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06Ufaa xapaKmepucmuKa paoombt 

AKTYaJibH0CTb TeMbl. B HaCT0Slmee BpeM51 BCe 6oJiblllee 3Ha'IeHne rrpno6peTaIOT 

rrpo6neMhI BJaHMo.neiicTBH51 rrepexo,nHbIX MeTaJIJIOB c rrpHMeCSIMH BHe.npeHH51 (C,N,O,H) 

B CBSl3H C 3a,uaqefi C03.!{aHH51 HOBblX KOHCTp)'KUHOHHblX MaTepnarroB ,nJI5I arperaT0B, 

pa60Ta10mnx B ycnOBH51X BblCOKOii: TeMrrepaTypbl, 3KCTpeMaJibHblX HarpY30K, 

arpec~HBHblX cpe.n II B IIOJI51X H3JI)"leHnii:. 

TipHMeCH BHe.npeHH51 pa,uHKaJibHO 113MeH51IOT MexaHU'IeCKlle II Kopp03110HHble 

CBOHCTBa CIIJiaBOB: OHII MOryr YBeJIH'IHTb rrpO'IHOCTHhle CBOHCTBa CIIJiaB0B B 2-3 pa3a, 

rrpnBecm K oxpyrrq11BaH11IO MaTep11arra, Me:lKKpllCTaJIJIHTHOH Kopp03llll [l-2]. 

Harrnq11e npHMeceii: BHe.npeHH51 K0HTpon11pyeT lllllpOKIIH cneKTP qJ113H'IeCKIIX 

CBOHCTB MeTaJIJIOB II CIIJiaBOB. B qaCTHOCTII, .necpeKTbl pellleTKII BJIH51IOT Ha .0:IIHaMllKy 

pellleTKII, npllB0.!{51 K 113MeHeHHIO cneKTpa qaCT0T HOpMaJibHblX KOJie6aHHH, 

B03HIIKHOBeHIIIO JI0KaJibHblX pe30HaHCHbIX MO.!{, 113MeHeHIIIO SIBJieHIIH nepeHOCa: 

TeIIJionpoBO.!{HOCTII II 3JieKTponpOBO.!{H0CTII [3]. 

PamH'IHblMII MeT0.!{aMII .!{0Ka3aHO, 'ITO np11 He 0'IeHb Hll3KIIX KOHI~eHTpaUH51x 

( -1 aT. % ) aT0Mbl BHe.npeHH51 aKTIIBH0 B3aHMo.neiICTBYJOT .npyr c .npyroM 11 .npyrHMII 

.necpeKTaMII KpllCTaJIJIH'IeCKOii pellleTKII, HanpHMep, aTOMaMII 3aMemeHH51. 

TipHMeHeH11e Me;o.na Heynpyroro pacceSIHH51 HeirrpoHoB (HPH) B p51JJ:Y ):(l}yrnx 

MeT0.!{0B SIBJI51eTCSI aKTyarrbHbIM, TaK KaK OH SIBJI51eTCSI YHIIKaJibHblM IIHCTpyMeHTOM 

npSIMoro MIIKpocKonnqecKoro 11ccrre.noBaHH51 Bemecrna, .na10mHM Ha,ue:lKHYJO 

IIHqJOpM~IIIO O Me:lKaT0MHbIX B3aHMo.neii:CTBH51X. B qaCTHOCTII, B CIICTeMax C 

T0'Ie'IHbIMII .necpeKTaMII, r.ne :;meprn11 JI0KaJibHbIX KOrre6aH11ii aTOM0B BHe.npeHH51 II 

3aMemeHH51 onpe,neJISIIOTCSI CIIJIOBblMII B3aHMo.neiiCTBH51MII C 6Jill)KallllIHMII aT0MaMII 

peI1IeTK11, Me-ro.n HPH He3aMeHHM. 

lleJihIO HaCToameii pa60TI,I SIBJI51eTCSI CIICTeMaTHtJeCK0e 3KCnepHMeHTaJibH0e 

113)"leH11e B3aHMo,neii:CTBH51 npHMeceii BHe,npeHH51 C aTOMaMII 3aMemeHH51 B TpOHHblX 

rnep,nbIX paCTBOpax nepeX0.!{HbIX MeTaJIJI0B MeT0.!{OM Heii:TpOHHOH cneKTpOCKOilllll .nJI5I 
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YCTaHORJiemrn prurn: neqiopMaQHOHHOf'O H XHMH'!eCKOro B3aHMO.!{eikTBIDI Me)K.!];y 3THMH 

neqieKTaMH KpHCTaJIJIH'!eCKOH pellleTKH. .nrur 3THX uerreii noHano6IJJiacb pa3pa6oTKa 

MeTO.!{HKH paC'!eTa KOJie6aTeJibHbIX cneKTpOB KOMIIJieKCOB neqieKTOB n TBep.!{blX 

paCTBopax nepeXO.!{Hb!X MeTaJIJIOB H CpaBHeHIDI HX 3KCnepHMeHTaJibHbIMH ,!{aHHblMH no 

JIOKaJibHbIM MO.!{aM B 3THX CHCTeMaX, nonyqeHHblX C nOMOIUbIO HeiiTpOHHOH 

cneKTpOCKOnHH. 

Hayirnrui H0BH3Ha H npaKTINCCKaJI IICHH0CTb pa60TbI 3aKJIIO'!aeTC.sI B 

cnenyromeM: HJ MHoroo6pa3IDI TpoiiHhrx cnCTeM Meo-Me,-i HJIH Meo-i-i', rne Meo -

nepeXO.!{HblH MeTaJIJI-OCHOBa; Me, - nernpyromnii MeTaJIJI (npHMeCb 3aMemeHIDI); i, i' -

npHMeCH BHe.!{peHIDI, BhI6Hpanncb CHCTeMbl c BepOl'!THblM MaKCHMaJibHblM 

neqiopMaUHOHHbIM H MHHHMaJibHbIM XHMH'!eCKHM B3aHMO.!{eHCTBIDIMH. 3To 

o6ecire'!HBaJIOCb 60JibllIHM pa3JIH'!HeM aTOMHbIX PaAHYCOB Meo H Me, H 6JIH30CTbIO HX 

pacnoJIO)KeHIDI B nepHO.!{H'!eCKOH CHCTeMe .D:.H.MeHAerreena. .nrur CHCTeM C 

MHHHMaJibHblM neqiopMaUHOHHb!M H 60JibllIHM XlfMH'!eCKHM B3aHMo.!{eHCTBIDIMH 

pa3HOCTb aTOMHbIX PaAHYCOB Meo H Me, BbI6npanacb MHHHMaJibHOH, a XHMH'!eCKOe 

B3aHMO.!{eiicTBne Meo-i H Me,-i- ClJJlbHO OTJIH'!aIOIUHMC.sI. 

B TaKHX CHCTeMaX 6hmH H3MepeHbl JIOKaJibHble MO.!{bl (JIM) i-aTOMOB H RlIIDIHHe 

Ha HHX Me,-KOMnOHeHTbl. 0 HaJIH'!HH Me,-i IJJIH i-i ' - B3aHMo.!{eiicTBIDI CYAIJJIH no 

H3MeHeHHIO nOJIO)KeHIDI IJJIH pacmeIIJieHIDI JIM i-aTOMOB. OnHCaHHe H3MeHeHHH JIM 

aTOMOB BHenpeHIDI TaK)Ke noTpe6onano HOBOro IIO.!{XO.!{a: 

1). H3 H3BeCTHbIX IJJIH BHOBb H3MepeHHb!X cneKTpOB Heyrrpyroro HeKorepeHTHOro 

pacce.sIHIDI HeiiTpOHOB 6bmH Bbl'!HCJieHbl He ClJJIOBbie KOHCTaHTbl, KaK 3TO o6b!'!HO 

nerraeTC.sI, a 3MIIHpH'IeCKHe napHb!e noTeHUHaJibI CHCTeM Meo-i, Me,-i, Meo-Me, H T . .!{. 

2). Pa3pa6oTaHbl cneQHaJibHbie KOMIIbIOTepHbie nporpaMMbl [4] OIIHChIBaIOIUHe 

.!{HHaMHKY KpHCTaJIJIH'!eCKOH peIUeTKH MHKpOKpHCTaJIJIHTa C pa3Hb!MH 

.!{eqieKTOB C ytieTOM .!{eqiopMaUHOHHOro B3aHMO.!{eficTBIDI. 
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3). PactJHTaHHbie TaKIIM o6pa30M ,!{aHHble cpaBHIIBaJIII C 3KcnepHMeHTaJibHbIMH 

.!{aHHbIMH no JIM B TpOHHblX CIICTeMax II 3HeprIDIMII Me,-i B3aHMO.!{eHCTBIDI, 

nonyqeHHblMII APYfHMII MeTO.!{aMII. 

IIpeHMymecTBo TaKOf'O no.!{XO,!{a COCTOHT B TOM, 'ITO 3MilHpH'!eCKHe napHbie 

IlOTeHI_\IIaJibI Il03B0Jl.s!IOT yqecTb perraKCal.lIIIO aTOMOB MaTpHUbl Ha MeCTe ,!{eqJeKTOB H 

oueHHTb CMemeHIDI aTOMOB BHenpeHIDI H3 BbICOKOCUMMeTpH'!HbIX no3IIUIIH II, TaKHM 

o6pa30M, ycTaHOBIITb CTeneHb CH.sITIDI BbipO)K.!];eHIDI JIOKaJibHbIX MO.I{ IIO.!{ ,!{eHCTBHeM 

Apyroro .!{eqieKTa. KpoMe Toro, pac'leT perraKCIIpoBaHHOro COCTO.s!HIDI KOMIIJieKca 

neqieKTOB He TOJibKO II03BOJI.sieT BbI'!IICJIHTb JIOKaJibHbie MO.!{bl B 6onee CJIO)KHbIX, 

TpOHHblX CIICTeMaX, HO H oueHHTb reoMeTpHIO KOMIIJieKCOB .!{eqieKTOB II 3Heprnro IIX 

o6pa3oBaHIDI. 

IIpaKTH'!eCKaJI ueHHOCTb HaCTO.sIIUeii pa60Tbl COCTOHT B TOM, 'ITO OHa II03BOJI.sieT 

npe.!{JIO)KlfTb HOBbie IlO.!{XO.!{bI K nernpoBaHIIIO nepeXO.!{HbIX MeTaJIJIOB: JMeHbllIHTb 

RJIIDIHIDI oxpynqIInaHID1 MeTann:on 3a C'leT npHMeceii BHe.!{peHIDI, oco6eHHO BO.!{opona; 

060.sICHHTb MexaHII3M II3MeHeHIDI MexaHH'!eCKIIX II KOpp03HOHHhlX CBOHCTB CIIJiaBOB C 

npIIMeC.sIMII BHe.!{peHIDI II HaHTH OilTHMaJibHhie pe)KHMbl TepMoo6pa6oTKH CIIJiaBOB 3a 

ctJeT non6opa nepepacnpenerreHIDI aToMOB BHe.!{peHIDI B cIIJiane. 

Oco6aJI ponb HeiiTpOHHOH cneKTpOCKOilHH (HC) npo.siBJI.sieTC.sI n myqeHHII 

aJOTIICTblX CTaneii, me OHa Il03B0JIIJJia npe.!{JIO)KlfTb CBOe o6n.sicHeHHe npeHMymecTBa 

a30Ta nepen yrnepO.!{OM B 3TOM aKTYaJibHOM HanpaRJieHHH COBpeMeHHOH MeTann:yprnII 

[2,5]. 

.D:aHHbie HC ,!{aIOT HeoueHHMblH BKJla,!I n perueHHH npo6neMbI Me)KaTOMHblX 

IIOTeHUHaJIOB CIIJiaBOB. 

Anpo6amrn pa60TbI. OCHOBHbie pe3yJihTaTbI IICCJie.!{OBaHIDI .!{OKJla,!lb!BaJIHCb Ha 

.!{Byx ceMHHapax n OT,!{erre qJH3HKH KOHAeHCIIpOBaHHbIX cpe.!{ Jia6opaTOpIIII HeiiTpOHHOH 

qJH3HKII HM.<l>paHKa (.D:y6Ha, 1998); XV Me)K.!];yHapO.!{HOM COB~IUaHIIII no 

HCIIOJib30BaHHIO HeiiTpoHOB B qJII3HKe TBep.!{Of'O Terra (3ape'!Hb!H, 17-23 Mapra 1997, 

PoccIDI); 5th International Conference on Nigh Nitrogen Steels (Espoo-Finland, May 
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24-26, 1998, Stockholm-Sweden, May 27-28, 1998); International symposium on 

Metal Hydrogen Systems fundamentals and applications (Les Diablerets, Switzerland, 

august 25-30, 1996), a TaIOKe orry6m1KoBaHbI B 6 pa6ornx. 

Ha 3anm:ry BhlllBIIraIQTcH cnenyiomIIe pe3yrrhTaTbi: 

• IlOJI)"IeHbI yttHKaJibHbie 3KcnepIIMeHTaJibHbie .n:aHHbie no BJIHHHIIIO TpeTbIIX 

KOMnOHeHT Ha JIM aTOMOB ilHe.n:peHHH B nepeXO,llHbIX MeTarrrrax B CIICTeMaX Ha 

OCHOBe )KeJie3a, TaHTaJia, Baml,n;HH II TIITaHa. 

• BnepBbie MeTO.D:OM HeirrpOHHOil: cneKTpOCKOnIIII .D:OKa3aHO cymeCTBOBaHIIe CIIJibHOil: 

XIIMII'IeCKOH CBH3II Cr-N B a30TIICTbIX aycTeHIITaX. HaJIII'IIIe aToro B3aIIMO,n:eil:CTBHH 

o6ycrraBJIIIBaeT 3aXBaT aTOMOB a30Ta Ha aTOMaX xpoMa, YMeHbUieHIIe .n:mpcpy3IIII 

aJOTa, ycIIJieHIIe CTa6IIJlbHOCTII rnep.n:oro pacrnopa II 60Jiee acpcpeKTIIBHOe 

TOpMO:lKeHIIe .D:IICJIOKitUIIH. 

• Ilpenrro:lKeH HOBbIH no.n:xo.n: II pa3pa60TaH KOMnrreKC nporpaMM no paC'IeTY C.D:BIIfOB 

II pacmenrreHHH cpyttnaMeHTaJibHbIX KOJie6aHIIH aTOMOB BHe.n:peHHH npII IIX 

B3aIIMo,n;eil:CTBIIH .n:pyr C .n:pyroM II .n:pyrIIMII .n:ecpeKTaMII. Pac'IeTHaH MeTO.D:IIKa 

ycneIIIHO 6bIJia IICnOJib30BaHa nrrH onIICaHHH KOMilJieKCOB .n:ecpeKTOB B rnnp11nax II 

rnep,n:bIX paCTBopax V2H, YHx, TaNxHy, TaVxN, NbVxHy II VOxHy. Pac'IeTHhie 

,n:aHHble xopOIIIO cornaC)'IOTCH C 3KCnepIIMeHTaJibHbIMII HeirrpOHHb!MII ,n;aHHbIMII II 

000,HCHHIOT PM ,n;aHHbIX, KOTOpbie HeB03MO:lKHO 000,HCHIITb B paMKaX pacqern 

CIIJIOBbIX KOHCTaHT 6e3 yqern npoueccoB perraKCa[(IIII BOKpyr .n:ecpeKTOB. 

CrpyK:rypa II ofo,eM pa6o:rb1. .D:IIccePTauHH cocToIIT 113 IIHTII rnaB, 3aKJIJO'IeiiHH 

II cnIIcKa JIIITeparypbI. OHa co.n:ep:lKIIT 115 CTpaHII[( MaUIIIHOnIICHOro TeKCTa, BKJIIO'IaH 

39 pIICYffKOB, 17 Ta6JIII[(. CnIICOK JIIITepaTypbI COCTOIIT 113 119 CCbIJIOK. 

Ocuo«noe co<>e,pwmue pa6omw 

B nepBoii rrraBe ccpopMyJIIIpoBaHa uerrh pa60ThI II ee aKTYaJibHOCTb. IlpIIBe,n:eH 

ofoop JIIITeparypHbIX ,n:aHHb!X no IIccrre.n:oBaHIIIO 6IIHapHbIX CIICTeM. 

JiernpOBaHIIe nepexo,n:Hb!X MeTarrJIOB III-V rpynn, 3JieMeHTaMII BHe.n:peHHH, KaK 

npaBIIJIO, npIIBO.D:IIT K ycIIJieHIIIO MeTarrJIII'IeCKOH CBH3II, HeCMOTPH Ha YBeJIII'IeHIIe 
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napaMeTpOB MeTarrJIII'IeCKOH peUieTKII. YcIIJieHIIe MeTarrJIH'IeCKOH CBH3II nITH MeTarrJIOB 

Ha'Iana pH.n:a Bb!3BaHO noHH:lKeHIIeM IlJIOTHOCTII COCTOHHHH Ha ypOBHe <l>epMII II3-3a 

BJJIIHHHH aJieMeHTOB BHe.n:peHHH II )'MeHbIIIeHHH aKpaHIIpOBKII Me:lKIIOHHOro 

npurn:lKeHHH. B KOH[(e 3d-pH.n:a 3JieMeHTbl BHe.n:peHHH JIH60 OCJia6JIHJOT MeTarrJIII'IeCKYJO 

cBH3b, KaK Bo.n:opo.n: B Pd [6], JIII6o He H3MeHHJOT ee KaK C II N B cnrraBax )KeJie3a [7]. 

IlpHHHTO C'IHTaTb, 'ITO 3TO OCJia6JieH11e Bbl3BaHo nona,n:aHIIeM pa3pWUIHJOII(ero ypOBHH 

Ha ypoBeHb <l>epMH [8]. 

qro6b1 npocJie.D:IITb 3aBIICHMOCTb 3Hepmil: JIM IIJIII CIIJIOBb!X KOHCTaHT OT 

3JieMeHTa BHe.n:peHHH II IlOJIO)KeHHH nepexo.n:Horo MeTarrrra B PH.D:Y nepHO.D:II'IeCKOil: 

CIICTeMbl, 3KcnepIIMeHTaJibHbie .n:aHHbie 6bIJIII npe.n:cTaBJJeHbl B BIIne 3aBHCHMOCTeJ1 

y(rMe-x) (p11c.l), r.n:e rMe-X 03Ha'IaeT paCCTOHHIIe OT [(eHTpa OKTaa.n:pII'IeCKOll IIJIU 

TeTpaa.n:p11'IeCKOH Il03H[(HII .n:o 6JIII)KaHIIIHX MeTarrJIII'IeCKIIX aTOMOB 6e3 yqern 

JIOKaJibHOH .D:IICTOpCIIH Ha MeCTe BHe.n:peHHH [9]. 
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Puc.I 3aoucUMoCmb CUJIOBblX KOHcma,an 

Mema.Jl.11-HeMema.Jl.ll om HepeJ1aKcupooaH­

HOZO paccmo11HUJ1 Me,Koy amoMaMU OJIJI 

awma (] ), KUCJlOpooa (2 ), yzJ1epooa ( 3 ), 

800opooa 8 mempa3opu11eCKOU no1u11uu 

(4), 8000pooa 8 OKma3opu11eCKOU 

no3UIJUU ( 5 ), 

OKma:10pu11eCKOU 

CeH3 u LaH6 

oooopooa 8 

no1u11uu zuopuoo8 

(6) u 800opooa 8 

mempa3opu11eCKOU no1u11uu zuopuoo8 

(KpUBGJI Pocca [ 101) (7). 
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Ilplfl-lllHOH pe3KOro B03paCTaHIDI "{(rM,-x) WI.SI rM,-r-1.9 A, IlO-BimHMOM)', 

Cll)')KHT ycHneHHe OITanKHBaHID! Me,KY3enbHb!X aTOMOB H3-3a B03pacTaHIDI 

0 
CTPYKTypHoro HecooTBeTCTBIDI. Pe3Koe na,n:eHHe "{(rM,-x) npH rM,-x~2.1 A CBll3aHo, 

Hao6opoT, co CB060AHb!M BXO~eHHeM aTOMa X B Me~oymHe. B 3TOM AHana30He 

rM,-X, IlO-BimHMOMY, cymecrneHHYJO ponb Ha'IHHaeT HrpaTb XHMH'IeCKal! CBll3b Me-X, 

KOTOIJal! ocna6eBaeT c pOCTOM rM,-X, 'ITO H npHBOAHT K YMeHbllleHHIO "{(rM,-x) [9]. 

Bo BTopoij [JiaBe npHBOAHTCll KpaTKHH o63op 3KCnepHMeHTanbHb!X AaHHb!X no 

myqeHHIO TpOHHb!X TBepAbIX pacrnopoB nepeXOAHb!X MeTannOB paIDH'IHblMH 

3KCnepHMemanbHb!MH MeTOAaMH: MeTOAOM BHyrpeHHOro TpeHIDI, KaHanHpoBaHID! 

6b!CTpbIX HOHOB, TepMOAHHaMH'IeCKHMH, c IlOMOIIJblO H3MepeHID! TpaHcnopTHb!X 

xapaKTepHCTHK II T.A. 

TepMOAIIHaMH'IeCKile AaHHbie, KaK npaBHnO, OTHOCllTCll K Bb!COKHM 

TeMnepaTypaM, II, l!Bnlll!Cb pe3ynbTaTaMII MaKpOCKOilH'IeCKHX H3MepeHHH CHCTeMbl, He 

Moryr AaTb OAH03Ha'IHOH HH<pOpMaUHH Ha aTOMHOM YP0BHe. I1cnonb30BaHHe MeTOAa 

BHyrpeHHOro TpeHID! cnoco6crnyeT nonyqeHHIO HHCpopMaUHII Ha aTOMHOM ypOBHe, 

IlOCKOllbKY AaeT. B03MO)KHOCTb AmpcpepeHUHPOBaTb aTOMbl BHeApeHIDI B rnepAOM 

pacrnope cnnaBoB C OIJ.K pell!eTKOH. C IlOMOIIJblO AaHHb!X, nonyqeHHbIX 

BbillleYKaJaHHb!MII MeTOAaMII, HeB03M0)KHO IlOCTpOHTb MOAenb B3aHMOAeHCTBHH 

KOMilneKCOB Ae<peKTOB B rnepAblX pacrnopax nepeXOAHb!X MeTannOB. B3aHMOAeHCTBIDI 

aTOMOB BHeApeHID! C ApymM Ae<peKTaMII myqeHo Il0Apo6Ho TOllbKO ]lJlSI HII06IDI. 

TpCThll maBa IlOCBllIIJeHa OilIICaHHIO 3KCnepHMeIITanbHOH YCTaHOBKII H 

HCcneeyeMb!X . o6pa3UOB, npoueAYPe npoBeAeHIDI H3MepeHHH H o6pa60TKe 

3KcnepHMeIITanbHb!X AaHHbIX. 3KcnepHMeIITanbHal! 'IaCTb pa6on1 6bma Bb!IlOnHeHa Ha 

cneKTpoMeTpe o6paTHoii reoMeTPHH K,IJ,COr-M [11], ycTaHOBneHHOM Ha HMnynbcHoM 

peaKTOpe MEP-2 B ,Ily6He, 3HepreTH'IeCKOe pa3pellleHHe KOTOporo B o6nacTII nepeAa'I 

3HepmH - 70 M3B COCTaBnlleT 5 M3B. <I>a30Bblll COCTaB o6pa3UOB onpeAenl!nCll 

HefupoHorpacpH'IecKII Ha nopoll!KoBoM AH<ppaKTOMeTpe peaKTopa BBP-U (r.O6HHHCK). 
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B '-ICTBCpTOH rnaBe npHBOAJ!TCll pe3ynbTaTbl 3KcnepHMelITOB. 

Cucme.Mbl VOo.oJ/0.03 u VHo.01. 3KcnepHMeIITanbHbie AaHHbie npI1BeAeHbI B Ta6n.1. 

Ta611u11a 1. lloJ10:)Ke11ue Eu noJ1yiuupu111Jt L1E JIOKll.JlbllblX .Moo Booopooa B 'lUcmo.M Ba11aouu u 

Ba11aouu c KuCJ1opooo.M B wBucU.Mocmu om me.unepamypbl o6pa31jOB (B .M3B). 

VHo.01 VO0.06Ho.03 

T°K I II III I II III 
E Ae E AE E Ae E Ae E 'Ae E AE 

300- 108 50 180 57 60 31 117 60 180* 

290 44.4 23 121 60 

280 47.0 20 120 55 
270 49.0 28 120 50 60 30 120 60 180* 

260 50.0 28 130 60 

250 51.5 28 130 60 

240 53.3 28 130 70 180* 59.4 35 112.2 46 

220 53.0 28 130 60 

210 53.0 28 130 50 180* 56.4 30 122 69 

80 53.0 26 130 60 

* - nne'Io. 

IloKa3aHO, 'ITO KilcnOpOA He IlOAaBnlleT rimpimoo6pa30BaHHe B BaHa,n:HII (B 

OTllH'IHe OT KHcnopoAa B HH06HII II a30Ta B Tamane), a TOllbKO 3aMe]lJ!lleT 3TOT 

npouecc. B BaHa.D:IIII 3axBaT BOAOpoAa KHcnopOAOM conpOBO,KAaeTCll H3MeHeHHeM 

KOOPAHHaUHH BOAOPOAa C TeTpa3ApH'IeCKOH Ha OKTa3ApH'IeCKYJO. OAHaKO, IlOCKOllbKY B 

c;HcTeMe V-H, 6nI1,Kaiiurnii K BaHa.D:IIIO rimpim (~-V 2H) HMeeT TaK)Ke OKTa3ApH'IeCKYIO 

KOOPAIIHaulllO BOAOPOAa, TO IIOAaBneHlle rimpimoo6pa30BaHIDI ll3-3a O-H 

B3aHMOAeHCTBIDI B BaHa,n:IIH He npOIICXOAHT, a MeHlleTCll TOllbKO TeMrrepaTypa 

Bb!Ila.D:eHIDI 3TOro rimpima II MexaHH3M 3apo~eHIDI rimPimHOH cpa3bl. 

3axBam BoiJopoiJa ruomo.M B maumaJle. 3KcrrepHMeIITanbHbie AaHHbie npllBeAeHbI B 

Ta6n.2. B cx.-TaHo.045 rrpll -IIOHH,KeHHH TeMrrepaTypb! Hall6onee IIIITeHCIIBHbIH IlHK ( 116 

M3B) CMeIIJaeTCll Ha 9 M3B B o6naCTb Bb!COKHX 3Hepmii, 'ITO cornaCHO AllarpaMMe 

coCTOllHIDI, cBimeTenbcrnyer o Bhma,n:eHHH ~-TaH rimpima. B cnnaB~ TaNo.02 II 

Ta Vo,03No.02 3HepmI1 KOne6aHHii BOAOPOAa rrpaKTH'IeCKII He MeHlllOTCll C IlOHH,KeHlleM 
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TeMrrepaTypbl BITJIOTh .o:o 20K H 3TOT <paKT CBH,o:eTeJibCTByeT O 3aXBaTe BO.O:opo.o:a Ha 

a30Te lfJIH KOMITJieKce a30T-BaHa,o:Hil:. 

Ta6J1U1Ja 2. flOJIO:>KeHue u IUUpUHl,l (8 CK06Kax) JIOKaJlbHblX MOO 80oopooa (8 M3B). 

T,K TaNo.02Ho.045 Ta Vo.03No.02Ho.02 TaHo.045 

300 117 163 115 85 116 164 

17 47 25 50) (28) (18 

80 100 118 168 IOI 116 162 

40 12 20 40 12 60 

20 I 102 118 168 98 116 176 85 125 

15 15 12 8) (40) (10) (12 

Booopoo 6 moepoo.M pacmoope TiNo.os, 3KcrrepHMeHTaJihHhie .o:aHHhre rrpHBe.o:eHhI B 

Ta6JI.3. IloKa3aHO, 'ITO 3HepIWI KOJie6aHIDI BO,o:opo.o:a B OKTaa.o:pH'IeCKHX rrycTOTaX 

eoCTaBJUieT - 105 M3B OT KOMHaTHOH TeMrrepaTypbl .o:o 80K H .o:omr OKTaa.o:pH'IeeKOro 

BO.O:Opo.o:a 3aMeTHO B03paCTaeT ITO Mepe ITOHH)KeHIDI TeMrrepaTypbI H eoeTaBJUieT rrpH 

80K -20% OT Beero paCTBOpeHHoro BO,o:opo.o:a. OeHOBHIDI )Ke qaeTb BO,o:opo.o:a BhIITa,o:aeT 

B BH,o:e ru.o:pu.o:a THTaHa e 3Heprneil: KOJie6aHIDI 153 M3B. O.o:HaKO rro.o:aBHTb 

ru.o:pu.o:oo6pa30BaHHe 3a e'IeT N-H B3aHMo.o:eil:eTBIDI He y.o:aeTex. 

Ta611.3 lloJIO:>KeHue u IUUpUHbl (8 CK06Kax) JIOKaJlbllblX MOO 800opooa u a3oma (8 M3B) 

T,K 

300 73 

210 

80 153 (39 

13 73 (8 108 (25 153 (36 

TaKHM o6pa30M, epaBHHTeJihH0e myqeHHe B3aHMo.o:eil:CTBIDI KHeJiopo.o:a HJIH 

a30Ta e Bo.o:opo.o:oM rrpH HH3KHX TeMrrepaTypax ITOKa3aJIO, 'ITO HaH60JibllIHll aq,<peKT -

ITOJIHOe rro,o:aBJieHHe ru.o:pu.o:oo6pa3oBaHIDI - Ha6mo.o:aeTex B MeTaJIJiax V rpyrrrrhI, 

Hlf06HH H TaHTaJie, rrpH'IeM B TaHTaJie Bo.o:opo.o: ,O:a)Ke CMemaeTex H3 

QeHTpoeHMMeTpH'IHOll IT03HQHH. B BaHa.D:HH 3axBaT BO.O:Opo.o:a KHCJIOpo.o:oM 

eorrpOBO)K.!l:aeTeX H3MeHeHHeM KOOp.O:HHaQHH BO.O:Opo.o:a e TeTpaa,o:pH'IeeKOll Ha 
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OKTaa.o:prrqecKylO. O.o:HaKO, rroeKOJihKY B eHeTeMe V-H 6JIH)Kal!IIIH11 K BaHa.D:HIO ru.o:pu.o: 

( P-V 2H) HMeeT TaK)Ke oKTaa.o:puqeeKyIO K00p.O:HHaUHIO Bo.o:opo.o:a, TO rro.o:aBJieHHe 

ru.o:pu.o:oo6pa3oBaHIDI H3-3a O~H B3aHMo.o:e11eTBIDI B BaHa,o:HH He rrpouexo.o:HT, a 

MeHXeTCX TOJibKO TeMrrepaTypa Bbma,o:eHIDI 3TOro ru.o:pu.o:a lI MexaHH3M 3apo)K.!l:eHIDI 

ru.o:pu.o:Holl <pa3hI. 

H3y'lenue awmucmbtX cma.1teu MemoooM HPH. I). MeTo.o:oM HPH HeCJie,o:oBaHa 

.O:HHaMHKa BHe,!lpeHHbIX aTOMOB B0,!10po,11a B a30TOeo,11ep)KamHx ayeTeHHTHbIX ernmrx 

Xl8ArI5 e 0.6% Bee. N II Xl8Hl5ArI0 e 0.5% Bee. N. Ilo-BH.o:HMOMY, Bhma.o:eHIDI 

ru.o:pu.o:a rrpH HH3KHX TeMrrepaTypax He rrpoueXO,!llIT, rroeKOJihKY HeT cymeerneHHbIX 

H3MeHeHHll 3HeprnH H IIIHPHHhl IT0JI0ebI eBJBaHHOll e BO,!IOpO,!IOM rrpH rrepexo,11e OT 

KOMHaTHOll TeMrrepaTypbl K TeMrrepaType )KH,o:KOro a3oTa. 

2). MeTO.O:OM HPH H3yqeHO Me)KaTOMHOe B3aHMo.o:el!CTBHe B a3oTHeTOM 

xpOMOMapraHQeBOM ayCTeHHTe e pa3H011 KOHQeHTpauHel! a30Ta. 3KerrepHMeHTaJihHble 

,[laHHbie rrpHBe,o:eHhl B Ta6JI.4. 

Ta611.4 Cocmao, cmyKmypa u ornoon1,1e xapaKmepucmuKu cjJonoHHblX cneKmpoo 

xpoMoMapzaHIJe8blX cmaJ1eu c momoM 

CocTaB, %Bee TiocT0llH. OcHOBHble napru.teTpbl 

peUieTKH cboHOHHblX crreKTDOB 

N Cr Mn Si 
0 

Enon Eu EnoK A 

0.48 19.3 12.5 0.45 3.61 22.5 33.5 77.7±1.0 

0.97 19.2 17.8 0.45 3.63 22.5 33.5 78.3±1.0 

1.12 19.4 17.8 0.45 3.64 22.5 33.5 77.2±0.8 

Enon - nonepe'IHCUI ,mepzU11 KOJ1e6anuu MampulJbl (3KM), e,a - zpaHU'IHCU! 3KM, 

eJIO"' L1e.11o< - 3HepzU11 u mupuna 110KaJ1bHOU MOObl mama. 

dEnoK 

13.0±2 

8.0±2 
8.0±2 

AnaJIH3 aKerrepHMeHTaJihHblX ,[laHHhIX ITOKa3bIBaeT, 'ITO B xpoMOMapranueBOM 

ayeTenHTe C KpeMnHeM MeTaJIJIH'IeeKIDI eBX3b He yeHJIHBaeTe51 rrpH YBeJIH'IeHHH 

eo,11ep)KaHIDI a30Ta II .o:a)Ke tteMttoro CJia6ee, 'IeM B 06h1'Ino11 nep)KaBe10me11 eTaJIH, a 

TaK)Ke eBX3h MeTaJIJI-a30T B xpoMoMapranueBoM ayCTeHHTe oCJia6mreTex e YBeJIH'IemteM 

KOHQeHTpaUHH Mapranua. 
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3). nhmn lf3)"1eHhI HPH eneKTphI TpoiiHhIX eneTeM Fe-Cr-N II Fe-Mn-N, a TaK)Ke 

6nHapHhIX eoe,!{lfHeHIIH: HIITplf,!{0B xpoMa Cr2N If MapraHI.(a Mn4N, 'ITO Il03B0JIIIJI0 

e,!{eJiaTh Bh!B0,!{hl 06 0TJilflllflf noBe,!{eHIDI a3oTa OT yrnepo,!{a B eTamJX Ha aT0MH0M 

yp0BHe. 3Heprnn KOJie6aHlfll II lfX nmpnHhl (pne.2, Ta6n.5) elfJihH0 pa3JilfliaIOTeH B 

3aB~leHMoeTH OT aToMa BHe,!{peHIDI If nernpyiomero MeTaJIJilflJeeK0fO K0Mil0HeHrn: 

a). 3Hep~ JIM a3oTa B xp0MHeTh!X ayeTeHHTax cna6o 3aBnenT OT KOHUeHTpaun11 Cr 

If N, HO eymeerneHH0 Bhlllle lJeM B MapraHU0BHeT0M (Ha 9 M3B). 

6). 3Hep~ JIM yrnepo,!{a npaKTlflleeKn He 3aBnem OT nernpy10mero MeTaJIJia Cr, Mn, 

Ni B )KeJie3e. Ecnn yqeeTh, 'ITO yrnepo.!{ nertJe a3orn, TO B nepeetJeTe Ha aTOMHhIH Bee 

aJOTa B lf30T0nlflleeKoM npn6JIH)KeHim epe,!{~H 3Hep~ 77 .0 M3B .!VU! yrnepo,!{a 

eoorneTeTByeT 71.3 M3B .!VU! a30Ta, TO eeTh npn6JIH)KaeTeH K 3Heprnn JIM a30Ta B 

MapraHU0BlfeTOM ayeTeHHTe. 

B). IllnpnHa JIM .!VU! cnnaBoB Fe-Cr-N eneTeMhI 14-30 M3B, 'ITO eymeeTBeHH0 

60Jihllle, lJeM .!VU! JIM a3oTa B cnnaBax Fe-Mn-N n yrnepo,!{a BO Beex lf3)"1eHHhIX 

TpOHHhIX ayeTeHmax, B K0T0phlX 0Ha eoeTaBJIHeT 5-7 M3B, lJT0 Hax0,!{HTeH Ha yp0BHe 

pa3perneHIDI eneKTpoMeTpa (pne.2, rn6n.5). 

r). 3Hep~ JIM a30Ta B ayeTeHIITax e xp0M0M (78-80.5 M3B) 3aMeTH0 Bhlllle 3Heprnn 

Kone6aHIDI aJ0Ta B Cr2N (73.4 M3B). 

Bee 3TH oeo6eHHOeTH eIIJI0B0ro B3alfMO,!{eH:eTBIDI B TpOHHhIX ayeTeHHTaX e 

1.5 

ff 
~ 
§~ 1.0 

~ 
i 

:S: 0.5 
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120 

yrnep0,!{0M If a30T0M MQ)KHO 

ofo,HeHHTh e e,!{lfHOll T0lJKII 

3peHIDI, a HMeHH0: eBH3h xpoM­

a30T B eTamJX eymeeTBelIH0 Bhlllle 

eBH31f xpoM-ymepo,!{ If eBH3eii: 

Puc.2. JIM a10ma fJ mpouHblX 
Fe-Cr(Mn)-N aycmeHumax: 
□- I'22A, ■ - I'35A, ® - X24Al 

0 - X15Al, • - XJBAJ.3 

l 

1 
J 

a3oTa II yrnepo.!{a e Mn, Fe, 11 Ni. 

TaKHM o6pa30M, 3Heprnrr JIM a3orn B errCTeMe Fe-Cr-N eymeCTBeHHO Bhillle, 

qeM B 0eTaJihHhIX lf3)"1eHHh!X enCTeMax e a30T0M If yrnep0,!{0M. CIIJIOBM K0HeTaHTa 

eBH31f Cr-N Ha 30% Bhlllle oeTaJihHhIX K0HeTaHT eBH3eii: MeTaJIJI-IlpHMeeh BHe.!{peHIDI. 

B IlHT0H rnaBe npHB0,!{HTeH o6e~eHne 3KenepHMeHTaJihHhlX If paelJeTHhlX 

pe3yJihTaT0B. MeTO,!{ paelJeTa KOJie6aTeJI~HhlX eneKTp0B oeH0BaH . Ha onpe,!{eJieHlflf 

eo6erneHHhlX 3HalJeHlfll ,!{lfHaMlflJeeK0H MaTpHUhl HeynopH,!{0lJeHH0ii: eneTeMhl e 

noM0ll.(hIO MeTo,!{a .UnHa-MapTHHa [12]. OeHoBHhie lf,!{en nporpaMM "Relax" n "Densy" 

6hmlf onueaHhl paHee [13,14], 0,!{HaKO lfX npaKTlflleeKne B03M0)KH0eTH eymeCTBeHH0 

paernupeHhl HaMII Ha cnyqau TpOHHhIX eneTeM. 

Ko::icpqmurreHThI nonuHOM0B q>(r)=ao+a1r+a2r2 +a3r
3 
+~r

4
+asr

5 
.!VU! 6uHapHhIX 

eueTeM, onpe,!{eJieHHh!e lf3 3KenepHMeHTaJihHhIX ,!{aHHhlX no JI0KaJihHhIM M0,!{ID.f, 

np1rne,!{eHhI Hlf)Ke; 

B3amm- JunepBaJI, r, ao a1 a2 a3 ~ as 
neiieTBn:e 

0 

(A) 

3.63+3.17 53.2184 -48.1652 14.4208 -1.4300 

V-V 3.17+2.53 4.61244 -2.17482 -0.0871 0.0955 

2.53+0.10 32.0981 -3.40825 12.2589 -1.4961 

Nb-Nb 4.00+0.10 15.9915 -11.8644 2.7799 -0.2012 

Ta-Ta 3.96+0.10 21.4202 -16.5102 4.0849 -0.3229 

Nb-H 2.60+1.00 24.4397 -33.1466 14.913 -2.2134 

Ta-H 2.65+1.00 6.46979 -10.8108 4.35971 -0.5166 

V-H 2.60+1.00 28.0317 -39.4896 18.5993 -2.9205 

Y-H 3.00+1.00 7.63000 -8.3130 1.6300 

Ta-N 2.64+2.14 73.5773 -95.2585 40.4208 -5.6564 

2.14+1.00 72.4320 -93.5200 39.6100 -5.5000 

V-0 2.80+2.05 1374.57 -3002.00 2611.87 -1132.0 244.33 -20.99 

2.05+1.00 100.640 -145.405 69.3968 -11.015 

Harn Il0,!{X0,!{ aBT0MaTlflleeKH )"IIIThIBaeT penaKeaunn perneTKlf KpHeTaJIJia 

B0Kpyr .!{ecpeKTOB n .!{ecpopMauuoHHOe B3aHMo,!{eHCTBHe. TaKHM enoeo6oM 61,mn 

OOhHeHeHhl paemenneHIDI omlflleeKHX MO,!{ B I1l.!{plf,!{ax If TBep,!{hlX paCTBOpax: £-V 2H; 

a-YHx, TaNxHy, TaVxNy, NbVxHy n VOxHy, 
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PacUJenJle11ue onmu'leCKUX .MOO 6000pooa 6 e-V2H zuopuoe. Ha HaIII B3flli1Jl:, 

e,n:IrnCTBeHHbIH cnoco6 ofu51CHeHIDI paCIIOJIOJKeHIDI BO,n:opo,n:a B HeCIIMMeTpII'IHOH 

II03IIUIIII [15] - cymeCTBOBaHIIe KOMIIJieKca .n:eqieKTOB, BHyrp11 KOTOporo IIOJIOJKeHIIe 

Bo,n:opo.n:a B HeCIIMMeTpll'IHOH II03IIUIIII CTaHOBIITC51 :mepreTII'leCKII BbirOJl:HbIM. 

IlpocTeHIIIIIM TaKIIM KOMIIJieKCOM MOJKeT 6b!Tb napa aTOMOB Bo,n:opo.n:a, 

paCIIOJIOJKeHHblX B coce,n:Hb!X OKTa3,n:pax II IIMeIOIIIIIX 06m11iI MeTaJIJIII'leCKIIH aTOM. 

Toma B npouecce penaKcau1111 nepnoro aToMa no,n:opo.n:a 06m11ii MeTaJIJI1111ecK11iI aTOM 

TOJIKaeT BTOpOH aTOM no,n:opo,n:a 113 ueirrpa OKTa3,n:p1111eCKOH II03IIUIIII B 

HeCIIMMeTpll'IHyIO II03IIUIIIO MeJKJzy OKTa3,n:pll'leCKOH II TeTpa3,n:pll'leCKOH II03IIUIDIMII, 

r.n:e OH II OCTaHOBJIIIBaeTC51 K KOHUY npouecca penaKcaurm MeJK,n:y OKTa II 

TeTpaII03IIUIDIMII. TaKOH KOMIIJieKC 3HepreTII'leCKII ycTOH'IIIB II IIMeeT Ha6op qacTOT, 

coorneTCTByIOIIIIIH 3KCIIepIIMeHTaJibHOMY Ha6opy. 

PacUJenJlenue onmu'leCKUX .uoo 6 m«epOblX pacm«opax peOKO.Jl 3e.MJlJl•«ooopoo. B 

pMe rnep,n:bIX pacrnopoB YHx, ScHx, LuHx II ,n:pyrnx o6HapYJKeHO CIIJlbHOe 

pacmeIIJiem1e OIITII'leCKOH MOJl:bl no.n:opo,n:a Ha ,n:ByKpaTHOBblpOJK,n:eHHyIO C 3Heprneii 

-100 M3B II HeBblpOJK,n:eHHyIO C 3HeprneiI -140 M3B [ 16]. Ifa ,n:IIq>paKUIIOHHblX ,n:aHHblX 

xopoIIIO 113BeCTHO, 'ITO B ::JTIIX rnep,n:bIX pacrnopax Bo,n:opo.n: qiopMIIpyeT napbl II 

ueIIO'IKII BJl:OJlb OCII C [ 17]. HaJIII'IIIe TaKIIX nap II B3aIIMo,n:eHCTBIIe HX 

.n:eqiopMaUIIOHHbIX IIOJieH Bbl3bIBaeT BJaIIMHOe ynpyroe paCTaJIKIIBaHIIe H-H aTOMOB, 

KOToporo OKa3bIBaeTC51 ,n:ocTaTO'IHbIM ,n:.rrn ofu51CHeHIDI cymecrnyIOIIIem pacmeIIJieHIDI 

Ha OCHOBaHIIII O,n:Horo 1130TpOIIHOro IIOTeHUHaJia IIIA-H aneMeHTOB. Pac11eT ,n:aeT ,n:.rrn 

napbl H-H aTOMOB, IIMeIOIIIIIX o6IIIHH MeTaJIJIII'leCKIIH aTOM BJl:OJlb OCII C, pacmeIIJieHHe 

100 H 135 MaB. 

Ko.unJleKCbl oecjJeKmo« N-H 6 mauma.ne. )lmI ofu51cHeHIDI mMepeHHoro 

::lKCIIepIIMeHTaJibHOro pacmeIIJieHIDI JIOKaJibHblX MOJl: B TpIIIIJier [15] 6bIJia IIOCTpOeHa 

Jl:HHaMH'leCKa51 MOJl:eJib aToro CIIJiaBa. ATOM a30Ta B TBep,n:OM paCTBope TaNx Haxo,n:IITC51 

B OKTaa,n:pll'leCKOH II03IIUHII. ECJIH aTOM no.n:opo,n:a IIOMeCTIITb B TeTpaa,n:p, IIMeIOIIIIIH 

06m11iI MeTaJIJIII'leCKHH aTOM C 3TIIM OKTaa,n:pOM, TO IIOCJie penaKCaUHII aTOM ao,n:opo,n:a 
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OKa3hIBaeTC51 B HeCIIMMeTpH'IHOH II03IIUIIII C auepITI}IMH KOJie6aHHH, 6JIII3KliMII K 

::lKCIIepnMeHTaJihHhlM [ 15]. 

MooeJ1upo6a11ue npoqecca zuopuooo6pa306llllUJl 6 m«epOO.M pacm«ope 6000pooa 6 

«auaouu « 11pucymcm«uu KUCJlopooa UJlU 6e3 uezo. U:enbIO Mo.n:enHpoBaHIDI 

BJaHMo,n:eiicTBIDI KHCJiopo,n:a H no,n:opo,n:a B aToii CIICTeMe 6!,m npouecc o6pa3oBaHIDI 

KJiaCTepoB BO,n:opo.n:a, npe.n:IIIecrnyIOIIIHii BhIIIa,n:eHHIO rn,n:pH,n:a. Mb! npoCJie,n:IIJIH 3a 

113Meiie1111eM 'laCTOTbl KOJie6aHHH BO,n:opo.n:a B OKTa3,n:p1111ecKoii II03HUHII IIO Mepe 

np116JIHJKeHIDI em K aToMy KHCJIOpo,n:a B KpHCTaJIJIII'leCKOH peIIIeTKe C paCCT051HIDI 

HeCKOJihKHX IIOCT051HHh!X peIIIeTKH .n:o o,n:uoii IIOCT051HHOH peIIIeTKH. IlpH 3TOM auepnrn 

KOJie6aHHll Bo,n:opo,n:a YMeHhIIIaeTC51 C 60 ,n:o 53 M3B np11 c6JIHJKeHIIH aTOMOB H II 0, B 

COOTBeTCTBIIH C ::JKCIIeprrMeHTaJihHhlMII ,n:aHHh!MH, IIOJiyqe1111bIMH np11 IIOHHJKeHHH 

TeMnepaTyphI TpoiiHoro rnep,n:oro pacrnopa VO0.06llo.03 [15]. 

Ilo.n:o6Hhle pac'leTbl .wrn H-H napbl aTOMOB yKa3hIBaIOT, 'ITO IIpH c6JIHJKe111111 IIX 

'laCTOTa KOJie6a1111ii TaKJKe YMeHhIIIaeTC51. O,n:HaKO ::lKCIIepIIMeHT [15] yKa3hIBaeT Ha 

IIpOTHBOIIOJIOJKHhlll xo,n: 'laCTOThl KOJie6aHHll BO,n:opo,n:a npn OXJiaJK,n:eHIIH 6nHapuoro 

pacTBopa VHo.03. Ilo-BH,n:HMOMY, a npouecce 06pa3ona111I}I rn,n:pH,n:a m 6nuapuoro 

pacrnopa npnnan11pyeT ,n:pyroii MexaunJM nepexo,n:a no,n:opo.n:a HJ TeTpa B 

OKTa3,n:prr11ecKyIO noJHUIIIO nepe.n: o6pa3onauneM P-V 2H. <l>yKan [ 18] npe,n:noJKIIJI, 'ITO 

3TO MOJKeT 6b!Tb 1T-4T KBaHTOBblll nepexo.n:, KOr,n:a BO,n:opo,n: Jl:eJIOKaJIII3yeTC51 no 

1IeTb1peM TeTpaa.n:pn11eCKIIM II03HUII}IM BOKpyr OKTaa,n:pll'leCKOH II03HUHH. 

i-s B3au.uooeiicm«ue 6 cnJla«e Nh9sVsHy. B cIIJiaaax Nb95VsHy [19], 6oraThIX 

HH06HeM, aTOM BaHa,n:II}I ,n:eiicrnyeT KaK JIOBYIIIKa .wrn aTOMOB Bo,n:opo.n:a, MeIIIa51 

BhIIIa,n:eunIO E-NbHo.1, 

B HaIIIHX pac11eTax nonyqeHhl CJie,n:yIOIIIHe 3Ha11eHII}I aueprnn KOJie6aHHii 

BO,n:opo,n:a B OKTanopax Nb4V2(l.6) (060311a11e11ID1 [19]): Jl:ByKpaTHOBhlpOJK,n:eHHOe 

KOJie6aune 41 M3B H ueaupoJK,n:euuoe, IIOID!p1130BaHHOe B,n:OJ!b OCII TeTparoHaJibHOCTH 
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199 M3B, 'ITO xopOlllO coana.naeT C maeCTHbIMII 3KcnepIIMeHTaJibHbIMII ,llaHHblMII [19-

21]. 

B TeTpanope Nb2 V 2 < '-2>, c 6Jm,KattlllIIMII aTOMaMII aaHa,nIDI Halli pac'IeT )laeT 

102; 167 II 170 M:.B. B TeTpanope Nb2Vil.3) c aToMaMII aaHa,nIDI B.llOJib ocII 

TeTparoHaJibHOCTII Halli pac'IeT ,llaeT 106; 138 II 187 M3B. B OTJIH'IIIe OT pactJeTHblX 

,llaHHbIX [20] Halli pac'IeT noKa3bIBaeT, 'ITO B lllIIpOKYIO nonocy 180-200 M3B 

Bb!COKO'IaCTOTHblX KOJie6aHIIH B0.llOPO.lla MO)KeT BHOCHTb BKJiaJ{ II KOJie6aHIDI B 

TeTpanope, a TaK,Ke npe,llCKa3bIBaeT 3Ha'IeHIDI 'IaCTOT B OKTanope IICXO.!UI TOJlbKO II3 

.llByx 3MnIIpll'IeCKIIX napHbIX noTeHI-lllaJIOB (3IIII) .llilll V-H II Nb-H. 

i-s 83au.MooeiicmBue 8 cucme.Me Ta-V-N. B OTJIII'IIIe OT BO.llOPO.lla, KOTOpbIH no,ll 

B03,lleHCTBIIeM i-i( i ') II i-s B3aIIMO,lleHCTBIDI MO)KeT CMeHHTb TIIn JIOKaJIII3aUIIII IIJIII 

nepeiITII B HeCIIMMeTpll'Itty!O n03IIUIIIO, p-3JieMeHTbl BHe,llpeHIDI, nO-Bll.llIIMOMY, 

II3MeIDIIOT CBOII <pytt.llaMeHTaJibHbie KOJie6aTeJibHbie MO,llbl He3Ha'IHTeJibHO. TaK 

BBe,lleHIIe 3aT. % BaHaJ{IDI a Ta-N npIIBO,llllT K C,llBIIIY JIOKaJlbHOH .llBYKpaTHO­

Bb!pO,K,lleHHOH MO,llbl 0>1,2 a30Ta Ha 3.5 M3B B CTOpOHY BbICOKIIX 'IaCTOT II npIIBO,llllT K 

ee yrnIIpeHIIIO Ha 4 M3B [22]. 

)lruI YfO'IHeHIDI BJIIDIHIDI aTOMa aaHa,nIDI B 6JIII)KaHllleM OKpJ,KeHIIII aToMa a30Ta 

Ha ero KOJie6aTeJibHbIH cneKTP 6bIJIII npoae,lleHbI pacqeTbI pa3Jlll'IHbIX V-N KOMIIJieKCOB 

II3 KOTOpbIX MaKCIIMaJlbHOe CMemeHIIe B CTOpotty Bb!COKIIX 'IaCTOT )laeT aTOM 

BaHaJ{IDI B n03IIUIIII Mll)Kattlllero coce,lla Ha OCII TeTparoHaJibHOCTII. IIo-Bll.llIIMOMY, 3Ta 

no3IIUIDI 60Jibllle COOTBeTCTByeT 3KCnepIIMeHTaJibHbIM ,llaHHblM, TaK KaK CTaTIICTH'IeCKII 

,llOCTOBepHO B 3KCnepIIMeHTe ycraHOBJieHa TOJlbKO HII,KIDIH .llBYKPaTHOBblpO,K,lleHHaH 

'IaCTOTa. B noJib3Y pacnOJIO)KeHIDI aToMa BaHaJ{IDI Ha OCII TeTparoHaJibHOCTII roaopHT 

TaK,Ke BeJIH'IIIHa Bblllrpbillla nOTeHUIIaJibHOH 3Hepnrn .llilll napbl V-N (-0.63 :.B). 

fhaeCTHO, HarrpIIMep, 'ITO 3axBaT KIICJIOpo,lla Ha BaHa,nIIH B Nb xapaKTepmyeTCH 

3HepmeiI CBH3II npIIMepHO -0.55 3B. TaKOH 6oJiblllOH BbIIIrpbllll noTeHUIIaJibHOH 

3HepmII npOIICXO,llllT II3-3a Toro, 'ITO no,llpa3MepHbIH aTOM V no OTHOllleHIIIO K Nb II 

Ta CHIIMaeT qaCTb ,lleq>OpMaUIIOHHOH 3Hepnrn, B03HIIKaIOmeiI OKOJIO aToMa BHe,llpeHIDI. 
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Xu.Mu'lecKoe 83au.MooeiicmBue pa3llU'lllblX munoB oet/JeKmOB. 3KcnepIIMeHTaJibHbie 

II pac'IeTHble ,llaHHbie 3HepmiI JIM a30Ta II yrnepo,lla II IIX lllIIpIIH (B M3B) B 

aycreHHTax II HllTpll.llaX npIIBe,lleHbl B rn6n.5. II pIIc.2. )lruI Toro, 'IT06bI npoaeCTII 

KOJIH'IeCTBeHHOe cpaaHeHIIe 3KCnepIIMeHTaJibHbIX II pactJeTHbIX ,llaHHblX, npoBeJIII 

,lleTaJibHbIH pactJeT 3HepmiI KOJie6aHIIH a30Ta B oKTa3,llpax C pa3Jlll'IHbIM CO,llep)KaHIIeM 

aTOMOB xpoMa, oueHIIJIII IIX ,llOJIIO npII xaoTH'IeCKOM pacnpe,lleJieHIIII aTOMOB MeTaJIJIOB 

II HaIIIJIII cpe.llHIOIO 3HepmID JIM aJOTa no .llBYM MO.lleJIHM. IIo MO,lleJIII I 

npe,llIIOJiaraJIOCb, 'ITO aTOMbl a30Ta 3anoJIID1IOT CHa'IaJia OKTanopbl C llleCTb!O aTOMaMII 

Cr, KaK HaII60Jiee 3HepreTH'IeCKII Bbiro,llHbie, 3aTeM C IIHTb!O II T.,ll. noKa ace 

KOJIH'IeCTBO a30Ta, 33,!{aHHOe ero KOHUeHTpauIIeiI, He 6y.lleT pa3MemeHO. 

Ta6J1uqa 5 

CttcTeMa Cnnau '.9Kcne )HMeHT PacqeTbI CchmKa 
E .!\E <lJOPM (I) Mo,ne.'lh I Mo,nenbll 

Xl5A 80.5±1 16.0±2 82.9 77.2 73.2 [6] 

Xl8Al.3 78.l±l 30.0±2 82.9 77.4 73.0 [6] 

Fe-Cr-N X24Al 78.7±1 14.4±2 82.9 79.0 74.0 [6] 

X24A2 78.0±1 nmpoK. 82.9 77.7 74.0 [6] 

Cr2N• 74.0±1 13.4±2 [6] 

Cr2N 73.4+1 l l.0±1 [6] 

I'22A 69.6±1 5.0±2 80.4 76.8 72.0 [6] 

Fe-Mn-N r35A 69.9±1 7.0±2 80.4 79.2 73.l [6] 

M114N 73.8±1 l l.8±2 [6] 

Fe-Cr-C 80Xl2 76.1±0.5 10.7±1 [23] 

ll0r6 78.4±0.5 4.7±1 79.0 [24] 

l60I'2 76.0±1 5.0 ±1 78.5 [24] 

Fe-Mn-C 110[4 76.0±1 6.5±1 79.0 [24] 

l lOrI3 78.0±1 6.5±1 79.0 [24] 

l00r75 78.0±1 l I.0+l 78.0 [24] 

ll0HI0 75.8±1 [25] 

Fe-Ni-C 60Hl9 76.0±2 5.3±1 [26] 

l00Hl9 78.0±2 [26] 

lOOH25 75.0±1 8.0±2 [6] 

Cr2N• - o ouoe npe1Junumamoo cruaoa Xl8Al.3 noCJ1e 0111JKuza npu 800°C 
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Mo,n:e.nb II npe.n:nonarana xaoTINeCKOe JanonHeHHe Bcex nop, 

nponopUIIOHaJibHOe IIX KOnuqecTBy B 6IIHOMIIaJibHOM pacnpe,n:e.neHHH. Cpe,n:HHe 

3HaqeHIDI :;meprnii, paccqIITaHHbie no o6eIIM MO,UemIM, npIIBe,n:eHbl B Ta6n.2. Mo,n:eJib I 

Jl:BHO nyqme onIICbIBaeT 3KCnepIIMeHTaJibHbie ,n:aHHbie ,n:n5I CHCTeMbl Fe-Cr-N. 3To 

03HaqaeT, qro aJOTY SHeprerINeCKH BbirO,UHO 3anonHIITb OKTanopbl C MaKCIIMaJibHbIM 

KOnINeCTBOM xpoMa, HO npII ST0M a30T, B OTnINHH OT pacqeTOB [27], OCHOBaHHbIX 

TOilbKO Ha TepMO,UHHaMINeCKHX ,n:aHHbIX, He co6upaeT BOKpyr ce6JJ: 6onbIIIYIO qacTb 

aTOMOB xpoMa, KOTOpblll ocTaeTCJl: xaoTIIqeCKH pacnpe,n:e.neHHbIM. B CHCTeMe Fe-Mn-N 

xaOTINecKoe pacnpe.n:e.neHIIe a3ora no Fe-Mn cIIJiaBy ropa3,n:o nyqrne cooTBeTcTByeT 

3KCnepIIMeHTy. 

TaKIIM o6pa30M, TMbKO B CIICTeMe Fe-Cr-N II3 Bcex paCCMOTpeHHbIX TpOHHbIX 

CIICTeM C a30TOM HnH yrnepo,n:oM cyruecTByeT 3aXBaT aTOMa BHe.n:peHIDI Ha aToMax 

3aMerueHIDI. IloCKOilbKY TIInOB TaKIIX MeCT, r.n:e ecTb <pnYKTYaUIIH KOHUeHTpaUHH 

aTOMOB xpoMa, MHOro, II ,n:n5I Ka)K).J;Oro MeCTa xapaKTepHbl CBOII SHeprnII JIM 

JaxBaqeHHOro 

cyruecTBeHHO 

a30Ta, TO CTaHOBIITCJl: Jl:CHbIM, noqeMy IIIIIpHHbl JIM a30Ta B Fe-Cr-N 

BbIIIIe, qeM B CHCTeMax C yrnepo,n:oM HnII B CIICTeMe Fe-Mn-N, r.n:e 

3aXBaT, nO-BH,n:IIMOMY, OTCYTCTByeT. PacCMOTpeHIIe TOilbKO npocTeHIIIHX TIInOB OKTanop 

c pa3nINHbIM qucnoM aTOMOB Cr ,n:aeT BKna.D: B IIIHpHHY nopJJ:,n:Ka 13 MSB. 3ia 

BeJIINIIHa nopJJ:,n:Ka 3KCnepIIMeHTaJibHO Ha6n10.n:aeMOli ,n:n5I CTaJieli CIICTeMbl Fe-Cr-N C 

MeHhIIIeii KOHUeHTpauueii. YBe.nuqeHHe KOHUeHTpaUHH a30Ta npIIBO,UHT K 

.n:ononHIITe.JlbHbIM BKna.D:aM B IIIHpIIHY JIM. 

TaKIIM o6pa30M, cneKTpOCKOnIIqecKIIe ,n:aHHbie no.n:TBep)K).J;alOT Ha aTOMHOM 

ypOBHe HaJIIIqIIe CHnbHOro B3aIIMO,UeliCTBIDI Cr-N B a30TIICTblX CTaJIJl:X H ,n:aJOT ero 

cunoBhie II sHepreTINeCKIIe oueHKH. HanINHe SToro B3aIIMo,n:eiicTBIDI o6ycnaBmrnaeT 

3axBaT aTOMOB a30Ta Ha aTOMaX xpoMa, YMeHbIIIeHHe .UH<pq>Y3HH a30Ta, ycuneHIIe 

CTa6HnbHOCTH TBep.n:oro pacTBopa, 6onee scpcpeKTIIBHOe TOpMO)KeHHe ,UIICilOKaUHli. 

no ,n:aHHbIM cneKTpOCKOnHH B3aIIMO,n:eiiCTBHe Cr-N, no-BH,n:IIMOMY, BCe-TaKII He 

MeHJJ:eT xoaTINecKoe pacnpe.n:e.neHHe aToMOB Cr B MeTannuqecKoii no.n:pemeTKe. 
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B 3aJQIIO'IeHHH II3nO)KeHbl OCHOBHbie pe3ynhTaTbl .n:uccepTaUIIOHHOli pa60Tb1: 

1. IlonyqeHbl YHIIKaJibHbie SKcnepHMeHTaJibHbie ,n:aHHbie no BnIDIHHIO TpeTbIIX 

KOMnOHeHT Ha JIM aTOMOB BHe.n:peHHJJ: B nepexo,n:Hb!X MeTannax B CHCTeMax Ha 

OCHOBe )KeJie3a, TaHTana, BaHa,n:IDI H TIITaHa. 

2. CpaBHIITe.JlbHOe myqeHIIe B3aIIMo,n:eiiCTBIDI KIICnopo.n:a HnH a30Ta C Bo,n:opo,n:OM npII 

HII3KHX TeMnepaTypax noKa3ano, qTo Hau6onhIIIIIii scpcpeKT - nonime no,n:aBneHIIe 

ru.n:pu.n:oo6pa30BaHIDI Ha6n10.n:aeTCJJ: B MeTannax V rpyrrnbI, HII06IIII II TaHTane, 

npuqeM B TaHTaJie BO,n:opo.n: ,n:a)Ke CMeruaeTCJl: H3 ueHTpOCIIMMeTpHqHoii n03HUHII. B 

BaHa,n:HH 3aXBaT BO,n:opo.n:a KIIcnopo.n:oM conpOBO)K).J;aeTCJl: H3MeHeHHeM Koop,n:IIHaUIIII 

Bo,n:opo,n:a C TeTpas,n:pIIqecKoii Ha OKTas,n:puqecKy10 H no,n:aBneHue 

ru.n:pu.n:oo6pa3oBaHIDI II3-3a. O-H B3aIIMo,n:eiiCTBIDI B BaHa.D:HH He npOHCX0.11:IIT, a 

MeHJJ:eTCJl: TOilbKO TeMnepaTypa BbIIIa.D:eHIDI 3TOro ru.n:pu.n:a II MexaHII3M 3apo)K).J;eHIDI 

fH.D:PH.D:HOli <pa3bl. 

3. BnepBbie MeTO,UOM HeiiTpOHHOii cneKTpOCKOnIIH ,UOKa3aHo cyruecTBOBaHIIe CHnbHOli 

XIIMHqecKOli CBJJ:3H Cr-N B a30THCTbIX aycTeHIITax. HanuqIIe 3TOro B3aIIMo,n:eiiCTBIDI 

o6ycnaBnHBaeT 3axBaT aTOMOB a30Ta Ha aTOMax xpoMa, YMeHbIIIeHIIe .n:ucpq>Y3HH 

aJoTa, ycttneHIIe crn6ttnbHOCTH TBep.n:oro pacTBopa H 6onee scpcpeKTHBHoe 

TOpMO)KeHHe ,UHCROKaUHii. 

4. Ilo .n:aHHblM HeHTpOHHOli cneKTpOCKOnHII B3aIIMo,n:eiiCTBHe Cr-N, no-BH,n:IIMOMY, He 

MeHJJ:eT xoaTIIqecKoe pacnpe.n:e.nettue aTOMOB Cr B MeTannIIqecKoii no,n:pemeTKe. 

5. Ilpe,n:no)KeH HOBblli no.n:xo.n: H pa3pa60TaH KOMIIJieKc nporpaMM no pacqeTy C,UBIIfOB 

II pacrueIIJieHIDI qiyn.n:aMeHTaJibHblX KOne6aHHli aTOMOB BHe.n:peHIDI npu IIX 

B3aIIMo,n:eiiCTBIIli .n:pyr C ,n:pyroM H .n:pyrIIMH .n:eqieKTaMH. PacqeTHaJJ: MeTO,UHKa 

ycneIIIHO 6b!Jra ucnonb30BaHa ,n:n5I onucaHIDI KOMIIJieKCOB .n:eqieKTOB B ru.n:pu.n:ax H 

TBep,n:bIX paCTBopax V2H, YHx, TaNxHy, TaVxN, NbVxHy II VOxHy. PacqeTHbie 

,n:aHHbie xopomo cornacyJOTCJJ: C 3KCnepuMeHTaJibHbIMII HeiiTpOHHblMH .n:aHHbIMH II 

ofuJJ:CHJJ:IOT pll:,n: .n:aHHbIX, KOTOpbre HeB03MO)KH0 ofuJJ:CHIITb B paMKaX pacqeTa 

CHnOBbIX KOHCTaHT 6e3 yqeTa npoueccoB pe.naKcauuu BOKpyr .n:ecpeKTOB. 
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6. IIoKa3aH cymecTBeHHO MeHblllHH ::icpcpeKT BJIIDIHIDI B3aHMO;J;eHCTBHH ;i;ecpeKTOB Ml! 

CJIY"all Tl!)KeJib!X aTOMOB BHe;i;peHIDI (i=C, 0, N). 

7. Pac'IeT perraKCHpoBaHHOro COCTOl!HIDI KOMIJJ1eKca ;i;ecpeKTOB II03BOJilleT 01..(eHHTb 

reoMeTpHIO KOMIJJ1eKCOB ;i;ecpeKTOB H 3HeprnIO HX o6pa30BaHIDI. 
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