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Bue.ne1me 
O.nirnM 113 nocne,nH11X pa.nnau110HHb!X llBJieHnii: B peaKT0pH0M 

MaTepnanoueJJ,eHnn, o6nap}')KeHHhIM B 1967 ro.n:y [ 1], l!BJil!eTcl! pa,nnau11ou11oe 

pacrryxa1111e - yuem1qe11ne 061,eMa (reoMeTpnqecKnx pa3Mepos) o6nyqaeMoro 

MaTepnana 3a C'leT o6pa3osamrn H poem BaKaHCH0HHbIX II0JI0CTeii: (BIT). 3TO 

ueo)KHJJ,airnoe l1BJ1eu11e, KaTacTpoqmqecKn orpauntJnsa10mee pa60Tocrroco6uocn 

peaKTOpHb!X KOHCTPYKUH0HHbIX MaTepnanos, Bbl3BaJI0 3Ha'IHTeJibHblH HHTepec. 

3a 30-JieTHHH rrep110.u rrpoBeJJ,euo orp0MH0e K0JIH'leCTB0 

3KC11epnMeHTaJII,HI,JX H TeopeT11tJeCKHX pa6oT. Xorn 0HH i1 110Ka3h!Ba!OT o6mne 

3aKOHOMepH0CTH pa3BHTHll BIT B 3aBHC11M0CTH OT CK0p0CTH II0Bpe)KJJ:eHHll, 

qm10e11ca n TeM11epaTyp1,1 o6nyqeulll!, TeM ue MeHee Ka)KJJ:b!H T1111 MaTeimana, ero 

COCTaB, CTPYKTYPH0e C0CT0l!HHe 11 T.11. HMeJOT CB0H K0JI11qecrne1mble 

3aK0H0MepuocTl1 . 

K CO)KaJieHmo, .n:o HaCT0l!W:ero BpeMeH11 Teop1rn pac11yxaHUll He 1Ip11B0!J,l!T K 

KOJil1tJeCTBeHHbIM rrpornoJaM HJIII X0Tll 6bl K II0Jie3HbIM C00HJOlIJeimllM, 

c11oco6Hh1M 11pe.n:cKaJaT1, Ben11q1111y pa,n11auno11noro pacrryxa1111l! JJ,Jill rn11p0Koro 

KJiacca MaTepnanoB H ycnosnii: o6nyqeHHll. 

CornaCHO C0BpeMeHHblM TeopeTHtJeCKHM 11peJJ,cTaBnemrnM, .UBH)KymeiI CHJIOTT 

3apo)KJJ:eHHl! H pocTa BIT B o6nyqaeMOM MaTep11ane llBJil!eTCll BaKaHCH0HH0e 

rrepec1,1meu11e, o6ycnoBneHHoe, KaK rrpe.urronaraeTCll, 11ea,neKBaT11ocnm 

B3aHMOJJ,eTTCTBHll BaKaHCHH H Me)KJJ:oyJeJibHI,IX aT0M0B C m1cnm::al.(Hl!MH. C 3TOH 

uen1,10 n 61,mo rrpeJlJ!o)Keuo cymecrnosam1e 11peIIMymecrnemroro 11penrrotJTemrn 

(11pecpepeuca) JJ,HcnoKaunii: 110 ornoIIIeu11m K Me)KJJ:oy3em111,1M arn1>taM [2,3]. 

TeopemtJeCKHe oueHKH [4-6, 7-9, 10] II0Ka3aJIH, 'ITO HMeHH0 11pecpepeHC 

.UHCJIOKal.(HH K Me)KJJ:oy3en1,u1,1M aT0MaM llBJil!eTCll 11pwm11oii B03HIIKHOBeHHll 

BaKauc11onnoro rrepec1,1meulll!, ueo6xon11Moro JlJ!ll Japo)KJJ:e1111l! n poCTa BIT. 

O.n:naKo cymecrnoBanIIe 11pecpepeHca JJ,HCJI0Kau11n 110 omoIIIemno K 

Me)KJJ:oy3en1,n1,1M arnMaM 3KcrrepuMeuTan1,no ue ycrnnonne110. HarrpuMep, BB3M-

3Kc11ep11MeHThI II0Ka3aJIH pa3B11THe BaKaHCH0HHblX CK0IIJieHHTT B6JIIBH 

.UIICJIQKaimn. KpoMe TOro, B 'IIICTI,IX MeTannax BIT BHa'lane 3apo)KJJ:aJOTCll BJJ,0JII, 

C)KaTOii: CTOp0Hbl Kpaes1,1x JllICJIOKauuii [ 11-13]. 

Cno)KHOCTh s1,1q11cneHnll 11apaMeTpa "11pecpepe11ca", 3asucmuero OT ynpyrnx 

IIOJieii: CTOKOB [ 14 ], CTerreun YCB0lleM0CTJI TOtJetJHbIX .uecpeKTOB [ 15], 6ap1,epon JJ.JJll 

rrornomenHll T0tJetJHbJX necpeKTOB Ha II0Bepx11ocTH CT0K0B [ 16], Bbl3h!BaeT 

Heo6xo.n:HMOCTI, 11CKaTI, npyrne JICT0'lll11Kl1 11epec1,1men11l1 KplICTaJIJIH'!ecKOTT 

peIIICTKH BaKaJIC!Il!MH. Ha Halli B3rJilJ.ll, HMH M0ryT 6b!Th .UHCJI0Kamm H 

.llHCJIOKaUHOHHbie rreTJIII Me)KJJ:oy3en1,11oro H BaKaHCH0HHoro THITOB, 06pa3ym1u11xcH 

B rrpouecce 06nyqeu11ll. 
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lleii:CTBHTeJII,HO, MHOrne 3KCIIepuMeHTaJihHble pe3yJihTaTbl CBHJJ,eTeJihCTBYfOT 

o sa)KHOH ponu .n:ucnoKauuii: B rrpouecce Japo)KJJ:eHHll H poem BII: 

- B6JIH3H J:{HCJIOKaUHii rrop1,1 pacryT C 60JII,IIIeii: CK0p0CThlO, tJeM BJ];aJIH 

OT HUX [17,18], 

- nernpoBaHHe MeTaJIJI0B, 11pHB0!J,l!W:ee K YMeHhIIIeHHIO CK0p0CTH poem 

Me)KJJ:0Y3eJII,HI,JX J:{HCJIOKauH0HHhIX 11eTeJih, YMeHbIIIaeT CK0p0CTI, poCTa BII [19]; 

- B6Jil13H rpaHHU 3epen, rJJ,e 0TCYTCTBYfOT J:{I!CJI0Kal.(H0HHbie rrernu, HeT H 

IIOJIOCTeH, 

- yueJIHtJeHHe II0!l,B11)KH0CTH ,11;11CJIOKaunii corrp0B0)KJJ:aeTCll yuerrHtJeHHeM 

cKopocm poem BII [20], 

- Heo6xo.n:HMblM ycJI0BHeM JJ:JUI 3apo)KJJ:eHHl! IIOJI0CTeH B o6nyqaeMOM 

MaTepHane llBJllleTCll .n:ocmTO'IH0 Bh!C0Kal! HCX0!l,Hal! IIJI0TH0CTI, !l,HCJI0KauHii [11]. 
HeKOTOp1,1e H3 BbIIIIeHaJBaHHhIX pe3yJihmT0B X0Tll H HCII0JII,3YfOTCll .I(JUI 

o6ocnoBaHHl! rnrr0Te31,1 "rrpeqiepenca", TeM ne Menee 0HH 6e3 HCKJIJO'leHHll 

rrpuMeH11Mhl JJ:Jlll paCCM0ipeHHl! rnrroTe3hl BaKaHCH0HH0I'O rrepec1,1meHHll 3a CtJeT 

TepMH'leCKOii 3MHCCHH BaKancuii J];HCJI0Kal.(H0HHhIMll rreTJillMH B rrpouecce 

o6nyqeHHl! B HHTepBane TeMrrepaTYP IIp0llBJieHHll pa.nHal.(H0HH0I'O pacnyxanHll 

MaTepHaJI0B. 

Xorn TeopeTHtJeCKH MexaHH3M TepMH'leCKoro poem JJ,HCJI0KauuoHHhIX 

11eTeJII, 3a C'leT HCrrycKaHHl! HMH BaKaHCHH rrpH3naeTCll, TeM He Meuee 

3acpHKCHpoBaTb 3T0 3KC11epHMeHTaJII,H0 JJ,0CmT0tJH0 CJI0)KH0. 

C 3TOii l.(eJII,10, Ha HaIII B3rJill,n, neo6xo,nHMO C03J:{aTb c11eumpHtieCKHe 

ycJI0BHll .I(JUI TepMHtJeCK0ii 3B0JIIOL(HH ,nHCJIOKauHOHHhlX neTeJih, 1103B0Jlll!OW:He 

3KC11epHMeHTaJihH0 ycTaH0BHTI, cymecTB0BaHHe .nannoro MeXaHH3Ma C03J];aHHll 

11epec1,1meHHll perneTKH BaKaHCHllMH. 

B nacTollmeii pa6oTe MeT0JJ:aMH II3M-0ccne,n0Ban0ii HJMeneHHl! CTPYKTYPhI 

B pe3yn1,mTe 11ocnepa,nHauH0HH0I'O 0T)KHfa MOJIH6.n:ena, nernpoBaHH0I'O aT0MaMH 

reJIHll, o6nyqeHHOro BhIC0K03HepreTHtJHhlMH an1,cpa-tJaCTHUaMH H neii:Ip0HaMH 

.neneHHl!, II0KaJaH0 : 

- pocT J];HCJI0Kal.(HOHHhlX neTeJII, 3a CtJeT HcrrycKaHHll HMH BaKaHCHii, 

- 3apo)KJJ:eHHe H pocT renHeBbIX nap qepe3 CTa)];HIO pa3BHTHll BaKaHCHOHHOii 

II0pHCT0CTH, 

- rrpeHMymeCTBeHHhlll poCT reJIHeBbIX 11op co CTOp0HI,I MaipHL(hl 3epHa C 

Me)KJJ:0Y3eJihHI,IMH .UHCJIOKaUH0HHhlMH rreTJillMH, 

- pa3BHTHe BII B pe3yJihTaTe 11ocnepa,nHal.(H0HH0I'O 0T)KHra CK0IIJieHHii 

pa,nuau110HHhIX .necpeKTOB, ccpopMHpOBaHHbIX B rrpouecce HH3KOTeM11epaTYPH0I'O 

o6nyqeHHl!. 

Otrtt i:.,:~iii,t>1B tl.4;Tht'J71 l 
nne~iMJ m::t.se.iamumO 
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'.3KcnepHMCHT3JILHLIC MeTO,ULI 

B KatJ:ecTBe MaTep11ana wrn IICCJie,UOBaHIIH 6bm BbI6paH MOJIII6,UeH (99,97%). 

O6n)"IeHIIe ocymecTBillillOCh Heii:TpOHaMII B peaKTOpe BBP II aJih<pa-tJ:acrnuaMII c 

· :3Hepmeii: 50 MsB Ha UIIKnOTPOHe np11 TeMneparype OKono 60 °c. 

TioCJiepa,D;IIau110HHhIH 1130TepMIItJ:eCKIIH II moxpoHHhIH OT:lKIIm npoB0,UIInIICh 

B BaKY)'Me 5x10·
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Ila B 11HTepBane TeMneparyp OT 100 .uo 1100°c. 

TI3M-o6'beKThI np11roTaBnIIBaJIIICh Ha ycTaHOBKe "M11KpoH"[2]. 

Pe3ynLTaTLI u o6cy,K,UCHHC 

ECJIII KpIITiltJ:eCKIIe YCJIOBIDI Wlll KoanecueHUIIII ,UIICJIOKau110HHhIX neTenb 

npII IIX CKOnh:lKeHIIH H nepenomaHIIII, Bhl3BaHHbie · ynpymM B3aIIMO,UeHCTBIIeM 

neTenb, He BhIIIOnIDIIOTC51 IInll MIIHIIMII31Ip0BaHhl, TO .u11cnoKauII0HHbie neTnII 

MOiyr pacnI 3a CtJ:eT 3MIICCII0HHOI'O II0TOKa BaKaHCIIH 113 HIIX. A.rm peanll3aUIIII 

3TIIX YCJIOBIIH pocTa Heo6XO,UIIMO "3a6noK11poBaTb
11 

.u11cn0Kau1111 OT B03M0:lKHOCTII 

11x nepeMew:eHIDI 3a ctJ:eT cKom:lKeHIDI II nepenomauIDI. 

B 3TOH CB51311 wrn 3KCIIepIIMeHTaJihHOI'O Ha6nro.ueHIDI C IIOM0W:h!O TI3M 

<paKTa 11cnycKaHII51 .u11cnoKauIIOHHhlMII neTR51MII BaKaHCIIH Heo6XO,UIIMO 

BhIII0nHIITh CJie.uyrow:ne YCJIOBIDI • 

1. YMeHbIIIIITh IInll IICKn!OtJ:IITh npouecc CKOnh:lKeHIDI II nepenomaHIDI 

.u11cnoKauIIOHHhIX neTenb. 

2. qT06bI yMeHbIIIIITh OIIIII6Ky B 113MepeHIIII 113MeHeHIIH ,UIIaMeTpa 

.u11cnoKaUIIOHHhIX neTenh, a CJie,U0BaTenhH0, 'IIICno Me:lK.[{oy3enhHhlX aTOMOB B HIIX, 

Heo6xo,UIIMO IIMeTb .ueno c ,U0CTaTO'IH0 KpynHhlMII neTR51MII II BhlCOKIIMII 

TeMneparypaMII OT:lKIIra. TipII 3TOM pa3Mep neTenh npII IIX .UO<;:TaTO'IHOH ,UnH 

CTaTIICTIIKII IInOTHOCTII B o6pa3Ue He .uon:iKeH npeBhIIIIaTh TOnW:IIHY TI3M-o6'beKTa 

( OK0no 100 HM). 

3. B o6paJue .uon:lKHhl 6hITh M0W:Hble CTOKII wrn ynaBnIIBaHIDI BaKaHCIIH, 

11cnyw:eHHhIX ,[{IICJI0Kau110HHbIMII neTnHMII; 'lT06hI 1136e:lKaTb IIX ynaBnIIBaHIDI 

coce,UHIIMII neTAAMII. B npOTIIBHOM Cn)"Iae He 6y.ueT Ha6nro.uaTbC51 O:lKII,UaeMoe 

YBen11tJ:eHIIe Me:lK,Uoy3enbHhIX aTOMOB B neTnHX. 

BhIIIOnHeH11e 3TIIX ycnoBIIH B03M0:lKHO B o6paJuax, nemp0BaHHhIX aTOMaMII 

renIDI, B KOT0phIX nocne C0OTBeTCTByrow:ero OT:lKIIra <pOpMIIpyIOTCH 

,UIICJIOKauIIOHHhie neTnII Me:lK.[{Oy3enhHOro TIIIIa KaK IICT0'IHIIKII BaKaHCIIH II 

renIIeBbie nopbl, KaK CT0KII ,UnH HIIX. 

Aeii:cTBIITenhHO; B o6paJuax Mo, nempoBaHHOro ren11eM .uo 4,5x10·
2
aT.% 11 

OT0:lK:lKeHH0ro np11 9oo0c, o6pa3yIOTCH C00TBeTCTByIOW:IIe BhIIIIeOIIIICaHHhIM 
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ycnOBIDIM B II. 2, 3 IInOTH0CTh II pa3Mep ,UIICJI0KaUII0HHhIX neTenb II renIIeBbIX 

nop. 

HanII'IIIe ren11eBblX nop Ha ,UIICJI0KauIIOHHhIX neTruIX 06ecnetJ:11BaeT IIX 

3aKpenneHIIe OT KOHcep~aTIIBHOI'O J];BII~eHIDI, a IIX BhlCOKM IInOTHOCTh B 061,eMe 

Marnp11ana Me:lK.[{y ,n11CJI0Kau110HHUMII neTJUIMII - 3TO 3cp<peKTIIBHhie II rnpMII'lecKII 

ycTOH'IIIBble CTOKII ,UnH BaKaHCIIH. 

AaHHhie o6pa3Uhl 1130TepM11tJ:ecK11 0T:lKIIraJIIICh ripII TeMneparypax 1000 11 

1100°c B TetJ:eH11e 1,5, 10, 50 11 100 tJ:acoB: 1 · · 

KaK IIOKaJaHo Ha p11c. 1, C YBenIItJ:eHIIeM BpeMeHII OT:lKIIra npoIICX0J];IIT pocT 

,UIICnOKaUIIOHHhIX neTenh II yMeHbIIIeHIIe IIX IInOTHOCTII. TipoBe,neHHhIH TI3M

aHaJIIl3 II0Ka3aJI, 'ITO J];IICJIOKau110HHbie neTnII npeIIMymecTBeHH0 Me:lK,UOy3enhHOI'O 

TIIIIa pacnono:lKeHbl B IIn0CK0CT51X TIIIIa · { 111} II IIMeIOT BeKTOp Eroprepca TIIIIa 

l/2a <111>. Hcxo,UH 113 3TOro 6hmO pacctJ:IITaHO Kon11tJ:eCTB0 Me:lK,UoY3enhHhIX 

aTOM0B B .n11cnoKaUII0HHhlX neTmX II ero 113MeHeHIIe co BpeMeHeM 0T:lKIIra np11 

1000 II 1100°C (p11c.2). 113 rpacpIIKOB Ha pIIC.2 BII,UHO, 'ITO 'IIICJI0 Me:lK,UOY3enhHhIX 

aTOMOB B J];IICJIO~au110HHhIX nernax nIIH,eii:HO pacTeT co BpeMeHeM OT:lKIIra. Tip11 

PHc, 1. P83sHTIIe ~CJio~oHHLIX neTeJIL B Mo, nenq>oBa.HHoM 
reJIIIeM (4,5x10"2aT.%), B npouecce noCJiep8,!UlauII0HHoro 
OTIICHra npH 1000°c s Te'ieHHe lq (a), 10q(6), 50'1(B) H 100'1'.(r) 
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PHc.2. lliMeHeHHe 'lllCJia Me)K):{oyJeJibHbIX aTOMOB · B 

)];HCJI0Ka1vioHHhlX IleTJIID( ll 
7 
BaKaHCllH . B renHeBbIX nopax 

) . . . 
B Mo B 3aBHCllMOCTH OT :13peMeHH •, nocnepa.n;Hal\HOHHOro 

. 0 . • . 
OTIKHra.npll 1000 ll 1100 C ::: 1 

' 

3TOM eKOpOeTI, H3MeHeHIDI ·· MX qIICJia B neTJUIX · npII 11 0QOC 3HaqIITeJibHO 6om,IIIe, 

qeM npII 1000°c Eonee ,. Toro, Bairno OTMeTHTb, qTO .BeJIIIqIIHa npIIpoem 

Me~oY3eJihHblX aTQMOB ! . Il_{!TJUIX. xopouio. KOppeJIIIpyeT C BeJIHqHHOB np~poem 

qIIeJia BaKaHeIIB B renHel\bIX nopax. 

TaKIIM o6pa30M, . HaeTmimHe. pe3yJibmThI . eiiimeTeJiheTB)'IOT O MexaHII3Me 

poem Me~oyJeJihHhIX neTeJih riyreM. Henye~aHIDI IIMH BaKaHeIIi\:. KpoMe Toro, 

oueHKa sHeprnII aKTHBaUIIH poeTa·ne~eJih naeT BeJIHqHHY oiono 3 sB, KOTopai:i 

6mnKa K sHeprnII o6pa'.loiiaHIDI Bat~HeIIii'B ~~JI~6.n;~He (3,3 sB [22)). 

B IIO.n;TBep~eHHe !paKTa: nmrnJieHIDI. MOlll;HOro IIeTOqHHKa: BaKaHCHB B 
- ·:·"t : . 

npIIcyreTBHII )];IICJIOKaUII_OHHDIX neTeJib Me~OY3eJibHOro 'TIIna, eJie,n;yeT npIIBeCTII 

pe3yJibTaTbI HaIIlllX IIeCJie,D;oBaHIIB [23], B KOTOpbIX . 6bmO o6Hap)')KeHO 

HeMOHOTOHHOe YBeJIIIqeHIIe 061,eMa I;eJIIIeB?IX· nop . B pe3ymTaTe II30XpOHHOro 

onKHra Mo, JiernpcrnaHHO~, renII_eM no KomieHTpa_um1 6x10·2 aT. % (pIIe. 3). KaK 
. . . . 0 

eJie.n;yeT H3 prre. 3, B o6JiaFTH. TeMnepaTyp . 700c800 C Ha6monaeTeH YBeJIIIqeHIIe 

BeJIIIqIIHbl 061,eMa Ha6monaeMbIX .nop ' C nos:,rre.n;yiorn;IIM ee yMeHhIIIeHIIeM C 

)];aJihHeBIIIIIM poeTO~ TeMnepaTyphI~ ~o 900°c .. JlHIIIb npII TeMnepaType 6oJiee 

1000°c 061,eM nop BH0Bb yijenHqIIBaeTeH, K~ 3TO_ II )];OJl)KHO O)KII)];aTbeH ,wrn poem 

reJIIIeBblX nop. . 

foMoreHHoe paenpeneneiiIIe nonocTei\: B Tene 3epHa II IIX oTcyreTBIIe Ha 

)].lICJIOKaUIDIX II -rpaHIIUaX 3epeH )'KaJhIBaeT Ha TO, qTO C!p0pMIIpOBaHHbie npII 

TeMnepaType 700-900°c IlOJIOCTII IIMeIOT BaKaHCIIOHH)'IO npIIpony. B ycJIOBIIHX 
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PIIc.3: 3aBIICIIMOCTL pacnyxaHIIH Mo, co.n;ep)Kamero 
6x10-2aT.%He, OT TeMnepazyphl o:n1mra 

PHc.4. ~CJIOK~HOHHble IleTJill B Ni; Jiernp0BaHHOM reJIHeM 

.n;o 2x10·
2
aT.% ll 0T0)K)KeHH0M npll 600 °c B Te'leHHe 1 q 
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TOI'O, qTo OHH pa3BHBaJIHCb B rrone BbICOKOll IIJIOTHOCTH .D:HCJIOKaUHOHHbIX rreTenb 

Me:;K.D:OY3eJibHOI'O THIIa, eCTb OCHOBaHIUI rrpe,nrronaraTb, qTo HMeHHO IIeTJIH 

.!IBJI.!IIOTC.!I HCToqHHKaMH BaKaHCHll .D:JI.!1 HX pOCTa. EcTeCTBeHHO IIOJiaraTb, qTo 

ueHTpOM .D:JI.!I 3apo:;K.D:eHH.!I BaKaHCHOHHbIX rrop MOI)'f 6hITb Hem V n- KOMIIJieKCbl. 

B ,npyroil: CepHH 3KCIIepHMeHTOB, B K_OWpbIX H3)"1aJIHCb OC06eHHOCTH . 

pa3BHTH.!I reJIHeBbIX rrop B6JIH3H rpattHU 3epeH B Ni,jJiefHpOBaHHOM reJIHeM [23], 
HaMH rronyqeHhl ,naHHhie, \KOTOpbie TaK:lKe C~H.D:eT~bCTBYIOT 0 

Me:;K.D:oy3eJibHbie .D:HCJIOKaUHOHHbie rrernu .!IBJI.!IIO:rc.11 ' .D:OCTaToqHo 

TOM, qTo 

MOIUHbIM 

HCTOqHHKOM BaKaHCHll. 
' B o6pa3uax Ni 6bIJIH coJitaHhl o6e,nHeHHbie OT .D:HCJIOKaUHOHHbIX rreTeJib 

30Hbl B6JIH3H rpaHHU 3epeH, B KOTOpbIX IIpHCYTCTBpBaJIH reJIHeBbie IIOpbl (puc.4). 

flpu .D:aJihHeil:rneM OT:lKHre, Kor,na Me:;K.D:oyJenbHbie .D:HCJIOKaUHOHHbie rreTJIH B Tene 
I i 

JepHa rrpo.non:lKaIOT pacTH, Ha6nIO,naeTC.!I YB~fmqeHue ,nuaMeTpa renueBbIX rrop He 

B6JIH3H rpaHHU 3epeH (o6rn;errpHH.!!TO~ M~IUtrOrp HCTOqHHKa BaKaHCHH), a B 

IIpOTHBOIIOJIO:lKHOll o6JiaCTH,. rp~riqameil' C 06,r:~cTbIO Tena 3epHa C BbICOKOll 

IIJIOTHOCTbIO Me:;K.D:OY3enbHbI)Ci.HCJIOKaUHOHHbIX ITeTenb (pHC.5). MbI IIOJiaraeM; qTO 

u B ::iT-OM cnyqae rroToK !&aKairc1rl(rr3 06.riacrii Tena JepHa c ,nucnoKauuoHHhIMH 

rreTJI.!IMH rrpeBaJIHpyeT Ha.D: IIOTOKOM BaKaHCHll H3 rpaHHU 3epeH. floCJie BbICOKOll 

TeMrreparypbl OT:lKHra, Kor,na .D:HCJIO~auu.OHHbie rre1nu, OT:lKHf<llOTC.!I, rpaHHUa 3epHa 

BHOBb CTaHOBHTC.!I rrpe1IMymecTBeHHbIM:: HCTOqHHKOM BaKaHCHll, H renHeBa.!I 

rropHCTOCTb rrporpecCHBHO pa3BHBaeTC.!I KaK Ha caMHX rpaHHUax, TaK H B Tene 

JepHa. 

TaKHM o6pa30M, B_ce BbIIIIeorrucaHHbie. 3KCIIepIIMeHTaJibHbie pe3yJibTaTbl, IIO 

HarneMy MHeHIIIO, y6e.nIITenbHO CBH.D:eTenbCTBYIOT o TOM, qrn Me:;K.D:oY3enhHbie II, 

KOHeqHo, BaKaHCIIOHHhie .D:IICJIOKaUIIOHHbie rreTJIII .!IBJI.!IIOTC.!I MOIUHbIMII 

IICTOqHIIKaMII BaKaHCIIll II, CJie,noBaTenhHO, MOI)'f 6h!Tb rrpIIqIIHOll rrepecbIIUeHH.!I 

IIMII KpIICTaJIJIIIqecKOll perneTKII MeTaJIJIOB rrpII COOTBeTCTBYIQIUIIX TeMrreparypax. 

B peJynhTaTe arnro· II rrpII HaJIII.qIIII ueHrpoB .D:JI.!I IIX KOH.D:eHcaUIIII, B qacTHOCTII 

Hem V n - KOMIIJieKCOB~ MO:lKeT H.D:TII rrpouecc o6pa30BaHII.!I H pocTa BaKaHCIIOHHbIX 

IIOJIOCTeii. HpII 3TOM, qTQ oqeHb Ba:lKHO, 6e3 IIpIIBJieqeHII.!I rnnoTe3hl O T.H. 

"rrpecpepeilce". 

l13BeCTHO, qTQ II3-3a BbICOKOll IlO.D:BII:lKHOCTII Me,K.D:OY3eJihHbIX aTOMOB ,na:lKe 

IIPII HH3KIIX TeMneparypax o6nyqeHH.!I OHII 6y.i(yr HaxO.D:HTbC.!I B CKOIIJieHII.!IX B 

BH.D:e .D:IICJIOKaUHOHHbIX neTenb. B CB.!13H C 3TIIM B rrpouecce IIOCJiepa.nIIauIIOHHOrO 

OT:lKIIra HCKJIIOqaeTC.!I KaKOe-JIII6o IIX yqacTIIe B 3BOJIIOUHII .D:IICJIOKauIIOHHbIX 

rreTeJlb II TeM 6onee B o~pa30BaHHH BaKaHCIIOHHbIX IlOJIOCTeil:. 

3TO ycJIOBIIe II BbIIIIeOUIICaHHbie pe3yJibTaThl ,naIOT OCHOBaHIIe 

rrpe.nrroJIO:lKHTb B03MO:lKHOCTb ·• o6pa30BaHII.!I BaKaHCIIO~HOll ; rropIICTOCTII B 

o6pa3uax, o6nyqeHHbIX rrpH HII3KIIX (KOMHaTHhIX) T~MrrepaTypax u IIO,nBeprnyrhIX 

rrocnepa,nttaUHOHHOMY OT:lKmy. 
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C '.:lTOii: uem,IO Mo (99,97%) B BII.D:e qJOJibm TOJIIUIIHOii: 100 MKM 6hIJI 

o6JI)"feH npII TeMneparype OKOJIO 60°C Heii:TPOHaMII B H,a:epHOM peaKTOpe II 

amcpa-qacTIIUaMII c 3Hepmeii: 50 M3B "Ha npocTpen" ,no 7x10-
2 

cHa. 
Tiocnepa,a:11au110HHhlll OUKIIr npOBOJJ:IIJICH B BaKY)'Me 5x10-

3
Tia B IIHTepBane 

100-11 oo0c c maroM B 100°c. 
Henocpe,a:cTBeHHO nocne o6nyqeHIIH Heii:TPOHaMII II anbcpa-qacmuaMII B 

06pa:3Uax cpopM11pyeTCH MopcponomqecKII IIJJ:eHTIIqHaH ,a:ecpeKTHaH CTPYKTYPa B 
BIIJJ:e BaKaHCIIOHHhIX KJiaCTepoB/neTeJih 11· . Me)KJJ:OY3eJihHhIX JJ:IICJIOKaUIIOHHhIX 

neTeJih (p11c.6). Cpe,a:HHH IlJIOTHOCTh ,a:ecpeKTOB II IIX pacnpe,a:eneHIIe no pa3MepaM 

Ta.IOKe OKa3aJIIICh no,a:o6HhIMII. TipII 3TOM ,a:ecpeKThl pa3MepoM MeHee. 5 HM, B 

OCH0BHOM 6hIJIII BaKaHCIIOHHOfO TIIDa1 . B. TO BpeMH KaK . JJ:IICJI9KauIIOHHhie DeTJIII 

6onhmero pa3Mepa 6bIJIII Me)KJJ:OY3eJihHoro mna. 
3BOJIIOUIDI ,a:ecpeKmoii: _ CTPYKTYPh~ · Ii:a6n10,a:aeTCH np11 300°C - 11cqe3a10T 

,a:ecpeKThl pa3MepoM OKOJIO 2 HM.·. 3aMeTHaH 3BOJIIOUIDI neTJieBoii:. CTPYK'fYPhl IIMeeT 

MeCTO npII TeMneparypax 6onee soo0c. ,B :mrrepBane 800-ll00°c Ha6n10,a:aeTCH 

o6pa30BaHIIe ·11 pocr nonocieii: (p11c . .7a,6). XapaKTep II3MeHeHIIH Ha6nro,a:aeMhIX 

IlOJIOCTeii: .OT TeMneparyphl 0T)l(Hra (p~c. 8), T.e~ YBe.imqeHIIe o6'heMa IlOJIOCTeii: 
npII 900°C II npaKTIIqecKII IIX IlOJIHhlll OT)Klff . npH l100°C, CBIIJJ:eTeJihCTByeT 0 

TOM, qrn OHII IIM_eeT BaKaHCIIOHHYI() np11poey. 
PacqeTHOe KOJilfqeCTBO np11pocTa q11cna Me)KJJ:OY3eJihHhIX aTOMOB B 

JJ:IICJIOKauIIOHHhIX neTJIHX II BaKaHCIIii: B IlOJIOCTHX YKa3bJBaeT Ha TO, qTo 

P1Ic.6. ~e4>eKTHWI CTPYKTYPa B Mo nocne o6nyqemm nplI 60°C. 
a- Heii:TPOHaMII ,L{eJieHIDI (7x10"

2
caa)' 

6 - anh4>a-qacT1IUaMII c :mepmeii: 50M3B (7x10"
2
cHa) 

10 

Pttc.7. BaKaHCIIOHHhie IlOJIOCTII B Mo: 

- o6nyqeHHOM aJibq>a-'iaCTIIUaMII II . 0TQ)K)KeHH0M nptt 

soo0c (a), 900°c (6), 1000°c (B) II 1100°c (r); 

- o6nyqeHHOM HellTPOHaMll II 0TQ)K)KeHH0M nptt 8QQOC (,a:), 900°C(e) 
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Pnc.8. J13MeHeHHe OTHOCiUeJII,HOfO 061,eMa BaKaHCHOHHbIX 
nonocTeii B Mo B pe3ynLTaTe H3oxpoHHoro OTIKHra 

HCTOqHHKaMH BaKaHCHit' ,wrn . poem IIOJIOCTeii: HBJIHIOTC.ll Me)KJJ:OY3eJibHbie 

L(HCJIOKaUHOHHbie. rreTJIII. 
UeHTpOM L(JISl 3apo)l(JleHIIH IIOJIOCTeii:, 110-BHL(IIMOMY, HBJIHIOTC.ll Hem V n -

KOMIIJieKCbI. . B cnyqae Heii:TpOHHOro •· o6nyqe-~IIH reJIIIll HaKaIIJIIIBaeTC.ll n 
pe3ynLmTe (n,a)- peaKUIIii:. IlpH o6nyqeHIIII anLqia-qacTUUaMII HaKOIIJieHIIe reJIIIH 
B Mo HL(eT KaK 3a cqeT· · coorneTcrnyromHx KaHaJIOB .sri:1epHLIX peaKUIIii: TIIITa 
(a,xa), TaK II 3a .C'IeT . : 3CpcpeKTa. o6parnoro pacce.srHIIH B o6pa3Ue 
60M6api:1IIpyIOIUIIX aJib<pa-qac~Iiu. B 3TOil CB.ll3II: 60JibIIIee K0JIHqeCTBO aTOMOB 
reJIIIH B o6pa3Uax Mo, o6Jiy<IeHHOfO BbICOK03HepreTHqHbIMII aJib<pa-qaCTIIQaMII, IIO 
cpaBHeHHIO c . o6nyqeHIIeM. Heii:TpOHaMH L(eJieHIIH, IIO-BHL(IIMOMY, II HBJI.lleTC.ll 
rrpIIqIIHOH Ha6n10i:1aeMoii: 6omrueii: IIJIOTHOCTH H pa3Mepa rronocTeii: B rrepnoM 

cnyqae. 
TaKIIM o6pa30M, BbIIIIeOIII{CaHHbie pe3yJibTaTbI, yKa3bIBaIOT He TOJibKO Ha 

B03MO)KH0CTb pa3BHTII.ll BaKaHCII~HHbIX IIOJIOCTeii: B rrpouecce 0T)l(Hra i:1ecpeKTHOll 
CTpyKrypbI, ccpopMIIpOBaHHOll rrpII HII3K0TeMrreparypH0M o6nyqeHIIII, HO II eme 
pa3 L(0CTaToqH0 y6ei:1IITeJibH0 CBHL(eTeJibCTByIOT 06 3MIICCIIII BaKaHCIIll II3 
paCTyIUHX IIpH cooTBeTCTByIOIUHX TeMrrepaTypax L(IICJI0KaUIIOHHbIX rreTJIHX. 

BbIBO)lbl 
Bee rrpIIBeL(eHHbie B Hacrn.srmeii: pa6oTe 3KCIIepIIMeHTaJibHbie pe3yJILmTbl, 

II0Ka3bIBaIOmIIe: 
- ynenIIqeHIIe C TeMrreparypoii: II npeMeHeM 0T)KIIra qIICJia Me)KJJ:OY3eJibHbIX 

aT0M0B B )lIICJI0KaQII0,HHbIX rreTJIHX II BaKaHCIIll B renIIeBbIX rropax, 
- HeM0H0T0HH0e II3MeHeHIIe C TeMrrepaTypOii: 0T)KIIra 0TH0CIITeJibHOfO 

061,eMa reJIIIeBbIX rrop, 
- rrpeIIMymecTBeHHblll pocT IIpIIrpaHIIqHbIX reJIIIeBLIX rrop co CTOpOHbI TeJia 

3epHa C L(IICJI0KaQII0HHb!MII neTJIHMII, 
12 

- pa3BIITIIe BaKaHCII0HHbIX IIOJIOCTeii: B pe3yJILmTe II0CJiepaL(IIaQII0HH0ro 
0T)KIIra LIIICJIOKaUIIOHHo-rrernenoii: CTPYKTYPbl, ccpopMIIponaHHoii: 
o6nyqeHIIeM aJib<pa-qacrnuaMII (50 MsB) II Heii:TpOHaMII L(eJieHIIH npII 60°c, 

L(aIOT 0CH0BaHIIe yrnep)l(JlaTb, qTo rrpII Bb!C0KIIX TeMrreparypax OT)KIIra IIJIII 
o6nyqeHIIH (6onee 0,3T nJI.) L(IICJI0KaQII0HHbie rreTJIII HBJIHIOTC.ll M0IUHbIMII 
IICT0qHIIKaMII · BaKaHCIIii:. B 3TOH CB.ll3H, rrpII YCJI0BHII HaJIIIqlI.ll B KpIICTaJIJIIIqecKOll 
CTpyKrype o6nyqaeMOro MaTepIIana K0MIIJieKC0B TIIIIa Hem V n, BaKaHCH0HH0e 
rrepeCbIIQeHIIe 3a cqeT TepMIIqecKOll 3MIICCIIII BaKaHCIIll L(IICJI0KaQII0HHbIMII 
rreTJI.llMII PMIIaQII0HH0ro rrp0IICX0)l(JleHIIH M0)KeT 6hITb orrpei:1en.sr10meii: L(BII)Kymeii: 
CIIJI0H o6pa30BaHIIH II poem BaKaHCII0HHbIX IIOJIOCTeii:. 
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Peyroa B.<l>. Pl5-98-363 
0 poJJH /lllCJlOKaUHOHHblX neTeJlb B npouecce pa3B11IDll BaKaHCIIOHHblX UOJIOCTef1 

B HaCTOllllleil pa6oTe MeT011aM11 Il3M-11ccne110BaHIIH 113MeHeHllll crpy1oypbl B pe3yJJbTaTe nOCJ1e
pa1111au110HHOro OT)Klffa MOJJll6/leHa, nerupOBaHHOro aTOMaMI! feJJllll, o6JJ)"leHHOfO BblCOK03HepreTll'l
llblMII aJJbcjla-qaCTIIUaMII II HefrrpoHa\fll /leJJeHllll, 3KCnep11MeHTaJJbHO yCTaHOBJleHO, 'ITO 
- 'IHCJlO Me)K,!loyJeJlbHblX aTOMOB B /lllCJlOKaullOHHblX UeTJlllX II BaKaHCIIH B re.m!eBblX nopax yaeJJH'IIIBa
eTCll C Te~rnepaTypoil II BpeMeHeM OTJl(llra, T.e. poCT /ll!CJIOKaUHOHHblX neTeJJb npOl-iCXO/lllT 3a C'leT 
HCUYCKaHllll IIMII BaKaHCIIH, • 
- 3apo)l(JleHlle II pocT reJJlleBblX nop npOIICXO/lllT 'Iepe3 CTa/111IO pa3B11Tllll BaKaHCIIOHHOH nopl!CTOCTII, 
- pocT np11rpaHH'IHblX reJJlleBblX nop npo11CXO/ll!T npe11MymecTBeHHO co CTOpOHbl Tena JepHa C /lllCJIO-
Kau11011HblMII neTJlllMII, 
- B pe3yJJbTaTe noCJ1epan11au110HHOro OT)KHra /lllCJIOKaUHOHHO-nemeBOH CTp)'KT)'Pbl, ccjlopMHpOBaHHOH 
o6JJ)"leHHeM aJJbcjla-'laCTIIUaMH (50 M3B) II HeilTpoHaMII 11e.neHllll np11 60 °C, pa3B11BaJOTCll BaKaHCII
OHHble UOJIOCTII. 

Bbllllell3JIOJKeHHoe 11aeT OCHOBaHlle yraep)l(JlaTb, 'ITO np11 BblCOKIIX TeMneparypax OT)KHra IIJIII 
o6nyqeHHll (6onee 0,3 T 11JJ) /lllC.HOKaUIIOHHble nemH llB,1ll!OTCll MOlllHblMII IICTO'IHIIKaMII BaKaHCIIH. 

B 3TOH CBll311, np11 YCJJOBIIII HaHH'lllll B i<:pllCTaJJJlll'leCKOH CTp)'KT)'pe o6JJ)"lae~!Oro MaTep11ana KOMnJJeK
COB nma Hem V n• BaKaHCIIOHHoe nepecb1meH11e 3a C'leT TepMH'leCKOH 3M11cc1111 BaKaHCIIH 1111CJ10-

Kau110HHblMH m:rnllMII pan11au110HHOro npo11CXO)l(JleHllll MOJKeT 6b1Tb onpe/le.JJll!Ollleil /lBIIJK)'IUelt CHJIOH 
o6pa30BaHllll II poem BaKaHCIIOHHblX UOJIOCTeil. 

Pa6orn BblITOJJHeHa B Jia6opaTOp1111 ll/lepHblX peaKUIIH HM. r.H.<l>nepoBa OHRH. 

Coo6meHHe O6he1111HeHHOro IIHCTH'Jyra ll/lepHblX IICCJle/lOB<llfHH . .Ily6Ha, 1998 

IlepeBO/l aBTOpa 

Reutov V.F. Pl5-98-363 
Role of Dislocation Loops in the Development of Vacancies-Containing Cavities 

This paper presents the results of a TEM-investigation of the effect of postradiation annealing 
on the structure of molybdenum doped with helium atoms and irradiated with high-energy a-particles 
and fission neutrons. It was found that: 
- the number of the interstitial atoms in the dislocation loops and of the vacancies in the helium 
bubbles increases with an increase in the temperature and annealing time, that is, the dislocation loops 
grow by emitting vacancies, 
- the arising and growth of helium pores involves a stage characterised by the growing of vacancy 
voids, 
- the helium bubbles arising near grain boundaries are formed on the side of the grain body 
with dislocation loops, 
- the postradiation annealing of the structure involving dislocation loops produced by irradiation 
with 50 MeV a-particles and fission neutrons at 60 °C results in the development of vacancy voids. 

The foregoing gives grounds to state that "high temperature annealing or irradiation at high 
temperature (more than 0.3 T melt) constitutes the conditions under which dislocation loops are powerful 

sources of vacancies. Therefore, on condition that in the crystal structure of the irradiated material there 
are, for example, the Hem V n complexes, vacancy oversaturation accounted for ~by thermal emission 

of vacancies by dislocation loops of radiation origin may be the main driving force for the nucliation 
and growth of vacancy voids. 

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna, 1998 


