4], MUIIeHEeH UIsl TPAaHCMYTAllMM aKTUHOUIOB [S] U MaTpuIl
JUTSL U30JISILIUU PAIMOAKTUBHBIX OTXO/O0B [6].

[ToBBbIIEHHYI0 PEAKLIMOHHYIO aKTUBHOCTh HAHOPA3MEPHBIX MOPOIIKOB ILIEIECO-
00pa3HO UCIOJIB30BaTh JUIs YCIEIIHOTO pelleHns yKa3aHHbIX 3a1a4. Ho oOpa3osa-
HHE arjioMepaToB, CKIIOHHOCTD K IOSIBIIEHUIO KOTOPBIX BO3PACTAET C YMEHbILIEHUEM
pa3Mepa MHAMBUAYAbHBIX YacTHIl, HE IMO3BOJIAET B IOJHOH Mepe pealn3oBaTh
BO3MOYKHOCTH HaHOpa3MEpHbIX NopoukoB. [Ipu co3gaHuu maTtepuanoB C 3aJaH-
HBIMH CTPYKTYPOH M CBOMCTBaMHM HEOOXOAMMO IMOHUMAaHKE BIMSHUS arjioMepanuu
MOPOIIKOB Ha (PH3UKO-MEXaHIMUYECKHE XapaKTEPUCTUKH TTOTyYCHHOW KEPAMHKH.

N3ydenue 3BOMIOLUN MOP(OJIOTHU MOPOIIKOB B pe3yibTaTe pa3Mojia U Ipec-
COBaHMSI MO3BOJIUT CYIIECTBEHHO YIIyOUTh MpPEACTABICHUS O 3aKOHOMEPHOCTSIX
MOBEJICHUS TTOPOILIKOB U MOPUCTHIX O0BEKTOB U3 HUX MPU U3TOTOBJIEHUH KE€paMu-
yecKux marepuanoB. [IpenpicTopusi mogyueHUs HaHOPAa3MEPHBIX MOPOILIKOB, T.€.
YCIIOBHSI COBMECTHOTO OCAQKICHUS U3 PAaCTBOPOB TPYAHOPACTBOPUMBIX COEIHHE-
HUH, WX TEPMHUYECKOTO PA3JIOKEHHS] M IOCIEAYIONIEr0 CHHTE3a HEO0OXOIMMOTO
COEIMHEHMS, ONPENIEseT UX CTPYKTYpHYIO opranuzauuto [1,7-9]. A 310 u ecthb
pasmepbl U (opMma ariomMepaToB, arperaToB, «IEPBHYHBIX YACTUID) W MOPOBBIX
KaHAJIOB MEX/1y HUMHU.

Ha ¢opmupoBanne mopoBoil CTPYKTYphI MMOPUCTOTO OOBEKTA PEIIAIOIINM 00-
pPa3oM BIUSIOT pa3MOJI MOPOIIKOB U MPECCOBAHUE U3 HUX 3arOTOBOK B CHIIY TOTO,
YTO ATH ONEPALUU SABIAIOTCA OJHUMHU U3 BOKHEHIIMX CTaJAUNA TEXHOJOTMH M3TO-
TOBJICHUSI KEPAMUKHU, MOCKOJIBKY HEOOXOIMMBbIE PEXHUMBI CIEKaHUS M, B KOHEU-
HOM MTOI'€, CBOMCTBA MOJyYEHHOT0 KEpaMHUECKOro Marepuajia B 3HAUUTEIbHOU
CTETIEHU ONPEEIAIOTCS MapaMeTpaMu MOPOBOM CTPYKTYpPbI 0ObEKTa.

[lenbto qaHHON pabOTH OBLIO UCCIIEOBAHUE 3BOJIOLUU CTPYKTYPHON OpraHu-
3allMU HAHOPA3MEPHBIX MOPOLIKOB MAarHUN-aTIOMUHUEBOH ILIMTUHENTN PU pa3MoJie
U TIPECCOBAHUH.

MeToauka IKCIIEPUMEHTA

['ens THIPOKCHUAOB MarHUsI W aTIOMUHHS TOJYYald METOJOM COBMECTHOTO
OCaXXJICHUS] U3 CMECH BOJIHBIX PACTBOPOB MX a30THOKHUCIIBIX COJCH THIPOKCHIOM
aMMOHWUS, UCTIONB3YsI OOpaTHBIN MOPSAIOK CMEIeHHs peareHToB. Kceporens ru-
POKCUIOB CPOPMHUPOBAIH NIPU CyIIKe Teist B TedeHue 20—25 h mpu Temmeparype
30-40°C. CunTte3 HaHOpPA3MEPHBIX MOPOIIKOB MarHUH-aTIOMUHUEBOW IITTUHETH
NPOBOJWIIN IyTEM TEPMOOOPaOOTKH KCeporeiisi Ha BO3AyXe NPU TEeMIepaType
500°C B Teuenne 0.5 h [9].

Pa3Moi moJTy4eHHBIX TOPOIIKOB OCYIIECTBIISIM B IAPOBOW MEJIBHUIIC CTaNb-
HBIMU 1mapaMu B TedeHne 10 h mpu oTHOmEHMHM Macchl MaTepHaiga K mMacce Ima-
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poB, paBHoM 1:10. ITopucTsle mopouIKoBble OOBEKTHI B BHIE TAOJETOK JUAMET-
pom 14.5 mm u BeicOTON 5—6 mm rOTOBHJIN U3 MOPOIIKOB MarHUH-aTFOMUHUEBON
LINWHEIN [IPECCOBAHUEM IIPM KOMHATHOM TeMIIEpaType Ha BO3AyXE B CTaJIbHOU
npecc-hopMe MpH yAETbHBIX AaBIeHUsAX oT 64 1o 2560 kg/cm™.

OO0beM NOpOBBIX KAaHAIOB B Kceporeiie I'MIPOKCHAOB MarHus W ajllOMHUHUA,
MOPOLIKE MarHWH-aJIOMUHHUEBOH IINMUHENN 1OCNe pa3Mojia U B IOPUCTHIX 00pa3-
11aX, MOJyYEHHBIX IIPECCOBAHUEM M3 ATOIO MOPOIIKA, ONPEAEISUIN M0 YAAIECHUIO
BOJIbI M3 HUX NPU €€ UCIapeHuu coriacHo meronauke [10], koropas siBiseTcst 60-
Jee JOCTYNHOM 10 CPaBHEHHMIO C PTYyTHOM nopometpuei [11] u He mpUBOIUT K
pa3pyLIEHUIO UCCIIEyEMbIX 0OBEKTOB BO BpEMs U3MEPEHUI.

MeTronoM BOIHON MMKHOMETPUM ONPENEISUIM IFIOTHOCTh IMOPOIIKOB MarHui-
AIIOMUHHUEBON IIMUHENH JJI TOCIEAYIONIEr0 pacueTa 3aKpbITOW OPUCTOCTH.

JKCIEePUMEHTAJNbHbIE Pe3yJabTAThl

[Ipu mpoBeneHUH HCCIIEOBAHUN M3y4yajdd HEMOJIOTBHIA KCEpOreib, MOJIOTHIN
HOPOUIOK MarHui-aJlOMUHHUEBOM HIMHWHENIN U MOJTy4YE€HHBIE U3 HEro MPEeCcCOBAHU-
€M MOPUCTHIE TIOPOIIKOBbIE 0OBEKTHI. MOIOTBIN MOPOIIOK MarHui-aaTtOMUHUEBOM
HIMUAHENN TOIyYaid pa3MoJIoM Kceporeis THAPOKCHIOB, cuHTe3oM npu 500°C u
pPa3sMoJIOM CHHTE3UPOBAHHOIO MpoAyKTa. HacklnmHas MI0THOCTh MOPOILKA COCTaB-
asma 0.45 £ 0.01 g/cm3. [Topuctble MOPOIIKOBBIE OOBEKTHI MPECCOBAIUCH TPU
yAenpHOM JaBineHuu 1440 kg/crn2 U UMENH KaXKyIlyocs IIIOTHOCTb, paBHyto 1.43
g/cm3. Cornacno meroauke [10] HaBecku Kceporeins TMAPOKCUI0B MarHus U airo-
MUHHS, TIOPOILIKAa MarHUi-aJIFOMUHUEBON HIIMUHETN WX OPUCTE OOBEKTHI U3 ATOrO
MOPOILIKA IOMEIIANU B JOTOK, OTKaUMBaJIN Ha BAaKyyM U MPONUTHIBAIN JUCTHILIH-

1000 pOBaHHOM BOJOM. 3aBUCUMOCTH Macc

m, JTAHHBIX CHCTEM OT BPEMEHH IOIyue-

2 90 Hbl B TEYEHUE UX CYUIKH MPHU MOCTO-
gm, SHHOW TeMIlepaType.

m. 80 3aBHCUMOCTb MACChl CUCTEMBI «I10-

: PHUCTBINT OOBEKT W3 TOPOIITKA MarHuii-

m370 . ‘ ‘ s ‘ - . aIIOMMHHEBOM IIMHUHEIN—BOIA» OT

123 tflh 56 78 BpeMeHHU mnpuBeaeHa Ha puc. 1. Kak

BUJIHO U3 PUCYHKA, Macca CUCTEMBI C
TEUECHHUEM BPEMEHH yOBIBACT M 4epe3
OIIPEIETICHHBIM MPOMEXYTOK JIOCTH-
racT IIOCTOSSHHOM BEIWYMHEI. 3aBU-
CUMOCTb MMEET TPH JIMHEHHBIX Yy4Ya-
ctka. [IpsmMble, mpomoikaromuye Iu-
HEWHbIE YYaCTKH JI0 TEPECEUCHHUs C
OCBIO OpJIMHAT, OTCEKAIOT Ha TOCTe]-

HEell BEIMYUHBI MAcC, Pa3HOCTH KOTO-
TAMH U MEXKIY «IEPBUYHBIMH YaCTHUIIAME;
I, II, IIl u IV — mepBsiif, BTopoii, Tpernii u  PPIX (mo — my) u (my — my) YUCIEHHO
YETBEPThIN YIaCTKH COOTBETCTBEHHO paBHBI 00BEMaM IIOPOBBIX KaHANOB

Puc. 1. 3aBUCUMOCTh MacChl CUCTEMBI «IIO-
PUCTBIH OOBEKT W3 IOPOITKAa MarHHH-aro-
MHHHACBOW IIMHUHEIN—BOAA» OT BPEMCHH
cywkyd npu temnepatype 35 + 3°C; mgy —
HadajbHasi Macca CHCTeMBI; (mg — mp),
(my — mp) u (my — m3) — pa3HOCTH Macc,
YHCIICHHO paBHBIE 00bEMaM MOPOBBIX KaHa-
JIOB MEXIy arjoMepaTaMH, MEXIy arpera-
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COOTBETCTBEHHO MEXJy arjoMeparaMu M MexXIy arperataMu. AOGCIMCCHI TOYEK
NEePEeCcEeYEHMsI ATUX NPSAMBIX JIPYT C APYTrOM Jal0T 3HAUYEHUS MPOJOJIKUTEIbHOCTEN
CTaauil McrapeHus: BOABI U3 KaKIOH COBOKYMHOCTH IMOPOBBIX KaHAJIOB OIU3KHUX
JTMaMETPOB.

Jis aHanmu3a MOJYYEHHBIX PE3yJIbTAaTOB PAacCMOTPUM 00pasel] HeMOJIOTOro
Kceporessi THAPOKCHJOB MarHus M amoMuHHS obobemMoM 1 cm™. DToT 00BEM
NpeCTaBIsieT co00l cymMMy 00BEMOB TBEpAOH (pa3bl M BCEX COBOKYITHOCTEH TIO-
POBBIX KaHaJoB. B pe3ynbraTe Tepmuyeckoit 00paboTKu Kceporens o0beM TBEp-
JoH (ha3bl COKpAIIAETCs 33 CUET CHIDKEHHS MacChl THAPOKCHIOB Ha 33.6% mpu ux
pa3IOKEHUH C Y4yeToM OonblIed IUIOTHOCTH CHUHTE3MPOBAHHOW MarHHi-
anoMyuHueBor mmnuHenu (3.58 g/cm3) 10 CPAaBHEHMIO C I'MJIPOKCUAAMU MarHus U
amroMunus (2.4 g/cm3).

OpueHtupysicb o 00beMy TBEpAOH (pa3bl, MBI MOJy4aeM BO3MOXHOCTbH IpO-
BECTH CpPAaBHEHHE KaK CyMMapHbIX O0BEMOB HEMOJIOTOIO KCEpOTresi, MOJOTOrO
NopoIIKa U ¢()OPMOBAHHBIX M3 TOPOIIKA MOPUCTHIX OOBEKTOB, TaK M, UTO Oojiee
Ba)XHO, 00bEMOB UMEIOIUXCSA B HUX COBOKYITHOCTEH MOPOBBIX KaHAJIOB M 3aKpbl-
TBIX TOp. YUTEM TakKKe, UTO B Pe3yJIbTaTe pa3MoJiia U IPeccoBaHUS 00bEM TBEp-
N0 (hazbl HE MEHSETCsl, MOCKOJIbKY Macca OCTaeTCs MOCTOSHHOM, XOTS M3MEHS-
IOTCSl 00BbEMBI ITOPOBBIX KAHAJIOB U CYMMapHBIH 00beM. 3HaueHUsI 00HEMOB TIOPO-
BBIX KaHAJIOB, 3aKpPBITHIX MOp, TBEPAOH (a3bl U CyMMapHble 00bEMBI Kceporels,
HAaHOPa3MEPHOI'0 MOPOIIKAa MarHuN-aJIlOMUHUEBOM IIITUHEIN U MOPUCTHIX 00BEK-
TOB M3 MOPOIIKA IIMUHETN IpuBeAeHbI Ha puc. 2. [ITukHOMeTpruyeckas MmIOTHOCTh
MOPOIIKAa MarHUM-aTIOMUHUEBOM mmuHenu cocrasmwia 2.61 + 0.1 g/cm3. Kcepo-
rejb HE MMEET 3aKPbITOM MOPUCTOCTU. 3aKpbITasi MOPUCTOCTh MOPOIIKA MarHui-
TIOMUHHMEBOM 1muHenu pasHa 3.7 £+ 0.9%.

Kceporens ruapokcunoB Maruust u amomunus (puc. 2, KI') B 1 em’ cozaep-
sxut 0.188 cm’ TBepaoit dazel u 0.812 cm’ opoBoro npocrpancraa. [locnegnee
cocrout 13 0.771 em’ MOPOBBIX KaHAJIOB MEXKIY arperaTaMu BHYTpHU arjiomepa-
ToB 11 0.041 cm’ — MEX]y «IIEpBUYHBIMU YaCTUIIAMI» BHYTPH arperatoB. 3aKpbITas

Puc. 2. OO0peMBI TOPOBBIX KAHAJIOB, 3aKpbI-
TBIX TIOp W TBepAOH (a3bl HaHOpa3MEPHBIX
kceporenst ruapokcumoB (KI') marmus wu
ITIOMUHHMS, TIOPOLIKA MarHUEBO-aJIFOMUHHE-
Boil mmuuenu (I1I) m mopucToro o0BexTa
(ITO) n3 mopomka: I — 3akpeITeie OPEL; 11 —
KaHaJIbl MEXAY «IEPBUYHBIMH YacTULIAMU)
B arperarax; III — kaHanbl Mexay arperara-
MHU B arjioMmeparax; [V — KaHanbl MeXay ar-
nomepatamu; V — TBephas aza; VI — Bce
KaHAJIbl U 3aKpbIThle MOpbI; VII — cymmap-
HBI 00BeM (00BEeM TBepmOM ¢asbl, BceX
MIOPOBBIX KAHAIOB U 3aKPBITHIX HOP)
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MOPUCTOCTh OTCYTCTBYeT. Kceporenb mpenctaBiser coOoOd Mpo3padyHble W dac-
TAUYHO MaTOBBIC YEHIYWKHU [9]. DT maHHBIE MO3BOJISIIOT PACCUUTATh KAXKYIIYIOCS
IUIOTHOCTh M TOPUCTOCTh CTPYKTYPHBIX 3JIeMEHTOB Kceporens. C ydeTroMm ero
MUKHOMETPUYECKOM TUIOTHOCTH KaKyIIascs IUIOTHOCTh (g/cm3) «TEPBUYHBIX
YacTHI», arperaToB U YELIyeK COCTaBiIseT cooTBeTcTBeHHO 2.4, 1.97 u 0.45, a
nopuctoctsb (%) — 0, 17.9 u 81.2. Camyto HU3KYIO TUNIOTHOCTh U CaMyI0 BBICOKYIO
MOPUCTOCTh UMEIOT YETITYHKH.

[Tocne TepmMooOpabOTKH Kceporens M pa3Moyia CHHTE3MPOBAHHOM MarHuii-
IIOMUHUEBOW LIMMHEIN cCyMMapHblii 00beM noporka (puc. 2, I11II) coxparuiics B
2.2 pa3za (no 0.454 cm3). [Ipu aTOoM Tak e B 2.2 paza CHU3MWICA 00bEM U TIOPOBOTO
npoctpanctsa (10 0.371 cm3), u TBepaoi dassr (o 0.084 cm3). B pesynbrate pas-
MoJia cpOPMHUPOBANKCH MOPOBBIE KaHAIbl MEX]y ariiomMeparamu ¢ 00beMOM
0.135 cm’. O6bem IIOPOBBIX KaHAJIOB MEXAy arperataMu cokparwics B 4.1 pasza
(mo 0.187 cm3). OOBeM TOPOBBIX KAHAIOB MEXKIY «IIEPBUYHBIMU YaCTHULIAMK»
npakTryecku He m3menumics (0.032 cm3). IIpu 3TOM NOSABUINCH 3aKPBITHIE IIOPHI,
00beM KoTophix coctaBmi 0.017 enr’. C Y4ETOM JIaHHBIX [0 PEHTI€HOBCKOM IJIOT-
HOCTH [9] ¥ MTUKHOMETPUYECKOHN MIOTHOCTH MOPOIIKA IIMUHENN KaKyIIascs TIoT-
HOCTh (g/cm3) «TEePBUYHBIX YACTHI», arperaToB U arjioMepaToB COCTaBISIET COOT-
BeTcTBeHHO 2.98, 2.26 u 0.94, a mopucrocts (%) — 16.7, 36.8 u 73.8. Haumensiryio
IUIOTHOCTh U, COOTBETCTBEHHO, HAMOOJIBIIIYIO TOPUCTOCTH UMEIOT arjoMepaThl.

HacpiniHasg mioTHOCTh MOPOIIKAa MarHUH-aJIFOMAHUEBOW IIMHUHENN TOCHE MPOo-
MIUTKK BOJIOM M ee ucnapeHus cocrarisuia 0.66 + 0.01 g/cm3. Y4yuTeiBasg, 4TO Ha-
CBIITHAS TJIOTHOCTH MOPOIIIKA JI0 MPONUTKHU Bo1o# Obiia 0.45 + 0.01 g/cm3, OH UMeN
00beM, paBHbIli 0.668 cm3, T.e. 0bbeM ObuT Gombine Ha 0.668 cm® — 0.454 cm® =
—0.214 cm’. TTocre MPOMUTKY BOJOM U €€ UCTIAPEHHUS MOPOIIOK 3aHUMaJl MEHBIITUH
00bEeM 3a CUeT JIydllel YKIAJKU arjioMepaToB, T.e. 00beM MOPOBBIX KaHAIOB MEX-
Iy arjioMepaTamu 10 mponuTku coctasisut 0.135 em® +0.214 cm” = 0.349 cm3, a
00BeM mopoBoro mpocrpancTea — 0.371 em® +0.214 cm” = 0.585 cm’.

CymMapHbIii 00beM TOPUCTOrO 00BEKTa M3 MOPOIIKA MarHUH-aIFOMUHHUEBON
mmnuHenu (puc. 2, I10) mo cpaBHEHHIO C MOPOLIKOM cokpartuics B 2.1 pasa (1o
0.216 cm3). [Tpu sToM 3HaunTENbHO (B 2.8 pa3a) CHU3UICS 00bEM MOPOBOTO MPO-
crpanctBa (1o 0.132 cm3). O0beM TBepaol ¢asbl He m3MeHmICA. O0BEeM TOPOBBIX
KaHAJIOB MEXIY arjioMmepatamu cokpatwics B 2.7 paza (mo 0.050 cm3), MEXTY
arperatamu — B 4.06 paza (mo 0.046 cm3), a MEXIY «IEPBUYHBIMU YACTUIIAMI)
npaktudeckun He uaMmenmics (0.019 cm3). OO0BeM 3aKpBITBIX TOP COXPAHHIICS.
Kaxymiasicss TuIOTHOCTh IOPUCTOTO 00BEKTAa U3 HEMOJIOTOTO MOPOIITKA PaBHSIIACH
1.43 £ 0.02 g/CmS.TaKI/IM o0pa3oMm, B pe3ybTaTe MPEeCCOBaHUS CYMMAapHBIH 00b-
€M COKpPATUJICS 33 CUET yMEHbILIEHUsI 00beMa MOpoBOTro mpoctpanctsa. [Ipu sTom
HanOOJBIINI BKJIA/I B YMEHBIIICHHE TOPOBOTO MTPOCTPAHCTBA BHECIIO COKpAIIEHUE
o0BbeMa MOPOBBIX KAaHAIOB MEX]y arperaramu B ariomeparax. [lorpemHocTs us3-
MepeHUil 00beMOB TOPOBBIX KaHAJIOB, 3aKPBITHIX TIOP M TBEPAOH (a3bl COCTaBHIIA
0.005-0.01 cm’.
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Puc. 3. CxopocTs ucnapeHust BoJbsl U3 MOPO-
BBIX KaHAJOB B HAHOPa3MEpPHBIX KCeporele
THJIPOKCHIOB MarHusi U alFOMUHUS, TTOPOIITKE
MarHui-aIFOMAHUEBOW ITTHHETH U TOPUCTOM
00bekTe M3 mopommka. O003HAUCHHS TE Ke,
YTO U Ha puc. 2

3HaueHus: CKOpOCTel HCIAapeHUs] BOJBI U3 Pa3IUYHBIX COBOKYIHOCTEH MOpO-
BBIX KaHAJIOB ¢ 1 cm™ OTKPBITOM MOBEPXHOCTH JOTKOB, B KOTOPBIX HAXOIWINUCH
HABECKHM MPOMHUTAHHBIX BOJOW KCEPOTENsi, MOJIOTOIO HAaHOPA3MEPHOTO MOPOIIKa
MarHuii-aTIOMUHUEBON IIMHHETU U MOPUCTHIX OOBEKTOB U3 MOPOIIKA, MPEACTaB-
neHbl Ha puc. 3. CKOPOCTH MCTIapEHHUsT BOJIBI 3 TIOPOBBIX KaHAJIOB MEXIY arpera-
TaMU U MEXIy «HIEPBUYHBIMHM YaCTULAMU» y KCEpOreisl W MOPOIIKa MarHui-
QTIOMAHUEBOW HINMAHENN MPAKTUYECKH PABHBI M COCTABISIOT COOTBETCTBEHHO (B
g/(cmz-h)) 0.021 u 0.00067, 0.026 u 0.00058. ¥ mopoIka MarHui-aTFOMIHHCBON
HIMMUHETN CKOPOCTh MCIIAPEHUS BOJBI U3 MOPOBBIX KaHATIOB MEXKIY arioMepaTraMu
cocrasiser 0.032 g/(cmz-h). [Tocne nmpeccoBanust 17151 HTOPUCTHIX OOBEKTOB U3 I10-
pOIIIKa CKOPOCTh MCIapeHHs] BOJBI U3 MOPOBBIX KaHAJIOB MEXIY ariioMepaTaMu
3HAUYUTETHbHO cHU3MIAch (10 0.011 g/(cmz'h)), 13 TIOPOBBIX KaHAJIOB MEX]Iy arpe-
ratamu Taxke cHuzmiack (1o 0.0073 g/(cmz‘h)), a M3 TIOPOBBIX KaHAJIOB MEXKIY
«TEepBUYHBIMU YacTULIaMU» — moBbicuiack (1o 0.0019 g/(cmz-h)). [TorpemHocTh
U3MEPEHUIl CKOPOCTH HWCIApEeHUs BOABI M3 TMOPOBBIX KaHAJIOB COCTaBIISLIA
+0.00005 g/(cm™h). CkopocTu ncniapeHHs BOJbI U3 MOPOBBIX KaHAJIOB MEXIy ar-
JoMepaTaMH U MEXAy arperaraMy B arjioMeparax B MOPHUCTHIX OOBEKTax U3 IMo-
pOIIKa MO0 CPAaBHEHHIO C TAKOBBIMH JIJISl TOPOIIKOB TIOHM)KAIOTCSI COOTBETCTBEHHO
B 2.9 1 3.65 paza 3a cueT 3HaYUTENLHOTO YMEHBIIIECHUS MOTEPEYHBIX CEUCHUH MO-
POBBIX KaHAJIOB, BBI3BAHHOTO pa3pylICHWEM OOJBIICH YacTH arjioMepaToB IpH
MIPECCOBAHUH.

[TpomomKUTETPHOCTH HCTIAPEHUS BOBI U3 MOPOBBIX KaHAJIOB TIOPOIIKOB H TIO-
PHUCTBIX 00BEKTOB, HOPMHPOBAHHBIC HA TONIIUHY CIIOS MOPOIIKA B JTOTKE WU TO-
pucToro oOBeKTa, MPUBEIACHBI B Tabnume. Y Kceporess, MOpOIIKa M MOPUCTHIX
00BEKTOB M3 MOPOIIKa HOPMHUPOBAHHBIE MPOJIODKUTEIILHOCTH HUCIIAPEHHS BOJBI
YBEIIMYHUBAIOTCS B PSAAY MOPOBBIX KAHAJIOB MEXKIY ariioMepaTraMu, MeXIy arpera-
TaMU U MEX]y «IEePBUYHBIMU YaCTUIIAMU». JTO yKa3bIBAET HA TO, YTO B JIAHHOM
Py AMaMeTphl KaHAJOB YMEHbIIAIOTCS. HopMupoBaHHBIE TIPOIOIIKUTEIHHOCTH
UCTIapeHUs] BOJBI M3 MOPOBBIX KAHAIOB MEX]y arperaTaMu M MEXIy «IepBUY-
HbIMHM YacTULAMU» Yy TOpOIIKAa MarHUW-aJlOMUHHMEBOM mmuHenu B 1.5-2 paza
MEHBIIIE, YeM Yy Kceporeys THAPOKCUI0B. [IpomomKuTenbHOCTH HCHapeHUus
BOJIBI U3 TIOPOBBIX KaHAJIOB MEX/IY ariioMepaTaMu, MeX]y arperataMu U Mexay

38



®du3nKa 1 TEXHHKA BbICOKHX aaBjenuii 2010, Tom 20, Ne 1

Tabnuua
HpOl]OJ'DKP[TeJ'[I)HOCTb ucnapeHvsi BOAbI U3 NMOPOBLIX KAHAJI0B, HOpMHUPOBAHHAasI HAa
TOJIIHHY CJI0HA KCeporejd rifipoKCUA0B MAarnus 1 aJloOMUHUSA, MTOPOIIKa MarHui-
AJTIOMUHUEBON IIMIMHEIN U CIPECCOBAHHOIO MOPUCTOr0 00HEKTA U3 3TOT0 MOPOLIKA

HpOI[OJI)KI/ITeJII)HOCTI) chapeHmI BOI[LI, HOpMI/IpOBaHHaSI Ha TOJI-
Marepuan UIUHY 7, h/cm
MCHQ[}’ <<HepBI/I‘{HBIMI/I
Me>1<,z[y aFJIOMepaTaMI/I Memz[y aneFaTaMI/I JACTULAMIY

KL - 22.6 41.2
[T 9.1 14.5 275
110 10.9 17.0 279
Al‘rt/tn +3.5 +3.0 +4.0

Ilpumeuanue. At,/t, — OTHOCUTENbHAsl MOTPEHIHOCTb HOPMHUPOBAHHON NpoO-
JOJKUTENBHOCTH, Y.

1

44 (IIECPBHUYHBIMH HaCTULaMW» B IMOPUCTBIX 00BeK-

Tax yBEIWYUIUCH MO CPAaBHEHUIO C TaKOBBIMU
AJIS OTUX MMOPOLIKOB.

X . OnHOI M3 BaXKHBIX XapaKTEPUCTUK MOPOIIKOB,
O_@ OTIPEACTSAIONUX UX MPAKTHYECKOE HCIMOJIb30Ba-
HUe, SIBJISIETCS yIUloTHsieMocTh. Ha puc. 4 npuse-

38 .
JIeHa 3aBUCHUMOCTb OTHOCHUTEJIBHOW IUIOTHOCTHU
36 MOPUCTBIX OOBEKTOB U3 IOPOLIKA MAarHWi-
30 100 300 QJIIOMUHUEBOM INMHHEIN OT JABJIEHHUS OCEBOIO

P, MPa xoJonHoro mnpeccoBanus. C yBeIHMYEHUEM J1aB-

JeHusi npeccoBanus ot 64 no 256 MPa otHOocuH-
Puc. 4. 3aBUCHUMOCTH Kaxy-

meifcs mioTHocTH mopucterx  TS/IPHAA IUIOTHOCTb  BO3PACTAET  OT 369 no

0BBEKTOB U3 MOPOIIKA MArHHii- 43.2%. 3aBUCUMOCTh JOCTATOYHO XOPOIIO OMH-

AMOMHHMEBOH mmumenn or ChIBACTCs ypaBHeHueM [12]:

ABJICHUSI [TPECCOBAHUSI -
A P Prel = mInP + po, (1)

TJI€ Pre] — OTHOCUTENBbHAS IJIOTHOCTD, %; P — 1aBlieHHe 0CEBOr0 XOJIOJHOTO Ipec-
coBanusi, MPa; m u py — koHCcTaHThI, paBHbIE 4.6 1 17.6% COOTBETCTBEHHO.

[Ipu yBenmuueHun maBiieHHs mpeccoBaHus oT 64 1o 256 MPa o6miast u oTKpbI-
Tas MOPUCTOCTH TOPUCTHIX OOBEKTOB W3 MOPOIIKA MArHUH-aIFOMHHHEBOW IITTHU-
HEJIM MOHMKAIOTCSA COOTBETCTBEHHO OT 63.1 1o 56.8% u ot 50.6 mo 44.6%. 3a-
KpbITasl MOPUCTOCTh MPAKTHUUECKU HE M3MeHseTcst U coctaBuseT 11.9 + 2.1%. C
MOBBIIICHUEM JIaBJICHUS YBETUUUBACTCA KPUTEPUN pa3pyLIeHHsI arJioMepaToB Ipu
IPECCOBAHUU JUISI TOPUCTHIX 00BEKTOB OT 67 110 88%.

Oo0cyxnenne

Mopdosorust moporika MarHui-aJFOMAHUEBON IIMMUHETN ObLIa UCCIIEIOBaHA Ha-
MU paHee METOJOM IPOCBEUMBAIOIIEH 3JIEKTPOHHOM MUKpockomuu [9]. OcHoBHast
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YacTh MOPOILIKA IMpeACTaBiIeHa OONBIIMMH arjoMepaTamu chepuueckoil Gopmsl ¢
pazmepamu 1.2—2 um ¥ pa3BUTON BHEIIHEH MOBEPXHOCTHIO. MeHbIIas 4acTh mMare-
puajia npecTaBieHa arioMeparaMu cpeqHux pasmepon 300—700 nm Kak 3UIMICOU-
JAJIbHOW, TaK ¥ HeNpaBUWIbHOM (hopMbl. AriomepaTsl COCTOSAT U3 arperaTos ¢ pas-
mepamu 100-150 nm, oOpa3oBaHHBIX «IIEPBUYHBIMU YACTHLIAMU» HEMPaBUILHON
dbopmel ¢ pazmepamu 30—60 nm. CpeaHuii pa3mep 00JacTel KOTepEeHTHOTO paccesi-
HUSI, pACCUMTaHHBIN 110 HIMPUHE PEHTI€HOBCKUX JIMHUNA Ha MX IMOJYBBICOTE, PaBEH
4 £ 1 nm. /IlnameTpbl NOPOBBIX KaHAIOB MEXKIY arjaomeparamu paBHbl 400—-660 nm,
MeXy arperatamu — 35—50 nm u Mexay nepBuuHbIMH yactuamu — 10-20 nm.

OO0beM TOPOBBIX KaHAJIOB MEXIy arjioMeparaMd IOpOIIKa MarHHii-
ATIOMUHHMEBOM IMUHENH 0 MPONMUTKHA BOoaoM coctaBisu 0.349 cm’ pu cymMMap-
HOM oO0beme 0.668 cms, a 00beM ariomMepaToB ObLT PaBEH Pa3HOCTH CYMMapHOTO
o0beMa U 00beMa MOPOBBIX KAHAJTOB MEXIY ariomepartamu, T.e. 0.668 cm’ —
~0.349 cm® = 0.319 cm3, yto cocTaBisgeT 47.8% cymmapHoro oobema. O6bem
NOPOBBIX KaHAJIOB MEXAY arjoMepaTamMH MOpPOIIKa MarHUi-aIlOMHHUEBOM IIIH-
HEJH, MPOMUTAHHOTO BoAoMu, cocTaBmi 0.135 cm’ (cM. puc. 2), a 00beM ariomepa-
TOB octascs npexxaum (0.319 cm3) u coctapisieT 70.3% cymmapHOTro oobema.

N3BeCTHO, YTO COBOKYIHOCTb I'PaHyJ C 3aMETHON HEeC(hepUUHOCTHIO OJHOTO U
JIBYX Y3KHX MHTEPBAJIOB TUAMETPOB (OAHO- U ABYX(PPAKLIMOHHBIE CUCTEMBI) IpU
UX IUIOTHOW YKJIaJIKe 3aHUMAET COOTBETCTBEHHO 62—64 u 85% cymmapHOro o0b-
ema [13]. Hcxoms wu3 3TOro, MOXHO CUYUTaTh, YTO TIOPOLIOK MAarHUM-
QIIOMUHUEBON HIMHUHENN IPEICTABIAET COOOM, KaK MUHUMYM, ABYX(paKIHOH-
HYIO CHUCTeMy: mepBasi (pakius — ariaomMepaTsl, BTOpas U MOCIEIyIOIUe — UX
dbparMeHThl. YUUThIBas, 4TO 00BEM arjioMepaToB M WX (PparMeHTOB IOCIE TMPO-
MUTKHU TOpoIIKa BoJoi coctasisieT 70.3%, MOXKHO YTBEp>KIaTh, YTO J10Js1 BTOPOU
dbpakuun (pparMeHTOB arjJoMepaToB) HE ONTHUMAJIbHA, a (opma ganeka oT cde-
puueckoil. lons ¢parmentoB ariaomepatoB coctasisier 70.3% — 63% = 7.3%.
ArnoMepathl HeNpaBUIBHON (DOPMBI MOTY4EHBI IPH Pa3pyLICHUN LENbIX arjioMe-
paToB BO BpeMs pa3MoJia MOpOIIKa.

Heo6xonumMo OTMETUTb, YTO B Pe3yJIbTaTe TEPMHUUECKOTO PA3JIOKEHHS KCEpo-
refisi TUAPOKCUIIOB, CHHTE3a MarHuil-aJIOMHHHAEBON IIITUHENTH U €€ pa3Moiia CyM-
MapHbIii 00beM nopotka (puc. 2, KI' u I1I), o6bem TBepaoii ha3sl 1 00beM T0-
POBOTO MPOCTPAHCTBA COKPATUIIUCH B 2.2 pa3a, a 00beM MOPOBBIX KAHATIOB MEKIY
arperaTaMM yMeHbIIMJICS B 4.1 pa3a pu MpakTUYECKH HE U3MEHMBIIEMCS 00beMe
MOPOBBIX KAaHAJIOB MEXIY «IEPBUYHBIMH YaCTHLAMU» U C(HOPMHUPOBABIIUMUCS
3aKpBITBIMU TIOPAMH.

B pesynbraTe mpeccoBaHus MOPOIIKa 0OEM MOPOBBIX KaHAJIOB MEXKIy arjioMe-
patamy 3HauuTeNIbHO MOHMU3WICS (cM. puc. 2, I10) u coctasui 0.050 cm’/0.216 cm’ =
= 0.231, 1.e. 23.1% cymmapHoro odbeMa. A 00beM ariomepaToB M UX (parMeH-
TOB B HopucToM o0bekTe paBeH 100% — 23.1% = 76.9%. Ucxons u3 3Toro BUIHO,
YTO MOPUCTBIE OOBEKTHI, TAK K€ KaK M MOPOIIOK, MPEICTABIAIOT cO00H, Kak MH-
HUMYM, IBYX(paKIMOHHbIe cucTeMbl. OHAKO A0 (PparMeHTOB ariioMepaToB Te-
nepsb cyuecTBeHHO 6osblie (76.9% — 63% = 13.9%), uem y nopomika.
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OO0beM NOpOBBIX KAaHAJIOB MEXJy arperaraMu B arjiomMeparax B pe3yJbTare
IIPECCOBAHUS MOPOIIKA CyIIecTBeHHO cHu3mics (cm. puc. 2, [T u I10) u cocra-
Bt 0.046 cm’/0.187 cm® = 0.246, T.e. 24.6% o1 oObeMa arperatoB B MOPOIIIKE.
OO0beM MOpPOBBIX KaHAJIOB MEX]Y arperaramu B arjioMeparax COKpaTwics Ha
75.8% (mpaktuuecku B 4 paza). Kpurepuil crerneHnu paspylieHHsl arjioMepaToB
IpU IPECCOBAaHUM, BBEJIEHHbII HaMu B pabote [14] xak BelMYMHA OTHOILEHHS
pa3HOCTH 00BEMOB MOPOBBIX KaHAJIOB MEXIY arperaraMmu B arjiomMeparax B IO-
pucTOM OOBEKTE U B MOPOILIKE K TAKOBOMY O0BEMY B MOPOIIKE, JUIs MOPOIIKA
MarHuii-aaroMuHreBo mmuHenu paBeH 0.758. Takum oOpazom, 75.8% armome-
paToB MOPOILKA PA3pyILIECHBI B pe3yJIbTaTe MPECCOBAHUS.

CkopocTtu ucnapeHus BoJbl B IOPOBBIX KaHAJIAaX MEXJy arperaraMu B arjoMe-
patax U MEeXIy «IEepBUYHBIMU YAaCTHUIIAMU» B arperarax B Kceporeie ruapoKCH-
JIOB U B MOPOILIKE MarHui-aaroMuHueBoi mmnunenu (cMm. puc. 3, KI' u T111I) ume-
IOT paBHbIC 3HAYEHHUS. DTO CBUAETENBCTBYET O TOM, UTO CEUYEHUSI COOTBETCTBYIO-
IIMX [MOPOBBIX KaHAJIOB JaHHBIX MaTepUaloB paBHbl. Eciu 00beM Mmopomika mmnm-
Henu B 2.2 pa3a MEHbLIe, YeM KCeporess FMIPOKCUIO0B, TO Pa3Mep B3STOr0 HaMH
1 em’ Kceporens yMmeHnblumwica B 1.3 paza, a minomans ero rpanu — B 1.69 pasa.
3Hasl, 4TO MPHU CUHTE3€ IUMUHEIN 00BEM MOPOBBIX KaHAIOB MEX]y arperaTaMy B
arjaoMeparax moHusmwics B 4.1 pa3a, Moay4yuM, 4TO IPU YBEIMYCHUH KOJIUYECTBA
MOPOBBIX KaHAJIOB B CEYEHUHU | cm™ CpeJHMI AuaMeTp MOPOBBIX KaHAJIOB MEXKITY
arperaTaMi B arjomMepaTax MOpOIIKa IIMUHEN! cTal B (4.1/ 1.69)1/3
MEHBbIIE, YEM y KCEeporels.

3Ha4YeHUs1 CKOPOCTEH MCIapeHHs BOJBI B MOPOBBIX KaHAIAX MEXIy arjoMepa-

==1.34 paza

TaMU B TIOPUCTHIX 00BbeKTaxX (cM. puc. 3) coctaBisroT 0.011 g/(cmz-h), 410 B 2.86
pasa MeHbIlIe, YeM MEXIY arjoMepaTamMH B MOPOLIKE. DTO MOATBEPKIAAET COKpa-
nieHre oObeMa MOPOBBIX KAHAIOB MEXy arjoMepaTaMu. ¥ MEHBIIICHHE CKOPOCTH
UCIIapeHusl BOJbl B MOPOBBIX KaHajdaX MEXAY arperaTamM B arjiomeparax Ipu
MIPECCOBAHUU TMOATBEPKAACT Pa3pyLICHHE YaCTH arJIOMEPaTOB MOPOIIKA.
[TockonbKy B pe3yJjbTaTe MpecCcOBaHUS YacTh arjloMepaToB He Oblia paspylie-
Ha, TUAMETPHI MOPOBBIX KAHAJIOB MEXAY arperaraMy B YIENEBIINX ariioMepaTrax
OCTaJINCh MPEKHUMHU, © HOPMUPOBAHHbBIE MPOJOKUTEILHOCTH UCTIAPEHUS BOJIBI
U3 HUX HE JOJDKHBI M3MEHHThCS. OHAKO M3 aHauu3a JaHHBIX TAaOJIHIIBI BHUJIHO,
YTO OTHOIIEHHUE HOPMHUPOBAHHBIX MPOAOHKUTEILHOCTEN HCIIapeHHsl BOABI U3 T10-
POBBIX KaHAJIOB MEXKIY ariioMepaTaMu, MKy arperaraMu B arjioMeparax ¥ Me-
KAy «IEPBUYHBIMHM YaCTUIAMU» B arperatrax MOpPUCTHIX OOBEKTOB K COOTBETCT-
BYIOLIMM 3HAYEHUSAM JUIsl HOPOLIKOB paBHO 1.17-1.24 (B cpegnem — 1.2). D10 BBI-
3BaHO M3MEHEHUSIMHU YCIIOBUH HCHAapeHUsl BOJAbI U3 MOPOBBIX KAHAJIOB MOPHUCTHIX
O00BEKTOB MO CPAaBHEHHUIO C TOPOIIKOM, MPUYMHON YEro MOCTYyKWJa pa3iudHast
TEIUIONPOBOAHOCTh MOPUCTHIX 0OBEKTOB M MOPOIIKA M3-32 U3MEHHUBIIETOCS] COOT-
HOIIIEHUSI 00BbEMa MOPOBOTO MPOCTPAHCTBA K 00beMy TBepaoil (aswl. [Toaromy
JUIsL KOPPEKTHOTO CPAaBHEHUSI HOPMUPOBAHHBIX MPOJIOJKUTENBHOCTEH HCTIapeHUsI
BOJIBI IS TIOPHCTHIX OOBEKTOB C TAKOBBIMHU JIsI TIOPOIIKA TEPBbIE HEOOXOIMMO
pazgenuth Ha 1.2. FIX 3HaY€HUs] C TOUHOCThIO M3MEPEHUIM COBNAJAIOT HE TOJIBKO
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JUIsl TIOPOBBIX KAaHAJIOB MEXy arjoMepaTaMy, MeXJly arperaraMu B arjiomeparax,
HO U JJI IOPOBBIX KAHAJIOB MEXKIY «IIEPBUYHBIMHU YaCTULIAMU» B arperarax. JTo
CBUJIETEJICTBYET O TOM, UTO AMAaMETphbl HauboJee Y3KUX CeYeHUH B MOPOBBIX Ka-
HaJIax MOPUCTHIX OOBEKTOB U COOTBETCTBYIOLINX KaHAJIOB IOPOIIKA B pe3yjbTaTe
IIPECCOBAHUS NIPAKTUYECKHA HE U3MEHUIINC.

W3 npuBeneHHBIX PACCYKAECHUHN CIENYET, YTO B HaYaJIBHBI MOMEHT IPECCO-
BaHUs OOBEM arjioMepaTroB IOPOIIKA MarHui-aJlOMHHHEBOM LIMMHENIM U HX
¢parmenToB yBenuuuBaetrcs ot 47.8 no 70.3%. Ilpoucxoaur mioTHas yKiajaka
arJoMepaToB M UX (ParMEeHTOB 0 MAaKCUMAaJIbHOT'O YHUCIIA KOHTAKTOB YIS OIHU-
CaHHOH BBIIIE HEONTUMAIBbHOM NBYX(pakiuoHHON cucTeMbl. B mocnemyromuii
MOMEHT IPECCOBAHUS MIPOUCXOIUT pa3pylLIeHHE CYIIECTBEHHON YacTH arjioMepa-
ToB. [Ipu 3TOM IUamMETphl y3KUX CEYEHHMI MOPOBBIX KaHAJIOB MEX]y arjiomepara-
MU IpakTHUecKu He u3MeHstoTcs. CokpaileHue o0bemMa MOpPOBBIX KaHAJIOB IPO-
UCXOAUT NMPAKTUYECKH MOJHOCTHIO 32 CUET yMEHbILEHUS 00beMa U COOTBETCT-
BEHHO JIMAaMETPOB MX LIMPOKHX CEYEHHUH. DTO yMEHbIleHUEe oOecrieunBaeTcs 3a
CYET 3alOoJIHEHUs 4YacTU 00beMa IIUPOKUX CEUYEHUI MOPOBBIX KaHAJIOB (parMeH-
TaMU pa3pyIIUBIINXCS arJIOMEPaToB. /[naMeTpbl MOPOBBIX KAHAJIOB MEXIY arpe-
raTaMM B YLEJIEBUIMX arjoMepaTax U MEXAy «IIEpBUYHBIMU YacTULAMW» B arpe-
raTax He M3MEHSAIOTCS, T.€. Pa3pyLICHHE arperaroB IpU MPECCOBAHUM IMOPOIIKA
MarHui-aTlOMUHUEBON HIMTMHEIN IPAKTUYECKN HE TIPOMCXOIHNT.

CpenHuii 1uaMeTp MOPOBBIX KaHAJIOB MEXIYy arjoMepaTamMH IOpOIIKa Mmar-
HUI-aJIIOMUHNEBON 1nuHenu paBeH 530 nm. bin3kue 3HaueHHs TUaMETPOB IO-
POBBIX KaHajoB Mexnay arigoMmepatamu (600 nm) uMeeT MOPOLIOK MarHWi-
QITIOMAHUEBOW IITUHENH, MOJYyYeHHbIH aBTopamu [1] KOMOMHHUpOBAaHHEM METO-
JIOB 30J1b-T€JIb 1 COBMECTHOT'O OCaKICHUSI.

B pabotax [2,3] nmopucTbie 00BEKTbI, U3TOTOBJIEHHBIE U3 HAHOPAa3MEPHBIX IO-
POILIKOB MAarHUM-aJIFOMHHHAEBOM LIMMHEIN METOIOM H30CTaTHYECKOTO MPECCOBA-
Hus npu aasieHuu 200 MPa, nmenn oTHOCUTENBHYIO INIOTHOCTH 42%. [Toponiku
II0JTy4aay METOJOM COBMECTHOTO OCaXKIEHUS TMAPOKCUIOM aMMOHUS U3 a30THO-
KHCJIBIX PACTBOPOB € MOCIEAYIOIMM cuHTe30M Ipu TemmepaTtype 900°C. OtHo-
CUTEJbHAS MJIOTHOCTh HOPUCTHIX O0BEKTOB, CIIPECCOBAHHBIX M3 HAILIEro MOPOLIKa
METOJIOM OCEBOI0 IPECCOBAHMsI IIPU TaKOM K€ BEJIMYMHE JIABICHUS, UMENA IPaK-
TUYECKH Te ke 3HaueHus (41.7%).

M3BeCTHO, UTO pPAacCMOTPEHHE NPECCOBAHMS arjJOMEPUPOBAHHBIX IOPOIIKOB
IIpY KOMHAaTHOM TEMIIEpaType B UACAIBHOM CiIy4yae IO3BOJISIET BBIIEIUTH TPU
cTraauu mnpoiecca: | — neperpynnupoBKa U NpoCKadb3bIBaHUE arjioMeparos, II —
paspymenue arjgomeparoB u Il — meperpynmupoBka arperatoB [15]. OgHako B
OOJIBIIMHCTBE CIIy4YaeB HE BCE CTA UM yJaeTcsl HAOII0AaTh B 3KCIIEPUMEHTAIbHBIX
UCCIIENOBaHMAX. Tak, NP W3y4YCHHH IOPOLIKOB OKCUAA LMPKOHHUSA aBTOPAMH
[7,16,17] skcnepuMEHTaIBLHO MOJATBEPKACHA CTaAMS EPErPYNIUPOBKU, & UCCTIEe-
nosarensimu [7,8,16,18] — cranus pazpylieHus araoMepaToB.

IIpy m3ydyeHHMH 3BONIOLMHM CTPYKTYpPHOM OpraHW3allMyd HaHOPa3MEpPHOrO IIO-
poOIIKa OKCHJIa LIUPKOHUS MPH pa3MoJie M IMPEeCCOBaHUM paHee B Hameil pabore
[15] Habmroganuchk ABe craawu: 1) meperpynmupoBKa W MPOCKAIb3BIBaHUE,
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2) paspy1ieHue ariiomeparoB. B qanHoi paboTe cTaaus neperpyniniupoBKH U TIPO-
CKaJIb3bIBAHHW arjioMepaToB B IOPOMIKE MarHUU-aJIlOMAHUEBON IIITHHEIN Impouc-
XO04UuT B HavaJIbHBIA MOMEHT MMpeCCoOBaHUA N0 O6€CH€‘I€HI/IH MAaKCHUMAJIbHOI'O YHC-
Ja KOHTAaKTOB MEXJy arjoMmepaTamu U ux ¢parmeHtamu. CTanus paspyLIeHHs
arJoMepaToB HACTYNAeT B TMOCIEAYIOUINA MOMEHT MPECCOBAHMS MOPUCTOTO 00B-
€KTa U PErUCTPUPYETCS MO COKPAIICHUIO 00beMa MOPOBLIX KAaHAIIOB MEXKIY arpe-
raTamH B arjiomMeparax.

BoiBOABI

HccnenoBaHa 3BOIIONMS CTPYKTYPHOM OpraHU3aluy B psily MaTepHaioB: KCe-
porenb TUAPOKCUIOB MarHusl M aJllOMHUHHS — CHUHTE3UPOBAHHBIA HAaHOpa3Mep-
HBIH TIOPOIIOK MAarHUi-aJlOMUHUEBON LINUHENIN — MOPUCTHIM 00BEKT, MOITyUYeH-
HBII NIPECCOBaHMEM IMOPOIIKA, C UCIIOIb30BAHUEM METOAMKH OIpe/ieeHus] 00be-
Ma ITOPOBBIX KAHAJIOB MO YAAJICHHUIO BOJBI IIPU €€ UCIIAPEHUH.

[TokazaHo, 4YTO pa3sMoOa Kceporeias M MOCIAEAYIOIUA CHUHTE3 MarHui-
QIIOMUHUEBOHN IINMUHENN MpUBET K (OPMHUPOBAHUIO arjioMeparoB. B pesynbraTe
pa3MoJia ¥ MpecCOBaHUs MOPOLIKA MarHUH-aJIFOMUHAEBON HIMTUHENIN TPOUCXOIUT
paspylleHHe YacTH arjioMepaToB U pa3MeElLIeHUE UX (PparMEHTOB MEXKIY LEJIbIMU
arnomeparamu. OO0beM MOPOBBIX KaHAJIOB MEXIy arjiomMepaTaMd B MOPHCTOM
o0BekTe cHu3miIcsa Ha 63% (B 2.7 pa3a) O CpaBHEHHIO ¢ 0O0bEMOM aHAJOTUYHBIX
MOPOBBIX KAHAJIOB B MOPOIIKE, a 00bEM MOPOBBIX KAHAJIOB MEXJy arperaraMmu B
arjaoMeparax ymeHbluics Ha 75.2% (B 4 pasa). [Ipu 3ToM 00beM OPOBBIX KaHa-
JIOB MEXIY «IIEPBUYHBIMU YaCTULIAMI» B arperarax CylIeCTBEHHO HE U3MEHWICS, a
ATO 3HAYUT, YTO Pa3pyLICHUE arperaToB MPaKTHUECKU HE IPOUCXOIUT.

B pesynbraTe npeccoBaHus MOPOIIKA MArHUM-aJIFOMUHUEBOW ILIMHUHEIU CyM-
MapHbIIl 00bEeM COKpalaeTcs MPaKTHUECKU TOJIBKO 32 CYET YMEHbIIEHUSI 00beMa
MOPOBBIX KaHAJIOB MEXKIY arjioMepaTaMu, T.€. YMEHBIICHUS IUaMeTPOB UX IIMPO-
KHUX cedeHu. OTHaKO IuaMeTphl UX y3KUX CEYEHHUM NMPAKTUYECKU HE U3MEHSIOT-
cs. I[Ipu 3ToM pparMeHThl pa3pymIMBIINXCS arjlOMEPaTOB 3aMOJIHIIOT YacTh 00b-
eMa IIMPOKUX CEYEHUH MOPOBBIX KAHAIOB MEX/y arjoMepaTamH.

YIIOTHSIEMOCTD MOJYYEHHOTO MOPOIIKAa MarHUM-ATFOMUHUEBOW [IITHUHEIH CO-
MOCTaBUMa C pe3ysibTaTaMu 3apyOeKHbIX creruanuctoB. C yBelnyeHUEM JaBJie-
Hus npeccoBaHus oT 64 1o 256 MPa oTHocuTeNnbHAs MJIOTHOCTh MOPUCTHIX 00B-
€KTOB M KPUTEPHUIl pa3pyllIeHUs arjloMepaToB MpU IPECCOBAHUHU BO3PACTAIOT CO-
OTBETCTBEHHO OT 36.9 110 43.2% u ot 0.67 1o 0.88%, a 001mIast 1 OTKpHITast TOPUC-
TOCTH MOHMKAIOTCA COOTBETCTBEHHO OT 63.1 10 56.8% u ot 50.6 no 44.6%. 3a-
KpbITasi IOPUCTOCTh HE U3MeHseTcs U coctasisgeT 11.9 + 2.1%.

VY CTaHOBIEHO, YTO IIPU IMPECCOBAHUM arJIOMEPUPOBAHHOIO MOPOIIKA MAarHUMN-
QIIOMUHHEBOW IIIMUHENIN OTMEYaroTCs JBE CTaAuM: 1) MmeperpynnupoBKa U Mpo-
CKaJIb3bIBaHHE arJIOMEPATOB U 2) pa3pylLIeHHE arjoMmepaToB. TperTebs cranus (me-
perpynmnupoBKa arperatoB) He HaOJIO/aeTCsl, TaK KaK pa3pyllieHHe arperartoB He
MPOUCXOUT.
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C.B. I'abenkos, P.B. Tapacos, A.I'. Muponosa, M.O. Ooetiuyk

EBOMOLIA CTPYKTYPHOI OPIAHI3ALIT HAHOPO3MIPHOIO
MOPOLLKY MATMHIN-ANTFOMIHIEBOI LLMIHENI MPY PO3ME
TA TIPECYBAHHI

JlocImimKEeHO €BOJIIONII0 CTPYKTYpPHOI oOpramizamii B psay MarepiamiB: KCeporeib
TiIPOKCUJIIB MarHir0 Ta aNIOMIHII0O — HAHOPO3MIPHHU ITOPOIIOK MarHii-aaroMiHi€BOT
HIMiHeNi — TOPUCTHH 00’ €KT, oJlepKaHuil mpecyBaHHsAM nopouiky. [Ipu po3meni Ta mpe-
CyBaHHI TIOPOIIKY INIiHEN BiAOyBaeTbcs pyiiHyBaHHS 75.8% arimomepariB. O0’em mopo-
BUX KaHaIIB MK arfioMepaTaMy y MOPUCTOMY 00’ €KTI CKOPOTHUBCS y 2.7 pa3u, a MiXk ar-
peratamu B arnomepatax — y 4 pasu. O0’eM MOpOBUX KaHAIB MK «IEPBUHHAMH YacT-
KaMH» B arperatax CyTT€BO HE€ 3MIHMBCS, PYWHYBaHHS arperaTiB NPakTHYHO HE
BiOyBa€eThcsl. B pe3ybTaTi mpecyBaHHS MOPOINKY 3MEHIICHHS CyMapHOTo 00’eMy TIpo-
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XOJIUTH TMOBHICTIO 32 paxXyHOK CKOPOYCHHS 00’ €My MTOPOBUX KaHAJIB MK arjiloMepaTaMu,
TOOTO 3MEHIIICHHS JiaMeTpiB iX MUPOKUX repeTHHiB. OHaK AiaMeTpH iX BY3bKHX Iepe-
TUHIB He 3MiHIOOThECS. [Ipu oMy QparMeHTH 3pyHHOBaHUX arjioMepaTiB 3alOBHIOIOTH
yacTHHY 00’€My IIUPOKUX TEPETHHIB MOPOBUX KaHAJIB MiXk ariomepartamiu. [lpu mpecy-
BaHHI TOPOINKY IIMIIHEI PEECTPYEThCS NBiI cTamii: 1) meperpyIyBaHHS W TpOCTH3aHHS
arjioMepariB Ta 2) pyHHyBaHHS arjoMepariB.

KarodoBi cioBa: ariomepar, arperat, TiIpOKCHIM MarHil0 Ta aJiOMiHiIO, MarHii-
aJIOMiHI€BA TIIHENb, HAHOPO3MIPHHUN KCEPOTEeNh, IIOPOIIOK, TTOPOBI KaHAIH, «IIEPBUHHI
YacTKW, IPECYBaHHS, pO3MeJl, CIIPECOBAHUN TTOPUCTHI 00'€KT, CTPYKTYpHA OpTaHi3allis

S.V. Gabelkov, R.V. Tarasov, A.G. Mironova, M.A. Odeychuk

STRUCTURAL ORGANIZATION EVOLUTION OF NANOSIZE
MAGNESIUM-ALUMINATE SPINEL POWDER AT MILLING
AND COMPACTION

Evolution of structural organization in series of materials: xerogel of magnesium and
aluminium hydroxides — nanosized powder of magnesium-aluminate spinel — porous
objects, which were produced by compaction of spinel powder, has been investigated.
Milling and compaction of spinel powder results in destruction of 75.8% agglomerates.
There was a 2.7 times decrease in the volume of pore channels between agglomerates in
porous object, and a 4 times decrease between aggregates in agglomerates. Volume of
pore channels between «initial particles» in aggregates didn’t considerably change; de-
struction of aggregates was practically absent. At powder compaction the total volume
decreased through decrease of volume of pore channels between agglomerates, i.e. the
decrease of diameters of their broad cross-sections. However, diameters of narrow cross-
sections didn’t change. Thus, fragments of destroyed agglomerates fill a part of volume
of broad cross-sections of pore channels between agglomerates. Compaction of powder of
magnesium-aluminate spinel has two stages: 1) reconfiguration and slipping of agglomer-
ates and 2) destruction of agglomerates.

Keywords: agglomerate, aggregate, magnesium and aluminium hydroxide, magnesium-
aluminate spinel, nanosize xerogel, powder, pore channels, «initial particles», compac-
tion, milling, pressed porous object, structural organisation

Fig. 1. Dependence of mass of system «porous object from magnesium-aluminate spinel
powder—water» on drying time at temperature 35 + 3°C; mg — initial mass of the system;
(mog — my), (m — my) and (my — m3) — differences of masses numerically equal to magni-
tude of volumes of pore channels between agglomerates, between aggregates and be-
tween ‘initial particles’; I, II, III and IV — the first, second, third and fourth sections, ac-
cordingly

Fig. 2. Volumes of pore channels, closed pores and solid phase in nanosize xerogel of
magnesium and aluminium hydroxides, powder of magnesium-aluminate spinel and in
porous object from powder. I — closed pores; II — channels between ‘initial particles’ in
aggregates; Il — channels between aggregates in agglomerates; IV — channels between
agglomerates; V — solid phase; VI — all channels and closed pores; VII — total volume
(volume of solid phase, all channels and closed pores)
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Fig. 3. Rate of water evaporation from pore channels in nanosize xerogel of magnesium
and aluminium hydroxides, powder of magnesium-aluminate spinel and in porous object
from powder. The designation is the same as in Fig. 2

Fig. 4. Dependence of apparent density of porous objects from magnesium-aluminate
spinel powder on pressure of compaction
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PACS: 73.61.At, 75.20.En

B.A. Xoxnos

BIIMAHNE MOANOXKN HA SNTEKTPUYECKME N MATHATHBIE
CBOWCTBA MMEHOK NdSrMnO3-CUCTEMbI C JESULINTOM MOHOB
MAPIAHLIA

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa
E-mail: ayup@levch.fti.ac.donetsk.ua

CtaTtbsa noctynuna B pegakuuto 3 aBrycta 2009 roga

H3yyenvr macnummusie u 31eKmponpogooauue ceoticmea nienoxk Ndg ssSrp4sMn; O3z s

20e 0 mouno ne onpedenero. Ilnenku nanviienvt nHa noonodicku SrTiOz u LaAlO3, komo-
pble co30aiom paziuynbie No 3HAKY HANPsdICeHus: 6 nienKax na unmepgetice. Ilokazano,
uymo npu memnepamype 300 K obe nnenxu obnadarom 00801bHO GblCOKOU NPOBOOUMO-
CMbIO U He AGNAIOMCA NAPAMASHUMHBIM U30JSIMOPOM, KAK OOJIHCHO Obimb N0 (ha30801
ouazpamme 3moeo coedunenusi. Temnepamypuviil X00 CONPOMUGIEHUSL C YMEeHbUIECHUEM

memnepamypsi HOCUM NOJYAPOBOOHUKOBbIL XAPAKMep U umeem MaKcumym Ry, npu

memnepamype Ty, 3HAUUMeENbHO omauyarowetics om memnepamypul Kropu. B uccredo-
BAHHBIX NJIEHKAX NPU BbICOKUX MEMNepamypax HabIoo0aics OMpUuyamenbHblil MasHum-
Holtl Mmomenm. O6CyrHcOaromces 803MON*CHbLE NPUUUHBL IMO20 ABLEHUSL.

KiroueBble ciioBa: MAaHT'aHUTBI, TOHKHUEC IUICHKU, 3JICKTPOCOIIPOTHUBIICHUEC

B wmanranurax Nd; ,Sr,MnOs; cymecTByeT pasiaudrie B HOHHBIX paJHycax
N d3+
KOHLICHTpAllui UOHOB Nd3+. C u3MeHEeHMEM KOHIIEHTpaluuu HeoguMma oT x = 0 10
X = 1 BO3HUKAIOT pa3IMYHbIC CIIMHOBBIC, 3apPSIOBBIC W OpOHUTAIbHBIC (Pa3bl — OT
dbeppomarautHoro Meramia (PMM) no antudeppomarautHoro mzossitopa [1].
HaubGonee wmnTepecen coctaB ¢ x = (.5, B KOTOpOM HaOIIOAETCsl 3apsa0BO-
ynopsnoueHHas (CE) daza. Paznuna suepruii mexxay ®MM-, CE-dazamu u da-
30# aHTU(eppoMarauTHOro Metaiia (APM) HeBelnKa, T.e. OCHOBHOE COCTOSIHUE
ABJISIETCS HEYCTOMYMBBIM U BeChbMa YyBCTBUTEJBHBIM K CTENEHHU AeopMaruu
pEIIeTKH, XUMUYECKOW OJHOPOTHOCTHU, KIACTEPU30BAHHOCTH CTPYKTYPHI H T.I.

2+
u Str™ (oxono 0.15 A), 4To IPUBOAUT K YHIMPEHHIO 30HBI C YBEIHYCHHEM

OcoOb1if uHTEpec BBI3BIBAIOT TUICHKH MaHraHuToB Ndi_,Sr,MnO3 BBUAY UX BO3-
MOYKHOTO NPAaKTHYECKOro npuMmeHeHus. IloaTomy, HecMOTps Ha OOJbIIOE KOJIU-
4YecTBO MyOIMKalui, MOCBALICHHBIX M3YYEHHUIO TAaKWX IUIeHOK [1-5], mHTEpec k
HHUM OCTaeTCs 3HAUYUTEIbHBIM.

© B.A. Xoxnos, 2010
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B nanHo#t paboTe mpeacTaBieHbl IKCIEPUMEHTANbHBIE PE3YJbTAaThl UCCIEI0-
BaHUI MarHUTHOTO MOMEHTa W COIPOTHBIICHUS IUICHOK, IMOJyYeHHBIX Ha MOJ-
noxkax SrTiOsz (STO) u LaAlO3 (LAO), koTopble CO3AAr0T Pa3IMYHBIC 110 3HAKY
HanpspDKeHUsl Ha uHTepdeiice mieHKH (TpaHuIa MICHKA—TIOIJI0KKA).

[1neHku ObUIM MOJIyYEHBI C MOMOILBIO MAarHETPOHHOTO PACHBIICHUS MOCTOSH-
HOT'O TOKa M3 KepaMU4eCKOW MHIIEeHU. MUIIeHb U3rOTaBIUBAIM MO OOBIYHOM Ke-
paMUYECKON TEXHOJIOTUU ¢ HeOombImuM aedunurom Mapranna. [Ipeamonaracmas
XUMHUYECKast popmyna MuIIeHH (10 3aKianke KoMnonenTos) Ndg sSrg sMn; O3,
(x <0.1). Pentrenorpadudeckue uccieqOBaHNUs MUIIIEHU TTOKA3aIH, YTO OHA UMe-
€T OPTOPOMOMYECKYI0 CHMMETPHUIO C MapaMeTpamu pemetrku a = 54302, b =
=7.6177 u c = 5.4860 A.

JlononHuTeNbHBIE MCCIEAOBAHNS MUIIEHW Ha PacTPOBOM 3JIEKTPOHHOM MHK-
pockonie JSM-6490LV (JEOL, fInonust) ¢ mpUMEHEHUEM PEHTT€HOBCKOTO MUK-
poaHanHM3aTOpa TMOKa3ajd, 4YTO €€ XUMHUYECKMH cocTaB Onmxke K Gdopmyse
Ndy 55S19.45sMn;_, O, (x < 0.1). Ilnerxku HC-7 (na momnoxke STO) u HC-8 (na
nojoxke LAO) HanbLsiiM oqHOBpEMEHHO. TeMneparypa MoAIokeK COCTaBiIsIa
650°C. Omxur mieHoK npoBoawiIn Ha Boszayxe mpu 1 = 900°C B Teuenue 3 h.
Tonmmna maenok cocraisia 120 £+ 20 nm. [1o naHHBIM peHTreHOBCKOM audpax-
uu (puc. 1), mueHkn ObUTHM 0MHO(A3HBIMH C AMUTAKCHAIBHBIM POCTOM «KyO Ha
ky6». Y nnenxku HC-7 mapamerp a = 3.774 A (y nomnoxku STO a = 3.897 A), y
mnenkn HC-8 a = 3.912 A (y mognoxku LAO a = 3.789 A). Takum o6pazom, Ha
uHTepdeiice mieHkn Ha noanoxke STO GopMHPYIOTCS pacTArHBarOIIUe Hampsi-
JkeHUd, a Ha momiokke LAO — coxuMaromme.

HccnenoBaHuss MarHUTHOTO MOMEHTA IUICHOK MPOBOAMIN HA MarHHUTOMETPE
SQUID, a compoTuBIICHHE H3MEPSIU OOBIYHBIM YETHIPEX30HIOBBIM METOJIOM.
Pentrenorpammsl nonyvanu Ha yctaHoske JIPOH-3.

16 4.0
14 g 9 = 3.5) g
FEE 0 %% 3
w 10} I Il =z 25L & I 0
Z S 8 290 © o I
g8 2 3 Eo0l |8 2 s
+ 6 8§ 3 S 15 S S
= de g a § ) ~1.0F | o % & 5 Q
2i . Q 0 S N 0 N & e S 0
) . . . . . 0.0 . : : : :
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20, grad 20, grad
a 9]

Puc. 1. Pentrenorpammel mwieHok HC-7 (a) u HC-8 (6). IHTeHCHBHBIE TUHUM — CUTHAJIBI
OT IOUIOKKH, MaJIONHTEHCUBHBIE — OT IieHKH. s HC-7 curHan oT IIEHKH HaXOTUTCS
B 00nacty yrioB 20, 0onbIIHX, 4eM JUTsl TOAN0XKKH, a it HC-8 — Hao6opoT
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Puc. 2. 3aBucumocTt marautHoro Momenta mieHok HC-7 (a) u HC-8 (6) ot BenuuuHbI
BHEIITHETO TOJIS, MTOyYeHHBIC MIPU PA3IMUHbBIX TeMiiepaTypax, K: 7 — 10, 2 — 50, 3 — 100,
4—-150,5-200, 6 —250, 7—300

Ha puc. 2 npencraBieHsl 1oJIeBblE 3aBUCUMOCTH MarHUTHOI'O MOMEHTA, U3Me-
pPEeHHBIE MU pa3IMYHBIX TemmepaTypax, aias oopasuoB HC-7 u HC-8. Buemnee
MarHMTHOE I0Jie OBLJIO HAIpPaBJIEHO BIOJIb IUIOCKOCTH IJIeHOK. W3 puc. 2 BuUIHO,
YTO BO BCEM JHAMa30He UCCIEJOBAHHBIX TeMIepaTyp KpuBble m(H) mpencrasis-
I0T cO00l CyMMy HEKOTOpPOM CHOHTAHHOM BEIWYMHBI MAarHUTHOIO MOMEHTa U
MPAaKTHYECKU TUHEHHOMN 1Mo MO0 (B OOJIBIINUX MOJAX) 3aBUCUMOCTH m(H), xapak-
TEpPHOM AJi1 aHTU(EeppOMarHeTuKa WiK s mapaMarHeTuka. DKCTParosiius 3a-
BucuMocTu m(H) N3 GOIBIIMX MOJIEH K HyJIEBOMY OO JAeT BEIUYUHY CIIOHTaH-
HOTO MarHMTHOr0 MOMeHTa my. J1u 3HadueHus npu 10 K mis nnenkn HC-7 oka-
3amuch paBHbIMH 2.42 pp/fa., a st HC-8 — 1.17 pp/fiu. Teopernueckoe 3Have-
HUE MarHUTHOTO MOMEHTa B ciiydae (DeppOMAarHUTHOTO YTIOPSIOYCHUS HOHOB
Mn3+ u Mn4Jr paBHO 3.5 ppg/fau. 3 9THX JaHHBIX MOYKHO CIENaTh BBIBOJ, UYTO TIPHU
HU3KUX TeMIepaTypax COCTOSHUE IUICHOK SIBISIETCS MAarHUTHO-ABYX(]a3HbIM
(MJI®). B aaTtudeppoMarHuTHOM WM TapaMarHUTHOW MAaTPHUIIE CYIICCTBYIOT
deppomaruutHbie (OM) KilacTepsl, MPUUEM pa3Mep MOCIEIHUX C MOHMKEHUEM
TEMIIEPATYPbl YBETUUUBACTCS.

Ha puc. 3 mokaszansl TeMIiepaTypHble 3aBUCHUMOCTH iy A 00€UX IJICHOK.
Touky Kiopu T¢ ompenensuin myTeMm SKCTpamnoJsLMK Hauboyiee KPyToil 4acTh
mo(T) X HyJIeBOMY 3Ha4€HHIO MarHuTHOro MmomeHnTa. B menke HC-7 Tc ~ 370°C,
a B HC-8 T¢ ~ 320°C. OtmeruM, uto 3HaueHue 1, OnpeeICHHOE 110 TaKOW Me-
tonuke, s HC-8 siBHO 3aHMKEHO M3-3a MPUCYTCTBUS CHJILHOTO JUaMarHUTHOTO
MOMEHTa, KOTOpBIA HE MO3BOJIAET OMNPEIENIUTh UCTUHHOE 3HaueHue mg. Kpome
Toro, npu Belcokux Temnepatypax (7 =250 K qng HC-7 u 150 K ana HC-8) na-
JIEHUE CIIOHTAaHHOI'O MarHUTHOTO MOMEHTA C TIOBBIIIEHUEM TEMIIEPATYPHI 3aAMETHO
cHIKaeTcs. Bo BesikoM citydae, MOXKHO OTMETHTh, uTo B miieHkax npu 300 K cy-
HIECTBYET ()epPOMATHUTHBI MOMEHT.
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Puc. 3. 3aBUCHMOCTH CIIOHTAaHHOTO MarHUTHOTO MoMeHTa eHok HC-7 (a) mw HC-8 (6)
OT TeMIlepaTypbl. DKCTPAIOJIAINS KPYTOH YacTH 3aBUCHMOCTH K HYJIEBOMY 3HAUCHHIO ()
npuHsTa 3a Touky Kropu T¢
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Puc. 4. 3aBucumoctu m(1/7T) enok HC-7 (a) m HC-8 (6), momydeHHbIE TIPH BBICOKHX
TeMIlepaTypax B pa3lMyHbIX MarHUTHBIX noisix H, Oe: 1 — 10000, 2 — 5000, 3 — 1000, 4 —
500, 5—-100

OcoOblif uHTEpec NpeAcTaBiseT MOBEICHHE MAarHUTHOTO MOMEHTa HCCIeNo-
BaHHBIX IUICHOK IPU BBICOKUX Temreparypax (puc. 4). B o6pazue HC-7 npu 300 K
MarHuTHBIM MOMEHT pacTeT ¢ yBenuwdeHueMm moisisa 10 5 kOe, a B mosne 10 kOe
UMeeT TO ke 3HaueHue, uto u npu 5 kOe. B o6pa3zie HC-8 noBenenne MmarHuTHO-
r0 MOMEHTa HOCHUT CJIOXHBIN Xxapaktep. Tak, B moysix 100, 500 u 1000 Oe 3aBu-
cumoctb m(1/T) umeet uznom B paitone 200 K. BeanunHbl MAarHUTHOTO MOMEHTA
npu 300 K cosmagator mpu H = 1 u 5 kOe, a B mose 10 kOe oH cTraHoBUTCSA
menblue, yeMm npu H = 0.5 kOe. Takum 00pazom, Ha OCHOBAHWHU JAHHBIX, MPE.-
CTaBJICHHBIX Ha puC. 2 U 4, MOXKHO cJieJIaTh BbIBO, 4TO B miieHke HC-8 npu BbI-
COKHX TeMIIepaTypax MOSBISETCS JTUAMarHUTHBI MOMEHT. BoCpuUMYHMBOCTH )
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3TOro 00pasiia B GYHKIMH TeMIIEpaTyphl
npezcraBieHa Ha puc. 5. Bemuuna x (300
K)==1.510" emu/Oe = 6.3-10 > (mpo-
B 6.6-0.82-10 s MEJIn).

Ha puc. 6 mokazaHbl 3aBUCUMOCTH
R(T), monmyuennble it 000MX 00pa3oB
Oe3 BHemHero moid U B moie 5 kOe mis
mienku HC-8. BugHo, 4TO ¢ IIOHM)KCHH-
€M TeMIIepaTypbl CONPOTUBJICHUE pac-
TET, HOCHUT IOJIyITPOBOHUKOBBIN Xapak-
TEp W JOCTHTacT MakKCHUMyMa IPH TEM-

Puc. 5. Temmeparypas 3aBucuMocTh NEPAType Tiax. Jlus obenx mieHok sTu

BocipuumunBoctH mieHku HC-8. y =

= Am(emu)/H(Oe)

TEMIIepaTypbl OJIM3KH M COCTaBIIIOT B
orcyTcTBHe BHewHero nong 116 K s
HC-7 n 123 K nns HC-8. Ilpu nanbhei-
[IeM MOHMKEHUU TeMIepaTyphl COMPOTHBICHUE A1 000MX 00pa3loB MajiaeT 1Mo
3aKOHY, XapakTepHOMY HJisi METAJUIMYECKOM TPOBOAUMOCTH. OTHOIICHHE
Riax/R3oox = 109 mst HC-7 u 34 — nna HC-8. MHTEpecHO OTMETHTH, YTO ISt
wieHku HC-8 BennumHa MarHUTOCONMPOTHUBIICHUS HOCHT 3HAKOIEPEMEHHBIN Xa-
paKTep, KOTOPhIN paHee He HAOII01aJICs B STUX MaHTaHHUTAX.

TaxumM 06pa3oM, B pe3ylibTaTe MPOBEICHHBIX UCCIEIOBAHMIA ObLJIO YCTAHOBJICHO:

1. Bo BceM nM3yueHHOM JaMaa3oHe TeMIEepaTyp CYIIECTBYET peppoMarHuTHAs
KOMIIOHEHTa MarHUTHOTO MOMEHTA, MPUYEeM a0CONIOTHAS BEIMYMHA €€ B IUICHKE
HC-7 noutu B 2 pasa 6ombie, yeM B muienke HC-8, B koTopoii paccoriacoBaHue
MapaMeTpoB PEHICTKU TUICHKA—TIOIJI0KKA 3HAYUTEIHHO OOJIbIE U HOCUT TPOTH-
BOIIOJIOXKHBIN 3HAK 110 cpaBHEeHUIO ¢ HC-7.
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Puc. 6. Temneparypuble 3aBUCUMOCTH cotipotuiieHus ieHok HC-7 (a) mu HC-8 (6): 1 —
RH, H=5 kOe; 2 —R(), H= O; 3- (R() —RH)/RO
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2. Ilpu BBICOKMX Temmeparypax B o0Oeux IUIeHKax HaOIoJaeTcs CHU)KEHHE
CKOpOCTH M3MeHeHus 3aBucuMoctu mo(7). V3 ananmza rpa@ukoB MOXKHO Mpea-
MOJIOXKHTh, YTO CYIIECTBOBaHME (peppOMarHUTHON (a3bl JOIDKHO HAOIIOIATHCS U
npu Temmeparype Bblime 7¢c. 9TO BO3MOXKHO B ciay4yae 0Opa30BaHMsS MarHUTHBIX
KJIacTepoB Ha JedekTax [6].

3. B o0eux mieHkax Npu BBICOKHX TeMIlEpaTypax HaOJIroAaeTcsl JuaMarHUTHas
COCTAaBJISIOIIAsi MATHUTHOTO MOMEHTA, KOTopasi o4eHb Maia Juis mienku HC-7 mo
cpaBHenuto ¢ HC-8. [IpuuuHy nosBieHusi [uamMarHeTu3Ma B HAlllMX IJIEHKaX, Be-
POSITHO, MOXKHO OOBSICHUTH, €CJIM MPENONI0KUTh, YTO BOMM3HM HHTepdeiica cyiie-
CTBYET HEKOTOPBIN MPOMEKYTOUHBIN CIIOW, TOJIIIMHA U CBOMCTBA KOTOPOIO 3aBUCST
OT CTEMEeHU PacCOTiacoBaHMs MapaMEeTPOB PEIICTKU IJICHKH M TOJJIOKKH. Takoi
ciou Habmonacs B [S], mpaBaa, TaM OH HOCHIT (heppOMArHUTHBIN XapakTep.

JlnamarHeTusM MpHU BBICOKUX TeMIepaTypax HaONIOAANCs B METaNIMYECKOM
creksie [7], rae ObUIO MOKa3zaHO, 4yTO ocolast cBsi3b Mexay PM-uactunamu u
amop(hHOI MaTpHIlell MOKET MPUBOAUTH K THTAHTCKOMY JAMAMAarHUTHOMY OTKJIH-
Ky. B HanokpuctaminueckoM oOpasie MaHraHuTa [8] Takxke HaOmromancs Aua-
MarHeTu3M IpHu TemIiepatype Bbliiie 7. ABTOPBI IPEANOIOKUIN, YTO OH MOXKET
OBITH BBI3BAH METACTAOMIBbHON HAaHOKPHCTAJUIMYECKON KOoH(UTryparuei, mpuBo-
JSIIeH K JIOKaJH3allMyd BOJHOBBIX (DYHKIUI SJIEKTPOHOB C OONBIIAM PaJHyCcoOM
OpOUT, U BO3HHKAET B CHJIIBHO HEOJHOPOJIHOM HAIpsHKEHHOM oOpasme. Torma
(opMUpOBaHKE JTOKAIN30BAHHBIX IEKTPOHHBIX OPOUT PaJNyCcOM MOpPsSAKA AECST-
KOB HAHOMETPOB M OTPAHMYECHHBIX JUCIOKAIIMOHHON CETKOW BIIOJIHE BO3MOXKHO.

T.A. Onuienko [9] nokaszan, 4To MaKpOCKONHUYECKash HEOAHOPOJHOCTh KpH-
CTaJIJIOB, CBsSI3aHHAas, Hampumep, ¢ AehopManMsIMH WU APYTUMU TPUYUHAMH,
IPUBOJUT K 3aBUCHUMOCTHU 3JIEKTPOHHOT'O CIIEKTpa OT MPOCTPAHCTBEHHBIX KOOP-
nuHat. Ecnu riyOuHa mpocTpaHCTBEHHON MOIYJSIIMU YHEPTHH HAMHOTO TPEBbI-
IIAET LIMPUHY 30HBI £ M €CIIM 3aNPENIEHHBIE SHEPIETHIECKHE 30HbI € JOCTATOY-
HO IIMPOKH (YTO B HALIEM Y3KO30HHOM MaTepuaje BIOJHE BO3MOKHO), TO BOJIHO-
Bble (DYHKUUH SJIEKTPOHOB JIOJKHBI OBITH JIOKAIW30BAaHBI U MOTYT TOPOXKIATh
JaMarHeTH3M, Ha HECKOJIBKO MOPSAIKOB OOJBIINH, YeM nuamarneTusm Jlanaay.

M3 BbIIIECKAa3aHHOTO CJIEIYeT, YTO HEOOXOAUMBIM YCIIOBHEM CYIIECTBOBAHUS
TUaMarHeTu3Ma SIBIISIeTCS JIOKAJIM3alUsl BOJHOBBIX (YHKIHMHM 3JEKTPOHOB, IO
KpaifHell Mepe B OTIENbHBIX, MAJIOT0 00bEeMa yyacTKax MCCIEeI0BAaHHOTO 00pasia.
Jl71st 5TOTO HY’KHAa MaKpOCKOMUYECKass HEOAHOPOIHOCTh oOpasima (WiH ¢jiosi), BbI-
3BaHHAs HANPSDKEHUSIMH C 00pa30BaHUEM CETKU JAUCIOKAIUN WM APYTUMH MPH-
YUHAMH.

B nammx oOpasuax Ha uHTepdeiice 3a cueT paccoriacoBaHUsl pa3MepOB 3Jie-
MEHTApHBIX SYEEK IJICHKU U MOJIOKKH BO3HHUKAIOT HAMpsKEHHs, 00pa3ysl CeTKy
auciokanui. M3BecTHO, UTO B MaHraHUTaX JBU)KEHUE HOCUTEIIEH TOKA OCYLIECT-
BIISIETCS 110 BHYTPHUIUIOCKOCTHBIM Ilenmoukam Mn—O-Mn. U3-3a nedunura noHOB
Maprasia U KMCJIOpOAa 3TH LEMOYKH OyayT pBaThCs TOpaso yaiie, 4eM B Oe3ne-
GbuIUTHBIX 00pasmax, o0pasys OTIeIbHbIE XOPOIIo MpoBosue oonacTi. CoBo-
KyIHOCTb 00JIacTel, OrpaHUYEeHHBIX JUCIOKAIMOHHONW CETKOM C XOpoIei mpoBo-
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JTUMOCTBIO, MOXKET CO37aTh HEOOXOAUMYIO MTPOCTPAHCTBEHHYIO MOAYJISILIUIO DHEP-
THH B OTJENBHBIX OOJACTAX JJIS JIOKATM3alUK 3JIeKTPOHOB. OpOUTANBHBIA MO-
MEHT TAaKUX JIOKAJIM30BAaHHBIX 3JIEKTPOHOB, BO3MOXHO, U SBIISIETCS UCTOYHUKOM
JMaMarHeTU3Ma B TOHKOM cjioe o0pa3ioB BOIM3H nHTEpdeiica.

4. lMoBeaenne R(T) B HAIIUX MJICHKAX XapaKTEPHO JJIsi MAarHUTHBIX MOIYTPO-
BOJHUKOB. Hannume MakcuMyMa Ha 3TUX KPUBBIX YKa3bIBaeT Ha CYILECTBOBAHUE
B HUX MJI®D-cocTosiHuS, BBI3BAHHOTO CHIBHBIM s—d-00MeHoM [10]. Tak kak mpu
BBICOKMX TEMIIepaTypax CONPOTHUBIEHUE 0Opa3lloB HU3KOE, MOXHO HPEAIOJIo-
XKUTh, YTO B MPOBOIALICH (eppOMarHUTHOW MaTpuile pacmnoioxeHbl ADM-
KJIACTEPHI, JIMILICHHBIE HOCUTENEHN 3apsaa — IbIpoK. PaccesHue Hocurene 3apsna,
yMEHbIIAIOIIee UX MOABIKHOCTh M 00pa30BaHNE XBOCTA UX 30HBI, COCTOSIIIIETO U3
JIOKQJIN30BaHHBIX COCTOSIHUM, ONpezenseT TeMIEepaTypHbIH XOJ] CONPOTUBICHMUS
MaHranuToB. [log neficTBUeM MarHUTHOTO MOl MPOUCXOAUT J€IOKaNIn3alus HO-
cuTenel 3apsaa U3 XBOCTa 30HBI M YBEJIMYEHHUE UX MOJBUKHOCTH, YTO U MPHUBO-
JUT K KOJIOCCAIIBHOMY MarHUTOCOIPOTHUBIICHUIO.

OOBIYHO MAarHUTOCONPOTHUBIIEHUE OTPHULIATEIBLHO W HE MEHSIET CBOM 3HAaK BO
BCEM MHTepBasie TemiepaTtyp. B Hamewm cinyuyae nns miuenku HC-8 cmena 3Haka
MarHUTOCOIIPOTHUBIICHUS TTporcXoAuT B paiione 160 K, T.e. Tam, r11e 3aBUCUMOCTD
mo(7T) HauUMHAET BBINOJIAXKUBATHCS M MPOMCXOAUT KOHKYPEHLUs Mexay ¢eppo-
MarHUTHBIM U IMAMarHUTHBIM MOMEHTaMH. BeposiTHO, MUMEHHO HaJIU4Me Auamar-
HUTHOI'O MOMEHTA MPHUBOJIUT IMPH BBICOKMX TEMIIEpaTypax HE K JEJIOKaJIn3aluu
3MIEKTPOHOB MPOBOAMMOCTH B TIOJIE, a K emle OOMNbIIed MX JIOKaTu3alluu, YeM B
OTCYTCTBHE IOJISL.

B 3axmouenne aBrop Omaromaput B.II. Tlamenko 3a mpemocTaBieHUue MHUIIIE-
HU, a FO.M. HukonaeHKo 3a BbIIIOJTHEHUE HANIBUICHHUS IJIEHOK.
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B.O. Xoxnos

BB MAKNAOKA HA ENEKTPUYHI | MATHITHI BTACTUBOCTI
MNBOK NdSrMnO3z CUCTEMU 3 EPILIMTOM IOHIB MAPIAHLIKO

BuBueHo MarHiTHi 1 e1eKTponpoBiaHi BIacTUBOCTI MiBok Ndg 5581 45Mn _O3_s, e o

TOYHO He Bu3HaueHe. [LmiBku Oynm HarmmieHi Ha miakmagku SrTiO3 1 LaAlOs, saxi cTBo-
PIOIOTH Pi3HI 3a 3HAKOM Hampyrd B IUTiBKax Ha iHTepdeiici. [lokazaHo, mo npu Temiepa-
Typi 300 K 0o0maBi IUTIBKA BOJIOMIIOTH JTOCHUTH BHCOKOIO TPOBIAHICTIO 1 HE € Tapa-
MarHiTHAM 130JIATOPOM, SIK TIOBHHHO OyTH 3a ()a30BOIO [iarpaMor0 IbOTO 3'€HAHHS.
TemnepaTypHu#l Xif onopy 3i 3MEHIICHHSM TeMIIEpaTypH HOCHUTh HaIliBIPOBIIHUKOBUN

XapakTep 1 Ma€ MAaKCUMYM Ry, TIPH TeMItepaTypi Tmax, 3HAYHO BIAMIHHIN Bix Temmepa-
Typu Kropi. ¥ nmocnipkeHUX IUTiBKax MPHU BUCOKUX TEMIIEpPATypax CIOCTEPIiraBcsi Hera-
TUBHHUU MarHiTHUIt MOMeHT. OOrOBOPIOIOTHCSI MOMIIMBI TIPUYMHHU [HOTO SIBHIIA.

Kiro4oBi cjioBa: MaHTaHITH, TOHKI IDTiBKH, €JIEKTPOOIIIP

V.A. Khokhlov

INFLUENCE OF SUBSTRATE ON ELECTRICAL AND MAGNETIC
PROPERTIES OF THE FILMS OF NdSrMnO3 SYSTEM
WITH MANGANESE ION DEFICIENCY

Magnetic and electrical properties of Ndg 5551y 45Mn;_,O3_g films, where & is not de-

fined, have been studied. The films were sputtered on SrTiO3 and LaAlOj3 substrates
which form stresses of opposite sign in the film interface. It is shown that the both films
display rather high conductivity at 300 K and are not paramagnetic insulator as it must be
from its phase diagram. Temperature dependence of the resistance shows semiconductor

behavior with temperature fall and has a maximum Ry, at temperature 7y,,x Which dif-
fers significantly from the Curie temperature. A negative magnetic moment is revealed in
the films at high temperatures. Possible origins of this phenomenon are discussed.

Keywords: manganites, thin films, electrical resistance

Fig. 1. X-ray pattern for the films HC-7 (a) and HC-8 (6). Intensive lines correspond to
signals from substrate, and weak lines are signals from the film. Signal for the film HC-7
lies in the field of angles 20 higher than those for the substrate, and for the film HC-8 it
lies in the field below substrate

Fig. 2. Magnetic field dependences of magnetic moment for the films HC-7 (a) and
HC-8 (0) at different temperatures, K: / — 10, 2 — 50, 3 — 100, 4 — 150, 5 — 200, 6 —
250, 7-300

Fig. 3. Temperature dependences of spontancous magnetic moment for the films HC-7
(a) and HC-8 (6). Extrapolation from steep part of this dependence to zero value of my
gives the Curie temperature T¢

Fig. 4. Dependences m(1/T) for the films HC-7 (a) and HC-8 (6) at high temperatures for
different magnetic fields H, Oe: 1 — 10000, 2 — 5000, 3 — 1000, 4 — 500, 5 — 100
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Fig. 5. Temperature dependence of the susceptibility of the film HC-8

Fig. 6. Temperature dependences of resistance for the films HC-7 (a) and HC-8 (6): I —
Ry, H=5kO0e; 2— Ry, H=0; 3—(Rg— Rp)/Ry
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PACS: 73.20.—

B.A. lWWHanoBanos

CMNWH-BONTHOBOW PE3OHAHC M ErO MOBEPXHOCTHASA MOJA
B MNEHKE MAHTAHNTA

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CraTtbsa noctynuna B pegakuuio 28 aekabps 2009 ropa

Obnapyoiceno, umo cnekmp chuH-601H06020 pesonanca (CBP), kax npasuno, codepoicum
NOBEPXHOCMHYIO MOOY, KOMOPAs He 3a8UcUm Om npogooumocmu mamepuana niexku. Ilo-
KA3aHO, YMO NONOdCEHUe, UHMEHCUBHOCIb U (opMa Mot MOObl MPAHCHOPMUPYIOMC
OMHOCUMENLHO 0OHOPOOHOU MOObL NPU USMEHEHUU HANPAICEHHO20 cOCMOsHUA haeHKu. T1o
CMEWEHUIO Pe30OHAHCHBIX NoJleli N00 OeliCmeueM MEXAHUYECKO20 HaANPANCEHUsL ONpeOeieHbl
KOHCMAHMbl MAZHUMOCMPUKYUU NIEHKU U ee NOBEPXHOCMHO020 clos. [locnednuil asnaemcs
bonee MazHUMOUYBCMEUMENbHLIM NO CPABHEHUIO C 00beMOM NleHKU, MAK KAK €20 KOH-

cmanma MacHumoCcmpuKyuu /ls 6oblUe KOHCMAHMbL MACHUMOCMPUKYUU NIIEHKU lf

KiroueBble cj10Ba: CIMH-BOJIHOBOM PE30HAHC, MOBEPXHOCTHAA MOJId, MEXaHUYCCKOC Ha-
MIPsKCHUC, HOBerHOCTHBIfI CHOﬁ, KOHCTaHTa MarHUTOCTPUKIINN

CHekTp CHMH-BOJHOBOIO PE30HAHCA SIBISETCS XapPaKTEPUCTUKOM MAarHUTHOM
ieHKU. Bun u Gopma JMHUN 3TOrO CHEKTpa 3aBUCAT OT MApaMETPOB IUICHKH.
Ecnu nnenka siBiasieTcs: MOHOKPUCTAIIMYECKON W 00J1aaeT BHICOKUM COIPOTUB-
JIeHUuEeM, KoiaudecTBo JuHuM cnekrpa CBP MoxkeT mocturath HECKONBKUX JECST-
koB (puc. 1). Jluauu cnextpa CBP B 3TOM citydae X0poIo pa3pemnieHsl 1 UMEIOT
OOJIBIIYIO0 BEMUMHY OTHOIICHHS CUTHAI-ITYM. Ecnu riccneayemMbie MICHKH MaH-
TaHUTOB 00JIaJIal0T MaJIbIM CONPOTHUBIICHUEM, JTHHUH criekTpa CBP Becbma mm-
POKHU U UX aMIUIMTYJia JOBOJBHO MaJa.

Cnexktppt CBP B TOHKMX MOHOKPUCTAJUIMYECKHMX MArHUTHBIX IIJIEHKaX
Lag 67Cag33MnO3 Obmn uccienoBanbl B uHTEpBasie Temmeparyp 4.2-300 K B
MarHUTHOM MOJI€ OT MapajliebHOMN 10 NEePIEHANKYISIPHON OpUEHTALIUH.

Kax Bumno u3 puc. 1 [1], B cinyuyae neprneHIuKyISpHOM OpHUEHTAIIMK HAaOI0/1a-
ercsi CBP-cniexktp, cocTosAnmii U3 OQUMHHAILUATH XOPOIIO Pa3pelICHHbIX JTUHHM.
JIBe u3 HUX (Ha BBICOKOMOJIEBOM cTopoHe) SM| u SM) SBISIOTCS MOBEPXHOCTHBI-
MH MOJIaMH, JIMHUS [ — OJTHOPOJHOM MOJIOM, & BCE OCTAJIbHBIE JIMHUU — HEOIHO-
ponHbiMu Moaamu. IloBepxHocTHble Moawl B crnekrpax CBP, Teopernueckoe
npeacKa3aHue KOTOPBIX mpeactaBieHo B padortax H. Puszkarski [3-5], Bmep-
BbIE€ SKCIIEPUMEHTANILHO ObLITM 0OHApyXkeHbI B TuieHke Lag ¢7Cag 33Mn0O3 [1].

© B.A. Wanoeanos, 2010
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13 11 Puc. 1. Cnektp CBP B mep-
SM MIEHIMKYJIIPHON OpHEHTAIH
1 B 1wieHke Lag ¢7Cag 33MnO3 ¢

BBICOKUM COTIPOTHUBIICHUEM,
T = 100 K. Ha BcraBke 110-
9 7 5 3 SMZ KazaHbl MoAbl 9-17, yBenu-

YEHHBIE B 5 pa3

06 07 08 09 10

[IoBEpXHOCTHBINM  XapakTep MO
SM;| u SM, 10Ka3bIBaIOT CIEAYIOIINE
IKCIIEPUMEHTAIbHBIC (DaKTHI:

— UX PE30HAHCHBIE MOJIS BBILIE MO-
JI1 OMHOPOIHOM MOJIBI;

— UHTCHCHBHOCTb X MEHBIIE, YeM
HM3KOITIOJICBOM MOJIBI ¢ 71 = 1;

8 0.9 1.0 1.1 — HX yTJ0Bas 3aBUCUMOCTb COTIJIa-

- FMR signal, arb. units

H, T CyeTcsi C TpeACKa3aHUsIMU MOJEITH
JUTsl TOBEPXHOCTHBIX Mo [3—5].

B pabore [2] moka3zaHO BIHSHHE
U3TUOHBIX JAedopmanuii Ha MOBEpPX-
HOCTHYIO wmoxay. [loBenenue oaHO-
POAHON U MOBEPXHOCTHOW MOJ B 3a-
BHCHMOCTH OT HW3THOHOH jaedopma-
LU TSI SKCTPEMAIbHBIX CITy4aeB H3-

Puc. 2. Bimsane u3ruOHBIX medopManuii Ha
ciektp CBP B meprneHauKyssIpHON opHeHTa-
mnn B mireHke Lagg7Cag33MnO3 ¢ HU3KHM
CONPOTHUBIICHUEM TIPH Pa3IMYHBIX MEXaHWUYe-
CKHUX HAIpsHKCHUSX: | — MUHUMAJIBHOE, PajIv-
yc m3ruba obpazma Ry = 700 mm, 2 — MakcH-
ManbHoe, Ry = 200 mm; /, 2 — ogHOpPOIHbBIE
Mossl, 1a, 2a — noBepxHocTHbIe; 1= 141 K ruba npu 7'= 141 K npezcrasieHo Ha

puc. 2. IlapameTpsl MOBEPXHOCTHOM

MO/TBI PE3KO MEHSFOTCS MPH YBEIIMYEHUH MEXaHUYECKOTO HAMPSHKEHUS] OT MUHUMAITb-
HOTO 3HAYEHMS MPH paauyce m3ruda odpasia Ry = 700 mm (jmHUS 2) 10 MaKCUMaITb-
Horo npu R, = 200 mm. Kak BuauMm, T1MHUA MOBEPXHOCTHOM MOobI Tipu R = 700 mm
MPaKTUYECKH HE paspelieHa, a mpu Ry = 200 mm HabIronaeTcss MHOTOKPaTHOE YBEIH-
YeHHE ee MHTEHCUBHOCTH M3-32 HETMHEWHOM (hOPMBI TpaIMeHTa HAMPSHKEHUH.
UccnenoBansl cnexktpel CBP B snuTakcuanbubix mieHkax Lagg7Cag33MnOs,
BBIPAIICHHBIX Ha TOJI0kKaxX HUoOara jutus LiNbO3, amromunara nanrana LaAlO;
u TuTaHata ctpoHius SrTi03, UMEIONUX pa3HbIe MapaMeTPhl PEIICTKH.
MoHoOKpHUCTADTHYECKHAE TIEPOBCKUTOBBIC TIOT0XKKH LaAlO3 u SrTiO3 umeror Ky-
OMYECKYI0 CTPYKTYpY C MapaMeTpOM AJIEMEHTapHON SYEHKH a, paBHBIM COOTBETCT-
BeHHO 3.788 1 3.903 A. TTapamerps! dneMeHTapHBIX sueek mieHok Lag 67Cag 33Mn0s,

57



®du3nKa 1 TEXHHKA BbICOKHX aaBjenui 2010, Tom 20, Ne 1

2 )i HaHeceHHBIX Ha momnoxku LaAlOs u SrTiOs
COCTABIISIIOT COOTBETCTBEHHO, A: a = b =
=3.862; c =3872nua=>b=3868, c=
=3.859. [losToMy B IUIEHKE, BBIPALIEHHOMN
Ha noioxke SrTiO3, BO3HUKAIOT Hamps-

2 KeHUs ckatus, a Ha LaAlO3 — HanpspkeHust
] pactspkeHud. Pacnpenenenue HanpsyKeHH
10 TOJIIIMHE B MOJYYEHHBIX TUIEHKAaX HOCUT
JUHEHHBIN TPagueHTHBIM XapakTep U o0y-
4] CJIOBJIEH TE€M, YTO, C OJJHOW CTOPOHBI, IJICH-
B Ka MPHUMBIKAET K MOJJIOXKKE, a ¢ APYromn —
€€ TIOBEPXHOCTh CBOOO/IHA.
UccnenoBanus mpoBOIWIN B YCIIOBHSX
ynpyroi nepopmanuu IUIEHOK. YTPYTHi

1 4 XapakTep HampshkeHUil obecrneunBaeTrcs
! ! ! TEM, 4TO pa3lMyhe MapaMeTpoB KpHUCTaJ-
0.4 0.6 0.8 1.0 JMYECKUX PELIETOK IUIEHOK U TOJJIONKEK

HT Hepenuko. Jlims mommokek  LaAlO3 wm

Puc. 3. Biusiane nuneiiusix aedop- SrTiO3 3Ta pa3HOCTH COCTABISET COOTBET-
Manuii Ha crektpsl CBP B menkax — cTBeHHO 0.084 1 0.044 A.
Lag 67Cap.33MnO3, BBIpalllEHHBIX Ha I/I3y‘~I€HI)I 0COOEHHOCTH IIOBEPXHO-

nomnoxkax LiNbOj3 (@), SrTiO; (6) m CTHOM MOJBI, OOYCIIOBIICHHBIC Da3InYneM
napamMeTpoOB 3JIEMEHTAPHBIX KpHUCTaJLTNYE-

CKHUX sYEeeK IMOJJIOKEK U TieHoK. Ha puc. 3
npeacraBieH crnektp CBP B mienkax
Lag 67Cag 33MnQO3, BeIpamennbix Ha noaioxkkax LiNbOs, SrTiOs u LaAlO3. Kak
BUJHO U3 PUCYHKa, B cniekTpax CBP Habmonatorcst oqHOpoaHas Moaa (MuHus 2) U

LaAlOs (8), mpu NepHeHIUKYISIPHON
OPHEHTALMA MArHUTHOTO IOJIS K TUICHKE

noBepxHoctHas (uaus /). Ilnenka, BeIpameHHas Ha nomnoxke LiNbOj3, He Ha-
MPsDKEHA, U PACCTOSTHUE MEXKIY JTHHUSAMH [ U 2 SBIISIETCS MaKCUMaIbHBIM (82 mT).
B cnyuae nognoxku SrTiOs3 mieHka HampsiKeHa U 3TO PacCTOSIHUE YMEHBIIAeTC S
1o BenuuuHbl 41 mT, a B Oosiee HampsHKEHHOM TuieHke Ha noioxkke LaAlO3 oHo
YMEHBILAETCS HACTOJIBKO, YTO JIMHUU / U 2 IPAaKTUYECKU COBNAJAIOT.

TakuM 00pa3oM, B IUIEHKaX, BBIPAIIEHHBIX Ha PA3NUYHBIX MOJJIOXKKAX, MO-
BEPXHOCTHBIE MO/JIbl HAXOJIATCS HA PA3JIMYHOM PACCTOSHUU OT JIUHUM OJJHOPOJIHO-
ro pezoHanca cnektpa CBP. D10 paccTosiHue yMeHbIIaeTCs B Pe3yIbTaTe yBEIu-
YEHUSI HAMIPSKEHHOT'O COCTOSTHUS TJICHOK.

Ha puc. 4 mokaszana yrioBasi 3aBUCUMOCTh TOJOXEHHSI PE30HAHCHBIX JTHHUMA
cnektpa CBP B mnenke Lagg7Cag33MnO3, BeipamenHoit Ha nogioxke SrTiOj.
Kak Bunno u3 puc. 3,6 u 4, 1715 nepneHAUKyIIpHON OpUEHTALlUH MarHUTHOTO
nousist (¢ = 90°) cnexkrp CBP cocrout u3z 6 nunuii. IIpu OTKIOHEHUHU NICHKH
OT TMEPIEeHAUKYISIPHOW OpHUEHTAUUMU Ha yroi Oojee 6° JNMHHUS OJHOPOIHOTO
pe30HaHca U MOBEPXHOCTHAs Moja ciuBaloTca. Cienyer OTMETUTh, YTO pas-
JUYHE CIIEKTPOB (CM. pHC. 3) B IUICHKAX HA Pa3HBIX MOJJIOKKaX 00yCIOBICHO

58



®du3nKa 1 TEXHHKA BbICOKHX aaBjenuii 2010, Tom 20, Ne 1

0.9 pasIuvYreM BEJIWYUHBI MPOBOIUMO-

08l CTH, KOTOpasi MaKCHUMallbHA B CITydae

o LiNbO3. ITostomy cmnektp CBP B

o) 0.7t IUICHKE, BBIPALIEHHON Ha MOJJI0XKKE

LiNbO3, Bu3yanbHO OTCYTCTBYET, a B

0.6} miaeHke Ha nojuioxke SrTiO3 xoporio
050 paspelleH.

- - - BennuuHy HampspkeHUs! G B IJICHKE

90 180 270 paccYMTHIBAIA TI0 PAa3HOCTH TapameT-

¢, grad POB 3JIEMEHTAPHBIX SYEEK MOIJIOKKU U

Puc. 4. Yrnosas 3aBHCHMOCTb IOJIOKEHUsI  [UICHKA B HAINPaBJICHUH, NEPICHAUKY-
pe3oHaHCHBIX JMHUH crnekTpa CBP B JIApHOM IUIOCKOCTH IJIEHKH [7]:

wienke Lagg7Cag33MnO3, BeIpameHHOM E(a
_ 0

Elag=a) _ ¢ 174010 dyn/em?, (1)

Ha moaaoxkke SrTiOs )
va,

rae £ — monayne HOHra [6] mommoxku 3.03-1012 dyn/cmz; ap=3903 Aua-=
=3.859 A — mocTostHHBIE pELIEeTKA COOTBETCTBEHHO ISl MOJIOKKH U TUICHKU; V =
=0.276 — xoapdunment Ilyaccona.

Jns ompeneneHus KOHCTaHThI MAarHUTOCTPUKIUU TUieHKH Lag7Cag33MnOs3,
BbIpanieHHON Ha noioxke SrTi03, NCMOoIb30BaNINM BETUYUHY CMEIICHUS TUHUH 2
IO/ JEMCTBUEM HaIpsDKEHUM. B pe3ysibTare MarHUTOCTPUKLIUU HANPSDKEHUE G =
= 0.0617-10" dyn/(:m2 NPUBOJMIIO K CMEIIEHUIO PE30HAHCHOTO OIS TUIEHKH Hy
Ha Beaumuuny AH; = 60 mT. Vcnons3yss AH|, olleHUBaIN BEJIMYMHY KOHCTAHTBI
MAarHUTOCTPUKIIUM IUIEHKH As:

)= AH\M,/36 =-0.956:10"°, )

rae M, = 300 Gs — HaMarHW4eHHOCTh HACHIICHUS.

KoHcTaHTy MarHUTOCTPUKLIMK TIOBEPXHOCTHOTO CJ0s A TieHKU Lag 67Cag 33Mn0O3,
BbIpanieHHON Ha noanoxkke SrTi0Oj3, ompenensyiv Mo BETUYMHE CMEIIEHUS Pe30-
HAHCHOTO TIOJISI MOBEPXHOCTHON MOJIbI OTHOCUTEIHHO JIMHUU OJTHOPOJHOTO PE30-
nHauca AH, = 101 mT mox aeficTBreM HampsokeHui: Ay =—1.64-10 .

Taxum 00pasom, KOHCTaHTa A, G0OIIbLIE KOHCTAHTBI Ay B 1.7 pasa.

Pe3ynbpTaThl HaIUX UCCIIEIOBAHUNA CBHUIETEIBCTBYIOT O TOM, 4yTO (opma, MH-
TEHCUBHOCTb M MOJI0KEHUE MOBEPpXHOCTHOM MOAbI CBP oTHOCHMTENHEHO OAHOPO-
HOM MOJIbI 3aBUCST OT HANPSHKEHHOT'O COCTOSIHUSI TOBEPXHOCTHOTO CJIOS IJICHKH.
Xapaktep 3TOr0 COCTOSIHHSI OOYCIJIOBJIEH HANPSOKCHUSIMH, BO3HUKAIOIIMMH Ha
IpaHULIE TUICHKa—TIO/AJI0KKA, U TPAJAUEHTOM HAMPSKEHUH 110 TONIIUHE TUICHKH.

Bennunna MexaHM4eCcKOro HanpsHKEHUS MJICHKH OMPEEseTCsl pa3HOCTHIO Ta-
paMeTpoB RJIEMEHTAPHBIX SYEEK MOMJIOXKKUA W IUIeHKU. B cilydae mnoamoxku
SrTiO3 B mepexoTHOM CJI0€ BO3HUKAIOT HANIPSDKEHUS pacTshKeHHs. B pesynbrate
MPUCYTCTBHUS TAKOTO HAIPSHKEHUS B IIOCKOCTH TUICHKU MOSBISETCS HAIPsHKEHUE
CXKaTusl, TIEPIEHINKYIISIPHOE K €€ TOBEPXHOCTH. BenmnunHa HanpspKeHUsT MaKCH-
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MajbpHa B MEPEXOJHOM CJIO€ M YMEHBIIAETCS IO HAMPABICHUIO K MOBEPXHOCTH,
I7Ie CTAHOBUTCSI MUHUMAJIbHOM.

KoHcTaHTa MarHUTOCTPUKIUHM IUIEHKU As MEHBIIE KOHCTAHTHI MAarHUTOCTPHK-
IIUM €€ MOBEPXHOCTHOTO CJIOS Ag, MO-BUIAUMOMY, ITOTOMY, YTO KpUCTAJUTMYECKAs
CTPYKTypa IIOBEPXHOCTHOIO CJIOS IUICHKH OTJIMYAETCd OT KPUCTAJUIMYECKOU
CTPYKTYpbI BCEro 00beMa MIIEHKH, TaK KakK, C OJIHOM CTOPOHBI, TOBEPXHOCTHBIN
CJIOM IpUMBIKaeT K 00beMy IJIEHKHU, a C IPYroll — OH SBJIAETCS I'paHULEH MaTe-
puana. HBIMH clIOBaMH, TIOBEPXHOCTHBIN CIION MJICHKH MO CPAaBHEHMIO C €€ 00b-
€MOM SIBJII€TCS 00JIee MATHUTOYYBCTBUTEIBHBIM.

B 3aBUCHMMOCTH OT BEIMYMHBI U XapaKTepa HANPSIKEHHOIO COCTOSHUSA MOBEPX-
HOCTHOT'O C€JI0sl IJIEHKH moBepxHocTHast mMoga CBP tpancdopmupyercs otHocu-
TEJIbHO OJHOPOJHON. Pe3ynbTaThl MccaeqoBaHUN CBUIETEIBCTBYIOT O TOM, YTO
criektp CBP conmepxut moBepxHOCTHYI0 Moay. Ha ee mosokeHue, MHTEHCHB-
HOCTb U (hOpPMY OTHOCUTEIILHO OJHOPOIHOUW MOsI CBP He BimsieT mpoBOIUMOCTh
Marepuana MjaeHKU. HTEeHCHBHOCTh MOBEPXHOCTHON MOJIbl CYLIECTBEHHO 3aBH-
CUT OT ()OPMBI TPAIUEHTA HATIPSHKCHUH M BEITMYUHBI 3aKPETJICHUS CIIMHOB B TI0-
BEPXHOCTHOM cJ10€ (CM. puc. 2 u 3).
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B.A. Hlanosanos

CMUH-XBMNbOBWIN PE3OHAHC | OO MOBEPXHEBA MOLA
B rnnBLUI MAHTAHITY

BusBneHo, mo crmekTp CHUH-XBHIBOBOTO pe3oHaHcy (CXP), sk mpaBmiIo, MICTUTH II0-
BEPXHEBY MOJY, II0 HE 3aJISKUTh BiJl MPOBIAHOCTI MaTepiany muriBku. [lokazaHo, 1o mo-
JIOKEHHSI, IHTEHCUBHICTH 1 opMa Liel MOIU TPaHCHOPMYIOTHCS LIOAO0 OAHOPIAHOI MOAH
MpH 3MiHI HaMpyXKEHOTO CTaHy IUIBKH. [1o 3CyBy pe30HAHCHHX TIOJIB TiJ €0 Me-
XaHIYHOT HaIlPyT'W BU3HAYEHO KOHCTAHTH MarHiTOCTPHKIII] IUTIBKU 1 TOBEPXHEBOTO APy .
OcranHiif € OiNbII MarHiTOYyTJIMBUM Yy TOPIBHSAHHI 3 00OCATOM ILTIBKH, TOMY IO HOTO

KOHCTAaHTa MarHiTOCTPUKIIII Ag OibIlle KOHCTAHTH MarHITOCTPUKIIIT TUTiIBKU kf;

KurouoBi ciioBa: crimH-XBHJIBOBUH pE30HAHC, MMOBEPXHEBA MOJA, MEXaHIYHA Hampyra,
MOBEPXHEBUH IIap, KOHCTAHTA MAarHITOCTPUKIIT
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V.A. Shapovalov

SPIN-WAVE RESONANCE AND SURFACE MODE IN MANGANITE FILM

It has been determined that the spin-wave resonance (SWR) spectrum contains, as a rule,
the surface mode which does not depend on conduction of film material. It is shown that the
position, the intensity and the shape of this mode are transformed with respect to the uni-
form mode due to changes in the stressed state of the film. Constants of the film and surface
layer magnetostriction have been determined by the displacement of resonance fields under
the action of mechanical stress. The surface layer is more sensitive to magnetism than vol-

ume of the film since its magnetostriction constant A is larger than that of the film A

Keywords: spin-wave resonance, surface mode, mechanical stress, surface layer, mag-
netostriction constant

Fig. 1. SWR spectrum in perpendicular orientation for film Lag ¢7Cag 33MnQO3 with high
resistance, 7= 100 K. The insert shows modes 9-17, x5

Fig. 2. Influence of bending deformation on SWR spectrum in perpendicular orientation
for film Lagg7Cag33Mn0O3 with low resistance for different mechanical stresses: [ —
minimal, radius of sample bending R| == 700 mm, 2 — maximal, R, =200 mm; /, 2 — uni-
form modes, /a, 2a — surface; T= 141 K

Fig. 3. Influence of linear deformation on SWR spectra in films Lag ¢7Cag 33MnO3 grown
on LiNbOj (a), SrTiO3 (6) and LaAlOj3 (s) substrates under the magnetic-field perpen-
dicular orientation to the film

Fig. 4. Angular dependence of SWR spectral lines position in film Laj ¢7Cag33MnO3
grown on SrTiOj substrate
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PACS: 81.40.Lm, 62.40.+1, 68.60.Dv

B.B. Macn0|31, B.W. TKa'-IZ, B.K. HOCGHKO1, C.l. Pacconoaz, T.H. MowceeBa2

TEPMWYECKW OBYCJIOBJIEHHOE OXPYINM4YNBAHWE AMOP®HbIX
CIrJ1ABOB Fe-Si—B-Cu—Nb

1l/IHCTMTyT mMeTannoduaukm um. I'.B. Kypagtomosa HAH YkpauHbl
©. BepHapckoro, 36, 'CI1, r. Knes-142, 03680, YkpaunHa

2)ZI,OHeL|,|<|/|17| HU3NKO-TEXHNYECKUI UHCTUTYT M. A.A. lankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbsa noctynuna B pegakumio 17 ceHtao6psa 2009 roga

Memoodamu penmeenocpaguueckoeo anamuza, usmepeHus MUKpomeepooCmu U Ucnslma-
HULL Ha U320 UCCIe008AHO BUAHUE UOXPOHHBIX OMMAHCUL08 HA CIMPYKMYPY U MeXaHude-

ckue ceoucmea amop@uuix  cnaasoe muna Finemet Fey3Sijs B7 CuiNb; u
Fey36Si159B72CuiNby 4. Yemanosneno, umo omoswcue 6 ouanazone memnepamyp 260—

270°C npugodum k npakmuiecku HOJHOU nomepe NiACmMUYHOCMU, YMo 00YCl1081eHO pe-
JaKcayuoHHviMu npoyeccamu. Ha ocnosanuu amanuza skcnepumenmanvbHblx pe3yivma-
MO8 U IUMepamypHbiX OAHHbIX BbICKA3AHO NPeONOLONCeHUe, Ymo Hauboiee 8epoImHOU
NPUYUHOU OXPYNUUBAHUSL UCCIEO0BAHHBIX CNIABOS SGNSLENMCS HeOOpaAmuMas peraKcayus
BAKALOYHBIX HANPSNCEHUL, KOMOPAsi RPOUCXo0um nymem 60cxoosujet ougpgysuu amo-
MO8 MEMANIOUO08 8 NOBEPXHOCIHYLE CLOU JEHM, CHUMCAIOWel Ux NiacmuiHOCmb.

KnawueBbie ciaoBa: amopdHbIe CIUIaBBI, CTPYKTypHas pelakcalusi, OXpyITYHBaHUE,
3aKaJIOYHbIe HanpsuKeHHs, AP Py3us

1. BBenenune

biraronapst BBICOKOM MarHMTHOM IPOHUIIAEMOCTH, HU3KOM KOIPLUUTUBHOM CHJIE
Y IPAKTUYECKH HYJIEBOM MAarHUTOCTPUKIMM B COYETAHUM C MAJIBIMU MOTEPSIMHU HA
nepeMarHu4rMBaHue HAaHOKPUCTAJUTMYECKHe cIutaBbl THa Finemet [1] Ha ocHOBe
cucreMbl Fe—Si—B—Cu—Nb yxe mpoJIoKUTeNbHOE BpeMs SBISIOTCS 00BbEKTOM
IPUCTaIbHOIO BHUMAaHMsSI UCCIIeJoBaTeNel U TEXHOJIOroB. B aTux craBax, momuy-
YaeMbIX OOBIYHO B BHJE JICHT IyTeM CIIMHHMHIOBAaHUS PACIUIaBa, ONTUMAaJIbHBIN
YPOBEHb MarHUTHBIX CBOMCTB JIOCTHIaeTCsl MOCJIE OTXKUIAa IpPHU TeMIeparypax,
IpU KOTOPBIX B CIUIaBaX MPOUCXOJAT MPOLECCHl HAHOKPUCTAJUIU3ALUU ¢ 00pa3o-
BaHMeM B amop¢Hoi Matpuume ~ 75-80 vol.% HaHOKpuCTamIHueckoil (a3bl
a-Fe(Si)-cocraBa, 6mmskoro k FesSi [2]. B To e Bpems Hapsay ¢ yiaydlIeHHEM
MarHUTHBIX XapaKTEPUCTUK YyXe HU3KOTeMIlepaTypHas TepMooOpaboTka MpHUBO-
JTUT K PE3KOMY CHIKEHHUIO IUIACTUYHOCTHU (OXPYHMYHMBAHMIO), YTO 3HAYUTEIBHO

© B.B. Macrnos, B./. Tkauy, B.K. HoceHko, C.I". Pacconos, T.H. Mouceesa, 2010
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OCJIOXKHSIET TOCJEYIOLINE ONepalyu MO HM3TOTOBJIECHHUIO JIGHTOYHBIX MAarHUTO-
TIPOBOJIOB.

Heo6xoauMo 0TMETHTh, YTO ISl METAJUIMYECKUX CTEKOJI TUIIMYHO TEPMHUYECKOe
OXpYITYMBaHHUE, CYIIHOCTh KOTOPOTO 3aKJIFOYAETCS B TOM, YTO BCIICJCTBUE MHUIIUH-
POBaHHBIX OT)KUI'OM CTPYKTYPHBIX U3MEHEHUM SHEpPIusl akTUBALUH IIACTUYECKOTrO
TEUEHHsI CTAaHOBUTCS MEHBIIE PHEPruM 00pa3OBaHWS TPEUIMHBL. B psje criaBoB
nepexo]] B XpYIIKOE€ COCTOSIHUE CBsI3aH ¢ (DOPMHPOBAHMEM KPHUCTALIMYECKUX (a3
[3,4], omHaKo B OOJILITMHCTBE CTEKOJI METAI-METAIIJION]] MTOBBIILIEHUE TEMIIEPATY-
PBI BA3KOXPYIIKOTO MEpeXoa A0 KOMHATHOM 00YyCIOBIEHO peaKCallMOHHBIMU H3-
MEHEHHSIMHU CTPYKTYpbl aMOp(hHBIX (pa3. CyIiecTByeT A1Be OCHOBHBIX TOUKU 3PEHUS
OTHOCHUTENBHO MIPUPO/IbI peaKCALMOHHBIX MPOLIECCOB, MPUBOAAIIMX K IOTEpE ILIa-
ctnyHOCTH. COTIacHO TEPBOM OXPYNMUMBAHME METAJUTMYECKUX CTEKOJ SBIISIETCS
CIIE/ICTBHEM 00pa3oBaHUsI OOOTAIIEHHBIX aTOMaMH METAJUIONWAa KOHLIEHTPAlUOH-
HBIX HEOJHOPOAHOCTEH [5—7], KOTOpbIE UMEIOT MOHMKEHHYIO IACTHUYHOCTh. Co-
IJIaCHO JIpYroii, Oosee pacnpOoCTpaHEHHOW TOUKE 3pEHUsl MOoTeps IIAaCTUYHOCTU
aMOp(HBIMHU CIUIaBaMU CBS3aHA C YMEHbIIEHHUEM KOHLeHTpauuu [8,9] miu nepe-
pacrpenenenueM (¢ obpazoBanueM Mukpornop) [10] u30BITOYHOrO CBOOOAHOTO
o0beMa, KOTOPBIH (PUKCHUPYETCS B IPOIIECCE OBICTPOTO OXJIAXKIICHHS PaCIlIaBa.

Kaxnas u3 ynmoMsSHYTBIX THUIOTE3 MOJATBEPXKAAETCS SKCIEPUMEHTAIbHBIMU
JAHHBIMH, HE COTJIACYIOIIMMUCS C pe3yJbTaTaMH, IOJYYEHHBIMH Ha JPYTHX
aMOp(QHBIX cIIaBax. JTO O3HAYaeT, YTO MEPEXO CTEKOJ B XPYIKOE COCTOSHUE
MOYET OBITh OOYCIIOBIIEH PAa3IMYHBIMH CTPYKTYPHBIMH W3MEHEHHSIMHU, KOHKPET-
Hasl peayu3alys KOTOPBIX ONpeaessieTcs XMMUYeCKUM cocTaBoM cruiaBa. Creno-
BaTENBHO, /715 OoJiee yriyOJIEHHOTO aHali3a MPUYMH TOTePH TUIACTUYHOCTH He-
00X0AMMBI JanbHEeHIINe SKCIepUMEHTAIbHbIE UCCIEI0BaHMs, B YaCTHOCTU pac-
HMIMPEHNE Kpyra aMOp(HBIX CILIaBOB. BBy MpakTHYECKOW BaXKHOCTH aMOP(HBIX
cruiaBoB THna Finemet B HacTosimiel paboTe MpeAcTaBiIeHbl Pe3ylbTaThl dKCIIe-
PUMEHTAIBHBIX MCCIICIOBAHNHN BIMSHUS TEPMHUECKONW 00paOOTKH Ha CTPYKTYpY U
MeXaHUYeCKUe CBOMCTBA (TBEPAOCTh M MIIACTUYHOCTH) JIBYX CIUIABOB 3TOrO TUIA:
Fe73Si158B72CuiNbs u Fez3 65115 8B72CuiNb; 4.

2. MeToauka 3KcniepuMeHTa

VcxonHble criiaBbl TOTOBWIIM B MHIYKIIMOHHOU 1€yl B aTMoc(epe Ar U3 Boc-
CTaHOBJIEHHOTO B BOJIOPOJE *eje3a YUCTOTOM He meHee 99.96 wt%, MoHOKpH-
ctammnaeckoro kpemuus (99.999), amopdnoro 6opa (99.9), Cu u Nb (99.9).
AMopdHBIE CIUTaBBl B BUC TUIACTUIHBIX JICHT cedeHreM 20—25 um x 20 mm ObI-
JM TIOJyYeHbl CBEPXOBICTPON 3aKaJKOW pacijiaBa IO METOAY JIUThS IUIOCKOM
CTpyHu Ha yctaHoBke OTKpbITOoro tuna B UM® um. I'.B. Kyparomosa HAH Vk-
pauHbl. DKEKTHPOBAaHUE PACIUIaBa OCYLIECTBISUIM CKBO3b y3koe (0.35-0.6 mm)
como mupuHoil 5-25 mm ¢ paccrosnus 0.15-0.3 mm, koTopoe nojaepKUBaIN
MOCTOSIHHBIM Ha MPOTSKEHNUHU KaXJI0ro LIMKJIa pa3uBKU. Temneparypa neperpena
paciniaBa niepen 3akaikoi cocrabisuia ~ 100 K, maBnenue »kekrupoanus ~ 25 kPa,
JUHENHas! CKOPOCTh BpallleHHs 3aKaJIOUHOTo Aucka ~ 20-25 m/s.
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Tepmuueckyo 00pabOTKy JIeHT (M30XpOHHBIE OTHrH 60 min) MPOBOIWIH B
neun conpotuBiieHus (£1 K) B atmocepe Ar.

CtpykTypy OBICTpO3aKaJeHHbIX M TepMOOOpPaOOTAaHHBIX JIEHT MCCIIEJOBAIH
peHTreHorpagu4ecki Ha aBTOMATH3UPOBAHHOM CTaHIAPTHOM PEHTT€HOBCKOM
mudppaxtomerpe JPOH-3M B ¢puibrpoBanHoM Co K,-uznydenuu. I1o naHHbIM
9THX MCCIEOBAHNN OLIEHUBAIU KpaT4allIne CpeJHUE MEKAaTOMHBIE PACCTOSHUS
r4 ¥ pa3mepbl obnacteil korepeHTHoro paccestuust (OKP) Ly, koTopble paccunThl-
BaJIM U3 COOTHOIIIEHUH COOTBETCTBEHHO DpeHpecta (r4 = 0.6151/sin0) u Censixo-
Ba—lllepepa (Ly; = MwcosO) [11], Tme A — niuHA BOJIHBI M3My4YeHUs1, O — OpIrros-
CKHH yroJl paccesHus, w — MOIyLIMpUHA IIEPBOT0 AU(PPAKLIHOHHOTO MaKCHUMyMa.

MukpoTBepaoCTh JIEHT |, u3MepsIn Ha CBOOOJHOH (IIPOTHUBOMOIOKHON 3aKa-
JIOYHOMY JHUCKY) TOBEPXHOCTHU JIGHT Ha cTaHmapTHoM npubope [IMT-3 mox Ha-
rpy3koii 0.7 N, Bpems Boiiepxku 10 s. 3nauenns Hy, Ui Kaxaoro oopasua onpe-
nensii yepeaHenueM 10 u3MepeHuit 0TrneyaTkoB MpaBHIbLHON (popMbl, uTo 0bec-
MIEYMBAJIO CPEIHEKBAAPATUYHYIO TOrpetHOCTh < 1.5%.

[TnacTHUHOCTH JIEHTOYHBIX 0Opa3I0B OIEHUBAIH C WCHOJIH30BAHUEM METOMIU-
K1 M3rula JIEHThl MEXIy IBYMs NapajuleibHbIMU IJACTUHAMM C OLICHKOH BeJu-
yuHbI 1edopMmalu paspyuenus € = h/(D — h), rne h — TonmuHa JeHTsl, D — pac-
CTOSIHHE MEXIY MOBEPXHOCTSIMH B MOMEHT pa3pyuieHus [S].

3. DKcnepuMeHTAIbHbIE Pe3yJbTAThl U UX 00CYKIeHHe

Pentrenorpaguueckne  MCCIeIOBaHWS ~ IOJYYEHHBIX  JIGHT  CIUIABOB
Fe73Si158B72Cu;Nbs u Fess ¢Si158B72CujNb, 4 B HCXOJHOM COCTOSIHMU ITOKa3a-
JIH, YTO BCE OHU UMEIOT aMOP(HYIO CTPYKTYpY O€3 MPHU3HAKOB HATUYHS KPHCTaI-
MYECKUX (a3. YCpeHEHHBIE 3HAYEHHsT MUKPOTBEPAOCTH JIEHT H|, U1 MCCIeno-
BaHHBIX CIUIABOB OKA3aJIUCh MPHMEPHO
OJMHAKOBBIMH M COCTABHJIM COOTBETCT-
BeHHO 9800 £ 200 1 9900 + 250 MPa. 13
pe3yIbTaTOB MCIBITAHUH TEPMOOOpado-
TaHHBIX JIEHT Ha u3rud (puc. 1) ciemyer,
0.1 YTO BBICOKAS IUIACTHYHOCTH, XapaKTep-
: Has JUI1 CBEXETPUTOTOBJICHHBIX 00pa3-
II0B, COXPAHSETCS IO TEMIIEPaTyp OTKUra

| F—=i=ran

A—0 | T, ~260-270°C, a npu Gonee BBHICOKHX

0.01¢ | 3HaueHmiX T, TPOUCXOAUT UX OXPYII-
T YMBAHHE B Y3KOM TEMIIEPATyPHOM HH-

200 250 300 350 400 TepBae.
T,°C OTMETHM, YTO AaHAJOTHYHBIN Xapak-
TEP M3MEHEHMs IUIACTHYHOCTH B 3aBH-
CUMOCTH OT TEMIIEPATYpPBl OTHKUTa Ha-

OmomaeTcss BO BCEX W3YYEHHBIX K Ha-
CTOSAIIEMY BPEMEHH METAJUTHYECKUX

Puc. 1. 3aBucumocTsb jaedopMalpy pa3pyiie-
s amopdubix JeHT Fe73Sii58B7,CuiNbs
(A) n Fe73.6Si15_8B7.2Cu1Nb2_4 (I) OT TEM-
nepaTyp U30XpoHHBIX (60 min) OTKUTOB
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creknax [3-5,10], 4yTO CBUAETENBCTBYET O HAJIUYMH KPUTHUYECKUX 3HAYCHUU
CTPYKTYPHBIX MHapaMeTpoB, ONPEIEISIIOMINX Mepexoa o0pa3loB B XpPyIKOE CO-
ctosHue. ToT (akT, 4yTO yKa3aHHBIN TeMIepaTypHBIM MHTEpBA OXPYMUHUBAHUS
CYILIECTBEHHO HM)KE TEMIIEpaTyp, MPU KOTOPHIX B UCCIEJOBAHHBIX CIUIaBAX HAYM-
HaeTcs mponecc HaHokpucTtamnuzanuu (500-550°C) [12], omHO3HAYHO MO3BOJISIET
cBsi3aTh 3 ekt oxpymunuBaHuUs ¢ MpoIiecCaMy CTPYKTYPHOU peJlaKcalny.

XapakTepHasi 0COOCHHOCTh PEeNaKCAIlMOHHBIX MPOILIECCOB B METAJUIMYECKUX CTEK-
Jlax 3aKJII0YaeTcsl B TOM, YTO MPOTEKAIOIIUE B HUX CTPYKTYpPHBIE IEPECTPOIKH, B pe-
3yJIbTaTe KOTOPBIX CYIIECTBEHHO M3MEHSIOTCS (DM3MUECKHE CBOMCTBA, JIeXkaT B Mpe-
JieNax MOTrPEIIHOCTEN MPSAMBIX CTPYKTYPHBIX METOI0B uccienaoBanus [13]. [loatomy
JUIS BBISICHEHUSI (DU3UYECKOW MPUPOJBI PENAaKCAlIMOHHBIX MPOIECCOB HEO0XOoanma
KOMOMHAIUS CTPYKTYPHBIX METOAMK C U3MEPEHHsIMH (pU3HMIecKuX cBOWCTB. [IpoBe-
JCHHBIA TakuM oOpazoMm aHamm3 sl amopdHoro cmraBa FeyoNiggP14Bg mokazan
[14], uTo CcTpyKTypHas penakcalys MpeacTaBiseT OO0 COBOKYMHOCTh HECKOJIBKHIX
AJIEMEHTAPHBIX OOPATUMBIX U HEOOPATHMBIX MPOLIECCOB, BKIIIOYAIOLINX U3MEHEHUS
JIOKAJIBHOTO aTOMHOTO YTIOPSIOUEHHS, OTKUT 3aKATIOUHBIX HAMPSLKEHHH, YMEHBIIIe-
HHE KOHIICHTPAIUU H30BITOYHOTO CBOOOTHOTO 00BheMa, a TAKKE POCT KOHIICHTPAIH-
OHHBIX (DITYKTyaIii MEe30CKOMUIecKoro Maciirada ((hazoBoe paccioeHue).

Kak o6cy>xnanoch BblIlie, OOJBITMHCTBO U3 TIEPEUNCIEHHBIX MPOLIECCOB MOKET
MPUBOJUTH K CHUYKEHUIO TJIACTUYHOCTH, MOATOMY LIE€JIBIO MOCIEAYIONIer0 aHaH-
3a OBLJIO BBISICHEHHE HamOoJee BEPOSTHON MPUYMHBI OXPYIMTUMBAHHUS aMOPQPHBIX
crutaBoB Fe73Sii5gB7,CuNbs u Fey3 6Sii58B7,CuNby 4. st aToro O6sutm mpo-
BEJICHbl HM3MEpPEHUs] M3MEHEHUNW MUKPOTBEPIOCTH U PEHTIeHOAU(paKIHOHHBIC
CTPYKTYpHBIE HCCIIEIOBaHUs aMOP(HBIX JCHT, OTOXKEHHBIX B TedeHue 60 min
npu temreparypax 100-350°C. M3mepeHus nokasaiu, 4TO U3MEHEHUS MUKpPO-
TBEPAOCTH H), Ka)10ro oOpa3siia JeHTsl IHHON ~ 20 mm He npeBbimanu 1-1.5%,
B TO BpeMs Kak pa30poc 3HadeHMi H, pasHbIX 00pa3loB B OTIAENbHBIX CIydasx
nocturai 4%. [1o Toit mpuuuHe AJis BBISICHEHUS BIUSHUS COOCTBEHHO TepMHUYE-
CKoM 00paboTKy 3Ha4eHus H, Kaxaoro o0pasna 1mocie OTKUra CPaBHUBAIIH C €10
MUKPOTBEPAOCTBIO B UCXOJHOM COCTOSTHUH.

JlaHHble, Ipe/ICTaBICHHBIE HA PUC. 2, TTOKA3bIBAIOT, YTO MOBBIICHHUE TEMIIEPATyp
M30XPOHHBIX OTXKUIOB NPUBOAUT K HEMOHOTOHHBIM M3MEHEHUSIM MHUKPOTBEPIOCTH
000X CIUIaBOB. AHAJOIMYHOE TMOBEACHHE MHUKPOTBEPIOCTH OTOACKEHHBIX aMopd-
HBIX criaBoB Feg B3 5513 5C, orMewanock u B pabote [15], T.e. HabmomaeMblii HAMH
XapaKkTep M3MEHEHUH H|, ABNIAETCSA HE CIIyYalHBIM U OTPaXKaeT CIIOKHBIM XapakTep
CTPYKTYPHBIX IIEPECTPOEK B MHOTOKOMIIOHEHTHBIX aMOP(HBIX CILIaBax.

Crnenyer OTMETHTh, YTO NPOBEICHHBIA paHee [12] MEeTomoM MasoyrjioBOro pac-
CESIHUSl PEHTI'€HOBCKMX JIydel aHaiM3 CTPYKTYPHBIX M3MEHEHHH B HCCIETYEMbIX
CIUTIaBax MOKasal, 4YTO TepBbIEe MPU3HAKH (PAa30BOTO PACCIOCHHUS MPOSIBISIOTCS MPH
TEMITepaTypax OTKUTa, CYIIECTBEHHO Ooiiee BrICOKUX (> 400°C), ueM Temmeparypsl,
00YCIIOBIMBAIOIINE OXPYIMYUBAHHE. DTO O3HAYaeT, YTO MOTEpsl IJIACTUYHOCTH B
craBax Fe73Sij5gB7,CuiNbs u Fess 6Si58B7,CuNb, 4 He cBsizaHa ¢ o0pa3zoBaHueM
00OTraleHHBIX aTOMaMH METAJIIONI0B KOHLIEHTPALIMOHHBIX HEOHOPOIHOCTEH.
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o
I Puc. 2. OTHOCUTENbHBIE  H3MEHEHUS
© 6} A MPIKpOTBep,I[OCT?I aMOp(HBIX  JICHT
T " CHJ‘IaBO'B Fe73Si158B7,CuiNby (A) m
m“‘ 4r P /\\ Fe73 6Si15.8B72CuNby 4 (W) B 3aBHCHMO-
~ | A ! N CTH OT TeMIiepaTyp U30XpoHHBIX (60 min)
m“ 2f AN ! oTKUroB. [lyHKTHUpHOM U CHUIOIIHON
- ﬁ //\ ! BEPTHKAILHBIMUA  JIMHUSIMA ~ OTMEYCHBI
5 0 / n TEMIIepaTyphl OTXKWTA, BBIIIE KOTOPHIX
) _ z TEPSFOT TUIACTHYHOCTH JICHTHI TIEPBOTO H

] BTOPOT'O CIIABOB COOTBETCTBEHHO
. .
100 200
T ,°C

a

ManoBepoATHBIM TaKKe MpPEACTaBISAETCS, YTO OXPYMUMBAHUE H3Yy4aEMbIX
CIUTaBOB OOYCIIOBJICHO YMEHBIIIEHHEM KOHILIEHTPALUU H30BITOYHOTO CBOOOIHOTO
0o0BbeMa, MOCKOJIbBKY COTJIaCHO pe3yJbTaTaM HCCIEIOBAaHUI C HCIIOJIb30BAHHEM
METO/Ia AJIEKTPOH-TIO3UTPOHHOM aHHUTHIIALKY [17] 3TO SIBJICHHE MPOUCXOIUT TIPU
JIOCTAaTOYHO BBICOKHX TeMIIEpaTypax, OJIM3KHX K TeMIepaType CTEKI000pa3HOro
nepexona. Kpome toro, ciemoBano Obl 0XHAATh, YTO MOBBIIICHHE IMIOTHOCTU
aMOp(HOTO CIUIaBa JJOJHKHO COMPOBOXKAATHCS POCTOM €0 TBEPJOCTH, B TO BpEMs
Kak B quana3osne temneparyp 250-300°C 01HOBPEMEHHO C OXPYNYUBAHUEM JICHT
UCCJIEYEMbIX CIJIABOB IMPOUCXOAUT M 3aMETHOE CHUKEHHE X MUKPOTBEPIOCTU
(puc. 1, 2).

W3 npoBeieHHOTr0 aHanu3a CeyeT, YTO MPOLIECCH, KOTOPbIE ONPEEIISIIOT OTEPIO
TUIACTUYHOCTH B aMOp(dHBIX crutaBax Fe73SijsgB7,CuiNbs u Fes; 6Si158B7,CuiNby 4,
UMEIOT, CKOpee Bcero, MHyro npupoay. ComocraBieHHe HW3BECTHBIX OITyOJIHKO-
BaHHBIX HKCIIEPUMEHTAIbHBIX PE3YyJIbTATOB C IPUBEACHHBIMU BHIIIE JaHHBIMU TO-
3BOJISIET CHIENATh HEKOTOPBIE NPEAINON0KEHNS OTHOCUTEIIBHO MEXaHU3Ma OXpYII-
YUBaHUS aMOP(HBIX CIUIABOB, B TOM uucie u Tumna Finemet. B wactHOCTH, Kak
YCTaHOBJIEHO B pabote [17], Hambosee CyIIeCTBEHHOE CHUKCHHE TUIACTUYHOCTH
MeTaimnaeckoro crekna FeyoNiggP14Bg mporcxonut mpu oTxure B Auama3oHe
temriepatyp 200-300°C. Ha Tepmorpammax muddepeHnnanbHol CKaHUPYOIICH
kanopumetpun (JICK) npu 3tux Temmeparypax HaOIIOAAeTCs pa3MbIThI MaKCH-
MYM TEIUIOBBIACIIEHUS, UTO CBUJIETENILCTBYET O HATMYUU HEOOPAaTUMOTO Mpoliecca
¢ otHocuTenbHO HU3KOHM (0.94 eV) sueprueli akrtuBauuu. [lo MHEHHMIO aBTOPOB
[17], aTM TpoLIECCOM, MPUBOIAIIMM K HU3KOTEMIIEPATYPHOMY OXPYITUUBAHUIO
aMOp(HOTo CIUIaBa, SIBJISETCS JIOKAIBHOE aTOMHOE YHOPSI0YEHHUE, XOTs MpIMoe
SKCIIEPUMEHTAJILHOE MOATBEPKACHUE JAaHHOTO MPEANOoNIOKEeHHUsI B paboTe OTCYT-
ctByer. Cremyer 3ameruth, uto Ha KpuBbIX JICK amop¢ubIX 5eHT cmaBa
Fe73.5S113.5B9CuNbs, 61m3K0r0 10 cOCTaBy K MCCIeIyeMbIM B JaHHOW pabote, B
temnepatypHoMm auamnazoHe 200-300°C Takke IpPUCYTCTBYET Pa3MbIThI MaKCH-
MyM TeIUIOBbIAeIeHUS [ 18], KOTOPBIN HCcUYe3aeT MpU MOBTOPHBIX HArpeBax.
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[TonpoOHBIi aHaNM3 peraakCallMOHHBIX MPOLECCOB B METANIMYECKOM CTEKJIe
Fe4oNiggP14Bg [14], mpoBeaeHHBIH ¢ UCTIOIB30BAaHUEM CTPYKTYPHBIX METOJIOB UC-
cnenoBanus, JJCK U u3mMepeHuil 3JIeKTpUIECKOT0 COMPOTHBIICHUS, TTO3BOJIMII aB-
TOpaM MPEINONI0KUTh, YTO HEOOPATUMBIM NPOLIECCOM, MPOUCXOJAIIUM MPU OT-
HOCHUTEJIBHO HU3KHUX TEMIIEpaTypax, SIBISETCS OTKUI 3aKaJIOUHBIX HalpsKeHUH,
KOTOpbIE HEITPEMEHHO MPHUCYTCTBYIOT B JICHTaX, MOJYYEHHBIX METOJOM CIIMHHUH-
roBaHus pacruiaBa. K coskajeHMio, JaHHbIE OTHOCUTEIBHO XapakTepa pacipene-
JIeHUsl 3aKaJIOUYHBIX HANpsUKEHUH B METAIMUECKUX CTEKJIaX W UX pelaKcaluu
BeCbMa OorpaHuyeHbl. TeM He MeHee, KaK AKCIEPUMEHTaIbHO YCTAHOBJIEHO B pa-
6ote [19], o6a moBepXHOCTHBIX cos (~ 4 wm) OBICTPO3aKATEHHBIX aMOP(HBIX
neHt Fe79Bi¢Sis oOmieit Tommmnoi 20 pm HaxoAsaTcsl MOJ BO3ACUCTBUEM CKHU-
Marommx HanpspkeHui (nmpuommsutensao 20 MPa), B To BpeMst Kak B IIEHTPaJIbHOM
UX YacTH IPHUCYTCTBYIOT pacTsaruparomue Hamnpsokenus (1o 18 MPa). ITo mepe no-
BBILLICHUSI TEMIEPATYPbl OTXKUTA YPOBEHb HANPSHKEHUN CHUXKAETCS, U MIPU TEMIIe-
parype 400°C 71eHTbI CTAaHOBSTCS HOJHOCTHIO CBOOOTHBIMH OT HAIIPSKEHUI.

Hcxons U3 pacCMOTPEHHBIX BBIIIE JAHHBIX, MOYXKHO MPEAINOIOKUTh, YTO OCHOB-
HBIM MPOLIECCOM, KOTOPBIN ONpeAessieT OXpYMTUUBaHUE UCCIIeIOBAHHBIX aMOP(HBIX
neHT npu Temnepatypax 250-300°C, sBasieTcst penakcanus 3aKalOUHbIX HampsoKe-
HUIA. DTOT mpolece Npoucxo Ut myteM auddy3un Haubosee NOABHKHBIX aTOMOB
MEHBIINX Pa3MEPOB (METAJUIONAOB) B 30HBI CXKMMAIOIUX HANPSLKEHUH (B MOBEpX-
HOCTHBIE€ CJIOM JIEHTBI), CHW)XKasg TaKUM 00pa3oM UX ypoBeHb. lIpumHummIManbHas
BO3MOYKHOCTh ME€XaHU3Ma peJlaKCallii HEOJHOPOJIHBIX MEXaHWYECKHX HampsiKe-
HUI 3a cueT Bocxosuiel auddysuu Oblia mokazaHa, B 4aCTHOCTH, B padote [19].
Bbonee Toro, kak ycTaHOBJIEHO METOJaMU Oxe-criekTpockonuu [20,21], HU3KOTEM-
nepaTypHbIil OT)KUT aMOP(HBIX JIEHT U3 CIUIABOB METAJUI-METAJUION]] MPUBOAUT K
MOBBIIIEHUIO KOHLEHTPAIMU METAJUIOMJIOB Ha MOBEPXHOCTH JIeHT. [Ipu 3Tom xa-
pakTepHble MyTH U} (y3Ur COCTABIAIOT OKOJIO JECATKA ATOMHBIX JUAMETPOB, I10-
CKOJIbKY 0OOTralleHue MOBEPXHOCTHOIO CJIOSl TOJIIMHOW B HECKOJIBKO aTOMHBIX
CJIOEB IIPOUCXOUT U3 30HBI, HETIOCPEICTBEHHO MpuiIeraroieii k nopepxHoctu [21].
OTO0 03HAYAET, YTO TAKOM MPOLIECC MOXKET MIPOUCXOIUTH IIPH OTHOCUTEIBHO HU3KUX
TeMIlepaTypax oTKura. BBuay Toro, 4yro miacTUYHOCTh aMOP(HBIX CIUIAaBOB CHH-
JKAETCsl C TIOBBIIIICHUEM KOHIICHTPAIIMU METAUTONIOB [22], pacCMOTpEHHBIE B Ha-
CTOsIILEeH paboTe CTPYKTYpHbIE U3MEHEHHs BIOJIHE MOTYT OBITh MPUYMHON OXpYII-
YMBaHUsI N3yYEHHBIX aMOP(HBIX CIIJIABOB.

K coxanenuto, MeTObl UCCIEA0BaHMs, KOTOPbIE HMCIOJIb30BAIUCh B JTAHHOMN
paboTe, HE MO3BOJISIOT MOJIYYUTh MPSMbIE SKCIEPUMEHTAIbHbBIE TOITBEPKIACHUS
peanu3alyy NpeAsio)KeHHOTO MEeXaHn3Ma OXpynuuBaHusa. TeM He MeHee, KaK Io-
Ka3bIBa€T aHaJIU3, CpellHee KpaTyailliee MeXaTOMHOE pPacCTOSHUE B JHUAla3oHe
temneparyp orxkura 250-300°C umeer TEHISHIMIO K CHIDKEHUIO (pHC. 3), KOTO-
pas Ooyiee 4eTKO mpociexuBaeTcs B amoppHoM cruiaBe Fess ¢Sij5.8B7,CuiNb, 4.
[TockonbKy peHTreHO (P PaKINOHHBIE KAPTHHBI OTOOPAXKAIOT MPEUMYIIECTBEHHO
XapakTep CTPYKTYpPbI MOBEPXHOCTHBIX CJIOEB JIEHT, CHUKEHUE MEKaTOMHBIX pac-
CTOSTHUI MOYET OBITh CIICJICTBHEM ITOBBIIICHUS! KOHIICHTPAIIUN aTOMOB MEHBIINX

67



®du3nKa 1 TEXHHKA BbICOKHX aaBjienuii 2010, tom 20, Ne 1

pasMepoB, YTO MOKHO pacCMaTpHBaTh B KaueCTBE KOCBEHHOT'O IMOJTBEPKIACHUS
KOPPEKTHOCTH MPEAJIOKEHHOTO BbIIIE KAYECTBEHHOI0 MEXaHU3Ma MPUYMH IOTe-
pH IUTACTUYHOCTU B aMOp(HBIX crtaBax Tuna Finemet.

1.80 : _ % 5 }
e T _o— &+ /02508
1.74 § oY 0.251 _ 1.9 %/ \%\ : e
2 1.68] /S} lo2so® E s 10.2502 5
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Puc. 3. 3meHeHus pa3mepoB o0acTeld KOTepEeHTHOTO paccesHus Ly (®) U cpeqHero Kpat-
YaWIero MeXKaTOMHOTO paccTosiHUS #4 (©) amop¢HbIx cruiaBoB Fes3Sijs §B7,CuiNbs (a)
u Fey3 6Si15.8B72CuiNby 4 (6) B 3aBUCUMOCTH OT TeMIIepaTyp U30XPOHHBIX (60 min) oT-
JKUTOB

B TO k€ BpeMs1 HEMOHOTOHHBIN XapaKTep U3MEHEHNUN CTPYKTYPHBIX I1apaMETPOB
r4 ¥ Ly (OKP), kKak 1 MUKPOTBEpAOCTH (pUC. 2), CBUAETENBCTBYET O HATUYMHU JIOMOJ-
HUTENBHBIX PEJIAKCALMOHHBIX MPOLECCOB, MPOTEKAIOIUX NPU OTKUTe aMOpP(HBIX
00pa3LoB HCCIETyEMBIX CIUIaBOB IPH TEMIIEPATYPAX HIKE Haualla KpUCTAUTU3ALMN.
HNx Gonee neTanbHbIN aHAIM3 HYKJIA€TCs, OIHAKO, B PUBJICUCHUH JJOIOJIHUTEIIBHbBIX
AKCIIEPUMEHTAIBHBIX METOJIOB, a TAK)KE B MCIIOJIb30BAaHUM JPYTHX BUJIOB TEpMHUYE-
CKOM 00paOOTKH, B YaCTHOCTH HarpeBOB C MOCTOSIHHOM CKOpPOCTBIO, YTO JAacT BO3-
MOYKHOCTb OLIEHUTbh SHEPIreTUUECKUE NAapaMETPhbl PENaKCaIllMOHHBIX MPOLIECCOB U TEM
caMbIM cJieaTh Oosee 00OCHOBAHHBIE 3aKIIOYEHHUs] OTHOCHTENIBHO BO3MOXKHBIX Me-
XaHU3MOB CTPYKTYPHOH peJaKkcamuy, HCCIIeIOBAaHHBIX B aMOP(HBIX CIIIaBax.

B 3axitoueHre oTMETHM, YTO Kak JMANa3oH TEMIIEpPaTyp OTXKHUra, B KOTOPOM
IMPOUCXOAUT peslaKcallusl 3aKaJOYHBIX HANPSKEHUH B OBICTPOOXJIAKICHHBIX JIEH-
Tax ¢ aMOp(pHON CTPYKTYpOH, TaK M XapakTep TAaKOro Mpolecca 3aBUCAT OT XH-
MHUYECKOT'0 COCTaBa CIIaBOB. BeieacTBHE 3TOr0 B pa3IMyHBIX CTEKIAX OXPYMUH-
BaHUE MOXET OBITh OOYCIIOBIIEHO M MHBIMU PEIAKCALMOHHBIMU MpOLlecCaMH
(CHIDKEHUEM KOHIICHTpAIUU CBOOOJTHOTO 00beMa M (Pa30oBBIM PACCIIOCHHEM), a
OpU OTCYTCTBUHM YCIOBHMH JUIl MX pPEaIM3alUU METAJUIMYECKHE CTEKJa TEepsIoT
MJIACTUYHOCTh Ha HAYAIBHBIX CTAAUSIX KpUCTALIU3AMH [22].

5. BuiBoabl

B pe3ynbraTe npoBeACHHBIX UCCIIEI0BAaHUI YCTaHOBIIEHO, YTO:

— OTXKUT aMOp(i)HI)IX JICHT CIIJIaBOB Fe73Si1 5,8B7,2Cu1Nb3 n Fe73,6Si15,gB7,2Cu1Nb2,4
tuna Finemet npu temneparypax Boiiie 260—270°C mpUBOAUT K UX PE3KOMY OX-
pYHNUMBaHHUIO, KOTOPOE CBA3BIBAETCS C MPOIIECCAMU CTPYKTYPHOM peaKcaliy;
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— W3MEHEHHs] MUKPOTBEPJOCTH U CTPYKTYPHBIX XapaKTepUCTUK (Haubosee Be-
POATHOTO MEKAaTOMHOI'O PACCTOSAHUS, pa3Mepa 00JIacTel KOrepeHTHOIro pacces-
HUs) aMOpP(HBIX JIGHT UMEIOT HEMOHOTOHHBIM XapakTep B 3aBUCUMOCTHU OT TEM-
neparyp oTkura B uHtepBase temneparyp 50-350°C.

BrickazaHo npennosoxeHue, YTo Haubosee BEpOATHBIM MPOLECCOM, 00yCIOB-
JMBAIOIIUM TOTEPIO IIACTUYHOCTH MCCIICAOBAHHBIX aMOPQHBIX JICHT B JUAIa30-
He Ttemmneparyp 250-300°C, sBisercst HeoOpaTUMas peiakcalus 3aKaJIOYHbIX Ha-
NPsHKEHUH, KOTOpasi MPOUCXOJUT IyTeM Bocxojsmmel nuddy3nun aToMoB MeTal-
JIOU/I0B B IIOBEPXHOCTHBIE CJIOU JIEHT, CHIIKAsl MX IJIACTUYHOCTD.
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B.B. Macnos, B.1. Tkau, B.K. Hoceuxo, C.I". Pacconos, T.H. Moiceesa

TEPMIYHO OBYMOBJIEHE OKPUXYYBAHHA AMOP®HWX CI1J1ABIB
Fe-Si—-B—Cu—Nb

Metogamu peHTreHorpadiuHOro aHami3y, BUMIpIOBaHb MIKPOTBEPJOCTI Ta iCHUTaMU Ha
3arWH JOCIIIPKEHO BIUIMB i30XPOHHHX Bi/NANIB HA CTPYKTYpPY 1 MEXaHIYHI BIACTUBOCTI
amoppuux cmiaBiB tumy Finemet Fe73SijsgB7,CuiNbs ta Fegs ¢Sijs8B7,CuiNby 4.
Bcranosneno, mo Bignan B giana3oni temmeparyp 260—-270°C npu3BOIUTh A0 MPaKTH4-
HO TIOBHO{ BTPAaTH INIACTUYHOCTI, IO OOYMOBJIEHO peJlaKCallifHUMK TpoliecamMu. Ha
Mi/ICTaBl aHAIi3y eKCIIEPUMEHTAILHIX Pe3yJbTATIB Ta JITEPaTYPHUX JaHUX BUCIIOBICHO
OPUIYLICHHS, IO HaWOUIBII BIpOTIAHOI NPUYMHOIO OKPHUXUYYBAHHS JOCHIIKEHHX
CIUIaBiB € HE0OOpOTHA perlakcallis TapTIBHUX HANpYy>KeHb, KA BiIOYBAETHCS IUIIXOM
BUCXiZHOT In(y3il aTOMIB METaNOIiB y MOBEPXHEBI MIAPHU CTPIYOK, 3HIKYIOUH iX IIa-
CTHYHICTB.

KarodoBi cioBa: amopdHi CriaBu, CTpyKTypHa pellakcallis, OKpHX4yBaHHS, TapTiBHI
HaIPY)KEHHs, TUQY3isa

V.V. Maslov, V.I. Tkatch, V.K. Nosenko, S.G. Rassolov, T.N. Moiseeva

THERMALLY INDUCED EMBRITTLEMENT OF Fe-Si-B—Cu—Nb
AMORPHOUS ALLOYS

The effect of isochronal annealing on structure and mechanical properties of amorphous

Finemet-type Fe73Sii5gB7,CuiNbs and Fey; ¢Sij5.8B72CuiNb; 4 alloys was studied by
X-ray diffraction, microhardness measurements and bend testing. It was established that
annealing at temperatures in the range 260-270°C resulted in the essential loss of ductil-
ity caused by the relaxation processes. On the base of analysis of the experimental results
and the literature data it has been proposed that the most probable reason of embrittle-
ment of the investigated alloys is irreversible relaxation of the quenched-in stresses due to
ascending diffusion of metalloid atoms into surface layers of ribbons thus lowering their
ductility.

Keywords: amorphous alloys, structural relaxation, embrittlement, quenched-in stresses,
diffusion

Fig. 1. Dependence of the fracture strain of amorphous Fe73Si;5¢B7,CuiNbs (A) and
Fey3.6Si15.8B72CuiNb; 4 (m) ribbons on temperature of isochronal (60 min) annealing

Fig. 2. Relative changes in microhardness of amorphous Fe73Si;58B7,CuNbs (A) and
Fey3.6Si15.8B72CuiNb; 4 (m) ribbons versus temperature of isochronal (60 min) anneal-
ing. The dotted and solid vertical lines show temperatures above which the former and
latter alloy, respectively, lose their ductility

Fig. 3. Changes in the size of the coherent scattering range L, (®) and the average near-
est-neighbor distance r4 (0) of Fe73Si15gB7,Cu;Nbs (@) and Fe73 ¢Si58B7,CuiNb, 4 (6)
amorphous alloys as a function of temperature of isochronal (60 min) annealing

70



®du3nKa 1 TEXHHKA BbICOKHX aaBjenuii 2010, Tom 20, Ne 1

PACS: 75.47.Gk, 75.47.Lx, 75.75.+a
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CTPYKTYPA, #A30BbIE NMEPEXOAbIl, MATHUATHBIE
N TPAHCIMOPTHBLIE CBONCTBA MAHTAHUT-NAHTAHOBbLIX
NMEPOBCKNTOB Lao_esro_zMn1_2_XFeXO3¢5
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E-mail: gufan_gufan@mail.ru

Cratbsa noctynuna B pegakumio 29 gekabpsa 2009 roga

Penmeenocmpyxmyprvimu, pesucmusuvimu, masHumuoimu (¥, AMP 55Mn) U MazHumope3su-
cmusHoimu (MR) uccreoosanusmu xepamuxu Lag ¢Srg Mng > FeOszs (x = 0-0.20), cne-
YEHHOU NPU tyy,, = 1350°C, ycmanosnenvl 3aKOHOMEPHOCIU GIUSHUS BETUYUHBL X HA CIPYK-
mypy, aszosvie nepexoovr u MR-ceovicmea. [llupoxue acummempuunvie cnekmpol AMP

Mn ceudemenbcmeyrom o0 BbICOKOUACMOMHOM 3JIeKMPOHHO-ObIPOUHOM 00OMeHe MenHcoy
wonanu M® <> Mn"" u HEOOHOPOOHOCHU UX OKPYIHCEHUs OpyUMU UOHAMU U OedheKkmamu.
3amewenue ceepxcmexuoMempuiecKoz0 Mapeanya npugoouUm K 4ACMuYHOU JOKATU3aYUlL
UOHOB Mn4+. VYmenvwenue T, Ty, u ysenuuenue snepeuu axmusayuu ¢ pocmom X Ces3amsl ¢
HapyuieHuem uoHamu Fe epicokouacmommnozo a1ekmpoHHo20 0omena mexncoy M u Mn™

Anomanbuwlll eucmepesuc ¥ 00vicHeH 00HOHANPABIEHHOU OOMEHHOU AHUZOMPONUEU MENCOY
MASHUMHBIMU MOMEHMAMU PEPPOMACHUMHOU MAMPUYbL U AHMUDEPPOMACHUIMHOZ0 HAHO-
cmpykmyprozo Kiacmepa. MR-3¢gpgpexm e6nusu ghazosvix nepexodos 00yciosnen paccesiiu-
emM HA GHYMPUKPUCTALTUMHBIX HEOOHOPOOHOCMSAX, A 8 HUSKOMEMNEepamypHol obiacmu —
MYHHETUPOBAHUEM HA MENCKPUCIALIUMHBIX ME30CHPYKMYPHbIX HEOOHOPOOHOCHISIX.

KirodeBble cJji0Ba: MaHTaHWUT-JTAHTAHOBBIE TEPOBCKUTHI, JA€()EKTHOCTH CTPYKTYPHI,
(ha3oBbIe MEPEX0bl, MAarHUTOPE3UCTUBHBIN 3(h(heKT, aHOMaNbHBIN THCTEPE3HC

1. BBenenne

Cno>xHbple MapraHelcoAepKallue OKCHIbI CO CTPYKTYpO NMEPOBCKUTA B MOCIIE-
Hee BpeMst SABJIAI0TCS 00beKTaMU MHTEHCHBHBIX HAY4HBIX HccienoBanuil. Heocnabe-

© AT. Cunbuesa, A.B. MaweHko, B.MN. Mawenko B.K. MpokoneHko, K0.®. PeseHko, [A.A. Llemsikos],
B.A. TypyeHko, FO.M. INycpaH, 2010
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BAIOIIMN MHTEPEC K PEIKO3EMENbHBIM MaHraHuTaM [1—4] cBs3aH ¢ JAUCKYCCHOHHO-
CTBIO TIPUPOJIBI KOJIOCCATLHOTO MarHuTope3ucTuBHOro apdexra (CMR), Habmomae-
MOTO B 3THX METAIUIOOKCHAAX IpH T), BOIM3H (a30BbIX IEPEXON0B (eppo-Tapamar-
HeTHK (7)) 1 MeTayu—ToaynpoBoHUK (7). [Iposinenue a¢pdpekra CMR B maraut-
HBIX TOJIIIPOBOJHHUKAX MPU KOMHATHOW TeMIepaType JeiaeT UX MepCHeKTUBHBIMU
(YHKIMOHAIBHBIMU MaTepUalaMH C TOUKH 3pEHHUS PaKTHYECKOTro pUMeHeHust [5—7].
MHOrouncIeHHbIE UCCIIEJOBAHUS MAaHTAHUT-JIAHTAHOBBIX IIEPOBCKUTOB IIO
BJIUSIHUIO 3aMEIICHUS B A-TOAPEIIETKE Pa3TUYHBIMU HOHAMH Ca2+, Sr2+, Pb2+,
Ba”’ [8—10] mokazanu, 4TO0 MaKCUMalIbHBIMU TEMIIEpaTypaMu (a3zoBBIX MEPEXO-
noB T, u T,,; 001aia0T yKa3aHHbIE TIEPOBCKUTHI, JOMUPOBaHHbIE HOHamMu St. Ha
Temneparypsl $pa3zoBbix nepexooB 1 MR-3¢d ekt Bnusier nonupoBanue B A-noa-
pEILIETKE U 3aMEILEHUs B B-NOApPENIETKE, B YACTHOCTH, CBEPXCTEXUOMETPUUECKUM
mapraniem [11], Cr [12] u Co [13]. CBepXcTeXHOMETPUUYECKUIM MapraHell, pac-
TBOPSSCH B MAaTPUYHOM MEPOBCKUTOBOM CTPYKTYpe U 00pa3ysi HAHOCTPYKTYpHbIE
KIIacTepsl, cnocodcTryeT nopeimenuio CMR u crabumsaunn 7, [11,14,15].
[TosTOMYy KOMITJIEKCHBIE HCCIEIOBaHUS BIUSHUS 3aMEILEHUs] CBEPXCTEXHOMET-
PUYECKOro MapraHiia B B-mojpenieTke HOHaMH MEePEXOTHBIX METAIJIOB, 0COOEHHO
Fe3+, Ha CTPYKTYpY, PE3UCTUBHbBIC, MArHUTHBIE U MarHUTOPE3UCTUBHBIE CBOMCTBA
JIAHTaH-CTPOHLIMEBBIX MAHTAaHUTONIEPOBCKUTOB MPEACTABIISIIOTCS aKTyaJIbHBIMHU.

2. O0BbeKThI 1 METOAbI UCCJICTI0BAHMIA

OObeKTaMu HCCIEI0BAHUN SBISUINCH KEPAMUUYECKUE 00pasIibl, MOTYICHHBIE U3
3a1aHHBIX TOpoIKoBbIX cMmeceit La(OH)3, Mn3Oy4, SrCO3 u a-Fe,Os. [Tocne cun-
tesupyromiero orxura mpu 900 (20 h) u 950°C (22 h) oOpa3iiel ObLIN CIICYCHEI B
BHJIC TIPECCOBOK MpHu ontuMmanbHoi Temmneparype 1350°C (3.5 h). [Tomyuensr u
UCCleoBaHbl Kepamudeckue obpasubl Lag¢Srg,Mn o Fe,Ose5 ¢ x = 0, 0.02,
0.05, 0.10, 0.15, 0.20.

HccnemoBaHus MPOBOIMIH CIASAYIOUUMH METOTAMH:

— PEHTreHOCTPYKTYpHbIM B Cu-u3nyuyeHuu Ha ycraHoBke JIPOH-3 — s omnpe-
nenenus (a30BOro cocraBa, THIA CTPYKTYPHI U €€ TapaMeTpoB;

— TEePMOTPaBUMETPUUYECKUM — ISl YCTAHOBIICHUSI OTHOCUTEIHHBIX H3MEHEHHM
MAacCBhI ¥ COJIEpKaHuUs KUCIOPO/ia MPU CIIEKaHUU 00pasIloB;

— MarHUTHBIM — JIJISL ONIPEICTICHHSI TEMIIEPATYPHBIX 3aBUCUMOCTECH MarHHUTHOM
BOCTIPHHUMYHBOCTH Y, B c1aboM mosie (H = 0.1 Oe) ipu f'= 600 Hz ¢ nmepecyerom
Ha abCcoMOTHYIO MU GepeHITNAEHYI0 BOCIPHUMYUBOCTE 47Ty, onpeneneHus 1,
U TIOCTPOEHUS AUArpaMMbl MAarHUTHOTO (Pa30BOTO COCTOSHUS;

— SJIMP 55Mn METOJIOM «CIHH-3X0» ipu 77 K — 1114 ycTaHOBIEHUS JIOKATbHBIX
MAarHUTHBIX ¥ BQJICHTHBIX COCTOSSHUN MOHOB MapraHIla ¥ HEAKBHUBAJICHTHOCTH UX
OKPYXKCHHSI IPYTUMHU HOHAMH ¥ BAaKAaHCHUSIMU;

— YETBIPEXKOHTAKTHBIM PE3UCTUBHBIM U MarHUTOPE3UCTUBHBIM — ISl OIpe/ie-
JICHUs] YIENbHOTO COMPOTHBICHUS WM MarHUTOpe3ucTuBHOro 3ddexra MR =
= AR/Ro = (Ro — Ry)/Ro (conpotuBnenne Ry —npu H =0 u Ry — npu H =5 kOe) B
uHTepBaie remneparyp 77400 K.
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3. Pe3yabTaThl U HX 00CyKIeHHE
3.1. CmpykmypHhoie uccnedosanus

CormnacHo pPEHTreHOCTPYKTYPHBIM JIaHHBIM KepamMHuyeckue oOpasibl ObLIH
O6nmu3ku K o1HO(A3HBIM U coaepxanu pomOosapudecku ( R3¢ ) UCKaKEHHYIO Tie-
POBCKUTOBYIO CTPYKTYpy U cienbl (< 5%) terparoHanbHoil ¢a3el Mn3O4. Cre-

neHb poMOOdIPUUECKOr0 MCKAXKEHUS, XapaKTepusyeMas YIiioM O, IPaKTHYeCKU
He u3MeHsutach (o = 90.43-90.45°).

7.779 = . . . 471
77761 /-/4> - Puc. 1. KoHneHTpannoHHble 3aBUCHUMO-
o - // 1470 ~{  CTH mapameTpa pelleTKH a U o0bema V
S 7773k A% N 3JIEMEHTapHOU AYCHKHU KepaMUKHU
Lag ¢St 2Mny 5 Fe 3.5 (fann = 1350°C)
7.770 L] 1 1 1 |-469
0.00 0.05 0.10 0.15 0.20

X

Ha puc. 1 npuBeneHbl KOHUEHTPAIIMOHHbIE 3aBUCHUMOCTH Iapamerpa Ie-
POBCKHUTOBOM CTPYKTYpHl a U o0ObeMa V snemeHTapHO# sueliku. C pocToM x
napamerp a cnabo yseauuuaercs oT 7.770 (x = 0) mo 7.778 A (x = 0.2). dns
00BSICHEHUS TAaKUX CTPYKTYPHBIX U3MEHEHUH HCIOIb30BAJIM COMOCTABIECHUE
OTHOCHUTEJIbHBIX KOHIICHTPALMOHHBIX M3MEHEHUH Aa/ap W CpeIHUX HOHHBIX
panuycoB Ar/rg dJeMEHTApHOHN sTYeHKHU peanbHON MEPOBCKUTOBOM CTPYKTYPHI.
VYcpenHeHHbIt HOHHBIN paguyc 7 [16] paccuuThIBaIu U3 MOJISIPHBIX (popMyl
peasbHON NMEPOBCKUTOBOH CTPYKTYpPBI, AC(PEKTHOCTh KOTOPOH M MOJSpPHBIE
bopMyibl ompeaeNnsaan, YUUThIBasg MeXaHusM aedexkrtooOpasoBanus [11,17].
OTOT MEXaHU3M 3aKJII0YAaeTCs B CyNEpHO3ULMH PAa3HOBAJICHTHBIX HOHOB Map-
ranma 2Mn’" — Mn®" +Mn3_+50 +Mn%}0 U IHUKJIMYECKUX M3MEHEHHUAX HX Ba-
JICHTHOCTH TIPY HarpeBe (Mn4+ —Mn’ - Mn2+) 1 OXJIQKICHUN (anJr —Mn' -
— Mn4+), KOTJla IIpU BBICOKUX TeMIlepaTypax o0pa3yloTcs aHUOHHBIE V(a), a
OpU OXJaXJACHUU — KAaTHOHHBIE "9 pakancuu. CBepxcTexuoMeTpuyecKui
Maprasel] Ipu 3ToM (GOpMHUPYET HAHOCTPYKTYpPHBIE KJIAcTepbl, coAepikKallue
Mn®" B A-nosumnuax c HapylUI€eHUEM aHUOHHBIMU BaKaHCUSMH KOOPAMHAIIM-
oHHoro uymucna (k = 8). MonsgpHeie (GopMynbl peanbHONl MEPOBCKUTOBOU
CTPYKTYpbI IPUBEJICHBI B TaOJHUIIE.

Xoporiee coriacoBaHue XapakTepa U3MeHeHU Aa/ag u Ar/ry CBUIETEILCTBY-
€T O MNPaBWIBHOCTM HAIIMX MPEJCTAaBICHUNH O JOEPEKTHOCTH IEPOBCKUTOBOM
CTPYKTYpBbI, cofiepKalllell KaTHOHHbIE 7 u ammonnsie V) Bakancuu n Hanoct-
PYKTYpPHBIE HEOJHOPOAHOCTH KJIACTEPHOT'O TUIIA.
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Tabnuua
MousipHbie (popmy.ibl Je)eKTHOMH EPOBCKUTOBOM CTPYKTYPhI KEPAMUKH

Lay 6Srg2Mnj 3_Fe,O3.5 (fann = 1350°C)

MonapHme (hOpMyIIBI IEPOBCKUTONONO0HBIX TBEPABIX PACTBOPOB 7, A

3 4
2057515, 19Vo( 1)5 (Mnj, 09)c1} Mn034MnoE6] 03, 75Vo(;)5 1.198

4+ 2+ |
0.05 |{Lag's;St 019V()(15(Mn009)c1 L Mn070Mno,25F6003F6052 0275Vo(;)5 1.199

Mno 64Mn0 27Fe0 osFeo 04 | 02 75Vo(§)5 1.200

::;

0.15 | {Lag’ssS r019Vo(15(1\/[no09 )el

Mng5eMnghFeg Fegt 07 | 02 75V0(§)5 1.201

:r;

0.20 |{Lag’s;Sty 19Vo(15(Mno 09)cl

[

{ }
0.10 {La057 019V0(15(Mn009)c1}

{ Ll

& Ll

MngsMng 5 FegsFe; 13 | 02 75V(a) 1.201

0.25
A=

3.2. Maznumnuwie ceoiicmea

Ha puc. 2 npuBeneHsl TemnepaTypHble 3aBUCUMOCTH a0COJIIOTHBIX 3HAUEHUU
IuddepeHMaIbHOl MarHUTHOM BOCIPUUMYUBOCTU MaHTaHUT-JIAHTAHOBOW Ke-

1.0 pamuku. KamuOpoBky mnpoBoguwiu c
“l YYETOM Pa3MarHMYMBAOIIETO (haKTOpa
0.8 Zl A | N o0pasuos Ha (eppoMarHuTHOM Hu-

L o T T-= 4
Sos6l 2 kene. C yBEIMYEHHEM X 3HAYUTEIHLHO
< . B ! TIOHIDKAETC  TeMIepaTypa (pa3oBOro

3
0.4 : 3] mepexoma {eppo-napamarnetux T, OT
- B B

0.2L B4 356 (x = 0) mo 180 K (x = 0.2) u mo-
- BBIIIAETCS MATHATHAS HEOJHOPOIHOCTD

0.0L N

00200 300 00 AT or 47 (x=0) 10 136 K (x = 02)
T, K BCJIC/ICTBUE OCJIA0NEHUs HOHAMHU Fe'*
Puc. 2. Tewmeparyphbie sapucumocty BPICOKOUACTOTHOIO 3HCKT§)+0HHO-HBIE$H-
abcomoTHoll muddepentmansHoii  mar-  HOTO obmena mexay Mn™ <> Mn'
HUTHOil  BOCIIPHMMYHMBOCTH  Kepamuku HM3MCHCHHS HX COOTHOLICHWS (TabmuIia).
Lag ¢StosMn 5 Fe, 0345 (fann = 1350°C): 11y 3TOM 107151 (beppoMarHUTHOH (a3l
A —x=0,-0-—0.05, —#——0.10, o HAXOIMTCH B MHTEpBAJe 80-95%, mak-
—0.15,—8——0.20 CUMAaJIbHbIE €€ 3HAUEHUS XapaKTEpPHBI
migx =0.15.
OcoOblil MHTEpEC NPECTABISAET AHOMAJIBHBIN TUCTEPE3UC Y,4c, HAOIIOAAEMBIN
B c1a0bIx MarHUTHbBIX noisx (H ~ 70 Oe) (puc. 3), KOTOpbIi CBsA3aH C OJHOHA-
IpaBJIeHHOW OOMEHHOW aHM30TPONMEN B3aWMOJAEUCTBUS MEX]Y MarHUTHBIMH
MOMEHTaMU (EPPOMATHUTHONH MATPHUIBI U aHTU()EPPOMArHUTHOTO HAHOCTPYK-
TypHoOro kiacrepa [17-19].
WHupopmaiinio 0 JOKaJIbHBIX MAarHUTHBIX M BAJEHTHBIX COCTOSIHHUSAX HOHOB
Maprasia, HaXoJSIIMXCs B BBICOKOYACTOTHOM 3JIEKTPOHHO-ABIPOYHOM OOMEHE,
XapaxkTepusyror crekrpsl JAMP >Mn (puc. 4). C NOBBIIIEHUEM X YMEHbBIIAETCS
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Puc. 3. AHOManbpHBIA THCTEPE3UC MAarHUTHOM BocmpuuM4MBOCTH mpu 77 K B cmabbix
moJIsTX kepaMuku Lag ¢St ,Mn; o Fe, 0315 (fann = 1350°C): a —x=0,6 - 0.05,6—0.10, 2 —
0.15,0-0.20

Puc. 4. Cnextper SIMP >>Mn npu 77 K xepamuku Lag ¢SrgoMng o Fe, 0315 (fann =
=1350°C): I —x=0.02,2-0.07,3-0.10, 4—-0.15

OCHOBHAsl PE30HAHCHAs YaCTOTa, YBEJIMYMBACTCS IIMPHHA CIIEKTPa U €r0 aCUMMETPHS,
0COOEHHO B HU3KOYACTOTHYIO oOnacth. Illupokue acuMMerpudHbie CHEKTpbI CBUJE-
TEJIbCTBYIOT O BBICOKOYACTOTHOM 3JIEKTPOHHO-/IBIPOYHOM OOMEHE B B-TO3UIMAX Me-
KLy MOHAMU Mn’ <> Mn" n HEOJHOPOJHOCTU UX OKPYXKEHHUs APYTMMH HOHAMHU U
nedexramu. [losiBieHre B 007acTH MOHMKEHHBIX YAacTOT CATEUIUTHBIX YIIUPEHUI
MOJTBEPKAAET YACTUUHYIO JIOKAIN3ALI0 HOHOB Mn4+, BOJIHM3U KOTOPBIX U3 MPHHIHIIA
3JIEKTPOHEUTPAILHOCTH JI0JKHBI HAXOJIUTHCS HOHBI Sr*" 1 KaTHOHHBIC BAKAHCHH.

3.3. Pe3ucmuenuvlie ceonicmea

O Haymumu (pa3zoBoOro nepexosia MeTau—oIyIPOBOAHUK CBUIETENBCTBYET TEMIIE-
paTypHasl 3aBHCUMOCTb YJEJIbHOIO COIPOTHUBICHUS Pg KEPaMHUYECKUX OOpasloB
(puc. 5), Temneparypa 7;,,; koToporo aHaioruuHo 7, noHmwxaercs ot 383 (x = 0.02) no
163 K (x = 0.15). [y x = 0 moynpoBOAHUKOBasE 00JIaCTh CIIaXKEeHA, U MaJICHUE Py
IIPY POCTE TEMIIEPATYPBI BbIIE 7}, MPAKTUYECKH OTCYTCTBYET. JTO, BOSMOXKHO, CBSI-
3aHO C OIPEIETICHHON KOHLIEHTPALMEN BAKAHCUM U COOTHOLLIEHUEM Mn’/Mn"*". Hesa-
BUCHUMOCTb P OT TEMIIEpaTypbl B 3TOM UHTEpBajie 00yCIIOBIIEHA, [10-BUJUMOMY, KOM-
NIEHCUPYIOIIMM BJIMSIHUEM JIByX KOHKYPHUPYIOIIMX MEXaHU3MOB NIEKTPOIPOBOJHOCTH
— METAUTMYECKOTO U TIOJIYTPOBOIHUKOBOTO, YTO HAOMIOAACTCS NPH OIpENeTICHHOM
COOTHOILIEHUU Mn3+/Mn4+, T.€. TIPU OIPEAEIEHHOM COOTHOIIEHUH KOHLEHTpaluil
3JIEKTPOHOB U JIBIPOK, CIIOCOOHBIX 0OPA30BbIBATH MPH B3aUMOICHCTBUM MOJISIPOHBL.
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Puc. 5. TemneparypHasd 3aBUCUMOCTb YJAEJIbHOTO COINPOTUBJICHUS KEpaMHUKHU
Lag ¢Srg oMnj »_Fe,O3.5 (fann = 1350°C): —A— — x =0, -0— — 0.05, —e— — 0.10, —o— —
0.15, —e——0.20

Puc. 6. KoHIIeHTpallnOHHBIE 3aBUCHMOCTH DHEPTrHHM AaKTHUBAIIUU IJIsI KEePaMHUKH
Lag ¢SrgoMnj 5 Fe,O315 (fann = 1350°C): —m— — aKTUBAIIMOHHBIN MPOIECC, —O— — aKTH-
BaIlMOHHBIH Mporiecc TudGy3uOHHOTO TUIIA

[ToBbIIeHME ComepxKaHuUs Fe3+, 3aMEIArOIIETO Mn3Jr (Tabnuna), TPUBOAMT K
pocty po ipu 7, B 10 pa3 BeiieACTBUE KaK U3MEHEHUS COOTHOILCHUSI Mn3+/Mn4+,
TaK ¥ HapyIIEHUS BBICOKOYACTOTHOTO SJEKTPOHHO-IBIPOYHOTO OOMEHa MEXIy
R

llennyto mH(poOpMaLniO0 A BBIACHEHUS MEXaHU3Ma 3JIEKTPOIPOBOJHOCTU U
NeeKTHOCTH CTPYKTYpHI MPEACTaBIsAeT dHeprus aktuBaun £, [20,21], onpene-
JICHHASI JUTSI TTOJTYIIPOBOJTHUKOBOM 00JIACTH TEMIEpaTyp U3 YpaBHEHUS OOBIYHOTO
aKTHBALIMOHHOTO mpouecca p = pg exp(E, /kT) (xpusas / Ha puc. 6) U WIsl aKTH-

BaIMOHHOTO mporecca auddysnonHoro tuma p = (kT )/ ne*Dexp(E, /kT) , rae

D=d"v— kodddunmeHT audys3un, e U n — 3apsl U €ro KOHIICHTPAIUs COOTBET-
CTBEHHO (KpuBas 2).

YBenuyeHue HEpruy aKTUBAIMU NPH 3aMEIICHUU CBEPXCTEXUOMETPUUYECKOTO
Maprasiia HOHaMu eie3a (puc. 6) BbI3BaHO OoclabjIeHneM HOHAMU Fe’" Bhicoxo-
YaCTOTHOTO DJIEKTPOHHO-IIBIPOYHOT0 0OMeHa Mn’" <> Mn*" 1 nossimenuen cre-
MIEHHU JIOKaJW3alud HOCUTENEH 3apsja, B YaCTHOCTH JUIS Mn4+, 4TO BUIHO W3
SIMP **Mn (cm. puc. 4).

3.4. Maznumope3ucmugHble ceolicmea

[TockonbKy MaHTaHHUT-TAHTAHOBBIE MEPOBCKUTHI MPEIACTABISIOT HEMOCPEICT-
BEHHbII MHTEPEC KaK MarHUTOPE3UCTUBHBIE MaTepUalibl, HA PUC. 7 TPHUBEACHBI
TeMIeparypHbie 3aBUcUMOCTH MR s 00pa3ioB pa3imuyHbBIX cocTaBoB. Kak u
JUTst OOJIBIITMHCTBA KEPAMHUUECKUX MAaHTaHUTOTIEPOBCKUTOB [22—-24], HabmogaeTcs
nBa Trma MR-a¢ddexra:
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Puc. 7. TemneparypHas 3aBUCHUMOCTbh MarHutope3uctuBHoro s¢pdekra (H = 5 kOe) ke-
pamuku Lag ¢StgoMnj o Fe Oy (fann = 1350°C): —A— —x =0, -0— — 0.05, —e—— 0.10,
—0—-0.15,—e——0.20

Puc. 8. ®azoBas aumarpamma Lag ¢Srg,Mn; 5 Fe, 0345 (fann = 1350°C) (PM, FM — coort-
BETCTBCHHO MapaMarHuTHOE U PeppOMArHUTHOE COCTOSIHUS

1) BOnm3u Temneparyp GazoBbix nepexonos 1. u Ty — 910 T, (muk MR), cBs-
3aH C paccessHMEeM HOCUTENEH 3apsii0oB Ha BHYTPUKPUCTAJUIUTHBIX HEOJHOPOHO-
CTSIX;

2) B HU3KOTEMIIEpaTypPHOU 00JacTH (TyHHEJIBHOTO THIIA), 00YCIIOBJICH paccesi-
HUEM Ha ME30CTPYKTYpPHBIX MEKKPHCTAIUIUTHBIX I'PAaHHUIIAX, BETUYNHA KOTOPOTO
3HAYUTEJIBHO MPEBBIIIAET EPBBIN.

B kepamuke BennmunHa MR-3¢dexTa nepBoro THma MoKeT NMPEBBIIIATH BEIH-
yuny MR-a¢dexra BTOporo turma.

Temneparypa nuka MR->¢dexra, Habmogaemas BOIM3U (Ha30BBIX NEPEXOIOB,
aHaJIoru4HO Temreparypam 7, u T,,; IOHMKAETCsl C YBEIMYEHUEM CTEIIEHHU 3aMe-
IICHUSI CBEPXCTEXMOMETPHUUYECKOTO MapraHiia noHamu xene3a ot 353 (x = 0) go
202 K (x=0.15).

OtnenbHBIA MHTEPEC MPEACTABIsAECT MarHuTHas (a3zoBas quarpamma (puc. §),
KOTOpasi IOCTPOEHAa Ha OCHOBE aHajIu3a TEeMIIEpaTypHOH 3aBUCUMOCTHU 4. U3
3TOW JAMarpaMMbl BHJIHO, YTO YCTAHOBJICHHE IAJIILHETO MArHUTHOTO TOPSAKa
IPOUCXOAMT Yepe3 00J1acTh, B KOTOPOW YyCTaHABIMBACTCS OJIMKHUM MarHUTHBIH
nopsaoK. MaKCUMaNbHYI0 CKOPOCTh YHOPSAOYEHHS MArHUTHOTO MOMEHTa
(wTpuxoBas NMHUA Ha (A30BBIX JUAarpaMMax) XapakTepus3yeT TOuKa nepermoa
BHYTpH uHTepBasia AT, KOTOpbI COOTBETCTBYET MarHUTHON HEOJHOPOIHOCTH.
Cnenyer otMeTuTh, 4T0 TeMneparypa nuka MR-s¢dekra T, xopomo copnazaer
C TeMIlepaTypoi, COOTBETCTBYIOIIEH MaKCHMAJIbHOH CKOPOCTH MAarHWTHOTO
YHOPSA0YEHHUS.

Pacmmpenue temrmepaTypHOro WHTEpBaja mepexona u3 ¢eppo- B mapamar-
HUTHOE COCTOsIHME (MarHuTHash HEOJHOPOJHOCTb) CBSI3aHO, MO-BUIUMOMY, HE
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TOJIBKO CO CTPYKTYPHON HEOJIHOPOJHOCTbIO (AHMOHHBIE, KATHOHHBIC BAKAHCUU U
HAHOCTPYKTYpHbBIE€ KJIACTEPhl), HO U IUIOCKOCTHBIM MarHUTHBIM PacCIO€HUEM
IIEPOBCKUTOBOM PEIIETKH.

4. Jakaroyenue

Ha ocHOBaHMM KOMIUIEKCHBIX HCCIEAOBAHUN BIUSHUSA 3aMEIICHUN CBEPXCTe-
XMOMETPUUYECKOI0 MapraHija MOHaMH JKejle3a B MAHTaHUT-JAaHTAHOBOM KepaMUKe
Lag ¢SrgoMn;» Fe Oz (x = 0-0.20), cneyennoit npu 1350°C, cmenanbl cie-
IYIOIINE BBIBOJIBI.

OG6pasIEl cozepkaT poMOOIIPUIECKy0 R3¢ IepOBCKHTOBYIO (asy, mapamer-
pBI pPElIeTKH KOTOPOH cabo yBEIMYUBAIOTCS MPH MOBBIIICHUU X, YTO CBSI3aHO C
PaBEHCTBOM HMOHHBIX PaUyCOB Mn®" (r=0.785A)n Fe' (0.785 A) u Gonpmmm
HMOHHBIM paguyCcoM Fe*' (0.92 A). CornacoBanue xapakTepa U BEJTHYHH OTHOCH-
TeNbHBIX M3MEHEHUH Aa/ag u Ar/rg moiy4eHo s 1e(eKTHON MepOBCKUTOBOM
CTPYKTYpBbI, cofiepKallleil aHMOHHbIE, KATHOHHbIE BAKAHCUM U HaHOCTPYKTYpHbBIE
KJIacTepbl, 00pa30BaHHbIC HOHAMHU Mn’" B B-no3unusx u Mn*" B A-1I03UIuUsIX.

3amenieHue CBEPXCTEXMOMETPUUECKOr0 MapraHiia moHamu Fe B B-mo3unusax
10 x = 0.15 npuBOANT K yBEIMYEHUIO YAECIBLHOTO CONPOTUBIICHUS P U 3HAYUTEIIb-
HOMY TOHW)KEHHUIO TeMmmepaTyp (a3oBBIX IEPEXOJI0B METAUI—IIOIYIPOBOJHUK
T,s, Peppo—napamarHeTuk 7, v muKa MarHI/ITOPGSI/IC;IfIBHOFO 34(?_(1)GKT8. T, Bcnen-
CTBUE HapyIIEHUS OOMEHHOro B3auMmojieicTBUsS Mn~ <> Mn . Pe3koe ymeHb-
mienue p s x = 0.2, BO3MOXKHO, CBSI3aHO C MOBBILICHUEM MPOBOJAUMOCTH 32 CUET
BBICOKOUACTOTHOrO 06Mena Fe ' «> Fe’ '

AHOMAaJIBHBIN TUCTEPE3NC ¥ OOBSICHEH OJAHOHANPABICHHON aHWU30TPOIMHEH 00-
MEHHOTO B3aMMOJICHCTBHSI MEXAY MarHUTHBIMM MOMEHTAMU OCIAOJICHHOW e-
dbexkramu (peppoMarHUTHOW MaTpUIlBl U AaHTU(EPPOMATHUTHOTO HAHOCTPYKTYP-
HOTO0 KJIacTepa.

[lupoxue acummerpuuHsble criekrpsl AMP Mn CBUJIETEIILCTBYIOT O BBICOKO-
YaCTOTHOM 3JICKTPOHHO-IBIPOYHOM OOMEHE B B-TIO3UIHSX MEXKITY Mn’* <> Mn*
U HEOJTHOPOJHOCTH MX OKPYXKEHHS APYTMMHU HOHAMH U JaedexkTamu. 3amerieHue
CBEPXCTEXMOMETPUUYECKOTO MapraHila MOHAMHU jKejie3a MPUBOJUT K YaCTUUHOMU
JIOKaJIN3allud MOHOB Mn"*" BCJICJICTBME TOBBIIICHHUS] MX KOHIIGHTPALMU W Hapy-
IICHUS] BBICOKOYACTOTHOTO JIEKTPOHHOTO OOMEHa ¢ Mn”".

VYBenuueHue 3HepruM aKTUBAIIMKM BBI3BAHO OCIAOIEHUEM BBICOKOYACTOTHOIO
AIEKTPOHHO-ABIPOYHOIO0 OOMEHa Mn" <> Mn*" i noBImennem crenenu noka-
JM3alMyd HOCUTEINIEH 3apsa.

Benuunna nuskoremmneparypuoro MR-addekra TyHHEeIbHOrO TUMa, 00yCIO0B-
JIEHHOT'O PAcCEIHUEM Ha ME30CTPYKTYPHBIX MEKKPUCTAIIUTHBIX TPaHUIIAX, Mpe-
BocxoauT BenuunHy MR-addexra BOIM3u Temmnepatyp (a30BbIX MEpeXxoa0B, CBs-
3aHHYIO C PACCESTHUEM Ha BHYTPUKPUCTAIIMTHBIX HAHOCTPYKTYPHBIX HEOAHOPOI-
HOCTAX 1e(PEeKTHON MEPOBCKUTOBOM CTPYKTYPBHI.
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. 55 .
PeHTreHoCTpyKTYpHUMH, PE3UCTUBHUMHU, MarHiTHUMU (Y, IMP ~~"Mn) Ta Maraitopesuc-

TUBHUMH JOCHIKEHHsIME Kepamiku Lag ¢Stg,Mnj » Fe,O3.5 (x = 0-0.20), cneueHoi
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TIPH 0y = 1350 C, BCcTaHOBIEHO 3aKOHOMIPHOCTI BIUIMBY X Ha CTPYKTYpY, (pa3oBi mepe-
X0 Ta Marairope3ucTuBHi BractuBOCTi. lllupoki acumerpuuni cnextpu SIMP ~~"Mn
CBilYaTh TPO  BHCOKOYACTOTHHH  CIIEKTPOHHO-IIPKOBMH OOMIH MiX 10HaMHu
Mn3+<—> Mn4+ Ta HEOJHOPIMHICTh IXHBOTO OTOYEHHS IHIIMMHU 10HAMH 1 JedeKTamH.
3aMillieHHs] HAACTEXIOMETPUYHOTO MApraHIl0 NPU3BOJIUTH 10 YACTKOBOI JIOKami3arlil
ionie Mn"". 3mermenns T, o Tms 1 3pOCTaHHS €Heprii akTHBaIii 3 pOCTOM X TOB’s3aHi 3
NOpYIICHHSIM ioHaMH Fe BHCOKOYacTOTHOTO €JIEKTPOHHOTO OOMiHY MiX Mn®" i Mn*".
AHOMaNTFHUH TicTepes3nc j PO3TIYMayeHO OAHOHAMPABICHOI OOMIHHOIO aHi30TPOITIE0
MK MarHiTHUMHA MOMEHTaMH A¢(PEeKTHOI epOoMartiTHOI MaTpPHII Ta aHTiPepoOMarHiTHO-
r0 HaHOCTPYKTYPHOTO KiacTepa. MarHirope3sucTUBHUN eeKT modnu3y ¢a3zoBux mepe-
XOZ1B 00OYMOBJICHHH PO3CIIOBaHHSAM Ha BHYTPIKPUCTATITHUX HEOIHOPIIHOCTSX, @ B HU3b-
KOTEeMITepaTypHiil 00JIacTi — TYHETIOBaHHAM Ha MDKKPHUCTATITHUX ME3OCTPYKTYPHHUX HE-
OJTHOPITHOCTSIX.

Kuaro4oBi cjioBa: MaHraHIT-TaHTaHOBI TIEPOBCKITH, NEPEKTHICTh CTPYKTYpH, (a3oBi 1me-
PEX0/IH, MarHITOPE3UCTUBHUH e(eKT, AHOMAITLHHIA TiCTePE3UC

A.G. Silcheva, A.V. Pashchenko, V.P. Pashchenko’, V.K. Prokopenko, Yu.F. Revenko,
|4.4. Shemyakov|, V.A. Turchenko, Yu.M. Gufan

STRUCTURE, PHASE TRANSITIONS, MAGNETIC AND TRANSPORT
PROPERTIES OF MANGANITE-LANTHANUM PEROVSKITES
Lag 6Sro.2Mn1 o_yFexOsxs

From the X-ray diffraction, resistive, magnetic (¥, *Mn NMR) and magnetoresistive
(MR) researches of the Lag ¢Srg,Mn; 5 Fe, 0315 (x = 0-0.20) ceramics sintered at ,,, =
= 1350 C the regularities have been revealed for x effect on the structure, phase transi-
tions and magnetoresistive properties. The broad asymmetric >>Mn NMR spectra point to
the high-frequency electron-hole exchange between the Mn®" and Mn*" jons and to in-
homogeneity of their surrounding by other ions and defects. The substitution of super-
stoichiometric manganese leads to a partial localization of ions Mn*'. T - and T, decrease
and activation energy increase with x growth are explained by the disturbance of the high-
frequency exchange interaction between Mn®" and Mn*" by Fe ions. The anomalous
hysteresis of y is explained by unidirectional exchange anisotropy between magnetic
moments of the defective ferromagnetic matrix and antiferromagnetic nanostructure
cluster. The MR-effect in the vicinity of phase transitions is associated with the scattering
from intracrystallite inhomogeneities, and the low-temperature MR-effect is governed by
the tunneling at the intercrystallite mesostructural inhomogeneities.

Keywords: manganite-lanthanum perovskites, defective structures, phase transitions,
magnetoresistance, anomalous hysteresis

Fig. 1. Concentration dependences of lattice parameter a and unit cell volume V for ce-
ramics Lag ¢Srg oMnj 5 Fe,O315 (£ann = 1350°C)

Fig. 2. Temperature dependences of the absolute differential magnetic susceptibility for

ceramics Lag ¢StgoMnj 5 Fe,O345 (fann = 1350°C): —A——x =0, —0—— 0.05, —e——0.10,
—0——0.15, —e——0.20
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Fig. 3. Anomalous hysteresis of magnetic susceptibility at 77 K in weak fields for ceramics
Lag ¢SrgoMn; 5 Fe, O35 (fann = 1350°C): a —x=0, 6 —0.05,6—0.10,2—0.15, 0 — 0.20

Fig. 4. *Mn NMR spectra at 77 K for ceramics Lag ¢St ,Mnj 5 FeO3.5 (fann = 1350°C):
1-x=0.02,2-0.07,3-0.10,4-0.15

Fig. 5. Temperature dependence of resistivity for ceramics Lag Srg ,Mn; 5 FeyOsas (fann =
=1350°C): —A——-x=0,-0——-0.05, —¢——0.10, —0— - 0.15, —e— — 0.20

Fig. 6. Concentration dependences of activation energy for Lag ¢SrgoMnj 5 Fe,O3z.5 (fann =

= 1350°C): —m— — activation process, —o— — diffusion-type activation process

Fig. 7. Temperature dependence of magnetoresistance (H = 5 kOe) for ceramics
Lag ¢Srg,Mn; 5 Fe,O315 (tann = 1350°C): —A— — x =0, -0— — 0.05, —e— — 0.10, —o— —
0.15,—e——0.20

Fig. 8. Phase diagram of Lag ¢SrgoMnj 5 Fe,O315 (fann = 1350°C) (PM, FM — paramag-
netic and ferromagnetic states, respectively)
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INFLUENCE OF PRELIMINARY HYDROSTATIC PRESSURE
TREATMENT ON THE ELECTRICAL RESISTANCE AND STRUCTURE
OF AMORPHOUS C067CI"7Fe4SigB14 ALLOY
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72 R. Luxemburg st., Donetsk, 83114, Ukraine
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The effect of preliminary pressure treatment (PT) on peculiarities of changes in electrical

resistance R and structure of the amorphous Cog7Cr7Fe4SigB 14 alloy during a constant-
rate heating to temperatures under the crystallization onset temperature has been studied
using the resistance measurement and X-ray diffraction (XRD) methods. Preliminary PT
has been done at 300 K (P = 1 GPa) in the repetitive static mode for different number N
of loading cycles (N = 1, 3, 5).The XRD data show that the amorphous state of the stud-
ied alloy is conserved but its fine structure has changed after PT, as observed by varia-
tion of halo parameters. It has been found that after PT with an increase in the number N
of loading cycles, the ordering of the original amorphous structure is enhanced, while
after heating from 828 to 843 K, the disordering growth is enhanced. Anomalies of R (a
minimum at 497 K and a sharp rise in the range of 800—843 K) observed in the depend-
ence R(T) of the original amorphous alloy are present after the PT too. They seem to be
due to structural phase transitions of amorphous alloy during heating.

Keywords: hydrostatic pressure, amorphous alloy, structure, halo, electrical resistance

1. Introduction

Amorphous metal alloys (AA) refer to thermodynamically nonequilibrium
systems in which the structure relaxation and crystallization processes develop
under an external influence, such as temperature, pressure, deformation, etc.
High-pressure effect on AA crystallization process gives changes in the tempera-
ture Ty of crystallization onset and in the sequence of crystalline phase precipita-
tion, thus favoring the formation of structures with a more close packing of atoms.
Most literary data [1-3] show that there is an increase in 7 with pressure growth
during heating the AA under pressure. The conventional explanation is as follows.
As the diffusion-controlled process of AA crystallization proceeds by the nuclea-
tion and the growth mechanism, the pressure results in decreasing the diffusion
mobility of atoms and, as a consequence, in a more difficult crystallization proc-
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ess, i.e. in T increase. However, for a number of alloys (TigySipg, AlgglagNis) an
opposite effect is observed, viz. T decreases with pressure increase. A thermody-
namic model [4] has been proposed to describe the nucleation process during AA
crystallization under pressure with a special attention paid to the formation (espe-
cially at early stages) of the amorphous—crystalline phase interface. Calculations
done within the model explain both the increase (for amorphous Se and NigyP5()
and decrease (for AlgglagNis) of AA thermal stability under pressure.

Of obvious interest is the behaviour of some AA of the Co-Fe—Cr—Si-B sys-
tem in the process of crystallization. According to Cziraki et al. [5], the crystalli-
zation of Fe-M—B-Si (M = Co, Cr, Mn, Ni) amorphous alloys results in a specific
microstructure which is presumably composed of nanocrystals 1-3 nm in diame-
ter. In addition, the process is accompanied by a pronounced heat release and
anomalous rise in the resistance R in the corresponding temperature range. The
amorphous Cog7Cr7FesSigB4 alloy under study shows a similar behaviour of R
during heating. We have studied the effect of preliminary pressure treatment (PT)
on nanocrystallization process for this alloy [6]. It has been shown that after PT,
the thermal stability of the alloy decreases. Nanocrystallization mechanism, se-
quence of the crystalline phase precipitation and the phase composition of the
crystallization products do not change. And there is a tendency to reducing the
crystal dimensions of the stable crystalline phase.

This paper is aimed at studying the influence of hydrostatic pressure treatment
on peculiarities of changes in electrical resistance and structure of the amorphous
Cog7Cr7Fe4SigB 14 alloy during a constant-rate heating to temperatures under the
crystallization onset temperature.

2. Experimental

The investigated was the amorphous Cog7CrsFesSigB4 alloy prepared by melt
spinning to have a 12 mm wide and 0.03 mm thick tape. Preliminary PT was done at
300 K in a repetitive static mode with the number N = 1, 3 5 of loading cycles and at
P =1 GPa. The samples having the dimension 0.03 x 1.5 x 25 mm were placed along
the axis of high-pressure chamber whose cavity was filled with a working fluid. The
chamber was loaded by means of a hand-power press. The rate of pressure pick up —
15 MPa/s, the rate of unloading — 6 MPa/s, the pressure was maintained for 180 s, and
nonhydrostaticity along liquid column — 4-10° GPa/mm for P= 1 GPa.

The resistance measurement and XRD methods have been used in this work.
The electrical resistance R of the samples was measured (the error of +2.107 Q)
by a standard four-probe dc method. The voltage at the sample (proportional to
AR) and temperature 7 (accuracy +1.5 K) during the heating were recorded by a
dc six- channel KSP-4 potentiometer. The heating rate was maintained constant at
0.25 K/s. The results were analyzed in the form of R(7) dependence normalized to
value Ry measured at 300 K prior the sample heating. XRD photographs were
taken from polished sections in an RKU-114 Debye—Scherrer powder camera
(URS-55 X-ray generator, filtered cobalt radiation).
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3. Results and discussion

The XRD data represented in Fig. 1 (curve /) show the initial state of the al-
loy studied to be amorphous: microphotogram of the sample shows a broad dif-
fuse halo; there are no peaks corresponding to crystal phases. After preliminary
PT the amorphous state is conserved but its fine structure alters as shown by
changes in halo parameters such as the integrated width ; and the relative inte-
grated intensity & (§ = Ihalo/(Ihalo + fincoh), Where Ih,1o and ficon are integrated
intensities of the halo and the incoherent scattering of X-rays from the studied
sample). With an increase in the number N of PT loading cycles, B decreases
while the degree of structure ordering £ increases. The angle corresponding to
the maximum of halo does not change and responds to that of coordination
sphere of 0.1978 nm the most probable radius close to the position of the most
intense line of Co3B phase.
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Fig. 1. Microphotograms from Cog7Cr7Fe4SigB 4 alloy without the PT (curve 1 — &= 0.5,
B; =7.8°) and after the PT: 2—-N=1,§=0.8,3;,=74°3-N=3,£=0.6,p,=7.2° 4 —
N=5,£E=0.8,p,=5.8°

Fig. 2. Temperature dependences of R/R for Cog7Cr7FesSigB 4 alloy (the heating rate of
0.25 K/s) without (e) and after the PT for N=1 (0), 3 (+), 5 (V)

Fig. 2 illustrates the curves of changes in relative resistance R/R( of alloy sam-
ples (without and past PT) for a constant rate heating to 873 K. The curves consist
of two distinct parts (300773, 773—873 K). At first part, the attention is turned to
a smooth transition from negative to positive values of the temperature coefficient
of resistance with the minimum R/R (for the alloy without PT) at 7;, = 497 K. For
the second range, R/R( shows a sharp maximum at 7 = 843 K.

The temperature 7}, is changed insignificantly for the samples after PT at N=1
and N = 3, whereas it transforms into the temperature plateau of 493-503 K for
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that after PT at N = 5. The value 7 for all the samples (with no and past PT) re-
mains constant and equals 843 K. And the larger the N of PT cycles the lower are
corresponding R/R curves for the samples past a preliminary PT.

The method of quenching was used to follow the evolution of diffraction patterns
from samples (without and past the PT) in the initial and heated states. The samples
were heated at the same (0.25 K/s) rate to temperatures corresponding to the singled
out points (Fig. 2, curve /), water-quenched, then the XRD analysis was performed.
The results are shown in Figs. 3-5. The samples were heated once more to 873 K,
the resulting temperature dependences of R/R are illustrated in Fig. 6.

Within the cluster model and the representation on the presence of multimini-
mum potential, the AA structure could be represented as an ensemble of clusters
confined by more or less rigid bonds and of an intercluster layer. Then the dif-
fraction pattern from the AA samples is a result of X-ray scattering superposition
from those components of the structure. The intercluster layer is the main con-
tributor to the incoherent X-ray scattering. With the above representations taken
into consideration we have constructed curves /;(20) shown in Fig. 3 and 4 by
subtraction from the X-ray scattering intensity /(20), the incoherent scattering in-
tensity Jincon(20) for the same (20) slip angle of a particular diffraction pattern. To
follow changes in curve profiles depending on PT and heating temperature, we
show the corresponding symmetric curves /5(20) by dotted lines. Under the figure,

60 i T T ’I’ T T | 40_ i
g %0 ] 230
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Fig. 3. Microphotograms from Cog7Cr7FesSigB14 alloy without the PT in as-quenched amor-
phous state (curve I — 260, =53.8°, B; = 7.8°, B, = 6.9°, n = 0.63) and after heating followed by
water quenching: 2 — heating to 803 K, 20,, =53.5°, B; =7.7°, B, =7.1°, 1 =0.63; 3 — 828 K,
26, =53.8°, ;1 =8.0° By =7.6°,n=0.65; 4— 843 K, 20,,=54.0°, B; =P, =8.1°, 1 =0.63

Fig. 4. Microphotograms from Cog;Cr7FesSigBi4 alloy after the PT (N = 3) without
(curve 1 —260,,=53.8° B =17.2°, B = 6.8°, 1 =0.56) and after heating followed by water
quenching: 2 — heating to 803 K, 260,, = 53.5°, 1 = 7.3°, B, = 6.8°, 1 = 0.66; 3 — 828 K,
20,,=53.8° B1=7.5° B, =7.3°,1=0.70; 4 - 843 K, 20,, = 54.0°, B; = B = 8.4°, 1 =0.95
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Fig. 5. Microphotograms from Cog7Cr7Fe4SigB 4 alloy after heating to 843 K followed
by water quenching: without the PT (curve / — & = 2.8%) and after the PT for N=1, § =
=2.8% (curve 2); N=3,0=6.2% (3); N=5,8=6.7% (4)

Fig. 6. Temperature dependences of R/R( for Cog7Cr7FesSigB 14 alloy (heating rate 0.25
K/s) without PT in as-quenched amorphous state (curve /) and after heating followed by
water quenching: 2 — heating to 828 K; 3 — 843 K; 4 — 843 K (after the PT, N=15)

values 26,,, of the maximum intensity angles, 31 and B, of curves /1(20) and 7,(20)
and values of N = Hincoh/Heoh (Hincoh, Heoh — the maximum intensities of the inco-
herent and coherent (halo) X-ray scattering in the studied interval 26 = 45-65°)
are shown.

The amorphous state of metal alloys is unstable from thermodynamic point of
view, that is why a preliminary PT, the same as any external influence, will, in our
opinion, favour the development of structural relaxation process. The XRD results
(Figs. 1, 3, 4) show that after PT there are irreversible changes in the as-prepared
amorphous alloy structure: an increase in N of the PT cycles, £ which is a measure
of structure ordering, grows, while B, B, and halo asymmetry decrease. It points
to the fact that the processes of ordering and decreasing of the internal stress level
are in progress in the original amorphous structure of studied alloy after the PT.
We back up the opinion [7] that the irreversible structural relaxation is a process
related mainly to a change in the topological short-range order of atoms in AA, it
proceeds through the recombination or annihilation of the n—p pairs of the struc-
ture defects. The n-type defects are similar to dispersed free volume elements, and
the p-type defects are the centers of the positive local density fluctuations of
structure and might be considered as the anti-free volume. Under heating the de-
fects are redistributed, most probably they are split on a smaller and more stable
ones. Being participants of atomic transfer they may influence the AA thermal
stability.
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As seen from Figs 3—4, the halo asymmetry decreases and finally it becomes
negligible with an increase in the samples (without and after PT) heating tem-
perature to 843 K. Then, magnitude n, a measure of structure disordering, does
not change practically for samples without the PT, but it grows with an increase in
N of the preliminary PT cycles. At the temperature of 843 K there is, on the one
hand, the maximum of R on the R/R curves (Fig. 2) and, on the other hand, on the
halo background there are clear indications of the crystal phases (Fig. 5). The vol-
ume fraction J of the crystal phases in the samples after the PT for N=3 and N=15
is twice as large as in that with no the PT and after it for N =1 (8 = I.//(I¢; + Ihaio);
Iy, Inalo — integrated intensities of the X-ray scattering from the crystal and amor-
phous phases). The latter circumstance gives grounds to assume that after the pre-
liminary PT (N =3 and N = 5) the thermal stability of the alloy is decreased.

The sharp rise in R (Fig. 2) observed near 7 in some Co-, Ni-, and Zr-based
AA [5,8,9] is mainly explained by two reasons. First, by the process of nanocrys-
tallization which occurs, according to authors [5] simultaneously throughout the
sample via composition fluctuations on a wavelength of 10-30 A and leads to a
rise in electrical resistance similar to that during the aging of crystalline alloys,
which results from the formation of Guinuer—Preston zones. However, the elec-
tron-microscope examination revealed no crystalline phase in the samples
quenched from T, and their electron diffraction patterns showed only amorphous
halo. In [9], it was assumed that the second reason is a change in the scattering
mechanism of conduction electrons near 7, where the amorphous alloys seem to
be similar to overcooled liquids, rather than solid glasses.

Our results can confirm that the first explanation is true: after the heating fol-
lowed by quenching from 843 K (Fig. 5) in AA structure a crystalline phase has
been observed. On the other hand, value of electrical resistance growth Rgy3/Rgpo =~ 1.03
(see Fig. 2) is close to the jump in R for Co solid-liquid transition [11]. Besides, the
analysis of R/R curves (Fig. 6) shows that a 3% crystal phase presence has, during
the reheating, resulted in disappearance of the sharp rise of R, in the samples (with-
out the PT). However for the samples (after PT, N = 5) containing 6% crystal phase,
(curve 4) the effect was observed. The shape of curve 4 is very different from that
of the initial curve 4 in Fig. 2. As a whole, the behaviour of the R/R, curves of Fig.
6 points to a complex character of the mechanism of charge-carrier scattering with
their localization and delocalization at structure non-uniformities.

We relate the minimum of R on the R/R curves at temperature 7, (see Fig. 2)
to a structural phase transition of the original amorphous state during alloy heat-
ing. Similar temperature dependences of R/Ry were reported for a number of
amorphous alloys and were, as a rule, interpreted as those due to changes of the
carrier scattering mechanism at structural fluctuations, which are accompanied by
the Kondo effect or the Anderson tunneling. If structural units of the amorphous
state are magnetic, the temperature of the phase transition may coincide with that
of the magnetic transition [11]. For example, from the magnetic susceptibility data
for the amorphous Cogg cFes.9Crg.9S17,6B15 alloy of composition close to the pres-
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ently discussed one, Degro et al. [12] obtained the magnetic phase transition tem-
perature 7, = 493 K, which is nearly close to the temperature of structural transi-
tion (497 K) in our alloy.

4. Conclusion

The XRD data show that the amorphous state of the studied alloy is conserved
but its fine structure has changed after PT. It has been found that after PT with an
increase in the number N of PT loading cycles, the ordering of the original amor-
phous structure is enhanced, while after heating from 828 to 843 K, the disorder-
ing growth is observed.

Anomalies of the electrical resistance R (the minimum at 497 K and the sharp
rise in the range of 800—843 K) in R/R curves for the as-quenched amorphous
alloy are conserved after the preliminary PT and are evidently related to structural
phase transitions. The behaviour of R for thermally treated samples points to a
complex character of the mechanism of carrier scattering at structure defects.
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B.M. Bapioxin, T.T. Mopos, B.C. Abpamos

BMNMB MONEPEQHLOI OGPOBKN MNAPOCTATUYHAM TUCKOM
HA ENEKTPUYHUIM ONIP TA CTPYKTYPY AMOP®HOIO CIMIABY
C067CF7FG4SigB14

Metogamu pesicToMeTpii Ta peHTreHOCTpyKTypHOro aHainizy (PCA) BUBYEHO BIUIMB TIO-
nepenaboi 00pooku TuckoM (OT) Ha 0COOTUBOCTI 3MIHM EIEKTPHYHOTO OIMOpy R Ta
CTPYKTYpYy aMOp(HOTo CIJIaBy NPW HarpiBaHHI 3 TOCTIMHOKO MIBUIKICTIO 0 TEMIEpaTyp,
SKi HE MePEeBUIIYIOTh TeMIlepaTypy novarky kpuctamizamii. OT mpoBeneHo mpu KiMHATHIN
TeMITepaTypl y MOBTOPHO-CTATUIHOMY PEXKUAMI 3 PI3HUM YHCIOM N IHUKITIB HaBaHTaKCH-
i (N =1, 3, 5) npu tucky P = 1 GPa. 3a nanumu PCA, micist OT amopdHwuii cran cria-
BY, IO BUBUAETHCS, 30€piraeThcsl, ajne TOHKa CTPYKTypa Tano 3MiHroeThses. [lokasano, mo
31 3poctanHsaM N nukiiB OT 3pocrae ymopsaxyBaHHs, a MPH HarpiBaHHI B MHTEpBai
828-843 K — po3ynopsiikyBaHHSI BUXIJTHOI CTPYKTYpH cIUIaBy. AHoManuii R (MiHIMyM
npu 497 K Tta piske 3poctanHs B Mexax 800-843 K), siki crocTepiratoThCsi Ha 3aIex-
Hocti R(7) BuxigHoro amopdHoro cruiaBy, micas OT 30epiratoTecs Ta NOB'sA3aHi, HAIllEB-
HO, 31 CTPYKTYpHHMH (a30BUMH TEPETBOPEHHSAMU aMOP(HOTO CIUIaBy y TpOIleCi
HarpiBaHHS CIUIaBY.

KuarouoBi cjioBa: rigpocraTHuHuil THCK, aMOp(HUI CIUIaB, CTPYKTYpa, Tajlo, SICKTPUY-
HUH o1Tip

B.H. Baproxun, T.T. Mopo3s, B.C. Abpamos

BNMAHME NPELBAPUTENIbBHON OEPAEOTKM TMOPOCTATUYECKNM
OABJIEHVEM HA 3JIEKTPUYECKOE COMNPOTUBIEHNE
N CTPYKTYPY AMOP®HOI'O CIJIABA Cog7Cr7FesSigB14

Metonamu pe3suCTOMETPUHN U PEHTTeHOCTPYKTypHOro aHainusza (PCA) nusyudeHo BnusiHHE
npeaBapuTenbHoil 06paboTku naBienrneM (OJl) Ha 0COOEHHOCTH U3MEHEHHS JIEeKTpUYe-
CKOTO compoTuBieHus R u cTpykTypbl amopdHoro ciaBa Cog7CrrFesSigB 4 mpu Harpe-
BE C MTOCTOSTHHON CKOPOCTBIO J0 TeMIIepaTyp He BbIIIE TeMIepaTyphl Hadajla KPUCTAIUIN-
3anun. O/ mpoBeneHo npu KOMHATHOM TeMIIepaType B IOBTOPHO-CTaTHUECKOM PEXUME C
pa3HBIM gnciaoM N 1uKiIoB 00padotku (N = 1, 3, 5) npu masnennu P = 1 GPa. Ilo nan-
ueiM PCA, mocnie O/] amop(hHOE COCTOSHUE U3yUaeMOro CIIaBa COXPaHICTCs, HO TOHKas
CTpyKTypa rano usmensercs. I[lokazano, uto ¢ pocrom N nukios O] pacrer ynopsiaode-
HUE, a Ipu HarpeBe B uHTepBaie 828—843 K — pasymnopsigodeHne UCXOAHON aMOp(HO#
CTPYKTYpHI ciiaBa. AHoMammmu R (MuHAMyM TIpu 497 K U pe3kuil pocT B OKPECTHOCTH
800-843 K), nabmogaemsie Ha 3aBucuMoctu R(7) ucxogHoro aMmopgHoOro ciuiasa, mocie
O/l coxpaHSIOTCS U CBSA3aHBI, I0-BUANMOMY, CO CTPYKTYPHBIMH (ha30BBIMU IEPEXOIaMU
B IIpOLIECCE HarpeBaHUsl CIUIABa.

KiroueBblie ¢10Ba: THAPOCTATUYECKOE JaBJICHUE, aMOP(HOE COCTOsSTHUE, CTPYKTYpa, ra-
710, SIIEKTPUUYECCKOE COTIPOTHUBIICHHE
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The statement is proved that in the framework of experimentally achievable pressure the
existing compounds containing rare-earths can be characterized as those belonging to
one of the three states depending on distance RE-O: an electronic state, a vibronic state,
in particular a state of electronic-vibronic equilibrium, and a semiconductor-metal state.
The hypothesis is put forward that the mechanism of realization of superconducting state

in PrBayCu3Og ¢ can be considered as a change in the ratio of semiconductor and metal-
lic conductivities in the substance.

Keywords: electronic-vibronic equilibrium, high-temperature superconductivity,
PrBa,;Cu30¢ ¢, conductivity.

1. Introduction

In earlier work [1] the properties of 3d configuration of LagsCags4MnOsyy
were considered and explained within the framework of a hypothesis of electronic-
vibronic dynamic equilibrium.

In the proposed work the same hypothesis is extended to 4f configuration by
consideration of compounds with Pr. As noticed, the decrease of distance between
rare-earth and oxygen renders very strong influence on properties of a substance,
moving it from an electronic state through a vibronic to a semiconductor-metal
state. Thus, the compound can get in a so-called electronic-vibronic state of dy-
namic equilibrium. When the RE-O bond length appears to be less than 2 A, the
substance begins to show semiconductor properties moving to metallic ones under
pressure. For the compounds in a semicondacting-metal state, for example
PrBa,Cu3O¢ 6, we shall try to explain the occurrence of high-temperature super-
conductivity, considering only the change of a kind of conductivity in the sub-
stance.

© |V.A. Voloshin|, V.V. Kuznetsova, T.N. Shevtsova, 2010
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2. Three possible states of the electron system of a rare-earth compound

The properties of this system can be described in terms of three possible

states.
2.1. Electronic state

The choice of this term stems from the term vibronic state. The spectra of the
same rare-earth ion entering into the composition of various substances (or the
same substance under different thermodynamic conditions) can differ strongly.
The first group of spectra contains the spectra of rare-earth ethyl sulphates. They
consist of faint narrow lines (Fig. 1,b). Some of the energy levels are degenerate.
What is the cause of these specific features? The narrow lines correspond to the as-
sumption of a near-adiabatic approximation, namely, fast electrons and a slow nu-
cleus. This assumption leads to the only electronic state and, hence, to narrow lines.
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Fig. 1. Spectra of the vibronic state of cesium molybdate with praseodymium impurity
(@) (room temperature, the Pr—Ol bond length is 2.38 A and the Pr—O2 bond length is
2.54 A) and of the electronic state of lanthanum ethyl sulphates with a praseodymium
impurity (b) (the Pr—Ol bond length is 2.47 A and the Pr—O2 bond length is 2.65 A) re-
corded at atmospheric pressure for 7=4.2 K
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The low intensities of these lines are explained by the fact that the 4/ configura-
tion is almost isolated [2]. Transitions between the levels of this configuration are
forbidden as rigorously as these electrons are isolated from the environment. Fi-
nally, the degeneracy of the levels is also related to the isolation of this configura-
tion. Jahn and Teller [3] noted that, when considering the Jahn-Teller effect, one
should exclude the orbitally degenerate states where the electrons are not involved
in the formation of a chemical bond in a molecule. Indeed, displacements of the
nuclei in this case do not disturb these states. This is the case for inner electron
shells in the paramagnetic ionic salts of rare-earth elements [3].

In the case of the electronic state, the spectrum (Fig. 1,b) can be easily inter-
preted (Table 1) [4—7] and the local magnetic moment can be readily calculated [7].

Table 1
Calculated spectrum of the 4f 2 configuration in the electronic state
LS+ E, cm
112+1 22450.7
112+2 22447.5
112+0 22416.8
111+0 21295.4
111+1 21280.2
110+ 0 20690.5
202+ 1 16934.4
20242 16862.9
202+ 0 16754.9

The energy of electrostatic interaction between two f electrons isolated from
the environment can be described as

(LS|FL|LS)=ka (I,L)F* ,k=0,2,4,6, (1)
1,2 k
where the angular coefficient is
ek N[ LT
1,L)=(-1)"{ (2L +1)(=1
i )()[( I P R

and F° , F , o , and F® are radial Slater integrals.
In the case of spin-orbit interaction, the matrix element is equal to

(LST|Hgo|L'ST) =% (LS,L'ST)Ey s, )
{L S J}
Ls')
S L1

The interaction between 4f ? electrons and the crystal field is described by [5]

where

(LS, L'ST) = (~1)""5+ [z(z+1)(2z+1)]; <LSHV“‘

and &, is a fitting parameter.

92



®du3nKa 1 TEXHHKA BbICOKHX aaBjenuii 2010, Tom 20, Ne 1

(SLJM |H

et - J k L
SLIM >=§§B;g(—1)’ M{M ) M,} x

1 /"
S'+L"+J+k —\J k J
-1 2J +1)(2J'+1) |2

i I % (L kL / [ k1
x (1) [(—1) +(-1) }[(2L+1)(2L +1) ]2 {1 e }(—1) (21+1){0 0 O}Sss"-
As follows from the properties of the 3j and 6/ symbols,
M+qg+M=0,
k>2J,k>2L and k> 21.
The crystal-field parameters are

1
2k+1)2 ee;
1

where subscripts k£ and g belong to the Legendry polynomials.
The magnetic moment of an isolated 4" configuration is calculated and com-
pared with experimental data in [8]:

M=gJJ(J+1),

S ES(S+H)-L(L+1)
g=lt 27 (J+1) |

where

2.2. Vibronic state

This term was proposed by the authors of the pioneering work [9]. This group of
compounds contains rare-earth molybdates (Fig. 1,a). The spectra of these substances
have strong broad lines, and all degeneracies are removed. The Kramer’s doublets for
odd n in a 4" configuration are exceptions. In this case, a rare-earth ion is assumed to
be so close to the surrounding ions that the bonds between them are specified not by
the long bond of outer electrons but rather by the short bond determined by the inner
4f" configuration. A mixture of various electron configurations provides a high spec-
tral intensity due to the absence of any forbiddenness. The participation of 41" elec-
trons in crystal bonds provides the absence of any degenerate levels. The authors of
[10,11] noted that any symmetrical position of nuclei (except for those located in one
straight line) is unstable for a degenerate electronic state. As a result of this instability,
nuclei shift so that the symmetry of their configuration breaks to an extent that the
degeneracy of the term is completely removed. In particular, the normal electronic
term of a symmetric (nonlinear) molecule is considered to be only a nondegenerate
term [10,11]. In this case, small intervals in an electronic spectrum indicate slow

93



®du3nKa 1 TEXHHKA BbICOKHX aaBjienuii 2010, tom 20, Ne 1

electronic motion with a velocity comparable to the nuclear motion velocity. So, the
nuclear motion cannot be separated from the electronic motion [12].

As a result, every state of a set of nuclei continuously changing in certain limits
corresponds to all changing electronic states and the spectrum has broad bands.
In [13], we were the first to show that a high pressure can transform the electronic
state of a rare-earth compound into its vibronic state (Fig. 2) [14]. These states
stand rather far from each other, and the boundary between them is controlled by
the bond length between a rare-earth ion and the surrounding ions (Table 2) [15].

//T\ P. kbar
0 S 32 35 39 —r s

\O v v
o ole) o0
O \O v
SO (=
[a\Na)] (o]

Fig. 2. Transformation of the spectrum of praseodymium ethyl sulphate at 78 K from the
electronic type at atmospheric pressure into the vibronic type as the pressure increases to
39 kbar. With temperature gradual increase from 78 to 160 K at a pressure of 39 kbar, the
vibronic state in this compound breaks and transforms into the electronic state [14]

Table 2
Critical distance (A) for the transition from electronic-vibronic state for various
rare-earth ions and ligands

RE RE-O RE-CI RE-F
Ce 240 2.81 2.33
Pr 2.38 2.79 231
Nd 2.36 2.77 2.29
Pm 2.34 2.75 227
Sm 2.33 2.74 2.26
Eu 232 2.73 2.25
Gd 2.31 2.72 2.24
Tb 2.30 271 2.23
Dy 2.29 2.70 222
Ho 2.28 2.69 221
Er 2.27 2.68 2.20
Tu 2.26 2.67 2.19
Yb 2.25 2.66 2.18
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State of dynamic electronic-vibronic equilibrium. The hypothesis described
above implies a jump-like transition from the electronic into the vibronic state.
For praseodymium and oxygen, this occurs when the distance between them be-
comes smaller than 2.38A. However, the authors of [1,16,17] present experimen-
tal data that require a more complex concept. For example, the Pr—0 distances in
PrBa;Cu307 determined by different methods are different. As determined by
neutron diffraction, these distances are approximately 2.45 A [18], whereas, as
determined from the X-ray absorption fine structure (XAFS), some of these dis-
tances are still equal to 2.45A and the others are 2.27 A [19]. The other structural
relations determined by both methods remain the same. In other words, the differ-
ences concern only the position of the oxygen ion. It is important that the distance of
2.45 A is larger and the distance of 2.27 A is smaller than the critical distance.

When explaining these different praseodymium-oxygen distances in the YPrBa-
CuO system, one has to take into account that the XAFS method can determine
changes in a structure at a time resolution of 1071 s, whereas a diffraction method
can do so at a resolution of only 107 s, Therefore, the authors of [16,17] assumed
that the praseodymium-oxygen distance changes from 2.27 to 2.63 A and that the
former method determines two limiting oxygen positions and the latter, the average
position (2.45 A). In other words, the lifetime of the short-lived state is shorter than
10" s (which is the time resolution of neutron diffraction) and is longer than 1071
s (which is the time resolution of the XAFS method). Thus, there appears an inter-
mediate stage, namely, the stage of dynamic electronic-vibronic equilibrium, where
a substance alternately has the properties of the electronic and vibronic states. For
example, a chemical bond is alternately long and short; the magnetic moment is al-
ternately local or extended over the entire molecular complex; and the sample can
alternately be either an insulator or a conductor. It is clear that this short-lived hard-
to-detect state should substantially affect certain properties. For example, it was un-
clear for a long time why all (R)BaCuO compounds (R is a rare-earth element)
having the same structure exhibit high-temperature superconductivity except for a
praseodymium-containing compound. First, we would like to state that, for super-
conductivity to occur, the lifetime of this state must be longer than the lifetime of a
Cooper pair. As shown in [16], the lifetime of an electronic-vibronic state in this
case is shorter than the lifetime of a Cooper pair. Therefore, for superconductivity
to be detected in such compounds, they must not form this short-lived electronic-
vibronic state irrespective of the contribution (vibronic or electronic) determining
this short time. These compounds should be transformed into the state of electronic-
vibronic equilibrium with a sufficiently long lifetime, which will be possible if the
distance between a rare-earth ion with a degenerate ground state and its neighbors
decreases further. In this case, the lifetime of the vibronic state increases and the
lifetime of the electronic state decreases.

As a result, the faint weak line spectrum should change into a strong broadband
spectrum. As an example, we consider praseodymium ethyl sulphate. Its structure
was studied comprehensively in [20] and is often used as a model for comparison.
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Praseodymium is surrounded by nine neutral water molecules, which is one of the
causes of a weak external influence on the state of the 4f configuration. Each three
molecules lie in one plane and form equilateral triangles. In two small triangles the
Pr-O distance is 2.47 A and in the medium triangle and the large triangle the Pr-O
distance is 2.65 A. At 25 kbar, these distances decrease to 2.38 and 2.56 A, respec-
tively [14]. Fig. 2 shows the transformation of the narrow-band «electronic» spectrum
of praseodymium ethyl sulphate 77 K into a broadband «vibronic» spectrum as the
pressure increases from atmospheric to 39 kbar. These pressure-induced changes are
removed upon heating to 160 K. At this temperature, an increase in the praseodym-
ium-oxygen distance breaks the vibronic state and the spectrum recorded at a pressure
of 39 kbar returns almost exactly to its shape recorded for 77 K at 32 kbar.

As noted, superconductivity in the PrBaCuO system is suppressed because of
the formation of a short-lived electronic-vibronic state. This state appears upon a
fluctuation-assisted transition from the electronic into the vibronic state, while the
predominant long-lived state is the electronic state. In other words, the short life-
time of the electronic-vibronic state is specified by the lifetime of the vibronic
contribution. Therefore, if this time increases (it should increase as the Pr-0 dis-
tance decreases as compared to the critical distance), the lifetime of the elec-
tronic-vibronic state becomes longer than the lifetime of the Cooper pair at a
certain time; as a result, a superconducting state appears. These considerations
are supported by the experimental data from [21,22]. Let us analyze the lattice pa-
rameters ¢ of the RBa;Cu30O7 (R is a rare-earth ion) superconducting compounds
fabricated by a traditional method [18,23] (Fig. 3). The lattice parameters ¢ of all
compounds, except for a praseodymium-containing compound, are seen to lie in
one curve, and the lattice parameter of the latter is well below them. This suggests

that an increase in the lattice parameter

11.91 oea. ¢ of the latter compound makes this
—@—, . .

S T —ee e, , compound superconducting. This result

R RN was achieved in [21,22], where this com-

pound was synthesized by a new

method: the parameter ¢ increased, and

"= the compound transformed into a super-

] conducting state. The superconducting

11 5 b idPmSmPuGd Th Dy Ta Br Tu Yo transition temperature 7 is 56 K, and the
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Fig. 3. Dependence of the lattice pa- eral curve. It is reasonable to apply a

rameter ¢ on the number of electrons 7 in high pressure to decrease this parameter,

f-shell for RBa;Cu3O¢ (0, ®; Ris arare-  and the authors of [21,22] realized this
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Here, we do not consider any mechanism. Therefore, we return to the hypothesis of
electronic-vibronic equilibrium, whose lifetime is shorter than the lifetime of the
Cooper pair because of the short lifetime of the vibronic state. As the pressure in-
creases, the life-time of the electronic state will decrease and the lifetime of the vi-
bronic state will increase; so the lifetimes of both states will be longer than the Coo-
per-pair lifetime. Thus, the compound will transform into a superconducting state. As
the pressure increases, the relation between the lifetimes continuously approaches an
optimum relation. In this case, 7. will increase. However, there should be a time
when this temperature begins to decrease due to a decrease in the electronic-state
lifetime. As the pressure increases further, superconductivity should disappear.

2.3. Semiconductor-metal state

Received in 1998 experimental data on the temperature dependence of electri-
cal resistivity [21,22] show that under pressure the properties of PrBa,Cu3Og ¢
vary from semiconductor to metallic.

Let's assume that the compound, in which the R—O bond length (R is a rare-
earth ion) is less than 2 A, is in a specific semiconductor-metallic state. We intro-
duce the concept of semiconducting and metal conductivities:

1-n
Gl(T)—m,
. ___ G)
(po+aTl) exp[j
2kT

here the parameter # is the portion of semiconductor conductivity in the material, p
is the residual resistivity, a is a temperature coefficient, and AFE is the width of the
energy gap. The parameter # can vary from 0 to 1. For n =0, o»(7) = 0, and the mate-
rial possesses only metallic conductivity; when n = 1, 61(7) = 0, and the material has
only semiconductor conductivity. The metallic contribution is predominant at a high
temperature, and the semiconducting contribution — at a low temperature.

From the analysis of the metallic and semiconductor properties of the com-
pounds containing rare-earth ions, a fundamental trait of high-temperature super-
conductors is revealed: at a certain temperature 7, the values of {(7) and c,(7)
are equal, i.e., their curves cross [23]. Semiconductor conductivity dominates at
high temperatures, while metallic conductivity dominates at low ones. A special
resonant interaction of these conductivities occurs in this case, with which the
material’s conductivity can be formally represented as the sum of these values.

In view of this, the experimental temperature dependence of the resistance,
Pexp(T), can be described by the expression:

1 po tal
p(T) = = : (4)
61(T)+0,(T) (1—n)+nexp(_AEj
2kT
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The values of the adjustable coefficients pg, p, n, and AE/2k were calculated by trial
and error with a software program, on the assumption that with a specific set of these
coefficients, the value provided by equation (4) coincides, to an accuracy, with the
experimental value of pexy(7) [21] at the corresponding temperature.

After analyzing the data obtained, we selected the coefficients with which
equation (4) fairly accurately describes the experimental curve at P = 0 as far as
T.: n=0.942, pg = 0.0078 mQ-cm, a = 0.00057 mQ-cm/K, and AE /2k = 270 K
[23]. However, below T, the theoretical curve drops smoothly to 0 without dis-
playing a transition to a superconducting state (Fig. 4).

If graphs of o1(7) and o,(7) (Fig. 5,a), calculated using the already selected
coefficients, are constructed according to (3), we find that they intersect at T
which does not coincide with 7, in the experiment. However, if c,(7) is multi-
plied and o1(7) is divided by the same factor, so that » remains in the region of
the change, then the point of their intersection shifts. Thus, at P = 0 with
0.3640(7T) and 2.756,(T) we get an intersection of the curves at 7, = 56 K (Fig.
5,b), that corresponds to the experimental results. The amendments for o1(7) and
62(7) are calculated similarly, they correspond to experimental curve under pres-
sure [21,22]. The calculation has shown that these amendments decrease with in-
crease of pressure and at about 9 GPa become equal to unity (Table 3).

0.6:
0.5

Fig. 4. Temperature dependences of the
electrical resistivity of PrBayCus0¢¢ at
various pressures (/ — P=0,2-1.2, 3 -
2.0,4-3.0,5-4.0,6-6.0, 7-9.3 GPa).
Solid lines were calculated under the as-
sumption of suppressed superconductivity

01 i . . . . [23], and points demonstrate the experi-
0 50 100 150 200 250 300  mental results [21,22]
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Fig. 5. Temperature dependences of metallic 51(7) (—m—) and semiconductor c,(7) (—)
conductivities for P = 0 without correction («) and with correction 0.364c(7) for metal-
lic and 2.75c,(T) for semiconductor conductivities (b)
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Table 3
The amendments for 61(T) and o,(T), that shift the point of intersection of these
conductivities, under pressure [21,22]

P, GPa Amendment ofc(7) Amendment of 65(7)
1.0 2.75 0.364
1.2 2.12 0.472
2.0 1.82 0.550
3.0 1.55 0.645
4.0 1.39 0.719
6.0 1.16 0.867
9.3 1.08 0.926

At the intersection, ¢1(7) and o,(7) are equal. This means that, at this point,
the PrBa;Cu3Og ¢ crystal displays properties of both a semiconductor and a metal.
The transition to a superconducting state occurs when the metallic conductivity
c1(7) suppresses the semiconductor conductivity o,(7). Then, taking into account
the conditions for transition to a superconducting state, equation (4) with the cor-
rection for the conductivities can be written as follows:

1 1

p(T) = - :
0.364c, +2.750, 0.364c, —2.750,

()

Fig. 6 shows a graph of p(7) obtained using equation (5), which agrees with the
experimental curve at P =0 [21,22].
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g 11 Fig. 6. Temperature dependence of elec-
& O_ trical resistance with the transition to a
g ] superconducting state for P = 0: — -
a _l: ptheor(T) (Eq~ (5)» —O— — pexp(T)
2
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For p(7) under pressure we have also a good agreement with the experiment
[21,22].
3. Conclusion
We have shown that, as the pressure increases, a rare-earth compound trans-
forms from the electronic into an electronic-vibronic state and undergoes substan-
tial changes. For example, its spectrum changes from a faint narrow-line spectrum

into a strong broadband spectrum. At the further decrease of the R—O bond length
the substance is in a semiconductor-metallic state. Therefore, for PrBa,CuzO¢ ¢ the
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result of this study is a combination of values for the conductivities 0.364c(7)
and 2.756,(7) (and only these conductivities), that describes the whole set of ex-
perimental values obtained, including the superconducting transition. Conse-
quently, the material’s transition to a superconducting state can be associated with
a change in the ratio of conductivities in the crystal, which can be considered
analogous to the occurrence of Cooper pairs in a low-temperature superconductor.
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B.A. Bonowwun|, B.B. Kysneyosa, T.M. [llesyosa

MEPIOOVYHI 3MIHEHHSA B CTAHI 4f-METAMIYHOI CMONYKA
g TMCKOM

OOrpyHTOBYETBCS TBEp/KEHHS, IO B PaMKaX THUCKY, KU MOXKHA EKCIIEPUMEHTAIBHO
JOCSITTH, ICHYIOUi 3’€THAHHS, IO MICTATh PiAKICHI 3eMJIi, MOXYTh OyTH OXapaKTephu30-
BaHI HAJIGKHICTIO IO OJHOTO 3 TPhOX CTaHiB 3aJeHO Bij Bigctani RE-O: enexTpoHHOTO,
BiOpOHHOTO (30KpeMa, CTaH eJIeKTPOH-BIOPOHHOI pIBHOBarW) Ta HAaIiBIPOBITHHUKOBO-
METaJIi9HOTO. BHCyBa€eThCs TimoTe3a, MO MEXaHi3M peaiizarii HaAmpoBiTHOTO CTaHY B

PrBa,;Cu30O¢ ¢ MOKHA PO3TIISIIATH SK 3MiHY CITiBBiTHOIIICHHSI HAIIBIPOBIIHUKOBOI Ta Me-
TaJIYHOI TPOBITHOCTEH Y PEUOBHHI.

KmouoBi ciioBa: enekTpoH-BIOpOHHA piBHOBara, BUCOKOTEMIIEpaTypHa HAAINIPOBIIHICTD,
PrBa,Cu30¢ 6, mpoBimHICTE

[B.A. Borowwn|, B.B. Kysueyosa, T.H. Illesyosa

NEPUOONYHECKUE NSMEHEHWA B COCTOAHUN
4f-METAJNTMYECKOIO COEOAVMHEHWNA MOO OABJIEHVEM

OO60CHOBBIBAETCS YTBEPXKICHHE, YTO B paMKaX 3KCIIEPUMEHTAIbHO JOCTHKMMOTO JaBlie-
HUSI CYIIECTBYIOIME COCTUHEHUS, COAEPIKAIIE PEIKUE 3EMII, MOTYT OBITh OXapaKTepH-
30BaHbl IPUHAUIC)KHOCTBIO K OTHOMY M3 TPEX COCTOSHUM B 3aBUCHMOCTH OT PAaCCTOSHHSA
RE-O: snexTpoHHOMY, BUOPOHHOMY (B YaCTHOCTH, COCTOSIHUIO 3JIEKTPOH-BUOPOHHOTO
paBHOBECHS) U TOIYIPOBOAHUKOBO-METAIINYECKOMY. BrIaBUTraeTcs rumoresa, 4yTo Me-
XaHU3M peaji3aliu cBepxXmposoasauiero cocrosiaus B PrBayCuszOg ¢ MOXHO paccmaTpu-
BaTh KaK M3MEHEHHE COOTHOIIECHUS MOIYIPOBOJIHUKOBOW M METAJUIMYECKOH MPOBOJUMO-
CTEll B BEILIECTBE.

KarwueBble ciioBa: dIEKTPOH-BUOPOHHOE paBHOBECHE, BBICOKOTEMIICPATYpPHAs CBEpX-
npoBoaAUMOCTh, PrBa;CuzOg ¢, MPOBOAMMOCTH
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PACS: 62.20.F, 63.30.-h

H.FO. ®dunoHeHko, J1.U. ®enopeHkosa, .M. CnvpmngoHoBa

BNVMAHVE OE®OPMALIMOHHOIO BO3OENCTBUA HA ONddY3NHO
BEOPA B CPEOHEYIMEPOONCTOM CIJ1ABE

[HenponeTpoBCKWIA HaLMOHanNbHbIN YHUBEPCUTET
yn. MarapuHa, 72, r. AHenponeTpoBck, 49050, YkpanHa
E-mail: lubaf@dars.dp.ua

Cratbsa noctynuna B pegakumio 11 Hos6psa 2009 roga

Hzyyeno enusinue npedsapumenbHOU CMAmuueckol U YOapHO-80IHOB0U NIACMUYEeCKOU
Oepopmayuu na oughghyzuro bopa 8 cpednenecupogannou cmanu. Iloxazano, wmo ycko-
penue OuPPY3UOHHbIX NPOYECCO8 3aB8UCUN O UHMEHCUBHOCTIU NPeOBAPUMENLHO20 Oe-
dopmayuonno2o 8o30elicmaus.

KiroueBble cioBa: IpeJBapuTeNbHas cTaTHYecKas Jedopmanus, yIapHO-BOJIHO-
Bas Tiactudeckas aedopmarus, nuddysus O6opa, cpeaHeNerupoBaHHas CTalb,
3epHOrpannyHas 1uddysus, oobemuas 1uddysus

B nocnennue rozpl 0coOblii HHTEPEC BbI3BIBAIOT PAOOTHI, CBA3AHHBIE C UCCIIEI0BA-
HHEM BIMAHUS Ae(OpPMAIIMOHHOTO Bo3/eicTBUs [1—4], B 4aCTHOCTH BBICOKOCKOPOCT-
HO neopmariny Ha audQy3roHHbIe poriecchl [5]. B oHMX U3 HUX yKa3bIBaeTCs Ha
yMeHbIeHne uy3HOHHOH MMOBMKHOCTH HACKIIIAIOIIETO 3JIEMEHTA TIOCIIEe TIPEIBa-
puTenbHOM xonmoaHo nedopmarmu [1,2], B Ipyrux — MOKa3bIBaeTCs YCKOPSIOILEe
neiicteue nedopmaiun Ha GpopmupoBanue auddysuonHoro cios [3,4]. B oboux cimy-
Yasx OECCHOPHBIM SIBIISIETCS TO, YTO Ipe/iBapHUTeIbHas 00paboTKa MeTaslia BIUsSET Ha
napamMeTpbl HACBHIICHHS, YCKOPSI WM 3aMeIsisi MX B 3aBUCUMOCTH OT YCJIOBHH Jie-
(dopmarrionHoro Bo3zaeiicTBus. IIpeacrasiser uHTEepec, KakMM 00pa3oM yCIIOBUS Jie-
dopMarmuy BIUSIOT Ha mporiece MU dy3un HEKOTOPBIX AIeMEHTOB. B manHON padoTe
U3y4alli BIMSHUE [IPeIBAPUTEIBbHOM CTATUYECKOM 1 yAapHO-BOJIHOBOM IJIACTUUECKON
nedopmarim Ha g dy3uro 6opa B CpeaHEICTHPOBAHHON CTAJIH.

HccnenoBanue mpoBoAWIM Ha 00pasax u3 craiu 45, KOTOpble MpeiBapUTENIbHO:

1) omxuranu npu Temneparype 1173 K B reuenue 5 h;

2) nmoasepranu nedopmanuu cxaTus npu temmnepatrype 298 K co crenensmu
nedopmaruu 20 u 40%;

3) oOpabatbIBasii B3pHIBOM IPU CKOPOCTHU B3pBIBHOM BOJIHBI 353 m/s, BpeMeHH
IIPOXOXACHNS yAapHOU BOHBI 6.6°10" s, naBnenun npu B3peise 7.7 GPa.

O6paboTaHHbIe YKa3aHHBIMUA CIIOCOOAMU 00paslibl HACKIIAIA OOPOM B TBEPIOM
KkapOropu3aTope ¢ 100aBkoi kapobuaa 6opa B Teuenue 4 h npu temmneparype 1223 K.

© H.10. dunoHeHko, J1.UN. depopeHkosa, N.M. CnnpugoHosa, 2010
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Puc. 1. MUKpOCTpYKTypa HOBEPXHOCTU CcTalld 45: @ — OTOXKEHHOH, O — TOCIe BEICOKO-
cKkopocTHO# nedopmariuu, x100

HccnemoBanue CTPYKTYpPhI M CBOWCTB IMOBEPXHOCTH O0OpaOOTAHHBIX 0Opa3IloB
MPOBOJIMIIN METOAAMH METaUIOrpauiIecKoro, MOCIOWHOTO CIEeKTpalibHOTO [6],
TIOPaMETPUUYECKOTO0 M PEHTTEHOCTPYKTYPHOTO aHAJIN30B, a TaKXKe C MOMOIIBIO
3JIEKTPOHHOTO pacTpoBoro Mukpoanaiuzatopa POMMA 102-02.

Kak BumHO Ha puc. 1,0, MUKPOCTPYKTypa CTalld B OTOXOKEHHOM COCTOSIHHH
MpEJCTaBIsIeT MepIUTHO-PeppuTHYI0 cMmech. [locie BBICOKOCKOPOCTHOH 0O0pa-

6otku (puc. 1,6) MUKpOCTpyKTypa ctanu Ha rryoure g0 500-550 pm ot moBepx-

HOCTH XapakTepus3yercsi NpOOJICHHEM 3€peH, Pa3HO3EpHUCTOCTHIO, YTOHEHHEM
[EMEHTUTHON CETKH IO TPaHUIIaM 3€pPEH, YBEIMUYEHUEM B MUKPOCTPYKType dep-
pUTHOI cocrtaBistomeil. Kpome 3Toro, Ha yka3zaHHOHM TiiyOuHe HaOromaeTcst u3-
MeHeHue MUKpoTBeprocTu oT 450 1o 285 MPa.

[IpenBapurenbHas XonoaHas IiacTUdeckas 1edopmaliis MpUBOIUT K U3Melbye-
HUIO 36pHa B IIOBEPXHOCTHOM 30HE U YBEJIMUYEHUIO MUKpoTBeprocTu. Ha puc. 2 mo-
Ka3aHO W3MEHEHHE COJepKaHusi 0Opa M MHUKPOTBEPIOCTH O riryOuHe Tuddy3ron-
HOW 30HBI TIPY HACBIIICHUH MTOBEPXHOCTH O0poM. M3 rpadukoB BUaHO, 4TO jaedop-
MAaIMOHHOE BO3/ICHCTBUE Ha CTalb 45 yBenuuuBaeT riryOuHy AudQy3HOHHOTO CIIOs
U MUKPOTBEPAOCTh, YTO MOJOKHUTEIHLHO CKAa3bIBACTCS HA MPOYHOCTHBIX CBOMCTBAX
cranmu. [Ipuyem mpu BBICOKOCKOPOCTHOHW JAeopMalvil MOKa3aTead Mo TIIyOuHe U
MHUKPOTBEPIOCTH OOJIBIIIE, UM TIPH XOJIOTHOM TUIACTUIeCKOM nedopmarn. To ecTh
BBICOKOCKOPOCTHasi JieopMaliis OKa3blBaeT Oojiee MHTEHCHBHOE BO3/CHCTBUE Ha
HOBEPXHOCTh METAIa, CTUMYJIUPYs yCKOpeHHe TU(Qy3HOHHBIX POLIECCOB 3a CYET
yBEJUUCHUS Ae(PeKTOB, HAMIPSHKECHUH B CTPYKTYpE, Pa3BUTHS IUTACTUYECKUX CIIBUTOB B
MUKpooOBemax. 1o manHbM padoT [7,8], mpu BO3IEHCTBUM BRICOKOCKOPOCTHOM JIe-

. 12 13 -2
(hopmarmu MPOUCXOUT YBEIMICHUE TUIOTHOCTH AucIoKarmii 10 10 —10 " cm ™.

103



®du3nKa 1 TEXHHKA BbICOKHX aaBjienuii 2010, tom 20, Ne 1

.\'\:}2\1\‘\‘\‘\‘
s A—ﬁ—f—t—ﬁ—f—;>; &

0 300 600 900 0 200 400 600 800
h, um h, um
a o

Puc. 2. 3menenne no rnyoune nud¢y3MoHHON 30HBI: @ — cofepkaHus 0opa, 6 — MUK-
POTBEPAOCTH [yl OOPHPOBAHHBIX OOpa3LOB M3 CTAIU 45, MpEeIBapUTEIbHO MOJBEPIHY-
THIX: A — OT)KUTY, M — XOJOJHOHU ITACTHYECKON nedopmanun, ¢ — 00pabOTKEe B3PHIBOM
(mpsimoe neiicTBUE yAApHON BOJIHBI)

Pesynbrarhl BOWSHUS YCIOBUN MpeaBapUTEIbHON 00paOOTKM Ha TiIyOuHY
T Py3MoHHOHN 30HBI pUBEACHBI B Ta0a. 1. M3 TabmuIs! BUIHO, YTO Y€M WHTEH-
CHUBHEe Je(opMalMOHHOE BO3JICUCTBHE HA CTajlb, TeM Ooibiie rryouHa nuddy-
3HOHHOTO CJIOs TIoclie GopupoBanus. [IpruemM 3TOT GakT XapakTepeH Kak s BbI-
COKOCKOPOCTHOH nedopManuu, Tak ¥ JjIsl XOJIOJHOW MIaCTUIECKOH nedopmaruu
(BenmmumHa nedopmanuu B %).

Tabmmia 1
3aBucuMoCTh riyOuHbI TU(PY3MOHHOI 30HBI OT YCJIOBUIi MPeABAPUTEIbHOM
o0padoTkH

[IpenBapurensHas | Bennuuna nedopma- ['myOuHa ciost, um
00paboTka nuu, % 0OpHIHOTO muddy3nonHOrO
OT1xur — 136.4 761.5
XoJ10/1Has IJIaCTUYE- 20 176.3 950.2
cKast gJedopManus 40 184.6 978.3
BricokockopocTHas IIpsmoe ,ELCI/ICTBI/IC 185.2 1050.5
nehopManus yJIapHOU BOJIHBI

B 3one BnusiHus Oopa HaOmogamy oOpa3zoBaHHe OOPOIIEMEHTUTHBIX BKIOUE-
HU. B croiaBe, mpomeameM mpeaBapUTENbHYIO IUIACTHYECKYIO Je(opMaliuio,
BKJTFOUCHHMS PACIIONIATIMCh NMPEUMYIIIECTBEHHO IO TPaHUIIAM (EPPUTHBIX 3€pEH,
a TI0CJIe TIPEIBAPUTEIBHON BRICOKOCKOPOCTHOU JieopManui — U B 00beMe 3epHa.
BeposiTHO, B cpeaHEYyTIIepoIUCTOM CIUIaBe IOCIHE MPEIBAPUTENBHOTO Iedopma-
IIMOHHOTO BO3JICHCTBHS pazIMYHOW MHTEHCHBHOCTH Juddy3ust Oopa ocyriecTs-
JISIETCSI HE TOJIBKO TI0 TPaHUIIaM 3epeH ayCTeHUTa, HO U TI0 00bEMY 3epHa.

JList moHMMaHwusI TOTy4eHHOTO 3¢ dekTa yeckopeHus audy3uoHHOTO Tporiecca
IPU HACHIIIEHUH CTATH OOPOM CIIEAYET OINpPEeTHTh, Kakhue MeXaHu3Mbl quddy-
3UM MOTYT OBITH 33JIeiICTBOBAHbI B JAHHOM CITy4ae.
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Kax n3BectHO, 1 dy3ust MOKET MPOUCXOAUTD O TpeM pexkumMam: 4, B, C [9]. Ot1-
ToK muddy3aHTa OT rpaHuIlbl B 00beM 3epHa B pexkime quddy3un Tuna C OTCYTCTBY-
€T, OCHOBHOH Ju({y3HOHHBIH MacCcONEepPeHOC OCYILIECTBIAETCS 0 TPaHULAM 3epeH —
oboweMHast ddy3ust «3amopokeHay (A Qy3HOHHBI Iy Th MEHBIIE | nm); B peKUMe
THIIa B — MUHUMAaJIeH, B pexume 4 — MakcumManeH. B ciydae C riryOuHa MpOHUKHOBE-
HU auddy3aHTa 1Mo TpaHULE 3€pHAa B 00bEM MOIMKpUCTAILIA OyJIEeT ONpenessThes
JMIIb TapaMeTpaMM 3epHOTpaHUYHOM 1uddy3un, a B ciiyyae B — mapameTpaMu Kak
3epHOTPAaHNYHOM, TaKk U 00beMHON M dy3un, B ciydae 4 — mapameTpaMi 00bEMHON
mpdy3un. B pesysnbTaTe HachlieHUss 00OpOM MOBEPXHOCTH OOpaslioB, MPOIIEAIINX
OTKUT, IIPEIBAPUTEIIBHYIO XOJIOAHYIO IUIACTUYECKYI0O M BBICOKOCKOPOCTHYIO Jedop-
Maruo, 6op IupGyHIMPYET U MO TPaHULAM 3epeH, U TI0 00bEMY 3€pHA, YTO COOTBET-
CTBYeT KMHETHKe pexxuma 1uddy3un tina B. YuuTbiBas 310, 0003HaYUM yepe3 ¢ yc-
PEAHEHHYIO KOHLIEHTpaLHo 6opa 1o riryorHe qud(dy3u0HHOM 30HbI, KOTOpast sSBIISET-
Csl CyMMO# KOHIIGHTpalrii 00beMHOI ¢| ¥ TpaHU4YHOM ¢, auddyzuu [10]:

c=c¢+c,. (1)
Jlns onpeneneHus Bkiaaaa o0beMHON 1uddy3un 6opa NCHIOIb3yeM COOTHOIICHHE

2)

z
¢ =cyerfc————,
2(Dx)
rae z — rryouna cnost, D — koagdumueHtr ooremMHon nuddysuu, ¢ — BpeMs Hachl-
HICHUSI.

TanreHc yria HakJOHa MPSMOM, onpeeeHHbIi u3 rpaduka InB = f{(h), mo3Bo-
JSIET OTIPENIEIIUTh BEIMIUHY ODp, U3 BRIPAKCHUS

iy _ n 2/n
8D, =2D /1) (-oInz /ez") " [—alnc/ﬁ(nﬁ”z) } , 3)

oD
F/zht”z , Mo = z/(Dt)"* — GespasmepHbie nepeMeHHbIe, SD), — NpPOH3Be-

neHue koddduurenta rpaHndHoN nudPy3un Ha MIUPUHY TPAHULIBI.
N3-3a 0OTCYTCTBUS MPSAMBIX KCIIEPUMEHTAIBHBIX JaHHBIX 110 IIWPHHE TPAHHIIBI
00BIUHO ompeAensioT He Ko uimeHt 3epHorpannunoit auddysuu Dy, a mpous-

rae B=

BeieHue 0Dy, BXxopsiee B ypaBHeHue nuddysuu. s npubamkeHHONW OLEHKH
BeNMYMHBI D) ObUIO MPUHATO HauboJiee YacTO BCTPEYAIOIIEeCs B JIUTEpAType
3Ha4YeHue MmMupuHbl rpaHunbl O = 0.01 pm [11].

B ta6n. 2 nmpencraBieHbl pe3ysbTaThl pacueta oTHoeHus1 Dp/D. V3 Tabmuibt
BUJIHO, YTO 110 CPAaBHEHUIO C MPEJBAPUTEILHO OTOAOKEHHBIM COCTOSIHUEM Cpell-
HEYTJIEPOJANUCTOTO CIUTaBa OTHOIIeHWe Dp/D mpu TpeaBapuUTENbHONH XOJIOIHOM
IUTACTHYECKOW AedopManiy yMEHBIIAETCS Ha TOPSIOK, a MPH BBICOKOCKOPOCT-
HOHU nedopmanuu — Ha 2-3 nopsiaka. [locinennee 06CTOATENBCTBO SABISETCS CEI-
CTBHEM TOTO, YTO NPH BBICOKOCKOPOCTHOH JieopManuy MPOUCXOANUT APOOIICHUE
3epHa, a CIel0BaTeIbHO, YBEIMUEHHUE JAIUHBI IPAaHMIL, YTO JEJIAeT YIHEPreTHUECKU
BBITOTHOHM 1 00beMHYI0 T dy3uto. B naHHOM citydae MOXKHO CKa3aTh, YTO CTEIICHBb
IpobieHus 3epHa onpenenseT Tu AMGQPy3un U BeTUIUHy oTHOIEHUs: Dy/D.
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Ta0nuua 2
Pe3yabTaThl pacyera oTHOLICHHUS KO3((PuumeHTa 3epHOrpaHNYHOi 1updy3un
K ko3¢ unuenty odobemuoii nuddysun Gopa

[IpensapurenbHas 06paboTka Bennunna nepopmannu, % Dy/D
OTxuUr - 2.17-10"
XonoxHas rutactudeckas aedop- 20 4.36- 103
Marus 40 4.87-10°
BricokockopocTHas nepopmanus | IIpsavoe 1eicTBIE yIapHOK BOTHEI 1.45.10

[TpenBapuTensHas XojoaHAs IUIaCTUYECKas Aedopmanus CnocoOCTBYET yBe-
JWYEHHUIO TIYOUHBI TU(PPY3HOHHOTO CIIOSI MPH HACKIIICHHH OOpOM CpEIHEeyTIIe-
poAKCTOro cruiaBa, ocooeHHo rnpu crenenu aedopmaruu 40% (cm. tadn.1). 3to
CBSI3aHO TIPEXKJIC BCETO C YBEIMYCHHUEM NEPEKTHOCTH CTPYKTYPhI MIOBEPXHOCTHO-
ro crmos. BrmusHue minactuyeckoit aedopmarnuu Ha mporecc auddysum O6opa
MOYKHO OOBSICHUTH B3aMMOJCHUCTBHEM aTOMOB Oopa ¢ aedekramu, Hacieq0BaH-
HBIMH U3 UCXOAHOW Je(OopMHpOBAaHHOU CTPYKTYphl. B MUKpOCTpyKTYpe 00pas-
II0B, NPEIBAPUTEIHLHO MOJBEPTHYTHIX IUIACTHYECKOW aedopmaruu, OoprieMeH-
TUTHBIC BKJIFOUEHHSI PacIoararoTcsi He TOJBKO 10 TPaHHIaM, HO U B 00beMe 3ep-
Ha, YTO SIBIISICTCS Pe3yJbTaToM M3MeHeHus: auddy3noHHOr0 myTH Oopa mpu Ha-
CBIIIICHNHU ToBepXxHOCTU. CrenoBarenbHO, yBenuueHne auddy3un 6opa uuer He
TOJILKO MO TPaHMIIAM 3€PEH, HO W IO JTUCIIOKAIMSIM, O0pa30BaBIIMMCS IOCIIE
npeaBapuTeNbHON nedopMannu, 9TO IPUBOIUT K pocTy Koddduimenra oobem-
Hoit muddy3uu 6opa (Tadm. 2).

Takum 00Opa3oM, Ui IPEIBapUTENIFHO OTOXKEHHBIX 00pa3loB IMpeodianaeT
3epHOrpaHuuHas qudQy3us, a a1 00pas3ioB, MOJABEPTHYTHIX IePOPMALUOHHOMY
BO3JICHCTBHIO, 0 00beMHOUM Au(dy3un BO3paCcTaCT C YBEINICHHEM UHTCHCHB-
HOCTH 3TOT'O BO3/ICHCTBHSIL.

BeiBOABI

1. JedopmaninoHHOE BO3/IEHCTBUE HA CTalb 45 yBenuyuBaeT rnyouny auddy-
3MOHHOTO CJI0Sl © MUKPOTBEPJOCTh 00pasiia, 4To MOJOKHUTEIHHO CKa3bIBaeTCs Ha
NPOYHOCTHBIX CBOMCTBax cranu. IIpmuemM mpu BBICOKOCKOPOCTHOH JeopMariu
NOKa3aTeIy 1O TIIyOMHEe ¥ MUKOTBEPIOCTHU BBIIIE, YEM IMPH XOJIOJHOM IIacTHye-
ckoil nepopmanuu.

2.B pesynbrare HachlmeHHs OOpOM IMOBEPXHOCTH 0Opaslia, MPOIICIIEro
NpeIBapUTEILHYIO BBICOKOCKOPOCTHYIO Aedopmanuio, 60p audyHaupyeT U 1o
TpaHUIlaM 3€peH, W MO O00BbEMYy 3epHa, YTO COOTBETCTBYET KHHETHKE PEeKHMa
mubdy3uu Tuna B.

3. Pe3ynbpTaThl pacuera OTHOLICHUs KOA(PPHUIMEHTa 3epHOTpaHnIHON auddy-
3uM K kod3pPunrenty oobemHon auddys3un 0opa mokaszaiau, YTO HAIHUUE Tpe.-
BapUTEIBHON Ae(opMaIy yBeTUINBaET 36pHOTPAaHUYHYIO U 00beMHYI0 auddy-
3uto Oopa. [Ipuyem npenBapuTEIbHBINA OTKUT CIIOCOOCTBYET MPeodIalaHuIo 3ep-
HOTrpaHWYHOW AU(Qy3un Ha 00BEMHOMH, XOJIOHAS TUTaCTUYeCKas IedopManus
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NPUBOJUT K YBEJIWYEHUIO 00beMHOM auddy3nu, a BEBICOKOCKOPOCTHas Aedopma-
sl — K POCTY KaK 3epHOTPAaHUYHOM, TaK 1 00BEeMHOHN T Py3HH.
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H.1O. @inonenxo, J1.1. @eoopenxosa, I. M. Cnupudonosa

BMIMB AE®OPMALIMHOI O1i HA N®Y3IH0 BOPA B
CEPEOHBLOBYTJIELLEBOMY CINABI

BuBYeHO BIUIMB CTAaTHYHOI Ta YAapHO-XBIJIBOBOI IUIACTHYHOI nedopmanii Ha nudysito
0opa B cepenHbojeroBaHiii cram. IlokazaHo, 10 MPHCKOPEHHsI TUQPY3iHHUX MpPOLECiB

KuarouoBi cjoBa: momepenas cratmdHa AcedopMallis, yIapHO-XBUILOBA TUIACTHIHA JIC-
dopmauis, mudysis O6opa, cepeIHBOJIETOBaHA CTallb, 36PHOTPAHUYHA TUQY3isd, 00’ €MHa
mudys3is

N.Y. Filonenko, L.I. Fedorenkova, I.M. Spiridonova

DEFORMATION EFFECT ON BORON DIFFUSION
IN MEDIUM-CARBON ALLOY

Effect of preliminary static and shock-wave plastic deformation on boron diffusion in
medium-carbon steel is investigated. It is shown that diffusion acceleration depends on
intensity of deformation.
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Keywords: preliminary static deformation, shock-wave plastic deformation, boron diffu-
sion, medium-carbon steel, grain boundary diffusion, volume diffusion

Fig. 1. Microstructure of steel 45 surface: a — annealed, 6 — after high-speed deformation,
x100

Fig. 2. Change of: a — boron content, 6 — microhardness along diffusion depth for borated
specimens of steel 45 pretreatment: A — annealing, m — cold plastic deformation, ¢ — deto-
nation treatment (direct impact of shock wave)
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PACS: 62.50.+p, 64.70.Kb, 72.15.Jf

A.WN. Oprnos, J1.I'. XBOCTaHUEB

BJIMAHWNE BbICOKOIO r’MAPOCTATUYECKOIO JABNEHUA
HA KWHETUYECKME CBONCTBA MHOWA

NHCTUTYT dm3unkn Bbicoknx Aasnenunin nm. J1.®. Bepewarnna PAH
r. Tpouuk, MockoBckas obn., 142190, Poccus
E-mail: anatoly.orlov@inbox.ru

Cratbsa noctynuna B pegakumio 26 aHsaps 2010 roga

Bnepgvie nposedenvt usmepenus mepmodaoc unous npu 6vicokom odasrenuu do 8 GPa.
Obnapysiceno, Ymo UHOUL COXPaHsem NOJONCUMENbHBIU 3HAK MePMOIOC 80 6cem Ouana-
30He Oasnenuil. [Iposedenvl npeyuzuoHHble UZMEPEHUS INEKMPOCONPOMUBTLEHUST UHOUSL
noo oasnenuem. Ilpeononacaemcs, umo npu dasrenusix 3 GPa npoucxooum usmenenue
MONOI02ULU PePpMU-NOBEPXHOCHIU UHOUS De3 USMEHEHUs KPUCTHATLIUYECKOU CIMPYKIYPbL.

KuaioueBble ¢Ji0Ba: BRICOKUE JaBICHUS, TEPMOI/IC, DIEKTPOHHBINA CIIEKTP, JIEKTPOCOIPO-
TUBJICHUE, UHIUMN

B Hacrosiiee BpeMsi OCHOBHOE BHUMaHHUE UCCIEA0BATENIEeH MOCBAIIEHO U3YyUe-
HUIO ()a30BBIX MMPEBPANICHUI B MHIUW TIPH CBEPXBBICOKUX JTaBIICHUSIX MerabapHO-
ro auanasona [1,2].

Bwmecte ¢ Tem nuanazon gaBneHuil 10 10 GPa mpencraBisier caMoCTOATENb-
HBI WHTEpEC IS UCCIeNOBAaHUN KWHETHUYECKHX CBOMCTB mHIusA. B pabote [3]
NP CKATUU YUCTOTO WHIMS HAOII0aIach HEKOTOPAasi «HEPETYJIIPHOCTHY B IMOBE-
JIEHUY BEJIMYHMH MapaMeTpPOB pelieTKu ¢/co BOmm3u maasnenus 3 GPa. ABtopsl [4]
M3MEPSUINA 3aBUCHMOCTB TEMIIEpATypbl CBEPXIPOBOAUMOCTH UHMS OT JABJICHUS U
00HAPYKUJIM 3aMETHOE U3MEHEHHE BEIMYMHBI TEMIIEPATyPhl CBEPXIPOBOIUMOCTHU
Y MOBBIILIEHUE KPUTUUECKOIO MArHUTHOIO MOJIS IIpH AaBiieHusx ot 3.2 no 4 GPa.
CrenaHo TpearnonaoKeHrue, 4To 3T aHOMAJIUU CBSI3aHbI C U3BMEHEHHEM TOTIOJIOTUU
(bepMU-TTOBEPXHOCTH UHUS.

W3mepenust 31eKTpOCONPOTUBIICHUS HHAXS TIO/ JaBJIeHHNEM He 0OHApY KW HHKa-
KX aHOMaJiMi Ha ero 3aBUCUMOCTSX [S]. TepmModc MeTauioB sIBISETCS KUHETHUYE-
CKUM KOA((HITEHTOM, YyBCTBUTEITEHBIM K M3MEHCHUSIM KPUCTAITHICCKON CTPYKTY-
pBl U DJIEKTPOHHOTO crieKTpa. B Hactosieil pabote BriepBble U3Y4YEHO IMOBEICHUE
TEPMO3/IC UHIMSI IPY BBICOKOM AaBjieHnu 10 8 GPa u koMHaTHOI TemriepaType.

TexHHKa IKCIIEPUMEHTA

W3mepenust TepMod/ic MHAMS MPOBOAWIM Ha ammapaType BBICOKOTO JaBIICHUS
TUTA «TOPOUI» [6] MO METOAMKE, ONMMCAHHOW paHee MPHU U3yYEeHUU IO/ JIaBlICHU-

© AW. Opnos, J1.I'. XBoCTaHues, 2010
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€M TEepPMODJIC METAJUIOB JINTUS, 11e3usi U rayuus [7-9]. B kadectBe cpenbl, nepe-
JAIoIel AaBJICHHUE, UCTIONB30BAIU TOJUITUICHCHIOKCAHOBYIO KUIKOCTh (I12C),
KOTOpas ruipocTaTiuyHa npu AasieHusx A0 1.5 GPa u miaBHO co3aeT KBa3urui-
POCTAaTUYECKHE YCIOBUS MPH JANIbHEUIIIEM MOBBIIICHNUN AaBICHUS.

Tepmomapbr Menb—KkoHcTaHTaH (nuamerpoMm 0.1 mm) mpumanBaim K oOpasiry
uHaus pazmepamu 1 X 1.5 X 7 mm. I'pagueHt Temneparypsl o0pasua ObUT paBeH
5°C. Bennuuny a0OCONIOTHOW TepModc Meau cuutanu paBHou +1.8 pV/K. He-
3HAYUTENIbHbIC M3MEHEHHs €€ C TIOBBINICHWEM JABJICHUS, a TAaKKe BIUSHHUE IIO-
CJIETHEr0 Ha KaJuOpOBKY TEpMOMaphl Meb—KOHCTAHTAaH CYMTAJIU HE CYLIECTBEH-
HbiMu [10].

3aBUCHUMOCTH TEPMOSJC OT JaBJICHUS ObUIM MOJyYeHbl B HECKOJBKHX JKCIIe-
PUMEHTaX U TOKa3aJId KaueCTBEHHYIO MOBTOPSIEMOCTh KaK MPH YBEIHMUYEHUH, TaK
Y TIPY YMEHBIIICHUH J1aBiieHus (puc. 1).

1.0
2.6p q
\\e-q.g oooc 09 [

Mo4p T
> " o =08
221 R W o7k

2.0 ‘ ‘ ‘ 0.6 ‘ ‘ ‘ ‘

0 2 4 6 8 0 1 2 3 4 5
P, GPa P, GPa

Puc. 1. bapuyeckue 3aBUCUMOCTH aOCOIIOTHON TEPMO3IC UHIMS NIPU YBEIHUEHUH (—0—)
1 YMCHBIIICHUHN (—O—) aBICHUS

Puc. 2. OtTHOcHUTENBbHOE 3JIEKTPOCONPOTHUBICHHE HWHAWS TpPHU yBEIUYCHUU (—€—) U
YMEHBIIEHUH (—O—) JaBJIEHUS

W3mepeHus 3J1eKTpOCONPOTUBICHUS HHIUS O/ AaBJIE€HUEM MPOBOAMIN IO
YETHIPEXTOYCYHOMY METOJy Ha Oojiee JIIMHHOM 00pa3ie — MPOBOJIOYKE JTH-
HOH okoio 20 mm u auamerpoMm 1 mm. B Buae cnupanu ee pacmoJiaraiu B
A4eiike BHICOKOT'O JaBJIEHHUS B T'MJIPOCTATHYECKOHN cpene (CMech CIIUPTOB Me-
TaHOJ-3TaHoJ). JlaBleHHE MpPU 3TOM H3MEPSAIM MAHTAHUHOBBIM JaTYUKOM

(puc. 2).

Pe3y.111>TaT1,1 H 06cy>1c21e}me

Ha puc. 1 npeacrasieHa 3aBUCUMOCTb TEPMOSJIC UHAMS OT JaBJICHUS MPU
ero ysenuyeHuu 10 8 GPa 1 yMEHbIIIEHUH B YCIOBUSIX KOMHATHOM TEMIIEPaTyPhl.
[To HammM pe3ynbTaTam, aOCONMIOTHAS TEPMOAAC UHAMS TIPU HOPMATHHOM JIaBlie-
HUU cocTaBisieT +2.6 LV/K. 3T0 cOOTBETCTBYET TaOJUYHBIM JaHHBIM B Mpe/enax
TouHOCTH n3Mepenuit [11], paBabm +2.4 pV/K.

[Tpu yBennuenuu nasneHus ao 2.7 GPa tepmosac minaBHO yMeHbIIAETCs 10
BennuuHbl +2.2 nV/K, B tmanazone P = 2.7-5 GPa TepMo3/ic IpaKTHYCCKHA HE
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u3Mensietrcs, a npu P > 5 GPa nabGmonaercs ee pocT. Ilpu ymeHblieHUN AaB-
JIeHUs KpUBas 3aBUCHMOCTH COBMAJaeT B Mpe/esiax TOUHOCTU U3MEPEHUH, 4TO
MOATBEPKAAET OTCYTCTBHE (PA30BBIX MEPEXOJOB B UHJIUM B UCCIEIYEMOM JIHa-
I1a30HE J1aBJICHUI.

DJEKTPOCONPOTUBIICHUE HHJIUSA, KaK YK€ OTMEYaloch, M3MEpSIU Ha Oolee
JUIMHHOM 00pasLie, YTO MO3BOJIMIIO OBBICUTh TOUHOCTh M3MepeHuil. Kpome toro,
TUAPOCTATUYECKUE YCIOBUS J1ajl BO3MOKHOCTh 00Jiee TOYHO OMpPEeNesITh 3Haue-
HUE JaBJICHUS B KaXKJI0M TOUKE U3MEPEHUI U CYLIECTBEHHO yBEINYUTh KOJIUYECT-
BO TOUYEK U3MEPEHUSI.

[Tpu noBeimienun nasnenus 10 S GPa snekTpoconpoTuBIeHNE WHIUS TITIABHO
yMeHbIIaeTcst 1o 3HaueHui R/Ry = 0.6 (puc. 2). [Ipu ymeHbIIeHNH 1aBJICHUS Ha-
Onmro1aeTcs MoiHass o0paTUMOCTh 3aBUCHUMOCTH 3JIEKTPOCOTPOTHUBIICHUS OT JIaB-
nenusi. Kpome TOoro, moTou€4HoO CTPOUIIUCH 3aBUCUMOCTHU IPOU3BOIHOM 3JIEKTPO-
conpotuBneHus ot Aasnenus (dR/dp). Ha Hux taike He 0OHAPYKUIOCH HUKAKUX
AQHOMAJIMH B MOBEJICHUU JIEKTPOCONPOTUBIICHUS UHAMSL.

B uccnenyemoit obnactu nasienuit 1o 10 GPa unauii umeeT rpaneneHTpUpo-
BaHHYIO TETParoHalbHYIO CTPYKTYypY. C yBEIUUEHHUEM JaBJICHUS BO3PACTAET aHU-
30TpONUsl KpUCTanyeckoi peretku (c/a) [12], a yMeHbIlIeHUE aHU3O0TPOIHH
HaOmogaetcs ipu P> 10 GPa.

B pabote [3] mpu peHTreHOBCKHUX UCCIIEJOBAHUSIX WHAMS MO JaBICHHUEM Ha-
Onrosianach HEKOTOpasi «HEPETYISIPHOCTBY) MapaMeTpa ¢/cy KpUCTALTUYECKOU pe-
IIETKU BOJM3HM 3HAYCHHMI OTHOCUTEIBLHOIO oO0beMa V/V; = 0.95. Drta BenmuunHa
CKMMAaEeMOCTH COOTBETCTBYET JaBiieHUsIM okojo 3 GPa.

B pabore [4] u3yuanock BIUSHUE KBA3UTHAPOCTATUYECKOTO JAABJICHUS HA KPH-
TUYECKYI0 TEMIIEpPATypy CBEPXIPOBOJALIETO NMEPEXOAA U KPUTUYECKOE IIOJIE B
uHauu 10 nasieHuit 6 GPa. bouta oOHapyxkeHa HEKOTOpasi HEpPeryIsIpHOCTh B 3a-
BUCUMOCTU TEMIIEpaTyphl cBepxmpoBoauMocTu mpu P = 3.2-4 GPa. M3mepenus
KPUTHUYECKOTO MOJIsi CBEPXITPOBOJUMOCTHU MOATBEPKAAIOT 3Ty aHOMAJIUIO B JIaH-
HOM HUHTepBajie nasieHuil. [lo3qHee MpoBOAMINCH aHAOTUYHbBIE HCCIEAO0BAaHUS
[13] mox naBneHuem o Gosee coBepleHHON MeToauke. Ho, k coxaneHuto, B HUX
OYECHb MaJI0 TOYCK M3MEPEHUH, U (PaKTUYECKH HE M3y4aliCsi MHTEPECYIOMNN Hac
WHTEpBaJ 1aBJICHUM.

Takum oOpazom, obnacTh nasneHuil okono 3 GPa nns unnus asnsercs oOna-
CThI0O @aHOMAJIBHOTO TOBEACHHUS TEPMODJIC, €r0 KPUCTAJUIMUECKOW pemeTku [3] u
CBEPXMPOBOAIINX CBOUCTB [4]. TepModaC MHIMA TOJ NaBJICHUEM MPU KOMHAT-
HOHl TeMmmeparype MNOATBEPKAACT HEPEryJSPHOCTb B MOBEACHUHU 3JIEKTPOHHBIX
CBOICTB, CBSI3aHHBIX C [TOBEACHUEM MTapaMETpa ¢ KPUCTAININYECKON PEILIETKH.

Ha ocHoBaHuu 3TOrO0 CclienaHo mpeanosoxeHue, uro B uaauu npu P = 3 GPa
IPOUCXOAUT KaueCTBEHHOE M3MEHEHHUeE Tomoyioruu ¢pepmu-nosepxHoctu. Ho s
OKOHYATENIbHBIX BBIBOJIOB TpeOyIOTCs OoJiee TpsIMble METOJbI HCCIEAOBaHUS
AJIEKTPOHHOT'O CHEKTPA UHIMS MO/ 1aBJICHUEM.

Wuauii siBisieTcss 4eTBEPTHIM OOBEKTOM Mocise auTus [7], uesus [8] u ramnus
[9] Mo M3ydeHMIO TIOBEAEHUS TEPMODJC METAILJIOB, UMEIOIINX IMOJIOKUTEIHHBIN
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3HaK TEPMO)J/IC MPH HOPMAJIBHBIX YCIOBUAX. B OTJIMYKE OT APYruX METaJIOB MH-
Ui He HCTIBIThIBAET (ha30BbIX MpeBpamnieHuil mpu gasiennn 10 10 GPa. O6mmMm B
MOBEJICHUH TEPMO3JIC BCEX YETBIPEX METAJUIOB TPU TaKOM JABJICHUH SIBIISCTCSI
COXPaHCHHUE €€ TOJIOKUTEILHOTO 3HAKA.

ABTopbl npu3HarenabHbl Wi.-kop. PAH E.I'. MakcumoBy 3a nposiBIE€HHBIN HH-
Tepec K JAaHHBIM HKCIEPUMEHTANbHBIM padoTaM, a Takxke 1.¢.-M.H. B.A. Benue-

JITO 3a IPCA0CTAaBJICHUC 06pa3u013 UHIHUA.
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A.L Opnos, JLI'. Xeocmanyes

BB BUCOKOIO NaPOCTATUYHOIO TUCKY HA KIHETUYHI
BIIACTUBOCTI IHAIA

Briepuie mpoBeneHO BHMIpPIOBaHHS TEPMOEpC iHAISI MpU BHCOKOMY THCKYy 1o 8 GPa.
BusiBneno, mo iHniil 30epirae MO3UTUBHHN 3HAK TEPMOEPC Y BCHOMY Iiamna3oHi THCKY.
[IpoBeneHo npenu3iliHi BUMipIOBaHHS €IeKTPooIopy iHmis mia Tuckom. [lependadaerpes,
mo npu Tucky 3 GPa BimOyBaeThcs 3MiHa TOMOJOTIT (hepMi-IoBepxHi iHAIA 0e3 3MiHU
KPUCTATIYHOT CTPYKTYPH.

KarwuoBi ciioBa: rigpocTaTHUHUNA THCK, TEPMOEPC, SACKTPOHHUN CIEKTp, IEKTPOOIIIp,
1HIIH
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A.I Orlov, L.G. Khvostantsev

INFLUENCE OF HIGH HYDROSTATIC PRESSURE ON KINETIC
PROPERTIES OF INDIUM

Indium thermoemf has been for the first time measured under high pressure up to 8 GPa.
It has been found that indium retains the positive value of thermoemf throughout the
range of investigated pressure. Precise electroconductivity of indium has been measured
under high hydrostatic pressure. It is assumed that at 3 GPa pressure indium topology of
Fermi surface changes without its crystalline structure change.

Keywords: high pressures, thermoemf, electron spectrum, electroresistance, indium

Fig. 1. Pressure dependence of absolute thermoemf of indium: —e— — pressure increase,
—0—— pressure decrease

Fig. 2. Pressure dependence of relative electroresistance of indium: —e— — pressure in-
crease, —O— — pressure decrease
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ATTAINING A RECORD LEVEL OF COPPER-WIRE PROPERTIES
BY USING SPD METHODS
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A new approach is proposed to control the processes of plastic deformation of materials by
the methods of severe plastic deformation (SPD). High strength and plasticity have been at-
tained for the processed copper billets after multiple repetitions of angular hydroextrusion
(ECAH) and hydroextrusion (HE) methods and with ECAH and HE implementation in the
fractional mode. The combined severe plastic deformation technology including ECAH, HE
and drawing (D) provided the ultimate tensile strength o = 686 MPa, the elongation to fail-
ure 6 = 2% and the electrical conductivity at a level of 86.4% IACS in the 0.5 mm diameter
copper wire. Such a processing is efficient due to the alternating schemes of deformation and
periodic creation of favorable conditions for relaxation and dynamic recrystallization proc-
esses in the material. An important condition for the attaining of the maximum processing
effect is the fractional mode and the optimum degree of deformation by the both methods.

Keywords: equal-channel angular hydroextrusion, direct hydroextrusion, drawing, cop-
per, physical and mechanical properties, nanocrystalline structure

1. Introduction

As demonstrated by Segal et al. [1], the equal-channel angular extrusion
(ECAE) is a promising method for the formation of ultrafine grained (UFG) mi-
crostructures in metallic materials. Kulczyk et al. [2] have recently shown by the
examples of copper and nickel that the combined ECAE + HE deformation greatly
increases the homogeneity of the microstructure and considerably improves their
mechanical properties as compared with a single technique (either HE or ECAE).
In copper subjected to a combined ECAE + HE treatment at a true strain of 22.3,
the ultimate tensile strength was 550 MPa.

© V.Z. Spuskanyuk, O.A. Davydenko, O.M. Gangalo, L.F. Sennikova, M.A. Tikhonovsky,
V. Spiridonov, 2010
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However, the cold processing of lengthy billets by ECAE is difficult because
of high operating pressures, potentially resulting in breaking the machine-tool at-
tachments, the punch first of all. Usually the ECAE is used for billets having //d =
4-6, where [ — length, d — diameter. A new version of ECAE, called the equal-
channel angular hydroextrusion (ECAH), has been proposed by Spuskanyuk et al.
[3,4] for the processing of lengthy billets. Under ECAH a billet is extruded by
high-pressure fluid through the angular die channel. The relative length of die-
billet contact surface is considerably smaller than with ECAE. Therefore, longer
billets can be deformed by ECAH at acceptable pressure levels making this
method attractive for commercial use.

In this paper, the effect of combined technology including the ECAH, HE and
D techniques (Fig. 1) for making wire is investigated. Apparently, a longer wire
can be produced by using ECAH of longer billets (//d > 10) as compared to ECAE
case. The main purpose of our investigation is to show that the combined technol-
ogy including ECAH, HE and D techniques significantly improves wire proper-
ties. For the first time, it has been demonstrated by the copper samples that com-
bining the ECAH, HE and D techniques provides higher properties of wire as
compared to properties obtained without ECAH. It has been also demonstrated
that the repetitive HE and ECAH (HE + ECAH + HE + ECAH + HE) results in a
higher level of copper wire strength as compared to the result obtained with the
single ECAH technique. For the first time, the ECAH of a rod through conical and
angular dies is described.

1 2 3 4

Fig. 1. A new combined technology including the HE (1, 3), ECAH (2) and D (4) tech-
niques for making wire

2. Materials and investigation procedure

Commercial Cu-FRTP (fire refined tough pitch copper) hot-pressed rods of 60
mm diameter were used. The chemical composition of this material is given in
Table 1. Impurity analysis of copper was done by the atom-emission method us-
ing an optical-emission spectrometer ARL4460 Metals Analyzer.

Rods were processed by HE, ECAH and D followed by annealing of copper in
some cases.
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Table 1
The chemical composition of Cu-FRTP, %

Pb Fe Sn Si Sb As Mn Al Co Zn
0.0060 | 0.0019 | 0.0062 | 0.0002 | 0.0012 | 0.0004 |< 0.0002|< 0.0001|< 0.0001| 0.0039
Bi P S Ag Cr Ni Se Te Cd Cu
0.0002 [ 0.0116 | 0.0039 | 0.0051 | 0.0006 | 0.0101 |< 0.0001|< 0.0001|< 0.0001| 99.948

The experimental conditions, such as processing modes, sequence of process-
ing steps, equivalent strain egg of the samples by the hydroextrusion, temperature
of annealing (for 1 h), the number of ECAH cycles n, ECAH route, total equiva-
lent strain egcapg accumulated during the ECAH, total equivalent strain gp accu-
mulated during the drawing are summarized in Table 2. For the 7-th variant of
processing modes the billets were machined after the first ECAH in order to pro-
vide the same diameter as that of billets after the second HE.

Table 2
Experimental conditions

Processing HE A ECAH HE ECAH HE D
mode | gyp | £,°C| n  |route |epcan ene n | route |egcan| €HE | €D
1 2.3 — — — — 0.8 — - - 1.9 | 4.6

2 2.3 | 350 2 C 23 | 0.8 - - - 1.9 | 46

3 2.3 | 350 2 C 23 | 0.8 1 - 1.2 | 1.9 | 4.6
4 2.3 | 350 2 C 23 | 0.8 2 C 2.3 1.9 | 4.6
5 2.3 | 350 2 C 23 | 0.8 3 C 3.5 1.9 | 4.6
6 2.3 — 1 — 1.2 | 0.8 — — — 1.9 | 4.6
7 2.3 - 1 — 1.2 — 3 C 3.5 1.9 | 4.6

8 2.3 — 1 — 1.2 | 0.8 4 C 46 | 1.9 | 4.6

The original ECAH technology was applied with the purpose of refining
structure of lengthy billets. The rods (/ = 10d) were extruded by ECAH through an
angular die with 2 = 90° using a hydraulic press of 1 MN force. The original
ECAH facility is schematically shown in Fig. 2.

The main part of a facility was a high-pressure vessel with the operating pres-
sure to 1.6 GPa. A conical die and an angular die are located in the lower part of
the vessel channel. Conical die channel and input segment of the angular die
channel were aligned with the high-pressure vessel channel. The diameters of the
conical die calibrating bore and the input segment of the angular die channel were
equal. The diameter of output segment of the angular die channel was made
slightly larger than that of input segment for a repetitive ECAH without any addi-
tional operations of billet thickening before each pass through the conical die.

Prior to plastic deformation, the billet surface was coated with a soap-based solu-
tion. The initial billet with a small nose machined on one end was fitted into an entry
of the conical die to seal the fluid. The high-pressure unit was then filled with the hy-
drostatic fluid (engine oil SAE 40) and the plunger was inserted and forced into the
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; L bore by means of the press. The appropriate
: '7-/— fluid pressure initiated extrusion of the billet
: 2

/—

into the input segment of the angular die chan-
nel. Subsequently, when the pressure was in-

.......

/ creased, the fluid forced the billet through the
angular die channel and the product emerged

/_3 from the output channel segment. Multiple

] ECAH was implemented by the «billet after
billet» technology. All the rods were deformed

4 under the room-temperature conditions, the

5 " plunger travelled at a rate of 2 mm/s. HE of

/ billets and D of wire were done by well-known
methods. For instance, HE and D techniques
were described by Blazynski [5].

/ Microstructure of copper was studied by
methods of optical and electron microscopy.
Vickers hardness measurements were done
using a HV-5 Low V.H. Tester manufactured
by L.H. Testing Instruments Co, Ltd. Me-
chanical tensile tests for samples and wires

i were done using machines of 2167 R-50 type
Fig. 2. A schematic of the ECAH manufactured by «Tochpribor» Co and ZM
facility: / — plunger, 2 — fluid, 3 — 20 174.21 type manufactured by «Fritz Heck-
high-pressure unit, 4 — billet, 5 — ert» Co, respectively. Diameter of the work-
conical die, 6 — angular die ing part of a tensile-tested sample was equal
to 3 mm, the length of the base was 15 mm,;
wire diameter was equal to 0.5 mm, the length of the base was 100 mm. Tensile
tests were done at the room temperature, the cross-piece travelled at a rate of 107
m/s. Electrical resistance of copper wire was measured by the standard four-probe
method under the room temperature (293 K) and the liquid nitrogen boiling tem-
perature (77.3 K). The resistivity was measured with a relative error under 0.5%.

3. Results and discussion

By the combined processing of original billets by HE and ECAH techniques
the high-strength rods for wire drawing have been produced. For the rods of
7 mm-diameter (the 8-th variant of processing mode of Table 2) the HV of copper
was equal to 1450 MPa (Fig. 3,a), the ultimate tensile strength ¢ = 546 MPa (Fig.
3,b). For the rods produced without ECAH (the 1-st variant of processing mode of
Table 2), the HV of copper was equal to 1320 MPa (Fig. 3,a), the ultimate tensile
strength 6 = 473 MPa (Fig. 3,b).

Figure 4 illustrates the plastic properties of copper in the rods. The highest
level of plastic characteristics was achieved for the 2-nd variant of processing
modes. Note that after different modes of processing, the difference in plastic
characteristic is not so significant as in the strength properties of copper.
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Fig. 3. HV (a) and ultimate tensile strength (b) of copper (Cu-FRTP) rods of 7 mm-
diameter after different processing modes
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Fig.4. The elongation to failure (a) and contraction at tension () for copper specimens

The high strength of 0.5 mm-diameter copper wire was achieved by drawing
the strengthening rods. The multiple interchanging of HE and ECAH techniques
(Fig. 5.), processing without annealing or using a low temperature of annealing
have resulted in a higher level of copper wire strength (Fig. 6).

Fig. 5. The multiple interchanging of HE and ECAH techniques in combined technology
including the HE, ECAH and D techniques for making wire
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The best result (Fig. 6) was achieved for the 8-th variant of processing mode of
Table. 2: the ultimate tensile strength ¢ = 686 MPa, the elongation to failure & =
= 2%. In the case of the processing mode without ECAH (the 1-st variant) the ul-
timate tensile strength ¢ = 556 MPa, the elongation to failure & = 1.4%.

The high-strength copper wire produced by combining HE, ECAH and D tech-
niques preserves the highest strength characteristics to the annealing temperature
T < 100°C, and the plasticity increases insignificantly (Fig. 7).
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2 450+
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Fig. 6. The ultimate tensile strength and elongation to failure of 0.5 mm-diameter copper
wire (column numbers correspond to variants of processing modes of Table 2)
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o 400} 2 @ e—-e—e — without ECAH) of
g . . . , > 1o 0.5 mm-diameter copper wire
p= 0 50 100 150 200 250 on annealing temperature (1 h)
&) Temperature, °C

The electrical resistance of the highest strength wire produced using ECAH
(the 8-th variant of processing modes) and hardened wire produced without the
ECAH the (1-st variant of processing modes) differ insignificantly (Table 3). Thus,
electrical conductivity is low-dependent on processing mode and for high-strength
copper wire it is equal to 86.4% IACS.

Figure 8 combines the characteristics of strength and electrical conductivity for
different copper alloys. On the diagram, the region under the curve illustrates the
properties of copper alloys highly strengthened by traditional methods of cold
plastic deformation [6]. It is seen that, in the general case, the electrical conduc-
tivity of copper alloys drops abruptly with the growth of strength. The properties
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Table 3
Electrical resistance of 0.5 mm-diameter high-strength copper wires
Processin
mode s P293/P77 P77, HL2cm P293, UC2-cm
1 3.785 0.512 1.972
8 3.714 0.537 1.995
100 F g
Cu-OF -
Cu—FRTP O—=—— > Cu-FRTP
80 Cu-0.1MgD Cu-028Co =
- Cu-03Cr-0.15TiH ™. 1 €u-03Cr-0.255n-0.2Zn
Sé 0OCu-2.4Fe-0.12Zn
P
< 60F O O
- Cu-1.0Cr-10.25Sn-102Zn  Cu-2.0Ni-0.4Si-0.2Zn i
= 0 Cu-0.8Co-1.5Fe-0.65nH "
E 40 - Cu-3.2Ni-1.28n-0.78i-0.3Z11
g Cu-1.5Ni-2.08n-0.5Zn-0.25Ti 0
O
20 -
Cu-9.0Ni-2.0Sn O
1 1 1 1 1 1 1 1 1
400 500 600 700 800

Ultimate tensile strength, MPa

Fig. 8. Physical and mechanical properties of copper and copper alloys after cold deformation

of commercially pure copper (Cu-FRTP) produced by us using the combination of
HE, ECAH and D methods are above the curve. The repetitive application of HE and
ECAH methods in technological chain of processing the materials in fractional modes
and with the optimal degrees of deformation results in the formation of a unique
complex of physical and mechanical properties, such as strength c == 686 MPa and
electrical conductivity at a level of 86.4% IACS, which is the record for the copper
and copper alloys. Such strength is almost 1.5 times as much as that of copper sub-
jected to monotonous deformation. Such a processing is efficient due to the alternat-
ing schemes of deformation and periodic creation of favorable conditions for relaxa-
tion and dynamic recrystallization processes in the material. A high plastic deforma-
tion by the simple shear scheme results in saturation of grain refinement and metal
hardening. But with further processing of the billets, the method of HE provides a
higher degree of material hardening, whereas ECAH — conditions for stress relaxa-
tion, healing of microdiscontinuities and smaller exhaustion of plastic resource.

4. Summary

For the first time, it has been demonstrated by the example of copper that the
combining of ECAH, HE and D techniques provides higher properties of wire as
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compared to properties obtained without ECAH. It has been also demonstrated that
the repetitive application of HE and ECAH methods in technological chain of copper
processing in fractional modes and with the optimal degrees of deformation results
in the formation of a unique complex of physical and mechanical properties.

The high ultimate tensile strength c = 686 MPa, the elongation to failure 6 =
= 2% and the electrical conductivity at a level of 86.4% IACS have been reached
for 0.5 mm-diameter copper (Cu-FRTP) wire. Such complex of strength and elec-
trical conductivity is the record for the copper and copper alloys.

Such a processing is efficient due to the alternating schemes of deformation and
periodic creation of favorable conditions for relaxation and dynamic recrystalliza-
tion processes in the material. A high plastic deformation by the simple shear
scheme results in saturation of grain refinement and metal hardening. But with fur-
ther processing of the billets, the method of HE provides a higher degree of material
hardening, whereas ECAH — conditions for stress relaxation, healing of microdis-
continuities and smaller exhaustion of plastic resource.
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B.3. Cnycxanwox, O.A. Jasudenxo, O.M. I'aneano, JI.@. Cennixosa, M.A. Tixonoscovkuii,
/I.B. Cnipioonosg

OOCArHEHHA PEKOPAHOIO PIBHA BIACTVUBOCTEN MIOHOIO
APOTY METOOAMW 1A

3amporoHOBaHO HOBHH MIJIX1JT 10 KepYBaHHS MPOIecaMH IIAaCTHYHOT Aedopmartii MarepialiB
mpu o0poOITi 3ar0TOBOK METOJaMH iHTEHCHBHOI TutacTidHoi medopmartii (IT1]1). Bucoxwii
KOMIDIEKC MIIHOCTI ¥ TJIACTUYHOCTI 0OPOOJICHUX MIJIHUX 3arOTOBOK OTPUMaHMH Micis Oara-
TOPa30BOT0 YepryBaHHs MeToAiB KyToBoi riapoekctpysii (KI'E) i mpsimoi rigpoekctpysii (I'E)
3 peanizamieto KI'E # I'E B npo6oBomy peskrmi. KomOinoBana IT1/[-rexHoIOTiSI, 10 BKIIIOYAE
KTE, I'E i Bonouinns (B), 3a6e3mnedye B MigHOMY ApoTi AiameTpoM 0.5 mm MexXy MIIJHOCTI
G = 686 MPa, BigHOCHE TOOBXKEHHS O = 2% 1 €NeKTpUUYHy IPOBimHICTH Ha piBHI 86.4%
IACS. Edekt Takoi 00poOkr 00yMOBIICHHI YepryBaHHAM cXeM AedopMariil i mepioJuIHuM
3a0e3eueHHsIM CIPUSTIMBIX YMOB JUIS TIPOTIKaHHS B MaTepialii TpoleciB penakcariii i -
HaMIYHOI peKpHUCTaTi3allii. BaXIMBOIO YMOBOIO TOCSATHEHHS MaKCHUMAJILHOTO e(eKTy 00po0-
KU € IpoOOBHUI1 PEKUM 1 ONITUMANBHI cTyTeHi nedopMarii obomMa MeToiaMu.

KurouoBi ciaoBa: KyToBa TipOeKCTpy3isi, MpsiMa TigpOEKCTPYy3is, BOJOYIHHS, Mifb,
(hi3uKO-MeXaHIYHI BIACTHBOCTI, HAHOKPHCTANIYHA CTPYKTYpa
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B.3. Cnycranwox, A.A. [laguoenxo, A.H. I'aneano, JI. . Cennuxosa, M. A. Tuxonoeckuti,
/.B. Cnupuoonosg

OOCTMXXEHUE PEKOPAHOIO YPOBHA CBOVCTB MEOHOMN
NMPOBOJTIOKM METOOAMWN UIMNA

[IpenoxeH HOBBIN MOAXO/ K YIIPABIEHUIO MIPOIECCaMU IIACTUYECKON JedopMaliu Ma-
TEPUAIOB TIpU 00pabOTKe 3arOTOBOK METOJaMH MHTCHCHBHOW IUTaCTUYECKOH medopma-
un (MI1]]). Beicokuii KOMIUIEKC MPOYHOCTH M TUIACTUYHOCTH O0OpabOTaHHBIX METHBIX
3aroTOBOK TOJYYeH II0CJIe MHOTOKPAaTHOTO YEPEIOBAHUS METOJOB YTJIOBOW THAPOIKC-
Tpy3uu (YI'D) u mpsamoit runposkctpysun (I'9) ¢ peammsanueit YI'D u ['D B apobdHOM
pexume. KomObunupoBannas UIIJ[-texunomorus, Bkimtodaromas YI'3, ['D u Bonouenue (B),
obecrnieunBaeT B MEIAHOHN TIPOBOJIOKe AraMeTpoM 0.5 mm mpeen mpogHocTH ¢ = 686 MPa,
OTHOCHTEIbHOE YUTnHEHHE O = 2% W AIEeKTPUIECKYI0 IPOBOIUMOCTh Ha ypoBHE 86.4%
IACS. Oddexr Takoii 00pabOTKU 00YCIOBIICH YepeAOBAaHUEM CXeM JeopMaluii U Ie-
PUOIMYECKUM OOECIICYCHUEM OJIArONMPHUSTHBIX YCIIOBHH JJIsi MPOTCKaHWs B MaTepualie
MIPOIIECCOB pEllaKCcallii U TUHAMHYECKOW PEeKpUCTAIUTH3ANU. BaKHBIM yCIOBHEM T0C-
TH)KEHHSI MAKCUMAIILHOTO 3 (dekTa 00padOTKH SBISIFOTCS TPOOHBIA PEKUM U ONTUMAIb-
HBIE CTETEeHH eopMaur 000MMH METOJaMU.

KiroueBble cjioBa: yrioBasi THIAPOIKCTPY3US, MIPsIMast THAPOIKCTPY3Hs, BOJIOYEHUE, MEIb,
(hM3UKO-MexaHUIeCKHe CBOMCTBA, HAHOKPHUCTAIINIECKast CTPYKTypa
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PACS: 81.40.E, 77.84.D, 62.20.F

A.A. bptoxaHos, H.A. Bon4ok, T.C. CoBkoBa

TEKCTYPA NN AHU3OTPOTMNA MOAYITIA FOHIA XONTOOHOKATAHbBIX
NIMCTOB TUTAHOBOI'O CITJTABA T1T3-B

KOXXHOYKpanHCKMIA HaUMOHanbHbIM Nnegarorndyeckuii yumeepcuteT M. K. YiunHckoro
yn. CtaponopTtodpaHkoBckas, 26, r. Ogecca, 65020, YkpavHa
E-mail: aabr2007 @rambler.ru

Cratbs noctynuna B pegakuuio 30 oktabpsa 2009 roga

Uzyuena mexcmypa u anuzsomponusi mooyas FOuea aucmos cnnasa I1T3-B 6 npeocmas-
JeHuU unmezpanbHulx xapakmepucmux mexcmypol (UXT). Ilo dannvim pypwve-ananuza
ynpyeou anuzomponuu aucmog cniaga u UXT paccuumanvl KOHCMAaHMbl HOOAMAUSOCU
MOHOKPUCTALIA CRAA8A U 3HaueHus: Mooyt FOnea 8 HOpMATbHOM K HAOCKOCMU JUCHO8
Hanpaesnenuu 01 pasiudHblx cmenenell degpopmayuu X0100HoU npoxamkou. [Ipednodce-
HO cepmuguyuposams NIOCKue 2eKca2oHaibHvle mexcmypul npu nomowgu UXT.

KiroueBnble ciioBa: TCKCTypa, MOAYJIb IOHFa, AHU30TPOIN, MOJIOCHAA (blxlrypa, HUHTC-
TpaJIbHBIC XapPaKTCPUCTUKHU, PAABI (Dypbe, TCH30P, KOHCTAHTLI ITIOAATINBOCTU

BBenenne

Cmnas IIT3-B cucremsl Tutan—amromMuHuii—Banamuii (4.5% Al-2.2% V-oc-
TajgbHOE T1) 4aCTO MPUMEHSIOT B PA3IUYHOTO POJa U3ACIUAX, paOOTAIOIINX B yC-
JIOBHSIX IBYXOCHOTO HAMPSKEHHO-IE(POPMUPOBAHHOTO COCTOSIHHSI (COCYIbI BBICO-
KOr0 BHYTPEHHETO JaBlieHUs, 00OJIOYKH U Tp.) B aBUAIMOHHOMN, KOCMHUYECKOM,
CYJIOCTPOMTENBHON NpoMbluieHHOCTH U 1p. [1-3]. CnnaBel 3T0M cucTeMbI Ipo-
U3BOJATCS TJ1aBHBIM 00pa3oM B BHJIE JIMCTOBOTO MpoKaTa. TeKcTypa Kak BajkHas
CTPYKTypHasi COCTABJISIONIAs COMPOBOXKIAET MPAKTHUECKHA BCE ITAIbl MPOU3BO/-
CTBA JIKCTA, SBJISIETCS OTBETCTBEHHOM 3a aHU30TPOIHUIO CBOMCTB MOy (hadpUKaToB
U TOTOBBIX H3ACITUN U MOXET CIIYKHUTh JTOTIOJHUTEIBHBIM PE3EPBOM YIYUIICHUS
MPOYHOCTHBIX, BECOBBIX, TA0APUTHBIX U MPOUYUX MapaMeTPOB KOHCTPYKLHUH.

Tekctypa criaBoB TUTaHa ¢ cojepxkanuem 3—4% amtomunus u 1.5-2.2% Ba-
HaJusl M3ydajach B MPUONMKEHHH HACATbHBIX opueHTHpoBOK (MO) B pabotax
[4,5]. OnHako Takoi MOAXOA HE JAeT BO3MOKHOCTH MPOTHO3UPOBATH aHU30TPO-
MU0 CBOMCTB JIUCTA B IIEJIOM M HEYA00eH I cepTU(UKAIMU O0BEKTOB C IIJIO-
CKHMH TEKCTypaMHu.

TekcTypoBaHHBIN JIUCT METAJJIA, MOJYYCHHBIN MPOKATKON, MOKHO paccMaTpH-
BaTh KAaK KBa3WUMOHOKPHUCTAILI OPTOPOMOMYECKON CUMMETPUU C OCSIMH, COBIA-

© A.A. bproxaHos, H.A. Bonuok, T.C. CoskoBa, 2010
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JaroimuMu ¢ HampasineHueM npokatku (HIT), monepeunsim HanpasnenueMm (ITH) u
HOpPMAaJIbHBIM K II0CKOCTH jucta HamnpasieHuem (HH). Jlns vero anusorponus
YIPYTUX CBOMCTB B INIOCKOCTH JucTa 3anumercs [ 10]:

1 T 4 T .4 T 1 7 .2
———=51111€0S @+ 530, SIN" QO +| Sjp1 + 112 |SINT 20,
E(¢) 2

rac Sl?kl — KOMITIOHCHTBI TCH30pa NOAATIMBOCTH 0pTOpOM6I/ILICCKOFO KBa3nMMOHOK-

pucTaiIa, UHAEKC I 03HaYaeT MPUHAJICKHOCTh KOMIIOHEHT TEH30pa K TEKCTYpO-
BaHHOMY JIMCTY, YroJI ¢ orcuntbiBaeTcsa oT HII.

[Tonp3ysick mpaBUIaMU TEOPUHU BepoATHOCTEH Mo ycpenHeHuto GyHkumii [11],
MO>XHO HaWTH KOMIIOHEHTBI TE€H30pa MOAATIMBOCTH TEKCTYPOBAHHOTO KBa3MMO-

HOKpHUCTaJLIA Si?kl U3 (QyHKIUM pacmpeneneHusi KPUCTAIOB 0 OPUEHTALUsIM,

MPECTaBICHHOM, HAIPUMEp, B MPOCTPAHCTBE yriioB Disepa [10]:

227

Skt = IIJSz"jkz((P17¢’(P2)f(‘Plﬂd”(PZ)Sin(l)d(Pld%’
000

rae S;jx(P1, ¢, ¢2) — 3HAUCHHUS KOHCTAHT MOAATIMBOCTH KPHMCTAIIA B CUCTEME KO-
opauHat obpasua, singdede, = (dg) — 31eMeHT oObeMa B MPOCTPAHCTBE YTJIOB
Ditnepa. Ilepexon oT cucTeMbl KOOPAUHAT KPHUCTAIIA K CHCTEME KOOpJIWHAT 00-
paslia OCYyIIECTBIISIETCS MO U3BECTHOMY 3aKOHY [12]:

S"ijki = OLjOLiKOLIOL; S ik

rac Sijkl — KOHCTAHTBI MMOAATIMBOCTU MOHOKpHCTAJJIa B CUCTEMC KOOPAHWHAT KpHU-
CTaJljia, O, — HapaBJIsSIoUI1e KOCUHYCHI.

Torma anuzorponust moayisa FOHra E TEKCTYpOBaHHBIX JIMCTOB I'€KCAroHajb-
HBIX MCTAJIJIOB M CIIJIABOB BbIPAKACTCA YCPE3 KOM6HHaHHH KOHCTAHT IIOJAaTJIMUBO-
CTH MOHOKpPHCTAJIOB B BHe [13,14]:

_ 1
E 1(<P) =5+ 2(513 =11 +ES44]W§((P) + (533 + 511 = 2813 —s44)W4 (9), (1)

rac
Il(h) - <°‘123>’ Igh) - <°‘§3>’ Igh) - <°‘§3>’ Ié(th) - <af‘3>,1§h) B <°°g3>’ Iéh) B <a‘23a%3>

— HUXT [13,14]; s;; — KOHCTAQHTBI MOAATIMBOCTU TEKCArOHAILHOTO MOHOKPUCTAI-
Ja; Oly;, — HAIPABIAIOIME KOCUHYCBI T€KCarOHAJIbHOM OCHU OTHOCHUTEIIBHO CHUCTE-
MBI KOOpAUHAT JucTa, KoTopbiMu sBisitoTes HII, ITH u HH; < > — YCpEIHEHHUE I10

BCCM OpUCHTAIHUAM KPHUCTAIIOB; UHJCKC h o3HaYaer MPUHAAJIC)KHOCTD I y K T'CK-

caroHaJIbHOM CHCTEME;

wg((p) = ]l(h) cos? Q+ Igh) sin® o+ %(Il(h) + Iéh))sin2 20
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h h) . h) ..
\ui((p) = Ié ) cos* o+ 14(1 ) sin* o+ 1.51§ ) sin? 20
— (YHKIIH aHU30TPOITUH TEKCTYPOBAHHBIX JICTOB; yroil ¢ oTcunThiBaeTcs otT HII.
CJIC,Z[yeT OTMCTUTDH, UTO OJIA I‘GKCaI‘OHaHLHO-0pT0p0M6I/I‘-IeCKI/IX MOJIUKPUCTAJI-

h h h
JIOB 4mrclio He3aBUCHUMBIX UXT He miecTs, a OsaTh, TaK Kak (Il( ) +I§ ) +I§ )) =1.

Oy

[Ipruem sin? o =

, I o — CTaTHUCTUYCCKUM YIrojJl HakKJIOHa I'eKcaro-

HaJILHOM MPU3MBI K IIJIOCKOCTH JIMCTA. OTCIOI[a OYCBUAHO, YTO 3HAYCHHUEC MOOYJIA
IOnra B HOPMAJIbHOM K JIMCTY HAIIPABJICHUHU MOKET OBITh HaWAeHO U3 BBIPAXKCHUA

-1 : :
(Eyn )~ =s11sin* o+ 533 cos* o0+ (253 +544 ) sin® aLcos” a
501048

_ 1 h
1
Epy =511 +(S13 — S +ES44JI_°£ )+

+(S11 +S33 —2S13 —S44)(1—211(h) — 2]gh) +]4(|_h) +I§h) + 2]éh)) (2)

B ciydae nomocHoii ¢urypst (0002) BBHIY M30TPOITHOCTH IJIOCKOCTH Oa3uca B
OTHOILICHUH CBOWCTB YETBEPTOM TEH30PHOM pa3sMEPHOCTH 3aJadya HaXOXKICHHS
UXT ynpomraerca. TpeOyercss mpoBECTH JHIIb MHTETPUPOBAHUE COOTBETCTBYIO-

[IUX TPOU3BEACHUH 3aBHcUMoOcTell momtocHON mioTHocTH 1D (0002) Ha ocl'g o

ceprueckuM yrinam o 1 B (e o — yroji HakjIoHa oOpasia K ocu TOHHOMETpa, 3 —

yroJl IOBOpPOTa 00pa3ia BOKPYT HOPMaJIM U OJJHOBPEMEHHO — a3UMYTalIbHBIA U Me-

PHUIMAHHBIN YIIIbI HA chpepe MpOeKLnii COOTBETCTBEHHO), BBIPA3UB MPEABAPUTEIILHO

HalpasJIAOLIe KOCUHYChI B ChepUUECKUX KOOpANHATaX. B pe3ynbprare nomyyum:
n/22m

ll(h) 471c°” I ISIH 0L.coS [31[}0002)(OL B)dadp, 3)
7 an./[z Tsin3 asin® BE 00y (0, B) dardp (4)
> s (0002) (& ’
[(h)_LnQZn. ,
S 4nS !). gslnacOs OuD(Oooz)(OL’B)dO‘dB’ (3)
L f [ sin® occos” Bggpp) (c,B) dod (©)
4n3 3
Lnjczzfsm asin BP 0002) (@) daudp, (7)
473 0 0
¢ %RJ{ZTSIH asin’ Bcos BRo002) (a,B)dodp, (8)
3y
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’=4L J. I 0002) (o.,B)sinadadp . 9)
0 0

Henenne Bennuud UXT Ha I, nonydennyto no popmyse (9), Hopmupyert 11D B
YPOBHSIX CpeAHEN MOIIOCHOM MIIOTHOCTH.

B nanHO#l pabGoTe u3ydanu pasBUTHE TEKCTYPBI, AHU30TPOIUHU YIIPYTHX
cBoiicTB nucToB criasa [1T3-B B mpornecce nedopmariyiu Xon0aHOM MPOKATKOM.

HccaenoBanus v pe3yJibTaThl

MarepuanoM Ajsl UCCIIEAOBAHUM CITy)KUIIM TPEXMUIUIUMETPOBBIE JIUCTHI CIUIA-
Ba [IT3-B ¢ GumonansHOU CTPYKTYpo# (puc. 1) B yCIOBHSIX MOCTaBKH (OKOHYA-
TesbHAs 00paboTKa — Terulas MpoKaTka + BaKyyMHBIH peKpHCTaNTU3ALMOHHBIN
orxur npu ~ 820°C).

S . B ctpykrype mpucytcTBoBaniu rioly-
. JIApHBIC 3€pHA TEKCAarOHAIBLHOU O-(a3bl
U OT/IeJIbHbIE KOJIOHUM 3TOH (pa3bl B BU-
1€ TUTACTHH.

Janee mosiochl crjiaBa NMPOKaThIBAIH
Ha CTaHe ¢ AMaMeTpoM BasikoB 150 mm
6e3 pesepca a0 20, 40, 60, 80 u 90% Mo
tonuuHe. V3 mony4eHHbIX MM0JIOC BbIpe-
3aIi AUCKOOOpa3Hble 00paslbl Ul PEeHT-
reHOM(PAKTOMETPUIECKHX — HCCIIE/I0Ba-
Puc. 1. Crpykrypa nuctoB crasa [1T3-B HUH 1 IIPSIMOYTOJIbHbIC (ItrHOi 100 mm,
T0CjIe BAKYyMHOTO OTKuTa, X300 mUpUHON 12 mm, moa pa3IuyHBIMHU yT-

namu Kk HIT uepe3 kaxasie 15°) — mis
u3Mepenust moayist FOura. Moayns FOHra omnpenensuin AMHAMUYECKUM METOAOM
M0 YacToTe COOCTBEHHBIX MoOmNepedyHbIX Kosebanuii obpasma [10]. [ToctosHHbIE
PELIETKH @ U ¢ CIUIaBa B UCXOJHOM COCTOSIHUM OIPENETNIN PEHTTEHOBCKUM Me-
TOJIOM 10 cTaHapTHOU MeToauke [11]. Onu cocraBumm: a = 4.6869 A, c=29431 A.
Otromenue c/a = 1.5925, 4To OTIMYaeTCsl B CTOPOHY YBEIHMUYEHHS OT HOJIUIHOTO
TuTaHa [12] Tonpko B TpeTheM 3Hake. Da30BbIi aHAIM3 BBIBUI NPUCYTCTBUE B
craBe KyOmueckoit B-da3bl, 0JHAKO €€ KOJIUYECTBO He MpeBbimaet 4%, u mo-
TOMY €€ BIIMSHHME Ha TEKCTYpPHbIE€ XapaKTEPUCTHKHU CIUIaBa MPEHEOPEKUMO
Majo.
Kpusble nomtocHol mnoTHocTu cHUManu 1o meroay Illyneua [13] «Ha otpa-

xeHue» B Cu Ky-u3i1ydeHuH Ha peHTreHoBckoM nudpakromerpe JIPOH-3M ans
mockocteit (0002). 1D HopMupoBany B ypOBHAX CPEAHEH MOMIOCHON IJTIOTHOCTH
[14]. dedokycupoBKy mpH HakJIOHE 00pa3lia K OCH TOHUOMETPA YUUTHIBAIH aHa-
mutrdecku o Merony Cermroimepa [15]. Iepudepuitayro gacts [1D oOHyIIsIH.
Ha puc. 2 npusenens [1® (0002) ans AUCTOB CIuiaBa JUisl pa3TUYHBIX CTEHEHEH
nedopMaIui X0JIOAHON TPOKATKOM.
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Puc. 2. [Ipsmeie nomocHbie ¢urypsl (0002) muctoB crumaBa I1T3-B: @ — mocie Teruroit
MIPOKATKA U BaKyyMHOTO OT)KHTa (COCTOSIHHE IMOCTaBKH); 0, 8, 2, 0, ¢ — Tocle NalbHen-
IIeH XOJIOAHOM MPOKATKHU CO CTEMIEHAMH 00kaTus 1o TonmuHe (B %) coorBeTcTBeHHO 20,
40, 60, 80 1 90. RD — nanpasienue npokatku, TD — nonepeuHoe HanpaBlieHHE

Tekctypa ucxoanbpix aucToB cruiaBa [1T3-B xapakrepusyercs B OCHOBHOM Oa3uc-
HOM LIEHTPAJIILHOI'O TUIIA OPUEHTUPOBKOM C paccesHreM B IIH. Xomonnas npokarka
(20—-60%) npuBOAUT K (POPMHUPOBAHHUIO TPYMIIBI 3€PEH C TEKCTYPO OTKIIOHEHHOTO B
HII-tumna. ITpu BbIcOKMX cTeneHsax AedopMaly pa3BUBAETCs TEKCTypa C OTKJIOHE-
HHeM Oa3ucHbIX miockocte B [TH. @aktuuecku xonoaHas aeopMariys IpUBOIUT K
00pa30BaHMUIO JABYX THUIIOB TEKCTYp, C OTKJIIOHEHHEeM Oa3ucHbIX miockoctedd B HII Ha
HEKOTOpbIi yroa oy Uy IIH — Ha yrox ap. TekcTypa nepBoro Tuia xapakrepHa JUis
IUIOCKUX TEKCTYyp KaaMHs M IIMHKA, METAUIOB C OCEBBIM COOTHOIICHHWEM OOJIbIIEe
1.63. B MeTamiax ¢ 0ceBbIM COOTHOIIICHHEM MCHBIIIE HACAIBHOr0, TAKMX KaK TUTAH U
LIUPKOHUH, IIPU XOJIOHON NpoKaTke (OpMUpYETCsl TEKCTypa BTOporo Tumna. Beposr-
HO, 00€ TEKCTYphI MPHUCYTCTBYIOT U B MCXOMHBIX JicTax. OmnHako orn Ha [1D mo-
TJIOIIAIOTCS MOITHOM Oa3MCHOW IEHTPAJILHOTO THIA OPUEHTHPOBKOW, BO BCSKOM
Clly4yae BBIAEIUTH KaKyl-THOO OIHY OPHEHTUPOBKY, OTBETCTBEHHYIO 32 aHHU30TpO-
IIMIO CBOMCTB JIUCTOB CIUIaBa B puOmmkeHnu MO, He npeacTaBisieTcsi BO3MOXKHBIM.

B tabnuue npuBenensl 3nauenus UXT nucros crnasa [1T3-B ans paznuunbix
cTeneHeil aedopmanun XoI0AHON MPOKAaTKOW, paccuuTaHHble MO Gopmynam (3)—
(9). CymiecTBeHHO, UTO AJISl BCEX CTENeHel nedopMaluy BBHIOIHIETCS aHAIUTH-

YECKOE YCIIOBHUE (Il(h) +1§h) +1§h))=1, YTO CBUACTEIILCTBYET 00 YJIOBJIETBOPHU-

TEJIbHOU TOUHOCTHU OKCIICPUMCHTAJIbHBIX U PACUYCTHBIX JAHHBbIX.

127



®du3nKa 1 TEXHHKA BbICOKHX aaBjienuii 2010, tom 20, Ne 1

Taonuma
3HaveHus1 mapamMeTpoB JucTOB ciiasa IIT3-B
JJIS Pa3JIMYHBIX cTeneHel nedopManum XoJ10AHO MPOKATKOM
Tapa Crenenp aedopManuy NpoKaTKon, %
HCXOZIHOE
MeTpBI A 20 40 60 80 90
COCTOSIHHE

(h)
HHTerpanbHble XapaKTEPUCTUKH TEKCTYpbI 1,

I 0.060787 | 0.06388 | 0.056707 | 0.066276982 | 0.052009 | 0.052906
b 0.17624 | 0.191622 0.1862 | 0.199140089 | 0.247415 | 0.251211
JE! 0.762973 | 0.744498 | 0.757092 | 0.734582929 | 0.700577 | 0.695883
1y 0.009337 | 0.008813 | 0.007271 | 0.009554601 | 0.007122 | 0.007555
Is 0.068773 | 0.081246 | 0.075716 | 0.082621875 | 0.11262 | 0.115883
Is 0.023569 | 0.024624 | 0.025071 | 0.023434842 | 0.022547 | 0.020918

11
AMIUTUTY I TAPMOHHUK pasiioxkenus B psasl Pypbe 4,710 sKCepUMEHTATBHBIX

3aBrcuMocTeld Moyiist FOHTa oT HanpaBneHus u3MepeHus, m /N

Ag 0.89978 0.93290 0.93592 0.931034 0.93653 0.93749
A 0.03408 0.05139 0.04216 0.038065 0.04754 0.04914
Ag 0.00028 0.00104 | 0.000414 0.000041 0.00180 0.00189

—11 2
KoHCcTaHTEI TOTaTINBOCTH sl-j'lO ,m /N

s1y 1.137203 | 1.107374 | 1.172812 | 1.094696 | 1.007874 | 0.982844

533 | 0.752159 | 0.719767 | 0.774022 | 0.730048 | 0.649512 | 0.632539

Sa4 | 2274406 | 2.214749 | 2.345623 | 2.189392 | 2.015748 | 1.965688

s13 | —0.18953 | —0.18456 | —0.19547 | —0.18245 |—0.167979 | —0.163807
Mopyns FOnra, GPa

E | 101.1427 | 1043454 | 98.0641 | 104.0773 | 113.9586 | 116.7932

. h h .
ITo dopmyme sin? o = ‘Ig )_[1( ) pacCUUTAIM CTAaTUCTUYECKUNA YroJl HAKJIOHA

reKcaroHaJlbHOM MPU3MBbI K IUIOCKOCTH JUCTOB civiaBa [1T3-B. On cocraBum: mist
UCXOAHBIX JIUCTOB 0 = 19.8°, 1 NMHUCTOB, MPOKATAHHBIX O CTEIEHEW 00XKaTus
20, 40, 60, 80 u 90%, — coorBeTcTBeHHO O, = 20.9; 21.10; 21.3; 26.2 u 26.4°. Ta-
KUM 00pa3oM, TEKCTYpPY JINCTOB MO>KHO pacCMaTpUBaTh B CPEIHEM KaK AJTUITH-
4yecKyo ¢ nosnyocsamu B [1H, cooTBeTCTBYIOIIEM IPUBEIEHHBIM yIJIaM.

Ha puc. 3, 4 npuBeneHs! KpuBble aHU30Tponuu Moy FOHra incToB criaBa B
UCXOJAHOM COCTOSIHUM U J1e()OPMHUPOBAHHBIX XOJOJHOW mpokaTkoil. McxomaHbie

JTUCTHI 00Jaal0T 3HAYUTENbHONW aHM30Tponuel E, KOAQQPHUIMEHT aHU30TPONUU

E ox — Emi
n=—28% M .100% coctaBun 8%. XoyoaHas NMpPOKAaTKa MOBBIMIAET AHU30-

min
TPOIIMIO JIUCTOB, 1| pacTeT 10 ~ 12%.

ITo ¢popmyne (1) paccunTany aHU30TPONHIO MOIYJIS B IJIOCKOCTH JIUCTOB CILIa-
Ba B 3aBHCUMOCTH OT CTEIEHH JiepopManvu XoJI0JHOH npokaTkoil. B kauectBe Mo-
HOKPHUCTAJIBHBIX XapaKTEPUCTUK HCIONb30BAIM JAaHHBIE KOHCTAHT MOAATIMBOCTH
JUTsl yUCcTOro TUTaHa (Tabmuna) [16]. PesynbpTatel npuBeneHs! Ha puc. 4.
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Puc. 3. DKcriepuMeHTaIbHBIC KPUBbIC aHU30TPONUK MOyt FOHra B MI0CKOCTH JHCTOB
craBa [1T3-B B rucxomHOM cocrosiHny (—m—) 1 miocie AedopManmy mpokarkon 10 60 (—a—)
u 90% (—¥-) oOxaTus

Puc. 4. CpaBHUTENBHBIE dKCIIEpUMEHTaNbHAS (—Y—) U pacueTHas (—4—) KPUBBIC aHU30-
Tpormu Moays FOura nucros crumasa 11T3-B, nedopmupoBanusix 1o 90% obxaTus

Teopernueckue KpuBble aHU30TponuK Moy st FOHra cyiiecTBeHHO OTIIHYaroTCs
OT HKCIIEPUMEHTANIbHBIX HE TOJBKO MO aOCOMIOTHBIM 3HAYEHUSIM MOAYJIEH, HO U 110
XapakTepy aHU30TPOIHUH. DTO CBUJETEILCTBYET O TOM, YTO MOHOKPUCTAJIbHBIE Xa-
PAKTEPUCTUKH CIIJIaBa TAKXKE OTIMYHBI OT TAKOBBIX JUISl YUCTOTO THUTAHA.

[TpstmbIM MHTETpUpOBaHUEM BhIpakeHUd (1) momyunnu Gopmysbl Ui aMILIH-
TyJl TapMOHUK NPEACTaBIEHUs aHu30Tponuu Moy IOHra B Buzae panos @ypse.
[Tockonbky ¢yHKIuUs (1) SBIISETCS YETHOW, B MOJEIH OPTOTPOIHOIO MOJUKPH-
CTaJula TaKue psi/ibl COAEPIKAT TOJIBKO BTOPbIE M YE€TBEPThIe rapMOHUKH psifa Dy-
pbe B BUAE

E_l((p)=A0 + Ay cos2¢+ Ay cos 4,
1 3
4y =51 +(513 S +5S44J(11 +12)+§(S33 511 = 2513 = 544 ) (14 + 215 + L),
1
4, =5[(2sl3 = 28114544 ) (L, = 1y) + (533 + 511 = 2513 =544 ) (Is = 1) |

1
A4 :g(sll +S33 —2513 —S44)(I4 +I6 —615)

DKCIepUMEHTaIbHbIE 3aBUCUMOCTH OOpaTHOW BenMuuHbl Moayns HOHra ot
HaINpaBJICHUS] U3MEPEHUS JJIsl JINCTOB CIUIaBa TAKKe MPEICTABUIM B BHIE PSJIOB
®Oypre (Tabnuia).

Hcnonb3ys naHHbIe TaOJIUIBl, PACCUUTAIN 3HAYCHUS §1] U KOMOMHALIMU KOH-

1
CTAaHT NOAATIIMBOCTH )3 +5S 44 AT UCXOJAHBIX JIUCTOB CILIaBa U MOCJIC IPOKATKU:

ANHD) A1) (L + D) A1+ I+ 215)

S =A== (L —1,)(Iy +1—6I5) ~ (I4+1s—6I5)
24 I —1
28512 —2 =2 _84 6 -4 ,
S13 7251 T Sa L—1, (L =1L)(I4+1s-615)
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84,

533+ 811 — 2813 — S44 :m-
4+1s+0615

VYuurteiBasg TOT QakT, YTO AJs FeKCaroHaJIbHBIX METAIOB (C MEXKOCEBBIM COOT-
HOIIICHHEM ¢/a MEHBIIIE UJCaThbHOT0) KOHCTAHTa S44 TPUMEPHO B 12 pa3 mo abco-
JIOTHOW BeMMYMHE Oouibie s13 [16], HANUIM 3HAYEHHS] KOHCTAHT MOJATIMBOCTH
(Tabnuma).

KoHcTaHThI ONATIMBOCTH MOHOKPHUCTAJUIOB CIUJIaBa S1] BBIIIE TaKOBBIX IS
yuctoro TUTaHa. Jlepopmaius XOJOAHONW NPOKATKONW NPUBOAUT BHAyale K
YMEHBILICHUIO S|, a 3aTeM K ee pocTy. [IpumepHO Takke BeayT ce0si U KOHCTAHTHI
§33 U S44. BennurHa 513 HE MEHSETCS MPU MaJbIX U CPEAHHUX CTEMEHAX nedopma-
WA XOJIOIHOU MPOKATKOM, & 3aTEM YMEHBIIIAETCS IMPU BICOKUX CTEIEHSIX.

ITo popmyne (2) paccuntanu 3naueHust moxyist FOura 8 HH. Pe3ynbrats! npu-
BEJICHBI B TA0JIHIIE.

3HaueHue Eyy CyIIECTBEHHO PAacTET MPHU BBICOKUX CTEMEHAX AedopMalluu Xo-
JIOTHOM MPOKATKOM, KaK H §33. [Ipy MajbIX U cpeTHUX CTeneHsx nedopmaiuu Be-
anurHa Eyy KoJebeTcsi OKOJI0 HEKOTOPOTo CPEAHETO 3HAUCHUSI.

MuHuManbHON aHU30TPOINUEH YIIPYTUX CBOMCTB M JOCTATOYHO BBICOKMM 3Ha-
yeHreM Moayna FOHra B HOpMaJIbHOM K TJTIOCKOCTH JINCTOB HampaBJIeHUU 00Jaa-
0T JIUCTBI B UICXOJTHOM COCTOSIHUU (TeIuiasi MpoKaTKa + BaKyyMHbIN OTxuUT). Takue
JUCTBI MPEANOYTUTEIBLHO HUCIOJIb30BaTh B 33Ja4ax IO CO3JIaHUI0 KOHCTPYKLUH,
paboTamuX B yCIOBHUAX JBYXOCHOTO HAIPSKEHHO-Ae()OPMUPOBAHHOTO COCTOS-
HUs (ceprudeckue cocyapl BRICOKOTO BHYTPEHHEro gaBiieHus). [Ipu ogHOOCHBIX
Harpy3Kax MpearnoyTUTEIbHO UCIOIB30BATh JIUCTHI, JE(POPMHUPOBAHHBIC XOJIOTHOM
MIPOKATKOW B TIOTIEPEYHOM HarpaBJICHUH JI0 BBICOKUX CTENeHel nedopmarimid.

BriBoabI

1. UHTerpanbHble XapaKTePUCTHKU TEKCTYPhI coaepKaT nHbopMaluio 06 aHu-
30TPONUHU CBOWCTB YETBEPTOU TEH30PHOU PA3MEPHOCTH JIMCTOBBIX I'€KCArOHAJIb-
HBIX METaJJIOB U CIUIABOB M MOTYT OBITh MCIIOJIb30BAHBI JUIsl CEPTU(PUKAIIIM JIHC-
TOBBIX MAaTE€pPUAJIOB MO TEKCTYPHBIM MapaMeTpaM.

2. Ilo pe3ynbTaTaM rapMOHUYECKOTO aHAJIN3a AKCIEPUMEHTAIBHON aHU30TPO-
nun moayiia FOHra B miockoctu nuctoB cruiaBa [IT3-B onpenenunu ero MoHo-
KpPUCTaJIbHbIE XAPAKTEPUCTUKHU U 3HaUeHMS Moayssl FOHra B HOpMaJIbHOM K IIJI0C-
KOCTH JIUCTOB HANPABIICHUH.

3. MuHUMaJIbHOW aHU3O0TPOINUEN YNPYTrUX CBOWCTB M BBHICOKMM 3HAYEHUEM
monynst FOHra B HOpMaiabHOM K JIUCTY HaIMpaBJICHUW 00JaNaloT JUCTHI CIUIaBa
[IT3-B B ycioBusix mocTaBKH (Terias MpoKaTka + BaKyyMHBIA PEKPHCTAILIN3A-
nMOHHBIA oTxkUT TipH ~ §20°C). Ucnonb3oBaHue TaKUX JUCTOB MPEANOYTUTEIBHO
UL U3ACNIHANA, DSKCIUIyaTHPYEMBbIX B YCIOBHUSAX JIBYXOCHOTO HaIIpPSKEHHO-
ne(OPMUPOBAHHOTO COCTOSIHHS.

4. XonomHas mpokarka JuctoB cmiaBa I1T3-B mpuBoguT k 00pazoBaHHIO
CJIO’KHOM TEKCTYpPbl JBYX THUIIOB C OTKJIOHEHHWEM I'€KCarOHaJIbHOW OCU B HAIpaB-
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JICHUW TIPOKATKU M B TONEPEYHOM HAIPABICHUH, YTO MPUBOJIUT K POCTY aHH30-
Tporuu CBOMCTB A0 12%. s m3nenuii, paboTaronux B yCIOBUSX OJTHOOCHOTO
Harpy»XeHus, [1eJIeCO00pa3HO MCIIOIB30BATh JIMCTHI B MIONICPEYHOM HAIlPaBJICHUH.
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A.O. bproxanos, H.A. Bonuox, T.C. Cogrosa

TEKCTYPA | AHISOTPOIMIA MOAYNA FOHITA XONOAHOKATAHUX
NMCTIB TUTAHOBOI'O CIJ1ABY TT3-B

BuBueno tekctypy i aHizorpomniro moayis FOHra nuctis croiaBy I1T3-B y npencrasnenHi
iHTerpanbHUX xapakrepuctuk Tekctypu (IXT). 3a manumu Qyp’e-aHamizy mpyKHOT
anizorporii mucTiB craBy Ta IXT po3paxoBaHo KOHCTaHTH MOAATIIMBOCTI MOHOKPHCTAJIA
CIuiaBy 1 3HaveHHst MoAyns FOHra B HOpManbHOMY 0 IUIOMIMHM JIACTAa HAMPIMKY JUIS
pi3HUX cTyneHiB aedopmaiii npokarkoro. [IponoHyeTbest cepTH]IKyBaTH MIOCKI reKca-
TOHAJBHI TEKCTypH 3a nonomororo [XT.

KuarouoBi cioBa: tekcrypa, Mmoxynb FOnTra, aHizoTpomis, moiocHa ¢irypa, iHTerpaibHi
XapaKTepUCTUKH, psaau Dyp’e, TEH30p, KOHCTAHTH MOIATINBOCTI
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A.A. Brjukhanov, N.A. Volchok, T.S. Sovkova

TEXTURE AND ANISOTROPY OF YOUNG'S MODULUS
OF THE COLD ROLLED SHEETS OF TITANIUM ALLOY PT3-V

Texture and anisotropy of the Young's modulus of the PT3-V alloy sheets have been
studied within the texture integral characteristics (TIC) representation. By the data of
Fourier analysis of the alloy sheet elastic anisotropy and from TIC representation, the
compliance of alloy single crystal and values of the Young's modulus in direction normal
to sheet plane have been calculated for different degrees of deformation by cold rolling. It
is proposed to certify the flat hexagonal textures using the TIC.

Keywords: texture, Young’s modulus, anisotropy, pole figure, integral characteristics,
Fourier series, compliance constants

Fig. 1. Structure of alloy PT3-V sheets after vacuum annealing, x300

Fig. 2. Direct pole figures (0002) of PT3-V alloy sheets after: @ — warm rolling and vac-
uum annealing (the as-delivered state); 6, 6, e, 9, e — further cold rolling with percent re-
duction in thickness of 20, 40, 60, 80, 90, respectively. RD — rolling direction, TD —
transverse direction

Fig. 3. Experimental curves of Young’s modulus anisotropy in the plane of PT3-V alloy
sheets in initial state (—m—) and after deformation by rolling to 60 (—a—) and 90% (-¥-)
reduction

Fig. 4. Comparative experimental (—¥—) and calculated (—#-) curves of Young’s modulus
anisotropy of PT3-V alloy sheets deformed to 90% reduction
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PACS: 82.80.Ej

M.H. Nocton, J1.B. bepexHas, C.A. Tepexos, [".I[". JleB4eHKO

FENMEBLIN KPUOCTAT ANA MECCBAY3POBCKMX M3MEPEHWN
nog JABJTIEHVEM

JoHeuknii drnsmko-TexHNnYeckuin MHCTUTYT um. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa
E-mail: levch@levch.fti.ac.donetsk.ua

CtaTtbsa noctynuna B pegakuuio 9 dpespansa 2009 roga

Paspaboman u uszeomoenen zenuegwlii Kpuocmam ¢ 6ePMUKATbHLIMU OKHAMU Ol MEC-
coayaposckux usmepenuti 8 ouanazone memnepamyp 2.2—300 K u oasrenuu oo 10 kbar.

KarwoueBble c10Ba: KPHOCTAT, TeIEBas EMKOCTh, a30THAS EMKOCTbh, a30THBIA pe3epByap,
kamepa Beicokoro aasiieHus (KBJI), pabodas kamepa, paauaiioHHbII 2KpaH, 3aITHBOYHAs
rOpJIOBHHA, APCHAXKHASI TOPIOBUHA, TOUKA TEIIIO00OMEHA

M¢éccbayrpoBcKkre H3MEPEHHsI MPOU3BOIAT TPU PA3IUYHBIX COCTOSHUSAX H
BO3/ICHCTBUAX Ha HccieayeMble oOpa3ipl. [loaToMy TpeOyroTcsi yHUBEpcaabHbIE
KPUOCTAThI, CIIOCOOHBIE HE TOJIBKO TEPMOCTATUPOBATH B IIUPOKOM JHAMa30HE
HU3KHX TEeMIIepaTyp, HO U CO37aBaTh BBICOKHE AaBieHUsA. OTIUYUTEIHHOU OCO-
OCHHOCTBIO KOHCTPYKIIMHM U3TOTOBJICHHOTO IeIMEBOT0 KPHOCTATa SBISETCS HAJH-
yue: kamepsl Beicokoro nasienus (KBJI); kanwmispa ¢ BEeHTHIEM TOHKOHW pery-
JUPOBKH JUTSI TIOAAYM KHUJAKOTO WM Ta3000pa3HOro reius B pabouyio KaMmepy;
TEPMOUBOJISILIMK KaMepbl OT TeTMEBOM €eMKOCTH BaKyyMHBIM MTPOCTPAHCTBOM, OJia-
rojapsi KOTOpoi peryiupoBKa TeMIIepaTypbl U AaBleHUs B paboueil kamepe mpak-
TUYECKHU HE BIIUSET Ha TEIVIONPHUTOK B FEJINEBYIO EMKOCTb.

Ha puc. 1,6 npencraBieHa KOHCTpyKuusi kKpuoctata. OH COCTOUT U3 TEIMEBOM
€MKOCTH [/, OXBAYEHHOW a30THBIM SKpaHOM 2. B remmeBoil eMKOCTH yCTaHOBJICH
BEHTIJIb 3 C KalWLIAPOM 4, KOTOPBIA COeMHEH C paboueit kamepoii 5. B pabouei
Kamepe BIoJib ocu pasmenieHa KB/] 6 Ha «x010qHOM» OKHE 7 COOCHO C «TETLIBIM)
OKHOM & KpHocTaTa. «XO0JOIHOE» U «TEIUIOe» OKHA U3TOTOBJICHBI U3 Mailapa.

['enueBast eMKOCTh CHaOXeHA ABYMS TOPJIOBUHAMM: 3aJJUBOYHOU 9 M ApeHax-
HoH /0. TlocnenHss MO3BOIAET yCTaHABIMBATH TPyOuaThiil (& 3 mm) HHIUKATOD
11 wnmy 3NIeKTPOHHBIN JaT4rK (J 6 mm) ypOBHS KHJIKOTO TeITHS.

Hap renmueBoii pacronioskeHa a30THast eMKOCTb /2 ¢ a30THBIM 3KpaHOM 2, U3 KO-
TOPOM BBIXOJISAT JIBE OJJMHAKOBBIE TOPJIOBHUHBI /3 ¢ KpblikaMu /4 (cm. puc. 1,6, B—B).
Kppiiku npeoTBpamiaoT nonajaaHue KOHASHCaTa U CTOPOHHUX MPEJIMETOB B a30T-
HYI0 EMKOCTb [IPU TPAHCIIOPTHUPOBKE, MOHTAXKE U B paboyeM pexuMe KpHocTara.

© IN.H. Mocton, J1.B. BepexHas, C.A. Tepexos, I".I". JleBueHko, 2010
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Puc. 1. I'enueBsiii kpuocTtatr ans MEccOAy’pOBCKUX H3MEPEHUI MO NABICHUEM: a —
BHEIIHUN BUA; 6 — KOHCTPYKIIHA

A30THas €MKOCTb OXBay€Ha MPOMEXYTOYHBIM AKTHBHBIM paJUallMOHHBIM 3Kpa-
HOM /5, TOJIBEIIIEHHBIM Ha €r0 TOPJIOBUHBI B TOUKaX 3((HEKTUBHOIO TEMI000MeHa
16 [1, c. 144]. I'enueBas U a30THasE EMKOCTH CBOMMM TOpPJIOBUHAMU 3aKpEILIEHbBI
Ha BepxHeM ¢uiaHie /7 ¥ IOMEIICHBI B BAKyYMHBIN KOXKyX /8.

Ha BepxHem (rnanIe ycTaHoBiIeH BakyyMHbBIH BeHTHIb [9 (puc. 1,6, A) nns
OTKAaYKU BO3JyXa M3 BaKyyMHOH €MKOCTU. BBIBOJ 3JEKTpHYECKHUX CUTHAJIOB U3
paboueii KaMephl OCYIIECTBIISIETCS ¢ IIOMOIIBIO0 TOKOBBOIa 2(), IPEICTABIISIOIIETO
coboit repmernunbiii pazbeM PCI'10TB. 3anuBounas m apeHa)kHas rOpPJIOBHHBI
reJINEBON €MKOCTH COeAMHEHBI KoyiekTopoM 2/. IlocnenHuil BelpaBHUBAET TeEl-
JIOBBIE COIPOTHUBIIEHUS TOPJIOBUH C PAa3IUYHBIMU CEUEHHSIMU, YCTPAHSIET 3aCTOM-
HYIO0 30HY B TOPJIOBUHE C JJaTYUKOM YPOBHS KHJKOIO I'€JIMs, OCYIIECTBISAS MpU-
HYJIUTEIbHOE OXJaXKAECHUE OOOMX TOpJIOBHH, YTO, B CBOIO OYEpPElb, YMEHBIIACT
TEIJIONO/IBOJI TI0 TOPJIOBUHE K XKUAKOMY renuto Ha 30%.
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OcoOblif HHTEpEeC MPEACTABISIET BEHTUIb UTOJIbYATOTO THUIA, YCTAHOBICHHBIN
B reJaueBoil eMKOCTH. OH MO3BOJISET MPOU3BOIUTH TOHKYIO PETYJIUPOBKY MOJA4YU
reNus Mo Kanwuisipy B pabodyro KaMepy AJisi OXJIaXACHUs YCTaHOBICHHOM B Heil
KBJI. YnpaBneHue BEHTWIEM OCYUIECTBIISIETCS C MOMOIIBIO KIIFOYa, KOTOPBIM
BBOJST B 3aJIMBOYHYIO TOPJIOBMHY KpUOCTaTa IO CTBIKOBKH C €TI0 MAaXOBUKOM.
MaxoBHK BBITIOJHEH B BUE NepGOPHUPOBAHHOTO IIMIIMHAPA, JHO KOTOPOTO JKECT-
KO 3aKpEIUICHO Ha UTJie BEHTHIISA, a BEPXHSSA YacTh (C OTBEPCTUEM TOJI KITFOY) Kpe-
IIUTCS HA KPBIIIKE TEIMEBOM €MKOCTH C BO3MOYKHOCTBIO BpamieHus. [lostomy
CTBIKOBKA KJIF0Ya M MaXOBHMKa OCYIIECTBISETCA B PailOHE BXO/Ja B 3aJIMBOYHYIO
TOpPJIOBUHY, YTO MO3BOJISET YMEHBIINTH TEIUIONOABOA K KUJIKOMY T'EIUIO 32 CYET
OXJIQXKJACHUS CThIKAa YXOASIIMMM mnapamu. OTBepcTHE MOJ KIKOY HCIOIb3yEeTCs
TaKKe JJ1s BBoAa cudoHa Mpu 3alIMBKe KHUAKOro renus. Kopryc BEHTUIIS CBOMM
OMOpHBIM (hraHIleM ToMelieH B TpyOy (KOTopasi mpuBapeHa K JHHUILY TeIHeBOU
€MKOCTH) M 3aKpeIUIeH B HeH MpH MoMoIu cBapku. OMOpHBIN (uiaHer H3roTOB-
JIEH ¢ yAJIMHEHHOW KPOMKOM MOJI CBapKy, YTO MO3BOJISIET IPOU3BOAUTH €r0 CPeE3 U
BBITNOJIHATh HEOJHOKPATHYIO CBapKy. Takas KOHCTPYKIMSI 1a€T BOZMOKHOCTh IIPU
HEOOXOJMMOCTH U3BIIEKAaTh BEHTWIb U3 KPHOCTaTa ¢ MUHUMAJIbHBIMU 3aTpaTaMu
Tpyna.

Pabouas kamepa npeactaBisieT co00i TOHKOCTEHHYIO TpyOy (M3rOTOBJICHHYIO
u3 cranu 12X18H10T), B HuKHENW 4acTH KOTOPOM CMOHTHPOBAHO «XOJIOJHOE)
okHO ¢ KB/I. BepxHsist yacTh kaMepbl KpEUTCsl Ha BepXHEM (pIiaHIle KpuocTara ¢
BBIBOJIOM K Hacocy M rasrojibjaepy. Pabodas kamepa He UMEET TEIIONPOBOIHOIO
KOHTAaKTa C FeJIMEBON €MKOCThIO, a C a30THOM TAKOW KOHTAKT OCYLIECTBISIETCS C
IIOMOIIBI0 METHOTO KOJIbIIA, YCTAHOBJIIEHHOTO Ha 3aJaHHOM paccrosinun ot KB/I.
Takum ob6pas3oM, pabouass xamepa ¢ KBJl mpencraBisier coOoii BHYTpeHHHI
BCTPOCHHBIA KPHUOCTAT, HUCIIOIb3YIOIIHUNA a30THYI0 EMKOCTh OCHOBHOT'O KPHOCTATa
JUISl YMEHBILIEHUS TEIUIONPUTOKOB CHApY»H, a TeJIUEBYIO — JJIsl 3aJIMBKHU TeJUs.
[TosTomy noBsimieHue temmeparypHoro pexxuma B KB/l He Biuser Ha pacxon
YKUJKOTO TeNIHsl U3 TeINEeBOM EMKOCTH.

KB/l — 3TO caMOCTOSITETbHOE YCTPOWCTBO THIA UWJIWHIP—OPIIEHb, MMO3BO-
JsIoniee co3aaTh Ha uccienyeMom obpasie nasienue 10 kbar. Kopmyc KB/ us-
TOTOBJIEH U3 OepHIIIINEBOM OpPOH3bI, B HEM YCTaHOBJIEHBI BEPTUKAJIBHO PACIIOJIO-
YKEHHBIC OKHA, BBHITIOTHEHHBIE U3 KapOuaa 6opa.

st ocyiiecTBICHUS KOHTPOJST PEeXUMOB uccienoBanust oopasua KB/l cHab-
JKE€Ha JIaTYMKaMU JIaBJICHUS U TEMIEPaTyphl, a TAKKE HArpeBaTelIeM, CUTHAJBI U3
KOTOPBIX BBIBEJICHBI Pa3bEMHBIM TOKOBBOJIOM.

YcranoBky KB/ B paboueii kamepe U U3BICYCHHE U3 HEE OCYIIECTBISAIOT CIIe-
[IUAJTEHBIM TIPUCTIOCOOJIEHUEM, KOTOPOE MPHIIAraeTcsl K KPUOCTaTYy.

TemnepaTypHbie peKUMBI AJs 00pasiia co3AaroT Mmojayeil kpuoareHTa B pado-
gyl Kamepy, HarpesaresneM KB/l m peryiampoBKOM CKOPOCTH OTKA4KH IIapoOB
KpuoareHTa. J{ns moctkeHus temmneparyp Hike 4.2 K pabouyro kamepy Harmos-
HSIOT JKMJIKUM TeJIieM MO0 KalWuIApy U3 IeJIMeBON eMKOCTU MpPU MOJHOCTBIO OT-
KPBITOM BEHTWJE. 3aT€M NPOU3BOAAT OTKAUKy MApOB TeJIUs IPHU 3aKPHITOM BEH-
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TWJIE 10 JOCTHXEHUs TpeOyeMoil Temmeparypsbl. [l co3aHus TeMIepaTypHOIro
pexuma Bbie 4.2 K paGouyro kamepy MCIOJIBb3YIOT KaK MPOTOYHBIM KpHOCTAT.
[Tpu 3TOM IPOM3BOIAT TOHKYIO PErYJUPOBKY BEHTHIS I'€JIMEBOM €MKOCTH IJIs
[0JIa4y KpHoareHTa B pabouyio KaMepy, OCYIIECTBISIOT PEryJIUPOBKY MOIIHOCTH
Harpesatensd KB/l 1 ycTaHaBIMBarOT 3aJaHHYIO CKOPOCTh OTKA4KH I1apOB KpUOa-
reHTa u3 paboueil Kamepsl.

A30THas U reiueBasi EeMKOCTU BBINOJHEHB! LeIbHOCBApHBIMU. O00JIOUKH eM-
KOCTEM, C 1IeJIbI0 MOBBIIIEHUSI TPOYHOCTH HAa YCTOWYUBOCTD, MOAKPEIIEHBI ped-
pamMM KECTKOCTH B BHJI€ HAKATAHHBIX KOJIBLEBBIX 3UT0B. JTO MO3BOJIET U3rOTAB-
JIUBaTh 000JI0YKM U3 TOHKOJMCTOBOM (1 mm) Hepxaserouieil ctanu 12X18HIOT.
BakyyMHBIM KOXXyX MO 3CTETHUECKUM COOOpPa)KCHUSM H3rOTOBJIEH 0€3 HaKaTKU
3uroB (puc. 1,a), 4TO MO yCIOBUSM MPOYHOCTH ONPEAEITUIIO TOJIMHY €ro 00o-
704kH — 1.5 mm. BakyymHBIIi KOXKYX Cb€MHBI U UMEET pa3beM B HIKHEU 4acTH
JUISL TOCTyIa K 3JIEMEHTaM KPEIJICHUS! ¥ LICHTPOBKHU 3KPAHOB U EMKOCTEM, a TaKxkKe
K «XOJOJHOMY» OKHY M TE€JIMEBOMY BEHTWJIIO. DKpPaHbI BBIIIOJHEHBI U3 TEIUIO-
POBOJHOTO MaTepHuaia — Mean M1 ¢ nenbio 3¢ (eKTHBHOTO U PaBHOMEPHOTO OX-
JaKJIEHUS KUAKUM a30TOM a30THOTO HKpaHa M BBIXOASIIMMU IapaMu — IpoMe-
KYTOYHOro 7KpaHa. Meap M1 obnanaer 1ocTaTouHOM OTpaskaTeIbHON CLIOCOOHO-
CTBIO, YTO YMEHBIIAET MOJBOJ JIYYUCTOM TEIIOBOW PHEPrMM K KpHOAareHTam, a
CJIeIOBATENIbHO, YMEHbIIAET UX norepu. C 3TON K€ LIENbI0 MOBEPXHOCTH KpPHUO-
TEHHBIX EMKOCTEN M KPAaHOB 3JIEKTPOIIOJINPOBAHBI.

B kpuocrare peann3zoBaHbl TAKHE€ OCHOBHBIE KOHCTPYKTOPCKHE PEIICHHUS.

1. YcraHOBIIEH BEHTWIb TOHKOH PEryJUpOBKHM B T€IMEBOM E€MKOCTH, IO3BO-
JSIOUIMM TPOU3BOIUTE MOJa4y KPHOAreHTa B pabouyro KaMmepy.

2. YnpaBieHue BEHTWIEM OCYILECTBIISIETCS CHApY>KM MPU MUHHUMAJbHBIX IIO-
TEpsIX Tejusl, TaK KaK CTHIKOBKA KJIOYa YIIPaBJICHUS M MAaXOBHKa BEHTUJISI IPOUC-
XOJHUT B BEpXHEW 4acTU IeIMeBON €MKOCTH (ra30BOM MOAYIIKE) U OXJaKAAETCS
BBIXO/SIIIMMU TIApaMH KHUJIKOTO T'elusl.

3. MaxoBUK BEHTWJs SBISETCA NMPUEMHHMKOM cH(OHa Ui 3aJIMBKH KHIKOTO
reyns U KIr4a yIpaBieHusl.

4. I3MeHeHus BeIWYMHBI IaBJICHUS Ha UCCIeAyeMOM oOpaslie He BIMSIOT Ha
TEPMOJMHAMHYECKHUE XapaKTEPUCTUKU KPHOCTATA.

5. KoHcTpykius paboueit kamepsl MO3BOJISET MOBBILIATH TEMIIEPATypy UCCIie-
nyemoro o0Opasia, He yBeIMYUBasi MOTEPh KPHOATEHTA B TEIIMEBOM EMKOCTH.

6. Ha renneBbIX ropJoBUHAX YCTAHOBJIEH KOJUIEKTOP, YCTPAHSIOLINI B HUX 3a-
CTOWHYIO 30HY BBIXOJSIIUX MapOB M YMEHBLIAIOIIMM TEIUIONOABOA K JKUIKOMY
reJInIo 1o ropiaosuHe Ha 30%.

7. YCTaHOBJICH aKTHBHBIA PAJMALMOHHBIN 3KPaH, NO3BOJISIOINN YMEHBIIHUTH
pacxo]] )KUAKOTO a30Ta 3a CYET UCIOJIb30BAaHUS XJIaJ0COIEpKaHUs COOCTBEHHBIX
BBIXO/ISIILIUX [1apOB.

8. Kpuocrar no3BojsieT yCTaHaBIMBAaTh TPyOuaThbli MHIMKATOP YPOBHS WIH
AJIEKTPOHHBIN JATUYMK YPOBHS KUIKOTO reius (@ 6 mm) 0e3 JOMOJHUTETbHBIX
I0opaboTOK.

136



®du3nKa 1 TEXHHKA BbICOKHX aaBjenuii 2010, Tom 20, Ne 1

9. B KOHCTPYKIIMM KpHOCTaTa UCIOJIb3YIOTCS MaTepHualibl, 00JJajarone Hau-
JTYYIIUMH TE€XHOJIOTHYECKUMH TTIOKa3aTENSIMU [T SKCIUTyaTallud U U3TOTOBJICHUS
C Y4€TOM ONTHUMAJIbHOM CTOMMOCTH.

Ha xpmoctar pa3paboTaH TOJHBIH KOMIUIEKT KOHCTPYKTOPCKOW TOKyMEHTa-
IIUH, IO KOTOPOH OH M3TOTOBJIEH HA ONBITHOM NMpou3BozcTBe JloHerkoro pusuko-
TEXHUYECKOTO HHCTUTYTA.

TexHnyeckue XapaKTepUCTHKH KpUOCTaTa: 00beM resineBoil eMkocTH 6.8 1;
00BeM a30THOM eMKOCTH 8.4 I; BpeMst XpaHeHus Kuakoro remus 2 d; Bpems xpa-
HEeHMs Kujakoro azota 3 d; BHyTpeHHuil auamerp paboueil kamepsl 47.2 mm;
JMAMETpP «TEIJIoro» OKHa 18 mm; auaMeTp «XOJOJHOro» OKHa 16 mm; Hapyx-
HBIN 1uametp 255 mm; BeicoTa Kpuoctara 890 mm.

1. ILH. Ilocmon, JIL.B. bepesicnas, A.U. Cxkpvinapv, B.®. Xosaxos, C.A. Tepexos, I'.I". Jles-
yenxo, ®TBJ] 18, Ne 2, 143 (2008).

1I.M. Ilocmon, JI.B. bepeocna, A.1. Ckpunaps, B.®. Xos axos, C.O. Tepexos, 1. Jleguenko

FENIEBUWM KPIOCTAT ANA MECCBAYEPIBCbKMX BUMIPKOBAHb
Mg TMCKOM

Pospobneno ma 6ueomosneHo zeniesuil kpiocmam 3 GepMUKANbHUMU BIKHAMU Ol Mec-
coayepigcoKkux sumipiosats 6 dianazoni memnepamyp 2.2—300 K ma mucky 0o 10 kbar.

Kirouogi cioBa: kpiocrar, renieBuii pesepByap, kamepa Bucokoro tucky (KBT), po6oua
KaMepa, pajialiifHui eKpaH, 3aJlMBHA TOPJIOBUHA, APEHAXKHA TOPJIOBHHA, TOYKA TEILIO-
00MiHy

P.N. Postol, L.V. Berezhnaya, S.A. Terekhov, G.G. Levchenko

HELIUM CRYOSTAT FOR MOSSBAUER MEASUREMENTS
UNDER PRESSURE

A helium cryostat with vertical windows intended for Mossbauer measurements in the
2.2-300 K temperature range at a pressure to 10 kbar has been designed and manufac-
tured

Keywords: cryostat, helium reservoir, nitrogen reservoir, high pressure chamber (HPC),
working chamber, radiation jacket, tubes for filling, tubes drainage, point of heat ex-
change

Fig. 1. Helium cryostat for Mdssbauer measurements under pressure: a — exterior; 6 —
structure
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KYPHAJI
«®W3AKA M TEXHUKA BBICOKHX JIABJIEHWIN»
OBBSIBJISAET O MOJAMUCKE
HA 2010 TOJ]

B xypHane nmyOnukyroTcs paboThl B 001acTu (PU3UKU, MEXAaHUKH U TEXHUKH,
BCKPBIBAIOIIME POJbh BBICOKOTO JABJIICHUS KaK HMHCTPYMEHTA I W3YYeHUS U
(dopmupoBaHus GU3NYECKHX U MEXaHUYECKUX CBOMCTB MaTepHanoB. OcoOblii HH-
Tepec MPEACTaBIAIOT (YHIAMEHTAIbHBIC HCCIEIOBAaHMS, YCTaHABINMBAIOIIUE
B3aUMOCBSI3 MUKPO- M MaKpOCBOMCTB, a TaK)kK€ OCHOBAaHHbIE HA 3TOM IMPUKJIA[-
HBIE Pa3pabOTKHU MO0 MPUMEHEHUIO BHICOKHMX JAaBIICHUH JJIs1 CO3/IaHUS MaTEPHAIIOB
C 3aJJaHHBIMHU XapaKTEPHCTHKAMHU.

Crarbu, HampaBlsieMble B PENAKINIO, HE JOJDKHBI OBITH OMYyOJMKOBAHBI HITH
npeHa3HAYCHbI JUIsl OMYOJUKOBAHHS B IPYTHX U3AaTEIILCTBAX.

Tematuka xypHaiaa

— DJIeKTpOHHBIC U KHHETUYECKHE CBOMCTBA TBEP/IBIX TEIl.

— du3uka MarHUTHBIX SIBJICHUM.

— da3oBbIe NEPEXOIBI.

— CIIeKTpOCKOIHS TBEPABIX TEI.

— ®u3uKa NTPOYHOCTHU U IITACTHUYHOCTH.

— OU3NYECKOE MAaTEPUATIOBEICHHE.

— Ob6paboTka MaTepHUaIoB JaBJICHHEM, MHTCHCUBHBIC TUIACTUYECKUE
nedopmariiu.

— Anmapatypa BbICOKOTO JAaBJICHHUs, TEXHUKA SKCIIEPUMEHTA,
TEXHOJIOTHYECKOE 000pyA0BaHHE.

Kpome pabot no ¢usuke u TeXHUKE BBICOKMX JABICHUN >XKypHall IyOIMKyeT
pe3yJIbTaThl UCCIIEAOBAHUN M3 CMEXKHBIX 00JacTeil MpPH TOM YCIOBHH, YTO OHHU
MOTYT OBbITh UCIIOJIb30BaHbI B MPOGMINpPYIOLIEH 001aCTH.

IIpaBuna odopMiieHns pyKonucel 1JI aBTOPOB KypHaJIa
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUIN»

Pepakums xypHajia IpOCHT aBTOPOB INPH TOATOTOBKE CTaTeld PYKOBOJCTBO-
BaThCS U3JIOKEHHBIMU HIDKE MpaBWiIaMu. Matepuainsl, opopMiieHHbIe 6e3 coOIo-
JICHHS TIOCTIETHUX, K PACCMOTPEHHUIO HE TPUHUMAIOTCH.

B xypHasie myOIiKyOTCS CTaThH HA PYCCKOM, YKPAHHCKOM U QHTJIMICKOM SI3bIKaX.

B penakiuio HanpapisroTCs 2 9K3EMIUIpa PyKOIHCH (BKIIIOUasi BCE €€ 3JIeMEH-
Thl), HaOpaHHo# B mporpamme Word 97-it Bepcuu mpudrom tuma Times pa3me-
poM 14 m.T. yepes 1,5 unTepBana Ha OAHOM cTOpoHE JMcTa hopMmaTa A4.

[Tons: neBoe — He MeHee 3, BepXHee U HIDKHee — 2, mpaBoe — 1,5 cM. Bee crpa-
HUIIBI HEOOXOMMO TIPOHYMEPOBATh.

Pykonwuce nomkHa OBITH BEIYMTAHA U TTOAMICAHA aBTOPOM (COABTOPAMH).
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HeoOxoaumo mpenocTraBieHue 3JIeKTPOHHOM BEPCHH CTaThbH HA JUCKETE, KOM-
MaKT-IUCKe 00 mepeaada 3JIeKTPOHHOM MOYTOM MO ajapecy:
E-mail: pashinska@mail.ru.

KoMmiieKTHOCTBH pykonucu

Pyxomnuce nomkHa conepkaTh TEKCT CTaTbU, aHHOTALIUIO, CIIUCOK JINTEPATYPHI,
MOJJPYUCYHOYHBIE TIOIIMCH, KOMIUIEKT PHCYHKOB, CBE/ICHUS 00 aBTOpax.

1. Teker crarbu. Ha nepBoii cTpaHuile yKa3bIBalOTCS:

— KJaccuQUKaMOHHbIN uHIeKke 1o cucreme PACS;

— MHUALUAJIBI U (JaMUIIMH aBTOPOB;

— Ha3BaHUE CTaTbhH;

— TOJIHBIHM MOYTOBBIN aJpec yUpeKIeHUs, B KOTOPOM BbINOJIHEHA padoTa.

Ha3zeanue ctatbu AOMKHO OBITH KpaTKUM, HO MH(OpMaTuBHBIM. He nomycru-
MO IMpHMEHEHHE B HEM COKpalleHuil, kpome cambix obmenpunaTeix (BTCII,
'K, AMP u nap.). Ucnons3yembie aBTopamMu abOpeBHATYpHl HEOOXOJIMMO pac-
mudpoBaTh NpH MEPBOM UX YIIOMUHAHUH.

Pasmepnocmu pusnueckux BenmmunH (B cucreme CH) mo Bcell pykomucu
Q0JICHbL OblMb HA_aH2IUUCKOM A3biKe. B 1eCATUUHBIX 4MCIax Nepes AeCAThIMU
CJIEIyeT CTaBUTh TOUKY.

2. Tabamubl JOKHBI ObITH Hale4yaTaHbl HAa OTAENBHBIX CTPAHUIAX U MMETh
3aroyioBKU. O0s13aTENIbHO YKa3aHUE €IMHUL] U3MEPEHUSI BETUUHH.

3. ®opmyJsbl xenaTenbHO HAOMpaTh B PEAKTOpe ypaBHEHUH. Bce unoexcul
001CHbl_ObIMb _HA AHSIULUCKOM s3blKe. DKCIOHEHTY clieyeT 00O03HauaTh Kak
«EXp», a HE KaK «e» B CTEIICHH.

4. UnarocTpanmu OJDKHBI OBITh M3TOTOBJICHBI aKKypaTHO Ha Oenoil Oymare
win Kanbke. DOTOCHUMKHM MPUHHUMAIOTCS TOJBKO YETKHE M KOHTpacTHble. Ha
000poTe pUCYHKA CIIeNyeT yKa3aTh (MATKHM KapaHAAlIoM) ero Homep, haMuiuu
aBTOPOB U Ha3BaHUE CTAThH, IPH HEOOXOAMMOCTU MOMETHTh «BEPX» M «HU3». B
AJIEKTPOHHOM BEPCHU BCE PUCYHKH TpeOyeTcsl MpeIOoCTaBUTh B UYEpHO-OEIOM Ba-
pHuaHTe, OTAeNbHBIMU (aiinamu B ciaenyromux ¢opmarax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, momerniae-
MBI{ Ha BCIO IIUPUHY CTPAHMIIbI, JOJDKEH UMETh pasMep 10 FOpU30HTaNIU 14 cM,
Ha Y5 ctpanunel — 7 cMm. s pucyHkoB B pacTpoBhix (bitmap) dopmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe pa3zperie-
uue — He meree 300 dpi. [Ipu 3Tom B daiie pazmep U300pakeHUsI TI0 TOPU30HTAIIH,
BKJIFOYAs! MOATIMCH IO OCSIM, JIOJDKEH ObITh He MeHee 800 mukcenei i pucyHKa Ha /2
mpuHbl ctpaHulbl U 1600 nukceneil — Ha BCIO IMPHHY. Bce Hadnucu Ha pucyHkax
Q0JIHCHYL ObIMb HA AHSTIUTICKOM AI3bIKE, d UX YUCTIO CBE0eHO K MUHUMYMY.

5. Aunoranus (He 6osee 15 CTpOK) JTOJDKHA COACpPkKATh METh padOThI, METOT
ee JIOCTH)KEHUS, OCHOBHBIE pe3ysbTaThl. B penakuuio nmpeacrapisieTcs TEKCT aH-
HOTaluU (C yKa3aHMEM aBTOPOB U Ha3BaHUS CTaTbH) HA PYCCKOM, YKPAUHCKOM U
anenulickom A3vikax (Ha OTJENbHBIX CTPAHUIIAX).
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6. KiroueBbie cioBa (He Oonee 10 TepMUHOB) Ha pycckoM, VKPAUHCKOM U
AHTUTICKOM A3bIKAX JTOJDKHBI OTPaXaTh CyTh cTaThu. He momyckaeTcs Mcmonb30-
BaHue abOpeBHaTyp.

7. CHHCOK JIUTEePATYpPbl IPUBOIUTCS B KOHIIE CTATHU B MOPSAAKE YIIOMHHAHUS
B TekcTe. B 6ubnuorpadguueckoM onvcaHuM yKa3bIBalOTCS MHULMAIBI U (aMUITUU
BCEX aBTOPOB, a JaJee:

a) JUIsl KHUTW — Ha3BaHMs KHUTHW, U3JaTelbCcTBa U ropoja, roja M3laHus (B
KPYTJIBIX CKOOKaX):

A.D. Hogghe, Puzuka xpucranios, '3, Mocksa (1929).

0) s cTaThU B JKypHaje — Ha3BaHME, TOM, HOMEp KypHaia, HOMEp NepBOi
CTpaHMIIbI CTAaTbH, TOJ U3JaHUA (B KPYIJIBIX CKOOKaXx):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B59, 1497
(1999).

8. ToagpucyHoYHbIe MOANMUCH TaK XK€, KaK ¥ aHHOTAIIWH, MTPEICTABISIOTCS Ha
PYCCKOM, aHIVIMHCKOM, YKPaMHCKOM (AJIs TpaX<1aH YKpauHbl) S3bIKaxX U JOJKHBI
coJiepKaTh OOBSACHSIOUINI PUCYHOK TEKCT.

9. CBenennsi 00 aBTOpPaxX HEOOXOAUMO MPEACTABUTh HA OTAEIbHOI CTpaHMIIE,
IJIe YKa3bIBAIOTCS:

— MOJIHBIE UM, OTUECTBO U (PaMuUIIHS aBTOPOB;

— MX CITy>KE€OHBIC U IOMAITHHE a/ipeca U TeJIe(OHBL;

— E-mail u anpec Internet.

Cnenyer yka3aTh, C KEM U3 aBTOPOB MPEANIOYTHUTEIHHO MOIICPKUBATH CBS3b
npu paboTe HaJ| CTaThew.

CosokynHocmo Ha38aHUs cmMamvl, AHHOMAYUY, PUCYHKOS U NOOPUCYHOUHBIX
noonuceu 00IHCHA 0a8amb sICHOe Npeodcmasgierue 0 Cymu pabomai.

Obpawaem enumanue aémopos Ha 1o, 4to, HauuHas ¢ 2002 r., xxkypuan OTB/]
pedepupyercs u uHAEKcUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpauHCKHUM ATEHTCTBOM II0 3alIMTE aBTOPCKHX MpaB, YKPAaMHCKUM 3JEK-
TPOHHBIM XypHasioM «J[xepeno». [lonHas Bepcus xKypHaia pa3MelleHa Ha caifre:
http//www.donphti.ac.donetsk.ua/zhurnal . htm.
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NH®OPMALUA O TIOAIINCKE
HA )KYPHAJI «®U3UKA Y TEXHUKA BLICOKUX JABJEHU»

Kypnan «Puznka u TeXHUKA BBICOKHX JaBJICHUI» BKItoYeH B KaTanor mepuo-
nudecknx usnanuidi Ykpaumnbel Ha 2010 rox (moamucHou muaekc 74528). Kpome
TOT0, MOAMUCATHCS Ha KypHAJ MOXHO HEMOCPEACTBEHHO B pEJaKLUK Ky pHaa.

Kypnan Beixonut pa3 B 3 mecsiia (4 Homepa B Tof).

CroumocTh noaAnuckKu (0e3 ydyeTa CTOMMOCTH MEePeCchblJIKH), FPH.:

— s QUBHYECKUX JTUT] Ha 3 mecsna — 20

Ha 6 mecsues — 40

Ha 12 mecsaueB — &0
— JUIsl IOpUAMYecKuX Ul Ha 3 Mecsma — 40

Ha 6 mecsues — 80

Ha 12 mecsaueB — 160
Jns opopmiieHHs MOANUCKK B PENAKIUM HEOOXOJUMO B €€ aJpec BBICIATh
IINCHbMO-3aKa3 Ha HOI[HI/ICKy C yKa3aHI/IeM 6aHKOBCKI/IX pCKBI/ISI/ITOB U TOYHOTIO

ajpeca.

AJpec pelaKIUH KypHaJIa:

Vkpauna, 83114, r. lonenk, yia. P. JlrokcemOypr, 72

3a nononHUTENbHOU nH(pOpMalel cieayet oOpamarses

no tenedony 0 (62) 311-22-02.
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NEPEIITJIATA - 2010

[epenmnaTy Ha HAII JKypHal MOXHa O(OPMHTH uepe3 NepeariaTHe
areHTcTBO «YKPIHOOPMHAVYKA»®. Jlna odopmieHHs nepenamnaTd Heo6GXiaHo
3aMOBHUTH ONaHK-3aMOBJICHHA | BigmpaBuTH Horo momTOI® Ha aapecy:
Byn1. Bonoaumupceka, 54, kimH. 141, M. Kuie-30, 01601, abo enexTpoHHOIO
- TIOLUTORO: innovation@nas.gov.ua.

ITin yac 3anoBHEHHA GlaHKy-3aMOBJIEHHS MPOCHMO YBaXKHO 3aIlIOBHIOBATH BCi
HOro IyHKTH OPYKOBAHHMH JIiTEpaMH.

baaHk-3aMOBJ/IEHHS HA nepeannary

INEPEAILIATA - 2010

InaTHHK:
CaigouTBo
IUIaTHHKA
HOAATKIB:
IMomrrora TlomToBHii iHaeKC
ampeca O6nacts, MicTo
JOCTABKH:
Byn. , 6yn. , KB,
Ten. (3 komOM MicTa)
E-mail:
OTpuMyBay:
; Kinsk, 2010 pik, nepure miBpivyys
KypHan

npuMip. | 1 2 3 4 5 6




