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B nocne,1ane rO,tbl mnpoKyIO 1[3B8CTHOCTb )IOny'<IHJlll TaK Ha3blBa8Mbl8 'lKeCTKIIe' CBepx

_)IPOBOAHllKll B CB!I3Il C ncno=oBa!UleM nx Amr nonyqeHHSI CHJ!l,Hb!X MarllltTlU,I,X. non:eii. Or

Jlll'<IllT8Jil,HOii ~epTpii STHX csepxnpOBO.tlHRKOB HBnH8TCSI CDOCOOS:OCTb nponyCKaTh 
4 5 2 .. 

083 DOJIDJieHHH conpOTHBJiel!HlI TOKH 10 - 10 a/CM B MarnnTHbIX nomrx nanplI-

lK81!!!0CTbIO. H8CKOl!bKO A8ClITKOB KHl!Oraycc. 3To HBJ18HH8 ObinO OTKpb!TO B 1961 ro.ny, 

nocne '<Iero Ha'lanocb nHTeHCHBIIOe H3Y'l8HHe cnepxnpoBO.tllIIDllX CBOiiCTB pa3S:b1X cnc

TeM cnnaBOB H HHT8pMeTannH'l8CKHX coeAHHeHHii, OTHOCSIIDllXClI K lKeCTKHM cnepx

DpOBOAHHKaM. ITpencTonno BbllICIIHTb npn'IHl!bl cymeCTBOBaHHn YCTOii'IHBbIX CHnhllblX 

TOKOB, 'ITOObl c,1enaTb BblOOp MelK.tly pa3JIH'lllb!MH MonensrMH; H3Y'IHTb BJllllil!He MHO

lK8CTBa ci>aKTOpOB, BnHSIIOIDHX Ha KPHTH'l8CKHe TOKH; naiiTH HaHny'llllHe MaTepnanbl 

nnSI CBepxnpoBOASIIDHX MarHHTOB. 0 cnoJKHOCTH aanaq rOBOpHT TOT ~aKT, 'ITO BnnOTb 

no nacTOSIIDero BpeMeHH ne C03AaHO KOnH'l8CTB811IIOii Teopnn 1cpllTll'l8CKHX TOKOB. 

Bec&Ma llllTepeCHbIM 00o8KTOM nnSI BC8CTOPOHHHX nccne.ttOBaHHii OKaaanHCb 

)IpaKTll'l8CKll IlHK8M He nay'laB!llH8CH crrnaBbl HHOOHSI C oonb!llHM co.neplKallH8M nnp

KOHHlI. B HHX MOlKHO rrony'IHTb 6onb!ll08 paa11006paane CTPYKTypllbIX COCTOlil!Hii, CHnb-

110 BnHruomnx Ila Benn'IHIIY KpHTH'l8CKHX TOICOB. KpoMe Toro, 3TH cnnaBbI, KaK 13bl

lICHHnocb, 06na,1aIOT pSIAOM npenMymecTB, ,1ena10mnx nx nepcneKTHBHbIMII ,1nn coa,1a

n11n CBopxnpOBO.tlSIIDHX MarHHTl!blX CHCTOM. 

Pe$epnpyeMan .ttHccepTannsr IIOCBSIIDeHa HCCnonoBallnIO crrnasoB HllOOHH Coon&-

IllllM co.nopJKallHOM C uen&IO BblHCIIOlllllI rrpn'lnll, Bnnnromnx Ha KPHTH'leCKYIO rrnOTHOCTb 

TOKa, a TaKlKe nccne,tOBaHHIO HeKOTOpb!X MarHHTHbIX CHCTeM, coanaHHbIX Ha OCHOBe 

STHX cnnaBOB • 

.nnccepTaunH 11arrHcana Ha OCHOBa11nn peayn&TaTOB paooT, BblnonHeHHbIX B 

1961-1966 r.r.n nonolKeHHbIX na IX , X , XI BC8COI0311blX COBemalUIHX no ~113HKe 

Hll3KllX TOMIIOpaTyp, Ha I , 11 1 fil ncecoroa11blx conemaaHsrx no MeTannonenea1110 
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u MeTannoqia3DKe CBepxnpoBonmuux MaTepDanoa, Ha III D V MeJKnyHaponHI,IX KOH-
. /11 12 14-19/ 

qiepeHilDHX no qJD3DKe D TeXHHKe HD3KDX TeMnepaTyp D ony6nDKOB8HHblX B ' ' • 

lluccepTSUDll'COCTODT D3 '!eTblpex rnaB • 
. ,. 

1. 

B nepBoil rnaBe npoBonuTcn aHanu3 coBpeMeHHbIX npenc·r1rnneHDil o MarHDT

HbtX D TOKOBblX CBOilCTBSX CBepxnpoBonS!IllDX cnnaBOB, KOTOpble OTHOC.IITCl! K. CBepx

npOBOnHDKSM BTOporo pons ( C2). MarHDTHbie CBOilCTBS onaoponHbIX CBepxnpoBon

HDKOB BTOporo po.na (C2a) XOpOWO onDCb!BSIOTCl! Teopeeil B.n, rua3oypra, n • .Q. naa
nay, A.A, A6pDKOCOBS D n.IT. ropbKOBB (rnAr), nonyimBweli BCeo6wee··npD3HSHDe. 

ITo 9TOil TeopDD B CBepxnpoBonHDKD C OTpuuaTenbHOli noBepXHOCTHOli 9Heprueli Ha 

rpaauue MelK.Cly aopManbHOil u CBepxnposonnweil qia3aMH MarHDTaoe none, oonbwee 

HDlKHero KpDTD'leCKOro He!' npoHHxaeT B Blllle KBBHTOBBHlTh!X nDHllil MBrlIDTHOro 119'

TOKS (qin10xcounoB). Bo3HHK8eT TSK HS3blBSeMOe CMeWSHHOe COCTOBHDe. ECTb OCHO

BaHlrn nonaraTb, 'ITO xeplI qlnIOKCODna C panaycoM rropsutKa KOppensmDOHHOli nnDHbl 

f. BBnneTCll nO'ITH HOPMSnbHblM MeTannOM ( 9HepreTH'l~CK8l! wenb B 9TOli o6naCTII " 

6nH3Ka K ayn1v). MarHHTHOe none B neHTpe qinIOKCOHna MaKCHManbHO D cnanaeT K 

-5 
nepnqiepun no axcnoaeanaanb!IOMY 38KOHY Ha ·pSCCTOl!HHHX "'10 CM. B KOHil81lTpH-

pOBSHHb!X cnnaBaX f. BO MHOrO pa3 MeHbwe 9TOil BenH'IHHbl. ITpH yBenu'leHHH 

nong nnoTHOCTb qinIOKCOHnOB B03pacTaeT, noKa npu HeKOTOpOM BepxaeM KpHTH'le-

CKOM none ,H C 2 paCCTOl!HHe MelKny HX neHTPSMH ne CTSHeT. XfOpsutKa 2f. • IT pH 

aTOM BnepBbie noBBn.11eTC.1I aneKTpoconpOTnBneaue (B npennonoJKeHHR Manoro H3Me

PHTenbaoro TOKa), 
/7/ 

OnaaKo, xax noKa3anu np11Mb1e H3Mepea11.11 , cMewaaaoe cocTona11e a 6e3ne-

. qieKTHblX CBepxnpOBOnHRKSX II · pons aecTa61mbHO no OTHOWelIRIO K BHeWHeMy 

TOKY, HMeIOWeMy nepnean11xyn11pay10 COCTaBn.1IIOmy10 OTHOCHTenbHO nanpaBnelIHll 

· qin10Kco11noB. ITon neilcTBReM c11n nopeaua nocnenaue npuxon.lIT a nsulKeHDe, reae

pupyeTc.11 Tenno, noKa ae aacTynaeT nepexon B aopManbnoe cocTo.11nue 3a c'!eT 

neperpeaa BbIWe Tc , 

B aenaBHO OTKpb!TbIX lKeCTKHX CBepxnpoBon1u1xax ( C2b ) nalKe np11 aanR'll!I! 

nonepe'!Horo MSrHRTHoro non.11 MOryT npoTeKaTb OOnbWH0 TOKII 6e3 noBBneaHll conpo

Tl!BneHH.II. B nepBOe BpeM.II nn.11 OOb.lICHelIH.II 9Toro BBneHl!.II 6hln,11 npRBneqeHbl l!nell, 
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' /1/ 
pa3BHTbl0 paHee MeanenbCOHOM B MOnenH ry6KH • MennenbCOH npennonOlKHn, 'ITO 

npH aanolKeHHH nocTaTO'IIIO CHnblIOrO MarHHTHOro non.II B cnnaBe o6pa3yeTCll MHOrO

CBSl31I8ll CHCTeMa TOHKHX CBepxnpOBOnHWHX HHTeil B MBTpuue MeTanna C HH3Kl!M Kpl!

TH'r8CKHM noneM, 803HHKHOB8HHe HHTeli CBl!3bIBSnOCb C <pH3ll'l8CKHMll ll XllMH'leCKHMH 

aeonaoponHOCTSIMH B cnnaBe, a Bb!COKll0 KPl!TH'leCKDe, nonll- C DX Manb!Mll pa3Mepa

MH no cpaBH~HDIO C rny6HHOli npOHHKHOBeltHll, ,:ha MOnem.. Ka'!eCTBeHHO OObl!CIIMS 

aeKOTOpble neo6bl'!Hble CBOilCTBS cnnaBOB (JianpHMep, rucTepe3HC, 38XBS'leHHblil Mar

HHTHblil noToK), ITo-BHnHMOMY, B cornaCHH C 9TOli Monem..10 aaxonnTCSI pe3ynbT8Tbl 

9KCnepHMeHTOB C MaTepnanaMH, B KOTOpblX HCKYCCTBeHHO C03AaHa 'HDTSIHSSl'CTpyx

Typa (aanpaMep, pTyTb a nopHCTOM cTeKne · ). -

OnaaKO npHMeHeHHe MOAen:e: ry6KH K o6bl'IHblM caepxnpoBOAl!WHM cnnaBBM 

BCTpeqaeT psut B03palKeHDil, nonpo6HO H3nOlKeHHblX B nHcCepTSUHH. B 1962 r. Obma 
/2 3/ · 

BblABHHyTB anbTepHaTHBIISll M~~.:-.llp Aanepcoaa ' nnn o6bl!CHeHHll cymecTBOBSHHll 

ycTOil'IHBblX CHnbHblX TOKOB' B ,' C 2b • 3-ra MOAenb nenHKOM 6a3HpyeTCl! aa TeOpHH 

rnAr. B .ocaoBY· ee nonolKeao npennonolKenHe, 'ITO cHnbl 
nopemrn; neilcTBy10ml!e 

IIS <pn!OKCOHAbl npa npOTeKaHHI! B lKeCTKOM CBepxnpoBOAHHKe TpaacnopTaoro TOKa, 

nepneanHKyn51pHoro BHeWHeMY non10, KOMneacupyroTCll 38 cqeT CHn B38HMOAeilcTBHll 

MelKny <pnIOKCOHABMll H pa3nH'IHhIMH ne<peKT.BMH pemeTKll (cnn 11HHHHHra). BcnencTBHe 

9TOrO qinIOKCOHAhl MOryT aaqaTb ABHrSTbCll nHWb npH AOCTBTO'IHO cnnbHblX TOKSX. 

HacTynaeT TaK H83b!BSeMoe ,;pe3HC'l:HBHOe' COCTOl!HHE!. llanbneilwee yBenH'leHHe TO

KS npHBOAl!T K nnHeilHOMY poCTy aanpWKeHHll V , npH'leM AH<pqiepeHUHSnbHOe co-

av 
npoTHBneaHe p =(--) I nnn ASHHOro MaTepuana ae 38BHCDT OT KOllll'leCTaa ne-

' a I H 
qieKT!)B (n, cnenoBaTe1J;hHO, OT j c ) I! B TO'IIIOCTD paBHO' 9TOli BenH'IDIIe nnsr OAII0-

/4/ - /5/ 
ponaoro MaTepaana • EapnHH I! CTeqieH noKa3anH , 'ITO pf 

38BDCHT TOnbKO 

OT napaMeTpOB TeOpHD rnAr, BHewaero nonn H ocTaTO'IHOrO conpOTl!BneHHll B non

HOM COOTBeTCTBHH C 9KCnepHMeHTOM. TeM caMblM nOATBeplK.ClaeTCSI npl!MeHHMOCTb 

TeOpHH r nAr K. C2.b • 'ITO CaMO no ce6e ae O'leBHAl!O, TaK KSK 9Ta TeOpHll Oblna 

co3naria nnn onaoponahix cBepxnpoBOAHDKOB aToporo ponax). 

x) flpHMeHHMOCTb rnAr K C2b 110ATBeplKA88TCSI · H TeM lpllKTOM, 'ITO aepx-

aee KpHTl!'leCKOe none B cnyqae KOHil0HTPHPOBaHHblX cnnaBOB, B K,OTOpb!X xononaasi 

neqiop!',{SllHll ne MeHHeT 3aMeTHO p n , He 38BHCHT OT Toro, gaxonHTCSI nH MeTann 

a nHTOM CO~TOl!HHH ( c Jc ➔ 0 ) HnH a cl!nbHOAe<pOpMDpOBaHOO.M:' COCTOSIHHH ( c 
j C"' 1 o4 - 10 a/ cM2 ) / - 8 / • a TSKlKe xopOWHM COBnaAeHH0M 9KCnepHMeHTanbHO 

HailAeHHblX 3Ha'!eHHll BepxHero KpHTH'l0CKOrO nonsr161 
C Bbl'IHCneHHb!MH no TeopDH 

rnAr (6e3 npHMeHeHHll nonroHO'IHblX napaMeTpOB). 
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B i:u,:ccep-raua11 nonpo6Ho paCCMllTp11aa10Tc.11 nonolKeHH.11 Monena AILt!epcoHa. B 

'IEICTHOCTII, IIOK838HO, 'ITO npoc·Ta.11 38BIICIIMOCTb KpllTll'IeCKOI"O TOKa QT. nomI BHll8 
a 

j C 
C 

H a+Ho 
(rne ac n: H

0 - KOHCTEIHT~) IIOllTBep:lK,!taeTcH Jllllllb B OTllenhHbIX 

'IEICTHblX cny11anx. OnHBKO 3TB 38BIICIIMOC'I'b nony11eHa B npennonolKeHn:11, qTo aHep-

I"IIH B3811MOlleilcTBIIH Me2K.!ty lpJ!lOKCOllll8MII II UOHTpllMII lllllUill!Il"a He 38BIICIIT OT IIO-
nn. 

HHil 

B neilCTBIITenbHOCTII STO He TBK, 0 'IeM roaopsrr pe3ynbT8Tbl IIpSIMb!X' 113Mepe

/9-10/ c11n llllHHIIHI"a npn: OTCyTCTBIIII TpaHCIIOpTHOI"O TOKEI • B KoHne nepnoil rna

Bbl. 8H8nH311PYIOTCH IIOIIblTKII pac11eTa cn:n B38HM01IeilCTBHH MelKny lpJIIOKCon:naMH ll 

pa3nll'IHb!MH neqieKTEIMII pemeTKII (nacnoKaIIIIHMH, riopaMH, MHKpOH80llHOpoi:u1acTRMH). 

Ilpo6neMa pac11eTa 3aBIICIIMOCTII KpllTH'IeCKOH IInOTHOCTH TOKa OT nonn II T0MIIepa

TYPb1 no 113MepneMblM xapaKTepaCTHKaM cnnanoa SI»JJHeTCH B8CbMa cno}Kjj:oa; H Ji:ona

'IeCTBeHHaH T80PH.H eme He IIOCTpOo.118 • Bonee Toro; MR OO'bHCHeHHH aKcnepn:MeH

T8nbHblX tpaKTOB ·ace eme IICIIOnb3YIOTCH llBe COBepmeltHO p83Jlll'IIIble Momma KpHTH

'IeCKIIX TOKOB, yKa3aHHble Bblme. BcnencTBHe aToro no-npelKHeMY npencTaBnHeTCH 

BBlKHb!M onpenenoHH.e o6mn:x TeaneHUn:il a noaenean:n: Jc H llOCT8H0BKll SKCIIepn:-

MeHTOB nnn OllH03H8'IHQI"O BblOOpa MOllenn: KpHTH'IeCKH.X TOKQB 

K TeM ann: 11.llblM caepxnpoaonHmn:M MaTepn:anaM. 

B. UpllMO.tteHHR 

2. 

Bo BTOpoil·rnaae nn:ccepTaun:11 onn:caHa annapaTypa, KOTopa.11.6blna pa3pa60Ta-\ 
Ha II H3I"OTOBneHa cnenn:anbao nn.11 n:ccnenoaaHHH KpHTll'IeCKIIX TOKOB B.lKeCTKIIX 

caepxnpoaonHHKax. MeTann1111eCKHil renaeBblil KPHOCTEIT c neo6xonn:MhlM o6opynona

HH8M (pn:c. 1) npennaana11en nn.11 pa3Memenn:.11 caepxnpoaonHmn:x MarHn:Toa, _c no-

MO!llhlO KOTOpb!X coanaaann:cb Tpe6yeMb18 MarHHTHble non.11. KpHOCTEIT IIM88T H3-

Mepn:Tenh .ypOBHH lKHAKOI"O renn:.11 C naT'IUKOM H3 caepxnpoBOllHmero cnnaaa Nb-75%Zr 
. . ' 

OTn111Ia10mn:ilcH PH.QOM Up811MYllleCTB IIO cpaanenmo C ll8T'IUK8MB npyrn:x THllOB. Lln.11 
pa.5oTbl 

Mepoan:e 

C HHM 113I"OTOBnen npn:6op, C IIOMO!llhIO KOTOporo TaKlKe IIPOll3BO/l.lITCH 113-

TeMIIepaTypb! · H ynpaanenn:e HarpeBaTeneM BHyTpH_Kpn:oCTaTa. 3neKTpo-

BBOllbl B KPIIOCTaT ocymeCTBnHIOTCH 11epe3 repMeTH'IHble lllT8llCenhHble p83'1>8Mbl. 

Llnann:TaHHH MHOI"OCeKIIHOHHb!X caepxnpononHmnx coneHon:non paapa60Taa 

KOMnnexc ycTpoiiCTB, BKnro11aronui1i cnenyromn:e aneMeHTbl: TpaH3HCTopab!il perynH

Top TOKa, COCTOHmHii H3 Tpex H838BIICHMb!X rpynn, KOTOpb!e MOI"yT pa60TaTb B 
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nro5on KOMOHHEIUHII npyr C npyroM (MBKCHManhHblil TOK 170 a); rpynny KOHTEIKTO

poa; nynbT ynpaaneHHSI, noaaon.1110mun BBOJl.llTh TOKII C sanaHHblMH CKOpOCTHMII OJl..110-

apeMeBHO B TPH ceKUHII II HMeIO!llllil 81ITOM8TH'I8CKH8 ycTpOilCTB8 nn.11 OTKJIIO'IeHnH 

TOKa npa pa3pymeHIIH caepxnpoBOllHMOCTH, a T8KlKe pa3nll'IHble 6nOKllpOBKII, 

Lln.11 C03Jl.8HHH MEII"HIITHblX. noneil aanpHlKOHHOCThlO HOCKOnhKO neCHTKOB.KHno-

raycc, KOTOpb!e· Heo6xonaMbJ npn: accnenoaaHHH J ( H) 
, C 

o6pa3uoa, Obin H3rOTonneH 

11 IICIIb!TaH p.lI.Q caepxnpoBOllHmllX MEII"HIITOB, KOTOp~re, KaK npaanno, MOI"nH pa60TaTb 

B p8lKHM8 '3aMopOlK8HH.()I"O nonn' • Ilpa STOM IICIIOnb30BancH OIIblT, nony'IeHHblil Ha-
. ' · /11/ 

Mil npn pa6oTe C M8I"HHT8Mll, OOMOTKa KOTOpb!X ll3I"OTaanaaanaCb· 113 CBIIHUa . 

(a TO Bp8MH lK8CTKlle,caepxnpoaonHHKII eme He 6bln11· OTKpb!Tbl). B KOHU8 rnaBb! OIIH

caHbl ycTpoilCTBa nn.11 H3MepeHIIH KpllT_H'IeCKHX TOKOB o6pa3UOB, 8 T8KlKe nnn ll3Me

peHIIS! MEII"HIITHblX nonen II TeMnepaTyp. 

3. 

C IIOMO!llhIO STOil annapaTypbl 6bmH nponeneHbl o6mapHbl8 accnenoaaHHH caepx-

npOBOllSIIIIHX CBOilCTB' cnnaBOB Nb - Zr , pe3ynhTSTbl ·KOTOpb!X B CIICTeMaTll'IeCKOM 

anne a3no1KeHbl a TpeTbeil rnaae, cocToS1II1eil 113 ri.11TH pa3nenoa. Ocaoaaoe BHHMa

HHe yneneao H3yqeaa10 cnnaaoa nao611.11 c 60nhWIIM coneplKaHHeM uapKOHHH, nonaepr

HyTb!M pa3nll'IHblM _TepMOM8XSHH'I8CKHM o6pa6oTKaM. Onaa 113 rnaBHb!X 38/la'I COCTOH-

na · B 11ccnenoaana11 Bnll.lIHHH Ha KpHTll'IOCKYIO nnOTHOCTh TOKa ( j c ) pa3nll'IHblX 

BHllOB ne~eKTOB KpHCTann1111eCKOil peweTKII (nncnoKaUHH, 38P01lb!W8il peKpac;:Tanna3a

UHH, BH81IpeH11il HHOPOllHb!X 'I8CTHU, aepea OKacnoa, BbllleneHHil HOBblX cpaa). Ilp11 

STOM OblnH BblSIBneHbl o6mne TeHlleHUHH B noaeneHHII aay11aeMblX cnnaaoa, nnn 11ero 

cpaaaaaannch pe3ynhTaTLJ, nony11eHHble Ha 6onhmOM 11acne o6pa3uoa, TaK .KaK a npo

THBHOM cny11ae acerna HM8JICH PHCK HeaepHO OUOHHTh TO ana HHOe HBneHae H3-3a 

cny11ailnoro anHHHHH OllHOI"O 113 MHOI"O'IHCJIOHHblX M8Tannypra11eCKHX ~aKTopoa, Me

HHIOinnx caoilcTaa cnnaaoa (acero 6blno npoaeneao oKono 600 H3MepeHHil-pa3nn11-

HblX o6pa3uoa)_. Heo6xon11MOCTh BblHBneHIIH T81Lt!8HUl!il B Hei.fonon CTeneHH llHKTOBa

nach OTCYTCTBHOM KOnH'I8CTBeHHOil TeOpHII KpHTH'I8CKHX TOKOB~ 
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qTOObl llOHS!Tb u O0bllCHHTb BnHruIHe TepMoo6pa60TmH Ha KPHTH'lecxyro nnOT

HOCTb TOKa, Heo6xonaMO. npOaHana3apoBaTb_, ~o HM8HHO npoacxonaT .npa STOM B 

uccnenyeMblX c,nnaI1ax. C aToii nen&ro B neJ)'BoM paanene TpeT&eii rnasbl paCCMOT-

peHa naarpaMMa COCTOruIHSI CHCT8Mbl Nb - Zr H I1nHruIHe Ha Hee llPHMeceii 

KHCnopona, a TaKlKe onacaHbl HeKOTOpble H3BeCTHble ¢aaaqecxne CB0il:CTsa cnnasos 

mi:o6nsi c napKOHHeM. Haa6onee nonpo6Ho 1ranolKeHb1 nponeccb1, npoacxonmnae npH 

HH3KOTeMnepaTypHoM ( < 600°C) 0TlKHre, xorna HaonronaeTcsi pacnan c Bh1neneHReM 

a -¢83bl II o6pa30Balllll;l CY0MHKpOCKOllH'leCKHX 'laCTIIU Ctl -¢a3bl, Oonanaroninx 

nnOXltMH csepxnposonmnnun CBoilcTBaMH. 

Bo BTOpoM paanene onncaHbl cnoco6 npnroTosneHnsi n xapaKTepncTnKa nccne

noaaHHh1x B paooTe o6paauos 

0,03- 0,06 MM H ll!HpHHOii 0,5 

• KOT0pb!e npencT.aBnlUIH co6oii neHTO'IKH TOmilnHoii 

MM, nn6o npOBO.llOKH nnaMeTpOM 0,2 - 0,3 MM. O6pa3-

ll;bl nonseprannc& nu6o npoMelKyTO'IHOMy (c nocnenyromeii xononaoii ne¢opMauueii), 

na6o KOHe'IHOMy OTlKHry. Ilpa H3MepeHHH J,, neHTO'IHble o6pa3Ubl, KaK npaBa.no, 

pacno.nara.nac& TaK, 'ITO nnocxocTb npoKaTKH oblna napa.nnen&Ha no.nro, KpOMe Tex 

cny'laes, Korna-aaMepH.nac& aHH30Tponasi KPHTH'lecxoro TOKa, 

B cnenyromax nsyx 

accnenoBaHasi Nb - Zr 
paanenax TpeT&eii rnasb1 paccMaTpaaa10TcH peayn&TaTbI 

cnnasos. IlpelKne scero aaMa 0bma aay'leHbl xononHone¢op-

MHpoaa!Illbie cnnasbi pa3Hb!X COCTaBOB, TaK KaK BCKOpe nocne OT!{pb!THSI B· 1961 r. 

neoObl'IHO Bb!COKHX KpHTH'leCKHX TOKOB s lKeCTKHX CBepxnpoaonnnxax Mano 'ITO 0blnO 

ll3BeCTHO O 3aBHCHMOCTH CBOil:CTB,cnnaBOB 8TOil: CHCTeMbl OT _COCTaBa, OKaaanoc&, 

'ITO c ysena'leHHeM coneplKaHHSI llHPKOHIIH c 25 no 80% Tc YMeHblllaeTCH c 11,2 
0 

no 8,3 K ~ j" B o6nacTa cpenH11x none ii nanaeT 60.nee, 'leM na nopimox, a 

p Ip O B03paCTaeT llQqTJI no ennHHllbl, 8TH peaynbTaTbl COJ'JiacyroTCSI C nan-
n 293 K • / 13/ 

HblMH npyrax nccnenosaTbneii (CM,, HanpaMep, . ) • CTOnb CllnbHOe }'M8Hbll!eH11e. 

j c, MOlKeT Obi Tb OObHCneno, no-sannMOMy 1 3Ha'IHT8.llbHblM CHIDKenaeM MaKCHManb-

HO -B03MOlKHOil: ll.llOTHOCTH n11cnoxau11ii B cnnasax, 6or.aTblX llHPKOHHeM, no cpaane-
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HIIIO co cnnaBaMH Nb - ( 10- 30)% Zr • IIM8l0mHMII ropaano 60.nee BblCOKHl!: MO-

nyn& HOpMan&aol!: ynpyrOCTII, 

Heo)KllnaHHbIMII OKaaan11cb peayn&TaTbl 113Mepen11ii J" B cn.nase Nb - · 75% Zr, 
. 0 /14/ 

aaxaneHHoM nocne 20-ManyTnol!: BbllleplKKH npa TeMnepaTypax 900-1400 C • Ilpa 

TaKIIX TeMnepaTypax cn.nasbl n110611H c napxonneM nonHOCTblO pexpacTannaayroTCH 

(pac. 2), a, cnenoBaTen&H0, MOlKH0 0blnO OlKHnaTb O'leHb HH3KHX ll.ll0THOCTel!: TOKa, 
. 0 

OnHaxo axcnepaMeHT noxaaan, ~o· c ysena'leHaeM TeMnepaTypbl OT 1000 ·no 1400 C 
I • 2 2 4 2 

JC (27 Krc) yBenH'IHJiaCb OT 4'10 a/CM no 10 . a/CM (pac. 3). Ilpa 8TOM pe3KO 

B03pocna a TBepnoCTb cnnasa. PenTreHorpa¢a'leCKHe accnenoaaHaH noK~aana, 'ITO 

s onnoponH0M TBepnoM pa_CTBope llO!IBHnHCb BHenpeHHH Kap6ana UHpKOHHH, Ha peHT-

reHorpaMMaX nHHHH Zr C HenpepblBHbl, H3 '181"0 MOlKHO 3aKnlO'IHTb, 'ITO pa3Mep 
-5 

'laCTHll nopimKa 10 CM. O6paaosaHae Kapoana uapKOHHH o6ycnoaneHO B3aaMoneil-

CTBHeM c napaMH nsqxjiyaaoHHoro Macna. TaKHM o6paaoM, ynanoc& noxaaaTb, 'ITO 

j c neilCTBHT8nbHO MOlKeT CHnbHO B03pacTaTb B cnnaaax, KOTOpble BOoome ne non

aepranacb ne¢opMauaa, ecna ysena'laaaeTCH n~OTHOCTb MenKonacnepcHblX sxnro'le

nnii C 'nnoxaMH1 CBepxnposonHmHMH CBOHCTBaMH, KpoMe Toro, HaiineH ynooHblll 

cnoco6 MeHHTb n.nOTHOCTb TaKHX BKnro'leHaii, sapbapyH BpeMH a TeMnepaTypy OT

lKHra. 
• /14/ 

B npyron cepaH aKcnepaMeHTOB . ynanoc& o6HapylKHTb TpexKpaTHOe B03pa-

( 
0 0 

cTaHae J
0 

B none 6 Krc npa T=4,2 K) nocne OTJKHI"a npa 600-750 C aarpH3-

HeHHoro KacnoponoM HaooaH. PeHTreaorpa¢a'lecKae HccnenoaaHaH Ha aTOT paa 06-

HapylKana Hana'IHe OKacnos HllO0HH, nacnepCHble 'laCTHUbl KOTOpblX, no-aanHMOMY I a 

cnocooCTBYIOT noBblllleHHIO J" no cpaBH8HHI? C xononHone¢opMHpOBaHHblMH . o6paa-

uaMa. C npyroii CTOPOHbl, OTlKHr 'IHCTOI"O HHO0HH npa TeMnepaTypax 500-700°c 

(MeHblllHX TeMnepaTypbl pexpacTannH3aUHH) HeH3MeHHO npaBOJlH.11 K CHHlK8HHIO Kpa

TH'l8CKOii nnoTHOC'I'H TOKa, OTcrona MOlKHO cnenaTb BalKHblii BbIBOn, 'ITO aaponhlll!H 

peKpHCTannaaauaa ne llOBbllllaIOT j c . 1 TaK KaK OHH o6nanaroT T8MH 

npoaonsimaMH CBOHCTBaMH, 'ITO H MaTpnua. 

lKe csepx-

.Llo cax nop paccMaTpasannc& caoiicTaa cnnasoa B cocTOHHHH oeTa~Tsepnoro 

paCTBOpa. B '18TBepTOM paanene TpeTbeii rnaBbl np11aenenbl peayn&TaTbl H3Y'l8HIIH 

B.llHHHHH Ha caepxnposonmnae caoilCTBa BbmaneHHH aepen _H0BblX ¢aa, o6paayromn_XCH 
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B peaynbTaTe pacnana onaoponaoro TBepnor.o,- pac:rBopa np11 OT.:m:m,e- cnna&oB Hiro61UI 

C 65-80%. UHpKOHHH, 

Ha1I6onee nonHo B pecpep1IpyeMoii .QHCcepT~umr nccne.QoBaHo BlIHHHHe HII3Ko

TeMnepaTypaoro OTlKIII'a ( ~ 550 °c). TBK KaK HMeH110 TaKoii OTlKHI' npHBOlIHT K MaK-

CIIMBllbHOMy pOCTy j c 
/12, 14-17 / B cnnaBax HIIOOHH C OOllbWHM CO.QeplKBHHeM UHPKO -

HHSI • 

B nepDblX naparpa¢ax pa3.Qena paCCMOTpem,1 OOIUHe TeH.QeHUIIH 3aBIICIIMOCTH 

j" OT BpeMeHH II TCMnepaTypbI OTlKIIra. Ha PHC, 4 npHaenc&bI HeKOTOpbie KPHBbie 

j ,,(H) .QlIH cnnaaoa paaaoro COCTaBa (67-75% Zr ), no.QBepI'HyTbIX npoMe)KyTO'IHOMy 

0.1lHO'I8COBOMy OTJKHry, a Ha PIIC, 5 - .QmI cnnaaoB Nb - 75% Zr , nonaeprHyThix 

OKOH'IaTem,HoMy OTlKIII'Y pa3HOH npottonJKIITenbHOCTII npH pa3Hb!X TeMnepaTypax. Ha 

pacCMOTpemrn o6o6meHHbIX KplIBbIX 38BHCHMOCTH 

OTJKHI'a ( THna np1IBeneHHbIX Ha PIIC, 6 ll 7) MO)KHO C.QenaTb cne.Qyrom11e BblBO.QbI: 

1) OnTIIMBllbHblll OTlKHI' npnB0,1llIT K 3lIB'IHTenbHOMy ( HHOr.Qa B 30 paa) pocTy 

KPHTH'IGCKOii nnOTHOCTH TOKa, H3MepeHHOii B cpe.QHIIX nonHX, no cpaaHeHII!O C j c 

XOlIOlIHOnc¢opM1IpOBaHHbIX o6pa3UOB, TTpn YBClIII'IeHnn nonsi CBbime 40-50 KI'C OTHOCH-

j" OT BpeMeHn ll TeMnepaTypbI 

TellbHbIH pocT j " noCTeneHHO yMeHbmaeTCH, 

2) l.JeM Bb!We concpJKa1me UIIPKOHIIH B_ cnnaae. TeM HHJKe onTHMallbHBH TeMne-

paTypa II TeM KOPO'Ie BpeMH OTJKnra, njllIBonsmwro K AOCTHlKeHH!O MBKCIIMBllbHO B03-

(oco6eHH0 a o6naCTII BbICOKHX noneii). TaK, uanpHMep, nnsi Nb -80%Zr 
MOlKHb!X J,, 

MBKCHMBllbHb!e 

Nb-65% Zr 
j" 0 

.QOCTHraroTcsi npn 450-500 C yJKe 'Iepea 0,5 'lac, a nnsi: 

npn OnTHMallbHOii TeMnepaType - 600°c AlIH nocTHlKeHHH MBKCHManb-

HbIX j" Tpe6yeTCH 6onee ABYX 'laCOB. 

3) Kp1ITH'IeCKaH UlIOTHOCTb TOKa ropaano CHllbHee 38BHCHT OT TCMnepaTypb!, 

TieM OT apeMCHH OTJKnra (np1I ycnoBIIII0 'ITO apeMsr 6om.me HeKOToporo MHHRMam,uoro, 

KOTopoe He.o6xoAHMO AlIH .110CTHlKeHHH BbICOKHX j" ) • 

4) Bb!ll!eon1IcaHHbIH poCT j" 
B HccneAOBaHHb!X cnnaaax npOHCXOAHT Upll Ta-

KIIX ycnOBHHX OTlKHra, npn KOTOpb!X OAHoapeMeHHO Ha6n10A8IOTCH BbinaneHHH MenKo

AHCnepCHb!X 'IaCTHU Cu - H a -¢aa, o_ 'IeM canneTenbCTBYIOT peHTI'eHorpa¢H'IeCKHe 

nccne.QOBBHHH, a TBKlKe ll3MepeHHH TaKHX CBOHCTB, KBK TB.UC, y.QellbHOe conpOTIIBne

HHe, MHKPOTBepnocTb ll T,ll, 

5) Han6onee BhICOKHe j" 
nony'IaroTcsi aa TaKnx cTannHX pacnana, KOI'Aa 

BbIAenHIOIUHecsi 'laCTHUbl HOBbIX ¢aa eme He Cllllll!KOM aennKH. 
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6) PocT J" conpoaoJKAaeTcH, KaK npaanno, yMeHbmeuneM aneKTpocanpoTHB-

neunH ( oco6eHHO OCTaTO'IHOI'O) n BuyTpeuuero TpeHHH ( T,e. yMeHbll!euneM nnOTHO

CTH nnuei!:HbIX ne¢eKTOB). 

KpoMe BbIHBneHHH TBKHX Oq_IUHX TeHneunHii ObllI npoBeAeH psin nccnenoBaHnli, 

n03BOlIHBll!IIX BblHCHHTb OTlle{IbHbie BalKHbie neTann ll ·o6aapyJKHTb nononHHTellbHO 

HeKOTOpb!e HeH3BeCTHble q>aKTbl, 

TaK, npn nccneAOBBHHII aaanCHMOCTH KpHTH'IeCKOi!: nnOTHOCTH TOKa OT yrna 

MeJKny nnocKOCTb!O npoKaTKH neuTbl n uanpaaneuneM auewuero MaI'HHTHoro nonn 

Ohm O ualineuo, 'ITO B cnyqae Nb - 80% Zr aHH30TponHll no'ITH HC'Ie3aeT, ecnn 
0 /16/ 

npoMelKyTO'IHb!H OTlKHI' npoaonnTCH npn 400 C • TTpH 6onee HH3KHX H 6onee 

BhICOKIIX TeMnepaTypax oTJKHra (c nocnenyroIUeii xononHoli npoKaTKoii OT 1 AO 

a 0,05 MM) aHH30TponnH OKa3bIBaeTCH 3HB'IHTenbHOi!: ( CM, pnc. 7 a) • .[lnsi cnnaaa 

c 75% Zr Oblllll nony"IeubI auanorn'illble peaynbTBTbI, TOllbKO MaKCHMYM j c.L / j c.L J. 

CMeCTHlICll K 450°c. TaKHM o6pa3oM, OOHapyJKeHO, 'ITO B cnyqae npoMelKyTO'IHOI'O 

OTlKHI'B C nocnenyroIUeli xononuoli ne¢opMau11eii 8HH30TpOilllH OTCYTCTayeT TOllbKO 

Terna, Korna a cnnaae BhrnensieTcn MeTacTa6nm,11an 

paauoMepao pacnpeneneubI B o6~eMe cnnaaa. 

OMera-¢aaa, 'laCTHUbl KOTOpoli: 

Hay'Ieua aaancnMOCTb J OT cTeneun xononaoii ne¢opMaun11 nocne npoMe-
/17 / " 

lKyTO'IHOI'O OT,KHra • YcTauoaneuo, 'ITO naJKe OTHOCHTellbHO ue6om,malI creneHb 

ne¢opMannn (yMeHbweane nnaMeTpa npoBonoKn a 1,5-2 paaa) npnaoAHT K ropaano 

6onee Bb!COKHM J" a o6naCTH Bb!COKHX noneii no cpaaueunro c KOHe'IHb!M OTlKHI'OM 

(pnc, 8). 

TToKaaauo, B KBKHX cny'IaHX noDTOpHbIH OTlKHI' MOJKeT npHB0.1lllTb K nononHHTenb· 

HOMY pocTy J " 
waeT ee, 

a B KBKHX OCTBBlIHeT 9TY BelIH'IIIHy HeH3MeHHOH nnn naJKe yMeHb-

OnncaHHble BbIWe peaynbTBTbl OTHOCHlIHCb K cnnaBaM, KOTOPbie nepen TepMO

o6pa6oTKOH noABepranncb xononuoli ne¢opMannn. TTocne.QHHll cnnbHO ycKdpsieT npo

uecc pacnana, BCnenCTBHe Tiero Bb!COKHe J,, AOCTHI'BIOTCll npH cpaBHHTellbHO 

KOpOTKOM apeMeHII oTJKnra. OnaaKo np11 aTOM B cnnaaax coanaeTCll xapaKTepnan 
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_TeKcTypa __ anonb 11arrpaanemrn rrpoKaTKH neHTbI mm rrpoTIDKKH rrpoaono~H- BoaHHKan 

BOIIpoc, H_e srnnneTCSI nH HanH'IHe 11errpepb!Bl!Oli IIHTeBH!tllOli TeKCTypbl Heo6xonHMblM. 

ycnOBHeM IIOBblWe!IHSI KPHTH'leCKOli rrnOTIIOCTH TOKa B crrnaaax • .llnn OTBeTa Ha aTOT 

BOIIpoc Obin O HCCnenoaa110 BnHSll!He OTJKHra Ha CBOl!:CTBa 3aKanel!Hb!X (ueneqiopMnpo-
/14/ 

Ba!l!lb!X) crrnaBOB • PeaynbTaTbl rrpnaeneHbl Ha pnc. 9. nerKO BH!teTb, 'ITO c yae-
0 

nn'leHHeM apeMe11n OTJKHra rrpH 450 C no 20 qacoa J" a crrnaae · Nb - 80% Zr 

yaem1'1Hnacb B 25 paa aa C'leT Bb1nene11nn MenKonncrrepc!lbIX 'laCTHU oMera-qiaabl 

ll OT'laCTH anbqia-qia3bl. AHanorH'lllbie peaym,TaTbl rrony'lellbl nnSI cnnaBOB Nb .-75% Zr. 

TaKHM o6pa3'0M, aKcnepnMel!Tanb!IO !tOK83aHo, 'ITO nnn IIOBbIWe!IHSI j c: 11e o6naa-

Tenb!IO Hann'!He HerrpepbIBIIOl!: .. IIHTSIIIOfi .. CTpyKTypbl B cnnaBax. 

B nocnen11nx naparpaqiax 'leTBepToro paanena npHBene11b1 peaynbTaTbI nccneno

aa!IHH H3Me11e11nl!: Tc npn 0TJKnre
115 

'
161

, a TaKJKe annn11ne npnMecel!: KHC~Opona Ha 
. /18/ 

caepxnpOBO!tS!IllHe CBOHCTBa cnnaaoa lll{O0HSI C 0OnbWHM coneplKaHneM nnpKOllllSI • 

Heo6xolllIMoc•.'r, npoaenelinSI aToro 1:1ccnenoaa11nn nnKT0aanacb TeM, 'ITO xncnopon 

annSieT 11a ann nnarpaMMbI cocTOSIIIHSI, a 11e6om,wne KomiqecTBa ero 11ena6eJK110 rro

rnowaIOTCSI npn nar0Toane11nn n OTJKHre cnnaaoa. OKaaanocb, 'ITO c IIOBb1we11n_eM co

nepJKamrn Kncnopona a cnnaae yaenn'lnaaeTcSI CKopocTb pacnana on11opon11oro TBepno-

ro paCTBOpa npn OTJKHre. npn 8TOM B o6naCTH OilTHManbllb!X TeMnepaTyp OTlKHra 

nocTnraIOTCSI Te JKe npenem,11bie a11a'le11nn j" , 'ITO n 6ea Kncnopona, 110 aa 6onee 

KOpOTKOe BpeMH. 

B IISITOM paanene TpeTbel!: rnaBbl o6cylKJ:laIOTCSI 8KCIIepnMel!Tanb!lbl,e qiaKTbl, no

ny'leHl!bie a pa6oTe n npnaene11Hb1e a nayx npenb1nymnx paanenax. 

npeJKne acero paCCMaTpllB&eTCSI npnMe!IHMOCTb TOH nnn lll!Oli Monenn ~pllTH

'leCKHX TOKOB nnn o6'bSIC!leHHSI peaynbTaTOB, nony'lel!llblX B !laCTOHWefi pa60Te. Yaenn-

'le!lne j c: 

( Zr C , 

a 10-25 paa npn IIOBbIWe!IHH nnOTIIOCTll MenKonncrrepCHblX BKIIIO'le11nl!: 

w - qiaaa) B npenaapnTenbH0 non110CTbIO peKpncTannnaoBaHHOM crrnaae 

(T.e. ne HMeroweM "Hl{TSll!Ol!:' TeKCTypbI) y6ennTenb!IO CBHlleTenbCTByeT 0 npnMe

HHMOCTH Monenn A11nepco11a, no KOTOpofi KpHTH'leCKaSI nnOTH0CTb TOKa 38BHCHT OT 

Konn'leCTBa ue11TpOB IIHHHH!lra •. 
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.llanee nenaIOTcSI one11Kn paaMepoB qacTnu, 11ann'lne KOT0pbIX B nccnenoBaHHblX 

cnnaB8X npnBO!tllT K aqicjleKTHBHOMY IIHIIHHHry ll naeTCSI o6'bSIC!leHne HeKOT0pbIX pe

aym,TaTOB 11a oc110Ba11nn Monenn Aunepcona. 

TaK, 0IITHM8nbHble TeMnepaTypa H BpeMH 0TlKnra, npnB0!tSIWero K MaKCHM8nl>

Hb!M AJIS! naanoro cnnaaa KpllTH'leCKHM nnOTII0CTSIM TOKa, onpenenSl!OTCSI o6pa30Ba

nneM !tOCT8T0'IIIO MenKonncnepCll_bI:Z Bbl!tenennfi IIOBbIX qiaa B HYlKHOM KOnII'leCTBe, 

cnyJKamnx ue11Tp8Mll nn1111nnra. YMellbIIlel!He OIITHM8nl>llblX TeMIIepaTypbl ll apeMe!lll 

OTJKnra n;pn yaenn'le11nn c_onepJKa11nn unpKOHHSI a cnnaBe CBSI3a110 c 6onee nerKHM 

Bbl!teneHneM '18CTHU anbqia-qJa3bl B 6oraTblX llHPKO!llleM crrnaBaX, a T8KlKe C B03-

MO )KIIOCTb!O BbineneHHSI OMera-qia3bI, KOTopaSI o6paayeTCSI nnIIlb B cnnaaax, 6nn3KllX 

no cocTaay K Nb- 90% Zr 

OTCyTCTBlle 811H3HTponnn KpHTH'leCKoro TOK8 nocne rrpoMelKyTO'll!Oro OT:>Knra 

ne!ITO'leK B o6naCTll BblJ:1ene11nS1 MeTac~a6nm,11ofi OMera-qia3bl OO'bSICl!SleTcg p8BHO-

MepHbIM pacnpenene11neM qacTnu, He Me!ISl!OlllHMCSI aaMeTllbIM o6pa30M npn llOCne-

nyromel!: neqiopMannn. BcnencTBne aToro paccTOSIHHSI MelKJ:ly neaTpaMn nn1111nnra oKa-

3bIB8IOTCSI onHoro nopS!llK8 BO BCex HarrpaBne!IHSIX. 

Eonee BblCOKHe nnOTIIOCTll TOKa, nonyqa10mnec51 B peaynbT8TE) npoMelKyTO'IHO

ro OTJKnra IIO cpaB11e11n10 C KOHe'IHblM' MOlKHO o6'bSICHHTb cnenyromnM o6pa30M. KaK 
./17/ 

IIOK838nn aneKTPOIIHO-OIITH'leCKHe nccnenoBaHHSI , Hen;ocpenCTBeHHO nocne O!tH0-

'18COBOro OTJKnra npn 50o0c o6pa3YIOTCSI cpaBHHTenbHO paBHOOCllbie '18CTllllbl a -qia-
' -~ ~ 

3bl pa3MepoM "'10 CM C paCCTOSIHHeM MelK!tY HHMH "' 10 CM. npn nocnenyro-

weM Bono'l'.eHHH MS!rKne BbineneHHSI aecaepxnpOBO!tSIWel!:. anbqia-qi83bl Bb!TSirllB8!0TCSI 
. -6 

B!tOnl> 11anpaBneHHSI npOTSllKKH n nx nonepe'IHblll paaMep yMeHbIIlaeTCSI no "' 10 CM, 

1:mn11a B03p8CT8eT no "' 5• 10-4 
CM, a paCCTOSll!He MeJKny '18CTHII8MH B n;onepe'IHOM 

~ aanpaBneann "'2·10 cM. TaKHM o6paaoM, B n1060M nonepe'IHOM ceqe11nn npoaono-

Kn, xononaoneqiopMHpOBaHHOli nocne OTJKHra, KOnn'leCTB0 HeCBepxnpOBO!tS!WHX BKnIO'le

Hllfi 118 1 CM2 BO MHoro pa3 Bb!We, 'leM y npOBOnOKll, rronBeprHyTofi 0K0H'18TenbHO

MY oTJKHry n conepJKamefi nnmb oTnenl>Hbie, penKo pacrronoJKeHHble aepna •. OTcrona 

Sicno; 'ITO na ennanny nnnHbI onaoro qinroKconna, aanpasnennoro, KaK. n _none, no

nepeK np0BOIIOKll, IIpHXO!tHTCSI 6om,wee 'IHCIIO nenTpOB nnnnnnra, BCnenCTBne qero 

·n j C: CT8110BHTCSI BbIWe, oca6e11110 B o6naCTH 0OnbIIIHX nonefi, rne IIIIOTHOCTb qJn!OK

COH!tOB BennKa. 
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TaKHM o6pa30M,.npaKTHqeCKH BCe nonyqeRHhle pesynbTBThl HBXOASlT HeIIpOTHBO

peqaBOe 06'bSICHeHHe Ha OCHOBe MonenH AHAepcoHa. ., 
OnHaKO nnSI KOnn:qeCTBeHHhlX Cp8BHeHH8 C Hen Tpe6yeTCSI ycoBepmeHCTBOBBHHe 

Monena, TeopeTaqeCKH8 BhlBOA 38BHCHMOCTH can lIHHHHHra OT nonSI H TeMnepaTyphl 

B cnyqae pa3Hb!X neq>eKTOB pemeTKH. Ha pac. 10 IlpHBeneHhl TBKHe 38BHCHMOCTn:, 

nonyqeHB;hle Ha OCHOBBHHH SKCnepaMeHTallbHbIX p03yllbT8TOB. KaK BHllHO H3 pacyn-
a (T) 

Ka, npocTaSI aaBHCHMOCTb Tana j e = ~ na6monaeTCIJ nHIIIb B cnyqae cnnaBOB· 

c HH3KHMH le , nan: TO B orpanaqeHHOM HHTepnane nonen. B cnyqae cnnaBOB c 

Bb!COKHMH j e HMeeT MeCTO ropaano 6onee cnolKHSSI 38BHCHMOCTb o6'beMH08 CH-

nbl nHHHHHra OT nong ( C MaKCHMyMOM B o6nacTH cpeAHHX none it). K HaCTOSIIUeMY 

BpeMeHH HaKOIIHnOCb AOCTBToqHoe Konn:qeCTBO SKCnepHMeHTBIIbHbIX naHHbIX, aHanH3 

KOTOphlX, B03MOlKHO, npHBeneT K coanaHHIO KonnqecTBeHHOH TeopnH KpHTHqeCKllX 

TOKOB B JKeCTKHX CBepxnpOBOAHHKax. 

4. 

B nocnenHeil rnaBe nnccepTallHn npHBonm-cSI peayllbTBThl nccnenoBBHHSI CBepx

npoBonrunax MBI'HHTHhlX CHCTeM, coanaHHhlX dB OCHOBe cnnaBOB Hno6ng C 60llblllHM 

coneplKaHHeM napKOHHSI. 

Hayqenne sqiq>eKTOB nerpa.nannn KpHTaqecKoro TOKa ( T.e. yMeHbmeHae co-
e 

neHonna no cpaBneHHro c I 
e KopoTKoro o6paana, noMemenHoro BO . BHemnee none, 

paBnoe nonro conenoana) B cnnaBax Hao6nSI c pasnnqHhlM conepJKaHHeM napKOHHII 

II03Bonano HSHTH CBSl3b MeJKAy STHM SIBneHHeM H sqiq>eKTSMH 'TpeHHpOBOK' (T.e. 

yBenaqenHeM I 
e KOpOTKOI'O o6pasna npa KSJKAOM nocnenyromeM BBone ToKa). 

11eM CHIIbHee npoSIBnmoTCSI B naHHOM MaTepn:ane sqiq>eKThl TpemlpOBKH, TeM 6onee 

BhlpalKeHHhlMH OK.83hlBaIOTCSI sq>q>eI.Tbl nerpaABllHH. B naccepTBUHH IlpOBQAHTCSI o6cy

JKAeHne STOI'O q>aKTa. 

C nellbIO npoBepKH SqJq>eKTHBHOCTH cnnaBOB Hno6HSI c 6ollbmn:M co.nepJKaHHeM 

nnpKOHHSI B KaqecTBe M8Tepnana o6MOTKH cnepxnpoBO.QSllllHX.COneHOH.QOB 6blno peme

HO C03.Q8Tb MSI'JinT C BhlCOKOH nanpIDKeHHOCTbIO nO.:ISI. ling STOil nenn: Ha OCHOBBHHH 

npennapnTellbHbIX accne.noBaHHii 6hln Bhl6pan cnnan Nb - 75% Zr OTnn:qarolllHHCSI 

PSIAOM npeHMYllleCTB. Ero Bepxnee KPHTaqeCKoe MarHHTHoe none npeBhlWB~T 90 KI'C 
0 0 161 . 

npn 4,2 K l[ 120 KI'C llpH 1,2 K ; KpHTH'leCKHe TOKll nocne COOTBeTCTBYIOill0I'O 

14 

r f! 
I 
I 

(, 

t 

HH3KOTeMnepaTypHoro OTJKn:I'a OK83b!B8IOTCSI nenaMeHHO BblCOKHMH, IipHqeM OTCyT

CTBYIOT aq>q>eKTbl TpeHHPOBOK; nnaCTHqHOCTb ero ropaano Bhlllle, qeM y cnnaBOB C 

MeHblllHM coneplKBHHeM nHpKOHHSI. nocnennee o6cTOm'ellbCTBO noanonHno nonyqHTb 

_Mennoe nOKJlhlTHe TonmHnon 0,05-0,07 MM MeTOAOM nnaKn:pOBBHHSI (npoTSilKKll npo

nonoKH B MeAHOM 'qynKe'), KOTOphlit SIBnSieTCSI H8H6onee aqiq>eKTHBHbIM. B peayllb-
_117/ 

TaTe nonpo6HbIX HCcnenoBBHIUI 6hlnH onpeneneHhl onTHMBnbHbie ycnoBHSI TepMO-

MexanHqecKoil o6pa60TKH npononoKH H3 cnnana Nb - 75% Zr • npHBOASllllHe K Bbl-

COKHM j e . 6e3 noTepH _npoqnoCTH H nnacTH'IIIOCTH . ( npoMeJKyTO'IHblH OT:lKHI' na Alla-
. 0 

MeTpe, B 2-3 pa3a npenbIWaromeM Koaeqnhlii, npH TeMnepaType nopSIAKa 500 C B Te-

qenae 0,5-1 qac). 

B nponecce pa60Thl B03HHKna neo6XOAHMOCTb onpeneneHHSI OAHOPOAHOCTH npono

nOKH no nnHne. ling 3TOH nenH 6hlna paspa60Tana OpHI'HHSnbHSSI MeTOAHKa, n03BO

nHBlll8SI 6bICTpO nonyqaTb .naHHbie O KpHTH'leCKHX TOKax OTAe/IbHhlX yqacTKOB npOB0/10-

KH C nenbIO na6opa CTaTHCTHKH l[ BblSIB/IeHHSI 'nnoxax"' MeCT. :Cha MeTOAHKB nonpo6-

HO onacana B naccepTanHn:. 

B KOHUe qeTnepToii rnaBbl 1[3/IOJKeHbl pe3ynbTaTbl HCnbITBHHSI MBI'HHTHOH CHCTe

Mbl, COCTOSIIlleH _H3 KOM6HHBUHH CBepxnpOBOASIIllero coneHOHAa H naphl nonIOCOB-BCTa-
/19/ 

BOK 1[3 nepMeHAIOpa , • 0Ka3anOCH, 'ITO pa3MemenHe TBKHX BCTaBOK 1[3 q>eppoMar-

HeTHKa BHYTPH CBepXIIpOBOASIIllero coneHOHAB nOBhlWBeT ero KPHTHqecKHH TOK 3a 

cqeT o6paTHOI'O MarHHTHOI'O nOTOKa, yMeHblllaIOmero none B o6naCTH BHyTpeHHHX 

.BHTKOB. YnennqenHe le 38BHCHT OT q>OpMbl H paaMepoB nonIOCOB, 8 TBK:lKe OT 

aJ{aH nng naHnoro MaTepnana B none, 6nH3KOM K MaKCHMallbHOMY nonro conenon

na. KoncTpyKIUISI MarHHTa npaBenena na pac. 11, a xapaKTepHCTHKH MaTepnana co

neHOHAa~na pnc. 12. Ha sToro pncynKa BHAHO, qTo Koaq>q>nnneHT .nerpanannn nnaKn-

ponannoii MeAbIO npononoKH H3 Nb - 75% Zr npn 4,2°K noqTl[ He OT/IH'IBeTCSI OT 

enHHHUbX- AaJKe B o6naCTH MB/IhlX noneii. 3To CBHAeTenbCTByeT O BbICOKOii TOKOBOH 

CTa6HllbHOCTH MBTepaana •. Ilpa nOHHlKeHHH TeMnepaTyphl no 1, 7°K D onTHMBIIbHOM . 

pacnpeneneHHH TOKOB B Tpex ceKUHSIX conenou.na B aa30pe MeJKAy nonrocaMu - BCTaB

KaMH 6hlno nonyqeao MarHHTHoe none 103 Krc (npu nuaMeTpe nonroca 8 MM, nua

MeTpe HBKOHeqanKoB 1 MM, 3830pe 0,6 MM) • 

TaKHM o6paaoM, .nponepKa CBoiicTB TepMoo6pa6oTannoro cnnaBa· Nb-?5% Zr 

B KaqeCTBe MaTepHana o6MOTKH conenouna lIOATBepmma ero Bb!COKYIO TOK~BYIO CTa-

6DllbHOCTb H SqJq>eKTBBHOCTbo 
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0CHOBHhie peaynbT8Tbl JlRCCepT8llllll 

1. Coanaa KOMIIneKC arrrrapaTypbl nnsi llCCnenoBattHH KPllTll''!eCKllX TOKOB B 
• 

)KeCTKIIX CBepxrrpOBOAHllK8X (BKnro'!aH renHeBhlii KpllOCTaT C aeo6XOAHMblM 06opyno-

B8HneM; CIICTeMy sneKTpOHHOro yrrpaBneHIISI CHnbHb!MII TOK8Mll II 8BTOMaTll'!eCKoro 

KOHTponsi; PHA 11ccnenOBaTenbCKllX CBepxrrpoBOASIIUIIX MarHHTOB; ycTpoiiCTBa nns 113-

MepeHIIH MaranTaoro rronSI npn Hll3KllX TeMrrepaTypax). 

2. l13Mepeaa 3aBHCIIMOCTb T" , pn/ p 293oK n KpnTn'!ecKoii nnOTHOCTil TOKa 

oT cooTaBa xononHone¢opM11poBaHHhlX crrnaBOB. C yBen11qea11eM conep)Kaansi n11pKo-

ansr OT 20 no 80% Tc yMeHbmaeTCH OT 11,2 no 8,3°K; j" (27 Krc) ,nanaBT 

6onBB, '!BM na rropsrnoK, a P n / p 293 0 K YBBlll1'!11meTCSI OT 0,55 IlO'!Tll no en11HJ11lhl. 

3. TipoBeABHbl rronpo6Hble 11ccnenoBaHilSI 3aBilCilMOCTll KP11Tl1'!BCKOii nnOTHOCTl1 

ToKa B crrnaBaX Nb c 65-80% Zr oT BpBMenn II TeMrrBpaTypb! ·OT)Knra. 06aapy)KB-

HO, '!TO B IIPBAB8pllTBnbHO xononaonB$OpM11poBaHHbIX_ crrnaBaX KpllTll'!BCKaSI llIIOTHOCTb

TOKa B IIOllSIX "' 30 KrC Ilpll T •4,2°K YllBilll'!l!BaeTCSI B 5-30 pa3 ·(B 38B11CllMO

CTll oT cocTaBa) rrocnB KpaTKOBpBMeHHoro (0,5-3 qac) OT)K11fa npn TBMIIepaTypax 
0 5 2 

400-550 C, nocTurasr (1-2)•10 a/CM •. Tip11 3TOM '!BM Bb!WB COABp)KaHne llllPKOHIISI 

B crrnaBe, TeM Hll)Ke OIIT11M8llbHaSI TeMnepaTYPa OT)Kllra II TBM KOpO'!B BpBMSI OT

)l{I1ra, rrpnBonmuero K AOCTJl)Keffl!IO MaKCllMaIIbHO B03MO)KHbIX j C • 8Ta TeHABHlll1SI 

oco6eHHO 3aMBTHa rrpn H3MBpeHnsrx j c B o6paCTl1 BblCOKl1X noneii, 

4. CpaBaemre 3aBHCilMOCTll OT BpBMeHH· 11 TBMnepaTypbl OT)Kllra KPIITH'!eCKOll 

IlIIOTHOCT!l TOKa, C OAHOii CTOpOHbI, ll ¢n3H'!eCKilX CBOiiC'fB, pBarapyroinux Ha ¢a30BBt! 

COCTaB nccnBnOBaHHbIX cnnaBOB, C npyroii, IIOKa3bIB8BT, '!TO BhlmBonncaaHhlii pocT 

J CBSI3aH C BhineneaneM MeIIKOAilCilepcahIX '!8CTllll eu - Il a -¢a3bl , o6nanarowux 
C 

nnoxnMH CBepxnpOBOASimllMll CB011CTB8Mll, n, K8K rrpaBnno, conpOBO)KnaBTCSI yMeHb-

weaaeM IlIIOTHOCTll nnaeiiHblX ne¢eKTOB. Y CTaHOBIIBHO, '!TO Haa6onee BblCOKlle j c 

rronyqaJOTCSI Ha l!ll.'l8IlbHblX CT8AHSIX pacnana C BhtneneHHeM paBHOBeCHblX ¢a3, Korna 

'laCTHUbl eme AOCTaTO'lHO MeIIKOAIICilepcHbl. TioSIBneane .3aponb1weii · peKpllCTann113a

llllll He IIpllBOAIIT K IIOBbIWeHHIO j C 

5. BnepBb!e o6Hapy'1{eHo, 'ITO ecn11 rrocne TepMoo6pa6oTKl1 rrpoBonnTcSI xonon

Hasi ne¢opM8UllSI, TO aHil30TpOIIIISI KpllTH'leCKOro ToKa OTHOCHTellbHO yrna Me)Kny Ha

rrpaBIIeHHeM IlOIISI 11 IIIIOCKOCTbIO rrpoKaTKll rrpaKTil'!eCKil O'l'CYTCTByeT TOIIbKO B cnyqae 

BhineneHnn B cnnaBe MeTacTa6anbHOii oMera-¢a3hI ( 400-450°c). Tipn 6onee BhlCOKilX 

Il 6onee Hll3KllX TeMrrepaTypax OT)l{Hra 8Hll30Tponnn OKa3b!BaeTCSI 3H8'lllTellbHOii. 
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6. 8KcnepnMeHTanbHO noKa3aHo, '!TO npOMe:lKyTO'IHhlii OT)Kllr C nocnenyromeii 

xononHoii ne¢opManaeii npaBon11T K ropasno 6onee Bh!COKIIM no cpaBHea1110 c Koaeq

Hh!M OT)KllrOM Kpl1Tl1'!eCKllM nnOTHOCTSIM _TOKa B o6naCTn noneii, npeBbIWaIOIU11X 

40-50 Krc. 

7. HccnenoBaao Bn11sraue np11Meceii Kncnopona aa CBepxnpoBonmune CBOilCTBa 

cnnaBoa. YcTaHOBJieao, qTo c yBen11'!eHHeM conep)Kaansi Kncnopona pacnan onao

ponaoro TBepnoro paCTBopa npn OTJK11re npo11cxonnT c 6onee llb!COKOH CKOpOCTbIO. 

Tip11 3TOM nocTnraIOTCSI npaKT11'leCKll Te )Ke npenenhHbie 3Ha'IeHllSI j e 

6es K11cnopona, ·Ho 3a 6onee KopOTKoe BpeMSI OT2K11ra. 

, 'ITO 11 

8. Ha _nenOM pHAe np11MepOB noKa3aHO, 'ITO KpllTll'!eCKllii TOK B cnnaBaX, 

a'oo6me He nonBepraBIUllXCSI ne¢opM8llllll, MO)KeT 6bITb yBeIIH'!eH BO MHOro pas, ecna 

TeM ann llHbIM cnoco60M Il0Bb!Cl1Tb nnOTHOCTb MeIIKOAHCilepcHblX BKIIIO'IeHllil, 06-

nai:laIOlllllX IlIIOXl1M11 CBepxnpoBon~IIMll CBOHCTB8Ml1 ( aarrpnMep, 'IaCTl1ll Zr C 

11n11 Cu -¢a3bl). 8T11 pesym;TaTbl IlOATBep)K)laIOT HenpnMeHl1MOCTb • HllTSIHOii' Monena 

KpllTil'leCKllX TOKOB K o6bI'IHblM cnnaBaM 11 cornacyIOTCSI C nonyq>eHOMeHonor11'teCKOii 

Monen&ro AHnepcoaa. 

e. B pe3ynhTaTe 11ccne.ctOBaHHSI pHAa CBepxrrpOBonsrm11x coneHOllnOB IIOK838HO, 

'ITO Me2Kny s¢¢eKTaMil TpBHIIPOBOK rrp11 ll3MepeHl!SIX re B KOpOTKilX o6pasnax 11 

nerpanan11eii I 
e 

B coneHOllft8X cymeCTByeT rrpSIM8SI 38BllCl!MOCTb. 

10. BrrepBhle 06Hapy2Keao, 'ITO pa3MemeHne ¢eppoMarHHTHhIX nonrocoB-BCTaBOK 

BHYTPl1 CBepxnpoBonnmero coneao11na IlPl1BOnnT K HeKOTOpOMY pOCTY ero KPilTll'le

CKOro TOKa, OAHOBpeMeHHO 3Ha'!l!TenbHO yBenll'll1B8SI MarHl1THOe none B neaTpe en-

CTeMbl (Ha 20-30 Krc). PocT I" CBSI3aH c_ Han11q11eM o6paTHoro rroToKa B6n11-

3H HaMarHH'leHHbIX rronrocoB-BCTaBOK. 

11. OrrpeneneHbl OIITl!ManbHbie ycnOBII SI TepMOMeXaHl!'leCKOii o6pa6oTKII 1Ip0BO-

IIOKl1 H3 crrnana Nb - 75% Zr(npoMe:lKYTO'lHblii OT)Kllr np11 TeMIIepaTypa.x"' 500°C 

B Te'IeH11e 0,5 - 1 qac). 

Hs TaKoii rrpoBOIIOKII 113roT0Bne1rn n 11ccnenoBaHa CBepxrrpoBonmuasr MarHIITHaSI 

CIICTeMa, B KOTOpoii rronyqeHO rrone 103 Krc. TioKa3aao, 'ITO rrnaK11poBaHH8SI MeAbIO 

IlpOBOIIOKa 113 Nii - 75% Zr t IIOABeprHyTaSI OIITHMallbHOll TepMoo6pa60TKe, 0Tn11-

qaeTCSI BblCOKOii TOKOBOii CTa611IIbHOCTblO Il IIO'lTil IIOIIHblM OTCYTCTBl!eM s¢¢eKTOB 

nerpanan1111 TOKa. 
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Pac. 2. MaKpocTpyK-rypa npoBonoK aa Nb - 75% Zr 
BbIJleplKKH npa TeMnepaTypax: ( 1) - 900°; 
(4) -1400°C c nocnenyromell aaKanKoil. 
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P.ac. 3. BnasIHae 38KanKH OT BbIC0KHX TeMnepaTyp Ha T ' j (27 Krc), 
TBepnocT& H v , T3llC, 0CTST0'lH0e sneKTpoco;pOTaBEesae 

p n ( Nb - 75% Zr ) 
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Pac. 4. 3aancaMoCTb j (H) npa T•4,2°K npoaonoK aa Nb - Zr , nollaeprny-
. " 

l 

ThlX npoMelKyToqHOMY OllHOqacoaoMy OTlKl!ry. 

Nb -75% Zr 

Nb -67% Zr 

Nb -70%Zr 

: (I) - 570°; (2) - 400 

: (4) -500°c 

0 : (5) -500 C 
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(3)S00°c I H,.,.c 

Pac. 5. 3aaaCHMOCTb j (H) npOBOJIOK aa Nb-75 % Zr , llOllBeprHyThlX 
OKOH'i8TeJibHOMY COTlKHry npa pa3Hb1X TeMnepa-rypax a p83HOii nponon-

. 0 ( 0 ( 0 lKl!TeJibHOCTa. T = 4 ,2 K: (1 ) - x.n. i 2) - 450 , 3 q., 3 l - 450 , 1 q. 
· O O O 6 

(4)-450 d 0,5 'Ii (5)-500 
0

, 3 'I, (6)- 500 ,
0

1 'Ii (7) -500 d 0,5q,; 
(8)-550, 1 'Ii (9) - 550 , 00,5 'I. T=l,5 K: (6a) .- 500, 1 'lo 
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7. 3aBHCIIMOCTb OT TeMnepaTypbl OAHO'laCOBOl'O OT:lKllra <pll311'!eCKIIX CBOiiCTB 
cnnaaoa: a) Nb - 80% Zr ; 6) Nb - 75% Zr • AHH30Tponun KpHTH'!eCKOii 

nnoTHOCTH TOKa jc.L/ic.L.L B none 17 Krc; jc.l.L B none 27 Krc n 
yJ:tenba:oe aneKTpoconpoTHBne1me p - .nocne npoMe:lKyTO'!Horo OT:lKHl'a 
neHTO'leK TonmHHOii 1 MM c nocneAyJOmeii npoKaTKOii JlO 0,05 MM. 
Mo)lynb CABHI"a G II BHyTpea:a:ee Tpea:ue Q -I H3Mepnnucb Ha 

npoaonoKax o 0,25 MM. 
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3aB.IIC.IIMOCTb j (H) np.11 T = 4,2° K i:inn o6pasnoB .113 Nb - 75% Zr , 
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Pnc. 10. 38BHCIIMOCTb 061,eMHOi!: CHllbl IIHHHHHra OT HanpHlKeHHOCTH Mar.HHT-
HOI'O nomr 11.m1 Nb- 75% Zr .

0
, nonaeprayToro pa3H!,IM TepMoo6pa-

6oTKaM nocne 38KallKI{ OT 900 C (KpllBbie 1-4) R nocne XOllOllHOi!: 

neqiopM8llHR (KpllBbie 5). (1) ·- 6e3 /J,Oll0llHRT8llbHOI'O OT:>Kllra; 
( O CY ( O 2) - 450 , 1 'I.; (3) - 450 , 5

0
'1:.; 4) - 450 , 20 'lac; (5) -

0 · 0 
500 , 1 'lac - (5a) npir T '" 4,2 K, (56) np11 T'"l,5 K. 
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P11c, 12. 3aa11c11MoCTh J
0
(H) 11 Koaqxj,11n11eaTa nerpanan1111 nns npo,sonQK 11a 

Nb - 75% Zr • nons~_prayTblX 0K0H'jST8HbllPMY: (1) Jmll llp0M8l!CyT0'l-
H0MY (2) OTlK!lraM. 
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