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BBenenue

B HWucruryre sgepHort pumsukun CO PAH ¢ynkumonmpyer ycraHoBka [1],
npeaHa3HaYeHHass JJii TNpUMEHEHHs B  OOp-HEHTPOHO3aXBaTHOM Tepamuu
3nokauecTBeHHbIX onyxoser (BH3T) [2, 3]. Ycranoska (Puc. 1) BeinonHeHa Ha 6a3e
TAHJIEMHOIO YCKODHTENII € BaKyyMHOM H30JsIued. ['eHepanus HEUTPOHOB
OCYIIECTBIISIETCS MPU cOpOce MPOTOHHOTO IMydka ¢ sHeprueit 2 MsB u Tokom 10
5 MA Ha HEHTPOHOTECHEPUPYIOIIYIO MUIICHD [4], BHIOJHCHHYIO B BHJIE€ TOHKOI'O
JUTHEBOrO CJOs1 TOJUHOW mopsimka 100 MKM, HANBIJIEHHOTO HAa MEIHBIM JUCK
nuamerpoM 100 Mm. B pesynbrate moporosoii peakuuu ‘Li(p,n)’Be renepupyrorcs

HEUTPOHBI.

MOHHbIN
MCTOUYHUK

Puc. 1 Cxema yCKOpUTEIHLHOTO UCTOYHUKA SMUTEIIOBBIX HEHTPOHOB.
[Ipouecc renepanuu HEHUTPOHOB MPENBABISET OMpPENEICHHbIE TPEOOBaHUS K
MUILIEHH. Pa3Mmep MMHILEHH ONpENensaeTcsi HECKOJbKUMHU YCIOBUSAMH: C OJIHOU
CTOPOHBI, HEOOXOAUMO TOJABUTH 03y NPOTOHOB OTIAYU IPU MPOBEACHUU
Tepanuu, ¢ Jpyrod — oOecrneyuTh HEOOXOIUMYIO TEPaNeBTUUYECKYIO 03y

HelTpoHOB. [lo pesynpTaTaM pacueToB [4], MPOBEAEHHBIX IJsl PA3HBIX Pa3MEpPOB



MUILIEHH, BBIICHEHO, YTO ONTUMAIbHBIM sBisieTca aquametrp 100 mm. [Ipu Takom
JMaMeTpe MHUIIEHH BO3MOXHO OCYIIECTBIICHHE TEIUIOCheMa TYypOYJIECHTHBIM
NOTOKOM BOAbL. TOJNIIMHA JUTHEBOTO CJOSl, HPU MPOXOXKICHUH KOTOPOTO
MPOUCXOIUT MTOPOTOBAs PEAKIIHS, BRIOUPAETCS C YUYETOM dHEPTrun nNpoToHoB. [Topor
HPHEPrUM TPOTOHOB [JISi OCYIIECTBJICHHS HEUTPOHOTEHEPHUPYIOLIECH peakiuuu
coctaBisier 1,882 M»B. IIpoToHBI ¢ 3HEprue HUXKE MOPOTOBOM OECIOJIE3HBI C
TOYKU 3PEHUS] T€HEepallU HEUTPOHOB, MO3TOMY OCHOBHYIO YacTh CBOEH PHEPrUU
OHM JIOJDKHBI TEpSATh B Marepuane MNOMIOKKA. Takum 00pa3om, TOJIIMHA
JIUTHUEBOTO CJI0S1 BBIOMPAETCS TAaKOW, YTOOBI HA BBIXOJE M3 HErO YHEPTHS MMPOTOHOB
OblIa HEMHOrO MeHbIIe mopora peakuuu 'Li(p,n)'Be. Ilocne mnpoxoxaeHus
JUTHUEBOTO CJOSI TPOTOHBI MPOJOJHKAIOT TOPMO3HUTHCA B KOHCTPYKIIMOHHOM

MaTCpUaJIC IMOJJIOKKHN MUIIICHU, HAI'PpEBasA €ro.

B xone HEUTpOHOTEHPUPYIOLIEH peakuu 00pa3yeTcsi paJuOaKTUBHBINA U30TOI
'Be. Jlnsa mpemoTBpaIleHUs PACIPOCTPAHEHUS OCPUIUIMA-7 C HApaMM  JIMTHS
HEOOXOJMMO HE JOMYCTHTh HArpeBaHUsl JUTHUEBOrO CJOS JI0 TEMIIEpaTypbl
raBienust autus 182°C. [nst 3Toro marepuan MOJJIOKKH JOJKEH o00JanaTh
BBICOKUM KO3(P(PULHUEHTOM TEIJIONPOBOAHOCTU W/WIH OBITH TOCTATOYHO TOHKHUM.
VYuuteiBass 3TOT (akT, B KauecTBE MaTepuana MOJJI0KKH MOXHO HCIOJIb30BaTh
MeJb, OOJBITUM KO3(DPHUITMEHTOM TEIUIOMPOBOIHOCTH 00JIaacT TOJIBLKO cepedpo.
Taxxke npu TOPMOKEHUH NMPOTOHOB B MaTepHalie MOJJI0KKHA BO3HUKAET raMMa- U
PEHTI€HOBCKOE H3JIy4eHHUE. BbhUIO BBISICHEHO, YTO IS MUHUMHU3ALUMA MOUIHOCTU

9TOT'0 U3IYyYEHUS TOIXOAUT UCIIOJIb30BaHNE MOJIMOIeHa U TaHTaia [5].

ITon BO3aelicTBMEM HMOHHOW OOMOAPIUPOBKM B MPUIOBEPXHOCTHOM CIIOE
J1000T0 TBEPJOrO BEILIECTBA MPOUCXOJUT LENbId psaa dpusndyeckux mpoieccoB. C
TOYKA 3PEHUs TEIUIONPOBOJHOCTH HA MaTepual MOXKET OKa3blBaTh CHUIIBHOE
BJIMSHUC TOSIBJICHHE Ha TOBEPXHOCTH pa3BHTOH cTpykTyphl [6, 7]. B xome
00JTyueHUs MOHAMU BBISBIISIOTCS TPAHUIIBI 3€PEH TBEPABIX BEIIECTB, YTO MPUBOIUT

K oOpa3oBaHuI0 OYropkoB WM HAa0OOpOT SIMOK, JJIMTENIbHAs OomOapaupoBKa



MCTAJJIOB HIPUBOJUT K CHUIIBHOMY IIPOTPABJIMBAHUIO 3CPCH W K IMOCICAYIHOHICMY

OTHICIIYIIMBAHWIO ITOBCPXHOCTHOI'O CJIOS.

BnepBbie 00pa3zoBaHuE Iy3bIPpEl MUKPOHHBIX pa3MEpPOB IOCIE OOIydEHHS
nonamu H*, D" u He" moBepxHocTH M30JTOpOB HaOM0Aan0ch B. [IpalimakoM u
M. Kamunckum B 1963 r. [8, 9]. IIpu OomOapaupoBke monamu H' u He' Ha
noBepxHoctd Cu, Ni um Al mosBieHne XapakTepHBIX ITy3bIpeil HaOIIOIATH
B. Ilpaiimak u . JIyrp [10]. HaOmiomaemoe ¢u3nueckoe SBICHHE IOIYYHIIO

Ha3BaHue OymctepuHr (ot anri. blister — my3sips).

brnuctepuHr sBnseTcss KpallHEe HEKeJIaTelIbHbIM SIBJICHHUEM C TOYKH 3pEHUS
MaTepraToBeT4eCKOT0 BOIPOCa CO3MaHUs TEPMOSACPHBIX peakTopoB [6]. B xome
peakuuu cuHTe3a U (0, n) — peakuusx BHYTPU pEaKTopa o00pa3yrorcs
BBICOKOSHEPTeTHUYHbIE  aTOMbl  Telius, KOTOpble OOMOApIuUpYIOT  CTEHKY
TEPMOSIIEPHOTO peakTopa. B xoze 3Toit 0oMOapIMpOBKY IPOUCXOIUT 00pa30BaHUE
OJUCTEpPOB HAa NOBEPXHOCTHM KOHCTPYKIMOHHBIX MATE€pPUAIOB, YTO YCUJIMBACT
IPO3UI0 TIOBEPXHOCTH OCOOCHHO B HaYalbHBIM Tepuoa paboThl peakTopa.
Paspymienue nepBoil CTEHKH TEPMOSIEPHOTO PEaKTOpa MPUBOAUT K OXJIAKICHHUIO
IUIa3Mbl U COOTBETCTBEHHO K COKpAIEHHIO pabodyero MMITyJbca, a TakkKe 3TO

CHIKAET pecypc paboThl peakTopa.

HeiitpoHorenepupyromiasi MUILIEHb, HcmoJib3yemas s Tepanuu BH3T,
MOABEPracTCs BO3JACHUCTBUIO IIydyKa IPOTOHOB C JHeprued 2 Mb»sB. Ilpu
BO3HUKHOBEHUHU OJMCTEPOB HA TOBEPXHOCTH MHUIICHH, XapaKTEPHU3YIOIIUXCS
BCIIyYMBAHUEM M OTCIIAMBAHHEM TOHKOIO CJIOS, TETUIONPOBOAHOCTh IMOBEPXHOCTU
MOJIOKKHU OyI€T yMEHbIIATHCS, MPUBO/IS K IEPErPEBAHUIO JTUTHUS. TakuM 00pa3om,

UCIIOJIb3YeMbIl MaTepUal T0JKEH ObITh YCTOWYHUB K OJIMCTEpOOOpa30BaHUIO.

DKCnepruMEeHTAIbHBIEC JaHHBIE 00 00pa30BaHUU OIHCTEPOB MPU OOTYUCHHUH
2 MaB myukoM mNpoTOHOB KpaiiHe cKyaHbl. Cuutaercs [6], uto OmucTepuHT
XapaKTepeH Ui COYETAaHWs ra3-MeTasll, B CIydae €Clid ra3 IUI0XO pPacTBOPHM B

naHHOM MeTtajuie. J{is Bogoposa takumu Metaiiamu siBiisitores Al, Mo, Fe, Cu, Ag,



W, Pt, Au. B pabotax [6, 7] yka3ana HwKHss rpaHuIia (aroeHca I BOJIOPOIHOTO
omuctepunra 108 cM? pa Memu. DTO OrpaHUUMBAET IPUMEHEHUE MEIH B KA4ECTBE
MaTepHasia MoJI0KKH, TaK KaK P MPOTOHHOM Toke 10 MA Ha MHILIEHH IUaMETPOM
10 cm xputHnueckas no3a HakonmurcsA 3a 20 MMHYT, B TO BpeMs KAaK IPOBEACHUE

Tepanuu TpedyeT Yac HermpepbIBHOro 00ayueHus [3].

J171s TOr0, YTOOBI BBISICHUTH, MPU KaKUX YCIOBHUSIX 00pa3zyeTcst OJUCTEpUHT U
KaKk OH MOXET TMOBIUATh Ha MaTepuas, ObUIM NPOBEICHBI CIELUATIbHbIC
HKCIIEPUMEHTHI TI0 U3YyUYEHUIO OJMCTEpUHTa. Y CIOBUS MPOBEACHUS HKCIIEPUMEHTA
CTPEMHJIUCh MAKCUMAIBHO MPUOIU3UTH K INITAHUPYEMBIM MIPU OOJTYyYEHUU: SHEPTHUS
npotoHoB 2 M»3B, temmneparypa MeramioB nopsiaka 150°C. B ganHoil pabote
OIKCaHBI Pe3yIbTATHI 00JyUEHUS IPOTOHHBIM ITy4YKOM C 3Heprueil 2 MaB o6pazuoB
U3 MEIU C Pa3jIMYHOM YHCTOTON U CTPYKTYpOM MOBEPXHOCTH, a TAKXKE 00pa3lioB
TaHTaja ¥ MEIHO-TAHTAJIOBBIX COEAMHEHUI, W3TOTOBJIEHHBIX MO Pa3JIUYHbIM

TCXHOJIOTHAM.



I'naBa 1. Teopus 6;1ucTepuHra

1.1 TopMoskeHHe HOHOB B BelleCTBe

brnucrepunr — 310 mporecc 0Opa3oBaHUS Ha IMOBEPXHOCTH TBEPAOro Teia
ne(heKTOB, BHIPAXKCHHBIX B TOSIBJICHUM My3bIpEH WM OTCIAaMBAaHUU TOHKOTO CIIOS,
110/ BO3JEMCTBUEM YCKOPEHHOTO ITy4Ka HOHOB. CyIIeCTBYET LEJIbIN P TPOLIECCOB,

MMPOUCXOIAINNX IIPH B3aI/IMO,ZICI>'ICTBPII/I 60M6apm/1py}0umx HOHOB C TBEPIbIM TCIIOM

[11]:

1. Heynpyrue coymapeHusi ¢ 3JCKTpOHAMH TOPMO3SIIEro BemiecTBa. [loTepu
SHEPTMM TIPH TaKHX COYJAPCHHUSX OOYCIOBJICHBI BO30YXKICHHEM  HIIU
WOHM3AIMECH aTOMOB MJIM MOJICKYI.

2. Heynpyrue coymapeHHs C SIpaMH, BBI3BIBAIOIINE TOPMO3HOE H3JIYUYCHUE,
BO30YKJCHHE SIJICP WM SICPHBIC PCAKIIHH.

3. Ynpyrue coyaapeHus co CBSI3aHHBIMHU DJICKTPOHAMH.

4. Yupyrue coymapeHus C SApaMH WM aTOMaMH, KOTJa 9acTh KHHETHYCCKOMH
SHEPTHUH MEePeaacTCsS aTOMaM MHUIIICHH.

5. YepeHKOBCKOE HU3IyYECHHE, BO30YXKIACMOE YaCTHIIAMH, KOTOPBIC JBHXKYTCS B
cpeze co CKOpOCThIO, OoubIel (pa3oBoii ckopocTH cBeTa. OHAKO TP MOHHOU
UMIUTAHTAIMN YaCTHIIBI JIBHXKYTCS CO CKOPOCTBHIO MeHbIIe (ha30BOH CKOPOCTH

CBCTA, ITOTOMY YCPCHKOBCKOC U3JITYYCHUC OTCYTCTBYCT.

Cpenu sTOTO ChHcKa MPOIECCOB HamboJiee 3aMETHBIN BKJIAJ B TOPMOXKCHHE
YaCTHUI[ BHOCST HEYIPYTUE COYJAPEHUS C AJIEKTPOHAMU U YNPYTHE COYIAPECHUS C
sapamu [11]. TIpudem B3anMoaeHCTBHE C JIIEKTPOHAMH B OCHOBHOM BEJIET K IOTEPE
SHEPI'UH, a CTOJIKHOBEHUS C SAPAMHU ONPEAEISAIOT TPACKTOPHUIO UCXOHOUM YACTHUIIBI.
Kaxkoit u3 atux a3 pexToB sBiasieTcs nMpeooIiaiaroiuM 3aBUCUT OT DHEPTUU U MACChI
YCKOPEHHBIX YaCTHIl U MAacC W TMOPSIIKOBOTO HOMEpa aTOMOB OOMOapaupyeMoro

BEILECTBA.



I[HH pacduera TOPMOKCHUA IICPBUYHBIX MOHOB B BCIICCTBC BBCIACHO ITOHATHC

CCUCHUS DJICKTPOHHOT'O U SIIEPHOTO TOPMOXKEHHUS Sen [11]:

¢ 1 (dE ) (1)
°m T N\dx/e,
rane N =Mi — yucio aToMoB B eauHMie obbeMa (p [xe/m®] — mimoTHOCTB

2

dE
obiygaemoro marepuaina; M [ke] — Macca aToma MHILIEHK); — [/Ioxc] — morepu

KUHETUYCECKOMN OHCPIrny HOHOM Ha CAVMHUIY JJIMHBI ITYTH B ITPOLIECCCE CTOJIKHOBEHMH

C aTOMaMH HUJIN 3JICKTPOHAMH MHUILICHH.

[TonHbIi mpoOer noHa B MaTepralie MUILICHHU ONPEEAETCS U3 COOTHOIICHHUS:

(2)

Eo
. 1j dE
" NJ) S,(E)+S.(E)

0

rae R [m] — cpennmit mpober noHa B MaTepuaje MPH €ro HAYalbHOW YHEPIHH

Eo [ﬂ.’)fc]

J11s JIeTKUX BBICOKOHEPTCTUYHBIX HOHOB (B JTaHHOH paboTe paccMaTpUBAIOTCS
IPOTOHBI ¢ SHeprueil 2 MaB) Beimonansercs cootHomenue (AE/dX)e>>(dE/dX),.
Torna B BhIpaKeHUU JJIs TIOJHOTO mpobera (2) MOXKHO YYHUTHIBATH BKJIAJ TOJBKO
CEUCHHs DJCKTPOHHOIO TOPMOXKEHHS, KOTOPOE pACTET C MaiCcHHEM DHEPIHH,
MIOTOMY OCHOBHYIO YacCTh SHEPIMM YacTHIA TEPSCT Mepes] MOMEHTOM OCTaHOBKH

(muk bporra).

HaunGonpmmii mpakTHYeCKUit UHTEPEC MPEACTABIISIET MIPOCKITUS MPoOera HoHa Ha
HalpaBJICHUE MMILIAHTalMM Ry, KOoTOpas ompenenser IiyOnHy HNPOHUKHOBEHHUS
MOHAa BIIyOb MaTepuaia. TopMOKeHHE BBICOKOOHEPTUYHBIX POTOHOB C SHEPTUSIMU
nopsiaka 2 MsB mpoucXoauT MpakTHUECKU MO MPSIMOW, MOATOMY HMX TOJHBIA U
CIIPOCIIUPOBAHHBIN MPOOErH OTJIMYAIOTCS Ha HE3HAYWTENbHYI0 BelIUYuHy. B
cupaBovHHKe [12] mpuBeaeHbI rpadUKH MOJHOTO U CIIPOSIIMPOBAHHOTO MPOOETOB,

KOTOPbBIC CIIMBAIOTCA B paﬁOHe QHCPI Ui B HECKOJILKUX COTCH KHJIO3JICKTPOHBOJIBT
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i erkux diementoB (Li, Be, C, Al...) u B oOiactu sHepruii mopsjaka 1-2 MaB
st Tsokenbix dnementoB (Ta, W, Au...). Ilpober mpoToHoB ¢ 3Heprueii 2 MaB B
autun paBed 160 mxm, Be — 50, Al — 44, Ti — 30, V — 23, nus Fe, Cu, Wo, W —
meree 20 mMkM. B paGote [13] B kauecTBe mpumepa pacCMOTPEHO TOPMOXKEHHE
MPOTOHOB ¢ 3Heprueil 1 M»sB B kpeMHUU. YTBEpPKIAACTCS, YTO B MPOJIOJILHOM
pacmpesiefieHid MPOTOHOB BHYTPH KpPEMHHUs IIMpPUHA Ha TIOJYBBICOTE HE
npesbinaet 10%. ITo Mo3BoIsSET yTBEPKAATh, YTO BEHICOKOIHEPTHUHBIE TPOTOHBI C
OJIMHAKOBOW SHEPTUed TOPMO3SITCS MPAKTUUYECKU Ha OAHOU IIyOuHE, popMHUpPYs

00J1aCTh TTOBBIIIIEHHOW KOHIICHTPAIIMHA BOJOPO/A.
1.2  ¥YcaoBus 0aucTepoodpa3oBaHusA

Ha nosiBnenue 6i1cTepoB HAa MOBEPXHOCTH TBEPABIX TEN MpU OOMOapAUpOBKE
MOHAMHU Ta30B OKa3blBAaET BIUSHHE PAJl B3aUMOCBSI3aHHBIX  IPOIECCOB,
OTHOCAIIMXCS K MHUIIEHW, MOHAM WJIM CHUCTeME ras-TBepjoe Teno. Haumbomee
Ba)KHBIE MIpeicTaBiieHbl B Taou. 1. U3BecTHO, 4TO OIuCTEpUHT HAOII01a€TCs TOIBKO
npu OomMOaparpoBKe HOHAMU Ta30B [7]. Ho ycimoBus, npu KOTOPBIX MPOUCXOIUT
OnrcTepooOpa3zoBaHue, OTIMYAIOTCS MJIs Pa3HbIX COPTOB Ta3oB. Hampumep, B
cllyyae HOHOB Te€lus TNPaKTUUECKH Bcerjna HabmogaeTcs Moaudukamms
MOBEPXHOCTH MeETaJula B BHJE OJUCTEPUHTA WIM OTCIAWBAHUS YCIIYeK, IS
BOJIOPOJIHOTO OJIMCTEPUHTA HYXKHBI CIICIIMAJIbHBIC YCIOBUS WMILJIAHTAIIUU, TaKUE
KakK, HallpuMep, HU3Kasi TeMIepaTypa u 0oJibliasi INIOTHOCTh MOTOKA. J{J1s TsKeNmbIX

ra3oB (N, Ne, Ar) o6pa3zoBaHue OJIMCTEPOB BO3MOYKHO TOJIBKO TIPU SHEPTUSAX BBIIIIE

100 k3B [14].

HpI/I BBaHMOJICfICTBHH HOHOB C MaTCPpHAJIOM MUIICHHU UMCIOT MCCTO IIPOLCCCHI,
MCHIAIOIMKUC ITPOHUKHYTH MOHY Ha JOCTATOYHYIO FJ'IY61/IHy — 9TO pacClblICHUC U
OTpPaKCHUC YaCTHII. Takum o6pa30M, CICAYIOT CCTCCTBCHHLIC YCIIOBHUA Ha

BO3MOXKHOCThH 00pa30BaHus OIUCTEPOB:



1. KonnenTpanuss HMMIUTAHTUPOBAHHOTO

rasa

NOJDKHA  OBITH  OOJIBIIIE

Onpez[eneHHoﬁ BCJINYHHBI CKpHT 4TOM rasa Ha aTOM MHUHIICHH, OIPCACIIICMas Kak

MaKCHMaJIbHasg BO3MOXXHasA KOHIICHTPpaUA B OTCYTCTBHUC HACBIIICHUS .

1 - RN
T = CKpI/IT'

(3)

rae Ry — koaddunmeHT orpaxenus, Y — kod3dUIMeHT pacubuieHus. [ MHOTHX

TBEPABIX TE€J KPUTHUYECKAsE KOHIEHTPALHS JeKUT B Auanazone: 0,3< Cpr=I [15].

Tabn. 1 - Kinaccudukanus — axTopos,

OsMcTepooOpa3oBaHusl.

BJIMAIOIIHUX Ha Impouccc

CBs3aHHBIE C MUIIIEHBIO

CBs3aHHBIE C
TIEPBUYHBIMH

qacTuaMu

CBs3aHHBIE C CUCTEMOU

ra3-MCTallil

e Marepuan u cocras
MUIIECHU

e Meton
U3TOTOBJICHUS U
MMOJATOTOBKH

e MexaHu4eckue
CBOMCTBA

e OpueHralus
KpHcCTasia

e [llepoxoBaTocTh

TTOBEPXHOCTH

CopT nepBUYHBIX
YaCTHIL

DHeprus

droeHe
[I;moTHOCTH TOTOKA

Vroi nmagenus

e PactBopuMOCTB
o Koapdumuent

auhPy3umn

e @dazoBoe cOCTOAHUE

2. Kputnueckasi koHUEHTpalus A0JKHA OBITh JOCTUTHYTA Ha JOCTaTOYHOMU

rIyOuHe (He MeHee HeCKOJIbKUX JIECATKOB HM OT moBepxHocTH [16]). Tak kak eciu

Cipur JOCTUTAETCS HAa MIOBEPXHOCTH, 3aTEM OHA PAaCHpOCTpaHsAETCs BriIyOb oOpaslia,
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U OIMCTEepUHT B TakoM ciy4yae mnonasisieTcs. OTcroga clieyeT yCIOBUE Ha
KPUTHYECKYIO 7103y OircTepooOpa3oBaHust Dy

Y®,, < RN, @

rae N — guciio aToMOB B MUIIIEHH B €IUHUIIEC 0ObEMa.

JIns merkux MOHOB BOJIOPOJIa M TeUs 3TH YCJIOBHUS BBIMOJHSIOTCS HAa BCEM
IuamnasoHe JHeprui, a i Tsokensix — Ar, Kr, Xe, obGmagaromux OO0JBIIAM
K03 bUIIMEHTOM pacHblUICHHS, OJUCTEPUHT HAOIIOAACTCS TOJIBKO MPU SHEPTHUAX

Bbiie 100 k3B, xorna mpoOer noHa OOJIBIION, a paCIbUIEHUE HE3HAYUTEIBHO.

1.2.1 Pacmeopumocmso u koa3gpghuyuenm ouggyszuu

Korma woHBl Ta3a 3aMeUIIOTCI B TBEPAOM TelEe N0 CKOPOCTEM,
COOTBETCBYIOIIMX TEIJIOBOMY PABHOBECHUIO C KPUCTANIMYECKON PEILIETKOM, Ha X0
JANbHENIINX COOBITHI HAYMHAIOT BIUATH MPOLECCHl PACTBOPUMOCTU U T Py3un B

BEIIIECTBE, XapaKTePU3yeMble COOTBETCTBEHHBIMU K03 dunuentamu: S u D.

PaBHOBecHasi KOHIIEHTpalusi raza - C, oOpa3ylollero HCTUHHBIA pacTBOp B

TBCPAOM TCJIC, OIIPCACIIACTCA BEIPAKCHUCM, ITOJTYUCHHBIM N3 3aKOHA HeﬁCTBYIOHIHX

macc [17]:

c = pPS,exp (_k—%), (5)

r7e So — KOHCTaHTa pacTBOPUMOCTH; Qs — TEII0Ta pacTBOpeHus (MOJI0KUTEIbHAS,
€CJIM TIPOIECC PHAOTEPMUUECKHUI); B — cTeXHMOMETpUUeCKU mokazarenb (=1 mis

OJIHOATOMHOTO Ta3a, B=1/2 asi IByXaTOMHOTO ra3a)

HNuepTHbIE ra3bl XapaKTEPU3YHOTCA 0YEHb HU3KOM paCTBOPUMOCTBIO B METAILIAX,
Tak Kak 00JiaJlatl0T BHICOKON TeMIiepaTypoi pactBopenus. Ho B ciiyuae Bojoposa
pPacTBOPUMOCTh CHJIBHO 3aBUCHUT OT cOopTa Marepuaiia. Hampumep, Bogopoa 04eHb
MJI0XO PACTBOPSIETCS MJIM HE PACTBOPSETCS BOBCE B TaKUX MaTepuaiax kak Be, Zn,
Ga, Ge, Cd, In, Sn, Te, Tl, Pb. /Tns rakux Bemects kak Mg, Al, Si, Cr, Mn, Fe, Co,

Cu, Mo, Ag, W, Pt u Au Bostopoa pacTBopsieTcs ¢ moriomeHrueM TerioTsl (Qs>1),
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HE 00pasys TMAPHUIIOB, TOATOMY B MEPECHIIIICHHBIX CUCTEMAaX BBIICISICTCS B BHIEC
My3bIPHKOB Ha MIOBEPXHOCTH MaTepuaia. B cirydae menoyHbIx, MeT09H03eMETbHBIX
sneMenToB, aktuauaax Ni u Pb, snementoB tabmuiel MeHaenaeeBa U3 MOATPYII
B!, BY uBY (Ti, Ta, V, Nb...) pacTBopeHrEe HOCHT 3K30TEPMHYECKHI XapaKTEp
(Qs<0) m wnabmomaeTcs oOpa3oBaHHE THAPUAHBIX (a3, CHIBHO MEHSIOIINX
XapaKTepUCTHKU Marepuaja. OOBIYHO Ha TaKUX Marepuangax BOIOPOIHBIN

OJIMCTEpUHT HE HAOJIIOaeTCHl.

Huddy3ust aTOMOB ra3za B TBEpJOM TeJI€ OMKUCHIBAETCS BBIPAKEHUEM:

(p

D = D, exp (— ﬁ)’

(6)

rae Qp — sHeprus akrusaiuu auddysun, Do — koHcTanTa. O6e BEIMYUHBI 3aBUCST
OT TNEPEMENICHUS] aTOMOB BHYTPU pEUIETKH TBepaoro tena. CorjmacHoO mpsiMoun
Appenuyca norapupm kodpdunuenta quddysun IND nuHEHHO yMEHBIIACTCS C
yBeJIM4YeHUEM oOpatHoi Temneparypbl 1/T. Takum oOpaszom, nuddysus B ar000M

MaTepualie MOXeT OBbITh MOIaBJI€HA TPU JOCTATOYHO HU3KOM TeMIlepaType.

Koadpdunment nuddys3un onpenensier KpUTUUECKYIO 03y i1 00pa3oBaHUS
omuctepoB. s HekoTopbix MetayuioB B Tabn. 2 [18, 19, 20] npuBenmeHs
XapakTepHble 3HaUeHus kodpdurmenta auddy3un npu pazHeix Temieparypax. [lo
naHHbpIM TabJ1. 2 MOXKHO MPEANONI0XKUTh, uTo 11 Fe, Ta, V u Pb 6nuctepunr Oyaer
HaOmoaTeesl Tpu Oonbimx (roeHcax, Tak kak auddys3us B 3THUX MeTauiax
3HaUMTEeIbHA. B cilyyae alfOMUHUS U MEIM CTOMT OKHJIATh MOSBIICHHS OJIMCTEPOB

npu Oosiee HU3KUX (IIIOEHCAX, TaK Kak KodpduunueHt quddy3un B HUIX MEHBbIIIE.
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Tabn. 2 — Koadpunuent nuddysuu 1yis Metanios

T, °C D, 10 cm?/c
a-Fe Ta Cu V Al Pb
20 1 0,8 0,002 4 0,0002 3
100 - - 0,039 - - -
200 - 10 - 1 1 20

1.2.2 Temnepamypa

Xapaktep Aerpajaiii MOBEPXHOCTH B OCHOBHOM 3aBHCHT OT TeMIIEPaTypbl
MHUIIIEHH BO BpeMs oOiydeHus. B pabGorax [21, 22] BbIIEISIOTCS YETHIPE

TeMIIepaTypHbIE 00JIaCTH, XapaKTEPU3yEMbIE Pa3IMYHBIMU MPOLECCAMU:

1) Ilpm temmeparypax, wmenpmux 0,1-0,27,,,, o00pa3ytorcs OmucTephl C

ONpCACICHHBIM JHAaMCTPOM.

2) B wunrepBane temmeparyp 0,1-0,27,,,6<7<0,4T,;.6, T.€. Oomee 200°C B
3aBHCHMOCTH OT MaTepuaja, CHadajga IPOWCXOJIUT BCIyYWBAaHWE, a 3aTeM

OTJICJICHUE YelTyeK 00Jy4aeMoro Marepuana.

3) Ilpu jJanmpHe#mieM HarpeBaHWW — OTHICAYIIMBAHHE OIMSTH  CMEHSCTCS

OJIMCTEPUHTOM.

4) Tlpum temneparypax Oomabiiux, ueM 0,5-0,67),.,, o0OpasyeTcss mopucras

MOBEPXHOCTh, HE MOJBEPKEHHAS OJIMCTEPUHTY.

1.2.3 IInomnocms nomoka

[110THOCTB MOTOKA MTy4Ka OOMOAPIUPYIOMINX UOHOB BIUAET HA (OPMHUPOBAHUE

nedeKTOB Ha MOBEPXHOCTU 00JTydaeMoro oopasiia AByMs CriocoOamu:

1. C OI[HOﬁ CTOPOHBI, POCT INNIIOTHOCTH IMOTOKA COIIPOBOXAACTCSA YBCINYCHUEM

BBIACJICHWA TCILIA B UMIINIAHTUPYEMOM CJIO€. Ecau Temno PaCpoCTpaHACTCA
13



1o 00beMy MaTepHaia HeJJOCTaTOYHO OBICTPO, TEMIIEpaTypa MUIIEHHU OyaeT
pactu.

2. 1I10THOCTh TIOTOKA OJHOBPEMEHHO CO CKOPOCThIO AU (y3uu ompenensor
KOHIICHTPAIIMIO HMMIUIAHTUPOBAHHOTO Ta3a B MPUIIOBEPXHOCTHOM CJIO€

MHIIICHU.

B skcniepumenTax mo oburyuenuto nonmkpuctamuia Nb nonamu He* ¢ sneprueit
100 k3B, onucanubIx B padoTe [23], HaOmogancs pe3kuii Ckayok TeMIepaTyphl IpH
YBEJMYEHHUH IDIOTHOCTHU ToKa ¢ 0,3 MA-cM™ 10 1 MA-cM 2. DTOT > PeKT 00BACHIICS
HapyIICHUEM TEIJIOBOIO0 KOHTAKTa MEXIY KPBIILIKAMH OJUCTEPOB U MaTepUaIoM

o0BeMa.

B pa6orte [24] 65110 0OTMEUEHO CHIKEHUE 3HAYCHUS TSI KpUTHUECKOTo (piIroeHca
IpH YBEIUYCHWH IUIOTHOCTH TI0OTOKa wWOHOB He™ ¢ osHeprmerr 15 3B,
O6oMOapaupyronux mMuiieHs u3 Mo. briaronapst notepsiMm UMILTAaHTUPOBAHHOTO Ta3a,
oOycioBieHHbIM nu(dy3uell Ha MOBEPXHOCTh U B O0OBEM MHUIIEHHU, TpeOyeTcs

OompIIas 103a 1715 00pa3oBaHus OJIMCTEPOB PU YMEHBIIEHUU IJIOTHOCTH MOTOKA.

1.2.4 Duepeus nepsuunvlx uacmuy

Pa3mepsl O61uCTEpOB 3aBUCAT MPEUMYIIIECTBEHHO OT TEMIIEpaTypbl MUILIECHU U
HHEPrurM MOHOB. XapaKTepHas TOJIIMHA KPBIIIEK OJMCTEPOB M OTLIEITYUIEHHOTO
CJIOSl OTpeAeIseTCsl CpelHed MAJIMHOM mpolOera MOHOB B 00Jy4yaeMOM BEILECTBE,
KOTOpas B CBOIO OYe€pelb 3aBUCUT OT DSHEPrMM HUCXOJHOM  YaCTHIIBI.
CoOTBETCTBEHHO, B Clly4ae 4acTHI] ¢ OOJIbIlIel SHEpruel OTCIOCHHBIN cIoi OyaeT
OombIrie. DTOT (HaKT HAXOAWT MOATBEPXKICHUE B 00JIACTU BBHICOKUX DHEPIHil, HO B
nuanasone sHepruii <l10k»>B TommmHa 0TCIanBaeMoro ¢jaosi 3HaUUTENbHO OOJIbIIIe
cpennero npobera nonoB [25]. Takoe pacxokiaeHue B 00JaCTH HHU3KHX DHEPTHUid
MOXET OBITh OOBSCHEHO JIOKaJbHBIMA HEOJHOPOJHOCTSMU  OOJydaeMOTo

Martepuana.

JlnameTp BO3HUKAIOMINX OJIMCTEPOB B MEPBOM MPUOIMKEHUN JTUHEIHHO pacTeT ¢

YBEIMYCHUEM SHEPTHH NEepBUYHBIX HOHOB [26]. Cpemuuii auametp Omuctepos (d)
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OTHOCHTCS K ToJiuHe Kpbimek (1) kak d~tY, rae v npuaumaet 3Hauenus 0,85<v</,5
[6], npu sToM KOA(hGUIMEHT V 3aBUCUT OT MEXaHWYECKHX CBOWCTB Marepuaia

MHIIICHU.

Taxoke 0T PHEpruu 3aBUCUT KpUTUUYECKas J103a OiMcTepoodpazoBanus. B pabote
[27] sxcniepuMeHTaTBbHO TOKA3aHO, YTO KPUTHYECKHUH (DITFOSHC 3aBHCUT OT SHEPTUH
kak EY2, KauecTBeHHO Takas 3aBUCUMOCTb OOBSACHSAETCS TEM, UTO I JOCTUKEHHUs
KPUTUYECKOM KOHIIEHTpAIMU ra3a MpH BBICOKOW AHEPruud HEO0OXOIUMbI OOJIbIIINE

(bJIIOGHCI)I, IIOCKOJIBKY BO3PaCTACT MIMPHUHA PACIIPCACICHUA HpO6CFOB HOHOB.

1.2.5 Kpucmannuueckasn opuenmayusi MuuieHu

Bo wMHOrMX »SKCHEpHMMEHTAIBHBIX paboTax IMOKa3aHO, YTO CYIIECTBYET
3aBUCUMOCTH Pa3MepoB OJUCTEPOB, (HOPMBI U INIOTHOCTU MOKPHITUS MOBEPXHOCTH
OT OpPUCHTAIIMK KPUCTAJUTMUECKOHN perneTku MuineHu. Hanpumep, B padote [28]
OIMMCHIBAETCS IKCTICPUMEHT 10 BOJIOPOAHOU OOMOApAMPOBKE ATFOMUHUS C 3€PHAMH
Pa3IMYHON KPUCTAJUIMYECKOW OpHeHTauu. Tak JjIs 3epeH, OpUeHTAINs KOTOPBIX
ommka xk <111> u <100>, HaGaroqamach HaMMEHbBITIas KOHIIEHTpAIUs OJIMCTEpOB Ha
MOBEPXHOCTU. ABTOpaMHU OTMEYAETCsI, YTO KOHILICHTpAIUsl OJUCTEPOB 3aBUCHUT OT
KOJIMYECTBA 3aXBau€HHOTO rasa. lIpenmonaraercs, 4To BIIOJIb KPUCTATUIMYECKHUX
CBsI3€H KOHIIEHTpAIMS BHEIPSHHOTO Ta3a OOJbIlNe, dTO OOBSCHICTCS BEITUIHMHON
mpo0Oera, kotopasi 00JIbIIIe IPU TAKOM MPOXOKICHUH (Hanmpumep, Bodb ocu <110>

I'PaHEIIEHTPUPOBAHHOM KyOUYECKOM PEIICTKH).

B pa6ore [29] nonamu renust 001y4ain MOHOKPUCTAIT HUOOUS. ABTOpaMu Obliia
oOHapy)XeHa 3aBUCUMOCTb pPa3MEpOB OJHCTEPOB U TOJUIMHBI CTEHOK OT
HamnpaBlieHUs: OOMOApIUPOBKH OTHOCUTENIBHO KPHUCTAJUIMYECKON CTPYKTYpHI.
Hampumep, B cinyyae, Korja ny4ok ¢ 3Heprueit 4 k3B nanpasien Bosib ocu <100>,
XapakTepHbIA pazMep OimcTtepa B 2 pasza Oouiblie, 4YeM B CiIydae MPOU3BOJIBHOTO
HaIpaBJIeHUs, a TOJIIMHA CTeHKU Ooibiie Ha 5%. Ilpu sHeprum nyuka 15 k3B
yBenuueHue nuametrpa cocrtaBiseT ~30%, tommuuabel — 20%. beuta Takoke

OoOHapy>XeHa 3aBUCUMOCTb KPUTUYECKOM M03bI OincTepooOpa3oBaHUs, KOTOpas
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OKa3aJIOChb BbIIC I INIOTHOYIIAKOBAHHBIX HaHpaBHeHI/Iﬁ Ipu MEHBIIIEH

KOHLCHTPpAIH 6J'II/ICTCpOB .

Bce onmcannbie BBIIE 3aBUCHMOCTH CBSI3aHBI ¢ TPOOETOM HOHOB B 00 Ty4aeMOM
BEIIECTBE, KOTOPHIN 3aBUCUT OT CTPYKTYPhI KPUCTALITUYECKON PEIIeTKH, HO TIOKa

HC CYHICCTBYCT HCJIOCTHOﬁ MOJICIIN, OHI/ICBIBaI-OHICﬁ OTO SABJICHHUC.

1.2.6 Bruanue npedsapumenvHot 00pabomxu

3HauuTeNbHOE BIMSHHE Ha TMpolecc OnMcTepooOpa3oBaHUsl OKa3bIBACT
MIOBEPXHOCTHAS CTPYKTYpa MHIIIEHHU, BOSHUKAIOIIAS B PE3yJbTaTEe H3TOTOBJICHUS U
00paboTKK MaTepraioB MUIICHU. B 00pasnax ¢ pa3sIMu criocoOaMu U XapaKTepoM
00pabOTKK HAOIIONAIOTCS Pa3auuMsl B YOPYIMX MU IUIACTUYECKUX CBOMCTBAX U
CIIOCOOHOCTH 3aXBaThIBATh r'a3. ITO BBI3BAHO PAa3HBIM XapaKTePOM BO3HUKAIOIINUX B

xo0J1e 00paboTKH 1e(PEKTOB M MEXAHUUECKUX HAIPSKEHUH.

CymectByeT oO0Imas 3aKOHOMEpPHOCTb, YTO YBEJIMUYEHHUE COBEPIICHCTBA
KPUCTATMYECKON CTPYKTYPbl MHIIEHU TPUBOJUT K YBEIHUCHHUIO Pa3MEpOB
OMUCTEpOB M YCHUJICHUIO Ipoliecca OTCIauBaHMs BEPXHEro Clos. OTO ObLIO
IKCTICPUMEHTAIBHO MOATBEPKACHO B dKcrnepuMmenTax ¢ V u NDb, koTopeie ObLin
HOJIBEPTHYTHI rereBoit 6omoapauposke [30]. JIroOoe HapyiieHHE TOBEPXHOCTHOM
CTPYKTYPBI MO3BOJISIET CHU3UTH IP(HEKT OJMCTEPUHTa U OTCIANBAHUS YEITyeK. ITO
JIOCTUIaeTCsa METOAAMU MECKOCTPYHHOM Ui aOpa3suBHON 00pabOTKH, XUMUYECKUM
TpaBJICHWEM, HAHECEHHEM LApanuH WIM OCaXJICHUEM IMapoB, (POPMHUPYIOLINX
IIEPOXOBATYIO CTPYKTYpPY noBepxHocTH. B padote [31] cpaBHMBanMCh 1Ba 00pasia
Mo: snmekTponosMpoBaHHBIM W 00paboTaHHBIN HaxkgauHou Oymaroit (Nel200 wu
Ne400). Ilpu OomOapaupoBke wuoHamu Temust ¢ odHeprueii 100 k3B  Ha
DIIEKTPOTIOMPOBAHHOM  00paslle  MOSIBISLIUCH  OJMCTEPhl M MPOUCXOIUIIO
pacciianBaHue MOBEPXHOCTHOTO ¢Jios. B To Bpems kak Ha BTOpoM 00pasliie yaaoch

ITOJIHOCTBIO ITIOJaBUTH 00a PTHX SIBJICHUS.

OOBsICHEHHE PTUM pasiiniuAM 3aKIH0YaCTCsd B HCBO3MOXKHOCTH 06pa3013aH1/151

JOCTAaTOYHOI'O CJOA Ta3a 1104 HICpOXOBaTOﬁ IMOBCPXHOCTLIO. I[JI}I 9TOT0O
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MOBEPXHOCTHBIE Je(EeKTbl JODKHBI HMMETh MaciiTad AJUHBl CPaBHUMBIA C
XapaKkTepHbIM pa3mMepoM Oauctepos. Hanpumep, eciny Ha MOBEpXHOCTH MOJIMO 1eHA
co3laTh MEPUOJIUYECKYI0 CTPYKTYpy KaHAaBOK OINpEAEJICHHON  TOJIIWHBI,
oOpa3oBaHue OIUCTEPOB OYJET MPOUCXOIUTH, HO UX pa3Mephl OyayT MEHBIIE YeM
paccTosiHMe MeXIy KaHaBKamH. Torja kKak Ha MoiubjeHe 0e3 MeXaHMYeCKUX
HOBPEXICHHI HaOIr01at0TCsl OIMCTEPHI U OONBIINX Pa3MEPOB IPU MPOUYUX PABHBIX

ycnoBusix [32].

1.2.7 Yeon naoenus

[Ipu yBenuyeHuu yriia majeHUsl YCUIMBACTCS OTPAKEHHUE MEPBUYHBIX MOHOB,
YTO TPUBOJUT YMCHBIICHHUIO pPa3MEpPOB ONMCTEPOB W TONIIWHBI OTCIAMBAHUA.
Hanpumep, npu uccienoBanuu cruiaBa CrNi Obiio mokaszano [6], 9To ToNIMHA

kpoimek (t) 6iarcrepoB 3aBUCHT OT yriia (0) xak t < cos 6, a quameTp OJIMCTEPOB

3
d « cosz 6
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I'naBa 2. [locTaHOBKA 3KCIIEPUMEHTA

OKCHepUMEHTHl 1O HAONIOACHUIO OiucTepuHra OBUTM TPOBEICHBI Ha
YCKOPUTENIE-TAH/IEME C BAKYYMHOW U30JSALUEH. Y CKOPUTEIb MO3BOJSET MOJYYaTh
MIPOTOHHBIA MYYOK ¢ 3Hepruen 2 MaB, nmonepeynom pasmepom 1 cM U ¢ TOKOM A0

5 MA. Ha Puc. 2 nzobpaxena dotorpadus uccienoBaTeIbCKOl yCTAaHOBKH.

v
w

Puc. 2. DxcnepuMeHTanbHasi yCTaHOBKA: 1 — YCKOpHTENb-TaHIEM C BaKyyMHOU
mzomsiimid, 2 — [IK, 3 - muctanmmonusii mMukpockon ¢ CCD-kamepoii, 4 —
MOJICBETKA, 5 — OKOIIKO M3 IJIABJICHOTO KBapla, 6 — AMarHocTuyeckas BaKyyMHas
kamepa. Crpenka CXEMaTHMYECKH II0KAa3bIBAET HAIPABICHHUE PacIpOCTPaHEHUS

IIPOTOHHOTO MyYKa ¢ 3Hepruen 2 MaB.

B BBICOKOAHEPreTUYECKHil TpPaKT TPAHCHOPTUPOBKM ITydka Ha OCHU OBbLI
pa3MeIieH HuccaeayeMblii o0pasell, MPEICTaBIISIONINN CO00M TUCK TUaMeTpOM
30MM m TommmMHOW 3 MM. B KadecTBe TEIIONMPOBOJISINIETO MaTepHaia IMpu
COEIMHEHHH 00pasla ¢ TEeIUIOOTBOAAIIECH MOBEPXHOCTHIO HCIIOJIB30BAJICS CILIAB
UHIMA ¢ TajuideM. B mepBoii cepum skcrepuMenTtoB [34] mis oTBoma Ternia

UCIIOJIB30BAJICS y3ed oxiaxaeHus rpaduroBor muinenu (Puc. 3a). Bo BTopoi
18



CEpUU IKCIIEPUMEHTOB TEIUIOOTBOINAS MOBEPXHOCTh OblLjla BBHIMOJHEHA B BHJE
MEIAHOW TIUIACTUHBI C TOJa4Yel OXJaXKICHUS uepe3 pe3bOOBbIE CTEPXKHU IS
3aBuXpeHus nmotoka Bosl (Puc. 360). KoHcTpyKkiuns oxiaxaaromnieil moBepXHOCTH U3
BTOPOIl Cepru IKCIIEPUMEHTOB OKasajach Oojee 3PPEeKTUBHON U MO3BOJIUIA MPU
TOKE NMpOTOHOB mnopsanka 0,5 MA moanepxuBath TemmepaTypy 0Opa3lioB HIKE
temriepaTypbl TuiaBienuss Jutus (182 °C), 4YTO COOTBETCTBYET YCIOBHUSIM

DKCIUTYaTallMM HEUTPOHOTCHEPUPYIOIIEH MUILICHH.

(6)

Puc. 3. ®oTtorpadun TEMI00TBOIAIINX MOBEPXHOCTEH, HCIIOIB30BAHHBIX B MIEPBOMA

(a) u BTOpOII (0) CEpUU IKCIIEPUMEHTOB.

Jist  u3MepeHus — cpeaHed — TeMreparypbl  00pas3lioB  MPUMEHSUIHCH
MIPEeIBAPUTEILHO OTKATMOPOBAaHHBIE TIATHHOBBIE TepMopesuctopsl Pt100 (UDIIT-
1), xoTopble OBUIM pa3MEIICHbl BHYTPU 00Opas3lia uepe3 OTBEPCTHE TUAMETPOM
1,5 MM Ha riry6use 1,5 MM oT noBepxHocTU. TouHOCTh M3Mepenus coctasiseT 1°C,
NOTPEIIHOCTh,  BHOCHMAas  COINPOTUBICHHEM  MPOBOJAOB,  YYUTHIBAETCS
TPEXTIPOBOTHOM CXeMOM MOJIKJTFOUYCHMUSL. N3mepenue TeMIIepaTypbl
tepmopesuctopamu Pt100 (UDIIT-1), pacnosiokeHHBIMU 1O Kpyry auadparmsl,
MO3BOJISIET KOHTPOJIMPOBATh OTKJIOHEHHE ITyYKa MPOTOHOB OT OCH YCTaHOBKU. [ist

U3MEPEHHS TEMIIEpaTypbl OBEPXHOCTH 00pasiia npumensuica nupomerp Optris CT
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Laser 3ML SF (Optris, GmbH, I'epmanust), HaOmroAeHNE BEIOCH YePe3 KBAPIIEBOE
OKHO, BO BTOPOH CEpUU DKCIEPUMEHTOB HaOIOICHHE BEIOCh HHGPAKpaCHOM
kameport FLIR T650SC wuyepe3 okHo u3 ¢ropucroro Oapusi. [lupomerp u
uHpakpacHas kamepa Obuth OoTKamuOpoBaHbl B auanazoHe oT 100 mo 250 °C,
KaJIMOPOBKa OCYIIECTBIISLIACH ITyTEM HarpeBa 00pas3IoB MMojaueii ropsyero Bo3ayxa
BMECTO BOJBl B  OXJaXJAWOIIUE KaHAIbl, TeMIlepaTypa  HU3Mepsiach
TEPMOPE3UCTOPAMH, BCTaBIEHHBIMU B oOpasen. CreayeT y4ecTb, YTO MUPOMETP
u3MepseT Temmeparypy B obnactu nuamerpoMm 19 mM. Tak kak pazMep TOYKH
NPEBBIIIACT pa3Mep MydKa, CIeAOBATEIbHO MOKa3aHUs MUPOMETpa 3aHIKEHBI. B
50 MM mepen 06pasioM YCTaHOBIIEHO CYIPECCOPHOE KOJBI0, HA KOTOPOE MOJACTCs
otpuniateiabHoe Harpsikenue 300 B my1s usmepeHust mpoTOHHOTO TOKa Ha o0pasiie ¢
MOMOIIIBI0 OMHYECKOI0 JENIUTENsd, Npu 3ToM Ha oOpazen mnomaercs 100 B
MOJIOKHUTENIBHOTO HampsbkeHus. llepen nuarHocTUueckoi KaMepoul yCTaHOBJICHA
MeJHas oxJiaxaaemas auadparmMa ¢ KOJUIMMAIMOHHBIM OTBepcTHeM 26 mMMm. B
nuadparMe paBHOMEPHO pa3MeIIeHBI YeThipe TepMopesuctopa Pt100 (UDIIT-1),

IMOKa3aHHUA KOTOPBLIX ITO3BOJIAIOT KOHTPOJIHUPOBATH IMOJTOKCHUC ITYUYKA ITPOTOHOB.

HaGnrogenue 3a mMoBEepXHOCTHhIO 00pa3lOB MPOU3BOJIMIIOCH YEpE3 OKHO U3
wiaBiaeHoro keapua (Puc. 2 - 5) ¢ nmomomisio CCD-kaMepsl ¢ JTUCTaHIIMOHHBIM
mukpockornom Infinity K2 (DistaMax™, USA) (Puc. 2 - 3), yCTaHOBJICHHOU IO/
yriaom 42° K HOpMaJIM TOBEPXHOCTH oOpasma. PaccrosHue mexmy oOpasiom u
NepBOi IMH30 MUKpockona cocTaisio 330 Mmm. Mukpockon ObuT OTKanHOpOBaH
C TIOMOIIBI TMPOBOJIOKKM ToiaumHod 100 MKM, paspenieHre MoIy4aeMoro
n3o0pakenus 260 nmukc/mMm. Uepes TOMOTHUTEIHHOE OKHO U3 IIABJIEHOTO KBaplia
oOpa3ubl nojcBeunBaiuch rajorenoBoil nammnoit LFP-10WP-R (Shibuya, Japan) c
mortHocThio 10 BT (Puc. 2 - 4). JInst c6opa u coxpaHeHHs H300pakeHUi ¢ KaMephbl,
a Takke I8 OTOOpaKEHUs COCTOSIHMSI MHUIIEHH B PEaJbHOM BpPEMEHH

ucnonb3oBaics [IK (Puc. 2 - 2), ycranosiennsiii psaom ¢ CCD-kamepoi.

[locne mpoBeaeHHs  AKCHEPUMEHTOB  00pasibl  OBUIM  MMOJBEPIHYTHI
JOTIOJTHUTENbHOMY —aHanu3y. Kpucramiduyeckas CTpyKTypa o0pa3ioB Oblia
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UCCIIEIOBaHa C MOMOIIBI0 peHTreHoBckoro audpakromerpa SHIMADZU XRD-
7000 (Shimadzu Co., Japan). Mcnonp3oBanue nazepHOro ckanupytomero 3D
mukpockorna KEYENCE VK-X200 (Keyence Co., USA) u 53JI€KTpOHHBIX
mukpockoroB Jeol JCM-5700 u FIB-SEM Helios G3 UC (FEI, USA) no3Bommio

ACTAJIbHO U3YYUTDH ACTPAAaAlINI0 IIOBEPXHOCTHU IIOCJIC OGHY“ICHHH.
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I'naBa 3. JxkcnepuMeHTAIbHbIE Pe3YJbTaThI
3.10mnpenesienue pa3Mepa NPOTOHHOIO MY4YKa

[Tonepeunblit pa3Mep MNPOTOHHOIO Iy4yKa OBUI OINpPEACNIEH C MOMOIIbIO TPEX
METO/IOB:

1. B nepBoM city4ae UCIOIb30BaJICs 00pa3el] U3 TUTaHa, KOTOPBIN ObLI OJIBEPTHYT
BO3/ICHCTBUIO MPOTOHHOTO Iy4ka 0e3 oOecrneueHus: MpueMIeMOro TEIIOBOTO
KOHTaKTa C TEIIOOTBOJAIIEH MOBEPXHOCTHIO. [lociie HempoaoKUTEIHHOTO

BpPCMCHH Ha ITOBCPXHOCTHU 06p33113 06p330BaJIOCB OTBCPCTHUC C AUAMCTPOM

11 mm (Puc. 4).

#

=

Puc. 4. OtBepcTre Ha 00pa3lie U3 TUTAHA.

2. Bo BTOpOM MeTO/Ie TUTAHOBKIN 00Opa3elr 00IyJasics B yCIIOBUSX Ka4€CTBEHHOTO
TEIJI0ChEeMa, KOTOPBIN MPeI0TBPAIIAl TPOKUTAHUE IOBEPXHOCTHU U PACTIBIIICHHUE
tutaHa. Ilpu  B3aMMOAEHCTBMM TPOTOHOB C TUTAHOM  oOOpazyeTcs
paJMOaKTUBHBIN H30TOIN BaHAJWs C MepuojaoM moiypacnama 16 muerr [33].
Takum 06pa3om, B 00J1aCTH OCAXKACHUS MTPOTOHHOTO ITyYKa B MaTepuale oopasia
HaKaIJIMBaeTCsl paIMOAKTUBHBIM M30TOIN BaHaaus. Pasmep stol oOsiactu ObLI
ompeneneH C TMOMOIIbI0 TramMMa-CIEKTPOMETPUUECKOTO0  KOMIUIEKCa  C
CIMHTHJUIAIIMOHHBIM JIETEKTOpOM Ha ocHoBe kpuctasia Nal m cBuHIIOBOI
3aIUTHl C KOJUIMMAITMOHHBIM OTBEpPCTHEM. Yepe3 yac ToOcCie MPOBEACHUS

OKCIICPUMCHTA 06p336]_[ noMCemAJICA 1Mmepcld KOJUIMMAIMOHHBIM OTBCPCTUCM
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CUMHTHUIAIMOHHOTO JieTeKkTopa. B pesynbrate P'-pacmaga w3oTona BaHAIUSA
HCITyCKAIOTCSl TaMMa-KBaHTBI ¢ 3Hepruei 511 m 945 k3B [33]. YBenuuenwue
KOJUIMMAlMOHHOTO OTBepcThsd OT 8§ 10 20 MM ¢ maroM 2 MM MO3BOJIUIIO
ONPEEIUTh 00IaCTH HAKOTUICHHSI BAaHAMS, UTO CBUAETENBCTBYET O NOMAIaHUN
Iy4Ka B 3Ty 00J1acTh. J{luameTp myyka, M3BMEpPEHHbIN TaKUM CIIOCOOOM, COCTaBHII
1241 Mm.

Tpernit Meton ObLI peann3oBaH BO BpPEMsS BTOPOMl CEPUU SKCIEPHUMEHTOB.
[Ipodunp mydka OBLT OmpenesieH IO PacHpOCTPaHEHUIO TpaHUIbl 00JacTH,
MOKPBITOM OnHcTepamMu, co BpemeHeM oOnyudenus. Ha Puc. 5 mpencraBieH
pe3yabTar o0padOTKU H300paXKEHUN JTUHAMHUKHA OJUCTEPOOOpa30BaHUS IS
KpynHo3epHHCTOM Meau ¢ uuctorord 99,99996 %, rne ykasaHpl TpaHHUIIBI
oOacTeil ¢ paBHBIM HaOpaHHBIM WHTETPAIbHBIM TOKOM ((hiaroeHcom). BumHo,
YTO MPOTOHHBIN MYYOK, OCAXKIAEMBIM Ha oOpa3ell, HECUMMETPUYHBIN. UMEeT
dbopMy >IMIICA M MaKCUMalbHasi TJIOTHOCTh TOKAa MPUXOAUTCS Ha 00JIacThb
BHYTpU BepxHed nosyayru. C TOYHOCTBIO 5% pa3mep MPOTOHHOTO IydKa Ha
MOJIYBBICOTE€ B FOPU30HTAJILHOM HAIpaBJIEHHH cocTaBui 8,9 MM u 12,4 MM B
BEPTUKAJILHOM HamnpasieHUH. D deKTUBHAsA 00J1aCTh MyUYKa, ONpeieJIeHHas KaKk
OTHOIIEHUE MEXy TOKOM M MAKCUMAJILHOM IUIOTHOCTEIO TOKA paBHa 75+7 M2,

2 Mbpl momydaeM u4to 1 MA-4

[IpuauMas pa3mep nydyka paBHBIM 75 MM
MHTETPaIbHOTO TOKa cooTBeTCTBYET (umroency 3 + 0,3 10'° cm 2. Takum o6pazom,
B TEPBOM CEpUU ODKCIEPUMEHTOB 00pa3ilbl ObLIM 00JydeHbl 10 (hIIroeHca

5.4-10% cm2.

23



Puc. 5. I'panutipl 001acTH, TOKPHITON OJUCTEpaMH, B 3aBUCUMOCTU OT (IrOeHca

npotonos (B 10'° cm?). Illar cetkn 1 Mm.

3.2 OO0aydyeHue MeaH NMPHU BLICOKOI TeMmepaType

B nepBoii cepun 3KCIIEpUMEHTOB OBUTHA KCCIICIOBAHbBI 3 00pasiia MeIH, TaHHbBIS

0 KOTOPBIX MpescTaBieHbl B Tabu. 3.

Tabun. 3 — MccaemyeMbie oOpa3iibl MEIH.

Marepuan

Crangapt

MO Mens

['OCT 859-2014, Poccus

Menko3epHucTas Meib C YUCTOTOM

99,996%

OFC-1 JIS H3150 C1011, SH Copper
Products Co., Ltd, SInonus

KpynHo3epHucras Menb ¢ Y4UCTOTOU

99, 99996%

High Purity Copper, Mitsubishi

Materials Co., SInonus

Ilepen mnpoBeneHHEM HKCIEPUMEHTOB Bce OOpaslbl ObUIM MOJBEPIHYTHI

aJiIMa3HOM IMOJIHUPOBKE I JOCTHUIKCHUA SCpKaHBHOﬁ IIOBCPXHOCTU OIITHYCCKOI'O

KadecTBa. MemHble 00pasibpl 60MOapIupoBaIMCh MPOTOHAMU ¢ dHeprueit 2 MaB u

TokoM 10 0,6 MA B TeueHuMHM 3 4YacoB, TEMIIEpaTypa IMOBEPXHOCTH MUIIEHEM,
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u3Mepsemas mupomerpom, gocturana 263+15°C. OOpaszel, W3TOTOBJICHHBIA W3
TaHTaja, 00Iydascs MyYKOM MPOTOHOB TOH e dHepruu ¢ TokoM 0,45 MA B TeueHun
4 4yacoB. IIpogomKUTENbHOCTh SKCHEPUMEHTOB NPOJUKTOBAHA YCJIOBHEM Ha
OJIMHAKOBBIA MHTETPALHBIN TOK JJIT BCEX 00pa3ioB, oH coctaBui 1,81+0,03 MA 4

(5,4+0,1 10 cm?).

Bo Bpems o6Omydenuss obpasmoB wu3 wmeagu MO T'OCT 859-2014 wu
MEJIKO3epHUCTON ¢ 4ucTOTON 99,996% Ha MOBEpXHOCTH HAOIIOAAINUCH CXOXKHE
ssnenus: npu giroence 1,510 cm? nossuance nepsele 6aucTEpPL, NPy (IIIOEHCE
5,4-10Y cM? Bca moBEpXHOCTH ObLIA IUIOTHO MOKpHITA Omucrepamu. Ha Puc. 6
n300pakeHa JuHaMuKa onrcrepooOpa3zoBanus. Pasmep uzobpaxkenust Ha Puc. 6 u

Puc. 8 cooTBeTcTBYET pazmepy obsactu oOpasia rmiomanbo 4x9 M.

Ha Puc. 7 nmpuBenensl n3o0pakeHus oOJTy4YEHHON MOBEPXHOCTH 00pasia u3
Meau MO, morydeHHBIE C TTOMOIIBIO JJa3epHOTO MUKPOCKOIa. PazMepsl OimctepoB
BapbupyroTcs oT 50 mo 150 mkm, ux cpeansis Beicota ~10 Mkm. JIJ1s1 HEKOTOPBIX
OJIUCTEpOB MaKCUMalibHasi BbICOTa aocturaercs B meHtpe (Puc. 7x-e), a nus

HeKoTophIX Ha nepudepun (Puc. 78-r).

Cu OIST (99.996%)
23.02.2017 14:51
0.009 mA*h

(@) (6)

Cu OIST (99.996%)
23.02.2017 15:45
0.465 mA*h
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Cu OIST (99.996%) IS % Cu OIST (99.996%)
23.02.2017 16:53 ' ’ 23.02.2017 18:24
1.041 mA*h . 0 p 1.804 mA*h

(B)

Puc. 6. Jlmnammka OmuctepooOpa3oBaHMS HAa  TOBEPXHOCTH  0Opasia
MEJIKO3EPHUCTOM MU C YUCTOTON 99,996% moy Bo3AeiiCTBHEM MyUYKa MPOTOHOB C
sHeprueii 2 MaB npu ¢pmoence: a) 0,027-10%° em?; 6) 1,4:10%° em?; ) 3,1:10%° em™2;
a) 5,4-101° cm,

1000. 0

1411.9
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Puc. 7. N3o0paxeHnus: moBepxHocTH oopasia meau MO, mosrydeHHbIe ¢ TOMOIIBIO
JIa3epHOT0 MUKPOCKOIIA, U pe3yJbTaT uX 00paboTku: a, 6 — 10 00IyUeHUSs; B-€ —

nocJie 00JIydeHHUsl.

Ha o6pasiie u3 kpymnHo3epHuCcTOi Mean ¢ unctotoit 99,99996% ne nabmonanoch
oOpa3oBaHME OJMCTEPOB B TEUEHUHM BCEro mponecca obsydeHusa. OnHAKoO mIpu
¢moence 3-10'° cm? (Puc. 86) Ha OBEPXHOCTH MOSBUIMCH TPEIMHEL. JJMHAMUKA
onrcrepooOpazoBanusi uzoopakena Ha Puc. 8, Ha Puc. 9 npuBeneHs! pe3ynbTaThl

CKAaHUPOBAHUSA JIA3€PHBIM MUKPOCKOIIOM.

Cu OIST (99.99996%)
22.02.2017  16:56
0.201 mA*h

Cu OIST (99.99996%)
22.02.2017  18:10
0.905 mA*h
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|
H

]
Cu OIST (99.99996%)
22.02.2017  18:51
1.262 mA*h

Cu OIST (99.99996%)
22.02.2017 19:50
1.742ymA*h

Puc. 8 Jlmmammka OnmcrepooOpa3oBaHHMS HAa  IOBEPXHOCTH  00pasia
KPYITHO3EpHUCTOM MeIu C 4ucToTon 99,99996% mnonx Bo3neWcTBHEM ITydKa
IIPOTOHOB ¢ dHeprueil 2 MsB npu dmoence: a) 0,6-10'° cm?; 6) 2,7-10° cm?; B)

3,8:10° cm?; 1) 5,2-10%° em2.

(0)

Puc. 9. N3006pakenust moBepXHOCTU oOpasiia KPyImHO3EPHUCTON MEIU C YUCTOTOU
99,99996%, moayyeHHbIE C TOMOIIBIO JIA3EPHOIO0 MHKPOCKOMA, U PE3yJbTaT UX

o0paboTku: a, 0 — 10 00IydeHUsI; B, T — MOCJIE OOIyUCHUSI.
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3.3 OO6ayyeHnue Meau MpH HU3KOI TeMImepaType

Bo BTOpoOii cepuu 3KCHEpUMEHTOB OOIYyYEHHH OOpa3loB MPOUCXOIUIIO C
UCIIOJIb30BAHUEM  HOBOM  TEIUIOOTBOJSLIEH  TMOBEPXHOCTH,  IMO3BOJIUBIIEH
yACPKUBATH TEMIIEPATypy MUIIEHEH HIDKE TEMIIepaTyphl IJIABJICHUS JINTHS, YTO
KPUTUYHO B OTHOLICHUWU HEUTpOHOTeHepupyromed wMmuiieHu. Takxke yaanoch
JTOOUThCA TOBBIIICHUST KauecTBa u3oOpaxkennit ¢ CCD-kamepsl mnyTem ee
HACTPOUKH (OBLTO YMEHBIIIEHO OTBEPCTHE AUadparMpl, SKCIIO3UIINAS YBEIHMYCHA 10
7 C, CHUXEHAa YYBCTBUTECJIBHOCTh MATpPHIIbl), IMIOACBETKa OOpa3loB U3
JIOTIOTHUTEIHHOTO OKHA TMAarHOCTUYECKON KaMephl ObLTa IepeMeIlieHa B OCHOBHOE,
OBbUTM TOJIaBJICHBl BUOpAIIUU TMOBEPXHOCTH, HA KOTOPOU (UKCUpPYETCs Kamepa.
Temnepatypa 00pa3loB BO BTOPOM CEpUU IKCIIEPUMEHTOB OblLIa H3MEpeHa

uH(ppakpacHoi kamepoit FLIR T650SC.

3.3.1 Menxozepnucmas meov 99,996%

OOpazernr Melko3epHUCTOW Meau ¢ uuctoroit 99,996% (OFC-1 JIS H3150
C1011, SH Copper Products Co., Ltd, Japan) Obur ob0iyueH mo0 ¢iroeHca
5,6-10'° ¢cM 2 mpu ycnoBuUSX: TOK IPOTOHHOTO Iydka 524 + 28 MA; Temmeparypa
ITOBEPXHOCTH, U3MEPEHHAs! TUPOMETPOM, 82 + 16 °C; MakcuMaIbHAs TEMIIEPATYpA,
u3Mepennas uHppakpacHoit kamepoit 152°C. Ilporecc obpazoBaHusi OIHCTEPOB
nponuttoctpupoBad Ha Puc. 10. Pasmepsr uzobpaxenwnii Ha Puc. 10 cooTBeTCTBYIOT
obJsiactu Ha oOpasiie miomaasw 9x4 MMm. Moaudukauu mOBEpXHOCTH, BO3HUKIIINE
Cpa3y moclie Hadajia 00JIy4eHHs, MOTYT ObITh OOBSICHEHBI HAaTPEBAHWEM METajlia B
BakyyMme (Puc. 106). [lopor OmuctepuHra st MccieagyeMoro oopasia COCTaBHII

0,45-10% cm2,

s ompeneneHus XapakTepHOTO pa3Mepa OnmMcTepoB TEMHBIE 00JacTh
n3o0paxkennit, mnonydyeHHbix ¢ CCD-kamepspl, ObUTH  3aKIIOYEHBI B
npsiMmoyroibHukd. Ha Puc. 11 uzo6pakena rucrorpaMmma pacnpeesieHus: pa3MepoB
MPSIMOYTOJILBHUKOB, KOTOPHIE COOTBETCTBYIOT XapaKTEPHOMY pa3Mmepy OIHCTEpPOB.

Taxum oOpazom, auametp OaucTpoB coctaBuia 40+20 MKM.
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(r) (1) (e)

Puc. 10. JImnamuka OnuMcTepooOpa3oBaHHUs Ha TOBEPXHOCTH  OOpasiia
MEJIKO3EPHUCTON Meu ¢ YUCTOTON 99,996% noxa Bo3aeicTBUEM ITyUKa MIPOTOHOB C
sHeprueil 2 MsB npu ¢moence: a) 0 cm?; 6) 0,03-10'° cm?; B) 0,45-10%° cm?;
r) 1,2:10% cm?; 1) 3-101° em?; €) 5,6-10° M2,

10 30 50 70 90 110 130 150 170 190 210
d, Mm

(a) (6)

Puc. 11. Pesynmprar 00paboTkm m3zoOpaxkenus CCD-kamepsl: a), rucrorpamma

pacrpesiesieHrss pa3MepoB OIMCTEpoB — 0) Ha 00pasie MEIKO3EPHUCTOU MEIU C

yuctoTon 99,996%.
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3.3.2 Kpynnozepuucmasn medv 99,99996%

O0pas3er KpymmHO3epHUCTOM Meau ¢ unctoroit 99,99996 % (Mitsubishi Materials
Co., Japan) 6611 06myueH 10 ¢umoenca 5,6-10° cm™ npu ycnoBHAX: TOK IIPOTOHHOTO
nyuka 526 + 31 MA; TemmepaTypa MOBEPXHOCTH, HU3MEPEHHAs MUPOMETPOM,

83 £ 8 °C; MakcumanbHas TeMmIiepaTypa, HM3MEpeHHass HH(PpPaKpacHOW KaMepoil

161°C.

() (e)

Puc. 12. Jlumammka OnmcTepooOpazoBaHWsi Ha TIOBEPXHOCTH oOpasia

KPYIHO3EPHUCTOM Meau ¢ 4ucToTod 99,99996% mnon Bo3aeiicTBMEM Mmyyka
poTOHOB ¢ »Heprueil 2 MsB mpu dumoence: a) 0 cm?, 6) 0,12:10'° cm?; B)

0,75-10° em?; 1) 1,5-10*° em?; ) 3-10%° cm2; €) 5,8 -10° cm2,

Puc. 12 wmmoctpupyer mpoiiecc OmmctepooOpasoBaHusi (0OBEKT ¢ MpaBoOit
CTOPOHBI U300paXKEHUN — OTMETKA JIJIs MO3UITMOHUPOBaHUs 00pasiia). Cpa3y mocie
Havana oOJy4deHHs oOpasel] TMOKPBUICS TOJ0CaMU, KOTOpBIE CBSI3aHBI C
HarpeBaHueM Metana B Bakyyme. [pu dumoence 1,5-10'° cm mosepxHoCcTh Hauana
MOKPHIBAThCSl OJIMCTEpAaMU C JIEBOIO HIDKHEro yria objactu, (QukcupyeMon
kamepoil. Takoe pacrnpocTpaHeHHEe OOBSCHSETCS paclOJOXKEHHEM IIeHTpa
INPOTOHHOTO Iy4Ka, KOTOPBIM B JaHHOM CiIy4ae HaXOAWJICS C JIEBOTO Kpas

U300paxKeHHUs.
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Bo Bpemst oOmyueHus u300paskeHUsI C KaMmephbl COXpaHsuuch Kaxabie 30 c.
OOisyyenre UIMIOCH B Te4eHHMH 4 4YacoB 38 MHHYT, COOTBETCTBEHHO OBLIO
nonyueHo 457 wuzoOpaxenuir. Ha Puc. 13 mzoOpaxkeH rpaduk 3aBUCHMOCTU
M3MEHEHHUS SIPKOCTU OTHOCHUTEJIHLHOTO MEPBOTro M3o0paxkeHus - B k HabpanHOMy

(1)J'IIO€HCY, I'1C 3HAYCHUA B OIIPCACIIAIOTCA KaK

N
Bll — | (7)
255 - N " 255-N '

i=1

rae Bji — spkocTh i-oro mukcens (ot wepHoro — 0 mo Gemoro — 255) mns j-oro
n300pakeHus (j mpuHUMaET 3HavyeHue ot 1 10 457), N — KoJIM4ecTBO MHUKCeNeH Ha
u3o0pakenun (31ech N=1447680). Ha rpaduke MOXHO YBUIETh PE3KHI CKAuOK B
caMOM Hadaje OOJydeHHs, KOTOPBI CBSI3aH C TOSBJIICHHEM IIOJIOC OT Harpena.
['padux HaumHaeT pactu npu UHTErpaIbHOM TOoke 0,5 MA ‘4, YTO COOTBETCTBYET

¢mroency 1,5-10% cm™, 510 Bo3pacTanue acCOLMUPOBAHO C MOABIEHHEM OIMCTEPOB.

Pa3mep OmucTepoB ObUT ONpEAENIeH METOJ0M, OMMCAHHBIM BHIIIE JJIsi 00pasiia
MEJIKO3epHUCTOM Menu ¢ uncTtoToi 99,996%. Jlnst oOpasna ¢ yuctoroit 99,99996 %

oH coctaBui 170 + 50 MxM.

Takum o6pa3zoM, mopor GJIUCTEPOOOpa3OBaHUS JIJIsi KPYMHO3EPHUCTON MEIU C
upcrotoii  99,99996%, pasmeii 1,5-10° cm? B 3,3 pasa Belme, uem A
MeJKo3epHUCTON Menu ¢ unuctotor 99,996%. Tarke HaOmMoOmaIUCh OIUCTEPHI
OOJBIIMX Pa3MEPOB: B CIIydae KPYMHO3EPHUCTON Meau ¢ YUCTOTOM 99,99996% onu
nexxanu B auamnazone 170+50 MM, 1711 MEJIKO3EpHUCTOM Mein ¢ YucToTO 99,996%

- 40+20 MKM.
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B, oTH. €.
0,5

0,4
0,3

0,2

0.1 f

0,0 0,2 0,4 0,6 0.8 1,0 1,2 1.4 1,6 1,8 2,0

D, MA -u

Puc. 13 U3meHenne sspkocTH n300paxeHus - B oTHOCHTETHbHO HHTETPATLHOTO TOKA
IIPOTOHHOTO IMy4yka — .

[Tocne oOxyyeHus: MOBEPXHOCTh 00pa3la KPyMHO3EPHUCTOW MEIHU C YUCTOTOM
99,99996 % Obu1a nccaeaoBaHa C MOMOIIBIO AIEKTPOHHOTO MUKpockomna FIB-SEM
Helios G3 UC (FEI, USA) (Puc. 14). beuto 0OHapyXeHO, YTO Ha MOBEPXHOCTH
00pa3oBaIMCh J[Ba TUMA OJIMCTEPOB: ¢ xapakTepHbIM pasmepoM ~ 100 mxMm (Puc.
146) u ¢ pasmepom ~ 8 MkM (Puc. 14B-r). Ilpu uccienoBaHUM BHYTPEHHEH
CTPYKTYpbl OJMCTEPOB OKa3ajaoCh, YTO JJsi OOJIbIIMX OJMCTEPOB XAPAKTEPHO
obOpazoBaHue noyiocTu TiryonHoi 10-20 MKM, B TO BpeMs KaK TOJIIIIMHA MeTaJjlia HaJl
MOJIOCTHIO MAJICHBKUX OJIMCTEPOB COCTABIISIET OKOJIO 2 MKM. PasHuila B pazmepax u
rJiyOMHE MOJOCTH 3TUX JBYX THUIOB OJIMCTEPOB MO3BOJISIET MpEAIoJiaraTh, YTO
MPUYMHA WX BO3HUKHOBEHHUS MOXET ObITh pa3Hoil. Tak oOpa3zoBaHUE KPYITHBIX
OMCcTepoB ¢ TIyOMHOM moJjiocTu nopsiaka 10-20 MKM MOKHO acCOLIMUPOBATH C
BO3/ICHICTBHEM MPOTOHHOTO MyYKa, TaK Kak IIyOWMHA MPOHUKHOBEHHUS MIPOTOHOB C
sHeprueit 2 MsB B menp cocrtaBisieT 19 MKM, YTO COOTHOCHUTCS C TIIyOMHOM
MOJIOCTU. MOKHO NPENONI0KUTh, YTO IPUUMHON 00pa30BaHUs MEIKUX OJIMCTEPOB
OBLITM TIOJIOKUTENIHO 3apsDKEHHBIC HMOHBI aproHa, KOTOpPHIE BO3HUKAIOT TMPHU

00AMpKe HOHHOTO MyYKa B ra30BOM aproHOBOM MUIIIEHU BHYTPU BHICOKOBOJIBTHOTO
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aneKTpoia yckopurens. loHbl aprona yckopens! Ao suepruu 1 MaB, onn o6magaior
Oobllieli Maccol 4eM MPOTOHBI, COOTBETCTBEHHO UX MYTh TOPMOXXEHHUS B MEIH
CYILIECTBEHHO MEHBIIE, YEM JUJIS IPOTOHOB. XOTsI IOTOK HOHOB AprOHA B CPABHEHUH
C TMOTOKOM IPOTOHOB Mall, 00pa3oBaHUE MEJIKUX OJUCTEPOB HAYMHACTCA NpHU

3HAUYUTENLHO MEHBIIEM (uIroeHce 01aroaapsi MeHbIeH TIIyOrHe MPOHUKHOBEHHUS.

T |mag= tilt rm mag Btilt rotation det HV HFW

ir \ o
0 pA 120 x 52.0° . e-| N 2% 50 pA 1500 x 52.0°-91° ETD 5,00 kv 138 ym

) det HV v
TLD 5.00 kv 17.3

Puc. 14. M3oOpaxkeHusi OOIy4eHHON MOBEPXHOCTH KPYMHO3EPHUCTOM MeEIN C

yuctoToi 99,99996%, nonyyeHHbIE ¢ TOMOUIBIO JIEKTPOHHOTO MUKPOCKOMA.

JInsi  TPOBEPKH  BIUSHHUS ~ KPUCTALUIMYECKONW  OpPHEHTAlMH HAa  [OPOT
onucTepooOpa3oBaHus OBLIM HCCIIENOBaHbl 00pa3lbl C MPEUMYLIECTBEHHON
opueHTaler kpuctaiutoB B HampasieHuu [200] u [111]. OnucanHbli BbIIIE
oOpaselr; KpymHO3epHHUCTOM Meau oOnamgaer opueHtanueir [200]. B ciydae
OpPHEHTAIMU KPHUCTAUIOB B Hampaeienuu [111] arombl menu Oojiee IIJIOTHO
3aMOJIHAIOT ~ KPHCTALIOrpauyeckyro IUIOCKOCTh. (COrJacHO ONMHCAaHHBIM B

TEOPETUUYECKOW YacTH MPEANOJIOKEHUSIM ONUCTEpUHT B ciiyyae OoJjiee IIIOTHOU
34



3aCeJICHHOCTH aTOMOB JIOJKEH HAOMI0AAThCA MPU MEHBIIEM (PIIIOCHCE MPHU MPOUNX

PaBHBIX YCIIOBUSX.

Bo Bpems obmydenus oOpasiia KpymHo3epHuCTON Meau ¢ unctoTon 99,99996 %
U OpHeHTaluell kpuctayuioB B HampasieHuu [111] Obur yopan oO0wbektuB CF-2
JTUCTAHIIMOHHOTO ~ MHKPOCKOIA, YTO TIO3BOJMJIO BECTH HaONIOEHHE 32
MOBEPXHOCTHIO, B YETHIpE pa3a OoJblIeil, U yBUAETH BCIO 00JACTh, MOKPBHITYIO
omuctepaMu. ['paHMIIBI paclpOCTpPaHEHUs OJMCTEPUHTa MOXKHO COOTHECTH C
0071acThI0, HA KOTOPYIO MOMaAaeT MPOTOHHBINA MyYOK, YTO U OBUIO MPOJIETAHO KaK
OIMH W3 METOJIOB ompeneieHus pasmepa mydka. Takke CCD xamepa Obuia
noBepHyTa Ha 90° OTHOCHTENBHO ONTHYECKOW OcH. TakuM o0Opa3om, pasMepsl
M300paKEeHU JUHAMHUKK OJucTepooOpazoBanus Ha Puc. 15 cooTBercTBYyIOT

pa3MepaM MoBepxXHOCTH obpasia 12x12 mm.

Hauano obpaszoBanus OnmcrepoB HaGmopanock mpu ¢mmoence 1,5-101° cm?,

TaKOM K€ Kak B ClIy4ae MeIu ¢ Kpuctaummdeckod opuentarmerd [111]. Orcroma
MOXHO CJ/IeJIaTh BBIBOJ, YTO KPUCTAJUTUUECKAsl OPHCHTAIIMS HE BIHUSCT HA MOPOT

OMcTepooOpa3zoBaHusl.
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Date: 2017.06.15 13:35:31
Fluence: 0,59 mAh

Date: 2017.08.15 12:18:31 = Date: 2017.08.16 12:27:01 =
| Fl mAh

Fluence: 0,02 mAh

uence:

(6)

Date: 2017.06.15 13:47:02 Date: 2017.06.15 16:48:31
mAh

Fluence: 0,70

Date: 2017.06.15 14:22:32
Fluence: 1,00 mAh

Fluence: 2,00 mAh

(r) () (e)

Puc. 15. Jlumammka OnmcrtepooOpazoBaHWsi Ha TIOBEPXHOCTH  oOpasia
KPYITHO3EpHUCTOM Menu ¢ 4uctotol 99,99996% mnon Bo3neiicTBHEM IydKa
IPOTOHOB ¢ 3Hepruei 2 MaB npu gmoence: a) 0,06-10%° cm?; 6) 0,3-10*° cm?; B)

1,77-10* em?; 1) 2,1-10*° em?; 1) 3-10%° em2; €) 6-10° em2,

CrielyeT OTMETHTD €Ille OJHY OCOOEHHOCTh BOHHKHOBEHHMS OJIMCTEPOB. KOTa
JIOCTUIaeTcsi MaKCMMaJlbHas MIIOTHOCTh OIMCTEPOB HAa 00IydacMoii MOBEPXHOCTH,
nanbHeiiee 00 TyYeHre He TPUBOAMT HU K KAKMM MOAM(HMKALMAM TTOBEPXHOCTH.
Tak yBenuuenue ¢uoenca B geTbipe pasza ¢ 1,5-10% em™ no 6-10°cm ne nzmenuno
y)ke oOpasoBaBmierocsi penbeda MOBEPXHOCTH. ITO MOXKHO OOBSCHUTH

BO3HHMKAIOIIMMU BO BpeMs 00pa3oBaHUsi OJUCTEPOB TpEIIMHAMH, KOTOpbIE
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MO3BOJIAIOT BBIXOJUTH BOJOPOAY M3 MOJOCTU OnHCTEpa, MPENATCTBYS AajbHeien

ACTpaganuy IMOBEPXHOCTHU.

Pa3smeps! 6mucTepoB ObLTM OMPEIETICHBI IO METOIMKE, IPUMEHEHHOM B IPYTHX
DKCIEPUMEHTAaX W ONWCAHHOW BbIIE. JUJI1 KPYNHO3EpHUCTOM MEIH C YHCTOTOU
99,99996 % wu kpuctaumdeckor opuentanued [200] Habnromanuch OIUCTEPHI C
XapakTepHbIMU pazmepamu 1 70+50 MKM, TAKUMU K€ KaK B SKCIIEPUMEHTAX C MEBIO

¢ opueHTarmen [111].

3.3.3 Menxoszepnucmas meds 99,99996 %

OO0pa3err, U3rOTOBJIICHHBIN W3 MEIKO3epHUCTON Meau ¢ unctotor 99,99996 %
(Mitsubishi Materials Co., Japan), 611 00JTydeH MPOTOHHBIM MTyYKOM J10 (IIFOCHCA
6-10'° cM™ B yClI0BHAX TOKa MPOTOHHOTO Mydka 536 + 34 MA. Ha Puc. 16 nokaszana
TUHAMUKa ~ O;mucTepooOpa3oBaHus.  XapakTEepHBIA  pa3Mep  OJMCTEpOB,
OTpE/CIICHHBI TakKkK€ KaK B BBIIICONMUCAHHBIX JKCIICPUMEHTaX, COCTABWII

155445 MxwMm.

(r) () (e)

Puc. 16. J[lunamuka OnucTepooOpa3oBaHHMs Ha MOBEPXHOCTH  oOpasla

MEJIKO3EPHUCTON MeJIA C YUCTOTOMN 99,99996% nox Bo3aeicTBUEM ITyYKa MPOTOHOB
¢ sHeprueii 2 MsB mpu ¢umroence: a) 0 em?; 6) 0,03-10%° em?; B) 1,8:10%° em?;

r) 3-10%° cm?; 1) 4,5:10%° em?; e) 6-10%° M2,
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U3 rpaduka 3aBHCUMOCTH U3MEHEHHS IPKOCTH KaJpa OT HabpaHHOro (roeHca
(Puc. 17), mocrpoennoro amamormuno Puc. 13, MOXHO CHIenaTth BBIBOM, YTO

OJIMCTEPBl HAYMHAIOTCA TOABIATHC 1py urroence 1,15 MA -4 (3,45-10%° cm?). Dro
3HaYEHHUE B CEMb pa3 OOJIbIIe Mopora OJMCTepo0Opa30BaHUS JIJIsI MEIKO3EPHUCTOM

meau ¢ yuctoroit 99,996% u B 1Ba paza 6oJblie, YeM ISl KPYITHO3EPHUCTON Menu

¢ unctotoit 99,99996%.

B, oTH. ef1.
0,6

0,5 -

04 -

0,3 +

0,2 ~

0,0 - : | | I | | |
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0

D, MA 1

Puc. 17. U3meHenue sipkocT n300pakeHus - B OTHOCUTENbHO HHTETPaIbHOTO TOKA

MIPOTOHHOTO MMy4yKa — @.

3.4 OO0ayuyeHHE TAHTAJA U MEIHO-TAHTAJIOBBIX COeIMHEHM I

OOpa3upl 711 UCCENOBAaHUS TAaHTAJA W MEIHO-TAHTAJIIOBOTO COEIUHEHMUS
MPEACTABIISIOT CO00M NUCKHU aramMeTpoM 30 MM TOJIIIIUHOMN 3 MM.

[Ipu oOnyuyenun oOpasla U3 TaHTala HE ObLIO OOHApYXKEHO MOAM(UKALIMIA
TIOBEPXHOCTH B BHJIE OJHMCTEPOB BILIOTH 10 HabpanHoro ¢uoenca 5,4-10'° cm?, uto
XOpOILIO BHUAHO Ha M300PAKEHUSAX, TMOIYYEHHBIX C TOMOIIBIO JIA3€PHOTO

Mukpockona Puc. 18.
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OOpasnbl MeIHO-TAHTAIOBBIX COCIWHEHUH OBUIM W3TOTOBJICHBI Pa3IUYHBIMHU
CIIOCOO0aMU:.
1) OOpas3ell, U3rOTOBICHHBIN METOJOM B3PBIBHOH CBapKH, MOCIIEC COCAMHEHUS
TAHTAJIOBOW (POJILI'M M MEIHOM TOJIOKKH OBLIT MPOKATaH JI0 YMEHBIIICHHS
pasMepa B 6 pa3, oOpe3aH 10 kelaeMoi (DOPMBI, OTIOJHUPOBAH U OTOXKKCH

mpu 500°C B TeueHnuu 5 gacoB. Takum 00pa3oM MOTydYEH OJHOPOIHBIN CIIOH

TaduTaga Toamuuaon 160+5 MxM.

Puc. 18. N300paxkeHus moBepxHOCTH 00pasiia TaHTaja, MOJYyYEHHBIE C MOMOIIBIO
JIa3epHOT0 MUKPOCKOIIA, U pe3yJbTaT ux 00paboTku: a, 6 — 10 oOJydeHus; B, T —

nocJe 00JIy4eHusl.

OGpasenr Obul obmyuen g0 ¢uroenca 6-10° c¢m? npu mporoHHOM TOKE
437 £96 MA. Temneparypa oOpasiia, H3MepeHHas MUPOMETPOM, COCTaBHIIA

125420 °C. IIpu nporoHHOM TOKe BeninunHou 505 + 16 MA TemnepaTypa cocTaBuiia
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137 + 9 °C. B TeueHun Bcero 3KCIepruMeHTa HE HaOII01aI0Ch HUKAKIX U3MEHEHU I

MTOBEPXHOCTH.

2) OOpa3elr, H3rOTOBIICHHBI METOJIOM IMaliKH, ObLI BBITIOJHEH B BHJIC METHOTO
JIUCKa, KOTOPBIM Yepe3 MpHUMoN u3 cepebpa W mawiaaus OB CHasH C
TaHTAJIOBOM (poJibroit TonmuHon 50 MKM.

3) duddy3noHHON CcBapkod OBUIM COCTUHEHBI MEIHBIA JUCK W TaHTAJIOBas
donbra TommuHOM 50 MKM C MpeIBAPUTEIBHO OCAKICHHBIM CIIOEM MEIU
tonmuHon 200 MxM. CBapka OCYIIECTBISLIACh MpU Temmeparype 500 °C B
TEUYECHUU 5 4acCOoB.

4) C momoIIbi0 TUIa3MEHHOTO HANbUICHUS Ha MEIHBIA JUCK OBLI HaHECEH

MEIHO-TAaHTAJOBLIM CIUIaB B COOTHOIICHWM MeIu M TaHTajia 1:1 TommmHoNn

100 MxM.

CoenuHeHMsT MEAM W TaHTajla, W3TOTOBJICHHBIC IO BCEM BBIIICONUCAHHBIM
TEXHOJIOTUSIM, OKa3aJIMCh YCTOWYMBBI K HArpEeBaHMUIO: TAHTAJIOBBINA CJIOW HE
pa3pyILIUICS U HE OTCIIOUJICA HU Ha OJHOM U3 00pa3ioB. O HaKO NP OJJMHAKOBOM
MOIITHOCTH HarpeBa y oOpasIioB Ha0roJaaach pasHas TeMIepaTypa MOBEPXHOCTH
(Tabu1. 4). D10 00BACHACTCS Pa3HBIM TEIJIOBBIM KOHTAKTOM MEXKY CIIOEM TaHTaja

1 MEIHOM MOIJIOKKON U TOJIIIMHON TaHTAJIOBOT'O CJIOS.
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Tabn. 4 - Pe3ynabTaThl SKCHEPUMEHTOB IS MEIHO-TAHTAJIOBBIX COCIUHCHHUA,

HN3rOTOBJICHHBIX C IIOMOIIBIO PA3HbIX TEXHOJIOTHUH.

Texnoorus Tonmmnaa Tox, MKA T, °C Max T, °C
HaHECCHHUS JICTUPOBAHHOTO (mupometp) | (MK kamepa)
CJIOSI, MKM
B3spriBHas cBapka | 160 505+16 | 13749
[Tatika 50 50016 | 247 360
Huddysnonnas 50 505+20 | 155 280
CBapkKa
[Ina3menHoe 100 505+15 143+9 250
HanbuieHue (1:1)

OOpazen, M3roTOBIEHHBI METOJAOM B3PBIBHOM CBapKH, WMEN HAaWMEHBIIIYIO
TEMIIepaTypy IOBEPXHOCTH, IMOATOMY OBLIO TPEIJIOKEHO OOIYYHTh €ro J0
dmroenca, B 10 pa3 6ombiiero. Takum o6pa3om, o6pazern ObuT 00IydeH 10 (iroeHca
6,7-10%° cm2. Ha Puc. 19 npexcrasnena ¢ororpadus obpasua mocie o0IydeHus ¢

XapaKTEPHBIM CJIEIOM OT NPOTOHHOTO ITyYKa.
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Puc. 19. ®otorpadus obimyueHHoro odpasiia U3 MEIU U TaHTanda, U3TOTOBJIEHHOTO

MCTOOJOM B3prBHOI>i CBApKH, C XapaKTCPHLIM CJICIOM OT IIPOTOHHOI'O ITYYKa.

Ha Puc. 20 npencrasieH rpaduk 3aBUCMMOCTH TeMIIEpaTyphl MOBEPXHOCTHU
0o0pasia, U3MEPEeHHOU MUPOMETPOM, OT HaOpaHHOTO (uitoeHca. Takxke Ha rpaduke
0003Ha4YeHbl 3HAYEHMsI TOKAa MPOTOHHOro myuyka. CTaOMIbHOCTh TOKa B CEpUU
cocraBuna 2%. U3 rpaduxa Puc. 20 BuaHO, 4TO CO BpeMeHEM OOJIydeHHUs
TEeMIepaTypa YBEIUYHMBACTCS: B Hadalie JKCIepuMeHTa mpHu (iaroeHce 2 MA-d

temneparypa osia 167 + 2 °C ipu Toke 502 £ 9 MKA, B KOHIIE IKCIIEPUMEHTA TIPU

dmroerce 19 - 20 MA -4 ona gocturna 3nadenus 260 + 3 °C npu Toke 512 + 8 MKA.

Cremyer y4ecTs, 4TO 3HaYCHHE, (PUKCHPYEMOE ITUPOMETPOM, MOTJIO U3MEHHUTHCS
HE TOJBKO 3a CYET BO3pACTaHWsl TEeMIepaTypbl, HO M 3a CUET H3MEHEHUS
kod(dummenTa 4epHOTHI 711 00pasia. UToObl MCKIIOUUTH BIMSIHUE W3MEHEHUS
kod(ddumreHTa uepHoOTHI, 00pa3el ObLT MPOKATUOPOBAH JI0 U TOCIE OOIYICHHS C
MOMOIIIBIO TEPMOTIAPHI ITyTEM HarpeBaHUs TOPSYUM BO3AYXOM, TIOJJaBaEMbIM uepe3
oxJjanuTenbHble TpyOku. Takum oOpa3oM, TemmepaTypa oOpasiia o 3aBepUICHHUIO
skcniepuMenTa coctaBmiia 208°C, a He 260°C, kak ObLJI0O U3MEPEHO 0 KAITUOPOBKHU.

42



I, MKA (BepxHMUi1)
600 L °C (HIDKHMI)
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D, MA 4
Puc. 20. 3aBucuMOCTH TPOTOHHOTO TOKa - | W ToOKazaHud mmpomeTrpa - T

OTHOCHUTCIIbHO HAKOIINICHHOI'O HHTCTPAJIBHOI'O TOKA ITIPOTOHHOI'O ITYYKa.

Bunumble Moaudukanuu moBepxHOCTH 0o0pasiia He HAOIIOJAINCh BIUIOTH 0
HakorienHoro ¢uroenca 3,6:10%° cm?, na rpaguke (Puc. 20) 5T0 COOTBETCTBYET
TouKe 12 MA -4 — MOMEHT PE3KOT0 TOBBIIMICHUS TemMmeparypsl. OIHaKO, KaK BUIHO
Ha N300paKEHUSX, MOJTYUYCHHBIX C MOMOIIIBIO JIEKTPOHHOT0 MUKpockorna (Puc. 21),
MOAM(UKAIIMK TIOBEPXHOCTH BBI3BAHBI HE OJIMCTEPaMH, a CKOPEEe BO3ZHUKHOBCHHEM
MOPUCTON CTPYKTYpPhl C XapakTEepHbIM pa3zMepoM siuerku | mxm. IlosiBieHue
MOPUCTON CTPYKTYPhl MOXET OBITh CBS3aHO C BHEAPEHHUEM BOJOpOJa B
KPUCTAJUTMYECKYIO CTPYKTYpY TaHTana. Hu OnucTephl, HM OTCIOCHHUE TOBEPXHOCTH

He HabJII0IaIMCh BILIOTH 0 (oenca 6,7-10%° cm2,
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Puc. 21. 306paskenust moBepXHOCTH 00pasiia U3 MeIM U TaHTaJIa, U3TOTOBJICHHOTO

*

MCTOJOM B3pI>IBHOI71 CBAapKH, MOJIYUYCHHBIC C TIOMOIIBIO 3JICKTPOHHOT'O MUKPOCKOIIA:

710 OOJTy4eHHS — a, B; ITOCJe 00IydeHus — O, T.
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BriBOABI M 3aKJII0YEHUE

st u3ydeHus SBIEHUS OJMCTEpUHTAa HAa TOBEPXHOCTH METAUIOB OBLIN
MPOBEIEHBI AKCIIEPUMEHTHI ¢ 00pa3liaMu U3 MEJIU PA3TMYHON YUCTOTHI U CTPYKTYPHI
MOBEPXHOCTH, TaHTaJa U MEHO-TAHTAJIOBBIX COCIMHEHUM, TTOJYUCHHBIX Pa3HBIMU
texHonoruamMu. OOpasipl MOABEPrajiCh OOIYUYECHHIO MNPOTOHHBIM IYYKOM C

sHepruer 2 M»aB. Pe3ynbTaThl SKCIEpUMEHTOB B OOIIEM BUJIE MPEACTABICHBI B

Tao6m. 5.
KitroueBbie BBIBOJIBI MOKHO C(POPMYIHUPOBATH CISIYIONIUM 00pa3oM:

1. Tlopor BO3HMKHOBEHHS ONHCTEPOB HA IMOBEPXHOCTH MEOU 3aBUCUT OT
YUCTOTHl MaTepuasia. bbuta oOHapykeHa cliefyromas 3aBUCUMOCTb. YEM
YUIIIe M€/lb, TEM BBILIE MOPOT OJIUCTEPOOOpa3oBaHus. MakCUMalbHBIA TOPOT

cocraBmin 3-10Y° cm

UIst o0pas3ia MEJIKO3epHUCTOM Menu € YUCTOTOMN
99,99996%, muHMManbHbli 0,45-10%° cM? 11 MenKO3epHHCTOW Meay C
ypctoTon 99,996%.

2. OOHapy>keHa 3aBUCUMOCTH pa3zMepa OJUCTEPOB OT YUCTOTHI Meau. Tak s
MEJIKO3EpHUCTON Meau ¢ uucToToi 99,996% paszmepsl 6MCTEpOB JeKalIu B
nuanasone 40 £ 20 MKM, a 711 MEJTKO3EPHUCTON Mein ¢ 9nucToTor 99,99996%
- 155 £ 45 mxm. Takum oOpazom, 4eM YHIIE Meb, TEM KPYITHEe OJIUCTEPHI,
BO3HHKAIOIINE HA €€ TIOBEPXHOCTH.

3. Ilpu uccnenoBanum 00pasioB C Pa3IMYHON KPUCTALTUYECKON OpUeHTalueH
He OBLJI0 0OHAPYKEHO PA3HUIIBI B TTIOPOT'e BO3SHUKHOBEHUS OJIMCTEPOB.

4. Korga mnoBepxHOCTh 0O0JdydyaeMoro oOpaslia MOJHOCTBIO MOKpPBIBAETCA
onmucrepamu, JanbHEWIIee OOJTydeHHWE HE MPUBOJUT K BO3HHUKHOBEHHUIO
HUKAKUX JPYTUX MOAU(PUKAIIAN, YTO BO3MOYKHO CBSI3aHO C BOBHUKHOBCHHEM
TPEIIMH NP 00pa30BaHUM OJUCTEPOB, MO3BOJISIONINX BBIXOJIUTH BOJOPOIY
U3 MPUTIOBEPXHOCTHOTO CJIOS.

5. OOpa3supl MEIHO-TAHTAJIOBBIX COCTUHEHUH, U3TOTOBJICHHBIC IyTEM CBapKH

B3pbIBOM, AU Y3MOHHON CBapKd, MalKW W TUTA3MEHHOTO HAIBUICHUS

YCTOHUYMBHI K TEMIOBOH Harpyske 10 1 kB1/cM?,
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6. TexHOMOTHSI W3TOTOBIICHHUS MEIHO-TAHTAJIOBOTO COCAMHECHHS BIHUACT HA
TEIJIONPOBOJAHOCTh MMOJYYEHHOTo oOpa3na. B Xxoae »KCIepuMEHTOB
HaMMEHbIIasi TeMIlepaTypa MOBEPXHOCTH HaOdojanach s oOpasia,
MOJIy4€HHOTO METOJIOM B3PBIBHOM CBapKH.

7. Tantan HamMHOro OOJee YCTOMYMB K OJUCTepuHry, yem menb. [lopor mns
BO3HMKHOBEHUS OJIMCTEpUHTA B hopMe OJIMCTEPOB WM OTCIOCHHS Ha MEHO-

TaHTaJo0BOM 00pasie He ObLI JOCTMrHYT M npu (umoence 6,7-10% cm?

Opnako npu Qmroerce 3,6:10%° cm™? Ha NMOBEPXHOCTH BO3HHKIIA MOPUCTAs
CTPYKTypa C XapaKTEpPHBIM pPa3MepOM siueeK | MKM.

8. Bo Bpems oOnydeHHs MeTHO-TAHTAJIOBOrO oOpasna HaOII0AATOCH
NOBBILICHUE TEMIIEpATypbl MOBEPXHOCTH, KOTOPOE MO-BUIMMOMY BBI3BAaHO

YMEHBIIEHUEM TEIUIONPOBOAHOCTA OJlarojiapsi MOSBJICHUIO TOPUCTON

CTPYKTYpPBbI U BHEPEHUIO BOJIOPOJA B KPUCTAIUTMYECKYIO CTPYKTYpPY TaHTaJIa.

Pe3ynprarel NpOBENEHHBIX HCCIEAOBAHUM MMEKOT Ba)XHOE 3HAYEHUE I
M3TOTOBJIEHUSI HEWTPOHOTCHEPUPYIOMIEH MUIIEHU YCKOPUTEIBHOTO HWCTOYHHKA

AMUTEIUIOBBIX HEUTPOHOB /1J1s1 OOP-HEUTPOHO3AXBATHOM TEPAMHH.

Hcnons3zoBanue ynpTpaunctod meau (99,9996%) B kauecTBe MaTepuana
HOJIIOKKHA MUIIEHHU MO3BOJIUT MPOBOJAUTH TEPAINUIO JJII HECKOJIBKMX MaIlMeHTOB
(mpubnu3urensHo 20) 06e3 3aMEeHBl MUIICHU. Y MEHBIICHHUE TEIJIONMPOBOJIHOCTH,
BBI3BAHHOE BO3HHKHOBEHHEM OJIMCTEPOB HA TOBEPXHOCTH TOJIOKKH, MOXKET HE
SBIIATHCS KPUTUUECKUM (PAaKTOPOM JUIs HcTIapeHus TuTus. bosee Toro, moBepXHOCTb
nepecTtaeT  JerpaaupoBaTh IOCJIE€ BO3HUKHOBEHHS ONHMCTEpOB 3a  CUET
00pa30BaBIIMXCS TPEUIUH, OTCIAMBAHUE MEIU HE MPOUCXOIUT, COOTBETCTBEHHO

HAHECEHHBIN Ha MeNlb TUTUEBBIN CJION TakKe He OyJeT OTCIauBaThCA.
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Tabn. 5 - Pe3ynabTaTsl 5KCIEPUMEHTOB.

Marepuan

Cu, MO TOCT
859-2014

Cu, 99,996%,
MEJIKO3EpHUCTas

Cu, 99,99996%,

KpYIHO3EpHUCTAs

Cu, 99,99996%,
MEJIKO3EepHUCTas
Ta

Ta-Cu (B3psiBHAs

CBapKa)

Ta-Cu (maiika)

Ta-Cu
(muddy3nonnas
CBapKa)

Ta-Cu

(T1a3MeHHoe

HalblJICHUE)

T,°C

Tepmucrop IIupometp

263 £ 15

263 £ 15

130+ 15

263 £ 15

130+ 15

130 £ 15

600

T, °C

82+ 16

83+8

84 £12

137+9

160-210

247

155

14349

Max T, °C Ilopor,

Kamepa

152

161

240

360

280

250

10'9

cMm2

1,5

1,5

0,45

1,5

1,5

>5,6
> 5,6

> 67

> 5,6

> 5,6

> 5,6

Paszmep

OJIMCTEPOB,

MKM

40 £20

TpewmuHbl
160 + 50
170+ 50

155 +45

IToper

(3,6-10%

cM?)

47



HaHeceHne TOHKOTO €105l TAHTAJIa HA MEJHYIO OJJIOKKY ITO3BOJIAET YIYUILIHUTh
ycTouuBoCcTh K OmucrtepooOpasoBanuto. C Jpyroil CTOpOHBI, HaKOIUICHHE
IPOTOHOB B IPUIIOBEPXHOCTHOM CJIO€ TaHTaJa MPUBOAUT K 00Opa30BaHUIO IOPUCTOM
CTPYKTYpbl M BHEAPEHHUIO BOJOPOJA B KPHUCTAUIMYECKYIO PELIETKY TaHTAJa,
Onmarogapss YeMy CHIKAETCsl TEIUIONPOBOJHOCTh M TMOBEPXHOCTh CHIIBHO
HarpeBaeTcs. [IoBpIlIeHHE TEMIIEPATYPBI MOJI0KKH MOKET IPUBECTHU K UCIIAPEHUIO

JIMTHUA, Ja)KE HCCMOTPS Ha OTCYTCTBHC 6J'II/ICTepOB Ha IMOBCPXHOCTH.

brazooapnocmu

Bripakato HMCKpeHHIOIO OJIaroJlapHOCTh MOEMY HAay4YHOMY PYKOBOJMTEINIO
Anekcannpy HukonaeBuuy MakapoBy 3a MOMOIIb B HAMMKMCAHUU JJAHHOW pabOThI, a
takxke Bcer komanqie bH3T 3a HeolleHMMBII BKJ1aJ B IPOBECHUH SKCIIEPUMEHTOB.
braronapro 3a conerictBue Cepresa AnexkcanapoBuda ['pomusioBa, a Takxke KOJIJIET
3 MHctutyTta Hayku U TexHosoruu OkuHaBbl: fIcyo Xwurammu, Takys Musizasa,

banpytnunoB Anexcanap Onerosuy, Xupotaka [llyraBapa.
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