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Oowaa xapakmepucmuxa padomaul

Axmyanvnocms memvi. OCBOCHUE TEPMOSJIECPHOTO MCTOYHUKA SHEPIMM Ha
OCHOBE  JEHUTEPHEBO-TPUTHUEBOM  peakuMM  IIPUBEIO K  HUACE  CO3JaHusd
MHTEepHAaMOHAIBHOTO TEPMOSZEPHOTO SKcIepuMeHTanbHoro peakropa (MTOP) c
MomHocTEIO 10 500 MBrt. Kak  u3BecTHO, BCe  BHyTPHUKaMEpHbIC
SHEPrOHANpPsLKEHHBIE AJIEMEHTBl ATOrO0 PEeaKkTopa MPEANOJIaracTcsi BBINOJIHATH W3
Oepwitusi, Bolib(ppamMa M YIVIEBOJOKHHCTOTO Kommo3uTa. OJHAKo yxe ceifuac
MOHSTHO, YTO 3TH MaTepuaibl B TBEPAOW ¢a3ze Mpu pacu€THBIX HArpy3kax OyayT
paboTaTh Ha mpejene CBOMX BO3MOXKHOCTEH. JlokazaHO, 4uTO OyZyT HMMETh MECTO
pacTpecKMBaHKUE W paclblieHue MarepuanoB. B cBs3u ¢ atum nepexon ot UTOP k
JIEeMOHCTPallHOHHOMY  TEPMOSIAEPHOMY  PEAKTOpy (AEMO) B CBETE
MaTepUaJIOBETYECKON MpOoOIeMBbl MpPENCTaBIseTCS 3aTPyAHEHHBIM. B03MOXHBIM
pElIeHUEM S3TOW 3a/Jayd MPEJICTaBISETCS MCIOIb30BAaHUE JIMTUSA B KMIKOU (hase
COBMECTHO ¢ KanwuisipHo-opucteiMu cuctemamu (KIIC) mng  crabwimsauuu
KUJKON OBEPXHOCTH.

OkcnepumeHTsl Ha  Tokamake T11-M  mpoaemoHcTpupoBayd,  4YTO
3¢ (HEKTUBHBIM MEXaHU3MOM OXJIAKIACHUS Mepu(epun IIa3Msl, a, CIEI0BaTENbHO, U
3aI0ATBl  KOHTAaKTUPYKIOIIMX €  IJIa3MOM  IOBEPXHOCTEH B YCIIOBHSX
KBa3MCTALIMOHAPHOTO  pa3psA/la, MOXKET CIYXUTh HEKOPOHAJIIbHOE U3IyYEHHE
MIOCTOSIHHO [UPKYJUPYIOIIUX MEXAYy IUIa3MOM M 3allUIIAeMON IMOBEPXHOCTHIO
aTOMOB M MOHOB JIUTUA. D(PPEKT «IKpaHUPOBAHUS» MO3BOJISIET paccedaTh moutu 80%
BCE PHEPruM OMMYECKOTO0 HarpeBa Ha CTEHKHM BaKyyMHOW Kamepbl MOCPEICTBOM
yIbTPA(PHOIETOBOTO HM3IYYEHUSI U MOXKET TMOCIYKUTh OCHOBOM KOHIIEMIUU
3aMKHYTOW JTUTUEBOM METJIM B CTAlMOHAPHO PabOTAOIIMX TOKaMakKax C JIMTHEBBIMU
sMuUTTEpOM U KosuiekTopoM (Pucynok 1). Ona mpenmonaraet co3gaHue 3aMKHYTOM
NETIM LUPKYJSIUU JIMTUS Ha TPaHMIE IUIa3MEHHOIO IIHypa € MpPeIBAPUTEIBHO
HarpetbiM (110 400-700°C) TUMUTEPOM, BBICTYTAIOIIUM B POJIM AYMUTTEPA, U BTOPHIM
0oJjiee XOJOAHBIM JIUMUTEPOM B €r0 TEHH — JIMTUEBBIM KOJIEKTOpoM. K MOMeEHTY
Hayajla HaCTOSIEro IUCCEPTALMOHHOIO UCCIIEI0OBAaHUS ObUIM MTPOBEIEHBI UCIIBITAHUS
pPENBCOBOTO TOPU3OHTAIBHOTO JIMMUTEPA HA OCHOBE JIMTUEBBIX KalWJUIPHO-
IIOPUCTBIX CHUCTEM, IOJIYYEHBI AMHUCCHOHHBIE XapakTepucThku juTtHeBblx KIIC,
JaHHbIE 00 yJIep KaHUU UMU JAeHTepus, MOATBEPKICHA UX COBMECTUMOCTh C TIa3MOi
TOKaMakKa, MOATBEPXKIACHO IIOJIHOE YIEP)KAHUE JKUAKOIO JIMTUS TBEPAOM MaTpULIEU
KIIC u mpoBeneHsl MepBbIE SKCIEPUMEHTHI MO HCCIEAOBAHUIO 3aKOHOMEPHOCTEM
ocakJeHUs1 JUTHUS. Peanmu3arius STOW KOHIENIMM 3allUThl B HACTOSIIEH padoTe
noTpedoBaia Co31aHNe Pa3IMYHBIX BAPUAHTOB JINTUEBBIX YCTPOUCTB.

B nponecce paboTel HEKOTOpas 4acTh JUTUSL OyAeT HEM30eKHO ocelaTh Ha
BHYTPEHHMX CTE€HKaX BaKyyMHOM KaMepbl, YTO MOXET MPUBECTH K aBapHIHBIM
cutyauusM. K MOMEHTY Hadajla HaCTOSILErO JUCCEPTALMOHHOIO HCCIENOBAaHUS BCE
TEXHOJIOTHYECKHE OMNEPALMH IO OYHMCTKE BAKyYyMHOW KaMmepbl OT IUIEHOK JIMTHS
CBOJIMJINCH K TPYIOEMKOM paboTe ¢ pasrepMeru3anueid Kamepbl U MOCIEAYIOLUM
CMbIBaHHEM JIUTHS OObIYHON Bomoi. [lo mepe pa3BUTHA KOHLIETILMU 3aMKHYTOMN
JUTHEBOU METJIA ATOT BOMPOC Oy1eT TpeOOBaTh O0JIEe TEXHOJOTUYHOTO PEIICHUSI.
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Pucynok 1. Konuenmnus 3aMKHYTOW JIATUEBOU yIenbHbIM BecoM. Ilepexonm ¢
BAHAJMEBBIC CIUIABBI SIBJISACTCS
11e71Ieco00pa3HbIM  JISI BHYTPHUKAMEPHBIX JIMTHEBBIX YCTPOHMCTB C aKTHBHBIM

OXJIAXJEHHEeM 3BTeKTHYeCKUM crutaBoM Na-K B MTOP-mogoOHBIX TokaMakax c

3aKJIIOYAETCSI B KX YYBCTBUTEJIBHOCTH K HEMETALUIMYECKUM TMpuUMecsM (a3or,

KHUCJIOPOJ, YTJepo]), HEM30€KHO MPUCYTCTBYIOIIMM B IIEIOYHbIX MeTawiax. K

MOMEHTY HadaJia HaCTOSIIEro JUCCEPTAMOHHOTO UCCIEIOBAHUS IKCIEPUMEHTAIBHO

ABTEKTHYECKUM cruiaBoM Na-K, mo3ToMy HccieIoBaHUS B 3TOM HANpaBICHUU —

Ba)kKHas COCTABJISIFOIIAS TTPEJICTABICHHOM IUCCEPTALINH.

Llenv padomut u 3a0auu ucciedoeanuil.
poOJIeMBbI 3aIUTHl SHEPTOHAIPSHKEHHBIX BHYTPUKAMEPHBIX 3JIEMEHTOB TOKAMaKOB C
MOMOIIBIO KaMMJUISIPHO-TIOPUCTHIX CUCTEM.
3aoauu uccnedosanutl:
TOKaMaka Ha OCHOBE KaIWIJISPHO-TIOPUCTBIX CUCTEM.

2. DKCIEpUMEHTAIbHOE MOATBEPKIACHUE (PYHKIIMOHAIBHOCTH U 3(P(HEKTUBHOCTH
YCTPOWCTB.

KaMmephbl 0e3 e€ pa3repMeTH3alum.

4. VccnepgoBaHue CIUTAaBOB Ha OCHOBE BaHAJWsA B KayeCTBE KOHCTPYKIIMOHHBIX
MaTepualioB JUIsl JIMTUEBBIX yCTPOWCTB, B YACTHOCTH, HCCIIEIOBAHHE
criaBom Na-K.

Hayunasa noeusna pabomei:
1. BmnepBble co3aaHbl MOJEIU BHYTPUKAMEPHBIX IHEPTrONPUHUMAIOIIUX YCTPONCTB

L"‘ | WP TS T TV PR L N, T ", BCE Oosnblee BHHMAaHUE
JHMHTEP-SMHITTEP JIHTHSA I‘ IBIISICTCS HOHI/I)KeHHI)II‘/'I ypOBCHB

. .
e ‘_J KApPONPOYHOCTBIO, CTOUKOCTBIO
HCTIIH HEp KaBeroLIEH CTaau Ha
BBICOKOW HEHUTPOHHOW Harpy3koh. OCHOBHOM HENOCTATOK BAaHAJAWEBBIX CILIABOB
He OblIa MOJTBEPXkACHA COBMECTHMMOCTb 3THUX MaTEpUANIOB C KUAKUM JHUTHEM H
Llenv pabomvl —— pa3BUTHE TEXHUUYECKOTO M TEXHOJIOTMUECKOTO PELICHHS
1. Co3nanue pa3nUyHBIX MOJENed BHYTPUKAMEPHBIX JIMTUEBBIX YCTPOMCTB
3. Pemienue npoOyiemMbl yaajaeHUs TOHKUX TUIEHOK JIMTHS CO CTEHOK BaKyyMHOM
KOPPO3UOHHOM CTOMKOCTHM MaTEpPHAlOB C JKUAKAM JIMTUEM M 3BTEKTHYECKUM
tokamaka T-11M pa3nuyHoi KOH(PUTYypaluyd Ha OCHOBE JIMTUEBBIX KaNUJUIAPHO-



MNOPUCTBIX CHUCTEM: KOJBLUEBOW, BEPTUKAJIBHBIA, MPOJOJIbHBIA JIMTUEBBIE
JIUMHUTEPBL.

2. AnpoOupoBaHa OpUTMHAJIbHAs METOAMKA YyJajJCHUs TOHKUX IUJIEHOK JIMTHUS CO
CTEHOK BaKyyMHOU Kamepbl Tokamaka 0e3 e€ pasrepmerusanuu. Paszpaborana
KPUOTEHHAsI MUIIIEHb U YCTAHOBJIEHBI 3aBUCUMOCTHU d(PPeKTUBHOCTH cOOpa JIUTHUS
OT pa3IMYHBIX (PaKTOPOB.

3. B pesynbraTre wucCleNOBaHUN AMHAMUKH TEpEeHOCAa JIMTHUS B paspsaax ¢
JUTUEBBIMU JTUMUTEPAMH IKCIIEPUMEHTAIBHO MOJYYEHbI PACHPEICICHUS JTUTHUS B
SOL (scrape-off-layer, oGmactb pa3OMKHYTBIX CHJIOBBIX JIMHUH MAarHUTHOTO
MoJisi) TOKaMmaka. B COOTBETCTBMU C MOJYYCHHBIMU pe3yJbTaTaMH BbIpaboTaHa
cxema MPOTOTUIIA CTAMOHAPHOIO TOKaMaKa-peakTopa C BHYTPUKAMEPHBIMU
AJIEMEHTaMH Ha OCHOBE JIMTHUEBBIX KAIWLISPHO-IIOPUCTBIX CUCTEM.

4. HccnenoBaHa M HKCHEPHUMEHTANbHO JI0KAa3aHa BO3MOXKHOCTh IPUMEHEHHS B
KAueCTBE KOHCTPYKUMOHHBIX  MAaTE€pUalioB JINTHEBBIX  BHYTPUKAMEPHBIX
AJIEMEHTOB TOKAMAaKOB CIUIABOB HA OCHOBE BAHAJIHS.

Teopemuueckasa 3Hauumocms padomoi:

B pabGote mocTpoeHa MOAENlb TEIUIOBOTO B3aUMOJEWUCTBUS IMPUHUMAIOIIECH
MOBEPXHOCTHU Pa3pabOTaHHBIX YCTPOMCTB € MOTOKAMHU 3apsKEHHBIX YaCTUL TOKaMaka
Y U3JIyYECHHs IUIa3Mbl B TedeHHe paspsiaa. [lomydeHsl pacrnpenesieHus TEIUIOBBIX
MIOTOKOB N0 OOpal€HHOM K IUla3Me€ MOBEPXHOCTH BHYTPUKAMEPHBIX YCTPOWCTB
Tokamaka. B »skcnmepumeHTtax Ha Tokamake T-11M moisydeHsl pacnpeneneHus
smuTtHpoBanHoro smtuss B SOL Tokamaka. B oakcmepuMeHTax ¢ KpUOTEHHOM
MUIIEHBIO JUIsl cOOpa JIUTHS MOJTYYeHbl KOHKPETHBIE 3aBUCUMOCTH 3(P(EKTUBHOCTH
coopa JUTHS OT pa3NnUuHbIX (PakTOpoB (OCTATOYHBIA BaKyyM, HaJIH4uKe
JIOTIOJTHUTENIBHBIX  DJIEKTPUYECKUX M MArHUTHBIX TIOJICH, BUJ pabodero rasa
TJICIOLIEro pa3psila, MOJOTPEB CTEHOK KaMepbl TOKaMmaka W [ap.). Pe3ynbpraTsl
HKCIIEPUMEHTOB Ha Tokamake T-11M ¢ JIUTHEBBIMU YCTpPOMCTBAMU MOTYT OBIThH
MOJIO’KEHBI B OCHOBY pa3pab0TOK BHYTPUKAMEPHBIX 3JIEMEHTOB ISl TAKMX YCTaHOBOK
Kak TepMosiiepHbIi uctounuk HerrpoHnos (TUH-0), UTDOP u JIEMO.

B skcnieprmeHTax mo B3anMMOJEHCTBUIO CIUIABOB BAHAIUS C KUIKUM JTUTHEM U
crtaBoM Na-K 3BTEKTHUUECKOr0 COCTaBa BBISBIEH OCHOBHOW MEXaHU3M KOPPO3UU —
muddy3us HeMeTaluIMYecKuX mpumeceit (B mepByro odepenp kuciaopoaa). [Tokazano,
YTO MpeABapUTENIbHOE O0JydeHHEe MOHAMU aproHa HE BIMSET Ha KOPPO3UOHHYIO
CTOMKOCTh 00pa3noB (B OCHOBHOM H3-3a Tpollecca OTKWMra Ha TEpPBOM 3Tare
HCCIICIOBaHMs), HO TIOBBIIIAET HWHTEHCUBHOCTH AUGMPY3un aTOMOB KHCIOPOJA.
[IpoieMOHCTPUPOBAHO NPSIMOE BIUSHHUE TEMIIEPATYPHI HA KOPPO3UOHHBIE MPOIIECCHI.

Ilpakmuueckan 3nauumocmsp padbomoi:

Pa3paboTtanHbie ycTpoiicTBa ycTaHOBIEHH Ha Tokamak T-11M um ycmemrHo
UCTbITaHbl. Pe3ynbTaThl MPOBEAEHHBIX UCIBITAHUNA MNOATBEPAWIA TPUHIUITHAIBHYIO
BO3MOYKHOCTb ~ JOCTH)KEHHSI CTAallMOHApHBIX PEXKHMOB TOKaMaKa-peakTopa C
BHYTPUKAMEPHBIMU 3JIEMEHTAMU HA OCHOBE JIMTUEBBIX KaWUISIPHO-TIOPUCTHIX
cucTeM. Pe3ynbTraTtbl MaTEpHATIOBETUECKUX UCCIEA0OBAHUI HA COBMECTUMOCTD JINTHUS
CO CIUIAaBAMHM HA OCHOBE BaHAJWs MOTYT OBITh HCIIOJb30BAHBI B KOHCTPYKTOPCKHUX
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paboTax MO CO3JaHUI0 BHYTPUKAMEPHBIX JJIEMEHTOB TOKAMaKOB M KOMIIOHEHTOB

AIEPHBIX PEAKTOPOB C KUIAKOMETAIIMYECKUM OXJIaxIeHueM. lloaTBepxaeHueM

NPAKTUYECKONM IEHHOCTH paldOThl SBISIETCS CIpaBKa O BHEIPEHUU CO3JaHHBIX

ycTpouicTB, BeiganHas B AO «I'HL PO TPUHUTN».

Memooonozus u memoowt ucciedoganus. J1ns penieHus MoCTaBICHHBIX 3a1a4

B paboTre OBUITM WCIOJb30BaHBl OSKCIEPUMEHTAIBHBIE W PACYCTHBIC METObI

UCCIIEIOBAaHUM. OKCIEepUMEHTaNbHbIE JaHHble pachpenenenus nutus B SOL

TOKamMaka IOJy4YeHbl METOJaMU PEKOMOWHAIIMOHHON MUIIEHU W XUMHYECKOTO

TUTPUMETPUUECKOr0 aHan3a. MarepuanoBeIUecKHe HCCIEJOBaHUs CIUIaBOB Ha

OCHOBE BaHaAUSl MPOBOAWINCH MHUKPOPEHTTEHOCIEKTPAIbHBIM, PEHTITCHOBCKUM

($ha30BBIM, METAIUIOTPAPUICCKUM, TPABUMETPHUESCKIM METOIaMH aHAJIA3a, METOIaMHU

pacTpoBOl U MPOCBEUUBAIONIEH 3JIEKTPOHHOW MUKPOCKONHMH, METOJAMH U3MEPEHUS

MHUKPOTBEPAOCTH BUKKepca U KWHETUUECKON TBEPIOCTH.

OcHogéHble no10Jcenus, BBTHOCHUMBIE Ha 3alUTY:

1. OGocHOBaHME U BHIOOP KOHKPETHBIX KOHCTPYKIIMN BHYTPHUKAMEPHBIX YCTPOMCTB
TOKaMaKa Ha OCHOBE JINTHEBBIX KAWIIIPHO-TIOPUCTBIX CUCTEM.

2. Pesynbratel uccienoBanuii 3h(HEeKTUBHOCTH pabOThI CO3JJaHHBIX YCTPONCTB.

3. Pesynbrathl VCCIIEIOBAaHUN KOPPO3UOHHOU CTOMKOCTH, A3MEHEHUS
MEXaHMYECKHUX CBOMCTB M MOP(}OJOTUM TOBEPXHOCTU CIUIAaBOB Ha OCHOBE
BaHaAMs B KUJIKOM JIUTUH U paciuiaBe Na-K 3BTEeKTHUUEeCKOTo cocTaBa.

Jlocmosepnocmev nonyuennvix pe3ynvomamog. Pe3ynbraThl IIONIYYEHBl C

MPUMEHEHUEM COBPEMEHHOT0, BHICOKOTOYHOTO M METPOJIOTHUECKH aTTECTOBAHHOTO

obopynoBaHus 1o cranaapTHbiM Metogukam U 'OCTam. JocTOBEpHOCTh TEMJIOBBIX

pacuy€ToB  CO3JAHHBIX  YCTPOMCTB, TMOJATBEPAWIACH HM3MEPEHHEM B  XOJE

AKCIIEPUMEHTOB TEMIEPaTypbl KOHTAKTUPYIOUIEH C IJ1a3MOMl TOBEPXHOCTH H

KOppeisiMed  MOJY4EHHBIX  3aBUCUMOCTEd C  XapakTEpOM  MEXaHUYECKUX

paspyuenuii Mmateprana-ocHoBbl KIIC BbIIeAIINX W3 3KCILTyaTallud YCTPOMCTB.

Anpobayus pezynemamoe. Pe3ynbTaThl pabOTHl  JOKJIAIBIBAINCH Ha
cneayronmx koHpepenuusax: 25th IAEA Fusion Energy Conference (Cankr-

[Merepoypr, 2014 1.); XLI wu XLII Mexnynapoaasix (3BEHUTOPOACKHX)

KoHpepeHimsx 1o ¢usnke mwiasmel 1 YTC (3senuropos, 2014, 2015 rr.); The 11th

International Symposium on Fusion Nuclear Technology-11 (bapcenona, 2013 r.);

XXI, XX, XXIV u XV MexnyHapoaasix koHpepeHuusx «PanuanronHas

¢usuka tBEpIOro Teia» (Cesacromonn, 2012, 2013, 2014 u 2015 rr.); XV, XVI,

XVII u XVIII Bceepoccuiickux koHpepeHuusax «B3aumonelcTBre IIIa3Mbl €

noBepxHocThioy (HUSTY MU®DU, Mockaa, 2012, 2013, 2014 u 2015 rr.); XI u XV

MeXBY30BCKMX HAy4HBIX IIIKOJIAX MOJIOABIX CHeIuanucToB «KoHIeHTpupoBaHHbIE

MIOTOKUA YHEPTUM B KOCMHYECKON TEXHHKE, JIEKTPOHHUKE, SKOJOTUU U MEIUILIMHEY

(HUUSAD MI'Y, MockBa, 2012 u 2014 rr.); X MexayHapoJHOM YpallbCKOM

cemuHnape «PamuanmonHas ¢usnka MetauioB u criaBoB»  (Kseimreiv, 2013);

Bcepoccutickoit kondepennnu «Temmopusnka peakTopoB Ha OBICTPHIX HEHTPOHAX)

(O6HMHCK, 2013 1.).



Ilybonuxayuu. 1lo marepuanam gucceptanuu onyoaukoBaHo 30 TeYaTHBIX
paboT, B T.4. 8 cTareil B pelEeH3UPYyEMBbIX HAYUYHbBIX )KypHaIaX, BXOASIINX B IEPEUCHb
BAK P®, 1 cratesa B 3apyOekHOM KypHalie, a Takxke 21 myOaukaius B COOpHUKAX
TE3UCOB JIOKJIAJ0B U MaTepragax KOHPEpEeHIIUM.

Cmpykmypa u 00vém ouccepmayuu. Bcs nuccepranusi uzjioxxkeHa Ha 188
ctpannnax, Bkiarodas 110 pucynkos, 17 tabmui m 90 HamMeHOBAaHWW B CIUCKE
mutepatypbl. CTPYKTYpPHO AMCCEPTAIMs COCTOUT U3 BBEICHUS, IISITH TJIaB, OCHOBHBIX
BBIBOJIOB M CITHCKA JINTEPATYPHI.

Juunwiii éknad asmopa. SBnsicy BenymuM KoHCTpykTopoM AO «KpachHas
3BE€3/1a», aBTOp JHCCEPTAIlMU JIMYHO pa3padoTall JUTHEBbIE BHYTPHKAMEPHBIC
ycTpoiictBa TOkKamaka T-11M, KOHTponmupoBanm DpPOLECC HX H3TOTOBICHHUS U
UCIIbITaHui. Best akcriepuMeHTanbHasi 4acTh BBITIOJIHSIIACh UM Ha Tokamake T-11M B
cotpynnuuectBe ¢ kojuiektuBom AQO «['HI P® TPUHUTHU». B xoxe
HKCIIEPUMEHTAILHBIX KaMITaHUW aBTOP 3aHUMAJICS] 00pabOTKOM MOTYyYEHHBIX JIaHHBIX
B LENSAX palMOHAIM3allMM KOHCTPYKIIMM CO3JIaHHBIX yCTpoHcTB. B  xome
MaTepUaIOBEIUYECKUX HCCJICAOBAHUM TEPCIEKTUBHBIX MATEpUajJOB Ha OCHOBE
BaHA/IUg aBTOp pa3paboTajd  HCHbITATEIbHBIE  CTEHIBI, MPOBEN  PaCUETHI
KOHBEKTUBHBIX TIOTOKOB pPacCMaTpUBAaeMON KOPPO3MOHHO-arpeCCUBHON Cpelibl,
HEIOCPEICTBEHHO KOHTPOJIMPOBAJ XOJ OJKCIIEPUMEHTA, a TakKe JIMYHO MPOBET
WCTIBITAHUSI MEXaHMYECKHUX CBOMCTB 00pa3lioB ¢ Mocleaytomeid o0paboTkon
pEe3yJIbTaTOB.

Asmop evipadicaem 2nyookyl0 6Onrazodaprocmo K.m.H. Jlrooaunckomy HU.E. u
k.m.H. Bepmrxosy A.B. (AO «Kpacuas 3sez0a», 2. Mocksea) 3a Koncyrbmayuu 8
npoyecce pacuéma u CO30aHUs GHYMPUKAMEPHBIX d1eMenmos moxkamaxa T-11M,
0.m.H. npogpeccopy Muprnosy C.B. (AO «I'HL] P® TPUHUTU», 2. Mocksa) 3a
NOMOWb 8 IKCNEPUMEHMATILHBIX UCCIe008AHUSX IUMUEBHIX YCMPOUCME HA MOKAMAKe
T-1IM u ceoemy nayunomy pykogooumento 0.¢h.—m.H. npogeccopy bonoapenxo I'.1".
(MUDM HUY BIIID, 2. Mockea) 3a 6cecmopoHHION NOMOWb U NOOOEPIHCKY 8 X00e
OUCCEPMAYUOHHO2O0 UCCAe00B8AHUAL.

OcHoenoe cooepocanue padomuol

B nuccepranuu M3N0KEHO HOBOE HAYyYHO-OOOCHOBAaHHOE TEXHUYECKOE U
TEXHOJIOTMYECKOE pelIeHue NpoOJeMbl 3alllUThl BHYTPUKAMEPHBIX 3JEMEHTOB
TOKaMakoB (B MEpPBYIO OdYepellb JUMHUTEPOB W AUBEPTOpPA) OT IKCTPEMATbHBIX
TEIJIOBBIX HAIPY30K C KOHKPETHBIMU pa3paboTKaMH JJisl €ro peain3aluu.

Bo 66edenuu xpatko chopmyaupoBaHa aKTyaJbHOCTb TEMbl, CTENEHb €€
pa3pabOTaHHOCTH, MOCTAaBJIEHBI €M M 3aJayd, OOO3HAYEHBI MpaKkTUYeCKas U
TeopeTHuYecKasi ILIEHHOCTH palboThl, HaydyHas HOBH3HA, METOJbI HCCIEIOBAHUH,
JOCTOBEPHOCTH IMOJIYUYEHHBIX PE3YJIbTATOB U MOJIOKEHMS], BBIHOCUMBIE Ha 3aIUTy. B
CWJIy TOro, 4TO JHCCEpPTalus BBINOJHAJIACh B paMKax KOJUIEKTUBHOM HAay4dHO-
MCCJIEIOBATENbCKOM paboThl, OBUT yKa3aH JIMYHBIA BKJIAJ aBTOpa. B 3akirodeHUH
MPEJICTaBJICH CIHMCOK HAyYHBIX paboT U KOH(epeHIuil, Ha KOTOPbIX (UTYypHUpOBAIU
OCHOBHBIE PE3YJIbTAThl HACTOSIIETO IUCCEPTALMOHHOTO HCCIIEJOBAHUS.



B nepeoit znase paccMOTpeHO pa3BUTHE KOHLEMIUUA UCTIOIb30BAHUS JIUTUS B
TOKaMaKaxX, OIMCAHbl JKCIIEPUMEHTHI, MPOBEAEHHBIE pPa3IUYHBIMU aBTOPAMH,
NOJATBEPKAAIONIME BO3MOXKHOCTUM JIMTUA KaK BHYTPUKAMEPHOro Marepuaa
TOKaMaKa: 3KCIEPUMEHTHI MO PACIbUICHUIO JTUTUS aTOMaMU JIEUTEpusi, YACP>KaHUIO
IeUTepust KUIAKUM JUTHEeM U Jp. OnucaHbl SKCIIEPUMEHTHI ¢ MEPBBIMU 00pa3liamMu
JUTHUEBBIX TUMHUTEPOB Ha Tokamakax T-11M u FTU. B koHue rimaBsl paccMOTpeHa
KOHIIENIMA  3aMKHYTOM  JMTUEBOM  METIM, MO3BOJSIONIAS  OCYIIECTBUTH
CTallMOHAPHYIO 3aIIUTy BHYTPUKAMEPHBIX HJIEMEHTOB TOKaMaka.

Bo eémopoii 2nase onvceiBaloTCs SKCIIEpUMEHTAIbHAS YCTAHOBKA U METOJIUKHU
MPOBEJICHUSI  DKCIIEPUMEHTOB. JIMTHEBbIE JUMUTEPHI, CO3JaHHBIE B  XOJI€
JUCCEPTAIIMOHHOTO HMCCJICIOBAaHUs, OBIIM HWCMBITAaHBI Ha Tokamake T-11M.
XapakTepucTuku Tokamaka jgaHbl B TaOmure 1. BHyTpukamepHbie 3JIE€MEHTHI
TOKaMaka: TOPU3OHTAJIbHBIN, BEPTUKAJIBHBINA, KOJBLIEBOM U MPOJOJIbHBINA JTUTUEBHIC
JUMUTEPHI, TPaPUTOBBIN TUMUTEDP, KPUOTCHHAS] MUIIICHbD.

Tabmuma 1.
Xapakrepuctuku Tokamaka T-11M
XapakTepucruka 3HaveHne
Bboswmioit paanyc Topa, M 0,7
Mautelii paamyc Topa, M 0,25
ToponanbHOE MarHUTHOE TOJIE HA OCHU TOpa, Tn 1,2
JlmTenbHOCTh pa3psiaa, ¢ 0,1...0,3
Toxk B mia3me, KA 7...100
TennoBoli OTOK HAa OBEPXHOCTH AUMUTEPA, MBT/M? 4...12
PaGo4ee BEMIECTBO Ha, D2, He

Wzmepenus pacnpenenenust nutuss B SOL Tokamaka mpoBOAMIUCH METOJIOM
pekoMOuHanmoHHoW  MumeHd. CyTb  MeTola COCTOMT B PETUCTpALUU
PEKOMOMHAIIMOHHOTO M3IY4YeHHUs] MOHOB JIMTHSI, NPUXOAALIMX HAa CHEIHAIBHYIO
MUIIeHb (TpadUTOBBIA JIMMHUTEP), KOTOpas HMEET BO3MOXHOCTH IEpPEMEIICHUS
OTHOCUTEIBHO LEHTpa IUIa3Mbl Ui «CKaHUpoBaHMs» Bcero SOL  Tokamaka.
AOCONIOTHOE KOJMYECTBO JIUTHSL B  OKCIEPUMEHTaX ONpPElessuioch YTEM
NOTPYXKEHUsI 00pa3lloB CETKHM C 3aXBAYCHHBIM JIMTUEM B KUILIIYI0 BOIY U
MOCJIEAYIOUIUM XUMUYECKUM TUTPUMETPUUECKUM aHAIM30M. AHaIW3 MUTPALMH
npumeceii B kamepe T-11M ocymiecTBisiicss myTéM SKCIIOHUPOBAHUS 00Pa3OB CETKH
M3 HEPKABEIOLIEH CTAIM B IUIA3ME C IMOCIEAYIOIIMM aHajJu30M Ha pacTpoOBOM
AIEKTPOHHOM MHUKPOCKOIIE C SHEPTOJIUCIIEPCUOHHBIM PEHTTE€HOBCKUM aHAIU3aTOPOM.

B KoHIIE r1aBBl pacCMOTPEHA METOIOJIOTHUS SKCIIEPUMEHTOB 10 ONPEIECICHHUIO
KOPPO3UOHHON CTOMKOCTH, CTPYKTYPHBIX U3MEHEHUUW U U3MEHEHUN MEXaHWYECKUX
CBOMCTB BaHaJus W BaHAJUEBBIX CIUIABOB B JKUJIKOM JHUTHUM M paciuiaBe Na-K
ABTEKTHYECKOr0 coctaBa. MccnenoBaHust MpoBOIUIIUCH TYTEM BBIJIEPKKH 00pa3iioB B
KOPPO3UOHHO-aIrPECCUBHOM cpenie («amIylibHbIe UCIbITaHus»). CXeMbl IpOBEACHUS
JKCIIEPUMEHTOB TnpenacraBiieHbl Ha Pucynkax 2 wm 3. Ilocie BCKpbITHS aMityin
M3MEPSUTUCh MUKPOTBEPIOCTH (Ha mpubopax 401/402 MVD, IIMT-3M u Nanotest),
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Macca 00pasnoB (Ha aHaJIMTHYCCKUX JabopaTopHbix Becax BJIP-200 u AJIB-200),
IPOBOJMIICSI MHKPOPEHTTEHOCIIEKTPAIbHbBI aHAIN3 Ha PacTPOBOM HSIIEKTPOHHOM
mukpockone ZEISS EVO 50XV c npucraBkoit INCA X-act u peHTreHOBCKHUI
¢dazoBbiii aHanu3 Ha audpakromerpe [JPOH-7. IlonydyenHble JaHHbBIE CPABHUBAINCH
C TIOKa3aTesiMU 00pa3IloB /10 IKCIIEPUMEHTA. Tonorpadus MTOBEPXHOCTHU
o0pa3loB HccleqoBalach JO M TOCIE BBIAEPKKM B Cpelle HAa ONTHUYECKOM
MeTtaorpaguueckoM  MHKpockorie Neophot ©u  ckaHHMpyrOIeM 3JIEKTPOHHOM
mukpockorne JSM-35CF.
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Pucynok 2. Cxema mnpoBeneHUs Pucynoxk 3. Cxema mpoBeneHus
DKCIEPUMEHTOB MO  HMCCJIEAOBAHUIO OKCIEPUMEHTOB IO  HCCIIEIOBAHUIO
KOPPO3UOHHOI'O B3aMMO/JICHCTBUS KOPPO3UOHHOTO B3aMMO/JICHCTBUS
BAHAJMEBBIX CIUIABOB B CTATHYHBIX BAHA/IMEBBIX CIJIABOB B KOHBEKTUBHOM
YCHOBUSAX (meTon «IEPEBOPOTA» IIOTOKE

aMITyJIbI)

Tpemova 2nasa NOCBSIIEHA CO3AAHUIO BHYTPUKAMEPHBIX JTUTHUEBBIX YCTPOMCTB.
[lepeuncnensl TpeGOBaHMS K HHUM, PacCMOTPEHBI BOIPOCHI BbIOOpa Marepuasa-
ocHoBbl KIIC ycrtpoiictB. B co3maHHBIX yCTpoWicTBax OBUTM TPUMEHEHBI: CETKa
TKaHas W3 HEP)KaBEIOIEH CTalli ayCTEHUTHOIO Kjacca ¢ 3(QPEKTUBHBIM pPaANyCOM
nop 30 MKM M 3J€MEHTHI U3 MPECCOBAHHOW BOJIb(PPaMoBOr MpoBoiIokHu (PucyHok 4).
BHyTpukaMmepHble yCTpOICTBA TOKAMAaKOB MOJABEPTalOTCS 3HAYUTEIbHBIM TEIJIOBBIM
Harpyskam (1o 10 — 20 MB1/M?). Bo3szeiicTBuEe TakMX TEIUIOBBIX MOTOKOB MOJKET
MPUBECTU K MEPErpeBy JUTHUEBOM MOBEPXHOCTH, YTO B CBOIO OYEpE/lb MPUBEIET K
MHTEHCUBHOMY HUCIHApPEHUIO JIUTUS U CPBIBY paspsaa. B muccepranunoHHO paboTe
IPUBEJICHA METOIUKA OLIEHOYHOT'0 pacy€Ta TEIIOBOIO COCTOSIHUSL YCTPOUCTB.
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Pucynok 4. Marepuan-ocuoBa KIIC: cerka TkaHas u3 HepkaBeromieil ctanu (a) u
AJIIEMEHTHI U3 MPECCOBAHHOMN BOJIb(PPaMOBOI MTPOBOJIOKH (0)

Paccmotpensl  crmenyromme yctporctBa Tokamaka T-11M:  kombleBowu,
BEPTUKAIBHBIN, TIPOJIOJIBHBIA JIMMUTEPBI M KpUOTeHHAss muiieHb (Pucynok 5). [l
KOKJIOTO W3 HUX ObUIO JaHO MOAPOOHOE OINMCAaHWE KOHCTPYKLUHMH M MPOBEAEH
TEIUIOBOM pacyéT B JBa OJTama: pacy€T TEIUIOBOTO COCTOSIHUS B XOJE
IIPEABAPUTEIILHOIO HArpeBa J0 TEMIIEPATYPHI IJIABICHUS JIUTUS U PACYET TETIOBOTO
COCTOSIHMA B XOJ€ IUIa3MEHHOIro paspszaa. Ha mepBom 3Tame pelanocs ypaBHEHHE
TETUIONPOBOJHOCTH C YUETOM H3nydeHus (1) 4uCIeHHBIMI METOIaMU

d 1. oT _o "
a_xl( a_xl> + QH - (QI/IBJ‘I + QTEI'IJIOI'Ip) — Y ( )

rae Qu — MoiHOCTh 3nekTpudeckoro HarpeBaTens, Qusy U Qrensonpos — TEIIOBBIE
IIOTEPU B PE3YJbTATE HU3IYYEHHsS M TEIUIONPOBOJHOCTU B CTEHKH KOHCTpyKUuU. B
pe3yibTaTe OBUIO TMOJIyYEHO paclpelelieHue TeMIlepaTypbl,  TrapaHTHpYolIee
IJIaBJIEHWE JIUTHSL BO BCEX TOYKaX ycTpoucTBa. BTopoil atam pacuéra npeamnonarai
pacuér pacrpeneneHus TEIUIOBOW HAarpy3Kud [0 MPUHHAMAKOLIEH IOBEPXHOCTH,
BBIIBJICHUE CAMBIX TETUIOHANPSHKEHHBIX TOUEK U PACUET YBEIUYEHHUS TEMIIEPATYPHI B
HUX 3a BpeMs IJIa3MEHHOIO pa3psana. Pacuér pacnpeneneHus TEmOBOW Harpy3ku OT
BO3JICUCTBHS TUIa3Mbl BBINIOJHAJICA Ha OCHOBE paboTel [l] ¢ HEKOTOpBIMH
nonpaBKkaMu (YYTEHO pa3iuyue TEMIEpaTyp MOHHOM M 3JIEKTPOHHOW KOMIIOHEHT). B
OCHOBY pacué€ra I0JIOKEHA JKCIIOHCHLIMAIbHASA 3aBUCHUMOCTb TEIUIOBOIO IIOTOKA,
nepeHocumoro yactuamMu B SOL Tokamaka, OT pacCTOSIHUS MEXIy HOCIeAHEn
3aMKHYTOM MarHUTHOM MOBEPXHOCTHIO U PACCMATPUBAEMON TOUYKOW HA MOBEPXHOCTU
JUTHUEBOTO  YCTPOMCTBA. Pesynbratel  TEmnoBOoro pacu€ra Ha o IpuMepe
BEPTUKAJIILHOTO JIUMUTEpa TpeacraBieHbl Ha Pucynke 6. TemmoBoit pacuér B
YCIIOBUSIX IJIA3MEHHOTO pa3psiia MPOBOAUJICS B MPEANOIOKEHUH IITATHONW padOThI
TOKaMaka (OMHUYECKUH pexuM 0e3 CphIBOB), MOATOMY Oblla IpPOBEICHA OLEHKA
TEIUIOBOT'O COCTOSIHUS YCTPOMCTB B PEXKUME C PENSITUBUCTCKUMMU JJIEKTPOHAMMU.



Pucynok 5. BuyrpukamepHbie 3meMeHThl Tokamaka T-11M: 1 — BepTUKaJbHBIN
JUMHUTEP, 2 — KPUOTCHHAs] MHILIEHb, 3 — TpadUTOBBIA JUMUTEP, 4 — MPOJIOJIBHBIHI
JUMUTEP. 5 — KOJIBLIEBON JUMUTEp (pacroyiaraeTcsi B aHTEHHOM MaTpyOKe, 3aMEHss
BEPTHUKAJIbHBIN JIUMUTED 1103. 1)
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Pucynok 6. PesynbTaThl TemiaoBOro pacuéra BEpPTHKAJIbHOIO JUMHUTEpa: a — B
3aBHCUMOCTH OT MOJIOMIAIBHOTO yIJja MJ1a3Mbl, O — OT LIEHTPAIBHOTO yIila JUMHUTEPA

B 3akmrounTtensHOM paszelie IIaBbl JaH CPABHUTENBHBIA aHAIM3 CO3JaHHBIX
YCTPOMCTB M BBIPAOOTAHBI KOHKPETHBIE PEKOMEHAALMU JJII UX MPOCKTHUPOBAHMUS.
[IpoananusupoBano BiusHHE (OPMBI MPUHUMAIOIIEH MOBEPXHOCTH, COOTHOIICHHUS
BEJIMYUH TOPOUJAJIbHBIX, TOJOUAANBHBIX U PAJUAIBHBIX TEIUIOBBIX MOTOKOB,
MaTepualia MNPUHUMAOMIEH MOBEPXHOCTH JMMHUTEPOB Ha TEIJIOBOE COCTOSTHUE
yCTpOUCTB. B pesynbrare aHanusa BbIABIEHO, YTO MCIIOJB30BAHUE JIUTHS KAk
nepeusnyJaressi, FeOMeTpuYecKoe NpopuiIMpoBaHue MPUHUMAIOIIEH MOBEPXHOCTH U



ONTUMAJIbHBIN BHIOOP MAaTEPUAIIOB MOT'YT CYIIECTBEHHO CHU3UTh TEIJIOBYIO HAIPY3KY
Ha [IPUHUMAIOLIYIO TOBEPXHOCTb.

Yemeépmasa 2naea MOCBSAIICHA MPOJCIAHHON 3KCIIEpUMEHTAIBHON padoTe B
cotpyaHunuectse ¢ KoJuiekTuBoM AO «I'HL] PO TPUHUTHU» na tokamake T-11M c
pa3pa0OTaHHBIMU JIUTUEBBIMU JIMMUTEpPAMU U KPUOTCHHOW MuIileHblo. [lenb
AKCIEPUMEHTOB — TIOATBEPKACHUE, PA3BUTHE U ONTUMHU3ALMUS KOHUCHIINU
3aMKHYTOM JTUTHEBOW MET/IN Ha TieprudepuH MIa3MEHHOTO IIHYpa.

Jns ompeneneHus W3MEHEHHsS] SMHCCUU JIMTHSL U3 JIMTUEBOTO JMMUTEpPa B
nporecce padoThl CTAIMOHAPHOTO TEPMOSJIEPHOTO peakTopa Tokamak T-11M Obut
npeoOpa3oBaH B CTEHJ C JOJTOXKHUBYILEH IUIa3MOM TJICIOIIEr0 pa3psija Ha OCHOBE
nenrtepus. BbIsSBIEHO, YTO 3MUCCHS JIMTHS B MPOLIECCE CTALMOHAPHBIX Pa3psIoB
Oyner aerpaaupoBarh ciaab0, OJHAKO OHA OYEHb YYBCTBUTEIbHA K BO3JCHCTBUIO
OCTAaTOYHOM aTMOc(hephl TOKaMaKa.

AHanu3 murpaiuu npumeced B kamepe T-11M mokasan, 4to mpuUMeECHbIE
AJIIEMEHTHI (KpOME MPUMECH JIUTHS) HE MUTPUPYIOT U, MOTOMY, HE OYIyT MCKaXKATh
aHaJM3UPYyEMbIE MTPOIECCH] TPAHCIIOPTA JIMTUS B TUTUEBBIX YKCIIEPUMEHTAX.

BaxHyro 4acTp TJIaBbl 3aHUMAIOT
LS/ i = R 1 DKCIEpUMEHTBI c KOJIBLIEBBIM
— aamuTepoM. B xome wuccinegoBaHUs
METOJIOM PEKOMOMHAIIMOHHONW MUIIIEHU
MOJIyYEHO paCIpEesICHUe JUTUSI C HUM
u 0e3 Hero (PucyHok 7), a Takxke
5 abcomoTHOE KOJUYECTBO JIATHS,
10 3aXBAYEHHOT'O KOJIBIICBBIM JIMMUTEPOM
s PVt u OOKOBBIMU CTEHKaMu
ropu3oHTasibHOro Jyimmutepa (120+10
_ mr u 100+10 Mr cooTBeTCTBEHHO 3a
27 kammanuto B 1000 paspsgoB). o

"M nuTus, BOBJICYEHHOTO B
Pucynok 7. PaguanbHbie pacmpeneneHus
HUPKYJSLIHUOHHYIO TETII0, COCTaBIISIET

JUTUEBBIX  TIOTOKOB C  KOJIBIICBBIM ;
npumepHo 80 % oT Bcero KOJIUYECTBa,

koJutektopoM (I1) u 6e3 mero (1) .
JUTUEBBIN TIOTOK HAa CTEHKY KaMephl =~
10 % B ciayyae OOBIYHOW JTUMHUTEPHOM
reomeTpun U = 1 % ¢ KOJIbIIEBBIM TUMUTEPOM. JlOKa3aHO, YTO OCHOBHOM COOp JIUTHS
MIPOUCXOJIUT UMEHHO C JINMUTEPA, & HE CO CTEHOK TOKaMaka.

Jlns mccnegoBaHUsST BOMPOCOB TPAHCIIOPTUPOBKH 3aXBAYEHHOTO JIUTUSI W3
KOJUIGKTOpa B OMUTTEP OBUIM TIPOBEICHBI DSKCIEPHUMEHTBI C BEPTHKAILHBIM,
MPOJIOJIBHBIM M TOPHU30HTAIBHBIM JIMMUTEPAMH. Pe3ynbTaThl BBISBWIM CBOWCTBO
MYJIBTHIUTMKATABHOCTH KOJIUICKTOPOB ¥ BJIMSIHME TEMIIEpaTyphl JUMHUTEpa Ha
pacripeniesieHre JuTrs (BCISACTBUE U3MEHEHUSI SMUCCUOHHBIX CBOMCTB), TaKke OblLiia
MoJIy4eHa ONTHMAalIbHAs BEIMYMHA CMEIIEHUS KOJUIEKTOPa OTHOCUTEITHLHO AMUTTEpA
(3...4 cm) u mpoBengH TecT «O0aTMUHTOHHOW» MOJIETH, B COOTBETCTBHE C KOTOPOM
TPAHCTIOPTUPOBKA JIUTHUSI OCYIIECTBISIETCS B pe3yjbTaTe MEPEMEHBI SMUTTEPHBIX U

OTH. en.
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60
40
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KOJUIEKTOPHBIX POJIEH JTUTHUEBBIX YCTPOMCTB. HekoTOphIE pe3ysbTaThl HCCIEIOBAHMIA
noka3aHsl Ha Pucynkax 8 u 9.

B skcnepuMeHTax ¢ MpoJOJIbHBIM JMMHUTEPOM Oblia ompenesieHa Haubosee
ONTUMAaJIbHASI CXEMa CTAllMOHAPHOTO TEPMOSIIEPHOTO PEAKTOPA HA OCHOBE JINTHEBBIX
BHYTPUKAMEPHBIX YCTPOWCTB: B POJIA YMUTTEPA BBICTYNAET BEPTUKAIBHBIN JIUMUTED,
B POJIM KOJUIEKTOpa — MPOJAOJIbHBIA. JTa cxeMa OyJeT MCIOJIb30BaHA B KA4eCTBE
MPOTOTHIIA ISl JATBHEUIIINX UCCIETOBAHUM.

B 3ak1r04nTENBRHON YACTH IJ1aBbl PACCMOTPEHBI IKCIIEPUMEHTBI C KPUOTECHHOM
MHIIEHBIO. Y CTPOWCTBO MPEIAINOJAraeTcsi MCMHOJIb30BaTh B LEISAX OYUCTKUA CTEHOK
BaKyyMHOH Kamepbl 0e3 e€ pasrepMeTu3aliii OT OCEBIIETO0 B Mporiecce padOThI
nutus. [IpoBeAEHHBIE SKCIEPUMEHTHI MOJATBEPIUIIN 1E€JIECO00PA3HOCTh METOAA U
BBISIBWJIM XapakTep BIUSHUA BHENIHUX (PakTopoB Ha 3(G(HEKTUBHOCTH Mpolecca
coopa.
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Pucynox 8. Pacnpenenenue nutus B Pucynox 9. Pacnpenenenue nuts 10
TEHU  BEPTUKAJIBHOIO  JIUTHEBOIO MaJIOMY PaJUyCy B ONBITaX ¢ OAMHOYHBIM

agumutepa (1) ©  KOJIMYECTBO BEPTUKAIbHBIM " KOMOUHaIen
OCaXJAEHHOTO JIUTUSI Ha OOKOBBIX BEPTUKAIBHOTO (r=20 cM) "
CTEHKaX TOPU30HTAIBHOIO JUMHUTEpPA  TOPU3OHTAIBHOrO (=23 CM) JUTHEBBIX
U3 PaHHUX 3KCIEPUMEHTOB (2) JIMMHTEPOB

B namou 2nase paccMOTpPEHBI KOPPO3UOHHAS CTOMKOCTb, CTPYKTYPHBIE
W3MEHEHUS! ¥ U3MEHEHUS MEXaHMYECKHX CBOWCTB BaHAJMEBHIX CIJIAaBOB B JIMTUU U
criaBe Na-K 3BTekTHM4ecKOoro cocrasa.

WcnpiTanus oOpa3ioB u3 BaHaaus U BaHagueBbIX cruiaBoB (V — 1,86 Ga, V —
34 Ga-062SiuV —-48Ti—- 482 Cr) B OUAIICHHOM JUTHH IOKA3aJH, YTO
MPEBATUPYIONIUM TIPOILIECCOM, MPOUCXOISIINM MPU B3aUMOJICHCTBUH HCCIIEAYEMbIX
MaTepUalOB C JKHJIKUM JIUTHEM, sBlseTca Aud@dy3us aToMOB KHUCIOpOaA U3
MPUTIOBEPXHOCTHBIX CI0EB 00pas3roB (ot 10 mo 100 MKM) B KUAKUN JTUTUH, YTO
BBIPAXKaeTCs B MOHUKEHUU MUKPOTBEPIOCTH 0Opasiia B 3Toi 30He (Pucynok 10). B
TO JK€ BpeMs TOTJIONMICHHWE a30Ta M YIJepoJia BaHAIWEBBIMU CIUTABAMHU W3 JIMTHS
JOCTaTOYHO MaJlo, MOATOMY Ha UX MOBEPXHOCTHU HE 00pa3yeTcs CIIOMIHOMN 3alllUTHOM
OKCUHUTPUAHOM TUIEHKH, XOTS dSPQPEeKT yBeIUYEeHHUS] MHUKPOTBEPJIOCTH B
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NPUMOBEPXHOCTHBIX CHOX (10 10 MKM) mpucyTcTByeT. MeXaHu3Mbl KOPPO3UH Jis
00Ny4€HHBIX U HEOOIy4EHHBIX 00pa3loB UAeHTHYHbI. Koppo3noHHOe BO3/eHCTBUE
JTUTUSL Ha MOPQOJIOTHIO MOBEPXHOCTU BBIPAXKAETCS B MPOSIBICHUM TPaHUIl 3EPEH
(Pucynok 11). I'paBuMeTpUUeCKHi aHAIM3 TMOKa3all, YTO CKOPOCTh yOBLUTH MAcCCh
00pasioB Bapeupyercss oT 6 10 16 wmr/(M?u). Takum 00pa3oM, HMEET MEeCTO
HE3HAUYUTEITFHOE PACTBOPEHUE MATEPHAIIOB B JIUTHH.

WcnbiTanus o0pasioB u3 BanaaueBoro cmiasa V — 4 Ti — 4 Cr B craTnaHOU
cpene criaBa Na-K 3BTEKTHYECKOTO COCTaBa MOKA3ajdl BBICOKYIO KOPPO3UOHHYIO
CTOMKOCTh (MMEIM MECTO HE3HAYWTEIbHBIE M3MECHCHHS XapaKTEPHUCTHUK 0O0pasIiioB
MOCJIC BBICPKKH B KOPPO3HMOHHO-aKTHBHOW Cpeze), HO MOJYYCHHBIM PE3yJIbTaT
MOJKET OBITh CJE/ICTBUEM MOHMKEHHOTO COACpKaHHs KucCiIopoaa B paciiaBe Na-K.
J1J1st TpOBEPKH 3TOM TMIOTE3bI OBLIN MPOBEACHBI UCIIBITAHUS BaHAIMEBOTO CIljlaBa V
— 4 Ti — 4 Cr B KoHBEeKTUBHOM MOTOKe ciutaBa Na-K ¢ MOBBIIICHHBIM COACPIKaHUEM
kuciopoaa. Ha Pucynkax 12 — 14 npezacraBiieHsl pe3ynbTathl. iMeer MecTo cuiibHast
3aBUCUMOCTh CKOPOCTH KOPpPO3UMU OT TeMmIepaTypsl. PeHTreHoBckuii (ha3oBbIii
aHaJIN3 MOBEPXHOCTU OOpa3IlOB IMOKAa3ajd, YTO BO BCEM TEMIIEPATYPHOM JHAIa30HE
UCIIBITAHUN Ha TMOBEPXHOCTH (UKCUpYIOTCS OKcuasl BaHamus VO, V,0s.
OOHapyXeHO, UTO B OIPEICIICHHOMN MOAMOBEPXHOCTHON 30HE 00pa3Il0B UMEET MECTO
oOpa3zoBanue okcuga tutaHa Ti0. OxkcuaHbIX Qa3, coaepKalux XpoM, He
3apukcupoBano. Takum oOpa3zom, MexaHW3M Koppo3uu cimiaBa V — 4Ti — 4Cr B
pacriaBe Na-K 3BTEKTHKE CBs3aH C MHUTPAIlUEi MPUMECHBIX aTOMOB KHCJIOPOJa W3
pacrmiaBa B CIuTaB ¢ 00pa30BaHUEM OKCHJIOB BaHAIMS U TUTAHA.

Hy, Mlla
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PaccrosHIte 0T Kpad o0pasia. MKM| 0 100 200 300 400 500 600 700
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Pucynox 10. PacnpeneneHue MUKPOTBEPAOCTH 1O TOMEPEYHOMY CEUCHHIO
uccieayeMbix o0pasioB nocie Boiaep:xkku B Li (600°C, 400 4): V (a); V — 1,86Ga
(6); V—3,4Ga—0,62Si (B); V—5Ti— 5Cr (r); 1 — HeoOnyuéHHble; 2 — 001y4EHHBIC

10 MKM

=

10 vxv |

Pucynok 11. Tomorpadguu moBEepXHOCTU
HeoOy4€HHBIX (a, 0) U MpeABAPUTEIHHO
00Ny4€HHBIX aproHOM (B, T) MaTepUaIOB
1o (a, B) u mocine (0, T) BbIAEpKKH B Li

10 MK

——

(600°C, 400 1)

KoHnerTpanug siemenTa, %

=

oo

=]

Cr
Ti

.

bo

0 20 40 60 80
Paccrosnme 0T MOBEPXHOGTH, MKM

100

. 2
CropocTh pacTBOpEHHsL, MI/(M +9)

=)
=
S = & =3

[y
j-)

to
S

(=3

[e]

=
U
<

550 600

Temneparypa, °C

500 650

Pucynok 12. 3aBucumMoCTh CKOpPOCTHU
pacTBOpeHHs 00pa3lia OT TeMIIEpaTypbl

Konmnentpanus snemenra, %
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Pucynox 13. Pacnpenenenue TWTaHa, XpoMa M KHCJIOpOJa MO TIyOmHE 00pasia
nocie ucnibitanuii B Na-K asrextuxu npu temmnepatypax: 520°C (a) u 640°C (0)
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Pucynoxk 14. PacnpeneneHne MUKpOTBEPAOCTH MO CEUEHHIO 00pa3lOB, MPOIIECIIINX
ucneiTanus npu temmneparypax: 520°C (a) u 640°C (0), B KOHBEKIUMOHHOM IOTOKE
sBTeKTHKH Na — K ¢ HCXOIHBIM cojepKanueM npumecu kuciaopoaa 4-1072 %

OcHogHble pe3ynvmamul OUCCEPMAUUOHHO20 UCCE006AHUS

1. Co3man psi BHYTPUKAMEPHBIX 3JIEMEHTOB Tokamaka T-11M Ha ocHOBe
JUTUEBBIX KAMMUIIPHO-TIOPUCTHIX CUCTEM: KOJIBIIEBOM, BEPTUKATBHBIN, MPOAOTLHBIN
JTUMUTEPHl U KPUOTCHHAsI MUIICHb. AHAUIUTUYECKHA U IKCIIEPUMEHTAILHO MOKA3aHO,
YTO YCTPOMCTBAa pabOTOCIOCOOHBI B YCIOBUSIX JAHHOTO TOKaMaka: TeMmIieparypa
noBepxHocTu autueBoi KIIC nexut B auanazone padouux temmeparyp ot 180°C no
550°C, coOuparomieii MNOBEPXHOCTH KPUOTEHHOW MHUIIEHU JEKUT B 00JacTu
KPHOTEHHBIX TemIepaTyp ot -195°C nmo -180°C.

2. B ombITax ¢ KOJBIEBBIM JIUIMUTEPOM OIPEEICHO a0COIIOTHOE KOJIUYECTBO
coOpaHHOTO JUTHS 32 dKCIepUuMeHTaNIbHYI0 Kammanuio B 1000 pazpsigo: 10010 mr
KOJIbIIEBBIM JtUMUTepoM H 120+£10 Mr OOKOBBIMH CTEHKaMH TOPH30HTAJIIBHOTO
PETBCOBOTO JIMMHUTEPA, UTO COOTBETCTBYET pacxody smtus 1,1 mr/c. Jlana oienka
70J1€ JMTHS ydacTByromiero B mpoiiecce nupkyssimuu (80 %). IlomyueHHbIC
pe3yJbTaThl  CBHUJETEIBCTBYIOT O YpPE3BBIYAWHONW HKOHOMUYHOCTH  3alllUThI
BHYTPUKAMEPHBIX JJIEMEHTOB C TIIOMOIIBIO TMEPEU3IyUYCHHUs 1O CPABHEHHIO,
HanpuMep, ¢ METOJOM TEKYIIEeH KUIKOMETAITNYECKOW TUIEHKHU, B KOTOPOM Pacxoj
BemecTBa coctarisieT ~ 10...100 r/c. BeisiBieH NBYXIKCIIOHEHIIUATBHBIN XapakTep
pacnpenenenus smutupoBanHoro jgutus B SOL Tokamaka (A1=1 cm, A, = 0,75 cm),
YTO CBUJICTEIBCTBYET O HEMOCPEACTBEHHOM YJIABJIMBAHUM JIUTHS KOJIBILIEBBIM
JTUMUTEPOM.

3. O0HapyxeHbl dDPEKT MYJIbTUILNTUKATHBHOCTH KOJUIEKTOPOB W BIIMSHHUS
HaYaJIbHOU TEMIIepaTyphl Ha paclpeiesiecHrue JIUTHUSI, BRIPKAIOIINECS B YMEHbBIIICHUN
XapaKTepHOM JJIMHBI crHaja IMOTOKOB ¢ A=3,5 ¢cM 10 A=2,5 cM IIpH BBCACHUU
TOPU30HTAIBLHOTO JUMUTEpPA B JIOMOJHEHUE K BEPTUKAIBHOMY U 10 A=2,2 CM MpHU
MOHWKEHUH TemIepaTypbl BepTukaibHoro jumutepa ¢ 230°C go 60°C. [lannble
3¢ (}EeKTh MO3BOJIAIOT U3MEHSTH pacnpesenenne autus B SOL Tokamaka, n3meHss
9UCIO paboTalIMUX JUMUTEPOB U HUX TemiepaTypy. [lokazaHa mpuHIUNUAATBHAS
BO3MOKHOCTb CO3[IaHMSI 3AMKHYTOM JIMTUEBOW LUPKYJSIHMOHHOM IIETIM HA OCHOBE
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«0aIMUHTOHHOW» MOJIENIA. Y CTAaHOBJICHO, YTO ONTUMAJIbHOE CMEIIEHHUE KOJUIEKTOpa
OTHOCUTEJILHO SMUTTEPA COCTABIISIET 3...4 CM.

4. BelpaboTana onTUMaldbHas CcXeMa 3allUThl KOMIIOHEHTOB TOKaMaka
CTallMOHAPHOTO JIEUCTBHUSI OT BO3JCHUCTBUS IUTa3Mbl: B POJM OMUTTEpA —
BEPTUKAJILHBIN TUMUTED, B POJIU KOJUIEKTOPA — MPOJIOJIbHBIN (pacrpeesieHue JIUTHS
IBYXdKCHOHEHIHAbHOE ¢ A1=1,5 cM, Ay = 3,7 cM). YMEHbIIEHHE XapaKTePHOU
JUIMHBI CTIaJla MOTOKOB 10 A=l cM, IUTAaHHPYETCS OCYIIECTBUTH C MOMOIIBIO BBOJAA
JOTIOJTHUTENBHBIX KOJIJIEKTOPOB (MCTONB3Ys 3P(HEKT MYIbTUIIIIMKATUBHOCTH).

5. PenieHre TEXHOJIOTMYECKUX BOMPOCOB 3BaKyallUM JIUTHUSA, OCAXKIAEHHOTO HA
CTEHKaxX pa3psiIHOM KaMepbl, MPOJAEMOHCTPUPOBAHO B OIbBITaX C KPUOTCHHOU
muiieHbto. Iloka3zanbl 3G ()EKTUBHOCTh, TEXHOJOTMYHOCTh JTOrO0 METOoJa U
OTpeNIeNIEH XapaKTep BIUSHUS BHEIIHUX (PakTOpoB. MakcumanbHas CKOPOCTh cOopa
nuThs coctaBuia 4,4 Mr/4 B ciiydae TJICIOUIEro paspsiia Ha a30Te, YTO MO3BOJISET
OCYILIECTBUTh MPOIIECC OYUCTKH B TeueHHEe 4 4acoB (OOBIYHBIA METOJ OYUCTKHU 0e3
KPUOT€HHOW MUIIIEHU 3aHUMaeET 1 mecsn).

6. [Ipu uccnenoBaHud KOPPO3MOHHON CTOMKOCTH BaHAAMS U CIUIABOB Ha €ro
ocuoBe (V—-1,86 Ga,V—-34Ga—-0,62SiuV —48Ti—4,.82 Cr) B )KUIKOM JUTHA
YCTAHOBJICHO, YTO MPEBAIUPYIOIMIMM MEXaHHU3MOM KOPPO3MOHHOTO Ipoliecca
apisiercst auddy3us Kuciopoga U3 MPUNOBEPXHOCTHBIX cio€B 10...100 MKM.
CkopocTh yOBLTM MacChl HCCIEIOBAaHHBIX 00pa3ioB, ucbIiTaHHBIX npu 600°C B
teuenue 400 4, NeKUT B mpejenax or 6 g0 16 mr/(M%4), 4To CBHAETENBLCTBYET O
HE3HAYUTEILHOM PACTBOPEHHM MaTepuayioB. [IpeaBapurenbHoe 00IydYeHHE HMOHAMHU
aproHa He MOBJIMSJIO HA KOPPO3UOHHYIO CTOMKOCTh 00pas3IioB.

[Ipu mccienoBaHuu KOPPO3HOHHOH cToiKocTh crutaBa V-4Ti—4Cr B HaTpwii-
KaJIMEBOM PacCIlJIaBe BTEKTHUYECKOIO COCTaBa yCTAHOBJIECHO, YTO MEXaHU3M KOPPO3HUHU
CBSI3aH C MUTPAIIMEl MPUMECHBIX aTOMOB KHCJIOPO/Ia U3 KUJIKOTO pacilyiaBa B CILIAB C
MOCJeAYIOIUM 00pa30BaHUEM OKCUJIOB BaHaausl U TuTaHa. [Ipu sToM Habmromaercs
HEJIMHEHHBI POCT CKOpOCTH pacTBopeHusi cimiaBa V-4Ti-4Cr ¢ poctom
TeMIEepaTypbl; B YaCTHOCTH, Npu yBeaudeHuu temreparypsl oT 600°C mo 650°C
CKOPOCTh PacTBOPEHHMS CILIaBa yBenMuuBaerca B 2,5 pasa (ot 40 mr/(m?49) mo 100
mr/(mM?4)). JIns CHMKEHHS KOPPO3MOHHOM aKTHBHOCTH PEKOMEHIOBAHO MPOBOIMTH
HX OYMCTKY OT HEMETAJUIMYECKUX MPUMECEH, B YaCTHOCTH OT KHUCJIopojaa (Harmpumep,
TFETTEPUPOBAHUEM ), C UCIIOJIB30BAaHUEM ONTUMAILHOTO TEMIIEPATYPHOTO PEKUMA.

Pe3ynbTaThl, MOJy4eHHBIE TIPH KOPPO3UOHHBIX HCIBITAHUIX, TO3BOJISIOT
pPEKOMEHJOBaTh K  MCIIOJIb30BAaHUIO  BaHAJWEBbIE  CIUIaBBl B OyAyIIHUX
BHYTPUKAMEPHBIX AJIEMEHTAX TEPMOSJIEPHBIX PEAKTOPOB HA OCHOBE JINTHS C HATPUIL-
KaJIMEBBIM PacIJIaBOM 3BTEKTUUYECKOTO COCTaBa B KAYECTBE TEIIOHOCHUTEIIS.

[Io pe3ynbTaTaM JUCCEPTAIMOHHOTO HCCIEIOBAHUSI MOJY4Y€Ha CIIpaBKa o
BHeapeHun ot AO «IHI P® TPUHUTHU», B COOTBETCTBHE C KOTOpPOM
pa3pabOTaHHBIE YCTPOWCTBA YCTAHOBIEHH Ha Tokamak T-11M wu ycmemHo
UCIIBITAHBI, a  pe3yapTarbl  MPOBEAEHHBIX  HMCOBITAHUW  MOJATBEPIMIIU
NPUHIMIHAIBHYI0O BO3MOXHOCTh JOCTHUKEHUSI CTAllMOHAPHBIX PEXKUMOB TOKamaka-
peakTopa ¢ BHyTPUKaMEpPHBIMU 3JIeMeHTaMH Ha ocHOBe inTHeBbix KIIC.
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