
4-19~ 
,[(13-94-193 

C.A.KopeHeB, H.H.Ba.n:aJibIKHH, B.B.CHKOJieHKO, 
O.JI.OpeJiosHq, ,[(.M.IIIHpoKoB 

HAilhIJIEHHE ITJIEHOK 
C HOHHhIM ITEPEMEIIIHBAHHEM 
B HMITYJihCHOM B3PhIB03MHCCHOHHOM 
HOHHOM ,[(HO,[(E 

HanpaBJJeHO B )KypttaJJ «I1pH60pbr H TeXHHKa 3KcnepHMeHTa» 



' 
B nocne.n.m1e [OJI.bl B Hy,tK0BbIX TeXH0JI0rm1x 111-!TellCIIBH0 l!CCJie.n.yeTC.11 

::icpcpeKT nepeMermrnamui T0HKIIX UJieH0K C IIOJJ.]lO)KKOii mmyJibCHbThlU 

3JieKTP0HHbThfH II H0HHbIM ny,tKaMH /1/. 3TOT ::icpcpeKT C0CT0HT B 

nepeMellIIIBaHllll B3aHMHO pacrnopllMbIX 11 .nepacrnopl!MblX .n.pyr B JI.pyre 

::ineMeHT0B. B 11acTo.11w.ee BpeMSI nonytJe11b1 MHome cncTeMbI c 

nepeMelllllea11neM, ttanpm,1ep. Pb/Fe, Ag/Fe, Cu/Fe,npu noMoruu 06ny,temU1 

CHJILH0TO'IHbTh[ Ily,tK0M HOHOB ymepo.n.a /2/. 

O.n.HaKO 3HatJHTeJibHO 6oJILlllllii IIHTCpec )JJJSI TeXHOJlOntii npeJJ.CTaBJl.lleT 

H0HH0e nepeMeumeam1e BO BpetUI HallblJleHIUI HJieHKII Ha llOJJ.]lO)KKY /3/. B 
3T0M CJiy,tae 11.u.eT Henpepb1Bllblii IIJUI nonepCMCl!Hblii npou.ecc HallblJleHlrn II 

06ny,:1e11HS1. ll,m1 peanmau.1111 ::imx pe)KIIMOB 11eo6xo,u.nMhl coorneTcTey10w.11e 

HCTO'IHHKH H0HOB II ycTpoiicrna JJ.JISI nepeMCIUCHIISI n0JJ.JIO.lKKII no.u. IICTO'IHIIK 

H0H0B H IlOTOKa napoe IICX0.IVlblX ~taTepnanoe, 'ITO orpaHH'IIIBaeT 

TeXHOJI0nttJeCKHe B03M0)KII0CTH /3/. lh auanma pa3Jlll'IHbJX IICT0'IHIIKOB 

H0H0B /4/ M0)Kff0 c.n.enaTL BblB0.U. 0 TOM, 'ITO Hau6onee 0OJJ.XOJJ..IIIUIIM JI.JI.II 3TIIX 

ueneii .IIBJI.lleTC.11 HCTO'IHHK 110110B co B3pb1BHOii IIOIIHOii 3MllCCIICii /5/, B 

K0TOp0M BMeCTC c cpopMnpoeaHIICM IIOIIIIOro nytJKa Ha6mo.u.aeTCSI 

IIHTeHCIIBH0e pacnbme1111e MaTep11ana IIHIIU.HaTopa ano.u.Hoii HJia3Mbl /6/. 

.TaKoe B3pL1BHOe paCllblJlCHIIC BJlC'ICT 3a co6oii mmynbCHYIO K0H.U.CHcaumo 

qacn1u; MaTep11ana 1rnnu;narnpa ano.u.uoii nna3Mbl na noJJ.JI0)KKy. TTp11 3TOM 

y.u.atJH0 C0'IeTaeTCSI Hanbme,me llJlCHKII c IIOHHblM o6JiytJeHHCM. 

B .U.aHHOii pa6oTe IICCJIC.ll.YCTC.11 3cpcpeKT nepeMClllltBamrn .u.eyx CIICTeM 

::ineMeHTOB: Ti/Al n Al/Be. TTepea.11 c11cTeMa cBst3aHa c npo6neMoii 

K0HCTP)'KUH0HHblX MaTep11anoe, a .11.pyra.11 - C pecypcoM pa60Tbl ,6ep11nn11eeoii 

cponbrn, UJiaKHpoBaHHOii aJllOMlllllleM, npn npoxmK.UCHIIII ,,epe3 11ee 6blCTphlx 

3JICK'fPOHOB B ycKop1nem1x 3JICKTp0H0B. 

1. MeroA HanhIAeHMJI, i1om10e ii 31.e1crpmrnoe nepeMemi,maHt-te 

OcHOBHhle npn11u.11nbl HMnyJibCHOii eaKyyMHOii B3pb1BHOii IIOHHOii 

KOllJleHcauun pacc?.-10Tpe111,1 B /6,7/. Ee OCH0BHa.11 11.JleSI 3aKJ110tJaeTC.II B 

CJie.uyromeM. Ilpn no.uaqe na ano.u eaKyyirnoro .uuo.ua m,myn1,ca Hanpll)KeHIUI 

IlOJIO:JKHTeJILHOll IlOJI.llpH0CTII Ha ero noeepx11ocn1, o6parueHHOii ,B CTOpOHY 

KaTo.u.a, 3a:JKHraeTc.11 atto.u.ua.11 DJia3Ma. Ee cpopimpoeam1e conpoeo.lKL(aeTcst 

mnettcnBHbThf pacn1,menneM MaTepuana a110.11.a. PacnbIJ1CHHb1ii MaTep11an 

ano.ua B Bil.Ile KJiaCTepoe II MHKp0KaneJib oca;i,:n.aeTCll 11a 110.JlJIO;+;.Ky, K0TOpa.11 
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pacnonaraeTCll 3a KaTO,!\OM. Ilpn HallblJICHllll MO,KHO liCllOJib30BaTb )Ula 

pe.lKlti.la pa60Tbl ,!\llO,!\a: 

a) 6e3 3aKOpa'lllBaHllll ,!\IIO,!\a aHO,!\HOll llJia3MOii:, KOr,!\a MIITeJlbHOCTb 

1mnyn1,ca Hallpll.lKCHIUI tH MCHbllie apeMeHII 3aKOpa'!UBaHllll .l{llO,!\a: 
- D . 

tH < ~K = - I (1) v.p 
me D - paCCTOllHIIe MC.lK,!\y aHO,!\OM ll KaTO,!\OM, V ap - npO,!\OJibHall CKOpOCTb 

aHO,!\HOii: llJia3Mbl; 

6). C 3aKOpa'!UBaHlleM ,!\IIO,!\a aHOAHOii: llJia3MOii:, Koma MIITeJibHOCTb ~ 

60Jibllie apeMCHll 3aKOpa'lllBaHllll ,!\llO,!\a aHO,!\HOii: llJia3MOii:: 

D 
tH>l:JaK=-, v.p 

(2) 

B nepBOM pe.lKHMe pa60Tbl liOHHOro ,!\llO,!\a epeMll pacmmeHllll 

MaTepuana lp cpaBHllMO C MliTeJlbHOCTblO llMII)'JlbCa IiOHHoro TOKa, a BO 

BTOpOM pe.lKHMe lp > ~- CpaeHeHIIe 3TllX JU!yx pe.lKllMOB ll0Ka3bmaeT, '!TO 

BTOpoii: pe)KllM ll03~0;1IllCT yaeJill'lllTb CKOpOCTb_ HallbDICHllll, 'ITO. CBll3aHO C 

60JiblliOR BeJill'lllHOii: pa3pll.I\HOro TOKa B .l{llO,!\e. BpeMeHHble ,!\llaI'paMMbl 

BTOporo pe.lKllMa HanbDICHllll, npeACTaBJICHHbie Ha plic: 1, llOllCHlllOT 

BblIIICCKa3aHHOe. Jl:eii:CTBiiTeJibHO, npn , 3aKOpa'IIIBaHllli ,!\llO,!\a aHO.I\HOH 

llJia3MOH aMOJIIITYAa HMnyJibCa Hanpll)KC~ _ ~eHbmaeTCH' (IIITp~OBall JiliHllll 

HMnyn1,c'U), a IlOJIHblH TOK (pa3p.llJJ;Hblli TOK) B03pacTaeT (IiMnyJibC Jc). 3TOT 

npouecc xapaKrepn3yeTCll ycUJieHIIeM spo3llll aitoAa · n, cne,!\oearen1,tto, 

yaenll'!eHHeM Macconepettoca Marepnana aHOAa. lfoHHall MOAll<pIIKaullll 

ocymecTBIDICTCH nyqKOM llOH0B, KOTOpbtii <popMnpyeTCH B 3TOM -pe.lKHMe AO 

3aKOpa'!UBaHIDI ,!\liO,ll;a aHO~Oii: llJia3MOii: (IiMnyJILC Jb)- Heo6XO,!\llMO 

OTMCTllTb, '!TO nepab!ii: ny'IOK IiOHOB ocymecTBJIJleT "qncTKY" nosepXHOCTll 

00,!\JIO.lKKll. IlpouecCbl IIOBTOpll!OTCll C 'laCTOTOR, onpe,!\eJillCMOii: B OCHOBHOM 

napaMelpaMll retteparopa IiMnyJibCHoro ttanpll.lKeHllll. 

- B3anMO,!\t!HCTBlle IiMnyJibCHOro . nyqKa liOHOB C TBCPAJ>lM TeJIOM 

xapaKTepmyeTCH CJIC)zyl()IUHMH. sqxpeKTaMH: 

- o6pa30BaHHeM"J:ieqieKTOB Ii 3axBaT0M ,!\CqJeKTOB Clp}'KTYPbl JIOB)'lllKaMll; 

- <pa30BblMHnepexOAaMH, CBH3aHHbIMII c 6LtClpblM. HarpesoM TBepAoro rena 

Ha rny6mi:e npo6e~ llOHOB Ii no~e.nyro~ oxn~~Hne~.' · 

B paccMalpUBaeMbIX 3KcnepllMeHTilX o6pa30BaHHC . ,!\C<pCKTOB HOCliT 

CJIO.lKHbtii xapaKrep, T. ~- 11~meHHe OJieHKH ocymecTBJIJ1eTCll m 

KJiacrepttoii: ll MlixpoKaneJibHOH lpa3, ll03TOM)' cymecTByromne MO,!\eJili 

B3anMO,!\CHCTBlill llOHHoro nyqKa C TBep,!\blM TeJIOM /8/ TPYAHO npllMCHllMbl 

Ml! lpaKTOBKli pe3yJibTaTOB liOHHOii: MO.l{lllpIIKaumt:. 

/ OM5Jvr 
l_~BMBflHOTEFCA 
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PHc. 1. BpeMeHHbie .nnarpaMMbI HaribmeHIDI "rirreHoK H Hx HOHHoii MO.D;HcpHKaUHH B 

HMnynbCHOM B3pbIB03MHCCHOHHOM HOHHOM BaKY)IMHOM .D;Ho.n;e: 

u - HarrpH,KeHHe Ha .!l;HO.D;e; Jb - TOK HOHHom' nyqKa;°:rf - . IIOJIHbIH .TOK B .D;HO.I(e; Ny -
rrapOBaH cpa3a MaT~pHana HHH11HaTopa' aH~.D;HOH IIJI33MhI; Vi - ~OTOK HOHOB; Vy' - IIOTOK 

rrapa; to' .: )VIIITeJibHOCTb 'nMiiynbca 'HarrpH,KeHIDI; tu - W!HTeJibHOCTb. HMII,Yllb~a TOKa 

nyqKa; t 1, t2 - Haqano CJie.nyromero· HMizy~bca ~arrpHieHIDI n rnia · II)"!Ka 

COOTBeTCTBeHHo; 

•••.•••• - HOHM; 

IIJHl3MbI. 

. 00000 - napOBaH KOMilOHeHTa MaTepHana IIHIIUIIaTopa aHO.D;HOH 
' : ,,, ' ,··, 

. ' ,.• ' ) 

o➔ - napoBoe oca,K.D;eHne Ha no.D;J10,KKy; 

· ➔ - llOHHOe o6nyqeHne 
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OueHHM TeMnepaTypHbie pe)KHMbl B CIICTeMaX: HaTibIJllleMaH IIJieHKa-

Il0.D;J10)1(Ka, HaTibIJil!eMaH UJ1eHKa-UJ1eHKa-no.D;J10:lKKa. }I.ml 3TOro 

BOCilOJ1b3YeMCH TeIIJIOBOH MO.D;eJibIO B3aHMO.D;eHCTBIDI llMTIYllbCHOro nyqKa 

3apH:lKeHHblX qacTHU C rnep.D;b!M TeJIOM. }I.ml Bb16opa cpopMyllbl )Vil! pacqern 

TeMnepaTYPHbIX pe:lKHMOB Heo6XOJlHMO Bbl'IHCJillTb OTHOIIIeHHe WIHTeJibHOCTll 

HMIIYllbCa TOKa nyqKa tll H TenJIOBOH IlOCTOllHHOH Bemecrna 'tp /9/. 

t = 2h,2pc , (3) 
p I\. 

rne he .- rny6nHa npo6era qacrnu; p, c, 'A, - IlllOTHOCTb, YJleJibHaH 

TeilllOeMKOCTb n y.n;eJibHM TellJlonpOBO.D;HOCTb o6nyqaeMoro MaTepHana. 

B Ta6JIHUe N~, l npHBe.n;eHbI 3TH .n;aHHble Wlll CJie)lyIOIUHX CHCTeM: 

- HamIJllleMM IllleHKa Ti Ha Al; 

- HaIIbIJllleMM IlJleHKa Al Ha Be. 

. Ta6Jmua N~ l 

MaTepHaJl HOllbl KltHeT. TenJIOBall /IJIIIT. t1/tp /IJIIIT. t2/tp 

311eprm1, nocTOllH., HMnyJibCa 11Mynhca, 

K3B HC TOKa, t1 ,HC l'>, IIC 

Al Ti+ 300 1.5 100 67 .. 300 201· 
Ti Ti+ 300 60 100 1.7 . 300 5.1 

Be c+ 300 12 100 8.3 300 25 
Be Al+ 300 I 100. 100 300 300 

lfa Ta6JIHUbI N! l CJie.n;yeT, 'ITO tp < t1,2• B 3TOM CJiyqae TeMnepaTypy 

TI MO:lKHO paCC'IHTaTb no cpopMyne /9/: 
2Wt 112 

T.- " (4) 
I - (7t11.pC)l/2 

r.ne w - IlllOTHOCTb MOlllHOCTll nyqKa llOHOB, ti! - WIHTeJibHOCTb HMTIYJibCa 

TOKa nyqKa HOHOB. 

Ha pnc. 2 np1rneneHbl 3aBHCIIMOCTH TI OT WIHTeJibHOCTH llMTIYJibCa 

)Vil! on~cMnaeMbIX B pa6oTe 3KcnepnMeHTOB. lfa Httx BllJlHO, 'ITO TOJibKo Wlll 

anmMHH~ T~M~~parypa IlpH 06JiyqeHHH npH6JIH:lKaeTCH . K TeMnepaType 
·. ', ' 

UJ1aBJ1eHIDI. 0.n;HaKO npoIIJiaBa aJIIOMHHllH no.n IlJleHKOii THTana ne 

na6J110)laeTCH, IlOTOMy 'ITO BO npeMll o6nyqeHllll llJleT npouecc nanbIJieHHll 

IIJieHKII TIITaHa. 

. PacCMOTplIM oco6enHOCTH HMTIYllbCHOro 3JieKTpOHHOro o6nyqenIDI. 

3Ha'leHIDI TellJlOBbIX IIOCTOHHHblX 'tp HCCJie.n;yeMbIX MaTepHaJIOB, 

pacc'IHTaHHblX no cpopMyJie (3) Ml! ,meKTponnoro nyqKa c 3Heprneii 100 + 
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PIie. 2. 3aBIICIIMOCTb TeMIIeparypbl T OT WlIITeJibHOCTII IIMnyJibCa t IlpII 06.JlY'IeHIIII 

IIOH!L\fII TIITaHa IIJieHKII TIITaHa - 1 ( 0 ), IIOHaMII aJIIOMIIHIDI IIJieHKII 'aJIIOMIIHIDI, - 2 (.) II 

IIOHaMII aJIIOMIIHllil 6epIIJIJIIIeBofi lp0Jlbl11 - 3 (~) IIpII IIMIIYJibCHOfi MOIIIHOCTII II)"IKa -

3-106 BT/cM2; 

4, 5, 6, - TeMneparypbI IIJiaBJieHIDI Ti, Al, Be coorneTCTBeHHO /13/ 

300 .K3B npIIBeii;eHbI . B 'ra6mru:e N2 2: lfa ~ iimnrn, 'ITO o6nyqeHIIe 

3JienpOHHbIM II)"IKOM II03BOJilleT IIOJI)"IIITb aiiIIa6ilTII'IeCKIIe YCJIOBIDI HarpeBa 

06JI)"IaeMbIX o6pa3UOB, TaK KaK 'tu << •p· ' ' 

Ta6mru:a N2 2 

MaTepnaJI KHHeT. ::mepmx TeilJIOBal! ,WIHT.· HMil}'JlhCa tnhn 
06p33na :;ineKTPOHOB K:!IB IT OCT. 'tn,HC . TOKa TIVUKa, tu:Hc 

Ti 300 l.6·107 300 1.s-10-s 

Al 300 l.5·105 · 300 2-10-3 

Be 300 2.1-105 300 l.1·10•3 
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TeM~eparypy T B , o6nyqaeMOM o6pa3ue Ha rny61rne npo6era 

3JieK:rpOHOB MO)KHO B 3TOM CJI)"Iae paCC~IITaTh IIO lpOptl)'Jie /1']/: 
' . ' 2Wt . '· · ,.· .. ' '· .. 

, · · . T = h.Pl C ' ' (5) ·. · ·' ' · · 

rii;e w, tn - rui:o;HOCTb M0IIUIOCTII II 'MIITeJILHricn,_ ~II)'JihCa , TriKa 'nytIKa 
3JieK:rpOHOB, h:3 - rny6IIHa npo6era 3JieK:rpOHOB, s ~ . IIJI0ll(Mb o6n~aeMOll 

IIOBepXHOCTII, C II p - YAeJibH.all TeIIJIOeMKOCTb II IIJIOTHOCTb o6nyq~~Moro 

o6pa3ua. · 

IlpII IIJIOTHOCTII TOKa II)"IKa 3JieK:rpOHOB je - 1000 A/cM2 'II ero 

KIIHeTII'IeCKOfi 3H~prim 200 + 300 K3B, tn - 300 HC_ pa~qernLie re~nep:.irypbl 

B HeCKOJibKO pa3 npeBbIIIIaIOT 

paccMa:rpIIBaeMhIX ClpYK'fYPax. 
'' 

TeMneparypbI , IIJI~eHIDI IIJieHoK·. B 

B pe3yJihTaTe npoBeii;eHHOro attam13a MO)KHO cii;erraTh CJieii;yroIIUie 
. ~ 

BbIBOJJ;bI: 

- o6nyqeHIIe m1nyJihCHbIM II)"IKOM IIOHOB BO BpeMll HaIIbIJieHIIJI IIJieHOK 

II03BOJilleT IIOJI)"IllTb ycJIOBlIJI AJill ocym:ecTBJieHIIJI lpa30Bb!X nepexo.n;OB B 

nonyqaeMhIX CTPYKTYPax; 

- o6nyqeHIIe m1nyJibCHbIM ' II)"IKOM 3JieK:rpOHOB CTPYKTYP IIOCJie ux 

HaIIbIJieHIIJI C llOHHbIM nepeMem1rnaHHeM peanll3yeT ,a.n;ua6aTU4eCKUII HarpeB 

o6pa3ua ii:o BhICOKIIX TeMneparyp, ii:ocTaT0•1imx WIH pa3JIJtq~hIX CTPYKTYPHhIX 
npeBpam:eHIIII. ' , ,, ' , ' ' ,. ' 

2. 31<CI1epHMeHTmH~ tt HJMepttTeAbHaJI 'aimaparypa; 
._· .· . ,, •<" ·< 

3KcnepIIMeHTh1·. no i :~anh'irreHuIO IIJieHoK, n· ux. MOAIIlpHKailHH 

rrpoBOAHJIIICh Ha 3KC~ip'm1eH;aJihH011. ycTaH0BKe "3JI1IOHA''. Mil nonyqeHIDI 

3JieKT{lOHHbIX II IIOHHhfi II)"IKOB :JICB3 Q~H. /10/. . . /( 

Ha pIIc. 3 ·· np1rneii;eHa 6noi-cxeirn B3pbIB03MIICCHOHHOro ii;uoii;a, 

pa6orn10m:ero 'B pe)KIU.le reHeI?aIIIIH 3JieKTIJOHHbIX II. IIOttiu;IX II)"IKOB. B 

3aBHCHMOCTII OT IIOJillpH0CTII ,mtnyJibCa Hanpii)K:eHIIJI, IIIITaIOI11ero JJ;HOA, 

Bbr6upaem1 pe)KIIM ero pa6o~bl. .un'ix imnyqen~ ~.rre~:rpoHkbIX II)"IKOB 
,, ' 

IICIIOJih3yeTCll IIMIIYJihC Hanpll)KeHIDI . o:rpIIuaTeJihHOfi rroJillpHocn1, a Mil 

IIOHHLIX - IIMIIYJibC Halipll)KeHilll IlOJIO)KIITMbHOll IIOJillpHOCTII, ,. , 

B 3KCnepIIMeHTax IICIIOJib30BaJICll IIMnyJibCHblll reHepaTOp mna 

ApKMbeBa-MapKca ; OCHOBHbie rrapaMe:rpbl nyqKOB 3apll)KeHHbIX qacmu 

npuseii;eHhl B rn6n,IIue N2 3. 

TOK II)"IKa II3MepIDICll LR-IIHTerpIIpyrolllIIM IIOlICOM PoroBCKOro II IIl)'HTOM 

TOKa. 

O6nyqem1e npOBOl{IIJIOCb npII l{aBJieHIIII OCTaTOqHoro ra3a 

P-5·10-S TOPP· 

·7 



HcCJie,D;OBaJIBe Torrorpacl>HH rroBepxHoCTII o6p.nuoB npoBOAWIIICL Ha 

pacTPOBOM :;meKTPOHHOM MIIKpocKone JSM-840 (Japan), a pacnpeneneHIDI 

npocl>Wlll KOH[lellTpa[lllll no my6IIHe MeTO,!l;OM o6paTHoro 

Pe3epcl>op,D;OBCKOI'O paccellHIDI npoTOHOB II MeTO,D;OM BTOpll'IHOii IIOHHOH 

Macc-crreKTPOCKOIIHH (BHMC). 

Ta6nIIua N~ 3 

copT qacrnu KIIHe~eCKall IInOTHOCTb TOKa, )VIIIT. IIMYnLca 

:meornll. KJB AfcM2 TOKa IIV'IKa HC 

lIOHbl, C+ 150 + 300 60 + 100 300 

lIOHbI Ti+ 150 + 300 1 + 10 300 

lIOHbl Al+ 150 + 300 l + 15 300 

JneKTOOHbl 150 + 300 100 + 1000 300 

5 

.~u-·'1 u~· •· .. _ 
.J:1,"--1 
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PIIC. 3,EnoK-cxeMa·B3pbIB03MllCCIIOHHOro BaKY)'MHOI'O ,D;II0,D;a: 

I - reHeparnp ApKa.iu,eB~-MapKca , II - JneKTpoH-llOHHLiii nCToqHJIK ; 
. • ' ,'. I . ! l < ~ ~ )"' i,} , ' I:, ,: , ' j , • . ,- '. • , 

1-BbICOKOBOnbTHblll ll30nllTOp, 2-llHllllIIaTOp IInaJMbl, 3-BblT.llm:BalOIIlHH 3neKTP0A, 4-

K0MIIMaTop, 

5-II0JIC PoroBCKOI'O, 6-TOKOBblll IIIyHT, 7-q>0nbra, 8-BaKY)'MHaJI KaMepa, 9-ocunnnorpaq> 
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3.TTAeHim Ti Ha Al 
Ha pnc. 4 np1rnene110 pacrrpe,D;eneHIIe K0H1lempau1rn Ti, Al II 0 

(KpIIBble '), 2, 3) no TOJIIIUlHe rrneHKII, HammeHHOH 'B pt:XIIMe 6e3 

3aKopaqI1BaHIDI ,!l;II0,D;a aHO,!l;HOH IIna3MOii. IlpII 3T0M HanpxxeHIIe Ha ,!l;ll0,D;e 

COCTaBnJlno 250 KB, TOK II}"IKa II0H0B - 10 A/cM2, )VIIITeJibH0CTb llMrrynLca 

~ 300 HC,. IJpII qaCTOTe pa60TbI ,D;II0)l:a 1 ru BpeMll HaIIbilleHIDI lC0CTaB./IJIJI0 

5 c. .MIIKpocl>ornrpacl>1m II0BepxH0CTII rrnemrn Ti, Ha Al 'rrpenCTaBJieHbl Ha 

piic. Sa. lb pIIc. 4 BimH0, ~o Ha6n10naeTCJ1 II0HHoe rrepeMeunrnaHIIe. 

O,D;HaKO xapaKTep pacrrpe,D;eneHIDI KOH[leHTpallllll . II0Ka3~BaeT, qTQ OHO 

HeCK0nbK0 "3aTXHYfO" no T0lllllHHe. ,[(eiiCTBIITeJibHO, )l;a,Ke ; Ha r;zy6HHe 

1 MKMKoHuempauIDI Ti ;,,,, 95%, a Al - 7o/o. IlpII JTOM rrnemrn conep:ll(IIT II 

KIICJI0pon. Ha cl>ornrpacl>IIII BII,!IHbI Karrnll Ti, p.nMepbI ' KOT0pbIX MeHLme 

5 MKM.YBeJIIIqeHIIe KIIHeTl{qeCKOH 3Hepm:II IIOHOB , (Y5eJIIIqeHI1e HarrpxxeHIDI 

U Ha ,!l;IIO,D;e) He IIpIIB0,!l;IIT K )'MeHbmeHIIIO . pa3MepoB 3TIIX KaIIenb, a 

)'MeHLmeHile U AO 100 KB - }'BeJil{qIIBaeT llX p.nMepLI AO 10 .+ 13 MKM. • 

TaK KaK TeMnepaT)'pa rrneHKII Ti rrpII IIOHH0M o6nyqeHHH nocmraeT -

1365 °C, TO JT0 TaKXe rrpIIB0AIIT K HeKOTOPOMY }'BeJil{qeHIIIO 

pacTBopllM0CTII Ti B Al. TIITaH B an10MI1HIII1 no TeMrrepaT)'pLI , 500 °C 

rronH0CTblO HepaCTB0pIIM, II TOnbK0 BbIIUe 5()0 °C paCTBop~~0C'I'b COCTaBJUieT 

- 0.002 aT0MHbIX ,D;0nII Ti Ha 1 al'OMH}'IO nomo anIOMIIHIDI· /11/. TaK KaK 

rny6I1Ha _npo6era II0HOB. Ti. B .Ti ~Op5I,IUCa - 0.15 MKM, .To HeT BLmeneHIDI 
- . ,,.,, ' - -, , . 

3HeprnII B anIOMIIHileByro IIO)VI0XKy. . : . 

J:¼ui: ynyqIUeHIDI KaqecrBa IIOBepXHOCTII rrneHKII (yMeHLmeHIDi pa3Mepa 

3epeH 'n Kailenb) 6bUIII ripoBe,D;eHbI o6nyqemra 3THX nneH0K llMrryn~CHblM 

JneKTP0HHblM II}"IKOM C KIIHeTl{qeCKOH 3Heprneii 250 K3B·, ~OTHOCTbIO TOKa 

700 A/~M2 II ,nJ'IlITeJibH0CTbIO 11Mnym,ca - 300 .HC. IloCJie O,!l;HOI'O IIMrrynLca 

JneKTpOHH~I'O. rryqKa KaqeCTB0 IIOBepXHOCTII nneHKll yny'IlllllnOCb ( CM. 

MIIKpOcl>OTOrpacl>IIIO II0BepXH0CTII IIneHKll Ha pIIC. 56) •. Ha pIIC, . 4 l(:pIIBblMII 

4, 5, 6 noK.naHo pacnpeneneHI1e KoHuempauIIII Ti, i,\J, 0 \s cicreMe rrnemca 

Ti-no,n110XKa · Al. l-13 cpaBHeHIDI .· pacnpeneneHI1ii · Koiiuempauilii Ti, . Al, 0 

Bll,!l;H0, ~o JneKTP0HH0e llMnynbCHOe o6nyqeHile II03B0nlleT ')'MeHbilllITb 

conepxaHile KllCJiopo,D;a. TaK, HaqIIHall c my6IIHbl o:s ~KIICJiopo,D; 

npaKTIIqeCKll OTCYTCTByeT. Hanl{qile KllCJiopona B rrn~HKe B· HaCTOXlllee 

BpeMll He npe,D;CTaBnJleTCX B03M0,KHbJM Ofu.51CHIITb. KpoMe rnro; ,Blf.IUIO, ~O 

IpaHlllla nepeMelllllBaHIIJI Ti c Al cMelllaeTCJI B Haqano nneHKll Ti. HatJIIHall 

C my6IIH~ 0.05 MKM BII,!leH anIOMIIHilii. TaKXe ;:vIIIHa 30Hbl nepeMelllllBaHIIJI 
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Pnc. 4. PacrrpeneneHne KOHUCHTpau;nn Ti, Al n O rro TOJIIIUIHC IIJICHKR, IIOJIY'!CHHoil: B 

pe)KllMC 6e3 3aKopa'lnBaHIDI nnona attonttoil: IIJia3Moil:: 

l - Ti(+); 2 - Al (o); 3 - 0 (Ii). 

(Mon~cp~KaUIDI ~OHaMll '.fi} 
4 - Ti(+); 5 7 Al (o); 6,- 0 (il) 7 MOAll<pllKaUIDI llMIIYJihCHhIM IIY'!KOM ::JJICKTpOHOB 
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Pnc. 5a. MIIKpocpOTOrpaq:>IDI IlOBepXHOCTll JIDCHKli Ti Ha Al, IlOJI}"!Cirnoil: B llOHHOM 
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nnone 6eJ e.:;, ~opa~~aHIDI ~O~O~ ~a3MOH . . , . . 

l 
Pnc. 56. ½~pO<pOTOipll~IDI IlOBepXHOCTll IIJICHKH 'Ti 'ua J\l IIOCJie MO)Ulq:>JUCaumI 

1, -. ' - . ' , : , • '• •• '. _· ,, 

llMrryJII,CHblM 3JICK1JlOHHhIM IIY'!KCJM 
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13 COKpamaeTC.11 no cpaBHeHIUO. C IIJieHKOfi . 6e3 o6nyqeHIUI IIMnyJihCHhIM 

3JieKTpO~HhIM nyqKOM (CM. pm:. 4). . . . 

Pacnpe,u;eneH1Ie KOHt1empa1.1m1 Ti II Al no· TOJIIUIIHe IIJieHKII, 

nonyqeHHOfi B IIOHHOM )llIO)le C 3aKOpaq1IBaH1IeM )llIO)lHOfO 3a3opa aHO)lHOfi 

IIJla3MOfi nplIBe)leHa Ha p1IC. 6. B 3TOM CJiyqae BeJIIfqlfHa IIJIOTHOCTII HOHHOro 

TOKa MeHbUie ii: cocraBJI.11eT j- 2 AlcM2 nplI U- 250 KB nplI 3a3ope Me)K)ly 

aHO)lOM Ii KaTO)lOM - 5 MM, a BpeM.11 HanhIJieHlf.11 TO )Ke caMoe (5 c). B 3TOM 

cnyqae YBeJIIIqlfBaeTC.11 MacconepeHOC aemecrna· IIHIIUIIaTOpa . aHO)lHOfi 

IIJia3MhI II TOJIIUIIHa IIJieHKII YBeJIIfqttBaeTC.11. J,fa p1Ic; 6 BH)lHO, qTQ HOHHOe 

nepeMeUIIIBaHue Ha6mo,u;aeTc.11 'TOJihKb B HaqaJihHhrfi •. neplIOJl, . Koma' IIJieHKa 

eme TOHKiur; II B Hefi Ha6mo,u;aeTc.11 pacrnopeHIIe Ti · II Al.: Ha p1Ic. 7 a 

nplIBe.Q~Ha MIIKpocpornrpacplI.11 noaepxHocTH IIJieHKII Ti Ha • AL · J,13 Hee . ' . . . 
BHJlHO, qrn · ·IIJieHKa coCTOIIT II3 MIIKpoKanenh, qTQ 061,.11cH.11eTc.11 Manofi 

BeJIIfqllHOfi IIOHHOro . TOKa no ~paBHeHIIIO c nepBbIM cnyqaeM (plIC. 5a). 

06nyqeHHe, . IIMJIYnhCHhIM . 3JieKTpOHHhIM nyqKOM n03BOJI.lleT ocymeCTBIITb 

npoIIJiaB IIJieHKII. Ha p1IC. 76 npuBe,QeHa MHKpocpornrpacplI.11, noaepXHOCTH 
·_· . ' . 

IIJieHKH Ti Ha Al nocJie o6nyqeHII.II O)lHIIM HMnyJihCOM nyqKa 3JieKTpOHOB C 

KHHeTifqeCKOfi 3Heprnefi 250 K38, IIJIOTHOCTbIO TOKa ~ 700 A/cM2 H 

)lJIHTeJibHOCTbIO IIMnyJibCa. - 300. HC. Ha MIIKpocpornrpacplIII BH)leH npoIIJiaB 

IIJieHKH. II HeKOTopi.re pa3JIOMM IIJieHKH BCJie,QCTBHe ee 6hICTporo 

OXJia)K)leHlf.11. J(rrn . HarJI.ll)lHOCTH Ha 06e1IX cpornrpaclJII.IIX C Kpa.11 nOKa3aHa 
' . . , ,.:t 

noaepxHOCTh no,QJIO)KI(II Al , ·~~. 
Pe:iyJihTaTbI noKa3bIBaIOT, qTQ nplI HanhIJieHIIII IIJieHOK B HOHHOM 

.Qlfo.Qe Ha6n10,u;aeTc.11 nepeMeUIIIBaHIIe HepacTBOplIMhIX 3JieMeHTOB Ti · B Al c 

nOMO!UhlO · HMnyJihCH6ro. IIOHH0ro • nyqKa BO BpeM.11 HanbIJieHlf.11. HimyJihCHOe 

3JieKTpOHH0e o6nyqeHHe YJlY'llllaeT l KaqeCTBO noaepXHOCTII IIJieHKII II 

ocymeCTBJI.lleT ,QOnOJIHIITeJihHOe nepeMeUIHBaHHe Ti B AL. TaKIIM o6pa30M, 
' ' . ~ ' ' ' , ' ' : ' ' . ' . , 

IIOHHOe .. nepeMell11IBaH1Ie no3BOJI.lleT nOJiy<IHTh HOBhifi KOHCT{)yKlllIOHHhifi 

MaTf:pliaJI: aJIIOMIIHIIfi C rnTaHOBOfi IIJieHKofi: . . 

4. np~eHeim.e. HOHHm~. ~epeM~unmamw AMI <pOAbr ·.···BblllYCKHbIX 

ycrpottCTB ycrmpuTeAeH 3AercrpOHOB 

B ycKOpHTeJI.IIX '3JieKTpOHOB )lJI.11 BblBO)la nyqKa II3 BaKYYMHOfi ,KaMepbI 

B aTMOCcpepy rum B fa3 ucnoJih3YJOTC.II TOHKIIe qJOJihrn. YCTpoficrna BbIBO)la 

nyqKa. 3ReKTPOHOB pa6oTaIOT B YCJIOBII.IIX 60ITbllIIIX TeIIJIOBbIX HarpY3<>K. (1I3- ', 
3a IlOTepb 3JieKTpOHOB B cpOJibre) H MexaHifqeCKHX HarpY30K BCJie,QCTBHe 

nepena.na ,u;aBJieHlf.11 /12/. B HaCTo.11mee BpeM.11 np1IMeH.11IOTc.11 cpon1,rn m 

12 
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IIJieHKII, Han1,memmfi B )llIO)le C 3aKopaqlIBaHIIeM -llHO)lHOfi IIJia3MOfi. •, 
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a) 

6) 

Puc. 7. MHKpocpoTOrpaqmu noaepxH0CTll IIJieHKu Ti Ha Al, noJI)"leHHoii B uMnyrrhcH0M 

U0HH0M .u;uo.u;e C J~opatIUBaHueM aHO)l;HOii IIJiaJMOii (a) u nocrre MO.D;Uq:>UKauuu 

HMnyJihCHhIM 3JieKTp0HHhlM nytJ:K0M (6) 

14 

a) 

6) 

;I 

e) 

Puc. 8. MHKpocpoTOrpacpuu noaepxHocrn IIJieHKU Al Ha Be nocrre npoxo:>K,neHIDI tiepeJ 

Hee 3JieKTP0HHoro IlYtJ:Ka (E - 100 K3B, j - 2.5 MAlcM2, t = 15 MUH.) (a), ucxo.u;Hoii 

IIJieHKu, HanhIJieHHOii B U0HH0M .u;uo.u;e .u;o nponyCKaHIDI tiepe3 Hee 3JieK1J)OHOB (6) u 

nocrre npoxo:>K,neHIDI 3JieKTP0HHoro nytJ:Ka ( E - 100 K3B, j - 2.5 MAlcM2, t = 1 tJ: ) (B) 
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TllTaHa, 6eplIJIJIIDI: 6epnruurn c IIJieHKOll aJIIOMllHIDI,: aJIIOMllHlleBbIX CIIJiaB0B. 

Han60JibWee pacrrpocrpaHeHne B . ycKOpllTeJll!X C Il)"IK0M 3Jlt:KTpOHOB 

6onLworo rrorrepeqHoro ceqeHIDI nonyqllJln cponbrn ll3 6epllJIJIIDI, 

IIJiaKllp0BaHHbie. aJIIOMllHlleM. B. 3T0M . cnyqae ·. .D,JllI. 3JieKTP0H0B C 

KllHernqeCKOll 3Heprnefi ~. 200 K3B T0JIIUllHa qJOJibl11 ~· 100 MKM, ll II03TOMY . . . 

oHa BIJJJ;ep:l!arnaeT 6omwne MexaH~ecKne HarpY3Kll Ha · pacrn)KeHIIe. 

Hannqne IIJieHKll · aJIIOMllHIDI Ha 6epllJIJlllll ynyqwaeT TeIIJI0Bbie 

xapaKTepttCTllKll . ipom~. : AHaJillJ II0BepXH0CTll 6epllJIJIHeBOll qJOJibl11, 

IIJiaKllpOBaHHOll aJIIOMllH_HeM,. BbinycKaeMOll rrp0MbIIILleHH0CTbIO, Ha 

CKaHttpyroIUeM. 3JieKTpOHHOM . MHKp0CK0IIe . II0Ka3bIBaeT _ o6pa30BaHHe cep1rn 

MHKp0KaIIeJib . aJIIOMIIHIDI . IIpll IIpOXO)K,L{eHllII qepe3 qJOJibyY . 6epllJIJlllH 

TOJIIUIIH0ll 5 MKM _3JieKTp0HH0I'O IIyqKa C .KllHeTnqecKOll 3Heprnefi 100 IC3B ll 

IIJI0TH0CTbIO TOI<a - ·2.2 MAfcM2 B TeqeHne 15 MHHYT (cM: pnc. Sa) . .Ivrn 
cpaBHeHIDI Ha pnc. 86 . IIpHBe,!l.eHa MllKpocpornrpacpIDI . II0BepXH0CTII 3TOll 

cponbrn .u.o .ee pa6oTbI c 3JieKTp0HHbIM IIyqK0M. ,IvUI ycTpaHeHIDI 3Toro 

He,!I.0CTaTKa Heo6xoilm,i:o C03,!l.aTb ·• ycnOBIIll, npeIIHTCTBYJOIUlle o6pa30BaHIIIO 

MIIKpoKarrenb Al Ha Be: 3TOT He:nocTaTOK M0)KH0 ycTpaHIITb, ncrronb30BaB 

3cpcpeKT rrepeMewnBaHIDI ·Al. B . Be rrjm HammeHHll Al· .. Ha Be B ll0HH0M 

.U.H0.!J.e. AnroMIIHHfi B 6epllJIJIHH rrpaKTmiecKn HepacTB0J)IIM (.u.o t - 646 °C 

II0JIH0CTbIO HepaCTB0pllM, a, IIpH , t ~ 646 °C paCTB0pllM0CTb C0CTaBJIHeT -

0.0177 ;TOMHbIX ,!1.0Jiefi Al11~:laTOMHYJO ,!I.0JIIO Be /11/). . 

MnKpoclJ~-rorpacpmi · rr~aepxHoCTn 6epllJIJlneaoh cponbrn c 

aJIIOMllHlleBOll iirreiucofi, rro;)"ieHHOii .B IIOHIIOM .u.m>.u.e (u ;_ 250 KB, jAJ 

5 Al cM2' t~ - 300 HC, t = 10 c, f = 1 ru) ,!1.0 pa60Tbl' rrpe,!1.CTaBJieHa Ha pnc. 8G. 

a rrocne 1 qaca pa60Tbl '_ Ha pIIc.8a lfx cpaBHHTeJibHblll aHaJill3 II0Ka3bIBaeT 

0TCYTCTBIIe KarrenbHOfi CTpYKTYPbI, . qrn 03HaqaeT. yaennqeHne pecypca 

pa6oTbI cpomrn B iaq~crni BbinycKHoro ycTPoficrna ~ 3JieKTpoHoB. 

TaKllM o6pa30M, M0)KH0 . c.u.enaTb BbIB0,!I. 0 . nepcrreKTllBH0CTll 

llCII0Jib30BaHIDI_ ll0HH0I'O rrepeMeWHBaHID.I ~ Te~l!OJIOI1lll · n3i'urnBJieHID1 cponbr 

,!1.J1H yCTpOHCTB• BbIII)'CKa nyqKa 3JieKTp0H0B. ll3 _BaKYYMHOll KaMepbl B 

aTMOCcpepy. 

5. 3a1<A10qeHue 

B pe3yJibTaTe rrpoBe,!l.eHHbIX llCCJie,!I.OBaHIIll M0)KH0 c.u.enaTb 

~e.u.yroIUlle BblB0,!l.bI: .. 

16 

1. BaKYYMHaH llMnyJibCHaH ll0HHaH K0H,!l.eHcauIDI II03B0JIHeT rronyqaTb 

IIJieHKH HepaCTaopHMbIX 3JieMeHT0B ll0HHblM nepeMeunuiaHneM B npouecce 
HaIIbilleHIDI. 

2. Ilocnejzyromee . o6nyqeHne HMnyJibCHblM 3JieKTP0HHblM nyqK0M 

,!I.OII0JIHllTeJibH0 nepeMeWnBaeT HepaCTB0pllMbie .u.pyr B .u.pyre 3JieMeHTbl ll 

ynyqwaeT Kaqecrno II0BepXH0CTll IIJieHKll. 

3. IlonyqeHbl CTa6llJlbllbie IIJieHKll HepaCTB0pllMbIX .u.pyr B .u.pyre 3JieMeHT0B 

Ti I Al n Al / Be. 

4. Hanbmemre IIJieH0K Al Ha 6epllJIJllleByro qJOJibyY c II0M0IUbIO ll0HH0I'O 

,!l.ll0,!1.a II03B0JIHeT nonyqaTb cpomrn ,!l.JIH BbinyCKHblX ycTpOHCTB 3JieKTP0HHb!X 

ycKopllTenefi, pecypc K0T0pbIX rrpeauwaeT rrp0MblIIJJieHHbie B HeCK0JibK0 

pa3. 

B 3aKJiroqeHIIe aBTOpbl Bblpa)KaIOT 6naro.u.apHOCTb lfBaHOBY If. H. 3a 

IIJI0,!I.0TB0pHoe o6c~eHll~ pe3YJibTaT0B pa60Tbl ll EopOBKOBY )l.JI. 3a 

II0M0IUb .B pa6oTe. 
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KopeHeB C.A. H .up. .IU3-94-193 
HanhIJieHHe IIJieHOK C HOHHhIM nepeMeIDHBaHHeM 
B HMITYJibCHOM B3pbIB03MHCCHOHHOM HOHHOM ,IlHO,Ile 

B pa60Te HCCJie.UyeTCSI 3q:>q:>eKT HOHHOI'O nepeMeIDHBaHHSI ABYX CHCTeM 3Jie
MeHTOB B HMITYJibCHOM B3pbIB03MHCCHOHHOM HOHHOM AHO.Ile Ha npHMepe Hepa
CTBOPHMhIX .upyr B .upyre coe.uHHeHHH Ti/ Al H Al/Be. ,II:onoJIHHTeJihHOe nepe
MemHBaHHe ocy~eCTBJISleTCSI HMITYJibCHhIM CHJihHOTOtJHhIM 3JieKTPOHHhIM nyq
KOM. B 3KCnepHMeHTax HCITOJib30BaJICSI HOHHhIH .UHO.Il C napaMeTpaMH: 
ycKopsno~ee HanpSI)KeHHe 150+300 KB, ,IlJIHTeJibHOCTb HMITYJihCa HOHHOI'O TO

Ka 300 HC, ITJIOTHOCTb TOKa HOHOB THTaHa j = 5 + 10 A/ CM2 H aJIIOMHHH51 

j = 8 + 10 A/ cM2. 3KcnepHMeHTbl ITOKa3aJIH B03MO)KHOCTb nonytJeHHSI HOBOI'O 

KOHCTPYKII.HOHHOI'O MaTepuana - aJIIOMHHHSI C THTaHOBOll IIJieHKOll 
u.yBeJIHtJeHHSI pecypca pa60Thl 6epHMHeBOH q:>OJibrH C nepeMemaHHOH ITJieH
KOH Al npH nponycKaHHH qepe3 Hee 3JieKT{)OHHoro nyllKa. 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH CBepXBbICOKHX 3Heprnn 0115111. 

TTpenp11HT Q6,,e,111HeHHOro 11HCTl1T)'Ta 11,1epHb!X l1CCJ1e,10BaHJ1H. )],y6Ha, 1994 

TiepeBO.Il aBTOpOB 

Korenev S.A. et al. 
Deposition of Films with Ion Mixing in the Pulse Explosive 
Emission Diode 

D13-94-193 

Effect of ion mixing of two systems in the case of Ti/ Al and Al/Be mutually 
insoluble compounds in pulse explosive emission ion diode has been 
investigated. Additional mixing has been performed by high-current pulse 
electron beam. The ion diode parameters are following: accelerating voltage 
150+300 kV, ion current pulse duration 300 ns, titanium ion current density 

j=5+10A/cm2 and aluminium ion current density j = 8+10A/cm2. 

Experiments have shown the possibility of creating a new construction material: 
aluminium with titanium film as well as of increasing lifetime of electron beam 
irradiated beryllium foil with mixed aluminium film. 

The investigation has been performed at the Laboratory of Particle Physics, 
JINR. 
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