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OI>IqAR XAPAKTEPHCTHKA PAI>OTLI 

AKTyaJI1>HOCTh TeMbI ,lJ;HccepTau:uu. IIonY<.cemre rrpe~113HOHHbIX 
napaMeTPOB ny1:1Ka B COBpeMeHHh1X ycKop11Tem1.x 3ap5DKeHHhIX qacT~ -

KOJJJia:M,lJ;epax ,ll;ill! <J.>mHKH BhICO.Kl:IX 3Hepr11li, ycKOpHTemIX ,ll;JIH Jia3epoB Ha 

CB060,lJ;HhIX 3JieKTpOHax, HCTOqHm<ax ,[\llil. CHHXpOTpOHHOro H3JIY':lemrn -

5IBJ15IeTC5I O,Il;HOM fI3 Ba:JKHeHIIJ;I1X H aKTYaJihHhIX rrpo6JieM ,Il;JIH pa3BHTIDI. 

cl>YHAaMeHTaJihHhlX H rrpHKJia,IJ;HhIX 3Kcnep11MeHTaJihHhIX HCCJie,l);OBfillliM Ha 

TaKHX ycTaHOBKax [l-3]. ,lJ;oCTIDKeHHe rrpoeKTHhIX napaMeTpOB nyqKa ( 3HeprIU1. 

qacnn~, TOK H cpa30BhrH o6heM nyqKa, CTa611JihHOCTb 11 T.p.) B TaKHX 

ycKop1neJI5IX Tpe6yeT pa3pa60TKH 11 HCCJie,ll;OBaHHH HOBhlX TexH11qec1mx 

peIIIemrii ,ll;JIH pa3JUiqHhIX Y3JIOB ycKOpHTemi. ( ycKopHroru:11e ceKn;1111, BaKyyMHaH 

KaMepa, CHCTeMhI BBO)J;a 11 BhlBO,n:a qacT11n;, CHCTeMhl reHepaIJ.11H H3JiyqeHH5I, 

CHCTeMbl CTa6HHhHOro KOHTPOJI5l TeMIIepaTYPhl) [ 4-7' 17] H TeXHOHOrWieCKHX 

rrpon;eccoB HX H3TOTOBJiemrn, 06ecne1:1HBaIOru:HX Heo6XO,lJ;l1Mbie MeXaHWieCKHe, 

TepMO,D,HHaMHqecKHe 11 3neKTPOTexa11qecKHe xapaKTep11cTHKH. HoBMe 

cp113H'!eCKHe H TeXHH':leCKl1e peIIIeHHH ,[VIH pa3JIHqHhIX CHCTeM ycKOpHTellil. 

conpoBO:>K,ll;aIOTCH, rcaK ycJIO:JKHeHHeM KOHCTPYKTHBHhIX occo6eaHocTeii y3JIOB 

ycKopHreJIH (H3Memnoru:axcH reoMeTPMH ,lJ;MacpparM ycKopHIOru:11.x ceK~ii, 
11CilOJih30BaHHe KOMil03HD:110HHhIX H pa3HOpOAHhIX MaTepmUIOB, BKJIIOqeHHe 

,D,OilOJIHIITeJihHbIX <J?yHKl(HOHaJihHblX 3JieMeHTOB), TaK H )')KeCTO'!eHHeM 

Tpe6osaHHH Ha napaMeTphI CHCTeM ( O,D,HOpo,n:HOCTh coe.n,HHeHHii, qacTOTa 

nosepXHOCTH, npo1:1HOCTh 11 )l.(eCTKOCTb KOHCTPY~l1ii 11 T.,lJ;.). 

PeIIIea11e 3THX npo6neM HeTpHBa.TihHO 11 TPe6yeT HOBhlX. rro,n:xop;os K 

TeXHOJIOrHH mroTOBJieHHH ycKOpHIOID;HX CTPYKTYP, nonyqeHIDI. KaqeCTBeHHhIX 

coe,D,HHeHHii 0,l);HOPOAHhIX H pa3HOpO,l1;HblX MaTepHaJIOB c Ml1H11MaJihHbIMH 

OCTaTOiffihIMH ,n:eq>0pMaI1H5IMl1, 11CCJie)J;OBaHl15I no.rryqeHHhIX coe,rumeH11ii rrpH 

pa3JIHqm.1x pe)l{HMax pa6oTh1. KaK cne.n;cTBHe, pa3pa6oTKa HOBhIX MeTO,ll;OB 

coep;HHeHHH MaTepHaJIOB, 06ecrre1:111Bal01D;11X BhICOKYIO TO'IHOCTh H 

p;ocrnTo':!HyIO npoqHoCTh KOHCTpyKU,HM:, HBJI5IeTCH O,lJ;Hl1M 113 aKTYa.JihHhIX 

rrpo6JieM IIpH C03)J;aHirn npeD:113HOHHhIX ycTaHOBOK B ycKOpHTeJibHOH TeXHHKe. 

Ilocne,lUiee ,n:ecHTHJI.eTHe xaparcrepmyeTCH 6ypHbIM pa3BHTl1eM 

ycKOpHTeJihHOH TeXHHKH HOBOro IIOKOJieHH5I, rrpHBe,n;mHM K C03,!l;aHHIO 

yHHKaJihHbIX ycKop1neneii 3JieKTPOHOB H npoTOHOB c 3HeprHeii: OT HeCKOJihKHX 

MHJIJI11ap,!l;OB :meKTPOHBOJihT (I'3B) ,ll;JIH Hy:>K.n; Hapo,lUioro X03liMCTBa (Me,!l;HD:11Ha, 

MeTarrJI0Be,n;eH11e 11 T. J:I. ) [1,14,18,4,5]. 11 ,[IO aecKOJibK11x TPHJIJIHOHOB 

3JieKTpOHBOJihT ,ll;ill! cpyap;aMeHTaJihHbIX HCCJie.n;osaa11ii B o6naCTH 51.AepHoii 

cpH311Kl1 [Q.,_]J. ,lJ;ocTaTO'lHO OTMeTIITh HeKOTOpble H3 KpynHhlX COBpeMeHHhlX 

ycKop1neneii, 3anyu~eHH.bIX, CTp051J.D:HXC51 HJIH npoeKT11pyro1D;11XC5l. BO MHOrHX 

n;empax M11pa: LHC, SOLEIL, DIAMOND, FAIR, EXFEL, ILC, MAX-IV, 
CANDLE (lllsei1I~apHH, <l>paHIJ.HH, Aarmrn, repMaHIDI., CIIIA, lllsen;m1, 

ApMemm). K ocHOBHhIM y3naM ycKopHTeneii: OTHOC»TCH: ycKop»IOID:He ce~11H, 
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npeµ,cTaBJIHIOlll,He co6oii Me)l,Hbie ,[\HacpparMHpOBaHHbie BOJIHOB0,1J.bI; BaKyyMHhie 

KaMephl ,[\JUI YpaHCnopTHpOBamrn 3JieMeHTapHbIX 1laCTI1ll, CHCTeMbI BBO):la 11 

BhIBO,n;a TiaCTHQ. 

CospeMeIDiaa ycKopHTeilhHM: TeXHHKa BhIABHHyna IIOBbIC noBhnneHHhie 

Tpe6osaHIDI K TeXHOJIOrHTieCKIDY.[ npoQeCcaM H3rOTOBJieHIDI OT)l,CJlbHbIX Y3ITOB 11 

KOHC'fPYKIIHM ycKOpHTeJUI. Pam1ee pa3pa6oTaHHbie MeTO,[\bI nai1Im 11 CBapKH 

mrnBneHHeM He MoryT nonHOCThIO y.1:1osneTBopaTh 3THM Ype6osaHHHM. 

Bo3HHKJia Heo6xo,u;HMOCTb B H3bICKaHHH crroco6os csapKH, 06ecrre1f1rna1-0mHx 

BhICOKOe KaTieCTBO coe,u;HIDieM.f>IX H3.!l;eJIHM O,D;HOpO)l,HhlX H pa3ttopo,n;HhIX 

MaTepmmos. CsapKa pa3Hopo,11.HhIX Mernmms rro3sonaeT C3KOHOMHTb 

,u;oporocTO}llll,He H µ,ec)lHIIHTHhie MaTepHaIThI, co3p;asaTh Hatt6onee 

paIIHOHaJihHhte KOHCTPYKIIHH y3noB H H3µ,en11ii, yMeHblllruI Hx Macey H pa3Mephl, 

a B p}l)l,e cnyqaeB C03)l,aBaTh COBeprueHHO HOBbie KOHC'I'pYKQl11f, II03BOJIHIOil\He 

3cpc)leKTHBHO H3MeHHTh 3JieKYpOAJ1HaMHqecKHe xapaKTepncTHKH y3noB 

ycKOpHTeJIH. 

Cpeµ,11 HOBhIX crroco6oB cBapKH MeTaJL'lOB B ycKopmenhHOH TeXHHKC 

oco6oe MeCTO 3ami:MaeT ,n;Hc)lc)ly:moHHM CBapKa B BaKY)'MC, KOTopaa II03BOmleT 

pelllaTb MHOrHe 3a)l,a'1H coe,[\HHemrn 0)1,HOpO,LIHblX H pa3HOpO)l,HblX MeTaJJJIOH, 

ocymecTBJieHHe KOTOpbIX c JJOMOlll,hlO naHKH HJIH csapKH HJJaBJJCllHCM 

JaTPYAHeHo HITH HeBhlIIOJlHHMo[11] •. Oco6eHHOCThIO noro npouecca »BJ1nc·1c>1 

B03MO:>KHOCTb coep;HHeHIDl MeTaJlJIOB 6e3 paccrrnaBJICHltH B BaI<yyMC, H 

ycJIOBIDIX, HCKJII0'1aIOII1HX 3arpJ13HeHHe CThIKyeMbIX nosepxuocTCii BpCJ~llJ.IM11 

rrpHMeCHMH H ra3aMH. IlpH pa3pa6oTKC COOTBCTCTBYIOW.llX TCXllOJIOl'Hii 

AHc)lcpy3HOHHM: CBapKa B BaJ<yyMe Il03BOJI»CT llOJIY'lUTh coc1u111c111rn c 

MHHHMaJibHO )J,OIIYCTHMOH IIJiaCTHqecKOH µ,eq1opMai1wei1. 

HecMO'fPH Ha TO, 'ITO 11ccne.1:1oaamu1MH " 1\a111mM 11a11panJ1c111rn 

3amrn:aeTcx 6oJibIIIoii Kpyr Y'I·~HhIX, npo611cMa 1111cToJ11>Ko Mtmro0Gp1n11a 11 

CJIO:>KHa, 'ITO B HaCTOSIII1CC BpCMSI Clll,C llC/l,OCT!l'l'O'UIO H'IY'ICllbl <jllBHl<O­

XHMHT.J:ecrrne npoQeCCbl, npo11CXOASIJ.Ul1C B ·muc COC/U111SICMl>IX MaTcpHMOB, HCT 

e,[\HHOro B3I'JIH/~a Ha ·1aKOHOMep110CTl1 HJll1111111M 1111)1UMCTpOB csap!<H Ha xapaKTep 

H3MCHCHl1j) IIJIUCTH'ICCKOM l\CcjrnpMUill111 B cuapHhlX COC)IHHCHHHX H3 MC,[\lf, 

HC)J.OCTaTO'IHO pa·1pa6ul'UHbl TCXllOJIOI'l111 H annapaTypa ,LJ,JIH CBapKH 

µ,n11HHOMCpt11>1x ycKopHKlllJ,HX CCKI111M. '.3TO orpaml:'rnBaeT pemeHHe pH,n;a 

BU>KHhIX TCXIIl1 11CCKHX '3U/..\U'I B yi:KOpHTCJibHOH TeXHHKe H APYfHX OYpUCJIHX. 

11,eJIL pafio·rLI: Pa'3pa60TKa TexHonornii H anrrapaTYPbI ,D;IDI H3rDTOBJiemrn 

ueJlbHOCBapHblX )J.Jll1HHOMepHbIX ycKOp.HIOII1HX ceKQHM H3 MC,!l,11 MCTO)J.OM 

)J.11cpcpy3110HHOM caapKH B BaKyyMe, HOBbIX cnoco6oB TeXHOJIOrH'!eCKOM csapKH 

µ,aBJ1eHHCM pa3HOpO)l,HblX MCTaJIITOB c orpaHH':IeHHOM B'!aHMHOM 

paCTBOpHMOCThIO B H3)J,eJIIDlX ycKopHTCJibHOH TeXHHKH, o6JmJ~morn:n:x 
BblCOKHMH 3KCIIJiyaTaIIHOHHhIMH CBOHCTBaMH. 

Ilpn peIIIeHHH ITOCTUBJieHHblX 3a)l,a':I HCXO,ll;Hble ,[\allllblC II 11pCJII10CbIJIKH 

6a3HpOBaJIHCh Ha pe3yJibTaTax TeopeTHTieCKHX 11 'll(CllCj)llMCllTaJlhHblX 
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HCCJie)l,OBamrii B o6rracux CBapKH ,n;aBrremt:eM T:ill<HX BC)zyl.QHX y<ICHblX KaK: C.E. 

Aii:6HH)l,ep, A. A. EoqBap, K. K. XpeHoB, IO. J[. Kpacymrn, M. X. lliopmopoB, 

3.C. KapaK030B, H. <I>. KaJaKOB, r. B. KoHIOIIIKOB, P. A. Myc:irn, r. K. 
XapqeHKO, B. II. Anex1rn, B. A. Eaq1.rn H ,!1,pyrne. 

Hayquau HOBH3Ha. Y crnHOBJieHhl :mKoHoMepHOCTH o6pa3oBaHHH 

coe)J;MHCHHH npH )l,Hcj:Jcj:Jy3noHHoii: CBapKe MC)J;H B BaKYYMe B 3UBHCJ:IMOCTH OT 

napaMeTpOB npoQecca H Ka'1CCTBa rrpe,D;Bapl'ITCJlLhHOH MexaHH'1eCKOH o6pa60TKH 

IIOBepXHOCTH. TlOKa3aHo, qrn ,D;IDI no.rryqemrn COC)J.JIBemrn c OCTaToqHoM 

.1:1ec)lopMaQHeii: He 6onee 0,07% rrpe)J.BapmeJibHM Mexa.HHtiecKaa o6pa6oTKa 

IIOBepXHOCTlf i:i:omroia 6hITh Ha ypOBHC Ra= 0,025 MKM [15, 16]. 
y CTaHOBJieHo, qTo rrpH nepeMelll,emm HCToqmfKa HarpeBa B,il:Oilh 

ycKopSlIOII1eii ceKIJ;HH, xapaKTep paccnpe.n:enemrn TeIIJiosoro nonsi onpe)J.em1eTcH 

ycrroBHHMH HarpeBa nepBblX :meMCHTOB CCl<1JMH. 

BrrepBhie noKa3aHo, 'ITO WJH o6ecrreqeHHSI nnacTHtJecKoii µ,ecj:JopMaQ:irn 

I<a:>K)l,OH )l,Ma<J>parMhl ycKOp51IOII1CH CCKIIHH ml 6onee 0,07 %, Heo6xo,n:Jrno 

CTa6HJIH3HpOBUTb CBapoqHoe ,n:aBJieHHe ITO Bee.ii )l,JIHHe BepTHKaJibHO 

ycTaHOBJICHHbIX ycKopHI-OIIJ;HX CCKQHH 3a cqeT KOppenanm1 CHCTeMbl C)l{:aTIDI c 

rrepeMern;eHHCM HarpeBaTemI. HoBbIH IIO)l,XOA 1103BOJISieT KOMIICHCHpOBUTb 

.1:1orrorrHHTerrhHOe µ,aBrremrn, o6ycrroBJieHHOe Maccoii ycKopmoll1HX ceKIIHH, 

paCIIOJlO:>KCHHblX Bhlllle CBap:irnaeMoro CTb!Ka [3' 16]. 
Pa3pa6ornHo Hosoe csapoTIHoe o6opyµ,oBaHHe H c6opoTIHo-cBapo'1HaSI 

OCHaCTKa ,ll;ITH peaJIH3aIIHH TeXHOJIOfH'ICCKoro nponecca CBapKH ycKopJlIOIII,HX 

CeKQHH B BaKyyMe. Pa3pa6ornHa CHCTeMa KOHYpOJl.H KatJeCTBa B npoQecce 

CBapKH [9, 24 ] . 
y CTaHOBJleH MCXUHH3M o6pa30BUHIU COC,!l,HHeHIDI HarpeTOH ,!l,CTaJIH c 

HeHarpeTOM MCTaJIJJHqecKOM npoCJIOMKOH rrpH MrHOBCHHOM IIpOQecce 

B3UHMO,!l,CMCTBIDI. I1oKa3aHO, qTo IIpHMeHemrn TaKoro MeTO,Lla II03BOJISICT 

coxpaHHTh nepBOHa'iaJibHble CBOMCTBa MCTaJIJJH'ICCKOH npocrromm [8,26]. 
Mccrre,!l,oBaHa KHHenrr<a npo.u;ecca 06pa30BaHID1 coe)l,HHeHHSI 

HH3KOTeMneparypHOH )l,H<jlcpy3HOHHOH CBapKOM XHMH'1CCKH aKTHBHbIX H 

ryrorrnaBKH.X MCTaJIJIOB, orrpeµ,erreHbI yc.JJOBIDI no.rryqeHIDI CBapHoro 

COC)l,HHeHHJI [27). 
Pa3pa6oTaHa HOBaSI TCXHOJIOrIDI µ,11clJc)ly3HOHHOH csapKH If ycipOHCTBO ,D;IDI 

CBapKH TOHKOCTCHH.bJX H3)1:enH.ii H3 0,11.HOpO,!l,Hh!X H pa3HOpO,!l,HbIX MaTepu:anoB 

[9,22]. 
y CTaHOBJleHbl 3UKOHOMepHOCTH o6pa30BUHHH coe,n:H.HeHHll npH 

m1cj:J<jly3HOHHOH CBapKe Tpy6qaT.bIX nepexo)l,OB pa3HOpO,ll;HblX MaTepmtJIOB, 

pa60TafOll1HX B IIIRpOKOM )l,HUTia30He TeMrrepa1yp H npH pa3JIH'1HhIX ycJIOBHJIX 

Harpy)KeHH.H [23]. 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--~~~--~~~-

Ha 3all(umy BblHocamca: 

1. Propa6oTaHIThle MeTO)J;I>I H 3KcrrepHMeHTaJJbHhre pe3yJThTaTbI Hccne,n:oBaHHM 
CBapHbIX coe,n:HHeHHH H3 Me,!l,H, BJIIDIHH}J napaMeTpOB pe)JmMa CBapKH H 

Kaqecrna IIO,!l,roTOBKH ITOBepXHOCTH Ha nnacTHL[CCK)'IO .n:e<J:>opMaumo 
coe,n:HHCHHH, Il03BOJifilOIJUIC orrpe,!1,eJTHTh OilTHMaJTbHb!H pe)JHIM CBapKH 

[15]. 
2. IloJJy'leHHbie pacrrpe,!1,enemrn TennoBoro nomr no )J.JIHHe ycKopHJOll.J;HX 

ceKQHH, Il03BOJ1H10ll.J;He nporH03HpOBaTb TeMrreparypHO-BpeMeHHhie 
ycnomnr <J:>opM:HpOBaHH.ll cBapttoro coe,n:HHemrn roJH Ka:>K,n:o:M ,!l,Hacl>parMbJ 

ycKOpHJOIIJ,HX ceKIJ,lHl [3,23]. 
3. TexttorrorH.'IeCKHe npou.ecc1>1 .D:HQJQJY3HOHRoro coe,u;FrneH1nr B BaK)'yMe 

,!l,Ha<J:>parMHpOBaHHhIX Me,n:HhIX ycKOplllOll.J;HX ceKI!Hll, o6ecrreL!HBaJOrn;HX 
BbICOKOe Ka'leCTBO H3,D:eJ1HH H pa3pa60TaHHaH HOBaH crreI1Ha.JlH3HpOBaHHa}J, 

cBapo<rnaH amraparypa [2,3,8,16]. 
4. Pe3yJJhTaTbI Hccne.n:oBamrli npou.ecca B3mIMo.n:elicTBIDI pa3Hopo,n:HhlX 

MaTepHaJIOB npH pa3l1H'IHhIX MeTo.n:ax coe.n:HHeHH.ll, KOTOpbie JJ03BOJI}110T 
onpe,n:emnb onTHMaJibHhle ycnoBJUI csapKH [23,26,27]. 

5. Pa3pa6oTaHa HOBaJI TeXHOJIOfH.ll Il MeTO,LI; ,LJ;HQJcJ>Y3HOHHOH CBapKH c 
IIOMOIIJ,hJO MeTaJIJTWieCKOH rrpoCJIOHKH, JI03BOJUIJOll.J;He coxpaHHTh B 
rrpou.ece CBapKH cJ.>mMKO-XHMHL[eCKHe CBOHCTBa rrpOCJIOHKH [9, 22]. 

6. HoBhIH MeTo,n: .n:mpcJ.>y3noHHoro coe.n:wHemrn MaTepnanoB, TT03BOJI}]JOUIIITT 
o6ecrreLIHTb KaqecTBO CBapKH nepexo,n:HbIX Tpy6LlaTb!X 3JieMeHTOB ll 

pacnrnpeHHe HOMeHKJiaryphl coe.n:HHHeHhIX MaTepHaJTOB [ 10, 11,25]. 

IlparcTn'lecrcaB ueuuocTL. Ha ocHoBamrn npoBe,ri:eHHbIX 11ccne.n:oBaHHHH 
pa3pa6oTaHbI TexHonorH'IeCKHe rrpouecchl, crre1.111a.nm11poBaHHbie ycTaHOBKH 11 
ycTpOHCTBa .U:Jrn mup<):iy3HOHHOro coe,Z:IHHemnr m.n:em1lf ycKOpliTCJTbHOM 
TeXHHm. Pe3yn1>TaThI pa6oThI ncnon1>3oBaHbt ,nmr ycKopt1Tc11elf EpeBaHcKoro 
<J:>:w3H'IecKoro nHcrnryrn APYC, JlY'.3-20, JlY')-5, B pa3pa6oTKe .u:eTeKTopa 
ATJIAC (CERN), M.lI ycKopnren}J TESLA (DESV), B KOHCTPYKf.IHH MarHHTOB 
,n:rrH Hlfi'UI<I> MTY, a TaK>Ke B pa3pa60TKe BaKYYMHoii cHcTeMhI 
HaKorrnTeJihRoro KOMI1JieKca CANDLE. CnpaBKa 06 HcnoJTh30Bamm 
pe3yJihTaTOB H aKThI BHe,!1,peHH}J npnae.n:eHhT B npHJIO:>Kemrn K ,!l,HCCepTaIJHH. 

Anpo6aunH pa6oTLI. OcHOBHbie pa3y.11>TaThl pa6oThI .n:oKJia,!1,1>IBaJ1F1ch Ha 
cne.n:yJOllJ;HX Me:>K)l.yHapO)l.Hb!X KOHQ1epeHLi:m1x : 

EBporrei1cKHe KoHcl>epeHQHH rro ycKopmem1M (EPAC 2000, EPAC 2002, 
EPAC2004), 

Hau1mHaJibHaH KottcJ.>epeHQH}J ClllA no ycKopmeJIHM (PAC 2005), 
KoH$epeHIJ.HH no annapaType CMHXpOTpOHHhIX MCTOL[HHKOB (SRI 2006) ' 
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IlepcneKTJ1Bhl pa3BHTHH CBapO'IHOfO np0113BO,D,CTBa (WMA 2009 r. 
KpaMaTopcK), a TaK)l(e Ha ceM11Hapax B Ep<l>H, l1HCT11TyTe 3JJeKTpocaapKH HM. 
E. 0. IlaTOHa, r. KHeB, X<I>TH r. XapbKOB, rrTY, r. T6mmcH. 

Ily6JiuKau;m1. Pe3yn1>TaTbI )l.liccepTaIJHOHHOH pa6oTbI OTJJaJKeHb1 B 27 
Hay'IHhIX ny6mmau;IDIX (B TOM YJMcne 3 rraTema H 1 H3o6peTeHHe ); 10 pa6oT 
ony6nHR:osaHbI 6e3 coaaTOpoB; 26 pa6oT ony6n11KOBaHo nocne 3aIIJ,HThI 
KaH,LJ;H,D,aTCKOH ,D,MCcepTau;1111. 

CTpyKrypa u o6LeM ,(J,HCCepTaIJUH. ,ll;MccepTan;HOHHaH pa6oTa COCTOMT H3 
BBe,n:eHMH, IIICCTH rnas, 3aIOII01IeHH.ll, CIIMCKa J1HTepaTypbl M IlpMJIO)KeHHi1. 
Pa6orn M3JIO)l(eHa Ha 211 CTp., BIOIIoqaH 9 Ta6JIHIJ., 78 pncyHKa M CIIHCOK 
muepaTypbl M3 167 HaMMCHOBaHHi1. 

OCHOBHOECO,n:EPJKAHHEPABOTbl 

Bo sse.a;eHuu o6ocHOBaHa aKTYaJihHOCTh pa60T1>1 , HayqHaH HOBH3Ha M ee 
npaKTML[eCKaH 1.1eHHOCTh, ccJ.>opMyJIHpOBaHa 1.1enh MCCJie,n:osamrn, JJOKa3aHa 
CTJJYKTypa M co.n:ep)l(aHHe ,!1,HCCepTaI.1MM. 

B uepsoii rJiaBe .a;nccepTaQHH 0606ui:ettb1 3apy6e)l(Hhie ,n:ocTM)l(eHMH B 
o6nacTH TeopMH H TeXHOJIOIBM coemrneHHH o;:umpo,n:HhIX M pa3HOpO,D,HbIX 
MaTepHaJIOB B ycKOpMTeJihHOH TeXHHKe H paCCMOlpeHhl oco6eHHOCTM 
.n:McJ.>4>Y3MOHHOH CBapKH H npo6neMhl H3rQTOBJTeHHH ycKOpHlOIIJ:MX CeKIJ.HH H3 
Me,Z:IH. 

BLICOKaH TO'IHOCTL, c KOTOpoil: ):IOJI:>KHa 6bITb M3fOTOBJJeHa ycKOpHIOllJ;aH 
ceKUMH - CJIO)l(HaJI TexHonorM'IeCKaH 3a,D,a1Ia. 0Ha pernaeTCH PMOM MeTO,D,OB. 
HanpHMep, npM HCIIOJTb30BaHHH MeTO)l.a faJibBaHM'!eCKOro Haparn;MBaHMH, 
nepBOHaqaJJhHO c BbICOKOH TO'IHOCTblO H3fOTOBJIHlOT c6opHyro aJIIOMHirneByIO 
MaTpnu.y c npoqiH.JieM, COOTBeTCBYJOIIJ:MM KOH$HrypaIJHH BHyrpeHHeH IIOJIOCTH 
ycKOPfilOUJ:MX ceKQHH. 3aTeM B 3JICKTpn1IeCKOH BaHHe Ha MalpMflY OCa)l(,D,aIOT 
TOJICThlli CJIOH Me,11,H, rrocne '!ero aJJlOMMHMH BbITpaBJIMBaJOT XMMM'IeCKMM IJYTeM 

M 3arornBKa ycKopHIDIIJ.HX ceKIJ.HH ocBo6o:>K,ri:aeTcH [fil. Heµ;ocTaTKaMH rnrrnx 
ycKOpHIDll.J;MX ceKI.IMM HBJIHlOTCH CJIO)l(HOCTh TeXHOJIOrHM, MaJiaH IlJlOTHOCTb, 
HepaBHOMepHOCTh IIOBepXHOCTH, HeB03MO)KHOCTb rronyqeHH.ll )l.JIHHHOMepHhIX 
ycKop.lIIOll.J;MX ceKu;nii. 

B HeK0Top1>1x cnyq:aHX )J.JIH M3roTOBJieHHH ycKopHrorn;Hx ceKIJ;HH 
npnMeHHIOT KaJIH6posaHH1>1e Me,D,Hb1e TPY6hI. Moma)!( .a;wa$parM B HMX 
ocyrn;eCTBJI.lIIOT MeTO,D,OM TeIIJJOBOH IJOCa,D,KH: .n:na<J:>parMbl OXJiaJK,D,aIOT )l(M)J.KHM 
a30TOM n 3aTeM pa3Mern;a10T B 'rpy6e. He.n:ocTaTKaMH TaKHX ycKopHrorn;nx 
ceKu;Hii HBJIHeTCH HM3KaH IIpO'IHOCTh coe,D;HHeHHH H TIJIOXOH 3JieKTpH1ICCKHH 
KOHTaKT. 

,ll;JIH H3fOTOBJieHMH BhICOKOTO'IHhIX .a;eTaJieH 3aMe,D,.IDIIOIIJ.HX ClpYKTYP 
npMMCIDieTCH .n:ml_lcpy3MOHHM CBapKa B onpasKax. IlpM 3TOM YCHJIMe C:>KaTHH 
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CBapirnaeMblX ,D,enmeii B03HH:Kaer IIpH HarpeBaHHH CHCTeMbl "orrpaBKa-

113,D,eJIHe" 3a cqer pa3HHD;bI K03cpqrn:u;eHTOB mrneiffioro pacurnpeHHH MaTep11anoB 

cBap11BaeMbIX ,D,eTaneii H onpaBKH. He,D,ocTaTKaMH TaKoii TexHonorHH HBJIHIOTC»:: 

HeB03MO)KHOCTb rronyqeHHH perymi:pyeMoro H qeTKO <i>HKCHpyeMoro ypOBHH 

y.n;eJII>HOrO ,D,aBJieHIDI, rrpaKTHqecm O)J,HOpa30BOe HCIIOJib30BaHHe cneu;HaJII>HhIX 

orrpaBOK H HeB03MO)l(HOCTb H3l"OTOBJiem'IH npeIJ;H3HOHHblX )J,eTaneii 60JihlllHX 

pa3MepOB. 

HaH6onee pacnpocTPam~Ha TexHOJIOJ'HH rrpmi:3BO,n:cTBa rra»:HbIX 

ycKopSIIOIIIHX ceKIJ;Hii. KoHCTpyKu;HIO ycKopHIOIIJ;HX ceKIJ;Hii Hafo1pa10T m 

OT,D,eJihHblX TOqHo H3roTOBJieHHblX Me,D,HblX )J,HacpparM, HMeIOIIJ;l1X BH)l; 

KOpOTKOro CTaKaHa c OTBepCTHeM B u;eHTPe ,D,Ha. Ilocne TIIJ;aTeJibHOH QeffTPOBKl1 

,D;HacpparM HX npHIIaHBaIOT TOKOM BbICOKOH qacTOThI B BaKyyMe. B Ka'IeCTBe 

npHnOH Hcnon1>3yeTCH cepe6po. Heo6xo.n;HMo OTMen:ITh, qTo rrp11 mroT0BneHH11 

IIaHHbIX H3,lJ;eJIHH oco6eHHo BIDKHO KaqecTBO c6opKH IlO)J, rraiiKy, np11 KOTOpoH: 

)J,OJI)l(Hbl 6b1Tb rapaHTHpOBaHbl 3a30pbl )J,JISI 3arroJIHemrn HX )l(H)l;KHM npHnOeM. 

He.n;ocTaTKaMH .u;aHHOro MeTo.n;a HBIDIIOTC»:: TPYJl:HOCTh o6ecrreqeHHH 

IlOCTOHHCTBa ycTaHOBO'IHOrO .u;anneHIDI Me)l(,IJ,y IlaHHblMH ,D,HacpparMaMH TIO Bceii 

)J,.mrne, qTQ npHBO,D,MT K HepaBHOMepHOH ,D,e$opMall,HH; BbITeKaHHIO cepe6pa B 

pa60'IYIO o6naCTh HJIH o6pa3oBaHHIO nycTOT B 30He coe,n;MHeHHH • 

lfaBeCTHbie cnoco61>1 H3rOTOBJieHirn Me,D,HbIX ycKOpHIOIIIMX ceKIJ;HH HMeIOT 

cyIIJ;eCTBeHHbie He)J,OCTaTKH, KOTOpbie o6ycJIOBJieHbI HeB0'3MOJKHOCThIO 

perynHpOBaHHSI y.u;eJibHOro )J,aBJJ:emrn H npHMeHeHHeM IIpHITOeB, COCTOHIIIHX H3 

,a;oporo-CTOHIIJ;HX MaTepHaJIOB. 

AHaJIH3 o6mero COCTOSIHI1H Bonpoca ,D;H$$y3HOHHOH CBapKH Me)J,H 

IIOKa3aJI, qTO HeT e,D,HHOro MHeH.11»: no Bonpocy BhI6opa OITTl1MaJihHhlX pe)l(HMOB 

CBapKH, o6ecrreqHBaIOIIJ;HX <l>opMHpOBaHHe coe,D,HHeHHH c oqeHb MaJIOH 

BeJIH'IHHOH OCTaTO'IHOH ITJiaCTH'J:eCKOH ,n:eqiopMau;Heii (19]. 
qTO KacaeTCH npo6neMHbIX BOilpOCOB CBapKH )J,aBJJeHHCM pa3HOpO)J,HbIX 

MeTaJIJIOB, o6na.n;aIOll]HX orpaHHtJeHHOH B'3aHMHOH pacTBOpHMOCTbIO, 

npHMeHHTeJibHO K ycKOpMTeJihHOH TeXHHKe, TO OHM ,D,O HaCTOHIIJ;ero BpeMeHH 

H3yqeHbl He)J,OCTaTOtJHO. 06pa30Bamre B .30He KOHTaKTa B onpe,D,eJieHHblX 

TeMnepaTYPHO-BpeMeHHhIX ycnoBmIX l1HTepMeTaJIJIH)J,OB, Kap6H,D,OB, 

HH3KOTeMrrepaTYPHbIX 3BTeKTHK, HeO)J,HOpO)J,HOCTb cpH3HKO-XHMJlqeCKHX H 

MeTaJIJIHqecKHX cso:ifcTB coe,D,HHHeMhIX MeTaJIJIOB co3,a;aroT 60JihIIIHe TPY,IJ,HOCTM 

Ha nyn1 pa3pa60TKH TeXHOJIOrnH CBapKH .n;aBJieHHeM THTaHa c Hep)l(aBeromeii 

CTaJibIO, CTaJIH c Hep)l(aBeIOIIJ;e]1: CTaJibIO, Hep)l(aBeIOIIJ;eH CTaJIH c Me,D,bIO, Me)J,H 

c aJIIOMHIIMeM l1 3KCTIJiyaTall,HH 'IaKHX COe)JHHeHHH. 

lfaBeCTHhie cnoco61>1 CBapKH p;aBJJeHIIeM H pa3pa60TaHHh1e ·rexHOJIOrJ1l1 He 

Bcer.n;a MOryT pernaTh npo6m~MbI H3rOTOBJiemrn 6MMeTaJIJIHqecmx YJJIOB, 

pa6oTaIOIIJ;HX B oco6bIX ycJIOBHHX H3MeIDIIOrn;eiicH TeMnepaTYPhI, pa6oqeii 

cpe,a;hr H, oco6eHHO, pa6oTarorn;nx B IIIHpOKOM ,a;Harra30HC TeMrrepaTyp OT 4,2 K 
,n;o 300 K. 
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B COOTBeTCTBHH c IIOCTaBJICHHOTI I1eJibIO B pa6oTe CTaBHJIHCb H pemaJIHCb 

cne.ll,yrom:ne 3a)l;a'In: 

1. Mccne)J0Bam1e BJIIDrnmr napaMeTpOB pe)l(HMOB caapKH H Ka'Iecrna 

IlO)l;rDTOBKH IIOBepXHOCTH Ha IJJiaCTRqeCKYIO .n;e<t>opMaQMIO. 

2. 3KcnepHMeHTa.JlhHaH H paccT.IeTHaH OJ~eHKa ycJJOBHM <t>opMHpOBamrn 

coe,1.u;rnettmr MeTo.n;oM AHCPifiY3HOHHOH csap1m B BaKJYMe I1eJibHOCBapHb1X 

.u;ITHHHOMepHbIX ycKOpIDOrn;HX ceKIIHH c MHHHMaJibHbIM ypOBHeM OCTaTQqHQH 

flJiaCTH'IeCKOH ,a;ecpopMaI1Irn. 

3. Pa3pa6oTKa crreu,HaJIH3HpOBaHHoii annapaTYPhl ,D,JI» csapKH H3.ll,eJIHH 

ycKOpHTeJ1bHOH TeXHHKM ,D,JIHHOH )1,0 1 M. 

4. Pa3pa6oTKa cneu,Ha.rrmHpoaaHHOH ammparyphl ,a;n» caapKH ycKopRrorn;eil: 

CeKD;Hl1 HeorpaHaqeHHOTI ,D,JIHHbl c nocne,a;yIOIIJ;IIM Hepa3pyrrraIOIIJ;HM KOHTpOJieM 

KaqecTBa caapnoro m;:i:enHH B npoI1ecce caapKM. 

5. Mccne;:i:oaaHHe H pa3pa6oTKa TeXHOJlorn~1ecKMx npon,eccoB cBapm 

;:i:aBJieHHeM pa3HOp0,ll;HhIX MaTepHaJIOB, HCCJIC)l;OBaHHe ycJIOBHH BbI6opa 

MaTepwa.rra 11 TOJI!IJ;HH npocnoeK, o6ecrreqHBarorn;Hx o6pa3oBaHHe 

pa6orncrroco6HbIX CBapHblX coe,a;HHeHM:H B Y3JiaX H CHCTeMax ycKopHTeJibHOTI 

TeXHMKH. 

6. Mcc.rie,a;oaam1e MHKpOTBep;:i:ocnI B 30He caapKH pa3HOpO)J,HbIX 

MaTepHaJIOB, nonyqeHHe coe,D,HHeHIUI B TBep.n;oil: H B )l(l1):(KOH cpa3e H Bbr6op 

OilTHMaJlbHOro MeTO)J,a CBapKH, KOTOphIH o6ecrre'IHBaeT TIJlaCTH'IHOCTb 

coe;:i:11HeHIUI H 3Kcnrryara11,HOHHhie rpe6osamrn KOHCTPYKil:ITTI.. 

7. Pa3pa6oTKa Hl13KOTeMIIeparypttoro (TeMnepaTYPa peKpHCTaJIJIH3aIIJIB) 

mrifi<l>Y3HOHHOro coe):(HHemrn HII06IDI c THTaHOM B HHTepsa.rre TeMneparyp 

0,4+0,5 Tnn. cBap11saeMhIX MeTannos. 

8. Pa3pa6oTKa HOBhIX MeTo,n:os coe,D,HueHMH TOHKHX MeTamraqecKHX 

npoc11oeK, onpe;:i:eneHae KpHTepHeB on,emm ypoBHH BttyTPeHHHX HanpH:>Kemm B 

CBapHb!X KOHC'fPYKll,HHX lf3 pa3HOpO,ll;HbIX MaTepHaJIOB c yqeTOM <l>H3HKO­

MexamrqecKHX, TeXHOJ10r.H'IeCKHX H 3KcrrnyaTal{HOHHhIX xapaKTepHCTHK. 

Bo BTopoii rJiaBe rrpHBO)J,HTCH ofoop MCCJie.n;yeMblX MaTepHaJIOB H HX 

no;:i:roTOBKR, a TaK)l(e MeTO)JOB accne.ll,oBaHIDI, npHMeHHCMhIX B pa6oTe [19]. Ha 

KaqecTBO CBapHhIX coe)J,HHCHHH Haa6orree Bpe,a;Hoe BJilUIHHe OKa3blBaIOT 

co;:i:ep:>Kaiirn;HHC» B Me)l;H KliICJIOpo,a;. Krrcnopo;:i: B Me):(H HaxO):(HTC}} B CBH3aHHOM 

COCTO»HF!H B BH)l;e 3aKHCH Me)l;.H (Cu20), KOTOpa.H o6pa3yeT c Me)l;bIO 3BTeKTJIKY 

(Cu + Cu20 ) c TeMrrepaTYPoii IJJiaBJieH.H» 1338 K (necKOJihKO MeHhIIIeTI 

TeMneparypbI rmaBJieHM» Me.n;H). TeMneparypa IIJlaBnemrn 3aKHCM Me,D,H (He B 

sa.n;e 3BTeKTHKH) 1508 K, T. e. Bhime TeMneparyp1>1 IIJTasneHIDI Me;:i:H. 

Cne,D,yeT OTMeTHTh, 'lfTO rrocne o6pa6oTKH ;:i:aBJieHHeM 3BTeKTHKa 

(Cu + Cu20), Kornpa»: pacnonaraeTC» Ha rpamu~ax 3epeH H HMeeT TOl.JeqHoe 

CTpoeHHe, pa1pyII1aeTCJ1, H B .n;e<t>opMHpyeMoii Me)l;H KMCJiopo;:i: rrpHCYTCTByeT 

y)l(e B BJoI)J,e o6oco6JieHHhIX BKJIIO'IeHHH 3aKMCH Me)l,H. 0)UiaKO 6naro;:i:apH 

BJilUIHmo HaKrrena Me)l;h HMeeT BhICOKHM npe,a;eJl npO'IHOCTH rrpH paccrn)J(eHJm H 
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Mru:roe OTHOCHTeJII>Hoe y.n:mrneHHe nepe.n: pa3pbIBOM, a TaK>Ke o6na.n:aeT 
TBep):(OCTblO H ynpyrocThJO npH H3rH6e, HO ee rrpOBO):(HMOCTb yMeHbmaeTCH . 

ITocne npose.n:emrn Bah)'YMHoro OTIKHra rronyqaeTc» M»rKa» MeJ:i:b, 
KOTOpa» cpaBHIITeJibHO IIJiaCTWIHa, HMeeT MaJiylO TBep,n:OCTb H He60JihlllYIO 
IIpO'IHOCTh, HO BeCbMa 6oJiblliOe y.n:mrneHHe nepe,IJ, pa3pb!BOM II 6oJiee Bb!COKYIO 
y):(eJibHyIO IIpOBO)J:Ml\llOCTb. 

3Ha» oco6eHHOCTH ra30BbI,n:eJieHHH MeTaJIJIOB B BaK)'YMe Mhl MO:JKeM 
ou;eHHTb MexaHH3M oqRcTKH rroBepxHOCTH OT OKCH)J:OB. B pa6oTe Haii):(MYia 

IO.B. ycTaHoBJieHo [2], l.TTO c rroBepxHOCTH Mem1 npH TepMH'IeCKOM 
o6e3Ta)J(HBaHMH B BaKYyMe H)l.eT HHTeHCHBHOe Bhl)J:eJieHRe BOJJ,opo.n:a. B CBH3H c 
3THM MO)J(HO BhI)J:BHffYTb nmoTe3y 0 TOM, lJTO B 30He B3aHMO)l.eHCTBHH 
KOHTaKTHPYJO~ IIOBepXHOCTeii MeJJ,HblX ,IJ,eTaJieH HMeeT MeCTO 
BOCCTaHOBJieHHe OKCH)J:OB 3a C'leT BbI.D;eJieHHH BO)J:Opo.n:a H3 MarepuaJia ,n:eTaJieH. 
CornacHo npe.DJIOJIO)J(eHHJO CnenyxM B. T. , ocBo6o)l(J:i:eHHI>Ie B npouecce 
BOCCTaHOBJieHHH OKCH.D;a aTOMbI MeTaJIJia yq:acTByJOT B $opMHpOBaHHH 
TBep.n:ocpa3Horo coeJJ,MHeHmI. 

BhlllleyKa3aHHoe II03BOJIHeT npe.n:rronmKlfTh B03MmKHOCTh nony'leH!fH 
):(Mcj>cpy31fOHHOH CBapKOH B BaK)'YMe coe.n:1meHHH H3 Me~H c MlfHHMaJihHOH 
OCTaTO'IHOH IJJlaCTR'IeCKOH .n:eQ:>opMauweii. 

3KcrrepRMeHTaJibHble HCCJie,n:oBamrn npoBe,n:eHbI B 113C HM. E. 0. IlaTOHa 
AH YKpaHHbI Ha ycraHOBKe Y- 394, H B EpeBaHcKoM $mnl.leCKOM HHCTHT)'Te 
HM. A. M. AJIRXaHHHa Ha ycrnHOBKe M,nB 301. 

Arr» npoBe,n:emrn HCCJie,n:oBaHHH .n:1nJ>$y3HOHHOH CBapKH 6bIDH 
mroTOBJieHbI o6pa3UbI miaMerpoM 18 MM., ,n:JIMHOH 30 MM. CrI>IKyeMbie 
IlOBepXHOCTH o6pa3ll;OB 06pa6aT1>IBarrnc1> aJIMa3HblMH pe3IJ;aMII ):(0 

mepoxoBaTOCTlf Ra = 0,025MKM., napaMeTµhl mepoxoBaTOCTH noaepXHOCTH 
mMepnnMcb npn6opoM "ITpo<]nmorpaQ:>- npo$MJIOMeTp 252 ". 

Arr» npe)J:OTBpalll;eHHH OKHCJieHHH IIOCJie MexaHHlJeCKOH o6pa6oTKH 
00pa3IJ;bl xpaHHJIHCb B BaKyyMHOH KaMepe. f"eoMeTpH'IeCKHe pa.1Mephl o6pa3U,OB 
H m,n:eJIHii H3MepfillHCb npu6opoM "MHKpOCKOII H3MepuTeJibHbIH 
ymrnepcru:rhHhIH YHM-23". 

MexaHR<JecKHe cBoilcTBa cBapHLIX coe)J:HHeHHM ou;emrnaJIHCh rro 
pe3yJihTaTaM ncn1>1TaHMH Ha pa3pLIBHOH MalllHHe PT-250M H H3MepeHH»M 
MHKpoTBep.n:ocTH B 30He coe)J:HHeHH» c noMOlIJ;bJO npH6opa IIMT-3 ,n:.rur 
ou;eHKH TBep.n:ocTH or.n:enLHbIX cpa3 HJIH CTPYKTYPHhIX cocTaBJI»IOUIHX cnnaBOB. 

,ll;JIH MeTaJIJiorpa$HlJeCKOro aHaJIH3a HCI10Jib30BaJICH OllTHYJ:eCKHH 
MHKpOCKOTI M11M-8M H 3JieKTPOHHbIH OITTH'leCKHH MHKpOCKOCT "CTepocKaH S4-
l O". fepMeTH'IHOCTb CBapHbIX o6pa3IJ;OB H3):(eJIHH HCIIhJTbJBaJiaCb c IIOMOlllblO 
renMeBoro MaccneKrpoMerpwrecKoro TeYieHcKaTenn ITTH-10. KoHTponb 
3JleKTpO$H3WieCKHX napal\-teTPOB u;eJibHOCBapHOH ycKopHIOUieH ceKUIHI 
ocymecTBJIIDICH MeTo,n:oM pa,n.HoMelpH'lecKHX H'3MepeHHH. CTpose,n.eHbI 
HCIIbITaHHH Ha BaKyyMH)'IO IJJlOTHOCTb CBapHbIX coe.n:1rneHl1H THTalla c 

IO 

Hep:>1<aBeI-OII1;eii CTaJlblO B ,D.MaIIa30HC TeMnepaTyp OT 300K .n.o 4,2K. 
TeMnepaTypa 4,2K ,n.ocTttraJiacb nyTeM norpy:>1<emrn caapHoro nma B :JKM,11,KHH 
remm:. 

TpeTbH TJiaBa ITOCB»IJJ;eHa HCcrre,n:oBaHHI-0 H B1>16opy OilTHMaJibHblX 
ycJIOBHll, 06ecrre111ma10UIHX nony11eHHe COC)l.HHCHHH c MHHHMaJibHOH 
ocraTO<J:HOH IlJiaCTH'lecKoii .n.e¢opMau;Heii. H3y11eHo BJIH»HMe nop;roTOBKH 
ITOBepXHOCTH H rrapaMeTpOB pe)l(HMa Ha MexaHH'ICCKHe CBOHCTBa 

.im¢¢Y3HOHHhIX coe,[UfHCHHH [15,16]. Hccrre,n.oBaHHH npoBO)J:H.Jrn:Ch Ha o6pa3u;ax 
H3 Me,n:tt Ml. ITapaMeTphl rrpou;ecca H3MCH»nHCh B cne.n:y1-0ru;Mx npe,n.enax: 

Y .n.enhHOe .n:asneHne 

TeMIIeparypa HarpeBa 

BpeMH Bhl,n:ep)KKH 

P, MIIa 

T, K 

t, MRH 

2-8 

973-1173 

5-20 

CTI.1KyeMh1e rroaepxHOCTH o6pa3u;oB o6pa6aThIBaJIHCh a.JIMa3HhIMH 
pe3u;aMu .n.o lllepoxoBarocTH Ra =0,2-0.025 MKM. AHaJIH3 BJJHHHMH 

TeMrrepaTyphI coe.n.IIHemrn Ha napaMelp cr. (npo<J:HOCTh coe;::urnemUI Ha pa3pbIB) 
IlOKa3bIBaeT, 'ITO 6oJiee HHTeHCHBHhIH pOCT OCTaTO'lHOH IlJiaCTH'IeCKOM 

.n:e<l>opMaUHH & HacTynaer npu T=1073K, a npo<J:HOCTL coe.n.MHeHHH npM 3TOii: 
TeMrrepaType y)Ke Hax.0,[\11TC» Ha ypOBHe OCHOBHOfO MCTaJIJla (pac. 1). 

& (%) 
,,. .. .... ,, ... 

R -o 0 ,,........ 0. 
a- · 25µM ,,.-"' .5 ,."' 

_ .. 
0.4 

100b-------------Ra=0.025µM 
0.3 

973 1023 1073 1123 1173 
T (K) 

PHC. 1. 3aBHCHMOCTb cr H & OT TeMnepaTypbl csapKH: (P = 4MIIa, T =20 MHH) 
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IlpH B.bICOKOTeMTiepaTypHOH nomyqecTH B 30He KOHTfilCI'a B03pacTaeT 

BKJia,n: Me)J(3epHOBOro IIpOCKaJI.b3bIBaHirn, 'ITO B HeKOTOpoii CTerrem1 

cnoco6cTByeT o6pa30BaIIHIO tj:•mH'ieCKoro KOHTaKTa. MernJmorpaqrn:qecKHe 

HCCJie)J;OBaHl:IJI IIOKa3.bIBaJOT, qTO c IlOB.bIUieHHeM TeMrrepaTJPbl coe,i:umeHHH 

KOJIH'leCTBO .n:e$eKTOB B 30He coe,n:HHeHIDI }'MeH.bUiaeTCH, IIpH'ieM HaH60JibUiee 

BJillHHHe IlOBhlUieHHH TeMnepaTypbl IIpOHBJIHeTCH IIpH qHCTOTe o6pa6oTKH 

noBepXHOCTeil. Ra= 0.025 MKM, Kor,n;a Ha6n10.n:aeTCJ1 o6m;ee o6pa3oBaHHe 3epeH 

(puc.2). 

Pnc.2. MHKpOCTPYKTypa 30H.bI coe,n:HHeHIDI Me;::i;H (x 200) 

fpa$HKH 3aBHCHMOCTH er H & - coe,n:HHeHHH OT BeJIHqMHbl y.n:eJibHOro 

,n:aBJieHIDI IlOKa3bIBaJOT, qTO pOCT ,LJ;aBJieHIDI IIOBbIIIIaeT rrpoqHQCTb COe)J;HHeHIUI, 

o,n:HaKo pe3KO yBeJIB'rn:saeTCJI OCTaTOqHrur ;::i;ecj:lopMal.(11H. Hau6oJiee 

HHTeHCHBHI.IH pocT Ha6mo,LJ;aeTc5I HamHrur c P = 4 Mila (p11c. 3 ). 
3KcnepHMeHTaJI.bHbie HCCJien;ommm.1 IIOKa3bIBaJOT, qTO ,n:JIH coe,n:HHeHirn 

peam.Horo H3,n:eJIHJI Mo:>KHO peKOMeH,n:OBaTb BpeMH OT 15 ).l;O 20 MHH [16] 
B cooTBeTCTBHH c npe).l;CTa:srreHIDIMH o MexaHH3Me 11 KHHeTHKe npon;ecca 

,l(H$cj:ly3HOHHOro coe,n:.1rneHH}I MO)KHO Bblll.eJIHTb CJie).l;yIOm;He nyTH CHIDKeHHH 

OCTaTOqHOH nrraCTHqecKOM ).l;e$opMan;HH coe).l;MHeHH}I: 

- IIOBhIIIIeHMe KJiacca 'HICTOTbI o6pa60TKH IlOBepxHOCTH; 

- OCB060)J(,D:eHHe IlOBepXHOCTH OT OKCH,ll;OB. 

12 

I 

<'5, Mna £(%) 
300 , 1~ 

200 

100 

0 

R~ 
I 

I 

" 

I 
I 

I' 
I' 

I 

...... , .,, ... 

I 

...... 

, , 
,' 

/ , 

....... ... 
...... .,.,.. 

, ,,. 
, ' """" ··Ra=O .025µM """' ...... .,,,,,,,,~ ----- _,,,,,.; ==.::=-----

2 4 6 8 
P. Mna 

1.4 

1.0 

0.6 

0.2 

PHc.3. 3aBHCHMOCTh rrapaMeTpoB cBapKH a u & OT cBapoqaoro ).l;aBneHHH 

(T = 1123 K, 't" = 20 MHH) 

HccJie.n:osaHHe .n:H<l><l>Y3HOHHoro coe.n:HHemrn Ha .n:syx Me,l.J,HbIX 

)J;HaqiparMax IIOKa3aJIO, qTQ rrapaMe-rpaMH OIITHMaJihHOro pe)J(HMa HBJIJIJOTCJI: 

T = 1073 °C, P= 1 Mfla, r = 15 MHH, npH 'IHCTOTe o6pa60TKH noBepxaocTeli 

Ra= 0,025 MKM. ilpH 3TOM OTHOCHTeJThHM .n:efl>opMaIJ;H}I E = 0,03 %, npo'IHOCTb 

coe.n:HHeHirn: cocTaBIDieT cr ::::: 180 Mila. 

ilpH pa3pa6oTKe TeXHOJIOnrn: CBapKH yci<:opmom;HX ceKIJ;HH He06XO,l(HMO 

3HaTL xapaKTep pacrrpe,l(eneHHH TeMnepaTJPhl no ,l.J,JIHHe H3,n:eJIHii: ,n:JIH Toro, 

qTo6hr napaMeTpLI npon;ecca H COOTBeTCTBYIOIIJ;M arrnaparypa II03BOIDIJIB He 

npeBbIIIIaTL orrpe,l(eJieHttylO BeJIH'IHHY OCTaTO'IHOH ITJiaCTH.1.J:eCKOH ,l(e$opMan;IDI, 

KoToprur ,l.J,OJI)l{Ha 6i,ni, paBHOMepao pacrrpe,n:eneHa no seen ,n:JIHHe m,n:eJIHH. 

ilocKOJJLKY HarpeB BhICOKO'IaCTOTHbIM HH.l(yKTOpOM B MeCTax CThIKa )J;Hacl>parM 

s* npmnso,n:HTCH no KOJJhIJ;y, TO paccMa-rpHBaeTCH acHMMeTpH'IHOe 

TeMrreparypaoe none T(s, z), rrepeMeHHoe B).l;OIIJ> o6pa3yIOm;eii s H no TOJIIIJ;HHe 

m.n:emm z (-o /2, o /2). 3TO TeMrrepaTypHoe none OIIHCbIBaeTcJI pemeIDieM 

ypaBHeHI:IJI TerrnorrpOBO,l.J,HOCTH ,l.J,JIH TOHKOCTeHHOH 060.JIO'IKH Bpam;emm: 

_g_·(t5r;., ar)+r~(o;., oT)+ar(T-7;,)=r[cro0T -wh(s-s.)] (1) as as az az at 

13 



TipH 3a,naHHhTX HaqaJibHhIX H rpaHll'JHhTX ycrrOBIUIX: 

rrpH t= 0, T(s, z)= T0 (2) 

rrpH S = S0 A,= a(T-T0) 

rrpH S = Sk A, =a(T-T0) (3) 

IIpH Z = -o/2 A, = a(T-Tc) 

TipH Z = 0 /2 A =a(T-Tc) 

3;::i;ech o - TOJTll(HHa 06onoq1<w; r(S) - cpe,n:HHH pa.n:wyc Bpamemrn; A, -
TeIIJiorrposo,n:Hocn,; T0 - TeMrreparypa 01<pylKaIOll(eii cpe,n:M; a - Ko3cf>qmu;weHT 

IIOBepXHOCTHOH TeIIJlOOT,U:a4H; To - Ha'laJlbHaH TeMrreparypa CBapHBaeMoro 

m.n:emur; w- 3c\>c\>eKTIIBHaH MOll(HOCTh BhICOI<O~IacTOTHOro IIB.rJ:YKTOpa; h(s - s*) 
- ,n:eJIJ>Ta-c\>YHI<llIUI. 

,lVIJI perneHHll ypaBHeHHH (1) c HaqanbHbIMlil ycJTOBHJIMH (2) H rpaHrrqHblMH 

ycJlOBHHMH (3) HCITOJJh30BaJICH MeTo.n: I<OHeqHJ>IX pa3HOCTeH Ha ceTKe, 

arrrrpoKClilMHpYIOll(eii pacMaTpusaeMyIO o6nacTh. Pa3Hocrnan CHCTeMa 

peIIIaJiac1> ITO Mern,n:y Tiwci.MeHa-PeKcf>op,n:a. 

AHanM3Hpyn paccqeTHble ,n:aHH1>Ie, MmKHO 3aKJTIOlJIITh, qTo BpeMH Harpeaa 

Bcex ycKopHIOIII,HX ceKu;Hii MO)f{HO ycnOBHO pa36HTh Ha ,n:Ba HHTepBana, 

KOTOpble OTJJHqaIOTCJI 3aKOHOMepHOCT.bIO xo,n:a. 

YcrnHosneHo, qrn TeMn pocrn H pacnpe.n:enemu1 TeMneparyphr s,n:oJih 

ycKoplllOll(HX ceKa;HH onpe,n:eJTHeTCH TeMITepaTypHo- BpeMeHHblMH ycnOBJIMJI 

HarpeBa nepBbIX ,n:Hac}>parM [5]. 
qeTBepTaB rJiaBa ITOCBHll(eHa pa3pa6oTI<e annapaTYPbl H TeXHOJIOrHH .n:mr 

coe.n:1rneHHH ycKOpHIOll(HX ceI<lllilH [2, 3, 8, 24] 
11ccne,n:oBaHHe npou;ecca .n:mpcf>yTHOHHOH csapKH Ha .n:wac\>parMax 

IIOKa3aJTO, lJTO ,U:Jlll norryqemrn ,U:OCTaTOqHoH DpOl.fHOCTH coe,n:Irnemrn c 

MHHHMaJibHOH OCTaTOlJHOH .n:e<j:lopMau;HeH ( c 3a,n:aHHhIMH TeXHOJlOrHl.feCKHMH 

Tpe6oBaHHJIMH ,U:Jlll ycKOpHIOll(HX ceI<I1HH) Heo6xo,n:HMO, l.fT06hI ,n:aBJieHHe H 

TeMneparypa CBapKH 6bJJIH o.n:1rnaKOBhl Ha KfflK,U:OM CThII<e ITO BhlCOTe 

ycKopJIIOIII,HX ceKu;HH. B CBH3H c 3THM 6hma cITpoeKTHpoBaHa M H3roToBJieHa 

ycTaHOBKa ,n:JIH ,n:Hc}>c}ly3HOHHOH CBapKH ,U:JIMHHOMepHbIX ycKOpHIOIIIHX ceKu;HH .n:o 

O,U:Horo MeTPa, B KOTopo:H 06ecrre11HBaeTCH TIOCTOHHCTBO CBapO'l"HOro ,n:aanemrn 

ITO BceM: ,n:JIHHe ycKOpHIOllleH ceKu;MH c nepeMell(aIOII.l;FIMCH HCTOqHHKOM 

Harpeaa. OrpaHWIMBaHMe ,n:nHHhI .n:o lM o6ycnoBneHo TexHonorttqecKoii 

B03MO)KHQCThIO c ToqKJf 3peHMHll :meproeMKOCTM HarpeTOH yc1<opHIOll(eH 

ceKU:HH a TaK')J(e c6opKM Me,LIHhIX ,n:HaljJparM. 

Ha pHc. 4 cxeMaTnqecKH npe,n:cTaBJleHa ycrnHoBKa, B KOTopaH 

o6ecrreqHaaeTcH paBHOMepHoe ,n:aBJieHMe ITO sce:H ,n:JIHHe yc1<opinoll(eH ceKa;HH. 

14 

raitKa 

PHc.4. CxeMa ycTaHOBKH ,n:IDI coe,llH.HeHHH yc1<opHIOll(HX ceKI.J;Hii 

Y CTaHOBKa pa6oTaeT cne,n:yIOII(HM o6pa30M: ITocne ,n:ocTHJKemur 

He06XO,[(HMOf0 BaKyyMa B KaMepe ,[\HaijJparMhl HarpeBmOTCH Bq- TOKOM H 

npOH3BO,[(HTCJI coe,LJ;HHeHHe ,LJ;BYX ,[(Ha<j:iparM, pacnoJIO/KeHHhIX Ha ypOBHe 

ropH30HT<lJl.bHOll OCH HH,[(YJ<TOpa. IlpH orryc1<a:mrn HH.n:yKTOpa ,11;0 ypOBHH 

CJie,o;yIOIIJ;ero CThIKa HarrplllKeHiie Ha BhIXO,[(e IlOTeHU:HOMerpa H3MeIDieTCJI no 

3aKOHy: 

UBLIX. = Un · X/ L (4) 

r,1J,e Koop,[(HHa:ra nomyHKa X H3MeHJ1eTcJ1 OT X =l ,o;o X=O, L- ,LJ;JIHHa TOKonpo­

BO,!l,Hll(eli qacTH noTeHUHOMe1pa; Un - HanpHiKem1e Ha BhIXO,[(e peryJIHpyeMoro 

HCTOqHHKa HanpHiKeHirn. IlepeMeIIJ;eHHe IlOJT3YHKa npHBO,!l;HT K H3MeHeHHIO TOKa 

3JieKTpOMarmna Ha BeJIHqHHy, npH KOTOpoii KOMilCHCHpyercx ,!l,OTIOJIHHTeJihHOe 

,!l,aBJieHHe, 06ycJIOBJie1moe BeCOM ycKOplllOillell ceKQHH, pacnOJIO/KeHHOll BhlIIIe 

cBapHBaeMoro CThIKa. Pa3pa6oTaHHaH annapa:rypa n03BOJilleT o6ecneqHBaTi:. 

OllTHMaJihHhie pelKHMhl coe,[(HHeHHJI Ha CThIKe KIDK,!l;OM H3 ,!l,Byx ,[(Ma<pparM no 

BCeH ,n:JIHHe CeKU:HH. 
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IlocTOHHCTBO .n;aBJieHMH o6ecneqwsaeTCH CHCTeMOH yrrpaBneHHH 

MarHMTOM, CHlDKaIOlll,MM Hfil'PY3KY ITO Mepe rrepeMelll,eH.IUI HarpesaTenH CBepxy 

BHH3. 

,[VIH o6ecrreqeHMH IlOCTOHHHOro BpeMeHM coe.n;HHeHMH Ha KOHIJ;ax 

ycKopmomell: ce~HH ycTaHaBJIHBRlOTCH MeAffbie TeXHOJIOrH'-IeCKMe BCTaBKH 

orrpe.n;eneHHOro pa3Mepa. ,[VIHHa pa6oqen qaCTM HffAYKTOpa COCTaBnHeT 90MM, 

qTO o6ycnaBJIMBaeT, DpM IIOCTOHHHOH CKOpOCTH ero rrepeMelll,eHMH, 

ITOCTOHHCTBO BpeMeHM nporpeBa KaJK,D;OH )J.Ma¢parMbI rrp11 OITTMMaJibHOM 

TeMnepaTYPe. 
~JIH o6ecrreqemrn Harp~:Ba KRJI(,!l;OH .D;liacpparMbI .n;o OilTHMaJibHOH 

TeMnepaTypbl no BCeH )J.JIHHe ycKOpHIOlll,eH ceKU:HM DpHMeHHJICH CJieAYIOlll,ltii: 

npHeM. Ilocne HaipeBa nepBOH ;:i;ttacpparM&I .n;o TeMnepaTypbl CBapKH MOlll,HOCTb 

HffAYKTOpa nocTeueHHO YMeHhIIIaJiac& nptt ero /:(BJ1JI(eHHH K KoHu:y ycKop.snomeii 
CeKU:MH. 3aKOHOMepHOCTb H3MeHeHJ:fH MOlll,HOCTI1 HarpeBaTeJIH onpe)J.emi:eTCH 

3KcrrepHMeHTaJibHbIM rryTeM. IlpHMeHemre BbIIIIe paccMOTpeHH&IX 

TexHonorlf':IecKHX rrpHeMoB H arrnapaTyp&r o6ecrreqHBaeT nonyqeHHe 

BaKyyMHOITJIOTHblX coe.n;HHeHHH ycKopHIOIIIeii CeI<WfH no Bceii ee .D;JIHHe rrp1:1 

ypOBHe OCTaTOqHOH .a;ecpopMRU:Hlii He 6oJiee 0,07 %. 
,[VIH coe,[\HHeHMH (CT&IKOBKH) OT,[\eJI&HbIX qacTeM ycKopHIOlll,eM ceKI.J)111 

6&ma paspa6oTaHa H H3rOTOBm~Ha KpynHora6apHTHRH BaKyyMHRH YCTRHOBKa 

,ll;IlH ,ll;Hcpcpy3HOHHOH CBapKH H IICLHKH H3,L\eJIHH. Ha pMC. 5 I10Ka3aH BHeIIIHHM BM.!]; 

YCTaHOBKH. 

~.I 41 10 2 1 l2 ~'\ ... , .. ~ .. ,, .. n 52 . •. 

"-:., ·.7 \" \ .. r·· ···1 .., 
·' -;~ ' f 

t ;.....--------------------->.. .. K oa~yyMuoll 
·· ·· · 'f<:: . ._i" ··· · .\..Clle"l'eMC 

Pnc.5. CxeMa ycmHOBKH ,ll;IlH .n11:cp<}:ly3HOHHOH cBapKH ,ll;JIHHHOMepm.1x H3,ll;ennii: 

1-BaKyyMHR}l KaMepa; 2- B1I J:lli,LIYKTop; 3-6apa6aH; 4- pe3HHOBLie Koneca; 

5- OTBepCTHH )J,IlH IlO,[\R'IH B03,l~yxa; 6- 3arnyll1Ka; 7- OCHOBaJiHe; 8- cpnaHeu;; 

9- onopa; 10, 11 - CTLIKyeMJ>Ie ycKOpHIOID:He CeKlJ,MH ; 12- rrpOKJia)J,KH 

Y CTaHOBKa pa6oTaeT cne,eyIOID:HM o6pasoM. Coe,n:HHHeMi.1e ycKopmoiu:ne 

ceKJIHH 10 H 11 ycTaHaBJIHBRIOTC}l BHyrpH 6apa6atta 3 qepe3 pe3HHOBOe KOJieco 

4. 1Iepe3 OTBepcme 5 B IIOJIOCTL pe3HHOBOH KaMep&I no,n:aeTCH B03,ll;YX lI 

16 

cm.a;aeTCH )J,RBJieHFie, KOTopoe 3RXBaT&IBaeT coe;:urneHHMhle ycKOpHIDID:He 

ceKU:HH, He3aBHCHMO OT HX BHeUIHHX rrpoqnmell:, H o6ecneqHBaeT 

paBHOMepHb!H 3axBaT coe)J,HHHeM&IX ceKu;lli, lICKJllOqaH TRKHM o6pa30M HX 

)J.e<j:lopMaU.HIO. CeKU.IDI 10 onHpaeTcK Ha onopy 9, a ceKIIHH 1 1 coe)J.HHeHa qepe3 

qmatteII 8 c BaKY)'MHoii CliCTeMoii. KoJI&IIeBhie 6apa6aHbI 3 1 H 32 HMeIOT 
B03MOJI(HOCT& nepeMelIJ;eIDUI B T}JeX HanpasneHIDIX (Ha 'IepTe)Ke He IIOKa3aHO). 

Ilocne c03)J.aHHH BaKYYMa B KaMepe 1 coe,a;HHHeM&Ie ceKu;HH HarpeBaIOTCH 

HHAYKTopoM 2 )J.O Heo6xo.n;HMOH TeMrrepaTyp&I, a ;::i:aBJieHHe coe,L1;HHeHHH 

o6ecne'IHBaeTcH onHpruic& Ha 6apa6aH 32 (Ha ~[epTe)l(e MexaHH3M He rroKasaH). 

B3aHMHoe rrepeMeIJiemi:e ceKJIHH 10 H 11 o6ecneqHsaeTcH c rroMOID:LIO 
BaKY)'MHOH KaMepi.1 B BH,n:e ClIJib<l:iOHa. IIepe,D,BH:JKeHHeM onopi.1 9 MOJI(HO 

yBeJIWJHTb )J.Jllltty coe.n;HHKeMLIX H3,n:eJIHHH. 

Pa3pa6oTaHHaH ycTaHOBKa o6ecrreqHBaeT KOHTJJOJIL repMeTH'IHOCTH B 

nponecce coe.n;HHeHMH c rroMOIUbIO rrponycKa remrn B KaMepy 1 H 

MaccneKTpoMeT}Ja, IIO,ll,COe)J,HHeHHOro K BaK)'yMHOH CHCTeMe qepe3 c]maae:u. 8. 
JIBTaB rJiaBa IlOCBKID:eHa HCCJie,U:OBaHHIC> H pa3pa6oTKe cnoco6a CBapKH 

.n;aBJieHHeM pa3HOp0,ll;HblX MaTepHaJIOB rrpHMeHHTeJil:iHO K ycKOpHTeJILHOH 

TeXHJfKe [5,11,12,13,20, 23,27]. 
T1pH C03)J,aHHM H3)J;eJ1MH ycKopHTeJibHOH TeXHHKH BeCI.Ma aK'fYaJibHOH 

OCTaeTCH 3a;::i:aqa nony"!eHHH 6HMeTaJIJIWJf:CKHX 3JieMeHTOB, Ha)J,e)KHblX 

coe,ll;HHeHH.fi KOHCTPYKD:HH H ycTpoiicTB m pa3HOpO,ll;HLIX MaTepHaJIOB, 

pa6oTaIOIIJ;HX B lliHpOKOM )J;Hana3oHe TeMneparyp (oT 300 .n;o 4,2 K) M npH 

pasJIH"IHLIX ycnoBHHX Harpy)l(eHHK. TaKHe coe,a;HHeHHH KaK Me,n:i.+Hep:iK.CTaJIL, 

Me;u,+cTaJib, Me;u,+anroMHHHH, Hep:lK.CTaJIL+THTaH, THTaH +HHo6Hi1: HBJIHIOTC}l 

aKT)'aJILHLIMH )J;JIK co3,n:aHHH KOHCTPYKUHH H m,n:ennH: ycKopnTeJILHOH TeXHHKH. 

Tpy,ll;HOCTL csapKH pa3ttopo,n:H&Jx MeTaJIJIOB H cnnasos o6ycnoBJieHa TeM, 'ITO 

OHM pa3JIWiaIOTCH <l_ln3HLfeCKHMH, MexaHWieCKHMH H tl>mHKO-XlIMH'leCKHMH 

CBOHCTBaMH, KOTOphie orrpe.n;eJIHIOT KaK B3aH\10,U:eHCTBHe MeTaJIJIOB Me:lK,ll,y 

co6o:H, TaK H HX B3aHMO,L\eHCTBHe c BHOBL o6pa3yJOID:HMHCH cPa3aMH[l0,l l] 

5.1 . .J1:mlul>Y3HOHH3H ceapKa puuopo;:t;BbIX MaTepuaJIOB ( 6e3 npOCJIOHKH). 

lfaBeCTHO, "!TO rrpH caapKe pasHOpO,ll,HblX MaTepHanoB, co.n;ep:lKRID:HX xpoM, 

xpoM OKHCIDieTCH ;::t:a:JKe B ycJIOBH.HX rny6oKOro BaK)'YMa, HO MHHHMaJILHOH 

H30TepMifC!eCKOH BLI,n:ep)l(KM eiu:e He.ll:OCTaTO'lHO )J;IDI o6pa30BRHMH OKCM,U:OB 

xpoMa [ll]. 
~H rronyqeHmr BaKyyMHOIIJIOTHoro COe,[\lIHeHirn 6HMeTaJIJIH'IeCKOH 

3aroTOBKH )J,HacpparM H3 Me)J,H H CTaJIH 12Xl8HIOT paspa6oTaHLI cnoco6i.1 

coe,n:HHemrn pa3HOpO)J;HhlX MaTepHaJIOB, rrp10HD;Mll KOTOpbIX COCTOHT B 

cneAYJOID:eM. Ha saeyyMHOH KaMepe ,lJ,H¢<}:ly3HOHHo-cBapoqHoli ycrnHOBKH Ha 

HHJI(HeM llITOKe onopi.1 ycrnHaBJIMBaeTC.H <j:lnaHe:I( H3 Me,n:H, a Ha BepXHeM IIITOKe 

3aKpeITJUieTCH <J.inaHeu: H3 Hep)l(aBeIOI:u;eH CTaJIH, KOTOpL:ril: HaXO,ll;HTCH Ha 
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HexoTopoM paccTOHHHH OT Me,n:Horo cI>nam.:(a. Bq HH.D:YKTopoM 1-rnrpeBaeTcH 

Me,!l,m.1ii c!>naHeu: ,!l,O TeMrreparypbI 1123 K, rrocne -qero HeHarpeTa.51 

Hep)J(aBeIOlI.laH CTaJib c IIOMOII.l;blO BepxHero lllTOKa llITaMnyeTCll Ha Me,!l;Hb!H 

c!>naHeIJ H c01,n:aeTcH ,n:aBnemre .n:o 20 Mlla B Teqemnr 30 c. ff4 ITTf,!zyKTopoM 

npO,!l,OJliKaeTCJJ HarpeB c6opHOH 6nMeTaJIJIHqecKOH 3arOTOBKH .D:O TeMneparypbI 

JJ:Hc!>cpy3HOHHOH CBapKH H rrpH OIITHMaTibHOM pe)J(HMe CBapKH nonyqaeTCll 

xa"'IeCTBeHHoe coeJJ;HHemre. EnaroJJ;apa TOM)', qTo MHrKaH HarpeTaH MeJJ:I. 

Bbl3hIBaeT MHKpOIJJlaCTH"'IecxyIO ;:i:ecpopMau:mo, C03JJ;aeTC5! MaKCHMaJibHbIR 

KOHTaKT Me)l{JJ:y IlOBepXHOCTllMll corrpMKOCHOBemrn:, KOTOphlH Heo6xo,IJ,HM .D:JIH 

o6pa30BaHIDI cpH3MqecKoro KOHTaKTa, KOTOpbrn 3aTeM pa:rn1rnaeTCH B TeqeHHM 

rrpol.:(ecca B3aHMHOH .n:mp<J.ly3HH. Tipn 3TOM, 6naro,n:apH TeCHOMY KOHTaKry, 

MCKJIIO"'IaeTCH OKHCJieHHe Hep)J(aBeIOmeii CTaJIM c OCTaTOl:fHbIMH ra3aMM 

BaxyyMHOH KaMepbI. 

TionyqeHHI.Ie HaMH 3KcrrepHMeHTaJihHbie ;:i:aHHbie IIOKa3aJIJI, t.[TO rrp.H 

TeMneparype cBapKH T=l 173 K, .D:aBJieHHH P=l MI1a M BpeMeHH cBapKM 

t=20MMH, ,!l,OCTHraeTCH paBHOIIpO"'IHOe, repMeTFlt.[HOe M BaKy)'MHO-IIJIOTHOe 

coe,!l,MHem1e. IlpO'IHOCTb CBapm.IX COeJJ:MHemm MeJJ:H c Hep:)l<aBeIOmeii CTaTihIO, 

rronyqeHHhIX npM 3TIIX pe)J(.HMax, npH RCilhJTaHHH Ha pacCT5!/KeHMe COCTaBmra 

220-240 Mlla, qTo 6JIH3KO K rrpe;:i:eny rrpoqHQCTH Me,!l;H. . 

EHMeTaJIJihI Me,!l,b-anIOMHHHii Haxo,n:HT nmpoKoe npHMeHemre B 

YCKOpHTeJibHOH TeXHHKe H B pa3JIHt.[HblX OTpacmrx rrpoMbllIIJieHHOCTH .D:JIH 

yMeHI.meHHH rrepeXO,!l,HOro corrpoTHBJieHHH M COBMeiu;eHHH 3JieKTpWieCKOro 

KOHTaKTa. 

}faBeCTHO HeCKOJlbKO CITOC060B COBMelI.leHHH Me,!l;HO-aJIIOMRHHeBOH 

KOHTaKTHOH napbI. HarrpHMep, 6RMeTanJIH'-!ecKHe rrpoKrra,n:KH mroToarreHHbie 

XOJIOJJ:HOH CBapKOH HJIH 6HMeTaJIJIMt.[eCKa5! IIpOKJlaJJ;Ka ,!l,JIH MOIQHOH OlllllHOBKH, 

H3rDTOBIDleMaH ITO TeXHOJIOI'HH CBapKH B3pbIBOM, t.[TO Tpe6yeT C03JJ:amrn 

cnel.:(MaJIH3MpOBaHHOro rrpOM3BOJJ:CTBeHHOro yqaCTKa TIO BBeJJ:eHHIO B3pbIBHbTX 

pa6oT. liIHOr,!l,a B KOHTaKTe Me,!l,h-aJIIOMHHllll HCTIOJib3yeTCH CMa3Ka Ha OCHOBe 

Me,IJ,Horo nopomxa. 0,IJ,HaKo rrpH 3TOM ecTh He,!l,OCTaTKH: yxy,IJ,Uiem1e cBoHcTB 

rrpH JJ:J]HTeJibHOH 3KCIInyaTaIJHH c IJHKJIMt.[eCKHMIH1 Harpy3KaMn. 

.ll:IDI pemeHMH rrpo6neMbl KOHTaKTa Me,!l;b-aJIIOMMHHH Ha aJIIOMMHeBOM 

KOHTaKTe IIOBepxHOCTH HaHOCHT Me,!l;b, HeJJ:OCTaTKaMH IIpH 3TOM HBJIHIOTCH 

CJIO)J(HOCTb TeXHOJionrn: H HH3Ka5! IIpOt.[HOCTb coe;:i:nHeHHH. 

llpH ,!l,Hcpcl>y3HOHHOM coe,n:1rneHHH npH ITOBbIUieHHblX TeMrreparypax 

(T=793 K) B 6nMernrrrre Me,!l,b-anIOMIIHHH rrpoHCXOJJ:HT o6pa3oBamre 

MHTepMeTanJIH,Jl,HbIX coe,!l,llHeHHH, c yBemlt.[eHHeM BpeMeHH rrpo11ecca B 

rrepeXO.D:HOH 30He B03pacTaeT CJJOH HHTepMeTanJIH.D:HbIX cpa3, KOTOpbIH 

IIpHBO;:J;IIT K CHH)J(eHHIO rrpoqHOCTH R B03paCTaHHIO xpyrrKOCTM. I1o3TOMY oqem, 

Ba:llrno, qTo6hI B rrpou:ecce tt3rOTOBJleHH5! 6HMeTaJIJia ,!l,JIHTeJTbHOCTb TeIIJIOBOro 

B03JJ:eHCTBaH.SI Ha Hero 6bma 6bT MHHl!MaJihHOH. CTpe,Jl,rraraeMbIH CITOC06 

coe,!l,HHeHHH Me,!l,HO-anIOMIIHHeBOH rrapbl 3aKmoqaeTC}l B HarpeBe Me,n:II JJ:O 
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TeMrreparypbT 973 K, rrocne qero B Me,Jl,b BJJ:aBmIBaeTCH XOJIO,!l;HblH aJTIOMHHHH B 

TeqeHMH 30 c, 3aTeM TeMrrepazypa IIOHHJKaeTCH ;:i:o 573 K H BbI,!l,ep)J<HBaeTCH B 

TeqeHJIH 20 MHH. MeTanJJorpacpMt.[eCKHH aHaJIH3 MHKpOC'fPYKrypbl rrepexo,n:HOH 

30Hhl YKa3bJBaeT Ha OTCYTCTB!Ie HHTepMeTaJIJIH)J;OB. c ITOMOinbIO pa3pa60TaHHOH 

TeXHOJIOrHH H3rOTOBJieHa Me,!l;HO-aJIIOMHHHeB.M 3JieKTpHt.[eCKM IIIHHa ,!l,JIH 

ncToqHHKa rrnrnHHH MarnnrnB HHCTHTYTa DESY (repMamrn). 

CTpeJJ:J]O)l(eHHa}l MeTO,n:HKa ,!1;Hcptj:ly3:noHHOH CBapKH pa3HOpOJJ:HblX 

MaTep:nanoB CT.3 c Hep)J(aBeIOmeii CTaJibIO 12Xl8HIOT xopeHHhIM o6pa30M 

H3MeHHJJa rrpHHIJHIIbl pa3pa6oTKH M H3roTOBJiemUI MarHHTa pa3pe3HOro 

MHKpOTpoHa ,!l,JI» HMIU:Icl> MrY, rJJ:e tf>HKca1JH}l 1I optteHTa~ 6JJoKa rron10coB 

06ecrreqJ1BaIOTCH c IIOMOlI.lbIO HanpaBJI}!IOIIJ,HX 3JieMeHTOB B BH,n:e IIJTHcpTOB 

CBapeHHbTX ;:i:mpcpy3HOHHOH CBapKOH ll3 CT.3 M 12XI8HIOT. illTH<pTbI 

pacrroJJO)J{eHbI B ropH30HTaTihHOH IIJIOCKOCTH BO B3alIMHO rreprreH,!l,HKYJIHpHbIX 

rpaHHX OCHOBHoro IlOJIIOCHOro HaKOHeqHHKa TaK, qTo HX OCII JJe)J{aT B 

MeJJ:HaHHOM IIJIOCKOCTH pa3paBHHBaIOI[lero 3a30pa, a HX JJ:HaMeTp npeBbIUiaeT 

BeJIHqmzy 3Toro 3a3opa. KpoMe Toro, c :u;enhIO HCKJIIO'-!eHHH BJIHHHHH IIJTtttf>ToB 

Ha O;:J;HOpO,Jl,HOCTb rromr, OHH BbIIIOJIHeHbI 'TpeXCJIOHHbIMH, rrp11qeM BepXHHe H 

HH)J(HMe cerMeHTHble qacTH lllTIIcpTa, pacrroJIO)J(•:!Hble B COOTBeTCTByIOIQUX rra3aX 

OCHOBHOro TIOJIIOCHOro HaKOHeqHFJKa H MarHHTOIIpOBOJJ:a BhlIIOJIHeHhl H3 

c!>eppoMarnMTHoro MaTepna,,1a, a cpeJJ:H}!H qacn. - m HeMarHHTHoro MaTepnana. 

TaKM cpnKcarurn 6rroKa noniocoB o;:i:HospeMemm HBJIHeTc» Hero xpeIIJieHHeM, T. 

K. B3aHMHO neprreH,!J,HKYJIHpHoe pacnOJJO)J{l:!HHe HX HCKJIIOqaeT JII06h1e 

CMemeHHH 6rroxa OTHOCHTeJihHO HpMa. KpoMe Toro, UITtt<J.lTbl B ,n:aHHOM cnyqae 

pa60TaIOT Ha C)J(aTHe - B OTJJHqMe OT M3BeCTHOI'O BapHaHTa, qrn l103BOJIJJeT rrpH 

OJJ:HHaKOBblX ,!l,HaMeTpax IIITHcpTOB BbI,D,ep)J(HJBaTb 6onee BbICOKHe Harpy3KH. 

TaKMM o6pa30M, Mb! MMeeM )J(eCTKYJO CHCTeMy IIOJIIOCOB 5!pMo-6JIOK, KOTOpaH 

cnoco6Ha BbIJJ:ep)l(HBaTb Harpy3KM, B03HHKaIOIIJVfe B 3JieKTpOMarHHTe. 0TMeTHM, 

t.[TO JJ:JJH o6ecrreqeHM5! OJJ:HOPOJJ:HOCTH MarHHTHOro IlOIDI CUITHBaIOiu;He BHHTbI 

TIOJIIOCHOro 6rroxa TaKJKe BbIIIOJIHeHhl 113 MarHHTHOH II HeMarHHTHOH CTaJJH • .ll:IDI 

CHHTmI HaIIp5!)J{eHl-fll ;:i:o OKOHt.[aTeJihHOH MexaHnqecKOH o6pa60TKH IIpOBO,!l,HJTCH 

BaeyyMHbIH OT)J(HL CTocJie TepMHYJeCKOH o6pai50TKH BbUICHHJJOCb: yrnepo,n: H3 

CT.3 rrepeXO,!l,IIT B crnpotty CTaJIM 12X18H10T. 06pa30BaHHe H pa3BMTHe 

rrepeXO,Jl,HbIX 30H Me)l(,n,y pa3HOpO,!l,HbIMH CTaJI5!MM ycTpaHeH c IIOMOlllblO 

6apbepa, riperrHTCTByIOmero JJ:HcP<l>Y3HOHHOMY nepepacrrpe,n:erreHHIO yrnepo;:i:a: 

nyTeM BBe,IJ,eHIDI Me)J(,Jl,y HHMM npoMeJKYTOqHoM npocJIOHKH 113 Me,!l,H. Ha OCHOBe 

3THX MCCJie,D,OBaHHH pa3pa6ornHa 6ttMeTaJIH1IeCKa}! BaxyyMHa5! KaMepa ,!l,JIH 

HCTO'IHHKa c1rnxpoTpOHHoro H3JIYt.[eHHH CANDLE [ 5,11,12,20]. 
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5.2. )J:n4>4>Y3HOHHaH CBapKa pa3uoponuLIX MaTepHaJIOB c 

npoMem:yTO'IHLIM CJIOeM [21, 23] 

IlpHBO)J,HM pe3yJihTaThI HCCJie)J,OBaHHH MHKpoTBep)J,OCTH B 30He 

coe.n;HHeHlUI rrepeXO)J,HJ>IX 3JieMeHTOB THTaII- Hep)]'(. CTaJih, coe)J,HHHeMbIX 

pa:mH'IHblMH MeTO)J,aMH B BaKJyMe 1,3· 10-3 
Ila. IlpH HCCJle)J,OBaHHH 

HCilOJih30BaHbl CJielzylOJIJ.He MeTO;::t;hl coe.n;MHeHHH: 

1. nml>4>Y3HOHHasI CBapKa B BaKyyMe c npoCJIOHKOM BaHa)J,JIH-Me,lJ,I:.; 

2. qipHKQHOHHruI CBapKa; 
3. nai'!Ka B BaKYJMHOM rreqM rrpHrroeM: L-Ag 72. 

Ha pnc. 6 rroKa3aHhI rpaqmKH mMepeHMH rnep;:i:ocTM B 30He coen1rneHID1. 

J.h pe3yJThTaTOB HCCJie)J,OBaHMll CJie)J.yeT, 'ITO HaM60JihIIlaJ! ITJiaCTH'IHOCTh B 30He 

coe)J,MHeHHH TliITaHa co CTaJThIO )J,OCTIIraeTCH rrocpe)J.CTBOM npMMeHeHHH 

npoKna,lJ,KH BaHa,lJ,ffil:-Me;::t;h. MexaJilfqeCKHe HCilbITaHHSI Ha paccni:)J(eHHe 

IIOKa3J>IBaIOT, 'ITO pa3pyureHHe npoHCXO)J,HT no Me;::t;H H COCTaBJIHeT 200-220 

Mlla. OcyII1ecrnneHa onhITHo-rrpoMI:.rmneHHaJI npoBepKa Ha BaKYJMH)'lO 

ITJIOTHOCTh pa6omcrroco6HocTH coe)J.HHeHH.sr npH TeMrrepaTJPe 4,2K. Pa6oTa 

BhIIIOJIHeHa B paMKax npoeKTa TESLA ( MHcTHTYT DESY, repMaHHSI) . 

~ 

0 

soo--~~~~~~~~~~~~--. 

600·-

,..._....1 
.....__.,_. 2 
............... 3 

d > 400·­
J: 

200·~ 

0'--~~~~~~~~~.......J-~~~~---' 

0 200 MKM 400 600 

PMc.6. rpaiiiHKH H3Mepemrn MHKpOTBep,!J,OCTJil B 30He COe)J,lrneHHll : 

l.)J:u4_>cpy3HOHHaH csapKa Ti N /Cu/ 12X18X10T, ( T=l000° C, P=5 Mlla, 

T = 15 MHH ); 
2. (t>pmcQHOHHasI cBapKa Ti I 316 L , JVlMTeJihHoe $pHKQHOHHoe BpeMH 

(5,5 c ); 
3. BaKJJMHaH rranKa, Ti I L-Cu Sn12 I 316 L, T = 1040°C. 
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B mecToii niaBe rrpnso,z:vnc.sr: pa3pa6oTaHHhle crroco61>r coe,!J,Httemrn 

H3,1.J;enIIii: B ycKOpHTeJIJ>HOH TeXHHKe [9,10,21,25-27]. 

IloJiyqeuHe Tpyouou 3arOTOBKH M3 <l_>om.rn cmrnBa rrepMaJlJlOH 79 HM 
,l.l;JIH Mfil'HMTHbIX 3Iq>aHOB. 

Ha pHc. 7. rroKa3aH pa3pa60TaHHhrn HOBhrn cnoco6 coe,lJ,MHeHMH. Ha 

MOJIM6;::t;eHoBym lpy6y 1 ttaMaThmaerc11 Mern11m:1qecKa.sr: cl>onI:.ra 2 no 

He06X0).1.MMOH TOJilllMHbl, 3aTeM Ha <l_>oJlbry HaMaThIBaeTCH MOJIM6,1.1;eHOBaH 

IlpOBOJIOKa 3 M 3aKpenm1eTC.sr: KOH.QaMM c IlOMOl.l.lhfO CTIDKHhIX 3JieMeHTOB 4,5, 

qT06hI HaMOTaHHasI MOm16,1.1;eHOBaH npOBOJIOKa He pa3MOTaJiaCh. 

Ilo)J,roTOBJieHHa.sr: 3aroTOBKa ycTaHaBJIHBaeTc.sr: Ha BaKYJMHYFO neqb H 

HarpesaeTc.sr: ,1.1;0 TeMr1epaTyp:&1 .l:IH$$y3HOHHOH CBapKH. Enaro,1J.ap11 pa3HOCTH 

K03<l_><l_>HQHeHTOB TepMH'IeCKOro pacurnpeHHH CBapHBaeMOH 3aroTOBKH H 

HaMOTaHHOH npOBOJIOKH npH H30TepMHqecKOH Bhl)J,ep)[(Ke o6ecneqHsaeTCH 
KaqeCTBeHHoe coe)J,HHCHHe. 

YKa3aHHhlM cnoco6oM H3 MarHHTHoro MaTepnana nepMa.mmeBoii neHTbI 

MapKH 79 HM TOJil.l.IMHOH 50 MKM H3roTOBJieHbI TPY6H:&Ie 3arOTOBKH nn.sr: 
MarHHTHbIX 3KpaHoB rrpoeKTa ATLAS (CERN, Geneve, Switzerland) c 

Hap)')KHl>IM ,n:HaMe'TpOM 42MM, ,l.l;JIHHOH 50MM, TOJil.l.IHHOH CTeHICH lMM TIYTeM 

Harpesa B BaKyyMHOH r1eqH ,1.1;0 T=l 150°C c B:&I,l.l;ep)KKOH 180MMH, H 

COBMe~eHHeM npou;ecCOB )J.mpqiy3HOHHOM CBapKH H TepMMqecKOrO OT'll<Hra. 

Ilocne OXJia)K,lJ.eHHH JierKO CHHMaIOTCB HapyJKHaH M BHYlpeHHH.sr: o6oiiMbl, TOpQJ>I 
nonyqeHHoif 3aroTOBKH o6pa6aTI:.IBaIOTCH Ha ey)KHhIH pa3Mep. IIpe,1.1;JiaraeMoe 

ycTpOHCTBO paCIIIHpHeT HOMeHKJiaTYPY TeXHOJIOrH'!eCKHX B03MO:>KHOCTeii 
coe).1.HHHCMblX MaTepHaJIOB, oco6e1mo ,l.l;JIH KpyrJlhlX ,1.J;eTaneii HJIH H3,l.l;eJIHH, B 

He,l.l;OCTYilHbIX MeCTax, r,1.1;e HeB03MOJKHO C03,lJ.aBaTh ,1.1;aBJieHMe Ha coe;::t;HHHeMI:.Ie 
MaTepHaJihl lpa).1.HI.J;HOHHh!MM H3BeCTH:&IMH MeTO)J.aMH. 

"'-0 

PHc. 7. 3cKH3 3aroTOBKH: 1- MOJIM6,n;eHoBa.sr: 'Tpy6a; 2- MeTaJIJIH'!eCKM cjloJlbra; 

3 - MOJIH6,lJ.eHOBaH npOBOJIOKa, 4,5 - CTIDKHI:.Je 3JICMeHTbl 

21 



,LJ;mt>«l>Y3HOHHoe coe;:i:uueHue <I>nam~a c <I>onbrou. IIpaKTl1'-IeCK11 BO Bcex 
3KCnepaMeHTax MJIM TeXHOJIOrmIX c npaMeHeHHeM pa;:i:naQHOHHOro H3JiyqeHmI 
MCilOJib3yeTC.ll TaK Ha3hIBaeMoe "BhIXO)J,HOe OKHO". B.&IXO;:J:Hhle OKHa )J;OJIJKHhl 
yp;OBJJeTBOpHTh cne;:i:yIOlll,HM OCHOBHhIM rpe60BaH1UIM: 

- 06ecneqeu11e ueo6xop;HMOH npoqHOCTH coep;MHeHm1 B ycnoBHH 
pa)J.HaQHOHHoro H3nyqeH11.11 11 B.&l!,Ll.ep:>KKH nepenap;a ;:i:asnemrn; 

- o6ecrre'femi:e BaKyyMHOM repMeTHqHOCTH; 
- M36ex<aHHe OKMCJiemrn M o6pa3oBaHH.ll xpyrn<HX MeTaJIJIH'leCKMO 

coe;:i:11HeHMi1. 
BIDKHOH qacT.&IO TeXHOJJOI'HH coe,D,MHeHHH MeTaJJJJOB ¢rram.-1a c cpon.&roii: 

HBJIHeTc.11 propa6oTKa ycrpoii:cTBa H HOBhIX cnoco6os coep;nuemur, KOTOphie 
o6ecneqHBaIOT BhIIlOJIHem1e BhIHieYKa3aHHhIX Tpe6osaHHH. 

Propa6oTaH cnoco6 coe)J,HHeHM.11 cprram~a c cporrhroii (pnc.8 ), np11 KornpoM 
cpnaHeU, HarpesaeTC.11 ;:i:o TeMrrepaTyp.&I, He06XOAHMOM ,ll,JIH ocyweCTBJleHMH 
AM¢$y3MOHHOM CBapKH, OTKJimqaeTC.11 HarpeB, yCTaHaBmrnaeTCH ction.&ra 11 
npHIIO:>KeH11eM ,D;aBJJeHMH oc~ecrn;rneTCH AM<l><PY3l10HHm1 csapKa. 

3 
p 

7 

2 

Pac. 8. CxeMa ocymecrnne1-1ua ;:i:mp<J.>y3MOHHOM csapKM qwam~a c <Ponhroii 
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Cnoco6 ocymecTBJJHeTc.11 cnecyroIIU™ o6pa3oM. Ha onopHOH mrn:Te 5, 
ycTaHaBmrnaeTCH CBapO'lHa.11 .n:eT3J1h 4, a Ha npHBO,D;e ,D;aBJieHID! Ha IDTOKe 1 
3aKpe11J1HeTC.ll (Ha 'IepTe)l(e He IlOKa3aHa) KOMIIeHCall,HOHHa.11 npOI<J1a):(Ka 2 H 
CBap1rnaeMa.11 l}ionhra 3, KOTOphre AO CBapKH HaxO;:i:HTC.11 Ha HeKOTOpOM 
paCCTO.llHHH OT CBap1.rnaeMOH .n:enurn, c ll,eJihIO HCKJIIO'femrn Harpesa c 
TIOMOlll,hIO HHAYKTOpa. IIocne C03):(aHIUI Heo6xo.n:HMoro BaKYYMa HHAYKTOpOM 7 
HarpesaeTc.11 .n:eTaJih 4 .n:o TeMrreparyphI csapKH H nocne 3Toro oTKJTIO"tJaeTc.11 
1rncy1<rnp H O)J;HOBpeMeHHO onycKaeTC.11 IDTOK 1, C03):(aBa.si: ):(aBJieHHe Ha 
cBaptrnaeMbie ,D;eTaJIH H cj:ionhry p;o HX ocThIBaHJUI. B npoQecce B3aHMo.n:eilcTBM.ll 
p;eTaJIH H t-Pon.&rH no.n: rrp1mo)l(eHHOH Harpy3KOH IlpOFICXO)J;HT JIOKaJibHa.11 
nnacnrqec1<aj{ .n:ecj:iopMal.(Hj{ B 30He I<OHTmna H o6pa30BaHHe csapttoro 
coe.n:1memrn. 

JiICTIOJlh30B3HHe 3TOro MeTo.n:a TI03BOJffieT coe):(HH.llTh pa3HOp0,1l,Hhie 
MeTaJIJihI, cj:inaHel.( c cj:ion.&roii: HanpHMep Me):(h - aep)l(. cTam., Me.n:h- HHI<em., a 
TaK)l(e c TIOMOlll,hIO ;n:mJ:>cl>Y3HOHHOH CBapKH c IIJ'.IOMe~TO'lHhIM CJIOeM, KOTOphIH 
B npouece CBapKH HaXO)J;MTCH B CT.bII<e B TBep,[(OM MJIH B :>KH):(KOM COCTOHHMH . 
Onpe.n:erreHa cBapo1rnajJ_ .n:el}iopMaQH.jJ_ H HanpH:>KeHHe B TOpQeBoM coe;n:HHeHHH 
QlJiaHQa c cj:iorrhroli . .D:atttta.si: 3a_n:aqa 6hrrra pemeHa c npHMeHeHHeM KOHeqao-
3JieMeHTHoro nporpaMMHoro KOMITJieKca ANSYS 9.0. ,[l;JJjJ_ 3Toro 6hln 
npoH3Be.n:ett TeMneparypH&IH H KOHCTPYKl:.(HOHHhIH aaanm rroBe.n:eHIUI 
MaTepHaJIOB <JmaHQa H $on&rn I<OJihQeBoro CThII<a npH nepexo;n:e OT 
TeMneparyphI OKOH'IaHIUI CBapKH 1000° c K MrHOBeHHOMY OXJia)l()J;eHHIO ,[(O 
KOMHaTHoii TeMnepaTypr,1. Ha pHc. 9 noKa3aHo oKpy)l(HOe HanpH)l(eHHe. 

J\N NODAL SOLUTION 
STEP=l. 
SUB -1. 
TI!1E=l. 
sz (AVG) 
RSYS-0 
Power:Gr:aphic5 
EFACET•l 
AVRES•Me.e 
D:MX ""· 00106 
SMN •-60930 
SM::< ""• 702E+O'i' 

-60930 

- 725368 
B.11 .1.SlE+O'l 
tmillJ , 230E+07 
~ .308E+07 
IDll .38'7E+O? 
G3J . 466E+07 
c::J . 544E+07 
~ .623E+07 

- .702E+O? 

PHc.9. 01<py)l(Hoe HanpH)l(eHHe 30HhI coe.n:1memm t-PrmHQa c t-Ponhroll: 
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llcxo;::vi: H3 pe3yJihTaTOB pacctieTOB BH,D:HO, 'ITO MaKCHMaJihHbIMH HBJHIIOTCll 

OKpYiKHl>Ie HarrpH:>KeHHH (rropH,n:Ka 7 Mila) H cocpe.n:OTO'leHbI OHH BHe 30Hhl 
coe,n:HHeHHH - B c)>on1>re. B uenoM Bem1q1rna HarrpH:>KeHHH He rrpeBhIUiaeT 

rrpe.r1ena ynpyrocTH .n:JIH Hep)}(. CTaJIH, IT0'3TOMY He MO)KeT npHBeCTJ:I K 

pa3pyUieHmo H3,[leJIHll. 

HmKoTeMnepal)'pBaB .!lHc)>cf>y3nouuaH ceapKa HHoouu c nnauoM. 
ll3Yt:IaJiaCh B03MO:>KHOCTh nonyt:Iemrn .n:mpcpy3HOHHOH CBapKOH B BaKYYMe 

HH06l1i1-nrraH TcB. = (0,4+0,5) Tnn. H P < 2 Mila. B pe3yn1>TaTe cmrn<aeTcH 
TepMo,n:ec)>opMal.(HOHHhle B03)1,eHCTBHH Ha CBapHBaeMbie MeTaJIJihI: 

- MCKJIIO'laeTCH MMKpOIIJiaCTMqecKaH .r1ecpopMau1rn .n:eTaneli; 

- OTila,[laeT )J,OilOJIHMTeJihHaH TepMH'IeCKaH o6pa6oTKa. 

- coxpaHHIOTCH HCXO)];Hhle ::meKTpoqnnHqecKHe H $H3HKO-MeXaHl'fqecKHe 

CBOHCTBa MeTaJIJioB; 
llccJie,[IOBaHHH IIpOBO.!J:HJIHCh c HCHOJlh30BaHHeM yJihrpa,LIMCITepcHOH Me,[IH 

cpe,LIHHX pa3MepoB 3epeH 0,5 MKM, IIpM TeMneparype CBapKH l093K, .n:aBJieHHe 

CBapKH l Mila. 
MeTaJIJiorpac)>wqecKoe Hccne.n:oBaHHe (pRc. 10) cBapttoro o6pa3ua .r1aeT 

B03MO)J<HOCTh onpe.n:eJIHTh xapaKTep H wHpHHy onacHoi1 rrepexo.n:HoH 30Hhl, HO 
M ::no Il03BOJIHeT c.n:enaTh JIHillh orpaHHtieHHbIH BhlBO,I( 0 CBapHBaHMOCTlI: 

rnaBHoe 3,[lecb '3KcnnyaTal.(HoHHall xapaKTepHCTHKa KOHCTPYKIJ;HH npH ee 

3KcnnyaTal.(HH. MaKCHMaJihHaH rrpoqnocn coe.r1IIHeHHll THTaHa c mm6neM, 

rronytJeHHoro npH BhIIIIe YKa3aHHoM pe:>KHMe cBapKH cr8 = 140-160 Mila. 

PHC. 10 
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B1>1lllenpHBe,L1eHHh!e TeXHononm 11 o6opy)l;oBaHMH no3BOJIIDII1 pa3pa6oraTh 

M BHe/JJ)MTh TepMOBaKyyMHYIO KaMepy MO,[leJI11poBaHHH HI13KMX TeMnepaTyp B 

ycnomrnx KOCMoca, rrocpe.n:cTBOM o6nyqeHHH ::meKTpOHHhIM rryqKoM c 3Hepn1eM: 

,LIO 8 M3B 11 YilhTpaqmoneTOBhIM nytIOM B 11;11ana30He coJIHeqHoro H3nyqeHHH 

[26]. 

OJill(HE BbIBO,ZU,I 

1. y CTaHOBJieHbl 3aKOHOMepHOCTM o6pa30BaHMH COe)l,HHeHMH npH 

.n:mpcpy3HOHHOH CBapKe Me,[\M B BaKyyMe B 3aBHCI1MOCTl1 OT rrapaMerpoB 

npouecca 11 KaqecTBa npegBap1ueJihHOH MexaHIIqecKoli no.n:roTOBKII 

noBepxHOCTH. TioKa3aHo, qTo AJIH nonyqeHHH coe.n:1rnemrn c ocTaTO'lHOH 

.L1ecJ:iopMaIJ;11ei1: He 6onee 0,07% npe.n:Bap11TeJJLHa»: MexaHHqecKM 

IIO)l.rOTOBKa ,ll,OJl)l(Ha COOTBeTCTBOBaTh Ra= 0,025MKM, rrp11 cne.n:YIOIIJ;HX 

napaMeTpax pe:>KHMa cBapK11: T= 1073K, P = 1 Mila, t=15-20 MMH 

[16,19]. 
2. BhiiJ.BHHyTa rmIOTe3a o TOM, '1TO B 30He B3aHMo.n:elicTB11H 

KOHTaKTMPYlOIIIIIX IIOBepXHOCTeii Me)l,HhlX .n:eTaneH. npOHCXO,ll,MT 

BOCCTaHOBJJeHHe OKCH)l,OB 3a cqeT BbI,ll;eJJeHl1H BO.n:opo.n:a H3 MeTaJIJia B 

rrpo:u;ecce ero Harpesa. C.n:enaHo rrpe.n;nono:>KeHIIe, '!TO TaKOH MexaH113M 

0t:[l1CTKH IIOBepXHOCTH Me,[\H OT OKCl1,ll;OB B BaKyyMe II03BOJll1T rronyr.rnTh 

CBapHoe coerorneHMe c Ml1HMMaJibHOH OCTaTO'lHOM .n:ecpopMaIJ;HeH. 

3. Onpe,n;e11eH xapaKTep pacnpe,n;erreHHH TennoBoro nom1: B ycKopH10i.:u;eii 

CeKIJ;IIH rrp11 ,!1,BH:>KeIDrn B)l,OJih Hero HH,UYKTOpa HarpeBa c IIOCTOHHHOH 
CKOpOCThIO. IloKa.3aHo, 'ITO TeMII pocTa If pacnpe.n:eneHMH TeMrreparypbI 

B,[\OJih )1;11acpparM11poBaHHOro BOJIHOBO)l,a orrpe.n:enHeTCJI TeMneparypHo­

BpeMeHHhIM11 ycnOBHHMl1 Harpesa nepBbIX ,D,MacpparM [16,24]. 

4. Pa3pa6ornHa cnel.(HaJil13HpoBaHHM arrnapaTypa )l.JIH ,ll,HcJ:i<PY3110HHOH 
CBapKH B BaKyyMe, II03BOJIHIOl.IJ;aH Bbl)l,ep)l(HBaTh ITO BCeH )];JIHHe 

ycKopHIOil(eH ceKIJ;IIM Ha Ka:>K,[IOM CThIKe )l;MacpparM IIOCTOHHCTBO 

csapoqHoro .n;asneHMH 3a ctieT B3aHMOCBH3H nepe,ll,BH)KeHMH HarpesaTenn 

H ClICTeMbI C)l(aT11H; 06ecneq11BaIOil(M IlOCTOHHCTBO BpeMeH11 CBapK11 3a 

cqeT pa3MepoB HarpeBaTeJIH, CKOpOCTH ero nepe,[(BH:>KeHl1H 11 rrpIIMeHeHl1H 

TeXHonor11qeCKHX 3JieMeHTOB Ha KOH:a;ax ycKopHIOIIIeii ceKIJ;11H; 

IIOCTOHHCTBO TeMnepaTypbI HarpeBa nyTeM ,[103HpOBaHHoro CHl1)1(eHHH 

MOJ.IJ;HOCTH 11CTO'lHMKa Harpesa no Mepe nepeMeII1eHHH HarpesaTeJIH 

CBepxy BHM3. Pa3pa6oTaHHbie TeXHOJIOrliM H anrrapaTypa IIpMMeIDIJil1Ch 

rrp11 ~03)];aHl1H BOJIHOBO)l,HblX 3JieMeHTOB MH:>KeKTOpa JJIIHeHHOro 

ycKopIITeJI» EpeBaHcKoro c11Hxp0Tp0Ha [2,3,11,24]. 
5. Pa3pa6oTaHa cneIJ;IIaJIH3HpOBaHHM ycraHOBKa )l.JIH CTbIKOBKH 11acTII 

ycKopHIOIIIeli ceKUHH HeorpaHaTfeHHOH ,ll,JIIIHhI, KOTOPM II03BOJIHeT 
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oCyll.leCTBIDITI> KOHTJ)OJih BaKyyMHOM repMenPIHOCTH B IIpOQecce csapKM 
[8, 16]. 

6. Pa3pa6oTaH crroco6 coeA1rnemrn pa3HOpop;HhIX MeTaJIJIOB 
Hep)KaBerorn;eM: CTa.JIH c MeAI>IO, o6ecrre'IBBarorn;Hii KaqecTBeHHOe 
coeAHHeHHe c ncKJiroqemreM OKHCJieHirn xpoMa B 30He coe,n;nHemrn:, 
OCTaTOqHbIX ra30B B BaKYJMHOH KaMepe 3a cqeT CXBaTbIBaHIUI 
IlJiacTHqecKoH ,ll,ecpopMaQHH HarpeTOii Me,ll,H ,n;o Harpesa HepJKaBe10m:eli 
CTaJIH [9,27). 

7. Hccne,ll,OBaHa MHKpOTB~:pp;ocTb B 30He coep,rrneHHH THTaHa c 
Hep)KaBerorn;eii. CTaJihIO c npHMeHemreM nepexop,Horo cnox saHa,D.Hii -
Mero>, orrpe,D.eJieH KpHTepHH IlOJiyqeHmI Ka•1eCTBeHHOrO coe)lHHeHHH, 
ocylll;eCTBJieHa OIIhITHO-IlpOMhlllllieHHaH rrpoaepKa pa60TOCilOC06HOCTM 
coe,D.HHeHIDI npH TeMrrepaType 4,2 K. Pa6oTa Bh!IlOJIHeHa MH rrpoeKTa 
TESLA [11,23]. 

8. Pa3pa6oTaH crroco6 H Te,XHOJIOrffqeCKHH rrpoQecc rrnnyqemur TPY6Hoi1: 
3aroTOBKH c IlOMOW:bIO ,D.Hcpcpy3HOHHOH csapKH H3 cpOJibfll MarHHTHOrO 
CilJlaBa rrepMaJIOH ,ll,JIH a,n;poHHoro KarIOpHMeTpa rrpnMeHHTeJibHO K 
rrpoeKTy "ATLAS" (CERN, LHC). Ilpoae,D.eHo cpaBHeHHe nonyqeHHI>IX 
3KCnepnMeHTa.JThHhIX ,D.aHHbIX c pe3yJihTaTaMH MO,ll,eJIHpOBaHIDI c 
ITOMOlll;hIO pa3pa60TaHHOro anropHTMa II IIaKeTa nporpaMM Ha 6a3e 
KoHeqHo- 3JieMeHTHoro rraxeTa ANSYS [10,25]. 

9. Pa3pa6oTaH HOBI>IH crroco6 coe,D.HHeHH»: cpnaHQa c MeTaJIJiffqeCKOH 
cpOJihfOH, HCKJIIOqaIOm:HH o6pa3oBaHMe HHTepMeTaJIJIM,ll,OB B 30He 
KOHTaKTa, qTO ,D.OCTHraeTCH 3a cqeT yMeHbIIIeHHH speMeHH Harpeaa 
cj:>oJI1>rH. Pa3pa60TaHH1>1e TexHonor11n rrpHMem110TCH )lJla H3rOTOBJieHHJI " 
BhlXO,D.Horo oKHa" ycKopnreneii [9,22]. 

10. Pa3pa6oTaHa 6HMeTanm:1qecKaa saKyyMHaJI KaMepa HaKorrHTeJI1>Horo 
KOMruieKca CANDLE [5,6,12,13]. 

11. Pa3pa6oTaHa H BHl~,D.peHa TepMOBaKYYMHa»: KaMepa AJU1 

3KCnepMMeHTa.JILHOro MO,[(eJIHpOBaHMH KOCMWieCKOro npocTpaHCTBa [26]. 
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Vardan Avagyan 

DEVELOPMENT OF TECHNOLOGICAL PROCESSES FOR 
OBTAINING PRECISE JOININGS IN ACCELERATOR TECHNOLOGY 

ABSTRACT 

The importance of the investigated problems for the accelerator technology, 
the necessity of new methods and equipment for the development of copper 
accelerating structures, as well as the study of new methods of diverse metal 
joining (welding) and the development of technology providing high surface 
smoothness, reliable strength of structures, vacuum tightness are presented in 
the dissertation. 

The basic parameters of copper vacuum diffusion welding providing small 
residual deformation are studied by calculation and experimental methods. 

The new equipment for vacuum diffusion welding of copper accelerating 
structures of up to one meter long is presented providing diffusion welding of 
copper accelerator structures by small residual deformation evenly distributed 
along the whole structure. The equipment provides the same diffusion welding 
parameters (temperature, pressure, time) along the whole accelerating structure. 
New vacuum diffusion welding equipment is developed connecting copper 
accelerating sections with each other enabling to weld copper accelerating 
sections of any length, as well as to check the vacuum tightness during the 
diffusion joining process. 

New method of diffusion joining of the copper and non-corrosive steel 
excluding the chrome oxidization from vacuum chamber residual gases in non­
corrosive steel is experimentally developed. Diffusion joining of non-corrosive 
steel and steel-3 used in accelerator technology for electromagnets development 
is studied. It is proposed to make diffusion joining of non-corrosive steel and 
steel-3 by a thin shell preventing carbon to be reconstructed. 

Technological processes of diffusion joining of non-corrosive steel and 
titanium are studied using intermediate metallic shells in joining zones. As a 
result, successive layers of non-corrosive steel, copper, vanadium and titanium 
are chosen, during which diffusion welding the intermetallic brittle alloys are 
absent in their joining zones. Micro-hardness values are measured in the joining 
zones. The vacuum tightness of the obtained transitional pipes was tested in low 
temperature of up to 4.2K, which provides the reliability of the welded seam. 

The vacuum chamber of CANDLE synchrotron storage system is 
developed. 

New method of obtaining cylindrical pipes is developed; by that method the 
pipe-like magnetic screens are made of 79HM permalloy band of 50 mcrn 
thickness. 
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New method of diffusion welding of the foil with metal parts is developed, 
which is used for the electron beams reflection. A thermal chamber is developed 
and implemented for simulating the space of 47000 km distance from the Earth. 

The results of the dissertation are implemented at Yerevan Institute of 
Physics after A. I. Alikhanyan and international centers (Scientific Research 
Institute of Nuclear Physics, MSU), TESLA (DESY, Hamburg), ATLAS 
(CERN, LHC). 
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